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ABsTrRACT The status of immunoglobulin (Ig) re-
ceptors of the bone marrow dependent (B) cells present
in either the bone marrow (BM) or peripheral blood
(PB) of three patients with infantile agammaglobulin-
emia (I-AGG), or seven patients with acquired agam-
maglobulinemia (A-AGG) is compared with those of
12 controls. Quantitative and qualitative changes of the
different classes of Ig receptors on B cells were evalu-
ated by their capacity to bind ["*I]anti-Ig, to be stained
with fluorescinated anti-Ig and their in vitro prolifera-
tive capacity upon incubation with the anti-Ig. Patients
with I-AGG lacked B cells in both the BM and PB.
Whereas BM cells of patients with A-AGG carried re-
ceptors similar to control cells, their blood B cells had
fewer IgM, IgG, and IgA cells which failed to prolifer-
ate in vitro in the presence of the anti-Ig. An anti-IgM
of the IgG class was detected in the sera of patients
with A-AGG but not in sera of I-AGG. The isolated
anti-IgM agglutinated human red cells coated with
IgM. The anti-IgM partially blocked the binding of
fluorescinated or radiolabeled anti-IgM to IgM periph-
eral blood lymphocytes of normal controls. The eluted
anti-IgM in presence of complement was partially cyto-
toxic to normal cells. It is concluded that I-AGG-B
cell defect is due to failure of B cell development in
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the bone marrow compartment whereas the peripheral
exclusion of IgM cells by an anti-IgM with the subse-
quent failure of differentiation of both IgG and IgA
cells could be an important mechanism in A-AGG-B
cell defect.

INTRODUCTION

Markers of bone marrow-dependent (B)' cells in man
have been identified in both the bone marrow (1) and
peripheral blood (2) compartments and are universally
accepted to be surface immunoglobulins (Ig). B cells are
not in a static state but undergo changes upon maturation,
migration between the various lymphoid compartments,
and upon interaction with the specific antigen (3, 4).
Subpopulations of B cells have recently been described
in the mouse system and were proposed to represent
various degrees of maturation of the B cell system (5).
Recent studies have indicated that B cell development
within the stem cell compartment is independent of
antigen stimulation (6) and that IgM-B cells control
the differentiation of both IgG and IgA cells (7) and
are the main recognition units (8).

The purpose of this paper is to compare and charac-
terize the B cell abnormality in both the bone marrow

L Abbreviations used in this paper: AGG, agammaglobulin-
emia; A-AGG, acquired AGG; B, bone marrow dependent;
GG, gammaglobulin; Ig, immunoglobulin; I-AGG, infantile
AGG; K, kappa chain; NGGG, normal goat gamma globu-
lin; SI, specific incorporation; T, thymus dependent.
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TaBLE 1
Patient Material

Antibody testing Delayed skin testing

Quantitative Ig Secondary*— Secondary§—
Disease state diphtheria and Primaryt— PPD, cand., Primary!|—
(no. studied) G M A tetanus KLH mumps DNCB
mg/100 ml u
Infantile AGG <5-15 <2 <4 <13 <10 2 3
©)
Acquired AGG <5-105 <2-19 <4-10 <1 (5) <10-80 6 7
Q) 2(2)
Controls 950-1,620 85-115 160-210 5-10 (12) 1,280-10,000 12 12
(12)

* Serum antibody titers by the hemagglutination technique were assayed 10 days following injection of diphtheria—tetanus

toxoid. Number of patients is in parentheses.

1 1 mg Keyhole limpet hemocyanin (KLH) was used for primary sensitization. Serum anti-KLH titers were determined on the

10th day by the passive hemagglutination technique.

§ Patients were skin tested with PPD, Candida albicans (Hollister-Stier), and mumps (Eli Lilly). Induration was read 48 h
later. Numbers shown are those of patients who showed positive skin test (>10 mm) to at least one of the three antigens.

|| Sensitization done with 0.1 ml of 5%, solution of dinitrochlorobenzene (DNCB) and followed 2 wk later by challenge with
0.1 ml of 0.005%, solution of DNCB. Skin induration (>10 mm) 48 h following challenge was considered positive.

and blood compartments of patients with infantile
agammaglobulinemia (I-AGG) to cells obtained from
patients with acquired agammaglobulinemia (A-AGG)
and to search for possible etiologic factors that could be
responsible for the B cell abnormalities.

