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Pertussis Toxin Signals through the TCR to Initiate
Cross-Desensitization of the Chemokine Receptor CXCR4!

Olivia D. Schneider, Alison A. Weiss, and William E. Miller?

Pertussis toxin (PTx) has been shown to exert a variety of effects on immune cells independent of its ability to ADP-ribosylate G
proteins. Of these effects, the binding subunit of PTx (PTxB) has been shown to block signaling via the chemokine receptor CCRS,
but the mechanism involved in this process is unknown. Here, we show that PTxB causes desensitization of a related chemokine
receptor, CXCR4, and explore the mechanism by which this occurs. CXCR4 is the receptor for the chemokine stromal cell-derived
factor 1a (SDF-1a) and elicits a number of biological effects, including stimulation of T cell migration. PTxB treatment causes a
decrease in CXCR4 surface expression, inhibits G protein-associated signaling, and blocks SDF-1a-mediated chemotaxis. We show
that PTxB mediates these effects by activating the TCR signaling network, as the effects are dependent on TCR and ZAP70
expression. Additionally, the activation of the TCR with anti-CD3 mAb elicits a similar set of effects on CXCR4 activity, sup-
porting the idea that TCR signaling leads to cross-desensitization of CXCR4. The inhibition of CXCR4 by PTxB is rapid and
transient; however, the catalytic activity of PTx prevents CXCR4 signaling in the long term. Thus, the effects of PTx holotoxin on
CXCR¢4 signaling can be divided into two phases: short term by the B subunit, and long term by the catalytic subunit. These data
suggest that TCR crosstalk with CXCR4 is likely a normal cellular process that leads to cross-desensitization, which is exploited

by the B subunit of PTx. The Journal of Immunology, 2009, 182: 5730-5739.

XCR4 is a chemokine receptor abundantly expressed on

immune cells, including T cells, B cells, and monocytes

(1-4). Its ligand, SDF-1a” (stromal cell-derived factor
la, CXCL12), has been shown to induce CXCR4-mediated sig-
naling activities that culminate in chemotaxis (5-7). Typically,
CXCR4 undergoes homologous desensitization following activa-
tion by SDF-1a, but it has also been shown to be cross- or heter-
ologously desensitized by other signaling receptors such as CD4,
the BCR, and the k opioid receptor (§—11). Mechanistically, evi-
dence suggests that homologous and heterologous desensitization
are mediated by signaling pathways that activate protein kinases,
which in turn phosphorylate the intracellular regions of receptors
such as CXCR4 (12-14). These phosphorylation events prevent
receptor signaling by blocking access to G proteins and promoting
internalization, ultimately resulting in receptor down-regulation
from the cell surface (13).
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The TCR is an important immunological receptor expressed on
T cells. It is stimulated by Ag-presenting MHC and results in T cell
activation characterized by clonal expansion and cytokine produc-
tion (15, 16). Recent reports indicate that the TCR and several
chemokine receptors, including CXCR4, are intimately coupled
(17). Studies show that many proteins predominantly thought to be
required only for TCR signaling (CD45, Zap70, Lck, and the TCR)
are also activated in response to various chemokines and needed
for optimal chemotaxis (18—24). Additionally, many chemokine
receptor-associated proteins, such as G protein-coupled receptor
kinase 2 (GRK2) and Ge,, also interact with the TCR (25, 26).
Furthermore, reports show that the TCR and CXCR4 physically
associate upon SDF-1a treatment and have been shown to affect
each other’s function and expression (22, 27).

