bstract. B cells from 25 patients with com-
mon variable immunodeficiency (CVI) were tested for
their ability to differentiate under the influence of B cell
differentiation factors (BCDF), derived from T cell
hybridomas or T cell clones. 11 patients generated
Ig plaque-forming cells in the range comparable to that
of normal controls with supernatant from the T cell
hybrid MOP 1L. With various hybrid or clone super-
natants, differing response patterns emerged. Four pa-
tients who failed to respond to MOP 1L responded to
T cell clone supernatant RAC. Another who failed to
respond to both MOP 1L and RAC responded to T cell
hybrid supernatant MTP 7. These results indicate that
these supernatants contain different BCDFs and suggest
heterogeneity in the differentiation states of B cells in
CVLI. In addition, three patients demonstrated exagger-
ated responses to BCDF, and evidence was obtained
from B cells of these patients for increased BCDF
receptor density. Thus, the accumulated evidence indi-
cates that T cell defects may be a primary pathogenetic
mechanism in common variable immunodeficiency, and
purified BCDF may be of therapeutic value.

Introduction

Common variable immunodeficiency (CVI)' is a heterogenous
disorder characterized by pan-hypogammaglobulinemia with
normal or decreased circulating sIg* cells. Although intrinsic
B cell defects have been postulated to be primary pathogenetic
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factors in most patients (1-6), evidence is being accumulated
to suggest the presence of various T cell abnormalities. Wald-
mann et al. (7) as well as others (8-11) described patients with
CVI and active T cell suppression. More recently, absent T
cell helper activity was reported in one patient with the absence
of a T4 helper/inducer T cell subset (12). There are also
reported defects in monocytes (8, 13). These findings indicate
the complexity of this disorder.

Despite the multiple cellular defects, the arrest in B cell
differentiation in CVI patients offers a good opportunity for
the study of factors influencing such differentiation. To this
end, we recently generated a series of human T cell hybridomas
secreting factors that induce B cell maturation to antibody
secreting cells (B cell differentiation factors, BCDF). Using
these factors in vitro, we have been able to induce B cell
differentiation in the normal range in >50% of non-T cells
from patients with CVI, including three patients whose response
to BCDF was consistently well above that seen in normal
controls. These findings suggest that, given the proper stimulus,
B cells from patients with CVI can differentiate and that T
cell defects may be the primary pathogenetic factor in these
cases. Additionally, a subset of these patients with supranormal
responses to BCDF may represent a BCDF deficiency state.

Methods

Patient material. 25 patients meeting the World Health Organization
criteria for common variable immunodeficiency (14) were screened
from clinics at The Rockefeller University or at Memorial Sloan-
Kettering Institute. All patients were pan-hypogammaglobulinemic,
with onset after age two. Normal age-matched control volunteers were
obtained from the laboratory or The Rockefeller University Hospital
clinic.

Cell separation and culture conditions. Peripheral blood (PB)
mononuclear cells (MNC) from patients as well as normal control

1. Abbreviations used in this paper: BCDF, B cell differentiation factor;
CM, culture medium; CVI, common variable immunodeficiency; EBV,
Epstein-Barr virus; IL-2, Interleukin 2; MNC, mononuclear cells; PB,
peripheral blood; PFC, plaque-forming cells; PWM, pokeweed mitogen;
RBC, erythrocyte.
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volunteers were obtained by layering heparinized blood diluted 1:3 in
phosphate buffered saline (pH 7.2) on a Ficoll-Hypaque gradient
(Pharmacia Fine Chemicals, Piscataway, NJ). T/B separation using
neuraminidase-treated sheep erythrocytes (RBC) was performed as
previously described (15). All cells were cultured in RPMI 1640 (Flow
Laboratories, Inc., McLean, VA), 10% fetal calf serum (Reheis Co.,
Inc., Phoenix, AZ), 1% penicillin/streptomycin (Gibco Laboratories,
Grand Island, NY), and 2 mM glutamine (Gibco Laboratories)-culture
medium (CM). In some cases, pokeweed mitogen (PWM; Gibco
Laboratories) was used at a 1:100 dilution. Epstein-Barr virus (EBV)
was obtained from the marmoset line B958. A 1-ml aliquot was added
to 1 X 10° non-T cells in CM at the onset of culture. 24 h later, 1 ml
was removed and replenished with fresh CM. EBV-infected cultures
were fed every 3 d in this manner.