METHODS

Patients. Patients’ data are summarized in Table I.
Two groups of patients were studied: (a) Three cases of
I-AGG; boys age 2, 3, and 6 yr who had low Ig levels
in their serum, using the low level commercial immuno-
plates. They were first diagnosed at age 9-12 mo. They
had repeated respiratory tract and skin infections and were
maintained on monthly GG injections. (b) Seven cases age
24-51 yr, with A-AGG. They had normal infancy and child-
hood and 2-14 yr history of repeated sinupulmonary and
skin infections. Five of those seven cases had recurrent
diarrhea, and four of those had biopsy evidence of intestinal
lymphoid hyperplasia. (¢) Controls were 12 patients with
iron deficiency anemia: hemoglobin 9.5-11.2 g matched
for the age of the patients with AGG, without history of
repeated infections and had serum Ig levels within the
normal range. None of the patients in the three groups
described, had abnormal values of total hemolytic comple-
ment or of the third component of complement (C3). Serum
antibody responses 10 days following sensitization with a
primary antigen, Keyhole limpet hemocyanin, KLH (Pacific
Bio-Marine Supply Co., Venice, Calif.) and to secondary
antigens, tetanus-diphtheria toxoid (Wyeth Laboratories,
Marietta, Pa.) were evaluated (Table I). Cell-mediated
immunity as manifested by delayed skin induration to tuber-
culin (Connaught Laboratory, Toronto, Ontario, Canada),
mumps (Eli Lilly & Co., Indianapolis, Ind.), Candida albi-
can (Hollister-Stier Laboratories Inc., Philadelphia, Pa.)
and to dinitrochlorobenzene (Eastman Kodak, Rochester,

N. Y.) were also evaluated in all patients and controls
(Table I).

Quantitative immunoglobulins and complement assays.
Normal and low level quantitative immunoglobulin plates
and C3 immunoplates (Kallestad Laboratories, Inc., St.
Paul, Minn.) were used. Total hemolytic complement assay
was determined by the conventional technique (9).

Preparation of cell suspensions and cell cultures. The
techniques of bone marrow and blood collection, preparation
of cell suspensions and the culture technique were reported
earlier (1, 8, 10). Briefly, bone marrow aspirates or periph-
eral blood were collected in heparinized plastic syringes
and lymphocyte rich (79-92%) suspensions were prepared
by means of sucrose plasma linear density gradients (8). In
all the experiments described 10 ug or 100 pg of light
chain-absorbed, goat anti-human heavy chain-specific Ig
antisera were added to 10° lymphocytes suspended in 1 ml
medium 199 containing 10% GG-free pooled human AB
serum (10).

Iodination of anti-Ig antisera. The techniques of iodina-
tion and binding of the [*I]anti-Ig to cells have been de-
scribed previously (10). Briefly 1 mg of the anti-Ig or nor-
mal goat GG (NGGG) was allowed to interact for 5 min
with 1 mCi of *I (International Chemical and Nuclear
Corp., Irvine, Calif.) in the presence of Chloramine-T (11).
To test for the binding of cells to the labeled proteins, one
million lymphocytes were incubated for 1 h at 4°C under
continuous gentle rotation with 10 ug of the labeled pro-
tein. The cells were then washed three times with medium
199 and counted in the gamma counter. The results are
expressed as the ratio of counts per minute (cpm) of cells
in the presence of [*I]anti-Ig over the cpm in the presence
of [**IINGGG.