Pertussis toxin (PTx) is a complex AB5 toxin made and secreted
by the pathogenic bacterium Bordetella pertussis. It has been
shown to have profound effects on the immune system, including
the ability to induce lymphocyte proliferation and modify cellular
signaling pathways (28—31). The A subunit of PTx (S1) has en-
zymatic activity in which it ADP-ribosylates cellular G proteins in
the cytoplasm, thus preventing their signaling functions (32, 33).
The B subunit (PTxB) is a pentamer (comprised of S2, S3, S4, and
S5) responsible for the binding and delivery of the A subunit to
target cells (34-36). Several studies have revealed that PTxB alone
is capable of activating a variety of signals in lymphocytes (28, 29,
37-40). More specifically, PTxB promotes activation of many pro-
teins associated with TCR signaling, resulting in a phenotype sim-
ilar to an activated T cell (28, 41). In addition to activating TCR
signals, studies also show that pretreatment of primary lympho-
cytes with PTxB results in a rapid block of Ca®" response from the
chemokine receptor CCRS (31). This block occurs without inter-
fering with ligand binding and appears to be reversed by protein
kinase C (PKC) inhibitors (31). Although the detailed mechanism
by which PTxB blocks CCRS is currently unclear, collectively
these studies suggest a mechanism of receptor crosstalk between
an unknown PTxB receptor and chemokine receptors. In several
scenarios, crosstalk between two cell surface receptors has been
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FIGURE 1. PTxB promotes CXCR4 internalization.
A, Jurkat cells were treated with 0, 0.25, 0.5, 1, 2, or 10
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ug/ml PTxB at 37°C for 45 min, placed on ice, and
stained with the 12GS5 anti-CXCR4 mAb. Mean fluo-
rescence for each sample was collected by FACS, ana-
lyzed, and graphed as percentage of mean fluorescence
of untreated cells. *, p < 0.05 for all values of the dose
response when each concentration is compared with no
treatment (n = 4). B, Jurkat cells were treated with 2
ng/ml PTx at 4°C or 37°C for 60 min, placed on ice,
and stained with the 12G5 anti-CXCR4 mAb. Mean flu-
orescence for each sample was collected by FACS, an-
alyzed, and graphed as percentage of mean fluorescence
of cells treated at 4°C. #xx, p < 0.001 for PTxB treat-
ments at 37°C when compared with the same treatment
at 4°C (n = 6). C, Jurkat cells were treated with 10 nM
SDF-1« or 2 wg/ml PTxB for 10, 15, 30, 45, or 60 min
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37°C when compared with the same treatment at 4°C 20
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demonstrated to result in a ligand-activated receptor inducing
cross-desensitization of an inactive receptor by uncoupling it from
its cognate signaling molecules and/or promoting its internaliza-
tion (8, 13).

In this report we show that PTx, via the B subunit and indepen-
dent of its enzymatic A subunit, regulates CXCR4 signaling and
function by utilization of a TCR signaling pathway. Using primary
human T cells and T cell lines with well-characterized TCR defi-
ciencies, we show that expression and signaling from the TCR
pathway is required for the effects of PTxB activity on CXCRA4.
This phenomenon is additionally corroborated by mimicking TCR
engagement with an anti-CD3 mAb. These studies elucidate a
novel pathogenic mechanism of blocking chemotaxis through uti-
lization of a previously undefined cellular process by which TCR
signaling can cross-regulate CXCR4.

Materials and Methods

Cell lines and reagents

The human Jurkat T cell lymphoma line (clones E6.1, P116, and RT3) was
obtained from the American Type Culture Collection and maintained in
RPMI 1640 supplemented with 10% FBS, penicillin (100 U/ml), and strep-
tomycin (100 wg/ml). PTx and PTxB were purchased from List Biological
Laboratories. The PTx”®/'?°S mutant was prepared at Chiron Bioscience
and kindly provided by Rino Rappuoli (64, 65). The presence of contam-
inating PTx holotoxin in PTxB preparations was assessed using the Chi-
nese hamster ovary cell-clustering assay (66). The concentration of residual
PTx holotoxin in PTxB preparations was found to be <2%. No effect was
observed in experiments using the PTx holotoxin at these concentrations in
short-term assays; therefore, we conclude that the observed effects are due
to PTxB and not contaminating catalytic subunit activity. Anti-CXCR4
mADb clones 12G5 and 4G10 were purchased from BD Pharmigen and
Santa Cruz Biotechnology, respectively. Anti-CD3 mAb clone HIT3a was
purchased from Millipore. PMA and staurosporine were purchased from
Sigma-Aldrich. Recombinant SDF-1a was purchased from PeproTech.

