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ABSTRACT T cells and cytokines were used to activate highly
enriched populations of 2,4,6-trinitrophenyl (TNP)-binding B cells
(TNP-ABC). TNP-ABC did not proliferate or differentiate when
they were cultured with thymus-dependent (TD) antigen, even in
the presence of supernatants known to contain B-cell growth and
differentiation factors. However, purified TNP-ABC did prolif-
erate and differentiate when they were cultured with TD antigen
in the presence of carrier-primed T cells and antigen (TNP-key-
hole limpet hemocyanin)-i.e., linked recognition. TNP-ABC blasts
generated under conditions of linked recognition proliferated and
differentiated in response to cytokines in the absence of T cells
and antigen. In contrast, under conditions of nofilinked recog-
nition (hapten and carrier on different molecules) TNP-ABC blasts
also proliferated but did not differentiate in response to the same
cytokines. These results indicate that antigen-specific "resting" B
cells must be activated by T cells and antigen prior to becoming
responsive to cytokines. Furthermore, activation under conditions
of linked and nonlinked recognition generates two different types
of blasts with regard to their subsequent response to cytoldnes.

The induction of maximal B-cell plaque-forming cell (PFC) re-
sponses to certain soluble antigens requires the participation of
H-2-restricted antigen-specific T helper cells [hence the anti-
gens are called "thymus-dependent" (TD)] and the appropriate
hapten-carrier conjugates (linked recognition) (1-5). The role of
cytokines in inducing or sustaining the proliferation and dif-
ferentiation of B cells responding to TD antigens has not been
extensively studied. In general, supernatants containing T cell-
derived lymphokines that act on B cells have been described
in polyclonal systems (6-18) or in systems using erythrocyte-
bound antigens (7, 8).

In this study we have utilized a population of purified 2,4,6-
trinitrophenyl (TNP)-antigen-binding B cells (TNP-ABC) in a
TD antigen-driven system to analyze the effect(s) of T cells and
cytokines. The major advantage of this system, compared to the
use of non-antigen-enriched B-cell populations, is that B-cell
growth as well as differentiation can be assessed. In addition,
because the B cells are >80% TNP specific, responding TNP-
specific B-cell blasts can be visualized and isolated. As de-
scribed previously (19), when T cells primed to keyhole limpet
hemocyanin (KLH) are cultured with antigen (TNP-KLH) and
TNP-binding B cells from unprimed mice, B-cell proliferation
and differentiation occur.
The data presented in this communication indicate that cy-

tokines (with or without antigen) do not induce the differen-
tiation or proliferation of "resting" TNP-ABC. However, when
the TNP-ABC are first activated by means of linked recogni-
tion, the resultant blasts both proliferate and differentiate in
response to cytokines; when activation occurs by means of non-
linked recognition, the blasts proliferate but do not differen-
tiate in response to the same cytokines.

MATERIALS AND METHODS
Animals. Male or female BALB/c mice (Cumberland Farms,

Clinton, TN), 8-12 weeks of age, were used for all experi-
ments.

Preparation of Cells. The methods used for the isolation of
TNP-specific B cells have been described (20). T cells were ob-
tained from the popliteal lymph nodes of mice immunized 5-
8 days previously in the hind footpads with 50-75 Ag of KLH
(Calbiochem-Behring). Between 90% and 95% of the B cells
were removed by adherence to Petri dishes coated with affin-
ity-purified rabbit anti-mouse Ig (RAMIg) (21). Immediately
prior to use, the T cells were irradiated (1,500 rads; 1 rad =
0.01 gray).

Culture Conditions. Culture conditions have been described
(19).

Generation of Activated TNP-ABC (TNP-ABC*). TNP-ABC
were cultured with primed T cells (3-4 X 105 cells per well
in 0.2 ml) and antigen [TNP-KLH or fluoresceinated KLH (Flu-
KLH) and TNP-human serum albumin (TNP-HSA)] for 42-48
hr. Cells in individual microwells were harvested and pooled.
The dead cells and soluble antigen were removed by centrif-
ugation through 30% Percoll (Pharmacia). To remove irradiated
T cells that persisted in culture after 48 hr, the cells were washed
twice with 5% fetal calf serum in a balanced salt solution (7) and
were treated with monoclonal anti-Thy 1.2 antibody (H013. 12)
(10) for 45 min at 40C. Cells were washed and incubated with
absorbed baby rabbit complement for 20 min at 370C. The re-
maining viable cells were isolated by flotation on Ficoll/Hy-
paque (Pharmacia) and cultured at 25,000 cells per well.

