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Despite the relatively early reconstitution of  blood B-lym- 
phocyte  counts observed in patients treated with bone  mar- 
row transplantation (BMT), these patients  undergo a pro- 
longed phase of humoral immunodeficiency. Adhesion 
molecules perform  relevant  functions in many cell types. The 
present study examines the expression of several adhesion 
molecules on human B lymphocytes newly formed after 
BMT. Blood B cells from 38 patients  were  studied by  flow 
cytornetry  and three-color analysis. Blood CD5- B lympho- 
cytes obtained at an early stage after BMT (2 to  4 months) 
showed a markedly low expression of the adhesion mole- 
cules CD54,  CD44,  CD1 la, and CD62L. However, these cells 
exhibited a normal expression of other molecules including 
CD29,  CD19,  CD20, and DR. This deficiency was progressively 
corrected, reaching normal levels in  the  late post-BMT pe- 
riod (12 to  15 months). In contrast, CD54,  CD44, CDlla, and 

ONE MARROW transplantation (BMT) is now cur- 
rently  used as an effective treatment in  an increasing 

number of human disorders. After  BMT, stem cells colonize 
appropriate BM areas and start differentiation, giving rise to 
all the hematopoietic cellular series. In the immediate post- 
BMT period, the number of circulating B lymphocytes is 
markedly low, becoming normal or, more often, transiently 
high, between the second and the fourth  month^."^ This 
observation contrasts with the prolonged period during 
which a severe humoral immunedeficiency is observed in 
these patients (1 year or even longer), as illustrated by the 
incapacity to form specific antibody in response to conven- 
tional immunizations: the defective blood B-cell function 
in vitro,5 and the long-lasting interval needed for the different 
Ig isotypes to reach normal levels in the patients’ serum.6-8 
As a consequence, patients in the post-BMT period exhibit 
a high susceptibility to bacterial infections.’ 

Another well-known feature of the post-BMT B-cell re- 
constitution is the observation that the B-cell compartment 
characteristically contains an augmented proportion of B 
lymphocytes bearing the CD5 molecule on their surface 
(CD5+ B lymphocytes).2.10*11 The origin and significance of 
human CD5’ B cells is in debate.” Nevertheless, the finding 
that these B lymphocytes appear first  in ontogeny, and pre- 
dominate in fetal life, cord blood, and new born^,'^.'^ has led 
to conjecture that their increased presence in the post-BMT 
period represents a rerun of the B-cell developmental pro- 
gram. 

Adhesion molecules consist of several families of surface 
glycoproteins, which mediate intercellular recognition and 
contact between cells and extracellular matrix components. 
As such, they are present on  many cell types, including 
leukocytes, and perform essential roles in a wide variety of 
cellular activities.I6 The present study explores the expres- 
sion of several adhesion molecules on blood CD5+ and CD5- 
B-cell subsets obtained from BMT-treated patients. The re- 
sults showed that, during the early post-BMT period, the 
expression of CD54, CD44, CDlla, and CD62L on CD5- 
B cells was significantly lower than in normal subjects. This 
alteration was progressively corrected over time, and the 
expression returned to  normal in the late post-BMT period. 
On the other hand, the expression of the same adhesion 
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CD62L expression on  the patients’ CD5’ B lymphocytes was 
found to  be consistently normal. Deficient adhesion mole- 
cule expression on CD5- B cells in the early post-BMT period 
was similarly observed in patients treated with either an 
allo-BMT (n = 24) or an auto-BMT (n = 14).  Because the post- 
BMT period  mimics  normal ontogeny, adhesion molecule 
expression was also investigated in cord-blood B lympho- 
cytes. Cord-blood CD5- B lymphocytes, in contrast t o  CD5’. 
also expressed CD54,  CD44, CDlla, and CD62L at levels 
much lower  than those found in normal adults. Present data 
suggest that progressive expression of CD54,  CD44, CDlla, 
and CD62L seems to  be a part of the maturational  program 
of CD5- B lymphocytes  during both post-BMT and  normal 
development periods. This observation may  help to  explain 
the humoral immunodeficiency observed in both Conditions. 
0 1996 by The American Society of Hematology. 

