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B Cells Activated by Lipopolysaccharide, But Not By Anti-Ig
and Anti-CD40 Antibody, Induce Anergy in CD8� T Cells:
Role of TGF-�11

Vrajesh V. Parekh,* Durbaka V. R. Prasad,* Pinaki P. Banerjee,* Bimba N. Joshi,*
Anil Kumar, † and Gyan C. Mishra2*

B cells recognize Ag through their surface IgRs and present it in the context of MHC class II molecules to CD4� T cells. Recent
evidence indicates that B cells also present exogenous Ags in the context of MHC class I to CD8� T cells and thus may play an
important role in the modulation of CTL responses. However, in this regard, conflicting reports are available. One group of studies
suggests that the interaction between B cells and CD8� T cells leads to the activation of the T cells, whereas other studies propose
that it induces T cell tolerance. For discerning this dichotomy, we used B cells that were activated with either LPS or anti-Ig plus
anti-CD40 Ab, which mimic the T-independent and T-dependent modes of B cell activation, respectively, to provide accessory
signals to resting CD8� T cells. Our results show that, in comparison with anti-Ig plus anti-CD40 Ab-activated B cells, the
LPS-activated B cells (LPS-B) failed to induce significant levels of proliferation, cytokine secretion, and cytotoxic ability of CD8�

T cells. This hyporesponsiveness of CD8� T cells activated with LPS-B was significantly rescued by anti-TGF-�1 Ab. Moreover,
it was found that such hyporesponsive CD8� T cells activated with LPS-B had entered a state of anergy. Furthermore, LPS-B
expresses a significantly higher level of TGF-�1 on the surface, which caused the observed hyporesponsiveness of CD8� T cells.
Therefore, this study, for the first time, provides a novel mechanism of B cell surface TGF-�1-mediated hyporesponsiveness
leading to anergy of CD8� T cells. The Journal of Immunology, 2003, 170: 5897–5911.

B cells are known to play an important role in CD4� T cell
activation and in the generation of the humoral immu-
nity. B cells also exert regulatory effects on CD8� T cell

responses; however, the precise nature of this phenomena has re-
mained unclear. On the one hand, extensive literature suggests that
B cells attenuate CD8� T cell responses, whereas, in contrast, they
are known to potentiate CD8� T cell responses. The former is
exemplified where B cells inhibit the induction of T cell-dependent
tumor immunity in which class I-restricted CD8� T cells play a
major role in tumor eradication (1). Although B cells express B7.1
and B7.2 costimulatory molecules, nonetheless, it has been docu-
mented that Ag recognition by CD8� T cells on such B cells in-
duces tolerance in them (2). The B cell-induced tolerance is re-
ported not only in naive CD8� T cells but also in CD8� T cell
clones in a secondary in vitro culture (2, 3). In yet another study,
it was shown that recognition of Ag on B cells directly tolerizes
CD8� T cells, and this tolerance induction is not due to a lack of
CD4� T cell help (4). Furthermore, studies in B cell-deficient mice
indicate that B cells are incapable of inducing naive CD8� T

cells and thus are not required for the initiation of the CTL
responses (5, 6).

In contrast, B cells are also known to enhance CD8� T cell
responses. Evidence suggest that B cells play an important role
in induction (5) and maintenance of CD8� T cell memory re-
sponses (7). It was found that, in the absence of B cells, CTL
memory responses to lymphocytic choriomeningitis virus be-
came severely affected, and the viral-specific CTL response was
exhausted (7). Moreover, studies in a nonobese diabetic model
of autoimmune diabetes show that mice deficient in �2-micro-
globulin (8) and B cells (9) had become resistant to insulin-
dependent diabetes mellitus. These observations signify an im-
portant role of B cells in inducing autoreactive CD8� T cells
that might cause � cell destruction. Recently, Sun et al. (10)
also showed that CMV- and EBV-specific CTLs could be effi-
ciently induced in vitro in the presence of a B lymphoblastoid
cell line expressing specific Ag.

These discrepancies regarding the activating capabilities of B
cells prompted us to reassess the role of B cells as accessory cells
in CD8� T cell activation. Because resting B cells are known to
express low levels of costimulatory molecules and can tolerize the
T cells (5, 11, 12), we therefore used activated B cells as APC for
our study. It is known that B cell activation may occur in response
to two kinds of Ags, T-dependent and T-independent Ags (13). B
cell activation in response to T-dependent Ags occurs when B cells
capture Ags via their surface Ig and process it for presentation with
MHC class II to CD4� T cells (14), resulting in an Ag-specific T:B
cognate interaction. Moreover, interaction of CD40 ligand on T
cells with CD40 on the B cells is an essential prerequisite for
optimal B cell activation (15). Therefore, for T-dependent B cell
activation, we used anti-mouse Ig as a model Ag in the presence of
anti-CD40-activating Abs to mimic CD4� T cell help (16). In
contrast, we used LPS, which is the best-studied T-independent
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Ag, to activate the B cells. LPS is a product of Gram-negative
bacteria and is known to cause polyclonal B cell activation, pro-
liferation, and production of cytokines, such as IL-1, IL-6, IL-8,
and TNF-� (17). LPS also stimulates B cells to enhance their Ag-
presenting capacity, which is accompanied by secretion of large
amounts of LPS-neutralizing Abs (18). These cumulative effects of
LPS are known to be accomplished by binding to its receptor,
Toll-like receptor-4 (TLR-4)3 (19).

Thus, in the present study, we used B cells that were activated
with two different modes, i.e., either in the presence of anti-Ig and
anti-CD40 Ab (16) or with LPS. These differentially activated B
cells were then tested for their ability to activate resting CD8� T
cells. Our results show that LPS-activated B cells (LPS-B) were
less efficient in activating CD8� T cells as compared with anti-
mouse Ig and anti-CD40 Ab-activated B cells (CD40-B). Further-
more, the CD8� T cells receiving signals from LPS-B enter into a
state of anergy that can be rescued by exogenous IL-2. The ob-
served hyporesponsiveness of CD8� T cells could be attributed to
a higher expression of TGF-�1 on the surface of LPS-B. There-
fore, the type of activation the B cell originally receives, either T
independent or T dependent, seems to play an important role in
deciding the fate of the CD8� T cell response. Thus, these results
illuminate the immune evasion strategies adopted by both Gram-
negative bacteria and retroviruses that specifically target TLR-4
signaling in B cells.

Materials and Methods
Mice

BALB/c and C57BL/6 mice (6–8 wk of age) used for this study were
originally obtained from National Institute of Nutrition (Hyderabad, India)
and maintained at our experimental animal facility under standard patho-
gen-free conditions.

Culture medium, cytokines, and Abs

T cells and B cells were cultured in RPMI 1640 (Life Technologies, Grand
Island, NY) medium containing penicillin (70 �g/ml), streptomycin (100
�g/ml), 2-ME (50 �M), sodium pyruvate (1 mM), HEPES (20 �M), and
10% FBS (Life Technologies). For TGF-�1 estimation, cells were cultured
in low serum containing medium with 2% FBS and insulin-transferrin-
selenium A (Life Technologies).

Anti-CD3 (145.2C11), anti-CD40 (HM40.3), anti-mouse Ig (187.1) and
anti-CD16/CD32 (2.4G2), and anti-IL-10 (JES5-16E3) Abs and isotype
control Abs rat IgG2b (R35-38), rat IgG1 (R3-34), and mouse IgG1 (107.3)
were obtained from BD PharMingen (San Diego, CA). PE-labeled anti-
CD8 (53-6.7), anti-CD25 (PC61), anti-IFN-� (XMG1.2), anti-TNF-�
(MP6-XT22), anti-ICAM-1 (3E2), anti-B7.2 (GL1), anti-B7.1 (16-10A1),
rat IgG2a (B39-4), rat IgG2b (R35-38), rat IgG1 (R3-34), hamster IgG
group-1 PE (A19-3), and hamster IgG group-2 (B81-3) Abs were obtained
from BD PharMingen. FITC-labeled anti-CD8 (53-6.7), anti-CD45R
(RA3-6B2), and rat IgG1 (R3-34) Abs were also obtained from BD Phar-
Mingen. Anti-IL-6 (MP5-20F3) Ab was linked to FITC (Sigma-Aldrich,
St. Louis, MO) using standard protocol. Biotin-labeled chicken anti-
TGF-�1 Ab, biotin-labeled goat anti-latency-associated peptide (LAP)
(TGF-�1), monoclonal anti-TGF-� (1.2.3) (1D11) Ab, recombinant active
TGF-�1, and recombinant latent TGF-�1 were obtained from R&D Sys-
tems (Minneapolis, MN), whereas normal chicken IgG and normal goat
IgG were obtained from Bangalore Genie (Bangalore, India). Biotinylation
of normal chicken IgG and normal goat IgG was conducted using N-hy-
droxysuccinimide-biotin (Pierce, Rockford, IL). Secondary reagent for bi-
otin-labeled Abs used was PE-labeled streptavidin (BD PharMingen) and
streptavidin HRP (Roche, Indianapolis, IN). Recombinant mouse cytokines
IFN-�, TNF-�, IL-6, IL-4, IL-2, IL-10, and human IL-15 were also ob-
tained from BD PharMingen.