Generation of human T-T hybridomas and BCDF. Lectin stimulated
PB or tonsil T cells were fused with mutagenized hypoxanthine guanine
phosphoribosyltransferase-deficient T cell lines and selected in hypo-
xanthine aminopterin thymidine medium (15). Alternatively, activated
T cells were fused with nonmutagenized T cell lines lacking a selectable
surface marker (i.e., MOLT4, OKT4) and separated by an indirect
rosetting technique using OKT4 (Ortho Diagnostic Systems, Inc.,
Westwood, MA) and goat anti-mouse IgG-coated ox RBC (Mayer, L.,
S. M. Fu, and H. G. Kunkel, manuscript submitted for publication).
In either case, human T cell hybrids were isolated and shown to be
true hybridomas by HLA or surface marker staining (15). T cell
hybridomas were cultured in CM at 2 X 10° ml for 48 h. The resultant
supernatant was tested for various activities on normal human B cells.
Those hybrids (MOP 1L, MTP 7, MOW 9) demonstrating BCDF
activity were used in this study. Supernatants from these hybrids were
added at 10% vol/vol to cultured non-T cells.

Additional BCDF was obtained from an Interleukin 2 (IL-2)
dependent cloned T cell line (RAC) initially stimulated with phytohem-
aglutinin (1:100 dilution; Gibco Laboratories) and maintained at 2
X 10° cells/ml in CM with 10% IL-2 (Electro-Nucleonics Inc., Fairfield,
NJ). Supernatants were collected 48 h after addition of IL-2 and used
at 0.1% vol/vol with cultured non-T cells.

B cell differentiation assay. Reverse hemolytic plaque assay was
performed on day 6 of culture using Staph protein A-coated sheep
RBC and a polyclonal developing antisera (rabbit anti-human IgG,
IgA, and IgM; Cappel Laboratories, Cochranville, PA) (16). Cultures
infected with EBV were assayed on day 10.

T cell suppression assay. One million normal control PB MNC
were co-cultured with 1 X 108 T cells from patients with CVI or other
allogeneic normal controls, and PWM. T cells subjected to a cesium
irradiation source (1,500 rad) were added to separate cultures to test
for radiosensitivity of suppressor cells. A reverse plaque assay was
performed on day 6. Percent suppression was calculated as follows:
100 X [(PFC/culture MNC + CVI T)/(PFC/culture MNC + normal
T)] = percent suppression.

Surface and intracytoplasmic immunofluorescence. OKT3, T4, T8,
and M1 were obtained from Ortho Diagnostic Systems, Inc.). Fluores-
cein-conjugated F(ab),’ goat anti-mouse Ig (1:100 dilution) was obtained
from Cappel Laboratories. Affinity-purified fluorescein-conjugated
F(ab),' rabbit or sheep anti-human IgG, IgA, or IgM were prepared in
this laboratory and used as previously described (17). Two hundred
thousand MNC, T, or non-T cells were pelleted in 96 well plastic
microtiter plates (Dynatech Laboratories, Inc., Alexandria, VA) at
1,000 rpm X 4 min, resuspended in 3-10 lambda of primary antibody,
and shaken for 30 min at 4°C on a Dynatech Microshaker II (Dynatech
Laboratories, Inc.). Wells were washed three times in phosphate
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buffered saline-1% bovine serum albumin (PBS-BSA) with 0.02%
sodium azide, and in the case of the monoclonal antibodies, 10 lambda
fluorescein-conjugated goat anti-mouse IgG was added for an additional
30 min. Cells were resuspended in RPMI [Hepes (25 mM) and Na-
EDTA (3 mM)] and counted on a cytofluorograph (30-H, Ortho
Diagnostic Systems, Inc.) gating for live cells (18). Intracytoplasmic
immunofluorescence staining using the above reagents was performed
as previously described (15).