molecules on CD5+ B lymphocytes from BMT-treated pa- 
tients was found to be consistently normal. Further experi- 
ments showed that cord-blood CD5- B lymphocytes, in con- 
trast to CDY, exhibited similar abnormally low adhesion 
molecule expression. These data suggest that the progressive 
expression of certain adhesion molecules appears to  be a 
part of the developmental program of CD5- B lymphocytes, 
although not of CD5+, after BMT, as well as during the 
physiological formation of the B-cell compartment. The low 
adhesion molecule expression shown by CD5- B cells might 
contribute to a better understanding of the humoral immuno- 
deficiency characteristic of these two conditions. 

MATERIALS AND METHODS 

Patients. Thirty-eight durably engrafted patients who  had  re- 
ceived therapeutic allogeneic or autologous BMT were included in 
this study. Twenty-four were male and 14 were female. Patients’ 
ages ranged from 5 to 38 years (median, 22.6 years). Fourteen pa- 
tients received an autologous transplant for either acute myelogenous 
leukemia (AML) (n = 5) ,  acute lymphoblastic leukemia (ALL) (n 
= 5 ) ,  or non-Hodgkin’s lymphoma (NHL) (n = 4). Twenty-four 
patients received an HLA-identical allogeneic transplant for either 
AML (n = 4), ALL (n = lo), aplastic anemia (AA) (n = 4). chronic 
myelogenous leukemia (CML) (n = 3), NHL (n = l), thalassemia 
major (n = l), or Fanconi anemia (n = 1) .  Pretransplant conditioning 
was as follows: patients with ALL, AML,  and CML were condi- 
tioned  with either busulfan and cyclophosphamide (CY) (n = 1 l)” 
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Fig 1. Study  of adhesion mol- 
ecule (CDlla in this case) ex- 
pression on CD5' and CD5- B 
lymphocytes  by three-color anal- 
ysis and flow cytometry.  Mono- 
nuclear cells were  purified  from 
the  blood of a patient, obtained 4 
months  after BMT, and the cells 
were  stained for the  indicated 
antigens. (A) Forward-scatter 
versus side-scatter dot-plot anal- 
ysis. (B) An R1 region selecting 
CD19' lymphocytes  was  drawn 
in a side-scatter versus FL3 
(CD19-PercP labeling) dot plot. 
(C)  Cells contained in R1 (CD19') 
were classified as  CD5' (R2) and 
CD5- (R31 in an F U  (CD5-PE la- 
beling) versus FL3  (CD19-PercP) 
dot  plot. (D) Histogram of FL1 
ICDlla-FITC) expression on R3- 
gated (CD19+CD5-) cells. (E) 
Histogram of FL1 (CDlla-FITC) 
expression on R2-gated (CD19' 
CD5')  cells. 

m 

CDlla fluorescence intensity 

or fractionated total body irradiation (TBI) and CY (n = 16)"; NHL 
cases received carmustine, CY,  and VP-16I9; the case of thalassemia 
was conditioned with busulfan and CY2'; AA patients received CY, 
procarbazine, and antithymocyte Ig2'; the case with Fanconi anemia 
was conditioned with  CY alone.22 Prophylaxis of graft-versus-host- 
disease (GVHD) in patients treated with allo-BMT was performed 
with methotrexate and cycl~sporine.~~ None of these patients devel- 
oped either acute GVHD greater than grade I or chronic GVHD. 
Blood samples were taken from all the patients at early (2 to 4 
months) and late (12 to 15 months) post-BMT periods. Additional 
blood samples were obtained bimonthly from 6 patients over the 
subsequent two years. Healthy volunteers were used as controls. 
Cord-blood samples were obtained from 16 clinically healthy neo- 