B cell purification and activation

The splenocytes from C57BL/6 mice were used for B cell purification.
RBCs were depleted by hemolytic Gey’s solution, and the resulting spleno-
cytes were subjected to B cell enrichment mixture Abs (StemCell Tech-
nologies, Vancouver, British Columbia, Canada) and magnetically sepa-
rated by negative selection according to the manufacturer’s instructions. B
cells obtained by this method were routinely �94% pure as analyzed by
anti-B220 Ab staining. B cells were then activated either by LPS (Salmo-
nella typhosa; Sigma-Aldrich) at a concentration of 20 �g/ml or with 4
�g/ml anti-mouse Ig and 10 �g/ml anti-CD40 (HM40.3) Abs at 2 � 106

cells/well of a 24-well plate. At the end of 72 h, activated B cells were
harvested, and dead cells were removed by Histopaque (Sigma-Aldrich).
The B cells were then repeatedly washed in large volumes of HBSS con-
taining 2% FCS, especially, to remove traces of LPS before coculturing
with the T cells. B cells obtained at this stage were 98% B220 positive.

T cell purification

The CD8� T cells were purified throughout the course of the study from
alloantigen-primed mice to increase the frequency and yield of CD8� T
cells in the spleen, as described earlier (18, 20). In brief, 1 � 107 freshly
prepared splenocytes from BALB/c mice were injected i.p. into C57BL/6
mice. After 8–10 days, a single-cell suspension of spleen cells was pre-
pared, and CD8� T cell purification was performed as described under T
cell proliferation assay. RBC-depleted splenocytes were passed through a
nylon wool (Robbins Scientific, Sunnyvale, CA) column, and eluted cells
were treated with anti-CD4-coated magnetic beads (Dynal, Oslo, Norway)
to remove CD4� T cells. Resulting cells were directly subjected to CD8�

T cell enrichment system (StemCell Technologies) and were negatively
sorted according to the manufacturer’s protocol. Thus obtained, CD8� T
cells were 95% pure with �0.1% CD4� T cell contamination as analyzed
by anti-CD8 and anti-CD4 Ab staining. The CD8� T cells obtained by this
method were found to exhibit a resting phenotype, as analyzed by their
abilities to proliferate, to function as cytotoxic cells, and to express IL-2,
IFN-�, IL-2R�, and CD69. It was found that these CD8� T cells do not
proliferate in the culture, do not synthesize IL-2 and IFN-� as analyzed
by ELISA, and have very low cytotoxic ability, and 98% of them do not
express IL-2R� or CD69 on their surface. Such cells were considered as
resting CD8� T cells (21, 22).

T cell proliferation assay

To study the role of B cells in the activation of CD8� T cells, we first fixed
the B cells by gamma-irradiation at 2000 rads before culturing with the T
cells. After irradiation, B cells were washed three times with HBSS con-
taining 2% FCS. CD8� T cells were activated polyclonally in the presence
of LPS-B or CD40-B in the presence of anti-CD3 Ab at a concentration of
1 �g/ml as a source of primary signal, in a U-bottom 96-well plate (Costar,
Cambridge, MA) for 72 h. Proliferation of the cells was measured using
[3H]thymidine (NEN, Boston, MA; or BRIT, Mumbai, India) incorporation
at 1 �Ci/well for the last 12 h of the culture.

To determine the effect of soluble factors released by the coculture of
CD8� T cells and LPS-B on the proliferation of CD8� T cells activated
with CD40-B, dual-chamber Transwells were used. For this, 5 � 105

CD8� T cells or 2.5 � 105 irradiated LPS-B alone or 5 � 105 CD8� T cells
together with 2.5 � 105 irradiated LPS-B in the presence of anti-CD3 Ab
(1 �g/ml) were cultured in the lower Transwell chamber (Costar) in 800 �l
of medium. The effect of soluble factors released by these cultures was
assessed on the proliferation of 5 � 105 CD8� T cells activated in the
presence of 2.5 � 105 paraformaldehyde (0.4%)-fixed CD40-B and anti-
CD3 Ab (1 �g/ml) in the upper Transwell chamber. The cells were cultured
for 60 h, and then 75 �l of medium containing the cells from the upper
Transwell chamber were transferred to a 96-well plate for [3H]thymidine
incorporation for 8 h. Cells were harvested using cell harvester (Skatron,
Norway), and radioactivity was counted in a liquid scintillation counter
(Packard, Downers Grove, IL).

Cytotoxicity assay

CD8� T cells were activated in the presence of irradiated LPS-B or
CD40-B and anti-CD3 Ab (1 �g/ml) in multiple wells of a 96-well plate.
At the end of 6 days, cells were harvested, and the dead cells were removed
by Histopaque (Sigma-Aldrich). The viable T cells were counted by the
trypan blue exclusion method and checked for their anti-CD3-mediated
cytotoxic ability in different E:T ratios against [3H]thymidine-labeled P815
as target cells for 3 h, by JAM test (23).

3 Abbreviations used in this paper: TLR-4, Toll-like receptor 4; LPS-B, LPS-activated
B cell; CD40-B, anti-mouse Ig and anti-CD40 Ab-activated B cell; LAP, latency-
associated peptide; DHFR, dihydrofolate reductase; FasL, Fas ligand.
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Cytokine analysis using ELISA and RT-PCR

Mouse IL-2, IFN-�, IL-6, IL-4, and TNF-� were analyzed in the culture
supernatants by sandwich ELISA using coating and detecting paired Abs
obtained from BD PharMingen, while IL-15 was estimated using Abs (cat-
alog nos. sc-8437 and sc-1296) obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). The detection limit of IL-2, IFN-�, IL-6, IL-4, and
TNF-� was 30 pg/ml, whereas for IL-15, it was 100 pg/ml. Recombinant
IL-2, IFN-�, IL-6, IL-4, IL-15, and TNF-� were used to prepare the stan-
dard curves. For the estimation of IL-10 and IL-13, Quantikine M from
R&D Systems was used. For TGF-�1 estimation, cells were cultured in the
medium containing 2% FBS supplemented with insulin-transferrin-sele-
nium A. Culture supernatants were treated with HCl to a pH of 2.5 for
activation of pro-TGF-�1 to active TGF-�1. These supernatants were then
neutralized with NaOH and estimated using an ELISA kit obtained from
Promega (Madison, WI). The values obtained from the medium alone were
subtracted from the test values.

Semiquantitative RT-PCR was used to detect cytokine mRNA synthesis
from B cells. B cells were activated with LPS or anti-Ig plus anti-CD40 for
72 h. Cells were harvested, and total RNA was prepared by TRIzol reagent
(Life Technologies) or by SNAP total RNA isolation kit (Invitrogen, San
Diego, CA), according to the manufacturer’s instruction. Total RNA (200
ng) was used to perform RT-PCR using Titan one tube RT-PCR system
(Roche) in a 25-�l reaction. Housekeeping gene dihydrofolate reductase
(DHFR) was used as a control to determine equal loading of RNA. The
primer sets for DHFR, IL-2, TGF-�1, and IL-10 were obtained from Strat-
agene (La Jolla, CA). Other primers used were the following: IL-15 prim-
ers, 5�-CCATCTCGTGCTACTTGTG-3� and 5�-CTGTTTGCAAGGT
AGAGCACG-3�; TNF-� primers, 5�-GCGACGTGGAACTGGCAGA
AG-3� and 5�-GGTACAACCCATCGGCTGGCA-3�; IL-6 primers, 5�-
TGGAGTCACAGAAGGAGTGGCTAA-3� and 5�-TCTGACCACAGT
GAGGAATGTCCAC-3�; and Fas ligand (FasL) primers, 5�-CGAAAC
CAACCACTTGAGTGC-3� and 5�-GAACACTAGTTGCTTTGACCC-
3�. RT-PCR products were separated by electrophoresis in 1% agarose gel
and were visualized using ethidium bromide staining.

Flow cytometric analysis of surface and intracellular markers

For surface staining, B cells were harvested from the culture and washed
twice with FACS buffer (PBS containing 0.1% BSA and 0.05% sodium
azide). Nonspecific binding of Abs to the cells was prevented by preincu-
bation of cells with 30 �g/ml anti-CD16/32 Ab for 20 min and then stained
with appropriate concentration of staining Abs for 45 min at 4°C. Cells
were then washed twice with FACS buffer, followed by staining with
streptavidin PE in the case of biotin-labeled Abs for 30 min at 4°C. Cells
were again washed twice with FACS buffer and were fixed with 1% buff-
ered paraformaldehyde until analyzed.

Surface staining of TGF-�1 was done using biotin-labeled chicken anti-
TGF-�1 followed by streptavidin PE. To ensure the specificity of the sur-
face staining, a competition experiment was conducted in the presence of
rTGF-�1. For this experiment, anti-TGF-�1 Abs were titrated to a point
where staining began to dilute out and then competition of anti-TGF-�1 Ab
in the presence of rTGF-�1 was conducted to bind on the surface of LPS-B.

Intracellular cytokine staining was done as described elsewhere (24)
with little modification. In brief, CD8� T cells were activated with nonir-
radiated LPS-B or CD40-B in the presence of 1 �g/ml anti-CD3 Ab. Gol-
giPlug (BD PharMingen) containing brefeldin A was added to block cy-
tokine secretion after 2 h and was cultured for 10 more hours. Cells were
harvested and washed twice with the FACS buffer. Cells were then surface
stained with anti-CD8 staining Ab for 45 min, and after two washes with
staining buffer, cells were fixed with freshly prepared 1% paraformalde-
hyde for 20 min at room temperature. For intracellular cytokine staining,
cells were washed twice with PBS containing 0.1% BSA and 0.5% saponin
(Sigma-Aldrich), and then cells were stained with anti-cytokine Abs for 30
min at room temperature. Cells were washed twice with PBS/BSA/saponin
buffer followed by two washings with the FACS buffer. Samples were then
analyzed on a FACSVantage (BD Biosciences, Mountain View, CA) flow
cytometer.