Preparation of Cytokines. EL-4 thymoma cells were cul-
tured with phorbol 12-myristate 13-acetate (PMA) as described
(22). The cell-free supernatant was brought to 80% saturation
with (NH4)2S04. The pellet was dissolved in phosphate-buff-
ered saline to 10% of the original volume, sterilized by filtra-
tion, and stored at -200C. Human interleukin 1 (IL-1) was ob-
tained from Genzyme (Norwalk, CT) and used at 5 units/ml.

Analysis of Cell Size. Cell size was estimated by forward low-
angle light scatter on an Ortho Diagnostics Cytofluorograf flow
cytometer. Each histogram was generated by the analysis of at
least 10,000 cells.

RESULTS
Effect of Primed T Cells and Antigen on the Proliferation

and Differentiation of TNP-ABC. As previously reported (19)
and as confirmed in this study (Fig. 1 Left), on day 3 of culture,
maximal proliferation of TNP-ABC was induced in the pres-
ence of irradiated, purified KLH-primed T cells and TNP-KLH

Abbreviations: PFC, plaque-fIorming cell; TD, thymus-dependent; TNP,
2,4,6-trinitrophenyl; TNP-ABC, TNP-antigen-binding cells; TNP-ABC*,
activated TNP-ABC; TNP-HRBC, TNP-horse erythrocytes; TNP-HSA,
TNP-human serum albumin; KLH, keyhole limpet hemocyanin; Flu-
KLH, fluoresceinated KLH; RAMIg, rabbit anti-mouse immunoglob-
ulin; PMA, phorbol 12-myristate 13-acetate; IL-1, interleukin-1.
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FIG. 1. Induction of B-cell differentiation and proliferation by primed
T cells and antigen. IrradiatedprimedT cells (4 x 10 cells per culture)
were cultured with TNP-ABC (5 x 104 cells per culture) in the presence
of TNP-KLH (200 ng/ml), Flu-KLH (200 ng/ml) plus TNP-HSA (200
ng/ml), or-no antigen (Ag). Cultures were either pulsed with 1-Ci (3.7
X 104 Bq) of [3H]thymidine for 16 hr on day 3 and assessed for prolif-
erative activity (Left) or assayed for IgM anti-TNP PFC on day 5 (Right).
The data are expressed as the mean ± SD of triplicate cultures.

(linked recognition). In the presence of Flu-KLH, TNP-HSA,
or both and KLH-primed T cells (nonlinked recognition), B-cell
proliferation was also induced; it accounted for approximately
30% of the response obtained with linked recognition. When
TNP-ABC were cultured with purified KLH-primed T cells un-
der conditions of linked recognition, direct anti-TNP PFC were
generated on day 5 (Fig. 1, Right); activation by nonlinked rec-
ognition was ineffective at inducing PFC. In the absence of an-
tigen, primed T cells did not induce anti-TNP PFC. Therefore,
with regard to T-cell help, proliferation but not differentiation
of B cells can be induced by nonlinked recognition.

Effect of Cytokines on the Growth and Differentiation of
TNP-ABC. Because T cells are effective at inducing both the
replication and differentiation of TNP-ABC under conditions
of linked recognition, it was important to determine whether
T-cell-derived lymphokines or IL-1 could be substituted for T
cells. The source of T-cell-derived lymphokines was the su-
pernatant of PMA-activated EL-4 cells (22). The addition of up
to 10% EL-4 supernatant or IL-i had no antigen-dependent

stimulatory effect on the growth or differentiation of TNP-ABC
(Table 1). The modest effect of the cytokines alone on growth
and differentiation can probably be attributed to the small
number of B cells activated in vivo that are present in the spleen
cell suspensions of these mice. Thus, cytokines could not re-
place carrier-primed T cells in their ability to induce antigen-
specific proliferation and differentiation of the TNP-ABC.

