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Summary. - T h e  reconsti tution o f  i n f l u e n z a  v i r u s  haemagglut in in  
into l i p o s o m e s  f r o m  l ipid/protein/detergent  m i x t u r e s  b y  de tergent  
r e m o v a l  provides  ves ic les  that  are  s imilar  in s t ructure  t o  viral 
particles. T h e  dissociation propert ies  o f  haemagglut in in  aggregates  
a n d  t h e  molar  ratio o f  lipid t o  protein in t h e  start ing m i x t u r e  are  t h e  
key factors  f o r  t h e  individual  a n d  total yield o f  protein incorporation 
into l iposomes.  Structural  propert ies  o f  t h e  de tergent  u s e d  a s  we l l  
a s  special reconsti tut ion condit ions  are  o f  minor  importance f o r  t h e  
format ion  o f  haemagglut inin  l iposomes.  A s  d e t e r m i n e d  b y  radial 
i m m u n o d i f f u s i o n - ,  h a e m o l y s i s -  a n d  f u s i o n  exper iments ,  speci f ic  
propert ies  o f  haemagglut in in  w e r e  mainta ined t o  a large  ex tent  o n  
l iposomal  incorporation, b u t  its immunogenic i ty  is  increased,  if  t h e  
ant igen is  incorporated into t h e  lipid bi layer  o f  l iposomes.  
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Introduction 

H a e m a g g l u t i n i n  ( H A )  is t h e  d o m i n a n t  g lycopro te in  o f  i n f l u e n z a  v i ruses .  I t  
b e a r s  p roper t i e s ,  t h a t  a r e  r e s p o n s i b l e  f o r  a v i ru s  i n f ec t i on  a s  wel l  a s  f o r  t h e  
i n d u c t i o n  o f  a n  i m m u n e  r e s p o n s e .  T h e  r e c o n s t i t u t i o n  o f  func t i ona l l y  in tac t  
H A  i n t o  l i p o s o m e s  p rov ides  a c o n v e n i e n t  m o d e l ,  t h a t  m a y  b e  u s e d  t o  s t u d y  
t h e s e  speci f ic  p r o t e i n  f u n c t i o n s  a n d  re la ted  p rocesses .  W e  w e r e  par t icular ly  
c o n c e r n e d  w i t h  t h e  p repa ra t ion  a n d  charac te r iza t ion  o f  H A - l i p o s o m e s  f o r  t h e  
p u r p o s e  o f  inves t iga t ing  t h e i r  i m m u n o g e n i c i t y .  T o  o b t a i n  u n a m b i g u o u s  
r e su l t s  w e  w e r e  m o s t  i n t e r e s t ed  in  p r o d u c i n g  well  d e f i n e d  a n d  h o m o g e n e o u s  
vesic le  p repa ra t ions .  W i t h  r e spec t  t o  a n  e c o n o m i c a l  u s e  o f  H A  a n d  t o  avo id  
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e x p e n s i v e  f r e e / b o u n d  separation s teps,  a quanti tat ive  insertion o f  H A  into 
l iposomes  should  b e  achieved.  

Since 1975, several  authors  h a v e  descr ibed a reconstitution o f  H A  into lipo­
s o m e s .  In  pr inciple ,  3 va r ious  m e t h o d s  w e r e  u s e d :  appl icat ion o f  u l t r a s o u n d  o n  
m i x t u r e s  o f  p r e f o r m e d  l i p o s o m e s  a n d  p ro t e in  ( A l m e i d a  et ai, 1975; O x f o r d  et 
al., 1981); inse r t ion  o f  t h e  p ro te in  i n t o  p r e f o r m e d  l i p o s o m e s  by m e a n s  o f  de te r ­
g e n t s  ( T h i b o d e a u  et ai, 1981; B o u d r e a u l t  et ai, 1985); a n d  dialysis o f  l ip id /  
p r o t e i n / d e t e r g e n t  m i x t u r e s  ( H u a n g  et al., 1980; Kawasaki  et al., 1983; N u s -
s b a u m  et al., 1987; S t e g m a n n  et al., 1987; Sizer  et ai, 1987). 

W i t h  t h e  excep t ion  o f  S izer  a n d  coworke r s  n o n e  o f  t h e m  w e r e  ab le  t o  incor­
p o r a t e  t h e  p ro t e in  i n t o  l i p o s o m e s  quant i ta t ive ly .  T h e i r  e l ec t ron  mic rographs  
s h o w  vesicles  wi th  var iable  p ro te in  dens i ty  o n  t h e i r  su r faces ,  b u t ,  in add i t ion ,  
a l so  ro se t t e s  o f f r e e  p ro t e in .  I n  o u r o p i n i o n  t h e  u s e  o f  d e t e r g e n t  m e t h o d s  s e e m s  
t o  b e  part icularly a d v a n t a g e o u s ,  b e c a u s e  o f  t h e i r  low risk o f  p ro te in  d e n a t u r a -
t ion  c o m p a r e d  wi th  o t h e r  m e t h o d s .  F u r t h e r m o r e ,  d e t e r g e n t s  a r e  f r e q u e n t l y  
u s e d  a l so  f o r  p ro te in  isolat ion f r o m  m e m b r a n e s .  H o w e v e r ,  r ep roduc ing  li tera­
t u r e  da ta ,  w e  w e r e  u n a b l e  t o  i nco rpo ra t e  H A  in to  l i p o s o m e s  b y  d e t e r g e n t  
r emova l  o n  a quan t i t a t i ve  scale.  M o r e o v e r ,  t h e  p ropor t ion  o f  H A  incorpora t ion  
var ied f o r  d i f f e r e n t  p ro te in  p repara t ions .  Previous ly  p e r f o r m e d  e x p e r i m e n t s  o n  
dissocia t ion o f  H A  aggrega tes  by d e t e r g e n t s  revea led  t h a t  on ly  i n c o m p l e t e  
d issocia t ion o f  t h e  ro se t t e s  t a k e s  place ( S t a h n  et al., 1991) wh ich  m a y  a f fec t  t h e  
r econs t i tu t ion  resu l t .  

