Resting B Lymphocytes as APC for Naive T Lymphocytes:
Dependence on CD40 Ligand/CD49
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Although resting B cells as APC are tolerogenic for naive T cells in vivo, we show here that they can provide all the costimulatory
signals necessary for naive T cell proliferation in vivo and in vitro. In the absence of an activating signal through the B cell Ag
receptor, T cell proliferation after Ag recognition on resting B cells depends on CD40 expression on the B cells, implying that naive
T cells use the membrane-bound cytokine, CD40 ligand (CD154), to induce the costimulatory signals that they need. Induction of
B7-1 (CD80) and increased or sustained expression of CD44H, ICAM-1 (CD54), and B7-2 (CD86) are dependent on the interaction
of CD40 ligand with CD40. Transient expression (12 h) of B7-2 is T cell- and peptide Ag-dependent, but CD40-independent. Only
sustained (=24 h) expression of B7-2 and perhaps increased expression of ICAM-1 could be shown to be functionally important
in this system. T cells cultured with CD40-deficient B cells and peptide remain about as responsive as fresh naive cells upon
secondary culture with whole splenic APC. Therefore, B cells, and perhaps other APC, may be tolerogenic not because they fail
to provide sufficient costimulation for T cell proliferation, but because they are deficient in some later functions necessary for a
productive T cell response. The Journal of Immunology,2000, 164: 688—697.

cell and an Ag-specific T cell can be tolerance or immu- ligand (CD40L? CD154), the membrane-bound ligand for CD40

nity, depending on the state of activation of the T cell andand the major mediator of contact-dependent help for B cell pro-
the B cell, although the rules and the molecular interactions thaliferation and differentiation in the Ab response (19, 20). Mice and
govern the outcome are still poorly understood. B cells are counteBumans deficient in CD40L or CD40 lack secondary Ab responses
among the “professional” APC because they must present Ag t@nd germinal centers (19, 21) and show defects in T-dependent
CD4 helper effector T cells to participate in T cell-dependent AbMmacrophage activation (22). In addition to these effector cell roles,
responses (1). In vivo, B cells also drive CD4 T cell expansionit IS now amply demonstrated that activated CD4 T cells use
(2-5), direct CD4 T cell differentiation toward helper effector func- CD40L/CDA40 to elicit from various kinds of APC, including B
tion (6, 7), and can break T cell tolerance to a self-Ag for which cells, the costimulatory signals that they need to proliferate and

they are specific (8). On the other hand, B cells in competition Withdifferentiate to effector function (22-27). It has been proposed that

other kinds of APC are unable to prime T cells in naive animals (9)Abs to CD4OL inhibit autoimmunity and allograft rejection by

and can induce tolerance in both CD4 and CD8 T cells (10—15). é)locklng the ability of CD4 T cells to up-regulate expression of B7

- . and other costimulatory activities in APC (12, 28-30), although
cells efficiently present monovalent Ags bound to their Ag reCeD'bIocking of direct signals to T cells through CD40L has also been
tors (16), and B cells specific for monovalent, soluble self-AgsS ggested (31)

such as complement component C5 are not deleted because suc esting B cells possess little or no costimulatory activity, and

Ags do not deliver a signal through the B cell Ag receptor (17). y5ye peen reported to be ineffective APC for naive T cells in vitro
Therefore, wg have proposed thaF B cells specmg for soluble self(32_34). Signals through the Ag receptor or other activating sig-
Ags may recirculate as tolerogenic APC to contribute to self-tol-na|s can up-regulate costimulatory activities and convert B cells
erance to such Ags in the CD4 T cell compartment (18). into effective APC for T cells in vitro (32, 33, 35-38). Among
these effective signals is CD40 ligation (22-25, 39), raising the
possibility that naive T cells could use CD40L/CD40 to convert
resting B cells into effective APC. However, there is no consensus
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In this study, we have looked directly at Ag-specific interactionsmin before acquisition with 1 nM TO-PRO-3 (Molecular Probes, Eugene,
between naive T cells and small, resting B cells. We show thaPR), a dye that labels dead cells in the FL4 channel (46).
naive T cells induce small B cells to express the costimulatoryr lymphocyte purification

signals that the T cells need to proliferate in vitro and in vivo in the ) ) -
The TCR transgenic T lymphocyte population (>80983/positive by

absence of other APC or B cell Ag receptor signaling, although th(?Iow cytometry) was prepared from spleen cell suspensions from AND

B cells are much less effective than dendritic cells. Using CD40jice. Erythrocytes were lysed and B cells were depleted by Cellect T

knockout mice (21), we show that CD40 on the B cell is necessaryymphocyte isolation columns (polyclonal goat anti-mouse IgG (H-+L) af-
for T cell proliferation and for sustained induction of various co- finity column) (Biotex Laboratories, Edmonton, Canada) according to di-
stimulatory molecules, only some of which are necessary for T cell€ctions provided by the manufacturer.

proliferation. Although naive T cells fail to proliferate because 5-(and 6)-Carboxyfluorescein diacetate succinimidy! ester

they lack costimulation, they are not rendered anergic by recog¢(CFSE) labeling

nizing Ag on CD40/~ B cells in vitro. - ) )
Spleen cells from AD10 TCR transgenic mice were isolated on Ficoll-
Hypaque (Lympholyte-M, Cedarlane Laboratories, Hornby, Ontario, Can-

Materials and Methods ada) without hypotonic lysis, washed, incubated witd CFSE (Mo-

Mice lecular Probes) in 0.1% BSA in PBS at 37°C for 10 min (47). They were
then washed in HBSS (HEPES-buffered HBSS) with calf serum, and re-

Mice were housed under specific pathogen-free conditions at the Oregosuspended without serum. A total of 3010° CFSE-labeled spleen cells,

