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Despite decades of study, we still understand relatively little about the role of cell
surface immunoglobulin (Ig) in immune activation. Cell surface Ig may act passively
by focusing antigen to secondary receptors for mitogenic moieties or antigen-specific
T cell factors which may deliver activating signals. Alternatively, cell surface Ig
molecules may themselves transduce signals for activation, as is suggested by the
ability of anti-Ig antibodies to stimulate thymidine incorporation (1-3).

Recent studies suggest that thymus-dependent initiation of transition of antibody-
forming cell precursors from Gy (in which >95% of peripheral B cells reside [4]) to G,
is dependent on antigen and major histocompatibility complex (MHC) -restricted,
antigen-specific T cell help (5, 6). Proliferation and differentiation of G; cells into
antibody-forming cells is dependent on antigen-nonspecific T cell-derived factors but
not antigen. Thus antigen appears to be important only for initiation of transition of
Go B cells into G;. Therefore, an improved approach to analysis of antigen-initiated
signal generation, transduction, and resultant activation would be to use entry into
G as an endpoint rather than thymidine uptake or antibody-forming cell generation,
which are dependent on nonspecific accessory functions. This could be achieved by
flow cytofluorometric cell cycle analysis of acridine orange-stained cells (4, 7, 8),
providing homogeneously antigen responsive B cell populations were available.

A number of investigators have developed methodologies for isolation of antigen-
binding cells from normal lymphocyte populations in an effort to produce cell
populations homogeneously responsive to antigen. These procedures include the use
of fluorescence-activated cell sorting (9), rosetting (10), and solid-phase adsorbents
such as haptenated gelatin (11, 12) and nylon fibers (13). Although many cells isolated
in this way rebind antigen (11) and some respond to immunogen by thymidine uptake
(14), only a small proportion respond to antigen by differentiation into antibody-
producing cells (12, 15, 16). This may be due in part to the traumatic treatment used
to remove cell-bound antigen after isolation. In an effort to improve upon this
methodology, we recently developed a solid-phase cell adsorbent that uses hapten

* Supported by grants CA 09058, AI 16128, and AI 00371 from National Institutes of Health and by
the Walker Inman Fund.

! Abbreviations used in this paper: AO, acridine orange; Ba, Brucella abortus; BCGF, B cell growth factor;
DxSO,, dextran sulfate; HBSS, Hanks’ balanced salt solution; HGG, human gamma globulin; IL-1, IL-2,
interleukins 1 and 2; LPS, lipopolysaccharide; MHC, major histocompatibility complex; OVA, ovalbumin;
SRBC, sheep erythrocytes; TD, thymus dependent; TI, thymus independent; TNP, trinitrophenol; TRF,
T cell replacing factor that induces maturation.

J. Exp. MED. © The Rockefeller University Press - 0022-1007/82/12/1635/15$1.00 1635
Volume 156 - December 1982 1635-1649



1636 ANTIGEN-SPECIFIC ACTIVATION OF TRINITROPHENOL-BINDING B CELLS

coupled to gelatin via a cleavable cross-linking reagent (17). Cells isolated using this
adsorbent are dissociated under mild reducing conditions not deleterious to cellular
function, leaving them associated with only monovalent hapten. As many as 20% of
cells prepared in this way respond to immunogen by antibody production.

In this report, we use antigen-binding cells isolated using the method discussed
above in conjunction with cell cycle analysis utilizing acridine orange (4, 7, 8) to
analyze requirements for activation of trinitrophenol (TNP)-binding murine B lym-
phocytes. Results in single-cell cultures demonstrate that as many as 48% of TNP-
binding cells are activated to enter cell cycle by contact with TNP-Brucella abortus
(TNP-Ba). This activation is antigen-dependent, -specific, and independent of acces-
sory cells. Activation by TNP-Ba is inhibited by incubation of cells with anti-Fab and
anti-y antibodies but not by anti-§ antibodies. Although these cells rosette with TNP-
sheep erythrocytes (SRBC) as well as TNP-Ba, activation of a significant proportion
cannot be achieved using immunogenic TNP-SRBC or TNP-ovalbumin (TNP-OVA),
even in the presence of interleukin 1 (IL-1), IL-2, B cell growth factor (BCGF), and
T cell-replacing factor (TRF) containing supernatants. These data support the notion
that MHC-restricted antigen-specific T cell help is required for initiation of Gg to Gy
transition of antigen-specific B cells by thymus-dependent (TD) antigens (5).

Materials and Methods

Mice. B6D2F1 mice 6-8 wk of age obtained from The Jackson Laboratory (Bar Harbor,
ME) were used in these studies.