> 
Fig 2. Expression of CD54,  CD&, CDlla,  and CD62L on CD5- (A) 

and CD5' (B) B  lymphocytes  obteined  from  healthy  controls (0) and 
BMT-treated  patients  studied  at early (2 t o  4 months, E31 and  at  late 
( l 2   t o  15 months, D) periods  after BMT. Values shown are the per- 
centages of  B cells positive for the indicated molecule, and the  results 
represent the  mean 5 SD of 38 BMT-treated  patients  and 23 healthy 
volunteers. 
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sion on CD5- (AI and CD5* (B) 
B lymphocytes obtained from a 
BMT-treated patient, 3 months ~ 

(early post-BMT period) and 14 j :,>: :": , .? ! Y 

months  (late post-BMT period) 
after BMT. CD54 

nates. All patients and controls were  informed about the objectives 
and methods of the study and gave their consent. 

Monoclonal nnrihodies (MoAbs). The following fluorochrome 
(fluorescein isothiocyanate. FITC; phycoerythrin, PE; and peridi- 
nin chlorophyll protein, PerCP)-labeled mouse MoAbs were used 
in this study: control IgGI-FITC,  IgGI-PE, IgG2-FITC, IgG2-PE 
and IgG1-PerCP, and anti-CD1 la-FITC, anti-CDllb-PE, 
anti-CD1 IC-PE, anti-CD19-PerCP, anti-CD2O-FITC, anti-CD20- 
PerCP, anti-CD25-PE, anti-CD44-FITC. anti-CD54-PE. anti- 
CD62L-FITC. anti-CD62L-PE. anti-CD69-FITC, and anti-CD71 - 
FITC MoAbs were purchased from Becton Dickinson (San  Jose, 
CA); anti-CD5-FITC, anti-CD5-PE, anti-CDI9-FITC. anti-CD19- 
PE, anti-CD29-PE, and anti-DR-FITC MoAbs were obtained from 
Coulter  (Hialeah, FL). 

Cell prepnrnrion. Venous or cord-blood samples were drawn 
into heparinized vacutainer tubes, and  the mononuclear cells were 

CD44 CD1 10 CD62L 

isolated on a Ficoll density gradient (ICN Biomedicals Inc. Costa 
Mesa, CA). Cells obtained from  the interface were washed three 
times in Hanks' balanced salt solution (HBSS) and resuspended at 
5 X 10' cellslml. Viability of the isolated cells always exceeded 
9 5 8  as determined by trypan blue exclusion. 

Staining of cells. All antibodies were  spun  at 12,OOOg for 15 
minutes at  4°C to remove antibody aggregates that could cause non- 
specific staining of lymphocytes. In  single-, double-, and triple-label- 
ing experiments, 5 X IO' blood mononuclear cells were incubated 
with 10 pL of  FITC-, PE-andor PerCP-conjugated MoAb for 30 
minutes at  4°C. The cells were washed twice in HBSS containing 
0.19 sodium azide and analyzed within 2 hours. 

FIow qtometnj. Flow  cytometry  analysis  was  performed  on a stan- 
dard  FACScan  instrument  (Becton  Dickinson)  equipped  with an air- 
cooled  argon  ion  laqer,  which  operated  at 488 nm  and  15  mW  of 
power.  The  instrument  was  equipped  with  three fluorescencedetector 
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Fig 4. Comparison of CD54,  CD44. CDlla, and CD62L  expression 
on CD5- B lymphocytes obtained from allo-BMT-treated (0) and 
auto-BMT-treated (B) patients, at early period (2  to 4 months, A) 
and at  late (12 to 15 months, B)  periods post-BMT. Values shown are 
the percentages  of  CD5- B cells positive for the indicated molecule, 
and the results represent the mean ? SD of 24 and 14 patients treated 
with allo- and auto-BMT, respectively. 