Confocal microscopy

LPS-B or CD40-B were surface stained as described above, with biotin-
labeled chicken anti-TGF-�1 Ab followed by streptavidin PE. Cells were
mounted on the slide and viewed under confocal microscope at �63 mag-
nification (Zeiss, Jena, Germany).

Membrane preparation and Western blot analysis

The cell membrane preparation was done as described previously (25). In
brief, LPS-B or CD40-B were harvested from the culture and washed three

times with PBS before freezing overnight. Cells were then thawed and
homogenized in homogenization buffer (20 mM Tris (pH 7.4), 0.25 M
sucrose, and 1 mM EDTA) in the presence of a protease inhibitor mixture
(Roche) and glass beads (106 �m; Sigma-Aldrich). The cell debris was
removed by centrifugation at 700 � g for 15 min at 4°C. The supernatant
obtained was then subjected to centrifugation at 110,000 � g. The pellet
was solubilized in solubilization buffer (20 mM Tris, 20% glycerol, and 1%
Triton X-100 (pH 7.5)) overnight at 4°C. The insoluble material was again
removed by spinning at 100,000 � g for 1 h at 4°C, and supernatants
containing the membrane proteins were collected.

The membrane proteins obtained were estimated by Bradford’s reagent
(Bio-Rad, Hercules, CA), and equal amounts of proteins from membrane
preparations from the CD40-B and LPS-B groups were separated on 10 or
12% SDS-PAGE under nonreducing conditions (26) along with recombi-
nant proteins and Rainbow markers (Amersham, Little Chalfont, U.K.).
The proteins were then blotted on a nitrocellulose membrane and probed
with biotin-conjugated anti-TGF-�1 or normal chicken IgG or anti-LAP
(TGF-�1) Abs or its control normal goat IgG. The secondary reagent used
was HRP-conjugated streptavidin. The blots were developed with chemi-
luminescent luminol substrate and visualized by exposing the blots to
x-ray film.

Assessment of CD8� T cell anergy

Using the protocol described previously (27), purified CD8� T cells (1 �
106) were stimulated with immobilized anti-CD3 (2 �g/ml) Ab or with
irradiated LPS-B or CD40-B (5 � 105) and (1 �g/ml) soluble anti-CD3 Ab
for 2 days in a 24-well plate. The cells were then washed and rested for two
more days in fresh RPMI medium containing 10% FCS. Unstimulated
CD8� T cells were cultured with rIL-2 (2 ng/ml) to maintain the cell
viability (2). The cells were harvested and subjected to Histopaque to re-
move the dead cells. The viable cells were counted by the trypan blue
exclusion method, and 5 � 104 cells were restimulated in the presence of
ionomycin and PMA with or without rIL-2 for 72 h. Proliferation of the
cells was measured using [3H]thymidine incorporation at 1 �Ci/well for
the last 12 h of the culture. In parallel cultures, the supernatant was har-
vested at 24 h after stimulation for IL-2 measurement by ELISA.

Statistical analysis

Statistical analysis was performed using the Student’s t test.

Results
LPS-B are poor activators of CD8� T cells as compared with
CD40-B

In the present study, we have made an attempt to elucidate the role
of B cells in CD8� T cell activation. We used CD40-B and LPS-B
as accessory cells to assess the activation of resting CD8� T cells.
Our results show that, when CD40-B or LPS-B were used as ac-
cessory cells, CD8� T cells proliferated to a greater extent in the
presence of CD40-B as compared with LPS-B in a dose-dependent
manner (Fig. 1A). We consistently found that CD8� T cells acti-
vated with CD40-B, proliferated three to five times more than the
CD8� T cells stimulated with LPS-B. In contrast, the proliferation
in control experiments using irradiated B cells alone or autologous
T cells activated with B cells without anti-CD3 Ab (28) was neg-
ligible. Because CD40-B induced higher CD8� T cell proliferation
compared with LPS-B, we next examined the expression of the
activation marker CD25 on CD8� T cells activated for 24 h in the
presence of either of these B cells. We found that CD8� T cells
activated in the presence of CD40-B expressed significantly higher
levels (8- to 10-fold) of CD25 than CD8� T cells activated with
LPS-B (Fig. 1B). We also tested the cytotoxic ability of the CD8�

T cells activated either in the presence of LPS-B or CD40-B after
6 days of culture. Results of a cytotoxicity assay again showed that
CD8� T cells activated in the presence of CD40-B were signifi-
cantly more potent cytotoxic cells than CD8� T cells activated
with LPS-B (Fig. 1C). The E:T ratio used for the cytotoxicity assay
was based on the T cell number the LPS-B and CD40-B group,
which was normalized after activation for 6 days of culture. This
suggests that CTLs generated in the presence of LPS-B are defec-
tive in their cytotoxic effector function. These observations clearly
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demonstrate that LPS-B are poor activators of CD8� T cells as
compared with CD40-B, resulting in decreased proliferation and
maturation of CTLs into cytotoxic effector cells.

Expression of costimulatory molecules on B cells

The findings that different modes of activation of B cells influence
their subsequent ability to stimulate CD8� T cells prompted us to
investigate this further. We first examined the level of expression
of costimulatory molecules like B7.1, B7.2, and ICAM-1 on both
of these B cells. As shown in Fig. 2A, the expression of B7.1 and
ICAM-1 on CD40-B and LPS-B was comparable. Surprisingly,
LPS-B expressed much higher levels of B7.2 molecules as com-
pared with CD40-B (Fig. 2A). B7.2 is known to play a central role
in the CTL generation, alone and in combination with B7.1 (29,
30). Moreover, blocking the delivery of costimulation by B7.2 on
LPS-B by neutralizing anti-B7.2 Ab further inhibited CD8� T cell
proliferation (62%), whereas its isotype normal rat IgG2a did not
block the proliferation significantly (8%) (data not shown). This
suggests an important role of B7.2 in inducing CD8� T cell pro-
liferation. Furthermore, the expression of FcR on both of the B
cells was analyzed for the reason that anti-CD3 Ab-mediated ac-
tivation of T cells is known to be dependent on the cross-linking of
T cells by the FcRs on the accessory cells (31). Therefore, the
differential levels of FcRs on B cells could also account for the
observed difference in their CD8� T cell-activating capabilities.
However, we observed that LPS-B and CD40-B express equal lev-
els of FcRs (CD16/CD32) as examined by flow cytometry (Fig.
2A), suggesting that both the B cells provide equal levels of pri-
mary signal to T cells. Thus, the poorer ability of LPS-B relative
to CD40-B, in terms of CD8� T cell stimulation, does not appear
to be due to the deficiency at the primary signal level or at the level
of costimulatory molecule expression.

Analysis of cytokines synthesized by CD8� T cells activated in
the presence of LPS-B and CD40-B

To further investigate the molecular mechanism of the poor CD8�

T cell-activating capabilities of LPS-B as compared with CD40-B,
we analyzed the profile of cytokines secreted by CD8� T cells
activated in the presence of B cells. We examined for cytokines
such as IL-2, IFN-�, TNF-�, IL-6, IL-10, IL-13, and TGF-�1 re-
leased in the culture supernatant, by sandwich ELISA. The results
showed that IL-2, IFN-�, TNF-�, IL-6, and IL-13 were detected at
significantly higher levels in culture supernatants of CD8� T cells
activated with CD40-B, as compared with CD8� T cells activated
with LPS-B (Table I). In contrast, IL-10 and TGF-�1, which are T
cell-inhibitory cytokines (32), were found to be much higher in the
culture supernatant of CD8� T cells and LPS-B as compared with
the culture supernatant of CD8� T cells and CD40-B (Table I).
Apart from this, we also performed intracellular cytokine staining
for IFN-�, TNF-�, IL-2, and IL-6. Results of this experiment also
suggested that LPS-B are much poor inducers of cytokine synthe-
sis from CD8� T cells as compared with CD40-B (Fig. 3A), as
indicated by the percentage of T cells positive for cytokine stain-
ing. Together, these results prove that, although LPS-B express
sufficiently high surface costimulatory molecules, when used as
accessory cells, their ability to induce CD8� T cells responses was
severely compromised as compared with the ability of CD40-B.
This was evident in terms of not only proliferation and maturation
of CTLs, but also in terms of the synthesis of cytokines by the T
cells. Moreover, it is worth noting that the differences between
LPS-B and CD40-B were not only qualitative but also quantitative,
as indicated by the higher levels of IL-10 and TGF-�1 secreted by

