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A b s t r a c t

There is an urgent need for a safe, low cost, tropical climate stable and simply reconstituted 

replacement for amphotericin B (AmB) to treat leishmaniasis in resource poor countries. This 

thesis describes a stable, highly water-soluble and homogeneous non-covalently bound 

complex of AmB with a defined narrow molecular weight distribution polymer, 

poly(methacrylic acid sodium salt) (PMAA-Na). PMAA-Na was derived from an active ester 

homopolymer precursor. This polymer is biocompatible, cost effective and is widely used as 

an excipient in several consumer healthcare products. The complex has attenuated toxicity 

compared to traditional clinical grade AmB. The complex is effective against Leishmania 

promastigotes and amastigotes in vitro, and in a validated murine model of acute visceral 

leishmaniasis. It also retains its broad-spectrum anti-fimgal activity against Cryptococcus 

neoformans and Candida sp. The complex is stable for 12 months during cold storage (4°C) 

and also for at least 4 weeks at 37°C. In addition, we have found that PMAA-Na and the 

complex provoke a pro-inflammatory immune response in tissue-derived cells but not in 

blood derived cells. This means that infusion-related adverse effects can be avoided, until the 

complex is preferably distributed to inflamed tissues. Following incubation with tissue- 

derived cells, both PMAA-Na and the complex induced the release of endogenous pro- 

inflammatory chemokines, and the Thl cytokines IL-12 and IFN-7 . This could potentially 

initiate a local Thl immunomodulatory response, promotion of the recruitment of immature 

dendritic cells and CD4^ T cells, and activation of macrophages as well as the generation of 

effector CD8  ̂T cell responses. Thus it is possible to develop a new, stable and cost effective 

pharmacological treatment for leishmaniasis with synergistic immunotherapy contained in a 

single drug.



Current Appointment

Research Assistant

Department of Infectious Diseases and Immunity

Division of Investigative Science

Hammersmith Hospital

Imperial College

London

W12 0NN

Conference proceedings from International meetings

Harris, D.L.; Godwin, A.G.; Shaunak, S. and Brocchini, S. (2006) A stable water-soluble 

polymer complex of amphotericin B. 33"̂  ̂Annual meeting and exposition of the Controlled 

Release Society. Vienna, Austria

Awards

The School of Pharmacy. PhD Research Day (2005). Award for best poster presentation. 

The School of Pharmacy. PhD Research Day (2006). Award for best lecture.



A c k n o w l e d g e m e n t s

I was fortunate to have two supervisors for my PhD, Prof. Steve Brocchini and Prof. Sunil 

Shaunak, both of whom were insightful and hill of enthusiasm for this project. I am grateful 

to them both for giving me this opportunity to study further in my chosen field.

I am indebted to Dr Antony Godwin, whose early work lay the foundation for this project, 

and who has spent many hours patiently explaining chemistry concepts to me.

My colleagues at both the School of Pharmacy and Imperial College have been a pleasure to 

work with, through all the ups and downs of daily research! Drs Ian Teo, Sharyn Thomas, Jo 

Wood, Ji-won Choi, Stephan Ellmerich, Manu Porssa and Monzur Ali have all been a great 

support. Dr Mire Zloh’s help with the NMR was much appreciated as well.

My thanks must go to the staff and patients at the Baxter Renal Education Centre, who have 

provided me with more peritoneal dialysis waste fluid bags than I dare count.

I would like to thank my mum and my dad, Pauline and Roger, for all of their love and 

support, and for giving me the best possible start in life. Thanks also to my sister Kerri, and 

to Tan, Ness and Kerryn, for all the good times. And finally, to Kieran, for looking after me 

and for loving me. It made all the difference.



ABSTRACT............................................................................... ..................................................... 3

ACKNOWLEDGEMENTS................................................... ..................................................... 5

LIST OF FIGURES................................................................. ................................................... 14

LIST OF TABLES................................................................... ................................................... 20

LIST OF SCHEMES............................................................... ................................................... 21

ABBREVIATIONS.................................................................. ................................................... 22

1. CHAPTER 1 ....................................................................................................................................... 23

1.1. Gen era l  In t r o d u c t io n ...........................................................................................................23

1.1.1. Dru g  d ev elo pm en t  fo r  n eg lected  d is e a s e s ................................................................ 23

1.1.2. The b io m ed ica l  a pplicatio ns  of p o l y m e r s ....................................................................24

1.1.3. Po lym ers in  d ru g  d eliv ery  s y s t e m s ...............................................................................24

1.1.3.1. Advantages o f  soluble polymer-drug constructs.............................................................. 25

1.1.3.1.1. Improved biodistribution.....................................................................................................25

1.1.3.1.2. Enhanced permeability and retention effec t...................................................................25

1.1.3.1.3. Improved stability and reduced im m unogenicity ......................................................... 26

1.1.3.1.4. Lysosomotropic delivery.....................................................................................................26

1.1.3.2. Limitations o f  polymers for soluble drug delivery system s.......................................... 26

1.1.3.3. Examples o f  polymeric constructs........................................................................................28

1.1.3.4. Poorly soluble com pounds.....................................................................................................28

1.1.3.4.1. Polymeric m ice lles ............................................................................................................... 29

1.1.3.5. Stimuli responsive po lym ers................................................................................................. 29

1.1.4. A ctiv e  ester  poly m ers  as precu rso rs  of  fu n ctio n a l  p o l y m e r s .......................30

1.1.5. POLY(METHACRYLIC ACID)........................................................................................................32

1.1.6. Pro ject  b a c k g r o u n d .............................................................................................................. 33

2, CHAPTER 2 .......................................................................................................................................35

DRUG D E L IV E R Y .................................................................................................................................. 35

IN T R O D U C TIO N  ................................................................................................................................. 35



2.1. AMPHOTERICIN B .......................................................................................................................... 35

2.1.1. M ode OF A c t io n ..........................................................................................................................36

2.1.1.1. Channel form ation..................................................................................................................... 36

2.1.1.2. Interaction with ste ro ls .............................................................................................................37

2.1.1.3. Cell death .....................................................................................................................................38

2.1.2. Toxic  effects  of  a m ph o tericin  B ......................................................................................39

2.1.3. The a g g r eg a tio n  of a m ph o tericin  B ................................................................................39

2.1.3.1. Spectra o f  amphotericin B ....................................................................................................... 41

2.1.3.2. Factors influencing the aggregation o f  amphotericin B .................................................. 41

2.1.3.3. The effect o f  aggregation on the toxicity o f  amphotericin B .......................................... 42

2.1.4. Am ph o tericin  B f o r m u l a t io n s ........................................................................................... 43

2.1.4.1. M icellar form ulations............................................................................................................... 43

2.1.4.2. Lipid based form ulations..........................................................................................................44

2.1.5. In ter a ctio n  of  a m ph o tericin  B w ith  pla sm a  p r o t e in s ........................................... 44

2.1.6. Ph a rm a co k in etics  of  a m ph o tericin  B ............................................................................ 45

2.1.7. Thera peu tic  use  of a m ph o tericin  B .................................................................................47

2.1.7.1. Potentially hazardous interactions......................................................................................... 47

2.1.8. The  pro -in fla m m a to ry  respo n se  to  a m ph o tericin  B ...............................................48

2.1.9. A m p h o te r ic in  B AND HIV ........................................................................................................ 48

2.1.10. Po ly m er  -  a m ph o tericin  B c o n ju g a t e s ...................................................................... 49

2.2. L e ish m a n ia sis ...............................................................................................................................50

2.2.1. Leish m ania  l i f e  c y c l e .............................................................................................................. 51

2.2.2. Clin ica l  m a n ifesta tio n s  of d is e a se ................................................................................52

2.2.3. Ch em o th er a py .............................................................................................................................53

2.2.3.1. Pentavalent antim onials............................................................................................................ 54

2.2.3.2. Amphotericin B .......................................................................................................................... 54

2.2.3.3. M iltefosine....................................................................................................................................55

2.2.3.4. Other treatm ent............................................................................................................................55

2.2.3.5. Chemotherapy in H IV -co-infection....................................................................................... 56

2.2.4. T he so c io -eco n o m ic  im pa ct  o f  l e ish m a n ia sis .............................................................. 56

AIM S 1 ...........................................................................................................................................................58

M ATERIALS AND M ETHODS; PART A ......................................................................................59

2.3. Ch em ic a l  sy n th esis  and  c h a r a c t e r isa t io n .............................................................. 59

2.3.1. Po ly m er  Sy n t h e s is ................................................................................................................. 59



2.3.1.1. Atom  transfer radical polym erisation................................................................................... 59

2.3.1.2. Hydrolysis o f  poly(N-methacryloxysuccinimide) to polym er 4 .....................................60

2.3.2. Sy n th esis  o f  Com plex  6 .........................................................................................................60

2.3.2.1. M ethod 1.......................................................................................................................................60

2.3.2.2. M ethod 2 .......................................................................................................................................61

2.3.3. Ch em ica l  an aly sis  of  polym ers and  the  co m plex  6 ...............................................61

2.3.3.1. Gel permeation chrom atography............................................................................................61

2.3.3.2. Nuclear magnetic resonance spectroscopy..........................................................................62

2.3.3.3. UV spectroscopy........................................................................................................................62

2.3.3.4. High Performance Liquid Chrom atography........................................................................62

2.3.3.5. Thin layer chrom atography..................................................................................................... 62

M ATERIALS AND M ETHODS; PART B ......................................................................................64

2.4. B io l o g ic a l  c h a r a c t e r is a t io n ...............................................................................................64

2.4.1. M ed ia , cu ltu re  con d itio ns  a nd  w a sh in g  b u f f e r s ....................................................64

2.4.2. Cu ltu r e  of prim a ry  h u m an  c e l l s .................................................................................... 64

2.4.2.1. Isolation o f  peripheral blood mononuclear c e lls ................................................................64

2.4.2.2. Generation o f  monocyte derived m acrophages..................................................................65

2.4.2.3. Source o f  peritoneal c e lls .........................................................................................................65

2.4.2.4. Isolation o f  peritoneal m acrophages......................................................................................65

2.4.3. To x ic o lo g y  o f  th e  po ly m er  4 a nd  co m plex  6 ............................................................. 66

2.4.3.1. Haemolysis a s sa y ..................................................................................................................... 66

2.4.3.2. M TT viability assay................................................................................................................... 66

2.4.4. Leish m a nia  s pp ............................................................................................................................66

2.4.4.1. S trains............................................................................................................................................ 66

2.4.4.2. M acrophage infection experim ents....................................................................................... 67

2.4.4.3. Animal experim ents................................................................................................................... 67

2.4.5. Cr y ptococcu s  n eo fo rm a n s  a n d  Ca n d id a  s pp ............................................................. 68

2.4.5.1. S trains............................................................................................................................................ 68

2.4.5.2. Broth microdilution assay.........................................................................................................69

2.4.5.3. Infection o f  m acrophages.........................................................................................................69

2.4.5.4. V iability testing o f  C ryptococcus...........................................................................................69

RESULTS; PART A ................................................................................................................................. 71

2.5. P o l y m e r  s y n t h e s is  a n d  c h a r a c t e r is a t io n ....................................................................71



2.5.1. Sy n th esis  o f  po ly m er  4 ..........................................................................................................71

2.5.2. Hy d ro lysis  of  precu rso r  po ly m er  3 to  po ly m er  4 ................................................. 72

2.5.2.1. Optimising the hydrolysis reaction.......................................................................................72

2.5.3. Chem ica l  ch a ra cterisatio n  of  po ly m er s .................................................................... 75

2.5.3.1. Gel permeation chrom atography........................................................................................... 75

2.5.3.2. Nuclear magnetic resonance spectroscopy..........................................................................75

2.5.4. Blo od  co m pa tibility  of po ly m er  4 .................................................................................. 78

2.5.4.1. Anticoagulant activity o f  polym er 4 ......................................................................................78

2.5.4.2. The pro-inflam matory effect o f  polym er 4 on blood-derived ce lls .............................. 78

2.5.4.3. Haemolysis caused by the polym er 4 ................................................................................... 80

2.5.5. To x icity  of  th e  po ly m er  4 to  prim ary  hu m an  c e l l s ............................................... 81

R ESU LTS; P A R T S ................................................................................................................................. 83

2.6. P r e p a r a t io n  and  c h a r a c t e r is a t io n  o f  a  p o l y m e r  c o m p l e x  o f  

a m p h o t e r ic in  B ....................................................................................................................................... 83

2.6.1. Sy n th esis  o f  a  po ly m er  4 co m plex  of  a m ph o tericin  B .......................................... 83

2.6.1.1. M ixing o f  polym er 4 and amphotericin B ........................................................................... 83

2.6.1.2. Hydrolysis o f  precursor polym er 3 in the presence o f  amphotericin B ....................... 84

2.6.2. Screen in g  a ssa ys  fo r  bio log ica l  a c t iv it y ..................................................................85

2.6.2.1. Haemolysis caused by the complex 6 ................................................................................... 86

2.6.2.2. Activity against Leishmania prom astigotes.........................................................................87

2.6.3. Optim isin g  th e  co m plex a tio n  r ea c tio n .......................................................................88

2.6.3.1. Solvent...........................................................................................................................................88

2.6.3.2. Solvent volum e........................................................................................................................... 90

2.6.3.3. Time allowed for solubilising reag en ts ................................................................................90

2.6.3.4. Purification o f  the complex 6 ................................................................................................. 90

2.6.4. Qu a n tita tio n  of  a m ph o tericin  B lo a d in g  in th e  c o m p l e x ..................................91

2.6.4.1. UV Spectroscopy........................................................................................................................91

2.6.4.2. UV-visible spectra o f  the complex 6 .................................................................................... 97

2.6.5. Repr o d u c ib ility  of co m plex  6 sy n th esis ...................................................................... 99

2.6.6. Ch a r a cterisa tio n  of  th e  co m plex  6 .............................................................................101

2.6.6.1. High perform ance liquid chrom atography........................................................................ 101

2.6.6.2. Nuclear magnetic resonance spectroscopy........................................................................102

2.6.6.3. Thin layer chrom atography................................................................................................... 106

2.6.6.3.1. Separation o f  the complex 6 ............................................................................................. 106

2.6.6.3.2. Purity o f  the complex 6 ..................................................................................................... 108



2.6.7. N M R SPECTROSCOPY................................................................................................................ 109

2.6.7.1. Biological ac tiv ity ...................................................................................................................112

2.6.8. M a s s  b a l a n c e  o f  t h e  c o m p l e x a t io n  r e a c t io n ..........................................................115

2.6.9. Re q u ir e m e n t  f o r  t h e  p r e c u r s o r  p o l y m e r  f o r  t h e  c o m p l e x  6 ...........................116

2.6.9.1. Synthesis w ith polym er 4 ...................................................................................................... 116

2.6.9.2. Synthesis with a poly (ethylene glycol)-precursor copolym er......................................117

2.6.10. Th e  e f f e c t  o f  N a O H  t r e a t m e n t  o n  t h e  t o x ic it y  o f  a m p h o t e r ic in  B  119

RESULTS; PART C ...............................................................................................................................120

2.7. B i o l o g i c a l  e v a l u a t i o n  o f  t h e  c o m p le x  6 .................................................................120

2.7.1. T o x ic it y  o f  t h e  c o m p l e x  6 ...................................................................................................120

2.7.1.1. The pro-inflam matory effect o f  complex 6 on blood-derived cells............................ 120

2.7.1.2. The effect o f  the complex 6 on the viability o f  prim ary human cells.........................122

2.7.2. A n t i-l e is h m a n ia l  a c t iv it y  o f  t h e  c o m p l e x  6 ............................................................123

2.7.2.1. Activity o f  the polym er 4 against Leishmania prom astigotes......................................123

2.7.2.2. Activity against Leishm ania amastigotes within m acrophages................................... 124

2.7.3. E f f e c t  o f  t h e  m o l e c u l a r  w e ig h t  o f  p o l y m e r  4 o n  t h e  c o m p l e x  6 ...................127

2.7.4. A n t i-l e is h m a n ia l  a c t iv it y  o f  l ip o s o m a l  a m p h o t e r ic in  B .................................. 128

2.7.4.1. Activity o f  liposomal amphotericin B against Leishm ania prom astigotes.............. 128

2.7.5. St a b il it y  o f  t h e  c o m p l e x  6 ................................................................................................ 130

2.7.5.1. Lyophilised complex 6 ...........................................................................................................131

2.7.5.2. Solubilised complex 6 ............................................................................................................ 132

2.7.6. I n  v ivo  a c t iv it y  o f  t h e  c o m p l e x  6 in  e x p e r im e n t a l  v is c e r a l  l e is h m a n ia s is  .... 

.........................................................................................................................................................135

2.7.7. A n t if u n g a l  a c t iv it y  o f  t h e  c o m p l e x  6 .........................................................................137

2.7.7.1. Broth m icrodilution assay...................................................................................................... 137

2.7.7.2. M acrophage infection experim ents.....................................................................................140

D ISC U SSIO N ............................................................................................................................................143

2.8. Pr epa r atio n  of  a  c o m plex  o f  PM AA-Na  an d  a m ph o ter ic in  B .......................143

2.8.1. P o l y m e r  4 a s  a  d r u g  c a r r ie r .............................................................................................144

2.8.2. Sy n t h e s is  o f  p o l y m e r  4 -  a m p h o t e r ic in  B c o m p l e x e s ............................................146

2.8.3. In t e r a c t io n s  b e t w e e n  p o l y m e r  4 a n d  A m B ................................................................152

2.8.4. T o x ic it y  o f  t h e  c o m p l e x  6 ...................................................................................................154

2.8.5. A c t iv it y  o f  t h e  c o m p l e x  6 ...................................................................................................159

10



2.8.6. An im a l  m o d els  of  l e is h m a n ia sis ................................................................................... 159

2.8.7. Th e  co m plex  6 a s  a  cost  effectiv e  t r e a t m e n t ........................................................ 163

X C H A P T E R S .....................................................................................................................................164

IM M UNO M O D ULA TIO N.................................................................................................................. 164

IN T R O D U C TIO N ...................................................................................................................................164

3.1. Th e  im m u n e  s y s t e m .................................................................................................................164

3.1.1. In n a te  im m u n it y ..................................................................................................................... 164

3.1.1.1. Phagocytosis..............................................................................................................................165

3.1.1.2. Reactive oxygen and nitrogen interm ediates...................................................................165

3.1.1.3. T oll-like recep to rs ..................................................................................................................166

3.1.2. Th e  a d a ptiv e  im m u ne  r e s p o n s e ........................................................................................ 168

3.1.2.1. T h l versus Th2 immune responses.....................................................................................171

3.1.2.2. Interferon- 7 ................................................................................................................................ 172

3.2. Th e  im m u n e  r espo n se  to  Le ish m a n ia ........................................................................... 174

3.2.1.1. The host response as a determinant o f  the clinical spectrum o f  disease.................... 175

3.2.2. LEISHMANIA-HIV CO-INFECTION.............................................................................................178

3.2.3. IMMUNOCHEMOTHERAPY..........................................................................................................178

3.2.4. Va c c in a t io n ...............................................................................................................................179

3.2.4.1. Adjuvants....................................................................................................................................181

3.2.4.1.1. The immunomodulatory effect o f polym ers.................................................................181

AIM S 11........................................................................................................................................................184

3.3. The  u se  of  per ito n ea l  c ells  a s  a  so urce  o f  tissu e-d er iv ed  c e l l s ............. 185

3.3.1. Hetero g en eity  of m a c r o ph a g e s ...................................................................................... 185

3.3.2. M a croph ag es  a n d  d en d r itic  cells  fro m  d iffer en t  bo d y  co m pa rtm en ts  . 186

3.3.2.1. Immunological characteristics o f  macrophage sub-populations.................................. 186

3.3.2.2. Immunological characteristics o f  dendritic cell sub-populations...............................186

3.3.3. Th e  perito n ea l  ca v ity  as a  source  of  tissu e-d eriv ed  im m u ne  c e l l s ............. 187

3.3.3.1. The physiology o f  the peritoneum  and the peritoneal c a v ity ....................................... 187

3.3.3.2. Continuous ambulatory peritoneal d ia ly sis .......................................................................188

3.3.3.3. Cell populations in the peritoneal cav ity ............................................................................189

3.3.3.3.I. M acrophages........................................................................................................................ 189

11



3.3.3.3.2. Lym phocytes........................................................................................................................ 190

3.3.3.3.3. Dendritic cells.......................................................................................................................190

3.3.3.3.4. Immunological function o f  peritoneal cells.................................................................. 190

M ATERIALS AND M E T H O D S........................................................................................................192

3.4. IMMUNOMODULATION................................................................................................................192

3.4.1. Flo w  c y t o m e t r y ..................................................................................................................... 192

3.4.1.1. A n tibod ies................................................................................................................................. 192

3.4.1.2. Flow cytometry antibody labelling......................................................................................194

3.4.1.3. Flow cytometric acquisition and analysis.......................................................................... 194

3.4.2. En d o to x in  A s s a y .................................................................................................................... 194

3.4.3. Cu ltu re  o f  perito n eal  cells  w ith  s a m p l e s ................................................................195

3.4.3.1. Activation and maturation o f  peritoneal dendritic c e lls .................................................195

3.4.3.2. Immunomodulatory studies...................................................................................................195

3.4.4.....M ea su rem en t  of cy to k in e  an d  ch em o k in e  relea se  fro m  stim u la ted  cells  .. 

.........................................................................................................................................................196

3.4.4.1. Enzyme immunoassays for protein expression analysis.................................................196

3.4.4.2. RNA isolation and analysis...................................................................................................196

3.4.4.2.1. Reverse transcription o f  R N A ......................................................................................... 196

3.4.4.2.2. Real-time quantitative PG R .............................................................................................. 197

3.4.4.3. Plasmid standards for the generation o f  absolute copy num bers................................. 198

3.4.5. IL-12P40 PLASMID SYNTHESIS..................................................................................................198

RESULTS; PART A ...............................................................................................................................201

3.5. Ch a r a cter isatio n  of  per ito n ea l  c ell  po p u l a t io n s .......................................... 201

3.5.1. CAPD PERITONEAL CELL YIELD AND VIABILITY.................................................................201

3.5.2. The ph en o type  of  perito n ea l  c el l s ................................................................................201

3.5.2.1. Sub-populations o f  CAPD peritoneal m acrophages.......................................................202

3.5.2.2. Sub-populations o f  CAPD peritoneal dendritic c e lls .................................................... 203

3.5.2.3. Sub-populations o f  CAPD peritoneal T ce lls .................................................................. 204

3.5.2.4. Other phenotypic characterisation.......................................................................................204

3.5.3. Fu n ctio n a l  ch a ra cteristics  of perito n eal  d en d r itic  c e l l s ............................ 205

3.5.3.1. Activation and maturation o f  peritoneal dendritic c e lls ................................................ 205

RESULTS: PART B ...............................................................................................................................207

12



3.6. IMMUNOMODULATION OF PERITONEAL CELLS..................................................................207

3.6.1. In d ucin g  a n  in fla m m a to r y  respo n se  in  perito n eal  ce l ls .................................207

3.6.1.1. Optimising the positive co n tro l.......................................................................................... 207

3.6.1.2. Inflammatory response in peritoneal cells incubated with polym er 4 ..................... 210

3.6.1.2.1. Chemokine and cytokine mRNA lev e ls ........................................................................ 210

3.6.1.2.2. Chemokine and cytokine protein expression................................................................ 211

3.6.2. In d ucin g  a  Th  1 im m u ne  r espo n se  in  perito n eal  c e l l s ......................................... 215

3.6.2.1. Optimising the positive co n tro l.......................................................................................... 215

3.6.2.2. T hl response in peritoneal cells incubated with polymer 4 .......................................219

3.6.2.2.1. Cytokine mRNA levels...................................................................................................... 219

3.6.2.3. IFN -7  protein expression ......................................................................................................221

3.6.3. Stim ula tio n  of perito n ea l  cells  w ith  th e  com plex  6 ......................................... 222

3.6.3.1. Inflammatory response in peritoneal cells incubated with the complex 6 .............. 222

3.6.3.1.1. Chemokine and cytokine mRNA lev e ls ........................................................................ 222

3.6.3.2. T h l response in peritoneal cells incubated with the complex 6 .............................223

3.6.3.2.1. Chemokine and cytokine mRNA lev e ls ........................................................................ 223

3.6.4. Stim ula tin g  perito n ea l  cells  w ith  A mB-d e o x y c h o l a t e .................................. 226

3.6.4.1.1. IFN - 7  protein expression in peritoneal cells incubated with complex 6 ..............228

D ISC U SSIO N ............................................................................................................................................229

3.7. Po lym er-d r iv e n  im m u n o m o d u la tio n  o f  tissue  r esid en t  c e l l s ...................229

3.7.1. In d ucin g  a n  in fla m m a to r y  respo n se  in  perito n eal  m a c r o ph a g e s ............... 230

3.7.2. Ind ucin g  a  Th  1 im m u n e  respo n se  in  to ta l  perito n eal  c e l l s ............................ 234

A PPE N D IX ................................................................................................................................................ 240

R E FE R E N C E  L IS T ................................................................................................................................248

13



L ist  o f  F ig u r e s

Figure 1.1.1 Poly(A'-methacryloxysuccinimide) (PMAOS).................................................... 31

Figure 1.1.2 Poly(iV-methacrylic acid sodium salt) (PMAA-Na)............................................32

Figure 2.1.1 The structure of amphotericin B. The mycosaminyl group is outlined in red,

and the exocyclic carboxyl group is outlined in blue...................................................................36

Figure 2.1.2 Hypothetical structure of an ion channel formed by 8 AmB molecules and 8

sterols. Yellow and blue molecules represent AmB and sterol, respectively............................ 37

Figure 2.1.3 Structure of (A) ergosterol and (B) cholesterol................................................... 38

Figure 2.2.1 Geographic distribution of Leishmaniasis (Davies et al., 2003)........................50

Figure 2.2.2 The life cycle of the Leishmania parasite............................................................51

Figure 2.2.3 The clinical manifestation of leishmaniasis. (A) cutaneous leishmaniasis (B)

post-kala azar dermal leishmaniasis (C) mucocutaneous leishmaniasis and (D) visceral

leishmaniasis ................................................................................................................................ 53

Figure 2.5.1 Diagrammatic representation showing the N-hydroxysuccinimide derivatives

obtained during mild and harsh hydrolysis of the precursor polymer 3.....................................73

Figure 2.5.2 *H-NMR spectra of (A) polymer 4 derived by mild hydrolysis of the precursor 

polymer 3 and (B) PMAA-Na commercial standard. Both were dissolved in D2O. X = signals

not consistent with proposed structure.......................................................................................... 77

Figure 2.5.3 Different molecular weight batches of polymer 4 do not cause a pro-

inflammatory response in monocytes. Data are pooled from 3 separate experiments.............79

Figure 2.5.4 Different molecular weight batches of polymer 4 do not cause haemolysis

Results are from a single experiment that represents 3 haemolysis assays................................80

Figure 2.5.5 Polymer 4 of different molecular weights is not toxic to primary human cells 

(A) peritoneal tissue cells and (B) peripheral blood mononuclear cells after 1 day incubation.

Results are from a single experiment that represents 3 viability assays.....................................82

Figure 2.6.1 Simple mixing of polymer 4 and AmB is not sufficient to create a stable 

complex with reduced haemolysis for red blood cells, as compared to AmB-deoxycholate.

Results are pooled from 3 separate haemolysis assays................................................................ 84

Figure 2.6.2 The complex 6  prepared by Method 1 causes significantly less haemolysis 

than AmB-deoxycholate (p=0.0003 at 50 /xg/ml AmB after 1 hr). Results are pooled from 6

separate haemolysis assays.............................................................................................................8 6

Figure 2.6.3 The activity of the complex 6  is equivalent to that of AmB- deoxycholate 

against L. donovani (n=8 ) and L. mexicana (n=l 1) promastigotes. Results shown are pooled 

from the indicated number of anti-leishmanial assays.................................................................87

14



Figure 2.6.4 Synthesis of a complex either in DMF or DMSO attenuates the haemolysis

caused by AmB. Results are pooled from 2 separate haemolysis assays..................................89

Figure 2.6.5 Synthesis of a complex in DMF significantly reduced the anti-leishmanial 

activity of AmB compared to the complex 6  synthesised in DMSO (p=0.003). Results are

pooled from 2 separate anti-leishmanial assays............................................................................89

Figure 2.6.6 A non-linear association between absorbance and AmB concentration is seen

in water at a wavelength of 328 nm (A) which is inverse to that at 409 nm (B).......................92

Figure 2.6.7 Linear regression of AmB dissolved at a concentration of 2.5x10'^ M and

serially diluted in DMSO (r  ̂= 0.9996).........................................................................................93

Figure 2.6.8 UV spectra of AmB-deoxycholate (10'^ M) dissolved in increasing 

concentrations of methanol show that the aggregation of AmB (328 nm) diminishes with a

subsequent increase in monomeric AmB (409 nm)..................................................................... 94

Figure 2.6.9 UV spectra of AmB-deoxycholate (4 x 10'̂  M) dissolved in increasing 

concentrations of methanol show that the aggregation of AmB (328 nm) diminishes with a

subsequent increase in monomeric AmB (409 nm).....................................................................95

Figure 2.6.10 The UV spectra obtained when diluting AmB in either water or methanol:

water (1:1) are reproducible (n=3)................................................................................................ 95

Figure 2.6.11 Linear regression of AmB (r  ̂= 0.998) and AmB-deoxycholate (r  ̂= 0.994)

serially diluted in methanol: water (1:1).......................................................................................96

Figure 2.6.12 (A) UV Spectra in water show diminished aggregation of AmB in the

complex 6  (blue) compared to AmB-deoxycholate (red). (B) The effect of aggregation is lost

in methanol water: (1:1) and the two samples appear almost identical......................................98

Figure 2.6.13 Polymer 4 (1 mg/ml) does not absorb light in the region where AmB shows

strong absorbance, when dissolved in either water or water: methanol (1:1)........................... 98

Figure 2.6.14 The complex 6 with 15-25% AmB loading prepared by Method 2 causes 

significantly less haemolysis than AmB-deoxycholate (p<0.0001 at 50 fig/m\ AmB after 1 hr).

Results are pooled from 16 separate haemolysis assays............................................................ 100

Figure 2.6.15 HPLC chromatogram showing no significant difference in the elution times

of free AmB (A) compared to AmB from the complex 6  (B).................................................. 102

Figure 2.6.16 *H-NMR spectrum of AmB..............................................................................103

Figure 2.6.17 ‘H-NMR spectrum of polymer 4 ......................................................................104

Figure 2.6.18 *H-NMR spectrum of complex 6. Loading of AmB was 22%...................104

Figure 2.6.19 Magnified view of *H-NMR spectra showing distinctive AmB peaks with a

chemical shift of ~ 6  ppm in AmB-deoxycholate (red line) and the complex 6  (green line), 

which are not visible in polymer 4 on it own (grey line)........................................................... 105

15



Figure 2.6.20 Diagrammatic representation of the separation of polymer 4 and AmB in the 

complex on silica gel when the mobile phase was (A) Methanol (B) Methanol: Water (4:1)

and (C) Methanol: Acetic Acid (9:1)...........................................................................................107

Figure 2.6.21 Diagrammatic representation of small molecular weight components in the

complex 6 , derived from hydrolysis of the precursor polymer 3.............................................. 109

Figure 2.6.22 *H-NMR spectra overlay of the complex 6  (green line) and hydrolysed 

leaving group 5 (red line). The doublet of triplets in both spectra are magnified showing the

similarity between signals, despite the small difference in chemical shift between them 1 1 0

Figure 2.6.23 NMR spectrum of hydroxysuccinimide leaving group 5 .............................. I l l

Figure 2.6.24 The toxicity of AmB is not attenuated following a hydrolysis reaction in 

which the precursor polymer 3 is replaced by leaving group 5. Data are pooled from 2

separate haemolysis assays...........................................................................................................113

Figure 2.6.25 Hydrolysed leaving group 5 does not cause haemolysis. Data are pooled

from 2 separate haemolysis assays...............................................................................................114

Figure 2.6.26 Hydrolysed leaving group 5 does not kill Leishmania promastigotes. Data

are pooled from 2  individual anti-leishmanial assays...............................................................114

Figure 2.6.27 A stable non-toxic complex between AmB and polymer 4 cannot be 

synthesised under similar basic pH conditions to the optimised Method 2. There was no 

significant difference between the haemolysis caused at the highest AmB concentration

(p=0.054, n=4) ............................................................................................................................ 117

Figure 2.6.28 A stable non-toxic complex between AmB and PEG-block-polymer 4 cannot 

be synthesised by the optimised Method 2. Data shown is using one reaction product but

represents the results from 2  separate syntheses.........................................................................118

Figure 2.6.29 NaOH treatment does not attenuate the haemolysis caused by AmB. Data 

shown is using one reaction product but represents the results from 2 separate syntheses. ..119 

Figure 2.7.1 Monocytes do not upregulate mRNA levels of TNF-o; IL-1^ or IL- 6  when 

stimulated with either AmB-deoxycholate or the complex 6 . Results are pooled from 5

separate experiments..................................................................................................................... 1 2 1

Figure 2.7.2 PBMCs do not upregulate TNF-o: mRNA levels when stimulated with either

AmB-deoxycholate or the PMAA-Na - AmB complex (n=4).................................................. 122

Figure 2.7.3 The complex 6  is not toxic to the primary human cells, peritoneal

macrophages (n=5), PBMCs (n=3) and monocyte-derived macrophages (n=3).................... 123

Figure 2.7.4 Polymer 4 has no anti-leishmanial activity (n=3)............................................124

Figure 2.7.5 Complex 6  shows comparable activity to AmB against Leishmania amastigote 

infection in macrophages (n=3)...................................................................................................126

16



Figure 2.7.6 Microscopic evaluation of Giemsa-stained L. mexicana amastigotes (indicated 

by arrows) in monocyte-derived macrophages that are either untreated (A) or treated with

complex 6  (B) .............................................................................................................................. 127

Figure 2.7.7 Liposomal AmB has limited activity against L. mexicana (n=4) and L.

donovani (n=2) promastigotes.....................................................................................................129

Figure 2.7.8 Liposomal AmB is active against Leishmania amastigote infection in

macrophages (n=2).......................................................................................................................130

Figure 2.7.9 Storage of the complex 6  at 37 °C for 1 month does not adversely affect the

anti-leishmanial activity, in contrast to AmB-deoxycholate..................................................... 132

Figure 2.7.10 Storage of complex 6  in 5% dextrose at 4°C over 9 months does not

adversely affect the anti-leishmanial activity of A m B..............................................................133

Figure 2.7.11 The complex 6  is stable after 9 months storage in 5% dextrose at 4°C as

demonstrated by reduced haemolysis compared to AmB-deoxycholate................................. 133

Figure 2.7.12 Storage of the complex 6  in 5% dextrose at 37°C over 7 days does not

abolish its anti-leishmanial activity............................................................................................ 134

Figure 2.7.13 The complex 6  is stable after 7 days storage at 37°C in 5% dextrose as

demonstrated by reduced haemolysis compared to AmB-deoxycholate................................. 135

Figure 2.7.14 The in vivo activity of complex 6  against L. donovani is equivalent to that

seen by AmB-deoxycholate in a murine model of visceral leishmaniasis............................... 136

Figure 2.7.15 Activity of the complex 6  is comparable to AmB-deoxycholate in a broth 

microdilution assay for C  neoformans. Results are from a single experiment which is

representative of 5 separate assays.............................................................................................. 139

Figure 2.7.16 Activity of the complex 6  is comparable to AmB-deoxycholate in a broth 

microdilution assay for C. albicans and C. glabrata. Results are from a single experiment

which is representative of 5 separate assays............................................................................... 140

Figure 2.7.17 Microscopic evaluation of Gram-stained Cryptococcus neoformans var 

neoformans in monocyte derived macrophages that are either untreated (A) or treated with

complex 6  (B) ............................................................................................................................ 141

Figure 2.7.18 The complex 6  shows comparable activity to AmB-deoxycholate against C.

neoformans infection in macrophages........................................................................................ 142

Figure 2.8.1 Correlation plot between the molecular weight of PEG and its half-life in

blood following intravenous administration...............................................................................149

Figure 2.8.3 Schematic representation of the aggregation characteristics of AmB............156

Figure 2.8.4 Diagrammatic representation of the proposed interaction between ergosterol 

and AmB derivative (A) with an intramolecular bridge composed of 4 carbons and (B) with 

an intramolecular bridge composed of 6  carbons (Matsumori et al,, 2005)...........................157

17



Figure 3.1.1 The binding of pathogens to macrophage receptors stimulates phagocytosis 

and uptake into intracellular vesicles with concomitant initiation of inflammatory responses...

 166

Figure 3.1.2 The activation of naïve T cells by antigen presenting cells requires both

antigen and co-stimulatory molecules........................................................................................171

Figure 3.1.3 The classical model of interactions between antigen presenting cells and T

cells  173

Figure 3.2.1 The interaction of cytokines to co-ordinate mechanisms of acquired resistance

in experimental visceral infection..............................................................................................174

Figure 3.2.2 The dynamic relationship between cell-mediated immunity, delayed-type

hypersensitivity and parasite burden for the clinical spectrum of disease in leishmaniasis .. 176 

Figure 3.2.3 Cutaneous lesion in (A) fail to heal during a Th2 immune response, whereas

healing is rapid and without the requirement for treatment in a Thl immune response in (B )...

.............................................................................................................................. 177

Figure 3.3.1 Diagrammatic representation of the peritoneum and the peritoneal cavity... 188

Figure 3.4.1 PBMCs upregulate IL-12p40 mRNA after stimulation with L PS ..................199

Figure 3.5.1 Phenotypic characterisation of the peritoneal cell population by FACS

analysis. ( indicates the mean value)................................................................................... 2 0 2

Figure 3.5.2 Cell surface marker expression of peritoneal dendritic cells........................... 204

Figure 3.6.1 LPS induces a significant increase in the absolute mRNA copy number of

MIP-lof (p=0.009), MlP-ljS (p=0.01), TNF-O! (p=0.003) and IL-6  (p=0.01) in peritoneal 

macrophages. These results are from a single experiment which is representative of 3

separate experiments................................................................................................................... 208

Figure 3.6.2 LPS causes a potent increase in the mRNA levels of pro-inflammatory

chemokines and cytokines in peritoneal macrophages (n=3)..................................................209

Figure 3.6.3 Polymer 4 induces a significant increase in the absolute mRNA copy numbers 

of MIP-lof (p=0.008), MIP-lj8  (p=0.0002) and TNF-a (p=0.001) but had no effect on IL-6  

mRNA. These results are from a single experiment which is representative of at least 8

separate experiments................................................................................................................... 2 1 0

Figure 3.6.4 The increase in observed MIP-l/? mRNA levels correlates to increased protein

expression by peritoneal macrophages. Data shows a comparison between 3 individual

experiments.................................................................................................................................. 213

Figure 3.6.5 Incubating peritoneal macrophages with polymer 4 induces the expression of 

MlP-ljS (p<0.0001) and TNF-o: (p=0.002) protein, but this effect was not observed following

incubation with commercially available PMAA-Na standard (n=3).......................................214

Figure 3.6.6 Peritoneal macrophages did not significantly upregulate IFN- 7  mRNA levels 

in response to stimulation with LPS (A, n=4, p=0.07) or poly(LC) (B, n=3, p=0.28).......... 216

18



Figure 3.6.7 Dose response of IFN-y mRNA induction by poly(I:C) in peritoneal cells. A 

dose of 100 /rg/ml generated a potent response (p=0.0008). Data is indicative of a single

experiment that is representative of 3 separate experiements.................................................. 217

Figure 3.6.8 Time course of IFN-Y mRNA induction in peritoneal cells by poly(I:C) (n=7) .

.............................................................................................................................. 217

Figure 3.6.9 Poly (I: C) is not toxic to peritoneal cells after 1 day incubation (n=4)...........218

Figure 3.6.10 Polymer 4 induces a significant increase in the absolute mRNA copy 

numbers of IL-12 (p=0.04)) and IFN-y (p=0.003). These results are from a single experiment

which is representative of at least 6  separate experiments....................................................... 219

Figure 3.6.11 Incubating peritoneal cells with polymer 4 induces the release of IFN-y 

protein (p=0 .0 1 ), but this effect is not observed following incubation with commercially

available PMAA-Na standard (n=3).......................................................................................... 221

Figure 3.6.12 The complex 6 induces a significant increase in the absolute mRNA copy 

numbers of MEP-lo: (p=0.005), MlP-ljS (p=0.004), and TNF-a (p=0.0003) but not IL-6 . 

Results are from a single experiment representative which is representative of at least 9

experiments ........................................................................................................................... 223

Figure 3.6.13 The complex 6 induces a significant increase in the absolute mRNA copy 

numbers of IL-12 (p=0.03) and IFN-y (p=0.004). Results are from a single experiment

representative which is representative of at least 9 experiments.............................................224

Figure 3.6.14 Dose response of the complex 6 on peritoneal cells (n=4).......................... 226

Figure 3.6.15 AmB-deoxycholate (n=5) induces an increase in the levels of MIP-1/3 and 

IFN-y in peritoneal cells, which is however significantly lower than the levels induced by the

complex 6  (n=20, p<0.0001 and p=0.0002, respectively).......................................................227

Figure 3.6.16 Incubating peritoneal cells with the complex 6 induces the release of IFN-y 

protein (p=0.0005), but this effect is not observed following incubation with AmB- 

deoxycholate ........................................................................................................................... 228

19



L is t  o f  Ta b l e s

Table 2.2.1 Geographic distribution of Leishmaniasis (Lee and Hasbun, 2003)................. 53

Table 2.3.1 Stains used for the visualisation of sample elution during TLC........................63

Table 2.5.1 Synthesis of a library of polymer 4 .......................................................................75

Table 2.5.2 The anticoagulant activity of polymer 4 ..............................................................78

Table 2.6.1 Yield and loading of the complex 6  synthesised by Method 1 ..........................85

Table 2.6.3 Reproducible synthesis of complex 6  prepared by Method 2 ............................99

Table 2.6.4 Retention factor (Ri) of samples under various conditions in TLC.................108

Table 2.6.5 Mass balance of AmB in the complexation reaction........................................ 115

Table 2.7.1 The haemolysis and anti-leishmanial activity of the complex 6  is unaffected by

the molecular weight of polymer 4 ..............................................................................................128

Table 2.7.2 Stability of the lyophilised complex 6  as determined by anti-leishmanial

activity and haemolysis assays....................................................................................................132

Table 2.7.3 The MIC for the complex 6  and AmB-deoxycholate against yeast pathogens....

................................................................................................................................138

Table 2.7.4 A comparison of the LD50 for the complex 6  and AmB-deoxycholate against

Cryptococcus within infected macrophages...............................................................................141

Table 3.1.1 Epithelial barriers to infection (Janeway et al., 2005)......................................164

Table 3.1.2 Toll-like receptors and their ligands................................................................. 167

Table 3.1.3 Chemokine receptors and their ligands............................................................. 170

Table 3.3.1 The nomenclature of macrophages....................................................................185

Table 3.4.1 Details of specific isotype controls.....................................................................192

Table 3.4.2 Description of conjugated anti-human murine monoclonal antibodies 193

Table 3.4.3 Rotorgene real-time PCR set-up for the amplification of DNA...................... 197

Table 3.4.4 Primer sequence and product acquisition temperatures....................................198

Table 3.5.1 Sub-populations of peritoneal cells from the CAPD peritoneum....................203

Table 3,5.2 Upregulation of peritoneal dendritic cell maturation markers after culturing 205

Table 3.5.3 Upregulation of peritoneal dendritic cell activation and maturation markers

after incubation with LPS............................................................................................................ 206

Table 3.6.1. The range of mRNA absolute copy numbers in peritoneal macrophages is large

(n=3)  209

Table 3.6.2 Observed fold-increases in the pro-inflammatory chemokine and cytokine

mRNA levels of peritoneal cells stimulated with the polymer 4 .............................................. 212

Table 3.6.3. The molecular weight of polymer 4 has no significant effect on the level of 

fold-increases of pro-inflammatory chemokine and cytokine mRNA...................................... 212

20



Table 3.6.4 Observed fold-increases in theThl cytokine mRNA levels of peritoneal cells

stimulated with polymer 4 ........................................................................................................... 220

Table 3.6.5 Observed fold-increases in the pro-inflammatory chemokine and cytokine

mRNA levels of peritoneal cells stimulated with the complex..6 ............................................ 225

Table 3.6.6 Observed fold-increases in the Thl cytokine mRNA levels of peritoneal cells

stimulated with the complex 6 .....................................................................................................225

Table 3.7.1 Adverse events following the administration of recombinant IFN-y to patients ..

............................................................................................................................... 236

L is t  o f  S c h e m e s

Schem e 1 Preparation of polymer 4 from a polymer precursor 3 via atom transfer radical

polymerisation of monomer 1 ........................................................................................................ 71

Scheme 2 Proposed products from the hydrolysis and ring-opening of leaving group 5 .... 73 

Scheme 3 Preparation of the complex 6 from polymer 4 and AmB that is formed during the

mild hydrolysis of the precursor polymer 3 in the presence of AmB........................................ 85

Scheme 4 Controlled polymerisation of active ester monomer 1 with a PEG-initiator to 

yield a PEG-block-polymer precursor co-polymer 8 ................................................................. 118

21



A b b r e v ia t io n s

AmB Amphotericin B

CuBr Copper bromide

DMF Dimethyl formamide

DMSO Dimethyl sulfoxide

dNTPs Deoxynucleotide-triphosphate

GPC Gel permeation chromatography

HIV Human immunodeficiency virus

HPLC High performance liquid chromatography

IFN Interferon

IL Interleukin

LD50 50% lethal dose

LPS Lipopolysaccharide

MCP Monocyte chemoattractant protein

MIC Minimum inhibitory concentration

MIP Macrophage inflammatory protein

mRNA Messenger ribonucleic acid

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

NaOH Sodium hydroxide

NCCLS National committee for clinical laboratory standards

NMR Nuclear magnetic resonance

PBMCs Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PEG Poly(ethylene glycol)

PMAA-Na Poly(V-methacrylic acid sodium salt)

Poly(LC) Poly(riboinosinic:ribocytidylic acid)

Th T helper

TLC Thin layer chromatography

TLR Toll-like receptor

TNF Tumour necrosis factor

TGF Transforming growth factor

UV Ultraviolet

22



1. C h a p t e r  1

1.1. General Introduction

1.1.1. Drug development for neglected diseases

Parasitic and infectious diseases account for a third of the worldwide disease burden, but only 

5% of the disease burden in high-income countries (Trouiller et al., 2002). Only 1% of new 

drugs that were licensed for clinical use in the last 25 years were registered for tropical 

diseases. Leishmaniasis, along with African trypanosomiasis and Chagas disease, is one of 

the 3 most neglected diseases. In a survey conducted by the Drugs for Neglected Diseases 

working group (2001), the world’s top 20 pharmaceutical companies were questioned 

regarding their research and development budget. Of the 11 companies that responded, 8 

listed no expenditure on any of these diseases. Clearly, current private health and research 

development policy closely follows existing viable markets.

The primary aim of this project was to create a cost-effective treatment for leishmaniasis, a 

neglected disease which is discussed in more detail in Section 2.2. Traditional first-line 

treatments are failing and there is a tangible need for new treatments which are not toxic and 

can be made available at a reduced cost. Amphotericin B (AmB) is widely used for the 

treatment of fungal and parasitic diseases. It is burdened by low water solubility and a 

propensity to cause toxic side effects with renal toxicity often limiting the amount of AmB 

that can be safely administered. To address these limitations, much effort to improve the 

final dosage form of AmB has resulted in the clinical development of pharmaceutically 

complex and expensive liposome formulations. Widespread clinical use of these formulations 

is limited due to their exorbitant cost. A more detailed introduction to AmB is given in 

Section 2.1.

Polymers are ubiquitous molecules that have been used in many biomedical applications. 

They can also be made available at a reduced cost to liposomes. The work described in this 

thesis involved the utilisation of a polymer to prepare a water soluble version of AmB that 

was designed to be cost effective so that it could be used to treat leishmaniasis in resource- 

poor countries. Additionally, a polymer with narrow molecular weight properties provided 

the opportunity to examine if novel immunomodulatory properties could be imparted to this 

AmB formulation. The long-term goal would be to create a combined pharmacological 

treatment with synergistic immunotherapy for leishmaniasis. This could potentially 

accelerate healing and therefore reduce costs further still.
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1.1.2. The biomedical applications o f polymers

Polymers have been used extensively as excipients in medicines and in consumer healthcare 

products. As an example, poly(Z-lactic acid) has been used for many years in wound 

dressings and dissolvable stitches. It is currently being used in the United States for the 

restoration of facial fat loss in patients undergoing highly active antiretroviral therapy for HIV 

(Valantin et al., 2003). Hydrogel sheets containing poly(urethane) (Hydrosorb®, Hartmann) 

are also used in wound dressings. Polymers have also been employed in tissue reconstruction 

and could be used in tissue engineering (Wan et al., 2002; Woerly et al., 1998) as artificial 

organs, prostheses and in reconstructive surgery (Blondeel et al., 2004). As another example, 

carmustine is used in the therapy of aggressive brain tumours. In order to enable a long term 

depot of this drug it has been spray-dried with co-polymers of poly(carboxyphenoxypropane) 

and sebacic acid. The product is administered during surgery and it was found that these 

implants significantly prolonged survival in one study carried out on 222 patients (Brem et 

al., 1995). Recombinant human growth hormone particles have been formulated into 

poly(lactide-co-glycolide) microspheres to provide a depot of controlled drug release for the 

treatment of growth deficiencies (somatropin, Nutropin Depot®, Genentech).

Polymers conjugated to proteins are clinically proven to increase the efficacy of 

biopharmaceuticals. Such medicines are administered parenterally. Polymeric drugs where 

the polymer itself has biological activity are also known. The sulphated polysaccharide 

dextrin 2-sulphate has been shown to prevent the HIV infection of cells (Shaunak et al., 

1994). More recently it has been used to reduce the viral load in HIV patients (Shaunak et al., 

1998a). Sodium alginate and alginic acid have been routinely used in antacid preparations to 

combat indigestion. A common brand name of one of these preparations is Gaviscon® 

(R&C).

Biomedical polymers include naturally occurring polysaccharides such as dextran, and 

synthetic polymers such as poly(ethylene glycol) (PEG) and poly(V-hydroxypropyl 

methacrylamide) (PHPMA). A potential advantage of synthetic polymers is that they can be 

specifically designed to optimise their size, functional groups, and overall charge for a target 

application such drug delivery.

1.1.3. Polymers in drug delivery systems

Analogous to any final dosage form, drug delivery systems seek to optimise both the 

controlled release of the drug (and thus improve the pharmacokinetics) and to aid localisation
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of the drug to the target cells. An ideal controlled release system would enable a reduction in 

peak plasma levels of the drug whilst increasing the length of exposure of the target cells to 

an active concentration of the drug. (Banker, 1984). Thus, toxicity can be reduced and the 

treatment is simultaneously more effective. Drug systems cover a wide spectrum of 

approaches including implantable devices, particulate associated medicines and soluble 

conjugates. There has been considerable effort during the last three decades to favourably 

alter the pharmacokinetics of insoluble and toxic molecules by covalently conjugating them to 

water-soluble polymers. With these polymer-drug constructs, it has been possible to prolong 

blood circulation times while decreasing systemic toxicity.

1.1.3.1. Advantages o f soluble polymer-drug constructs

1.1.3.1.1. Improved biodistribution

In addition to the attenuation of the toxicity of a drug, coupling polymers to low molecular 

weight drugs has the enormous advantage of changing the drug’s pharmacokinetic profile. 

The increased hydrodynamic volume of the polymer causes altered biodistribution of the drug 

and reduces its renal excretion (Kissel et al., 2001; Yamaoka et al., 1994; Maeda et al., 1992). 

This leads to a greater circulation time for the drug and therefore improved bioavailability. A 

reduction in renal excretion usually occurs when the threshold that is comparable to that of 

serum albumin volume is reached.

