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Activated CD4"CD25™" T cells selectively kill B lymphocytes

Dong-Mei Zhao, Angela M. Thornton, Richard J. DiPaolo, and Ethan M. Shevach

The suppressive capacity of naturally oc-
curring mouse CD4+CD25* T cells on
T-cell activation has been well docu-
mented. The present study is focused on
the interaction of CD4*CD25* T cells and
B cells. By coculturing preactivated
CD4+CD25* T cells with B cells in the
presence of polyclonal B-cell activators,
we found that B-cell proliferation was
significantly suppressed. The suppres-

sion of B-cell proliferation was due to
increased cell death caused by the
CD4+CD25* T cells in a cell-contact—
dependent manner. The induction of B-
cell death is not mediated by Fas-Fas
ligand pathway, but surprisingly, de-
pends on the up-regulation of perforin
and granzymes in the CD4+CD25* T cells.
Furthermore, activated CD4+CD25* T cells
preferentially killed antigen-presenting

but not bystander B cells. Our results
demonstrate that CD4+CD25* T cells can
act directly on B cells and suggest that
the prevention of autoimmunity by
CD4+tCD25* T cells can be explained, at
least in part, by the direct regulation of
B-cell function. (Blood. 2006;107:
3925-3932)
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Introduction

CD4"CD25" regulatory/suppressor T cells were originally identi-
fied by their capacity to primarily control immune responses to
autoantigens,'> but recent studies have shown that they exert
pleiotropic suppressive effects on immune responses to alloanti-
gens,* tumor antigens,” and infectious agents.®” The functional
phenotype of CD47CD25% T cells has been extensively character-
ized in vitro. CD47CD25" T cells do not proliferate when
stimulated via the TCR but are able to proliferate when costimu-
lated with IL-2.%° On activation via their TCR, they suppress the
proliferation of both CD4" T cells® and CD8" T cells'® by
inhibiting the transcription of IL-2 mRNA.8 In vitro studies have
demonstrated that the suppression is mediated exclusively by a
cell-contact—dependent, cytokine-independent mechanism.*?-1°
However, suppression in some in vivo experimental models
requires the cooperation of suppressive cytokines.!!!3 The nature
of the target cells for CD4*CD25" T-cell-mediated suppression
remains controversial. CD4TCD25% T cells can suppress the
activation of CD8™ T cells in the absence of professional antigen-
presenting cells (APCs),'? but this does not exclude the possibility
that they are also capable of acting on other cell types. One recent
study has suggested that some (or all) of the suppressive effects of
mouse CD4*CD25* T cells on T-cell proliferation are secondary to
CD4*CD25% T-cell-mediated killing of the responder cells by a
perforin-independent, granzyme-B—dependent pathway.'* In the
day 3 thymectomy model of organ-specific autoimmune disease,
CD4*CD25% T cells suppressed the activation of autoantigen-
specific T cells and inhibited the production of autoantibodies to
the target organ.>? Similar results have been obtained in cell
transfer studies using TCR transgenic T cells.!>!8 However, it
remains unclear whether these results are secondary to a direct
effect of CD47CD25" T cells on B-cell function or whether the
effects are mediated indirectly by an inhibition of T-helper

function. One recent study has shown that activation of both human
T regulatory 1 (Trl)-like cells and CD4*CD25* T cells by
cross-linking CD3 and CD46 induces potent lytic activity against T
cells, monocytes, and dendritic cells."”

In this study, we examined the effects of CD4TCD25% T cells
on B-cell function. We demonstrate that CD4*CD25" T cells
suppress B-cell proliferation in response to polyclonal B-cell
activators by inducing death of the responding B cells. Most
interestingly, B-cell death is not mediated by the Fas—Fas ligand
(FasL) pathway, but instead is mediated by a granzyme-dependent,
partially perforin-dependent pathway. The implications of these
findings for the role of CD4*CD25* T cells in the control of B-cell
function in vivo are discussed.

Materials and methods
Mice

Female BALB/c and C57BL/6 mice were obtained from the National
Cancer Institute (Frederick, MD). Mice expressing a transgenic TCR
specific for influenza hemagglutinin peptide, HA 19.1102° were provided by
Dr H. von Boehmer (Dana-Farber Cancer Institute, Boston, MA) and
maintained at Taconic Farms (Germantown, NY) under an NIAID contract.
OT-II mice were purchased from Taconic Farms. B6.MRL-Tnfrsf6"",
B6Smn.C3-Tnfsf, and perforin-deficient mice were purchased from
Jackson Laboratories (Bar Harbor, ME).