Results

25 patients with CVI (14) were screened for the ability of their
non-T cells to differentiate in the presence of two BCDF
sources (MOP 1L and RAC). As seen in Table I, non-T cells
from 11 of the 25 patients were capable of differentiation to
Ig-secreting cells in the presence of supernatant from the T
cell hybridoma MOP 1L (range, 170-31, 680 plaque-forming
cells (PFC)/well). These were the responder patients. However,
virtually no differentiation occurred in CM alone (range,

Table 1. Effects of BCDF on Non-T Cells in Patients
with Common Variable Immunodeficiency

PFC/well*
Medium
Patient control MOP IL RAC EBV
CN. 65 31,420 5,260 4,280
R.O. 110 31,680 4,800 2,190
JA. 0 11,760 —_ 1,070
V.E. 10 4,760 - 450
F.E. 0 1,090 295 110
G.R. 0 1,010 — 280
S.T. 0 940 1,600 180
S.L 0 600 (1] 0
O.L. 0 190 20 780
S.C. 0 330 570 690
BA. 20 170 835 6,280
M.C. 60 65 670 70
D.A. 5 45 410 110
LEW. 0 0 220 4,005
BIL 150 30 250 770
LU. 35 50 50 140
C.0. 0 0 0 0
C.H. 0 0 0 0
EN. 0 0 0 0
H.A. 0 0 0 0
H.U. 0 0 0 0
CAS. 0 0 0 0
CAT. 0 0 0 0
W.H. 0 0 0 30
LA. 0 35 0 430
Normal controls:
(n=9)
Mean 55 4,720 3,280 8,845
Range (0-160)  (380-10,160)  (480-10,320)  (100-33,280)

* | X 10° non-T cells were cultured in CM with or without the addition of su-
pernatant from hybrid MOP 1L (10%) or T cell clone RAC (0.1%). EBV from
marmoset line B958 was added as indicated in Methods. A reverse hemolytic
plaque assay was performed on day 6.



0-110). Addition of supernatant from the T cell helper clone
RAC promoted differentiation in 10 out of 22 patients (range,
295-5,260 PFC/well) including four nonresponders to MOP
IL. Non-T cells from nine normal control individuals were
induced to differentiate with both MOP 1L (range, 380-
10,160) and RAC (480-10,320). There were no nonresponders.
Interestingly, two patients (C.N. and R.O.) consistently had
responses three times greater than any normal control, and a
third (J.A.) had responses at the upper limits of the normal
range (see below). Intracytoplasmic Ig production was deter-
mined by immunofluorescence along with the plaque data in
early experiments. Non-T cells cultured in CM alone had <1%
plasma cells whereas co-culture with BCDFs, MOP 1L, and
RAC resulted in 2-40% plasma cell generation, paralleling the
data noted by reverse plaque assay (data not shown). These
data suggest that Ig is being actively synthesized rather than
just released from B cells in these patients.

Differentiation of CVI non-T cells with EBV was, in
general, greater in the responders (Table I), suggesting a more
functionally intact B cell population. This correlation was not
absolute, however, and EBV-induced PFC were usually much
lower than those seen in the normal controls. There was no
correlation between responsiveness to BCDF and the ability
to differentiate with autologous or allogeneic T cells and PWM.
As seen in Table 11, the number of PFC induced with BCDF
was higher than that seen with T cells and PWM in most
BCDF responder patients (G.R., R.O., J.A,, F.E,, and V.E),
including two without any PFC response to the more conven-
tional stimulus. However, other BCDF responders had lower

Table II. Comparison of PWM and
BCDF Response in Patients with CVI

PFC/well*

Patient +T o0 +Tuo

(non-T cells) MOP 1L +PWMt + PWM§
G.R. 20,560 2,160 >10,000
R.O. 31,680 6,430 6,210
S.C. 330 530 3,450
J.A. 11,760 40 1,170
F.E. 1,090 0 0
V.E. 4,760 0 0
L.A. 35 >10,000 >10,000
O.L. 190 9,650 12,000
CA.T. 0 >20,000 >20,000
Normal control 6,270 12,460 >20,000
Normal control 7,630 8,240 4,620

* As per Table 1.