In  t h i s  p a p e r  w e  repor t  o n  t h e  quan t i t a t i ve  incorpora t ion  o f  isolated H A .  
U s i n g  r a d i o l a b e l e d  t racers  o f  lipid a n d  p ro t e in ,  respect ively,  w e  cou ld  actual ly  
s h o w  t h a t  a t  least  a part ial  d issocia t ion  o f  H A - r o s e t t e s  is a n  u n d i s p e n s a b l e  
p recond i t i on  f o r  t h e i r  incorpora t ion  i n t o  l i posomes .  T h e  p repara t ion  o f  d i f fe ­
ren t ly  cove red  H A - l i p o s o m e s  is poss ib le  by u s i n g  d e f i n i t e  ra t ios  o f  lipid a n d  
dissociable  p ro te in  in t h e  s ta r t ing  m i x t u r e .  A s  d e t e r m i n e d  b y  i m m u n o d i f f u ­
s ion ,  h a e m o l y s i s  a n d  f u s i o n  e x p e r i m e n t s ,  essent ia l  p rope r t i e s  o f  H A ,  w e r e  n o t  
a l t e red  d u r i n g  t h e  r econs t i t u t ion  p r o c e d u r e .  I n  add i t ion ,  it h a s  b e e n  d e m o n ­
s t ra ted  wi th  a variety o f  bacter ial  a n d  viral a n t i g e n s  t h a t  l i p o s o m e s  h a v e  a d j u ­
v a n t  p rope r t i e s  (Gregor iad i s  et al., 1989). H o w e v e r ,  u p  t o  n o w ,  t h e  m o d e  o f  
a d j u v a n t  ac t ion  o f  t h e  l i p o s o m e s  is largely u n k n o w n .  Probably ,  a n  an t i gen  
incorpora t ion  i n t o  l i posomes ,  r e n d e r i n g  t h e  an t i gen  p re sen t a t i on  s imilar  t o  
na tu ra l  i m m u n o g e n i c  s t ruc tu re s ,  cou ld  b e  a d v a n t a g e o u s  f o r  i n d u c t i o n  o f  
a s t r o n g  i m m u n e  r e sponse .  Al te rna t ive ly ,  t h e  special  way  o f  p rocess ing  l iposo-
mally b o u n d  an t i gen  by t h e  i m m u n o c o m p e t e n t  cel ls  m a y  b e  decis ive a n d ,  
finally,  s o m e  k ind  o f  d e p o t  e f f ec t  o f  t h e  l i p o s o m e s  m a y  b e  opera t ive .  

Several  a u t h o r s  h a v e  al ready r e p o r t e d  o n  t h e  i m m u n o g e n i c i t y  o f  H A - l i p o -
s o m e s  (Oxfo rd  et ai, 1981; T h i b o d e a u  et ai, 1981; B o u d r e a u l t  et ai, 1985; T a n  
et ai, 1989; El G u i n k  et ai, 1989). T h e i r  resu l t s ,  a l t h o u g h  o b t a i n e d  wi th  lipo­
s o m e s  d i f f e r ing  in s t r u c t u r e  a n d  c o m p o s i t i o n ,  s h o w  u n a m b i g u o u s l y  a n  a d j u ­
v a n t  e f f ec t  o f  t h e  l iposomal  incorpora t ion  o f  H A .  I ts  quan t i f i ca t ion ,  howeve r ,  is 
very  di f f icul t  f o r  t h e  d i f f e r en t  p repara t ions ,  b e c a u s e  t h e y  always c o n t a i n e d  
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both,  H A - l i p o s o m e s  a n d  f r e e  H A  in u n k n o w n  quant i t ive  ratio. Accordingly,  
t h e  immunopotent ia t ing  e f f e c t s  o b s e r v e d  h a d  b e e n  induced  b y  several  i m m u -
n o g e n s .  

W e  report  o n  t h e  h u m o r a l  i m m u n e  r e s p o n s e  o f  mice  t o  H A - l i p o s o m e s  that  
w e r e  f r e e  o f  u n b o u n d  antigen.  It i s  d e m o n s t r a t e d  that  t h e  a d j u v a n t  action o f  
l i p o s o m e s  is coupled  t o  t h e  insert ion o f  H A  into  t h e  lipid bi layer  in an analo­
g o u s  way  a s  i n  t h e  v i ru s  m e m b r a n e .  H o w e v e r ,  o n l y  sl ightly i nc reased  a n t i b o d y  
t i t r es  c o u l d  b e  m e a s u r e d  c o m p a r e d  t o  t h o s e  i n d u c e d  b y  s a m e  d o s e s  o f  H A - s u -
b u n i t s  on ly .  

Materials and Methods 

Haemagglutinin (HA) and 1251-haemagglutinin (i25I-HA). T h e  preparation of H A  and  1 2 5 I -HA 
was performed as described previously. Briefly, influenza X73 viruses (H3N2) were grown in 
embryonated eggs, purified by zonal sucrose gradient centrifugation, disrupted and the  compo­
nents separated using a 0 to 5 0 %  sucrose gradient, containing Na-deoxycholate. Sucrose and 
sometimes detergent were removed by dialysis. HA was stored in phosphate buffered saline 
(PBS), pH 7.2 at 4 °C in the  presence or absence of detergent. Radioiodination of H A  was carried 
out  applying the  chloramine T method,  l 2 5 I -HA was purified by gelchromatography on Sephadex 
G-50. The  specific activities of t he  tracers used ranged from 0.03 to 0.3 MBq/ / /g  HA;  l 2 5 I -HA was 
characterized by SDS-polyacrylamide gel electrophoresis, density gradient centrifugation and 
radial immunodiffusion (Stahn et at., 1991). 

Lipids and uC-eggyolk phosphatidylcholine (HC-PC). Phosphatidylcholine (PC) was extracted 
from egg yolk according to the  method of Singleton (Singleton et at, 1965). Phosphatidic acid 
(PA) was prepared f rom PC by hydrolysis with phospholipase D (SERVA), as described by Eibl 
(Eibl et a!., 1981). T h e  preparation of dipalmitoyl phosphatidyl choline (DPPC) was also 
performed f rom PC using the  procedures of Brockerhoff and Gupta,  respectively (Brockerhoff et 
at., 1965; Gupta  et a!., 1977). Cholesterol was purchased f rom SERVA. C - P C  was prepared by 
the reaction of phosphatidyl ethanolamine and  l 4C-methyloiodide (Zentralinstitut fur  Kernfors-
chung, Rossendorf) according to Smith (Smith  et at. 1978). T h e  specific activity amounted t o  820 
MBq/nmol.  

Lipopolysaccharide (LPS). LPS was extracted from  E. coli bacteria (0139:K 82 (B)) and purified 
as described by Leive et al. (1972), Westphal  et at. (1965) and Galanos  et at. (1975). 

Detergents. Na-cholate and Na-deoxycholate were products of SERVA and used without 
further  purification. Octylglucoside (OG) was prepared according to Keana et al. (1978). 

Reconstitution. The  starting mixture of l ipid/HA/detergent in PBS was produced by adding to 
a dried lipid film either 
- a solution, being 0.06...6.2 nmol/1 in H A  and 50 mmol/1 in OG or 23 mmol/1 in Na-cholate,  or 
- successively, a solution of detergent and a solution of HA, both in appropriate concentrations t o  

reach the  above mentioned values, or 
- successively too, a solution of detergent and HA/detergent,  both of the same detergent concen­

tration. 
The  lipid concentration amounted from 0.66 to 2.62 n mol/1, including traces of  l 4 C-PC.  H A  was 
labelled by l 2 5I .  

