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Generation of macrophage-activating  factor  requires a precur- 
sor  protein,  GC  protein  (serum  vitamin  D3-binding  protein), 
as well as participation of p-galactosidase  of  inflammation- 
primed B lymphocytes  and  sialidase of T lymphocytes. The 
treatment of human  peripheral  blood  mononuclear cells with 
an  inflammatory  lysophospholipid  induced  p-galactosidase 
and  sialidase activii of  lymphocytes,  leading to the genera- 
tion of macrophageactivating  factor  and  activation of mono- 

ROWING BONE is a dynamic tissue in which bone 
matrix is constantly laid down by osteoblasts and re- 

sorbed by osteoclasts.’ Autosomal recessive osteopetrosis is 
characterized by  an excess accumulation of bone throughout 
the skeleton due to dysfunctional osteoclasts, resulting in 
reduced bone resorption.’  In animal models of osteopetrosis, 
depending on the degree of osteoclast dysfunction, marrow 
cavity development and tooth eruption are either delayed or 
more commonly a b ~ e n t . ~  In human infantile osteopetrosis, 
extramedullary hematopoiesis leads to massive hepato- 
splenomegaly, with death occurring within the first decade 
of life, usually resulting from bleeding or overwhelming 
infection: indicating immunosuppression. A variety of ab- 
normalities in cellular and humoral immunity involving lym- 
phocyte and macrophage dysfunctions in mouse and human 
osteopetroses have been including defects in su- 
peroxide production.’.* Bone marrow transplantation has 
been shown to be curative, providing evidence that the defect 
associated with infantile osteopetrosis lies within the hema- 
topoietic c~mpartment.~.’~ Osteoclasts and macrophages are 
thought to share a common progenitor as well as functional 
properties.ll-13 Therefore, a common mechanism involved 
in the activation of both osteoclasts and macrophages may 
underlie osteoclast dysfunction in the osteopetrotic (OP) mu- 
tations. 

The OP oplop mouse exhibits severe deficiencies of both 
osteoclasts and peritoneal  macrophage^.'^"^ In this model of 
osteopetrosis, the coding region of the macrophage-colony- 
stimulating factor (M-CSF) gene was shown to have a 
frameshift mutation leading to the absence of a functional 
M-CSF protein.I5 However, M-CSF does not appear to be 
deficient in human autosomal recessive osteopetrosis, sug- 
gesting that another defect in osteoclast differentiation or 
function is present in the human di~order.’~ 

An inflammation-primed macrophage activation cascade 
has been defined as a major process leading to the production 
of macrophage-activating factor (MAF). Administration of 
an inflammatory lipid metabolite, lysophosphatidylcholine 
(lyso-Pc), to mice has been shown to activate macrophages 
to phagocytize target antigens or cells via the Fc-receptor 
and to enhance the superoxide-generating capacities of mac- 
rophages.L8-2’ The activation of macrophages requires the 
MAF precursor protein, serum vitamin D,-binding protein 
(GC protein), which is present in large amounts in human 
sera. A trisaccharide composed of N-acetylgalactosamine, 
galactose, and sialic acid on GC protein is modified by the 
lyso-Pc-inducible &galactosidase of B cells to yield a mac- 
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cytes/macrophages.  However,  lysophospholipid treatment of 
peripheral  blood  mononuclear  cells  from three infantile  pa- 
tients with osteopetrosis  resulted in no  significant  activation 
of monocytes/macrophages. The lyraphospholipid-inducible 
P-galactosidase  activity  of B lymphocytes as well as that of 
the sialidase of T lymphocytes  was  found to be  defective in 
these  patients. 
0 1996 by The  American  Society of Hematology. 

rophage proactivating factor, which is in turn converted by 
the action of a T-cell sialidase to  MAF, a protein with N- 
acetylgalactosamine as the remaining sugar m ~ i e t y . ~ ~ - ~ ~  In 
vitro treatment of GC protein with immobilized P-galactosi- 
dase and sialidase yields a remarkably potent MAF, termed 
GcMAF.~.‘~ 

This macrophage-activating cascade has been investigated 
in the OP rat and mouse models, and defects in the ability 
of lymphocytes to convert GC protein to MAF were identi- 
fied.26-28 We therefore studied the MAF generation pathway 
in patients with infantile osteopetrosis. 