1.1.3.1.2. Enhanced permeability and retention effect

As a consequence of the altered distribution and cellular uptake that macromolecules exhibit, 

conjugation to drugs has been explored particularly in cancer chemotherapy with several 

constructs having been evaluated in clinical trials. Blood capillaries surrounding tumour cells 

exhibit increased permeability and lymphatic drainage is also decreased in that area. This 

phenomenon is known as the ‘enhanced permeability and retention’ effect and enables the 

specific targeting of tumour tissue. Polymer-drug constructs accumulate at these sites 

because of an ultra-filtration process (Maeda and Matsumura, 1989). Other inflamed tissues 

can also be targeted in this way. A drug can also be targeted to a specific site with the use of 

polymer-bound targeting moieties, such as the use of galactosamine residues to target the 

molecule to the liver (Duncan et al., 1982; Seymour et al., 2002). It was hoped that this 

approach could be of importance for the treatment of liver cancer.
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1.1.3.1.3. Improved stability and reduced immunogen icity

In addition to these characteristics, the conjugation of polymers to pharmacologically active 

compounds has many other applications. Polymers can be used to stabilise compounds 

during circulation (Monfardini and Veronese, 1998) and also to protect substances which are 

sensitive to degradation by host enzymes (Zalipsky et al., 1995). Proteins have been 

conjugated to polymers in an effort to reduce their immunogenicity for safe administration to 

man (Sehon, 1991). An undesirable immune response can lead to the inactivation of the drug 

administered or even a potentially fatal anaphylactic shock. PEG in particular has been used 

for this purpose and now protein-PEG conjugates are widely used in the clinic.

1.1.3.1.4. Lysosomotropic delivery

The concept of using agents that are selectively taken up into the lysosomes of cells as drug 

carriers was identified many years ago (de Duve et al., 1974). Physiologically soluble 

macromolecules such as polymers are taken up by cells almost solely by endocytosis (Duncan 

and Pratten, 1985; Mellman, 1996) and are thus destined to be trafficked through the 

endosomal pathway to the lysosome. This provides an alternative pathway for the entry of a 

drug into the cell when coupled with a polymer. This has some particular therapeutic 

indications such as targeting intracellular bacteria {Mycobacterium), viruses (Reovirus) and 

parasites {Leishmania) which survive within the endosomal system. This so-called 

lysosomotropic delivery has other advantages in that non-specific toxicity of a drug that is 

caused by its ubiquitous distribution is avoided. In cancer chemotherapy, some tumours 

exhibit multi-drug resistance so that they are difficult to treat. The delivery of drugs via 

intracellular compartments allows the evasion of potential resistance mechanisms (Duncan, 

1999).

1.1.3.2. Limitations ofpolymers fo r  soluble drug delivery systems

There remain some obstacles to overcome regarding the synthesis of polymers in drug 

delivery systems. Their chemical synthesis often needs to be optimised so that the stability of 

the polymer is not disrupted. Furthermore, any receptor-binding sites on the drug should not 

be permanently blocked by interaction with the polymer in order to avoid complete loss of 

drug activity. Thorough chemical characterisation of a polymer-drug construct is crucial if 

the product is ever to be approved for administration to man. Therefore analytical methods 

must be developed that can be used to characterise the constructs when they are intact and 

following their degradation. Ideally the polymer that is used in the development of a new 

construct should already be approved by the food and drug authorities.
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The molecular weight of a polymer determines its blood and renal clearance, biodistribution 

and tissue uptake (Cartlidge et al., 1987; Sprincl et al., 1976; Yamaoka et al., 1994). An 

optimally high molecular weight is desirable in order to bring about the advantages of 

improved biodistribution discussed above. Polymers can also be excreted by the hepatic 

(biliary) system, as well as in tears, and sweat. Molecules of less than 25 kDa are generally 

excreted by the renal system (Hespe et al., 1977). Random chain polymers that are larger 

than 40 kDa are not guaranteed excretion (Seymour et al., 1987a; Goddard et al., 1991). 

Therefore, a polymer with a molecular weight above this renal excretion limit should be 

biodegradable. PEG is the most commonly used polymer that is approved for parenteral 

administration in man. Other polymers have been shown clinically to not be toxic (e.g. 

PHPMA). However there are drawbacks such as lysosomal overloading and lysosomal 

rupture which require consideration (de Duve et al., 1974). Polymers which are too large to 

be eliminated can accumulate in the lysosomes of cells and could lead to the possibility of a 

storage disease syndrome (Schneider et al., 1997). The only known example of this is 

poly(vinylpyrrolidone) which was originally developed as a plasma expander. It was soon 

discovered that, although these polymers could be normally excreted when their molecular 

weight was below 20 kDa, larger polymers were permanently stored in the mononuclear 

phagocyte system, leading to a storage disease syndrome (Chi et al., 2006; Kuo et al., 1997; 

Kuo and Hsueh, 1984). Most reports do not indicate clinical illness, but there has been a 

report of a patient with multiple bone fractures (Kepes et al., 1993), and also 2 patients 

presenting with anaemia when the bone marrow cells were replaced almost exclusively with 

poly(vinylpyrrolidone) storage cells (Kuo et al., 1997). It should however be noted that 

concentrated solutions (>50 mg/ml) of very large polymers in the region of 200 kDa were 

typically administered over a period of time as long as 10 years (Kuo et al., 1997; Kepes et 

al., 1993).

A typical free radical polymerisation generates batches where the individual polymer chains 

are of variable size, so that the final polymer product has a broad molecular weight 

distribution (MWD). The polydispersity index is an indication of the distribution of 

individual molecular weights within a batch of polymers, and is defined as the ratio of the 

weight and number average molecular weight (Mw/Mn). A polymer having a narrow MWD 

is considered to be more uniform in that each polymer molecule is similar in molecular 

weight. Drug constructs described in the literature are predominantly derived from broad 

MWD polymers. In contrast, PEG-protein conjugates are derived from narrow MWD PEG. 

These can more readily be reproducibly synthesised and characterised. Structure-property 

correlations can be clarified so that the influence of molecular weight on the biological profile 

of the polymer conjugate can be determined. Batch-to-batch variation in size composition can
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also lead to heterogeneity in the biological responses to the polymers. There have been 

advances in polymerisation techniques which now enable the synthesis of some narrow MWD 

polymers. Controlled radical polymerisation methods have provided a means to prepare 

narrow MWD polymers for biomedical applications.

1.1.3.3. Examples o f polymeric constructs

There are several preparative techniques that can be utilised to formulate drug delivery 

systems having polymer scaffolds. These include conjugation via a covalent linkage. 

Poly(ethylene glycol) (PEG) has been conjugated to the cytokine interferon-a for the 

treatment of viral diseases such as hepatitis C (PEGaSys, Roche and PEGintron, Schering 

Plough). PEG has also been conjugated to recombinant methionyl human granulocyte-colony 

stimulating factor for treating neutropenia in cytotoxic chemotherapy for malignancy. In 

cancer chemotherapy, a notable polymer-drug conjugate is PK-1; a hydroxypropyl 

methacrylamide copolymer covalently bound to the cytotoxic drug, doxorubicin via a peptidyl 

linker. The linker is cleaved by lysosomal enzymes following cellular uptake thereby 

allowing the drug to be released inside the tumour. PK-1 was demonstrably less toxic than 

the free drug in Phase I clinical trials (Vasey et al., 1999; Thomson et al., 1999). A maximum 

tolerated dose 5 times higher than the standard dose of doxorubicin could be administered. 

PK-1 is currently in Phase II evaluation in the UK, for breast, lung and colon cancer (Bilim, 

2003).

Complexation based predominantly on electrostatic interactions between a charged polymer 

and drug has been utilised for the pre-clinical development of some novel formulations. 

Cationic polymers in particular have been studied for their ability to complex negatively 

charged DNA. Dextran-spermine plasmid conjugates were found to be successful vectors for 

transfection of cells in mice and fish (Eliyahu et al., 2005). Poly(acrylic acid) has been used 

to complex the cytotoxic hydrophobic drug doxorubicin so that it can be solubilised in 

aqueous media (Kitaeva et al., 2004b; Kitaeva et al., 2004a).

1.1.3.4. Poorly soluble compounds

Polymers have a particular application for compounds that are poorly water-soluble. The 

physicochemical properties of such drugs can be modified by imparting to them the 

hydrophilic characteristics of the polymer. In this way, the dissolution of a drug in 

physiological fluids can be improved so that it can be more safely administered to patients. 

Many oral dosage forms are solid dispersions where a polymer is used to disperse a 

pharmacologically active agent. For parenteral forms, an example is of PEG conjugated via
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its two hydroxylic ends to taxol, which is a very toxic and water insoluble cancer therapeutic. 

This increased the solubility of taxol six-fold but without any loss of activity (Greenwald et 

ah, 1996). The loading of the drug can affect the solution properties of the polymer construct.

1.1.3.4.1. Polymeric micelles

Polymeric micelles are promising carriers for the delivery of poorly water-soluble drugs and 

amphiphilic drugs. Polymers that are themselves amphiphilic can solubilise a drug in a 

hydrophobic core surrounded by a hydrophilic shell. The formation of such a micelle is 

dependent on attractive forces that cause the association of molecules. Repulsive forces are 

also necessary to inhibit the unlimited expansion of these carriers (Jones and Leroux, 1999). 

It is in fact the relatively small nature of micelles that gives them an advantage for the 

delivery of drugs. They tend not to be sequestered by the mononuclear phagocyte system. 

Their high molecular weight also prevents renal excretion. Drugs can be incorporated into 

micelles either through chemical techniques such as conjugation, or alternatively by physical 

entrapment using an oil-in-water emulsion, or even dialysis with solvent exchange (Jones and 

Leroux, 1999).

1.1.3.5. Stimuli responsive polymers

Polymers that respond to changes in their environment represent an important research area 

for therapeutic applications. Such changes in polymer structure can be represented by 

conformational or phase changes that can be brought about by an adjustment of pH or 

temperature (de Las Heras et al., 2005). An important example of a synthetic responsive 

polymer is poly(A-isopropylacrylamide). In aqueous solutions, this polymer undergoes a coil 

to globule transition when the temperature reaches 32°C. This means that below this 

temperature the polymer is hydrophilic but at higher temperatures it becomes hydrophobic 

(Schild, 1992). Co-monomer units can then be included so that the temperature at which this 

change occurs reaches human body temperature.

Polymer hydrogels are valuable for the controlled release of a drug agent. Responsive 

polymers can undergo reversible expansion and collapse under certain temperature and pH 

conditions. This feature can be exploited when creating a matrix of cross-linked polymer gel 

(de Las Heras et al., 2005). A drug agent incorporated within the gel can be released either 

when the gel contracts or swells. A hydrogel can thus be specifically designed so that the 

required change in the matrix structure is achieved for the optimal targeting of the drug.

Recently, oxidation-responsive polymeric vesicles have been developed (Napoli et al., 2004). 

These were constructed from block co-polymers of hydrophilic PEG and hydrophobic
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poly(propylene sulphide) which self-assemble into highly stable vesicles. Under oxidative 

conditions however, the sulphide moieties of the hydrophobic block are oxidised ultimately to 

sulphone moieties, which are hydrophilic. In doing so the vesicles become disrupted and a 

change in the morphology ensues so that the block co-polymers are eventually dispersed as 

non-associating unimolecular micelles. With further research, these stimuli-responsive 

vesicles may find application as carriers in drug delivery.

1.1.4. Active ester polymers as precursors of functional polymers

The advantage of using a polymer with reactive pendent groups as a precursor for the 

synthesis of functional polymers is that a single precursor can be used to make many 

derivatives. For example, an active ester polymer with given molecular weight characteristics 

can be allowed to react with an active agent in different proportions to give several derivative 

polymer conjugates with different loadings of the active agent. The advantage of this route is 

that all the derivative functionalised polymers share the same molecular weight characteristics 

while chemical features can be systematically varied. Several reactive monomers have been 

used to create reactive co-polymers. These include anhydride (Delair et al., 1998), acetal 

(Veron et al., 1996) and active ester derivatives (Arshady, 1994). Active esters are the most 

popular as they are less sensitive to hydrolysis in water than the anhydride derivatives, and 

are more reactive than the acetal derivatives (Favier et al., 2004). Succinimide esters are 

among the most common, such as A/-acryloxysuccinimide and W-methacryloxysuccinimide. 

Using precursor polymers, it has been possible to prepare water-soluble copolymers 

functionalised with, for example; enzymes, monoclonal antibodies and DNA (Yang et al., 

1990; Chen and Hoffman, 1990; Erout et al., 1996; Batz et al., 1972; Mammen et al., 1995). 

However, these polymers were typically synthesised by free radical polymerisation which led 

to a broad MWD.

In recent years there have been efforts to synthesise narrow MWD active ester polymers that 

can be used as well-defined precursors for biomedical applications. In Prof. Brocchini’s lab, 

a method was described that enabled the synthesis of a narrow MWD non-water-soluble 

homopolymer, poly(iV-methacryloxysuccinimide) (PMAOS) (Figure 1.1) by the controlled 

radical polymerisation technique atom transfer radical polymerisation (ATRP) (Godwin et al., 

2001). The polydispersity of the synthesised polymers was 1.13-1.2. Using this active ester 

polymer as a precursor, it was possible (for the first time) to create a library of narrow MWD 

functionalised methaacrylamide polymers and examine their structure-property correlations 

(Pedone et al., 2003). These polymers all had the same molecular weight characteristics as 

the precursor polymer. There are other advantages of the precursor polymer PMAOS. The
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imide group (-CO-NH-CO-) enables the visualisation of strong imide carbonyl (-C=0) bands 

by infrared spectroscopy (1735 cm"’). This can allow for monitoring the extent and rate of 

reaction of the precursor polymer PMAOS with active agents. Furthermore, the N- 

hydroxysuccinimide functional group is one of a few groups that are more selective for the 

formation of an amide bond.

(j)H3

r
CO

Figure 1.1.1 Poly(A/-methacryloxysuccinimide) (PMAOS)

Monge and Haddleton (2003) have also used ATRP to yield narrow MWD PMAOS as a 

precursor to synthesising poly(acrylamides) for biomedical applications. Water-soluble co

polymer precursors consisting of a hydrophilic monomer and an active ester have also been 

synthesised using other controlled radical polymerisation techniques. The advantage of using 

co-polymers is that a basic polymer can be used to bring the structure and desired solubility to 

the reactive polymer. Poly(A-(2-hydroxypropyl)methacrylamide) (PHPMA) is a particularly 

attractive scaffold for biomedical applications as it is biocompatible, non-toxic and non- 

immunogenic and has a well characterised pharmacokinetic profile (Duncan, 2003). Random 

co-polymers of HPMA and MAOS were synthesised by reversible addition-fragmentation 

chain transfer (RAFT) polymerisation (Yanjarappa et al., 2006). A peptide inhibitor of 

anthrax toxin was then conjugated to the active ester groups of this co-polymer. The 

unreacted active ester groups were then quenched with amino-propanol to yield a PHPMA- 

based inhibitor of anthrax that had enhanced activity (Yanjarappa et al., 2006). RAFT 

polymerisation has been used to synthesise well-defined iV-acryloxysuccinimide copolymers 

(Relogio et al., 2004; Favier et al., 2004). A different controlled polymerisation technique, 

ring opening metathesis polymerisation has also been used to polymerise norbomyl 

monomers containing W-hydroxysuccinimide for the creation of libraries of functionalised 

polymers and for large-scale polymer preparation (Strong and Kiessling, 1999).
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This active ester precursor polymer PMAOS can be hydrolysed using sodium hydroxide to 

yield a water-soluble linear anionic polymer, poly(A-methacrylic acid sodium salt) (PMAA- 

Na), shown in Figure 1.2, Polymerisation of methacrylic acid directly results in broad MWD 

poly(methacrylic acid), ATRP of PMAA itself in particular has been difficult because the 

monomers react with the metal catalysts to form metal carboxylates (Patten et a l, 1996), 

Well defined PMAA copolymers have however been synthesised by ATRP in aqueous media 

with polydispersities of 1,2 to 1,3 (Ashford et a l, 1999), The research described in this thesis 

utilises PMAA-Na derived from the active ester precursor polymer PMAOS,

-C H ,-

(j:H3

r r.
O'Na*

Figure 1.1.2 Poly(A/-methacrylic acid sodium salt) (PMAA-Na)

1.1.5. Poly(methacrylic acid)

Polyacrylic and methacrylic (PMAA) acids display properties of weak acids. They are 

soluble in aqueous solutions and are more soluble at basic pH values. As water soluble 

polymers they tend to be insoluble in common non-polar, aprotic solvents (e,g, DMSG, 

hexane, ether, acetone), PMAA decomposes at 200°C to yield water, small amounts of 

methacrylic acid monomer and poly(methacrylic anhydride) residue. It is therefore relatively 

stable at ambient conditions. It has been approved for use in adhesives, cosmetics, as a 

thickener, in lime scale prevention and in some biomedical applications such as wound 

dressings,

Poly(methacrylic acid) polymers have been examined for use in therapeutics because of their 

responsiveness to changes in pH, At a pH below 4 PMAA assumes a hypercoiled form in 

order to minimise hydrophobic interactions. As the pH is increased the molecule becomes 

ionised. In the absence of electrolytes it uncoils so as to adopt a rod-like conformation (Olea 

and Thomas, 1989), These polymers can swell reversibly under certain pH conditions, A co

polymer hydrogel of PMAA grafted with PEG has been used in a rabbit model to allow the 

controlled release of a steroid that is used for the treatment of allergic rhinitis (Nakamura et 

a l, 1999), The dmg agent was incorporated into the gel by the induction of a collapse of the
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gel using ethanol-water mixtures. This product was then administered via the nasal cavity 

(pH 7.2). The steroid was initially released quickly under these conditions but a more 

prolonged distribution followed when compared to the intravenous administration of the 

steroid.

Partially protonated PMAA polymers adhere to biological surfaces. PMAA was grafted onto 

poly(urethane) scaffolds and this led to increased biocompatibility compared to unmodified 

poly(urethane) scaffolds (Zhu et al., 2003). These scaffolds enabled the successful 

attachment and proliferation of human endothelial cells.

In light of these results indicating the potential biocompatibility of PMAA-Na, and the fact 

that it could be obtained with narrow MWD when derived from an active ester precursor 

polymer PMAOS, it was considered that PMAA-Na may provide a viable platform for the 

safe delivery of amphotericin B (AmB).

1.1.6. Project background

Initially the aim of this project was to synthesise a PMAA-Na - AmB conjugate in order to 

solubilise and to alter the pharmacokinetic properties of AmB. These early reactions were 

conducted by Dr Antony Godwin. Initial attempts to directly conjugate AmB via its amino 

group to the precursor polymer 3 were unsuccessful. Efforts then focused on using a small 

linker molecule with a more reactive amino group to conjugate the AmB to the precursor 

polymer PMAOS (The structure of AmB is given in Figure 2.1.1). Two linkers (aminobutyric 

acid and glycyl-glycyl-glycine) of different length and flexibility were chosen to evaluate the 

contribution of the linker to conjugation efficiency and biological activity. Derivatising the 

relatively large AmB with a linker was a two-step procedure from which it was difficult to 

purify the final linker - AmB molecule. Additionally, it became clear from NMR evidence 

that the aminobutyric acid derivatised AmB was not stable and underwent side reactions 

which quenched the amino group necessary for reaction with the polymer.

Nonetheless, efforts were still made to covalently conjugate AmB and its derivatives to the 

precursor polymer PMAOS. The efficiency of the conjugation was monitored by infrared 

spectroscopy using the disappearance of the strong carbonyl band on PMAOS as an indicator 

of conversion. After the linker - AmB conjugation to the polymer it was necessary to add 

sodium hydroxide to hydrolyse the remaining active ester groups of the PMAOS. This was so 

that the final product would be the water-soluble PMAA-Na. The potential drawback to this 

step is the possibility to hydrolyse the linker - polymer amide bond during polymer
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hydrolysis. The anti-leishmanial activity in screening assays of conjugate products was poor, 

even at concentrations as high as 1 mg/ml AmB for some of the conjugates. In these 

experiments, derivatising AmB on the amino group of the molecule appeared to cause this 

loss of activity. This group is required for the activity of AmB via the formation of hydrogen 

bonds with sterols (Brajtburg et al., 1990; Mechlinski and Schaffner, 1972) leading to the 

formation of membrane pores, which is the primary mode of action of this drug (This is 

discussed in more detail in Section 2.1.1). In summary, the synthesis of a PMAA-Na -  AmB 

conjugate was found to be a difficult and inexpedient method for increasing the solubility and 

reducing the toxicity of AmB.

However, during the attempts to prepare an AmB conjugate it was observed by Dr Godwin 

that the non-covalent association of linker derivatised AmB and the polymer was occurring, 

since even after purification of the conjugate by dialysis, unconjugated linker-AmB was 

present in the ffeeze-dried product. It was these observations that led to the development of a 

polymer complex of AmB research described in this thesis.
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2. Ch a p t e r  2 

D r u g  D e l iv e r y  

In t r o d u c t io n

2.1. Amphotericin B

Amphotericin B (AmB) is an amphipathic fermentation product of the Gram-positive 

bacterium Streptomyces nodosus (Gold et al., 1956). AmB is a broad-spectrum polyene 

antifungal that is also effective against the parasitic disease leishmaniasis. AmB is fungistatic 

or fungicidal depending on the concentration of the dmg and the sensitivity of the fungus. It 

is active against a wide range of fungi including yeasts such as Cryptococcus and Candida 

spp. The dmg has no activity against bacteria. A concentration usually in the range of 0.03 to

1.0 mg/L is required for antifungal activity (Tumbarello et al., 1996).

Little resistance has emerged and it remains the treatment of choice for such infections. The 

stmcture of AmB is given in Figure 2.1.1. The molecule is a 38-membered lactone ring 

which has a hydrophobic region comprising the lipophilic heptaene moiety (the long chain of 

conjugated double bonds) and a hydrophilic region of several hydroxyl groups. This makes 

the molecule amphiphilic. The presence of the carboxylic acid and the basic mycosaminyl 

groups make the AmB molecule amphoteric as well. These groups are zwitterionic at neutral 

pH when the carboxyl group is deprotonated and the amino acid group is protonated.

The presence of the carboxyl and amino groups results in two pKg values, 5.7 and 10. Its 

molecular weight is 924.1 Da. AmB is a yellow to orange, odourless, tasteless powder.
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Figure 2.1.1 The structure of amphotericin B. The mycosaminyl group is outlîi 

and the exocyclic carboxyl group is outlined in blue.

Mode of Action

Channel formation

Consistent with the other polyenes, AmB interacts hydrophobically with membrane sterols 

(Demel et al., 1965; Gottleib et al., 1958) to cause the formation o f pores in a cell membrane 

that lead to cell death. It is hypothesised that AmB can form 2 types o f channels across a 

membrane (Cohen, 1992). Non-aqueous channels are formed initially which are permeable 

only to urea and monovalent cations, particularly potassium ions (K ) (Cohen, 1992), but not 

to protons (H ). Only once the concentration o f AmB is above a threshold are the molecules 

able to interact with sterols to form aqueous pores. An aqueous pore consists o f  an annulus o f 

6 to 9 AmB molecules (de Kruijff and Demel, 1974; Holz, 1974; Gagos et al., 2001). A 

model o f  this channel is given in Figure 2.1.2. This structure is stabilised by hydrogen 

bonding between hydroxyl groups on AmB and also by Van der Waals forces along the 

chromophores. The hydroxyl residues face inwards to make up the lining o f the pore. The 

lipophilic heptaene region o f the AmB molecule associates with the membrane. In this 

formation, AmB molecules are sandwiched alternatively between sterol molecules within the 

lipid bilayer. Molecular simulations suggest that hydrogen bonding between neighbouring 

AmB molecules keeps the channel intact (Baginski et al., 1997). Aqueous pores are 

permeable to monovalent cations and anions as well as divalent cations such as calcium, C a^\
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Figure 2.1.2 Hypothetical structure of an ion channel formed by 8 AmB molecules and 8 

sterols. Yellow and blue molecules represent AmB and sterol, respectively. (Matsumori et al., 

2005; de Kruijff and Demel, 1974)

2.1.1.2. Interaction with sterols

Two types o f interaction between AmB and sterols are believed to take place. The first is a 

hydrogen bond (Baginski et al., 2002) between the sterol and the mycosaminyl group o f 

AmB. This can be either directly or mediated by water molecules. The second type o f 

interaction is Van der Waals forces (Charbonneau et al., 2001; Baginski et al., 1989) between 

the rigid heptaene region o f AmB, which is the chain o f seven double bonds, and the 

hydrophobic steroid rings.

AmB targets ergosterol (Gruda and Dussault, 1988) in fungal cells, ergosterol precursors 

episterol and 5-dehydroepisterol in Leishmania parasites (Saha et al., 1986), and cholesterol 

in mammalian cells. AmB shows a higher affinity for ergosterol (Barwicz and Tancrède,

1997) thus exhibiting fungal and leishmanial selectivity. The structures o f  ergosterol and 

cholesterol are given in Figure 2.1.3.

These molecules differ in that ergosterol has an additional double bond and methyl group in 

its side chain as well as a further double bond in the steroid ring. The additional double bonds 

give the molecule a more rigid conformation in these regions (Baginski et al., 1989). This 

allows improved proximity between AmB and ergosterol that optimises the capacity for Van 

der Waals forces and hydrogen bonding (Baginski et al., 1989; Charbonneau et al., 2001). 

Cholesterol molecules were observed to rotate freely in molecular modelling experiments 

(Baginski et al., 1997) possibly because the side chain is more flexible. It also seems to
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interact in a non-specific manner with nearby molecules. This may further limit the affinity 

of AmB for cholesterol.

Researchers found that the size of the pore formed by AmB was dependent on the physical 

properties of the lipid matrix (Gagos et al., 2001). Membrane transition from the lipid phase 

to the fluid phase resulted in an increase in the diameter of the pore formed by AmB. 

Ergosterol and cholesterol decrease the fluidity of lipid membranes in different ways in a 

manner dependent on their particular structure (Fournier et al., 1998). Gagos et a l (2001) 

suggest that this may indirectly play a role in the selectivity of AmB.

HO' HO'

Figure 2.1.3 Structure of (A) ergosterol and (B) cholesterol

Little clinical resistance against AmB has emerged. However, due to the target of this drug, 

potential mechanisms clearly involve modification of ergosterol in the pathogen membrane 

(Masia and Gutierrez, 2002). This may include decreasing the total ergosterol cell content 

and also masking of ergosterol in the membrane so that is it unavailable for interaction with 

AmB. An AmB-resistant strain of Cryptococcus neoformans isolated from an AIDS patient 

was found to be defective in sterol synthesis and therefore had abnormally low amounts of 

ergosterol in the cell surface (Kelly et al., 1994).

2.1.L3. Cell death

Leishmania parasites are killed by AmB after the formation of aqueous pores with the 

subsequent net influx of salts leading to osmotic cell lysis (Ramos et al., 1996). Fungal cells, 

protected from lysis by the presence of a cell wall, are killed as a result of the higher 

intracellular pH and the subsequent membrane damage that is due to their increased 

permeability to H^ and OH ions (Rabaste et al., 1995). Thus it can be understood that at low 

AmB concentrations, where non-aqueous pores are formed, cellular membrane damage is not
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lethal and can be reversible. As the concentration is increased, the calcium and pH gradients 

come to be disrupted and cell death occurs.

2.1.2. Toxic effects of amphotericin B

Although the affinity of AmB for cholesterol is lower than for ergosterol, AmB is well 

documented for its toxic effects to mammalian cells. Infusion related toxicity commonly 

occurs following the administration of AmB to patients. This includes fever, chills, 

anaphylaxis, muscle spasms, vomiting, headaches, anorexia, and hypotension. The reactions 

vary from patient to patient and generally respond to therapy with hydrocortisone, 

antipyretics, and antihistamines. The direct action of AmB can cause damage to the renal 

tubules (Sawaya et al., 1991). Histological examinations of renal biopsies show changes in 

renal arteriolar smooth-muscle cells. The glomerular filtration rate is decreased. This is 

caused by the contraction of mesangial cells and direct vasoconstriction (Minodier et al.,

2003) as a result of AmB-induced increases in the concentration of free intracellular calcium. 

Renal tubular acidosis, decreased serum potassium, and diminished renal concentrating ability 

all occur Lesions have been observed in the tubules as well as deposition of calcium in the 

wall and lumen (Bhathena et al., 1978). Although the lesions are generally reversible, 

irreversible damage has been reported in patients receiving high dosages. In the most severe 

cases, acute renal failure ensues. Renal toxicity is accumulative and occurs in between 24 to 

80 % of patients (Prentice et al., 1997). Biochemical changes as a consequence of the renal 

toxicity can also be observed in some patients. Fatal cardiac toxicity has also been observed 

(Thakur et al., 1999). Haemolysis occurs as a result of the membrane disrupting activity of 

AmB. A progressive yet reversible anaemia has been observed in patients receiving 

intravenous AmB for longer than 2 weeks (Graybill and Craven, 1983). The production of 

erythropoietin is weakened and AmB is toxic to haematopoietic cells causing a 20-30% 

decrease in the haematocrit of most patients (Minodier et al., 2003). In order to limit these 

effects, AmB should be administered as an infusion over several hours. No evidence has been 

shown of mutagenicity, carcinogenicity, or teratogenicity in either animals or humans. AmB 

is not reported to interfere with clinical pathology tests.

2.1.3. The aggregation of amphotericin B

As a result of the amphiphilic nature of AmB the molecules tend to self-associate. This 

aggregation has been examined in great detail because it is believed to be the cause of clinical
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toxicity. In a typical solution, AmB presents as a mixture of monomers, soluble small 

aggregates and water-insoluble super-aggregates (Legrand et al., 1992).

There are some theories describing the process of aggregation of AmB. Ernst et a l (1981) 

proposed that in the first step of aggregation, small dimers are formed which are formed due 

to hydrophobic forces. These dimers then interact with each other to form oligomeric 

aggregates which themselves are stabilised by ionic forces. These ionic interactions are 

intermolecular and would occur between a positively charged amine and a negatively charged 

carboxylate of neighbouring AmB molecules. It should be noted that these groups would not 

interact within the same molecule as a result of steric hindrance.

Hemenger et a l (1983) proposed that dimers of AmB form when the hydrophobic heptaene 

regions associate so that the AmB molecules take on a parallel arrangement. As the 

hydrophobic forces increase, these dimers then associate to form a helical arrangement of 

AmB molecules. Barwicz et a l (1993) suggested that 5 AmB molecules organise themselves 

as a tube-like hydrophobic pore. These pores then interact on a ‘head-to-head’ or a ‘side-by- 

side’ basis to form larger aggregates. The conjugated double bond system in AmB imparts 

rigidity to the macrolide ring but the polar head can be flexible (Caillet et al., 1995). In a 

head-to-head dimer, the mycosaminyl parts of the 2 AmB molecules project towards each 

other. The mycosaminyl part of the molecule interacts with the end of the macrolide ring of 

the second molecule (Caillet et al., 1995). Electrostatic interactions and Van der Waal’s 

forces contribute to these interactions. Caillet et a l (1995) also found that the formation of 

AmB dimers is preferred to its interaction with cholesterol and, to a lesser extent, ergosterol.

As the interactions within dimers of AmB are intermolecular, this means that the likelihood 

for their formation depends on the concentration of AmB. The following equilibrium 

constant can be used to mathematically describe the dependence of the aggregation of AmB 

on its concentration in solution

Keqm^
2 [monomer] c , ^  [dimer]

Therefore this also means that

Keqm " [dimer] /  [monomer]*

The formation of dimers is a pairing and this means that it has a quadratic dependence on 

concentration. For the formation of oligomers and larger aggregates, there is subsequently a

40



higher order of concentration dependence. This means that these structures will only become 

appreciable at much higher concentrations of AmB in solution.

2.1.3.1. Spectra o f amphotericin B

Amphotericin B has 7 conjugated double bonds in its hydrophobic region (see Figure 2.1.1) 

that contribute to the strong absorbance that it exhibits between 300 to 450 nm. 

Conformational changes in this region brought about either by aggregation or interaction with 

other compounds have a large impact on the spectrum of absorbance. This enables detailed 

analysis of various AmB interactions. Strong absorption in the region of 320 -  340 nm is 

characteristic of AmB aggregates (Adams and Kwon, 2004; Gaboriau et al., 1997b). In 

particular a peak at 328 nm in the UV spectrum indicates aggregation of AmB (Ernst et al., 

1981). AmB in monomeric form displays an additional peak at 406-409 nm (Ridente et al., 

1999; Egito et al., 2004). The ratio of these peaks imparts information about the aggregation 

state of AmB. Highly aggregated species have a ratio of at least 2 while the ratio of 

monomeric forms is less than 0.25 (Barwicz et al., 1992). Super aggregates characteristically 

have peaks at 420 nm, 392 nm, 370 nm and 358 nm (Gaboriau et al., 1997b; Sanchez-Brunete 

et al., 2004). The spectrum of AmB is given in the Results Section 2.6 later on in this thesis.

2.1.3.2. Factors influencing the aggregation o f amphotericin B

The most important factor for the determination of the proportion of the different species is 

the concentration of AmB (Egito et al., 2004; Legrand et al., 1992). At very low 

concentrations of AmB in aqueous phosphate buffer solutions (10’* M) the AmB exists in a 

monomeric form only. As this concentration is increased above 10'  ̂M, aggregates begin to 

form. At a concentration of 10'  ̂ M the solution is composed almost entirely of aggregated 

species (Egito et al., 2002). In DMSO, when the concentration of AmB is increased to 10'  ̂

M, small dimers begin to form (Balakrishnan and Easwaran, 1993). At concentrations below 

10"̂  M AmB, it is all monomeric.

The solubilising medium is therefore also important. In polar organic solvents such as 

methanol, ethanol, DMSO and dimethyl formamide (DMF), the preferred form of AmB 

seems to be monomeric. In DMSO: alcohol solutions, AmB seems to be monomeric 

regardless of its concentration (Balakrishnan and Easwaran, 1993; Adams and Kwon, 2004). 

The aggregation of AmB is more pronounced in aqueous solutions. AmB is also unstable in 

dilute aqueous solutions (Ernst et al., 1981).
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It has been established that an increase in net charge on AmB causes an increase in the 

concentration of monomers (Mazerski et a l, 1990). It follows that the pH of a solution will 

also play a role due to the zwitterionic nature of AmB.

The manner in which AmB is prepared also affects the aggregation state. A more 

concentrated stock solution in an organic solvent was seen to yield a larger proportion of 

insoluble super-aggregates when the solution was diluted in aqueous media. This effect was 

however negated when the mixture was kept for longer than 2  hours at room temperature 

(Legrand et a l, 1992). A concentrated solution of AmB with 7 -cyclodextrin was diluted in 

water to yield monomers which did not form aggregates. However, dilution of AmB in 

aqueous media to the same final concentration from a DMSO stock solution yielded many 

AmB aggregates (Kajtar et a l, 1989). In another study a solution comprising predominantly 

AmB dimers was prepared by dispersing AmB in a sodium deoxycholate solution with drastic 

pH changes (Sanchez-Brunete et a l, 2004). However when the same solution was prepared 

without any changes in pH, a solution of AmB super-aggregates was obtained.

The temperature affects the aggregation of AmB. Lambing et al. (1993) showed using 

circular dichroism spectroscopy that smaller amounts of water-soluble aggregates occur as the 

temperature is increased above 25 °C. The toxicity of AmB against cholesterol-containing 

membranes decreased as the temperature was increased. However, the activity of AmB 

against ergosterol-containing membranes appeared to be optimal at temperatures between 25 

and 30°C. More recently, it has been established that heat treatment of AmB at 70°C for 20 

min generates non-water soluble super-aggregates of AmB (Gaboriau et a l, 1997b; van Etten 

et a l, 2 0 0 0 ).

2.1.3.3. The effect o f  aggregation on the toxicity o f  amphotericin B

The aggregation state of AmB affects the toxicity observed. The critical aggregation 

concentration of AmB in aqueous media is 10'  ̂M. Below this AmB is a soluble monomer 

that targets ergosterol-containing membranes exclusively (Legrand et a l, 1992). Monomers of 

AmB are not toxic to mammalian cells (Bolard et a l, 1991). The concentration at which 

AmB begins to aggregate is usually the concentration at which haemolysis also occurs 

(Aramwit et a l, 2000). Soluble aggregates of AmB interact more efficiently with cholesterol 

(Barwicz and Tancrède, 1997) and this leads to greater toxicity to mammalian cells (Bolard et 

a l, 1991; Legrand et a l, 1992). Non-water soluble super-aggregates are also not toxic to 

mammalian cells (Gaboriau et a l, 1997c; Sanchez-Brunete et a l, 2004; Legrand et a l, 1992).
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Super-aggregates of AmB have been studied to some extent. Compounds synthesised using 

heat-treatment (Gaboriau et al., 1997a; Petit et al., 1998; Petit et al., 1999; Bartlett et al.,

2004) and other methods (Sanchez-Brunete et al., 2004) have reduced toxicity whilst 

retaining activity against fungal cells and L. donovani. Super-aggregates obtained by mild 

heating are visible by transmission electron microscopy as complex cobweb-like structures 

(van Etten et al., 2000). It has been hypothesised that super-aggregates do not interact with 

sterols at the membrane level, but rather settle near the membrane and release AmB as 

monomers or dimers. Such a small local concentration of AmB acts selectively against 

ergosterol-containing membranes.

2.1.4. Amphotericin B formulations

As a result of the extensive hydrophobic regions of AmB, the drug is highly insoluble. It is 

therefore not suitable for direct administration to man. Several AmB formulations have been 

developed and tested against experimental and clinical infections.

2.1.4.1. Micellar formulations

AmB-deoxycholate (Fungizone®, Bristol-Myers Squibb) was the first micellar formulation of 

AmB and it has been commercially available since 1958. This is a 1:2 mixture of AmB with 

an ionic surfactant deoxycholate sodium salt in a phosphate buffer. AmB does not form a true 

solution in this formulation. Instead it forms a colloidal dispersion of large aggregates that is 

suitable for intravenous administration. This is a relatively unstable system so that AmB- 

deoxycholate dissociates rapidly into a mixture of monomers and aggregates, a process which 

is accelerated in the presence of salt (Schreier et al., 2000). AmB-deoxycholate, however, 

still remains the most common AmB formulation today. A single vial costs £3.70 in the UK. 

Toxic side effects are very common (Clements, Jr. and Peacock, Jr., 1990) and were described 

earlier in Section 2.1.2.

Amphocil® (Sequus Pharmaceuticals) is a micellar colloidal dispersion of AmB and sodium 

cholesteryl sulphate in the form of disc-like structures. In a single clinical trial, AmB colloidal 

dispersion caused significantly less renal toxicity than AmB-deoxycholate (White et al., 

1998). Preclinical studies indicated that AmB colloidal dispersion was significantly less toxic 

than AmB-deoxycholate. Even at doses 4 - 5  times higher than the toxic dose of AmB- 

deoxycholate, nephrotoxicity was reduced during the administration of the colloidal 

dispersion. Although AmB accumulated in the liver following the administration of the 

colloidal dispersion, there were no associated signs of hepatotoxicity when compared to
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AmB-deoxycholate. Even in patients with pre-existing renal damage the colloidal dispersion 

could be administrated safely with minimal risk of toxicity, as shown in a study of 572 

patients with fungal infections secondary to severe underlying diseases (Herbrecht, 1997). 

However, following administration to patients, AmB colloidal dispersion has produced other 

immediate side-effects (eg fevers) that are almost as extreme as those caused by the 

administration of AmB-deoxycholate (Tiphine et al., 1999; Dietze et al., 1995).

2.1.4.2. Lipid based formulations

Lipid based delivery of AmB is possible because this is a lipophilic drug that incorporates 

into lipid bilayers. Lipid formulations have been manufactured in an effort to obtain 

increased efficacy and reduced toxicity compared to AmB-deoxycholate.

Liposomal AmB, known as AmBisome® (Gilead Sciences) is a liposomal bilayer preparation 

that consists of a small (<100 nm) unilamellar negatively charged liposome into which AmB 

has been inserted. Several studies have shown that liposomal AmB causes significantly less 

renal damage than AmB (Leenders et al., 1998; Prentice et al., 1997; Walsh et al., 1999).

Abelcet® (Elan) is an AmB lipid complex that has a ribbon-like structure composed of L-a- 

dimyristoylphosphatidylcholine and L-a-dimyristoylphosphatidylglycerol. Studies in rodents 

and dogs indicated that the lipid complex was 10 to 20-fold less toxic than AmB- 

deoxycholate on a mg/kg basis. However, a clinical study could not establish that AmB lipid 

complex was any less damaging to renal tissues than AmB-deoxycholate (Sharkey et al., 

1996).

There are however significant drawbacks for the routine clinical use of liposomal 

formulations of AmB. Higher concentrations of the drug are required as a result of 

competition between carrier lipids and cell membranes for drug solubilisation (Brajtburg and 

Bolard, 1996), as well as plasma proteins and lipoproteins. Most prohibitively, the use of 

liposomal formulations is severely limited by their high cost. A single dose of liposomal 

AmB can cost up to 50 times more than AmB-deoxycholate (Rex and Walsh, 1999).

2.1.5. Interaction of amphotericin B with plasma proteins

Following intravenous administration, AmB is highly protein bound to albumin in plasma 

(Aramwit et al., 2000) and to CK-acid glycoprotein (Bekersky et al., 2002b). During incubation 

with serum, AmB-deoxycholate dissociates rapidly releasing AmB which has a high affinity 

for low-density lipoproteins (Ridente et al., 1999; Bhamra et al., 1997). Internalisation of the
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AmB-low density lipoprotein complexes has been proposed as a further mechanism for the 

toxicity of this drug (Ridente et ah, 1999) as bound AmB can be internalised via low-density 

lipoprotein receptors on cells (Vertut-Doï et al., 1994). It follows that diversity in the number 

of low density lipoprotein receptors on cells may affect the uptake and activity of AmB 

(Yardley and Croft, 2000). AmB colloidal dispersion is a similar micellar dispersion to 

AmB-deoxycholate and will probably also dissociate quickly and bind to low density 

lipoproteins (Yardley and Croft, 2000). Liposomal AmB is more stable to degradation and it 

binds preferentially to high density lipoproteins (Wasan and Lopez-Berestein, 1994). This 

may play a role in the decreased toxicity observed. Importantly, studies have shown that 

super-aggregated AmB interacts less with low density lipoproteins and is more stable in their 

presence. It does not dissociate as readily as the AmB in AmB-deoxycholate (Hartsel et al., 

2001).

Oxidative damage also plays a role in the lethal action of AmB against mammalian and fungal 

cells (Sokol-Anderson et al., 1986; Brajtburg et al., 1985). AmB increases the oxidation 

products of low-density lipoproteins (Barwicz et al., 1998). As oxidised low-density 

lipoproteins can play a role in damage to most organisms (Hodis et al., 1994), this can also be 

a mechanism for the lethal effects of AmB. AmB carrier formulations such as liposomal 

AmB which prevent the binding of AmB to low-density lipoproteins have been shown to be 

less toxic in mice (Barwicz et al., 1991).

2.1.6. Pharmacokinetics of amphotericin B

Bioassay techniques using a sensitive Candida spp. as the indicator organism have 

traditionally been the analytical methods for AmB. Liquid chromatography methods with 

ultraviolet detection are now more common (Nilsson-Ehle et al., 1977). The limit of 

sensitivity is 2 pg/L. This limit of sensitivity was decreased to 5 pg/L in a method which was 

devised to measure serum concentrations of AmB following the administration of liposomal 

formulations.

AmB is not absorbed through the skin or mucous membrane when it is used topically. AmB 

is not well absorbed from the gastrointestinal tract (Louria, 1958; Sait et al., 1970). Measured 

levels in some assays are below the therapeutic level. It therefore cannot be administered 

orally. In addition, therapeutic levels are not reached in the blood following intramuscular 

injection (Seabury and Dascomb, 1958).
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Following intravenous administration, more than 95% of the drug is sequestered by the 

plasma (Bekersky et ak, 2002b). Therefore, the concentration of AmB-deoxycholate in the 

serum is low. Investigators have established a maximum AmB concentration in sera of 1.4 -

2.1 pg/ml (Heinemann et al., 1997; Bekersky et al., 2002a). Patients treated with liposomal 

AmB consistently have concentrations of AmB in their serum which are at least 16-fold 

higher (Bekersky et al., 2002a; Heinemann et al., 1997), although the daily dose of AmB was 

only 3-fold higher in these studies. A daily intravenous infusion of 0.65 mg/kg AmB- 

deoxycholate produced peak plasma concentrations of approximately 2 - 4  pg/ml, which was 

maintained between doses.

It has previously been thought that the elimination of AmB followed a bi-phasic pattern and 

the elimination half-life of AmB-deoxycholate was established to be 1 0 - 2 8  hours. The 

elimination half-life of liposomal AmB ranged from 9 to 41 hours (Heinemann et al., 1997). 

However, when the period of study was extended to 168 hours, it was discovered that the 

distribution of AmB was in fact tri-phasic. The half-life of AmB-deoxycholate was 127 hr 

and for liposomal AmB it was 152 hr (Bekersky et al., 2002a). Therefore, incorporation into 

liposomes does not significantly prolong the half-life of AmB. In a study in 15 patients who 

were administered 5 - 7 0  mg of AmB-deoxycholate daily, a proportional relationship between 

the dose and plasma concentrations was observed. Peak plasma concentrations reached a 

plateau at doses above 50 mg (Bindschadler and Bennett, 1969).

Pharmacokinetic studies in animals showed that lower peak plasma concentrations of AmB 

but greater total area under the curve values were observed following administration of AmB 

colloidal dispersion instead of AmB-deoxycholate. AmB concentrations in the liver, spleen 

and bone marrow were also higher. However, a 4 to 5-fold lower concentration in the kidney 

was obtained when AmB colloidal dispersion was administered. The half-life of AmB was 

slightly increased. This was due to the accumulation of the drug in the liver and its 

subsequent slow release from that organ.

The proposed volume of distribution of AmB is approximately 4 kg/L. Peritoneal, pleural, 

and synovial fluid concentrations are usually less than half the concentration in plasma. The 

cerebrospinal fluid concentrations are usually 2 - 4% of the plasma levels (Atkinson, Jr. and 

Bennett, 1978).

AmB localises predominantly to the liver (14 to 41%), spleen, kidney (0.3 to 2%) and lungs 

(1.2 to 6 %) (Christiansen et al., 1985). The metabolism of AmB has not yet been explained 

and the routes of elimination in humans are unknown. AmB is slowly excreted by the 

kidneys. Some investigators established that 2 - 5% of a given dose is excreted in the
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biologically active form, AmB could be detected in the urine for at least 7 weeks after 

treatment was discontinued (Fields, Jr. et al., 1970). Over the course of a 7-day period, 

approximately 40% of the total dose was excreted. A more recent study showed that two- 

thirds of AmB-deoxycholate was excreted unchanged in the urine and faeces of subjects 

(Bekersky et al., 2002a). The investigators were unable to detect metabolites of AmB 

indicating that elimination of the drug was not primarily due to its metabolism. AmB is not 

significantly removed by dialysis in patients. Renal and hepatic disease does not alter the 

pharmacokinetics of AmB.

2.1.7. Therapeutic use of amphotericin B

Prior to commencing treatment with all AmB formulations, a test dose of 1 mg should be 

slowly infused over 1 0 - 3 0  min and the patient should be observed for a further 30 min to 

ensure that anaphylaxis and other serious adverse reactions do not occur. The initial dose of 

AmB-deoxycholate is 0.25 mg/kg daily, gradually increasing to 1.0 mg/kg daily depending 

upon individual response and tolerance. The dose should be infused over a period of 2 - 4 h. 

Infusion times of up to 6  hr may be necessary in order to reduce adverse effects. The daily 

dose may be increased up to 1.5 mg/kg in seriously ill patients. It is usually necessary to 

continue therapy for several months. A shorter period of therapy may produce an inadequate 

response which can result in relapse.

Liposomal AmB therapy is usually introduced at a daily dose of 1 mg/kg, and increased to 5 

mg/kg if  necessary. The dose should be administered by intravenous infusion over 30 - 60 

min. Cumulative doses of 1 - 3 g AmB over a period of 3 - 4 weeks were typically required 

for the resolution of mycoses in clinical studies. Cumulative doses as high as 16.8 g have 

been given over 3 months to some patients. A total dose of 21 - 30 mg/kg' has been given 

over 1 0 - 2 1  days in the treatment of visceral leishmaniasis.

2.1.7.1. Potentially hazardous interactions

AmB is somewhat unstable in aqueous solution. Precipitation has been recorded if a solution 

of AmB in 5% dextrose has been mixed with sodium chloride, electrolytes, and other drugs. 

These should therefore not be added to reconstituted solutions of AmB.
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2.1.8. The pro-inflammatory response to amphotericin B

AmB has been found to increase both the expression and the activity of inducible nitric oxide 

synthase in endothelial cells (Suschek et al., 2002). This has an added benefit for the 

treatment of intracellular pathogens that are killed by these enzymes. However, this effect 

has yet to be proven in man.

The infusion-related toxicity that is observed after the administration of AmB, particularly 

fever and chills, can be attributed, in part, to the release of pro-inflammatory chemokines (IL- 

8 , MCP-1, MIP-1|8) and cytokines (TNF-o; IL-6 , IL-l/J) from cells of the innate immune 

system. This has been demonstrated in both murine and human cells (Rogers et al., 2000; 

Rogers et al., 1998) and in patients (Aming et al., 1995). Data suggests that signal 

transduction occurs via toll-like receptor (TLR)-2 and TLR-1 and that CD 14 is necessary for 

stimulation of immune cells (Razonable et al., 2005; San et al., 2003).

In conjunction with other indications of reduced toxicity, liposomal AmB and AmB lipid 

complex do not significantly upregulate the production of inflammatory cytokines in the 

monocytic cell line THP-1 (Turtinen et al., 2004). However, AmB colloidal dispersion 

caused a response that was similar to that produced by stimulation with AmB-deoxycholate. 

In other published experiments AmB lipid complex and liposomal AmB again caused 

markedly lower secretion of TNF-o; IL- 6  and IL- 8  when compared to AmB-deoxycholate 

(Razonable et al., 2005). This experiment was conducted using a human embryonic kidney 

293 cell line that had been transfected to express TLR-2.

2.1.9. Amphotericin B and HIV

HIV-1 latency develops in both T cells and macrophages (Crowe et al., 2003). Highly active 

antiretroviral therapy suppresses the replication of HIV-1 but cannot eliminate the virus from 

these latently infected cells. This means that patients relapse when treatment is discontinued 

(Chun et al., 1999; Chun et al., 2000). This necessitates life-long treatment. It is therefore 

prudent to attempt to eliminate the viral reservoirs in infected cells as a step towards the 

complete eradication of the virus from infected patients. Amphotericin B has been shown to 

increase HIV-1 expression in acutely infected macrophages (Clayette et al., 2000). 

Furthermore it also reactivates HIV-1 infection in a cell line model of HIV-1 latency in 

macrophages (Jones et al., 2005). In co-culture, these cells can then induce reactivation in 

infected T cell lines. Other physiological stimuli (Kutsch et al., 2003; Biswas et al., 1992) 

and chemical compounds have been seen to have the same effect, but typically these are too
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toxic to be administered to patients. Although AmB is toxic it is approved for administration 

to man and could therefore be employed as a potential strategy to eliminate reservoirs of HIV- 

1 from infected patients, by making the virus accessible to antiretroviral therapy.

2.1.10. Polymer -  amphotericin B conjugates

It should be noted that, in contrast to the work already discussed regarding the background of 

this project, other investigators have successfully conjugated AmB to various polymers. 

AmB has been conjugated to derivatives of the polysaccharide arabinogalactan via an amine 

bond (Ehrenfreund-Kleinman et al., 2004). The conjugate had 20% loading of AmB. Activity 

against Leishmania major promastigotes and Candida albicans was retained whilst the 

haemolytic activity was reduced. However, this method required the use of toxic compounds 

and several purification steps. Conover et al. used poly(ethylene glycol) (PEG) conjugation 

to create prodrugs which carried two AmB molecules. AmB was not derivatised. This 

synthesis also required the use of toxic compounds but it did produce a conjugate that was 6  

times less toxic than AmB, while retaining the in vivo activity against C. albicans (Conover et 

al., 2003).
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2.2. Leishmaniasis

Leishmaniasis is a complex o f diseases caused by at least 20 species o f the protozoan parasite 

Leishmania. They have been classified into several different pathologies. These are visceral 

leishmaniasis, localised and diffuse cutaneous leishmaniasias, mucocutaneous leishmaniasis 

and post kala-azar dermal leishmaniasis. Leishmaniasis exists in tropical and sub-tropical 

regions across the world (Figure 2.2.1), and is the cause o f approximately 60 000 deaths 

annually. It has an incidence o f up to 500 000 cases o f visceral leishmaniasis, and 1.5 million 

cases o f cutaneous leishmaniasis and mucocutaneous leishmaniasis , across 88 countries and 4 

continents. The worldwide burden o f leishmaniasis may not be severe, but in endemic areas, 

the population is ravaged by this disease. More than 90% o f all cases o f visceral 

leishmaniasis are reported from only 4 countries; India, Brazil, Bangladesh and Sudan. 