Primary T cell isolation

PBMCs were obtained from buffy coats of healthy donor whole blood by
Ficoll separation. T cells were enriched according to the manufacturer’s
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protocol using the Pan T Cell Isolation Kit II from Miltenyi Biotec. Fol-
lowing isolation, cells were maintained in RPMI 1640 supplemented with
10% FBS, penicillin (100 U/ml), and streptomycin (100 wg/ml) for up to
24 h as indicated. CD3 expression was measured with the anti-CD3 Ab
(clone SK7) from BD Biosciences, and all samples were found to be >75%
CD3-positive.

CXCRA4 internalization

Internalization was assessed by washing (10° cells/sample) in serum-
free RPMI 1640 twice before treatment. Cells were warmed to 37°C and
incubated with 0.25-10 ug/ml PTxB, 2 ug/ml PTx, 25 ng/ml PMA, or
10 nM SDF-1« for the indicated amount of time at 4°C or 37°C. Where
indicated, samples were also exposed to 1 or 5 uM staurosporin for 1 h
before treatment with any of the above ligands. Following stimulation,
cells were put on ice for 10 min before addition of mAb and remained
on ice there after. Cells were stained with anti-CXCR4 (12G5 or 4G10)
at (1/100) for 1 h and then with anti-mouse PE (1/100) for 1 h. Cells
were washed twice and FACS analyzed using a FACSCalibur (BD Bio-
sciences). Internalization was calculated by determining the percentage
mean fluorescence of treated cells compared with untreated cells or
cells stained following each treatment at 4°C to control for ligand/Ab
receptor competition.

CXCR4 phosphorylation

Cells (1.5 X 107 cells/sample) were washed twice with phosphate-free
DMEM and labeled with 150 pCi of [32P]orthophosphate (PerkinElmer)
for 3 h. After washing the cells in PBS, they were suspended in a 0.5-ml
volume and stimulated with 10 wg/ml PTxB, 10 wg/ml anti-CD3 mAb, or
20 nM SDF-1« for 15 min and placed on ice. Cells were pelleted and lysed
with 0.5 ml of lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.1% SDS,
0.1% deoxycholate, 50 mM Tris, Complete protease inhibitor (Roche), 10
mM sodium fluoride, 20 mM sodium vanidate) for 15 min. Lysates were
clarified by centrifugation and precleared with protein A- and G-Sepharose
(Calbiochem) for 1 h at 4°C before the addition of 3 ug of anti-CXCR4
mADb (clone 4G10) and fresh protein A- and G-Sepharose. The mixture was
incubated for 2 h at 4°C with constant agitation followed by extensive
washing and elution in 60 ul of 3X Laemmli sample buffer. The immu-
noprecipitates were subjected to SDS-PAGE and autoradiography. Sam-
ples were quantified using ImmageQuant software and graphically repre-
sented using GraphPad Prism.
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cAMP assays

Cells (10°/sample) were washed with serum-free RPMI 1640 and sus-
pended in 0.1 ml. After cells were warmed to 37°C, 2 ug/ml PTxB or
anti-CD3 mAb were added and incubated at 37°C for 15 min. Cells were
then assayed for cAMP inhibition by the simultaneous addition of 10 nM
SDF-1a and 10 uM forskolin for 30 additional minutes. Cells were placed
on ice and 0.1 ml of Tris/EDTA buffer containing 0.1% BSA was added,
followed by heating at 95°C for 10 min. Lysates were clarified by centrif-
ugation and analyzed for cAMP levels by a PKA competition assay.
Briefly, 50 ul of the lysate was added to 50 ul of a known concentration
of [’H]cAMP and mixed well before 100 ul of 0.6 mg/ml PKA was added.
Equilibrium was allowed to occur as the mixture was incubated at 4°C for
2 h. All unbound cAMP was absorbed with activated charcoal in Tris/
EDTA buffer containing 2% BSA. The clarified lysate was counted with a
scintillation counter and compared with a standard curve of cAMP con-
centrations ranging from 0.125 to 128 pmol. Data are analyzed by percent-
age remaining activity when SDF-1a-induced inhibition of forskolin ac-
tivity is set at 100%.

