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SHEDDING OF THE CD44 ADHESION  MOLECULE FROM LEUKOCYTES 

OF A NATURAL RECEPTOR  LIGAND’ 
INDUCED BY ANTI-CD44 MONOCLONAL ANTIBODY SIMULATING THE EFFECT 

VLADIM~R BAZIL~ AND VACLAV HOREJS~ 
From the Ins t i t u t e  of Molecular   Genet ics ,   Czechoslovak  Academy of Sciences,  Praha, Czechoslovakia 

The  CD44 adhesion  molecule,  playing  an  impor- 
tant  role  in  leukocyte  extravasation,  was  down-reg- 
ulated by PMA and  ionomycin on granulocytes  and 
by an immobilized or soluble anti-CD44  mAb both 
on granulocytes  and  lymphocytes.  Soluble  labeled 
CD44 molecules of  lower  apparent  molecular mass 
as compared to their  membrane  counterparts  were 
isolated from culture  supernatants of stimulated 
surface  iodinated cells. Shedding  rather  than  inter- 
nalization is the  mechanism  found to be responsible 
for the loss of  CD44  from the  cell  surface. The size 
of the  soluble CD44 shed from the cells stimulated 
in  vitro  corresponds to soluble CD44 isolated from 
human  serum.  These  data  suggest  that  shedding, 
induced  by  anti-CD44  antibody  simulating the  effect 
of a  natural  CD44  ligand, is an important  regulatory 
mechanism  controlling  surface CD44 expression  on 
leukocytes in  vivo. 

The  extravasation of leukocytes i s   an  exquisitely  reg- 
ulated  process  critical  for  homeostasis and  for effective 
host  responses  to  infectious  organisms  and  tumors. Lym- 
phocytes  continuously  recirculate  from  the blood into 
various  lymphoid  organs  providing  immunologic  surveil- 
lance.  During  diverse  inflammatory  events,  other  hemo- 
poietic  cells, such as neutrophils  and monocytes,  also 
migrate  into lymphoid and nonlymphoid  tissues  to  per- 
form  various  effector  functions. 

Leukocyte  migration is controlled by specific  inter- 
actions  with  vascular  endothelium  using a number of 
surface  receptors,  such as CD44,  leukocyte  function- 
associated Ag- 1 (CD 1 1 a/CD 18).  CDl  1 b/CD 18. LECAM- 1 
(LAM-1, LeuB), VLA-4 (CD49/CD29) etc.,  expressed  dis- 
tinctly on various  leukocyte  subpopulations.  Particular 
attention  has focused on CD44 because  this molecule 
expressed  broadly on leukocytes  seems  not  only  to  play a 
key  role in lymphocyte  homing  but  also  participates  in 
multiple other cellular  functions. CD44 has  been  impli- 
cated  in  lymphocyte  binding  to  high  endothelial  venules 
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( 1 ) .  in T cell activation  (2-4).  in  monocyte  stimulation  to 
IL-1 production  (4).  and  in  lymphopoiesis (5). It has  been 
shown  that CD44 glycoproteins  form a family of mole- 
cules  that  differ  both  in  their polypeptide backbones  and 
posttranslational  modifications.  Complementary DNA 
coding  for  various CD44 molecular  species  have  been 
cloned and  sequenced by several  groups (6-8). It is sug- 
gested that individual CD44 glycoproteins  with  distinct 
structure  and cellular  expression  exhibit  different  bind- 
ing  capacities  for  their  specific  ligands,  including  hyalu- 
ronic  acid (9, 10). fibronectin  (1 l), collagen types I and VI 
(1 1). and a mucosal  vascular  endothelium  surface mole- 
cule (12). In addition, a new CD44 variant produced by 
alternative  splicing  has  been  recently  described to confer 
metastatic  potential to carcinoma  cells  (1 3,  14). 

Despite the  great effort  devoted  to the  studies on CD44 
molecules,  their  exact role in  leukocyte  functions is still 
far from  being  fully  understood.  One of the  important 
questions to be  answered is: what  are  the regulatory 
mechanisms of CD44 surface  expression  that are respon- 
sible  for  proper  timing of CD44 participation  in  the se- 
quence of adhesion  and  other  cellular  processes. We 
describe  rapid CD44 shedding  from cell surface  induced 
by cell stimulation  that  might be just  one of these  mech- 
anisms controlling CD44 surface  expression  in vivo. 

MATERIALS AND METHODS 

Reagents. PMA. ionomycin,  protein A. Nonidet  P-40. and  affinity 
purified  goat  anti-mouse Ig were  purchased  from  Sigma  Chemicals 
Co. (St. Louis, MO), FITC-conjugated swine  anti-mouse Ig from  Insti- 
tute of Sera  and  Vaccines  (Praha,  Czechoslovakia),  Ficoll-Paque  and 
CNBr-Sepharose  4B  from  Pharmacia LKB Biotechnology (Uppsala. 
Sweden).  verografin from Spofa  (Praha.  Czechoslovakia),  V8  pro- 
tease  from  Serva (Heidelberg, FRG). and [’Z51]NaI from NEN Products 
(Boston, MA).  RPMI 1640  medium  containing 10% FCS. 2 mM glu- 
tamine,  penicillin (50 U/ml), and  streptomycin (50 pg/ml) was  used 
for cell culture. 