Health Sciences University animal facility. Two lines of TG trans- containing 4Xx 10° TCR transgenic (11- and \pB3-positive) CD4 T

genic mice, AND and AD10 (44), were gifts of Dr. Steven Hedrick (Uni- cells, were injected i.v. into normal B10.BR mice.

versity of California at San Diego, La Jolla, CA). The AD10 line was .

maintained on a B10.BR/SgSnJ background, and the AND line was mainSmall resting B lymphocytes

tained on a C57BL/10J background. CD40 mice (21), kindly provided Up to 8 X 10° erythrocyte-depleted spleen cells were suspended in 10 ml

by Dr. Hitoshi Kikutani (Osaka University, Osaka, Japan), were main- L ; ;
tained on a C57BL/69 background and thEn were crossed and back(:rossc%:i)'-lrrI]3 tSeSm(;oer:gj}[ll:l:;l %olr Tg/rrg}lnoll;gglraésg;ngsllg?daga icnigstxv: ;?;23:?3 t:ﬁa?rt]_
to B10.BR/SgSnJ mice. Homozygous Ki2offspring were selected by o of 5 JE-5.0 elutriation system (Beckman, Palo Alto, CA). The elutriator
absenf/g of I-Aon pﬁr|pheral blood cells and were maintained by breeding,5¢ 1 at 3200 rpm and 4°C with cold HBSS supplemented with 1% calf
CD40'" to CDA40 " mice. The genotype of CD40 was determined by o m Two 400-mll fractions were collected, a 16-ml/min fraction con-
PCR (21). andfor by staining penpheral blood C‘?"S W'th anti-CD40 Ab. taining debris and a 19-ml/min fraction containing small lymphocytes en-
FVB/N mice transgenic for the murine B7-1 coding region cDNA under jopeq'or B cells. The small B lymphocyte population was 87-95% B220-
the control of the Ig« enhancer and promoter element (45), kindly pro- positive by flow cytometry and had a mean diameter of 6 microns as
vided by Dr. G. Ffeemf,g (Harvard Medical School, Boston, MA), Were yetermined with a Coulter Counter (Coulter Electronics, Hialeah, FL).
crossed to CD40', H-2 ' mice, and B-7 transgenic progeny were back  pe ey than 4% of the cells had a mean diameter greater than 7 microns.
crossed to CD40", H-2% mice. CDA40 and B7-1 expression were deter Large spleen cells were defined as the remainder of the cells recovered=:
mined by flow cytometry on peripheral blood cells. All other mice were . the elutriator after the small B cell fraction was collected and includes
from The Jackson Laboratory (Bar Harbor, ME). substantial numbers of small lymphocytes as well as larger cells. In the
. . CFSE experiment, CD43~ or normal B10.BR spleen cells were pulsed
Antibodies with 10 uM pigeon cytochromec peptide residues 88-102 (KAERA

R-PE anti-CD86 (GL1), R-PE anti-CD80 (1G10), FITC anti-CD25 (3C7), DLAYLKQAT) (PCCP, synthesized and purified by HPLC by BioSyn-

R-PE anti-\83 (KJ25), biotin anti-\&11 (RR8-1), FITC anti-8220 (RA3- tbheefz'; 'émg‘t’l'(')'ﬁ TX) for 1 h at 37°C in culture medium with 1% FBS
6B2), biotin anti-CD69 (H1.2F3), biotin anti-CD54 (3E2), Cy-Chrome anti- '

CD44 (IM7), Cy-Chrome streptavidin, FITC anti-CD40 (3/23), R-PE rat pendritic cell-enriched spleen cells

1gG2a (isotype standard), R-PE rat IgG2b (isotype standard), FITC rat IgM

(isotype standard), unlabeled anti-CD28 (37.51), anti-CD80 (16-10A1), antiSpleens were removed and digested with collagenase was as described bﬁ_
CD86 (GL1), anti-CTLA4 (CD152, 9H10), and rat IgG2a were purchasedInaba et al. (48). The cell suspension was gently layered onto a 45/60/70% r»
from PharMingen (San Diego, CA). R-PE streptavidin, F{algoat anti- Percoll (Pharmacia Biotech, Uppsala, Sweden) density gradient in a 30-ml N
mouse IgG+ IgM (H+L), and syrian hamster IgG were purchased from polycarbonate tube. The tubes were spun in a tabletop Sorvall centrifuge at =
Jackson ImmunoResearch (West Grove, PA). Anti-CD4 (GK1.5), anti-3000 rpm at 4°C for 13 min. The cells at the medium/45% and 45/60% e
CD8 (3.168.8), anti-rak (MAR 18.5), anti-MHC class Il (M5/114.15.2), interfaces were collected, washed, suspended in RPMI 1640 with 10%
anti-B220 (RA3.3A1), and anti-Thy 1.2 (HO13.4, J1J10) were preparedFBS, and plated onto 60-mm tissue culture plates .40 cells/plate).

from 45% saturated ammonium sulfate precipitates of hybridoma culturéThe cells that initially adhered but became nonadherent after overnight
supernatants. Purified anti-CD44H and anti-CD54 were a gift from Dr.culture were collected as described (48).