Ca*" flux assays

Cells (2 X 10%/sample) were washed with serum-free RPMI 1640 and
plated. Cells were loaded with the Fluo-4 NW (no wash) calcium assay kit
(Invitrogen) according to the manufacturer’s protocol and treated with PBS
(without Ca>*/Mg**), 2 wg/ml PTxB, or 2 pg/ml anti-CD3 mAb for 30
min before the addition of 10 nM SDF-1a. Ca®" flux was analyzed by the
increase in fluorescence reported by the Flex Station II (Molecular Probes)
using SoftMax Pro software. Data were imported into GraphPad Prism
software for analysis and production of graphs.

Chemotaxis assays

For migration of Jurkat T cells, 2 X 10° cells/sample were washed twice
with serum-free RPMI 1640, warmed to 37°C, and plated in the top cham-
ber of an 8-um transwell in 0.2 ml of serum-free RPMI 1640. Cells were
left untreated or were pretreated with 2 pg/ml PTxB, PTx™T, PTx*K/129G,
anti-CD3 mAb, or 25 ng/ml PMA for 15 min. Cells pretreated for 18 h
were treated in serum-free media for 2 h before serum-containing RPMI
1640 was added for the remaining time before the migration assay. These
samples were then processed as above. The enzymatically inactive mutant
of PTx was used to asses the function of the B subunit in these longer time
frame assays, as the PTxB preparations were found to contain low levels of
contaminating holotoxin that could interfere with longer time frame assays
(data not shown). Primary T cells were assayed as described above for
Jurkat cells except that 5-um pore inserts were used in place of 8-um
pores. Also, to keep the cell concentration consistent with Jurkat cells
during PTxB treatments, 1 X 10° primary T cells were treated with 4 pg/ml
PTxB for 2 h in 0.1 ml before the volume was doubled to make samples
with 5 X 10° cells/sample in 0.1 ml with 2 wg/ml PTxB. Each transwell
insert was then placed into a bottom chamber containing 0.6 ml serum-free
media or serum-free media containing 10 nM (Jurkat) or 50 nM (primary
T cells) SDF-1a. Cells were allowed to migrate for 4 h and cells in the
bottom chamber were counted for 30 s at a rate of ~75 wl/min using a
FACSCalibur (BD Biosciences).

Results
PTx induces CXCR4 internalization

To investigate whether the B subunit of PTx may cross-regulate
chemokine receptors, we chose to analyze the effects of PTxB on
cell surface expression of the chemokine receptor CXCR4, which
is endogenously expressed in Jurkat T cells. Jurkat cells were
treated with various concentrations of PTxB (42), and CXCR4
surface expression was then analyzed by FACS using an anti-
CXCR4 mAb (clone 12G5). As shown in Fig. 1A, CXCR4 surface
expression decreases in a dose-dependent manner following PTxB
treatment, with a maximal response of a 45% decrease in cells
treated with 2 wg/ml PTxB for 45 min. The effect of the B subunit
on CXCR4 cell surface expression was confirmed using PTx holo-
toxin (Fig. 1B) and an enzymatically inactive mutant, PTx"%/!?°G
(data not shown), both of which promoted a loss in CXCR4 cell sur-
face expression. Fig. 1B also shows that cells treated with PTx at
37°C, but not at 4°C for the same length of time, have decreased
CXCR4 surface expression, indicating that PTx is not competing with
the Ab by directly binding to CXCR4.