Staining with fluorescinated anti-Ig. Peripheral blood
or bone marrow rich lymphocyte cell suspensions were incu-
bated with heavy chain-specific, fluorescinated anti-IgG,
-M, or -A (Behring Diagnostic Inc, Woodbury, N. Y.)
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TasLE 11
Binding of *I-Anti-Immunoglobulin to Bone Marrow or Blood Lymphocytes

Specific binding to [!22]1Janti-Ig*

Bone marrow Blood
Disease state - _
(no. tested) M G A M G A
[nfantile-AGG 1.3-2.1 0.9-1.9 1.1-1.6 1.4-2.0 0.9-1.5 1.8-2.3
3) (1.8)t (1.3)1 (1.4t (1.8)% (L0t (1.9}
Acquired AGG 9.2-15.7 5.0-7.4 3.6-5.1 1.3-1.8 2,741 1.5-3.9
(6) (12.3+2.1) (6.340.7) (4.440.9) (1.5+0.2)§ BA£0.7)F (2.3+£0.4)%
Controls 8.7-17.4 6.7-7.9 3.7-5.4 6.3-9.8 12.4-21.6 5.2-13.7
(12) (12.3+2.9) (7.1£2.1) (4.940.7) (7.94+1.2) (14.7£3.2) 9.2£1.7)

* Ratio of counts per minute (cpm) of lymphoid cells in the presence of [2° Janti-Ig over cpm in the presence of 23]
labeled normal goat GG (NGGG). 10 pg of ['**] Janti-Ig added to 10 lymphoid cells gave 0.9240.11 X 10° cpm prior to
washing the cells. Controls’ cells incubated with [1231 JNGGG and washed three times gave 104421 cpm. Ranges, means,
and SE were given. No SE were given for groups of patients below 6.

1 Significantly different (P < 0.01) from control values.

§ Significantly different (P < 0.01) from control values and from values of binding of bone marrow to [123] Janti IgM.

for 30 min at 4°C. The monospecificity of the antisera after
being absorbed with light chains were tested by immuno-
electrophoresis prior to use. The specificity was also tested
by blocking the staining by means of monospecific non-
fluorescinated anti-Ig. Following staining with the fluores-
cinated anti-Ig, the cells were washed three times with
chilled phosphate-buffered saline (PBS, pH 7.2) and flu-
orescence was read by Leitz fluorescence microscope (E.
Leitz Inc., Rockleigh, N. J.) using HBO 200 mercury arc,
BG 12 excitation filter, and 510 barrier filter.

Detection and quantitation of Anti-Ig. The patients’
sera were adsorbed by means of a specific immunoadsorbent
according to the method described in detail by us earlier
(12). The insoluble immunoadsorbent in this study was
prepared by cross-linkage of glutaraldehyde to the Ig which
was purchased (Meloy Laboratories Inc., Sprinfield, Va.)
and tested for monospecificity by immunoelectrophoresis.

Following exhaustive adsorption of 10 ml of the various
patients’ or control sera, the columns were eluted with 20-50
ml of 0.1 M glycine HCI, the material is then concen-
trated to 1 ml and examined for the presence of Ig using
the low level Ig quanti-plates (Kallestad Lahoratories).
The amounts of the anti-Ig were expressed as mg/100 ml
of the original serum sample.

Studies of eluted anti-Igs. The binding capacity of the
eluted anti-Ig to cells was tested by incubating the eluted
material with peripheral blood lymphocytes of controls, 10
or 100 ug of the eluted material was incubated under con-
tinuous rotation for 1 h at 4°C with 10° lymphocytes. Cells
were then washed three times with medium 199 containing
10% GG-free plasma. The presence of Ig receptors on the
washed cells was then examined by the capacity of cells to
bind to the radiolabeled anti-Ig or be stained with the
fluorescinated anti-Ig as described ahove. Viability studies

TasLE 111
Percentage of Bone Marrow or Blood Lymphoid Cells Stained with Fluorescinated
Anti-immunoglobulins

Percent of stained cells with fluorescinated anti-Ig*

Bone marrow

Blood
Disease state s R
(no. studied) M G A M G A
Infantile-AGG 0-2 0— 1-3 0-1 0-1 0-2 ‘
3) (€D} (2.3)f 1.7 0.71 0.3)1 1.3)f
Acquired AGG 12-23 5-11 0-2 0-7 2-7 04
) an ) 1) (38 i 3)
Controls 19-27 5-10 14 7-13 11-31 3-8
8) (21+4.1) (7.441.3) (2.1£0.7) 9.4%2.7) (23.4+£2.9) (5.6+1.2)

