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Summary

We previously reported that ligation of CD3 induces antiapoptotic signals
in T helper 2 (Th2) cells, and in contrast causes Thl cells to undergo
apoptosis. Here we show that Cbl-b is accountable for the unequal
response, revealing a previously unknown cell-specific regulatory function
for the molecule. Absence of Cbl-b resulted in resistance to activation-
induced apoptosis in murine Thl cells following CD3 ligation, akin to
what is observed in Th2 cells containing Cbl-b. Concurrent with the apop-
tosis profile, CD3 ligation in the absence of Cbl-b induced raft mobiliza-
tion and cytoskeletal rearrangement in Thl cells. Despite their ability to
signal from CD3, Th2 cells did not aggregate their rafts, providing an
explanation for cell-specific activity of Cbl-b.
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Introduction

The E3 ubiquitin ligase, Casitas B cell lymphoma-b (Cbl-
b)' has recently emerged as an important negative regula-
tor of T-cell activation.” In response to T-cell receptor
(TCR) stimulation alone, peripheral T cells from Cbl-b™"~
mice exhibit deregulated activation. The cells are hyper-
proliferative and secrete enhanced levels of Interleukin-2.
Consistent with increased T-cell activation, Cbl-b™~ mice
develop spontaneous autoimmunity.”* Mutation of cbl-b
uncouples raft aggregation, antigen receptor clustering
and phosphorylation of the guanosine diphosphate/guan-
osine triphosphate exchange factor Vavl from CD28
costimulation dependency’ resulting in enhanced T-cell
activation. The major pathway affected by Cbl-b is the
CD28 initiated Vav-1-WASP signalling pathway which is
necessary for full T-cell activation.’

Despite a large number of studies on CD28 costimula-
tion, none have specifically addressed the costimulation
requirements of mature differentiated effector T helper 1
(Thl) and Th2 populations. Furthermore, how Cbl-b
regulates signals generated from costimulatory molecules
on the two subsets has also not been studied. Our labor-
atory has been studying activation-induced cell death in
Thl and Th2 cells and has reported that CD95-mediated
apoptosis in response to CD3/TCR complex ligation with-
out engagement of costimulatory molecules occurs only
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in Th1, and not in Th2 clones.® We showed that mechan-
istically the difference in sensitivity to apoptosis of the
two subsets was caused by a selective lack of up-regula-
tion of phosphoinositol-3’-kinase (PI3’-K) activity in Thl
clones following CD3 ligation.” In continued investiga-
tions, we also reported that PI3/-K abrogated apoptosis
by mediating changes in the cytoskeleton, which in turn
inhibited the lateral diffusion of CD95 in the membrane.?
Notwithstanding this accumulated understanding of acti-
vation-induced apoptosis in Thl and Th2 cells, the mech-
anism behind why analogous receptors triggered different
outcomes in the two subsets continued to be unclear. In
this study, we therefore examined whether Cbl-b func-
tioned in a cell-specific manner, exclusively in Thl cells.

Materials and methods

Mice

Female wild-type C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Breeding pairs of
Cbl-b-deficient mice’ were provided by Amgen Inc.
(Thousand Oaks, CA). Breeding pairs of Ovalbumin
(OVA) peptide-specific DO11.10 TCR transgenic mice on
the BALB/c background® were purchased from Jackson
Laboratory. The knockout and the transgenic mice were
bred and maintained under pathogen-free conditions in
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the Rodent Barrier Facility at Temple University School
of Medicine (Philadelphia, PA).

Antibodies and recombinant cytokines

The monoclonal antibodies (mAb) used in this study
were as follows: anti-interleukin (IL)-4 (11B11 clone)
from the National Cancer Institute (Bethesda, MD);
anti-CD3 (2C11 clone), anti-CD28 (PV-1 clone), anti-
interferon-y (IFN-y; R4-6A2 clone) from American Type
Culture Collection (ATCC, Bethesda, MD); anti-IL-12
(C17.15 clone) from Wistar Institute (Philadelphia, PA).
Anti-p850 antibody, anti-Cbl-b antibody, and anti-p-
tubulin antibody were purchased from Santa Cruz Biotech
(Santa Cruz, CA). The recombinant cytokines IL-12 and
IL-4 were purchased from BD Biosciences Pharmingen
(San Diego, CA).

