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0   Method  for  the  diagnosis  of  multidrug  resistance  in  living  cells. 
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0   A  method  is  described  to  determine  multidrug 
resistance  in  living  cells  by  laser  scanning  confocal 
fluorescence  microscopy  of  doxorubicin  in  sensitive 
and  resistant  tumor  cells.  The  intracellular  distribu- 
tion  of  doxorubicin  in  K562  cells  has  been  studied 
by  laser  scanning  confocal  fluorescence  microscopy. 
A  different  fluorescence  pattern  has  been  observed 
in  sensitive  and  resistant  cells.  An  intense  fluores- 
cence  signal  is  evident  on  the  plasma  membrane  of 
K562R  cells  with  multidrug  resistance.  The  fluores- 
cence  imaging  of  the  drug  offers  then  a  new  method 
-  non  destructive  -  to  discriminate  between  sensitive 
and  resistant  cells,  with  high  potential  in  the  diagno- 
sis  of  resistance  in  tumors  in  vivo.  The  differences  in 
the  intracellular  drug  distribution,  as  seen  by  laser 
scanning  confocal  fluorescence  microscopy,  more- 
over  offer  new  indications  on  the  mode  of  action  of 
the  drug  in  the  living  cell. 

Rank  Xerox  (UK)  Business  Services 
(3.  10/3.6/3.3.  1) 



1 EP  0  568  126  A1 2 

Field  and  background  of  the  invention. 

A  major  obstacle  in  cancer  chemotherapy  is 
the  emergence  of  resistance  to  cytotoxic  drugs  in 
tumor  cells  during  treatment.  Two  central  problems 
are  still  open:  1)  the  understanding  at  molecular 
level  of  the  mechanism  by  which  cells  develop 
resistance;  2)  the  acquisition  of  a  simple  and  rapid 
method  for  the  diagnosis  of  resistance  in  cancer 
chemotherapy. 

The  resistant  phenotype  is  characterized  by  a 
loss  of  sensitivity  not  always  against  a  single  drug, 
but  towards  a  number  of  chemically  unrelated  mol- 
ecules,  a  behavior  known  as  "Multidrug  resistance" 
(MDR)  (1,2). 

This  complex  mechanism  is  characterized  by  a 
reduced  intracellular  accumulation  of  the  drug  re- 
sulting  from  an  increased  efflux  across  the  plasma 
membrane  (3-5)  or  from  an  energy-dependent  per- 
meability  barrier,  which  controls  the  drug  entry.  (6- 
9).  These  mechanisms  involve  a  change  in  the  cell 
phenotype,  which  appears  at  the  plasma  mem- 
brane  level.  Indeed  an  altered  plasmalemmal  com- 
position  characterizes  MDR  cells,  with  changes  in 
the  surface  glycoproteins  and  overexpression  of  a 
P-glycoprotein  of  molecular  weight  =  170-180  kD 
(8,10). 

Several  changes  in  the  cell  molecular  architec- 
ture  have  been  recognized  (1);  however  plasma 
membrane  alterations  remain  the  distinctive  char- 
acteristics  of  MDR. 

Description  of  the  invention. 

In  this  report  we  suggest  that  differences  in  the 
intracellular  drug  distribution,  as  seen  by  confocal 
fluorescence  microscopy,  could  offer  a  simple  and 
crucial  test  to  characterize  resistant  and  sensitive 
tumor  cells,  and  give  new  insights  into  the  mode  of 
action  of  the  drug  in  living  cells. 

Although  a  great  deal  has  been  learned  about 
doxorubicin,  an  antitumoral  antibiotic  belonging  to 
the  antracycline  class,  the  intracellular  distribution 
of  the  drug  -  at  pharmacological  concentrations  -  is 
not  yet  known  at  the  spatial  resolution  now  allowed 
by  confocal  microscopy.  We  present  here  confocal 
fluorescence  imaging  data  of  doxorubicin  in  human 
leukemia  K562  cells  (12),  a  well  known  biological 
model  of  multidrug  resistance  for  its  strong  refrac- 
toriness  to  doxorubicin  and  overexpression  of  the 
membrane  P-glycoprotein  (13). 