Antibodies.  The  reactivity of anti-CD44  mAb MEM-85 (15).  anti- 
CD45  mAb MEM-28. -55, and -56 (16). anti-CD18 MEM-48 (17).  and 
AFP-02  mAb,  recognizing human  a-fetoprotein (18). has  been  de- 
scribed. Anti-CD44 mAb  84-4C4 and  106-4D5  were  kindly provided 
by Dr. R. Villela (Hospital  Clinic.  Barcelona,  Spain]  and  HEB-03 by 
Dr. M. Nemec (Institute of Molecular Genetics,  Praha.  Czechoslova- 
kia).  Anti-CD18  mAb  M232 was  obtained  from a mAb  panel of IVth 
International  Workshop  on  Human  Leukocyte  Differentiation  Anti- 
gens. Vienna, 1989. 

from blood of healthy  donors by Ficoll-Paque  density  gradient  cen- 
Isolation of PEL and granulocytes.  Lymphocytes  were  isolated 

trifugation.  Monocytes  were  removed  by  adherence  to  plastic. 
Granulocytes  were  prepared  from blood according  to  Lochmanova 

and  Lochman  (personal  communication) as follows:  heparinized 
blood mixed (1  :4)  with 6% Dextran T500 in PBS was  incubated  at 
room temperature  for  45  min  to  sediment  E.  Supernatant  obtained 
was  layered  on a discontinuous  gradient  prepared from a solution A 
(10  parts of 34%  verografin  mixed  with 24  parts of 14.6% Ficoll) and 
solution B (10 parts of 34%  verografin mixed with  24  parts of 9% 
Ficoll) and  sedimented  at  1650 x y for  20  min  at  4°C. Granulocytes 
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sedimented at   the  interphase of the  solution  A  and  B  were  harvested 
and  washed  in  the  medium  (granulocytes  prepared  were of >95% 
purity). 

Down-regulation ofCD44 by immobilized MEM-85. Lymphocytes 
(granulocytes)  were  cultured  in  medium in the  presence of MEM-85 
or irrelevant  AFP-02  mAb.  immobilized  to a plastic  carrier,  at 37°C 
for 8 h (3 h.  respectively).  The  incubation  time  that  was  necessary 
for  maximum  effect of MEM-85 on  CD44  expression  and  that  dif- 
fered  for  lymphocytes  and  granulocytes,  was  selected.  After  mAb 
treatment.  the  cells  were  collected,  washed  in  medium,  and  analyzed 
by  flow  cytometry. 

The  carrier  with  immobilized  mAb  was  prepared as follows. The 
bottom of a well of a 24-well  culture  plate  (Nunclon)  was  coated  with 
goat  anti-mouse Ig (protein A. respectively).  dissolved  in PBS (0.2 
mgiml), by 1  h  incubation a t  37°C. MEM-85 or AFP-02 (ascitic fluid 
diluted 1/100 in PBS) was  then  added  to  the well with immobilized 
goat  anti-mouse Ig ( 3  h.  4°C).  Antibodies  attached  in  this  way  to 
plastic  were  cross-linked by 0.1 mM disuccinimidyl  suberate (30 
min, room temperature).  The  carrier  with  cross-linked  immobilized 
antibodies  was  finally  incubated  with PBS containing 0.1 M glycine 
to  quench  residual  reactive  groups  and  washed  in PBS. 

Flow cytometry  analysis. Cells  were  resuspended in PBS contain- 
ing 0.5% BSA and 0.1 % NaN3 with  mAb  added  (ascitic  fluid  diluted 
1/100)  and  incubated  on ice for  1  h.  After  washing, FITC-conjugated 
swine  anti-mouse Ig diluted  according  to  manufacturer's  instruc- 
tions  in PBS containing 0.5% BSA and  0.1 % NaN,, was  added.  The 
cell suspension  was  incubated  on ice for  1  h.  The  cells  washed  in 
cold PBS were  fixed  in  2.5%  formaldehyde a t  room temperature  for 
10  min.  The  analysis  was  performed  on  FACScan  (Becton  Dickinson. 
Mountain View, CA). Surface  expression of CD44, CD1 lb .   and  CD18 
was  measured  using MEM-85,  Leu 1 5  (Becton  Dickinson),  and MEM- 
48,  respectively.  Background  antibody  binding  was  estimated  by 
isotype-matched  negative  control  mAb. 