Antigens. Ba tube antigen was obtained from the National Veterinarian Services Laboratories,
Ames, IA. For haptenation, Ba was washed and suspended at 10% packed cell vol/vol in borate-
buffered saline (0.035 M boric acid, 0.08 M NaCl, pH 9.4). To 1-ml portions were added
various amounts of trinitrobenzene sulfonic acid (J. T. Baker Chemical Co., Philipsburg, NJ)
ranging from 0.5 to 10 mg. pH was maintained at 9.4 using 0.2 M NaOH. After 30 min
incubation with agitation, TNP-Ba was washed five to six times with Hanks’ balanced salt
solution (HBSS) and stored at 4°C until use. Unless otherwise stated, TNPj-Ba was used in
these experiments. In some cases, TNP-Ba was rhodaminated by incubation at 10% vol/vol in
0.05 M carbonate buffer pH 9.4 containing 100 g/ml rhodamine isothiocyanate for 2 h before
washing (TNP-Rho-Ba). Phosphorylcholine Ba was prepared as previously described (17).
SRBC were obtained from the Division of Laboratory Animal Resources, Duke Medical Center.
Blood from the same sheep was used throughout the study. SRBC were haptenated with
trinitrobenzene sulfonic acid as described by Kettman and Dutton (18). OVA and human
gamma globulin (HGG) were haptenated using established methods (19) to achieve a hapten-
ation level of TNP5;OVA and TNPsHGG. TNP-Ficoll with a derivatization level of 40 mol/
mol was a gift from Dr. D. W. Scott (Duke University). Lipopolysaccharide (LPS) (0127:B8;
lot 674687) was obtained from Gibco Laboratories (Grand Island Biological Co., Grand Island,
NY) and dextran sulfate (DxSO,, 500,000 mol wt) was obtained from Sigma Chemical Co., St.
Louis, MO.

Antibodies. Rabbit anti-mouse Fab antisera were raised using, as immunogen, Fab fragments
of normal mouse IgG prepared using conventional methods (20). Anti-Fab antibodies were
affinity purified using normal mouse IgG Sepharose. Mouse IgG was prepared by 18% wt/vol
NaySO, precipitation of normal mouse serum and coupled to Cl Sepharose 4b (Sigma Chemical
Co.) using CnBr. Rabbit anti-mouse IgM was raised against affinity-purified hybridoma PAF 14
(1, ), anti-DNP, a gift from Dr. Robert Giles, University of Mississippi Medical Center,
Jackson, MS. This antiserum was made specific by adsorption against TEPC15 (a, k) and
normal mouse IgG Sepharose. Anti-p antibodies were affinity purified using hybridoma
22.1A4.3 (21) derivatized Sepharose (22.1A4.3 was a gift from Dr. J. Latham Claflin, University
of Michigan). Rabbit anti-IgD was raised by immunization with the secreted product of
MOPC-1017, a gift from Dr. Fred Finkleman (Uniformed Services University). This antiserum
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was made & chain specific by adsorption on normal mouse IgG Sepharose. The IgG fraction of
this serum was isolated using protein A Sepharose. These reagents were determined to be
specific by immunofluorescence and by immunoprecipitation of iodinated splenocyte membrane
lysates followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis (22-24).
T cell levels were determined using directly fluoresceinated hybridoma T24 anti-Thy-1 (25). B
cell levels were assessed by indirect immunofluorescence using rabbit anti-mouse Fab and
fluoresceinated affinity-purified goat anti-rabbit IgG.

Culture conditions.  Splenocytes were depleted of erythrocytes using Gey’s solution (26) and in
some cases, T cell depleted by hybridoma T24 anti-Thy-1 and complement treatment (25).
Cells were cultured in RPMI 1640 (Gibco Laboratories) supplemented with penicillin, strep-
tomycin, glutamine, Na pyruvate, insulin, oxalacetic acid, 2-mercaptoethanol, and 10% fetal
calf serum (17, lot 100233; Sterile Systems, Logan, UT). 5 X 10°-10* cells were cultured per
200-p! capacity microwell. In some cases, single-cell cultures were established in 20-ul volumes
of the same medium in Terisaki wells essentially as described by Wetzel and Kettman (27).
Cells were plated at a calculated density of 0.5 cells/well. Only wells containing single cells (as
determined by visual inspection) were used in single-cell studies of blastogenesis.

Cell Isolation. The antigen-binding cell isolation procedure used has been described in detail
elsewhere (17). This procedure was modified for coupling of TNP to gelatin. To accomplish
this, TNP-Lysine (J. T. Baker Chemical Co.) was substituted for PG-glycy-tyrosine in the
coupling procedure. Approximately 10° TNP-binding cells were isolated per spleen.