After Activation by Linked Recognition, TNP-ABC Prolif-
erate and Differentiate in Response to Cytoldnes. Because EL-
4 supernatant and IL-1 were ineffective at initiating an antigen-
driven B-cell response, the cytokines were tested for their ca-
pacity to sustain a response initiated by T cells plus antigen.
TNP-ABC were cultured for 48 hr with irradiated primed T cells
and TNP-KLH. The cultures were harvested and the persisting
irradiated T cells (5% of input cells) were eliminated with
monoclonal anti-Thy-i antibody and complement. The remain-
ing viable cells were isolated and used as the source of TNP-
ABC*. The TNP-ABC* were >98% surface immunoglobulin-
positive and consisted of a heterogeneous population of B cells
that were predominantly large lymphocytes (Fig. 2 Lower). In
contrast, the nonactivated TNP-ABC were a relatively homo-
geneous population of small lymphocytes (Fig. 2 Upper). Each
cell population was cultured at 25,000 cells per well and tested
for cytokine responsiveness.

The TNP-ABC and the TNP-ABC* blasts activated by linked
recognition were compared for their ability to respond to cy-
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Table 1. Effects of cytokines on the proliferation and
differentiation of TNP-ABC

[3HlThymidine incorpo- IgM anti-TNP,*
ration,t cpm per culture PFC per culture

Addition to With With,
culture* Control TNP-KLH§ Control TNP-KLH§

None 823 ± 47 702 ± 83 0 0
EL-4SN 2,250 + 125 1,641 ± 109 0 20 ± 14
IL-1 933 ± 64 913 ± 24 0 0
EL4 SN + IL1 2,544 ± 254 3,246 ± 381 5 ± 4 8 ± 6
Carrier-primed
Tcells 708 ± 56 11,605 ± 397 2 ± 0 1,312 ± 12

* EL-4 SN was 2 Aul per culture; IL-1 was 1 unit per culture; primed T
cells were 4 x 105 per culture.

t Cultures were pulsed with 1 ACi of [3H]thymidine 36-48 hr after the
initiation ofculture. The results are expressed as the arithmetic mean
± SD of triplicate cultures.

tCultures were assessed for direct anti-TNP-PFC on day 5 of culture.
The results are expressed as the arithmetic mean ± SD of triplicate
cultures.
§Two hundred nanograms of TNP-KLH was added.
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FIG. 2. Cell size analysis of normal and activated TNP-ABC. Either
normal TNP-ABC (Upper) orTNP-ABC* (Lower) were analyzed for for-
ward light scatter. Scatter was analyzed with 10,000 cells per group.
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tokines in the absence of antigen and T cells. Growth was as-
sessed by the incorporation of [3H]thymidine and by cell re-
covery. Differentiation was determined by direct anti-TNP PFC
on day 6 (4 days after the in vitro activation of the TNP-ABC).
As seen in Fig. 3, TNP-ABC neither replicated nor differen-
tiated when EL-4 supernatant, IL-1, or both were added to the
cultures. In contrast, the TNP-ABC* were responsive to both
EL-4 supernatant and IL-1. Thus, the addition of EL-4 su-
pernatant to the cultures of TNP-ABC* blasts increased the in-
corporation of [3H]thymidine 2.4-fold and the recovery of cells
4.8-fold. EL-4 supernatant enhanced the anti-TNP-PFC re-
sponse of the TNP-ABC* blasts 16-fold. IL-1 alone also exhib-
ited similar effects-i.e., 2.5- and 3.4-fold enhancement of
[3H]thymidine incorporation and cell recovery, respectively, as
well as a 10-fold increase, in anti-TNP PFC. The effects of EL-
4 and IL-1 were approximately additive-i.e., a 3.9- and 9-fold
increase of [3H]thymidine incorporation and cell recovery, re-
spectively, and a 31-fold increase in PFC generation. The re-
sults indicate that, once the TNP-ABC are activated by linked
recognition, they are rendered responsive to cytokines.