Yang Liu (Ohio State University Medical Center, Columbus, OH). Anti-

CTLA4 was also purified on protein G from culture supernatants of the T -depleted spleen cells

9H10 hybridoma, which was a gift from Dr. James Allison (University of Erythroc ; 7
o . ; iy yte-depleted cells from B10.BR mice were suspended-atl®
California, Berkeley, CA). The CD40Ig fusion protein was purified as de- .oiq/m in a mixture of anti-T lymphocyte Abs (GK1.5, 3.168, HO13.4,
scribed (20) from a plasmacytoma cell line transfected with a plasmid

; ! h and J1J10) in HBSS and were placed on ice for 20 min. Cells were then
encoding the extracellular portion of human CD40 fused to the hinge, CH2 : ; : -
and CH3 domains of human+g heavy chains (KK10 was a gift from Dr. washed and suspended in a saturating concentration of artiAta{MAR

A ? . ) 18.5). After a 15-min incubation on ice, cells were incubated at 37°C in a
M. Kehry, Boehringer Ingelheim, Ridgefield, CT). 1:10 dilution of guinea pig complement (Pel-Freez Biologicals, Rogers,
AR) in HBSS for 40 min.
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Flow cytometry

Cell culture and proliferation assays
A total of 10°~1(F cells were incubated on ice in 1Q0 of PBS containing P Y

1% calf serum and 0.1% sodium azide for 15-30 min with the indicatedCells were cultured with various additions in 2p0 of RPMI 1640 me-

Abs at saturating concentrations. Cells were washed twice before incubatium supplemented with 10% FBS, 0.2 miglutamine, 5x 1075 M

tion with a secondary Ab or strepavidin. For estimation of DNA content, 2-ME, 2 mM HEPES, 100 U/ml penicillin, and 1Q8y/ml streptomycin in

the cells were stained and fixed overnight at 4°C in 1% paraformaldehyd®6-well flat-bottom polystyrene tissue culture plates. To estimate cell pro-
in PBS with azide and 1% calf serum. The cells were then washed antiferation by measuring DNA synthesis, wells were pulsed for 10-12 h on
resuspended in 2bg/ml 7-aminoactinomycin D (7AAD; Sigma, St. Louis, day 3 with 1u.Ci of low specific activity (2 Ci/mmol) tritiated thymidine
MO) in 0.025% Nonidet P-40 in PBS and incubated in the dark at 4°C for(NEN, Boston, MA). Cultures were subsequently harvested onto glass fiber
90 min. Otherwise, cells were analyzed immediately after staining on dilters which were washed, dried, and counted by liquid scintillation. Data
FACSCalibur flow cytometer using CellQuest acquisition/analysis soft-points represent the means of triplicate cultures. Background thymidine
ware (Becton Dickinson, San Jose, CA). Live cells were discriminatedincorporation in the absence of PCCP (usually less than 1000 cpm) was
from dead cells by forward and side light scatter or by incubation for 15subtracted.
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FIGURE 1. Proliferation of naive T lymphocytes in response to Ag pre-
sented on resting B lymphocytes is largely CD40 dependefCR trans-
genic T lymphocytes from AND mice and 3@mall, resting B lympho
cytes or large spleen cells were cultured withu PCCP. Data are
representative of at least three independent experim@nBendritic cells

RESTING B LYMPHOCYTES AS APC

Results
Naive T cells proliferate in response to peptide presented by
small B cells, but proliferation is CD40-dependent

First we wanted to determine whether naive T cells proliferate in
response to Ag presented by resting B cells and, if so, whether the
CD40L/CD40 interaction is necessary for the T cell response.
Small, resting lymphocytes enriched in small B cells were isolated
from spleens of |-Epositive CD40-deficient or I'Epositive
CD40"'~ littermates by centrifugal elutriation, the procedure
which in our hands most effectively removes activated lympho-
cytes and other kinds of APC (12). Peptide Ag was used to bypass
the B cell Ag receptor. We did not deplete T cells with Abs and
complement because we found that complement treatment alone
increased B7-2 expression on B cells after overnight culture. APC
were not irradiated because small lymphocytes are extremely sen-
sitive to ionizing radiation (49). Naive T cells specific for the C-
terminal peptide of pigeon cytochrontebound to the class I
molecule I-E were isolated from spleens of AND TCR transgenic
mice on the C57BL/10 (H*3 background. The AND TCR can be
positively selected on I-Ain the thymus but cannot recognize
PCCP on H-2 APC (44), effectively eliminating any contribution
of APC contaminants in the T cell preparation.

Fig. 1Ashows a comparison of proliferative responses of naive
T cells to PCCP presented by small B cells vs. the large spleen cell
fraction as a function of T cell number. In preliminary experiments
using 7AAD and CFSE (not shown), we found that naive T cells
are unable to induce proliferation in resting B cells, implying that
T cells must differentiate into helper effector cells before they can
do this. Therefore, we believe that most of the thymidine incopo-
ration in these cultures is owing to the T cells rather than the B
cells. Small B cells bearing CD40 are effective APC for naive T
cells, although they are less effective than the large spleen cell
fraction, which includes the dendritic cells. IL-2 may be limiting
with small B cells as APC because thymidine incorporation falls to
background at T cell numbers below?10*well. CD40-deficient
small B cells were largely ineffective, inducing only a small re-
sidual response at high T cell numbers. CD40-deficient large
spleen cells were somewhat less effective than CD40-positive large a'
spleen cells, but this may be owing to the presence of many B cells »
in the large spleen cell fraction. To examine the role of CD40 in
the APC function of non-B cells, we enriched for dendritic cells by S
overnight adherence of low-density spleen cells to plastic (48).
Fig. 1B shows proliferative responses of naive T cells to PCCP
presented by this dendritic cell-enriched fraction compared with
small B cells as a function of PCCP concentration and APC num-
ber. B cells with CD40 induce substantial T cell responses, but are
much less effective than dendritic cells, particularly at low Ag and
APC concentrations. CD40-deficient B cells are ineffective APC,
while CD40-deficient dendritic cells are nearly as effective as