Cell Cycle Analysis.  Cell cycle analysis was performed as we have previously described (4, 8)
using the Cytofluorograf 50H (Ortho Diagnostic Systems). The acridine orange (AO) staining
procedure of Darzynkiewicz et al. (7) was used throughout this study. Briefly, this involves
incubation of cells, after mild EDTA-detergent treatment at low pH (0.1% Triton X100, lmM
EDTA, 0.IN HCI) in an aqueous solution of AO (13 uM). Due to the differential binding
characteristics of AO to single- and double-stranded nucleic acids, DNA fluoresces green,
whereas RNA fluoresces red upon illumination by 488 nm laser light. The cell concentrations
in stained samples were adjusted to 1 X 10°/ml. Slight variations (<50%) in cell concentration
from experiment to experiment had no appreciable effect upon the results as long as the flow
rate remained constant. A flow rate of 100 cells/s was generally employed.

For determination of cells in each cycle phase, cytograms of green (DNA) vs. red (RNA)
fluorescence were constructed. Go, G1, S, and G2 plus M phase cells were delineated as shown
in Fig. 1. The percentage of cells in each cycle phase was determined by integrating each of the
gated areas. Such analyses were of 1,000 cells. Demarcations of specific cycle states which are
shown were constructed based upon preliminary studies using cell-cycle inhibitors.

To determine the proportion of cells which had entered cycle, 5,000 cell histograms of cell
frequency as a function of red fluorescence (RNA content) were constructed and integrated.
Those cells displaying greater RNA content than fresh splenocytes (see Fig. 2) were considered
to have entered cycle. Inclusion of hydroxyurea (2 mM) (28) to block proliferation in mitogen-
or antigen-stimulated cultures lowered the proportion of cells that appeared to have entered
cycle by 5-15%. This apparently represents the proportion of cells that underwent cell division
in unblocked cultures. Therefore, the assay used may over estimate the proportion of cells which
enter cycle by this percentage. In spite of this difference, hydroxyurea was not routinely
included in cultures because it significantly reduced the viability of cells cultured for >24 h.

Rosette and Immunofluorescence Assaps. Immunofluorescent staining was assessed using the
Cytofluorograf 50H equipped with a 4-W Lexel argon laser. Rosetting was assessed by light
and fluorescence microscopy. For TNP-Rho-Ba rosetting, 2 X 10* isolated cells in 200 pl cold
HBSS were mixed with 20 ul 0.1% TNP-Rho-Ba in microfuge tubes and spun for 90 s in a
Beckman Microfuge B (Beckman Instruments, Inc., Fullerton, CA). The pellet was gently
resuspended and cells examined by fluorescence microscopy. For TNP-SRBC rosetting, 2 X 10*
isolated cells in 200 pl cold HBSS were mixed with 200 ul 1% TNP-SRBC in microfuge tubes
and spun for 90 s in a Beckman Microfuge B. After gentle resuspension, rosetting was assessed
by light microscopy.

Factors. Supernatants from WEHI3 (a gift from Dr. Noel Warner, Becton, Dickinson &
Co., San Francisco, CA), which were determined to contain IL-1 by conventional assays (29)
were used as a source of IL-1. (This preparation was kindly assayed by Dr. Lawrence Lachman,
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Fic. 1. Cytograms depicting green (DNA) and red (RNA) fluorescence of AO-stained (A) fresh
splenocytes (B) TNP-binding cells cultured 48 h in the absence of antigen or (C) stimulated with
LPS (50 pug/ml) plus DxSO4 (20 pg/ml) or (D) TNP-Ba (0.01%). Demarcations of cell cycle states
were determined in preliminary experiment using cell cycle inhibitors. Each cytogram was con-
structed using 200 cells.

Relative Cell number

Relative Fluorescence (RNA content)

Fic. 2. Histogram depicting the relative red fluorescence (RNA content) of TNP-binding cells
cultured 48 h with no antigen (- - -) LPS (50 pg/ml) plus DxSO; (20 pg/ml) ( ) or TNP-Ba
0.01%) (+ - « - - )- Those cells exhibiting greater red fluorescence than that channel indicated by
the arrow are considered to have entered cycle. Each histogram was constructed using 5,000 cells.
This method was used to determine the proportion of cells entering cycle in subsequent experiments.
Percent of cells entering cycle in this experiment were 72% for LPS plus DxSO4, 75% for TNP-Ba,
and 5% for cultures receiving no antigen.

Immunex, Seattle, WA.) The IL-2- and BCGF-producing EL4 subline (a gift from Dr. Maureen
Howard, National Institutes of Health) was cultured with 10 ng/ml phorbol myristic acetate
(PMA) as previously described (30). After 48 h, supernatants were harvested and PMA removed
by adsorption on activated charcoal and dextran T10 (31). The resultant supernatants were
determined to have both IL-2 and BCGF activities (32) and were therefore used as a source of
these factors. In the experiments described, WEHI3 and adsorbed EL4 supernatants were used
at concentrations at which optimal factor activities were demonstrated. Supernatants of the
TRF-producing T cell hybridoma 1463.1F2 were assayed for TRF activity in a Mishell and
Dutton (33) anti-SRBC response system as previously described (32) and used as a source of
TRF at concentrations determined to be optimal.