Antibodies and flow cytometry

PE-anti-mouse CD25 (PC61), APC-rat anti-mouse CD4 (L3T4), FITC-
anti-mouse B220, anti-mouse CD3 (2C11), FITC-anti-mouse H-2D4, rat
anti-mouse CD107a (LAMP-1), FITC-anti-mouse CD45.1, and annexin
V-PE apoptosis detection kit were purchased from BD Pharmingen (San
Diego, CA). Tricolor anti-mouse CD4 and PE-anti-human granzyme B
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(GB12) were from Caltag Laboratories (Burlingame, CA). The cross-
reactivity of anti-human granzyme B for mouse protein has been confirmed
previously.?! AffiniPure F (ab’), fragment goat anti-mouse IgM was
purchased from Jackson ImmunoReasearch (West Grove, PA). LPS (Esche-
richia coli 026:B6) and 3,4-dichloroisocoumarin (DCI) were purchased
from Sigma (St Louis, MO). HAjjo.119 peptide was synthesized by the
Peptide Synthesis Laboratory (NIAID, NIH, Bethesda, MD). OVA3,3.339
was purchased from American Peptide (Sunnyvale, CA). Human IL-2 was
obtained from the Preclinical Repository of the Biological Resources
Branch of the National Cancer Institute. TNFR:Fc was a gift from Dr Peter
Lipsky (National Institute of Arthritis and Musculoskeletal and Skin
Diseases, NIH). rhFas:Fc and TRAIL-receptor 1-4:Fc were purchased from
Alexis (San Diego, CA). Mouse CD19, CD8a (Ly-2), CD90, and anti-PE
microbeads were purchased from Miltenyi Biotec (Auburn, CA). The
hybridoma cell line producing monoclonal antibody (mAb) against CD40
(FGK 45) was a kind gift from Dr T. Rolink (Basel Institute for
Immunology, Basel, Switzerland).

After staining, cells were subjected to 4-color flow cytometric analysis
using a FACSCalibur flow cytometer (BD Biosciences) with CellQuest
software (BD Biosciences) as described previously.'?

Cell purification, activation, and culture

CD47CD25%,CD4"CD25, and CD8™ T cells were isolated by cell sorting
on a FACStar Cell Sorter (Becton Dickinson, San Jose, CA) as previously
described,'? resulting in a purity of 99.5%. Purified T cells were activated
with plate-bound anti-CD3 (5 pg/mL) and IL-2 (100 U/mL) in complete
RPMI 1640 media for 3 days and were expanded in complete media
supplemented with IL-2 for an additional 2 to 4 days. APCs were prepared
by depleting CD90" cells from splenocytes on an auto-magnetic-activate
cell sorter (autoMACS). APCs were irradiated with 3000 R. B cells were
positively selected from CD90*-depleted splenocytes using CD19 mi-
crobeads. The purity of B cells ranged from 93% to 95%.

Cells were cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum (FCS), penicillin (100 U/mL), strepto-
mycin (100 pg/mL), 2 mM L-glutamine, 10 mM HEPES, 0.1 mM
nonessential amino acids, 1 mM sodium pyruvate (all from Biofluids,
Rockville, MD), and 50 uM 2-ME (Sigma).

Proliferation assay

B cells (5 X 10%) stimulated with 3 pwg/mL LPS were cocultured with the
indicated number of CD4*CD25* or CD4"CD25™ T cells in 96-well plates
(0.2 mL) in the presence or absence of soluble anti-CD3 (2 wg/mL) for
72 hours. *H-TdR was added during the last 6 hours of culture. All
experiments were performed in triplicate. Transwell experiments were
carried out in 24-well plates (0.4-pwm pore size, Corning, Corning, NY).
After 66 hours of culture, cells in the lower wells were harvested and
transferred to 96-well plates. *H-TdR incorporation was determined for the
last 6 hours.

Apoptosis assay

Purified B cells were stimulated with LPS (5 pg/mL) in complete media for
20 hours. Viable B-cell blasts were isolated by Lympholyte-M gradient
(CedarLane Labs, Hornby, ON, Canada) and cultured with preactivated
CD47CD25% or CD4TCD25~ T cells in the presence or absence of
anti-CD3 (2 pg/mL) or HA peptide (16 wM) for indicated periods of time
(8-18 hours). The effector-to-target (E/T) ratio was 5:1 or as specified. The
cells were washed and stained with 7-aminoactinomycin (7-AAD), PE—anti—
annexin V, and FITC—anti-mouse B220 in annexin V-binding buffer. The
percentages of annexin V* and 7-AAD™ cells were determined.

Real-time PCR

Total RNA was isolated with an RNeasy kit (Qiagen, Valencia, CA) from
freshly purified or activated CD47CD25%, CD4*CD25~, or CD8" T cells.
cDNA was synthesized using Superscript II reverse transcriptase with
random primers (Invitrogen, Carlsbad, CA). Primers and FAM-labeled
probes for granzyme B and perforin were purchased from Applied
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Biosystems (Foster City, CA). The primers for granzyme B are 5'-
GGGAAGATGAAGATCCTCCTGC and 5'-TGATCTCCCCTGCCTTT-
GTC, and the probe for granzyme B is 5'-CTGCTGACCTTGTCTCTGGC-
CTCCA. The primers for perforin are 5'-CCCTAGGCCAGAGGCAAAC
and 5'-AAAATTGGCTACCTTGGAGTGG, and the probe for perforin is
5'-TGCGCGCCTCCGTGGCT. The expression of granzyme B and per-
forin was normalized relative to respective 18S rRNA (Applied Biosys-
tems). Unstimulated CD4*CD25~ T cells were given an arbitrary value of
1.0 and the relative changes in gene expression in the samples were plotted
relative to that value. All polymerase chain reaction (PCR) assays were
performed in triplicate on an ABI Prism 7700 Sequence Detection System
(Applied Biosystems).

Detection of granzyme B by intracellular staining

CD47CD25", CD4TCD25~, and CD8™ T cells were stained with anti-CD4
and anti-CD8, fixed with 4% paraformaldehyde at 37°C for 5 minutes, and
permeabilized with 0.5% Triton. Cells were stained with PE—anti-mouse
granzyme B or isotype control (mouse IgG1), and examined by fluorescence-
activated cell sorting (FACS) analysis.