LWSAON U0 B0 jounwuw | MMM WwoJ pepeoumoq

that do not express CD40 are nearly as effective as CD40-positive dendritic
cells at inducing proliferation in naive T lymphocytes. A total of TCR
transgenic T lymphocytes were cultured with PCCP and CDH48mall B

cells, CD40 '~ small B cells, CD40’~ dendritic cells, or CD40'~ den

dritic cells. C, Five days after i.v. injection of CFSE-labeled TCR trans-
genic (AD10) spleen cells, mice were injected i.v. withXXQL0° B10.BR

or CD40 '~ large or small cells that had been pulsed with,dd PCCP
peptide in vitro. After 2.5 days, mice were sacrificed, and spleen cells were
examined by flow cytometry. A total of % 1C° cells in the lymphocyte
light scatter gate were analyzed, and the histograms show viable cells gated
on Vall and \B3, the transgenic TCR. The unlabeled cells in the histo-
grams are the variable background of host cells in that gate.
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FIGURE 3. CDA40lg fusion protein does not augment proliferation of
naive T lymphocytes in response to resting CD40B lymphocytes. A

T o o0 ek o e T o o 0 B A o 0 200 S ERTER I total of 1 naive T lymphocytes and $@esting CD40”~ or CD40/~ B
FIGURE 2. CDA40-deficient small B cells are as effective as CD40-pos- lymphocytes were cultured with BM PCCP and CD40lg or human IgG

itive B cells at initial presentation of Ag to naive T cells. A total of°10 as a control. Proliferation was assessed on day 3. Data are representative of
TCR transgenic T lymphocytes were cultured witt? Sinall B lymphe two independent experiments.
cytes and 5uM PCCP. \33-positive cells were examined for CD25 and

CD69 expression along with forward light scatter. Data are representative o )
of at least two independent experiments. the early-activation Ag, CD69, and the IL-2 recepteichain,

CD25, by flow cytometry gated onf38-positive (TCR transgenic)

CD40-positive dendritic cells at the Ag concentrations tested. Becells at various times of culture. In contrast to their inability to
cause proliferation in response to dendritic cells is largely CD40-stimulate T cell proliferation on day 3, CD40-deficient small B
independent, this experiment shows that the response to the CD40ells are as effective as CD40-positive small B cells in initial pre-
positive small B cell fraction is owing to B cells and not to a small sentation of PCCP to naive T cells, as shown by equivalent induc-
number of contaminating dendritic cells. If the response were owdion of activation markers at 12 h (Fig. 2). Note that all of the T
ing to contaminating dendritic cells, then there would be little dif- cells are expressing high levels of CD69 at that time. By 24 h,
ference between the responses to the CD40-positive and CD4tevels of CD69 are slightly lower on T cells recognizing Ag on
negative B cell fractions. CD40-deficient B cells, and by 48 and 62 h, large differences are

Proliferation of naive T cells in response to Ag on small B cells apparent in CD25 expression, cell size, and CD69 expression.
is also largely CD40-dependent in vivo. This was determined by ) .
labeling PCCP-specific TCR transgenic T cells with CFSE in vitro CP40 is required as a receptor
before transfer into normal mice. As T cells labeled with this dyeThe interaction between CD40 and its ligand, CD40L, has been
divide, the fluorescence intensity per cell is halved with each celfreported to deliver activating signals in both directions, through
division. Five days after injection of CFSE-labeled, TCR trans-CD40 to the APC (19) and through CD40L to the T cell (51-54).
genic T cells, small or large spleen cells from CD40-deficient orTo test whether CD40 is required on the B cell solely to provide a
control mice, pulsed with antigenic peptide in vitro, were injectedsignal to the T cell through CD40L, we added an excess of soluble
i.v. into groups of two mice. After 2.5 days, the mice were sacri-CD40Ig fusion protein (20) to engage CD40L on the T cells in
ficed, and splenic lymphocytes were examined by flow cytometrycultures with CD40-deficient B cells (Fig. 3). Although signaling
Fig. 1C shows histograms of representative mice, gated on thehrough CD40L to the T cell has been demonstrated in vitro with
transgenic TCR. In mice injected with CD40-positive, peptide-anti-CD40 Abs (52), cells expressing CD40 as a membrane mol-
pulsed small B cells, most of the TCR transgenic T cells haveecule (53), or solubilized membrane CD40 molecules (54) rather
divided two to four times within 3 days of Ag exposure. T cells than with soluble CD40lg, CD40lg has the potential for multiva-
responding to large, CD40-positive spleen cells have gone througlent presentation to T cells through binding to B cell Fc receptors,
an additional cell division relative to those responding to Ag onas occurs with anti-CD3 (39), and might be expected to deliver a
small B cells. CD40’~ APC are severely deficient in this assay. comparable signal to the T cells in our system. However, at no
Many of the recovered T cells have not divided in mice injectedconcentration did CD40lg restore the proliferative response of na-
with peptide-pulsed CD40-deficient B cells, although a portionive T cells to CD40-deficient B cells. Instead, it largely but not
have divided one to three times. We do not yet know whether the&eompletely blocked T cell proliferation in response to CD40-pos-
limited proliferation seen is owing to Ag presented by the injecteditive B cells, confirming the previous results with CD40-deficient
CD40-deficient B cells or to transfer of Ag to a host APC (14, 50). B cells and indicating that CD40 enhances the T cell proliferative
The response in vivo to CD40-deficient large cells is only slightly response through activation of the Ag-presenting B cell.
better than to the CD40-deficient small B cells. o o

Having shown that CD40 is important for T cell proliferation in B Cell activation through the Ag receptor or provision of
response to small B cells as APC, we proceeded to investigate trRoStimulatory signals through CD28 restores the T cell response
mechanism of the CD40 dependence. to CD40-deficient small B cells