Biasing of naive splenocytes to Thl and Th2 lines

CD4" T lymphocytes were positively selected from the
spleens of wild type (Cbl-b*'*) and Cbl-b-deficient mice
(Cbl-b™") using BD Image anti-mouse CD4 particles (BD
Biosciences Pharmingen), and were cultured in Dulbecco’s
modified Eagle’s Medium supplemented with anti-IL-4
mAb (10 pg/ml), recombinant IL-12 (5 ng/ml) and stimu-
lated in the presence of plate-bound anti-CD3 mAb and
1 pg/ml of soluble anti-CD28 mAb to generate Cbl-b*"*
and Cbl-b™~ Th1 cells. For generation of Th2 cells, stimu-
lation was carried out in the presence of anti-IFN-y mAb
(10 pg/ml), anti-IL-12 mAb (10 pg/ml) and recombinant
IL-4 (5 ng/ml). On day 3, all cultures received IL-2 to
induce cell expansion, and on day seven the cells were har-
vested for use in the apoptosis, raft aggregation or actin
polymerization experiments described below. An aliquot of
the day-7 cells was restimulated with CD3 antibodies and
supernatants were assayed for the presence of IFN-y and
IL-4 by enzyme-linked immunosorbent assay (ELISA) to
confirm that appropriate biasing of the lines had occurred.

Apoptosis

Cell apoptosis was measured using a previously described
sandwich ELISA method.'" This method is based on
detection of nucleosomal fragments released from nuclei
of apoptotic cells. Percentage apoptosis is calculated as
follows:

100 — [(absorbance values at ODyos of IL-2 culture/

absorbance value at OD,g5 of treated cells) x 100].
Visualization of raft aggregation

Red fluorescent fluorospheres (560 nm excitation,
Molecular Probes, Eugene, OR) were coated with CD3
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mAb, and with or without CD28 mAb or immuno-
globulin G (IgG) isotype control. Thl and Th2 lines
(5 x 10* each) generated from Cbl-b™* and Cbl-b™~
mice were stimulated with the mAb-coated fluorospheres
for 20 min at 37° in chamber slides. Cells were washed
twice with phosphate-buffered saline (PBS) and fixed
with 1% formaldehyde. Rafts were stained with 8 pg/ml
fluoroscein isothiocyanate (FITC)-conjugated cholera
toxin B subunit for 45 min. Cell:bead interactions were
visualized and imaged using an Olympus confocal
microscope with Fluoview software (Olympus, Melville,
NY). A hundred cell:bead conjugates were counted for
each condition. Of the hundred cell:bead interactions,
raft polarization was scored dependent upon the polar-
ization of the FITC-positive rafts at the site of cell:bead
interaction.

Visualization of actin polymerization

5 x 10* each of Th1 and Th2 lines generated from Cbl-b™*
and Cbl-b™~ mice were reacted with 10° beads coated with
mabs at 37° for 20 min in a 96 well plate. The plate was
then centrifuged to pellet cell-bead conjugates, re-suspen-
ded in 20 pl PBS, and transferred to poly L-Lysine (Sigma,
Poole, UK) coated slides (Fisher, Hanover Park, IL), fixed,
washed and reacted with 50 pg/ml tetramethylrhodamine
isothiocyanate-conjugated phalloidin (Sigma) diluted in
PBS containing 1% saponin and 1% bovine serum albumin
(BSA) for 45 min at room temperature. The slides were
washed and mounted in Slow Fade, an antifade solution
(Molecular Probes). Confocal microscopy was performed
with Olympus Fluoview 300 microscope to visualize cell:-
bead interactions and images captured via Fluoview soft-
ware (Olympus). A minimum of 50 cell:bead interactions
were counted for each condition. A positive actin polymer-
ization was scored when a cap, or increased intensity of the
phalloidin staining, was visualized at one pole of the cell.

Statistical analysis

For statistical analysis of samples, Student ¢-test was per-
formed when comparing two conditions, while aANova was
used for comparison of multiple conditions (Prizm v. 4.0,
Graph Pad Software, San Diego, CA). P-values of <0-05
were considered significant.