1 1 X 10° autologous T cells were co-cultured with 1 X 10° non-T
cells in the presence of PWM 1/100.

§ 1 X 106 cells from a normal control were co-cultured with CVI
non-T cells as above.

PFC responses (S.C. and O.L.) and several BCDF nonresponders
displayed totally normal differentiation when co-cultured with
T cells and PWM (L.A. and C.A.T.). Although the patients
responding to allogeneic T cells and PWM and not autologous
T cells probably represent patients with active T cell suppression
(7), those with responses to both autologous and allogeneic T
cells and PWM may represent monocyte suppression (8, 13)
or some other, as yet poorly characterized, defect. Furthermore,
the ability to respond to BCDF did not correlate with the
presence of active T cell suppression, lack of T cell helper
activity, T4/T8 ratios, numbers of slg* cells, serum Ig levels,
monocyte dysfunction, therapeutic protocol, or clinical state.
Although these data give evidence for a T cell defect in
these patients, the low responses seen in some suggest that
intrinsic B cell defects may be concomitantly present, as
suggested by others (1, 4, 6, 19). Further evidence for this was
noted when BCDF responders were evaluated for Ig isotype
secretion. MOP 1L and RAC induce polyclonal B cell differ-
entiation in normal controls whereas only 5 out of 11 MOP
1L responders generated IgG PFC and 1 out of 11 generated
IgA PFC. Thus, the predominant B cell response was of the
IgM class, and was consistent with previous reports of more
immature circulating B cells in these patients (4).
Heterogeneity of BCDF. As noted above, four RAC re-
sponders were MOP 1L nonresponders and conversely, two
MOP 1L responders were RAC nonresponders (Table I). These
data suggest that these two factors are distinct, either acting
on different cell populations or subpopulations within the B
cell differentiation pathway. Since the concentration of MOP
IL or RAC used was constant throughout the study, the
heterogeneity of responses was not likely to be due to differences
in BCDF concentration in the supernatants themselves. Further
evidence for this BCDF heterogeneity was obtained with the
use of supernatants from other T cell hybridomas that dem-
onstrate BCDF activity in normal non-T cells (MOW 9 and
MTP 7). As seen in Table III, patients G.F., O.L., and S.I.
were induced to differentiate in the presence of MOP 1L-

Table I11. Heterogeneity of BCDFs

PFC/well*

Medium
Patient control MOP IL RAC MOW 9 MTP 7
R.O. 50 25,360 8,960 24,230 23,360
GF. 0 1,010 —t 0 0
O.L. 0 190 20 30 0
S.L 0 600 0 0 0
CA.T. 0 0 0 — 380
M.C. 60 65 670 6,070 2,845
LEW. 0 0 220 235 —_

* As per Table 1.
{ Not done.
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BCDF but no PFC were elicited with either RAC, MOW 9,
or MTP 7. In contrast, patient M.C. generated good PFC
responses with RAC, MOW 9, and MTP 7, but was an MOP
1L nonresponder. The difference between MTP 7 and RAC
was noted in patient C.A.T., where the former induced a PFC
response while the patient was a nonresponder to the latter.
Thus it appears that distinct BCDFs do exist, which may act
on different stages of B cell differentiation. Since patients with
CVI may exhibit blocks at these various stages, some BCDFs
acting on more mature B cells may not have the proper target
cells.

Exaggerated BCDF response in certain CVI patients. As
noted above, three patients (C.N., R.O., and J.A.) consistently
demonstrated PFC responses to MOP 1L well above the
normal range (10-30,000 PFC/well; Table I). These patients
gave normal or supranormal responses to other BCDF prepa-
rations (RAC, MTP 7, and MOW 9) as well (patient R.O.;
Table III). This category of high responders was evaluated in
terms of T cell function, cell surface markers, clinical setting,
etc., and no difference was ascertained from the rest of the
CVI group, although normal PFC responses were always noted
with the addition of allogeneic T cells and PWM. These
patients might represent a BCDF deficiency state with increased
cell surface receptors for BCDF, analogous to certain hormone
deficiency states (20). This hypothesis is supported by several
lines of evidence. Mitogen-stimulated T cell supernatants
(ConA, PWM, and phytohemaglutinin) derived from these
patients contained no detectable BCDF as measured by our
standard assay (Table I) as well as by using the B lymphoblastoid
line CESS. In contrast, normal control as well as other CVI
patient T cells were induced to secrete BCDF upon mitogen
stimulation (data not shown). Supportive evidence for increased
cell surface receptors possibility is provided by Table IV. Thirty
million non-T cells from patient J.A. (experiment 1) were
incubated with 0.5 ml MOP 1L supernatant or CM for 2 h