After Activation by Nonlinked Recognition, TNP-ABC Pro-
liferate but Do Not Differentiate in Response to Cytokines.
Fig. 1 illustrated that after the addition of carrier or carrier plus
hapten (Flu-KLH plus TNP-HSA), to the TNP-ABC, prolif-
eration occurred in the virtual absence of PFC generation. To
determine whether the growth of TNP-ABC* activated by non-
linked recognition was cytokine mediated, the TNP-ABC* blasts
were isolated and tested for their capacity to proliferate and
differentiate in response to EL-4 supernatant and IL-1. These
blasts proliferated but did not differentiate in response to the
cytokines (Fig. 4). Therefore, TNP-ABC* blasts activated un-
der conditions of nonlinked recognition respond differently to
cytokines than do TNP-ABC* blasts activated under conditions
of linked recognition.
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FIG. 3. Cytokine-induced growth and differentiation of TNP-ABC*
blasts activated by linked recognition. TNP-ABC or TNP-ABC* blasts
activated by linked recognition were incubated at 25,000 cells per cul-
ture. To each culture, EL-4 SN (1% vol/vol), IL-1 (5 units/ml), EL-4
supernatant plus IL-1, or no cytokines were added. After an additional
4 days of culture, cells were assessed for growth by counting viable cells
and by pulsing each culture with 1 ,uCi of [3Hlthymidine for 16 hr. Dif-
ferentiation was assessed by determining IgM anti-TNP PFC on ali-
quots of the same cultures.
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FIG. 4. Cytokine-induced growth and differentiation of TNP-ABC*
blasts activated by linked or nonlinked recognition. TNP-ABC* blasts
were incubated at 25,000 cells per culture. To each culture, EL-4 SN
(1% vol/vol) and IL-1 (5 units/ml) or no cytokines were added. After
an additional 4 days, each culture was assessed for growth by pulsing
with 1 ,uCi of [3Hlthymidine for 16 hr. Differentiation was assessed by
determining IgM anti-TNP PFC on aliquots of the same culture. Re-
sults are mean ± SD. Control values were 1,015 ± 270 cpm per culture
(linked activation) and 1,725 ± 371 cpm per culture (nonlinked acti-
vation). Stimulation index = response with cytokines/response with-
out cytokines.

DISCUSSION

In the present report, we have utilized purified populations of
TNP-binding B cells (TNP-ABC) to study the role(s) of antigen,
T cells, and cytokines in the induction of B-cell proliferation
and differentiation. Four findings have emerged from these
studies: (i) TNP-ABC do not proliferate or differentiate into PFC
when cultured with TD antigen, a source of cytokines, or both.
(ii) In the presence of carrier-primed T cells and antigen, TNP-
ABC can be induced to proliferate. Proliferation is maximal un-
der conditions of linked recognition but also occurs under con-
ditions of nonlinked recognition. (iii) TNP-ABC can be induced
to differentiate into PFC when they are cultured with carrier-
primed T cells under conditions of linked recognition. In con-
trast, under conditions of nonlinked recognition, differentia-
tion does not occur. (iv) After activation by carrier-primed T
cells under conditions of linked recognition, the TNP-ABC*
blasts can replicate and terminally differentiate in response to
cytokines in the absence of both antigen and T cells. TNP-ABC*
blasts activated by nonlinked recognition replicate but do not
differentiate in response to the same cytokines.

With regard to the failure of TNP-ABC to proliferate in re-
sponse to TD antigens, previous investigations have shown that
TD antigens do not induce the entry of antigen-specific B cells
into the cell cycle (20, 23). Furthermore, cell cycling could not
be promoted by the addition of T-cell replacement factor (TRF),
IL-1, or interleukin 2 (IL-2) (23). Other studies have shown that
the addition of soluble TNP-protein antigen to B cells does not
increase the precursor frequency of the anti-TNP PFC unless
T cells are added to the culture (24). Therefore, as suggested
by our studies and others, crosslinking of surface immuno-
globulin on the B cell by a TD antigen is necessary but insuf-
ficient to render B cells responsive to the growth-promoting
activities of cytokines.
Our finding that TNP-ABC proliferate when T cells are added