MATERIALS  AND  METHODS 

Chemicals, reagents, and media. Lysophosphatidylcholine, o- 
nitrophenyl p-D-galactopyranoside and sodium 2‘-(4-methylum- 
bellifery1)-m-D-N-acetylneuraminate were purchased from Sigma 
Chemical CO (St Louis, MO). Lymphoprep (similar to Ficoll) was 
obtained from Polysciences, Inc (Warrington, PA). Phosphate-buf- 
fered saline (PBS), composed of 1 mmoVL sodium phosphate (pH 
7.0) and 0.15 moVL NaCl,  was prepared without addition of Caz+ 
and Mgz+ ions (PBS). Human sera were obtained from healthy chil- 
dren and OP children. Human GC protein is found in three forms in 
the serum: Gclf,  Gcls, and Gc2. The Gclf and Gcls subtypes of 
Gcl have a sialic acid residue, whereas Gc2 does not.29*30 Gcl pro- 
tein, which contains both the Gcl f and Gcls types, was purified by 
vitamin D-affinity chromatography” and  was  used for the present 
study. P-Galactosidase and sialidase were purchased from Sigma 
Chemical CO and Boehringer Mannheim Biochemicals (Indianapo- 
lis, IN). Treatment of  human  GC protein with immobilized p-galac- 
tosidase and sialidase generates an extremely high titered MAF 
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(GcMAF).’~.~’ Cultivation of mouse peritoneal macrophages for 3 
hours with  the presence of 50 pg GcMAF/mL generated about a 10- 
fold increased superoxide-generating capacity above that of un- 
treated macrophages. 

For manipulation in vitro and cultivation of peripheral blood cells 
(lymphocytes and monocytes/macrophages), 0.1% egg albumin- 
supplemented RPMI 1640 medium (EA medium) and 0.1 % human 
serum-supplemented RPMI 1640 medium were used.  Using  the 
Limulus amebocyte lysate assay:’ we routinely tested for freedom 
of lipopolysaccharide contamination in  the stock solution of enzyme 
suspension, human GC protein, and culture media. 

Juvenile OP patients. Three patients were tested. Patient OP- I 
is a two-year-old child who had received an unrelated bone marrow 
transplant (BMT) but rejected the graft, with no significant change 
in manifestations of the disorder. Patient OP-2 received a matched 
sibling BMT 7 years previously at 7 months of age, and despite the 
presence of a minimal graft (approximately 5% circulating mononu- 
clear cells were  of donor origin at the time of testing) previous 
hepatosplenomegaly resolved, with moderate improvement in the 
bone marrow cavity. A 2-month-old infant (OP-3) had not received 
a BMT at  the time of testing. Before transplantation, B lymphocytes 
of patients OP- 1 and OP-2 were transformed with Epstein-Barr virus 
(EBV). 

Peripheral blood samples from OP and healthy children. Blood 
samples were collected in purple-top tubes that contained EDTA to 
prevent coagulation. A 5-mL blood sample and 5 mL saline (0.9% 
NaCI) were  mixed  and gently laid  on Lyrnphoprep (3 mL) contained 
in a 15-mL centrifuge tube  and  were centrifuged at 1,OoOg for 15 
minutes. The peripheral blood mononuclear cell (PBMC) layer 
“buffy coat” containing monocyteshacrophages (phagocytes) and 
lymphocytes (B and T cells) was collected, washed twice with 10 
mmol/L sodium phosphate buffer containing 0.15 mol/L  NaCl 
(PBS), suspended in a 0.1% EA medium, and  placed  in  16-mm 
wells. Incubation for 45 minutes in a 5% COz incubator at 37°C 
allowed adherence of phagocytes to the plastic substrata. Lympho- 
cytes (nonadherent cells) were removed. Phagocytes (2 to 5 X 10’ 
cells per well) of individual patients were cultured in  EA  medium 
supplemented with 100 pg GcMAF/mL for 3 hours at  37°C  and 
assayed for superoxide generation of the phagocytes to determine 
the capacity of patient phagocytes to be activated. 