The  laser  scanning  confocal  fluorescence  mi- 
croscope  MRC-600  (Lasersharp,  Bio-Rad  Micro- 
science  Division)  was  coupled  to  an  epi- 
fluorescence  microscope  .  An  Argon  laser  was 
used  for  excitations  at  488  nm  and  515  nm,  falling 
within  the  broad  visible  absorption  band  of  dox- 
orubicin  (11,14).  Fast  photon  counting  mode  has 

been  employed  to  detect  the  drug  fluorescence 
signal,  through  a  long  pass  filter  in  the  emission 
fluorescence  band  of  the  drug,  above  515  nm  (14). 
The  high  sensitivity  of  the  photon  counting  detec- 

5  tion  allowed  :1)  to  keep  laser  excitation  at  low 
power  (<0.1  mW),  preserving  cell  viability  during 
measurements,  and  2)  to  collect  high  quality  im- 
ages  from  low  drug  concentrations,  in  the  range  of 
pharmacological  significance.  A  high  level  of  con- 

io  focality  has  been  kept  in  the  optics.  In  this  way  it 
has  been  possible  to  image  the  cell  within  a  narrow 
depth  of  focus  (0.5  urn)  and  to  obtain  optical- 
section  images  in  the  Z-direction,  together  with  a 
very  high  spatial  resolution  in  the  image  plane  (15). 

75  K562  sensitive  and  resistant  cells  (12,13)  in 
exponential  growth  phase  (105  cells/ml)  were  in- 
cubated  for  1  hour  in  culture  medium  containing 
doxorubicin  (DXR)  (Farmitalia-  Carlo  Erba,  Milan, 
Italy;  and  Roger  Bellon  Laboratories,  Paris,  France) 

20  at  a  concentration  varying  from  2  to  0.01  M.M  . 
Cells  were  washed  twice  and  resuspended  in  PBS. 

Oil  immersion  objective,  with  60x  magnification 
and  N.A.  1.4,  in  the  epi-illuminated  microscope 
coupled  to  the  MRC-600  system  was  employed  for 

25  measurements  on  living  cells. 
In  Fig  1  and  2a  are  reported  the  fluorescence 

images  of  K562  S  living  cells,  incubated  for  1  hour 
at  0.1  u.M  and  at  0.01  U.M  respectively  .A  non 
homogeneous  drug  fluorescence  can  be  recog- 

30  nized  within  the  nucleus  The  highest  nuclear  flu- 
orescence  appears  in  the  perinuclear  region,  as 
recently  reported  also  for  daunorubicin  when  cells 
are  examined  under  living  conditions(16). 

No  membrane  fluorescence  is  observed  in  sen- 
35  sitive  cells,  at  any  drug  concentration  and  at  any 

time  after  incubation.  A  brilliant  fluorescence  is 
instead  observed  in  the  K562  S  cytoplasm  This 
sharp  signal,  evident  only  in  living  cells,  can  be 
attributed  to  the  Golgi  membranes  system  of  the 

40  cell  This  is  easily  seen  by  comparison  with  the 
data  of  Lipsky  and  Pagano  (17)  on  C6-NBD- 
ceramide,  a  vital  stain  of  the  Golgi  apparatus.  In- 
deed,  this  signal  is  present  only  when  the  Golgi 
element  belongs  to  the  focal  plane  of  the  image  ;  it 

45  is  enough  to  move  the  focus  of  about  4  urn  in  the 
Z-direction  in  order  to  eliminate  completely  its  flu- 
orescence  from  the  image.  This  is  shown  for  K562 
R  cells  incubated  for  1hour  in  a  0.01  M.M  dox- 
orubicin  solution  in  Fig  3a  and  3b  where  two  optical 