under conditions of nonlinked recognition is consistent with
previous reports demonstrating that antigen-primed T cells, or
T-cell lines and clones, can induce polyclonal proliferation and
differentiation of B cells in the presence of the carrier (25, 26).
In our studies, Flu-KLH was 20-35% as effective as TNP-KLH
in eliciting a B-cell proliferative response. As has been sug-
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gested by others (25, 26), the response to the carrier might be
due to nonspecific absorption of the Flu-KLH onto the B-cell
surface. Such "coated" B cells might then present antigen to
the T cells, resulting in cognative T-B cell contact and stim-
ulation of B cells by the activated T cells. Another possible ex-
planation is that these carrier-primed T cells secrete lympho-
kines not found in the EL-4 supernatant. Because under con-
ditions of nonlinked recognition the TNP-ABC did not differ-
entiate into PFC, this would suggest that either the B cells which
are induced to proliferate by nonlinked and linked recognition
are different subsets (27) or that the same subset of cells is ac-
tivated differently by linked and nonlinked recognition.

In contrast to the present results, there are several reports
of the generation of PFC responses after induction by non-
linked recognition (28, 29). There are at -least two possibilities
to explain these differences: (i) The percentage of blasts in the
starting cell population (that may have been generated in vivo
by linked recognition), may be lower in the cells used in our
studies compared to those used in past ones; these lower num-
bers may be insufficient to give a measurable differentiative
response. (ii) The concentration of antigen is relatively low in
our studies compared to those of others. Thus, it could be ar-
gued that higher doses. of antigen are required by B cells to
present antigen to T cells in a way that results in T-cell-me-
diated induction of B-cell differentiation. Clearly, further stud-
ies are needed to elucidate the apparent discrepancy between
the results reported here and those described previously.

Classical studies examining W-2-restricted linked recogni-
tion suggest that T cells must be physically linked to B cells in
order to induce their differentiation (1-5). This observation has
been extended to show that maximal B-cell growth also requires
linked recognition (19). The present study confirms these find-
ings but also shows that, after the initial antigen-driven, T cell-
dependent linked activation event, cytokines can replace the
requirement forT cells and antigen in the subsequent induction
of B-cell differentiation and proliferation.

Taken together, these results suggest that (i) after interaction
of resting TNP-ABC with carrier-primed T cells and antigen,
the cells enlarge and become responsive to cytokines; (ii) TNP-
ABC blasts generated under different circumstances (linked and
nonlinked) express different cytokine responsiveness. This lat-
ter observation has important implications for comparing the
effects of cytokines in polyclonal and antigen-driven B-cell sys-
tems in which cells have been stimulated by different ligands.
Nonetheless, in polyclonal systems, it has been demonstrated
that large putatively "activated" cells respond to nonspecific T-
cell help (30, 31), whereas resting B cells require major his-
tocompatibility complex-restricted help and crosslinking of sur-
face Ig receptors (31). These results are in agreement with our
own studies, which demonstrate that T cells are required for
the initial activation step and that cytokines subsequently in-
duce and sustain the differentiation and continued proliferation
of the activated B cells.

In summary, the present results emphasize the importance
of the nature of the initial signal in determining the potential
of the resultant activated B cells. Thus, B-cell blasts generated
by linked recognition have the potential for terminal differ-
entiation, provided the appropriate cytokines are supplied,
whereas B-cell blasts activated by nonlinked recognition pro-
liferate but do not differentiate in response to the same mixture
of cytokines. It is not clear whether B-cell blasts activated by
anti-Ig are similar to one or the other type of B-cell blasts char-
acterized in the present studies. It is also not known whether
the different potential of these blasts is because they represent
different B-cell lineages or whether the nature of the initial sig-

naling can stimulate the same cell type to take different path-
ways or to stop at different stages of differentiation. Clearly, an
answer to this question is important for an understanding of the
induction and regulation of antibody formation and immuno-
logic memory.
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