Roles of lymphocytes and plasma GC  protein in activation oj 
plaagocpm PBMC (mixture of lymphocytes and phagocytes) of 
individual patients and control subjects were incubated with 1 pg 
lyso-Pc/mL in  EA  medium at 37°C for 30 minutes. Phagocytes and 
lymphocytes were separately washed  with PBS, admixed, and cul- 
tured  for 3 hours at 37°C in a medium supplemented with GC protein 
( 1  ng/mL) or the patient’s own plasma (O.l%), and assayed for 
activation of phagocytes as determined by superoxide 
Briefly, phagocytes were washed with  PBS  and incubated in 1 mL 
PBS containing 20 pg cytochrome c for 10 minutes. About 30 min- 
utes after addition of phorbol-l2-myristate acetate (5  pg/mL), the 
superoxide-generating capacity of the phagocytes was determined 
by cytochrome-c reduction, measured spectrophotometrically at 550 
nm. The data were expressed as nanomoles of superoxide produced 
per minute per 10’ cells. The values from this assay with GC protein 
and patient PBMC determined the MAF-generating capacity of  pa- 
tient lymphocytes. The assay with healthy PBMC  and patient plasma 
determined the precursor activity of plasma GC protein. 

Assay of P-galactosidase on B-cell surjiace. Peripheral B cells 
were  purified by the previously described p roced~re~~ .~ ’  and were 
incubated with l pg  lyso-PdmL in EA medium  at  37°C. After a 30- 
minute incubation, the cells were washed  two  to three times in 
Hanks’ balanced salt solution and once in I mmoUL PBS (pH 7.2) 
containing 0.15 moVL NaCI.  The cell pellet  was  then resuspended 
in 1 mmol/L PBS containing 0.15 moln NaCl at a concentration of 

5 X lo6 cellslml. Isotonicity of media for preparation of cell suspen- 
sion was maintained to prevent cell lysis. Because B-cell P-galactosi- 
dase is a cell surface bound enzyme, the enzyme assay was  carried 
out by the successive addition of 200 pL of cell suspension (5 X 
10‘ c e l l d d )  and 200 pL of o-niuophenyl P-D-galactopyranoside 
(4 mg/mL or 0.5 mmol/L) in Eppendorf tubes. The reaction mixture 
was incubated at  37°C for 30 minutes by tumbling motion  to ensure 
efficient contact between  the substrate and the membrane-bound 
enzyme. The reaction  was stopped by adding 200 pL of a 1 moln 
Na,CO, solution. The reaction mixture was centrifuged. Production 
of o-nitrophenol was determined by the absorbance of  the supema- 
tant at 420 nm using  Beckman DU-640 Spectrophotometer. This 
assay was also used to determine the lyso-Pc inducible P-galactosi- 
dase activity of EBV-transformed B lymphocytes of patients OP-l 
and OP-2 as well as EBV-transformed donor B cells. 

Assay of sialiduse (neuraminidase) on T-cell sutfuce. The 

PBS (pH 7.0), 200 p L  of cell suspension (S X IOh cells/mL), and 
100 pL of 0.4 mmoK sodium 2’-(4-methylumbelliferyl)-cu-D-N- 
acetylneuraminate in small glass tubes. The reaction mixture was 
incubated at 25°C for 30 minutes by tumbling motion. Cleavage of 
the substrate by sialidase yields the fluorescent product, 4-methylum- 
belliferone. Substrate without cell suspension served as a blank  to 
determine the nonspecific degradation of  the substrate. The reaction 
was terminated by the addition of 2 mL of absolute ethanol. The 
reaction mixture was centrifuged at 1,OOOg for 15 minutes. The 
supernatants were transferred into new tubes. One hundred microli- 
ters of 1 moln NaOH  was added to each sample before reading 
fluorescence (excitation, 365 nm; emission, 450 nm) with a Perkin- 
Elmer (Norwalk, CT) 650- 1 OS Fluorescence Spectrophotometer. 