Cell stimulation and immunofluorescent staining for CD107a
and granzyme B

Preactivated CD4+CD25", CD47CD25~, and CD8" T cells (5 X 10%) were
restimulated with 1 pg/mL soluble anti-CD3 and irradiated T-depleted
spleen cells (5 X 10%) for the indicated periods of time with FITC-anti—
mouse CD107a and GolgiStop (BD PharMingen) included in the culture
during restimulation. The basal level of CD107a expression in each sample
was determined prior to restimulation. After restimulation, the cells were
stained with anti-CD107a, anti-CD4, and anti-CDS8. The cells were then
fixed, permeabilized, and stained with PE—anti-mouse granzyme B in the
presence of 0.5% Triton-X at room temperature.

Results

Preactivated CD4+CD25" T cells suppress B-cell proliferation
in a cell-contact-dependent, but cytokine-independent, manner

To determine whether CD4TCD25* T cells have an effect on B-cell
proliferation, highly purified B cells were stimulated with LPS in
the presence of CD4*CD25* T cells (Figure 1A). Because
CD4+CD25" T cells must be activated via their TCR to exert their
inhibitory effects on responder T cells, it was not surprising that
inhibition of LPS-induced B-cell proliferation was not observed
when freshly explanted CD4+*CD25" T cells were added in the
absence of a TCR stimulus. However, addition of anti-CD3, soluble
or plate-bound, to the cocultures of fresh CD4*CD25* T cells with
B cells also did not affect B-cell proliferation (Figure 1A and data
not shown).

We then tested CD4*CD257 T cells that had been preactivated
with plate-bound anti-CD3 for 3 days and further expanded in the
presence of IL-2. These preactivated CD47CD25% T cells are
capable of potently inhibiting T-cell proliferation in the absence of
restimulation via their TCR. No suppression of B-cell proliferation
was observed in the absence of TCR restimulation (Figure 1A), but
potent suppression of B-cell proliferation was observed when the
preactivated CD47CD25" T cells were restimulated with anti-
CD3. Similar results were obtained when B cells were activated
with anti-IgM F(ab’), or anti-CD40 (data not shown). Caramalho
et al have reported that CD4*CD25% T cells respond to LPS.?
However, this response was minimal and LPS did not induce
significant proliferation of CD4*CD25% T cells in our studies
(Figure 1A).
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Figure 1. CD4+CD25* T cells suppress B-cell proliferation. (A) Preactivated, but
not fresh, CD47CD25" T cells suppress LPS-primed B-cell proliferation in the
presence of anti-CD3. B cells (5 X 10%) from C57BL/6 mice were stimulated with LPS
(3 pg/mL) and cocultured with the graded numbers of freshly explanted CD4*CD25*
T cells (A, A), or preactivated CD4*CD25" T cells (M, [J) in the presence (H, A) or
absence (A, [J) of soluble anti-CD3 (2 p.g/mL). Note that preactivated CD4*CD25" T
cells cultured in the presence of LPS and anti-CD3, but in the absence of B cells,
incorporated little if any radioactivity (O). *P < .01 between the absence and
presence of anti-CD3 with preactivated CD4*CD25* T cells. The statistical analysis
was based on the Student ttest. (B) The suppression of B-cell proliferation is specific
to CD4*CD25" T cells. B cells were stimulated with LPS (3 ng/mL) and cultured with
irradiated activated CD4+*CD25* T cells (M, []) or irradiated activated CD4*CD25~ T
cells (A, A) in the presence (A, W) or absence (A, [J) of soluble anti-CD3. *P < .01
between the CD4*CD25* and CD4+CD25 cells in the presence of anti-CD3. (C)
Activated CD4+CD25* T cells suppress B-cell proliferation in response to restimula-
tion with HA peptide. B cells stimulated with LPS were cultured with activated
CD4*CD25" T cells from HA-TCR transgenic mice in the absence ([J) or presence
(m) of HA peptide (8 uM), or in the presence of anti-CD3 (¥). 3H-TdR incorporation
was measured after the cells were pulsed for 6 hours during a total of 72 hours of
culture. *P < .01 between the absence and presence of HA peptide with preactivated
CD4+CD25" cells. Results are expressed as the mean of triplicate cultures and are
representative of at least 3 experiments.

To determine if the suppression of B-cell proliferation was a
unique property of activated CD4*CD25" T cells, we cocultured
LPS-primed B cells with irradiated, activated CD4+*CD25% or
CD4+*CD25" cells in the presence or absence of soluble anti-CD3.
It was necessary to irradiate both populations of T cells in these
studies because activated CD47CD25 T cells will proliferate in
response to restimulation with anti-CD3. Preactivated, irradiated
CD47CD25% T cells, but not CD4*CD25~ T cells, suppressed
B-cell proliferation in a dose-dependent manner (Figure 1B).
Similar results were also found when nonirradiated CD25" and
CD25~ T cells were assayed for their ability to inhibit B-cell
proliferation as measured by CFSE dilution (data not shown).

One possible explanation for the requirement for restimulation
of the preactivated CD4+*CD25" T cells with anti-CD3 was that
anti-CD3 mAb mediated redirected lysis of the activated B cells. To
determine if restimulation of activated CD4*CD25* T cells would
result in inhibition of B-cell proliferation in the absence of
Fc-mediated retargeting, CD4*CD25" T cells were purified from
mice that express a transgenic TCR specific for HA ;¢ 119 and were
activated with anti-CD3 and IL-2 as described in Figure 1A. The
preactivated CD4*CD25" T cells were then cultured with LPS-
stimulated B cells in the presence or absence of HA peptide.
Suppression of B-cell proliferation was also observed when the
TCR transgenic CD47CD25" T cells were restimulated with the
peptide. The HA peptide was as effective as anti-CD3 in inducing
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the suppressive activity of the antigen-specific regulatory T cells
(Figure 1C).