Results

Cbl-b regulates the divergence in apoptosis
pathway that ensues in Thl and Th2 cells following
CD3 ligation

One variable that could affect CD3 signalling from Thl
and Th2 cells to result in differential resistance to apopto-
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sis is the expression level of CD3 and CD28 on the two
cell lines. To rule out this possibility, we first examined
by flow cytometry expression levels of CD3 and CD28
on Thl and Th2 cell lines, and found that both lines
expressed equivalent amounts of the two molecules (data
not shown). Knowing Cbl-b’s negative regulatory effects
on peripheral T cells’ we then examined if Cbl-b was
responsible for the differential ability of Thl and Th2
cells to resist activation-induced apoptosis. For these
studies Thl and Th2 lines were generated from both Cbl-
b sufficient wild type (Cbl-b*") and Cbl-b-deficient mice
(Cbl-b™"). The lines exhibited the characteristic cytokine
profile following stimulation, with Thl cells producing
IFN-y and Th2 cells producing IL-4 (data not shown).
Examination of the apoptosis profile of Thl cells revealed
that Cbl-b*"* Th1 cells, as would be expected, underwent
apoptosis following CD3 stimulation, and in contrast,
Cbl-b™~ Thl cells were protected from apoptosis follow-
ing CD3 stimulation alone (P < 0-001, Fig. 1). Addition-
ally, if CD28 costimulation was provided to Cbl-b*"* Thi
cells during CD3 stimulation, apoptosis was also reduced
significantly [4 £ 1% (P < 0-01) data not shown]. There-
fore, in the absence of Cbl-b, CD3 stimulation alone
could signal for Thl protection from apoptosis. Notably,
both Cbl-b™~ and Cbl-b™* Th2 cells showed no signifi-
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Figure 1. Thl cells resist activation-induced apoptosis in the absence
of Cbl-b. Cbl-b** and Cbl-b™~ Thl and Th2 cells were stimulated
for 5 hr with plate bound anti-CD3 antibody and extent of apoptosis
was measured. Data are mean + SD from three separate experiments.
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Figure 2. Equivalent Cbl-b protein expression levels in Th1 and Th2
cells. Thl and Th2 (2 x 10°) cells were lysed in ice-cold buffer con-
taining 25 mM Tris, pH 7-5, 150 mm NaCl, 5 mm ethylenediamine-
tetra-acetic acid, 1 mm phenylmethylsulphonyl fluoride, 1 mm
Na;VO,, 1 pg/ml aprotinin, 1 pg/ml leupeptin and 1% NP-40. The
proteins were separated on a 10% sodium dodecyl sulphate—poly-
acrylamide gel electrophoresis and immunoblotted with anti-Cbl-b
antibody and developed using ECL Western blotting detection sys-
tem (Amersham, UK). The blot was stripped and reprobed with
anti-B-tubulin antibody. The data are representative of two individ-
ual experiments.

cant apoptosis (Fig. 1). Thus, Cbl-b functions differently
in the Th subsets; as a negative regulator in the Th1 CD3
signalling cascade, but having a nominal effect in the Th2
signalling pathway.

Results presented in Fig. 2 demonstrate that the expres-
sion levels of Cbl-b are similar in the two subsets, indica-
ting that the mere absence of Cbl-b protein in Th2 cells
is not responsible for its resistance to activation-induced
apoptosis.

Thl and Th2 cells signal from different compartments
allowing Cbl-b to function in a cell-specific manner

Rafts are detergent insoluble glycolipid enriched raft
microdomains (DIGS) of cholesterol and sphingolipid
responsible for the aggregation of signalling molecules at
the immunological synapse.'' Sequential to CD3 and CD28
costimulation, the GM1 positive rafts coalesce at the site of
receptor engagement creating a stable platform for T-cell
signalling.'? Specifically, following T-cell activation PI3’-K
that can protect Thl cells from apoptosis’ is enriched in
the DIG fractions."> We reasoned that the disparity in
Cbl-b’s influence on Thl and Th2 cells was a reflection of
the signals necessary for raft partitioning, and as a result,
CD3 triggering of Th2 cells would induce raft aggregation.
In contrast, the Thl population would require removal of
Cbl-b to achieve raft aggregation, or possibly addition of
CD28 that is known to negate Cbl-b’s functions.