JOHN C. CAMBIER, JOHN G. MONROE, AND MELINDA J. NEALE 1639

Results

Phenotype and Antigen-binding Properties of Isolated Cells. TNP-binding cells from
normal mouse spleens were isolated as previously described (17). Briefly, erythrocyte-
depleted splenocytes were incubated at 4°C (2 X 10° cells/ 100 mm plate) on disulfide-
bonded TNP-gelatin coated plates. Nonbinding cells were removed by washing with
cold PBS before binding cells were eluted using 50 mM dithiothreitol and washed
with HBSS containing 5% FCS. Cells isolated using this method are not associated
with detectable polyvalent hapten or gelatin after isolation (17). Isolated cells were
subjected to flow cytometric immunofluorescence analysis to determine the relative
proportion of T and B cells within the populations. These studies indicated that 95%
of TNP-binding cells were Ig-positive compared with normal splenocytes which were
45% Ig positive. Among the binding cells population, 4% expressed Thy-1 antigen at
levels equivalent to 40% of splenocytes and 95% of thymocytes.

We then determined the frequency among isolated cell populations of cells which
could rebind TNP-Ba and TNP-SRBC in a rosetting assay. The conjugates formed
rosettes with 0-5% of normal mouse splenocytes. In three experiments, frequency of
both TNP-Ba and TNP-SRBC binding cells among isolated cells ranged from 70% to
95%. Within single experiments, frequencies of cells binding TNP-Ba and TNP-SRBC
were not significantly different.

We next assessed the functional ability of isolated cells to respond to specific antigen
and mitogen by entry into cell cycle. Isolated cells were cultured at a density of 10*
cells/200 pl media alone or in the presence of LPS (50 ug/ml) and DxSOy (20 pg/ml)
or TNP-Ba (0.01% vol/vol). 12, 24, and 48 h after initiation of cultures, cells were
harvested and subject to cell cycle analysis. Whereas entry of some cells <10% into
cycle was detected as early as 12 h after initiation of cultures, maximal proportions of
cycling cells were always detected at 48 h. Typical 48-h results are shown in Fig. 1.
Fresh splenocytes and unstimulated isolated cells were homogeneous with respect to
RNA (red fluorescence) and DNA (green fluorescence) content.

This distribution is typical for lymphocytes in Go (4). Populations stimulated with
LPS and DxSO4 or TNP-Ba include cells containing increased levels of RNA,
indicative of entry into Gi, and some cells with increased levels of DNA indicating
entry of cells into S, Gz, and M. To quantitate the proportion of cells that have
entered cycle, histograms relating cell frequency to RNA content (red fluorescence)
were constructed (Fig. 2). Those cells containing elevated red fluorescence intensity to
the right of the channel marker were considered to have entered cycle. In this
experiment, 5% of isolated cells entered cycle under nonstimulatory conditions,
whereas 72% and and 75% entered cycle in response to LPS, DxSO,, and TNP-Ba,
respectively.

Spectficity of Activation with TNP-Ba. In view of the surprising efficiency of TNP-Ba
in inducing activation, we thought it important to determine whether Ba could be
acting as a polyclonal activator in this system. Therefore, we examined antigen
specificity of TNP-binding cell responses to TNP-Ba. T cell-depleted normal spleno-
cytes and TNP-binding splenocyte populations were cultured (10/200 ul culture)
with no added antigen, in the presence of underivatized Ba or with various TNP-Ba
conjugates (0.01% vol/vol) prepared as described in Materials and Methods. As shown
in Fig. 3, conjugates prepared using 1-10 mg TNBS/ml of 10% vol/vol Ba caused
activation of 49-61% of antigen-binding cells. Over the course of 10-12 such experi-
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Fic. 3. Histogram depicting the frequency of T cell-depleted splenocyte and TNP-binding cells
that have entered cycle 48 h after exposure to no antigen (0), underivatized Ba, and TNP-Ba
conjugates prepared using 0.5, 1, 5, or 10 mg TNBS/ml 10% vol/vol organisms. The proportion of
cells in cycle was determined by AO staining and analysis of 5,000 cells/culture.
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Fic. 4. Histogram demonstrating the frequency of TNP-binding cells that have entered cycle 48
h after exposure to LPS (50 pg/ml) plus DxSOy (20 ug/ml, triplicate cultures), no antigen (triplicate
cultures shown), and various doses of TNP-Ba, PC-Ba, TNP-Ficoll, TNP-HGG, TNP-OVA, or
TNP-SRBC. Maximum stimulation achieved using LPS plus DxSOy4 was 62% of cells entering cycle.
Proportion of cells in cycle was determined by acridine orange staining and analysis of 5,000 cells/
culture.

ments, the percent of antigen-binding cells activated by these conjugates has ranged
from 45 to 90%. However, percentages activated in replicate cultures in single
experiments are always within 5% of each other but vary more significantly between
experiments. 4-8% of cells from both populations were activated when co-cultured
with no antigen or underivatized Ba. It appears that higher conjugates of TNP-Ba
activate a low but significant (8-10%) proportion of normal B cells.