Furthermore, 90% o f Indian visceral leishmaniasis cases occur in the state o f Bihar. This 

equates to 40% of all cases world-wide. The prevalence o f visceral leishmaniasis in Sudan is 

as high as 80 per 1000 people (Khalil et al., 2000). A total o f 350 million people are at risk. 

Official statistics on the prevalence o f visceral leishmaniasis are often grossly underestimated 

as a result o f the collective failure o f diagnosis and/or reportage particularly when patients 

have no access to medical facilities (Desjeux, 1996).

Leishmaniasis is generally classed as a New World disease if it is acquired in the Americas, 

and as an Old World disease if it is acquired in Africa, Asia, the Middle East or Europe. 

Different species are responsible for disease in these areas. The geographic distribution is 

summarised in Table 2.2.1.
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Figure 2.2.1 Geographic distribution of Leishmaniasis (Davies et a!., 2003)
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2.2.1. Leishmania life cycle

Female sandflies are the vectors o f leishmaniasis. These are o f the genus Phlebotomus in Old 

World infection and Lutzomyia in the New World. These flies require blood in order for their 

eggs to mature, and after feeding on the blood o f an infected mammal, the fly becomes 

infectious for her lifetime (Figure 2.2.2). The parasite lives as an elongated flagellated 

promastigote in the gut o f the sandfly, replicating by binary fission for approximately one 

week. They then move to the proboscis for inoculation into the mammalian host as she takes 

blood. Leishmania enter the phagocytic cells o f the mononuclear phagocyte system, 

whereupon they undergo differentiation into round, non-motile obligate intracellular 

amastigotes. This differentiation is crucial for infectivity. All clinical manifestations o f the 

disease are caused by amastigotes.

amastigotes

Human

(  promastigotes

Figure 2.2.2 The life cycle of the Leishmania parasite

Amastigotes survive and proliferate within the acidic phagolysosomal compartments o f cells 

in the mononuclear phagocytic system in the spleen, liver, and bone marrow. Axenic 

amastigotes can be cultured in vitro by raising their incubation temperature and also by 

lowering the pH for some species (Bates, 1994). Numerous criteria have been evaluated to
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ensure that these cultured amastigotes are identical to those harvested from the spleen of 

infected animals (Gupta et al., 2001).

2.2.2. Clinical manifestations of disease

Clinical manifestations of the disease lead to a spectrum of morbidity and mortality. 

Cutaneous leishmaniasis is caused primarily by L. major and L. mexicana and it presents as 

either single ulcerative lesions or as disseminated nodular lesions that are characteristic of 

diffuse cutaneous leishmaniasis. Lesions most often occur on the extremities and the face. 

They typically have a raised edge and a central crater that can be moist or crusted over. They 

frequently self-cure within 3 to 18 months, although the formation of disfiguring scars is 

common. Secondary bacterial and fungal infections often occur in the lesion. 

Mucocutaneous leishmaniasis develops when the lesions spread to the nose or mouth and 

cause ulceration of these areas. Obstruction and bleeding of the mucosal membranes in the 

nose can occur, as well as eventual deformity of the nose, mouth and palate. The common 

agent of mucosal infection is L. braziliensis.

Visceral forms of the disease are caused predominantly by L. donovani and L. infantum and 

are fatal if left untreated. There is frequently a latency period of between 4 - 6  months before 

the onset of clinical disease. Symptoms present as fever, weight loss, anaemia, and 

enlargement of the liver and spleen. Darkening of the skin may occur giving this disease the 

Indian name kala-azar, which means black fever. It is interesting to note that L. amazonensis 

has been observed to cause almost the entire spectrum of human disease in Brazil (Almeida et 

al., 1996).

Post-kala-azar dermal leishmaniasis can develop following treatment and clinical cure of 

visceral leishmaniasis. Most cases occur in Sudan and India, in 50% and 5-10% of healed 

visceral leishmaniasis cases respectively (Zijlstra et ah, 2003). L. donovani is the primary 

causative parasite. Intervals of 0-6 months in Sudan and 2-3 years in India following clinical 

cure have been reported prior to the onset of post-kala-azar dermal leishmaniasis. This 

disease is characterised by a nodular rash that spreads from the mouth over the entire body. 

These lesions contain high levels of parasites and they provide for a reservoir of infection for 

the transmission cycle after the bite of a sandfly.
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Figure 2.2.3 The clinical manifestation of leishmaniasis. (A) cutaneous leishmaniasis (B) 

post-kala azar dermal leishmaniasis (C) mucocutaneous leishmaniasis and (D) visceral 

leishmaniasis

Table 2.2.1 Geographic distribution of Leishmaniasis (Lee and Hasbun, 2003)

Syndrome Common Species Geographic Distribution

Visceral leishmaniasis L  donovani, L  infantum

L chagasi 

L  amazonensis

India, East Africa, China, 
Nepal, Pakistan

Latin America

Brazil

Cutaneous leishmaniasis L  mexicana, L  braziliensis 

L amazonensis, L. chagasi

L  major 

L. tropica

Central and South America

Asia, Middle East and 
northern Africa

Middle East, Mediterranean, 
India, Pakistan and Asia

Mucocutaneous leishmaniasis L  braziliensis,
L  amazonensis

Central and South America

2.2.3. Chemotherapy

Considering that in the parts o f  the world in which leishmaniasis is endemic, the average 

person earns just over the equivalent o f  £1 per day, it is crucial that a cheap drug to cure this 

disease becomes available. Several drugs are on the market for its treatment, but none is 

without its drawbacks.
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2.2.3.1. Pentavalent antimonials

The most common recommendations for the treatment of leishmaniasis are the pentavalent 

antimonials sodium stibogluconate (Pentostam, GlaxoSmithKline) and meglumine 

antimoniate (Glucantime, Aventis Pasteur). These were introduced in 1945 and are relatively 

inexpensive. Antimonials are typically administered parenterally over 28 days (for visceral 

leishmaniasis) or 20 days (for cutaneous leishmaniasis). This extended treatment regime 

requires long hospital stays, which invoke extra costs, and this often leads to patient non- 

compliance. Treatment is often toxic with damage to the heart, liver and pancreas. Most 

importantly, significant resistance to antimonials has recently emerged (Sundar, 2001), 

particularly in the Bihar region of India, where as few as 60% of VL patients respond to 

treatment (Sinha et al., 2006). Some resistance has also been reported in Sudan (Khalil et al.,

1998).

2.2.3.2. Amphotericin B

If these drugs fail the most common second-line drug is amphotericin B (AmB). This was 

discussed earlier in Section 2.1. AmB-deoxycholate is the most widely used formulation. It 

is extremely effective against leishmaniasis with an efficacy of over 90% long-term cure 

being achieved in clinical trials (Murray, 2001; Thakur et al., 1999). In an early trial in India 

150 patients with parasitologically proven kala-azar were allocated to receive either AmB or 

sodium stibogluconate as treatment (Thakur et al., 1993). Ultimate cure was obtained in 

100% of AmB-treated patients after 6 -months follow-up with no relapse. This was 

significantly better than sodium stibogluconate where 80% of patients were ultimately cured. 

In a more recent clinical study conducted with precautions to limit toxic side-effects, 931 out 

of 938 patients (99%) were ultimately cured following treatment with AmB at 1 mg/kg 

infused daily over 20 days (Thakur et al., 1999). AmB may be more effective when 

administered on alternate days over a period of 30 days. As discussed earlier, toxic side- 

effects are common so that close laboratory monitoring is required. This, coupled with the 

duration of hospital stays increases costs. The length of time required for treatment is also 

impractical for the daily wage labourers who are commonly affected.

Liposomal AmB is the most common lipid formulation used to treat leishmaniasis in the 

developed world. During experimental visceral leishmaniasis infections, it has been shown to 

accumulate in the liver and to achieve therapeutic levels more rapidly than conventional 

antimonial drugs (Gradoni et al., 1993). In the first large clinical trial, liposomal AmB was 

shown to be effective against Mediterranean visceral leishmaniasis; all of the 

immunocompetent patients were cured and no significant adverse events occurred (Davidson
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et al., 1994). It has proved effective against Indian visceral leishmaniasis at 5 mg/kg given 

either as a 5 day course or even as a single dose (Sundar et al., 2001). AmB colloidal 

dispersion appears to be effective against visceral leishmaniasis in Brazil (Dietze et al., 1995) 

and in the Mediterranean (Gaeta et al., 2000). AmB lipid complex was found to cure 100% of 

patients at the highest dose tested in a small visceral leishmaniasis trial in India (Sundar et al., 

1997a). Infusion-related side-effects were however consistently observed. The high cost of 

all these lipid-based formulations rule out their routine use in the developing countries where 

leishmaniasis is endemic.

2.2.33. Miltefosine

Miltefosine, a phosphocholine analogue, originally developed as an antimitotic drug, shows 

good anti-leishmanial activity and can be administered orally. When tested clinically for 

Indian visceral leishmaniasis, cure rates of 94% in adults and 95% in children were achieved 

(Bhattacharya et al., 2004; Sundar et al., 2002; Sinha et al., 2006). There is little experience 

with this drug for treating visceral leishmaniasis outside of India. In a phase II trial for 

cutaneous leishmaniasis in Colombia, cure rates were 94% (Soto et al., 2001). Miltefosine 

was shown to be relatively safe and well tolerated, although motion sickness and 

gastrointestinal reactions were seen in some patients (Soto et al., 2001). Evidence of 

teratogenicity has been found in animals which precludes its use in pregnant women. This 

drug has not been in the field for long and so resistance has yet to be reported. Resistant 

parasites are easily induced in vitro (Perez-Victoria et al., 2003; Seifert et al., 2003).

2.2.3.4. Other treatment

Local heat and cold therapy have been used successfully to treat cutaneous lesions in small- 

scale studies. Scarring is minimised but the side-effects include hypo-pigmentation and, in 

some cases, satellites lesions

The immunomodulatory compound, Imiquod (3M Pharmaceuticals), which is used to treat 

cervical warts, has been shown to cause the activation of macrophages with subsequent 

killing of Leishmania parasites (Buates and Matlashewski, 1999). In an open label study of 

combined Imiquod plus meglumine antimoniate therapy in patients who were previously 

unresponsive to antimonial therapy, 90% were found to be cured of their cutaneous 

leishmaniasis at the 6 -month follow- up period (Arevalo et al., 2001).
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2.2.3.5. Chemotherapy in HIV-co-infection

Response to treatment in HIV-visceral leishmaniasis co-infection is varied. The activity of 

antimonial drugs is further diminished in the absence of a T cell response (Murray, 1989), 

thus making it unsuitable for the treatment of co-infected patients. The failure to respond to 

antimonial treatment increased from 5% of otherwise healthy patients to 50% in HIV-infected 

patients in the Mediterranean (Gradoni et al., 1995). In another study carried out in Spain, 

44% percent of patients failed to respond to antimonial treatment. AmB-deoxycholate was 

not effective in 48% of patients during first-line treatment (Laguna et al., 1999). The poor 

activity of AmB-deoxycholate was unprecedented as its anti-leishmanial activity is 

independent of T cells. A separate study showed that response rates to AmB-deoxycholate in 

co-infected patients were as high as 90%. Further controlled studies must be carried out to 

determine the efficacy of AmB-deoxycholate in co-infected patients. Liposomal AmB has 

proved to be effective for the treatment of visceral leishmaniasis in HIV-infected patients in 

Western Europe (Laguna et al., 1999; Laguna et al., 1995; Torre-Cisneros and Villanueva, 

1995; Davidson et al., 1994). However relapse of these patients remains a problem (Davidson 

and Russo, 1994). AmB lipid complex was shown to be a successful prophylactic treatment 

for the prevention of visceral leishmaniasis relapse in HIV-positive patients (Lopez-Velez et 

al., 2004). It was administered every 21 days over a period of 12 months.

2.2.4. The socio-economic impact of leishmaniasis

Leishmaniasis is a disease of the poorest of the poor. Socio-economic studies carried out in 

Bihar in India (Sinha et al., 2006) have shown that a third of visceral leishmaniasis patients 

were living below the poverty line. The annual per-capita income of Bihar is US $72 (Sinha 

et al., 2006). Incorporating loss of wages, a total course of AmB-deoxycholate treatment can 

cost as much as US $700. Over 90% of patients are from rural areas. Factors contributing to 

this trend are the typical housing of mud huts, the surrounding vegetation, and the proximity 

of domestic animal shelters. These create damp environments which facilitate the breeding of 

the sand fly vector. In 1990, the disability-adjusted life years lost as a result of infection was 

12 million for men and 8 .6  million for women (World Bank, 1993).

Visceral leishmaniasis episodes in India are commonly seen in people between the ages of 20 

and 50 years with males two to four times more likely to succumb to the disease (Sinha et 

al., 2006; Thakur, 2000). This is the most economically productive group in society. Most 

patients are daily wage labourers and the loss of productive working days taken for treatment 

adds to the overall cost. In order to meet these costs, patients typically sell their assets or
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have to take out loans. This leads to escalating poverty which increases malnutrition so that 

people become even more susceptible to disease (Sinha et al., 2006). Malnutrition weakens 

the immune response against leishmaniasis so that clinical disease develops more readily 

(Cerf et al., 1987). It has been observed in Brazil that infected children who are malnourished 

are up to 9 times more likely to succumb to classical visceral leishmaniasis than well- 

nourished infected children (Harrison et al., 1986). Other logistical difficulties also exist.

A patient from a rural area may have to travel long distances to reach a treatment centre. 

Hospitalisation is costly and time consuming and this leads to interrupted treatment. This 

facilitates the development of resistance and heightens the requirement for second-line drugs 

such as amphotericin B. As discussed before, untreated visceral leishmaniasis can become 

severe thereby incapacitating patients so that they cannot work. This creates a vicious cycle 

of poverty, malnutrition and disease (Desjeux, 1996). This can eventually impact upon the 

economy of the country itself because of the loss of manpower in areas such as agriculture 

and transport (Sinha et al., 2006).
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A im s  I

In order to address the tangible need for a new and cost-effective anti-leishmanial treatment, 

we wanted to exploit the combined expertise of the multi-disciplinary team based in Prof. 

Brocchini’s laboratory and Prof. Shaunak’s laboratory. Amphotericin B is a potent anti- 

fungal and anti-leishmanial drug which is burdened by poor water solubility and high toxicity. 

This is aggravated by its propensity to aggregate. The collaboration between Prof. Shaunak’s 

and Prof. Brocchini’s laboratories has meant that there is now extensive experience in the 

creation of novel polymeric drugs (Shaunak et al., 1998a; Shaunak et al., 2004). We have the 

technology available in Prof. Brocchini’s lab to reproducibly synthesise narrow MWD 

PMAA-Na polymers from an active ester precursor polymer that can be well defined. We 

also have the opportunity to culture pathogens such as Leishmania in Prof Shaunak’s 

Category 111 laboratory. The aim of the first part of this work was the preparation, and 

chemical and biological characterisation of a non-covalent complex of PMAA-Na and AmB. 

The hypothesis was that the formation of a non-covalent complex between PMAA-Na and 

AmB would lead to an increase in solubility and simultaneous attenuation of the toxicity of 

AmB. It was envisaged that decreased toxicity might be achieved at least partly through 

minimising the aggregation of AmB. The final goal was therefore to create a potential 

treatment for leishmaniasis that was similar to liposomal AmB, but at a lower cost.
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M a t e r ia l s  a n d  M e t h o d s : Pa r t  A

2.3. Chemical synthesis and characterisation

2.3.1. Polymer Synthesis

All synthesis and chemical characterisation of the polymers were carried out in collaboration 

with Dr Antony Godwin and Dr Manu Porssa at the School of Pharmacy, University of 

London.

2.3.1.1. A tom transfer radical polymerisation

Copper-mediated atom transfer radical polymerisation (Godwin et al., 2001) was used to 

synthesise narrow molecular weight distribution precursor polymer poly(A- 

methacryloxysuccinimide) 3. The reaction is shown in Scheme 1. Copper bromide 

(Cu(I)Br), 2,2’-bipyridine (2bipy) and anhydrous dimethyl sulfoxide (DMSO) were obtained 

from Aldrich, Cu(I)Br was further purified by mixing in water-acetic acid (50:50 v/v) for 24 

hr followed by washing in methanol and drying under vacuum. The monomer N- 

methacryloxysuccinimide 1 and initiator 2 -bromo-2 -methyl-(2 -hydroxyethyl) propanoate 2  

were synthesised by Dr Antony Godwin. In a typical polymerisation, monomer 1 (2 g, 10.9 

mmol), Cu(I)Br (6.3 mg, 0.04 mmol), Cu(II)Br (7.3 mg, 0.03 mmol) and 2bipy (23.9 mg, 0.15 

mmol) were added to a round-bottom flask which was then sealed with a septum, placed 

under an argon atmosphere and anhydrous DMSO (2.25 ml) was injected. The resulting 

brown mixture was stirred until a solution formed (gentle heating required) that was then 

purged with argon. The temperature of the solution was raised to 80°C, and an argon-purged 

solution of the initiator 2 (42.6 mg, 0,2 mmol) in anhydrous DMSO (0.25 ml) was added. 

Polymerisation was evident once the solution became very viscous. The reaction was allowed 

to continue until the viscosity of the solution did not further increase. The reaction mixture 

was cooled to room temperature and quenched with DMSO (7 ml). A solution was allowed to 

form overnight with stirring. Precursor polymer 3 was precipitated by slow addition of the 

solution to stirred acetone (100 ml). Precursor polymer 3 was dissolved in a minimum 

volume of DMSO and precipitated in acetone a further 3 times to ensure its purity. The solid 

white product was isolated by filtration and dried under vacuum at room temperature (1.74 g, 

87 % yield). Different molecular weight polymers were obtained by adjusting the ratio of 

monomer to initiator.
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2.3.1.2. Hydrolysis o f poly(N-methacryloxysuccinimide) to polymer 4

All glass- and plastic-ware was steam heat-treated at 121 °C for 30 min to inactivate endotoxin 

(Bamba et al., 1996). In a typical reaction (Scheme 1) precursor polymer 3 (160 mg, 0.87 

mmol of reactive groups) in DMSO (1.6 ml) was stirred with activated charcoal (Norit CAl, 

Sigma) for 30 min to remove endotoxin. Activated charcoal is a universal sorbent that is 

useful for the removal of endotoxin from solutions (Pegues et al., 1979). The charcoal was 

removed by centrifugation. 1 N sodium hydroxide (NaOH, 1.76 ml, 1.7 mmol, 2 eq) was 

slowly added to the stirred solution in order to hydrolyse precursor polymer 3 to its acid salt 

derivative poly(A-methacrylic acid sodium salt) polymer 4. The solution was diluted in water 

(14 ml) and left to stir for 1 hr at room temperature. Dialysis membrane (Visking, molecular 

weight cut-off 7 kDa) was soaked in 6  changes of water for at least 5 hr. Endotoxin was 

removed from the membrane by treating for 30 min in 10 pg/ml polymyxin B (Sigma). This 

cationic antibiotic has a high affinity for the lipid A moiety of endotoxin (Morrison and 

Jacobs, 1976) and aids its removal. The membrane was washed several times in water after 

treatment. Polymer 4 was then dialysed against ultra-pure endotoxin-free water for 3 days 

with regular and frequent changes of the water. This was carried out in a closed system to 

prevent contamination with endotoxin. After filtering through a sterile 0.2 pm  syringe filter, 

the solution was lyophilised to yield a solid white product (120 mg, 75 % yield).

2.3.2. Synthesis of Complex 6

2.3.2.1. Method 1

AmB (Aldrich) was used for synthesis. In early pilot experiments, precursor polymer 3 (480 

mg, 2.62 mmol of reactive groups) was solubilised in DMSO (4.8 ml). This solution was 

added to a 100 ml round-bottom flask containing AmB (600 mg, 0.65 mmol) and stirred to 

afford a viscous yellow mixture. 1 N NaOH (5.2 ml, 5.2 mmol, 2 eq) was added slowly with 

stirring. The solution was diluted in water (46 ml) and left to stir for 1 hr at room 

temperature. This allowed the hydrolysis of precursor polymer 3 to polymer 4 and the 

simultaneous formation of a complex 6  between polymer 4 and AmB (Scheme 2). Dialysis 

membrane (Visking, molecular weight cut-off 7 kDa) was treated as described and the 

complex 6  was dialysed against ultra-pure water for 24h, with frequent changes of the water. 

The sample was filtered through a 0.2 pm  filter and then lyophilised to yield a solid 

yellow/orange product (616 mg, 57 % yield). Four complexes were successfully synthesised 

by this method. These samples remained stable and active for over 12 months. After this 

time, there was some degradation of these complexes, likely caused by the degradation of
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AmB itself. At this stage, and with the knowledge acquired over the previous months, it was 

decided to optimise the complexation reaction. Of particular importance was the need to 

minimise the aggregation of AmB in the complex 6 . Aggregates are responsible for the 

toxicity displayed by AmB (Legrand et al., 1992; Barwicz et al., 1992).

2.3.2.2. Method 2

Following experiments examining the effects of AmB loading, solvent, temperature and time 

taken for solubilising reagents, the method was altered as follows. In a typical reaction, 

precursor polymer 3(10 mg, 54.6 pmol of reactive groups) was solubilised in DMSO (200 pi) 

overnight at room temperature. AmB (6.9 mg, 7.47 pmol, Aldrich) was solubilised in DMSO 

(200 pi) over 60 min in a 10 ml round-bottom flask. Precursor polymer 3 was added 

dropwise to the AmB-containing flask with stirring. To this stirred yellow mixture was 

slowly added 1 N NaOH (109 pi, 109 pmol, 2 eq). The solution was diluted in water (1 ml) 

and left to stir for 1 hr at 21°C. After further dilution with water (3.5 ml), the complex 6  was 

dialysed, filtered and lyophilised as above to yield a solid yellow/orange product (14.5 mg, 73 

% yield).

In reactions conducted using A-hydroxysuccinimide leaving group 5, the complex preparation 

was conducted exactly as described for Method 2 above with the exception that the precursor 

polymer 3 was replaced by A-hydroxysuccinimde (3.76 mg, 54.6 pmol, purchased from 

Avocado). In complexation reactions conducted with a PEG-block-precursor polymer 8 , the 

precursor polymer 3 was replaced with the PEG-block-precursor polymer 8  (10 mg, 43.7 

pmol of reactive groups) and the reaction conducted as described for Method 2 above.

2.3.3. Chemical analysis of polymers and the complex 6

2.3.3.1. Gel permeation chromatography

Non-aqueous gel permeation chromatography (GPC) was used to establish the molecular 

weight and polydispersity of the batches of precursor polymer 3 with poly(methyl 

methacrylate) standards. The GPC system comprised Waters Styragel HR4 and HR3 (7.3 x 

300 mm) columns coupled to a Gibson 133 refractive index detector. Dimethyl formamide 

(DMF) with 0.1% LiCl was used as the eluent with a flow rate of 0.5 ml/min at 70°C.

61



2.3.3.2. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy and analysis was carried out by Dr Mire 

Zloh at the School of Pharmacy, University of London. NMR spectra were acquired using a 

Bruker Avance spectrometer operating at nominal ’H frequency of 400 MHz and equipped 

with 5 mm BBO probe including Z-axis pulse field gradients. Spectra of samples in DMSO or 

deuterium oxide were acquired at 300K. Spectra are given in chemical shifts (ppm) and were 

referenced to residual solvent peak (2.50 and 4.7 pmm respectively). The sweep width for all 

spectra was 20ppm, relaxation delay of Is and acquisition time of 3.6s. Number of transients 

was between 128 and 400, depending on sample concentration. Spectra were acquired and 

processed using TOPSPIN 1.3 software.

2.3.3.3. UV spectroscopy

UV spectroscopy scanning was performed using a Cary UV-Visible spectrophotometer. 

AmB absorbs UV light in the region of 300-450 nm. The spectrum of absorbance of AmB in 

the complex 6  was measured over this range.

In order to establish the weight percent of AmB in the complex 6 , optical density was 

measured at 409 nm on an Ultrospec 2000 UV-visible spectrophotometer. A standard curve 

of concentration relative to optical density was created using a serial dilution of AmB in 

water: methanol (1:1). The AmB weight percent within the complex 6  was established by 

extrapolation of the optical density obtained.

2.3.3.4. High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) was carried out using a Sunfire CIS 

column (150 x 4.6 mm, with particle size 3.5 pm). The mobile phase was 33% acetonitrile in 

2.5 mM disodium edetate. The flow rate was 1 ml /min and the injection volume was 10 pi. 

The column temperature was 40°C. AmB was detected at 407 nm.

2.3.3.5. Thin layer chromatography

Thin layer chromatography (TLC) was conducted using Silica plates (250 pm thickness) with 

aluminium backing. Mobile phase was either methanol : water (4:1) or methanol : acetic acid 

(9:1). Filter paper (Whatman) was used to saturate the atmosphere. Stains used for detection 

are listed in Table 2.3.1.
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Table 2.3.1 Stains used for the visualisation of sample elution during TLC

Stain Target Colour

Iodine
amphotericin B

leaving group 5, and derivatives
Light brown

Bromocresol green (Avocado)
polymer 4

commercial PMAA-Na

Yellow 

Dark blue

Ninhydrin (Avocado) leaving group 5, and derivatives Purple

p-Anisaldehyde (Aldrich) amphotericin B Dark pink

Phosphomolybdic acid (Aldrich) amphotericin B Dark green
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M a t e r ia l s  a n d  M e t h o d s : Pa r t  B

2.4. Biological characterisation

2.4.1. Media, culture conditions and washing buffers

The culture medium for primary human cells was RPMI 1640, 330 /xg/ml L-glutamine, 200 

lU/ml penicillin and 200 /xg/ml streptomycin (Invitrogen) supplemented with 10% heat 

inactivated human serum (North London Blood Transfusion Centre, UK). The serum free 

media was RPMI 1640, 330 /xg/ml L-glutamine, 200 lU/ml penicillin and 200 /xg/ml 

streptomycin without any serum. All primary cells were maintained at 37°C, 5% CO2 in a 

humidified atmosphere. The washing buffer was phosphate buffered saline (PBS, Sigma). 

Storage medium was RPMI 1640, 330 /xg/ml L-glutamine, 200 lU/ml penicillin and 200 

/xg/ml streptomycin buffered with 25 mM HEPES and supplemented with 5% heat-inactivated 

human serum.

Leishmania promastigotes were maintained in Schneiders Drosophila Medium (Invitrogen) 

supplemented with 1 0 % foetal calf serum and 1 0  pg/ml gentamicin, in a humidified chamber 

at 26°C, 5% CO2. Differentiation of L. mexicana to the amastigote growth form was induced 

in the same media that had been altered to pH 5.5 with hydrochloric acid. After 

approximately 1 week of incubation, the temperature was raised to 32°C, 5% CO2 to enable 

complete differentiation to the infective form of the parasite.

Cryptococcus and Candida spp. were maintained on Sabouraud dextrose agar plates, 

supplemented with chloramphenicol (Oxoid), at 32°C in a humidified chamber with 5% C02, 

Liquid cultures were grown in yeast nitrogen base (YNB, Anachem) at the same conditions. 

Cryptococcus media was supplemented with 10% human serum to drive the formation of 

capsules (Zaragoza et al., 2003).

2.4.2. Culture of primary human cells

2.4.2.1. Isolation o f peripheral blood mononuclear cells

Blood was obtained either freshly from healthy, single donors or from the huffy coat residue 

of 4 donors (North London Blood Transfusion Clinic). Peripheral blood mononuclear cells 

(PBMCs) were separated by centrifugation over a Ficoll-Paque gradient (Amersham
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Pharmacia). Cells were washed before being resuspended in culture medium. When 

monocytes or PBMCs were required for the immunomodulatory studies, the cells were always 

seeded in culture media and allowed to rest for at least 24 hr, prior to any sample addition. 

This was to avoid false positive results caused by the activation of these cells during bleeding 

and the subsequent centrifugation over Ficoll-Paque gradient during the isolation procedure. 

Details of the methods for the immunomodulatory studies are given in Section 3.4.

2.4.2.2. Generation o f monocyte derived macrophages

Monocytes were isolated by a 2 hr adhesion to plastic. Non-adherent cells were removed and 

monocytes washed in PBS. Monocytes were grown in culture medium for at least 4 days to 

allow differentiation to macrophages.

2.4.2.3. Source o f peritoneal cells

Peritoneal dialysis fluid was obtained from patients that had started training to perform 

continuous ambulatory peritoneal dialysis in the previous two weeks, as a result of chronic 

renal failure secondary to hypertension, insulin-independent diabetes or chronic childhood 

pyelonephritis. Patients with peritonitis were excluded.

Written, informed consent was obtained from all subjects. The study and the collection of 

peritoneal effluent was approved by the Hammersmith Hospital Trust Ethics Committee 

(registration no. 2000/5767). The collections were carried out under the supervision of Prof. 

Shaunak.

2.4.2.4. Isolation o f peritoneal macrophages

Cells were isolated from the peritoneal dialysate by centrifugation and resuspended in culture 

medium. Macrophages were isolated by 2 hr adherence to plastic, as these cell types are 

adherent for this period in culture (Knight et al., 1986). Adherent cells were washed 3 times 

in PBS supplemented with 2% heat inactivated human serum to optimise the removal of non

adherent cells.
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2.4.3. Toxicology of the polymer 4 and complex 6

2.4.3.1. Haemolysis assay

These were conducted to determine the haemolysis caused by prepared polymers and 

complexes, as a measure of their toxicity. A 2% v/v solution of human red blood cells was 

prepared in serum free media. A stock solution of polymer 4 or the complex 6  was prepared 

in serum free media. A 1% (v/v) solution of the detergent Triton X-100 was used as a 

positive reference for cell lysis. AmB-deoxycholate (Squibb) was used as a positive control. 

An equal volume of sample and red blood cell suspension was aliquoted into a 96 well 

microtitre plate (Greiner Bio-One) and incubated. After 1 hr and 5 hr incubation, each sample 

was centrifuged, and the optical density of the supernatant measured at 490 nm. The results 

were calculated using the Triton X-100 treated wells as 100% haemolysis reference.

2.4.3.2. MTT viability assay

Cellular viability assays were conducted using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyl tétrazolium bromide) readout. These were carried out to assess the toxicity of 

prepared polymers and complexes against human primary cells, and also to establish the anti- 

leishmanial activity of prepared complexes in screening assays. The cells used were isolated 

peritoneal macrophages, monocyte derived macrophages, PBMCs and Leishmania 

promastigotes. At least 100,000 cells (or promastigotes) per well were seeded in 96 well 

microtitre plates (Nunc) in the appropriate media. An equal volume of the sample was then 

added. Plates were incubated for 1 day (human primary cells) or 2 days {Leishmania 

promastigotes). In the final 3 hr (primary cells) or 24 hr (promastigotes) of culture, MTT 

reagent was added. Plates were centrifuged, supernatant was removed and dimethylsulfoxide 

(DMSO, Aldrich) was added to dissolve formazan crystals with mixing. The optical density 

was measured at 570 nm. 100% viability was established using the optical density of 

untreated cells after incubation with MTT.

2.4.4. Leishmania spp.

2.4.4.1. Strains

Leishmania mexicana M379 was a kind gift from Prof. Debbie Smith (Imperial College). L. 

donovani MHOM/ET/67/L82 was a gift from Prof. Simon Croft (London School of Hygiene 

and Tropical Medicine). L. donovani amastigotes were obtained by harvesting the spleen of
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an infected golden hamster {Mesocritetus auratus) and were used within 24 hr to minimise 

their transformation to uninfective promastigotes.

2.4.4.2. Macrophage infection experiments

These were carried out to determine whether the complex 6  had pharmacological activity 

against amastigotes that had been phagocytosed by macrophages. AmB-deoxycholate 

(Squibb) was used as a positive control. Liposomal AmB (Gilead Sciences) was also 

evaluated. Healthy dividing cultures of amastigotes were cultured as described above and 

used for these infection experiments. Peritoneal macrophages or monocyte derived 

macrophages were obtained as described and approximately 750,000 cells were plated onto 

chamber slides (Lab-Tek) and allowed to adhere for 24 hr.

Amastigotes were pelleted and washed before being resuspended in serum free media. This 

was to aid infection as Leishmania are sensitive to complement mediated lysis. Amastigotes 

were added to the aspirated macrophages at an MOI of 5:1. Infection was allowed to proceed 

for ~21 hr at 37°C. This media was aspirated and the macrophages washed. The sample was 

added in culture medium containing heat-inactivated serum and incubated for 3 days. 

Macrophages were washed extensively to remove extracellular amastigotes. Slides were 

allowed to dry before being fixed in methanol. The slides were then stained with Giemsa- 

May Grunwald. Microscopy was used to determine the number of infected and uninfected 

macrophages and the number of amastigotes. The results were expressed as the infection 

index. This was calculated as the average number of parasites per infected cell divided by the 

percentage of infected cells.

2.4.43. Animal experiments

These experiments were carried out in collaboration with Dr Vanessa Yardley (London 

School of Hygiene and Tropical Medicine). Leishmania donovani MHOM/ET/67/L82 

amastigotes were harvested from the spleens of heavily infected Syrian Golden Hamsters 

{Mesocritetus auratus). An inoculum containing 7.5 -  10 x 10  ̂amastigotes/ml was prepared 

and used within 4 hr of harvesting. Female BALB/c mice (20 g) that were specified pathogen 

free were infected intravenously via the tail vain with 200 pL (equivalent to 1.5 -  2 x 10̂  

amastigotes) on day 0. The level of infection in one mouse on day 14 was determined by 

microscopic examination of a Giemsa stained liver impression. An infection was considered 

to be significant when approximately 400 amastigotes per 500 cells could be counted. 

Microscopic evaluation was also carried out on day 21 post-infection to determine the total 

parasite burden.
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The following compounds were slowly administered intravenously via the tail vein

1. 8 mg/kg of polymer 4 on days 14, 16 and 18 after infection.

2. 1 mg/kg of AmB-deoxycholate on days 14, 16 and 18 after infection.

3. 1 mg/kg of the complex 6  on days 14, 16 and 18 after infection.

There was also an untreated control after infection. There were 5 mice in each group. The

carrier solution for the intravenous injections of polymer 4 and for the complex 6  was 5% 

dextrose. All drug preparations were sterilised by filtering through a 0.2 fim filter. The 

volume of each injection was 200 /xL.

On day 21 (which was 3 days after the completion of treatment), the parasite burden was 

determined microscopically from methanol fixed liver impression slides stained by Giemsa. 

The number of amastigotes per 500 liver cells were counted microscopically and the results 

were expressed as a percentage of the untreated control.

2.4.5. Cryptococcus neoformans and Candida spp.

The yeast Cryptococcus neoformans and Candida spp. are predominantly opportunistic 

pathogens, which are becoming increasingly prevalent because of the HIV epidemic. They 

are also intracellular pathogens which reside inside phagocytic cells. AmB is an extremely 

effective treatment for these infections, although toxicity again raises problems. I wanted to 

establish whether the prepared complex was active against these organisms.

2.4.5.1. Strains

C. neoformans mucoidal strains var neoformans 3003 and var gattii 3216 from the NCPF 

were tested. Non-mucoidal clinical isolates, two var neoformans and one var gattii, obtained 

from blood and cerebrospinal fluid were also tested. Candida albicans (ATCC 90028) and C. 

glabrata (ATCC 90030) were used. All isolates were kindly donated by Dr Michael Petrou 

(Imperial College).
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2.4.5.2. Broth microdilution assay

Strains were sub-cultured for 48 hr before being suspended in sterile water, and the 

concentration adjusted to 4x1 O'* colony forming units (CFU). Sample was diluted in 2x YNB. 

Equal volumes of sample and yeast suspension were added to a 96 well flat bottom plate and 

incubated. After 1 day {Candida spp.) and 2 day {Cryptococcus spp.) incubation, the plate 

was shaken thoroughly to disperse yeast growth evenly across wells. Turbidity was measured 

by determining the optical density at 490 nm. 100% Viability was established using the 

optical density of the untreated yeast in control wells.

2.4.5.3. Infection o f macrophages

Yeast strains were sub-cultured in YNB supplemented with 10% human serum for 48 hr. 

Peritoneal macrophages or monocyte-derived macrophages were plated onto chamber slides 

as described. Yeast cells were pelleted and washed before being resuspended in culture 

medium supplemented with 2% glucose (to facilitate the growth of the yeast). This 

suspension was added at 10-20 times the concentration of the macrophages. Infection was 

allowed to proceed for approximately 21 hr. Media was aspirated and macrophages washed. 

Sample was added in culture medium and incubated (3 days, 37°C). Media was aspirated and 

macrophages were washed exhaustively to remove extracellular cryptococci. Slides were 

allowed to dry before being fixed in methanol. Slides were then heat fixed and Gram stained 

as described in the literature. The number of infected and uninfected macrophages, and the 

number of Gram positive yeast CFU were counted. Results were expressed as the infection 

index, which was calculated as the average number of CFU per infected cell divided by the 

percentage of infected cells.

2.4.5.4. Viability testing o f Cryptococcus

Monocyte derived macrophages were infected with Cryptococcus as described. The complex 

6  was added at a final concentration of 5 /xg/ml and at 2 /xg/ml, and culture medium was 

added to the no drug control cells. Cells were then incubated for a further 3 days as 

described. At this time, monocyte derived macrophages were exhaustively washed in PBS to 

remove extracellular cryptococci. Monocyte derived macrophages were then treated with 

trypsin/EDTA to remove adherent cells, which were then centrifuged and the pellet 

resuspended in PBS. An aliquot was removed for gram stain, and the total CFU was 

established, as well as the CFU of those yeast which stained darkly gram positive.

The remaining monocyte derived macrophages were lysed with vigourous vortexing in PBS, 

centrifuged, and the pellet containing the cryptococci was resuspended in PBS. The total
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CFU/ml was established by counting on a kova slide. 10-fold serial dilutions of the lysate 

was plated onto sabouraud dextrose agar plates, and incubated for 3 days at 32°C, At this 

time, the number of colonies were counted to determine the number of viable CFU present in 

the initial sample. Total CFU counts from both the gram stain and counting of the lysate were 

compared to viable CFU counts and the number of gram positive CFU in the gram stain.
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R e s u l t s : P a r t  A

2.5. Polymer synthesis and characterisation

2.5.1. Synthesis of polymer 4

The precursor polymer 3 was synthesised using the controlled polymerisation method of atom 

transfer radical polymerisation (Godwin et al., 2001). The reaction is shown in Scheme 1. 

This polymerisation system consists of the monomer 1, an initiator 2 with a transferable 

halogen atom (bromine) and a catalyst. The catalyst is a transition metal species and in these 

experiments copper(I) was used. A ligand (2,2-bipyridine) is needed to solubilise the 

copper(I) and to control the redox chemistry.

•C — (

Cu(l)Br, Cu(ll)Br
DMSO,
2,2-bipyridine

CH3

H O.

NaOH

ONa

Scheme 1 Preparation of polymer 4 from a polymer precursor 3 via atom transfer radical 

polymerisation of monomer 1

Polymerisation of monomer 1 was evident when the viscosity of the solution increased 

significantly. The colour changed from brown to green as the reaction proceeded. This 

indicated the oxidation of Cu(I) and its dissociation from the ligand, bipy. In these 

experiments, polymerisation was complete after approximately 1 0  min, which is considered 

fast for such a metal mediated reaction..

If the initiation of polymerisation is fast and chain termination is kept to a minimum, then the 

number of growing chains is constant and equal to the concentration of the initiator. Thus 

the molecular weight of the polymer synthesised can be altered by adjusting the molar ratio of 

monomer to initiator. In this way, a small library of polymers across a range of molecular
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weights was created in order to determine the effect of polymer size on its biological 

properties.

2.5.2. Hydrolysis of precursor polymer 3 to polymer 4

The precursor polymer was hydrolysed to polymer 4 with the slow addition of NaOH as 

shown in Scheme 1. The leaving group 5 from this reaction is A^-hydroxysuccinimide. 

Polymer 4 derived by this method had the same molecular weight characteristics as its 

precursor. The product was purified by 3 days of dialysis against ultra-pure water, and then 

freeze-dried to yield a solid product.

2.5.2.1. Optimising the hydrolysis reaction

Some experiments were conducted regarding the hydrolysis reaction conditions for the 

precursor polymer 3. In one reaction the conditions were mild -  temperature was ambient 

(21°C) and only 2 equivalents of NaOH (to the polymer precursor reactive groups) were 

added. The second reaction was more harsh -  containing 10 equivalents of NaOH and was 

conducted at 100°C. At the completion of the hydrolysis after 1 hr of stirring and prior to 

dialysis, an aliquot of each was taken for analysis by thin layer chromatography (TLC). TLC 

is a widely-used chromatography technique used to separate chemical compounds. It requires 

a stationary phase of adsorbent material, usually silica gel or alumina, and a mobile liquid 

phase which is drawn up the plate via capillary action. Sample is dissolved in a suitable 

solvent and applied to the plate so that it becomes adsorbed onto the stationary phase. As the 

mobile phase moves up the plate it meets the sample mixture, which is then carried up the 

plate. Separation occurs because different compounds within the sample mixture elute at 

different rates. This is due to partitioning between the mobile and stationary phases.

In these experiments the mobile phase used was methanol: water (4:1). Bromocresol green 

was used to stain for the polymer 4. Ninhydrin stain could be used to visualise what was 

identified as the leaving group 5 from the polymer precursor 3. A diagrammatic 

representation is shown in Figure 2.5.1.
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D D  polymer 4 

I  leaving groups

Figure 2.5.1 Diagrammatic representation showing the N-hydroxysuccinimide derivatives 

obtained during mild and harsh hydrolysis of the precursor polymer 3. Lane (i) polymer 4 from 

mild hydrolysis without dialysis and (ii) after dialysis, freeze-drying and reconstitution (iii) 

polymer 4 from harsh hydrolysis without dialysis and (iv) after dialysis, freeze-drying and 

reconstitution. Visualised with iodine and then stained with bromocresol green followed by 

ninhydrin.

Ninhydrin is used to detect primary amines, and therefore would not initially be expected to 

react with the leaving group 5. However, the development o f colour could not be disputed 

and 3 products could be visualised. One product was expected to be the leaving group 5. It 

was hypothesised that the leaving group was also undergoing hydrolysis itself which would 

make an amine more accessible to reaction with ninhydrin. There are 2 possible products 

from the hydrolysis o f leaving group 5 which are shown in Scheme 2. It is likely that attack 

by the hydroxyl nucleophile at the imide carbonyl could lead to the ring opening o f the 

leaving group 5, which has an accessible amine. Furthermore, this molecule could also 

undergo further attack to release hydroxy-amine.

NaO O H  N a O H ,

HO

OH

Ô ^ H O  NHz

Scheme 2 Proposed products from the hydrolysis and ring-opening of leaving group 5
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Examination of lanes (i) and (iii) in Figure 2.5.1 shows that these degradation products are 

different when the hydrolysis reaction conditions are more harsh. When the amount of NaOH 

was increased 5-fold, there was only one product that could be visualised with ninhydrin 

(Figure 2.5.1, lane (iii)). It is proposed that this product is hydroxy-amine. This is because 

the greater molar concentration of hydroxyl ions would ensure that the hydrolysis of all 

components went to completion. Milder hydrolysis reaction conditions led to a mixture of the 

proposed products all having undergone hydrolysis to a varied extent, so that 3 products could 

be visualised with ninhydrin (Figure 2.5.1, lane (i)).

Regardless of the hydrolysis reaction conditions, after dialysis, freeze-drying and 

reconstitution in water, the polymer 4 showed an identical pattern on the TLC plate (Figure

2.5.1, lanes (ii) and (iv)). Both were visualised as a single yellow spot near the baseline. 

Dialysis is therefore effective at removing the small molecular weight degradation products 

from the final polymer 4 product. NMR evidence also showed that the 2 products were not 

significantly different in their composition. This means that the hydrolysis conditions do not 

affect the purity of the final polymer 4 product. Therefore the optimal reaction conditions 

were defined as a mild hydrolysis using 2 equivalents of NaOH at ambient temperature.

Bromocresol green was the stain used to visualise polymer 4. It was interesting to note that 

an aliquot of polymer 4 on its own taken directly after completion of the hydrolysis reaction, 

stained blue regardless of the reaction conditions (Figure 2.5.1, lanes (i) and (iii)). However 

polymer 4 always stained yellow following dialysis, freeze-drying and reconstitution (Figure

2.5.1, lanes (ii) and (iv)). Bromocresol green is also used as a pH indicator. It turns yellow at 

pH <3.8 and blue at pH > 5.4. Dialysis was conducted using deionised water, so that excess 

hydroxyl ions would most likely be removed from the dialysate. Following freeze-drying the 

polymer 4 was then reconstituted in deionised water. Considering that silica is an acidic 

stationery phase it is not unreasonable to expect that it could drop the pH of the deionised 

water, leading to the partial protonation of the polymer 4 pendent groups. This may explain 

the difference in acidity observed between polymer 4 samples prior to and following dialysis.
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2.5.3. Chemical characterisation of polymers

2.5.3.1. Gel permeation chromatography

The molecular weight of the precursor polymer 3 was determined by conventional gel 

permeation chromatography before hydrolysis. Table 2.5.1 shows the polymers that were 

synthesised by atom transfer radical polymerisation. They range in size from 18 to 37 kDa. 

Polydispersity is a function of the molecular weight distribution (MWD) within each batch of 

polymer. It is defined as the ratio between the weight averaged molecular weight and the 

number averaged molecular weight (Mw/Mn). The polydispersity for all the polymers was 

below 1.4, which indicates a relatively narrow MWD polymer.

Table 2.5.1 Synthesis of a library of polymer 4

Monomer: Initiator Moiecular weight (kDa) Mw/Mn Yield

50:2 18 1.3 74%

50:1.5 23 1.3 93%

50:1 28 1 .2 87%

50:0.5 37 1.4 92%

2.5.3.2. Nuclear magnetic resonance spectroscopy

Proton nuclear magnetic resonance (^H-NMR) spectroscopy was carried out on the polymer 4 

by Dr Mire Zloh at the School of Pharmacy. The principles of NMR are based on the 

knowledge that nuclei with an odd mass possess a nuclear spin which is specific to only one 

isotope of one element. This makes the nuclei a charged particle in motion which therefore 

develops a magnetic field. has a spin equal to V2 so it behaves as a bar magnet which is 

randomly orientated in the absence of a magnetic field. When a magnetic field is applied, 

these nuclei line up, either spin aligned or spin opposed, to the applied field. The most highly 

populated state is the lower energy spin aligned state. In NMR, electromagnetic radiation is 

used to switch the alignment of nuclear spins from the low energy state to the higher energy 

opposed state. The energy required for this depends on the magnetic field strength at the 

nucleus. These re-aligned magnetic fields induce a radio signal which is used to generate an 

NMR spectrum, a plot of the radio frequency applied against absorption. The frequency of a
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signal in the spectrum is known as its chemical shift. In ’H-NMR, single peaks are seldom 

observed. This is because of coupling that occurs between adjacent protons.

Due to the structural nature of polymers, analysis of their NMR spectra presents unique 

challenges. Polymers can never be fully resolved because there is a lot of overlap among the 

backbone signals due to the restricted molecular motion of the individual atoms. Therefore 

peaks tend to be broader than those of small molecules. The NMR spectrum of polymer 4 is 

shown in Figure 2.5.2 A. The methylene (CH2) and methyl (CH3) groups are indicated. 

Commercially available narrow MWD PMAA-Na standard (Fluka) was also analysed by 

NMR (Figure 2.5.2 B). A comparison of these spectra indicates that the 2 polymers are 

structurally very alike.
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ONa

n r '

B

Figure 2.5.2 ^H-NMR spectra of (A) polymer 4 derived by mild hydrolysis of the precursor 

polymer 3 and (B) PMAA-Na commercial standard. Both were dissolved in D2O. X = signals 

not consistent with proposed structure.
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2.5.4. Blood compatibility o f polymer 4

2.5.4.1. Anticoagulant activity o f polymer 4

Many polymers display potent anticoagulant activity which limits their use in biomedical 

applications (Farias et al., 2000; Soeda et al., 1992). It was important to examine any 

anticoagulant activity of the polymer 4. The results utilising the 28 kDa polymer 4 are shown 

in Table 2.5.2. These tests were carried out by the Haematology clinical diagnostics 

laboratory at Hammersmith Hospital. Polymer 4 slightly prolonged the kaolin partial 

thromboplastin time (APTT) and thrombin time (TT) indicating a small amount of 

anticoagulant activity. Polymer 4 did not affect the prothrombin time (PT). The anti-Xa assay 

was negative. Therefore, the small amount of anticoagulant activity of polymer 4 was not due 

to “heparin like” activity.

Table 2.5.2 The anticoagulant activity of polymer 4

Dissolved in
Cone.

(pg/ml)

PT

(sec)

APTT

(sec)

TT

(sec)

Anti-Xa

(V/ml)

Control Plasma/veronal buffer 500 16.7 40 14 0

polymer 4 Plasma/veronal buffer 500 14.9 144 67 0

2.5.4.2. The pro-inflammatory effect o f polymer 4 on blood-derived cells

It was important to show that a pro-inflammatory immune response would not be initiated in 

blood-derived cells following an encounter with polymer 4. This effect could cause infusion- 

related toxicity which would be a significant drawback to the potential application of this 

polymer 4 as an intravenous medicine. Monocytes were stimulated with endotoxin-free 

polymer 4 (500 /xg/ml) and the generation of chemokine and cytokine mRNA was measured 

using quantitative real-time PCR technology. Lipopolysaccharide (LPS) was the positive 

control for these experiments. This is a potent initiator of a pro-inflammatory innate response 

and causes the aggressive production of chemokines such as M lP-la and IL-8  in monocytes 

(Wang et al., 2000). Cytokines such as TNF-a, IL- 6  and IL-1/? are also produced. The 

methods for these experiments are given in Section 3.4.4. Results in Figure 2.5.3 show that 

monocytes did not generate significant mRNA levels for any chemokines or cytokines tested
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when they were cultured with the polymer 4 (n=3). Results are represented as fold-increase 

over control in order to control the variability in donor specific responses. Three molecular 

weight batches o f the polymer 4 were tested and none o f them showed a pro-inflammatory 

effect in monocytes (Figure 2.5.3).
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Figure 2.5.3 Different molecular weight batches of polymer 4 do not cause a pro- 

inflammatory response in monocytes. Data are pooled from 3 separate experiments.
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2 .5 .43 . Haemolysis caused by the polym er 4

Haemolysis assays were carried out on purified red blood cells. Results are shown in Figure

2.5.4. Negligible haemolysis was evident after 1 hr and 5 hr incubation for all of the 

polymers synthesised, at concentrations as high as 2 mg/ml. Data shown are an experiment 

that is representative of 3 separate experiments.
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Figure 2.5.4 Different molecular weight batches of polymer 4 do not cause haemolysis 

Results are from a single experiment that represents 3 haemolysis assays.
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2.5.5. Toxicity o f  the polym er 4 to primary human cells

The effect of the polymer 4 on the viability of primary human cells was established. Both 

blood-derived cells and tissue-derived cells were studied in this project. Peripheral blood 

mononuclear cells were isolated from fresh blood. Cells isolated from the peritoneal cavity of 

patients undergoing peritoneal dialysis were used as a source of tissue-derived cells. The 

isolation and characterisation of these cells will be discussed in greater detail in Chapter 3. 

All the polymers synthesised were tested to determine whether the molecular weight of the 

polymer had an effect on toxicity.

To determine the viability of both these cell populations after incubation with polymer 4 an 

assay with an MTT readout was used. MTT is a tétrazolium salt that is oxidized by 

mitochondrial dehydrogenase in living cells to give a dark blue product. This indicates 

whether the batches of polymer 4 synthesised had a detrimental intracellular effect on 

mitochondrial and metabolic activity of the cells evaluated. Damaged or dead cells show 

reduced or no dehydrogenase activity. Results shown in Figure 2.5.5 are representative of 3 

separate experiments for each cell type. For all cells types no toxicity was seen after 1 day of 

incubation even at a concentration of 2  mg/ml for all of the polymers tested.
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Figure 2.5.5 Polymer 4 of different molecular weights is not toxic to primary human cells 

(A) peritoneal tissue cells and (B) peripheral blood mononuclear cells after 1 day incubation. 

Results are from a single experiment that represents 3 viability assays.

Polymer 4 is therefore not toxic to primary human cells. The molecular weight of the 

polymer had no effect on the viability of the cells.

Using an active ester precursor polymer 3, polymer 4 was reproducibly synthesised with 

relatively narrow MWD over a small range of molecular weights. These polymers were 

found to be potentially blood-compatible and were non-toxic against primary human cells. 