To investigate whether there was a difference in signal
requirement for raft clustering, Cbl-b** and Cbl-b'~ Th1
and Th2 cells were stimulated with anti-CD3 antibody-
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Figure 3. Absence of Cbl-b induces Raft aggregation in Thl cells.
Thl and Th2 lines derived from Cbl-b** and Cbl-b™~ mice, were
stimulated with either CD3 or CD3/CD28 mAb coated red fluores-
cent fluorospheres for 20 min at 37°. Cells were stained with FITC-
tagged cholera toxin B subunit to detect ganglioside rich membrane
microdomains (rafts) as shown in (a). For each condition 100 cell:-
bead interactions were visualized by confocal microscopy (b), and
raft aggregation in the 100 cells interacting with beads was deter-
mined as an aggregation of over 50% of the GM1 staining to the site
of receptor engagement (c). The percentage of raft aggregation was
calculated as: raft aggregation = (raft positive cells/total cell bead
interactions) X 100 (d). Data are mean + SD of three separate
experiments.

coated fluorescent beads that mimicked the T cell and
antigen-presenting cell interaction. To test the role of
CD28, cells were also stimulated with beads coated with
both anti-CD3 and anti-CD28 antibodies. CD3 stimula-
tion alone induced a nominal number of Thl cells to
aggregate their rafts, however, significantly more Thl cells
partitioned their rafts to the site of receptor engagement
either when Cbl-b was absent (P < 0-01, Fig. 3) or when
CD28 costimulation was provided (P < 0-05, Fig. 3). Thus
in Thl cells, in the absence of Cbl-b, CD3 stimulation
alone was sufficient for the coalescing of membrane micro-
domains, without additional costimulation from CD28.
Similar analysis with Th2 lines gave unexpected results,
with the cells showing no evidence of membrane partition-
ing following stimulation. In the presence or absence of
Cbl-b, and with or without CD28 costimulation, Th2 cells
did not have raft polarization at the site of receptor
engagement (Fig. 3).

Next we wanted to confirm that in Th2 cells, despite
lack of raft polarization, receptor ligation was initiating a
signalling cascade. This was determined by examining
cytoskeletal reorganization in the cells following stimula-
tion. All four lines were stimulated with anti-CD3 anti-
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Figure 4. Cbl-b deficiency induces actin reorganization in Thl cells.
Th1 and Th2 cells derived from Cbl-b*/* and Cbl-b™~ mice were sti-
mulated with CD3 or CD3/CD28 antibody coated polysytrene beads.
Actin polymerization was visualized by phalloidin staining using
confocal microscopy. Cell:bead interactions were counted. Cells dis-
playing even staining all around were considered negative for actin
capping (a) and actin polymerization was defined as capping or
aggregation of phalloidin staining at one pole of the cell (b). The
percentage of cells with actin caps was calculated as (actin capping/
total cell:bead interactions) X 100 (c). Data are mean + SD from

three separate experiments.

body coated or anti-CD3 and anti-CD28 antibody coated
beads, and stained with TRITC conjugated phalloidin to
detect actin filaments (Fig. 4a, b). Cell:bead interactions
were visualized by confocal microscopy, and the percent-
age of cells with actin caps was determined as an indica-
tion of actin reorganization and CD3/TCR clustering.
Actin caps were compared between Thl and Th2 lines
derived from wild type and knockout mice. There was sig-
nificant difference (P < 0-001, Fig. 4c) in actin capping
between Cbl-b™* Th1 and Cbl-b*"* Th2 cells when stimu-
lated with CD3 alone, indicating that in Th2 cells signal-
ling was initiated from the CD3/TCR, despite lack of raft
aggregation. As observed with raft aggregation, when Thl
cells were stimulated with both CD3 and CD28 antibodies,
they were able to reorganize their actin (P < 0-01, Fig. 4)
and displayed actin caps equivalent to that seen in Th2
cells stimulated with CD3 alone (Fig. 4). Comparison of
actin caps in Cbl-b"/" and Cbl-b/~ Th1 cells revealed that
CD3 stimulation alone was sufficient to induce enhanced
actin caps in the absence of Cbl-b (P < 0-01), and CD28
costimulation did not further enhance the capping.
Together, these data suggest that Th2 cells signal from
a compartment that is different from that present in Thl
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cells. This probably results in enhanced and sustained sig-
nalling from the CD3/TCR of Th2 cells, which empowers
the cells to override Cbl-b’s suppressive effects without
help from CD28 costimulation.