Activation of Antigen-binding Cells by Other TNP Immunogens. We next assessed the
ability of another thymus-independent (TT) immunogen, TNP-Ficoll, and TD im-
munogens TNP-HGG, TNP-OVA, and TNP-SRBC to activate TNP-binding cells
under these conditions. In these experiments, antigens were added at varying concen-
trations over three log increments, which in all cases included doses optimally
immunogenic for induction of antibody production in vitro. As shown in Fig. 4,
maximal antigen-specific activation was achieved using 0.01% TNPBa, which
activated 95% of the number of cells activated in triplicate cultures by LPS (50 ug/
ml) plus DxSOy4 (20 pg/ml). A significant but smaller proportion of cells were also
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activated by TNP-Ficoll. The optimal doses of these immunogens determined in this
system, 0.01% for TNP-Ba and 1 ng/ml for TNP-Ficoll, were also optimally immu-
nogenic for generation of antibody responses in vitro (data not shown). Significant
activation did not occur in cultures receiving neither antigen nor the TD antigens
TNP-HGG, TNP-OVA, or TNP-SRBC at any dose. These results suggest that T cell
help may be required for initiation of Go to Gi transition by thymus-dependent
antigens. This has also been suggested by studies of Andersson et al. (6) indicating
that antigen-specific Ia-restricted help is required for blastogenesis in response to TD
erythrocyte antigens. In view of the fact that nonspecific helper factors effectively
replace T cells in in vitro antibody responses to SRBC, we examined their ability to
facilitate Gg to Gy transition of TNP-binding cells initiated by TNP-SRBC. IL-1, IL-
2, BCGF, and TRF were added with TNP-SRBC to cultures in varied permutations
at doses previously determined to be optimal in conventional assays (see Materials
and Methods). Activity of the factor preparations has been defined in detail elsewhere
(32). As shown in Fig. 5, whereas 79% of cells were activated by TNP-Ba and only 8%
by PC-Ba, no combination of 0.01% TNP-SRBC and nonspecific factors caused
significant activation. Although a slightly increased frequency (12%) of cells were
activated in cultures receiving antigen plus IL-1 and IL-2, this increase is probably
not significant. These data suggest that induction of antibody formation by B cells
using SRBC antigen and nonspecific factors in vitro may be a result of stimulation of
a small “preactivated cell” population. This possibility is consistent with observations
that soluble protein antigens plus nonspecific factors are effective stimulants of
recently primed but not unprimed B cells (34). They further support the notion that
TD activation of Go B cells may require antigen-specific, MHC-restricted T cell help
as discussed above.

Role of Receptor IgM and IgD in Activation by TNP-Ba. We undertook studies of the
role of receptor Igs in TI activation for two reasons. We wanted to be sure that
activation by TNP-Ba was mediated by surface Ig binding and not some nonspecific
mechanism. In addition, we wanted to determine whether TI activation in this system
requires both sIgM and sIgD or only requires sIgM as has been shown for in vitro
antibody responses to TNP-Ba (35). Antigen-binding cells were cultured with 0.01%
TNP-Ba alone or with rabbit antibodies against mouse Fab fragments, g, or 8 chains
used at concentrations optimal for capping of surface Ig. Equivalent concentrations
of normal rabbit Ig was used as a control. After 48 h, cells were harvested and
subjected to cell cycle analysis. Results of two experiments are shown in Fig. 6.
Whereas 50-60% of cells were activated in the presence of normal rabbit Ig, anti-Fab
and anti-g antibodies reduced the frequency of cells activated to near background
levels. Anti-8 chain antibodies had no inhibitory effect, suggesting that expression of
this isotype is not required for activation by this TT antigen. These data suggest that
Go to G transition follows from interaction of TNP-Ba with IgM but not IgD.