50  sections  4  urn  apart  are  reported.  Moreover  it  is 
interesting  to  remark  that  the  spatial  resolution  of 
the  confocal  images  (15)  allows  the  examination  of 
the  Golgi  morphology  in  the  living  cell  by  means  of 
doxorubicin,  that  can  be  seen  therefore  as  a  vital 

55  fluorescent  stain  of  this  organelle.  We  add  a  final 
comment  on  the  images  of  sensitive  cells  concern- 
ing  the  drug  fluorescence  in  the  cytoplasm,  where 
ordered  filamentary  structures  can  be  frequently 

2 



3 EP  0  568  126  A1 4 

seen  (Fig.  1).  Although  it  is  impossible  at  this  stage 
to  recognize  these  structures,  they  are  an  indica- 
tion  of  the  plurality  of  drug  interactions  in  the  cell. 

Considering  now  the  results  obtained  on  resis- 
tant  living  cells,  the  doxorubicin  pattern  is  very 
different  from  that  observed  on  sensitive  living 
cells. 

If  we  compare  the  data  of  Fig  2a  and  Fig.2b 
(see  also  Fig.  1)  a  major  difference  is  apparent  in 
the  nuclear  region,  where  almost  no  fluorescence  is 
observed  in  resistant  cells  in  agreement  with  the 
results  reported  for  daunorubicin  in  reference  16. 
This  is  also  confirmed  by  the  Z-sectioning  study. 
(Fig.  4) 
A  second  important  difference  between  sensitive 
and  resistant  cells  is  the  intense  fluorescence  of 
the  plasma  membrane  of  resistant  cells  ,as  shown 
in  Fig.  2a  and  2b,  where  the  images  of  K562S  and 
R  cells  treated  with  doxorubicin  at  0.01  M.M  for  1 
hour  are  reported  The  membrane  fluorescence  is 
not  homogeneously  distributed  along  the  mem- 
brane,  with  evident  filaments  emerging  into  the 
extracellular  medium.  A  bright  fluorescence  of  the 
Golgi  system  is  also  evident  in  resistant  cells  ,when 
this  organelle  belongs  to  the  image  plane  .(Fig  3  a 
and  b) 
A  further  important  detail  in  the  fluorescence  of 
resistant  cells  is  the  pattern  of  weak  fluorescent 
spots  ,  regularly  distributed  in  defined  areas  of  the 
cytoplasm.  (Fig.  2b,  2a,  and  3b)  This  pattern  of 
spot-like  signals  varies  with  drug  concentration  and 
with  time  after  the  incubation.  This  "punctuate  pat- 
tern"  ,  observed  also  in  tumor  cells  resistant  to 
daunorubicin,  has  been  suggested  (16)  to  be  a 
characterizing  feature  of  resistance 
In  the  case  of  Multidrug  Resistance  examined  here 
,with  overexpression  of  membrane  P-glycoprotein, 
the  characterizing  feature  of  resistance  is  the  bright 
fluorescence  of  plasma  membrane.  In  K562R  cells 
treated  with  doxorubicin  this  membrane  fluores- 
cence  can  be  detected  by  laser  scanning  confocal 
fluorescence  microscopy  ,  in  the  range  of  drug 
concentrations  of  pharmacological  significance.  The 
same  membrane  fluorescence  in  K562R  can  also 
be  induced  by  other  vital  dyes  such  as  acridine 
orange  (19)  and  dihydroethidium  (20)  and  fluores- 
cent  probes  and  cations  such  as  ethidium  bromide, 
propidium  and  rhodamine  123  (21). 

This  result  is  in  agreement  with  the  localiza- 
tions  proposed  for  the  P-glycoprotein  (18),  which  is 
found  in  the  plasma  membrane,  with  highest  con- 
centration,  and  in  the  luminal  side  of  the  Golgi 
membranes,  as  expected  for  a  transport  protein. 
The  doxorubicin  fluorescent  pattern  of  the  mul- 
tidrug  resistant  cells  appears  then  to  coincide  with 
the  P-glycoprotein  localization. 