T h e  mixtures were equilibrated for at least 24 hr in a N2 atmosphere at room temperature. The  
removal of detergent was accomplished by three different methods:  (1) Dialysis was performed 
for 72 hr (Na-cholate) or 48 hr (OG) with 12-hr changes of 1000 ml PBS buffers, (2) gel chromato­
graphy on Sephadex G 50 was performed by using a column of 1.5 x 28 cm and PBS as an eluant, 
and (3) rapid dilution to a detergent concentration below the critical concentration of micelle 
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formation (CMC) followed by dialysis as described above. Sometimes, samples had to be concen­
trated, which was accomplished by dialysis against 50 % polyethylene glycol in PBS or sucking out  
the solvent through a collodium tube (Sartorius). 

Density gradient centrifugation. All reconstitution products were characterized by this method.  
200 f i \  samples were applied to the top of a 10 to 50 % continuous sucrose gradient and centrifuged 
in a SW 50.1 Beckmann rotor for a period of 16 hr at 150 000 g, 10 °C. The  gradients were fractio­
nated and measured for  l 4 C  and  1 5I. 

Electron microscopy. HA-liposome samples were adsorbed on carbon coated films and stained 
with 2 % phosphotungstic acid, pH 6.5, for 3 min. 

Degradation of HA-liposomes by pronase. According to Hoyle and Almeida (Hoyle et al., 1971) 
pronase E (SERVA) in a final concentration of 10 %(w/w) was added to samples of HA-liposomes 
(Free of unbound HA), incubated at 37 °C for at least 48 hr and fractionated on a Sepharose 4 B 
column (8 x 50 cm). 

Immunodiffusion-, haemolysis- and fusion assays. 
The single radial immunodiffusion test (SRD) was performed as described by Schild (Schild et a!., 

1975). T h e  degree of haemolysis, induced by HA, was determined by incubating various amounts  
of HA-liposomes (containing 2.,.20/ig bound HA) with 0.5 °/o (v/v) human erythrocytes for 5 min 
at 0 °C, in a final volume of 1 ml at pH 5. T h e  suspension was then incubated for 1 hr at 37 °C, 
centrifuged at 3000 rev/min for 5 min and an 200 jW 1 aliquot was separated f rom the  supernatant. 
1 ml 0.5 % (g/g) n h 4 o h  was added and the absorbance measured at 410 nm.  T h e  value of 100 % 
haemolysis was determined by mixing up 200 / i l  erythrocytes with n h 4 o h .  

The fusion of HA-liposomes and unsealed human erythrocyte ghosts, prepared according to 
Dodge (Dodge  et al., 1963), at pH 5.0 was measured according to Pritzen and Herrmann (Pritzen et 
al., 1988). Briefly, HA-liposomes were labelled with the amphiphilic fluorescence marker octa-
decyl rhodamin B chloride (R 18) as described by Hoekstra (Hoekstra et al., 1984). 160 / i l  acetate 
buffer pH 5.0 were mixed with 20 fx\ ghost suspension and 20 1 of fluorescence labelled lipo­
somes, containing 430 f i g  bound HA/ml ,  and kept at 0 ° C  for 5 min. Then 1.8 ml warmed buffer 
(37 °C) were added, and the fluorescence intenssity monitored continuously. For quantification it 
was related to the maximum intensity as obtained by addition of 50 /u\ 20 % (g/v) Triton X 100. 

Vaccination of mice. Groups o f 8  mice (ICR) at least were injected twice in intervals of 28 days 
intraperitoneally with 0.5 ml antigen suspensions, containing 0.008... 10 \i% HA/ml .  By 10 days 
after the second immunization, the mice were challenged intranasally with an infection dose of 
1000 mid50.  3 days later the humoral immune  response of vaccinated mice was tested by the  
haemagglutination inhibition test (Mayr et al., 1977). The  significance of the  titre differences was 
determined by the  double t-test ,  at the  p < 0.05 level (Storm, 1976). 

Virus growth in hens eggs was tested after injection ofO.l ml lung suspension (dilution 1:10) of 
challenged mice. 

Results 

Reconstitution experiments 

T h e  p r e p a r a t i o n  o f  H A - l i p o s o m e s  f r o m  l i p i d / p r o t e i n / d e t e r g e n t  m i x t u r e s  

w a s  f o l l o w e d  q u a n t i t a t i v e l y  b y  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  u s i n g  r a d i o - l a ­

b e l l e d  p r o t e i n -  a n d  l i p i d  t r a c e r s .  D e p e n d i n g  o n  t h e  s p e c i a l  c o n d i t i o n s  a p p l i e d ,  

u p  t o  t h r e e  f r a c t i o n s  w e r e  o b s e r v e d ,  r e p r e s e n t i n g  d i f f e r e n t  r a t i o s  o f  l i p i d  a n d  

p r o t e i n .  

F i g .  1 s h o w s  a t y p i c a l  c e n t r i f u g a t i o n  p r o f i l e  o f  a r e c o n s t i t u t i o n  p r o d u c t ,  

p r e p a r e d  b y  d i a l y s i s  o f  a P C / H A / N a - c h o l a t e  m i x t u r e .  C o r r e s p o n d i n g  t o  t h e  

r a t i o  o f  P C  a n d  H A ,  p e a k  A r e p r e s e n t s  p r o t e i n  o n l y ,  p e a k  E p r o t e i n  r i c h  H A - l i -
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Fig. 1 
Density gradient centrifugation of 
a HA-liposome preparation, obtained by 
dialysis of a PC/HA/Na-cholate mixture 
(10%... 5 0 %  sucrose gradient; 16 hrs; 
150 000 g; cpm 1 2 5 I:  I-HA/HA, cpm 
l 4 C :  , 4C-PC/PC; peak A :  unbound HA; 
peak E: protein rich HA-liposomes; peak 

F: protein poor HA-liposomes) 

p o s o m e s  a n d  peak  F lipid rich H A - l i p o s o m e s .  Peak  A w a s  detected  a l w a y s  in 
reconstitution products  m a d e  o f  d e t e r g e n t  f r e e  s t o r e d  H A .  In principle, ne i ther  
t h e  composi t ion o f  t h e  l ipid/protein/detergent  s tart ing  mixture,  n o r  t h e  t i m e  
o f  equil ibration o f  t h i s  mix ture ,  n o r  t h e  rate  o f  d e t e r g e n t  removal ,  h a d  any  
in f luence  o n  t h e  proportion o f  protein  insert ion i n t o  l i p o s o m e s  ( for  detail  
information s e e  u n d e r  Materials  a n d  Methods) .  