Accessory Cell Dependence of TNP-Ba-mediated Activation. The ability of TNP-Ba to
activate TNP-binding cell populations containing =96% Ig-positive cells suggests that
TNP-Ba may stimulate activation and proliferation in the absence of accessory cell
function. We undertook two approaches to determine the accessory cell dependence
of B cell activation by TNP-Ba. In the first, TNP-binding cells were cultured at varied
concentrations ranging from 1.25 X 10® to 10* cells per 200-ul culture with 0.01%
TNP-Ba, and activation was assessed 48 h later by cell cycle analysis. At densities
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Fic. 5. Histogram demonstrating the inability of the nonspecific factors IL-1 (from WEHI3),
IL-2 + BCGF (from EL4), and TRF (from 14G3) either alone or mixed to facilitate entry of TNP-
binding cells into cycle in response to TNP-SRBC. TNP-binding cells were cultured 48 h in the
presence of PC-Ba, TNP-Ba, or TNP-SRBC plus factors before AO staining and analysis of 5,000
cells/culture.
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Fic. 6. Histogram demonstrating the inhibitory effects of NRIG, Anti-Fab, Anti-g, and Anti-6 on
TNP-Ba induced entry of TNP-binding cells into cycle. TNP-binding cells were cultured 3 h in
medium alone or in the presence of optimal capping concentrations of affinity-purified antibodies
(250 pg/ml) or 50 pg/ml normal rabbit immunoglobulin before TNP-Ba was added. After 48 h
cultures were harvested and stained with AO. 5,000 cells were analyzed per culture.

below 5 X 10° per cultures, cells are sparsely scattered so that cell-cell contact is rarely
seen upon microscopic examination. If antigen presentation or cell-cell contact were
necessary for TNP-Ba-mediated activation, activation should be relatively inefficient
in these low density cultures. Fig. 7 shows the results of such an experiment. Frequency
of cells activated remained constant as cell density decreased, suggesting that accessory
function is unnecessary for activation by TNP-Ba. In a second approach, single-cell
cultures of antigen-binding cells were prepared in Terisaki trays as described by
Wetzel and Kettman (27), except that TNP-Ba (0.01%) was used instead of mitogen
stimulation. For each population, 192 wells were plated at 0.5 cells/well. Wells
containing single cells were identified and scored for cell division at 24, 48, and 72 h.
Cell division occured in only 4% of cultures receiving no stimulus and in 81% of wells
receiving LPS and DxSOy. This is in aggrement with studies of Wetzel and Kettman
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Fic. 7. Histogram demonstrating the effect of cell density on the proportion of TNP-binding cells
that enter cycle within 48 h of stimulation with TNP-Ba (0.01%). Cells were cultured at 1.25-10
x 107 cells per well in flat-bottomed 96-well microtiter plates with antigen for 48 h before being
stained with AO. 5,000 cells were analyzed per culture. T cell-depleted splenocytes stimulated with
TNP-Ba were included as a negative control.

(27), who found that ~80% of single B cells could be activated in these cultures with
LPS + DxSO,. Finally, cell division occurred in 48% of wells receiving TNP-Ba.
These results indicate that TNP-Ba is autonomous, requiring no accessory cell function
for activation of a large proportion of TNP-binding cells.

Discussion

We have assessed the ability of a number of TD and TI TNP conjugates to
stimulate isolated TNP-binding B cells to leave the Gy, or the quiescent state, and
enter cell cycle. We found that up to 70% of these isolated cells were activated by
TNP-Ba, whereas a lower but significant proportion were activated by TNP-Ficoll.
Activation by TNP-Ba was found to be antigen specific and independent of accessory
cells, occurring with approximately equal efficiency in bulk and single-cell cultures of
antigen-binding cells. No activation was achieved using TD conjugates of TNP-HGG,
TNP-OVA, and TNP-SRBC.