PERTUSSIS TOXIN B SUBUNIT EFFECTS ON CXCR4 SIGNALING
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FIGURE 2. PTxB utilizes the TCR to induce CXCR4 internalization. A,
WT and TCR™ Jurkat cells or (B) WT and ZAP70~ Jurkat cells were
treated with 2 pwg/ml PTxB, 10 nM SDF-1e, or 25 ng/ml PMA (WT and
TCR™ only) for 45 min. Cells were placed on ice and stained with anti-
CXCR4 mAb. Mean fluorescence was collected by FACS, analyzed, and
graphed as percentage of mean fluorescence of untreated cells. #:#:, p <
0.001 in WT vs TCR™ (n = 6) and *, p < 0.05 in WT vs ZAP70" in
PTxB-treated cells (n = 4). C, WT Jurkat cells were treated with 0, 1, or
5 uM staurosporine for 60 min before treating with 2 wg/ml PTxB or 25
ng/ml PMA for 45 min. All cells were placed on ice and stained with 12G5
anti-CXCR4 mAb. Mean fluorescence was collected by FACS, analyzed,
and graphed as percentage of mean fluorescence of untreated cells. #*, p <
0.01 and #=x, p < 0.001 when 1 or 5 uM staurosporine pretreated cells
were compared with cells that received no inhibitor in each group (n = 3).
ns, not significant.

Since PTx induces a robust internalization of CXCR4, we next
wished to determine the kinetics of this process and compare the
level of PTxB-induced internalization to SDF-1a-induced inter-
nalization. Data in Fig. 1C show that 2 pg/ml PTxB decreases
CXCR4 surface expression 25% within 10 min of treatment. This
reduction reaches a maximum of a 45% decrease within 45 min.
When compared with ligand-induced internalization by SDF-1c,
PTxB-induced internalization is equally as rapid, but not as robust
as SDF-1a, which causes a maximum of 65% internalization.

Although the Jurkat T cell line is very useful for studying many
aspects of T cell signaling and function, we sought to validate the
effects of PTx on CXCR4 internalization in primary human T cells.
Similar to what we observed in Jurkat T cells, Fig. 1D shows that
primary human T cells from healthy donors demonstrate a signif-
icant decrease in CXCR4 surface expression following treatment
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with PTxB. The data indicate that PTx similarly affects CXCR4 in
both primary human T cells and Jurkat T cells, suggesting that the
Jurkat cell line would serve as a good model to explore the mech-
anism by which PTx regulates CXCR4.

The TCR and its associated signaling pathways are required for
the effects of PTx on CXCR4

The speed and strength of the PTxB-induced CXCR4 internaliza-
tion (Fig. 1C) suggest that PTx might be activating the signaling of
an unidentified receptor resulting in cross-regulation of CXCR4.
To further define the mechanism by which PTxB induces CXCR4
internalization, we sought to identify potential PTxB receptors re-
sponsible for initiating signals that result in CXCR4 internaliza-
tion. Interestingly, the TCR signaling pathway is both intimately
coupled to CXCR4 and is activated by PTxB (20, 22-24, 27-29,
43, 44). To determine whether PTxB utilizes a TCR signaling
pathway to induce CXCR4 internalization, we examined CXCR4
internalization in TCR-deficient (RT3) Jurkat T cells (45). Fig. 2A
shows that PTxB-induced CXCR4 internalization is significantly
reduced in TCR™ Jurkat cells compared with wild-type (WT) Ju-
rkat cells. We confirmed this result using a second independently
derived TCR™ cell line termed OKT3.3 and observed similar ef-
fects regarding PTxB regulation of CXCR4 internalization (data
not shown). To determine whether signaling molecules down-
stream of the TCR were responsible for the effects of PTx, we also
analyzed the effect of PTxB on CXCR4 surface expression in
ZAP70™ (P116) Jurkat cells. Fig. 2B shows that in comparison to
WT Jurkat cells, ZAP70~ Jurkat cells treated with PTxB demon-
strate a significant reduction in CXCR4 internalization. For control
purposes, we analyzed the ability of SDF-1« and PMA to stimulate
CXCR4 internalization in TCR™ and ZAP70™ cells (13, 14). In
contrast to PTxB, SDF-1a and PMA both stimulated CXCR4 in-
ternalization in TCR™ and ZAP70™ cells equal to that observed in
WT cells (Fig. 2, A and B), indicating that both homologous de-
sensitization induced by SDF-1« and heterologous desensitization
mediated by PKC activity remain completely intact in the mutant
cell lines. Collectively, these data suggest that PTx depends on the
expression and the signaling functions of the TCR to induce
CXCR4 down-regulation.