Suppression of B cells was not observed when the
CD4*CD25% T cells were separated from the B cells in a
transwell (data not shown). Furthermore, addition of anti—IL-10,
or anti-TGF-3, or both to the cocultures had no effect on
suppression (data not shown).

Activated CD4+CD25* T cells induce B-cell death

The decreased proliferation of B cells in the presence of activated
CD4"CD25" T cells could be caused by the induction of unrespon-
siveness in a manner similar to that seen in studies of the effects of
CD47CD25" T cells on T-cell proliferation. However, the major
effect of CD4*CD25" T cells on T cells is inhibition of their
autocrine production of IL-2. The fact that LPS-induced B-cell
proliferation is not cytokine mediated, together with the require-
ment for restimulation of the activated T cells, raised the
possibility that activated CD4*CD25* T cells killed the LPS-
stimulated B cells.

B cells preactivated with LPS (5 pg/mL) for 20 hours were
cocultured with preactivated CD4*CD25* T cells for 8 hours at an
E/T ratio of 5:1. Under these conditions, we could observe
significant lysis of the B cells in the presence of CD4*CD25* T
cells, whereas background cell death was minimal. Significant
numbers of annexin V*, 7-AAD™ cells were seen only in cultures
containing preactivated CD4*CD25" T cells and anti-CD3 (Figure
2A). The induction of B-cell death was specific to CD4*CD25* T
cells because coculture with preactivated CD4*CD25~ T cells,
under the identical conditions, had no effect on the survival of B
cells (Figure 2B). Fc-redirected lysis was not required because
restimulation of CD47CD25% T cells from HA-TCR transgenic
mice with peptide effectively induced B-cell death, whereas
CD47CD25~ T cells from the same mice had little, if any, effect
(Figure 2C). To determine whether activated CD47CD25" T cells
selectively killed B cells, preactivated CD47CD25" T cells were
cocultured with CD4" T-cell blasts induced by stimulation with
concanavalin A (conA). As a positive control, CD8" T cells were
preactivated and cultured with CD4" T cells. ConA was added to
retarget the effector cells to the CD4* T-cell blasts during the
8-hour cytotoxicity assay. As expected, the activated CD8 " effector
T cells readily lysed the CD4* T-cell blasts in the presence of conA,
but no lysis above background was seen when preactivated
CD4%CD25% T cells were used as effector cells (Figure 2D).
Similar results were observed when anti-CD3 and T-cell-depleted
splenocytes were used in place of conA to redirect lysis (data not
shown). This result suggests that activated CD4TCD25% T cells
require recognition of an antigen on the target cell in addition to
nonspecific activation of granule exocytosis by mitogenic
stimulation.

The induction of B-cell death is not mediated
by the Fas/FasL pathway

To explore the mechanisms involved in CD4*CD25% T-cell-
mediated B-cell death, we first examined possible roles of death
receptors: members of the tumor necrosis factor receptor (TNF-R)
family containing an intracellular death domain (eg, Fas, TNF-R1,
and TRAIL receptors). The Fas/FasL pathway has been described
as an important regulator of T- and B-lymphocyte population size
and function in vivo?*?3 and it has been established as one of the
main lytic mechanisms to maintain lymphocyte homeostasis.?0-?7
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Figure 2. The induction of B-cell apoptosis is specific to activated CD4+CD25+
T cells. (A) Activated CD4"CD25* T cells cause apoptosis of B cells on restimulation.
CD4+CD25* T cells preactivated for 6 days were cultured with B-cell blasts
(preactivated with LPS for 20 hours) at a 5:1 ratio for 8 hours in the presence or
absence of anti-CD3 (2 pg/mL). A low amount of LPS (0.5 pg/mL) was also added to
the coculture. Annexin V expression and 7-AAD incorporation were evaluated on
B220" cells. (B) Activated CD4*CD25~ T cells do not induce B-cell death. CD4*CD25~
T cells were cultured with B-cell blasts as in panel A, and the cells were stained for
B220, annexin V, and 7-AAD. (C) Activated CD4"CD25" T cells induce B-cell death in
response to restimulation with HA peptide. CD47CD25" T cells from HA-TCR
transgenic mice were cultured with B-cell blasts as in panel A except that HA peptide
(16 wM) was used in place of anti-CD3. (D) Activated CD4+*CD25* T cells do not
induce T-cell apoptosis. CD4*CD25~ T cells were stimulated with irradiated T-
depleted splenocytes and conA (3 wg/mL) for 20 hours, labeled with CFSE, and
cocultured with activated CD4*CD25* T cells or with CD8* T cells that had been
activated with plate-bound anti-CD3 and IL-2 for 3 days and expanded in IL-2 media
for 3 days before use. ConA (3 ng/mL) was added to the cocultures to retarget the
CD4*CD25" T cells or the activated CD8" T cells to the CD4* blast target cells
during the 8-hour coculture. Results are representative of at least 3 experiments.