If H A  w a s  s tored  in d e t e r g e n t  solut ion,  e .g .  in 2 3  mmol/1 Na-cholate  o r  10 
mmol/1 C T A B ,  it could  b e  inser ted  quantitat ively  e v e n  a f t e r  a s torage  per iod  o f  
o n e  year.  T a b l e  1 l ists  a choice o f  H A  incorporation y ie lds  f o r  d i f f e r e n t  s tart ing 

Table 1. Dependence on the HA storage medium of the quantity of protein insertion into 
liposomes 

HA-storage medium 
Starting mixture 

ratio PC/HA 
[mol/mol] 

Reconstitution product 
H A  r r e e  bound 

[%] [%l 

PBS 150 19 52 
PBS/Na-choIate 150 - 72 
PBS 300 22 54 
PBS/Na-cholate 300 - 83 
PBS 3000 19 59 
PBS/Na-cholate 3000 - 91 

1: amount of peak A,  Fig. 1 
2: amount of peak E and peak F, Fig. 1 
(reconstitution mixture: PC — 0.66...2.62 //mol/ml, 
HA — 0.06...6.2 nmol/ml, Na-cholate — 10 ^mol/1 PC) 

bottom 
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p r o t e i n  p o o r  p r o t e i n  rich 

H 
300 3000 

PC/HA 
[mol/^ol]  

Y//A dialysis 

I I gelchromatography 

H Jilution 

Fig. 2 
Influence of the molar ratio lipid/protein and the rate of detergent removal, respectively, on the 
formation of protein rich- and protein poor HA-liposomes from PC/HA/Na-cholate mixtures 

mixtures .  T h e  quanti t ies  o f  protein rich a n d  lipid rich ves ic les,  respectively,  
d e p e n d  o n  t h e  molar-rat io o f  lipid a n d  protein in t h e  s tart ing  mixture .  A ratio 
corresponding t o  that  o f  t h e  i n f l u e n z a  v i r u s  provides  protein rich ves ic les  
predominantly,  w h e r e a s  an e x c e s s  o f  lipid f a v o u r s  t h e  format ion  o f  lipid rich 
vesicles .  However ,  a l so  u n d e r  t h e  last m e n t i o n e d  condit ions  a smal l  a m o u n t  o f  
protein rich ves ic les  is f o r m e d ,  which  could  not  b e  m o d i f i e d  b y  rates  o f  deter ­
g e n t  r emova l  (Fig.  2). T h e s e  r e su l t s  w e r e  c o n f i r m e d  b y  e l e c t r o n  mic roscop ic  
inves t iga t ions .  T h e  mic rog raphs  s h o w e d  ves ic les  w i t h  p r o t e i n  sp ikes  o n  t h e i r  
su r faces ,  r ep re sen t i ng  H A - t r i m e r s .  T h e i r  l e n g t h  a n d  t h i c k n e s s  c o r r e s p o n d e d  
exact ly  t o  t h e  v i ru s  spikes .  

I n  acco rdance  w i t h  t h e  in t e rp re t a t ion  o f  t h e  c e n t r i f u g a t i o n  r e s u l t s  t h e  mic ro ­
g r a p h s  s h o w  p ro te in  r ich a n d  p ro t e in  p o o r  ves ic les  a n d  s o m e t i m e s  H A  rose t t e s  
(Fig .  3). T h e  h igh  i m p o r t a n c e  o f  t h e  s t a t e  o f  H A - a g g r e g a t i o n  f o r  t h e  r econs t i t u -
t i o n  ef f ic iency w a s  d e m o n s t r a t e d  o n c e  again  b y  u s i n g  i so la ted  H A - f r a c t i o n s  
p repa red  b y  dens i t y  g rad ien t  c en t r i f uga t i on  o f  H A / d e t e r g e n t  so lu t ions :  
ro se t t e s ,  pa r t s  o f  r o s e t t e s  o r  s ingle  t r i m e r s .  W e  f o u n d  t h a t  H A - r o s e t t e s  c o u l d  
n o t  b e  incorpora ted  i n t o  l i posomes ,  w h e r e a s  pa r t s  o f  H A - r o s e t t e s  cou ld .  W i t h  
t h e  la t ter ,  on ly  p ro te in  r ich l i p o s o m e s  w e r e  f o r m e d ,  i r respec t ive  o f  t h e  lipid t o  
p ro te in  ra t io  o f  t h e  s ta r t ing  m i x t u r e .  O n l y  s ingle  H A - t r i m e r s  p r o v e d  t o  b e  
su i t ab le  f o r  t h e  f o r m a t i o n  o f  p ro te in  r ich o r  p ro t e in  p o o r  l i p o s o m e s ,  d e p e n d i n g  
o n  t h e  c o m p o s i t i o n  o f  t h e  r econs t i t u t ion  m i x t u r e .  
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Protein orientation in HA-liposomes 

T h e  ins ide/outs ide  distr ibution o f  H A  in t h e  bi layer o f  t h e  ves ic les  m a y  b e  
important  f o r  their  immunogenic i ty .  Moreover ,  conclus ions  concerning t h e  
m e c h a n i s m  o f  protein incorporation into l i p o s o m e s  a s  wel l  a s  t h e  b e s t  reconsti-
tut ion condit ions  could b e  drawn f r o m  that  distr ibution.  W e  d e t e r m i n e d  t h e  
protein orientation o f  H A - l i p o s o m e s  b y  p r o n a s e  c leavage  o f  t h e  out s ide  
portion o f  H A  f o l l o w e d  b y  ge l  chromatographic  separation o f  t h e  d iges ted  f r a g ­
m e n t s .  

A c o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  i n s i d e / o u t s i d e  ra t ios  t o  t h e  r a t io  t h a t  is t o  
b e  e x p e c t e d  f o r  stat ist ical  i n s i d e / o u t s i d e  o r i en t a t i on ,  y i e lded  a smal l  a s y m ­
m e t r y  in  f a v o u r  o f  t h e  o u t s i d e  s u r f a c e  ( T a b l e  2) .  O n l y  very  smal l  s i zed  ves ic les  
w e r e  f r e e  o f  ins ide  p r o t e i n ,  p r e s u m a b l y  f o r  t h e  r e a s o n  o f  t h e  H A  size.  F u r t h e r ­
m o r e ,  a n  i n c u b a t i o n  o f  p r e f o r m e d  l i p o s o m e s  - c o n t a i n i n g  s o m e t i m e s  c h o l e ­
s te ro l  - w i t h  H A  in  t h e  p r e s e n c e  o f  oc ty lg lucos ide  p rov ided  t o  i nco rpo ra t ion  
yie lds  o f  1 % o r  12 %,  a f t e r  pe r i ods  o f  1 o r  2 4  days ,  respect ively .  T h i s  is i n  a g o o d  
a g r e e m e n t  w i t h  r e s u l t s  o f  O x f o r d  a n d  T r u d e l  ( O x f o r d  etal., 1 9 8 1 ; T r u d e l  etal., 

1981) b u t  con t rad ic to ry  t o  t h e  d a t a  o f  T h i b o d e a u  ( T h i b o d e a u  et al., 1981). T h e  

Fig. 3 
Electron micrograph of HA-liposomes, prepared by dialysis of a PC/HA/Na-chola te  mixture 
(negatively stained with phosphotungstic acid, pH 6.5; PC/HA of the  reconstitution mixture: 300 

[mol/mol]) 
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Table 2. Inside/outside distribution or HA in liposomes 

Ratio Vesicle HA-distribution |%] 
lipid/protejn diameter1  experiment calculation 

Imol/mol] [nm| inside outside inside outside 

50 2 6± 6 . 87±3 . 100 
300 47±15 2 72±4 12 88 

3000 86±23 11±3 75±6 26 73 

1: determined by electron microscopy 
2: for vesicle diameters of 25 nm,  50 n m  and 80 nm,  resp.; size of a HA-tr imer  protruding 

inside or outside: 13.5 nm lenghth, 14.5 nn '  thickness (Wilson et al., 1981) 

l a t te r  a u t h o r s  q u o t e  t o  h a v e  i nco rpo ra t ed  H A  wi th  h i g h  yie ld  i n t o  p r e f o r m e d  
l i p o s o m e s  in  t h e  p r e s e n c e  o f  oc ty lg lucos ide  apply ing  s low d e t e r g e n t  r e m o v a l  
b y  g rad i en t  dialysis.  