Since the effects of PTx require the presence of the TCR and its
associated signaling molecule ZAP70, we speculated that PTxB

5733

= =
< TeR- Jurkat <
& B &
- 3 -
B 1 i ¢ B %
o
% Qo =] @ = % &}
IP: CXCR4
125000+
100000+ wdk
z
E 75000
@
=
o . 3 500004
=
25000 I___l = I = I
0 L] L L] L
PTxB o CD3 Basal SDF-1¢ PTxB aCD3
Average Fold >
@n (1.9) Over Basal (=1 a.n m

stimulates CXCR4 internalization by activating protein kinases
downstream of ZAP70, such as those in the PKC family. Members
of the PKC family have been shown play active roles in many

A WT Jurkat
Ga; Activity
125+
B 100+
-
£ 82 75
ZE
-
8 o S0+
I
=
£ 254
e *®
sk
0
Pre-treatment: - PTxB aCD3
SDF-1a: + + +
B TeR™ Jurkat
Ga; Activity
125+ ns
ns
—_ s s
Z 100+
o B
£ 52 75
-
3 & 50+
< 2
=]
£ 254
Pre-treatment: - PTxB aCD3

SDF-1a: + ot +

FIGURE 4. PTxB/TCR signaling prevents CXCR4-stimulated Ge; ac-
tivity. A, WT and (B) TCR™ cells were untreated or treated with 2 pg/ml
PTxB or 2 pg/ml anti-CD3 (aCD3) mAb for 15 min before simultaneous
treatment with 10 uM forskolin and 10 nM SDF-1« for 30 min. Cells were
harvested and cAMP was quantified by competition assay. SDF-1a inhi-
bition of forskolin was set to 100% in each cell type and data are shown as
percentage Gy activity remaining. **, p < 0.01 compared with control
(n = 12). ns, not significant.
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FIGURE 5. PTxB/TCR signaling blocks CXCR4-stimulated GBy activity. WT and TCR ™ Jurkat cells were loaded with the Fluo4 Ca®" sensing dye
(Invitrogen) and treated with PBS, 2 ug/ml PTxB, or 2 pg/ml anti-CD3 («CD3) mAb for 30 min before stimulation with PBS or 10 or 50 nM SDF-1a.
Data were collected for 2 min using a FlexStation II (Molecular Devices). Arrows indicate the time at which ligand was added (20 s). A, Representative
time courses displaying relative Ca>* fluorescence with 10 nM SDF-1 treatment. B, Average peak response of three independent experiments done in
triplicate are graphed. #*, p < 0.01 compared with their PBS pretreated match.

downstream TCR signaling pathways (35, 46). To investigate this
hypothesis, we treated WT Jurkat cells with several concentrations
of the PKC inhibitor staurosporine before the cells were treated
with PTxB (47). Fig. 2C shows that there is a significant decrease
in the ability of PTxB to induce CXCR4 internalization in cells
pretreated with 1 or 5 uM staurosporine. To control for the effect
of staurosporine pretreatment on PKC activity, we also analyzed
CXCR4 surface expression in cells treated with the PKC activator
PMA. The data show that the same concentrations of staurosporine
that block PTxB-induced CXCR4 internalization also block PMA-
induced CXCR4 internalization. Collectively, Fig. 2 suggests that
PTxB utilizes the TCR to activate a TCR signaling pathway that
drives the internalization of CXCR4 through the activity of PKC.