photomultiplier tubes, with green fluorescence (FITC) being collected 
through a S30/30-nm bandpass, oriangdred (PE) through a 58.5142- 
nm  bandpass.  and  red (PerCP) through a 650-nm longpass filter. The 
FACScan was standardized  regularly, on a daily basis, by alignment 
using singly-stained lymphocytes (FITC [El], PE [FL2], PerCP [FL3]) 
for each fluorescent channel. The compensation settings were El-% 
FL2 = 0.9%. FL2-%FLI = 23%. FL2-8FL3 = 2% and  FL3-%FL2 
= 30%. Compensation did  not affect the  staining  profile of the corre- 
sponding fluorochrome. Background fluorescence was determined  with 
FITC-, PE-  and PerCPconjugated mouse I@ of the  appropriate isotype 
(Becton Dickinson). Results were analyzed using the LYSIS-I1 software 
p r o p m  (Becton Dickinson). 

Srnrisricnl nnalysi.9. The Mann-Whitney rank-sum test was used 
to compare adhesion molecule  expression results. Differences with 
a P value < .OS were considered significant. 

RESULTS 

Adhesion molecule expression on blood CD5- and CD5' 
B-lymphocyte subsets reconstituted efter BMT. Blood B 
lymphocytes from BMT-treated patients were obtained at 
early (2 to 4 months) and late (12 to 15 months) time inter- 
vals, after the transplant, and  the expression of several sur- 
face molecules was analyzed on  CD5'  and CD5- B-cell 
subsets. The study was performed on isolated mononuclear 
cells that  were stained with CDI9-PerCP MoAb and  FITC- 
or PE-conjugated anti-CD5 MoAb  and  PE- or FITC-conju- 
gated MoAb directed against several adhesion molecules, 
and the analysis was performed as follows: ( I )  cells were 
gated for CD19' lymphocytes using side scatter versus log 
fluorescence plot (Fig 1 A and B); (2) CD19' B lymphocytes 
were gated into two nonoverlapping subsets according to 

their CD5 expression: CD19'CD5'  and CD19TD5- cells 
(Fig IC, R2  and R3, respectively); (3) adhesion molecule 
expression was analyzed for cells within either the 
CD19TD5' (R2) or the CD19'CDY (R3) gate (Fig 1 D 
and E). A minimum of 5,000 B-cell-gated events were col- 
lected for analysis of adhesion molecule staining. Control- 
stained cells were also gated according to CD19 CD5 expres- 
sion and, thus, differed for each subset. The cursor was set 
so that less than I %  of the cells stained positively with the 
corresponding control antibodies. The percentage of cells 
that stained positively and  the  mean fluorescence intensity 
were recorded for each sample. 

As  can  be seen in Figs 2A and 3A, CD5- B lymphocytes 
obtained in the early post-BMT phase exhibited a consider- 
ably low expression of the adhesion molecules CD54, CD44, 
CD1 1 a, and CD62L in comparison with that observed in the 
same population of healthy controls ( P  < .Owl, < .OOOl, 
< .OOOl, and < .0005, respectively). The expression on this 
B-cell subset of other adhesion molecules, such as CD29, 
as well as the expression of other B-cell antigens, including 
CD20 and  DR,  did not show this alteration (data not shown). 
Similar results were obtained when  the detection of CD20, 
rather than CD19, antigen was used to identify B lympho- 
cytes. The expression of all four adhesion molecules under 
study returned to  normal in the late post-BMT period (Figs 
2A and 3A). None of these B-cell populations showed sub- 
stantial numbers of activated lymphocytes, defined as 
CD25'.  CD69', and  CD71 ' cells. 

It has been  reported previously that  blood samples ob- 
tained during the early post-BMT interval show a large pro- 
portion of B cells expressing the CD5 molecule.'.'".'' In our 
study, the proportion of CD5' B cells in early post-BMT 
blood samples accounted for 42% 2 6%  of the total B lym- 
phocytes whereas, in healthy controls, only 18% 2 3% of 
the B cells expressed CD5 (mean t SD of 38 and 23 different 
cases, respectively). The CD5'  B-cell percentage decreased 
in the late post-BMT period (to 31% t 5%, mean 2 SD, n 
= 38), but still remained higher than  normal. Figures 2B 
and  3B summarize the analysis of adhesion molecule expres- 
sion  on these B lymphocytes. In contrast to CD5- B cells, the 
expression of CD54, CD44, CD1 la, and CD62L on CD5' B 
lymphocytes was  found to be  normal  even  in the early post- 
BMT period. 