Functional properties of haemagglutinin 

W e  w e r e  part icularly i n t e r e s t ed  in  t h e  r e c o n s t i t u t i o n  o f  func t i ona l l y  in tac t  
H A  i n t o  l i p o s o m e s .  I n  t h i s  r espec t ,  con t rad ic to ry  d a t a  a r e  r e p o r t e d  in t h e  l i tera­
t u r e  u s i n g  d i f f e r e n t  d e t e r g e n t s  ( S t e g m a n n  et al., 1987a;  S izer  et al., 1987; 
H u a n g  et al., 1980; Lap ido t  et al., 1987). F o r  e x a m p l e ,  S t e g m a n n  a n d  coworke r s  
r epor t  o n  t h e  loss  o f  f u s i o n  activity o f  H A  b y  appl ica t ion  o f  N a - c h o l a t e ,  
w h e r e a s  t h e  p repa ra t ions  o f  S izer  a n d  coworke r s ,  w h o  u s e d  c h o l a t e  t o o ,  m a i n ­
t a i n e d  t h e i r  f u s o g e n i c  p roper t i e s .  

O u r  H A - l i p o s o m e s ,  p r epa red  b y  dialysis  o f  a P C / H A / N a - c h o l a t e  m i x t u r e ,  
p r o v e d  t o  b e  react ive  in  h a e m o l y t i c  a n d  f u s i o n  e x p e r i m e n t s .  A c c o r d i n g  t o  Fig.  
4 ,  h a e m o l y s i s  o f  h u m a n  e ry th rocy t e s  b y  H A - l i p o s o m e s  a s  wel l  a s  v i ruses  
inc reased  sharp ly  b e l o w  p H  5.4, r e ach ing  a n  o p t i m u m  a t  p H  5.0. T h e  f u s i o n  
activity w a s  d e t e r m i n e d  b y  a m e m b r a n e  m i x i n g  assay,  m o n i t o r i n g  t h e  f u s i o n  o f  

100 

E 
i 

Fig. 4 
pH dependence of the haemolytic activity 

of HA-liposomes or X-73 viruses 4.8 5.0 

X virus 

° H A -  liposomes 
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Table 3. Haemolytic and fusogenic activities of HA-liposomes 

137 

HA-liposomes1  Fusion 
PC/HA Spike Haemolysis (max. 

density fluorescence intensity) 
[mol/mol] [%] [%] 

50 
150 

3000 

virus particles1 

'blank' liposomes 

increasing 
99 
53 

40 

100 
10 

35 
20 

no signal 

39 
no signal 

1: [ h a |  = const = 430 ,wg/ml 

fluorescence label led H A - l i p o s o m e s  or  v i r u s e s  w i t h  h u m a n  erythrocyte  g h o s t s  
b y  fluorescence d e q u e n c h i n g  (Fig. 5). T h e  g r a p h s  obta ined  wi th  b o t h  prepara­
t i o n s  w e r e  c o m p a r a b l e .  T h e  h a e m o l y t i c  a n d  f u s o g e n i c  act ivi t ies  o f  H A - l i p o -
s o m e s  w e r e  ra i s ing  w i t h  inc reas ing  sp ike  dens i t y  o n  t h e  l i p o s o m e  s u r f a c e  
( T a b l e  3) .  

T h e  f u s i o n  activity o f  i n f l u e n z a  v i r u s e s  is i r revers ibly  los t  b y  t h e i r  p r e i n c u b a -

virus 

£ 4 0  
i—i 

e 
230 H 

H A -  l iposomes 

time [ m i n  ] 

Fig. 5 
Fusion of fluorescent labelled HA-liposomes or X-73 viruses with unsealed human erythrocyte 

ghosts at pH 4.8 
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logT 

HA- liposomes 

1 2 5 10 
pqHA 

Fig. 6 
Comparison of humoral antibody levels to HA induced by HA-liposomes or HA-subunits 

(double immunization of mice;  2 log  T: haemagglutination inhibition titre) 

tion at pH 5.0 and 37  ° C  in t h e  a b s e n c e  o f  t h e  t a rge t  m e m b r a n e  ( S t e g m a n n  et 
al.,  1987b). Al te rna t ive ly  v i ruses  a s  well  a s  H A - l i p o s o m e s ,  p r e i n c u b a t e d  wit­
h o u t  g h o s t  m e m b r a n e s ,  o r  wi th  d i th io th re i to l ,  o r  w i th  n o n l y t i c  c o n c e n t r a t i o n s  
o f N a - c h o l a t e ,  exh ib i t ed  a dras t ic  d e c r e a s e  o f  t h e  f l u o r e s c e n c e  in tens i ty .  T h i s  
s h o w s  t h a t  t h e  o b s e r v e d  inc rease  o f  f l u o r e s c e n c e  in tens i ty  w a s  t h e  resu l t  o f  t h e  
p ro te in  con t ro l l ed  f u s i o n  b e t w e e n  H A - l i p o s o m e s  a n d  g h o s t  m e m b r a n e s .  

/mmunogenicity of HA-liposomes 

A n o t h e r  specif ic  p rope r ty  o f  H A  is i ts  an t igenic i ty .  A s  d e t e r m i n e d  b y  radial  
i m m u n o d i f f u s i o n  it d i f f e r ed  on ly  wi th in  t h e  m a r g i n  o f  e r r o r  o f  t h e  t e s t  f o r  b o t h ,  
H A  b e f o r e  a n d  a f t e r  incorpora t ion  i n t o  l i posomes .  G r o u p s  o f  m i c e  w e r e  i m m u ­
n i zed  twice  wi th  s a m e  d o s e s  o f  H A - l i p o s o m e s  a n d  H A - s u b u n i t s ,  respect ively.  
T h e  h u m o r a l  a n t i b o d y  t i t r es  i n d u c e d  a f t e r  in jec t ion  o f  1 t o  10 n g  H A  p e r  m o u s e  
d i f f e r e d  s ignif icant ly  f o r  H A - l i p o s o m e s  a n d  H A - s u b u n i t s .  I n d e p e n d e n t  o f  t h e  
an t i gen  d o s e  in jec ted  in t h i s  r ange ,  h i g h e r  r e s p o n s e s  b y  o n e  2 log  T s t e p  approxi ­
ma te ly  w e r e  i n d u c e d  b y  H A - l i p o s o m e s  t h r o u g h o u t  (Fig.  6). 