Surface iodination and lysis of cell and iodination of isolated 
proteins. Cells  were  surface '251-labeled by the  lactoperoxidase 
method  (1 9). After  extensive  washing  surface  labeled  cells  were lysed 
in a solution (30 mM Tris-HCI. 0.14 M NaC1. 1 % Nonidet  P-40)  on ice 
for 30 rnin;  cell debris  was  then  removed by sedimentation ( 12,000 
X g :  5 min).  Isolated  proteins  were  iodinated  by  the  chloramine  T 
method  (20). 

Solid-phase immunoisolation  technique. 1251-labeled proteins 
were  isolated  from  supernatants of surface  iodinated cell cultures or 
cell detergent  lysates by a modified solid-phase  immunoisolation 
technique  (21). Briefly, 96-well U-bottom plastic  plates  (Falcon  Lah- 
ware,  Oxnard. CA) were  coated  with  goat  anti-mouse Ig (0.1 mg/ml) 
a t  37°C for  1  h.  After  washing  with PBS. 50 rl of mAb  solution 
(ascitic  fluid  diluted  1/100  in PBS) were  added  and  incubated  at  4°C 
for 3 h.  Residual  unoccupied  binding sites on  the  plastic  were 
blocked by 0.2%  gelatin  in PBS a t  37°C  for 90 min.  Then  the  solution 
containing  labeled Ag was  added  and  incubated  on ice for 6 h.  After 
washing  with PBS. the  contents of wells  were  eluted  with SDS-PAGE 
sample  buffer. Ag/mAb complexes  were  isolated by the  solid-phase 
immunoisolation  technique  using  the  wells  coated  with  immobilized 
goat  anti-mouse Ig only. 

SDS-PAGE. Electrophoresis  in  the  presence of SDS was performed 
on  polyacrylamide gels in  the  discontinuous  buffer  system of Laem- 
mli (22).  Bands of '251-labeled proteins  were  visualized  by  autoradi- 
ography. Molecular mass of proteins  was  estimated by comparison 
with  the  positions of M, standards  (Pharmacia LKB Biotechnology, 
Uppsala.  Sweden). 

Isolation of soluble CD44from  human  serum. One  ml of human 
serum  was  passed  through a minicolumn  with  0.1  ml of an  immu- 
nosorbent  prepared by coupling of MEM-85 mAb  to  cyanogen  bro- 
mide-activated-Sepharose 4B. After  washing  with PBS, the  material 
adsorbed  was  eluted  with  0.2 ml of 0.1 M 2-aminoethanol.  The 
eluate  neutralized  with  acetic  acid  was 1251-labeled by the  chloramine 
T  method. 1251-labeled soluble  CD44  was  isolated  from  this  solution 
by  the  solid-phase  immunoisolation  technique  using MEM-85. The 
high and  the low M ,  soluble CD44 were  separated  from  each  other 
by SDS-PAGE. The  zones  corresponding  to  the  particular  forms, 
visualized by brief autoradiography.  were  cut  out of the gel.  The 
separated CD44 forms  were  then  eluted  from  the  crushed gel by 
overnight  incubation  in a solution  containing  0.1 M NH4HC03, 0.1% 
SDS.  1 mM PMSF, and 5 mM iodoacetate, pH 9.5. The  eluates 
obtained  were  supplemented  with BSA (0.2%).  lyophilized,  and  ex- 
tracted by methanol. 

Limited V8 protease  cleavage. The  separated '251-labeled high 
and low M, soluble CD44 forms  were  solubilized  in 50 p1 of 0.1 M 
Tris-HCl buffer, pH 6.8. incubated  with 0.5 pg of V8  protease a t  37°C 
for 3 h and  analyzed by SDS-PAGE. 

RESULTS 

PMA induced  down-regulation of CD44 on  granulo- 
cytes. CD44 surface  expression  was  significantly  down- 
regulated  in  granulocytes  after 30 min  incubation of 
these cells in  culture  medium  in  the  presence of  PMA 
(Fig. 1).  Surface CD44 was completely  lost  from the cell 
surface  after PMA treatment  lasting 2 h (Fig. 1). In con- 
trast,  surface expression of other  granulocyte Ag, used 
as controls,  was  either  up-regulated (CD1 lb/CD18, Fig. 
1)  or remained  unchanged (CD59,  not shown). A similar 
effect  on CD44 expression,  even  though  much Iess pro- 
found,  was  exhibited by ionomycin  (Fig. 1). 

Neither PMA (100  ngjml)  alone  nor  in  combination  with 
ionomycin (1 0 Fg/ml) induced  surface CD44 down-regu- 
lation  in  lymphocytes  (not  shown). 