Inclusion of Fas:Fc (20 wg/mL) in the cocultures did not abrogate
the suppression of B-cell proliferation (Figure 3A). Furthermore,
the proliferative response of Fas-deficient B cells from MRL/Ipr
mice was suppressed to the same extent as that of wild-type (WT) B
cells (Figure 3B). We also examined the capacity of FasL-deficient
CD47CD25" T cells from gld/gld mice to suppress B-cell prolifera-
tion. Because both MRL/Ipr and gld/gld mice develop autoimmune
diseases,?®30 we used mice at a young age (about 4-6 weeks old)
and confirmed that CD4*CD25" T cells from gld/gld mice were
not autonomously activated (data not shown). FasL-deficient
CD47CD25" T cells suppressed the proliferation of both WT and
Fas-deficient B cells to the same extent as WT CD47CD257 T cells
(Figure 3C-D). All these results indicate that B-cell death mediated
by preactivated CD4*CD25" T cells was independent of the
Fas/FasL. pathway. We also evaluated whether the TNF/TNFR
pathway and the TRAIL/TRAILR pathways were involved in
CD4*CD25*% T-cell-mediated B-cell death. The addition of
human Fas:Fc, TRAILR(1-4):Fc or human TNFRII-Fc (Enbrel)
did not prevent the induction of B-cell death (Figure 3E and data
not shown).
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Role of perforin and granzymes in regulatory T-cell-induced
B-cell death

Because B-cell death caused by CD47CD25" T cells did not appear
to be mediated by a ligand-receptor pathway, we investigated
whether factors released from regulatory T cells might be involved.
We first examined the expression of granzyme B in both naive and
activated T cells by quantitative PCR (Figure 4A). Granzyme B
mRNA could not be detected in naive CD4*CD25%, CD4*CD25™,
and CD8* T cells, but was up-regulated following TCR activation
of all 3 cell types with varying kinetics. The induction of granzyme
B on CD8" T cells was faster, reached a peak level 3 days after
activation, and then declined. In contrast, the up-regulation of
granzyme B in both CD4*CD25" and CD4*CD25™ T cells was
slower, but continuous to day 7. The level of granzyme B mRNA
was much higher in the CD47CD25% T cells than in the
CD4*CD25 T cells. Similar results were obtained when gran-
zyme B protein expression was measured by intracellular staining.
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Figure 3. Suppression of B-cell proliferation by activated CD4*CD25* T cells is
not mediated by death receptors. (A) Fas:Fc has no effect on CD4*CD25*
T-cell-mediated suppression of B cells. LPS-primed B cells (5 X 10%) were cultured
with activated CD47CD25" T cells in the presence (A, M) or absence (4, [) of
anti-CD3 (2 wg/mL) and in the presence (A, A) or absence of Fas:Fc (20 pg/mL; l, H)
for 72 hours and the proliferation of B cells was measured as in Figure 1A. (B)
Suppression of the proliferation of Fas-deficient B cells by CD47CD25" T cells.
Fas-deficient B cells (M, [J) from MRL/pr or WT (A, A) B cells (5 X 10%) were
stimulated with LPS and cultured with activated CD4*CD25* T cells in the presence
(A, W) or absence (A, [J) of anti-CD3. (C-D) FasL-deficient CD4*CD25* T cells
suppressed the proliferation of both WT and Fas-deficient B cells. LPS-primed WT
(C) or Fas-deficient (D) B cells (5 X 10%) were cultured with activated CD4+CD25*
T cells from WT (M, A) or FasL-deficient (gld/gld) mice (CJ, A) in the presence (CJ, H)
or absence (A, A) of anti-CD3. (E) The induction of B-cell death is not dependent on
Fas/FasL and TRIALI/TRAILR pathways. Preactivated CD4+*CD25* T cells were
cultured with LPS-primed B cells at a 5:1 ratio for 8 hours in the presence (H) or
absence ([J) of anti-CD3. Where indicated, Fas:Fc (20 ng/mL), or TRAILR(1-4):Fc
(a mixture of 10 pg/mL R1:Fc, 0.5 pg/mL R2:Fc, 50 ng/mL R3:Fc, and 10 pg/mL
R4:Fc) was included in the coculture. B-cell apoptosis was analyzed as described in
Figure 2A. Results are expressed as means + SD (n = 3). *P < .01.
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Figure 4. The induction and release of granzyme B in CD4+CD25* T cells. (A) Induction of granzyme B mRNA after activation. CD4*CD25~ (<), CD4*CD25* (#), and
CD8* (A) T cells that were either freshly isolated or activated for indicated periods were collected, total RNA isolated, and reverse transcribed. Granzyme B mRNA was then
analyzed by quantitative PCR. (B) Induction of granzyme B protein after activation. CD4*CD25~, CD4*CD25", and CD8* T cells were isolated by cell sorting and activated as
indicated. Granzyme B expression was determined by intracellular staining. (C) Concomitant cell-surface expression of CD107a and release of granzyme B on restimulation.
The 5-day preactivated CD4*CD25~, CD4*CD25", and CD8" T cells were restimulated with soluble anti-CD3 (1 png/mL) and irradiated T-depleted splenocytes for the
indicated periods. The cells were stained for cell-surface CD4, CD8, and CD107a, fixed, permeabilized, and stained for intracellular granzyme B. Representative results from at

least 3 independent experiments are shown.

CD8" cells up-regulated granzyme B expression rapidly and
maintained expression throughout the culture period (Figure 4B
bottom rows). Granzyme B was induced with slower kinetics in
CD47CD25" and CD4*CD25™ T cells. Both the percentage of
cells that expressed granzyme B and the level of protein expression
as determined by mean fluorescence intensity (MFI) were always
higher in the activated CD4*CD25" T cells than in the activated
CD4"CD25 T cells (Figure 4B top and middle rows).