A f t e r  i m m u n i z a t i o n  wi th  a n  an t i gen  d o s e  lower  t h a n  1 ̂ g ,  h o w e v e r ,  t h e  an t i ­
b o d y  t i t res  f o r  H A - l i p o s o m e s  a n d  H A - s u b u n i t s  d id  n o t  d i f f e r  s ignif icant ly.  
M o r e o w e r ,  it is r emarkab le ,  t h a t  lower ing  t h e  an t i gen  d o s e  b y  f ac to r  1000, ap­
prox imate ly  r e su l t s  in a d e c r e a s e  o f  t h e  a n t i b o d y  t i t re  o n l y  b y  o n e  2 log  s t e p  
( T a b l e  4). In  add i t ion  t o  t h e  d e t e r m i n a t i o n  o f  h u m o r a l  an t ibod ie s ,  t h e  eff icacy 
o f  va r ious  an t i gen  s u s p e n s i o n s  w a s  c h e c k e d  b y  e s t i m a t i n g  t h e  v i rus  c o n c e n t r a ­
t ion  in t h e  l u n g s  o f  t h e  t es t  a n i m a l s  a f t e r  t h e  h igh  d o s e  cha l l enge  in fec t ion  
(1000  M I D 5 0 ) .  H e n c e  it fo l lowed ,  t h a t  a n  a n t i g e n  d o s e  a s  low a s  8 n g  H A  p e r  
m o u s e ,  a b o u t  o n e  t h o u s a n d t h  o f  t h e  usua l ly  appl ied  d o s e ,  is su f f i c i en t  t o  



RECONSTITUTION OF INFLUENZA HA AND LIPOSOMES 139 

Table 4. Humoral antibody titres of mice after double immunization with HA-iiposomes and 
HA-subunits, respectively 

Series 
Antigen 
dose 
O g ]  

HA-liposomes* 
2 log  T "  

HA-subunits 
2 log  T "  

Significance 
p < 0.05 

A 10 7.38±1.06 6.50±1.31 + 
2 6.75±1.49 6.12±1.25 + 

B 1 6.70±0.82 5.75±0.71 + 
0.2 6.00±1.41 5.50±1.19 -

C 0.04 6.89±0.77 6.67±1.48 _ 

0.008 6.56±1.57 6.75±1.04 -

* molar ratio PC/HA:  3000 mol /mol  
** groups of  ž 8 mice;  2 log  T:  haemagglutination inhibition titre 

induce  a complete  protection against  i n f l u e n z a  infect ion irrespective o f  t h e  H A  
preparation w i t h  o r  w i t h o u t  l ipid.The lipid composit ion,  a f f e c t i n g  t h e  s u r f a c e  
charge  a n d  fluidity o f  t h e  ves ic les,  their  s i ze  a n d  t h e  k ind o f  association 
b e t w e e n  ant igen a n d  l i p o s o m e  m a y  b e  critical in s t imulat ing  a n  opt imal  
i m m u n e  r e s p o n s e  (Shek,  1984). 

T h e r e f o r e ,  w e  prepared  ant igen  l i p o s o m e s  w i t h  d i f f e r e n t  propert ies,  h o p i n g  
t o  potentiate  t h e  ant ibody f o r m a t i o n  obta ined  b y  e g g  yolk  P C / H A - l i p o s o m e s .  
H o w e v e r ,  modif icat ion o f  t h e  s u r f a c e  charge  a n d  o f  t h e  fluidity o f  t h e  ves ic les,  
u s i n g  m i x t u r e s  o f  P C / P A  a n d  PC/Choi,  respectively,  or  DPPC, r e m a i n e d  
w i t h o u t  any  e f f e c t  (Fig. 7). A n o t h e r  a t tempt  t o  e n h a n c e  t h e  i m m u n e  r e s p o n s e  
against  H A  w a s  t o  incorporate t h e  i m m u n o m o d u l a t i n g  a g e n t  L P S  into  HA-l i -
p o s o m e s .  L P S  is  k n o w n  t o  increase  both,  t h e  h u m o r a l  a n d  t h e  cell m e d i a t e d  
r e s p o n s e  t o  ant igens  ( W a r r e n  et al., 1986). A s  d e m o n s t r a t e d  in Fig.  7 only  
a smal l  increase  o f  t h e  h u m o r a l  ant ibody t i tre  could  b e  o b s e r v e d  f o r  HA-l ipo-
s o m e s  containing a s  m u c h  a s  10 % (w/w)  LPS.  Applicat ion o f  l o w e r  L P S  quant i ­
t i e s  r e m a i n e d  w i t h o u t  e f f e c t .  

Fig. 7 
Influence of the  lipid matrix of HA-lipo-
somes on  the  antibody formation in mice 
(double immunization; 8 mice per group; 
dose: 1 / /g  H A  per mouse;  2log T :  

haemagglutination inhibition titre) 



140 STAHN, R. el at. 

Table 5. Humoral antibody titres of mice to HA-liposomes of different antigen surface density 

HA-liposomes Protein 
2 log  T* PC/H A surface 2 log  T* 

imol/moll density 
2 log  T* 

30 6.00+2.07 
300 decreasing 6.00±1.51 

3000 6.42±1.62 

* haemagglutination inhibition titre; groups of 8 mice; double immunization; dose: 1 fig 
per mouse  

A f u r t h e r  se r i e s  o f  t e s t s  s h o u l d  d e m o n s t r a t e  t h e  i m p o r t a n c e  f o r  t h e  i m m u n o -
genic i ty  o f  t h e  k i n d  o f  associa t ion  o f  H A  t o  l i p o s o m e s ,  A s  de sc r i bed  a b o v e ,  H A  
a n c h o r e d  in  t h e  lipid bi layer  o f  vesicles ,  t h u s  m i m i c k i n g  v i ru s  par t ic les ,  i n d u c e s  
a s t r o n g e r  i m m u n e  r e s p o n s e  c o m p a r e d  w i t h  t h e  i so la ted  a n t i g e n .  H o w e v e r ,  n o  
i n f l u e n c e  o f  t h e  p ro t e in  dens i ty  o n  t h e  s u r f a c e  o f  H A - l i p o s o m e s  c o u l d  b e  
d e t e c t e d  ( T a b l e  5). O n  t h e  o t h e r  h a n d ,  H A  e n t r a p p e d  in  t h e  i n n e r  v o l u m e  o f  
l i posomes ,  a s  wel l  a s  m i x t u r e s  o f  H A  a n d  e m p t y  l i p o s o m e s  a r e  equa l ly  o r  less  
e f f i c i en t  t h a n  H A - s u b u n i t s  in  p r o m o t i n g  a n  i m m u n e  r e s p o n s e  (Fig.  8). 