Surface CD44 down-regulation  induced by anti-CD44 
mAb. Surface CD44 was down-regulated on lymphocytes 
after 8 h  incubation of these cells in  culture  medium  in 
the  presence of MEM-85 immobilized  to plastic  surface 
via goat  anti-mouse Ig (the  antibodies immobilized to 
plastic  were  cross-linked  by DSS to  minimize  their  release 
from the  carrier; Fig. 2a). Surface CD44 expression on 
nonstimulated  lymphocytes  displays a bimodal character 
reflecting the  existence of two CD44+ cell populations: 
the major  population  consists of CD44h'gh  cells, the  minor 
one is formed by CD44IDW cells  (Fig. 2a, control mAb- 
treated  cells). CD44 expression  pattern did not  change 
during  24  h  incubation of lymphocytes  both  in the  pres- 
ence of a n  irrelevant mAb and  in  culture medium  alone 
(not  shown). In contrast,  after MEM-85 mAb treatment 
most of CD44high  cells  became CD44'"" (Fig. 2a. MEM-85- 
treated  cells).  The CD44 surface  expression  pattern ob- 
tained  after 8 h  incubation  with MEM-85 remained the 
same even  after  24  h  treatment of lymphocytes  under 
the  same  conditions  (not  shown). At the  same  time,  the 
expression of another  surface Ag, CD18, did not  change 
(Fig. 2a). MEM-85 added  to  culture  medium  in a soluble 
form  also  down-regulated  surface CD44 on  these  cells  in 
the qualitatively same  manner  after  24 h  incubation  (not 
shown),  however,  the  effect of the soluble mAb compared 
to the immobilized mAb (measured  after 8 h  incubation) 
was  much  less  profound (Fig. 3). However, mixture of 
anti-CD44  mAb MEM-85, 84-4C4, HEB-03, and 106- 
4D5  used  in the soluble  form  brought  about  rapid CD44 
down-regulation  comparable  to immobilized MEM-85 
(Fig. 4a). All these soluble  anti-CD44 mAb tested  sepa- 
rately  down-regulated  surface CD44,  however,  their mix- 
ture  was most  effective  (not  shown). 

The  same  mixture of soluble  anti-CD44 mAb used  for 
the lymphocyte CD44 down-regulation  induced a rapid 
loss of CD44 from the  surface of granulocytes  similar to 
PMA-triggered CD44 down-regulation  (Fig. 4b, compare 
to Fig. 11. CD44 homogeneous  expression  on  granulocytes 
was markedly  decreased  after  anti-CD44 mAb treatment. 
To  exclude  the possibility that  the  signal  for CD44 down- 
regulation  on  granulocytes delivered by anti-CD44 mAb 
was FcR dependent,  granulocytes were incubated  with 
MEM-85 immobilized  to  plastic  via  protein A. Also in  this 
case, CD44 surface  expression  was  markedly  decreased 
after 3 h treatment  demonstrating  that  the  effect of the 
anti-CD44  mAb was specific and FcR independent (Fig. 
2b). 

Shedding of CD44 from cell surface. To decide 
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stimulated granulocytes.  Granulocytes 
Figure I .  Down-regulation of CD44 on 

were incubated  in  culture  medium  at 37°C 
for  indicated period of time  with PMA (20 
ng/ml). ionomycin (10 pg/ml) or in  the 
absence of any  stimulant.  Surface  expres- 
sion of CD44 and CD11 b  was  measured 
by flow cytometry.  The  x-axis  shows log- 
arithm of fluorescence and  the  y-axis 
shows cell number. PMA 
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Figure 3. Comparison of the  effect of immobilized and soluble MEM- 
85 on CD44 surface  expression. Lymphocytes were  cultured  in medium 
either  in  the  presence of MEM-85 immobilized to plastic via goat anti- 
mouse Ig or in  the  presence of soluble MEM-85 (ascitic fluid diluted 1/ 
100) at 37°C for 8 h. In a  parallel  control  experiment,  lymphocytes were 
cultured  in the presence of an  immobilized or soluble  irrelevant mAb 
(AFP-02).  Surface CD44 expression  was  measured by flow cytometry. 

M E M - 8 5  mmm 
treated in  culture  medium  with  or  without PMA. Supernatant 

and  detergent  lysate  prepared  from  the  sedimented  cells 
Figure 2. Down-regulation of CD44 induced by immobilized MEM-85. were  analyzed  for  the  presence of CD44 using  the solid- 

Lymphocytes (a) and  granulocytes ( b )  were  cultured  in  medium  in the phase immunoisolation  technique  and SDS-PAGE. A sol- 
presence of MEM-85 immobilized to plastic via goat anti-mouse Ig (a). uble-labeled CD44 was isolated from  the  culture  super- 
protein A (bj, or in  the  presence of immobilized irrelevant  AFP-02  mAb 
used as  a  negative  control.  Surface  expression of CD44 and CD18 (a), natant Of granulocytes (Fig' 5* right panel) 
CDl1  b (b )  was  measured by flow cytometry. although  no labeled CD44 was detected  in the  lysate of 