CD107a has been used as a functional marker for the cytolytic
activity of both CD8* cells?! and NK cells.?> CD107a is expressed
only on the membrane of lytic granules in resting cells and is
up-regulated after activation.’33* The appearance of CD107a on
cell membranes has been shown to be associated with the release of
Iytic granule proteins such as perforin and granzymes, and thus is
used as an indicator of degranulation of effector T or NK cells.3!-32
We characterized the kinetics of CD107 up-regulation on preacti-
vated T cells, along with granzyme B expression over different
restimulation periods. Before restimulation with soluble anti-CD3
and irradiated APCs, CD8* T cells had low expression of CD107a
but a very high level of granzyme B. On restimulation, CD8* T
cells continuously lost intracellular granzyme B with increased
CD107a expression on the cell surface (Figure 4C bottom row),
indicating the release of granzyme B from granules in CD8" T
cells. Granzyme B and CD107a in CD4*CD25" T cells showed a
virtually identical pattern of change in response to restimulation,
suggesting that CD4*CD25" T cells degranulated and as a result
released significant amount of granzyme B (Figure 4C middle
row). In contrast, activated CD4*CD25~ T cells had much lower
expression of granzyme B, but a slightly higher basal level of
CD107a before restimulation. Only minimal changes in both
CD107a and granzyme B were noted after restimulation (Figure 4C
top rows). Taken together, these results suggest that CD4+*CD25" T
cells release granzyme B as one of their effector molecules in a
manner very similar to that of activated CD8" T cells.

We also examined perforin expression in CD4*CD25-,
CD4*CD25%, and CD8* T cells by quantitative PCR. Unlike
CD8" cells, freshly isolated CD4*CD25" and CD4"CD25~ T cells
did not express perforin. CD8" T cells up-regulated perforin
expression after activation, with similar kinetics to the induction of
granzyme B (Figure 5A). CD47CD25% T cells up-regulated
perforin mRNA expression slowly on stimulation. Perforin mRNA
was not detectable in CD4+*CD25~ T cells at any time point after

activation (Figure 5A). Because perforin permealization and gran-
ule exocytosis are largely Ca’*-dependent processes, we next
examined if the presence of Ca’* is required for the induction of
B-cell death. EGTA was added to chelate calcium ions during the
8-hour coculture. EGTA completely protected B cells from lysis by
the CD47CD25* T cells and did not exert any toxic effects on the B
cells or CD4*CD25* T cells, suggesting that release of granules or
perforin might play a role (Figure 5B and data not shown).

To investigate these possibilities, we compared the ability of
WT and perforin-deficient CD4*CD25% T cells to lyse LPS-
activated B cells in the 8-hour apoptosis assay. Surprisingly,
CD4*CD25% T cells from perforin-deficient mice were still
capable of inducing apoptosis of LPS-activated B-cell blasts, but
their cytolytic activity was compromised when compared with
CD4*CD25* T cells from WT mice. In several experiments of this
type, CD4*CD25" T cells from the perforin-deficient mice were
approximately one third less potent effectors than WT CD4*CD25*
T cells (Figure 5C). The Fas/FasL pathway did not play a role in the
suppression of B-cell proliferation mediated by perforin-deficient
CD4+CD25* T cells because the addition of Fas:Fc or TRAILR:Fc
to the cocultures had no effect on the lytic activity of the
CD47CD25% T cells from the perforin-deficient mice (data not
shown). Because perforin deficiency only partially abrogated
CD4+CD25% T-cell-triggered B-cell death, we directly examined
the role of granzyme B in this process. DCI is a serine proteinase
inhibitor that efficiently inhibits granzyme B but not granzyme A,%
and has been used as a specific granzyme B inhibitor in assays with
intact cytotoxic T lymphocytes (CTLs).3¢ DCI pretreatment of WT
CD4*CD25% T cells partially prevented B-cell death (Figure 5C).
The lytic activity of DCI-pretreated perforin-deficient CD4*CD25*
T cells was almost completely abrogated (Figure 5C). In addition,
CD4"CD25* T cells from WT and perforin-deficient mice were
equivalent in their capacity to suppress T-cell proliferation (Figure
5D). Collectively, these experiments demonstrate that the lytic
activity of CD47*CD25* T cells from perforin-deficient mice is
mediated by a granule exocytosis pathway involving granzyme B.

Activated CD4*CD25* T cells preferentially kill B cells
presenting antigen

One important question raised by these experiments is whether
activated CD47CD25" T cells are capable of killing only B cells
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Figure 5. Perforin-deficient CD4+CD25* T cells are partially deficient in their ability to kill B cells. (A) Induction of perforin expression in CD4*CD25~, CD4*CD25%, and
CD8* T cells after activation. Sorted resting or activated WT CD4+CD25~ (<), CD4*CD25" (#), CD8" (A), and perforin-deficient CD4*CD25* T cells (O) were collected and
analyzed for perforin mRNA expression by quantitative PCR as in Figure 4A. (B) The induction of B-cell death is Ca2* dependent. Activated CD4*CD25* T cells were cultured
with B-cell blasts from the same mouse at a 5:1 ratio for 8 hours in the presence or absence of anti-CD3. Where indicated, EGTA (3 mM) was included in the culture. The cells
were stained for B220, annexin V, and 7-AAD to evaluate B-cell death. Results are expressed as means = SD (n = 3). (C) Both perforin and granzyme B are required for
CD4+CD25* T-cell-mediated B-cell apoptosis. Preactivated WT or perforin-deficient CD4*CD25* T cells were incubated with B-cell blasts for 8 hours under the conditions
specified. Where indicated, CD4"CD25" T cells were treated with DCI (30 n.M) for 30 minutes and carefully washed before use in the coculture. (D) The suppression of T-cell
proliferation is perforin independent. CD4+CD25~ responder T cells were stimulated with soluble anti-CD3 and irradiated APCs and cultured with either activated WT (M) or
perforin-deficient (CJ) CD4*CD25" T cells. The proliferation of responder T cells was determined as described in Figure 1A. Results are representative of at least 3

experiments.