Table 1V. Preincubation of Non-T Cells with
BCDF for 2 h Is Sufficient for Differentiation

PFC/well
No preincubation Preincubation*
Experi- Medium Medium
ment control MOP IL control MOP IL
11 200+20 2,780+20 110£10 23,535+1,885
2§ 0 4,100+100 0 9,900+135

* 30 X 10° non-T cells were incubated with 0.5 ml MOP 1L superna-
tant or CM for 2 h on ice. Cells were washed three times in CM and
resuspended at 1 X 10%/ml in macrowell cultures without additional
supernatant. PFC assay was performed on day 6 as per Table I. Re-
sults were compared with cultures with supernatant present for 6 d.

{ Patient J.A.

§ Normal control.
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on ice. Cells were washed free of BCDF and cultured for 6 d
at 1 X 10° cells/well. Control cultures (no preincubation) were
cultured in the presence of 10% MOP 1L supernatant through-
out the 6-d culture period. In cultures without preincubation
but cultured with MOP 1L for the 6-d period, 2,780 PFC/
culture were generated, whereas exposure to BCDF only for 2
h resulted in almost a 10-fold increase of 23,535 PFC/culture.
This is contrasted with a normal control (experiment 2), in
which preincubation with BCDF induced 9,900 PFC/culture,
a twofold increase over the standard BCDF assay. Thus it
appears that within 2 h there is an interaction between non-T
cells and BCDF that results in progression towards differentia-
tion. This interaction seems to be more pronounced in our
three patients (J.A., C.N., and R.0.) and may reflect an
increased number of BCDF receptors on the cell surface.
Further evidence for greater receptor numbers is the finding
that BCDF activity in T cell hybridloma supernatants is more
readily absorbed out with cells from these three patients,
requiring 8-10-fold fewer B cells than controls or other re-
sponder and nonresponder CVI patients (Table V).

Discussion

Using BCDF preparations from a cloned T cell hybridoma as
well as an IL-2-dependent helper T cell clone, we have
demonstrated the ability to induce differentiation of non-T
cells to antibody secreting cells in >50% of patients with CVI.
Although the range of response varied widely, half of the
BCDF responders differentiated to PFC within the normal
range (Table I) with responses comparable to or greater than
those seen with either EBV infection or T cells and PWM. No
correlation was noted between the BCDF responder group and
several clinical and laboratory parameters (i.e., slg* cells,
serum Ig levels, functional T cell suppression, etc.). There was
a slight correlation, however, with response to EBV infection,
suggesting that response to BCDF supernatant required the
ability to process and secrete Ig.

Previous attempts to induce differentiation within CVI
cells with lectin-stimulated T cell supernatants have been
unsuccessful (2, 6) and led to the description of a B cell
secretion defect in these patients. It is entirely possible that
the BCDF present in the supernatants from T cell hybrids or
clones used in this study was at a higher concentration, or
alternatively, that additional factors may have been present,
allowing the cells to secrete. Several recent reports suggest a
more major role of the T cell in this disorder with either
excessive suppression or lack of helper activity (7, 8, 11, 12).
Although response to our factors did not appear to correlate
with such T cell defects, this study provides further evidence
that a significant proportion of these patients may indeed have
normally responsive B cells to nonspecific polyclonal stimula-
tion.