these  cells (Fig. 5 ,  left   panel).  In contrast,  membrane 
whether  shedding  or  internalization  is  the  mechanism CD44 was isolated  from the  lysate of control  cells (Fig. 5, 
responsible  for the induced CD44 down-regulation, a left   panel).  The  supernatant of control  cells  also  con- 
search  was  made  for  soluble CD44 released  from the cell tained  a  detectable  amount of soluble CD44 that  was, 
surface.  Surface IZ5I-labeled granulocytes  were  incubated  however,  much lower than in the  supernatant of  PMA- 
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Ftgure4. Effect of the  mixture of soluble  anti-CD44  mAb  on CD44 
surface  expression.  Lymphocytes (a) and  granulocytes ( b )  were  cultured 
In the  presence of soluble MEM-85. 84-404. HEB-03. and 106-4D5 
(ascitic  fluids  diluted 1 /500) or in the  presence of irrelevant AFP-02 mAb 
(ascitic fluid diluted  1/100.  used a s  a  negative  control). at  37°C for 8 h (a) 
and 4  h (b). Surface  expression of CD44 was  measured by flow cytometry 
using  the  same  mixture of anti-CD44  mAb  used  for the  treatment of cells. 
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face '251-labeled granulocytes were  incubated  in  medium  with (+) or 
Flgure 5. Shedding of CD44 from PMA stimulated  granulocytes.  Sur- 

without (-) PMA (20 ng/ml) at  37°C for  2  h. CD44 was isolated from the 
detergent  lysate of cells and  the  supernatant by the  solid-phase  immu- 
noisolation technique.  CD18 isolated from the  detergent cell lysate by 
means of MEM-48 was used as a posltive control,  irrelevant AFP-02 mAb 
was used a s  a  negative  control.  The  eluates  obtained  were  analyzed by 
SDS-PACE followed by autoradiography. 

treated cells and  that is hardly  seen  in Figure 5 (a  "pas- 
sive" shedding). The  apparent molecular mass of the 
soluble CD44 was slightly lower compared  to that of the 
membrane form (Fig. 5. right panel; compare  to the Zeft 
panel). No soluble forms of CD18. CD53, and CD45 (used 
as controls) were detected in the  supernatants of  PMA- 
treated  or control cells  (not shown);  the  same  amounts of 
these Ag were detected in the  lysates of PMA-treated and 
control  cells (Fig. 5, left panel, data  shown only for 
CDl8). 

To find  out  whether  shedding is also  the  mechanism 
responsible  for CD44 down-regulation induced by anti- 
CD44 mAb, surface Iz51-labeled lymphocytes (or granu- 
locytes, respectively) were saturated with the mixture of 
MEM-85, 84-4C4, HEB-03, and 106-4D5 mAb at  4°C. 
After extensive  washing, the cells were cultured in me- 
dium at  37°C. The  supernatant  and  the cell lysate,  pre- 
pared from the sedimented cells, were analyzed  for the 

L.i 

kDa 
a b 

labeled lymphocytes (a) and granulocytes (b) .  preincubated  with the 
Ftgure 6. Sheddlng of CD44 Induced by anti-CD44 mAb. Surface "'I- 

mixture of soluble  anti-CD44  mAb MEM-85.84-4C4. HEB-03. and  106- 

gent  lysis  buffer  or  cultured  in medium at 37°C for  4  h.  After the 
4D5  were  after  intensive  washing  either lysed Immediately in the  deter- 

incubation. Ag/mAb complexes  were isolated by the  solid-phase  immu- 
noisolation  technique  from the  detergent  lysates  and  the  supernatants of 
the cells  Incubated at  37°C (+) and from the  lysates of the  cells  prepared 
immediately after  the preincubation  with mAb (-). Mixture of antl-CD45 
mAb MEM-28.  MEM-55. and MEM-56 (a). and mixtureof  anti-CD18 mAb 
MEM-48 and M232 (b)  was used as a control. All mAb were used in  the 

by SDS-PAGE followed by autoradiography. 
form of 1/500  diluted  ascitic  fluids.  The  eluates  obtained were analyzed 

presence of CD44/anti-CD44 mAb complexes using the 
solid-phase immunoisolation technique and SDS-PAGE. 
Soluble CD44/anti-CD44 mAb complexes were detected 
in the  supernatants both of lymphocytes (Fig. 6a) and 
granulocytes (Fig. 6b) preincubated  with anti-CD44 mAb 
demonstrating that  these mAb also induced CD44 shed- 
ding. 

Soluble forms of CD44 isolated from human  serum. 
Soluble CD44 was isolated from normal human  serum by 
the immunoaffinity  chromatography  on MEM-85  immo- 
bilized to  Sepharose 4B. The  eluate obtained was 1251- 
labeled and analyzed for the presence of soluble CD44  by 
the solid-phase immunoisolation technique employing 
MEM-85,  followed  by  SDS-PAGE. The material, isolated 
by this mAb, migrated on SDS-PAGE as a very diffuse 
zone consisting of two major molecular species with dif- 
ferent size: a low molecular mass form corresponding  to 
60 to 80 kDa and a high molecular mass form correspond- 
ing  to 100  to  150 kDa  (Fig. 7A). The  same  results were 
obtained  using another anti-CD44 mAb  HEB-03 (not 
shown). 