FIGURE 1. A. CD40-B are more potent stimulators of CD8� T cells than
are LPS-B. Purified CD8� T cells (1 � 105) were cultured in the presence of
anti-CD3 Ab (1 �g/ml) and various numbers of irradiated LPS-B or CD40-B
per well of a 96-well plate. Cells were cultured for 72 h and T cell proliferation
was assessed by [3H]thymidine incorporation for the last 12 h of the culture.
Background values of [3H]thymidine incorporation of irradiated B cells alone
at the highest cell number (1 � 105) used were 2452 � 1098 and 2353 � 875
for LPS-B and CD40-B, respectively. The counts of T cells cultured with
LPS-B or CD40-B cells alone without anti-CD3 Ab were 3254 � 568 and
3526 � 875, respectively. The results shown are the means � SD of triplicate
wells and represent one of five individual experiments. B, CD8� T cells ac-
tivated with CD40-B express a higher level of CD25 than do CD8� T cells
activated with LPS-B. Purified CD8� T cells (1 � 105) were activated in the
presence of anti-CD3 Ab (1 �g/ml) and nonirradiated LPS-B or CD40-B (5 �
104) for 24 h. Cells were harvested and stained with either anti-CD25 PE Ab
or normal rat IgG2b PE as its isotype control. Expression of CD25 is shown
on gated cells that were positive for anti-CD8 FITC. A representative of iso-
type control rat IgG2b PE staining on CD8� T cells activated with LPS-B is
shown only, because its staining on those activated with CD40-B and nonac-
tivated T cells was comparable. C, CTLs generated in the presence of LPS-B
are poor cytotoxic cells in comparison with those generated in the presence
CD40-B. Purified CD8� T cells (1 � 105) were activated with anti-CD3 Ab
(1 �g/ml) and irradiated LPS-B or CD40-B (5 � 104) for 6 days in multiple
wells of a 96-well plate. Cells were then harvested and washed, and dead cells
were removed by Histopaque. The live cells were counted in the presence of
trypan blue, and the cytotoxic ability of these cells was checked by incubating
them for 3 h with anti-CD3 Ab and [3H]thymidine-labeled P815 cells as targets
in different E:T ratios. The results shown are the means � SD of triplicate
wells and represent one of three individual experiments.
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CD8� T cells activated with LPS-B as compared with CD8� T
cells activated with CD40-B. These higher levels of T cell-inhib-
itory cytokines such as IL-10 and TGF-�1 found in the culture
supernatants could possibly explain the observed phenomena.

Previous reports suggest that activated B cells express func-
tional FasL on their surface and are capable of killing Fas-sensitive
target cells (33). Therefore, it is possible that higher expression of
FasL on LPS-B could kill CD8� T cells and cause the observed
reduction in the proliferation of T cells. Therefore, we analyzed the
expression of FasL on LPS-B and CD40-B at the message level by
RT-PCR and on the surface by staining cells with anti-FasL Ab

(MFL4). We found no difference in expression of FasL on LPS-B
and CD40-B, as analyzed at the message level by semiquantitative
RT-PCR (Fig. 3B) and by flow cytometric analysis (data not
shown). These results thus rule out the possibility that the differ-
ential capacity of the activated B cells to stimulate CD8� T cells
is due to selective killing of T cells via Fas-FasL interaction.

LPS-B synthesize higher levels of TGF-�1 and IL-10 mRNA
than do CD40-B

Results of the cytokine analysis suggested that inhibitory cytokines
like IL-10 and TGF-�1 were the only cytokines that were detected

Table I. Cytokine profile of CD8� T cells activated with B cells by ELISAa

Cytokines

Culture Conditions

CD8� T cells � anti-CD3 �
LPS-B (pg/ml)

CD8� T cells � anti-CD3 �
CD40-B (pg/ml)

Irradiated LPS-B
alone (pg/ml)

Irradiated CD40-B
alone (pg/ml)

IL-2 155 � 21.21 490 � 28.28 ND ND
p � 0.01

IFN-� 1650 � 70.7 3425 � 318.19 ND ND
p � 0.05

TNF-� 192.5 � 24.74 1135 � 190.19 ND 65 � 7.07
p � 0.001

IL-6 205 � 21.21 717.5 � 38.89 ND ND
p � 0.001

IL-13 187 � 15.55 631 � 26.87 ND ND
p � 0.001

IL-10 570 � 28.28 142.5 � 10.60 100 � 14.14 ND
p � 0.01

TGF-�1 780 � 14.14 265 � 49.49 190 � 28.28 45 � 7.07
p � 0.01

a Purified CD8� T cells (1 � 105) were cultured with anti-CD3 Ab and irradiated LPS-B or CD40-B (5 � 104) in a 96-well plate. Supernatants were
harvested at 24 h for IL-2 and IFN-�, 48 h for IL-6, IL-4, IL-15, TNF-�, IL-10, and IL-13, and 72 h for TGF-�1, after stimulation. Supernatants of T
cells alone and T cells cultured with anti-CD3 Ab did not show detectable levels of these cytokines. Additionally, IL-15 and IL-4 were also not detected
in any of these supernatants. The data shown are the means � SD of duplicate wells assayed and represent one of at least three independent experiments.
ND, Not detected.

FIGURE 2. A, Expression of costimula-
tory molecules on B cells. Normal B cells
or B cells activated with either LPS or anti-
Ig plus anti-CD40 Abs for 72 h were
stained with PE-labeled anti-B7.1 (hamster
IgG, group 2) or anti-B7.2 (rat IgG2a) or
anti-ICAM-1 (hamster IgG, group 1) Abs
or their respective isotype controls. A rep-
resentative of isotype control hamster IgG/
group 1 PE or hamster IgG/group 2 PE or
rat IgG2a PE staining on LPS-B is shown
only, because its staining on normal B cells
and CD40-B were comparable with the
staining on LPS-B. The data shown repre-
sent one of the three individual experi-
ments. B, Expression of FcRs on B cells.
LPS-B and CD40-B were stained with bi-
otin-labeled anti-CD16/CD32 or isotype
control biotin-labeled rat IgG2b, followed
by streptavidin PE as a secondary reagent.
A representative of isotype control biotin-
labeled rat IgG2b staining on LPS-B is
shown only, because its staining on
CD40-B was comparable with the staining
on LPS-B. The data shown represent one of
the three individual experiments.
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at higher levels in the supernatants of LPS-B cocultured with
CD8� T cell. This was in contrast to CD8� T cells cocultured with
CD40-B, which primarily secreted IFN-�, IL-2, and TNF-�. Be-
cause LPS-B and CD8� T cells were cocultured together, one may
argue that LPS-B might synthesize and secrete high levels of
TGF-�1 and IL-10, which in turn induce more TGF-�1 and IL-10
production from T cells (34). To test this, we probed the status of
TGF-�1 and IL-10 in both types of B cells using semiquantitative
RT-PCR. We also analyzed expression of cytokines such as IL-15,
IL-6, TNF-�, and IL-2. IL-15 is known to activate memory-type
CD8� T cells (35), whereas IL-6 and TNF-� are reported to co-

stimulate CD8� T cells (36). Therefore, these cytokines secreted
by the B cells could also potentially play an important role in
modulating CD8� T cell responses. We observed that the TGF-�1
and IL-10 message levels were, indeed, found to be much higher
in LPS-B as compared with CD40-B (Fig. 4A). We also found that
CD40-B expressed a higher level of IL-15 mRNA than did LPS-B,
TNF-� and IL-6 mRNA levels were comparable, and IL-2 mRNA
was hardly detected. To confirm the above-mentioned results, we
also examined the levels of TGF-�1, IL-10, and IL-15 in the su-
pernatants of LPS-B and CD40-B by sandwich ELISA. Indeed, we
found that LPS-B comparatively secreted much higher levels of

FIGURE 3. A, Intracellular flow analysis of cytokines. Purified CD8� T cells (1 � 105) were cultured with nonirradiated LPS-B or CD40-B cells (5 �
104) and anti-CD3 Ab for 2 h followed by 10 h in GolgiPlug. Cells were stained with PE- or FITC-tagged anti-CD8 Ab along with anti-IFN-� (rat IgG1)
PE or anti-TNF-� (rat IgG1) PE or anti-IL-2 (rat IgG2b) PE or anti-IL-6 (rat IgG1) FITC Ab or their respective isotype controls (i.e., rat IgG1 PE or rat
IgG2b PE or rat IgG1 FITC), as described in Materials and Methods. A representative of the isotype control rat IgG1 PE is shown only, because the staining
of isotype control rat IgG2b was comparable with the staining with rat IgG1 PE. The numbers shown in the quadrant are the percentages of CD8� T cells
positive for cytokine staining. As the cocultures were done with T cells and B cells, the percentages were calculated by gating CD8� T cells only. The data
are representative of three individual experiments. B, LPS-B and CD40-B cells express equal FasL mRNA. Purified B cells (2 � 106) were activated with
LPS or anti-Ig plus anti-CD40 Abs in a 24-well plate. After 72 h, cells were harvested and total RNA was prepared and was used (200 ng) to perform
RT-PCR, using gene-specific primers for FasL in a 25-�l reaction. The PCR products (5 �l) were separated on a 1% agarose gel and were visualized with
ethidium bromide staining. The equal intensity of DHFR reflects the equal amount of RNA used for each RT-PCR. The data are representative of three
individual experiments.
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TGF-�1 and IL-10, whereas CD40-B secreted high IL-15 as com-
pared with LPS-B (Fig. 4B). Therefore, it is possible that high
TGF-�1 and IL-10 secreted by LPS-B could play a role in deter-
mining the decreased ability to activate CD8� T cells, as compared
with CD40-B.

TGF-�1, but not IL-10, is responsible for the poor ability of
LPS-B to activate CD8� T cells

We next addressed whether or not neutralizing the activity of
TGF-�1 or IL-10 would restore the hyporesponsiveness of CD8�

T cells activated in the presence of LPS-B as compared with CD8�

T cells activated with CD40-B. We used anti-TGF-�1 and anti-
IL-10 Abs to neutralize their activities in CD8� T cell and acti-
vated B cell cultures. The results show that anti-TGF-�1, indeed,
significantly restored the proliferation of CD8� T cells activated
with LPS-B, as compared with its isotype control normal mouse
IgG1 (Fig. 5A). In contrast, anti-IL-10 (or anti-IL-10R Abs, not
shown) had no effect on the proliferation of CD8� T cells as com-
pared with its rat IgG2b isotype control (Fig. 5A).