* Means +=SE were given between brackets. No SE were given for group of patients below 6.
t Significantly different (P < 0.01) when compared with control values.
§ Significantly different (P < 0.01) from values of bone marrow cells of acquired AGG patients stained with anti-IgM
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TaBLE IV
In Vitro Proliferative Responses of Bone Marrow or Blood Lymphoid Cells to Various
Anti-immunoglobulin Antisera

SI* in presence of anti-Ig

Bone marrow Blood
Disease state
(no. tested) M G A M G A
Infantile AGG 0.8-1.4 1.3-2.1 0.7-1.1 1.3-2.1 1.1-1.5 1.0-1.4
3) (1.1) (1.9) (0.8) 1.7t (1.3)t (1.1t
Acquired AGG 1.2-1.7 0.9-1.4 1.1-1.6 1.0-14 1.9-2.7 1.0-1.8
) (1.50.2) (1.120.1) (1.4+0.2) (1.1£0.1)t  (2.240.2) (1.5£0.1)
Controls 1.0-1.5 0.8-1.6 0.8-1.5 3.2-5.9 4.2-719 2.1-3.7
12) (1.3+0.2) (1.1£0.2) (1.2+0.2) (4.7£0.7) (5.8+1.2) (2.9£0.3)

* SI = specific incorporation = ratio of counts/min of incorporated [*H Jthymidine of cells cultured in presence of
the 10 ug anti-Ig over those cultured in presence of 10 ug of normal goat gammaglobulin. The latter counts/min were
127451. Means +SE are given. No SE were given for groups of patients below 6.

1 Significantly different P < 0.01 when compared with control values.

were done as follows. Lymphocytes of controls after being
treated with the eluted anti-IgM and washed were incubated
for 3 h at 37°C with 1:10 dilution of fresh guinea pig
serum. Cells were then washed and one drop of 1% trypan
blue dye was added. The percent of cells that failed to
exclude the dye were counted. Among cells not treated with
complement 1-3% were stained.

Hemagglutination assay. Group O, Rh-positive human
red cells were used for the assay. The red cells were coated
with IgM at a concentration of 1 mg/ml with the chromic
chloride method (13). Successful coating of the red cells
was tested by the commercial anti-IgM. The hemagglutina-
tion titer of the eluted material was assayed in disposable V-
shaped microtiter trays after incubating the trays overnight
at 4°C. The titer recorded was the lowest doubling dilution
of the eluate which gave agglutination of the coated cells.
Titers less than 4 were considered negative.

RESULTS

Table I shows that both the primary and secondary
serum antibody responses in both types of AGG were
poor. Cell-mediated immunity as expressed by indura-
tion following skin testing with primary or secondary
antigens, on the other hand, were comparable to con-
trols.

Table II shows the binding capacity of bone marrow
or blood lymphocytes to the iodinated anti-IgM, anti-
IgG, or anti-IgA. It could be seen that both BM and
PB cells from I-AGG patients failed to bind to any of
the three labeled antisera as compared with control cells
(P<0.01). There were no differences between the
binding capacity of BM cells of A-AGG patients to that
of control BM cells. The binding capacity of PB cells
of A-AGG patients, however, was poor as compared
with controls (P <0.01). Moreover the binding of
[**I]anti-IgM to blood lymphocytes of A-AGG patients

was significantly lower than that to bone marrow cells
of the same patients or to the controls (P <0.01).

In Table III is shown the results of staining both
bone marrow or blood lymphocytes with fluorescinated

TaBLE V
Eluted Anti-Ig of Various Sera: Characterization
and Quantitation

Serum IgG eluted from immunoadsorbent*
Patient 1gG HA%
no. level M G A titer
mg/100 ml mg/100 ml
A-AGG
1 <5 0.7 ND§ ND 8
2 70 1.5 ND ND 64
3 55 1.1 ND ND 128
4 90 2.9 ND ND 512
5| 100 3.1 ND 1.2 256
6 90 1.7 ND ND 256
7| 105 0.9 ND 23 32
I-AGG
1] <S5 ND ND 0.5 0
2| 11 ND ND 0.9 0
3| 15 ND ND 1.4 0

* The eluted material is tested by low level Ig plates. The
results are expressed as mg/100 ml of the original serum
sample.