Discussion

Deregulation of T-cell activation has been previously
implicated for Cbl-b.'* The findings presented here delin-
eate a new cell-specific regulatory function for Cbl-b.
Together with our previously published work that Th2
cells but not Thl cells activate PI3'-K in response to CD3
stimulation alone’ the data presented here suggest that
the strength of signalling generated from CD3/TCR of
Th2 cells may be stronger. Therefore two cells do not
require CD28 costimulation to achieve full activation
necessary to resist apoptosis. Studies in Cbl-b and ubiqu-
itin transfected Jurkat T cells have shown that CD28
costimulation leads to the ubiquitination and degradation
of Cbl-b."> The amount of ubiquitinated Cbl-b targeted
for degradation was directly related to the degree and
duration of CD28 engagement.'” Similarly, Thl cells may
require CD28 costimulation to block Cbl-b’s negative
regulation of T-cell activation by targeting the ligase for
degradation. In contrast, in Th2 cells ligation of the TCR
complex alone is probably sufficient to ubiquitinate Cbl-b
thereby inhibiting its negative regulation and allowing for
the threshold of activation to be achieved.

Prior to this report, the contribution of raft aggregation
to generation of antiapoptotic signals in Thl and Th2 cell
subsets had not been addressed. Our results demonstrate
that raft coalescence is not critical for Th2 cells to generate
antiapoptotic signals. In contrast, Thl cells need to aggre-
gate their rafts in a CD28-dependent manner to resist
apoptosis. There are other studies that support TCR signal-
ling can occur independent of raft integrity. For example,
proteins associated with the TCR complex are found to
aggregate with rafts at the site of MHC/peptide contact in
Th1 cells but not Th2 cells'® and signalling in Jurkat cells
in response to CD3 antibody occurs outside of raft micro-
domains."” A recent study using fluorescence resonance
energy transfer (FRET) analysis of Jurkat T cells showed
that signalling molecules had a random distribution during
localized activation of the T-cell receptor, and were not
necessarily clustered in the rafts.'"® A mechanism that may
explain Th2 cell’s ability to signal in the absence of raft
aggregation is TCR avidity. Activation of naive T cells
enhances their TCR avidity for peptide-MHC complexes
by 20- to 50-fold caused by increases in cross-linking of
TCR." In a similar manner, as cells differentiate into effec-
tor Thl and Th2 cells the TCR avidity of the two subsets
may diverge, presenting a so far unappreciated means of
regulating signalling from the two subsets. It is possible
that TCR avidity of Thl cells is low and is therefore
dependent on CD28 costimulation to aggregate rafts and
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achieve the same quantum of signalling that is generated
from the higher avidity TCR of Th2 cells independent of
CD28 and raft coalescing. Depletion of cholesterol in Thl
and Th2 cells caused a significant reduction in calcium
mobilization only in the Thl cells following ligation with a
high affinity TCR agonist.”® Together, these data suggest
that there is an intrinsic difference between the TCRs of
Thl and Th2 cells leading to differences in the requirement
of raft compartmentalization as a prerequisite for complete
signalling. A future area of investigation would be to exam-
ine TCR avidity of Thl and Th2 cells and to determine its
sensitivity to cholesterol content in the membrane.

A role for Cbl-b in the maintenance of tolerance and in
the development of autoimmunity has been implicated.
Based on data presented here, it will be interesting to
explore if Cbl-b also functions in the temporal regulation
of Thl effector activity generated in response to an infec-
tious challenge. Cytokines produced by pathogen-specific
Thl cells are highly inflammatory and when unregulated
can result in excessive tissue destruction. Therefore, the
immune system may have created an internal mechanism
for regulating the Thl immune response by requiring co-
stimulation for effector Thl proliferation, and resistance
from apoptosis. When danger from the pathogen is
removed, B7 molecules are down regulated, however, the
TCRs are still engaged from the plethora of peptides that
are generated during infection. Cbl-b may function to
prevent activation signals from being generated from the
engaged TCR and instead target the Thl cells for apopto-
sis. In such a scenario, Th2 cells may continue to be
active for a longer time to further down-regulate inflam-
mation. Cbl-b™~ mice offer us a unique model to further
examine in vivo the role of Cbl-b and costimulation on
pathogen-specific Thl effector activity.
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