assay25.34 was performed by the successive addition of 100 pL of 

RESULTS 

Functions of patient  phagocytes and GC protein. A de- 
ficiency in the  macrophage activation cascade  could result 
from  (1) an inadequate response of monocytes/macrophages 
(phagocytes)  to  MAF, ( 2 )  a deficiency in  the  production or 
function of GC protein, or (3) an  inability of lymphocytes to 
convert Cc protein to  MAF.  The  defect in these mediators 
can  be ascertained by in vitro analyses using various combi- 
nations of  the individual mediators*‘-** from  OP and  healthy 
children. To investigate the ability of OP  phagocytes to be 
activated by MAF,  phagocytes of OP patients or a control 
were incubated  for 3 hours in EA medium supplemented 
with 100 pg of GcMAF/mL,  and activation  was  determined 
by superoxide production. Both patient and  control  phago- 
cytes  were efficiently  activated as  shown in Fig 1A. Subse- 
quently, the sera  of OP patients  were  tested for the precursor 
activity of GC protein  using control  lymphocytes  to  convert 
GC  protein to MAF. Functional GC protein was  shown  to  be 
present  in  all  three  patients in concentrations  comparable 
with  that  of controls (Fig  1B). These studies  confirmed  that 
these OP  patient  phagocytes were capable of activation by 
MAF  and  that the functional  precursor protein (GC protein) 
required for  the generation  of MAF  was present  in  the OP 
patient sera. 

Lymphocyte glycosidases. The capacity for  OP patient 
lymphocytes  to  generate  MAF  from  serum  GC protein was 
tested by incubating lyso-Pc-treated  PBMC  from patients 
or  controls in media  supplemented with  purified GC protein 
(1  ng/mL),  and  the production of MAF  was  determined by 
superoxide  generation of the  phagocytes. As shown  in Fig 
2, the  superoxide-generating activity of phagocytes after 3- 



LYMPHOCYTE  GLYCOSIDASES IN OSTEOPETROSIS 

A 

E' 
Control OP-l  OP-2 OP-3 

Phagocytes 

B 

Medlurn Control 

r ,. - :' 

OP-l  

- 
OP-2 

- 

- 
OP-3 

Serum 

Fig 1. Activation  of  phagocytes  with GcMAF or with serum GC 
protein.  (A) Superoxide-generating capacity of phagocytes  treated 
with GcMAF. (B) Superoxide-generating capacity of phagocytes acti- 
vated  by  the  incubation of lyso-Pc-treated PBMC with  patient  or 
control sera. Healthy human PBMCs were  treated with 1 wg lyso- 
PclmL in EA medium  for 30 minutes. Lymphocytes and  adherent 
phagocytes  were  washed separately, admixed, and  cultured in EA 
media supplemented with 0.1% patient  or  control sera for 3 hours. 
Phagocytes were assayed for superoxide-generating capacity. 

hour cultivation of lyso-Pc-treated healthy PBMC in me- 
dium supplemented with GC protein (4.6 nmol superoxide 
produced/lO' phagocytes) was increased 19-fold above the 
control value of 0.24 nmol superoxide produced/lO" phago- 
cytes with  medium alone (see Fig IB). In contrast, lyso- 
Pc treatment of all three OP patient PBMCs resulted in no 
significant activation of phagocytes. Because the production 
of MAF is dependent on  the enzyme levels of  both lyso- 
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Pc-inducible P-galactosidase of B cells and sialidase of T 

dase activities of  the lymphocytes from these patients. To 
characterize the P-galactosidase function of patient B cells, 
GC protein was incubated in medium  with lyso-Pc-treated 
patient lymphocytes for 2 hours. The conditioned culture 
medium  was  then  treated  with immobilized sialidase (0. I U) 
for 1 hour. The resultant medium was added to cultures of 
healthy control phagocytes for 3 hours. As shown in Fig 2, 
no significant activation of phagocytes was demonstrated, 
indicating that  the B lymphocytes of all three patients are 
defective in lyso-Pc-inducible @-galactosidase. 

To evaluate the sialidase function of patient T lympho- 
cytes, GC protein was first  treated  with immobilized P-galac- 
tosidase (0. I U) for 1 hour. P-Galactosidase-treated GC pro- 
tein was added to the lyso-Pc-treated patient lymphocyte 
culture for 2 hours. The resultant conditioned media were 
used for cultivation of healthy phagocytes. No significant 
activation of phagocytes could be demonstrated (Fig 2), indi- 
cating that  the T lymphocytes of all three patients are defec- 
tive in lyso-Pc-inducible sialidase. These findings are there- 
fore consistent with defects in both the lyso-Pc-inducible 
P-galactosidase of B lymphocytes and sialidase of T lympho- 
cytes. 