that present a ligand to the TCR (anti-CD3 via the Fc receptor or
peptide-major histocompatibility complex class II complexes) or
whether any activated B cell can be killed in a bystander fashion.
Activated CD47CD25* T cells were prepared from OT-1I mice that
recognize OVAs»3.339 in association with I-AP and were tested for
their capacity to kill activated, nonpulsed B cells and activated,
antigen-pulsed B cells that were present in the same culture. The 2
B-cell populations (pulsed versus nonpulsed) were distinguished
by their expression of the congenic marker CD45. Interestingly,
CD47CD25" T cells from OT-II mice preferentially killed
OVAj353.339 prepulsed B cells (Figure 6A). Similarly, B cells from

A Ocoss1 B 0 B6
Fa M CD45.2 & 40, M BALB/c
_E 30 E a0
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E g E
10 ﬁ 10
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Figure 6. CD4+CD25* T cells preferentially kill antigen-presenting B cells. (A)
CD45.1 and CD45.2 B cell blasts were prepulsed with OVA (100 wM) for 2 hours or
left untreated, respectively, then were equally mixed and cocultured with activated
OT-Il CD4*CD25" T cells at an E/T ratio of 5:1 for 8 hours. The culture was then
stained with FITC-conjugated anti-mouse CD45.1, PE-conjugated anti-mouse
B220, and 7-AAD. The gate was set on B220" cells. Results are expressed as
means + SD (n = 4). P indicates cells that are pulsed with ova peptide; N, cells that
are not pulsed with peptide; *P < .01 between pulsed and nonpulsed CD45.1 B cells;
**P < .01 between nonpulsed and pulsed CD45.2 B cells. (B) B cells from C57BL/6 or
BALB/c mice were equally mixed and cocultured with OVA (10 pM) or anti-CD3 (2
rg/mL) in the presence or absence of activated OT-Il CD47CD25" T cells. The cells
were then stained with FITC-anti-mouse H-2D9, PE—anti-mouse B220, and 7-AAD
and gated on B220" cells. Results are expressed as means + SD (n = 4).

C57BL/6, but not from BALB/c mice, were killed by OT-II
CD4"CD25" T cells when B cells were present in equal numbers
and stimulated in the continuous presence of OVA peptide in the
same culture. Both populations were equally susceptible to lysis in
the presence of anti-CD3 (Figure 6B).

Discussion

The regulatory functions of CD4*CD25* T cells on CD4*CD25~
T cells have been extensively studied, and multiple mechanisms
have been suggested'- as mediating their suppressive functions.
Bystry et al previously demonstrated that CD47CD25% T cells
inhibited LPS-mediated B-cell proliferation.’” Lim et al also
recently demonstrated that regulatory T cells can suppress B-cell—
dependent immunoglobulin production and class switch recombina-
tion in the absence of T-helper cells.?® However, the mechanism for
the suppression remains unclear in these studies. We examined the
direct effect of CD4+*CD25" T cells on B cells and found that,
when restimulated with either anti-CD3 or antigen, preactivated
CD47CD25" T cells mediated apoptosis of activated B cells by a
cytotoxic granule-mediated mechanism. There are clear differences
between the mechanisms of T-cell and B-cell suppression by
CD4"CD25" T cells. First, freshly isolated CD47CD25% T cells
had no effect on B cells, but inhibited T-cell proliferation. The slow
induction of the granule cytotoxicity pathway during culture of the
CD4"CD25" T cells might explain their inability to kill B cells
when freshly isolated. Secondly, preactivated CD4*CD25" T cells
required restimulation via their TCR to kill B cells, whereas they do
not require TCR restimulation to suppress T cells.’