Figure 4 shows  the  comparison  of  adhesion  molecule  expres- 
sion  by CD5- B cells  between  auto-  and  allo-BMT-treated 
patients.  As  can  be  seen,  no  difference  was  observed between 
the  two  groups  of  patients  when  the  data  from  either  early  (Fig 
4A) or late  (Fig 4B) post-BMT  periods  were  compared. 

To examine in detail  the  sequence  of  normalization  of  altered 
adhesion  molecule  expression in the  post-BMT  period,  CD5- B 
cells  from  several  patients  were  analyzed  bimonthly  (Fig 5). 
Follow-up  studies  showed  that  the  initial  low  expression  of 
CD54,  CD44,  CD1 l a ,  and  CD62L  was  progressively  corrected 
during  the  following  months.  The  time  taken  for  complete  recov- 
ery  of  adhesion  molecule  expression  varied  from  patient  to  pa- 
tient,  ranging  between 6 and  14  months in the 6 cases  examined 
(10.6 2 3 months;  mean 2 SD). 

Comparative analvsis of adhesion molecule expression by 
B lymphocytes from cord and adult blood. Because B-cell 
reconstitution after BMT probably mimics physiological B- 
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cell ontogeny, the possibility that the described alterations 
also occurred in the cord-blood B lymphocytes was exam- 
ined. Figure 6 shows that cord-blood CD5- B cells also 
exhibited an expression of CD54, CD 1 1 a, and CD62L much 
lower than  that observed in adult CD5- B lymphocytes ( P  
< .0001, <.0003, and .OOOl, respectively). In addition, most 
cord-blood CD5- B lymphocytes expressed CD44, but at an 
intensity notably lower than  that of adult CDS- B cells ( P  
< .0001) (Fig 6B). On the other hand, cord-blood CD5’ B 
lymphocytes showed a normal expression level of all the 
adhesion molecules under study (data not shown). 

DISCUSSION 

Surface antigen expression profiles of blood B lympho- 
cytes regenerating after BMT have  been previously analyzed 

However, these reports did  not  pay  much 
attention on the adhesion molecule expression by the two 
major subsets of B lymphocytes. The present study shows 
that, early after BMT,  newly formed CDS- B lymphocytes 
exhibit a markedly  low expression of several adhesion mole- 
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cules, such as CDS4, CD44, CD1 I a, and CD62L, which are 
usually  present  on  most adult normal CD5- B lymphocytes.” 
This phenomenon seems to be restricted to certain molecules, 
because the presence of CD29, DR. CD19, and CD20 on 
the same cells remained  unaffected. Sequential analysis of 
blood CD5- B lymphocytes after BMT shows that the low 
expression of the adhesion molecules under study gradually 
recovered, until normal levels were reached in the late  post- 
BMT period (12 to 15 months post-BMT). The deficit  was 
detectable for a variable, but usually prolonged, period of 
time. Moreover, this sequence of events was similarly ob- 
served after both auto- and allo-BMTs, thus ruling out a 
possible implication of allogeneic reaction in this phenome- 
non. Therefore, the low expression of CD54, CD44, CD I 1 a, 
and CD62L on CD5- B lymphocytes, as well as its later 
correction, appear to  be a general  rule in the post-BMT 
regeneration of these B lymphocytes. 