0T0Z ‘2 JequisAoN U0 6o’ jounwiw | [:Mmm Wwio. ) papeo jumoq

. . . If CD40L/CD40 acts by up-regulating costimulatory activities of
Initial Ag recognition on small B cells is not CD40-dependent g a1 B cells, then the requirement for CD40L/CD40 should be
To determine whether CD40 is required for Ag recognition onobviated if cosimulatory activities are provided in other ways. Like
small B cells, we measured increases in cell size and expression aftivation through CD40, activation of small B cells through the B
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FIGURE 4. A, A signal through the B lymphocyte Ag receptor or
through CD28 enhances activation of naive T lymphocytes in response tQ
PCCP presented on resting CD40 B lymphocytes. A total of 10T
lymphocytes were cultured with either1GD40"'~ or CD40~'~ small B
lymphocytes and M PCCP, anti-CD28 (optimal dilution), or goat anti-
mouse IgG+ IgM (H+L) (5 ng/ml). On day 3, \B3-positive cells were
examined for increase in cell size (forward scatter), DNA content (7AAD
staining), and expression of CD25. Data are representative of three ind
pendent experimentsB, Expression of B7-1 constitutively on small
CD40'~ B lymphocytes partially restores their ability to induce prolifer
ation of naive T lymphocytes. A total of ¥(aive T lymphocytes were
cultured with the indicated number of CD#0 B7-1 transgene-negative,
CD40"'~ B7-1 transgene-positive, CD40" B7-1 transgene-negative, or
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FIGURE 5. Expression of costimulatory molecules on CD40-deficient ‘g
festing B lymphocytes after culture with T lymphocytes and PCERA =)
total of 1 T lymphocytes were cultured with ¥@€D40"'~ or CD40™/~ g
B lymphocytes and uM PCCP. At the indicated times, B lymphocytes §
(B220" cells) were examined for expression of B7-2, B7-1, CD44, and 3
ICAM-1. Data are representative of two independent experim8n37-2 Q
is expressed at high levels on resting CD40but not on CD40’~ B -B
‘?ymphocytes when cultured in the same well with T lymphocytes and Q
PCCP. A total of 18T lymphocytes were cultured with 1@€D40"'~ and o

10° CD40'~ resting B lymphocytes andsM PCCP. On day 2, cells were
stained for expression of CD40, CD19, and B7-2. Expression of B7-2 on
CD40"'~ and CD40’~ B lymphocytes (CD19-positive cells) is shown.

CD40 '~ B7-1 transgene-positive small B lymphocytes and the indicated

concentration of PCCP or PCCP plus 50 U/ml of exogenous IL-2.

shown). To determine whether B7 expression on the CD40-defi-
cient B cells could be limiting, CD40-deficient mice were bred

cell Ag receptor enhances Ag presentation by up-regulation of adwith B7-1 transgenic mice that constitutively express high levels
hesion and costimulatory molecules (35, 55). When the small Bf B7-1 on B lineage cells (45). As shown in Fig. 4B, constitutive
cells were activated by addition of anti-lg to the cultures, thereexpression of B7-1 enhanced the T cell response to CD40-positive
were no differences in the abilities of CD40-deficient or CD40- B cells and partially restored the ability of small, CD40 B cells
positive B cells to induce sustained activation and survival of theto induce proliferation of naive TCR transgenic T cells. Therefore,
naive T cells, as measured by CD25 expression, cell size and ré=D40-deficient small B cells fail to provide adequate costimula-

covery, and DNA content on day 3 of culture (FigA)} This ex-

tory signals to naive T cells.

periment also shows that B cells developing in CD40-deficient

mice are capable of inducing naive T cell proliferation if they are
appropriately activated through another pathway. To determin

CD40-dependent and -independent induction of costimulatory
énolecules on resting B cells

whether costimulatory signals are limiting, costimulation was pro-Because the preceding results implicated costimulatory signals, we
vided with an agonist Ab to CD28, which also restored naive T celllooked directly by flow cytometry at surface expression of co-
activation measured on day 3 in response to peptide on CD40stimulatory molecules on CD40-positive and CD40-deficient small
deficient B cells (Fig. 4A). T cell proliferation as measured byB cells at various times of culture with naive TCR transgenic T
thymidine incorporation was also restored by anti-CD28 (data notells and peptide. As shown in FigAbnaive T cells induced B7-2
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0 3’// S . :s:s:::é »% FIGURE 7. Sustained expression of B7-2 and ICAM-1 are required for
(+1) ) (+) ) maximal proliferation of T lymphocytes. A total of 20" lymphocytes
anti-B7-2 anti-B7-1 were cultured with 19CD40"'~ B lymphocytes and M PCCP. At 0,
B 200 —e— CDA40(+/-) 24, and 40 h after initiation of culture, anti-B7-2 (Qu@/ml) (A), or anti-
—O " CD40(-F) ICAM-1 Abs (B) were added with or without exogenous IL-2 (50 U/ml).
1502 ——CDAOGS) ,yn Data are representative of three independent experiments.

= " CDA0(-)

5B). We conclude that CD40 is not required for the initial T cell-
and Ag-dependent increase in B cell B7-2 and ICAM-1 expression
but is required for later induction of B7-1 and increased expression
of CD44H as well as for large and sustained increases in B7-2 and
ICAM-1.

Sustained expression of B7-2 may be necessary for proliferation
of naive T cells in response to peptide on small B cells

CPM (x 10%)