Therefore, polymer 4 was considered a good candidate polymer for the synthesis of a novel 

polymer complex of AmB.
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R e s u l t s : Pa r t  B

2.6. Preparation and characterisation of a polymer complex of 

amphotericin B

2.6.1. Synthesis of a polymer 4 complex of amphotericin B

2.6.1.1. Mixing o f polymer 4 and amphotericin B

Initially the zwitterionic AmB and anionic polymer 4 were simply mixed together in an 

aqueous DMSO solution for 1 hr in order to enable possible association between them and the 

subsequent formation of a complex. It was established that when polymer 4 and AmB were 

prepared in this manner, AmB remained insoluble in aqueous solutions. Solubilising this 

hydrophobic drug was one of the primary aims of this project, and this method of preparation 

was unable to deliver this. The same preparation was also attempted using AmB- 

deoxycholate, a formulation that has already been made water-soluble, but for which high 

toxicity persists. This reaction was conducted twice, and the resulting product remained 

water-soluble. Polymer 4 and AmB thus prepared did not significantly reduce the toxicity of 

AmB, when compared to AmB-deoxycholate alone (Figure 2.6.1). Equivalent haemolysis 

was observed at all AmB concentrations tested after both 1 hr and 5 hr incubation times. At 

the highest concentration of AmB tested after 1 hr incubation, haemolysis caused was 45.7 ± 

16.2% by AmB-deoxycholate, and 35.6 ± 12.8% by the mixture of polymer 4 and AmB 

(p=0.56). Therefore a stable, non-toxic water-soluble complex between polymer 4 and AmB 

could not be prepared by the simple mixing of these 2  molecules.
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Figure 2.6.1 Simple mixing of polymer 4 and AmB is not sufficient to create a stable 

complex with reduced haemolysis for red blood cells, as compared to AmB-deoxycholate. 

Results are pooled from 3 separate haemolysis assays.

2.6.1.2. Hydrolysis ofprecursor polymer 3 in the presence o f amphotericin B

In the next preparation the precursor polymer 3 and AmB, which are both hydrophobic 

molecules, were mixed in a DMSO solution. The precursor polymer 3 was then hydrolysed to 

its water-soluble derivative polymer 4 in the presence of AmB. This reaction was conducted 

by the Method 1 described earlier and is represented in Scheme 3 below. Following dialysis 

the final product was isolated as a solid yellow to orange powder with a mass of 

approximately 500 mg. It was established that this method enabled associations between 

polymer 4 and AmB so that the product was readily soluble in aqueous solutions at
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concentrations o f up to 20 mg/ml. The complex 6 was synthesised 4 times by this method 

with an AmB loading determined by UV spectroscopy to be 25-48% (w/w) o f the total weight 

o f  the complex (Table 2.6.1). The quantitation o f AmB loading in the complex 6 using UV 

spectroscopy is discussed in more detail in Section 2.6.4.

ÇH ÇH
AmB O
Hydrolysis

Non-covalent: 
complex j

Scheme 3 Preparation of the complex 6 from polymer 4 and AmB that is formed during 

the mild hydrolysis of the precursor polymer 3 in the presence of AmB

Yields o f  the final complex 6 product were relatively low at between 56-58% (w/w) o f the 

reagents added to the reaction (Table 2.6.1). The reproducibility o f this method o f synthesis 

was also poor. Several process variables were then examined to optimise the formation o f 

complex 6.

Table 2.6.1 Yield and loading of the complex 6 synthesised by Method 1

Batch Yield (w/w) % AmB weight %

1 57 45

2 56 48

3 58 47

4 56 25

2.6.2. Screening assays for biological activity

There was no significant difference in the anti-leishmanial activity and haemolysis caused by 

any o f the 4 batches o f complex 6 synthesised and so the data obtained were pooled.
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2.6.2.1. Haemolysis caused by the complex 6

The amount of haemolysis by AmB in the complex 6  was compared to that caused by AmB- 

deoxycholate over a period of 1 hr and 5 hr. The results shown in Figure 2.6.2 represent 

pooled data from 6  separate assays conducted. Negligible haemolysis by the complex 6  was 

observed after 1 hr incubation (1.4 ± 1.1% lysis at a concentration of 50 /ig/ml AmB). This is 

much less than the haemolysis that is caused by AmB deoxycholate (53.7 ± 15.3% at a 

concentration of 50 /xg/ml AmB) (p=0.0003). After 5 hr incubation, 31.3 ± 3.3% haemolysis 

was seen with the complex 6  at the highest concentration of 50 pg/ml tested. For AmB- 

deoxycholate however, an equivalent concentration of AmB caused 74.6 ± 13.7% haemolysis. 

This correlates to a statistically significant difference (p=0.002) at the highest concentration 

of AmB tested.
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Figure 2.6.2 The complex 6 prepared by Method 1 causes significantly less haemolysis 

than AmB-deoxycholate (p=0.0003 at 50 /vg/ml AmB after 1 hr). Results are 

pooled from 6 separate haemolysis assays.
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2.6.2.2. Activity against Leishmania promastigotes

An MTT viability assay was carried out as an initial screening assay to determine the activity 

of this complex 6  against Leishmania promastigotes. AmB-deoxycholate was used as a 

positive control. Figure 2.6.3 shows the pooled results obtained from all of the batches of 

complex 6  synthesised. L. donovani (n=8 ) showed similar susceptibility to killing by AmB 

deoxycholate (the average 50% lethal dose, LD50 = 0.08 pg/ml) and complex 6  (LD50 = 0.12 

pg/ml). L. mexicana (n= ll) also showed similar susceptibility to both AmB-deoxycholate 

(LD50 = 0.14 pg/ml) and the complex 6  (LD50 = 0.16 pg/ml). There was no significant 

difference between these LD50 values. The activity of the complex 6  against Leishmania 

promastigotes is thus comparable to the activity achieved by AmB-deoxycholate.
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Figure 2.6.3 The activity of the complex 6 is equivalent to that of AmB- deoxycholate 

against L. donovani (n=8) and L. mexicana (n=11) promastigotes. Results 

shown are pooled from the indicated number of anti-leishmanial assays.
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2.6.3. Optimising the complexation reaction

All of the reactions described below were exploratory and therefore the scale of the reaction 

was reduced so that the final isolated product was approximately 12  mg.

2.6.3.1. Solvent

The precursor polymer 3 could only be solubilised in dimethyl sulfoxide (DMSO) and to a 

lesser extent in dimethyl formamide (DMF). The concentration of the precursor polymer 3 in 

a typical DMSO complexation reaction was 100 mg/ml. In a DMF reaction, the concentration 

of the precursor polymer 3 was reduced to 17.7 mg/ml to enable dissolution. These 

complexation reactions were conducted by Kin Ming Cheng an MSc student working under 

my supervision on the project. It was established that a complex between AmB and polymer 

4 could be synthesised in DMF as well as DMSO, as the resulting product was both water 

soluble and not toxic towards red blood cells (Figure 2.6.4). Haemolysis was negligible for 

the complex prepared in DMF (3.1 ± 1.65%) and in DMSO (1.45 ± 1.36%) after a 1 hr 

incubation. Two complexes were prepared using DMF as the initial solvent.



1 hr incubation
100-1
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AmB concentration (pg/ml) 
Synthesis in DMF o Synthesis in DMSO

Figure 2.6.4 Synthesis of a complex either in DMF or DMSO attenuates the haemolysis 

caused by AmB. Results are pooled from 2 separate haemolysis assays.

The complexes prepared in DMF were then tested for their anti-leishmanial activity in 2 

individual assays using L  mexicana as the target organism. The pooled anti-leishmanial 

activity of the complexes synthesised in DMF (shown in Figure 2.6.5) was significantly 

reduced when compared to complex 6  (p=0.003). The LD50 of the complex synthesised in 

DMF was 0.64 pg/ml compared to 0.14 pg/ml obtained for the complex 6  synthesised in 

DMSO. Therefore, it was shown that the most appropriate solvent for the complexation 

reaction was DMSO.

100

>, 75-
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0.0 0.5 1.0 1.5 2.0 2.5 3.0
AmB concentration (pg/ml)

- X -  Synthesis in DMF - b -  Synthesis in DMSO

Figure 2.6.5 Synthesis of a complex in DMF significantly reduced the anti-leishmanial 

activity of AmB compared to the complex 6 synthesised in DMSO (p=0.003). Results are 

pooled from 2 separate anti-leishmanial assays.
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2.6.3.2. Solvent volume

Once preliminary results had indicated that the complexation reaction was best conducted in 

DMSO, the optimal volume was established. This was to determine what concentration of 

AmB in DMSO at the beginning of the reaction was most conducive to the formation of a 

stable complex between AmB and the polymer 4. The first few reactions by Method 1 were 

carried out with a final concentration of AmB in the starting reaction media of 14 x 10'  ̂M, 

The volume of DMSO was increased in further reactions so that the concentration of AmB at 

the start of the complexation reaction was either 1.8 x 10*̂  M or 1.2 x 10'  ̂ M. In order to 

obtain the lowest concentration of AmB (1.2 x 10'  ̂ M) the amount of AmB added was 

decreased 9-fold and the volume of DMSO was increased 12-fold. In 4 batches of complex 

synthesised in this manner, the loading of AmB was very low (2.4 ± 0.5%). These complexes 

did not show improved water-solubility or further attenuation of the toxicity of AmB above 

that seen with the complex 6 . We considered this AmB loading within the complex to be 

impractical.

In the second series of reactions set up so that the concentration of AmB in the starting media 

was 1.8 X 10'  ̂ M, the amount of AmB added was decreased only 2-fold, and the DMSO 

volume was increased 4-fold. This led to a loading of 19.2 ± 2.0 % AmB within 8  batches of

complex 6  synthesised. Complexes synthesised in this manner had the same level of

attenuated haemolysis as the early batches of complex 6  tested and shown in Figure 2.6.2. 

Furthermore, using this initial concentration of AmB led to a more reproducible complexation 

reaction. Therefore, the optimum concentration of AmB in the initial DMSO solution was 

considered to be 1.8 x 10'  ̂M.

2.6.3.3. Time allowed fo r solubilising reagents

The lack of reproducibility that was identified could have been the result of poor dissolution 

of the reagents in the DMSO solvent. In order to ensure the complete dissolution of the 

precursor polymer 3, it was left overnight in DMSO under argon at ambient temperature in 

order to ensure complete solvation. AmB was allowed to solubilise for 1 hr at ambient 

temperature, under argon and protected from light.

2.6.3.4. Purification o f the complex 6

The complex 6  was dialysed against at least 100-fold volume of ultra-pure water for 24 hr at 

ambient temperature in order to remove any contaminants. Most reactions were conducted on 

a 12 mg scale, and the volume of the dialysate was approximately 5 ml. The volume of 

dialysis water was 1 L. The dialysing water was stirred and was changed after every hour
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apart from the period overnight. The molecular weight cut-off of the dialysis membrane used 

was 7,000 Da. AmB has a molecular weight of 924 Da and therefore free molecules that are 

not associated with polymer 4 would not be contained by the membrane during dialysis. 

During dialysis of the complex, the release of AmB into the dialysing water was measured by 

UV spectroscopy. The absorbance readings reflected the removal of un-complexed AmB 

from the dialysate. This is discussed in more detail in Section 2.6.8 below. The leaving group 

5 from the hydrolysis reaction is 116 Da and should also be removed by dialysis. At the time 

of dialysis, the DMSO (135 Da) was diluted approximately 100-fold in the water and should 

also be removed from the dialysate. The polymer 4 used in the complexation reaction had a 

molecular weight of 18,000 - 37,000 Da and was expected to be contained by the membrane 

as would be the complex 6 .

2.6.4. Quantitation o f amphotericin B loading in the complex

2.6.4.1. UV Spectroscopy

AmB absorbs light in the UV spectrum at a wavelength of 300-450nm. The loading of AmB 

in the complex 6  could thus be obtained using UV absorbance spectroscopy. Several 

problems were encountered when trying to determine the loading of AmB in its complexes. 

These were predominantly caused by the effect of aggregation on the absorption 

characteristics of AmB. As discussed earlier in Section 2.1.3.2, a potent factor in the 

aggregation of AmB is its concentration in solution. In all solvents at high concentrations, 

AmB is in a predominantly aggregated form that absorbs strongly in the region of 328 nm. 

As the solution is diluted to low concentrations, there are fewer aggregates and monomeric 

AmB becomes the most common form. Monomers of AmB absorb strongly in the region of 

405-409 nm. Several reports have confirmed this (Ernst et al., 1981; Gaboriau et al., 1997b; 

Ridente et al., 1999; Egito et al., 2004).

The aggregation characteristics of AmB are also dependent on the solubilising media. AmB 

tends to aggregate at a lower concentration in aqueous solution (10'^ M) than in organic 

solvents such as DMSO, where aggregation occurs at concentrations above lO’̂ M 

(Balakrishnan and Easwaran, 1993). It was established that a standard curve of AmB- 

deoxycholate constructed in water exhibited a non-linear association between concentration 

and absorbance. This was apparent when the wavelength was either 328 nm or 409 nm. An 

example of this is shown in Figure 2 .6 .6 .
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Figure 2.6.6 A non-linear association between absorbance and AmB concentration is seen 

in water at a wavelength of 328 nm (A) which is inverse to that at 409 nm (B).

At a wavelength of 328 nm, when the concentration of AmB decreases, so does the extent of 

aggregation. Thus the decrease in absorption observed is the combined result of these two 

factors and this is reflected in the sharp initial fall in absorption at 328 nm (Figure 2.6.6 A). 

In contrast, the shape of the curve at 409 nm was attributed to the increasing concentration of 

monomeric AmB as the sample was serially diluted, so that the observed decrease in total 

AmB concentration was not linear (Figure 2.6.6 B).

In order to remove the aggregation effects of AmB, an obvious solution would be to construct 

a standard curve where the highest concentration of AmB is predominantly monomeric. This 

would mean that aggregation/de-aggregation would not be a factor and the absorption spectra 

would purely be concentration-dependent. In experiments conducted using water, the 

concentration at which AmB was monomeric was found to be 10'  ̂M which is equivalent to 

924 ng/ml. This concentration relates to an absorption peak of AmB in water of
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approximately 0.02. Levels this low are at the lower limit of detection of the 

spectrophotometer. However, in DMSO AmB aggregates less and is monomeric at 

concentrations as high as lO’̂ M (92.4 pg/ml). A standard curve constructed of AmB in 

DMSO yields a linear curve (r^=0.9996) where the absorption is dependent only on 

concentration. This is shown in Figure 2.6.7. This demonstrates that the effect of the 

aggregation/de-aggregation of AmB can be minimised when the highest concentration in a 

standard curve is constituted of predominantly monomeric AmB.

10 20 30 40 50 60 70
AmB cone (pg/ml)

Figure 2.6.7 Linear regression of AmB dissolved at a concentration of 2.5x10"* M and 

serially diluted in DMSO (r̂  = 0.9996).

However, polymer 4 is an ionic molecule and is not soluble in DMSO. Subsequently neither 

is the complex 6  as the solubilising properties of the polymer are dominant in the complex. It 

was not accurate to compare absorbance values obtained in water to a standard curve 

constructed in DMSO.

Therefore an alternative solubilising media was sought. As described previously, AmB is 

monomeric in alcohol (Balakrishnan and Easwaran, 1993; Adams and Kwon, 2004). A 

concentrated stock solution of AmB-deoxycholate in water was diluted to a final 

concentration of lO'^M AmB in increasing concentrations of aqueous methanol for UV 

scanning. The concentration of methanol was increased from 10% in water (1:9) to a final 

concentration of 50% methanol in water (1:1). Figure 2.6.8 shows that the peak at 328 nm 

(representative of aggregated AmB) decreased marginally in height which corresponded to a 

small increase in peak height at 409 nm (representative of monomeric AmB). Increasing the 

concentration of methanol to 20% in water (1:4) caused a change in the absorption 

characteristics of AmB so that the relative peak heights were all increased. However, it was 

observed that the peak at 328 nm decreased further with respect to the peak at 409 nm in that
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particular sample. The 2 peaks were o f similar height, indicating a further decrease in the 

aggregation o f AmB. Increasing the concentration o f methanol in the solution to 50% in 

water (1:1) abolished the peak at 328 nm completely. The peak at 409 nm simultaneously 

increased showing that the aggregated species o f AmB had become largely monomeric.

aggregates monomer
1.0 -

<  0 .5 -

0.0

300 350 400 450
Wavelength (nm)

Figure 2.6.8 UV spectra of AmB-deoxycholate (10' M) dissolved in increasing 

concentrations of methanol show that the aggregation of AmB (328 nm) diminishes with a 

subsequent increase in monomeric AmB (409 nm). Red line -  AmB-deoxycholate dissolved 

in HgO. Blue l in e -10% MeOH in H2O (1:9). Green line -  20% MeOH in H2O (1:4). Pink line 

-50%  MeOH in H2O (1:1)

The upper absorbance limit o f the spectrophotometer used was approximately 2.5. Therefore, 

the highest concentration o f AmB that could be scanned was 4 x 10'  ̂ M AmB (37 pg/ml). 

Figure 2.6.9 below shows the UV spectrum o f a sample diluted to a final concentration o f 4 x 

10'  ̂ M AmB in methanol: water (1:1). The aggregation o f AmB remained abolished in a 

solution o f methanol: water (1:1), even at concentrations as high as 4 x 10'^ M AmB. In the 

serial dilution experiments conducted to construct a standard curve, the highest concentration 

typically used was 10'^ M AmB. Therefore it was considered that at these concentrations in a 

solution o f methanol: water (1:1), the aggregation o f AmB would not have an effect on the 

results obtained using the standard curve to calculate the loading o f AmB in the complex 6.
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Figure 2.6.9 UV spectra of AmB-deoxycholate (4 x 10' M) dissolved in increasing 

concentrations of methanol show that the aggregation of AmB (328 nm) diminishes with a 

subsequent increase in monomeric AmB (409 nm). Green line -  AmB-deoxycholate 

dissolved in H2O. Blue line -  10% methanol in H2O (1:9). Grey line -  20% methanol in H2O 

(1:4). Red line -  50% methanol in H2O (1:1). Pink line -  AmB at 10'® M in 50% methanol in 

H2 0 (1 :1 )

There were some concerns that by increasing the concentration o f methanol: water to 1:4 and 

then to 1:1 the absorption characteristics o f AmB changed so that the relative peak heights 

and subsequently the area under the curve were all increased (see Figure 2.6.8). In order to 

confirm that this was not the result o f experimental error during dilution, this experiment was 

repeated (n=3). Figure 2.6.10 below shows the reproducibility o f UV scans when AmB is 

diluted in water or methanol: water (1:1). Other investigators have shown a similar trend 

(Vandermeulen et al., 2006).

5 0 %  M e O H
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Figure 2.6.10 The UV spectra obtained when diluting AmB in either water or methanol: 

water (1:1) are reproducible (n=3)
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This set of experiments demonstrated that methanol: water (1:1) was a good solvent system to 

ensure that AmB was not aggregated at the concentrations measured.

Both AmB and the complex 6  are only marginally soluble in methanol and neither sample 

could be dissolved directly in methanol: water (1:1). Instead the sample was first dissolved in 

water or DMSO as required at 10'  ̂M (924 pg/ml). Methanol was then gradually added so 

that concentration of methanol was increased from 10% to 30%, and finally to 50% methanol 

water: where the final concentration of AmB was 10'  ̂M (9.24 pg/ml). A standard curve was 

then constructed in methanol: water (1:1). A representative standard curve is shown in Figure 

2 .6 .1 1  and it can be seen that there is a linear correlation between concentration and 

absorbance, where r  ̂= 0.998 for AmB and r  ̂= 0.994 for AmB-deoxycholate.

1 . 2 -

1. 0 -

0 .8 -

0 .6 -
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0 . 2 -

0.0
0 1 2 3 4 5 6 7 8 9

AmB concentration (pg/ml) 
o AmB-deoxycholate *  AmB

Figure 2.6.11 Linear regression of AmB (r̂  = 0.998) and AmB-deoxycholate (r̂  = 0.994) 

serially diluted in methanol: water (1:1)

Both AmB and AmB-deoxycholate were used as a reference to create a standard curve of UV 

absorbance at 409 nm from which could be extrapolated the weight percent of AmB in the 

complex 6 . The loading of AmB in AmB-deoxycholate was calculated to be 46%. Spectra 

measurements were always taken within 30 min of dilution as it has been reported that AmB 

decomposes in slowly aqueous solution (Kajtar et al., 1989). Known concentrations of 

AmB-deoxycholate and AmB were tested against the standard curve and found to be accurate.
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2.6.4.2. UV-visible spectra o f  the complex 6

Once there was confidence that the loading of AmB could be accurately established, it was 

possible to compare the absorbance spectrum of AmB-deoxycholate and the complex 6  at an 

equivalent concentration of 10’̂  M AmB. Figure 2,6.12 A shows a representative scan in 

water over a wavelength of 300-450 nm. It can be seen that the aggregation properties of 

AmB in the complex 6  have changed compared to AmB-deoxycholate. In the complex, the 

peak indicative of aggregation (320-328 nm) is decreased whilst the monomeric AmB peak 

(409 nm) is increased compared to the same concentration of AmB in AmB-deoxycholate. 

As an indication of the extent of aggregation in the complex, the ratio of absorbance (A321/409) 

is 1.7. This is a two-fold reduction compared to the ratio of AmB-deoxycholate where A328/409 

is 3.4. A ratio higher than 2 is considered to be a measure of extensive aggregation 

(Vandermeulen et al., 2006; Barwicz et al., 1992). Therefore, optimising the complexation 

reaction to minimise the aggregation of AmB in the complex 6  was successful.

The difference in spectra between AmB in the complex 6  and AmB-deoxycholate may 

indicate that the concentration of AmB was different. The same stock samples were also 

diluted to 10'  ̂ M AmB in methanol: water (1:1) to ensure that AmB was monomeric in both 

solutions. Figure 2.6.12 B shows that the AmB in AmB-deoxycholate and in the complex 6  

was equivalent and has identical spectra. This establishes the significance of using a 

methanol: water (1:1) solution to ensure monomeric AmB for the determination of total AmB 

loadings in the complex 6 . If the standard curve had been constructed in water, the 

differences in spectra could lead to a significant overestimation in the loading of AmB when 

measured at 409 nm.

The alteration in the spectrum of AmB in the complex 6  indicates interaction between AmB 

and polymer 4. The absorbance seen is however not due to the absorbance of the polymer 4 

itself. Polymer 4 dissolved in water and in methanol: water (1:1) at a concentration of 1 

mg/ml did not show any absorbance over the same wavelength range of 300 to 450 nm (see 

Figure 2.6.13).
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Figure 2.6.12 (A) UV Spectra in water show diminished aggregation of AmB in the complex 

6 (blue) compared to AmB-deoxycholate (red). (B) The effect of aggregation is lost in 

methanol water; (1:1) and the two samples appear almost identical.
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Figure 2.6.13 Polymer 4 (1 mg/ml) does not absorb light in the region where AmB shows 

strong absorbance, when dissolved in either water or water: methanol (1:1)
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2.6.5. Reproducibility o f complex 6 synthesis

Once both the complexation reaction and the quantitation of AmB in the complex was 

optimised several batches of the complex 6  were synthesised. In total, 30 batches of complex 

6  were prepared, indicating the reproducibility of this optimised Method 2 of synthesis. It was 

found that the loading of AmB in the complex could be adjusted simply by adding more or 

less AmB to the reaction. The volume of DMSO was also adjusted, ensuring that the final 

concentration of AmB in the starting reaction media was maintained at 1.8 x 10'  ̂ M. 

Increasing the loading of AmB above 30% caused a significant increase in toxicity compared 

to the batches of complex 6  having the lowest loading of between 15 -  25% (p<0.004). 

However the toxicity of all batches of complex 6  synthesised remained significantly 

attenuated compared to AmB-deoxycholate (p<0.0001) when evaluated at the highest 

concentration of AmB tested (50 /xg/ml). It should be noted that when Method 1 was used for 

complex 6  preparation, the loading of AmB did not have an effect of the haemolysis caused 

(Figure 2.6.2). However, because of the poor reproducibility and yield of Method 1 (Table 

2.6.1), Method 2 was considered to be the optimal method for the preparation of complex 6 . 

Table 2.6.3 shows the range of AmB loadings and haemolytic toxicity that were obtained in 

various batches of complex 6  that were prepared by Method 2. The haemolysis caused by the 

batches of complex 6  that had a loading of 15-25% is also shown in Figure 2.6.14.

Table 2.6.3 Reproducible synthesis of complex 6 prepared by Method 2

AmB loading (%) Batches Haemolysis* (%) Difference from AmB-deoxycholate

AmB-deoxycholate - 77.3 ± 6.3 -

15-25% 22 5.5 ±2.7 p<0.0001

30-40% 4 12.6 ±2.0 p<0.0001

50-60% 4 14.0 ±3.3 p<0.0001

^Haemolysis indicated is caused by the highest concentration of AmB tested (50 /vg/ml) after 
1 hr incubation. Students t-tests were calculated at this concentration as well
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Figure 2.6.14 The complex 6 with 15-25% AmB loading prepared by Method 2 causes 

significantly less haemolysis than AmB-deoxycholate (p<0.0001 at 50 /yg/ml AmB after 1 hr). 

Results are pooled from 16 separate haemolysis assays.

The complex 6  was stored in an argon atmosphere in an airtight container. AmB is light 

sensitive and so samples were stored away from light at 4°C. The complex 6  was 

alternatively solubilised in RPMI, 5 % dextrose or purified water at a concentration of 1 

mg/ml AmB and stored in an airtight container at 4 °C in the dark. It was found that when 

complex 6  is stored in this manner it retains its attenuated toxicity against red blood cells and 

anti-leishmanial activity over as long as 12 months (Section 2.7.4).
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2.6.6. Characterisation o f the complex 6

2.6.6.1. High performance liquid chromatography

The complex 6  was thought to be stabilised by non-covalent interactions (eg. Van der Waals 

forces, hydrogen bonding and electrostatic interactions). These interactions are less strong 

than the covalent bonds that are typical in a polymer-drug conjugate. Even though the 

reaction conditions did not target the conjugation of AmB to the polymer 4 backbone, it 

cannot be ruled out that a covalent bond inadvertently formed between AmB and polymer 3 

during the complex synthesis, resulting in a link between the final polymer 4 backbone and 

AmB. To determine if any AmB had been covalently conjugated to the polymer 4 backbone, 

AmB and the complex 6  prepared by Method 2 were run on a CIS high performance liquid 

chromatography (HPLC) column. This is a reverse phase hydrophobic affinity column. AmB 

is largely a hydrophobic molecule and will interact with the column. Detection was carried 

out at a wavelength of 407 nm. Elution times were 10 min 18 sec for free AmB and 10 min 

26 sec for AmB in the complex 6  (Figure 2.6.15). The interaction of AmB in the complex 6  

with a hydrophobic affinity column is therefore not affected by complexation with polymer 4. 

This is indicative of non-covalent interactions between polymer 4 and AmB. Figure 2.6.16 

shows representative chromatograms for each sample. Seven different batches of the 

complex 6  over the range of AmB loadings obtained were analysed by HPLC and found to 

have equivalent elution times to each other, and to free AmB and AmB-deoxycholate.
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Figure 2.6.15 HPLC chromatogram showing no significant difference in the elution times of 

free AmB (A) compared to AmB from the complex 6 (B).

2.6.6.2. Nuclear magnetic resonance spectroscopy

The complex 6  was also analysed by 'H-NMR spectroscopy. This was primarily to confirm 

the presence of both AmB and polymer 4 within the complex. Secondly, we wanted to 

examine the possibility to determine more subtle structural features of the complex 6 . AmB 

is not water soluble and so the solvent used was deuterated DMSO. The NMR spectrum of 

AmB on its own is shown in Figure 2.6.16. As can be seen, the NMR spectrum of AmB on 

its own is complex and is difficult to interpret. The polymer 4 and the complex 6  are not 

soluble in DMSO, and therefore their spectra were measured in deuterium oxide. The 

spectrum of polymer 4 is shown again for comparison (Figure 2.6.17). Finally the spectrum 

of a representative complex 6  is shown in Figure 2.6.18. In this particular complex the 

loading of AmB was 22%. The solvent can affect the position of the spectral lines. Therefore
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it was not possible to compare the spectra directly. For this reason AmB-deoxycholate was 

also analysed by NMR. Although this compound is formulated with sodium deoxycholate, 

sodium phosphate and sodium hydroxide, it was still possible to identify signals that were 

attributable to AmB. Collectively using both this spectrum and that o f  AmB could provide a 

slightly more relevant comparison for AmB in the complex 6.

9 7 6 5 3 2 18 4

Figure 2.6.16 ^H-NMR spectrum of AmB
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Figure 2.6.17 ^H-NMR spectrum of polymer 4
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Figure 2.6.18  ̂H-NMR spectrum of complex 6 Loading of AmB was 22%.

104



Signals attributable to AmB could be identified in the complex 6. These are indicated in 

Figure 2.6.18 by the black arrows. In particular the downfield collection o f  peaks with a 

chemical shift o f  approximately 6 ppm is most diagnostic o f AmB. An expanded view o f this 

region is given in Figure 2.6.19, which superimposes the spectra o f  the complex 6, polymer 4 

on its own and AmB-deoxycholate for reference. This gives a clear indication that AmB is 

present in the complex 6. Peaks which may be attributed to polymer 4 within the complex 6 

are indicated by the blue arrow in Figure 2.6.18. These are most likely the methyl groups on 

the polymer, although there may be interference from some AmB protons in that region.
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Figure 2.6.19 Magnified view of ^H-NMR spectra showing distinctive AmB peaks with a 

chemical shift of -  6 ppm in AmB-deoxycholate (red line) and the complex 6 (green line), 

which are not visible in polymer 4 on it own (grey line).

For the complex 6 a peak at 5 ~ 2.4 ppm was distinctive in Figure 2.6.18. This peak is too 

well resolved to be part o f the polymer backbone which presents as broad peaks as discussed 

earlier in Section 2.5.3.2. The characterisation o f this peak is discussed in greater detail in 

Section 2.6.7.3.2.

It became obvious that it would not be possible to characterise the structure and interactions 

within the complex using ' H-NMR at this stage. The complex 6 spectrum was too intricate
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and too poorly resolved to make the identification of individual proton peaks feasible, 

considering the constraints of time. However, NMR was useful to confirm the presence of 

both AmB and polymer 4 in the complex 6 , as well as an extra component which is discussed 

below.

2.6.6.3. Thin layer chromatography

2.6.6.3.1. Separation o f the complex 6

Thin layer chromatography (TLC) was carried out as an additional test to confirm if the 

complex 6  was held intact by non-covalent interactions. Samples were eluted on a polar silica 

gel plate in a highly polar mobile phase. Therefore, strongly non-polar hydrophobic 

compounds would migrate far up the plate close to the solvent front. Polar hydrophilic 

compounds would move slowly, if at all, and remain close to the baseline. The aim was to 

separate AmB from the complex 6  based on their overall polarity, considering that AmB is 

hydrophobic and polymer 4 is hydrophilic. Increasing the polarity of the mobile phase would 

disrupt any electrostatic interactions within the complex so that AmB and polymer 4 would 

demonstrate different elution patterns. Control samples were also eluted to compare the 

migration. These were AmB and polymer 4 spotted individually on the TLC plate, as well as 

spotted together to examine their separation without any complexation.

The retention factor (Rf) was calculated as follows:

Rf ” distance from the starting line to the middle o f spot 
distance from the starting line to the solvent front

The elution of samples is depicted in the diagram shown in Figure 2.6.19. The Rf of samples 

run under different conditions are given in Table 2.6.4. It was established that the complex 

would not dissociate except under very acidic conditions. When methanol was used as a 

mobile phase, there was no apparent dissociation of the complex 6 , and AmB remained at the 

baseline with polymer 4 (Rf ~ 0). However AmB in the control samples eluted up the TLC 

plate (Rf ~ 0.3).

The polarity of the mobile phase was then increased with the addition of water so that the 

final concentration was methanol: water (4:1). This enabled some AmB to separate from the 

complex and migrate up the plate to the same extent as free AmB (Rf ~ 0.6). However some 

AmB remained at the baseline with the polymer 4.
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Figure 2.6.20 Diagrammatic representation of the separation of polymer 4 and AmB in the 

complex on silica gel when the mobile phase was (A) Methanol (B) Methanol: Water (4:1) and 

(C) Methanol: Acetic Acid (9:1). Lane (i) complex 6 (ii) polymer 4 and AmB co-spotted (iii) 

polymer 4 and (iv) AmB. Visualised with iodine, then stained with bromocresol green.

In order to obtain complete separation o f AmB and polymer 4, methanol: acetic acid (9:1) 

was used as a mobile phase. This enabled all the AmB from the complex to elute with the 

same Rf value as free AmB (R f ~ 0.9). Polymer 4 from within the complex 6 and free 

polymer 4 could not be moved off the baseline in this solvent either.
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Table 2.6.4 Retention factor (Rf) of samples under various conditions in TLC

Sample Methanol Methanol: Water (4:1) Methanol: Acetic acid (9:1)

complex 6

polymer 4 0.0 0.0 0.05

AmB 0.0 0.0 and 0.57 0.85

polymer 4 0.0 0.1 0.5

AmB 0.26 0.49 0.9

polymer 4 : AmB mixture

polymer 4 0.0 0.05 0.15

AmB 0.3 0.55 0.9

2.6.6.3.2. Purity o f the complex 6

A peak that could not be attributed to either AmB or polymer 4 was identified using ' H-NMR 

earlier in Section 2.6.7.2. TLC is widely used to assess the purity of compounds. The TLC 

plate was also stained with other reagents in order to possibly identify this peak, and also to 

further establish the purity of the complex 6  following dialysis. Potassium permanganate 

staining revealed DMSO as a large smear when AmB was dissolved in DMSO for TLC. 

However, this smear was not evident in the complex 6 . Therefore, it could be concluded that 

most of the DMSO was effectively removed from the complex via dialysis.

Earlier in Section 2.5.2 (Figure 2.5.1) it was shown using TLC that following mild hydrolysis 

of the precursor polymer 3 there were at least 3 degradation products. These were removed 

from the final product after dialysis and freeze-drying. The same mild hydrolysis reaction 

was carried out during the preparation of the complex 6 . It was necessary to establish 

whether these small molecules were effectively removed from the complex 6  during dialysis. 

The complex 6  was therefore stained with ninhydrin to identify any nitrogen-containing 

components. There was indeed a reaction with the ninhydrin stain to yield 3 independent 

spots of purple colour (Figure 2.6.21, lane (i)). This indicates the presence of amino acids or 

some nitrogen-based compounds. The same spots could be visualised in the polymer 4 

samples which was evaluated prior to dialysis and freeze-drying (Figure 2.6.21, lane (ii)). It 

was expected that all small molecular weight compounds that were below the cut-off of the
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membrane would be removed during dialysis. This was established when testing polymer 4 

on its own following dialysis and freeze-drying (Figure 2.6.21, Lane (iii)). In order to 

conclusively determine the identity o f these small molecules, other experiments were carried 

out. These are discussed below.

Q amphotericin B

D D polymer 4 

I  leaving groups

Figure 2.6.21 Diagrammatic representation of small molecular weight components in the 

complex 6, derived from hydrolysis of the precursor polymer 3. Lane (i) complex 6 following 

dialysis, freeze-drying and reconstitution (ii) polymer 4 from mild hydrolysis without dialysis 

and (iii) with dialysis, freeze-drying and reconstitution. Visualised with iodine, and then stained 

with bromocresol green followed by ninhydrin.

Dialysis is effective at removing the small molecular weight degradation products from 

polymer 4 on its own. However, this is not the scenario for the complex 6 where several 

degradation products from the mild hydrolysis reaction can be visualised after dialysis, 

freeze-drying and reconstitution in water (Figure 2.6.21, lane (i)). This is likely to be because 

the degradation products get trapped by the initial interactions between AmB and polymer 4 

during the complexation reaction. Therefore, they cannot be readily removed from within the 

complex.

2.6.7. NMR spectroscopy

An unidentified component was identified during TLC and NM R o f the complex 6. It was 

hypothesised that it was derived from the leaving group during hydrolysis o f the polymer 

precursor 3. This was tentatively identified as the leaving group 5 and derivatives o f this 

which occur during the hydrolysis o f the molecule (discussed in Section 2.5.2.1). To confirm
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this, a sample o f 7V-hydroxysuccinimide leaving group 5 was hydrolysed, dialysed and freeze- 

dried by the same method as the hydrolysis o f  the polymer precursor 3. An NMR spectrum 

was then obtained for this sample. The superimposed spectra o f hydrolysed leaving group 5 

and the complex 6 are shown in Figure 2.6.22. It can be clearly seen that there is a doublet o f 

triplets for both the hydrolysed leaving group 5 and the complex 6.

(D

CD

2.2 [ppm]2.7 2.6 2.5 2.4 2.3

CM

O

2.5 2.0 1.5 1.0 [ppm]

Figure 2.6.22 'H-NMR spectra overlay of the complex 6 (green line) and hydrolysed leaving 

group 5 (red line). The doublet of triplets in both spectra are magnified showing the similarity 

between signals, despite the small difference in chemical shift between them.

Closer examination o f the doublet o f  triplets indicate that they are similar. However, the 

chemical shifts are not identical and neither is the distance between triplets in each sample.
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The small difference in chemical shift between the signals could possibly be attributed to the 

different environments o f the 2 molecules. In order to further elucidate the effect o f the 

environment on these protons their NM R spectra could be taken in deuterated MeOH.

16 15 14 13 12 11 10 9 8
-i i« 111 If 111 III j I I M 11 11 11 r

3 2 1 0 -1 -2 ppm

Figure 2.6.23 NMR spectrum of hydroxysuccinimide leaving group 5

A doublet o f triplets is typical o f  ethylene bridges (R-CH 2 -CH 2 -R). Therefore it is possible 

that each compound has a similar ethylene spacer, with one in cycle and one out o f cycle. 

The NMR spectra o f A-hydroxysuccinimide leaving group 5 is shown as a reference in Figure 

2.6.23. The chemical shift o f the methylene protons is ~2.7 ppm and there is no coupling to 

form a doublet o f triplets. This is a slightly bigger shift compared to the signals obtained with 

the hydrolysed A-hydroxysuccinimide leaving group 5 (5 = 2.2 -  2.45 ppm). However there
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does appear to be a residue of //-hydroxysuccinimide leaving group 5 in both the complex 6  

and the hydrolysed sample of //-hydroxysuccinimide leaving group 5. This indicates that the 

//-hydroxysuccinimide leaving group 5 and its derivatives following hydrolysis may be 

present within the complex 6  following dialysis, freeze-drying and reconstitution of samples.

2,6.7.1. Biological activity

The hydrolysed leaving group 5 derivatives are not successfully removed during dialysis of 

the complex 6 . The function, if any, of these small molecules within the complex needed to be 

ascertained. It was feasible that hydrolysed leaving group 5 could be responsible for the 

complexation of AmB so that it was solubilised and had attenuated toxicity. This could mean 

that there was actually no requirement for polymer 4 in the complex. In order to refute this 

hypothesis, a reaction was set up where leaving group 5 replaced the precursor polymer 3 in 

the optimised Method 2 synthesis. The product from this reaction using AmB was not water- 

soluble. This indicated that any interactions that took place between hydrolysed leaving 

group 5 and AmB were different from those within the complex 6 , and were not sufficient to 

alter the solubility of AmB. Another reaction was set up using AmB-deoxycholate so that the 

final product would be water-soluble regardless of the interactions that took place. This was 

so that the product could be tested for its toxicity in a haemolysis assay. The haemolysis 

assay was conducted 3 times and the pooled results from the water-soluble product are shown 

in Figure 2.6.24. The product was extremely toxic to red blood cells, causing significantly 

more haemolysis (82.3 ± 0.8%) than the AmB-deoxycholate (72.7 ± 0.7%, p=0.006) at the 

highest concentration tested. These results confirm that the polymer 4, is required for the 

formation of a stable water-soluble, non-toxic complex of AmB. The hydrolysed leaving 

group 5 derivatives are not responsible for the solubilisation of AmB and it subsequent 

attenuation in toxicity.
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Figure 2.6.24 The toxicity of AmB is not attenuated following a hydrolysis reaction in which 

the precursor polymer 3 is replaced by leaving group 5. Data are pooled from 2 separate 

haemolysis assays.

Nonetheless, the fact remained that these small molecules were present in the complex 6 . It 

was important to establish that the hydrolysed leaving group 5 were biologically inert in the 

complex 6 . Therefore the hydrolysed leaving group 5 was tested in a haemolysis assay to 

ascertain any toxicity to red blood cells. Figure 2.6.25 shows that hydrolysed leaving group 5 

does not cause any haemolysis at concentrations as high as 2 mg/ml. These results are the 

pooled data from two haemolysis assays that were conducted. This concentration is 

significantly more than the highest total weight concentration of the complex 6  tested in 

biological assays, which is 330 /ig/ml.

The hydrolysed leaving group 5 sample was also tested in an anti-leishmanial screening 

assay. This was to determine whether the anti-leishmanial activity of the complex 6  could be 

attributed to the action of hydrolysed leaving group 5 products instead of AmB. Figure 2.6.26 

shows that hydrolysed leaving group 5 does not kill Leishmania promastigotes. The highest 

concentration used (30 fig/m\) was also higher than the highest total weight concentration of 

the complex 6  (20 jiig/ml) tested in these assays. Once again, the pooled results from 2 

individual experiments are shown.
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Figure 2.6.25 Hydrolysed leaving group 5 does not cause haemolysis. Data are pooled 

from 2  separate haemolysis assays.
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Figure 2.6.26 Hydrolysed leaving group 5 does not kill Leishmania promastigotes. Data are 

pooled from 2  individual anti-leishmanial assays.
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Therefore, although there is an unexpected component of hydrolysed leaving group 5 within 

the complex 6 , it has no activity with regards to solubilising AmB or the toxicity and activity 

displayed by the complex.

2.6.8. Mass balance o f the complexation reaction

It was important to be able to account for the AmB that was added to the reaction so that 

waste could be minimised during synthesis, and costs therefore minimised. In 3 separate 

complexation reactions, aliquots were taken from-

1 . the small volume of solution that remained in the flask after transfer of the

reaction mixture to the dialysis membrane.

2 . waste dialysate at each water change during dialysis.

3. i. the small volume of solution that remained in the dialysis membrane at the

end of dialysis.

ii. solution that was retained in the filter after filtration (the void volume).

Aliquots were diluted to a final concentration of methanol: water (1:1) and the concentration 

was established as described from a standard curve of absorbance (409 nm) relative to 

concentration. The total mass of AmB that was lost during the complexation reaction was 

therefore established. This was added to the mass of AmB calculated to be in the complex 6 . 

Table 2.6.5 shows that 80-91% of the AmB added to the reaction can be accounted for.

Table 2.6.5 Mass balance of AmB in the complexation reaction

AmB added (mg) AmB discarded (mg) AmB In complex (mg) AmB accounted for (%)

Step 1 Step 2 Step 3

50 3.7 7.8 0.4 32 89

50 0.6 3.9 0.5 41 91

50 0.3 2.5 0.9 37 80

115



2.6.9. Requirem ent for the precursor polymer for the complex 6

It was possible that the basic pH conditions used in the optimised Method 2 for preparation 

were the definitive requirement for the formation of the complex 6 . We wanted to determine 

that the reaction was both novel and unique to the polymer examined. Polymer 4 derived 

from the active ester precursor polymer was specifically selected for the synthesis of a new 

polymer complex of AmB. This was primarily because it could be well characterised and had 

shown potential immunomodulatory characteristics. The following reactions were carried out 

during supervision of an MSc Student working on this project, Abeer Mohammed Ahmed. 

Samples were only tested for their anti-leishmanial activity if it was first demonstrated that 

the toxicity of AmB in the product was attenuated with regards to haemolysis.

2.6.9.1. Synthesis with polymer 4

Early attempts to synthesise a complex between polymer 4 and AmB were carried under 

neutral pH conditions and were not successful (Section 2.6.2.1). Both polymer 4 and AmB 

have ionisable groups which will be affected by the pH of the solvating medium. It was 

possible that the successful complex synthesis using the precursor polymer was the result of 

the basic conditions resulting from the addition of NaOH during hydrolysis. To investigate 

this theory, the complex synthesis was conducted as described by the optimised Method 2, 

with the exception that polymer 4 was added into the reaction instead of the precursor 

polymer 3. This reaction was conducted using both commercially available polymer 4 

(Sigma-Aldrich, molecular weight ~ 30 kDa) and narrow-molecular weight polymer 4 derived 

from the precursor polymer 3. Polymer 4 is an ionic molecule and soluble only in aqueous 

solutions. DMSO could therefore not be used as the solubilising medium for the polymer in 

this reaction. Polymer 4 was instead solubilised overnight in the specified volume of water. 

This was then added to AmB in DMSO for the reaction to proceed as described by Method 2. 

The reaction was conducted a total of 4 times.

The resulting product was water-soluble, indicating that interactions between polymer 4 and 

AmB had taken place and were sufficient to solubilise the hydrophobic molecule. This 

sample was tested in a haemolysis assay to determine whether there was any reduction in 

toxicity as well. The results in Figure 2.6.27 show that this sample caused a high level of 

haemolysis at 50 /rg/ml (48.4 ± 10.6%) which was almost as severe as AmB-deoxycholate 

(79.8 ± 1.5%). The small reduction in toxicity is not significant (p=0.054). It was therefore 

not possible to synthesise a non-toxic complex between polymer 4 and AmB under the same 

basic pH conditions which were found to be highly reproducible in Method 2. This result 

indicates that there is a requirement for the hydrolysis of the precursor polymer 3 during the
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complexation reaction, in order to ensure that AmB is complexed in a manner such that its 

toxicity is attenuated.

1 hr incubation
100n
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—X - AmB-deoxycholate — Synthesis with PMAA-Na

Figure 2.6.27 A stable non-toxic complex between AmB and polymer 4 cannot be 

synthesised under similar basic pH conditions to the optimised Method 2. There was no 

significant difference between the haemolysis caused at the highest AmB concentration 

(p=0.054, n=4).

2.6.9.2. Synthesis with a poly(ethylene glycol)-precursor copolymer

It has been established that the hydrolysis of a precursor polymer is needed for the formation 

of a non-toxic complex of AmB. In order to investigate whether the complexation and 

subsequent attenuation of the toxicity of AmB was unique to polymer 4 derived from the 

precursor polymer 3, another precursor polymer was evaluated as well. Dr Manu Porssa 

carried out a reaction, shown in Scheme 4, whereby the active ester monomer 1 underwent 

controlled polymerisation in the presence of a PEG-initiator 7. In this way a poly(ethylene 

glycol) - block -  poly(methacryloyloxy succinimide) co-polymer (PEG-precursor 8 ) was 

synthesised. The molecular weight of this polymer was 20 kDa. An MSc student, Abeer 

Mohammed Ahmed, was working on the project. She used the PEG-precursor polymer 8  in 

attempt to synthesise a non-toxic complex of AmB. The optimised Method 2 was used for 

synthesis and 2  separate reactions were carried out.
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Scheme 4 Controlled polymerisation of active ester monomer 1 with a PEG-initiator to 

yield a PEG-block-polymer precursor co-polymer 8

AmB was solubilised during interactions with PEG-block-polymer 4. In a haemolysis assay 

using these samples, severe toxicity was observed. Figure 2.6.28 shows the haemolysis 

caused by one of the samples synthesised, which was 83.7 ± 5.9% at the highest concentration 

tested.
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Figure 2.6.28 A stable non-toxic complex between AmB and PEG-block-polymer 4 cannot 

be synthesised by the optimised Method 2. Data shown is using one reaction 

product but represents the results from 2  separate syntheses.

118



2.6.10. The effect o f NaOH treatm ent on the toxicity o f amphotericin B

AmB has a carboxylic ester group that could undergo hydrolysis by NaOH during synthesis 

of the complex 6 . The attenuated haemolysis by AmB in the experiments shown using the 

complex 6  could therefore be the result of the AmB molecule being disrupted so that it is less 

toxic. In order to investigate this hypothesis, the procedure for synthesis of the complex was 

carried out, but without the addition of any polymer. AmB-deoxycholate was used in this 

synthesis so that the resulting product would be water-soluble for biological testing. This 

reaction was carried out twice. Samples were tested in a haemolysis assay and data from one 

sample which represent the overall result are shown in Figure 2.6.29. The haemolysis at 50 

/xg/ml observed by the NaOH -  treated AmB sample (81.2 ± 0.9%) is equivalent (p=0.44) to 

that seen by the AmB-deoxycholate control (66.1 ± 17.5%). Therefore, the toxicity of AmB 

is not attenuated during treatment with NaOH in the complexation reaction.

1 hr incubation
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Figure 2.6.29 NaOH treatment does not attenuate the haemolysis caused by AmB. Data 

shown is using one reaction product but represents the results from 2  separate syntheses.

These results show the preparation and early chemical characterisation of a non-covalent 

complex between the polymer 4 and AmB. The resulting complex 6  enabled AmB to be 

solubilised in aqueous media and also caused an attenuation in the toxicity of AmB with 

regards to the observed haemolysis. Following steps to optimise the process, the method of 

synthesis was reproducible. The results indicate that the complex formed is not merely a 

mixture between AmB and polymer 4. There is a requirement for the hydrolysis of the 

precursor polymer 3. The AmB molecule is not affected by treatment with NaOH with 

regards to its toxicity during the preparation of complex 6 .
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R e s u l t s :  P a r t  C  

2.7. Biological evaluation of the complex 6

Results in Section 2.6 indicated that the complex 6 had attenuated toxicity with regards to 

haemolysis (Figure 2.6.2 & 2.6.14), and yet retained anti-leishmanial activity against 

Leishmania promastigotes in screening assays (Figure 2.6.3). However, more complete 

evaluation of the biological activity of AmB was required.

2.7.1. Toxicity of the complex 6

2.7.1.1. The pro-inflammatory effect o f complex 6 on blood-derived cells

The infusion related toxicity caused by AmB-deoxycholate was discussed earlier in Section

2.1. It has been shown in patients and in vitro that AmB-deoxycholate causes the production 

of pro-inflammatory chemokines and cytokines (Aming et al., 1995; Rogers et al., 1998). 

This undesirable effect in blood-derived cells may provide an explanation for the sepsis-like 

symptoms that were observed following the administration of AmB-deoxycholate to man. 

Results showing the attenuated toxicity of AmB in the complex 6  in terms of attenuated

haemolysis have been discussed (Figure 2.6.2 & 2.6.14). It was important to establish

whether this reduced toxicity also extended to a diminished production of pro-inflammatory 

chemokines and cytokines in blood-derived cells, compared to AmB-deoxycholate.

Previous studies on the pro-inflammatory effect of AmB have largely been carried out using 

the monocytic cell line THP-1 (Razonable et al., 2005; Turtinen et al., 2004; Rogers et al., 

2000). Primary human cells have been consistently used for this project, and it was thought 

that monocytes or PBMCs would provide a result which was more valid for the potential 

biomedical applications of the complex 6 . Monocytes were stimulated with endotoxin-free 

AmB-deoxycholate and the complex 6 , and LPS was used as a positive control. The pooled 

results shown below in Figure 2.7.1 indicate that neither AmB-deoxycholate nor the complex 

6  caused a significant increase in TNF-a, IL-1(3 or IL- 6  mRNA levels above that of the 

untreated control (n = 5). LPS was used at a standard dose of 5 ng/ml. This dose was 

sufficient to cause a mean 4-fold increase in TNF-a mRNA levels above the untreated control 

cells, which indicates that the experimental set-up was appropriate.
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Figure 2.7.1 Monocytes do not upregulate mRNA levels of TNF-a, IL-1/? or IL-6 when 

stimulated with either AmB-deoxycholate or the complex 6. Results are 

pooled from 5 separate experiments.

Experiments were also conducted using peripheral blood mononuclear cells (PBMCs) that 

were stimulated with AmB. AmB was also tested at a final concentration of 10 pg/ml against 

these cells. Results are shown in Figure 2.7.2 and represent pooled results from 4 separate 

experiments. It was found that AmB-deoxycholate and the complex 6  did not cause 

significant increase in TNF-œ, IL-Ip and IL-6  mRNA levels in PBMCs. The data for TNF-a 

only is shown for the sake of simplicity.
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Figure 2.7.2 PBMCs do not upregulate TNF-a mRNA levels when stimulated with either 

AmB-deoxycholate or the PMAA-Na - AmB complex (n=4)

Therefore, it was not possible in these experiments to reproduce results reported in the 

literature with monocytic cell lines when using primary human cells. AmB-deoxycholate did 

not generate elevated levels of TNF-ct, IL-1/3 or IL- 6  mRNA. The complex 6  did not cause a 

pro-inflammatory response in the primary human cells evaluated. However it cannot be ruled 

out that this result could be due to the experimental design and the cell type examined.