Lack of P-galactosidase in patient B lymphocytes. To 
confirm these findings, specific assays for P-galactosidase 
of B lymphocytes and sialidase of T lymphocytes were per- 
formed. As has been described in mouse and  rat B cells,'"..'' 
two &galactosidase isozymes. constitutive (designated, 

cells,'?,'J.?5 I t  ' was desirable to examine the individual glycosi- 

Control OP-l OP-2 OP-3 

Source of Cells 

Fig 2. Conversion of GC protein t o  MAF  by  stepwise  incubation 
of glycosidases and lyso-Pc-treated lymphocytes. Purified GC protein 
(1 nglmL)  in EA medium  was  incubated  with lyso-Pc-treated patient 
lymphocytes  for 2 hours. The culture  medium  was  incubated  with 
immobilized sialidase (0.1 UlmL)  for 30 minutes. Alternatively, puri- 
fied GC protein (1 nglmL) in EA medium  was  first  incubated  with 
immobilized P-galactosidase (0.1 U)  for 30 minutes  and  followed  by 
cultivation  of lyso-Pc-treated patient  lymphocytes  for 2 hours. The 
resultant media were  used t o  culture phagocytes for 3 hours. Phago- 
cytes  were washed and assayed for superoxide-generating capacity. 
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B&) and lyso-Pc-inducible (designated, &li),  are present 
in healthy human B-cell membranes and can be distinguished 
on the basis of lyso-Pc inducibility. The membranous 0- 
galactosidase activity of healthy-child B cells was examined 
by using o-nitrophenyl D-D-galactopyranoside as the sub- 
strate. Because B-cell P-galactosidase is cell-surface 

(10‘ cells/200 pL) were incubated with o-nitrophenyl &D- 
galactopyranoside at pH 7.0 for 30 minutes under isotonic 
conditions,” and production of o-nitrophenol was deter- 
mined  by absorption at 420 nm.  When healthy human B 
cells were treated with lyso-Pc, the total P-galactosidase 
activity level increased approximately 2.8 times above the 
constitutive isozyme activity level of the untreated control 
as shown in Fig 3A. In contrast, the lyso-Pc-treated B cells 
of OP patients exhibited no significant increased level of 
membranous P-galactosidase above that of the untreated pa- 
tient B cells, confirming that the lyso-Pc-inducible isozyme 
is absent in the B cells of these patients. The P-galactosidase 
activity of lyso-Pc-treated B cells of patient OP-2 is slightly 
higher than  that of patients OP-l and OP-3, which  may 
relate to the presence of a small proportion of donor-derived 
mononuclear cells. To further substantiate this observation, 
EBV-transformed B lymphocytes of patients OP-l and OP- 
2 established before transplantation, as well as transformed 
cells from their donors, were tested for lyso-Pc-inducible 
0-galactosidase activity. Neither of the transformed OP pa- 
tient B-cell lines showed an increase in P-galactosidase ac- 
tivity after lyso-Pc stimulation, whereas transformed donor 
B cells exhibited an approximately twofold increase, con- 
firming that the lymphocytes established before BMT were 
deficient in inducible &galactosidase activity (Fig 3B). 

Lack of siuliduse in patient T lymphocytes. Similar to 
the lyso-Pc inducibility of the mouse and  rat Neu-l gene- 
encoded ~ialidase,’~.’~ 72 hours after treatment of healthy 
human T lymphocytes with lyso-Pc (1 pg/mL)  a 2.2-fold 
increase in sialidase activity above that of untreated T lym- 
phocytes was observed, as shown in Fig 4. Untreated T 
cells express equal amounts (approximately 3.5 nmol) of 
two sialidases, noninducible (designated Neu,)  and inducible 
(designated Neu,)  isozyme^.^^^^^ The OP patient T cells ap- 
pear to retain activity of the Neu, sialidase (3.5 nmol) but 
not the Neui isozyme. 