We used blocking Abs to determine which of these costimulatory
molecules is necessary for proliferation of naive T cells in re-
sponse to peptide on small B cells. Anti-B7-2 Ab blocked T cell
proliferation quite effectively including the small residual response
to CD40-deficient small B cells, whereas anti-B7-1 Ab was with-
out effect (Fig. 6A) at concentrations up to b@/ml (data not
20 40 60 shown). Anti-ICAM-1 also blocked effectively, wheras anti-
anti-CD44H (ng/ml) CD44H had very little effect on proliferation in cultures without
FIGURE 6. A, An Ab to B7-2 blocks proliferation of naive T lympho- IL-2 supplementation (Fig. 6B). Supplementation_of pgltures With_
cytes to PCCP presented on resting B lymphocytes, but an Ab to B7-1 dog@XCess IL-2 completely restored the responses inhibited by anti-
not. A total of 1G T lymphocytes were cultured with @esting B lym B7-2 Ab (Fig. 6A) but only partially restored responses inhibited
phocytes, 5uM PCCP, and anti-B7-2 (0.2 mg/ml) or anti-B7-1 (0.2 mg/ml) by anti-ICAM-1 (Fig. 6B), indicating that ICAM-1 plays a role in
with or without IL-2 (50 U/ml). Data are representative of two independent Ag recognition and induction of IL-2 responsiveness as well as in
experimentsB, An Ab to ICAM-1 blocks proliferation of naive T lym-  |L-2 production and subsequent proliferation. Curiously, anti-
phocytes to PCCP presented on resting B lymphocytes, but an Ab t€D44H has a small but measurable inhibitory effect on prolifera-
CD44H dqes not. A_ total of FOTCR transgenic T Iymphocytes were tion only in IL-2-supplemented cultures (FigBB
cultured with 18 resting B lymphocytes, M PCCP, and various cen As shown above, B7-2 is induced transiently on CD40-deficient
centrations of anti-ICAM-1 or anti-CD44H with or without 50 U/ml of : . ;
exogenous IL-2. Data are representative of two independent experimentB cells, but sustained expression of high levels of B7-2 and
FCAM—l requires CDA40. If sustained expression of B7-2 or
ICAM-1 were to account for CD40-dependence of T cell prolif-
expression on resting B cells with or without CD40 at 12 h of eration, then delayed addition of the respective Ab could still block
culture. B7-2 up-regulation was dependent on the presence of thE cell proliferation. Anti-B7-2 added at 24 h still caused nearly
antigenic peptide. By 24 h, fewer CD40-deficient B cells expressecdomplete inhibition of T cell proliferation (Fig.A). Even at 40 h,
high levels of B7-2, and sustained expression of B7-2 at 48 an@nti-B7-2 substantially inhibited proliferation measured at 72 h
64 h was largely CD40-dependent. Induction of B7-1 occurred(Fig. 7A). Late addition of anti-ICAM-1 also had some effect on
later than B7-2, beginning at 24 h, and was completely CD40-proliferation, consistent with a costimulatory role for ICAM-1
dependent, as was increased expression of CD44H. ICAM-157). These results indicate that the inability of the CD40-deficient
(CD54) expression was increased several-fold at 12 h on all BB cells to support proliferation of naive T cells may be owing to
cells, including those without CD40, but gradually became verylack of sustained expression of high levels of B7-2 and ICAM-1,
bright on CD40-positive B cells between 12 and 64 h. Becausevhich depends on CD40.
IL-4 (56) as well as activated T cells (23) or CD40L transfectants ) ) ) .
(24) can induce B7 expression on resting B cells, we asked\'_a've T cells remain responsive to Ag following Ag recognition
whether CD40-dependent induction of sustained B7-2 expressiolfithout adequate costimulation
requires cell contact or is owing to soluble mediators in this sys-Th1l T cell lines that recognize Ag but fail to proliferate without
tem. In cultures of mixed CD40-positive and CD40-deficient B adequate costimulation are rendered anergic and fail to proliferate
cells, the CD40-positive B cells showed much higher levels ofin response to subsequent Ag with costimulation (58). We exam-
B7-2 expression at 48 h, indicating a likely requirement for a directined whether anergy is induced in naive T cells which fail to pro-
signal from CD40L on the T cell through CD40 on the B cell (Fig. liferate after recognition of Ag on small, CD40-deficient B cells.
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PCCP Experiment #1 Discussion
160 T — O uM A 160 ) . )
11 We show here that naive T cells are activated and proliferate when
1201 :$§ 120 Ag recognition occurs on resting B cells in vitro and in vivo, even
god * 10+L-2 8ot in the absence of a B cell Ag receptor signal. The activation Ags,
| CD69 and CD25, are induced (Ref. 41; Fig. 2), and although IL-2
P 40 40 production is limiting (Refs. 33 and 41; Figs. 4hd 7), it is
=) sufficient for T cell proliferation (Ref. 38; Figs. 1, 3B46, and 7).
E  p 10 20 o It has been debated whether the level of CD40L induced on naive
E T cells during cognate interaction with small B cells is sufficient
3]

mice to show that T cell proliferation and long-term expression of

150: c 160: for induction of costimulatory molecules necessary for T cell ac-
120 120 1 tivation (25, 33, 39, 41). We used B cells from CD40-deficient
-u-l—u—ﬁl—u

80 80 CD69 and CD25 (Figs. 1 and 2) depend on CD40. This CD40-

0 10 dependence demonstrates that CD40L is induced at levels suffi-
cient to facilitate productive intercellular communication between
naive T cells and CD40-positive resting B cells.

] 10 0 In this study, the mechanism through which CD40 signaling

Teels (x10°) influences interactions between T cells and small B cells was rig-

160 pccP A 1eop  Experiment #2 orously examined. Although cross-linking of CD40L in conjunc-

g T I? M tion with engagement of the TCR has been shown to promote T
w1207 >3 120 cell activation and cytokine production (51-54), a signal through
%80 ] 80 CD40L is not the mechanism through which CD40 promotes T cell g
G activation in this study. First, addition of a CD40Ig fusion protein =
40 4 40 failed to enhance T cell activation when peptide Ag was presented §
. on CD40-deficient B cells (Fig. 3), suggesting that engagement of &
o 2 44‘0 o 0 20 CD40_L alone is not sufficient to overcome the lack of CD4Q ex- 3
T cells ( x10°) pression on B cells. Furthermore, signaling through CD40L is not 3
160 D required for T cell activation when CD40-deficient B cells are g
120 '//\_ stimulated with soluble anti-lg (Fig.A). Finally, Ab-mediated s
cross-linking of CD28 enables T cell proliferation during cognate 3
80 interaction with CD40-deficient B cells (FigA4, and constitutive g
/_‘\‘ expression of a B7-1 transgene by CD40-negative B cells enhancesa
40 ./.——-’/' T cell proliferation (Fig. 4B). Taken together, these results indicate S