PTx/TCR signaling induces CXCR4 phosphorylation

Since chemokine receptor desensitization and internalization
can occur as a result of receptor phosphorylation, we investi-
gated if CXCR4 was phosphorylated after PTxB or anti-CD3
mAb treatments. Using SDF-1a as a control, we stimulated
cells with PTxB or anti-CD3 and immunoprecipitated CXCR4
from [*?Plorthophosphate-labeled cells followed by SDS-

PAGE and autoradiographic analysis. As shown in Fig. 3A (up-
per panel), after 15 min of treatment with SDF-1«, PTxB, or
anti-CD3 mAb, a phosphorylated protein species that migrates
at ~46 kDa was specifically immunoprecipitated from Jurkat
lysates using an anti-CXCR4 Ab. The identity of this protein
was confirmed to be CXCR4, as an isotype-matched control Ab
failed to immunoprecipitate this protein. When the blots were
quantified (Fig. 3A, lower panel), it was determined that
SDF-1a caused a 5-fold increase in CXCR4 phosphorylation
over basal levels. PTxB also significantly increased CXCR4
phosphorylation, as there was a 2.1-fold increase when com-
pared with basal levels. A relatively equal increase in phos-
phorylation was also detected by directly stimulating the TCR
with anti-CD3 mAb. These data show for the first time that TCR
signaling causes a direct change in the phosphorylation state of
CXCRA4. In comparison to SDF-1a-induced phosphorylation of
CXCR4, PTxB- or anti-CD3-dependent induction of CXCR4
phosphorylation is not as robust, only approaching 50% of that in-
duced by SDF-1a. This suggests that SDF-1a causes phosphorylation
of a stoichiometrically higher number of the 18 putative CXCR4
phosphorylation sites or stimulates phosphorylation of a higher
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percentage of receptors per cell than does TCR signaling. Taken to-
gether, these data show that PTxB and TCR signaling both rapidly
induce CXCR4 phosphorylation.

To determine whether PTxB utilizes the TCR to facilitate
CXCR4 phosphorylation, we analyzed CXCR4 phosphorylation in
TCR™ cells. Fig. 3B shows that similar to WT Jurkat cells, CXCR4
phosphorylation increases 4.1-fold over basal levels in SDF-1a-
treated TCR™ cells. In contrast to WT Jurkat cells, TCR™ Jurkat
cells show no change in CXCR4 phosphorylation when treated
with PTxB or the negative control anti-CD3 mAb. Collectively,
Fig. 3 reveals that TCR signaling is required to promote CXCR4
phosphorylation in response to either PTxB or aCD3.

PTX/TCR signaling blocks CXCR4-mediated G protein activation

CXCR4, like most other chemokine receptors, signals through Goy
proteins in response to SDF-1a stimulation (48-50). Gey activa-
tion results in a variety of signaling events, including the inhibition
of cAMP accumulation (49). During desensitization, receptor
phosphorylation is thought to alter the receptor such that there is an
inhibition of G protein coupling (51). Since TCR signaling acti-
vated by anti-CD3 mAb or PTxB results in phosphorylation and
internalization of CXCR4, we next sought to determine whether
PTxB or anti-CD3 mAb was able to inhibit CXCR4 signaling
through Ge; proteins. G activity was assessed by measuring
inhibition of forskolin-stimulated adenylate cyclase. When WT
Jurkat cells are treated with PTxB or anti-CD3 before the ad-
dition of SDF-1a, >90% of the SDF-1a-induced Gy activity is
blocked at 45 min (Fig. 4A). Additionally, there is no cAMP
increase with PTxB or anti-CD3 mAb alone (data not shown),
indicating that the loss of cAMP inhibition is due to blocked
CXCR4 Gq; function, not increased basal cAMP. In contrast to
WT cells, TCR™ cells show no decrease in SDF-1a-induced
Gy activity seen when cells are pretreated with PTxB or anti-
CD3 mAb (Fig. 4B). Taken together, these data show that ac-
tivating TCR signaling by either PTxB or anti-CD3 mAb rap-
idly blocks CXCR4 signaling through Ga;.