There was, however, evidence for intrinsic B cell defects
in some of our BCDF responders as well, since only about
half of the responders generated IgG PFC and only 1 out of



Table V. Ability to Absorb Out BCDF (MOP 1L) from
Hybrid Supernatants Is Greater in CVI High Responders

Non-T cells used for Cell No. BCDF
absorption* (X10%) (MOP 1L) PFC/well}
0 — —_ 10
0 — 0.1% 8,630
JA. 2 abs§ 5,420
(CVI high 20 abs 220
responder) 50 abs 160
CN. 2 abs 3,520
(CVI high 20 abs 90
responder) 50 abs 110
R.O. 2 abs 4,280
(CVI high 20 abs 980
responder) 50 abs 620
CA.T. 2 abs 10,320
(CVI non- 20 abs 10,860
responder) 50 abs 8,420
L.P. 2 abs 8,240
(normal 20 abs 9,360
control) 100 abs 6,270
200 abs 1,140
300 abs 280

* Varying cell concentrations were added to 0.2 ml of a 1:100 dilu-
tion to MOP 1L for 2 h at 4°C (see Table IV). Supernatant recov-
ered after centrifugation was added at 10% vol/vol to 1 X 10° fresh
non-T cells from patient J.A. Control cultures of non-T cells in CM
or 0.1% MOP 1L are shown for comparison (first two lines).

{ As per Table 1.

§ Source of BCDF is that obtained after incubation with non-T cells
described in adjoining lanes. Absorbed supernatants are added at a
concentration that would equal 0.1% vol/vol MOP 1L if no absorp-
tion had occurred.

11 generated IgA PFC. This contrasts with the isotype expression
in normal non-T cells cultured with any of our BCDFs where
all classes of Ig are seen. The predominantly IgM response in
the patients with CVI is consistent with other reports of B cell
immaturity in these patients (4). Note, however, that this
observation should be taken only as tentative evidence for the
presence of an intrinsic B cell defect. In the case of immuno-
deficiency with hyper IgM it was reported that intrinsic B cell
defects were responsible for the inability to switch to other Ig
classes. However, with a leukemic T cell clone, we have been
able to switch IgM B cells to secrete IgG and IgA in these
patients (21; manuscript in preparation). The possibility of a
defect in regulatory T cells in these patients with the hyper
IgM syndrome has now been postulated.

Two other findings of interest were noted in this study.

Responses to various BCDF preparations from either T cell
hybrids or our T cell clone were markedly heterogeneous. This
did not appear to relate to the concentration of BCDF in any
one preparation, as supernatant concentrations were kept
constant. More likely, heterogeneity was elicitable owing to
differences in B cell subpopulations in these patients. Blocks
in B cell differentiation could occur at various stages, rendering
an early blocked patient nonresponsive to a later-acting BCDF-.
This heterogeneity of BCDF is analogous to that described by
Swain et al. (22) for B cell growth factor and Isakson et al. for
BCDF, and BCDF, (23). We are currently studying B cell
subpopulations in our patients using available B cell monoclonal
antibodies. These data should help us determine at which
stage(s) our various BCDFs work.

Finally, a subset of patients (3) with CVI was noted to
have supranormal responses to the BCDF preparations. This
group was characterized by their ability to respond significantly
to all BCDF preparations but, as noted before, no correlation
to their clinical or laboratory abnormalities could be discerned.
It was postulated that these patients might represent BCDF
deficiency states with associated increase in BCDF receptors
on B cells, much like that seen in certain hormone deficiency
states and myasthenia gravis (20). Evidence for this came from
the finding that a 10-fold increase in B cell differentiation was
seen after only a 2-h exposure to BCDF. Additionally, the fact
that B cells from these patients can absorb out BCDF activity
from supernatant at a log,o lower cell concentration suggests
greater receptor numbers. Thus it may be possible to use cells
from these high-responders to isolate the various BCDFs and
their receptors and to critically evaluate receptor-ligand inter-
action. These patients truly appear to have a T cell defect,
which is correctable with exogenous T cell factors. More
definitive evidence to support the possibility that this represents
an over-expression of BCDF receptors and the lack of BCDF
production in these patients would be feasible with purified
BCDF and monoclonal antibodies to BCDF receptors. The
results of the present experiments indicate that these patients
as well as other responder CVI patients might benefit by the
therapeutic use of these factors, once isolated to purity.
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