2.7.1.2. The effect o f the complex 6 on the viability ofprimary human cells

The complex 6  was also tested for any toxicity against peripheral blood mononuclear cells 

(PBMCs), monocyte derived macrophages and peritoneal macrophages. Viability of these 

cells was determined after a 1 day incubation using an assay with an MTT readout. The 

results are shown in Figure 2.7.3. They represent pooled data from at least 3 experiments for 

each cell type. The three batches of complex 6  tested had AmB loadings of 18%, 25% and 

46% (w/w). At concentrations as high as 60 pg/ml, no significant toxicity was seen against 

any of these cell types. The complex 6  is therefore not toxic to primary human cells. 

Therefore, unlike the increase in haemolysis displayed by batches of complex 6  with 

increasing loadings of AmB (Table 2.6.3), the toxicity of the complex 6  against primary 

human cells in a viability assay is not affected by the loading of AmB.
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Figure 2.7.3 The complex 6  is not toxic to the primary human cells, peritoneal 

macrophages (n=5), PBMCs (n=3) and monocyte-derived macrophages (n=3)

2.7.2. Anti-leishmanial activity of the complex 6

Experiments showed that there was no difference in the anti-leishmanial activity of the 34 

batches of complex 6  synthesised. This was independent of the AmB loading within each 

batch, as the concentration of AmB tested was constant. The total weight concentration of the 

complex 6  varied with the loading, as did the concentration of the polymer 4, but this had no 

discernable effect on the biological activity of the complex 6 . The results shown below 

represent pooled data obtained for all the batches of complex 6  that were synthesised.

2.7.2.1. Activity o f  the polymer 4 against Leishmania promastigotes

The complex 6  has anti-leishmanial activity in a screening assay against promastigotes 

(Figure 2.6.3). It was relevant to establish that this activity was due to AmB and not polymer 

4 in the complex. Therefore polymer 4 was also tested in a screening assay for anti- 

leishmanial activity. Figure 2.7.4 demonstrates that polymer 4 does not have any anti- 

leishmanial activity at concentrations as high as 250 pg/ml. This is a 20-fold higher 

concentration than the total weight concentration of a typical complex 6  (with 25% AmB 

loading) tested in this assay.
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Figure 2.7.4 Polymer 4 has no anti-leishmanial activity (n=3)

2.7.2.2. Activity against Leishmania amastigotes within macrophages

The anti-leishmanial activity of the complex 6 was established in preliminary screening 

assays (Figure 2.6.3). However a far more relevant model for the in vitro evaluation of anti- 

leishmanial drugs is the infection of macrophages with Leishmania and subsequent addition 

of drug to the cell culture medium. Both tissue-derived (peritoneal) and monocyte-derived 

macrophages were infected with Leishmania amastigotes and treated with the complex 6. 

AmB-deoxycholate was used as a positive control. Figure 2.7.5 shows pooled results from 3 

separate experiments for each cell type. Results are represented as a percentage of the 

infection index obtained in untreated Leishmania-inÏQcXQà macrophages. The infection index 

is defined as the average number of parasites per infected cell divided by the percentage of 

infected cells. An infection index >100 was considered sufficient to test the drug samples
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against. The average LD50 of complex 6  against L. mexicana in monocyte derived 

macrophages was 0.14 pg/ml compared to 0.22 pg/ml for AmB-deoxycholate. The average 

LD50 of the complex 6  against L. donovani in monocyte derived macrophages was 0.27 jig/ml 

compared to 0.24 pg/ml for AmB-deoxycholate. In peritoneal macrophages the activity of 

the complex 6  (LD50 = 0.06 pg/ml) and AmB-deoxycholate (LD50 = 0.05 pg/ml) was also 

comparable. There was no significant difference between any of these values. The activity of 

complex 6  against Leishmania amastigotes within macrophages is thus comparable to the 

activity achieved by AmB-deoxycholate. The complex is effective within the distinct cell 

populations of both tissue (peritoneal) and monocyte-derived macrophages.

Figure 2.7.6 shows the decrease in the number of Giemsa-stained amastigotes in monocyte- 

derived macrophages treated with the complex 6  (1  pg/ml) compared to untreated infected 

macrophages. The dark-purple stained amastigotes are indicated by the arrows.
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Figure 2.7.5 Complex 6  shows comparable activity to AmB against Leishmania amastigote 

infection in macrophages (n=3)
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Figure 2.7.6 Microscopic evaluation of Giemsa-stained L  mexicana amastigotes 

(indicated by arrows) in monocyte-derived macrophages that are either untreated (A) or 

treated with complex 6  (B)

2.7.3. Effect o f the molecular weight o f polymer 4 on the complex 6

In Section 2.5 the synthesis o f a small family o f polymer 4 with molecular weight over a 

range 18-37 kDa was described. The aim was to evaluate whether the size o f the polymer 4 

would have an effect on the biological activity on polymer-based AmB. An MSc student, 

A beer Mohammed Ahmed, was working on the project and under my supervision synthesised 

several batches o f the complex 6 using different molecular weight batches o f polymer 4. At 

least 2  batches o f the complex 6  were synthesised using each different molecular weight batch 

of polymer 4. These samples were then assayed for their haemolysis and anti-leishmanial 

activity in screening assays. The results are shown in Table 2.7.1. The results from the lead 

complex 6 that was synthesised using the 28 kDa polymer 4 are included for comparison. 

There was no significant difference in either the haemolysis or the anti-leishmanial activity 

displayed by any batches o f complex 6  synthesised using different molecular weight batches 

of polymer 4. These results indicate that, over the range o f  molecular weight o f polymer 4 

that was synthesised, there was no effect on the complexation o f AmB.
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Table 2.7.1 The haemolysis and anti-leishmanial activity of the complex 6  is unaffected by 

the molecular weight of polymer 4

Molecular weight of polymer 4 AmB loading (%) Haemolysis (%) LD50 (pg/ml)

28 kDa 15-25 5.5 ± 2.7 0.16

18 kDa 18-20 7.4 ± 1.6 0.19

23 kDa 2 1  -28 3.2 ± 1.7 0 . 2

37 kDa 21-25 5.7 ± 3.2 0.09

2.7.4. Anti-leishmanial activity o f liposomal amphotericin B

2.7.4.1. Activity o f liposomal amphotericin B against Leishmania promastigotes

Liposomal AmB is a highly effective anti-leishmanial and anti-fungal agent that has reduced 

toxicity compared to AmB-deoxycholate. In order to compare the activity of complex 6  to 

liposomal AmB, it was tested in a screening assay against promastigotes. Results shown in 

Figure 2.7.7 indicate that liposomal AmB has diminished activity in this assay. The LD50 

against L. mexicana is 1.09 pg/ml and against L. donovani the LD50 is 0.53 pg/ml. This is a 

significant decrease in activity compared to both AmB-deoxycholate and the complex 6 .
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Figure 2.7.7 Liposomal AmB has limited activity against L. mexicana (n=4) and L. 

donovani (n=2 ) promastigotes

Liposomal AmB was then also tested in the more relevant model of macrophage infection. 

Results shown below in Figure 2.7.8 indicate that liposomal AmB was far more active in this 

assay than it was in the screening assay against promastigotes. The results shown are from a 

single experiment for each parasite species but represent 2 separate experiments. The LD50 

against L. mexicana was 0.025 pg/ml which was equivalent to the activity of both the 

complex 6  and AmB-deoxycholate seen in peritoneal macrophages. When tested against L. 

donovani the LD50 of liposomal AmB was 0.11 pg/ml. This is also comparable to results 

obtained with AmB-deoxycholate and the complex 6 . The macrophage infection assay is the 

more valid assay for evaluating the activity of liposomal AmB dLgzmsi Leishmania.
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Inhibition of intraceiiuiar L. mexicana amastigote growth
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Figure 2.7.8 Liposomal AmB is active against Leishmania amastigote infection in 

macrophages (n=2 )

2.7.5. Stability of the complex 6

Complex 6 was stored either lyophilised or in 5% dextrose solution under various conditions 

that are indicated in Table 2.7.2. This was so that the stability of the complex over a period 

of time could be determined. Aliquots were taken routinely and their anti-leishmanial 

activity was determined in order to establish the stability of the complex during storage. Two 

separate viability assays against L. mexicana promastigotes using an MTT readout were 

carried out at each time point for the samples. It was however possible that the complex 6 

would dissociate over time and that the anti-leishmanial activity observed could be due to free
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AmB. Previous assays have shown that the complex 6  causes significantly less haemolysis 

than AmB-deoxycholate (Figure 2.6.2 & 2.6.14). A haemolysis assay was therefore also 

carried out to determine whether the haemolytic activity of complex 6  had changed under 

these storage conditions. This would indicate whether the interactions between the polymer 4 

and AmB were maintained. AmB-deoxycholate was freshly solubilised and used as a positive 

control for comparison.

2.7.5.1. Lyophilised complex 6

Results from the storage of lyophilised complex 6  are summarised in Table 2.7.2. The anti- 

leishmanial activity of complex 6  was not altered by storage as a lyophilised powder under 

nitrogen for 12 months at 4°C. There was also negligible haemolysis observed. This 

indicates that the interactions within the complex 6  were stable during this period.

After 1 month storage at 37°C the AmB-deoxycholate sample was not soluble, even with at 

concentrations as low as 250 pg/ml AmB. Samples were typically solubilised at 

concentrations of 1 mg/ml AmB. This meant that AmB was lost from the solution when 

filtering to sterilise and this led to the limited anti-leishmanial activity seen in the 

promastigote assay (see Figure 2.7.9). The anti-leishmanial activity of AmB-deoxycholate 

was therefore reduced (LD50 > 4 pg/ml; this concentration reflects the initial AmB dose 

weighed out). However, the complex 6  remained completely soluble and its anti-leishmanial 

activity (LD50 = 0.5 pg/ml) was not significantly different (p > 0.05) from the AmB- 

deoxycholate control (LD50 = 0.2 pg/ml) (see Figure 2.7.9). These results are the pooled data 

from 2 separate experiments. They indicate that polymer 4 solubilises AmB more effectively, 

and that these interactions are more stable than with sodium deoxycholate in AmB- 

deoxycholate.

Negligible haemolysis (0.4 ± 2%) was caused by the complex 6  stability sample stored over 

this time (see Table 2.7.2). This was comparable (p=0.14) to the haemolysis caused by the 

complex 6  control sample (3.8 ± 0.01%). Therefore after 1 month storage at 37°C the 

complex 6  still attenuates the haemolysis caused by AmB. These results indicate that the 

complex formed between polymer 4 and AmB is stable during storage under these conditions.
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Table 2.7.2 Stability of the lyophilised complex 6  as determined by anti-leishmanial 

activity and haemolysis assays

Temp
CC)

1 month 1 2  months

LD50
(pg/ml) % haemolysis Difference 

from control
LD50

(pg/ml) % haemolysis Difference 
from control

37 0.5 0.4 ±1.9 ns - -

4 0.3 4.2 ± 1.3 ns 0 . 1 3.5 ± 1.8 ns

L  mexicana promastigotes

I  75- 

^  50-

25-

0 1 42 3
AmB concentration (̂ ig/ml)

--X-- AmB deoxycholate control O AmB deoxycholate stability 

-B - complex 6  stability

Figure 2.7.9 Storage of the complex 6  at 37 “C for 1 month does not adversely affect the 

anti-leishmanial activity, in contrast to AmB-deoxycholate

2.7.5.2. Solubilised complex 6

Figure 2.7.10 shows the anti-leishmanial activity of solubilised complex 6  after 9 months 

storage at 4°C. After storage at these conditions, complex 6  (LD50 = 0.18 pg/ml) maintains 

good activity against L. mexicana promastigotes, which is comparable to the activity seen by 

the AmB-deoxycholate control (LD50 = 0.14 pg/ml). The activity of complex 6  is not affected 

by storage at 4 °C in 5% dextrose. Figure 2.7.11 shows that the complex 6  stability sample 

stored in solution for 9 months caused negligible haemolysis (2.8 ± 0.5%) compared to AmB- 

deoxycholate which caused marked haemolysis (54.4 ± 1.3%) after 1 hr incubation. The 

complex 6  is therefore stable when stored at 4 °C in 5% dextrose for 9 months.
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Figure 2.7.10 Storage of complex 6  in 5% dextrose at 4®C over 9 months does not 

adversely affect the antl-leishmanial activity of AmB
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Figure 2.7.11 The complex 6  is stable after 9 months storage in 5% dextrose at 4°C as 

demonstrated by reduced haemolysis compared to AmB-deoxycholate
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Solubilised complex 6  was also stored at 37°C. Samples were stored for 7 days and tested 

for activity against Leishmania promastigotes (Figure 2.7.10) and also in haemolysis assays 

(Figure 2.7.11). It can be seen that the complex 6  retains good anti-leishmanial activity after 

this time (LD50 0.23 ± 0.05 pg/ml), which is comparable to the AmB-deoxycholate control 

(LD50 = 0.12 ± 0.02 pg/ml). This difference is not significant (p = 0.18). Furthermore, the 

haemolysis caused by this stability sample (6 .0 2  ± 0.61%) remains significantly lower than 

that caused by the AmB-deoxycholate control (79.8 ± 1.5%) after 1 hr incubation at the 

highest concentration. Therefore the interactions within the complex 6  remain intact under 

these storage conditions.

L  mexicana promastigotes

100

25-

41 20 3
AmB concentration (pg/ml)

-B - complex 6  stability x AmB deoxycholate

Figure 2.7.12 Storage of the complex 6  in 5% dextrose at 37"C over 7 days does not 

abolish its anti-leishmanial activity
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Figure 2.7.13 The complex 6  is stable after 7 days storage at 37°C in 5% dextrose as 

demonstrated by reduced haemolysis compared to AmB-deoxycholate

2.7.6. In vivo activity o f the complex 6 in experimental visceral leishmaniasis

There is a well established murine model of visceral leishmaniasis that can be used to test 

drugs against acute disease (Nan et al., 2004; Al Abdely et al., 1999). L. donovani 

amastigotes were harvested from the spleen of infected Syrian Golden Hamsters. BALB/c 

mice were infected with amastigotes within 4 hr of isolation via inoculation in the tail vein. 

14 days post infection one mouse was sacrificed, and the numbers of amastigotes in the liver 

and spleen were determined by Giemsa stain. The infection was established to be significant 

(-400 amastigotes per 500 cells counted). The complex 6 was evaluated at a total dose of 3
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mg/kg over a period of 5 days. The batch of complex 6 that was tested was one of the early 

batches synthesised by Method 1 and had a loading of 48% AmB (w/w). An equivalent dose 

of AmB-deoxycholate was also administered. The results are shown in Figure 2.7.14. 100% 

survival of amastigotes was determined using untreated control mice. The polymer 4 was 

administered at a dose of 8 mg/kg over the same time period. This substantial dose did not 

induce any adverse effects in the mice. The mice also showed no adverse reactions to either 

AmB-deoxycholate or complex 6 administered over the course of treatment. The organs of 

the animals, and the kidneys in particular, remained viable when examined at the completion 

of treatment.

In mice treated with polymer 4 only the survival of amastigotes was 93 ± 21%. Thus the 

polymer did not have any anti-leishmanial activity. The survival of amastigotes in complex 6 

treated mice was 62 ± 14%. This corresponds to a significant reduction in the number of 

amastigotes compared to the untreated control mice (p<0.0005). In AmB-deoxycholate 

treated mice 56 ± 13% of amastigotes survived within the liver macrophages. This difference 

in activity between these samples is not significant (p=0.39). Therefore, in a murine model of 

visceral leishmaniasis the activity the complex 6 is equivalent to that of AmB-deoxycholate.

D)
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75-siQ.
§03
E 50-

25-
c

3(/> <o

Figure 2.7.14 The in vivo activity of complex 6  against L. donovani is equivalent to that seen 

by AmB-deoxycholate in a murine model of visceral leishmaniasis
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2.7.7. Antifungal activity o f the complex 6

These experiments were carried to establish whether the broad-spectrum activity of AmB was 

affected by the formation of a complex with polymer 4. Immunocompromised patients have 

increased in numbers due to the rise of AIDS, improved organ transplant methods and 

chemotherapy regimens. This has led to the emergence of opportunistic fungal pathogens as 

potent causes of morbidity and mortality. The basidiomycetous yeast Cryptococcus is an 

opportunistic human pathogen which causes cryptococcosis in humans and animals. The most 

common species causing disease is C. neoformans and 2 variants have been established. C. 

neoformans var. neoformans exists largely in Europe and some of America, as well as in HIV 

positive patients. C. neoformans var. gatii is found predominantly in the tropical areas of the 

Far East, Africa and Australia, being associated with eucalyptus trees.

Infection most likely results from the inhalation of infectious particles, after which the yeast 

establishes itself in the lungs. Pulmonary cryptococcosis is the most common manifestation 

of disease. An essential virulence factor of C. neoformans is its capsule, which can sometimes 

be several times larger than the cell itself. For most strains, the size of the capsule in soil and 

under laboratory conditions is small, however growth of the capsule can be stimulated by the 

addition of mammalian serum and the availability of CO2 (Zaragoza et al., 2003). This 

presents a physical barrier that impedes regular phagocytosis and clearance by cells of the 

immune system. The capsule is the main diagnostic feature for Cryptococcus as it can be 

easily visualised under light microscopy with India ink staining. The capsule excludes the ink 

and a halo around the yeast cell can be seen.

2.7.7.1. Broth microdilution assay

The minimum inhibitory concentration (MIC) is defined as the lowest concentration of an 

antimicrobial agent that prevents the visible growth of the microorganism in a susceptibility 

test. An assay was carried out according to the NCCLS microdilution method to determine the 

activity of complex 6 against Cryptococcus neoformans and Candida spp. (NCCLS, 1997). 

AmB-deoxycholate was used as the positive control. In order to ensure an adequate 

incubation time for the MIC assay a growth curve was first constructed for each strain over a 

period of 3 days. The stationary growth phase was reached after 1 day (for Candida) and 2 

days (for Cryptococcus) incubation. Any further incubation would not have increased the 

growth of the organism in the control wells, but decomposition of AmB in the media at 32°C 

could have adversely affected its activity (Cheung et al., 1975).
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Figure 2.7.15 shows the activity of the complex 6 and AmB-deoxycholate against 

Cryptococcus neoformans. These results are a representative of 5 separate experiments for 

each strain. Figure 2.7.16 shows the activity of the complex 6 and AmB-deoxycholate against 

Candida albicans and C. glabrata. These results are a representative of 3 separate 

experiments for each species. A summary of the MIC obtained for both AmB-deoxycholate 

and the complex 6 is given in Table 2.7.3. There was no clinically significant difference in 

the antifungal activity of the complex 6 and AmB-deoxycholate against Cryptococcus or 

Candida sp.

Table 2.7.3 The MIC for the complex 6  and AmB-deoxycholate against yeast pathogens

Complex 6  (pg/ml) AmB-deoxycholate (pg/ml)

C. neoformans var neoformans NOPF 3003 0.75 0.5

0. neoformans var gattii NOPF 3216 1.5 1.5

0 . neoformans var neoformans clinical isolate 2 1

C. neoformans var gattii clinical isolate 1 1

C. albicans ATCC 90028 1 1.5

C. glabrata ATCC 90030 1.5 1.5
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Figure 2.7.15 Activity of the complex 6  is comparable to AmB-deoxycholate in a broth 

microdilution assay for C. neoformans. Results are from a single experiment which is 

representative of 5 separate assays.
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Figure 2.7.16 Activity of the complex 6 is comparable to AmB-deoxycholate in a broth 

microdilution assay for C. albicans and C. glabrata. Results are from a single experiment 

which is representative of 5 separate assays.

2.7.7.2. Macrophage infection experiments

The activity of complex 6 was determined against various strains of C. neoformans that had 

been phagocytosed by macrophages in vitro. AmB-deoxycholate was used as a positive 

control. Microscopy was used to determine the viable colony forming unit (CPU) count. 

Only the yeast CPU that stained darkly in a gram-positive result were counted. A single yeast 

cell with several budding yeasts was counted as one CPU so that the infection index appears 

low. However, a heavy infection was established before testing as shown in the untreated 

macrophages in Pigure 2.7.17 (A). The decrease in the number of viable yeast CPU after 

treatment with the complex 6 (1 /xg/ml) is shown in Pigure 2.7.17 (B). Yeast are indicated by 

the arrows and the viable, darkly stained gram-positive yeast in (A) can be differentiated from 

the clear yeast in (B) having a light brown cell wall that are not viable following treatment 

with the complex 6.
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Figure 2.7.17 Microscopic evaluation of Gram-stained Cryptococcus neoformans var 

neoformans in monocyte derived macrophages that are either untreated (A) or treated with 

complex 6  (B)

The anti-cryptococcal activity o f both AmB-deoxycholate and the complex 6  in infected 

macrophages is expressed as the infection index. The results are shown in Figure 2,7.18. A 

summary o f the LD5 0  for the complex 6  and AmB-deoxycholate is given in Table 2.7.4. 

Comparison o f the LD 5 0  showed an approximately two-fold difference in the activity o f 

Complex 6  versus AmB-deoxycholate which has no clinical implication.

Table 2.7.4 A comparison of the LD50 for the complex 6 and AmB-deoxycholate against 

Cryptococcus within infected macrophages

Cell Population Cryptococcus strain Polymer 4 -AmB 
(pg/ml)

AmB-deoxycholate
(pg/ml)

C. neoformans var neoformans 
clinical isolate 0.26 0 . 1 2

Monocyte-
derived
macrophages

C. neoformans var gattii clinical 
isolate 0 . 2 2 0.03

C. neoformans var neoformans 
NCPF 3003 0.23 0.52

Peritoneal
macrophages

C. neoformans var neoformans 
clinical isolate 0.07 0.04

Both monocyte derived macrophages and tissue (peritoneal) macrophages were infected with 

Cryptococcus. This was to establish whether these distinct cells responded differently to
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treatment with the complex 6. It was established that the complex 6 had antifungal activity in 

both these cell populations.

Inhibition of C.neoformans var neoformans clinical isolate 
in monocyte derived macrophages

125-

g 100- 
1  

. i
50- 

c
25-

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Inhibition of C.neoformans var gattii clinical isolate 
in monocyte derived macrophages

lOOi

X 75{|

I
g 50:;

Ls-i

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
AmB concentration (pg/ml) AmB concentration (pg/ml)

Inhibition of C.neoformans var neoformans clinical isolate 
in peritoneal macrophages

45-1
40̂ ]

"o 30

—X----------V----------------------
 1--------P --------1---------1---------1------- %-

1.0 1.5 2.0 2.5 3.0 3.5 4.0
concentration (pg/ml)

Inhibition of C.neoformans var neoformans NCPF 3003 
in monocyte derived macrophages

50-,

40-

1 30-
o

20-I
10-

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
AmB concentration (pg/ml)

 complex 6 AmB-deo>ycholate

Figure 2.7.18 The complex 6 shows comparable activity to AmB-deoxycholate against C. 

neoformans infection in macrophages

The complex 6 was therefore shown to be active against Leishmania promastigotes and 

amastigotes as well as in a murine model of visceral leishmaniasis. This activity was not due 

to polymer 4. The complex 6 was also found to retain its broad-spectrum activity against 2 

yeast pathogens evaluated. This activity was comparable to clinical grade AmB, both AmB- 

deoxycholate and liposomal AmB. The complex 6 was found to be stable when lyophilised 

for over 12 months, and also in solution for up to 9 months when stored at 4°C.
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D is c u s s io n

2.8. Preparation of a complex of PMAA-Na and amphotericin B

Polymers have long been ubiquitous in industries such as textiles, adhesives and consumer 

healthcare products. However, very few have been approved for intravenous administration 

to man. The clinical usefulness of many polymers has been limited by the numerous 

problems encountered with the synthesis of blood-compatible polymers (Dey and Ray, 2003; 

Alban and Franz, 2000). Previous work in Prof. Shaunak’s lab with the linear polymer 

dextrin-2-sulphate showed that it too had anticoagulant activity. This made it unsuitable for 

intravenous administration to man. This was because sulphated polymers typically display 

heparin-like anticoagulant activity (Thornton, 2000). In the case of dextrin-2-sulphate, the 

molecule was developed for topical (vaginal) and intraperitoneal use. When it was 

administered via these routes, no toxicities were seen.

A further problem with dextrin-2-sulphate was its broad molecular weight distribution. This 

meant that the polymer could not be chemically well defined and nor could it be easily 

characterised. Furthermore, there was heterogeneity in the observed biological responses. A 

narrow molecular weight distribution (MWD) polymer should be much more suitable for 

biomedical applications. In this particular context, a range of recently developed 

polymerisation reactions known as controlled living radical polymerisations offer the promise 

of polymers with narrow MWD. Atom transfer radical polymerisation (ATRP) is just one of 

these controlled polymerisation techniques (Patten et al., 1996). This technique was used to 

optimise the polymerisation of an active ester monomer 1, W-methacryloxysuccinimide that 

yields narrow MWD precursor polymer 3, poly(A-methacryloxysuccinimide) (PMAOS) 

(Godwin et al., 2001), The precursor polymer 3 was soluble in only some organic solvents 

and it could be used for conjugation to a drug, or to prepare functional excipients (Pedone et 

al., 2003). Hydrolysis of precursor polymer 3 yields polymer 4, which is more commonly 

known as poly(methacrylic acid sodium salt) (PMAA-Na). This is a water soluble, linear 

anionic polymer that is potentially suitable for administration to man. Polymers derived from 

methacrylic and acrylic acids are widely used as excipients in medicines and in healthcare 

products. Furthermore, polymer 4 derived by this method should have the same molecular 

weight characteristics as its precursor. This method enables the synthesis of a narrow MWD 

polymer 4.

Leishmaniasis is an infectious disease that has been neglected by most of the pharmaceutical 

manufacturers in the world. The epidemic in India during 1997 and 1998 caused an estimated 

loss of 20,000 lives. Antimonial drugs have traditionally been the first-line treatment but
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resistance to them is now common (Sundar, 2001; Sinha et al., 2006; Khalil et al., 1998), 

especially in India, which accounts for 40% of all cases world-wide. There is therefore an 

urgent need for new anti-leishmanial drugs that are cost-effective and are also safe to 

administer to patients. Liposomal AmB has become the new gold standard for the treatment 

of leishmaniasis in the western world (Ostrosky-Zeichner et al., 2003). It exhibits increased 

tolerability and efficacy in patients when compared with AmB-deoxycholate. However, its 

high cost rules out its use in many developing countries. The aim of the first part of this PhD, 

was to develop a polymer 4 complex of AmB that increased its solubility in aqueous media, 

and that had reduced toxicity compared to AmB-deoxycholate. An additional primary 

objective was to ensure that it would be a low cost pharmaceutical drug.

2.8.1. Polym er 4 as a drug carrier

Polymer 4 was therefore examined as a novel platform for a new polymer based drug. 

Synthesis of polymer 4 from an active ester precursor polymer 3 was found to be a simple, 

inexpensive and reproducible method. The reaction is shown in Scheme 1. Isolated yields of 

the precursor polymer 3 following ATRP were usually about 80% (Table 2.5.1). The MWD 

of the precursor polymer 3 was always less than 1.4, and typically in the range of 1.2-1.3. 

The polydispersity or MWD of a polymer is defined as the ratio of the weight average 

molecular weight to the number average molecular weight (Mw/Mn) displayed by the 

polymer. It is often difficult to identify a limit at which the MWD of a polymer can be called 

‘narrow’. Polydispersities less than 1.1 are ‘very narrow’ and are usually obtained for anionic 

polymerisations. Such polymerisations can only be accomplished with a few special 

monomers using very rigorously defined reaction conditions. For living radical 

polymerisations such as atom transfer radical polymerisation, a polydispersity of 1.2 to 1.3 is 

typically defined as ’narrow’ (Matyjaszewski and Müller, 2006). Polydispersity values can be 

in the range from 1.05<Mw/Mn<1.5.

Following the copper-mediated ATRP of monomer 1 a small amount of copper contaminant 

may persist in the isolated precursor polymer 3. Copper contaminants can for the most part 

be removed via the repeated precipitation (3 times) of the precursor polymer 3 in acetone and 

its subsequent isolation over a sintered glass funnel. Other investigators have established that 

the concentration of copper in the final product following 2 precipitations in acetone was 

0.03% (Monge and Haddleton, 2003). They also showed that repeated precipitation served to 

fractionate the product and thereby allowed further narrowing of the MWD of the final 

product. After the hydrolysis of the precursor polymer 3 to the water-soluble polymer 4
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derivative, further purification by dialysis against ultra-pure water is effective at removing 

any traces of residual copper contamination.

The blood compatibility of polymer 4 was evaluated in anticoagulation, haemolysis and 

viability assays on human primary cells. Following the incubation of blood with polymer 4, 

the thrombin time and kaolin partial thromboplastin time in blood were slightly prolonged 

demonstrating some anticoagulant activity (Table 2.5.2). However, this was much less than 

the heparin-like activity seen with sulphated polymers such as fucoidan and carrageenan 

(Farias et al., 2000; Soeda et al., 1992). The modest anticoagulant activity of polymer 4 at 

high concentrations can be attributed, at least in part, to the lack of sulphate groups on this 

molecule. Importantly, polymer 4 was inert when tested against blood-derived cells for an 

inflammatory response (Figure 2.5.3), The pro-inflammatory chemokine (MIP-lcx, MIP-lj3, 

IL-8) and cytokine (TNF-o; IL-1/3, IL-6) mRNA were not upregulated following incubation 

with polymer 4. The excessive production of these chemokines and cytokines in the 

bloodstream can lead to a syndrome that is characterised by fever, chills and muscle pain. In 

addition, polymer 4 was not toxic to human red blood cells as demonstrated by an absence of 

haemolysis (Figure 2.5.4). This effect was observed at a concentration as high as 2 mg/ml. 

Polymer 4 did not affect the viability of human white blood cells and primary human cells 

that were isolated from a tissue compartment, (the peritoneal cavity) (Figure 2.5.5). PMAA- 

Na synthesised by methods described elsewhere has been used to improve the blood 

compatibility of polymer scaffolds in tissue engineering (Zhu et al., 2003). This means that 

the polymer 4 is potentially suitable for the safe intravenous infusion in man. The safety of 

the polymer 4 was confirmed when it was administered to mice at a high dose of 8 mg/kg. 

These mice did not show any adverse effects (Section 2.7.6). Polymer 4 can also be 

reproducibly synthesised to have a level of endotoxin that is below the European Union limit 

for water for injection. All of these results collectively indicate that the method described 

here for synthesizing polymer 4 yields a molecule that is biocompatible and is therefore 

potentially suitable for administration to man.

Other investigators have found that molecular weight has significant consequences for the 

biological behaviour of a polymer (Seymour et al., 1987b). A small library was synthesised 

for these experiments and it was established that increasing the size of polymer 4 from 18 

kDa to 37 kDa did not alter its toxicity profile. The size of the polymer used for biological 

applications is of considerable importance because it affects the molecule’s biodistribution, 

tissue uptake and clearance (Cartlidge et al., 1987; Sprincl et al., 1976; Yamaoka et al., 1994). 

Most polymers of less than 25 kDa are most readily excreted via the kidneys (Hespe et al., 

1977). The renal threshold varies between polymers and is a function of the polymer size and
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charge characteristics in solution. Non-biodegradable polymers which are too large to be 

eliminated could lead to a storage disease syndrome (Schneider et al., 1997; Chi et al., 2006; 

Kuo and Hsueh, 1984). However in the cases that have been reported highly concentrated 

solutions (>50 mg/ml) of very large poly(vinylpyrrolidone) polymers (-200 kDa) were 

administered over very long periods of time (10 years) (Kuo et al., 1997; Kepes et al., 1993). 

The 28 kDa precursor polymer 3 was the most common polymer used for the synthesis of the 

complex 6. This size is thought to be close to the limit of renal excretion and so the 

biodistribution of the drug should be improved. This polymer also had the most narrow 

MWD of any of the molecules synthesised (Mw/Mn =1.2).

2.8.2. Synthesis of polymer 4 -  amphotericin B complexes

It was hoped that by synthesising a non-covalent complex of PMAA-Na and AmB, it would 

be possible to increase the solubility and reduce the toxicity of AmB. In chemistry the term 

complex typically implies a reversible association of molecules, atoms, or ions through weak 

chemical bonds. The International Union of Pure and Applied Chemistry defines a complex 

as ‘A molecular entity formed by loose association involving two or more component 

molecular entities (ionic or uncharged) ... The bonding between the components is normally 

weaker than in a covalent bond.’ (lUPAC, 1997). It was considered that a complex between 

AmB and PMAA-Na would cause less structural disruption to the drug and therefore the anti- 

leishmanial activity of AmB would be preserved.

It was initially thought that polymer 4 and AmB would interact readily as a result of the 

overall negative charge on the backbone of the anionic polymer 4 and the zwitterionic nature 

of AmB. However in the early experiments that were carried out at a neutral pH in which the 

polymer 4 and AmB were mixed, a stable complex did not form between these molecules. 

AmB remained insoluble in aqueous media. It was important to conduct these experiments at 

a basic pH as well. The pKa of the pendent carboxylate groups on PMAA-Na is 

approximately 4.6 (Nagasawa et al., 1965). On the AmB molecule, the pKa of the 

carboxylate and amino groups are 5.7 and 10, respectively. At a pH below the pK values, the 

carboxylate groups and the amino group will be largely protonated. At a neutral pH, the 

sodium salt groups (R-COG’Na^) on polymer 4 will exist in an equilibrium with the 

carboxylic acid groups (R-COOH) of the free acid in solution. Likewise, AmB will have 

more charged carboxylate groups. However, when the pH is raised further with the addition 

of a base, the carboxylic acid groups will be largely deprotonated. This means that the overall 

negative charge of the polymer backbone and the AmB carboxylate group will be higher. If 

the pH was below 10, then the amino group on AmB would be expected to be protonate and
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thus be charged as well (-NHg^). It was possible that this greater charge on the polymer 

backbone and AmB could have led to stronger interactions between polymer 4 and AmB and 

that this augmented the formation of a stable complex. Stronger interactions were indeed 

evident because, following the mixing of these molecules at basic pH, AmB was solubilised 

by polymer 4 in aqueous media (Section 2.6.2.1). However, these interactions were 

insufficient to attenuate the toxicity of AmB in a haemolysis assay (Figure 2.6.27).

Earlier during the attempts to synthesise a conjugate, the association of AmB and the polymer 

4 was observed following the initial mixing of AmB and the precursor polymer 3. AmB and 

the polymer precursor 3 are both hydrophobic molecules. It was considered that these 

molecules may associate in a DMSO solution via hydrophobic interactions. We wanted to 

exploit these interactions as well as those described above between polymer 4 and AmB 

under basic conditions. Therefore, the precursor polymer 3 and AmB were first mixed in a 

DMSO solution. Aqueous sodium hydroxide was added to this solution so that the mild 

hydrolysis of the precursor polymer 3 to polymer 4 was conducted in the presence of AmB. It 

was hoped that the non-covalent interactions that had potentially occurred between polymer 4 

and AmB might be enhanced in order to enable the formation of a stable complex which had 

significantly reduced toxicity against red blood cells. As previously discussed, charged 

molecules such as AmB and polymer 4 could associate via electrostatic forces to form a non- 

covalent complex. Other non-covalent interactions such as Van der Waals forces and 

hydrogen bonding can also play a role. It is also possible that the process for making the 

complex was critical for its formation. The precursor polymer 3 and AmB are both 

completely solubilised in DMSO. Upon addition of the aqueous sodium hydroxide, both the 

solvent system and the polymer are changing characteristics and becoming more water-like. 

Since AmB is not undergoing change, it is possible that there are enhanced interactions with 

the hydrolysed polymer, so that it preferably remains in solution. AmB is amphiphilic and 

while it may increase its hydrophilic interactions with the polymer, it was not unreasonable to 

expect that its hydrophobic interactions with the polymer 4 backbone (CH3 and CH2 groups) 

would be enhanced during polymer hydrolysis, thereby enabling the formation of a stable 

complex. This reaction is shown in Scheme 3.

The formation of the complex 6 was possible during the hydrolysis of the precursor polymer 3 

to polymer 4 in the presence of AmB. Throughout the progress of the complexation reaction 

there were distinctive changes in the physical appearance of the mixture. Initially the solution 

of the precursor polymer 3 and AmB in DMSO was a viscous translucent yellow colour. 

After the addition of sodium hydroxide a white precipitate briefly formed. This was 

attributed to the hydrolysed, water-soluble polymer 4 pendent groups coming out of solution
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in the excess DMSO present in the reaction mix. Polymer 4 is not soluble in the organic 

solvent DMSO. This precipitate went quickly back into solution after the addition of more 

water, and led to the formation of a translucent yellow solution. Previous investigators have 

suggested that such solution characteristics could be indicative of the presence of small 

aggregates or dimers of AmB (Sanchez-Brunete et al., 2004). After the hydrolysis of the 

precursor polymer 3 had been allowed to continue for approximately 40 minutes, this solution 

changed in its appearance and it became an opaque yellow suspension. This could be 

indicative of the formation of larger super-aggregates of AmB (Sanchez-Brunete et al., 2004). 

The potential super-aggregation of AmB within the complex 6 is discussed in more detail 

later on.

The complex 6 was reproducibly synthesised and was endotoxin free. The loading of AmB 

was altered simply by increasing or decreasing the amount of AmB added to the reaction, as 

long the final concentration in DMSO was maintained at 1.8 x 10'̂  M (Table 2.6.3). The 

solubility of AmB was enhanced by its interaction with the physiologically soluble polymer 4 

so that AmB was soluble in aqueous media at concentrations of at least 20 mg/ml 

(approximately 2 x 10'̂  M). Free AmB is only soluble in aqueous solutions at approximately 

6 X 10'̂  M and below (Dangi et al., 1998). The complex 6 was synthesised most often using 

the 28 kDa polymer 4. It was important to determine whether the molecular weight of 

polymer 4 had any effect on the complexation of AmB and the attenuation of its toxicity. 

Therefore complexation reactions were carried out using other molecular weights of polymer 

4 that had been synthesised (18 kDa, 23 kDa and 37 kDa). These polymers also complexed 

AmB effectively and in all cases haemolysis was attenuated (Table 2.7.1). Furthermore, the 

anti-leishmanial activity of AmB was also maintained with these complexes. These results 

indicate that, over this relatively small range of molecular weight, there is no difference in the 

complexation of AmB by polymer 4. The difference in polymer size will most likely become 

apparent during in vivo experiments to monitor the pharmacokinetics. The biodistribution of 

a complex synthesised using an 18 kDa polymer 4 in particular may be different to that 

synthesised using a 37 kDa polymer 4.

The pharmacokinetics of PEG-protein conjugates have been the most widely studied. 

Investigators established that the half-life of PEG increases from 18 min to 24 hr as the size of 

the PEG molecule was increased from 6 kDa to 190,000 kDa (Yamaoka et al., 1994). Data 

from these experiments are shown in Figure 2.8.1 and indicate a sharp increase in the half-life 

until a molecular weight of approximately 30 kDa is reached. At sizes below 8 kDa, 

investigators found that the ultra-filtration of PEG was relatively unaffected. The authors 

concluded that between 8 to 30 kDa the elimination and subsequent half-life of PEG was
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dictated by its size. At sizes above 30 kDa, the elimination of PEG slows down, so that the 

molecular weight has less of an effect. The urinary excretion decreases with increasing 

molecular weight, and instead the liver clearance increases (Yamaoka et al., 1994).
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Figure 2.8.1 Correlation plot between the molecular weight of PEG and its half-life in blood 

following intravenous administration (from (Nakaoka et al., 1997; Caliceti and Veronese, 

2003; Yamaoka et al., 1994))

However, the hydrodynamic volume of PEG may be very different to that of the polymer 4 

and so this plot is given as an indication only of the effect of molecular weight of a polymer 

on its half-life. Furthermore, in contrast to the polymer 4, PEG is a neutral molecule. There 

have been reports that negatively charged polyanions display increased clearance times 

(Venkatachalam and Rennke, 1978). Importantly, however, the plot (Figure 2.8.1) does 

show there is a molecular weight threshold after which there is little change in half-life. It 

must be pointed out that an increased half-life of AmB in the blood circulation was not the 

aim of this work, although efforts to optimise half-life will certainly be required to develop 

the complex 6 as a medicine. Ultimately the aim is to increase the uptake of AmB by the 

tissues, in particular the liver and spleen where the Leishmania amastigote resides. This may 

require pharmacokinetic optimisation. However, it was first required to find a water soluble 

complex of AmB that displayed low toxicity while maintaining activity. It is hoped that the 

enhanced permeability and retention effect may ultimately play a role in the recruitment of 

the complex polymers to relevant inflamed tissues (Maeda and Matsumura, 1989). This was 

discussed in Section 1.3.1.2 .

It is likely that pH conditions play an important role in determining the outcome of the 

complexation between polymer 4 and AmB. The effect of raising the pH during simple
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mixing of polymer 4 and AmB has already been discussed. The pH has been demonstrated to 

play an important role in other published reports regarding complexation. It has been 

established that a narrow pH range dictates the formation of water-soluble complexes 

between polyanions and proteins (Park et al., 1992). It was shown that if the pH of a solution 

was below the isoelectric point of a protein, insoluble precipitates form with the polyanions. 

The optimal pH conditions for efficient complexation between poly(acrylic acid) and the 

cationic anticancer drug, doxorubicin were found to be mid-way between the isoelectric 

points of both molecules (Kitaeva et al., 2004b). This was so that electrostatic interactions 

were maximised.

Investigators have examined the effect of pH on the complexation of AmB with sodium 

deoxycholate (Sanchez-Brunete et al., 2004). They synthesised a water-soluble formulation 

which had a comparable qualitative and quantitative composition to commercially available 

AmB-deoxycholate. This method required a basic solution (adjusted with sodium hydroxide), 

followed by acidification to a neutral pH using orthophosphoric acid. The same procedure 

was followed for the synthesis of a second formulation, but without the addition of either acid 

or base so that changes in pH were not induced. Both solutions were water-soluble. This 

indicated that there were interactions between AmB and sodium deoxycholate. However, in 

these experiments, the acute toxicity was lower in the second formulation where the pH was 

not dramatically altered (Sanchez-Brunete et al., 2004). Acute toxicity was determined by its 

mortality in hamsters when administered at doses of up to 20 mg/kg of AmB. These results 

highlight the effect that the pH of a solution has in both the formation of stable complexes and 

in the reduction of the toxicity of the targeted drug. They collectively indicate that the pH is 

most likely a crucial factor in the formation of a stable non-toxic complex 6 between polymer 

4 and AmB.

The initial method of complex synthesis that was described (Method 1) led to poor 

reproducibility. Only 4 complexes could be synthesised out of 30 reactions attempted. 

Therefore, steps were taken to optimise the synthetic protocol. It was established that 

synthesis of the complex 6 was optimally conducted in DMSO. DMF could also be used and 

yielded a complex with reduced toxicity and increased solubility, but the anti-leishmanial 

activity of the AmB was also reduced (Figure 2.6.4 & 2.6.5). This could be due to the 

increased (6-fold) volume of DMF that was required to solubilise the precursor polymer 3 in 

the first step of the synthesis. This would alter the conditions of the reaction and disrupt the 

formation of a stable complex that conserves the activity of the AmB. AmB itself is only 

soluble in DMF up to a saturation concentration of 4.2 mM it is soluble in DMSO at 

concentrations as high as 10 mM (Legrand et al., 1992).
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Efforts were made to limit the aggregation of AmB during the complexation reaction. This 

was because it is thought that aggregates of AmB are responsible for some toxic effects that 

are observed (Bolard et al., 1991; Legrand et al., 1992). Monomers or dimers of AmB are not 

toxic to mammalian cells, but have effective anti-leishmanial and antifungal activity. It was 

also understood that a stable complex would form more readily between polymer 4 and AmB 

when the drug was predominantly in either monomeric or dimeric form. The first few 

syntheses by Method 1 were carried out with a final concentration of AmB in the starting 

reaction solution of 1 4 x 1 0 ^  M. It has been reported that AmB in DMSO is present as a 

monomer at concentrations below 10"̂  M. At higher concentrations of up to 10'  ̂ M, AmB 

adopts a stable dimeric conformation (Balakrishnan and Easwaran, 1993). It was thought that 

by increasing the volume of DMSO in the complexation reaction to limit the aggregation of 

AmB, this would enable the more reproducible synthesis of a stable, non-toxic complex 6. 

Therefore in a set of reactions, the volume of DMSO was increased so that the concentration 

of AmB at the start of the complexation reaction was either 1.8 x 10'  ̂M or 1.2 x 10'  ̂M. In 

order to obtain the lowest concentration of AmB (1.2 x 10'  ̂ M) the amount of AmB added 

was decreased 9-fold and the volume of DMSO was increased 12-fold. This was so that the 

reaction could be conducted on a reasonable scale. It was thought that using such a small 

amount of AmB would be feasible, as monomeric AmB would more readily form a complex. 

Therefore less AmB would remain uncomplexed and less would be lost into the dialysing 

water, so the loading of AmB in the complex may remain relatively unaffected. However, 

when the complex 6 was synthesised in this manner, the loading of AmB was very low (2.4 ± 

0.5%). Such low loadings were considered impractical. The second series of reactions was 

set up so that the concentration of AmB in the starting reaction solution was 1.8 x 10'  ̂M. To 

accomplish this, the amount of AmB was decreased only 2-fold, and the DMSO volume was 

increased 4-fold. Using this concentration of AmB did not lead to a fiirther attenuation of the 

toxicity of AmB within the complex. This did not cause much concern as the haemolysis 

observed by the complex 6 was negligible and significantly attenuated compared to AmB- 

deoxycholate. However, using this concentration of AmB in the initial reaction solution 

meant that the synthesis method was far more reproducible. The optimum concentration of 

AmB in the DMSO solution at the beginning of the complexation reaction was therefore 

defined as 1.8 x 10'  ̂M (Section 2.6.S.2).

In other steps to optimise the synthesis procedure, the temperature was strictly controlled at 

21“C. This was to prevent any temperature-induced aggregation effects of AmB (Lambing et 

al., 1993) caused by fluctuating ambient temperatures. The time allowed for solubilising the 

reagents was also increased. The precursor polymer 3 in particular posed a problem as large 

molecules require considerably longer to become completely solvated. Even when a solution
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was visually homogenous, it was possible that not all the pendent groups on the polymer were 

completely solvated. Revising and optimising the method of synthesis meant that the 

complexation reaction became far more reproducible. A total of 30 complexes were 

synthesised. This complex 6 was also reproducibly synthesised with this procedure by 2 other 

MSc students working on the project as well. Eight reactions failed to yield a non-toxic 

complex.

It was demonstrated that the hydrolysis of the precursor polymer 3 was required during the 

formation of a stable complex 6 that had attenuated toxicity against red blood cells. Once the 

method of synthesis had been optimised, some preliminary experiments were conducted to 

determine the effect that modifying this precursor polymer 3 had on the effectiveness of the 

complexation reaction. A block co-polymer derived from poly(ethylene glycol) (PEG) and 

precursor polymer 3 was synthesised by Dr Manu Porssa, using a PEG initiator 7 for the 

polymerisation reaction to yield a PEG-block-polymer precursor 8 (Scheme 4). PEG is a 

strongly hydrophilic molecule and it was thought that this characteristic could enable the 

water-solubility of AmB in the complex to be increased further. This could then possibly 

improve the efficacy of AmB within complex 6. The co-polymer precursor 8 was evaluated 

for its ability to complex AmB in a reaction carried out using the optimised Method 2 for 

complex synthesis (Section 2.6.8.2). Treatment with sodium hydroxide during this reaction 

hydrolysed the active ester reactive groups on the co-polymer precursor 8 so that the derived 

co-polymer was PEG-co-polymer 4. It was shown that AmB was solubilised by interactions 

with the PEG-co-polymer 4 derived from co-polymer precursor 8. However, the toxicity of 

AmB was not attenuated by these interactions, and significant haemolysis was seen (Figure 

2.6.28). This may be due to the steric hindrance by the bulky PEG molecule around the 

active ester groups on the precursor polymer 3 that prevented or minimised interaction with 

AmB. No follow-up experiments were conducted with the block precursor polymer 8 to 

determine if loading and toxicity properties could be optimised.

2.8.3. Interactions between polymer 4 and AmB

Experiments were conducted to determine if the water-soluble complex 6 was indeed non- 

covalently bound. It was not possible to define these interactions using *H-NMR 

spectroscopy. However, NMR did confirm the presence of both the polymer 4 and AmB 

within the complex 6 (Figure 2.6.19). Intermolecular attractions are likely to play a role in 

stabilising the complex 6. These include Van der Waals forces which are the result of 

temporary fluctuating dipoles. Hydrogen bonding is a stronger intermolecular force and is 

also likely to play a role in the stabilisation of the complex. It is also thought that amphiphilic
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interactions between polymer and AmB were important and that hydrophobic interactions in 

an aqueous environment could be critical.

During HPLC that was conducted on a hydrophobic affinity column, it was shown that free 

AmB and AmB from the complex 6 all eluted within 10 secs of each other (Figure 2.6.15). 

The interaction of AmB in the complex 6 with a hydrophobic affinity column is therefore not 

affected by complexation with polymer 4. The close retention times are indicative of non- 

covalent interactions between polymer 4 and AmB. It was also possible to separate AmB 

and polymer 4 on the principal of their polarity using thin layer chromatography (TLC), in an 

extremely polar mobile phase containing 10% acetic acid (Figure 2.6.20). This gives a further 

indication that the complex is stabilised by non-covalent interactions, which can be disrupted 

when a stronger hydrophobic or polar force is applied.

TLC demonstrated that the leaving group 5 and its hydrolysed derivatives were retained 

within the complex 6 following dialysis, freeze-drying and reconstitution. However, during 

TLC these could be separated from the polymer backbone of the complex 6 (Figure 2.6.21), 

which indicates that they are withheld in the complex as a result of non-covalent interactions. 

This means that the hydrolysis of the polymer backbone at the ester carbonyl was apparently 

successful. It is likely that the presence of the leaving group 5 and its derivatives may be 

important for the complexation of AmB, so that its toxicity is reduced. It was found that 

interactions occurred with the polymer 4 which solubilised AmB but that, in the absence of 

the precursor polymer 3 in the reaction mix (and therefore the leaving group 5), there was no 

attenuation of toxicity (Figure 2.6.27). It is possible that hydrogen bonding between the 

hydroxyl end groups of the leaving group 5 ring opening product may enable this molecule to 

form a linker between AmB and the polymer 4. In the absence of this derivative steric 

hindrance may limit AmB interaction with the polymer backbone so that a reduction in 

toxicity is not achieved.

It should be noted that other ring-opening side-reactions have been reported when using the 

precursor polymer 3, which yielded isomers of hydroxamic acid (Devenish et al., 2006). 

These particular reactions occurred during treatment with amino-2-propanol and not sodium 

hydroxide. More chemical characterisation is necessary to define the side reactions during 

the complexation reaction and to establish whether their removal will be detrimental to the 

integrity of the complex 6.

Experiments have shown that these interactions between polymer 4 and AmB are strong 

enough to ensure that the complex 6 is stable for over 12 months when it is stored as a 

lyophilised solid or in solution for 9 months (Section 2.7.5). Furthermore, the strength of the
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interactions within the complex 6 were established using TLC (Section 2,6.7.3.2). Methanol is 

one of the most polar solvents used as a mobile phase for the separation of compounds in 

TLC. However, it was not polar enough to cause the separation of AmB and polymer 4 in the 

complex 6 (Figure 2.6.20). The polarity of the mobile phase had to be increased further with 

the addition of 10% acetic acid in order to enable the complete separation of AmB from 

polymer 4 in the complex 6.