1 Reciprocal of the lowest dilution showing hemagglutination.
Titers less than 4 were considered 0.

§ Not detected.

|| Patients who had anaphylactic-like reactions to gamma
globulin therapy.
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TaBLE VI
Blocking or Cytotoxic Effects of Eluted Anti-immunoglobulins from Sera of Acquired
Agammaglobulinemia Patients on Control Cells

% Fluorescinated cells Binding to ['?¢1]anti-Ig} Cytotoxicity§—
Eluted - % stained
anti-Ig* M G A M G A cells
Hg
None 7-13 11-31 3-8 6.3-9.8 12.4-21.6 5.3-13.7 1-2
10 2-5 37-53 4-9 3.4-79 16.9-31.9 7.1-12.9 9-17
100 1-2 30-60 5-8 3.1-7.2 19.1-37.5 11.2-149 8-25

* The eluted anti-Ig is incubated for 1 h at 4°C with 10® lymphocytes under continuous rotation. Cells were
then washed and either stained with fluorescinated anti-Ig or allowed to bind to the ['*I Janti-Ig.

t Ratio of counts/min (cpm) of cells incubated with ['25] Janti-Ig over cpm in the presence of [**IJNGGG.
Cells incubated with [2*IINGGG and washed three times gave 147419 cmp.

§ Percent of cells that failed to exclude the dye.

anti-Ig. Except for the IgA cells, the percentage of
stained cells confirm the findings shown in Table II.

The in vitro proliferative responses of bone marrow
or blood lymphocytes in the presence of 10 ug of the
various anti-Ig antisera is shown in Table IV. It could
be seen that cells of both compartments and obtained
from both types of AGG patients and bone cells of con-
trols failed to proliferate in vitro. The responses of
blood lymphocytes of A-AGG patients to the anti-Igll
were significantly lower than those of controls (P =
0.0136). Though the responses of blood lymphocytes of
A-AGG patients to anti-IgG and to anti-IgA were
lower than those of controls, the values were not statis-
tically significant (P > 0.05). Similar results were ob-
tained upon incubating the cells with 100 ug of the
anti-Ig (not shown in the Table).

In Table V is shown the quantity and class of the
Ig that could be eluted from 10 ml of the various sera
by means of the specific immunoadsorbents. The results
are expressed as milligrams per 100 ml of the serum
sample. An anti-IgM of the IgG class could be de-
tected in the sera of all A-AGG patients but not from
those of I-AGG. The percentage of IgG in the eluted
material ranged between 2.1 and 109 of the total IgG
in the serum. Sera from the three patients with I-AGG
and from two patients with A-AGG who had anaphy-
lactic-like reactions following GG and/or plasma ther-
apy showed detectable quantities of anti-IgA of the IgG
class. The percentage of the eluted IgG ranged from
8.2 to 109 of the total IgG in the serum. No anti-Ig
could be eluted from sera of controls nor from the
gammaglobulin preparation used for treatment (not
shown in the table). The specificity and the blocking
effects of the eluted anti-Ig on peripheral blood lympho-
cytes of normal controls are shown in Table VI. It
could be seen that the eluted material reduced the num-
ber of stained IgM cells and partially blocked the bind-
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ing of [*I]anti-IgM to same cells and in the presence
of fresh guinea pig complement was partially cytotoxic.
Cells that stained with the fluorescinated anti-IgG or
capable of binding to the [*I]anti-IgG were, on the
other hand, increased. The decrease and increase of
IgM and IgG binding cells, respectively, was more
apparent upon use of 100 ug of the eluted anti-Ig as
compared with the use of 10 ug. The eluted material
did not affect to any significant degree the number of
stained IgA cells nor the binding capacity of cells to
[*1]anti-IgA.

DISCUSSION

The primary goal of this study was to investigate the
status of bone marrow-dependent (B) cells present in
the bone marrow and blood compartments in disease
states in which abnormalities of immunoglobulin (Ig)
synthesis were found: infantile agammaglobulinemia
(I-AGG) and acquired AGG (A-AGG). An attempt
was made to characterize the B cell defects by studying
the quantitative and/or qualitative abnormalities of the
Ig receptors carried by these cells. Particular attention
was paid to compare bone marrow B cells to blood B
cells and to search for possible factors that could induce
these defects.