To further prove the inhibitory role of TGF-�1, we also per-
formed experiments in which CD40-B-activated CD8� T cells
were cultured in the presence of recombinant TGF-�1, IL-10, and
a combination of TGF-�1 and IL-10. For this, we chose to chem-
ically fix CD40-B with paraformaldehyde, because such B cells do
not proliferate at all and, unlike irradiation-fixed cells (Table I),
they do not secrete any cytokines that might interfere with the
effects of exogenously added cytokines on the proliferation of

CD8� T cells. The results from such experiments show that,
whereas recombinant active TGF-�1 completely inhibited the pro-
liferation of CD8� T cells in a dose-dependent manner, IL-10 had
no effect. Furthermore, in contrast to an earlier observation with
CD4� T cells (32), no synergism between TGF-�1 and IL-10
could be observed. Moreover, addition of high-affinity mouse anti-
TGF-�1 Ab was found to completely rescue the CD8� T cell

FIGURE 4. A, Analysis of cytokine gene expression of activated B cells
using RT-PCR. B cells were activated, and total RNA was isolated as
described in Fig. 3B. RNA (200 ng) from each sample was used to perform
RT-PCR using gene-specific primers of TGF-�1, IL-10, IL-15, TNF-�,
IL-6, and IL-2 in a 25-�l reaction. The PCR products (5 �l) were separated
on 1% agarose gel and visualized with ethidium bromide staining. The
equal intensity of DHFR reflects the equal amount of RNA used for each
RT-PCR. The data are representative of three independent experiments. B,
LPS-B secretes higher levels of TGF-�1 and IL-10, although low IL-15, as
compared with CD40-B in the culture supernatant. Purified B cells (2 �
106) were activated either with LPS or anti-Ig plus anti-CD40 Abs in a
24-well plate, and supernatants were harvested at 70 h. Cytokine ELISA
was performed as described in Materials and Methods. The data shown are
the means � SD of duplicate wells assayed and represent at least three
independent experiments.

FIGURE 5. A, Anti-TGF-�1 neutralizing Ab significantly restores the
proliferation of CD8� T cells activated with LPS-B. Purified CD8� T cells
(1 � 105) were activated with anti-CD3 Ab (1 �g/ml) and irradiated LPS-B
or CD40-B (5 � 104) in the presence of anti-TGF-�1 (1D11) Ab or its
isotype control mouse IgG1 Ab or in the presence of anti-IL-10 Ab or its
isotype control rat IgG2b. Cells were cultured for 72 h, with [3H]thymidine
incorporation (1 �Ci/well) for the last 12 h of the culture. The results
shown are the means � SD of triplicate wells and are representative of one
of the three individual experiments. B, Recombinant active TGF-�1, but
not IL-10, inhibits CD8� T cell proliferation. Purified CD8� T cells (1 �
105) were activated with paraformaldehyde (0.4%)-fixed CD40-B (5 �
104) and anti-CD3 (1 �g/ml) in the presence of various concentrations of
rTGF-�1 or IL-10 or a combination of TGF-�1 plus a fixed concentration
of IL-10 (10 ng/ml). Cells were cultured for 72 h, with [3H]thymidine
incorporation (1 �Ci/well) for the last 12 h of the culture. Note that re-
combinant active TGF-�1 completely inhibits CD8� T cell proliferation.
This inhibition is rescued by preincubation of anti-TGF-�1 (1D11) Ab (10
�g/ml) but not by isotype control mouse IgG1, when 5 ng/ml recombinant
active TGF-�1 was used to inhibit CD8� T cell proliferation. The results
shown are the means � SD of triplicate wells and are representative of one
of the three individual experiments.
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proliferation from the inhibitory effects of recombinant active
TGF-�1 (Fig. 5B). These results link TGF-�1 to the hyporespon-
siveness of CD8� T cells.

Hyporesponsiveness of CD8� T cells cultured in the presence of
LPS-B is not mediated by secreted cytokines

We next addressed whether or not the soluble factors released by
the coculture of LPS-B and CD8� T cells could induce hypore-
sponsiveness of CD8� T cells activated in the presence of
CD40-B. This was prompted by our earlier observation of a sig-
nificant decrease in the percentage of cytokine-positive CD8� T
cells when stimulated with LPS-B as compared with stimulation
with CD40-B, despite the fact that brefeldin A was added in these
cultures to block the cytokine secretion (Fig. 3A). This raised the
possibility that surface interaction between the T cells and the B
cells play an important role in inducing the hyporesponsiveness of
CD8� T cells activated in the presence of LPS-B. To test this
possibility, we used the dual-chamber Transwell culture system to
examine whether the soluble factors released by the stimulation
culture of CD8� T cells with LPS-B could bring about hypore-
sponsiveness of the proliferation of CD8� T cells activated in the
presence of CD40-B (indicator culture). We plated CD8� T cells
activated in the presence of LPS-B in the lower Transwell cham-
ber, and we assessed the effect of the soluble factors released by
them on the proliferation of CD8� T cells activated with paraform-
aldehyde-fixed CD40-B cultured in the upper Transwell chamber.
The results showed that CD8� T cells cultured with LPS-B in the
lower Transwell chamber released no soluble cytokines that inhib-
ited the CD40-B-activated CD8� T cells in the upper Transwell
chamber (Fig. 6A). Rather, an augmentation in the proliferation
of CD8� T cells was observed. The T cells alone or the B cells
alone cultured in the lower Transwell chamber had no effect on
the proliferation of CD8� T cells cultured in the upper Trans-
well chamber.

An analogous experiment was also conducted, in which CD8�

T cells were cultured with irradiated LPS-B or CD40-B in the
presence of anti-CD3 Ab for 60 h, and then the supernatants were
harvested. Various concentrations of these supernatants were
added to the coculture of CD8� T cells and paraformaldehyde-
fixed CD40-B in the presence of anti-CD3 Ab, and the resultant
proliferative response was measured. The results show that the
supernatants of the cocultures of CD8� T cells activated with
LPS-B and CD8� T cells activated with CD40-B had no inhibitory
effects (Fig. 6B). On the contrary, stimulatory effects were ob-
served, and the supernatants of cultures of CD8� T cells and
CD40-B were more efficient than the supernatants of cultures of
CD8� T cells and LPS-B in causing such effects. This could be due
to a higher secretion of soluble costimulatory molecules (36), such
as IL-6, TNF-�, and IL-2 secreted by the CD8� T cells, which are
produced at significantly higher levels by the CD8� T cells acti-
vated with CD40-B, compared with those activated with LPS-B
(Table �). In contrast, TGF-�1 secreted in the supernatant of co-
culture of CD8� T cells and LPS-B could not exert inhibitory
effects, because it is secreted predominantly in its latent form. This
was revealed by the fact that TGF-�1 estimation was done by acid
activation of culture supernatants (Table I); without acid treatment,
TGF-�1 was hardly detected. Thus, the results of both of these ex-
periments clearly suggested that the hyporesponsiveness of CD8� T
cells activated in the presence of LPS-B as compared with those ac-
tivated with CD40-B is not mediated by secreted soluble factors.

LPS-B express higher levels of surface TGF-�1 than do CD40-B

The fact that anti-TGF-�1 significantly restored the proliferation
of CD8� T cells activated with LPS-B to the level of those acti-
vated with CD40-B, while the secreted cytokines from such cul-
tures do not play a role in causing the hyporesponsiveness of
CD8� T cells, suggests that TGF-�1 is expressed on the surface of
LPS-B. To examine such a possibility, LPS-B and CD40-B were

FIGURE 6. A, Hyporesponsiveness of CD8� T cells by LPS-B is not mediated by secreted cytokines. Medium alone (a), CD8� T cells alone (5 � 105)
(b), CD8� T cells (5 � 105) with irradiated LPS-B (2.5 � 105) (c), and irradiated LPS-B alone (2.5 � 105) (d) were cultured in the lower Transwell chamber
in 800 �l of medium in the presence of anti-CD3 Ab (1 �g/ml). The effect of the soluble factors released by this culture was monitored on the proliferation
of CD8� T cells (5 � 105) activated with 2.5 � 105 paraformaldehyde (0.4%)-fixed CD40-B in the upper Transwell chamber in 250 �l of medium, in the
presence of anti-CD3 Ab (1 �g/ml). Cells were cultured for 60 h, and then 75 �l of the medium containing the cell suspension from the upper chamber
were transferred to a 96-well plate for [3H]thymidine incorporation (8-h) assay. The results shown are the means � SD of triplicate wells and represent
one of three similar experiments. B, The supernatant obtained from the coculture of CD8� T cells and LPS-B does not cause the hyporesponsiveness of
CD8� T cells. Purified CD8� T cells (1 � 105) were cultured with irradiated LPS-B or CD40-B (5 � 104) with anti-CD3 (1 �g/ml) Ab in multiple wells
of a 96-well plate for 60 h, and the supernatants were harvested. The effect of this supernatant at different concentrations was examined on the proliferation
of CD8� T cells (1 � 105) activated with paraformaldehyde (0.4%)-fixed CD40-B (5 � 104) and anti-CD3 Ab (1 �g/ml). Cells were cultured for 72 h,
with [3H]thymidine incorporation for the last 12 h of the culture. The data shown indicate means � SD of triplicate wells and are representative of three
independent experiments.
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stained with chicken anti-TGF-�1 and goat anti-LAP (TGF-�1)
Abs that recognize the active and latent forms of TGF-�1, respec-
tively (37–39). We observed that LPS-B and CD40-B both ex-
pressed active TGF-�1 on the surface (Fig. 7A). To ensure the

specificity of the surface staining obtained for TGF- �1, a com-
petition experiment was conducted in the presence of rTGF-�1.
The results showed that the staining of TGF-�1 on the surface of
LPS-B was diminished by 8–10 times when stained with anti-