. s that up-regulation of costimulatory molecules on B cells, rather

than signaling through CD40L, is limiting during cognate commu-
nication between naive T cells and CD40-deficient B cells.
FIGURE 8. T lymphocytes remain responsive in secondary culture after ¢ js well established that CD40 regulates expression of several
prior exposure to PCCP on either CD40 or CDA0" resting B lym .t jjatory and adhesion molecules on APC (22-25, 27). How-
phocytes. After 3-day primary cultures with CDZ0 or CD40™/~ B cells . . .
as APC, viable T cells were recovered and cultured again withTt0 ever, the relative Impqrtance of various COS.tlml_,ﬂatOI’)./ moIepuIes
depleted spleen cells andiB PCCP.A, Freshly isolated T lymphocytes. O resting B cells during cognate communication with naive T
B, T lymphocytes from prior culture with CD40~ B lymphocytes and 5 C€lls has not been established. CD44H, an isoform of CD44 and a
uM PCCP.C, T lymphocytes from prior culture with CD43~ B lym- proposed costimulatory molecule, is up-regulated in a CD40L-de-
phocytes and no PCCFD, T lymphocytes from prior culture with pendent manner on resting B cells during interaction with anti-
CD40"'~ B lymphocytes and 5:M PCCP. Results of two independent CD3-activated T cells (39, 59) or T cells activated by resting B
experiments of three are presented. cells presenting Ag (Fig. 5A). In contrast to previous work by Wu
et al. (39) using fixed, activated B cells, we found that CD44H did
not play a role in T cell activation when a peptide Ag was pre-
Following primary culture with peptide and small B cells for 3 sented on viable resting B cells because blocking Abs to CD44H
days, viable cells were recovered and placed in secondary cultuidid not reduce T cell proliferation (Fig. 6B). This discrepancy in
with whole spleen APC and peptide. T cells cultured with CD40-the relative importance of CD44H is likely due to differences in the
deficient B cells and peptide remain about as responsive as fresgtxperimental systems employed. Peptide-MHC complexes on rest-
naive cells upon secondary culture with whole spleen APC, aling B cells may deliver a quantitatively different signal to T cells
though there was some variation among experiments as shown than anti-CD3, which could affect the contribution of CD44H to T
Fig. 8. T cells cultured with CD40-positive B cells sometimes cell activation. Also, because fixation destroys costimulatory func-
showed enhanced responses at low T cell densities or showed réons of APC (60), CD44H may contribute to CD40-dependent
duced responses at higher T cell densities in secondary culturg®stimulation only when other molecules such as B7-1 and B7-2
(Fig. 8D), perhaps reflecting production of effector cytokines. Cellare inactivated by fixation (39).
recoveries from cultures of T cells and small B cells without pep- Another molecule that may contribute to CD40-dependent T cell
tide were very low, and the remaining viable cells were completelyactivation is ICAM-1 (CD54) (Ref. 61; Fig.B). ICAM-1 is ex-
unresponsive on secondary culture (Fig. 8C). Therefore, the effeqiressed on resting B cells and is further up-regulated by CD40
on naive T cells of Ag recognition on CD40-deficient B cells with- during noncognate (61) and cognate (Fig) Bommunication with
out adequate costimulatory signals is not anergy or activation-innaive T cells. The importance of up-regulation of ICAM-1 for
duced death, but survival in culture. CD40-dependent T cell activation is not clear. The inhibition of T
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cell proliferation, even in the presence of exogenous IL-2, by Abseven when delayed by 40 h, clearly demonstrates that sustained
that block ICAM-1 (Fig. 7B) indicates that ICAM-1 is critical for expression of B7-2 is critical for T cell activation during cognate
initial Ag recognition or adhesion between T and B cells. Thus itcommunication with resting B cells (FigAjJ. The requirement for
is difficult to assess the importance on T cell activation of furthersustained B7-2 expression for optimal T cell activation is consis-
up-regulation of ICAM-1 by CD40. However, ICAM-1 may also tent with studies using other APC indicating that CD28 is neces-
play a costimulatory role independent of adhesion (57) becaussary for sustained T cell proliferation and survival but not for ini-
late addition of an anti-ICAM-1 Ab inhibited proliferation to tial T cell proliferation (64). Thus, both kinetics and level of
PCCP in the absence but not in the presence of exogenous IL-@pression of B7-2 on resting B cells are important for T cell
(Fig. 7B). activation during cognate communication.

Sustained expression of B7-2 and induction of B7-1 on resting Regulation of B7-1 and B7-2 expression by CD40 may alter the
B cells requires CD40 during cognate communication with naive Thalance between positive and negative signals through CD28 and
cells (Fig. 5A). Previous studies by Roy et al. (25) demonstratedCTLA-4, respectively. Although CD28 and CTLA-4 both bind to
that blocking CD40L with an Ab could partially inhibit induction B7, they have opposing roles in T cell activation (65). Due to the
of B7-1 and B7-2. The inability of the anti-CD40L Ab to com- 20-fold higher affinity of CTLA-4 compared to CD28 for B7, low
pletely prevent induction of B7 might have been due to eitherlevels of B7 may result in preferential engagement of CTLA-4
incomplete blocking of CD40L or CD40L-independent induction thereby delivering a negative signal that inhibits T cell activation.
of B7. The lack of B7-1 induction on CD40-deficient resting B Because B7-2 levels decline rapidly on CD40-deficient B cells
cells during cognate communication with naive T cells clearly during cognate communication with naive T cells, CTLA-4 might
demonstrates that induction of B7-1 on resting B cells requiregpredominate at later times. However, in several experiments we
expression of CD40 under these conditions (F&).T=xamination  were unable to demonstrate a consistent effect of whole or Fab
of B7-2 expression on CD40-deficient B cells demonstrates unamfragments of anti-CTLA-4 Ab on T cell proliferation to PCCP
biguously that B7-2 is induced independently of CD40 on restingpresented on resting B cells (data not shown).
B cells during cognate communication with naive T cells, but the Dendritic cells (Fig. 1B) and unfractionated spleen cells (Ref.
expression is not sustained (Fig. 5A). The transient induction o26; Fig. 1A), in contrast to resting B cells, can activate naive T
B7-2 on CD40-deficient B cells may be a consequence of the sameells in vitro even in the absence of CD40/CD40L, presumably
non-CD40, contact-dependent signals that indoeaycexpres-  because these cells constitutively express costimulatory molecules
sion in naive B cells presenting Ag to Th2 cells (20). Sustainedor because expression is induced by the isolation procedures an
induction of B7-2 requires cell contact (FigBpand, therefore, culture conditions. Because signaling through CD40 enhances ex-
may be a direct consequence of sustained CD40 ligation byression of MHC class Il and B7 on dendritic cells (27), CD40
CD4o0L. may still contribute to T cell activation by dendritic cells or other