To exclude the possibility that  the high M, protein is an 
associated molecule unrelated  to CD44. the IZ5I-labeled 
high and  the low M, forms were separated by  SDS-PAGE 
(Fig. 78). cut out and eluted from the gel, and analyzed 
by the solid-phase immunoisolation technique  using 
MEM-85.  Both forms were specifically recognized  by 
MEM-85  (Fig. 7C) demonstrating  that  they  represent 
CD44 molecules. To show that  these two soluble CD44 
forms are different molecules rather  than  that  the high 
M, form is a dimer of the low M, form,  they were separated 
by  SDS-PAGE. cut out of the gel, and subjected to the 
limited proteolytic cleavage using V 8  protease. The pep- 
tide maps of these two forms  obtained (analyzed by SDS- 
PAGE) clearly differed from each  other (Fig. 7 0 )  indicat- 
ing that  these two forms  represent  different CD44  molec- 
ular  species. 

Sera of five healthy  donors were analyzed for the pres- 
ence of the two major soluble CD44 forms  using the 
method described above. Both  CD44 forms were identi- 
fied in four of them (Fig. 8. results  shown only for one of 
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serum. A. Analysis of soluble CD44 from  serum.  Soluble CD44 was 
Ffgure 7. Characterization of soluble CD44 Isolated from human 

Isolated by the  solid-phase  immunoisolation  technlque  from  the '''I- 

descrlbed  in  Materlals and  Methods). MEM-85 was  used as anti-CD44 
labeled materlal  obtalned by the  affinity  chromatography of serum (as 

mAb. irrelevant AFP-02 mAb was used as a negattve  control.  The  eluates 
prepared  were  analyzed by SDS-PAGE  followed  by autoradiography. B. 
Separation of the high (H) and  the low (L) M, soluble CD44 forms.  The 
lZsI-labeled soluble CD44 forms  separated  from  each  other as descrlbed 
In Materlals  and  Methods were  analyzed by  SDS-PAGE followed by 
autoradiography. C. Reactlvlty of the  separated hlgh and  the low M. 
soluble CD44 forms  with MEM-85. Reactlvlty of the  separated CD44 
forms. solubilized in PES containlng 1% Nonidet P-40. wlth MEM-85 was 
tested by the solid-phase  immunoisolation  technique  using MEM-85 and 
irrelevant AFP-02 mAb a s  a negative  control. followed by SDS-PAGE and 
autoradiography. D. Comparlson of peptide maps of the hlgh (H) and  the 
low (L) M, CD44 forms.  The  separated 12sI-labeled CD44 forms  were 
subjected  to limited cleavage  with V 8  protease  and  analyzed by SDS- 
PAGE followed by autoradiography. 

MEM-85 Neg. 
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Flgure 8. 1251-labeled soluble CD44 isolated from sera of two  different 

donors (1 and 2). analyzed by SDS-PAGE and  autoradiography. 

these donors)  whereas  one serum contained  only the low 
M, form (Fig. 8). 

Comparison of apparent molecular masses of uarfous 
CD44 solubleforms. The  apparent molecular masses of 
soluble CD44 forms isolated from the  culture  superna- 
tants of PMA-treated granulocytes and anti-CD44 mAb- 
treated lymphocytes were compared  to the M, of the CD44 
forms isolated from human  serum  using SDS-PAGE  (Fig. 
9). The soluble CD44 shed from lymphocytes had  the 
same size as the low M, CD44 isolated from serum cor- 
responding to 60 to 70 kDa (Fig. 9, lanes I and 2). The 
soluble CD44 shed from granulocytes migrated as a dif- 
fuse zone corresponding to 60 to 100 kDa  (Fig. 9, lane 

1 2 3  

g4-  67 - 1 
43- 

30- 
kDa 

analyzed by SDS-PAGE and autoradiography.  Soluble CD44 isolated from 
Ffgure 9. Comparlson of M, of varlous 12sI-labeled soluble CD44 forms 

serum  (lane 1 ) .  shed from lymphocytes (lane 2). and  shed from granulo- 
cytes  (lane 3). 

3). The size of soluble CD44 shed from PMA-stimulated 
granulocytes was identical  to that of soluble CD44 shed 
from the  same cells stimulated  with anti-CD44 mAb (not 
shown). 