Discussion 

T h e  r e su l t s  o f  t h e  r econs t i t u t i on  e x p e r i m e n t s  ind ica te  t h a t  t h e  q u a n t i t y  o f  
H A  inco rpo ra t ed  i n t o  l i p o s o m e s  a s  wel l  a s  t h e  special  var ie ty  o f  H A - l i p o s o m e s  
f o r m e d  is a f u n c t i o n  o f  t h e  p r o t e i n  aggrega t ion  s t a t e  in  t h e  s ta r t ing  m i x t u r e .  I f  

Fig. 8 
Humoral antibody titres of mice after 
immunization with various types of asso­
ciates of liposomes and H A  (double 
immunization; groups of 8 mice; dose: 
1 /ug HA per mouse;  log T :  haemaggluti­
nation inhibition titre; SUV: monolayer 
liposomes; MLV: multilayer liposomes; 
HA-SUV: HA-liposomes mimicking 
virus particles; HA-MLV:  HA-liposomes 

with entrapped antigen) 
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H A  is  s tored  in d e t e r g e n t  solut ion a f t e r  i ts  isolation, it can b e  inser ted  quantita­
t ively i n t o  l i p o s o m e s  e v e n  fo l lowing  a s to rage  p e r i o d  o f  o n e  y e a r  a t  4 °C .  
D e p e n d i n g  o n  t h e  s t a t e  o f  H A  aggrega t ion  a n d  o n  t h e  m o l a r  r a t i o  o f  l ipid a n d  
H A  in  t h e  s ta r t ing  m i x t u r e ,  p r o t e i n  r ich  a n d  lipid r i ch  ves ic les  a r e  f o r m e d  i n  
d i f f e r e n t  quan t i t i e s .  

T h e  aggrega t ion  s t a t e  o f  p r o t e i n  a n d  t h e  d e g r e e  o f  t h e i r  d i ssoc ia t ion ,  r e spec ­
t ively,  s e e m s  t o  b e  a key  f a c t o r  f o r  t h e  r e c o n s t i t u t i o n  o f  p r o t e i n  i n t o  l i p o s o m e s  
( H e l e n i u s  et a!., 1981; M i m m s  et al., 1981). A s  r ecen t ly  r e p o r t e d ,  H A  aggrega tes  
o f  h igh  k ine t i c  s tabi l i ty ,  d i f f e r ing  i n  t h e  n u m b e r  o f  H A  t r i m e r ,  coex i s t  i n  
p r o t e i n  p r epa ra t i ons  i r respec t ive  o f  t h e  p r e s e n c e  o r  a b s e n c e  o f  t h e  d e t e r g e n t .  
T h e  po r t i on  o f  s u c h  d i f f e r e n t  aggrega tes  a s  wel l  a s  t h e i r  s ize  s t rong ly  d e p e n d s  
o n  t h e  s to rage  m e d i u m  o f  H A  ( S t a h n  et al., 1991). A s  a r e su l t  o f  o u r  r e c o n s t i t u ­
t i o n  e x p e r i m e n t s ,  u s i n g  i so la ted  H A  f r a c t i o n s  o f  d i f f e r e n t  aggrega t ion  s ta te , san 
a t  leas t  part ial  d i ssoc ia t ion  o f  p r o t e i n  aggrega tes  is necessa ry .  Ac tua l ly ,  H A  
rose t t e s ,  t h a t  a r e  n o t  d i ssoc ia ted  b y  d e t e r g e n t ,  c a n n o t  b e  i n c o r p o r a t e d  i n t o  l ipo­
s o m e s .  O n l y  if a t  leas t  a d issoc ia t ion  t o  pa r t s  o f  H A  r o s e t t e s  h a s  t a k e n  p lace  
a l i posoma l  i nco rpo ra t i on  c a n  b e  o b s e r v e d .  H o w e v e r ,  o n l y  p r o t e i n  r ich  l ipo­
s o m e s  w e r e  f o r m e d .  I f  H A  r o s e t t e s  d issocia te  i n t o  s ingle  H A  t r i m e r s ,  a f o r m a ­
t i o n  o f  p r o t e i n  r ich  o r  p r o t e i n  p o o r  vesic les ,  d e p e n d i n g  o n  t h e  m o l a r  r a t io  o f  
lipid a n d  p ro t e in ,  t a k e s  p lace .  T h e s e  o b s e r v a t i o n s  a r e  be l i eved  t o  b e  o f  s o m e  
g e n e r a l  i m p o r t a n c e  f o r  t h e  i nco rpo ra t i on  o f  m e m b r a n e  p r o t e i n s  l ike H A  i n t o  
l i p o s o m e s :  if p r o t e i n s  o f  u n k n o w n  aggrega t ion  s t a t e  a r e  u s e d ,  t h e  p re f r ac t iona -
t i o n  m a y  b e  h e l p f u l  i n  o r d e r  t o  p r e p a r e  special  t y p e s  o f  p r o t e i n  l i p o s o m e s .  

E l e c t r o n  mic roscop ic  inves t iga t ions  c o n f i r m e d  t h e  r e s u l t s  o f  H A  recons t i t u ­
t i o n  i n t o  l i p o s o m e s .  Addi t iona l ly  t h e  m i c r o g r a p h s  s h o w ,  t h a t  t h e  w a y  o f  H A  
inco rpora t ion  i n t o  t h e  l ipid b i layer  largely r e s e m b l e s  t h a t  i n  t h e  v i rus .  C o n c e r ­
n i n g  t h e  m e c h a n i s m  o f  p r o t e i n  i n se r t i on  i n t o  l i p o s o m e s  t w o  w a y s  a r e  
d i scussed :  (1) T h e  p r o t e i n  is direct ly invo lved  i n  t h e  f o r m a t i o n  p roces s  o f  t h e  
vesic le  bi layer ,  r e su l t i ng  in  stat ist ical  i n s i d e / o u t s i d e  o r i e n t a t i o n  o f  t h e  p r o t e i n ;  
(2) L i p o s o m e s  a r e  f o r m e d  first, f o l l o w e d  b y  t h e  p r o t e i n  i nco rpo ra t i on  w h i c h  is 
m e d i a t e d  b y  d e t e r g e n t .  T h e  la t te r  s h o u l d  r e s u l t  i n  t h e  f o r m a t i o n  o f  ves ic les  
exclusively  wi th  o u t s i d e  o r i en t a t i on  o f  t h e  p r o t e i n  ( E y t o n ,  1982). 