boUnd,24.’5.35 washed lyso-Pc-treated or -untreated B cells 

DISCUSSION 

MAF is a protein, with N-acetylgalactosamine, produced 
by sequential removal of galactose and sialic acid residues 
from GC protein by membranous P-galactosidase and siali- 
dase of the lymphocytes.” These enzymes are induced by 
inflammation or inflammatory lipid metabolites such as lyso- 

macrophages, which can be measured by production of su- 
peroxide. From the present study we conclude that the OP 
patients lack both lyso-Pc-inducible P-galactosidase of B 
lymphocytes and sialidase of T lymphocytes, leading to an 
inability to generate MAF. A small level of lyso-Pc-induc- 
ible P-galactosidase and sialidase activity present in patient 
OP-2’s lymphocytes appears to be a reflection of the pres- 
ence of 5% circulating donor cells. Determination of P-ga- 

pc.22.25 MAF increases phagocytic capabilities of monocytes/ 
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Control OP-l OP-2 OP-3 

Source of B cells 

Donor 1 

W Untreated 
0 + 1 p g h l  Lyso-Pc 

OP-l Donor 2 OP-2 

Source of EBV  transformed cells 

Fig 3. Specific P-galactosidase activity by osteopetrotic  and con- 
trol B cells or by their  EBV-transformed B cells. (A) p-Galactosidase 
activity  after  treatment of osteopetrotic  and control B cells with 1 
p g  lyso-PclmL. (B)  p-Galactosidase  activity  after  treatment of os- 
teopetrotic  and  control  (donor)  EBV-transformed B cells with l p g  
lyso-PclmL. 

lactosidase activity in EBV-transformed R cells isolated 
from patient samples before the BMT confirmed that no 
significant inducible P-galactosidase activity was present in 
B cells of patient OP-2. The absence of both the inducible 
&galactosidase and sialidase of lymphocytes in these  pa- 
tients is unique and consistent. 

In the murine oplop mutation, the development of osteo- 
clasts, monocytes, and macrophages is severely affe~ted.’~ 
Osteopetrosis in the oplop mouse is  thought to result  from 
a frameshift mutation within the coding region of the M- 
CSF  gene.”,“ Daily administration of purified  recombinant 
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0 24 48 72 
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Fig 4. Time course  of  specific  sialidase activity of T cells after 
treatment of osteopetrotic and control T cells with 1 pg lyso-PclmL. 

human M-CSF (5 to 15 pg/d) to the oplop mutant mice 
beginning at birth for 2 weeks resulted in the development 
of increased macrophage and osteoclast populations and sub- 
sequent resorption of the excess skeletal matrix.36337 The re- 
ports of restoration of the bone disorder by administration 
of M-CSF suggested that the defective M-CSF gene is suffi- 
cient to cause osteopetrosis. However, others have observed 
that injections of M-CSF do not cure oplop mice of their 
disorder, suggesting that either soluble M-CSF is insufficient 
or that another factor is necessary.38 In addition, Yui et a139 
reported that five mouse strains including C3WFeJ (C3H) 
mouse are deficient in circulating M-CSF but do not have 
manifestations of osteopetrosis. It has been observed that 
despite a deficiency in both GM-CSF and M-CSF mice have 
identifiable macrophages, providing additional evidence that 
other factors are of importance in the production and function 
of macrophages in vivo.4o In human osteopetrosis, Orchard 
et  all7 showed that 13 OP patients have circulating M-CSF 
levels equivalent to or higher than those of healthy controls. 
These observations suggest that a defect other than the M- 
CSF deficiency is responsible for the pathogenesis of os- 
teopetrosis. In addition to the observations reported here in 
human osteopetrosis, preliminary studies revealed that both 
the inducible &galactosidase of B lymphocytes and sialidase 
of T lymphocytes are absent in not only oplop mouse but 
also milmi mouse (Yamamoto and Naraparaju, unpublished 
results, October 1995). Therefore, the lack of these two gly- 
cosidases appears to be a common defect associated with 
osteopetrosis. 

Because the three patients with autosomal recessive os- 
teopetrosis have deficiencies in  both P-galactosidase and sia- 
lidase activity, it  would seem likely that a single mutation 
is responsible for the defective function of both enzymes. 
Thus, these glycosidase genes may  be linked or may require 
expression of another protein to express or establish their 
activity. 
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