Of critical importance in the interpretation of these studies is the validity of entry
into cell cycle as a criterion for lymphocyte activation. Whereas Go to G transition is
by definition activation, it could be argued that it bears little relevance to generation
of an antibody response. The importance of Go to G transition of B cells making an
immune response is supported by direct and indirect evidence. Although it has been
demonstrated that 95% of fresh splenic B cells are in Go (4, 8), populations exposed
for 48 h to mitogenic levels of LPS or anti-mouse Fab antibodies contain predomi-
nantly G, cells with some 8, Gz, and M phase cells (J. Monroe and J. Cambier,
manuscript in preparation). Entry of lymphocytes into Gi is correlated with increase
in cell diameter from 4.5-5.5 pm to 6-10 um (36), which is correlated with a decrease
in cell density. A similar transition was observed in early studies by Haskill (37),
demonstrating that within 10 h of antigen stimulation in vivo, anti-SRBC antibody-
forming cell precursors undergo a decrease in density. Taken together, we interpret
these studies as indicating that within 10 h of exposure to antigen in vivo, antibody-
forming cell precursors may enter cycle. Also in support of the importance of Go to G;
transition in immune responses is the comparative ultrastructure of lymphocytes and
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antibody-secreting cells. The latter possess a well-developed secretory apparatus and
polyribosomes for high rate production of antibody. As a result of their increased
ribosomal RNA content, these cells should exhibit a G; AO staining pattern. We have
examined this question directly by sorting 96-h LPS- and DxSOs-stimulated B cell
populations containing Ig-secreting cells on the basis of size to obtain subpopulations
restricted in cycle phase distrubution (8, and J. Cambier and W. Havran, manuscript
in preparation). Frequencies of Ig-secreting cells among these subpopulations were
then determined using the reverse plaque-forming cell assay. Results indicate that Ig-
secreting cells are entirely restricted to the Gig population. This indicates that in the
strictest sense, antibody-forming cell precursors must enter G; to become antibody-
secreting cells. This does not mean, however, that all cells in G; are destined to secrete
antibody, i.e., G; does not represent a commitment to antibody secretion. Most G;
cells are presumably destined to proliferate before becoming memory cells or differ-
entiating to become antibody-secreting cells. Unfortunately, AO cell cycle analysis
does not allow quantitation of the proportion of cells that enter S during the culture
period. This is due in large part to the fact that the duration of the S phase is normally
only a few hours. The replicative potential of these cells is much better reflected in
the single-cell culture studies, which indicate that by 72 h after stimulation by TNP-
Ba, as many as 48% of TNP-specific cells undergo cell division. This suggests that
most cells that enter cycle in response to this antigen have the potential to replicate.

It is perhaps surprising that TNP-Ba causes activation of such a large proportion
of antigen-binding cells. The ineffectiveness of underivatized Ba and phosphorylcho-
line-coupled Ba in activation of unfractionated or TNP-binding cells argues against
it being a polyclonal activator. It is unlikely that higher doses of these bacteria would
be mitogenic because at the doses used (0.01%) bacteria are confluent on the bottom
of microwells. Therefore, repeated bacterial contact with all cells is virtually assured.
It should be noted, however, that TNP-Ba prepared with 25 mg TNBS/ml of 10%
bacteria stimulate entry of a significant proportion (10-20%) of normal B cells into
cell cycle (data not shown). The nature and specificity of this stimulation is unclear.
In studies described here, we have intentionally used conjugates which gave only
specific and cell surface Ig-dependent activation.

The observation that the majority of TNP-binding B cells are activated by TNP-
Ba is unexpected in part because of voluminous literature indicating the existence of
several subsets of B cells which differ in carrier responsiveness. For example, TI and
TD antigen-responsive B cells differ in size (38), tolerance susceptibility (39-41), LyB
antigen expression (42), inhibitability by anti-isotypic antibodies, and frequency (35,
41, 43, 44). TI responsive populations may be further separated into TI; and Tl
antigen-responsive subsets on the basis of tolerance susceptibility (39, 41), LyB5
expression (45), requirements for IgD in activation (46), and distribution in CBA/N
mice (47). Studies comparing the frequency of cells responsive to these antigens and
the magnitude of bulk culture responses to them have generally indicated that TD
antigen-responsive cells are less frequent than TI antigen-responsive cells. However,
our own studies using limiting dilution analysis to compare frequencies of B cells
responsive to TNP-SRBC (TD) and TNP-Ba (T1) antigens used in this study indicate
that among BeD:F:1 splenocytes, these cells are present at approximately equal
frequencies (J. Cambier, unpublished observation). In view of these findings, evidence
that the TI> antigens such as TNP-Ficoll might activate an additional B cell
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subpopulation, and the strong possibility that still other B cell subpopulations might
well exist, we did not expect that TNP-Ba would activate 80% of TNP-binding cells,
as seen here. A hypothesis to explain these findings may be proposed based upon our
studies and those by Anderson et al. (48) and Wetzel and Kettman (27), which
indicate that although as many as 80% of cells are activated to proliferate by mitogens,
only one-third of them differentiate to antibody production. Similarly, we have
previously demonstrated that at most only about one-fifth of hapten-binding cells
isolated using this method (one-third the number that enter G;) respond in limiting
dilution analysis by production of anti-hapten antibody (17). It is possible that B cell
subsets defined by antibody production are not reflected at the level of Go-G;
transition. For example, whereas TNP-Ba stimulates Go to G, transition of most TNP-
binding B cells, it may only stimulate antibody production by a subset definable
on the basis of size, tolerance susceptibility, etc. A Ba-specific event unrelated to Go
to G transition would determine the lymphocytes destined to become antibody-
forming cells. This has been suggested by Scott and Alexander (49) based upon their
observations and those of Mosier (50) of the ability of various fluorescein (FL)
immunogens to cross prime for subsequent responses to one another. These studies,
which used BUdR and light suicide, indicate that FL immunogens such as FL-Ficoll
stimulate proliferation of B cells responsive to subsequent challenge by FL-POL, FL-
LPS, FL-PPD, FL-Ficoll, FL-Ba, and FL-HRBC. In their studies, unlike ours, hapten
erythrocyte complexes also stimulated all B cell subsets. This is easily explained by
the fact that in their studies, carrier-specific T cells were not eliminated before cross
priming. Significant numbers of T cells are not present among isolated antigen-
binding cells. Given these observations, it is surprising that TNP-Ficoll did not
activate a proportion of B cells similar to that activated by TNP-Ba, even though
cells activated by TNP-Ficoll to produce antibody (LyB5%) are a subset of TNP-Ba
antibody-producing cell precursors (LyB5* and LyB57) (47). Numerous possibilities
may explain this difference, e.g., limiting accessory cells may be necessary for TNP-
Ficoll-mediated activation (42).