Acco rd ing  t o  o u r  r e su l t s ,  r ega rd ing  t h e  i n s i d e / o u t s i d e  d i s t r ibu t ion  o f  H A  i n  
t h e  vesic le  b i layer  a s  wel l  a s  t h e  smal l  i nco rpo ra t ion  yie ld  o f  H A  o b s e r v e d  w i t h  
p r e f o r m e d  l i p o s o m e s  ( T a b l e  2) ,  m e c h a n i s m  (1) s e e m s  t o  b e  ope ra t i ve  f o r  H A  
r econs t i t u t i on .  H o w e v e r ,  o n e  r e a s o n  f o r  t h e  p re fe r en t i a l  o u t s i d e  o r i e n t a t i o n  o f  
H A  in  l i p o s o m e s  c o u l d  b e  t h e  local d i m e n s i o n  a n d  s h a p e  o f  t h e  p r o t e i n  m o l e ­
cu le .  F o r  e x a m p l e ,  a n  inc reased  o u t s i d e  o r i en t a t i on  w a s  o b s e r v e d  f o r  t h e  r e c o n ­
s t i t u t ed  f u n n e l  s h a p e d  acetyl  c h o l i n e  r e c e p t o r  t o o  ( J o n e s  et al., 1987). 

T h e  re su l t s  o f  haemolys i s ,  f u s i o n  a n d  i m m u n o d i f f u s i o n  e x p e r i m e n t s  
c o n f i r m  t h e  f u n c t i o n a l  r econs t i t u t i on  o f  H A  i n t o  l i p o s o m e s  a n d  t h e  p rese rva­
t i on  o f  speci f ic  H A  p rope r t i e s  d u r i n g  t h e  r e c o n s t i t u t i o n  p r o c e d u r e .  I t  s h o u l d  b e  
e m p h a s i z e d ,  h o w e v e r ,  t h a t  t h e  h a e m o l y t i c  a n d  f u s o g e n i c  act ivi t ies  o b s e r v e d  d o  
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n o t  p r o v e  t h a t  all H A  m o l e c u l e s  incorpora ted  i n t o  l i p o s o m e s  h a v e  m a i n t a i n e d  
t h e i r  f u n c t i o n a l  proper t ies .  B u t  m a n y  o f  t h e m  h a v e  i n d e e d ,  a s  m a y  b e  conc ­
l u d e d  f r o m  t h e  c o m p a r i s o n  o f  q u a n t i t a t i v e  d a t a  t o  v i r u s  ac t iv i t i e s  ( T a b l e  3) .  
S o m e  f e w  e x p e r i m e n t s  p o i n t e d  t o  a d e c r e a s e d  h a e m o l y t i c  a n d  f u s o g e n i c  act i ­
vi ty  o f  H A - l i p o s o m e s ,  if t h e  d e t e r g e n t  i s  i n c o m p l e t e l y  r e m o v e d  f r o m  t h e  
p r e p a r a t i o n .  T h i s  c o u l d  b e  t h e  r e a s o n  f o r  t h e  c o n t r a d i c t o r y  r e s u l t s  o f  s o m e  
a u t h o r s  f o r  t h e  f u n c t i o n a l  r e c o n s t i t u t i o n  o f  H A  b y  t h e  d e t e r g e n t  m e t h o d  (S teg -
m a n n  et al., 1987a ;  S i z e r  et al., 1987).  

A s m a l l  i m m u n o a d j u v a n t  ac t iv i ty  o f  l i p o s o m e s  f o r  H A  in  m i c e  c o u l d  b e  
o b s e r v e d  a t  a n t i g e n  d o s e s  f r o m  1 t o  10 /xg, if H A  w a s  i n c o r p o r a t e d  i n t o  t h e  l ipid 
b i l aye r  o f  t h e  ves ic les .  I n j e c t i o n s  o f  t h e  s a m e  d o s e s  o f  H A  t o g e t h e r  w i t h  e m p t y  
l i p o s o m e s  w e r e  l e s s  e f f e c t i v e  a n d  it a p p e a r s  t o  b e  t r u e  a l s o  f o r  H A ,  t h a t  is 
i n c l u d e d  i n t o  t h e  i n n e r  v o l u m e  o f  l i p o s o m e s ,  a s  r ea l i s ed  w i t h  m u l t i l a m e l l a r  
ves ic les .  H o w e v e r ,  f o r  H A  d o s e s  b e l o w  1 n g  n o  d i f f e r e n c e  b e t w e e n  h u m o r a l  
a n t i b o d y  t i t r e s  r a i s ed  t o  d i f f e r e n t  a n t i g e n  p r e s e n t a t i o n s  w e r e  f o u n d  ( T a b l e  5 ,  
F ig .  8).  

T h i s  r e s u l t  is s u r p r i s i n g ,  b u t  t h e r e  m a y  b e  a c o r r e l a t i o n  b e t w e e n  t h i s  e f f e c t  
a n d  t h e  v e r y  l o w  d o s e  o f  ca r r i e r  l i p o s o m e s  i n  t h e  l o w  a n t i g e n  d o s e  r a n g e  
b e c a u s e  t h e  r a t i o  o f  a n t i g e n / l i p i d  w a s  h e l d  c o n s t a n t  t h r o u g h o u t .  A p p a r e n t l y ,  it 
m a k e s  n o  d i f f e r e n c e  w h e t h e r  a n  a n t i g e n  is a d m i n i s t e r e d  f r e e  o r  i n  t h e  p r e s e n c e  
o f  a d j u v a n t ,  if t h e  a m o u n t  o f  a d j u v a n t  is b e l o w  a c e r t a i n  l imi t .  B u t  o f  c o u r s e ,  
o b s e r v a t i o n s  l ike  t h i s  m a y  b e  b e c o m e  e v i d e n t  o n l y  if t h e  i m m u n o g e n i c i t y  o f  
t h e  a n t i g e n  is fair ly h i g h .  I t  is r e m a r k a b l e ,  f u r t h e r m o r e ,  t h a t  a n  a n t i g e n  d o s e  a s  
l ow  a s  8 n g  is s u f f i c i e n t  t o  i n d u c e  a w h o l e  p r o t e c t i o n  a g a i n s t  a n  i n f l u e n z a  i n f e c ­
t i o n  in  m i c e ,  i r r e spec t i ve  o f  t h e  t y p e  o f  a n t i g e n  p r e p a r a t i o n  a d m i n i s t e r e d .  

T h o u g h  H A - l i p o s o m e s  p r e p a r a t i o n s  w e r e  d e f i n e t e l y  f r e e  o f  u n b o u n d  
a n t i g e n  a n d  p r e p a r a t i o n s  w i t h  d i f f e r e n t  p h y s i c o c h e m i c a l  p r o p e r t i e s  w e r e  u s e d ,  
t h e  h u m o r a l  a n t i b o d y  t i t r e s  d e t e c t e d  d i d  n o t  i n c r e a s e  b e y o n d  t h o s e  a l r e a d y  
o b s e r v e d  b y  o t h e r  a u t h o r s  ( O x f o r d  et al., 1981;  T h i b o d e a u  et al., 1981; 
B o u d r e a u l t  et al., 1985; T a n  et al., 1989; E l G u i n k  et al., 1989). I t  c a n  b e  c o n c ­
l u d e d  t h a t  l i p o s o m e s  d i d  n o t  p r o v e  s u i t a b l e  f o r  t h e  e f f e c t i v e  a c t i o n  o f  t h e  
i n f l u e n z a  s u b u n i t  v a c c i n e .  
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