2.8.4. Toxicity of the complex 6

The complex 6 showed significantly reduced haemolysis compared to AmB. This meant that 

only 24.5 ± 2.8% haemolysis occurred at the maximum concentration of 50 pg/ml complex 6 

tested in a 5 hr incubation assay (Figure 2.6.2 & 2.6.14). Such concentrations are about 2-3 

times more than would be a maximum dose. This marked reduction in haemolysis was 

central to the efforts to reduce the toxicity of AmB. The important observation was made in a 

haemolysis assay that polymer 4 does not impart, of itself, protection to the red blood cells 

from lysis when simply mixed with AmB-deoxycholate (Figure 2.6.1). It can therefore be 

considered that the formation of a non-covalent complex between AmB and polymer 4 

attenuates the haemolysis by AmB considerably. The complex 6 was also found not to affect 

the viability of primary human cells (Figure 2.7.3). In other experiments conducted using 

primary human blood-derived cells, it was found that neither the polymer 4 (Figure 2.5.3) nor 

the complex 6 (Figure 2.7.1 & 2.7.2) caused the upregulation of pro-inflammatory chemokine 

and cytokine mRNA. The attenuated toxicity of AmB in the complex 6 will enable the total 

dose that could be administrated to patients to be increased. This has several advantages, one 

which is potentially that treatment times may be shortened. Currently treatment times for 

AmB are in excess of 20 days, and the toxic effects of the drug mean that patients must be 

hospitalised for monitoring. This pushes up costs substantially. Furthermore, even though 

resistance against AmB is scarce, higher doses can be a measure to avoid the development of 

such mechanisms. In fact, higher doses have already been recommended by the Infectious 

Diseases Society of America for the treatment of less susceptible Candida species (Rex et al., 

2000). Liposomal AmB has been well tolerated at doses as high as 15 mg/kg for the 

treatment of systemic fungal infection in a Phase I/II trial (Walsh et al., 2001). Evidently 

though, a treatment regime as costly as this in resource-poor countries is not feasible.

AmB interacts with sterols to form aqueous membrane channels and the subsequent net influx 

of salts leads to osmotic cell lysis and the death of Leishmania and mammalian cells (Ramos 

et al., 1996). The interactions between AmB and sterols have been discussed (Section

2.1.1.3). Briefly, a hydrogen bond can form between the sterol hydroxyl residue and the
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mycosaminyl group or the carboxyl group of AmB (Baginski et al., 2002) (see Figure 2.1.1 & 

2.1.3 for structures). Van der Waals forces between the rigid heptaene region of AmB, which 

is the chain of seven double bonds, and the hydrophobic steroid rings also contribute towards 

the stablilisation of the membrane channels (Charbonneau et al., 2001; Baginski et al., 1989). 

It is these interactions which contribute towards both the activity and toxicity displayed by 

AmB, and therefore a reduction in the toxicity can be achieved by disrupting the interactions 

between AmB and cholesterol. Ergosterol has additional double bonds that make the 

molecule more rigid and this enables stronger interactions between AmB and ergosterol than 

those between AmB and cholesterol (Baginski et al., 1989; Charbonneau et al., 2001).

There are several possible explanations to suggest why the complex 6  displays attenuated 

haemolysis. Examination of the UV spectrum of the complex 6  showed that the aggregation 

of AmB was reduced by approximately 2-fold when compared to AmB-deoxycholate (Figure 

2.6.12). It has been well documented that monomeric AmB is not toxic to mammalian cells, 

and that the observed toxicity is due to aggregated AmB (Legrand et al., 1992; Bolard et al., 

1991; Barwicz and Tancrède, 1997). The reduction in aggregation may explain the attenuated 

toxicity of AmB within complex 6 . Other investigators have also focused on minimising the 

aggregation of AmB in efforts to reduce its toxicity. Polymeric micelles have been 

synthesised that allowed control over the aggregation of AmB, so that predominantly 

monomeric AmB was loaded onto poly (ethylene oxide)-block-poly(N-hexyl-L-aspartamide)- 

stearic acid ester micelles (Adams and Kwon, 2004). These micelles showed reduced 

toxicity. The authors proposed that the polymer disaggregated the drug (Adams and Kwon, 

2004). AmB was also encapsulated in poly(ethylene glycol)-block-poly(e-caprolactone-co- 

trimethyl-enecarbonate) micelles that self-assembled to solubilise the drug (Vandermeulen et 

al., 2006). AmB was monomeric in this formulation and this was reflected by an observed 

reduction in toxicity as indicated by lower haemolysis compared to AmB-deoxycholate. 

Activity against Candida albicans in a minimum inhibitory concentration assay (MIC) was 

however diminished by 5 to 10-fold. Vandermeulen et a l (2006) also found that the method 

of encapsulation of the drug influenced its aggregation characteristics.

The addition of 7 -cyclodextrin to the medium solubilises AmB effectively, so that AmB is 

present in a monomeric form (Sanchez-Brunete et al., 2004; Kajtar et al., 1989). AmB 

appears to maintain its antifungal activity when complexed with 7 -cyclodextrin as a carrier, 

although it was less toxic to mammalian cells (Vikmon et al., 1985). However y-cyclodextrin 

has been found to have cardiac toxicity and is therefore unsuitable for administration to man.
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Figure 2.8.2 Schematic representation of the aggregation characteristics of AmB

It is possible that interactions with the polymer 4 cause a change in the conformation o f the 

AmB. Investigators have established that the conformation o f  AmB has a large impact on its 

selectivity for sterol interactions (Matsumori et al., 2005). This is because the spatial 

orientation between the amino group and the exocyclic carboxyl group on AmB affects its 

ability to interact effectively with sterols. Matsumori et al. inserted alkyl chains between 

these two functional groups in order to control their relative positions and found that a 

specific carbon chain length (n=6) significantly enhanced ergosterol selectivity. Ergosterol 

has an extra conjugated double bond that maximises the strength o f the interaction between 

the two molecules. By changing the orientation o f the mycosaminyl group, only ergosterol is 

able to interact efficiently with AmB. Other chain lengths have little or no effect. This is 

depicted in Figure 2.8.3. The mycosaminyl orientation in derivative A is unfavourable for 

effective hydrogen bonding between the hydroxyl o f AmB and o f sterols, and therefore sterol 

molecules cannot come close to the heptaene region o f derivative A, so that there is little 

effect on the selectivity o f  this derivative for either ergosterol or cholesterol. In contrast, the 

plane o f the mycosaminyl o f  derivative B is twisted with regards to the macrolide ring o f 

AmB and so is oriented to better interact with the hydroxyl group on the sterol. This attracts a 

sterol molecule to the heptaene region o f AmB close enough for the van der Waals contact. 

Ergosterol is more rigid and therefore has a higher affinity for the AmB heptaene region; this 

means it can stay close to derivative B and reinforce the structure o f the channel. Cholesterol 

molecules have a lower affinity for the heptaene region o f AmB. Therefore even if they are 

drawn close to the derivative B by the hydrogen bond between the mycosaminyl group and 

hydroxyl group on cholesterol, they could easily be replaced by phospholipid molecules 

which also interact with AmB. This means that the selectivity o f derivative B for cholesterol 

channels is unchanged, and this particular derivative B o f AmB will preferably associate with 

ergosterol even more so than its naturally occurring selectivity (Matsumori et al., 2005). The 

polymer 4 in the complex 6 may have a similar effect if it inserts itself between the amino and 

carboxyl moieties. This could explain why the complex 6 has little toxicity against
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mammalian ceils and yet the activity against ergosterol-bearing Leishmania  parasites remains 

considerable.

Ergosterol

Cholesterol

Figure 2.8.3 Diagrammatic representation of the proposed interaction between ergosterol 

and AmB derivative (A) with an intramolecular bridge composed of 4 carbons and (B) with an 

intramolecular bridge composed of 6 carbons (Matsumori et al., 2005)

Other investigators have shown that a modification o f the exocyclic carboxyl group reduces 

the toxicity o f AmB (Carmody et al., 2005; Keim, Jr. et al., 1973). This is due to the 

disruption o f the interaction between membrane sterols and the AmB molecule that would 

otherwise lead to the formation o f pores. AmB methyl ester is a derivative o f  AmB in which 

the exocyclic carboxyl group is replaced by a methyl ester (-COOCH3). Experiments with 

this derivative show that the system o f hydrogen bonding between membrane sterols and 

AmB is lessened so that AmB is unable to interact properly with the cholesterol-containing 

membranes and thereby cause toxicity. This increases the hydrophobic interactions o f AmB 

with ergosterol within the lipid bilayer o f fungal cell membranes (Carmody et al., 2005). The 

interactions between AmB and ergosterol remain unchanged and this means that the 

biological activity is unaffected. The polymer 4 and AmB may interact via this particular 

carboxyl group on AmB, through hydrogen bonding. It is therefore possible that this will
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alter the capacity for the AmB molecule in the complex to effectively interact with membrane 

cholesterol. This then could play a role in the attenuated toxicity of AmB in the complex.

It was mentioned earlier that some of the AmB that is complexed to polymer 4 may be in a 

conformation that is akin to the super-aggregated state generated by the mild heat treatment of 

AmB (Petit et al., 1998; van Etten et al., 2000) or by dispersing it with sodium deoxycholate- 

without the drastic changes in pH that are used to formulate AmB-deoxycholate (Sanchez- 

Brunete et al., 2004). Super-aggregates of AmB have an attenuated capacity to cause 

haemolysis, probably because they are too big to interact with sterols at the membrane level. 

Cholesterol-containing membranes are not susceptible to AmB super-aggregates (Bartlett et 

al., 2004; Petit et al., 1998; Sanchez-Brunete et al., 2004).

It is possible that the polymer 4 could complex AmB in a way that enables individual AmB 

molecules to interact with each other as well as with the polymer 4. This could lead to an 

aggregation effect which is amplified so much so that the AmB adopts the conformation of 

the super-aggregates described in Section 2.1.3.3. A similar effect has been observed in 

doxorubicin -  poly(acrylic acid) complexes (Kitaeva et al., 2004b). Doxorubicin is an 

anticancer compound which also has a tendency to aggregate. The investigators reported 

stacking interactions between individual doxorubicin molecules while bound to poly(acrylic 

acid), such that the particle size was increased to as much as 900 nm. This may explain the 

reduced haemolysis that was seen in these experiments with the complex 6.

Unlike the uptake of low molecular weight molecules by cells, the uptake of physiologically 

soluble but larger molecules occurs almost entirely via endocytosis (Duncan and Pratten, 

1985; Mellman, 1996). The complex 6 is therefore likely to be endocytosed by the cell and 

this means that any host cell membrane toxicity may be avoided. In this manner, the anti- 

leishmanial efficacy may be increased because of the targeting of infected macrophages via 

enhanced phagocytic uptake. Once the complex has been internalised by an infected cell, the 

AmB could then also target, in a highly specific manner, the ergosterol-containing 

membranes of Leishmania amastigotes. The uptake of the complex 6 by endocytosis 

therefore enables it to encounter the secondary phagolysosome where the Leishmania 

amastigotes reside. This passive targeting will aid the efficacy o f AmB in vivo.

The TLC experiments conducted here have demonstrated that AmB does not dissociate from 

the complex under neutral conditions such as in methanol or in methanol: H2O mobile phase 

(Figure 2.6.20). However, under acidic conditions (10% acetic acid in a methanol mobile 

phase), there was effective disruption of the interactions within the complex 6 so that the 

AmB dissociated from the complex and eluted up the TLC plate near the solvent front (Figure
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2.6.20). This suggests that the complex 6 may remain intact under the physiological pH 

conditions encountered in the bloodstream, and therefore limit infusion-related toxicity. 

However, following endocytosis by the target parasitised cells, the complex 6 should 

dissociate in the acidic and enzyme rich conditions encountered in the phagolysosome. The 

active groups of AmB, the amino and carboxyl groups, would be liberated. These can then 

interact with ergosterol in the parasite membrane and kill the Leishmania amastigotes.

2.8.5. Activity of the complex 6

In this thesis 2 strains of Leishmania parasites were cultured. L. mexicana is a causative 

agent of cutaneous leishmaniasis in Central and South America, whilst L. donovani causes 

visceral leishmaniasis in India. The direct effect of an anti-leishmanial drug can be 

determined in the cell-free systems that contain the parasite alone. Leishmania promastigotes 

provide a rapid and reliable screening assay for new drugs. The anti-leishmanial activity of 

the complex 6 was the same as that of AmB-deoxycholate in these screening assays (Figure

2.6.3). This activity against promastigotes is similar to the activity that is seen using clinical 

grade AmB in published papers (Golenser et al., 1999).

Leishmania amastigotes localise to the intracellular phagolysosomal compartment during 

infection. Many drugs are not internalised by the cell and are therefore unable to reach the 

organism in the lysosome. Others will become inactivated in the acidic and enzyme-rich 

environment of the lysosome. This makes testing new drugs in a cell-culture system a much 

more biologically relevant assay. Macrophages derived from both blood and tissue 

compartments were infected with Leishmania amastigotes and the complex 6 was tested using 

this system. The complex 6 was found to be active against intracellular amastigotes as well 

(Figure 2.7.5). The activity of AmB and the complex 6 in peritoneal macrophages is 

comparable to that described for by AmB in published papers (Larabi et al., 2003; Petit et al., 

1999). The polymer 4 did not have any anti-leishmanial activity in any of the in vitro and in 

vivo experiments that were performed (Figure 2.7.4 & 2.7.14).

2.8.6. Animal models of leishmaniasis

The complex 6 was also evaluated in a murine model of visceral leishmaniasis. A difficulty 

arising in the use of a mouse as the model for the human disease was the requirement for the 

intravenous injection of amastigotes into the tail vein. This was to ensure that the liver and 

spleen were colonised by the parasite. It is relevant to point out that regardless of the strain
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used, L. donovani does not manifest the same symptoms in mice as it does in humans. 

Different inbred mouse strains have different susceptibilities to this disease. Initially both 

C57/BL6 and BALB/c mice demonstrate signs of acute infection which are characterised by 

an early increase in the number of organisms in the liver and the spleen. However, after 30 to 

60 days C57/BL6 mice recover spontaneously. This could be attributed to the increased IFN- 

y production that was observed in spleen cells that are harvested after 60 days and then 

incubated with Leishmania antigen (Lehmann et al., 2000). This early Thl response means 

that C57BL/6 mice are relatively resistant to L. donovani infection and disease progression. In 

contrast, there is a marked delay in the healing of L. donovani infected BALB/c mice and this 

leads to a chronic infection. Unlike human disease, infection by L. donovani is therefore not 

fatal to the classically ‘susceptible’ BALB/c mice (Lehmann et al., 2000). These mice do 

eventually overcome the infection because of the development of adaptive immune responses 

and the formation of granulomas (Murray et al., 1992). Nitric oxide has been found to be 

crucial for the activation of macrophages. They control intracellular amastigote replication in 

the murine model of visceral leishmaniasis. This is upregulated by IFN-y acting on inducible 

nitric oxide synthase (Stenger et al., 1994; Green et al., 1990). A role for human 

macrophages in IFN-y - induced nitric oxide production has yet to be confirmed. In fact, 

nitric oxide synthase activity has been found to be weak in cultured human macrophages 

(Schneemann et al., 1993; Weinberg et al., 1995; Thoma-Uszynski et al., 2001). Therefore 

the murine model of visceral leishmaniasis in BALB/c mice is a reliable model for study early 

during infection. It may also provide a model that is more appropriate for the study of sub- 

clinical infection in humans. However there is no murine model for the progressive disease 

which is characteristic of human visceral leishmaniasis. The BALB/c mice used to evaluate 

the anti-leishmanial activity of the complex 6 were infected and then treated 2 weeks later. 

This was in the early phase of infection which is more characteristic of human visceral 

leishmaniasis.

An animal study was carried out using BALB/c mice infected with L. donovani. There was 

no significant difference in the activity of AmB-deoxycholate compared to the complex 6 

when it was administered intravenously at a total dose of 3 mg/kg (Figure 2.7.14). The anti- 

leishmanial activity seen with AmB-deoxycholate and the complex 6 was similar to that 

previously published (Al Abdely et al., 1999). The mice responded well to treatment and 

there were no adverse side-effects observed after administration of the complex 6. This 

established the lack of toxicity of the complex 6 in vivo and the results complimented the in 

vitro data obtained using primary human cells.
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In order to enable the results from the in vivo anti-leishmanial activity experiments to be more 

accurately interpreted with regards to human disease, the hamster model of chronic visceral 

leishmaniasis infection is more relevant. Following infection with L. donovani, Syrian 

Golden hamsters cannot control parasite replication and display fever, wasting and an 

enlarged liver and spleen, symptoms which are characteristic of the disease in humans 

(Melby et al., 2001). Progression of this disease leads to death. Impaired nitric oxide 

synthase activity in hamsters may be responsible for the persistent parasite replication 

observed. Progression of disease occurs despite the high-level expression of IFN-y mRNA 

although levels of IL-10 and transforming growth factor-p are induced simultaneously 

(Melby et al., 2001). This correlates to human visceral leishmaniasis where Thl immune 

responses are present but seem to be ineffective (Hailu et al., 2004; Sundar et al., 1997b). 

Studies in the hamster are however frustrated by the lack of immunological reagents as well 

as the increased cost.

The anti-flingal activity of AmB was also not affected by the formation of a complex with 

polymer 4. In approximately 92% of broth microdilution assays for C. albicans ATCC 90028 

reference strain, the MIC was 0.5 - 2 pg/ml AmB (National Committe for Clinical Laboratory 

Standards, 1997). The results obtained in my experiments lie within this range; the average 

MIC was 1-1 .5  pg/ml for AmB and the complex 6 (Table 2.7.3). The MIC obtained in my 

experiments using C. glabrata is marginally higher than this. There is evidence to show that 

this species is less susceptible to AmB than C. albicans (Masia and Gutierrez, 2002).

Cryptococci are more susceptible and the MIC of AmB falls between 0.1 - 0.25 pg/ml (Petrou 

and Shanson, 2000). However, in the experiments conducted here, the MIC established for 

both AmB and the complex 6 were significantly higher than this (Table 2.7.3). The MIC for 

the clinical isolates was 1 - 2  pg/ml AmB. This was lower for the NCPF reference strains 

with an MIC of 0.5 - 1.5 pg/ml for AmB and the complex 6. The susceptibility of 

Cryptococci to AmB is known to vary considerably among isolates (Chandenier et al., 2004), 

and resistance is becoming common (Perfect and Cox, 1999). This may explain the increased 

MIC that was established when testing both AmB and the complex 6 against Cryptococcus in 

these experiments.

The interactions within the complex 6 remain stable and its anti-leishmanial activity was 

retained when it was stored as a lyophilised powder at 4°C for 12 months (Table 2.7.2). In 

these experiments the integrity of the complex was determined by measuring the haemolysis 

caused. This was under the premise that if the complex 6 was intact, then the haemolysis 

would remain attenuated when compared to AmB-deoxycholate. If the interactions within the 

complex were not stable and the complex degraded during storage, the free AmB released
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would cause an increase in the haemolysis observed. A decrease in the anti-leishmanial 

activity would indicate whether AmB was undergoing degradation, but this was not observed 

during the course of these studies. The complex 6 can also be stored lyophilised at elevated 

temperatures of up to 37°C without any degradation for a period of 30 days (Table 2.7.2). 

This is a superior stability profile compared to AmB deoxycholate which must be stored at 

4°C and as a lyophilised powder. Experiments carried out in this thesis reinforce this. AmB 

deoxycholate was observed to become insoluble after its storage at an elevated temperature 

(Section 2.7.4.1). Liposomal AmB however can be stored as a lyophilised powder at a 

temperature of up to 25 °C until the expiration date is past. However, following reconstitution 

into solution, concentrated liposomal AmB is both chemically and physically stable for only 

72 hours at 4°C. The complex 6 is stable for 9 months in solution when it is stored at 4°C, as 

determined by anti-leishmanial activity and haemolysis assays (Figure 2.7.10 & 2.7.11). The 

complex 6 has also been stored in solution at 37°C for one week and retained its anti- 

leishmanial activity whilst causing negligible haemolysis (Figure 2.7.12 & 2.7.13). Other 

reports have shown that the conjugation of AmB to a polysaccharide has increased its solution 

stability at elevated temperatures (37°C) when compared to free AmB (Ehrenfreund- 

Kleinman et al., 2004). After reconstitution, AmB-deoxycholate is chemically stable for a 

maximum of 24 hours at room temperature (23 -  27°C) and for 1 week at 4°C. Liposomal 

AmB cannot be frozen. Although proper stability testing still remains to be conducted this 

initial stability profile of the complex 6 is very promising. This is particularly important as 

leishmaniasis is prevalent in tropical climates where temperatures are high. Furthermore in 

resource-poor countries, refrigeration units are scarce. Therefore a drug that does not require 

long-term storage at 4°C would be of enormous benefit. From an ease of use perspective of 

the possible final pharmaceutical product, the demonstrated solution stability of the complex 

6 has enormous potential advantages. It means that it could be possible to manufacture 

infusion bags containing the optimum formulated complex 6 and the associated intravenous 

set as a single use disposable unit. This would make it very simple to intravenously 

administer the drug to patients in clinics where access to healthcare or to a medical centre is at 

a very modest level.

Other reports of a polymer complex of AmB have recently been published (Charvalos et al., 

2006). The investigators used poly(vinylpyrrolidone) as a backbone for the complex and 

were effectively able to solubilise AmB in aqueous media. The method of synthesis was 

more complicated than that described here and yielded a complex with considerably less 

AmB with a loading of only 0.249 %. Furthermore, the haemolysis displayed by this 

complex was only reduced 2-fold compared to AmB-deoxycholate. The UV spectra of these 

complexes were not significantly different to that of AmB-deoxycholate, in that it was
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predominantly composed of aggregates with a distinct peak at 328 nm. This may explain the 

relatively small reduction in toxicity observed. There was no report of the chemical 

characterisation of the interactions within this complex (Charvalos et al., 2006).

2.8.7. The complex 6 as a cost effective treatment

A principal aim of the work described in this thesis was to design the complex 6 so that it 

could become a cost-effective treatment for leishmaniasis in the developing world. It was 

important that it could be made available at a reduced cost to liposomal AmB, which is 

currently the gold-standard of AmB treatment (Ostrosky-Zeichner et al., 2003). A single vial 

of liposomal AmB (Gilead) that contains 50 mg AmB costs the National Health Service in the 

UK approximately £138. In order to address the socio-economic factors facing India, Gilead 

have lowered the price of a vial liposomal AmB to their estimated cost of goods, which is 

approximately £13. This is however still to expensive for the routine use of liposomal AmB 

in the rural poverty stricken areas of India, such as Bihar where visceral leishmaniasis is 

prevalent. The single most important factor in determining a reduction in cost compared to 

liposomal AmB, is that the complex 6 utilises a polymer platform instead of liposomes. The 

cost o f materials for the lipids alone in a vial of liposomal AmB is approximately £0.60. It is 

not possible to accurately determine the final cost of goods manufactured at this stage in the 

development of the complex 6. However, estimates have been made that place the cost of the 

polymer 4 materials (in a complex 6 containing 50 mg AmB), to be less than 7% of the cost 

of the liposome materials. Combined with the cost of goods manufactured for the polymer 4 

and AmB, and the formulation costs, a final estimate is that the complex 6 could be made 

available at roughly 10% of the cost of liposomal AmB in India.

The complex 6 that was synthesised enables the solubilisation of AmB in aqueous media and 

makes it suitable for the administration to patients. The complex 6 synthesised is 

significantly less toxic than AmB-deoxycholate and yet its activity against Leishmania, 

Cryptococcus, and Candida is bioequivalent in relevant in vitro and animal models. It is 

designed to be more cost-effective than the liposomal formulations of AmB. This novel 

polymer complex of AmB could therefore be made available to patients in resource-poor 

countries where leishmaniasis is common. That is now the long term goal of this work as it 

moves forward.
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3. C h a p t e r s

IMMUNOMODULATION

In t r o d u c t io n

3.1. The immune system

The immune system is a highly specialised system of cells and molecules that is classified 

into two main components, innate and adaptive immune mechanisms. Pathogenic 

microorganisms are encountered frequently and yet rarely cause detectable disease. Instead, 

innate immune mechanisms act swiftly to destroy these microorganisms. Should these 

pathogens evade the innate response, an adaptive immune response develops later to control 

the infection.

3.1.1. Innate immunity

The epithelial surfaces of the body are the first line of defence and comprise mechanical, 

chemical and microbiological barriers against infection (Table 3.1.1).

Table 3.1.1 Epithelial barriers to infection (Janeway et ai., 2005)

Skin Gut Lungs Eyes/nose

Epithelial cells joined by tight junctions

Mechanical Longitudinal flow of air and fluid Movement of 
mucous by ciiia

Chemical
Fatty acids

Low pH 
Enzymes 
(pepsin)

Salivary
enzymes

(iysoszyme)

Antibacteriai peptides

Microbiological Normal flora
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3.1.1.1. Phagocytosis

Pathogens that cross the epithelial barrier are recognised and phagocytosed by macrophages 

residing in the lymphoid tissue, connective tissue and in cavities of the body. Macrophages 

phagocytose both intracellular and extracellular pathogens as well as particulate antigen 

(Aderem and Underhill, 1999). This process is depicted in Figure 3.1.1. Macrophages can 

then be activated to release cytokines and chemokines to create an inflammatory environment. 

Neutrophils, which are not normally present in healthy tissues, are then recruited to the site of 

infection. Both of these phagocytic cells are crucial to effective innate immune responses. 

During phagocytosis, a pathogen is internalised within a phagosome. Shortly following 

internalization this vesicle becomes accessible to early endosomes with the subsequent 

acidification of this vesicle. Thereafter a series of fusion events cause the vesicle and its 

contents to mature, fusing with late endosomes and ultimately lysosomes, to form a 

phagolysosome (Aderem and Underhill, 1999). Lysosomes are membrane-bound granules. 

These can fuse with a phagosome and release their enzyme and peptide contents into the 

newly formed phagolysosome (Janeway et al., 2005). This enzyme-rich and acidic 

environment contributes to the potent intracellular killing of many pathogens.

3.1.1.2. Reactive oxygen and nitrogen intermediates

Other toxic products are also produced following phagocytosis by these cells. The superoxide 

anion is produced during a process known as respiratory burst due to the concomitant 

temporary increase in the consumption of oxygen. Membrane-associated NADPH oxidase 

generates this toxic molecule which is then converted to hydrogen peroxide by the enzyme 

superoxide dismutase. NADPH oxidase is activated after the translocation of several 

cytosolic proteins to the membrane-bound complex carrying cytochrome C. LPS, IFN-7 , IL-8  

or IgG-binding to Fc-receptors can all contribute to the activation of NADPH oxidase 

(Bogdan et al., 2000). These products are then derivatised to a range of other toxic 

compounds through various enzymatic and chemical reactions.

Reactive nitrogen intermediates are also potent antimicrobial molecules. Nitric oxide is 

generated in macrophages, neutrophils, dendritic cells, natural killer cells and mast cells 

activated by cytokines, microbial products or both (Bogdan, 2001). Nitric oxide is derived 

from the amino acid 1-arginine by the enzymatic activity of a high output form of inducible 

nitric oxide synthase (iN0S2) (Nathan, 1992).
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The m acrophage ex p resses  receptors 
for many bacterial constituents

mannose  ̂ LPS receptor
receptor . (CD14)

^ ^ ^ T L R - 4
0  o _ y

glucan ày)L scavenger
receptor receptor

Bacteria binding to macrophage 
receptors initiate the release of cytokines 
and small lipid mediators of inflammation

cytokines ®

lipid 
mediators

► LPS

O
chemokines

M acrophages engulf and digest 
bacteria to  which they bind

phagosome

lysosome

phagolysosome

Figure 3.1.1 The binding of pathogens to macrophage receptors stimulates phagocytosis 

and uptake into intracellular vesicles with concomitant initiation of inflammatory responses 

(Janeway et al., 2005).

3.1.1.3. Toll-like receptors

The subject of ongoing investigation is identifying how the innate immune system 

distinguishes between self and non-self at the molecular level. Phagocytic cells recognise 

pathogens using several cell-surface receptors. The macrophage mannose receptor recognises 

sugar molecules on the surfaces of many bacteria and viruses. There are also scavenger 

receptors that can recognise some anionic polymers and acetylated low-density lipoproteins.

Toll-like receptors (TLRs) appear to play a crucial role in the process of pathogen 

recognition. These are mammalian homologues of the Drosophila Toll. Defined structures 

are highly conserved among many pathogenic microorganisms. These are known as 

pathogen-associated molecular patterns and are recognised by TLRs (Takeda et al., 2003).
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Following recognition of non-self particles, TLR signalling leads to a cascade of pro- 

inflammatory cytokine and chemokine production (Matsushima et al., 2004) and expression 

of co-stimulatory cell-surface molecules on macrophages and tissue dendritic cells (CD80 and 

CD86). The maturation of dendritic cells follows (Hoebe et al., 2003). This then collectively 

leads to the activation of cytotoxic T cells and natural killer cells, which augments the 

development of adaptive immunity (Lore et al., 2003; Hoebe et al., 2003; Schwarz et al., 

2003). There are 11 known TLRs. These are listed with their ligands in Table 3.1.2 (Athman 

and Philpott, 2004).

Table 3.1.2 Toll-like receptors and their ligands

TLRs Exogenous Ligands

TLR1 Triacylated lipoproteins (with TLR2)

TLR2 Bacterial lipoproteins 

Gram-positive peptidoglycans 

Lipoteichoic acids 

Triacylated lipoproteins

Lipopolysaccharide from gram-negative bacteria

TLR3 Viral double stranded RNA 

siRNA

Poly(riboinosinic:ribocytidylic acid)

TLR4 Lipopolysaccharide 

Taxol from plants 

Peptidoglycan

TLR5 Bacterial flagellin

TLR6 Diacylated lipoproteins (with TLR2) 

Fungal Zymosan

TLR7 and TLR8 Viral single stranded RNA 

Imidazoquinoline

TLR9 Unmethylated CpG DMA 

Haemozoin from Plasmodium falciparum

TLR10 Unknown

TLR11 Profilin-like molecule from Toxoplasma gondii

(Athman and Philpott, 2004; Ishii et al., 2005)
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3.1.2. The adaptive immune response

The adaptive immune response takes several days or weeks to fully develop and has 

immunological memory. It begins when a pathogen is ingested by a dendritic cell. These are 

the most potent antigen presenting cells (Delves and Roitt, 2000) although macrophages and 

B cells also play a role. MHC class 1 molecules carry antigen from pathogens which 

proliferate within the cytoplasm of cells to the surface for presentation to CDS T cells. These 

then develop into cytotoxic T cells which are potent effector cells capable of killing cells that 

carry antigen (Parkin and Cohen, 2001). Pathogens which have undergone phagocytosis can 

either replicate within intracellular vesicles providing peptide antigens, or are killed with the 

subsequent production of antigen. These antigens are brought to the cell surface by MHC 

class II molecules for presentation to CD4 T helper cells.

Only mature DCs are capable of stimulating naïve T cells. The process of maturation is 

accompanied by a series of morphological, phenotypical and functional alterations. The 

engagement of TLRs or cytokine receptors and the subsequent signalling cascade, as well as 

antigen uptake, all act as triggers to activate immature dendritic cells so that they begin the 

maturation process, which is continuous from the time of antigen uptake to the stimulation of 

naive T cells (Watts and Amigorena, 2000). During maturation, dendritic cells up-regulate 

their cell-surface expression of co-stimulatory molecules such as CD40, CD80 and CD8 6  to 

enable maximal T cell stimulation. Mature dendritic cells express the CD83 maturation 

marker (Lechmann et al., 2002; Whiteside and Odoux, 2004).

During the maturation process, dendritic cells begin circulation to peripheral lymphoid organs 

in order to present the antigen to a naïve T cell. These continuously migrate through 

lymphoid tissue and cannot recognise antigen on their own. A shift in the expression of 

chemokine receptors explains the ability of dendritic cells to circulate first to peripheral 

regions and sites of inflammation, and then to the lymphoid organs where naïve T cells reside. 

Chemokines are a sub-family of chemoattractant cytokines that are released early in infection. 

These induce the migration (chemotaxis) of susceptible cells in the vicinity of the released 

chemokines (Janeway et al., 2005). There are two categories of chemokines. Pro- 

inflammatory chemokines that are induced or up-regulated during inflammation recruit cells 

that play a part during the inflammatory process. Constitutive chemokines enable 

homeostatic control of the migration of cells so that the relevant cells encounter each other for 

the generation of an effective immune response (Yoshie et al., 1997). These chemokines are 

produced in the thymus, bone marrow and secondary lymphoid organs.
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Immature dendritic cells express several chemokine receptors, the ligands for which are 

expressed in peripheral tissues. The ligands for these receptors and others are given in Table

3.1.3. Immature dendritic cells are thereby instructed to localise to these tissues so that they 

can sample foreign particles. After encountering a pathogen dendritic cells undergo an initial 

maturation step including the up-regulation of the chemokine receptor CCR7 (Sallusto et al., 

1998; Sozzani et al., 1998). The ligands for this chemokine receptor (shown in Table 3.1.3) 

circulate in the lymphoid tissues. This initiates the migration of partially mature dendritic 

cells to the lymphoid tissues. Naïve T cells also express chemokine receptors CCR7 and 

CXCR4 and typically do not enter peripheral tissues (Bachmann et al., 2006). Therefore, 

mature dendritic cells and naïve T cells are destined to encounter in the regional lymph nodes 

(Randolph, 2001). The role of MIP-3/3, secondary lymphoid tissue chemokine (SLC), and 

CCR7 for directing dendritic cell migration has been supported by the observation that 

dendritic cells in mice deficient in either CCR7 or MIP-3/3 and SLC do not migrate to lymph 

nodes following maturation (Gunn, 2003).

Mature dendritic cells uniquely prime both naïve CD4 T cells and CD8  T cells. T cells and 

dendritic cells cluster in the T cell areas of the lymph nodes. Clustering is mediated by the 

chemokines derived from dendritic cells which attract T cells expressing CCR4 and CCR7. 

This enables the cells to establish compatibility between the T cell receptor and the MHC- 

peptide complex presented on the dendritic cell surface. The adhesion molecule DC-SIGN 

on DCs interacts with intracellular adhesion molecule-3 on resting T cells to facilitate 

antigen-independent scanning and binding. CD3 on the T cell is associated with the T cell 

receptor and is required for the cell-surface expression of and signal transduction by this 

molecule (Janeway et al., 2005). The binding of these receptors transmits a signal to the T 

cell to acknowledge that an antigen has been encountered. This signal is not sufficient to 

induce the antigen-specific clonal expansion of T cells into armed effector cells. A second 

co-stimulatory signal delivered by the same antigen presenting cell is required (Figure 3.1.2). 

The most fully characterised co-stimulatory molecules are CD80 and CD8 6  which bind the 

receptor CD28 on T cells. Ligation of CD28 is crucial for the clonal expansion of naïve T 

cells. Other molecules are also involved. The binding of CD40 on antigen presenting cells 

by CD40 ligand serves to modify or sustain the co-stimulatory signal. This is via bi

directional effects whereby the antigen presenting cell is also activated to up-regulate CD80 

and CD8 6  further. CD8 6  and CD80 also bind another ligand, cytotoxic lymphocyte antigen-4 

(CTLA-4) on the T cells. This interaction is stronger than that with CD28 and plays a 

regulatory role in limiting the proliferative response to avoid a potentially fatal overgrowth of 

lymphocytes. The secretion of IL-1, IL-6  and IL-12 aid the survival of antigen presenting 

cells and augment T cell responses (Keller, 2001).
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Table 3.1.3 Chemokine receptors and their ligands

Chemokine receptor Ligand Cell Type

MIP-1a

CCR1 MIP-lyff

RANTES

Immature dendritic cell

CXCR1 Immature dendritic cell

CCR2 Monocyte chemoattractant protein-1
Immature dendritic cell 

Activated T cell

OCRS Activated T cell

CXCR3 IFN-y-induced protein-10 Dendritic cell

CCR4
Thymus and activation-regulated chemokine 

Macrophage derived chemokine
Activated T cell

CXCR4 Stromal cell derived factor-1 a

MlP-lor

OCRS MIP-lyff

RANTES

Activated T cell

CXCR5 B lymphocyte chemoattractant-1 Dendritic cell

CCR6 MlP-Sor Activated T cell

CCR7
Secondary lymphoid tissue chemokine 

MIP-3)9

Licensed dendritic cell 

Mature dendritic cell 

Naïve T cell

CCR8 Activated T cell

(Sallusto et al., 1999b; Cravens and Lipsky, 2002; Sallusto et al., 1999a; Bachmann et al., 

2006)
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T cell becomes 
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Figure 3.1.2 The activation of naïve I  cells by antigen presenting cells requires both 

antigen and co-stimulatory molecules (Janeway et al., 2005)

IL-2 induces the proliferation o f T cells. Following activation and 4-5 days o f  proliferation, T 

cells differentiate into armed effector T cells. These cells no longer require co-stimulation for 

their immunological activity. Cytotoxic CDS cells can effectively kill any cell infected by a 

virus. Armed effector CD4 T cells can activate B cells and macrophages which have taken up 

antigen but do not express co-stimulatory molecules. Activated T cells also undergo changes 

in their adhesion molecules repertoire and their chemokine expression changes (Table 3.1.3). 

Down-regulation o f CCR7 occurs and activated T cells then express the receptors for 

chemokines such as M lP-lp  and M IP -la  which are typically expressed in inflamed tissues 

(Ansel et al., 1999; Sallusto et al., 1999a).

3.1.2.1. Thl versus Th2 immune responses

After initial encounter with antigen, Thl or Th2 polarisation o f CD4 cells takes place during 

their clonal expansion. Naïve CD4 cells are classed as ThO, having the potential to become 

either Thl or Th2. Several factors are believed to drive polarisation; the cytokines produced, 

the nature o f the peptiderMHC ligand and the co-stimulatory molecules up-regulated. IL-12 

and IFN-y cause T cells to differentiate into Thl cells and IL-4 induces Th2 polarisation 

(Banchereau and Steinman, 1998).

The polarisation o f CD4 cells is pivotal to the development o f  an effective adaptive immune 

response. The antigen presenting cell may influence the differentiation o f naïve T cells to 

either Thl o f Th2 lineage (Pulendran et al., 1999). There have been phenotypically distinct 

dendritic cells identified in mice, which can stimulate either Thl or Th2 differentiation
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(Moser and Murphy, 2000). Myeloid DCs promote the release of the Thl cytokine IFN- 7  

whilst plasmacytoid DCs promote the release of the Th2 cytokine IL-4 (Banchereau et al.,

2000). Effector molecules secreted by T cells simultaneously stimulate IL-12 and down- 

regulate IL-10 production (Ashkar et al., 2000). The nature of the antigenic stimulus can also 

influence the differentiation of T cells (Tao et al., 1997b). It is possible that the strength of 

the TCR signal also plays a role (Tao et al., 1997a).

Th2 polarisation provides humoral immunity. Such an immune response is suitable for the 

elimination of extracellular pathogens such as helminth worms, or toxins through 

opsonisation and neutralisation. Th2 cells can be involved in in the pathogenesis of asthma 

and immunity. Th2 cells themselves also secrete interleukin (IL)-4, and IL-10 which augment 

antibody production. IL-5 promotes the expansion of eosinophils. IgM, IgA and IgE are 

abundantly produced.

Thl immunity can be described as a cell mediated response. The signature cytokine of a Thl 

immune response is interferon (IFN)-7 , which is a potent activator of the antimicrobial 

functions of phagocytes. It has a crucial role in the elimination of many bacteria, fungi and 

intracellular parasites such as Leishmania. Opsonising antibody classes such as IgG are 

primarily produced. Thl cells can mediate organ-specific immunity. IL-12 is also produced 

in a Thl immune response and this promotes the production of IFN-7 .

IL-12 is a proinflammatory cytokine that augments the production of IFN- 7  from natural 

killer and Thl cells and also facilitates the differentiation of Thl cells. IL-12 is a heterodimer 

composed of 2 subunits; p35 that is produced constitutively, and p40 which is produced 

following activation. This cytokine is a potent inducer of Thl differentiation, and is secreted 

by activated macrophages, monocytes and dendritic cells. The IL-12 receptor complex is 

composed of 2 chains (IL-12R/31 and IL-12R/32) through which signalling takes place. 

Naïve CD4 T cells are unresponsive to IL-12 as they do not express the IL-12 receptor 

complex until the T cell receptor is engaged. However, alteration in the IL-12 receptor 

complex serves as a mechanism by which Th lineage differentiation occurs. Th2 cells lose 

their ability to respond to IL-12 through a down-regulation of the IL-12R/32 chain (Szabo et 

al., 1997; Rogge et al., 1997).

3.1.2.2. Interferon-y

The only type II IFN is IFN- 7  which is structurally unique and binds a separate receptor. 

IFN- 7  is central to an effective immune response against intracellular pathogens. As 

discussed earlier, it is produced in a Thl immune response and is a potent activator of
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macrophages. IFN-y induces the expression o f MHC molecules and antigen processing 

components as well as provoking immunoglobulin class switching (Janeway et al., 2005). It 

also effectively suppresses a Th2 immune response that can be detrimental in some diseases, 

such as leishmaniasis.

In the classical model o f  interaction between antigen presenting cells and T cells, 

macrophages and dendritic cells produce IL-12. This is depicted in Figure 3.1.3. IFN-y then 

acts on macrophages and dendritic cells to increase their presentation o f antigen and their 

intracellular killing o f pathogens (Frucht et al., 2001).

IL 12^ / — V
(^5) cell

_  NK cellDC IPN-7

\  x '

Figure 3.1.3 The classical model of interactions between antigen presenting cells and T 

cells (Frucht et al., 2001).

IFN-y has however been produced by T cells in the absence o f IL-12 signalling (Mullen et al.,

2001) during viral infection (Schijns et al., 1998) and intracellular bacterial infection 

(Jankovic et al., 2002; Brombacher et al., 1999). It has been suggested that IL-12 may not be 

crucial to induce primary IFN-y responses, but rather plays a more important role in the 

maintenance o f optimal levels o f IFN-y secretion during infection (Stobie et al., 2000; Park et 

al., 2000; Jankovic et al., 2002).

The production o f IFN-y is positively regulated by IL-12 and IL-18 and down-regulated by 

IL-4 and IL-10 (Schindler et al., 2001). IL-18 can optimise IFN-y production and therefore 

plays a role in IL-l2-induced Thl development (Robinson et al., 1997). IL-I8 is produced by 

dendritic cells and macrophages. Resting effector T cells also express IL-12 and IL-18 

receptors. This means that large amounts o f IFN-y can be produced during infection, without 

the requirement for engagement o f the T cell receptor.
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3.2. The immune response to Leishmania

The control o f Leishmania infection depends on the collective action o f dendritic cells, 

macrophages, and CD4^ T cells in a Thl directed immune response. These cells secrete 

cytokines such as interferon (IFN)-y, interleukin (IL)-12 and tumour necrosis factor (TNF)-a. 

IFN-y is the signature Thl cytokine which is a key macrophage activating agent making it a 

crucial factor in the antimicrobial function o f phagocytes. The recruitment o f mononuclear 

cells to the site o f  infection is controlled by adhesion molecules and chemokines that are 

produced. These actions culminate in the anti-leishmanial mechanisms o f infected 

macrophages and recruited monocytes. Nitric oxide and reactive oxygen intermediates (O 2’, 

H2O 2 ) that are produced by activated macrophages are potent effector molecules against 

Leishmania (Murray, 1981; Stenger et al., 1994). Effector cells such as natural killer cells, 

CDS T cells and possibly neutrophils are also important. Their actions probably eliminate 

most intracellular parasites. This type o f immune response leads to quiescence in the 

remaining parasites and a low-level infection that leads to sub-clinical asymptomatic 

infection. Most visceral infections are probably sub-clinical as a result o f  these Thl cell 

mediated responses (Badaro et al., 1986; Pearson and Sousa, 1996). Treatment is not required 

for sub-clinical infection. Even in cases o f clinical healing following effective treatment the 

parasite can therefore persist lifelong in a host. As a result, relapse is common after 

completion o f treatment. Patients treated for visceral leishmaniasis are not considered cured 

until they have remained disease-free for 6 months following treatment. This makes the 

treatment o f leishmaniasis more challenging.

Mobilisation 
of monocytes Th1 immune 

response
GM-CSF

Activation 
macrophages

Assembly of 
V ^ g r a n u lo m a

\
Induction of 

IFN-y secretion
TNF-a

C  IL-2  2 )

Figure 3.2.1 The interaction of cytokines to co-ordinate mechanisms of acquired 

resistance in experimental visceral infection
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3.2.1.1. The host response as a determinant o f  the clinical spectrum o f  disease

Inadequate T cell and macrophage stimulation is characteristic of visceral leishmaniasis. In 

humans it has been shown that a Th2 immune response promotes parasite persistence with the 

production of IL-4 (Sang et al., 1999; Sundar et al., 1997b), IL-13 and IL-10 (Sundar et al., 

1997b; Ghalib et al., 1993). TGF-/3 also suppresses IFN- 7  levels in PBMCs isolated from 

both healthy and leishmaniasis patients (Bacellar et al., 2002).

It has been observed in both mice and humans that despite the generation of a polarised and 

sustained Thl response, lesions caused by particular strains of L. major have failed to heal 

(Anderson et al., 2005; Neva et al., 1979). IL-10 and regulatory T cells were shown to play a 

role in the murine infection and it appears that the over-activation of these homeostatic 

pathways in order to control inflammation may lead to non-healing disease. IL-10 is a 

cytokine which is a potent suppressor of macrophage function. It is produced by both T cells 

and macrophages (Janeway et al., 2005). Furthermore, a study carried out in Sudan examined 

cytokine levels in patients during successful treatment for visceral leishmaniasis with sodium 

stibogluconate. The investigators found that IL-10 levels were raised in patients who later 

developed post-kala-azar dermal leishmaniasis (Gasim et al., 1998). This was not observed in 

patients who remained free of post-kala-azar dermal leishmaniasis. In French New Guinea 

investigators discovered that increased levels of IL-10 message RNA was associated with 

unresponsiveness to antimonial treatment for cutaneous leishmaniasis (Bourreau et al., 2001).

The immune response of the host can therefore determine the spectrum of disease, depending 

on the development of cell-mediated immunity and delayed type hypersensitivity. Delayed- 

type hypersensitivity is indicated by a positive leishmanin skin test following intradermal 

inoculation with crude Leishmania antigen. This is used to detect exposure to leishmaniasis. 

The parasite burden also plays a role as does the species of parasite with individual properties. 

Figure 3.2.2 depicts the relationship between cell-mediated immunity, delayed-type 

hypersensitivity and parasite burden.
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Figure 3.2.2 The dynamic relationship between cell-mediated immunity, delayed-type 

hypersensitivity and parasite burden for the clinical spectrum of disease in leishmaniasis 

(Murray et al., 2005)

Secretion o f Thl cytokines, the action o f effector T cells and delayed-type hypersensitivity 

are active in sub-clinical infection (Hailu et al., 2004) and localised cutaneous leishmaniasis 

(Louzir et al., 1998; Meller-Melloul et al., 1991; Ajdary et al., 2000). In peripheral blood 

mononuclear cells (PBMCs) from patients with active cutaneous leishmaniasis lesions caused 

by L. major and from those who had recovered, a Thl cytokine profile was induced after 

exposure to Leishmania antigen (Ajdary et al., 2000). However, in the case o f  non-healing 

lesions, IL-4 was the predominant cytokine produced following exposure to the same antigen.

in visceral leishmaniasis patients in India, IL-4 and IL-10 levels were raised. IFN-y was 

present in the sera o f approximately half the patients examined, but the raised levels o f IL-4 

and IL-10 had a suppressive effect (Sundar et al., 1997b). Likewise in Ethiopia IFN-y and IL- 

12 levels were detectable in patients with visceral leishmaniasis, but apparently unable to 

effectively stimulate cellular responses (Hailu et al., 2004). However, PBMCs that were 

isolated from patients who were cured o f visceral leishmaniasis, and then stimulated with 

Leishmania antigen, showed higher levels o f  cells producing both IFN-y and IL-12 

(Peruhype-Magalhaes et al., 2005). This was in contrast to the predominantly Th2 cytokine 

profile observed in control uninfected patients and in patients with active visceral 

leishmaniasis.

Investigators found that patients with mucocutaneous leishmaniasis in Brazil possess elevated 

levels o f  IFN-y and TNF-a (Bacellar et al., 2002). Decreased levels o f  IL-10 failed to control
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this pro-inflammatory response. The authors suggested that this abnormal response may lead 

to the pathological tissue destruction observed in this spectrum o f disease.

In order to demonstrate the effect o f the host immune response on the outcome o f disease, 

some photographs are shown in Figure 3.2.3. These photographs were kindly provided by 

Prof Sunil Shaunak. These are cutaneous lesions in two patients who travelled together to the 

Mediterranean and were bitten by an infected sandfly at the same time. The photographs 

were taken after the same amount o f time had lapsed and before any treatment was 

administered. Patient A developed a histologically confirmed Th2 immune response, and 

their lesions failed to heal. Patient B however developed a histologically confirmed Thl 

immune response and his lesions self-healed quickly without the requirement for treatment.

B

Figure 3.2.3 Cutaneous lesion in (A) fail to heal during a Th2 immune response, whereas 

healing is rapid and without the requirement for treatment in a Th1 immune response in (B)

When an effective Thl immune response is generated it appears that deactivating Th2 

cytokines have little effect except perhaps to control inflammation and therefore moderate 

tissue injury (Murray et al., 2005). Typically if the immune response is aligned Th 1 >Th2, 

then healing ensues. If the Th2>Th 1 response prevails, then progressive disease develops.
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3.2.2. Leishmania-HYV  co-infection

Due to the requirement for an effective T cell-mediated immune response in order to clear 

leishmaniasis, it has become increasingly prevalent in immunocompromised patients. Co- 

infections with Leishmania in HIV-positive individuals in particular are on the rise and 

demonstrate that this parasite is also an opportunist. In southern Spain 11% of 291 HIV- 

positive patients had visceral leishmaniasis (Pineda et al., 1998). The infection was sublinical 

in 41% of the patients. Between 1985 and 1994 the prevalence of visceral leishmaniasis in 

AIDS patients living in endemic areas in Italy was up to 500-fold higher than in HIV-negative 

individuals (Gradoni et al., 1996). HIV and Leishmania co-infection has been reported in 30 

countries, particularly in the Mediterranean basin and even some cases in the USA 

(www.who.int/inf-fs/en/factll6 ). Frequent relapse of visceral leishmaniasis occurs in HIV 

patients, making it difficult to treat. Introduction of highly active antiretroviral therapy has 

however led to a decline in the number of VL cases reported in HIV positive patients (de la 

Rosa et al., 2002) in a study conducted over 11 years in Spain.

3.2.3. Im munochemotherapy

It was demonstrated experimentally that IFN- 7  acted synergistically with antimonial treatment 

(Murray, 1990; Murray et al., 1988). This has led to its clinical application in visceral 

leishmaniasis. IFN-y was found to accelerate parasite clearance by patients with visceral 

leishmaniasis in India. After 20 days treatment 93% of patients treated with antimony plus 

IFN-y were considered cured. However, patients treated with antimony alone demonstrated 

only 40% cure (Sundar et al., 1995). Although the ultimate cure responses were not different, 

this effect may enable a reduction in the time taken for conventional antimonial therapy. 

Short course therapy is however not suitable for some patients and additional study is needed 

to identify these patients from pre-treatment variables (Sundar et al., 1997c). The same 

outcome was established in Mediterranean visceral leishmaniasis where combined therapy 

reduced the duration of treatment to 19 days (van Lunzen et al., 1993). These investigators 

found that patients did not relapse during the follow-up period. Falcoff et al. (1994) found 

that the co-administration of IFN-y and antimony produced clinical healing of cutaneous and 

mucocutaneous leishmaniasis in patients that were previously unresponsive to antimony 

treatment.

These encouraging results led to the evaluation of IFN-y treatment on its own. IFN-y was 

used to treat cutaneous lesions in Syria (Harms et al., 1991). Clearance of parasites was 

obtained in 69% of the lesions, and after 10 weeks only 1 out of 37 lesions had healed
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completely. In the same study control subjects treated with tmttmeny ahewed IdhH paraatte

clearance and complete healing of 29 out of 38 lesions at the 10-week follow-up (Harms et 

al., 1991). The administration of IFN-Y on its own was able to induce limited anti-leishmanial 

activity in visceral leishmaniasis patients (Sundar and Murray, 1995). Four out of 9 patients 

showed no response however. These results indicate that IFN-y is less effective when 

administered on its own. To fully exploit its potent anti-leishmanial activity this cytokine 

should be administered as an adjunct to conventional drug therapy.

3.2.4. Vaccination

The ultimate cost-effective method in infectious diseases would be to avoid disease 

altogether. The World Health Organization (WHO) indicates that vaccination is the most 

effective method for controlling and possibly eradicating disease. In addition to this obvious 

benefit, the strain on health-care institutions can be relieved, so that money saved can be used 

for other health services. Prior to the introduction of an aggressive vaccination campaign, 

60% of the world's population were at risk of infection by smallpox, and the disease killed 

one in four victims. By 1977 this disease was successfully eradicated. The eradication of 

poliomyelitis is also within reach due to the launch Global Polio Eradication Initiative in 

1988. Infections have fallen by 99% since then, and an estimated five million people have 

escaped paralysis.