The  differences  on  the  drug  fluorescence  pat- 
terns  in  sensitive  and  resistant  K562  cells  suggest, 

therefore,  a  simple  and  rapid  method  to  detect 
multidrug  resistance  in  tumor  cells  (and  particularly 
in  leukemia  ).  The  non-destructive  character  of  this 
technique  indicates  possible  applications  in  the 

5  screening  of  tumors  in  vivo,  an  important  goal  in 
cancer  chemotherapy. 
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FIGURE  CAPTIONS. 

Fig.  1:  Confocal  fluorescence  image  of  DXR  in 
K562S  living  cell  in  suspension,  incubated  for  1 
hour  in  DXR  0.1  U.M  collected  by  fast  photon 
counting  mode  with  Argon  laser  excitation  at  488 
nm  and  emission  through  Long  Pass  filter  515  nm, 
(accumulation  of  900  frames). 

Fig.2:  Confocal  fluorescence  image  of  DXR  in 
living  cells  in  suspension,  incubated  for  1  hour  in 
DXR  0.01  M.M,  collecting  conditions  as  in  Fig.1:  a) 
K562S  accumulation  of  323  frames;  b)K562R  accu- 
mulation  of  320  frames. 

Fig.3:  Confocal  fluorescence  image  of  DXR  in 
living  K562R  cell  in  suspension,  incubated  for  1 
hour  in  DXR  0.01  M.M,  collecting  conditions  as  in 
Fig.1  (accumulation  of  320  frames):  a)  the  focal 
plane  of  the  image  is  adjusted  on  the  Golgi  ele- 
ment  of  the  cell;  b)  the  focal  plane  is  moved  4  u.M 
above. 

Fig.4:  Z-sectioning  fluorescence  images  of 
K562R  living  cells  incubated  in  DXR  O.ltiM  for  1 
hour;  series  of  images  at  planes  with  separation 
distance  of  2  urn.  Accumulation  of  150  frames 
(collecting  conditions  as  in  Fig.  1). 

Claims 

1.  A  method  to  determine  Multidrug  Resistance  in 
living  cells  .characterized  by  the  determination 
of  the  intracellular  distribution  of  an  antitumor 
drug  in  livng  tumor  cells  through  the  analysis 
of  the  differences  in  the  fluorescent  patterns  of 
sensitive  and  resistant  cells  obtained  by  laser 
scanning  confocal  fluorescence  microscopy. 

2.  A  method  as  claimed  in  claim  1,  wherein  the 
antitumor  drug  employed  as  vital  stain  of  cells 
in  order  to  induce  fluorescence  is  doxorubicin. 

3.  A  method  as  claimed  in  claim  1  .wherein  the 
tumor  cells  employed  are  human  leukemia 
cells  of  type  K562. 

4.  A  method  as  claimed  in  any  one  of  claims  1  to 
3,  wherein  the  Multidrug  Resistance  is  deter- 
mined  by  the  presence  of  an  intense  fluores- 
cent  signal  on  the  living  cells  membrane. 

5.  A  method  as  claimed  in  any  one  of  the  claims 
1  to  4  .wherein  the  membrane  fluorescence 
signal  is  detected  by  confocal  fluorescence 
microscopy,  which  allows  to  collect  images  of 
the  cell  optical  sections  in  the  z-axis  direction. 

6.  A  method  as  claimed  in  any  one  of  claims 
from  1  to  5  .wherein  the  membrane  fluores- 
cence  of  multidrug  resistant  cells  can  be  de- 
tected  also  by  fluorescent  vital  dyes  such  as 

5  acridine  orange  ,  and  dihydroethidium,  and  by 
fluorescent  probes  such  as  ethidium  bromide  , 
propidium  bromide  and  rhodamin  123. 
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