FIGURE 7. A, LPS-B express higher levels of TGF-�1 on the surface than do CD40-B. The biotin-labeled chicken anti-TGF-�1 Ab was titrated to a point
where staining began to dilute out, and then LPS-B or CD40-B were stained with it or biotin-labeled normal chicken IgG Ab, followed by streptavidin PE. A
representative control staining of normal chicken IgG on LPS-B is shown, because it was comparable with the staining on CD40-B and normal B cells. For
competition, 2 �g/ml rTGF-�1 was incorporated during the staining with biotin-labeled chicken anti-TGF-�1 on LPS-B. Note that the staining of TGF-�1 on the
surface was reduced 8–10 times in the presence of rTGF-�1. The inset presents images of confocal microscopy (63� magnification) showing the surface
localization of TGF-�1 on CD40-B and LPS-B. Note the higher density of TGF-�1 expression on LPS-B than CD40-B. B, Expression of latent TGF-�1 on LPS-B
and CD40-B surface. LPS-B or CD40-B were stained with biotin-labeled goat anti-LAP (TGF-�1) Ab or biotin-labeled normal goat IgG Ab, followed by
streptavidin PE. A representative control staining of normal goat IgG on LPS-B is shown only, because it was comparable with the staining on CD40-B. Note the
higher expression of latent TGF-�1 on the surface of LPS-B than CD40-B. C, Western blot analysis of active TGF-�1. Membrane proteins from 5 � 107 LPS-B
or CD40-B were prepared as described in Materials and Methods. Equal amounts of membrane protein from both of the groups, along with 20 ng of recombinant
active TGF-�1, were subjected to 12% SDS-PAGE and immunoblot analysis. Blots were probed with biotin-labeled chicken anti-TGF-�1 Ab (2 �g/ml) or normal
chicken IgG. The blots probed with biotin-labeled normal chicken IgG did not show any band and therefore are not shown. The result shown is representative of
at least three independent experiments. D, Western blot analysis of latent TGF-�1. Equal amounts of membrane protein from both of the groups along with 20
ng of recombinant latent TGF-�1 was subjected to 10% SDS-PAGE and immunoblot analysis. Blots were probed with biotin-labeled goat anti-LAP (TGF-�1)
Ab (2 �g/ml) or normal goat IgG. The blots probed with biotin-labeled normal goat IgG did not show any band and therefore are not shown. The result shown
is representative of at least three independent experiments. E, TGF-�1 on the surface of LPS-B is not bound to secreted IgG. Purified B cells at 2 � 106/well/ml
of a 24-well plate were activated with LPS in the presence of 20 �g/ml anti-CD16/CD32 or its isotype control normal rat IgG2b Abs for 72 h. Cells were harvested
and stained with biotin-labeled chicken anti-TGF-�1 or normal chicken IgG, followed by streptavidin PE. Note that there was no effect of anti-CD16/CD32 on
the staining of TGF-�1 on the B cell surface. The data shown above represent at least three individual experiments.
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TGF-�1 in the presence of recombinant active TGF-�1, suggesting
that anti-TGF-�1 binding on the surface of LPS-B is specific to
TGF-�1 (Fig. 7A). Comparing the level of expression of TGF-�1 on
these B cells, it was found that LPS-B expresses 10-fold higher levels
of TGF-�1 on the surface as compared with those of CD40-B (Fig.
7A). The presence of TGF-�1 on the surface of LPS-B was confirmed
by confocal microscopy. As shown in Fig. 7A (inset), chicken anti-
TGF-�1 Ab stained LPS-B much more intensely than CD40-B. We
also analyzed the latent form of TGF-�1 on the surface using anti-
LAP (TGF-�1) Ab and found that LPS-B express much higher levels
of latent TGF-�1 than do CD40-B (Fig. 7B).

To further confirm the surface association of TGF-�1, Western
blot analysis was done using membrane preparations of LPS-B and
CD40-B. Membrane proteins were probed with chicken anti-
TGF-�1 and goat anti-LAP (TGF-�1) Abs, and it was found that
chicken anti-TGF-�1 Abs detected TGF-� bands at a molecular
mass of 25 kDa, which corresponds to the active form of TGF-�1
(Fig. 7C). Probing with anti-LAP (TGF-�1) Abs yielded band at
110 kDa, corresponding to the small latent complex of TGF-�1
(Fig. 7D) (39, 40). Moreover, results with both of these Abs
showed that LPS-B cells express much higher levels of TGF-�1 as
compared with those of CD40-B. Collectively, we demonstrated
higher expression of TGF-�1 on the surface of LPS-B compared
with CD40-B using flow cytometry, confocal microscopy and
Western blot analysis.

Literature suggests that TGF-�1 has the capacity to bind to se-
creted IgG (41, 42). It has also been shown that this IgG-bound
TGF-�1 can nonspecifically and powerfully suppress cytolytic T
cell responses when injected into mice (41, 42). Moreover, the
suppression of CTL responses mediated by IgG-bound TGF-�
could be abolished by blocking the FcRs (42). Therefore, it is

possible that this secreted IgG-bound TGF-�1 could bind the cells
via FcRs on the B cell surface in our cultures and show surface
staining of TGF-�1. To test this possibility, B cells were activated
with LPS in the presence of a high concentration of neutralizing
anti-CD16/CD32 Ab (20 �g/ml) and then checked for the level of
TGF-�1 expression on the surface. It was found that the presence
of anti-CD16/CD32 Abs had no effect on the staining of the
TGF-�1 on the surface of LPS-B as compared with the control
(Fig. 7E). Moreover, we also estimated the levels of secreted IgG
in the supernatant of the B cells activated by LPS or anti-Ig and
anti-CD40 Abs for 72 h. The results show that CD40-B secreted
IgG (3880 � 836 pg/ml) at a much higher level as compared with
LPS-B (960 � 358 pg/ml). These results rule out the possibility
that the expression of TGF-�1 obtained in Fig. 7, A and B, was due
to TGF-�1 binding to secreted IgG. Collectively, these results
prove the presence of TGF-�1 on the surface, although the nature
of its surface association remains unknown.

IL-2 completely rescues, whereas IL-6 and TNF-� only partially
rescue, the hyporesponsiveness of CD8� T cells activated in the
presence of LPS-B

The cytokine analysis of CD8� T cells showed that CD8� T cells
activated with LPS-B secreted much lower levels of IL-2, IL-6,
and TNF-� in the culture supernatants as compared with CD8� T
cells activated with CD40-B (Table I). Therefore, we tested
whether exogenous addition of recombinant IL-2, IL-6, and
TNF-� to the cultures of CD8� T cells activated with LPS-B could
rescue the hyporesponsiveness of CD8� T cells activated with
LPS-B. Such experiments revealed that IL-2 completely restored
the proliferation of CD8� T cells, whereas TNF-� and IL-6 were
only partially effective (Fig. 8A). These results suggested that

FIGURE 8. A, IL-2 completely restores the prolifer-
ation of CD8� T cells activated in the presence of
LPS-B. Purified CD8� T cells (1 � 105) were activated
with irradiation-fixed LPS-B (5 � 104) and anti-CD3
Ab (1 �g/ml). To restore the proliferation, recombinant
IL-2, IL-6, and TNF-� were added, over the concen-
tration range of 2.5–20 ng/ml to the CD8� T cells cul-
tured with or without LPS-B, along with anti-CD3 Ab
(1 �g/ml). Cells were cultured for 72 h with [3H]thy-
midine pulse (1 �Ci/well) for the last 12 h of the cul-
ture. Recombinant human IL-15 added to these cultures
had no effect on the proliferation of CD8� T cells and
is not shown. The proliferation of CD8� T cells acti-
vated with irradiated CD40-B is shown for comparison.
The results shown are the means � SD of triplicate
wells and are representative of one of the three individ-
ual experiments. B, Anti-TGF-�1 Ab significantly re-
stores the expression of IL-2R� on CD8� T cells acti-
vated with LPS-B. Purified CD8� T cells (1 � 105)
were activated with anti-CD3 Ab (1 �g/ml) and LPS-B
or CD40-B (5 � 104) in the presence of anti-TGF-�1
Ab or its isotype control mouse IgG1 for 24 h. Cells
were harvested and stained with either anti-CD25 PE
Ab or normal rat IgG2b PE as its isotype control. Ex-
pression of CD25 is shown on gated cells that were
positive for anti-CD8 FITC. A representative of isotype
control rat IgG2b PE staining on CD8� T cells acti-
vated with LPS-B in the presence of anti-TGF-�1 is
shown only, because its staining on CD8� T cells ac-
tivated with LPS-B or CD40-B in the presence of nor-
mal mouse IgG1 was comparable.
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TGF-�1 on LPS-B surface induces hyporesponsiveness of CD8�

T cells by preventing the up-regulation of IL-2 and IL-2R� ex-
pression (Fig. 1B), because IL-2 is known to up-regulate IL-2R�
expression on CD8� T cells (43). To further verify this, anti-
TGF-�1 Ab was added to the coculture of CD8� T cells activated
with LPS-B, and we assessed whether neutralizing the activity of
TGF-�1 could restore the expression of IL-2 and IL-2R� by the T
cells. We observed that anti-TGF-�1 completely restored the syn-
thesis of IL-2 (NmIgG1, 145.5 � 45; anti-TGF-�, 420 � 25) from
the T cells activated with LPS-B. Moreover, CD8� T cells acti-
vated with LPS-B significantly up-regulated the expression of IL-
2R� (Fig. 8B), which was found to be expressed at lower levels on
CD8� T cells activated with LPS-B as compared with those acti-
vated with CD40-B (Fig. 1B). Because CD28 signaling to T cells
is known to induce IL-2 production, we tested whether anti-CD28
agonist Ab would restore the proliferation of CD8� T cells acti-
vated with LPS-B. We found that anti-CD28 Abs also completely
restore the proliferation of CD8� T cells activated with LPS-B
when compared with the proliferation of CD8� T cells activated
with CD40-B (data not shown). These results suggest that the
TGF-�1-mediated hyporesponsiveness of CD8� T cells stimulated
in the presence of LPS-B results from their attenuated ability to
produce relevant cytokines, most importantly, IL-2.

CD8� T cells activated with LPS-B enter into a state of anergy

Previous reports have suggested a link between decreased T cell
proliferation and lymphokine production and T cell anergy (44,
45). Therefore, additional experiments were conducted to investi-
gate whether CD8� T cells activated with LPS-B enter a state of
anergy, because they too showed decreased proliferation and lym-
phokine secretion (Figs. 2A and 4A). To assess this possibility,
CD8� T cells were allowed to interact with LPS-B or CD40-B for
2 days and rested for 2 more days (27, 45). The viable cells ob-
tained from these cultures were then examined for their ability to
respond to restimulation with ionomycin and PMA with or without
rIL-2. The immobilized anti-CD3 alone-mediated anergy of T cells
was used as a positive control of the experiment (27, 45). The
results demonstrated that T cells activated with LPS-B and those

activated with anti-CD3 alone entered a state of anergy (Fig. 9).
Exogenous addition of rIL-2 to these cultures completely restored
the proliferation of T cells previously activated with LPS-B, al-
though only partially in the case of T cells activated with immo-
bilized anti-CD3 alone. However, CD8� T cells that were un-
stimulated and those activated with CD40-B in the primary culture
responded normally to restimulation with ionomycin and PMA
(Fig. 9). The IL-2 secretion in the supernatant of the T cells re-
stimulated with ionomycin and PMA was also measured. We
found that CD8� T cells activated with LPS-B in primary stimu-
lation secreted much lower levels of IL-2 as compared with those
of CD8� T cells that were unstimulated or stimulated with
CD40-B, in response to ionomycin and PMA. Restimulation with
ionomycin and PMA of T cells previously stimulated with immo-
bilized anti-CD3 alone did not lead to IL-2 secretion, suggesting
that these cells had entered a state of anergy (Fig. 9). These results
clearly indicate that CD8� T cells activated with LPS-B enter a
state of anergy, but are responsive to exogenous rIL-2.

Thus, in the present study, the role of TGF-�1 on LPS-B in
causing CD8� T cell anergy was delineated. To increase the fre-
quency and yield of purified CD8� T cells, mice were injected
beforehand with allogenic cells. Although these T cells were found
to have a resting phenotype, they might contain a mixture of the
naive and memory T cell populations. Therefore, we obtained
CD8� T cells from naive animals and activated them with LPS-B
or CD40-B (data not shown). The results showed that LPS-B cells
caused the hyporesponsiveness of CD8� T cells from naive mice
to the same extent as CD8� T cells from alloantigen primed mice,
and thus no significant difference in the response of CD8� T cells
from naive and alloantigen-primed mice was observed.

Discussion
B cells have the capacity to present exogenous Ag through the
MHC class I pathway (46), which can play a significant role in the
regulation of CTL responses. In the present study, we examined
the effect of various modes of activation of B cells on their ability
to activate CD8� T cells. To activate the B cells, we used the
combination of anti-Ig and anti-CD40 Abs, a condition expected to

FIGURE 9. CD8� T cells activated with LPS-B go
to a state of partial anergy. Purified CD8� T cells were
cultured unstimulated or stimulated with immobilized
anti-CD3 (2 �g/ml) or stimulated with irradiated
LPS-B or CD40-B and soluble anti-CD3 (1 �g/ml) for
2 days in the primary stimulation. Cells were then har-
vested, washed, and rested in fresh medium for 2 more
days. The cells were then subjected to Histopaque, and
the viable cells were counted in the presence of trypan
blue. T cells (5 � 104) were restimulated in the sec-
ondary culture with ionomycin alone or ionomycin and
PMA with or without rIL-2 for 72 h in a 96-well plate.
Proliferation of the cells was measured using [3H]thy-
midine incorporation at 1 �Ci/well for the last 12 h of
the culture. The results shown are the means � SD of
triplicate wells and represent one of three individual
experiments. In parallel cultures, supernatant was har-
vested at 24 h from T cells restimulated with ionomycin
alone or with ionomycin and PMA for IL-2 measure-
ment by ELISA. The inset values indicate the levels of
IL-2 (picograms per milliliter) from the corresponding
cultures and are the means � SD of duplicate wells
assayed. IL-2 in the supernatants of the T cells alone
and those activated with ionomycin alone were not de-
tectable and therefore not indicated. The data are rep-
resentative of at least three independent experiments.
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be reminiscent of signals delivered during induction of a T-depen-
dent humoral response. In contrast, we also used LPS—a known
T-independent stimulus for the activation of B cells. The activated
cells obtained from either of these procedures were then examined
for their ability to engage and influence responses from resting
CD8� T cells activated polyclonally in the presence of anti-CD3
Ab. As we have shown in this study, the mode of activation ap-
pears to have an important bearing, in both quantitative and qual-
itative terms, on the ability of these B cells to activate CD8� T
cells. CD40-B proved to be excellent stimulators of CD8� T cells,
whereas LPS-B in comparison were poor stimulators of CD8� T
cells. Such hyporesponsive CD8� T cells activated with LPS-B
was found to be due to high expression of TGF-�1 on the surface
of LPS-B, which leads these cells to undergo a state of anergy.

The CD8� T cells costimulated with LPS-B secreted less IL-2
and also expressed less IL-2R� in comparison with CD8� T cells
costimulated with CD40-B. However, these anergized CD8� T
cells retained their cytotoxic ability, but to a lesser degree than
those stimulated with CD40-B. Several studies have demonstrated
that, in addition to promoting proliferation and IFN-� production
(47), IL-2 is also required for the up-regulation of perforin gene
expression in CD8� T cells (48). In contrast, TGF-�1 is known to
inhibit IL-2R� (49), perforin (49, 50), and granzyme (49) expres-
sion in CD8� T cells. It is these cumulative inhibitory effects of
TGF-�1 that are probably responsible for the poorer ability of
LPS-B-activated CD8� T cells to lyse the target cells. In addition,
recently, CD8� T cells were also shown to be suppressed when
activated with CD4�CD25� regulatory T cells by T-T interaction
(51), which is now known to exert its inhibitory effects by surface-
bound TGF-�1 (52, 53). It had been also shown that these regu-
latory T cells inhibit the activation of the CD8� T cell response by
inhibiting both IL-2 production and up-regulation of IL-2R�
(CD25) expression by them (51). Therefore, these previous obser-
vations have provided us with a framework for rationalizing our
findings of the hyporesponsive nature of CD8� T cells activated
with LPS-B. The surface-associated TGF-�1 described in the
present study exerts its effects by preventing the up-regulation of
IL-2 and IL-2R� expression on CD8� T cells. Support for such a
possibility is provided from our experiments demonstrating that
exogenous addition of rIL-2 to the cocultures of CD8� T cells and
LPS-B could completely rescue the T cells from the hyporespon-
siveness induced by the latter cell population. This may have been
accomplished by up-regulating IL-2R� expression, because IL-2 is
known to induce IL-2R� expression on CD8� T cells (43). More-
over, treatment with anti-TGF-�1 Abs of the cultures of CD8� T
cells and LPS-B completely restored the IL-2 production and sig-
nificantly up-regulated IL-2R� expression. These results thus pro-
vide evidence that TGF-�1 on LPS-B primarily prevents the up-
regulation of IL-2 and IL-2R� expression by T cells and, as a
consequence, leads to inadequate production of molecules required
for the effector function. In addition to the effects on IL-2 and
IL-2R�, the described decreased production of IFN-� and TNF-�
by LPS-B-activated CD8� T cells could also be significant for
the CTL function. Both of these cytokines are also known to
up-regulate granzyme B and perforin expression in CTLs (54,
55).