Furthermore, it has become obvious that a single treatment for leishmaniasis will most likely 

not be possible; Leishmania species differ intrinsically in their susceptibility to drugs, and the 

different pharmacokinetic requirements for drug delivery in visceral and cutaneous disease 

pose a problem as well. Severity of leishmaniasis depends on susceptibility of the host, and 

thus symptoms can vary markedly between individual patients (Bradley, 1974). A vaccine is 

thus a desirable control measure.

Crude vaccination has already been demonstrated to be successful. Leishmanization has been 

a vaccination procedure that was employed for decades in the developing world to prevent 

cutaneous leishmaniasis caused by L. major. This strategy was developed after the 

observation that benign infections typically self-healed and consequently enabled protection 

from re-infection. The procedure involves the subcutaneous inoculation of viable parasites to 

produce a controlled lesion in a non visible area of the skin.

Attempts to develop a more superior vaccine began 2 decades ago and there is yet to be a 

vaccine on the market. Previous vaccination attempts based on killed Leishmania parasites
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have been carried out with variable success. Most vaccines incorporate autoclaved 

Leishmania parasites, often a cocktail of different species but not necessarily the parasite 

targeted. This is feasible as it has been observed that there is extensive cross-reactivity 

among Leishmania parasites. People that migrated from areas endemic for cutaneous 

leishmaniasis, caused by L. major, to eastern Sudan were found to have a lower incidence of 

visceral leishmaniasis. This implies some cross-protection (Zijlstra et al., 1994).

One study had promising results in a phase I/II trial against cutaneous leishmaniasis in 

Colombia (Velez et al., 2000). An autoclaved whole-cell L. amazonensis vaccine 

administered intramuscularly showed a good safety profile. The vaccine also initiated a 

satisfactory Thl immune response with regards to IFN- 7  levels persisting up to one year 

following vaccination. Eighty-six percent of patients that were previously negative for the 

Leishmanin skin test achieved conversion after vaccination. Disappointingly though when this 

vaccine was examined in a phase III trial with a larger study population the results were less 

encouraging (Armijos et al., 2004). Leishmanin skin test conversion was once again greater 

in the vaccine group than the placebo group. However, after 2 years follow-up the incidence 

of cutaneous leishmaniasis in vaccinated patients (2 %) versus placebo-controlled patients 

(1.3%) was not significantly different. The vaccine therefore did not offer significant 

protection against cutaneous leishmaniasis (Armijos et al., 2004). These results were similar 

to those found in earlier trials incorporating autoclaved L. major parasites administered with 

BCG in Iran (Momeni et al., 1999; Sharifi et al., 1998). After promising results in early trials 

a larger Phase III trial indicated that this vaccine also did not offer significant protection over 

a period of 2 years. Incidence rates of cutaneous leishmaniasis were 18.0% versus 18.5% in 

vaccinated and control subjects respectively (Momeni et al., 1999).

There have been few vaccines tested against visceral leishmaniasis. I have already discussed 

that some species of Leishmania offer cross-protection against disease. On the basis of this 

knowledge, Khalil et al. (2000) used the L. major vaccine in a clinical trial for the prevention 

of visceral leishmaniasis in Sudan. This vaccine too did not afford protection against active 

visceral leishmaniasis. The incidence in vaccinated subjects was 11.5% compared to 12.3% 

that were inoculated with BCG on its own.

These results indicate that a positive Leishmanin skin test does not confer immunity to 

cutaneous leishmaniasis infection. It is feasible that autoclaving parasites for vaccination may 

disrupt their capacity to be an effective antigen. Despite reported cross protection vaccines 

based on single species of parasite may be too region-specific when considering the number 

of species responsible for this disease over a varied geographic distribution (see Table 2.2.1, 

Section 2.2) (Armijos et al., 2004).
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3.2.4.1. Adjuvants

Bacille Calmette-Guiren (BCG) was typically used as an adjuvant in these vaccine studies. A 

significant hindrance in finding a vaccine is finding a more suitable adjuvant (Khalil et al., 

2000) that would increase immunogenicity above that seen by BCG. Furthermore, there 

exists antigenic cross-reactivity between Mycobaterium and Leishmania (Smrkovski and 

Larson, 1977). Populations examined may be naturally sensitised by exposure to 

Mycobacterium or to previous BCG vaccination (Velez et al., 2000). Investigators found that 

BCG administered on its own induced 20% conversion in a Leishmanin skin test in 

Ecuadorian children (Armijos et al., 1998). Although this was significantly lower than the 

85% conversion seen in patients administered with vaccine plus BCG, it reiterates the 

knowledge that BCG imparts some protection against leishmaniasis.

Adjuvants can be broadly defined by their ability to boost the antigen-specific immune 

response towards the antigen with which they are administered. They generate an immune 

response which is more pronounced, or more prolonged than that brought about by antigen 

acting on its own. It is important to note that aluminium compounds are the only adjuvants 

currently used routinely in human vaccines. A significant limitation of these is their failure to 

elicit cell mediated (Thl) immune responses; they typically promote Th2 responses. They are 

therefore relatively ineffective against intracellular parasites and viruses.

MF59 is an oil/water emulsion adjuvant recently approved in some European countries. It has 

been incorporated into a subunit influenza vaccine for use in the elderly. An open 

randomised study showed that this vaccine was highly immunogenic and yet well tolerated in 

the elderly (Ruf et al., 2004). However in a non-elderly population the immunogenic 

advantage is not as great when compared to non-adjuvanted vaccines (Frey et al., 2003). 

Importantly though MF59 cannot potentiate cell-mediated immune responses and is thus also 

not suitable for treatment of intracellular pathogens such as Leishmania.

Therefore, there is a need for new, safe and effective Thl adjuvants. Adjuvants should be 

well characterised and stable. They should be biocompatible and not toxic, so that their 

introduction into a host does not initiate a potentially dangerous reaction. An advantage of 

the use of synthetic polymers in vaccine delivery systems is that they can be adapted to the 

physical, chemical and immunogenic requirements of a specific antigen, and they can be 

made to have adjuvant-like characteristics (Rihova, 2002).

3.2.4.1.1. The immunomodulatory ejfect o f  polymers

Many polymers have been found to possess immunomodulatory activity. It was first 

demonstrated in 1968 that synthetic polyanionic polymers protected mice challenged with a
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lethal dose of Meningo virus, and that carboxylate copolymers enabled murine peritoneal 

macrophages to inhibit vesicular stomatis virus in vitro (Merigan and Finkelstein, 1968). It 

was also demonstrated that poly(acrylic acid) and poly(methacrylic acid) displayed potent 

antiviral activity which was attributed to the production of interferon as well as direct 

antiviral action (De Somer et al,, 1968), A sulphated polysaccharide, carrageenan, has been 

used extensively to induce inflammation in laboratory animals when evaluating anti

inflammatory drugs (Thomson et al,, 1981) Alginates are isolated from marine algae and 

have been shown to cause the release of TNF-o; IL-1 and IL- 6  from monocytes (Otterlei et 

al,, 1991), Sulphated fucans and lignin derivatives have been shown to elicit the release of 

TNF-O! (Sweeney et al,, 2000; Sorimachi et al,, 1995), Emulsan is a secreted 

lipopolysaccharide from Aceinetobacter calcoaceticus that forms part of the normal human 

commensal load. This was found to activate macrophages in a manner which could be varied 

by altering the structure of emulsan (Panilaitis et al,, 2002), However, the levels of 

chemokines and cytokines observed in these experiments have largely been too high to be of 

real therapeutic benefit in man. Potent anticoagulant effects also prohibit their application in 

man for immunomodulatory therapeutic benefit (Alban and Franz, 2000; Farias et al,, 2000; 

Soeda et al,, 1992),

T150R1 is a non-ionic block co-polymer (8  kDa) that can form a channel across a lipid 

bilayer membrane to allow sodium ions to move across the membrane. Chickens were 

immunised with oil-in-water emulsions of T150R1 one or two weeks prior to subsequent 

exposure to antigen. It was shown that chickens treated with the polymer generated higher 

IgM titres, but did not develop any discernable cell-mediated immunity (Ragland and Hunter, 

2004),

Poly(lactide-co-glycolide) and poly(lactide) polymer-based particles have been examined for 

their application in vaccine delivery systems (Katare et al,, 2005; Boehm et al,, 2002; Cleland, 

1999), Polymer microparticles have the advantage of offering protection of the antigen 

during encapsulation and delivery and even the encapsulation of multiple antigens. These 

particles allow controlled release of antigen and also the potential advantage of administration 

via non-invasive routes such as nasal administration, Poly(lactide) particles entrapping 

tetanus toxoid antigen were prepared by emulsion solvent evaporation technique (Katare et 

al,, 2005) and evaluated for their induction of antibody titres. Titres from a single 

immunisation of these particles administered simultaneously with alum were equivalent to the 

titres obtained with two separate doses of alum adsorbed tetanus toxoid. No cell-mediated 

immunity was reported.
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Neocarzinostatin is an antibiotic with potent antitumour activity. This has been conjugated to 

poly(styrene-comaleic acid) to form a compound termed SMANCS (Maeda et al., 1985). 

This polymer conjugate has been found to induce inflammatory chemokines in vitro. 

Cationic polymers have been used in a delivery system and have been shown to boost the 

immune response to Hepatitis B surface antigen in vivo (Bos et al., 2004). 

Oligodeoxynucleotides (ODN) containing unmethylated cytidyl-guanosyl (CpG) motifs are 

potential Thl immunostimulants, and have been used in conjunction with commercial 

hepatitis B virus vaccine to enhance vaccine immunogenicity over control subjects (Cooper et 

al., 2004).

Polyriboinosinic polyribocytidylic acid (poly(I:C)) is a synthetic double stranded RNA 

polymer that is recognised by TLR3 (Alexopoulou et al., 2001) leading to several 

immunomodulatory consequences. Poly(I:C) has induced the production of IFN-a, IFN-jS and 

IFN-Y from T cells, natural killer cells, dendritic cells and macrophages. Recently it has been 

shown that peptide vaccination with poly(I:C) augmented the number and function of antigen- 

specific CDS^ T cells. The memory CDS^ T cell response was also augmented and a 

reduction in the apoptosis of these cells was achieved (Salem et al., 2005).
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A im s  II

Both the polymer 4 and the complex 6  could be reproducibly synthesised and were shown to 

be stable over a period of cold storage of at least 12 months. The polymer 4 was synthesised 

with a narrow molecular weight distribution which also meant that it could be well 

characterised. Following the synthesis of a polymer complex of AmB that had improved 

solubility and reduced toxicity, a secondary aim of this thesis was to evaluate the 

immunomodulatory effect of both the polymer 4 and the complex 6 . The hypothesis was 

based on preliminary observations that led us to consider that the polymer 4 and therefore 

possibly also the complex 6  could induce the up-regulation of pro-inflammatory chemokines 

and cytokines in tissue-resident cells. The production of the signature Thl cytokine IFN- 7  in 

tissue cells induced by the polymer 4 and the complex 6  was also of particular interest. This 

was because in leishmaniasis the immune response of the host can determine the spectrum of 

disease, and a potent IFN- 7  response by the host or the administration of exogenous IFN- 7  

typically leads to healing. The polymer 4 and the complex 6  were shown not to cause a pro- 

inflammatory response in blood derived cells, which is of enormous advantage as it means 

that infusion-related toxicity can be potentially avoided. It was therefore considered that 

tissue resident peritoneal cells would provide a valid cell population in which to evaluate the 

immunomodulatory effect of the polymer 4 and the complex 6 .
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3.3. The use of peritoneal cells as a source of tissue-derived cells

One aim of the work described in this thesis was to investigate the immunomodulatory ability 

of polymer 4 to stimulate an immunomodulatory response from macrophages and dendritic 

cells. It has already been shown that monocyte-derived macrophages and PBMCs do not 

respond to stimulation with polymer 4 or the complex 6 . This is an advantage that may 

enable their safe intravenous infusion to man. However, many reports indicate differences in 

the functional characteristics of blood- and tissue-derived cells, including their immunological 

function.

3.3.1. Heterogeneity of macrophages

Monocytes originate from progenitor cells in the bone marrow called colony-forming unit 

granulocyte-macrophage cells. Monocytes then migrate to the peripheral circulation where 

they spend approximately 72 hr until migrating into tissues where they differentiate into 

macrophages. Macrophages are distributed widely throughout the body and are identified by 

their location. These are indicated in Table 3.3.1.

Table 3.3.1 The nomenclature of macrophages

Location Macrophage

Liver

Central nervous system 

Bone 

Connective Tissue 

Lungs 

Peritoneal cavities

Kupffer cells 

Microglia 

Osteoclasts 

Histiocytes 

Alveolar macrophages 

Peritoneal macrophages

Macrophages play important and diverse roles in the body. This means that they display great 

structural and functional heterogeneity. For example, Kupffer cells are responsible for the 

clearance of particulate matter from the blood, whilst in the spleen macrophages have a 

function in blood homeostasis by engulfing and digesting spent red blood cells.
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3.3.2. M acrophages and dendritic cells from different body compartments

3.3.2.1. Immunological characteristics o f  macrophage sub-populations

Human monocyte-derived macrophages that are derived in vitro from peripheral blood 

provide a good model for the study of in vivo derived human macrophages. It has however 

been demonstrated that the immunomodulatory response of in vivo derived tissue 

macrophages and monocyte-derived macrophages can differ. In Prof. Shaunak’s laboratory it 

was shown that tissue macrophages isolated from the peritoneal cavity produced the 

chemokines MIP-lo: and MIP-1/3 in response to stimulation with a linear polysaccharide, 

dextrin-2-sulphate. Monocyte-derived macrophages did not respond to this stimulus. 

Furthermore, dextrin-2-sulphate was internalised by peritoneal macrophages but not by 

monocyte-derived macrophages (Shaunak et al., 1998b; Thornton, 2000). In earlier 

experiments, the ability of alveolar tissue macrophages to direct lymphocyte proliferation in 

the presence of exogenous mitogen or antigen was compared with autologous monocyte- 

derived macrophages. It was shown that either monocyte-derived macrophages or alveolar 

macrophages could be more effective depending on the dose and stimulus (Ettensohn and 

Roberts, Jr., 1983). The same authors showed that alveolar macrophages and monocyte- 

derived macrophages could equally stimulate T cell proliferation in a mixed lymphocyte 

reaction, although monocyte-derived macrophages were superior when stimulating an 

autologous mixed lymphocyte reaction (Ettensohn et al., 1989).

3.3.2.2. Immunological characteristics o f dendritic cell sub-populations

Dendritic cells can be derived in vitro when culturing monocytes with GM-CSF and IL-4. 

This discovery has facilitated much investigation into the understanding of the biology of 

dendritic cells. Monocytes can be isolated directly from peripheral blood through positive 

selection methods using CD 14, followed by depletion of CD2 and CD 19 cells. They can also 

be isolated by adherence to plastic. However, dendritic cell heterogeneity arises from the 

variation in the monocyte preparation methods, as well as the serum and cytokines used in the 

differentiating media. It has also been shown that monocyte-derived dendritic cells revert 

back to monocytic cells once GM-CSF and IL-4 are removed (Ardavin et al., 2001).

Discrepancies have also been reported in some functional characteristics between monocyte- 

derived dendritic cells and the small number of immature dendritic cells which circulate in the 

peripheral blood. Cell surface expression markers, chemokine production, and their ability to 

stimulate T cells can all vary (Osugi et al., 2002; Penna et al., 2002). Immature dendritic cell 

populations are recruited by different chemokines. Langerhans cells (dendritic cells of the
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skin) migrate selectively to MIP-3cx (via CCR6 ), peripheral blood dendritic cells to MCP 

chemokines (via CCR2), and monocyte-derived dendritic cells are recruited to M IP-la and 

MlP-ljS (via CCRl and CCR5) (Caux et al., 2000). In contrast to monocyte-derived dendritic 

cells, isolated peripheral blood dendritic cells can upregulate natural killer cell function by as 

much as 70% (Osada et al., 2001).

The reported differences among cellular sub-populations may be important in both immune 

homeostasis and in the pathogenesis of disease. These observations also suggest that in vitro 

derived macrophages and dendritic cells do not have a true physiological counterpart in vivo. 

In order to obtain a more complete analysis of the immunomodulatory characteristics of 

polymer 4, it was necessary to test the polymer against tissue-derived cells as well. For this 

reason a source of cells that could be derived without the requirement for in vitro 

manipulation was required. In situ tissue macrophages and dendritic cells reside in the 

peritoneal cavity and can be isolated directly from waste fluid during continuous ambulatory 

peritoneal dialysis.

3.3.3. The peritoneal cavity as a source of tissue-derived immune cells

3.3.3.1. The physiology o f the peritoneum and the peritoneal cavity

The peritoneum is the serous membrane that lines the abdominal cavity (Figure 3.3.1). It is 

composed of a layer of mésothélium which is supported by a thin layer of connective tissue. 

The parietal peritoneum is attached to the abdominal wall and the visceral peritoneum covers 

the organs within the abdominal cavity. These form one continuous membrane which is the 

largest extra-vascular space in the human body with a surface area of approximately 2  m .̂ 

Microvilli on the surface of the peritoneum increase the available surface area to 

approximately 40 m  ̂ (Gotloib, 1987). The peritoneum therefore supports the abdominal 

organs and also acts as a channel for their blood and lymph vessels and nerves. The potential 

space that separates the parietal and visceral peritoneum is the peritoneal cavity. This is filled 

with between 50 and 100 ml of slippery serous fluid that allows the two layers to slide freely 

over each other, thus enabling the movement of the internal organs contained within. The 

peritoneum also acts as a barrier between the peritoneal compartment and the gastrointestinal 

tract (Rapoport et al., 1999; White and Granger, 2000; Heemken et al., 1997b; Gotloib et al., 

2000).
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Figure 3.3.1 Diagrammatic representation of the peritoneum and the peritoneal cavity.

The membrane acts as a selective barrier to regulate the exchange of molecules and cells with 

the circulation. It contains an enormous reservoir of microorganisms and caustic juices 

(Eischen et al., 1994a). The vascular system delivers fluid and solutes to the peritoneum. 

The microvascular network of capillaries within the peritoneum is the primary location for the 

exchange of solutes and fluid (White and Granger, 2000). Lymphatic drainage occurs with 

the continual absorption of fluid and solutes from the peritoneal cavity to the peritoneal 

lymphatics. The lymph passes through lymph nodes into the right lymphatic duct (Flessner et 

a/., 1983). Water and small molecular weight solutes such as urea are transported between 

the blood and the tissues of the peritoneum by diffusion. This generates an osmotic gradient 

which is influenced by the membrane area and permeability, local blood flow, temperature, 

volume and solute concentration (Heemken et al., 1997a; Krediet, 1999). Larger molecules 

such as serum proteins are transported to the peritoneal cavity at much lower rates than lower 

molecular weight solutes (Krediet, 2000).

3.3.3.2. Continuous ambulatory peritoneal dialysis

Continuous ambulatory peritoneal dialysis (CAPO) is a well established alternative to 

haemodialysis for the therapy of end-stage renal failure (Rapoport et a i, 1999). Typical fluid 

volumes within the peritoneum are small (< 100 ml) (Rapoport et a i, 1999). However, due to 

the large available surface area, a 2 0 -fold increase in volume is possible without causing 

discomfort (White and Granger, 2000). During CAPD approximately 2 litres of fluid are 

introduced via gravity through a permanent indwelling catheter into the peritoneal cavity. 

The peritoneum then acts as a semi-permeable dialysing membrane to remove the toxins and 

excess water which would normally be excreted by the kidneys. The fluid is drained after a 

few hours and exchanged with fresh fluid. This process occurs four times a day (Gokal and 

Mallick, 1999) during which time the patient is free to move around as normal. The fluid is
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glucose-based and contains lactate, sodium, potassium and calcium, and it has a high osmotic 

strength.

3.3.3.3. Cell populations in the peritoneal cavity

The waste dialysates from CAPD procedures provide a simple method for collecting resident 

human peritoneal cells as a source of tissue-derived cells. Peritoneal cell populations from 

both the normal peritoneum and the CAPD peritoneum have been studied.

3.3.3.3.I. Macrophages

Resident tissue macrophages represent the predominant cell type in CAPD dialysates (45 - 

56%) and laparoscopy samples from the normal peritoneum (87 - 90%) (Kubicka et al., 1996; 

Eischen et al., 1994b; Betjes et al., 1993b). The function of macrophages from the CAPD 

peritoneum has been studied. Several factors indicate that these peritoneal macrophages are 

relatively immature and become increasingly more so over time. Peritoneal macrophages and 

blood monocytes from CAPD patients expressed CD 15, which is a marker that correlates with 

immaturity (McGregor et al., 1996). CAPD macrophages released hydrogen peroxide in 

similar levels to blood monocytes although these levels were lower compared to normal 

peritoneal macrophages (McGregor et al., 1990). Approximately 20% of peritoneal 

macrophages from CAPD patients expressed the transferrin receptor in contrast to control 

cells that typically did not express this receptor (Moughal et al., 1991). As the macrophages 

become increasingly immature they slowly lose their ability to secrete pro-inflammatory 

chemokines and cytokines (McGregor et al., 1996). The immaturity of peritoneal 

macrophages may reflect the strain on the bone marrow to replace peritoneal macrophages 

following dialysate exchange. As many as 3 -  4x10^ macrophages are depleted daily as the 

peritoneal dialysis waste fluid is discarded (Lewis and Holmes, 1991). These are replaced by 

monocytes that migrate from the intravascular space and subsequently undergo 

differentiation. However, in contrast to these results, other investigators stipulated that 

peritoneal macrophages had a mature phenotype compared to blood monocytes, with regards 

to the expression of HLA-DR (Davies et al., 1989).

CAPD peritoneal macrophages also have an activated phenotype (Lewis and Holmes, 1991). 

TNF-a and IL-6  were constitutively produced by peritoneal macrophages in culture 

(McGregor et al., 1996). They also exhibited endogenous peroxidatic activity and were in a 

steady state of chronic ‘sterile inflammation’, as defined by the authors (Bos et al., 1988). 

The expression of IL-2 receptor by these macrophages was also enhanced (Davies et al., 

1989). This state of activation may be due to the constant exposure to dialysis fluid.
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3.3.3.3.2. Lymphocytes

Between 12 and 30% of the cells in the normal peritoneum are lymphocytes. This is 

increased to as much as 40% lymphocytes in the CAPD peritoneum (Betjes et al., 1993c; 

Hartman et al., 1995). CD3+ T cells dominate throughout and there is a ratio of 0.4 of 

CD4+/CD8+ T cells (Kubicka et al., 1996; Ho et al., 1995; Hartman et al., 1995; McCully et 

al., 2005c). One-third of peritoneal lymphocytes from CAPD patients expressed HLA-DR. 

This was significantly higher than those from CAPD patient blood, normal blood and normal 

peritoneal fluid (Davies et al., 1989). Most of these lymphocytes are activated (Lewis et al., 

1993). B cells (1 - 2%) are only present in low numbers (Kubicka et al., 1996; Ho et al.,

1995). Natural killer cells have also been detected ( 8  - 20%) at levels similar to those found 

in peripheral blood.

3.3.3.3.3. Dendritic cells

Dendritic cells comprise 2% of peritoneal cells in the normal peritoneum (Kubicka et al.,

1996), and 6 % of cells in the CAPD peritoneum (Betjes et al., 1993b). This is considerably 

higher than the percentage of dendritic cells in the peripheral circulation which is usually 

approximately 0.8% (Freudenthal and Steinman, 1990). Myeloid dendritic cell precursors 

(2%) have also been identified (McCully et al., 2005b). These were CD14+CD4+ cells that 

were capable of differentiation to either dendritic cells or macrophages under appropriate in 

vivo conditions. Dendritic cells from CAPD patients predominantly have an immature 

phenotype.

3.3.3.3.4. Immunological function ofperitoneal cells

As a result of the proximity of the peritoneal cavity to the gut, these immune cells are poised 

to take action against any injury to the intestinal wall. The principle defence mechanism of 

the peritoneal cavity is its isolation by a physical barrier. During CAPD, the insertion of the 

catheter means that this barrier is continuously breached. Infection of the peritoneal cavity 

(peritonitis) is a therefore common complication during CAPD. At the onset of infection, 

neutrophils are recruited in their millions to the peritoneal cavity (McCully et al., 2005a). 

The numbers of macrophages are increased as well. Resident peritoneal macrophages control 

the inflammatory response following tissue injury (Cailhier et al., 2005). These cells, and not 

mast cells, produce inflammatory chemokines and furthermore also control the influx of 

neutrophils.

The antigen-presenting capacity of human peritoneal cells under the influence of CAPD has 

been studied (Betjes et al., 1993b). Dendritic cells were superior antigen-presenting cells
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when compared to macrophages. CAPD peritoneal macrophages were however more potent 

stimulator cells for allogeneic T cells when compared with control macrophages. A 

significantly larger proportion of peritoneal CD4 and CDS lymphocytes express CD45R0 

(UCHLl) than peripheral blood T cells (Kubicka et al., 1996). This molecule is characteristic 

to the memory/effector T-cell subpopulation. However peritoneal T lymphocytes displayed a 

lower response to exogenous mitogens when compared to peripheral blood lymphocytes from 

the same donor.

These results collectively indicate that cells from the CAPD peritoneum are potent immune 

cells. They can be isolated without the requirement for invasive procedures and on a regular 

basis. Peritoneal cells isolated in this manner were phenotypically characterised before being 

used in experiments to evaluate the immunomodulatory effect of polymer 4 and the complex 

6  on tissue-derived cells.
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M a t e r ia l s  a n d  M e t h o d s

3.4. Immunomodulation

3.4.1. Flow cytometry

All flow cytometry was conducted by Dr Sharyn Thomas.

3.4.1.1. Antibodies

Table 3.4.1, gives the details of the specific isotype controls used. All of the antibodies used 

are listed in Table 3.4.2. All conjugated antibodies used were anti-human murine monoclonal 

antibodies.

Table 3.4.1 Details of specific isotype controls

Isotype Fluorochrome Clone Supplier

IgM FITC G155-228 BD Pharmingen

IgGi FITC MOPC-21 BD Pharmingen

igGi PE MOPC-21 BD Pharmingen

IgGza PerCP G155-178 BD Pharmingen

IgGi APC MOPC-21 BD Pharmingen
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Table 3.4.2 Description of conjugated anti-human murine monoclonal antibodies

Antibody Isotype Fluorochrome Clone Supplier

CD1a lgGi, K FITC* H149 BD Pharmingen

CDS lgGi, K PE^ UCHT1 BD Pharmingen

CD4 lgGi, K APC° RTA-T4 BD Pharmingen

CDS lgGi, K PerCP ^ HITSa BD Pharmingen

CD11C lgGi FITC KB90 Dako

CD14 IgGi, K PE M5E2 BD Pharmingen

CD14 igGi, K FITC M5E2 BD Pharmingen

CD16 igGi, K PE 3G8 BD Pharmingen

CD19 igGi PE 4G7 Dako

CD25 igGi, K FITC M-A251 BD Pharmingen

CD56 igGi, K PE B159 BD Pharmingen

CD68 igGi FITC KP1 Dako

CD80 IgM, K FITC BB1 BD Pharmingen

CD83 igGi, K FITC HB15e BD Pharmingen

CD86 igGi, K FITC 2331 (FUN-1) BD Pharmingen

CD123 igGi,K Biotin 9F5 BD Pharmingen

DC-SIgn IgGi, K FITC DCN46 BD Pharmingen

HLA-DR lgG2a, k PerCP L243 BD Pharmingen

HLA-DR IgGi FITC CD3/43 Dako

Ki-67 IgGi FITC KP1 Dako

TLR2 lgG2a, k PE eBioscience

TLR4 lgG2a, k PE eBioscience

FITC = Fluorescein-isothyocyanate; PE = R-phycoerythrin; APC = Allophycocyanin; PerCP = 
Peridinin chlorophyll protein.
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3.4.1.2. Flow cytometry antibody labelling

All flow cytometry antibody labelling was done in 4.5 ml culture tubes (Greiner Bio-one). 

Blocking of cell pellets ( 2 - 5 x 1 0 ^  cells) was done with 10% mouse serum in PBS (50 /d) at 

ambient temperature (30 min). The mouse serum was donated by Dr Shiranee Sriskandan 

(Imperial College London). Cells were incubated in the dark (4°C,30 min) with the volume of 

antibody recommended by the manufacturer and then washed with fluorescent activator cell 

sorter (FACS) washing buffer. Cells were fixed with 4% paraformaldehyde in PBS (200 /xl, 

4°C, 10 min). FACS washing buffer was PBS supplemented with 5% heat inactivated human 

serum and 5 mM ethylenediamine tetra acetic acid (EDTA, Sigma-Aldrich).

For the labelling of intracellular markers (CD6 8  and Ki-67), cells were first fixed in 4% 

paraformaldehyde (4°C, 10 min) and then washed twice. Fixed cells were incubated with 

0.1% saponin in PBS supplemented with 2% human serum (100 pi, 4°C, 10 min). Saponin 

perforates the cell membrane. These cells were then labelled with the intracellular antibody 

and fixed as described earlier.

3.4.1.3. Flow cytometric acquisition and analysis

Flow cytometric acquisition was performed using a FACScalibur™ flow cytometer with 

CellQuest™ 3.0 software (Becton Dickinson). Acquisition was conducted within 48 hr of 

fixing the cells. Light scatter was used to generate a live gate of intact cells. Fluorochrome 

spectral overlap was compensated for with singly labelled cell samples. For each sample, 0.5 

- 2 X 10̂  events were collected. Flow cytometric analysis was performed using WinMDI 3.1 

(v2.8) software. Non-specific binding of antibody was corrected for by using matched 

isotype controls.

3.4.2. Endotoxin Assay

Limulus amebocyte lysate is an aqueous extract of blood cells from the horseshoe crab. This 

reacts with bacterial endotoxin or lipopolysaccharide (LPS) resulting in the formation of a 

gel. Pyrotell gel clot tests (Cape Cod Associates) were used to detect the presence of 

endotoxin in samples at a sensitivity of 0.06 EU/ml. Equal volumes (100 /xl) of sample and 

lysate were incubated (37°C, 1 hr) and examined for the formation of a gel clot. Only batches 

of polymer 4 and the complex 6  that were confirmed endotoxin-free by this method were used 

in immunomodulatory studies.
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3.4.3. Culture o f peritoneal cells with samples

Total peritoneal cells were isolated as described in Section 2.4.

3.4.3.1. Activation and maturation o f peritoneal dendritic cells

The total peritoneal cell population (4 x 10  ̂ cells/ml) was cultured for 24 hr in medium 

supplemented with 1,000 U/ml GM-CSF. Following a 50% media change, the peritoneal 

cells were then stimulated with LPS (18 hr, from Salmonella minnesota. Sigma Aldrich). 

Culture media only was added to control wells. Non-adherent cells were considered to be an 

enriched dendritic cell population. These were aspirated and collected by centrifugation (450 

g,5 min). These cells were immediately labelled for flow cytometric analysis as described 

previously (Section X. page X).

3.4.3.2. Immunomodulatory studies

Peritoneal macrophages which were isolated by a 2 hr adherence to plastic were initially used 

to examine the effect of stimulation with polymer 4 and the complex 6 . Later the cell 

population studied was expanded to the total peritoneal cell populations. For 

immunomodulatory studies peritoneal cells were either used immediately or kept overnight at 

4°C in storage medium. Peritoneal cells in culture medium were seeded in a flat bottom plate 

and allowed to settle for at least 3 hr before the addition of sample.

Between 3x10^ and 1x10^ cells were added to a 48 well plate for the chemokine and cytokine 

mRNA assay, and at least 1x10^ cells were added to a 96 well plate for the chemokine and 

cytokine protein assay. Samples were diluted in culture medium. Either 

poly(riboinosinic:ribocytidylic acid) (poly(LC), 100 jUg/ml, Sigma Aldrich) or LPS (10 ng/ml) 

was used as a positive control, depending on the chemokines and cytokines examined. 

Culture media only was added to control wells. Cells were incubated for between 3 and 21 hr 

(mRNA assay), or 21 hr (protein assay).
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3.4.4. M easurem ent o f cytokine and chemokine release from stimulated cells

The synthesis of chemokines (MIP-lo; MlP-ljS, IL-8 ) and cytokines (IFN-y, IL-12, TNF-o; 

IL-ljS, IL-6 ) was determined at the mRNA level using quantitative RotorGene real time PCR. 

The release of MIP-lp, TNF-a and IFN-y were also determined simultaneously at the protein 

level using enzyme immunoassay (EIA) methodology.

5.4.4.1. Enzyme immunoassays fo r  protein expression analysis

For the protein assay, cells were spun down and the supernatant was removed and stored at - 

20°C until use. Supernatants were not freeze-thawed more than once. Chemokine and 

cytokine production was determined using commercially available quantitative sandwich EIA 

kits (R&D Systems Europe Ltd) and following the manufacturer’s instructions. The resultant 

yellow colour was read at 450/570 nm using a spectrophotometer (Molecular Devices, UK).

3.4.4.2. RNA isolation and analysis

At the completion of the incubation period, the cells were spun down and the supernatant 

discarded. Cells for RNA extraction were lysed and stored at -20°C until use, or the RNA was 

isolated immediately. A Nucleospin RNA II kit (Macherey-Nagel, Germany) was used for 

the isolation of total RNA by following the manufacturer’s instructions. This procedure 

includes a DNAse digestion step to remove any contaminating genomic DNA. Total RNA 

was eluted from the spin column in water (40 /il).

3.4.4.2.1. Reverse transcription o f RNA

The optical density of isolated RNA was measured using a WPA UV 1101 Biotech 

Photometer at 260 nm. The concentration was calculated using the formula where an optical 

density of 1 equates to an RNA concentration of 40 /ig/ml. For reverse transcription equal 

amounts of each RNA sample were loaded (25 to 250 ng). Random 6 -mer primers (2.5 /xM, 

Sigma GenoSys), deoxyribonucleotide triphosphates (1.25 mM, Sigma Aldrich) and RNA 

were incubated (65°C, 5 min) in a total volume of 10 pi to denature RNA secondary 

structures and then snap-cooled on ice. Transcriptor reverse transcriptase (10 units, Roche 

Diagnostics), 5 x reverse transcriptase buffer (Roche Dianostics) and placental RNase 

inhibitor (10 units. Sigma Aldrich) were added and diluted in nuclease-free H2O so that the 

final reaction volume was 20 /il. Using a Perkin-Elmer 9600 thermocycler, the reaction tubes 

were incubated (25°C, 10 min) to allow primer annealing and then heated (55°C, 30 min) to 

enable reverse transcription of mRNA to cDNA. cDNA was stored at -20°C.
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3.4.4.2.2. Real-time quantitative PCR

Chemokine and cytokine mRNA levels were quantified using real-time quantitative 

polymerase chain reaction (PCR) in a Rotor Gene RG3000 thermal cycler (Corbett Research), 

PCR product was determined by measuring the binding of a fluorescent dye (Sybr Green, 

Sigma Aldrich). This is an asymmetric cyanin dye that binds in a sequence-independent 

manner to the minor groove of double-stranded DNA. Once bound Sybr Green is excited by 

light of wavelength 480 nm and fluoresces at 560 nm. This signal is proportional to the copy 

number of PCR product generated.

In a typical reaction, 2 x Sybr Green Jumpstart Taq Readymix (10 /il. Sigma Alrich), cDNA 

or plasmid standard (2 /xl), target forward (0.25 pM) and reverse (0.25 pM) primers were 

diluted to a final reaction volume of 20 pi in nuclease-free H2O. PCR temperature and 

incubation times were set up as described in Table 3.4.3. The temperature for fluorescence 

acquisition was established after determining the melting temperature of the PCR product. 

Acquisition was set 2 - 4°C below the product Tm, which is the temperature at which half the 

double-stranded product is completely denatured. Primers used are shown in Table 3.4.4 

along with the acquisition temperature for each product examined.

Table 3.4.3 Rotorgene real-time PCR set-up for the amplification of DNA

Activation of 
polymerase Amplification of PCR product (x 40 cycles) Tm Determination
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Table 3.4.4 Primer sequence and product acquisition temperatures

Gene Forward primer (S' to 3’) Reverse primer (S’ to 3’) Acquisition

MIP-1ct TGCTGCTTCAGCTACACCTCC GGAGTGGGGTGGAGGTGAGTGAG 83°G

ACCCTCCCACCGCCTGCTGC GTTGGAGGTGATAGAGGTAGTGGT 83°G

TNF-a AGGCGGTGCTTGTTCCTCA GTTGGAGAAGATGATGTGAGTGGG 82°G

IFN-k AAACGAGATGACTTCGAAAAG GTTGGAGGTGGAAAGAGGATGTGAGT 81 °G

IL-6 GACAGAGAGAGGCACTCACCTC GTGGGAGTGGGTGTTTGGTG 81 °G

IL-8 GGI 1 IGGAGGGGAAATTTATGA GGGGTGTTGAAAAGTTGTGGA 80°G

jg-actin ATTGGGGAGAGGATGGAGAA GGTGATGGAGATGTGGTGGAA 84°G

IL-12p40 TGGAGTGGGAGGAGGAGAGT TGTTGGGTGGGTGAGGTTTG 81 °G

3.4.4.3. Plasmid standards for the generation o f absolute copy numbers

Dr Ian Tec has created a multi-gene plasmid containing 7 chemokines, 5 cytokines and 2 

housekeeping genes. This can be used to create a standard curve in quantitative real-time 

PCR in order to establish absolute copy numbers of any of the genes. This plasmid was used 

to quantify the cDNA of the genes of interest in this study. These are listed in Table 3.4.2. 

The IL-12p40 plasmid was not part of the multi-gene plasmid and was synthesised by myself 

as part of this PhD.

The standard curve, amplification efficiency, and melting profile of representative real time 

PCR of the chemokines and cytokines examined are shown in Appendix III.

3.4.5. IL-12p40 plasmid synthesis

Primers were designed using the Primer 3 website (http://frodo. wi. mit, edu/csi- 

bin/vrimer3/primer3 www.c2 i). The target genomic sequence was entered and the program 

generated several options for both forward and reverse primers. Selection of primers was 

based on the following criteria

(1) product size between 150 and 2 0 0  base pairs to ensure efficient amplification

(2) guanidine icytidine content in the primer of ~ 50% to ensure a moderate (55 -  60®C) 

annealing temperature
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(3) the absence o f reactivity with non-target sequences, (this was verified by BLAST 

searches o f the NCBI DNA database)

(4) secondary structure within the target product was kept to minimum

(5) primers spanned 2 exons in the cDNA sequence

PCR product was then amplified using these primers in the RotorGene RG3000 thermal 

cycler as described. IL-12 cDNA was sourced from peripheral blood mononuclear cells 

(PBMCs) that had been stimulated with LPS (as described in Section 2.7.1.1). PCR product 

was analysed using agarose gel electrophoresis (2.5 % in Tris-Borate-EDTA) in order to 

check for its purity as a single band o f the correct base pair size. Figure 3.4.1 shows the 

upregulation o f 1L-I2p40 mRNA in PBMCs incubated with LPS.

Bp
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200

1 0 0
80

Lane 1 molecular weight markers
Lane 2 PBMCs
Lane 3 PBMCs
Lane 4 PBMCs + LPS
Lane 5 PBMCs + LPS

Figure 3.4.1 PBMCs upregulate IL-12p40 mRNA after stimulation with LPS

The PCR product was then cleaned up using a Nucleospin Extract kit (Machery-Nagel) to 

remove contaminating PCR buffers which could interfere with the ligation. The purified 

DNA was treated with polynucleotide kinase (37®C, 30 min) to add overhang P O /. This 

allowed successful ligation into a pGEM-TA Easy Vector (Promega), carried out following 

the manufacturers instructions using T4 DNA ligase. Ligation was carried out over 2.5 hr at 

room temperature. JM109 High Efficiency Competent Cells (Promega) were thawed on ice 

prior to being transformed as follows; cells (50 /xl) were added to reaction tubes containing 

ligation mixture (2 /xl). The reaction was incubated on ice (20 min) and then heat-shocked 

(42°C, 45-50 sec) before being returned to ice (2 min). Luria Base (LB) broth (950 /xl, Sigma- 

Aldrich) was added and cells were incubated (37°C, 2.5 hr) with shaking. An aliquot o f these 

mixtures was then plated onto prepared LB agar plates containing ampicillin (100 /xg/ml) and 

treated with IPTG (100 mM, 100 /xl) and X-Gal (20 mg/ml, 150 /xl). Plates were incubated 

overnight (37°C) and the following day both white and blue colonies were selected to 

ascertain both positive and negative transformation. Colonies were inoculated into LB broth
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containing ampicillin (100 fig/ml) and incubated (37®C, 5 hr) before centrifuging the culture 

(14,000 g, 5 min). A crude plasmid preparation was obtained by resuspending the pellet in 

water and heating (99°C, 5 min) to lyse the cells. After centrifuging the sample again, PCR 

was carried out with an aliquot (2 pi) of the supernatant using the relevant primers. Colonies 

that were thus confirmed to contain the plasmid were subsequently cultured in large volumes 

as described. A GeneElute Plasmid mini-preparation kit (Sigma-Aldrich) was used to purify 

plasmid for stocks. The number of copies of the plasmid was established as follows -

The molecular weight of the plasmid was established as follows -

Total base pairs in plasmid (vector + insert) x molecular weight of 1 base pair (660 ^

The number of molecules in 1 ng DNA was established as follows -

n -  6 X 10“ (molecules in 1 mole) /  plasmid molecular weight

The optical density was measured (260 nm) and the concentration was determined. Finally, 

the number of molecules (copies) of plasmid in 1 pi was established by -

Concentration ijig/wl) x Number of molecules

The plasmid was linearised using restriction enzymes to enable efficient amplification in 

PCR. EcoRl restriction enzyme was used to cut the IL-12p40 plasmid to avoid the target 

gene being spliced. The plasmid was then diluted in nuclease-ffee water for a final stock 

concentration of 10* copies per pi. A standard curve was constructed with serial 10-fold 

dilutions in X DNA (5 ng/ml) from 20 -  2x10^ copies. Quantitative real time PCR was carried 

out using the RotorGene thermal cycler and the relevant primers as described in order to 

ascertain the efficiency of amplification.
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R e s u l t s : Pa r t  A

3.5. Characterisation of peritoneal cell populations

3.5.1. CAPD peritoneal cell yield and viability

In Prof Shaunak’s laboratory, much research has been done using human CAPD peritoneal 

cells as a source of tissue-derived cells (Thornton, 2000; Thomas, 2006). We have been 

fortunate to have regular access to waste dialysis fluid from patients undergoing training for 

continuous ambulatory peritoneal dialysis. The total cell yield was 56 ± 15x10^ (range 1 -  

392x10^). The mean volume was 1.8 ± 0.1 L (range 0.7 -  3.1L). 34 samples were analysed. 

The viability of the peritoneal cells was established by trypan blue exclusion. Cell viability 

was consistently ^ 5 % .

3.5.2. The phenotype of peritoneal cells

Peritoneal cells from CAPD waste fluid were phenotypically characterised by flow cytometry. 

These experiments were part of ongoing work in Prof. Shaunak’s laboratory and were 

conducted in collaboration with Dr Sharyn Thomas. All flow cytometric acquistion was 

performed on a FACScalibur™ flow cytometry and analysis was performed using WinMDI 

3.1 software. This was conducted by Dr Thomas, FACScalibur ™ flow cytometry is based 

on the principle that a cell will scatter laser light in a manner dependent on its size and its 

granularity as it passes through a laser beam. For all flow cytometric analysis of peritoneal 

cells, a live gate was drawn on the basis of light scatter. This live gate excluded red blood 

cells (which are small and have little granularity), granulocytes (neutrophils, eosinophils and 

basophils; these vary in size and are very granular), as well as dead cells and debris. Red 

blood cells were present as a result of the tissue trauma associated with the abdominal wall 

incisions required for insertion of the CAPD catheter. Granulocytes die within hours of in 

vitro cell culture and therefore were excluded from this analysis. Therefore, the live gate 

included macrophages, dendritic cells, T cells, B cells, and natural killer cells. Events not 

included were mostly due to dead cells and debris,

FACScalibur™ flow cytometry can also be used to identify cellular sub-sets in a mixed 

population of cells. Cells were first labelled with monoclonal antibodies that were conjugated 

to fluorescent dyes. These recognise precise cell surface or intracellular antigens. As these 

cells traverse the laser beam, bound dye is excited by the light so that it fluoresces. This
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fluorescence is detected and indicates the extent of bound and labelled monoclonal antibody. 

This then yields information about the expression of antigen by each cell. This measurement 

is quantitative as the level of excitation is proportional to the amount of fluorescent dye bound 

to a cell. Figure 3.5.1 summarises the phenotype of all of the cells present in the dialysate. 

Table 3.5.1 indicates the cellular sub-populations that are attributed to the phenotype 

identified.
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Figure 3.5.1 Phenotypic characterisation of the peritoneal cell population by FACS 

analysis. (—  indicates the mean value)

3.5.2.1. Sub-populations o f CAPD peritoneal macrophages

The majority of cells isolated from the CAPD peritoneum had a CD6 8  ̂ tissue based 

macrophage phenotype (61 ± 2%). Four phenotypically distinct sub-sets of peritoneal 

macrophages were identified. These are indicated in Table 3.5.1. All of the cells expressing 

CD14 also expressed CD6 8 , and that all of the cells expressing CD16 also expressed CD6 8 .
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Table 3.5.1 Sub-populations of peritoneal cells from the CAPD peritoneum

Cell Markers Cell Type % of peritoneal cell population

CD68*CD14*CD16' 29 ± 7

CD68*CD14CD16
Macrophage

14± 2

CD68*CD14*CD16* 5 ±  1

CD68*CD14CD16* 3 ± 2

Lin HLA-DR* Dendritic cell 3 ±  1

CD3*CD4* T cell 11 ± 1

CD3*CD8* T cell 1 0 ± 2

CD56* Natural killer cell 3 ±  1

CD19* B cell 1 ± 1

3.5.2.2. Sub-populations o f CAPD peritoneal dendritic cells

Dendritic cells are typically identified as expressing high levels of major histocompatibility 

complex class II molecules but lack certain lineage (Lin ) specific markers (MacDonald et al., 

2002), The phenotypic definition of dendritic cells can thus be defined as Lin' HLA-DR^. 

Using 2 colour immuno-fluorescence flow cytometry, lineage positive peritoneal cells that 

were HLA-DR^ were excluded. These cells stained for the lineage markers CD3 (T cells, NK 

cells), CD 14 (monocytes, macrophages), CD 16 (NK cells, monocytes, macrophages), and 

CD 19 (B cells). HLA-DR^ cells which did not stain with any of these antibodies were Lin'. 

These were identified as peritoneal dendritic cells.

In CAPD waste fluid, 3.3 ± 0.4% (0.9 -  14%) of cells were peritoneal dendritic cells. The 

absolute number of dendritic cells in CAPD dialysates was 1.2 ± 0.4 x 10 .̂ The majority of 

peritoneal dendritic cells (75.8 ± 4.0%) had a myeloid phenotype (C D llc^  with only a 

minority (11 ± 3.2%) having a plasmacytoid phenotype (CD 123^. A small percentage of 

peritoneal dendritic cells expressed DC-SIGN (21.6 ±4.5% ) and CD la  (12.1 ± 2.9%).
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Figure 3.5.2 Cell surface marker expression of peritoneal dendritic cells.

5.5.23. Sub-populations o f CAPD peritoneal T cells

Peritoneal T cells were established as cells expressing the T cell lineage marker CD3, and 

accounted for 19 ± 2,4% of cells (n=18). T cell sub-populations were identified by three 

colour immunofluorescent flow cytometry in a representative sample (n=6 ) of peritoneal 

cells. Within this sub-population, CD4^ T helper cells consisted of 11 ± 1.7% of the 

peritoneal cell population. CD8  ̂ cytotoxic T cells consisted of 10.5 ± 1.6% of the live gate 

peritoneal cell population. The mean CD4VCD8^ ratio was 1.0 : 0.94. A negligible 

population of CD3^ cells expressed CD4 and CD8 (0.6 ± 0.1%).

3.5.2.4. Other phenotypic characterisation

Peritoneal cells expressing the B cell marker CD 19 were rarely detected (0.9 ± 0.4%, n=10). 

Natural killer cells, which express CD56, made up 2.9 ± 0.9% (n=4) of the total peritoneal 

cell population. The human leukocyte antigen HLA-DR was expressed by one-third (31 ± 

5.6%, n=10) of all cells. No cells (0.1 ± 0.7%; n=9) expressed the CD25 (interleukin-2 

receptor) activation marker. More than one-third (36 ± 8.3%; n=l 1) of peritoneal cells were 

cycling, as indicated by their expression of Ki-67. Approximately one-third (29 ± 3.6%, n=9) 

of the total peritoneal cell population expressed GDI Ic indicating that they were of myeloid 

lineage.
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3.5.3. Functional characteristics o f peritoneal dendritic cells

Cells that express surface markers are not necessarily biologically active as well. Therefore 

in order to establish that the dendritic cells from the CAPD peritoneum were fully functional 

immune cells, other assays were conducted. These assays were also conducted by Dr Sharyn 

Thomas.

3.5.5.1. Activation and maturation o f peritoneal dendritic cells

Immature DCs up-regulate their cell surface co-stimulatory molecules in response to a 

maturation signal. Mature dendritic cells are then able to potently stimulate naïve T cells 

(Banchereau et al., 2000). The cell surface markers examined were CD80 and CD8 6  (co

stimulatory molecules), CD83 (a marker of DC maturation) and CD25 (the alpha chain of the 

IL-2 receptor and an activation marker). The ability of immature peritoneal dendritic cells to 

undergo maturation was examined. It was found that simply culturing peritoneal dendritic 

cells for 3 days led to a significant upregulation of the activation/maturation markers when 

compared to the population of cells at day 0 (Table 3.5.2).

Table 3.5.2 Upregulation of peritoneal dendritic cell maturation markers after culturing

CD marker Peritoneal dendritic 
ceil at day 0 (%)

Cultured peritoneal dendritic 
ceil at day 3 (%)

CD80 5.1 19

CD83 19 40

CD86 7.5 85

The addition of LPS (25 ng/ml) to the culture medium for 24 hr also led to an increase in 

activation and maturation markers (Table 3.5.3). These results confirm that peritoneal 

dendritic cells can undergo maturation and activation in response to an external stimulus.
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Table 3.5.3 Upregulation of peritoneal dendritic cell activation and maturation markers 

after incubation with LPS

CD marker n Resting peritoneal 
dendritic ceil (%)

LPS stimulated peritoneal 
dendritic ceil (%)

CD80 4 7.2 ± 2.2 69± 11

CD83 5 9±  1.4 35± 13

CD86 4 8 6  ± 5 95 ± 1

CD25 6 0.7 ± 0.4 20 ±5

The peritoneal cavity therefore contains many immunocompetent cells. Immature dendritic 

cells in particular are present in large numbers, relative to those that can be isolated from 

peripheral blood. Following the phenotypic characterisation described here, peritoneal cells 

isolated from the human CAPD peritoneum were considered to be a viable source of tissue 

derived cells. These could be used to examine the immunomodulatory effects of the polymer 

4 and the complex 6 .
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R e s u l t s : P a r t  B

3.6. Immunomodulation of peritoneal cells

Both the polymer 4 and the complex 6  can be reproducibly synthesised and characterised. 

The complex 6  has been established to maintain good broad-spectrum activity that is 

comparable to the activity of clinical grade AmB-deoxycholate. Both polymer 4 and the 

complex 6  were not toxic towards red blood cells and white blood cells, with regards to both 

cellular viability and haemolysis. Neither polymer 4 nor the complex 6  triggered any 

immunomodulation in blood-derived cells. The inherent differences between cells from 

tissue- and blood-compartments were discussed earlier. It was possible that the polymer 4 

and the complex 6  could exert an immunomodulatory effect on tissue-derived cells. 

Leishmaniasis is a disease that manifests in the skin, mucosal membranes, liver and spleen. 

Cells from these tissue compartments cannot be readily isolated. Therefore cells were isolated 

from the closest human tissue-based compartment available. This was the human CAPD 

peritoneum.

3.6.1. Inducing an inflammatory response in peritoneal cells

The initial aim of these experiments was to incubate polymer 4 with peritoneal macrophages 

in order to create an inflammatory environment of chemokines (MIP-lo; MlP-ljS) and 

cytokines (TNF-fX, IL-6 ). Such an environment in an in vivo model should direct the 

recruitment of neutrophils, macrophages, immature dendritic cells and natural killer cells to 

the site of inflammation. Dendritic cells, having taken up antigen, would then migrate to the 

lymph nodes and encounter naïve T cells in order to initiate the adaptive immune response.