DISCUSSION 

Surface CD44 was rapidly down-regulated on  granulo- 
cytes by PMA or ionomycin. Shedding rather  than  inter- 
nalization was found  to be the mechanism  responsible 
for this process as 1251-labeled  CD44, lost from cell sur- 
face  during PMA treatment,  was isolated in a soluble 
form from the  culture  supernatant. An endogenous pro- 
tease  seems to be involved in CD44 shedding as: 1) M, of 
soluble CD44 isolated from the  culture  supernatant  was 
lower compared to membrane CD44 indicating that mem- 
brane CD44 was cleaved, 2) PMA-induced down-regula- 
tion of surface CD44 from granulocytes  was blocked  by 
protease  inhibitors as shown by others (231, and 3) shed- 
ding of CD44 from the cell surface  was induced by PMA 
in culture medium even in the  absence of serum  (not 
shown) excluding the possibility that  an exogenous pro- 
tease  present in serum  caused  shedding. Neither PMA 
alone  nor  in combination with ionomycin was  able  to 
induce a rapid loss of CD44 from the  surface of lympho- 
cytes. 

To look for a natural  stimulus  initiating rapid CD44 
shedding from granulocytes that may be simulated in 
these cells by PMA. the effect of granulocyte-macro- 
phage-CSF. FMLP chemotactic peptide, C5a complement 
fragment,  and LPS on CD44 expression  was  tested. None 
of these reagents induced  CD44  down-regulation after  2  h 
treatment as measured by  flow cytometry analysis  (data 
not shown). In contrast,  in  the  same experiment another 
surface molecule with a very similar cell distribution and 
physiologic function, LECAM-1 homing receptor,  was 
down-regulated by all these  reagents  (not  shown) which 
is in accordance  with the  data previously published (24. 
25).  These  results clearly indicate that CD44 shedding 
from granulocytes is induced by a  stimulus  different from 
that triggering LECAM-1 down-regulation. In T lympho- 
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cytes,  surface LECAM-1 is  known to  be also  down-regu- 
lated after  activation via TCR/CD3 complex (26)  or  by 
PMA (27)  whereas CD44 is up-regulated after  this type of 
activation  (28)  suggesting  that  the  regulation of surface 
CD44 and LECAM-1 expression  differs  in  these  cells too. 
The  data  obtained  indicated  that  rapid CD44 shedding 
may  be  induced by another  natural  stimulus,  such as 
CD44 interaction  with its ligand.  This  hypothesis  seems 
to be correct as anti-CD44 mAb simulating  the effect of 
a natural CD44 ligand  brought  about  rapid CD44 shed- 
ding  both  from  granulocytes  and  from  lymphocytes.  The 
pattern of CD44 down-regulation  in  granulocytes  initi- 
ated by mAb was, however,  quite  different  from  lympho- 
cytes. CD44 homogeneous  expression  on  granulocytes 
was  almost  entirely  lost  after mAb stimulation  in  the 
similar  manner as after PMA treatment. However,  lym- 
phocytes  comprise  two CD44 positive  populations:  major- 
ity of the cells  have  high CD44 expression (CD44h'g1'), 
whereas  the  smaller  population  includes CD44'"" cells. 
After mAb stimulation, CD44h'gh cells  largely disappeared 
and  became CD44I0". These  results  suggest  that  either a 
homogenous set of CD44 molecules was only  partially 
lost  from  the  surface of lymphocytes  or that two CD44 
forms  that  can be distinguished  from  each  other by their 
sensitivity  to  mAb-induced  shedding,  may  exist on lym- 
phocyte cell surface.  The latter possibility is more likely 
as at least  two CD44 forms  have been  detected on  periph- 
eral  mononuclear  cells  (29). Moreover, one of these  forms 
contains a unique polypeptide stretch  located  in  its  extra- 
cellular part close  to plasma  membrane  in  which a cleav- 
age  site  for  serine  proteases  has  been  identified  (29). 

There is another piece of evidence  supporting  the idea 
that CD44 shedding is induced by CD44 interaction  with 
its  natural ligand. CD44 surface  expression  has  been 
tested  separately  on  lymphocytes  entering  vs  leaving  sec- 
ondary lymphoid organs (28). Lymphocytes  trafficking 
into  these  organs  have  been  found  to  consist of a major 
population of CD44h'gh cells  whereas  only a minor  sub- 
population was CD44I"". In contrast,  lymphocytes  leaving 
the  secondary lymphoid organs,  where  they  are  supposed 
to  interact  with  high  endothelium  expressing  natural 
CD44 ligands,  were  largely CD44I0". Thus,  the  changes 
in  surface CD44 profile on lymphocytes  going  through 
these  organs follow exactly the  same  pattern observed by 
us during  anti-CD44 mAb stimulation of peripheral lym- 
phocytes  in  vitro. In addition, MEM-85 causing CD44 
down-regulation was  found  to  be  far more  effective  in 
the immobilized  form compared  to  the  soluble  antibody. 
The immobilized antibody  very likely better  simulates  the 
action of natural CD44 ligand  expressed on high  endo- 
thelial  venules  (in  the  case of lymphocytes) and  on  an 
extracellular  matrix  (in  the  case of granulocytes)  than 
the soluble  antibody. 