TGF-�1 is known to represent a multifunctional cytokine with
growth-promoting as well as growth-inhibitory properties, depend-
ing on the cell type. Thus, although it exerts suppressive effects on
the growth of hemopoietic progenitor cells (56), it has also been
shown to costimulate proliferation of CD8� T cells (57). However,
depending on the cellular context and activation status of the target
cell, TGF-�1 has been also shown to have either stimulatory or
inhibitory effects on the same cell type (58). TGF-�1 is synthe-

sized as a large 110-kDa pro-TGF-�1 molecule, a disulfide-linked
homodimer, which is also referred to as the small latent form of
TGF-�1 (39, 40). Latent TGF-�1 is also known to associate with
the TGF-� binding protein that is covalently linked to LAP, which
is called the large latent complex (37, 38, 39). Cleavage of the LAP
fragment is then required to generate the biologically active 25-
kDa TGF-�1 molecule (59, 60), especially by thrombospondin-1,
which is considered to be a major activator of TGF-�1 in vivo
(37). In our study, LPS-B could be efficiently stained on the sur-
face with the chicken anti-TGF-�1 Ab, an Ab that is known to
recognize the active form of TGF-�1 and is also cross-reactive
with latent TGF-�1 (52). We could also obtain surface staining
with Abs generated against LAP. Moreover, in Western blot ex-
periments, chicken anti-TGF-�1 could recognize a small fraction
of the active form of TGF-�1 at 25-kDa molecular mass, while
anti-LAP (TGF-�1) Ab recognized the band corresponding to the
latent form of TGF-�1 at 110-kDa molecular mass. These results
suggested that the surface-associated TGF-�1 on LPS-B cells ex-
ists predominantly in the latent form and partly as active form. The
nature of membrane association of TGF-�1 and how the latent
form of TGF-�1 on the surface of B cells is converted to its active
form remain to be elucidated. However, Rowley and coworkers
(40, 41, 42) showed that TGF-� could complex with IgG and that
the binding of this complex on myeloid cells via the FcRs pow-
erfully suppresses CTL responses. Furthermore, these effects could
be abrogated by blocking the FcRs. Therefore, we argued that in
our cultures also B cells, in principle, could bind to secreted IgG
complexed with TGF-� (mediated by FcRs) and might falsely
show surface staining of TGF-�1. To rule out this possibility, we
activated the B cells with LPS in the presence of blocking anti-FcR
Ab and then stained these cells with anti-TGF-�1 Ab. We found
that anti-FcR Ab had no effect on the staining of TGF-�1 on the
LPS-B surface. Moreover, we also measured the IgG secreted by
B cells activated with LPS or anti-Ig and anti-CD40 Abs in the
supernatant and found that CD40-B secreted markedly higher lev-
els of IgG in the supernatant as compared with those of LPS-B.
These results clearly rule out the possibility of TGF-�1 on the
LPS-B surface being TGF-�-IgG complex. Literature suggests that
latent TGF-�1, upon its secretion, first anchors on the membrane
of the cell through mannose 6-phosphate receptors (61). Subse-
quent to this, LAP is cleaved by the membrane-associated plasmin
to give rise to active TGF-�1 (62). Thus, it is possible that the
latent form of TGF-�1 is activated on the surface of LPS-B only
on contact with CD8� T cells, presumably through the effects of
either plasmin or some other proteases present on the T cell mem-
brane. It is this proximally formed TGF-�1 that then exerts its
potent inhibitory effects on the T cells.

It is now widely accepted that the generation of CTLs occur by
two distinct pathways. One of these is dependent on CD4� T cell
help, whereas the other is Th cell independent. Ridge et al. (63)
have proposed a dynamic model for the CD4� Th-dependent gen-
eration of CTLs. This proposal suggests that CD4� T cells first
activate APCs to a state where they can now directly activate
CD8� T cells. For this, the interaction between CD40 and CD40
ligand expressed on APCs and CD4� T cells, respectively, was
suggested to be critical. Our present results demonstrating that B
cells stimulated with the combination of anti-Ig and anti-CD40
Abs were potent stimulators of CD8� T cells is consistent with
such a possibility. We also raised the question of whether CD40-B
could synthesize a higher level of CD8� T cell stimulatory factor
than LPS-B. Indeed, we found that CD40-B secretes markedly
higher levels of IL-15 than does LPS-B. This result also signifies
that the difference between LPS-B and CD40-B is not just quan-
titative, based on the levels of TGF-�1 and IL-10 synthesized, but
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also qualitative as observed by high IL-15 levels synthesized by
CD40-B. Therefore, B cells activated by T-independent or T-de-
pendent modes induce distinct signaling pathways leading to dif-
ferential gene expression. IL-15 is known to act through the IL-
2R� chain (CD122), the high expression of which is restricted to
memory CD8� T cells (35). We found no detectable levels of
IL-15 in the culture supernatants of the coculture of CD8� T cells
and both types of B cells, as the B cells were irradiation fixed,
suggesting that the T cells do not contribute to IL-15 secretion.
Moreover, in contrast to rIL-2 addition, exogenous addition of
rIL-15 (2–20 ng/ml) to the cocultures of CD8� T cells and LPS-B
had no effect on the proliferation. Collectively, these results sug-
gest that, in our culture system, IL-15 does not play a role in
inducing higher proliferation of CD8� T cells activated with
CD40-B.

Although CD40-B proved to be effective stimulators of CD8� T
cells, they were nevertheless also found to express some surface-
associated TGF-�1. However, these levels were significantly
lower than those present on LPS-B cells. Thus, the differences in
the CD8� T cell-stimulatory capacities of CD40-B and LPS-B
may be due to the different densities of surface-associated TGF-�1
expressed by these two subsets. The low concentrations on
CD40-B may allow CD8� T cell activation, while the higher sur-
face density of TGF-�1 would prevent LPS-B cells to optimally
activate CD8� T cells. The inhibitory effects of TGF-�1 on CD8�

T cells is consistent with the observation that mice deficient in
TGF-�1 develop multifocal inflammatory disease and die at 3–4
wk of age (64). Depletion of CD8� T cells in vivo on a �2-mi-
croglobulin-deficient background slows down the disease progres-
sion and improves survival in those mice (65). Recently, studies on
immunosuppressive CD4�CD25� regulatory T cells showed that
such T cells express high levels of cell surface-associated TGF-�1
(52, 53). Therefore, our finding that surface-expressed TGF-�1 on
LPS-B is responsible for the hyporesponsiveness of CD8� T cells
could suggest an important mechanism underlying the induction of
T cell anergy by diverse cell types. These observations may also
provide an explanation of the earlier observation that LPS-B blast
induces tolerance in CTLs in response to H-Y Ag and that LPS-B
were three times more potent then resting cells in their capacity to
induce tolerance in vivo (5). Additionally, for the same reasons,
naive T cells that have a higher threshold of activation and are
more dependent on costimulation for activation than are Ag-expe-
rienced T cells are known to be tolerized by B cells (66, 67) and
cannot be activated by B cells as APCs (5).

Our results showed that CD8� T cells activated with LPS-B
entered a state of anergy. Literature suggests that anergic T cells
could act as suppressor cells in vitro as well as in vivo (27, 68).
Therefore, B cells activated by T-independent Ags may play an
important role in maintaining peripheral self-tolerance by inducing
anergic or regulatory T cells. Support for such a possibility is
provided by earlier reports that suggest a crucial role for B cells in
the generation of oral tolerance, which also involves Ag-specific T
cell anergy as one of its mechanisms (69). B cell-deficient mice
were found to possess an altered cytokine environment in the gut-
associated lymphoid tissue, with a defect in low-dose oral toler-
ance (70). Oral tolerance is mediated primarily by TGF-�1, as
anti-TGF-�1 neutralizing Ab abrogates tolerance induction (69).
Moreover, LPS-mediated signaling through the TLR-4 is thought
to be obligatory for the induction of oral tolerance, because it was
found to be absent in C3H/HeJ mice that are defective in LPS
responses due to mutations within the TLR-4 gene (71, 72).

Our findings of the hyporesponsive behavior of CD8� T cell in
response to LPS-B may have important implications for bacterial
infections. Thus, the recent observations by Shirai et al. (73) that

persistent infection by Helicobacter pylori, a Gram-negative bac-
teria, down-modulates virus-specific CTL responses and prolongs
viral infection may well be rationalized by our present findings.
Moreover, these proposals could have intriguing implications for
the initiation and sustenance of retroviral infections, many of
which are known to target B cells through TLR-4. Retroviruses
like mouse mammary tumor virus and Moloney murine leukemia
virus activate the B cells by specifically binding via TLR-4, and
this binding was found to be independent of viral attachment and
fusion with the B cells (74). Therefore, C3H/HeJ mice, which have
a mutant TLR-4, were found to have reduced incidence of mouse
mammary tumor virus-induced mammary tumors compared with
the normal C3H/HeN strain (75). Thus, activated B cells express-
ing the surface TGF-�1 and the viral Ags would then play a sig-
nificant role in down-regulating virus-specific CTL responses.

In summary, we have demonstrated that the ability of activated
B cells to influence responses from CD8� T cells depends signif-
icantly on the manner in which they were originally activated. B
cells activated with a T-dependent mode of stimulus confer on
CD8� T cells excellent stimulatory potential, whereas those acti-
vated with T-independent Ag cause anergy in CD8� T cells. These
different properties of B cells to influence the CD8� T cell re-
sponses seem to be enforced by distinct levels of surface TGF-�1.
Therefore, these findings provide helpful insight into immune eva-
sion strategies adopted by both Gram-negative bacteria and retro-
viruses that specifically target TLR-4 signaling in B cells. Finally,
the opposing consequences of the T-dependent vs T-independent
modes of B cell activation observed in this study could also even-
tually be used to promote the development of therapeutic modal-
ities for regulating the balance between tolerance and active im-
munity as required.
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