These results differ from the recent report by Gondek et al'# that
suggested that suppression of T-cell activation by CD4*CD25* T
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cells was mediated by a perforin-independent, granzyme-B—
dependent mechanism. We have previously demonstrated that
suppression of T-cell activation results in inhibition of the transcrip-
tion of IL-2 mRNA in the responding CD47CD25~ T cells.
Inhibition of IL-2 mRNA production can be observed as early as 24
hours in the cocultures at a time when we have not observed a
difference in the number of viable cells recovered from cultures in
the presence or absence of CD4+*CD25" T cells.® Furthermore, we
have recently reported that CD47CD25% T cells are capable of
suppressing IL-2 mRNA transcription even in cultures containing
high concentrations of exogenous IL-2.3° In these studies, very
high levels of cell viability were maintained and significant
proliferation of both the suppressors and responders was ob-
served.®3° We did observe, as did Gondek et al,'* a marked decrease
in the number of viable T cells recovered after 72 hours of
coculture. We have interpreted this decrease in cell recovery as
secondary to the G;-S cell-cycle arrest of the responding
CD47CD25" T cells.” A Gy-S arrest in cell cycle is frequently
followed by death of the responding cells.*” Finally, even activated
T cells did not appear to be susceptible to lysis by preactivated,
restimulated CD4*CD25" T cells. Taken together, we do not
believe that an active killing mechanism is responsible for the
suppression of T-cell activation by CD4+*CD25* T cells in vitro.
There are both similarities and differences between the killing
of B cells by activated CD47CD25" T cells and killing by
conventional activated CD8" CTLs. Granzyme B and perforin
expression were both up-regulated in CD4*CD25" T cells during
activation with slightly slower kinetics than those observed with
CD8" T cells stimulated under identical conditions. The levels of
induced perforin and granzyme B expression were significantly
higher in activated CD4*CD25" T cells than in activated
CD4"CD25 T cells at all time points. As has been reported with
CD8* CTLs, stimulation of the activated CD47CD25" T cells
resulted in release of granules from the cytoplasm with expression
of cell-surface CD107a. However, we think that the loss of
granzymes and the expression of degranulation marker are not
necessarily concomitant events. Thus, it is possible that some cells
remain CD107a negative for some time after degranulation. In
addition, we observed that CD8* T cells still maintain granzyme B
stores to some extent following degranulation. Our experiments
indicated that after activation, CD8* T cells express granzyme B
more rapidly and possessed high levels of granzyme. Thus, we
believe that at both transcriptional and translational levels,
granzyme B can be more efficiently produced and continuously
replenished after the restimulation of CD8" T cells. However, a
surprising aspect of our results as well as those of Gondek et al'*
is the relative perforin-independent mechanism of granule-
mediated cell death. The Fas/FasL pathway did not contribute to
the B-cell death mediated by CD4*CD25" T cells from WT or
perforin-deficient animals. It is unlikely that granzymes were
delivered via the cation-independent mannose-6-P receptor
(CI-MPR) because CI-MPR-dependent delivery of granzymes
requires internalized perforin to provide a signal to release
granzymes from the endolysosomal compartments to cleave
their substrates.*!*> It has been demonstrated recently that
granzyme B acts extracellularly to induce smooth muscle cell
apoptosis.*? Thus, it is possible that granzyme B released from
preactivated CD4*CD257 T cells may remain in the conjugation
site and inflict cytolytic damage to B cells. Alternatively, our
results raise the possibility that cytotoxic granule-mediated
death by activated CD4*CD25" T cells might be facilitated by a
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distinct pore-forming protein that is uniquely expressed by
activated CD4*CD25* T cells.

Our results also differ from the studies by Grossman et al'® on
the induction of cytotoxic T cells by stimulation of either human
CD4*CD25~ or CD4"CD25" T cells with a combination of
anti-CD3 and anti-CD46. The induction of cytotoxic activity in this
model appeared to require costimulation with anti-CD46 because
very little activity was induced with the combination of anti-CD3
and anti-CD28. Anti-CD3/CD46-activated CD47CD25% T cells
appeared to selectively express granzyme A, whereas anti-CD3/
CD46-activated CD4*CD25™ T cells selectively expressed gran-
zyme B. Although it was concluded in these studies that killing was
mediated by perforin-dependent mechanisms based on the calcium
dependence and concanamycin A dependence of the CTL activity,
the presence of perforin was not directly assayed. Most impor-
tantly, both the activated CD47CD25~ and the activated
CD4"CD25* T cells recognized a broad range of targets including
activated CD4" and CD8" T cells, CD14" monocytes, and
immature/mature dendritic cells, and did not require reactivation
via their TCR to exhibit lytic activity. The effect of the activated
regulatory cells on B cells was not tested. We did not evaluate the
expression of granzyme A in the activated CD4*CD25* T cells in
our studies, but the presence of granzyme B was readily detectable
at the protein and mRNA levels. In addition, the pretreatment of
regulatory cells with DCI, a serine proteinase inhibitor, that
preferentially inhibits granzyme B, significantly blocked the induc-
tion of B-cell apoptosis by the activated CD47CD25" T cells. The
differences between these studies may be secondary to the stimula-
tory conditions used or to differences between mouse and human
regulatory T cells.

The results of our studies certainly suggest that one should
re-evaluate the concept of “cytotoxic/suppressor cell” because it
appears that, at least in vitro, CD47CD25" T cells can mediate both
of these functions. The major question to be addressed in the future
is whether CD4"CD25* T cells develop into CTLs in vivo. One of
the most interesting findings in our study was that activated
CD4*CD25% T cells selectively killed antigen-presenting B cells
and not bystander B cells in the cocultures. This result raises the
possibility that one site of action of regulatory T cells in mediating
suppression in vivo is the APC. Because only highly activated,
TCR-stimulated, CD4"CD25% T cells can kill B cells, there
appears to be greater regulation of this aspect of their function
compared to their capacity to suppress T-cell activation by acting
directly on responding T cells. Such a control mechanism may
facilitate a rapid response of B cells to pathogen-derived thymic-
independent antigens and thus avoid suppression by CD47CD25*
T cells during the early phases of an immune response. After
activation and expansion in vivo following multiple rounds of
antigen stimulation, B-cell apoptosis induced by CD4*CD25" T
cells may result in a decrease not only in autoantibody production
but, more importantly, in a decrease in the antigen-presenting
function of activated B cells. If activated CD4TCD25% T cells are
also lytic for activated dendritic cells, lysis of APCs by activated
regulatory T cells may be an important mechanism whereby they
produce lasting suppression of T-cell activation in vivo.
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