Finally,  presence of the  soluble CD44 in  serum  with M ,  
corresponding  to M ,  of the soluble CD44 shed  from lym- 
phocytes and possibly  from granulocytes  in  vitro  suggests 
that CD44 shedding  takes  place  in vivo. CD44 shed  from 
lymphocytes  seems  to  represent  one of the two  major 
components of the soluble CD44 isolated from  serum, 
namely  the low M, form. At present,  it is hard  to  say 
whether  the  soluble CD44 isolated from  serum  contains 
also CD44 shed  from  granulocytes as both  the  high  and 
the low M ,  forms of the  serum CD44 migrated on SDS- 
PAGE as diffuse  zones. However, if it  does, CD44 shed 

from  granulocytes would represent  only a minor  compo- 
nent of the soluble CD44 isolated  from the  sera  used. I t  
is quite  possible  that  granulocyte  soluble CD44 may  be 
produced in a higher  quantity only under  some pathologic 
circumstances (e.g., during  inflammation).  Thus,  it would 
be interesting  to  test  the  soluble CD44 profile in  sera of 
various  patients. Isolation of soluble CD44 from  serum 
with M, reminiscent of the low M, soluble CD44 form 
obtained by us,  has  been  published previously (30). How- 
ever, the  authors of this  report did not  detect  the  high M ,  
soluble CD44. An explanation of that could be that  either 
anti-CD44  mAb  used by these  authors did not recognize 
the high M, form  or  the  serum  used  for CD44 isolation 
did not  contain  the  second  form  (this  form  was  also 
absent  in  the  serum of one of five  healthy  donors  tested 
by us). The high M ,  soluble CD44 (as judged  by its size) 
may  be a product of shedding of epithelial CD44 that  has 
been discovered a s  a second  major CD44 form  besides 
hematopoietic CD44 (8). However,  it is  also possible that 
this  form is released as a product of a n  alternatively 
spliced mRNA. 

Down-regulation of CD44 on  granulocytes  induced by 
PMA, calcium  ionophore,  TNF-a, and FMLP has  been 
described  (23). However, the  authors  have failed  to  detect 
the soluble CD44 produced in  response  to  this  stimula- 
tion.  Nevertheless,  their  data  suggest  that TNF-a may be, 
apart  from CD44 ligand, an  additional  natural  stimulant 
inducing CD44 down-regulation on  granulocytes. As  
mentioned  above, FMLP, in  our  work, did not  down- 
regulate CD44 expression  on  these  cells. 

Taken  together,  shedding  seems  to  be an  important 
regulatory  mechanism of surface CD44 expression  on 
trafficking  leukocytes. I t  seems  that  peripheral  lympho- 
cytes  that  are largely CD44h'gh are  seeking  secondary 
lymphoid organs  where  they  interact  physically  with high 
endothelium.  This  interaction  may  induce CD44 shed- 
ding of a unique CD44 form.  sensitive to a protease 
cleavage,  transforming  the CD44h'ah cells  to CD44"" cells 
that  afterward leave these  organs.  Similar  events  may 
take place  during  extravasation of granulocytes  leading 
to the loss of surface CD44 on  these  cells  after  their 
interaction  with a matrix.  Still,  there  are  two  important 
questions  left  to  be  answered: 1) What  are  the  natural 
ligands  turning  on CD44 shedding  in vivo? and  2)  What 
is the  mutual cooperation  between CD44 and  other  adhe- 
sion  molecules,  such as LECAM-1 and  some  integrins 
during  leukocyte  trafficking3 

Recently, a number of functionally  important  surface 
leukocyte  molecules have  been  shown  to be down-regu- 
lated by induced  enzymatic cleavage (shedding)  in  re- 
sponse  to  external  stimuli, e.g., TNF receptor (3 1).  CD16 
(32, 33), CD14 (34). LECAM-1 (24).  intercellular  adhesion 
molecule-1 (35), CD23 (36), CD32 (37).  etc. In all  these 
cases,  shedding  functions as a powerful  regulatory  mech- 
anism of Ag surface  expression  that  seems  to  be of a 
general  significance  in vivo. So far,  no  details  are  known 
about  the  enzymes  responsible  for  shedding of these 
molecules from cell surface.  Some  data  already  available 
(33, 34,38)  suggest that endogenous  proteases  play a key 
role in these  processes. In addition,  apart  from  the fact 
that  shedding  seems  to  regulate Ag expression  under 
"normal"  conditions  there is an  evidence  growing that 
increased  shedding of some  surface  molecules  may be 
associated  with  cancer (39). As the expression of some 
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CD44 forms  has  been  shown to  correlate  with  tumor 
formation  and  metastatic proclivity of lymphoma  cells 
(1 3, 14). it is  tempting  to  speculate  that  shedding of CD44 
may  also  be,  under  some  circumstances, involved in  the 
metastatic  process  regulating  invasiveness of neoplastic 
cells. 
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