Activation of TNP-binding B cells at low cell density and in single-cell cultures
demonstrates the independence of TNP-Ba on any accessory cell function. Similar
autonomy of FL-POL in activating a proportion (2-3%) of isolated fluorescein-
binding cells to proliferation and antibody secretion in single-cell cultures has recently
been reported (16). The very low frequency of responsive cells observed relative to
those we report here may be a function of the different immunogens used or the
differences in methods utilized to isolate cells.

Particularly noteworthy in these studies is the total inability of the TD TNP
immunogens TNP-SRBC, TNP-HGG, and TNP-OVA to initiate Go to G; transition
of these cells. This is in spite of the fact that the cells bind TNP-SRBC avidly.
Activation could not be facilitated by further addition of optimal doses of IL-1, IL-2,
BCGF, and TRF-containing supernatants to cultures. The most obvious interpretation
of these data is that antigen-specific helper T cells or antigen-specific T cell factors
are essential for initiation of Go to G; transition by TD antigens. Such a requirement
has recently been demonstrated by Andersson et al. (6, 51). These workers have shown
that blastogenesis of quiescent cells in response to horse erythrocytes requires la-
restricted, antigen-specific T cell help. This activity occurs in supernatants of helper
T cell lines in two fractions of 125,000 and 55,000 mol wt. Failure to activate cells by
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exposure to polyvalent TD antigens indicates that receptor cross-linking is insufficient
to generate Go to G transition of B cells. This appears inconsistent with results of
studies using anti-Ig antibodies for activation of B cells, which suggest that prolifer-
ation in response to these agents is thymus independent (3, 52). However, more recent
studies in which T cells were rigorously eliminated suggest that T cells are necessary
for this response.” Thus, our data indicate that T cell help may be necessary for
generation of very early activation events, including the increased RNA production
that is indicative of entry into G;. Our further studies in this area will address the
precise roles of receptor-ligand binding and specific T cell help in generating the Go
to G; transition.

Summary

In an effort to further clucidate the early cellular events in generation of antibody
responses, we have determined the requirements for antigen-specific initiation of the
Gy to G, transition by isolated trinitrophenol (TNP) -binding B lymphocytes. TNP-
binding cells were isolated from normal B6D2F; splenocyte populations using hapten
affinity fractionation on disulfide-bonded TNP-gelatin-coated plates. Populations
prepared in this way are =96% immunoglobulin positive and 70-95% antigen binding.
Isolated cells were cultured for 48 h in the presence of a variety of TNP conjugates
including TNP-Brucella abortus (Ba), TNP-Ficoll, TNP-sheep erythrocytes (SRBC),
TNP-human gamma globulin (HGG), or TNP-ovalbumin (OVA) hefore being
harvested and subjected to acridine orange cell cycle analysis. As many as 80% of cells
were in cycle by 48 h in response to TNP-Ba, a thymus-independent (T1; antigen. A
smaller proportion (=40%) were in cycle in response to TNP-Ficoll, a TI2 antigen.
Significant activation was not detected in cultures challenged with the thymus-
dependent immunogens TNP-SRBC, TNP-HGG, and TNP-OVA. Addition of inter-
leukin 1 (IL-1), IL-2, B cell growth factor, and/or T cell-replacing factor to cultures
did not facilitate responses to these immunogens, suggesting a requirement for antigen-
specific T cell help for entry into cell cycle induced by thymus dependent antigens.
Activation by TNP-Ba was antigen specific and independent of accessory cells,
occurring with equal efficiency in bulk and single-cell cultures. Activation by TNP-
Ba was inhibitable by anti-Fab and anti-u antibodies, but not by anti-§ antibodies.

Results indicate that activation of TNP-binding cells to enter cell cycle by TNP-Ba
is independent of accessory cells and requires interaction of antigen with cell surface
IgM. Exposure to thymus-dependent TNP-immunogens plus nonspecific helper fac-
tors is insufficient to cause entry of TNP-binding cells into cycle.
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