5.6.1.1. Optimising the positive control

Lipopolysaccharide (LPS) was evaluated as a positive control for these experiments. This is a 

potent initiator of a pro-inflammatory innate response and causes the aggressive production of 

chemokines such as M lP-la and IL-8  in monocytes (Wang et al., 2000). Cytokines such as 

TNF-o; IL- 6  and IL-lj8  are also produced. At high concentrations these cytokines cause 

septic shock. In order to confirm that tissue resident cells would respond in the same manner, 

LPS (5 ng/ml) was incubated with peritoneal macrophages for 3 hr before harvesting the 

RNA (n=3). cDNA was transcribed and quantified using real-time PCR. Absolute copy 

numbers from a representative experiment are shown in Figure 3.6.1. LPS induced a
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significant increase in the absolute mRNA copy numbers o f M lP - la  (p=0.009), MIP-l/J 

(p=0.01), TN F-a(p=0.003) and IL - 6  (p=0.01).
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Figure 3.6.1 LPS induces a significant increase in the absolute mRNA copy number of 

MIP-1a (p=0.009), MIP-1A (p=0.01), TNF-a (p=0.003) and IL-6 (p=0.01) in 

peritoneal macrophages. These results are from a single experiment which is 

representative of 3 separate experiments.
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The donor-to-donor variability between the CAPD peritoneal cells from different patients was 

considerable as shown below in Table 3.6.1,

Table 3.6.1. The range of mRNA absolute copy numbers in peritoneal macrophages is 

large (n=3)

Unstimulated control cells LPS-stimulated cells

MIP-1a 0.15-1.6x10"^ 0.16-1.4x10®

IVUP-ljg 0.094-3.0x10"^ 0.032-1.1x10®

TNF-a 0.0098-5.6x10® 0.0056-2.7x10^

IL-6 0.18-8.9x10"^ 0.015-1.5x10®

Therefore in order to pool results from different experiments it was necessary to calculate the 

fold-increase over unstimulated control cells. The results in Figure 3.6.2 are represented in 

that manner. Increases in mRNA levels of MIP-lj3, MIP-lo; TNF-a and IL- 6  that were 

caused by LPS were 20 to 40-fold greater than that of unstimulated control cells. LPS (5 

ng/ml) was thus established in these experiments to be a potent inducer of pro-inflammatory 

chemokine and cytokine mRNA in peritoneal macrophages. This was therefore considered to 

be a good positive control for further experiments with polymer 4.

E 30-
Ç
1 20-
2  o
T 1 0 - 

£

MIP-1a MIP-1p TNF-a IL-6

Figure 3.6.2 LPS causes a potent increase in the mRNA levels of pro-inflammatory 

chemokines and cytokines in peritoneal macrophages (n=3)
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3.6.1.2. Inflammatory response in peritoneal cells incubated with polymer 4

3.6.1.2.1. Chemokine and cytokine mRNA levels

The aim o f the next experiments was to establish whether polymer 4 could initiate a similar 

pro-inflammatory response to LPS, albeit at a much lower level to avoid toxicity. Peritoneal 

macrophages were incubated with endotoxin-free polymer 4 for 3 hr. The mRNA levels o f 

pro-inflammatory chemokines and cytokines were examined. Absolute mRNA copy numbers 

from a representative experiment are shown in Figure 3.6.3. Pooled results showing fold- 

increases and statistical analyses are shown in Table 3.6.2. The mRNA levels o f MlP-ljS (3.0 

± 0.4 fold increase, p=0.0008), M IP-lo: (5.6 ± 1.0 fold increase, p=0.009) and TN F-a (1.85 ± 

0.2, p=0.04) all showed a significant increase when peritoneal cells were incubated with 

polymer 4. However, there was no significant increase in the IL - 6  mRNA levels (1.2 ± 0.1 

fold increase). This was in contrast to the 37.7 ± 13.6 fold increase in IL - 6  seen using LPS 

(p=0.04).
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Figure 3.6.3 Polymer 4 induces a significant increase in the absolute mRNA copy 

numbers of MIP-1a (p=0.008), MIP-1y5 (p=0.0002) and TNF-a (p=0.001) but had no effect on 

IL-6 mRNA. These results are from a single experiment which is representative of at least 8 

separate experiments.
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As discussed earlier in Section 2.5, a small family of different molecular weight batches of 

polymer 4 was synthesised. These polymers were also evaluated for their ability to induce a 

pro-inflammatory response in peritoneal macrophages. The results in Table 3.6.3 indicate the 

fold-increase in mRNA levels over unstimulated control cells. All polymers induced 

significant levels of MlP-ljS mRNA in peritoneal macrophages above that of unstimulated 

control cells (p=0.007). However, these polymers also did not cause any change in the levels 

of IL-6  mRNA. The size of the polymer 4 is therefore not a determinant of its 

immunomodulatory activity. For all other experiments discussed, the 28 kDa polymer 4 was 

utilised.

3.6.1.2.2. Chemokine and cytokine protein expression

Increased mRNA levels within cells do not necessarily indicate that translation and secretion 

of the active protein also takes place. Therefore, it was important to confirm that the 

chemokines and cytokines were being secreted by cells activated by polymer 4. Duplicate 

assays were constructed for some experiments in order to save the supernatant. These were 

then analysed using enzyme immunoassays. Results shown in Figure 3.6.4 indicate that there 

was a correlation between MIP-1/3 mRNA levels and secreted protein in 3 experiments.
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Table 3.6.2 Observed foid-increases in the pro-inflammatory chemokine and cytokine mRNA levels of peritoneal cells stimulated with the polymer 4

n

LPS

Fold Increase Difference from control* Range

polymer 4 

Fold Increase Difference from control* Range

MIP-1/? 10 27.6 ±4.4 p=0.004 0.08-3.2x107 3.0 ± 0.4 p=0.0008 0.1-9.5x106

MIP-1a

Cytokines

10 25.3 ± 4.9 p=0.0006 0.003 -  
4.4x107

5.6 ± 1.0 p=0.009 0.009 -  
4.3x106

IL-6 8 37.7 ±13.6 p=0.04 0.03-2.0x108 1.2 ±0.1 ns 0.002 -  
2.5x107

TNF-a 10 10.6 ± 3.2 p=0.04 0.07-4.2x107 1.85 ± 0.2 p=0.04 0.2-1.8x106

Table 3.6.3. The molecular weight of polymer 4 has no significant effect on the level of fold-lncreases of pro-inflammatory chemokine and cytokine mRNA

18 kDa (n=5) 23 kDa (n=5) 28 kDa (n=10)

Chemokines Fold Increase
Difference 
from control Fold Increase

Difference 
from control Fold Increase

Difference 
from control

MIP-liff 4.0 ± 1.5 p=0.007 5.1 ±1.5 p=0.03 3.0 ± 0.4 p=0.0008

IL-6 0.74 ± 0.3 ns 1.2 ± 0.6 ns 1.2 ±0.1 ns

Indicates paired student’s t-test between unstimulated and stimulated cells

to
w



donor 1 donor 1

4.5x10^- 

3.8X1Q7J 

E ê  3.0x10^- 

2.3x107- 

1.5X1Q7J 

7.5x1064 

0

<
i<

»CL CL
8

10000-

E 8000-

1 6000-
CO. lOOOj

d. 750-
500-
250-

Control LPS polymer 4 Control LPS polymer 4

donor 2 donor 2

3.5X10S

3.0x10^-

2.5x10^-

2.0x10^-

^  CT 1.5x10^-
m 1.0x10^-

■q . q .
8  5.0x1034

0

*** ***

Control LPS polymer 4

7500-

6000-

5  4500-
co_
7  3000-

1500-

polymer 4Control LPS

<

i iCO. —

5.0x10^-

4.0x10^-

3.0x104-

■ l a  
8

i  2.0x104-

1.0x104-

0

donor 3

Control LPS 

polymer 4 18 kDa

polymer 4 

polymer 4 23 kDa

30000n

25000-

1  200004 
§
^  150004 

^  1 0 0 0 0 - 

5000- 

0

donor 3

Control LPS polymer 4

Figure 3.6.4 The increase in observed MIP-1/? mRNA levels correlates to increased 

protein expression by peritoneal macrophages. Data shows a comparison between 3 

individual experiments, "denotes p<0.01, ""denotes p<0.001, """denotes p<0.0001.
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In experiments conducted in collaboration with Dr Elisabetta Gianisi, commercially available 

narrow molecular weight distribution (MWD) PMAA-Na standard (22 kDa, Polymer 

Standards Service, Germany) was also tested for its immunomodulatory ability against 

peritoneal macrophages. These experiments were set up for the detection o f chemokine and 

cytokine protein only, which was measured by enzyme immunoassay. Results in Figure 3.6.5 

below show that whilst polymer 4 (28 kDa) induced significant levels o f  both MlP-1/3 (1799.0 

± 241.4 pg/ml, p<0.0001) and TN F-a (237.8 ± 50.5 pg/ml, p=0.002) protein in the culture 

supernatant, the commercially available PMAA-Na did not significantly upregulate the 

secretion o f either MlP-1/3 (61.7 ± 1.1 pg/ml) or TN F-a (2.2 ± 0.9 pg/ml). These data are the 

pooled results from 3 separate experiments.

2000 -

1500-
I
S  1 0 0 0 -

500-

PMAA-Na standardcontrol polymer 4

TN F-a

300-1

200 -

E
2

100 -

control polymer 4 PMAA-Na standard

Figure 3.6.5 Incubating peritoneal macrophages with polymer 4 induces the expression of 

MIP-1;ff (p<0.0001) and TNF-a (p=0.002) protein, but this effect was not observed following 

incubation with commercially available PMAA-Na standard (n=3).
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3.6.2. Inducing a T h l immune response in peritoneal cells

Polymer 4 was established to have an immunomodulatory ability that was sufficient to create 

a mild inflammatory response in peritoneal macrophages with respect to the generation of 

some pro-inflammatory chemokines and cytokines. The aim of these next experiments was to 

examine this immunomodulatory effect in more detail in order to determine whether a Thl 

cytokine milieu could be generated as well. As discussed earlier, IFN- 7  is the signature Thl 

cytokine which is crucial in the immune response to Leishmania. Experiments were 

conducted to evaluate a reliable positive control for the induction of this cytokine.

3.6.2.1. Optimising the positive control

The mRNA from peritoneal macrophages which were incubated with LPS as described in 

Section 3.6 .1.2 was also analysed for IFN-7 mRNA levels. The results shown in Figure 3.6.6 

A are the pooled absolute copy numbers of IFN- 7  mRNA. This cytokine was not 

reproducibly produced when cells were stimulated with LPS (n=4). The fold increase in the 

IFN- 7  mRNA levels was 5.7 ± 4.4. Poly(riboinosiniciribocytidilic acid) (poly(LC)) was then 

employed as a more suitable positive control. Poly(LC) is a potent stimulus for the generation 

of interferons, and has been routinely used to stimulate IFN- 7  production from cells (Salem et 

al., 2005).

Poly(LC) (100 jUg/ml) was incubated with peritoneal macrophages for 3 hr. Poly (I: C) failed 

to induce the reproducible production of IFN-7 mRNA from these cells (n=3). Figure 3.6.6 B 

shows the pooled absolute copy numbers which indicate that poly(LC) caused an increase in 

IFN-7 mRNA levels of 2.0 ± 1.2 fold above unstimulated macrophages.
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Figure 3.6.6 Peritoneal macrophages did not significantly upregulate IFN-y mRNA levels 

in response to stimulation with LPS (A, n=4, p=0.07) or poly(l:C) (B, n=3, p=0.28).

Increased levels of IFN- 7  mRNA could not be routinely demonstrated with either LPS or 

poly(LC) in the experiments described here using peritoneal macrophages. For further 

experiments, all the cells that were isolated from the CAPD waste fluid were used. This was 

to enable maximal cell-to-cell interactions. Therefore from here onwards, the term ‘peritoneal 

cells’ refers to the total population of cells that was isolated from the CAPD peritoneum.

A range of doses of poly(LC) from 1 0 0 -6  pg/ml was tested in order to determine the optimal 

dose of this to use as a positive control for the induction of IFN- 7  mRNA. Results in Figure

3.6.7 are from a single experiment which is representative of 3 separate experiments. Figure

3.6.7 shows that a concentration of 100 pg/ml poly(LC) consistently generated significantly 

high levels of IFN- 7  mRNA (p=0.0008, n=3). This concentration of poly(LC) was selected 

for a positive control for the production of IFN-7 .
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Figure 3.6,7 Dose response of IFN-y mRNA induction by poly(l:C) in peritoneal cells. A 

dose of 100 /vg/ml generated a potent response (p=0.0008). Data is indicative of a single 

experiment that is representative of 3 separate experiements.

These results were obtained with ineubation times either o f 3 hr or 5 hr. The induction o f 

lFN"7 mRNA by poly(I:C) was then evaluated over a period o f time from 1 hr to 24 hr (n=7). 

Pooled results indicating the fold-increase over unstimulated control cells are shown below in 

Figure 3.6.8. Responses between patients vary considerably, so that error bars are quite large. 

It was established that an incubation time o f 5 hr was the most reliable for enabling a potent 

IFN - 7  mRNA response in peritoneal cells.
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Figure 3.6.8 Time course of IFN-y mRNA induction in peritoneal cells by poly(l:C) (n=7)
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In order to ensure that poly(I:C) did not cause any toxicity to the cells that were targeted, 

poly(l:C) was evaluated in a viability assay with peritoneal cells using an MTT read-out. The 

pooled results are shown in Figure 3.6.9. It was established that poly(l:C) caused no toxicity 

to peritoneal cells after 1 day incubation, at a concentration double the dose used for the 

immunomodulation control experiments (n=4).
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Figure 3.6.9 Poly(l:C) is not toxic to peritoneal cells after 1 day incubation (n=4)

Poly(l:C) was established to generate reproducible levels of lFN-7 mRNA and was not toxic. 

Therefore, for all future experiments a concentration of 100 pg/ml poly(l:C) was used as a 

positive control, and cells were incubated for 5 hr.
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3.6.2.2. Thl response in peritoneal cells incubated with polymer 4

3.6.2.2.1. Cytokine mRNA levels

The polymer 4 (28kDa) was incubated with peritoneal cells for 5 hr. Absolute mRNA copy 

numbers from a representative experiment are shown in Figure 3.6.10. Pooled results and 

statistical analysis are shown in Table 3.6.4. When polymer 4 was incubated with the whole 

peritoneal cell population, IFN - 7  mRNA levels were 2.4 ± 0.2 fold higher than the 

unstimulated control cells (n=10). This is a significant increase above the level o f 

unstimulated control cells (p=0.02). The levels o f IFN - 7  mRNA that were raised by poly(I:C) 

(25.7 ± 8.3) are approximately one log higher than those seen with polymer 4. In addition to 

the production o f IFN-7 , polymer 4 was also able to induce increased levels o f IL-12 mRNA 

from peritoneal cells (2.1 ± 0.3 fold increase, p=0.03). IL-12 is a potent inducer o f Thl 

differentiation.
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Figure 3.6.10 Polymer 4 induces a significant increase in the absolute mRNA copy 

numbers of IL-12 (p=0.04)) and IFN-y (p=0.003). These results are from a single experiment 

which is representative of at least 6 separate experiments.
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Table 3.6.4 Observed fold-increases in the lh l cytokine mRNA levels of peritoneal cells stimulated with polymer 4

Cytokines

n

poly(l:C)

Fold Increase Difference from control* Range

polymer 4 

Fold Increase Difference from control* Range

IFN-y 10 25.718.3 p=0.004 0.009 -  
1.8x105

2.4 ± 0.2 p=0.02 0.02-5.6x104

IL-12 6 39.9 ± 13.8 p=0.01 0.02-6.3x105 2.1 ± 0.3 p=0.03 0.07-3.5x104

Indicates paired student’s t-test between unstimulated and stimulated cells



3.6.2.3. IFN-y protein expression

The level o f IFN-y protein in the supernatant from 2 individual experiments was also 

evaluated. Results are shown in Figure 3.6.11. IFN-y was secreted by cells incubated with 

polymer 4 in low levels (23.4 ± 3.4 pg/ml) albeit at levels significantly above the 

unstimulated control cells (p=0.01). In the same set o f experiments, the commercial 22 kDa 

PMAA-Na standard was evaluated. These experiments showed that commercial PMAA-Na 

did not induce the release o f IFN-y from peritoneal cells (5.5 ± 3.5 pg/ml, p=0.4). These 

results corroborate with earlier results (Figure 3.6.5) that showed no production o f MIP-1/3 or 

TN F-a following incubation with the commercial PMAA-Na. Therefore, in these 

experiments, commercially available PMAA-Na narrow MWD standard did not have an 

immunomodulatory effect on peritoneal cells.

30i

E 20- 
2

10 -

Control polymer 4 PMAA-Na standard

Figure 3.6.11 Incubating peritoneal cells with polymer 4 induces the release of IFN-k protein 

(p=0.01), but this effect is not observed following incubation with commercially available 

PMAA-Na standard (n=3).

Throughout these experiments, 3 individual batches o f the 28 kDa polymer 4 were evaluated, 

as well as the singular batches for the 18 kDa, 23 kDa and the 37 kDa batches polymer 4. 

Thus, the immunomodulatory activity o f polymer 4 is reproducible between different batches.
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3.6.3. Stimulation o f peritoneal cells with the complex 6

The ability of polymer 4 to initiate a pro-inflammatory response in peritoneal macrophages, 

with respect to increased levels of chemokines and cytokines, has been described. 

Furthermore, it was possible to induce increased mRNA levels of the signature Thl cytokine, 

IFN-y from the total peritoneal cell population following incubation with polymer 4. These 

results were also confirmed at the level of protein expression. However, the final goal of this 

work was not to administer polymer 4 as a treatment for leishmaniasis on its own, but instead 

to administer the complex 6 . It was important to establish whether the polymer 4 retained its 

immunomodulatory activity following the complexation of AmB. The complex 6  was 

therefore also evaluated for its immunomodulatory activity against the whole peritoneal cell 

population.

The complexes that were the most characterised both biologically and chemically were 

synthesised using the 28 kDa polymer 4 as the backbone. Three of these batches were 

evaluated for their immunomodulatory activity. The highest AmB concentration where the 

complex 6  was endotoxin-ffee was 32 pg/ml. AmB is typically administered to patients at a 

maximum dose of 1.5 mg/kg/day. This amounts to an overall concentration relative to the 

total blood volume of approximately 18 pg/ml, although these levels are not reached due to 

the sequestration of AmB by plasma proteins (Bekersky et al., 2002b; Bekersky et al., 2002a). 

In order to keep within this range of concentration, the complex 6  was tested at a 

concentration of 15 pg/ml AmB. This concentration of AmB in the complex 6  was also 

established to be non-toxic with regards to haemolysis, earlier in Section 2.6 (Figure 2.6.2).

3.6.3.1. Inflammatory response in peritoneal cells incubated with the complex 6

3.6.3.1.1. Chemokine and cytokine mRNA levels

It was found that pro-inflammatory chemokines and cytokine mRNA were also induced in 

peritoneal cells by the complex 6 . Absolute mRNA copy numbers from a representative 

experiment are shown in Figure 3.6.12. Statistical analyses of the pooled results are shown in 

Table 3.6.5. The complex 6  induces significant mRNA levels of M lP-la (5.7 ± 0.8 fold 

increase, p<0.0001), MlP-ljS (7.8 ± 2.3 fold increase, p=0.003) and TNF-a (3.9 ± 1.4 fold 

increase, p=0.0006). IL- 6  mRNA levels were not significant (n=15). Poly(LC) however 

induced mRNA levels that were 23.2 ± 11.3 fold above the control cells (p=0.007).
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Figure 3.6.12 The complex 6 induces a significant increase in the absolute mRNA copy 

numbers of MIP-1a (p=0.005), MIP-1/ff (p=0.004), and TNF-a (p=0.0003) but not IL-6. Results 

are from a single experiment representative which is representative of at least 9 experiments.

3.6.3.2. Thl response in peritoneal cells incubated with the complex 6

3.6.3.2.1. Chemokine and cytokine mRNA levels

The complex 6  was also evaluated for its ability to induce a Thl immunomodulatory response 

in peritoneal cells. The absolute copy numbers of IFN- 7  and IL-12 mRNA from a 

representative experiment are given in Figure 3.6.13. Pooled results and statistical analyses 

are shown in Table 3.6.6. It was established that the complex 6  caused a 3.4 ± 0.5 fold 

increase in IFN- 7  mRNA levels, as well as a 2.3 ± 0.3 fold increase in the IL-12 mRNA 

levels. These are both significant increases above the unstimulated control cells (p=0.02 and 

p=0.004, respectively).
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Figure 3.6.13 The complex 6 induces a significant increase in the absolute mRNA copy 

numbers of IL-12 (p=0.03) and IFN-y (p=0.004). Results are from a single experiment 

representative which is representative of at least 9 experiments.
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Table 3.6.5 Observed foid-increases in the pro-inflammatory chemokine and cytokine mRNA levels of peritoneal cells stimulated with the complex 6

Chemokines n

poly(I.C)

Fold Increase Difference from control* Range

complex 6 

Fold Increase Difference from control* Range

20 33.0 ± 8.7 p=0.0002 0.008-3.3x10® 7.8 ± 2.3 p=0.003 0.002-1.9x10®

MIP-1a 9 21.2 ±4.3 p<0.0001 0.24-2.2x10^ 5.7 ± 0.8 p<0.0001 0.07-1.2x10^

Cytokines

TNF-a 12 7.7 ±2.8 p=0.006 0 .0 8 - 1.9x10? 3.9 ± 1.4 p=0.0006 0.3-5.9x10®

IL-6 15 23.2 ±11.3 p=0.007 0.03-2.0x10® 2.1 ±0.4 p=0.06 0.08-3.4x10^

Table 3.6.6 Observed fold-increases in the Thi cytokine mRNA levels of peritoneal cells stimulated with the complex 6

poly(l:C) complex 6

Cytokines n Fold Increase Difference from control* Range Fold Increase Difference from control* Range

IFN-y 20 27.0 ± 8.6 p=0.02 0.004-1.1x10^ 3.4 ± 0.5 p=0.02 0.0002-1.7x10®

IL-12 9 4.4 ± 1.4 0.0009 0.02-6.3x10® 2.3 ± 0.3 p=0.004 0.008-1.3x10®

Indicates paired student’s t-test between unstimulated and stimulated cells
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The immunomodulatory effect o f  the complex 6  was examined on a dosage scale. It was 

found that for the chemokine and cytokine studied (MIP-l/? and IFN-7 ), there was an apparent 

dose response with regards to the fold-increase over control cells obtained. Pooled results 

indicating the fold-increases are shown in Figure 3.6.14 (n=4).
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Figure 3.6.14 Dose response of the complex 6 on peritoneal cells (n=4)

3.6.4. Stimulating peritonea! cells with AmB-deoxycholate

It was shown that the complex 6  caused the upregulation o f pro-inflammatory chemokine and 

cytokine mRNA, as well as the Thl cytokines IFN - 7  and IL-12. It was considered that this 

effect was a result o f  the action o f the polymer 4 within the complex, and not the AmB. The 

pro-inflammatory effect o f  AmB on blood-derived cells has been discussed elsewhere 

(Section 2.1.7), although these results could not be reproduced using primary cells in this
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thesis (Section 2.7.1.1, Figures, 2.7.1 & 2.7.2). It was important to determine whether AmB- 

deoxycholate had a pro-inflammatory effect on tissue-derived peritoneal cells as well. AmB- 

deoxycholate was incubated with peritoneal cells at the same final concentration o f AmB at 

which the complex 6  was evaluated (15 pg/ml) over a period o f 5 hr. Results shown in Figure 

3.6.15 are pooled results indicating the fold-increase in mRNA levels over unstimulated 

control cells for the complex 6  (n=20) and AmB-deoxycholate (n=5). They show that AmB- 

deoxycholate does induce the up-regulation o f the chemokine MIP-1/3 (2.5 ± 0.2 fold) and 

also IFN - 7  (2.3 ± 0.5 fold). This is, however, significantly lower than the increases observed 

following stimulation with the complex 6 , for both MIP-1/5 (7.8 ± 2.3 fold, p< 0.0001) and 

IFN - 7  (3.4 ± 0.5 fold, p=0.0002).
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Figure 3.6.15 AmB-deoxycholate (n=5) induces an increase in the levels of MIP-1^ and 

IFN-y in peritoneal cells, which is however significantly lower than the levels induced by the 

complex 6 (n=20, p<0.0001 and p=0.0002, respectively)

227



3.6.4.1.1. IFN-^protein expression in peritoneal cells incubated with complex 6

It was also important to show that increased mRNA levels in peritoneal cells stimulated with 

the complex 6  translated to protein expression. In 2  preliminary experiments conducted, both 

the complex 6  and AmB-deoxycholate were evaluated for their ability to induce the 

expression o f IFN - 7  protein by peritoneal cells. The results shown below in Figure 3.6.16 

indicate that incubation o f peritoneal cells with the complex 6  does lead to increased levels of 

IFN - 7  protein in the supernatant (29.9 ± 0.6 pg/ml, p=0.0005). These levels correlate to a 

14.6 ± 0.9 fold increase above unstimulated control cells. The incubation o f peritoneal cells 

with AmB-deoxycholate results in a 2.3 ± 1.8 fold increase in the levels o f IFN - 7  protein (4.7 

± 2.7 pg/ml), but these levels are not significant. These results are in contrast to those 

observed in the mRNA assays.
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Figure 3.6.16 Incubating peritoneal cells with the complex 6 induces the release of IFN-y 

protein (p=0.0005), but this effect is not observed following incubation with AmB-deoxycholate

The complex 6  was also therefore shown to induce a pro-inflammatory response as well as 

specific Thl cytokines in peritoneal cells. This was demonstrated at the genomic and at the 

protein level. The complex 6  had a more powerful immunomodulatory effect than the 

polymer 4 on its own. Considering the observed immunomodulatory effect o f AmB- 

deoxycholate on peritoneal cells, this can be attributed, at least in part, to the additive effect of 

the AmB within the complex 6 .
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D is c u s s io n  

3.7. Polymer-driven immunomodulation of tissue resident ceils

A secondary aim of the work discussed in this thesis was to examine the immunomodulatory 

ability of polymer 4 and complex 6 . The long-term goal was to modulate the immune 

response so that the healing of leishmaniasis could be accelerated. Experiments described 

earlier showed that neither polymer 4 (Figure 2.5.3) nor complex 6  (Figures 2.7.1 & 2.7.2) 

caused the up-regulation of pro-inflammatory chemokine and cytokine mRNA in blood- 

derived cells. This is of enormous benefit as it will enable the safe intravenous administration 

of polymer 4 and the complex 6  without producing a potentially dangerous inflammatory 

reaction in the bloodstream.

However, there have been differences reported in the immunological responses between cells 

from blood and those from tissue compartments. This prompted investigation into the 

immunomodulatory effect of the polymer 4 and complex 6  on tissue-derived cells. Human 

peritoneal cells could be readily isolated from the waste fluid of patients undergoing 

continuous ambulatory peritoneal dialysis (CAPD). These cells were selected as a source of 

cells from a tissue compartment with which to conduct further experiments. The peritoneal 

cavity of patients undergoing continuous ambulatory peritoneal dialysis (CAPD) was 

examined as a source of tissue-derived cells for immunological evaluation.

These human peritoneal cells can be isolated without the requirement for invasive procedures. 

Peritoneal cells isolated from mice require more aggressive treatment. Experimental 

peritonitis is first induced via the intraperitoneal injection of Brewer’s thioglycollate followed 

by subsequent peritoneal lavage to isolate the cells. This is in direct contrast to cells isolated 

for my experiments from the human CAPD peritoneum, where patients with peritonitis were 

actively excluded from evaluation. This was to prevent activation of the cells which could 

affect the results of the immunomodulatory studies described in this thesis. Peritonitis in 

CAPD patients is identified by abdominal pain and fever, cloudy dialysate, over 100 x 10̂  

cells per litre of waste fluid and the positive identification of bacteria in culture (Griveas et 

al., 2006).

Peritoneal cells from the CAPD peritoneum were phenotypically and functionally 

characterised in collaboration with Dr Sharyn Thomas. The results obtained were in 

agreement with other published studies (Betjes et al., 1993a; Hartman et al., 1995; Kubicka et 

al., 1996). Macrophages were the dominant cell type, comprising 61 ± 2% of the total cell 

population, and 19 ± 2.4% of the cells were CD3^ T cells (Table 3.5.1 and Figure 3.5.1).
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CD4^ and CD8  ̂ T cells were present in similar proportions. Dendritic cells were present in 

large numbers and accounted for 3.3 ± 0.4% of the cell population. In determining the 

maturation and activation state of peritoneal dendritic cells, different cell surface markers 

were analysed. CD80 and CD8 6  (co-stimulatory molecules present on antigen presenting 

cells), CD83 (a marker of dendritic cell maturation) and CD25 (the alpha chain of the IL-2 

receptor and an activation marker). Peritoneal dendritic cells expressed CD8 6  but only low 

levels of CD80, CD83 and CD25 (Figure 3.5.2). This means that these cells had an immature 

phenotype. In this way, they were similar to immature monocyte-derived dendritic cells 

which are CD8 6  ̂ but CD80', CD83' and CD25'. The majority of peritoneal dendritic cells 

(75.8 ± 4.0%) had a myeloid phenotype (CDllc^) with only a minority (11 ± 3.2%) having a 

plasmacytoid phenotype (CD 123^). A small percentage of peritoneal dendritic cells 

expressed DC-SIGN (21.6 ± 4.5%) and CD la (12.1 ± 2.9%) (Figure 3.5.2). Most monocyte- 

derived dendritic cells express DC-SIGN and CD la  (Sallusto and Lanzavecchia, 1994; 

Geijtenbeek et al., 2000) but freshly isolated myeloid blood dendritic cells only express these 

markers following 24 hr culture (Patterson et al., 2005). The low expression of DC-SIGN and 

CD la  by peritoneal dendritic cells could be because they are at an intermediate stage in their 

differentiation into tissue-based dendritic cells.

Collectively these results indicated that peritoneal cells isolated from the waste fluid of 

patients undergoing CAPD provide a viable source of tissue-derived immune cells. These 

cells were considered appropriate to use in the evaluation of the immunomodulatory 

properties of polymer 4 and the complex 6 .

3.7.1. Inducing an inflammatory response in peritoneal macrophages

Previous work in Prof. Shaunak’s lab has shown that another linear polymer, dextrin-2- 

sulphate induced the release of the pro-inflammatory chemokines M lP-la and MIP-ip from 

peritoneal macrophages (Thornton, 2000). However, dextrin-2-sulphate was not blood 

compatible and was administered to patients via the intraperitoneal route instead (Shaunak et 

al., 1998b). Early preliminary investigations showed that polymer 4 could initiate the release 

of MIP-lo, MlP-ljS and TNF-a from peritoneal macrophages. As well as the fact that 

polymer 4 could be readily derived from the narrow MWD precursor polymer 3, this 

characteristic provided the basis for the selection of polymer 4 in particular for the synthesis 

of a polymer-based AmB medicine.

Peritoneal macrophages were initially used in experiments to determine the ability of polymer 

4 to induce a pro-inflammatory response. Macrophages play a crucial role in the recognition
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and phagocytosis of pathogens and the subsequent induction of early innate immune 

responses (Janeway et ah, 2005). Recent work has also established that peritoneal 

macrophages have a crucial function in the recognition of damage to the peritoneum and that 

they subsequently initiate the inflammatory response to injury and infection (Cailhier et ah, 

2005). Macrophages were isolated by adherence to plastic. This was because of the ease of 

this method, and also to prevent any cellular activation that can occur when carrying out the 

positive selection of cells by monoclonal antibody-based magnetic bead technology (Dr Ian 

Teo, personal communication). Dendritic cells are adherent for the first 16 hr of culture 

(Knight et al., 1986) and therefore it is likely that these cells were also present in the cell 

cultures.

Both polymer 4 and the complex 6  induced the production of pro-inflammatory chemokines 

(MIP-lo; MIP-lj3) and cytokines (TNF-a) from peritoneal macrophages. This effect was 

established at the protein (Figure 3.6.4) and at the message RNA (Table 3.6.2) level. 

Importantly it was observed that over the range of polymer 4 molecular weight tested no 

difference in their immunomodulatory effect was seen (Table 3.6.3). The immunomodulatory 

effect was not enhanced as the size of the polymer 4 molecule was increased. Instead it 

appears that once the polymer is above a certain threshold in size an effect is generated which 

is not accumulative. This indicates a potential switch on / switch off mechanism. This trend 

has been observed when examining the effect of molecular size on immunomodulation by 

zwitterionic polysaccharides. It was established that although a 17 kDa polysaccharide 

induced the proliferation of CD4+ T cells, a 5 kDa polysaccharide did not have this effect. 

Furthermore increasing the size of the polysaccharide from 17 to 129 kDa did not have any 

accumulative effect (Tzianabos et al., 2003). It will be prudent to examine whether there is a 

molecular weight cut-off below which polymer 4 does not exert any immunomodulatory 

effect.

Chemokines are small chemotactic proteins which have traditionally been known to direct 

cellular migration. Increases in the levels of MIP-1/3 were seen after incubation of peritoneal 

macrophages with the polymer 4 (3.0 ± 0.4 fold. Table 3.6.2) and the complex 6  (7.8 ± 2.3 

fold. Table 3.6.5). Similar increases were observed for MIP-lo, where the polymer 4 induced 

levels that were 5.6 ± 1 .0  fold higher than unstimulated cells (Table 3.6.2). The complex 6  

also induced an increase in the levels of M IP-lo (5.7 ± 0.8). MIP-1/3 production is important 

as this chemokine is one of the main mediators in the inflammatory reaction and is produced 

early on in the immune response (Wang et al., 2000). M IP-lo activates both monocytes and 

lymphocytes and plays an important role in the recruitment of these cells to inflamed tissues 

(Cook et al., 1995; Wang et al., 2000). Most importantly, M IP-lo has been indicated in the
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polarisation of Thl immune responses. Karpus et al. (1997) showed that M lP-la selectively 

up-regulated IFN- 7  production from naïve T cells that were stimulated with anti-T cell 

receptor monoclonal antibody. In contrast to this monocyte chemotactic protein (MCP)-l 

caused the production of the Th2 cytokine IL-4 (Karpus et al., 1997). The role of MIP-lo: 

was also examined in the activation of dendritic cells during experimental murine hepatitis 

viral infection (Trifilo and Lane, 2004). The investigators established that in M IP-la 

knockout mice, the expression of the co-stimulatory molecule CD40 by dendritic cells was 

diminished. This receptor interacts with CD40L on T cells which is upregulated following 

the activation of these cells during antigen presentation. Furthermore, these experiments also 

established that the frequency of IFN- 7  producing T cells was significantly decreased when 

M IP-la could not be generated by the mice. Finally, the production of IL-12 by dendritic 

cells was decreased and IL-10 production was increased in comparison to wild-type infected 

mice (Trifilo and Lane, 2004). As an adjunct to these results it has been demonstrated that the 

CD40:CD40L interactions between T cells and antigen presenting cells augments the 

production of IL-12 by dendritic cells (Celia et al., 1996). The absence of M IP-la signalling 

appears to redirect the T cell responses to viral antigens away from a Thl phenotype. These 

results collectively indicate that M IP-la may play a crucial role in linking the innate and 

adaptive immune responses to enable the control of pathogens by a Thl type response. It has 

been shown that M IP-la can enhance IFN- 7  production in T cells independently of IL-12 

(Karpus et al., 1997). It has also been shown that MIP-lo; MIP-1]8, regulated upon activation 

normal T cell expressed and secreted (RANTES) and lymphotactin are co-secreted by murine 

natural killer cells, CD4^ T cells and CD8  ̂T cells (Domer et al., 2002). This secretion was 

associated with that of IFN-7 from these cells.

CCR5 has been identified as a receptor for both M IP-la and MIP-l/? that is expressed on T 

cells. Investigators have shown that CCR5 is recruited to the immunological synapse (Molon 

et al., 2005), which is the point of contact between the antigen presenting cell and the T cell. 

It has been suggested that this helps strengthen and prolong the interaction between the 

antigen presenting cell and the T cell (Molon et al., 2005). Extended contact between these 

cells is necessary to enable the sustained signalling that maintains the transcription of genes 

and promotes the progression of T cell cycling. This is so the adaptive immune response 

against a pathogen effectively develops.

The chemokines M IP-la and MIP-ip could further enhance these interactions between 

dendritic cells and T cells. Castellino et al (2006) have recently demonstrated that both MIP- 

l a  and MIP-lj8  play a role in actively recruiting naïve CD8 + T cells to sites of antigen- 

specific dendritic cell-CD4+ T cell interaction. This is initiated via the up-regulation of
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CCR5 on the CD8 + T cells. Blocking antibodies against several candidate chemokines were 

injected into mice, but M IP-la and MlP-ljS were consistently the only chemokines that, when 

blocked, reduced the accumulation of naïve CD8 + T cells in the lymph nodes (Castellino et 

al., 2006). These results provide an explanation for the encounter of these cells so that the 

CD4+ T cells can augment the development of CD8 + T cell memory for the antigenic ligands 

on the surface of the antigen presenting cell. This means that the small numbers of antigen- 

specific CD8 + T cells will have an increased chance of being optimally activated by the few 

antigen-specific CD4+ T cells that interact with dendritic cells.

Therefore the induction of both MIP-ip and M IP-la in peritoneal macrophages after 

incubation with polymer 4 is particularly important. M IP-la may augment the development 

of an effective Thl immune response, which is crucial for the resolution of disease in 

leishmaniasis. The role that these chemokines play in strengthening the interactions between 

antigen-presenting cells and T cells will also aid the activation of CD4+ T cells for the 

development of adaptive immune responses. Recruitment of cytotoxic CD8 + T cells which 

can kill infected macrophages will also lead to the resolution of disease.

In contrast to both positive controls tested, poly(I:C) and LPS, polymer 4 and the complex 6 

did not cause the significant up-regulation of IL- 6  mRNA (Table 3.6.2 & 3.6.5). IL- 6  was 

first identified to induce the differentiation of B cells into immunoglobulin-secreting cells. It 

actually has a wide range of biological activity. The uncontrolled overproduction of this 

cytokine plays a role in the pathology of several inflammatory diseases such as rheumatoid 

arthritis and Crohn’s disease. When the production of IL- 6  is properly regulated, it plays a 

cmcial role in directing the transition of the immune response from innate to acquired 

immunity. This is important for the resolution of an inflammatory episode. IL- 6  has been 

identified as a mediator of pathogenesis in meningococcal disease (Pathan et al., 2004). 

Myocardial failure can be defined as impaired cardiac contractility and is a major feature of 

meningococcal sepsis (Mercier et al., 1988). It leads to impaired tissue perfusion, multi-organ 

failure and ultimately, death. IL- 6  caused significant myocardial depression in vitro and high 

concentrations in the serum of patients was associated with poor clinical outcome (Pathan et 

al., 2004). In contrast to other published experiments, TNF-a and IL-ljS were not implicated 

in this aspect of septic shock. TNF-a is widely regarded to be responsible for toxic events 

during septic shock, such as fever, that can be detrimental to the host. This study indicates 

that IL- 6  is in fact responsible for the more harmful effects seen during meningococcal septic 

shock. Therefore it is probably of some value that the polymer 4 does not induce IL- 6  mRNA 

in peritoneal macrophages, so that potentially toxic sepsis can be avoided. Low levels of 

TNF-a possibly in the region of the 2.2 ± 0.8 fold increases in peritoneal macrophages seen
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after incubation with polymer 4, are beneficial to the host. TNF-a augments the development 

of Thl immune responses by activating macrophages and also enhances the development of 

granulomas. These features are important for the effective control of visceral leishmaniasis. 

The reasons for the lack of IL- 6  mRNA induction by polymer 4 and the complex 6  are not 

clear. This will require further investigations into the mechanism of action of polymer 4 on 

peritoneal cells.

3.7.2. Inducing a T hl immune response in total peritoneal cells

It was not possible to generate reproducible levels of IFN-^mRNA in peritoneal macrophages 

following stimulation with LPS, poly(LC) or polymer 4 (Figure 3.6.6). It has traditionally 

been perceived that IFN- 7  is produced solely by CD4+, CD8 + and 7 ÔT cells, natural killer and 

B cells. Some recent data has indicated that IFN- 7  could also be produced by macrophages 

and dendritic cells. Fultz et al (1993) showed that either LPS or poly(LC) could induce IFN- 

7  mRNA from murine peritoneal macrophages, depending on the strain of mice tested. The 

investigators could not confirm the presence of secreted IFN- 7  protein in cell supernatants 

however. Furthermore, the results using LPS could not be reproduced in other laboratories 

(Munder, 1998). In other published experiments, a combination of IL-12 and IL-18 was 

found to be a potent inducer of IFN- 7  production by murine bone-marrow-derived 

macrophages both at the mRNA level and the protein level (Munder, 1998). The authors 

proposed the autocrine activation of these cells. In vitro IFN- 7  levels in excess of 10 ng/ml 

were detected in macrophage and dendritic cell supernatants that had been stimulated with a 

combination of IL-12 and IL-18. IFN-y protein has also been shown in the serum of knockout 

mice that could not produce mature lymphocytes and that were depleted of natural killer cells 

using monoclonal antibodies (Ohteki, 1999). In these experiments, IFN-y was induced using 

either IL-12 or the bacteria Listeria monocytogenes. The investigators identifies lymphoid 

dendritic cells as the source of this IFN-y production in further in vitro experiments (Ohteki, 

1999). Most of this data generated however, is with the use of murine cells and it is yet to be 

conclusively proved that human antigen presenting cells are capable of producing IFN-7 . 

Furthermore, it was recently discovered that very small numbers of contaminating CD8 + T 

cells or natural killer cells were in fact responsible for the observed IL-12/IL-18 - induced 

IFN- 7  levels in bone-marrow derived murine macrophages and peritoneal exudates cells 

respectively (Schleicher et al., 2005). In previously described experiments the use of 

monoclonal antibodies to remove contaminating cells yielded a macrophage population that 

was typically 95-99% pure. Schleicher et a l showed that these small numbers of 

contaminating lymphoid cells were responsible for all of the IFN- 7  protein production.
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Interestingly, highly purified macrophages were found able to generate IFN- 7  mRNA in 

response to IL-12, but nuclear translocation of signal transducer and activator of transcription 

4 and generation of EFN- 7  protein were found lacking (Schleicher et al., 2005). In light of 

these results it was not surprising that IFN- 7  was not reproducibly generated in peritoneal 

macrophages in the experiments carried out for this thesis. For further experiments with 

polymer 4 and the complex 6 , the population of cells used was expanded to total peritoneal 

cells, so that natural killer cells, CD4+ and CD8 + T cells were included.

It was established that there was a significant increase in the mRNA levels of IFN- 7  in the 

total peritoneal cell population that was caused by both polymer 4 (2.4 ± 0.2 fold increase. 

Table 3.6.4) and the complex 6  (5.4 ± 2.1 fold increase. Table 3.6.6). This led to levels of 

23.4 ±3 .4  pg/ml IFN- 7  protein in the supernatant of cells stimulated with polymer 4, which 

was 12-fold higher than unstimulated control cells. The polymer 4 and the complex 6  could 

also induce increased levels of IL-12 in peritoneal cells (Table 3.6.4 & 3.6.6). IL-12 helps 

direct the immune response towards a Thl phenotype by inducing the production of IFN- 7  

from cells. Therefore, this may enable the development of a more powerful Thl immune 

response.

The capacity for polymer 4 and the complex 6  to induce IFN- 7  from total peritoneal cells is of 

enormous advantage because of the importance of a Thl response in the healing of 

leishmaniasis. In particular, the effective production of IFN- 7  is vital for resolution of this 

disease (discussed earlier in Section 3.2.5). Considering the absolute requirement for IFN- 7  

to enable healing in leishmaniasis, and the availability of this cytokine as a recombinant 

therapeutic protein, an obvious option would be to treat patients with exogenous IFN-7 . 

Treatment combined with immuno-enhancement and particularly with the administration of 

IFN- 7  has been shown to improve healing in patients with visceral leishmaniasis (Sundar et 

al., 1995; van Lunzen et al., 1993; Murray et al., 2003) and cutaneous leishmaniasis (Falcoff 

et al., 1994). Cryptococcal meningitis is an example of another infection caused by an 

intracellular pathogen that requires an effective Thl cell-mediated immune response for 

healing. Combined treatment and addition of exogenous IFN- 7  has also been found to be 

beneficial in the treatment of disseminated cryptococcal infection (Summers et al., 2005; 

Pappas et al., 2004). A significant drawback of exogenous IFN- 7  therapy is the toxicity 

caused following administration of this cytokine (Falcoff et al., 1994) and patients must be 

monitored closely, A list of the side effects of recombinant IFN-y (Immukin®, Boehringer 

Ingelheim) is given in Table 3.7.1. Most important, however, is the high cost of this cytokine. 

Current recommendations are to administer this cytokine 3 times weekly over a period of 6  

weeks. A single vial for each infusion costs £ 8 8  making the total cost of treatment in the UK
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nearly £1,600, not including any hospital-associated costs. This excludes its regular use in the 

developing world where leishmaniasis is endemic.

Table 3.7.1 Adverse events following the administration of recombinant IFN-y to patients

Adverse effect Frequency

Confusion Rare

Headache Very common

Nausea Common

Vomiting Common

Muscle pain Common

Joint pain Common

Rash Very common

Fever Very common

Chills Very common

Pain at the injection site Very common

Fatigue Common

Clearly, if the complex 6  can stimulate the host to produce endogenous EFN-7 , this will 

accelerate the healing of these diseases and enable “endogenous” immunotherapy. Recent 

work indicates that very low levels (approximately 20 pg/ml) of endogenous EFN- 7  the 

cerebrospinal fluid of patients with disseminated cryptococcal infection can adequately 

enhance the rate of clearance of the organism from the central nervous system (Siddiqui et al., 

2005). These levels of IFN- 7  correlated to a 4-fold increase in survivors when compared to 

non-survivors. Therefore, even though the levels of EFN- 7  induced by polymer 4 and the 

complex 6  are “low” this may still be of significant therapeutic value.

The advantage of the induction of endogenous IFN- 7  by both polymer 4 and the complex 6 is 

therefore three-fold. It is possible that the induction of an immune response and primarily 

EFN-y by polymer 4 and the complex 6 may augment the resolution of leishmaniasis and thus 

accelerate healing. Low levels of endogenous EFN-y that is produced at the site of infection in 

the tissues will be less harmful to the host. Lastly, the costly administration of recombinant 

EFN-y will not be required.

The induction of EFN- 7  rnRNA by poly(LC) was measured over a period of time (Figure 

3.6.8). It was observed that a 5 hr incubation was the most consistent for the generation of

236



robust and reproducible levels of IFN- 7  mRNA. This length of incubation was then selected 

for the duration of stimulation with polymer 4 as well. It must be noted, however, that 

different stimuli may require longer or shorter incubation times. Munder et al (1998) 

demonstrated that a combination of IL-12 and IL-18 acting in synergy induced IFN- 7  mRNA 

after 2 hr incubation. However, when these 2 cytokines were added alone, the induction of 

IFN- 7  mRNA was slower and the length of incubation was increased to 24 hr before any 

significant mRNA levels were observed for IL-18 in particular. It may be possible that the 

levels of IFN- 7  mRNA induced by polymer 4 and complex 6  in these experiments are not 

maximal because the optimum incubation time for these samples have not been established. 

Further investigation into the kinetics of IFN- 7  mRNA induction is warranted.

The finding that the increased mRNA levels of MlP-ljS, TNF-a and IFN- 7  translated to active 

secreted protein in the supernatant of these peritoneal cells was important (Figure 3.6.4, 3.6.5, 

3.6.11 & 3.6.16). It has been demonstrated that elevated levels of IL-1]3 mRNA induced by 

LPS in monocyte-derived dendritic cells did not translate into measurable levels of IL-ljS 

protein being detected (Napolitani et al., 2005). In other experiments, IFN- 7  mRNA was 

detectable following the stimulation of murine macrophages with IL-12, however no protein 

could be measured in the supernatant (Munder, 1998). It may be prudent in future 

experiments to examine the functional characteristics of these secreted proteins obtained 

following stimulation with the polymer 4. The recruitment of cells by secreted chemokines, 

M IP-la and MIP-l/?, can be established using a Boyden chamber. This technique is based 

upon the principle that 2  chambers are separated by a filter through which cells can migrate. 

IFN- 7  and TNF-a synergistically up-regulate CD40 on macrophages (Munder, 1998). This 

expression of CD40 on target cells can be analysed using flow cytometry.

Commercially available narrow MWD PMAA-Na standard was not able to stimulate 

peritoneal cells to produce MIP-l/3, TNF-a or IFN- 7  (Figures 3.6.5 & 3.6.11). This may be 

the result of the different synthesis utilised between the commercial standard and the polymer 

4 which was derived from an active ester precursor polymer that was obtained by copper- 

mediated atom transfer radical polymerisation. Subtle structural differences may influence 

the manner in which these polymers are recognised by cells. Other investigators have shown 

that TLR2 on natural killer cells was sensitive to the number of repeat phosphosaccharide 

domains in lipophosphoglycan from L. major. The levels of activation of the natural killer 

cells were dependent on both quantitative and qualitative changes in these domains (Becker et 

al., 2003).

Interestingly, AmB-deoxycholate also significantly induced the production of pro- 

inflammatory chemokines and cytokine mRNA when incubated with peritoneal cells.
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However these levels were significantly lower than those seen when testing the complex 6 . 

AmB-deoxycholate induced levels of MlP-ljS that were 2.5 ± 0.2 fold above unstimulated 

controls, whereas the levels of IFN-'ywere increased 2.3 ± 0.5 fold (Figure 3.6.15). This result 

is not entirely unsurprising, considering that the pro-inflammatory effect of AmB- 

deoxycholate has been the subject of much investigation (discussed in Section 2.1.7). In the 

experiments described here, both complex 6  and AmB-deoxycholate were tested at a final 

AmB concentration in the culture media of 15 pg/ml. However, it should be considered that, 

following administration, almost 95% of AmB-deoxycholate is sequestered by plasma 

proteins (Bekersky et al., 2002b) and that serum levels only reach concentrations of between 

2 to 4 pg/m l. Furthermore, levels above 10 pg/ml have been found to cause cellular toxicity 

(Cleary et al., 1992), although this was not observed in experiments conducted in this thesis. 

It was shown, however, that AmB-deoxycholate caused haemolysis (16 ± 0.8%) at a 

concentration of only 12.5 pg/ml (Figures 2.6.2 & 2.6.14). Collectively, these results indicate 

that concentrations of 15 pg/ml of AmB may never be reached in the tissues when 

administered as AmB-deoxycholate, and that it would likely cause toxicity if this was the 

case. In contrast, the complex 6  was shown to be non-toxic at 15 pg/ml (Figures 2.6.2 & 

2.6.14). Furthermore, owing to the pharmacokinetic properties of the polymer 4, it is hoped 

that the complex 6  would be selectively taken up by inflamed tissues, so that the local 

concentration would be higher. The enhanced permeability and retention effect may 

ultimately play a role in the recruitment of the complex polymers to relevant inflamed tissues 

(Maeda and Matsumura, 1989). This was discussed in Section 1.3.1.2. Finally the 

immunomodulatory response of the complex 6  was significantly more powerful than that of 

AmB-deoxycholate. Other investigators have shown that AmB conjugated to a 

polysaccharide caused the release of TNF-a from murine peritoneal macrophages 

(Ehrenffeund-Kleinman et al., 2005). A lower level of TNF-a was also detectable when these 

cells were stimulated with AmB-deoxycholate on its own. However, no IFN-y production 

could be detected (Ehrenffeund-Kleinman et al., 2005). The polysaccharide used as the 

platform did not induce TNF-a production when it was evaluated on its own.
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Collectively these results suggest that the polymer 4 has the potential to be used to modulate 

immune responses in tissue compartments, either on its own or as a synergistic 

pharmacological treatment and immunotherapy within the complex 6 . This provides a further 

advantage of the complex 6  for the treatment of leishmaniasis. Of paramount importance is 

the release of the signature Thl cytokine from tissue-resident cells. The induction of 

endogenous IFN-y in patients treated with the complex 6  could accelerate healing. This could 

therefore enable shorter treatment times with the length of hospitalisation reduced as well. 

This should have enormous economic benefits.
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