Previous work from our laboratory had shown that
in the human, immunocompetent cells present in the
bone marrow are predominantly of the B type and
carry IgM receptors (1, 8). In human blood there is a
mixture of B and T cells (2, 14). The majority of re-
ceptors carried by the blood are of the IgG class and
the minority are of IgM class (10, 14). Work from
several laboratories had shown that the B cell originates
from the bursa of Fabricius in the chicken (15) and
probably from the bone marrow in the mouse (16) and
man (1). The B cells originating from these central
lymphoid organs undergo successive maturation steps
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prior to acquisition of the capacity of secreting Ig (15,
17). Recent studies dealing with the ontogeny of the
B system have indicated that IgM carrving cells are
the first to appear in mice (7), chicken (17), and man
(18). Administration of anti-u-chain antisera in the neo-
natal period in either the mouse or chicken model re-
sulted in suppression of B cell differentiation with sub-
sequent AGG in adult life (6, 7). Circulating anti-p-
chain antisera were detected in these animals.

There had been recent interest in searching for circu-
lating anti-Ig that could play a role in the pathogenesis
of several lymphoproliferative (12, 19, 20) and auto-
immune diseases (21). Several patients with selective
IgA deficiency were found to have in their serum
anti-IgM of the IgG class (22, 23). Recently a high
titer anti-IgG of the IgM class was detected in a
patient with AGG with recurrent infections (24). In
a recent study anti-IgM antibodies were detected in
23.89% of 18 patients with various types of immuno-
deficiencies (25). The role the anti-Ig plays in the
pathogenesis of these diseases is not clear at the present
time. In all these studies no attempt was made to study
the biological significance of these anti-Igs.

In this study we have shown that in I-AGG the cell
defect is due to the absolute lack of B cells in both
bone marrow and blood. This would probably indicate
that the stem cell failed to differentiate to B cells during
fetal life. The inductive forces controlling the differ-
entiation and/or maturation of stem cell into B cells
within the central lymphoid organ’s microenvironment
are unknown at the present time (26). Bone marrow
of patients with the acquired form of AGG, on the other
hand, contain B cells with Ig receptors that behaved in
vitro both quantitatively and qualitatively in a fashion
similar to that of normal control bone marrow. The
main defect observed in patients with A-AGG in this
report was at the level of blood B cells which exhibited
fewer receptors, in all Ig classes. The demonstration
of circulating anti-Ig M in these cases could be the
factor responsible for decreasing the number of circu-
lating IgM cells. The eluted anti-IgM of the IgG class
was shown in this study to specifically bind to IgM
cells of normal controls and thus reduced and increased
IgM and IgG binding cells, respectively (Table VI). In
the presence of complement the eluted anti-IgM was
cytotoxic to the controls’ cells. The source and/or the
mechanism(s) responsible for anti-IgM production are
unknown at the present time. Mutational changes and/or
defective differentiation of the IgM cells of A-AGG
patients induced by exogenous sources could be im-
portant factors. This speculation is supported by the
frequent observations of increased incidence of auto-
immunity (27) and lymphoreticular malignancies (28)
in these patients.

Though studies from various laboratories have con-
sistently demonstrated the absence of B cells in the
peripheral blood compartment of patients with I-AGG
(13, 30), few scattered reports have shown normal
number of B cells in I-AGG (29) and in combined
immune deficiency states (31). Similar studies on A-
AGG patients have shown conflicting results. Though
some investigators have demonstrated absent B cells
in A-AGG peripheral blood (13, 29) others have shown
normal numbers (29, 30). This could be attributed to
the heterogeneity of this group of patients and/or to the
severity of their disease. More work is needed to look
for the variables in this disease and for possible B cell
defects at various levels of maturation following their
emigration from the central lymphoid compartment.

This study and several other recent publications (6,
12, 17, 24) will help in the understanding of clinical
disease states associated with abnormal B cell function.
Defects at one or more of the maturation steps of the
stem cell to mature B cells have to be considered in
antibody deficiency states. At the present there is an
urgent need to understand the factor(s) that control
B cell differentiation, stem cell-microenvironment inter-
action and those that influence the migration of B cells
from the central lymphoid organ to the periphery.
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