Because B7-1 induction on resting B cells requires CD40, it wason-B APC in vivo, as shown in Fig. 1C. CD40 signals may also
possible that the CD40 contribution to T cell activation was me-enhance presentation by activated B cells if the Ag signal is lim-
diated by induction of B7-1. However, this is not the case in thisiting. Holldnder et al. (43) found that purified B cells deficient in
system because blocking B7-1 has little or no effect on T cellCD40 were unable to stimulate proliferation of allogeneic T cells
proliferation in response to resting B cells (Fig. 6A), spleen cellsin vitro unless activated by LPS. Because they irradiated the B
(25), or activated B cells (55). This is consistent with in vivo cells with 2000 rads, it is likely that they were looking at CD40-
models in which blocking CD40L inhibits cardiac allograft rejec- dependent presentation of low-avidity alloantigens by radioresis-
tion and induction of B7-1, but blocking B7-1 does not increasetant, activated B cells or other contaminating APC.
cardiac allograft survival (31). The inability of anti-B7-1 Abs to  Because B cells are effective at tolerizing APC in vivo (10-15),
inhibit proliferation to APC (Ref. 25; Fig./&) does not mean that we initially expected peptide-pulsed B cells to induce unrespon-
B7-1 does not function in T cell activation. Constitutive expressionsiveness in T cells in vitro, particularly under conditions in which
of B7-1 can enhance the ability of B cells to activate T cells (Fig.the T cells did not proliferate. Instead, we found that Ag recogni-
4B) and block tolerance induction by B cells in vivo (13), and B7-1tion on small B cells without adequate costimulation left the T
can compensate for the absence of B7-2 in Ab responses in vivoells responsive to other APC and delayed spontaneous T cell
(62). Our studies may not reveal a role for B7-1 in T cell responsesleath in culture (Fig. 8). Croft et al. (41) reported that T cells were
because it is expressed too late to influence the T cell activatioless responsive to Ag after prior exposure to Ag on resting B cells
parameters examined (Fig. 5A). compared with Ag on ICAM-1/B7-1-transfected fibroblasts, but in

Blocking studies have demonstrated that B7-2 is necessary for Those experiments the response of T cells cultured with B cells and
cell proliferation and cytokine production in response to Ag pre-peptide was equivalent to that of freshly isolated T cells, indicating
sentation by resting B cells (Refs. 25 and 33; Fig. 6A), but previoushat they were not left anergic after interacting with B cells. There-
studies have disagreed about the contribution of CD40L/CD40 tdore, these in vitro studies do not provide support for immediate T
B7-2 expression on resting B cells during T/B interactions (5, 25,cell anergy or death as the mechanism by which resting B cells
38, 39, 63). Cook et al. (38) strangely failed to see induction ofinduce tolerance.
B7-1 or B7-2 expression on B cell-presenting peptide Ag to naive Other investigators have found it impossible to induce anergy in
or primed T cells over several days of culture. Constant (5) reprimary T cells in vitro (66—68). Anergy, initially defined in Thl
ported that CD40L was not required for T cells to sustain BCR-cell lines (58), may be a function limited to memory or effector T
induced B7-2 expression on Ag-presenting B cells at 24 h in vivo.cells rather than a mechanism of tolerance in primary cells. Indeed,
Similarly, Wu et al. (39) concluded that B7-2 expression did notstudies on responses of naive T cells to tolerizing forms of Ag in
explain CD40L-dependent costimulatory activity of B cells be- vivo invariably report vigorous Ag-driven proliferation as a pre-
cause equivalent levels of B7-2 were observed at 14 h on B celltide to death or anergy (14, 15, 69-72). The decision between
after interaction with either CD40L-positive or -negative T cells. immunity and tolerance may involve later signals that enable pro-
However, a difference in B7-2 expression may have been observdderating cells to survive and differentiate to effector cells and
in these two studies if B7-2 expression had been examined at latenemory cells (64, 73). Resting B cells, and perhaps some other
times. The ability of an anti-B7-2 Ab to inhibit T cell proliferation, APC such as resident dendritic cells (50), may be tolerogenic not
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because they fail to induce T cell proliferation, but because they
fail to deliver these later, additional signals. Indeed, constitutive
expression of B7-1 on Ag-presenting B cells interferes with toler-
ance induction but does not allow B cells to prime helper T cells
in vivo (13), implying that B7-positive B cells are deficient in

some other signals necessary for a productive T cell response. Jt
remains to be determined whether Ag recognition without T cell

proliferation on CD40-deficient B cells or other APC results in T 28.

cell tolerance in vivo and, more generally, whether T cell prolif-
eration is a necessary step in tolerance induction.
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