It has been  proposed  that post-BMT B-cell formation re- 
sembles B-cell ontogenic development during fetal and  new- 
born life. This is  based  on the fact that  both conditions show 

CDlg’CD5- 

Fig  5. Sequential normaliza- 
tion of CD54 CD44. CDlla, and 
CD62L  expression  on  CD5- B 
lymphocytes after BMT. The 
three upper rows show histo- 
gram representation of these 
molecules in samples from the 
same BMT-treated patient ob- 
tained at 3, 9, and 15 months 
after BMT. Bottom row shows 
results obtained with a normal 
control. The percentage of  posi- 
tive cells is included in the right 
upper  angle of each histogram. CD54  CD44  CD1 1 A  CD62L 
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relevant similarities, including the temporary increase of 

stitution,'s the prolonged  period of in vivo and in vitro B- 
cell and the increased susceptibility to 
bacterial  infection^.^." In consequence, we examined the ad- 
hesion molecule expression on cord-blood B cells. The re- 
sults showed that cord-blood CD5- B cells also exhibited a 
similar abnormally low expression of CD54, CD44, CD1 la, 
and CD62L on their surface. These data support the  notion 
that the acquisition of a normal expression of these mole- 
cules on CD5- B cells might  be developmentally pro- 
grammed. This idea is reinforced by  the observation that 
some of these molecules (CD44, CD1 la, and CD62L) show 
similar kinetics of expression during the normal  B-cell devel- 
opment within the  BM.*x 

CD5+ B cells 2.10.11.13-15 .. the pattern of Ig VH repertoire recon- 

CD62L 

Fig  6.  Comparison  of  CD54, 
CD44. CDlla, and CD62L  expres- 
sion  on  CD5- B lymphocytes 
from cord  blood  and adult con- 
trol blood. (A) An example of his- 
togram representation of the ex- 
pression  of  these  molecules. (B) 
Summary of  these experiments. 
Values shown are the percent- 
ages  of  CD5- B cells exhibiting 
CD54,  CD44. and CDlla expres- 
sion (B, top panel), and  fluores- 
cence intensity of  CD44  expres- 
sion (B, bottom panel). Results 
represent the mean 2 SD of 16 
and 23 samples  of  cord blood (0) 
and normal adult blood ( W ,  re- 
spectively. 

As has been previously described,*.'".'' and also shown 
here, increased numbers of  CD5' B lymphocytes are detect- 
able after BMT. The reason for this increase remains un- 
known. Functionally, this B-cell subset (also known as Bla 
lymphocytes) has been commonly associated with  natural 
auto-reactivity, whereas most CD5- B lymphocytes (the so- 
called conventional or B2 lymphocytes) appear related to 
classical humoral immune response to foreign antigens." In 
this context, the result that diminished adhesion molecule 
expression occurs in early post-BMT and in cord-blood 
CD5- B lymphocytes, but  not in CDY, probably indicates 
that  the two B-cell subsets exhibit significant differences in 
their maturational programs. 

Increasing evidence support the view  that adhesion mole- 
cules such as LFA-I (CD1 la-CD1 8), CD54, CD44, and 
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CD62L are necessary for B lymphocytes to perform a broad 
variety of functions. Thus, these molecules appear to be 
required for efficient B -T-cell cooperation in several in vitro 
and in vivo models of B- and T-cell activation, growth, 
and differentiati0n,3~”~ for B-cell-endothelial cell contact 
leading to migration and homing to different locations,16  and 
for the interaction between B lymphocytes and follicular 
dendritic cells, which seem to participate in memory B-cell 
 election.^^.^' Accordingly, decreased expression of these 
molecules might impair many aspects of B-cell physiology. 
In this regard, it has been previously reported that infants 
(<2 years of age)38 as well as BMT recipients (<300 days 
~ O S ~ - B M T ) , ~ ~  show an immature splenic marginal zone, a B- 
cell area apparently associated with  memory B-cell accumu- 
lation and humoral response to encapsulated ba~teria.~’ It 
could reasonably be predicted that a lack or insufficiency of 
relevant adhesion molecules hampers CD5- B lymphocytes 
migration into specialized areas. Therefore, the finding that 
CD54, CD44, CD1 la, and CD62L are poorly expressed by 
circulating CD5- B lymphocytes, in  the post-BMT period 
as well as in newborns, might contribute to explain the pro- 
longed state of humoral immunodeficiency observed in  both 
situations. 
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