PTx/TCR signaling blocks CXCR4-mediated Ca®" release

In addition to Gey activity, intracellular release of Ca?* induced by
Gpy subunits is indicative of CXCR4 signaling (49, 52). To an-
alyze how PTxB signaling through the TCR affects CXCR4 sig-
naling mediated by Gy, we tested the ability of CXCR4 to induce
Ca®" flux after 30 min of pretreatment with PBS, PTxB, or anti-
CD3 mAb. Ca?* traces in Fig. SA (upper panels) show that WT
cells pretreated with 2 ug/ml PTxB or anti-CD3 mAb display dra-
matic inhibition of the SDF-1«a response compared with cells pre-
treated with PBS. Quantification of the peak responses to 10 and
50 nM SDF-1a demonstrates that the observed inhibition by PTxB
is >80% (Fig. 5B, left panel). In contrast to WT cells, when TCR-
negative cells were pretreated with 2 pg/ml PTxB or anti-CD3
mAb, there was no significant inhibition of CXCR4 Ca®" signal-
ing in response to 10 or 50 nM SDF-la (Fig. 5). This further
supports our hypothesis that PTxB utilizes TCR signaling to rap-
idly block CXCR4 signaling.

PTx/TCR signaling inhibits CXCR4-mediated chemotaxis

After demonstrating that PTxB induces CXCR4 internalization
and phosphorylation and blocks signaling initiated by G proteins,
we next sought to determine whether PTxB could block CXCR4
function at a biological level. We predicted that the decrease in
surface CXCR4 expression and subsequent loss of signaling after
PTxB or anti-CD3 mAb treatment would cause a block in CXCR4-
mediated cell migration to SDF-1c. To test this hypothesis, PTxB
or anti-CD3 mAb was added to WT and TCR™ Jurkat cells 15 min
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FIGURE 6. PTxB activates a TCR-dependent signaling pathway to pre-
vent CXCR4-mediated chemotaxis. A, WT and (B) TCR™ Jurkat cells were
left untreated or treated with 2 wg/ml PTxB, 2 ug/ml anti-CD3 («CD3) mAb,
or 25 ng/ml PMA for 15 min before being placed into the upper well of
8-um-pore transwell chambers. The transwell chambers were assembled such
that the bottom wells contained either media alone or media supplemented
with 10 nM SDF-1c. Cells were then allowed to migrate for 4 h, removed from
the bottom of the transwell chamber, and counted using a flow cytometer. s,
p <0.001 or #x#, p < 0.01 when pretreated cells were compared with untreated
cells migrating to SDF-1« (n = 15 for WT Jurkat cells and n = 12 for TCR™
Jurkat cells). C, Human primary T cells were treated with 4 pg/ml PTxB for
2 h, diluted, and placed into the upper well of 5-um-pore transwell chambers.
The transwell chambers were assembled such that the bottom wells contained
either media alone or media supplemented with 50 nM SDF-1a. Cells were then
allowed to migrate for 4 h, removed from the bottom of the transwell chamber, and
counted using a flow cytometer. *+x, p < 0.001 or **, p < 0.01 when pretreated
cells were compared with untreated cells migrating to SDF-1a (n = 3).

before they were analyzed for their ability to migrate from the top
chamber of an 8-um transwell to the bottom chamber containing
10 nM SDF-1a. Since PKC phosphorylation of CXCR4 results in
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desensitization and internalization of CXCR4, we also assessed the
effects of PMA pretreatment on migration to SDF-1a. Data in Fig.
6A show that WT cells pretreated with PTxB display a 75% de-
crease in migration to SDF-1«, while cells treated with anti-CD3
mAD display a 40% decrease in migration.

In contrast to WT cells, TCR™ cells showed no significant de-
crease in CXCR4-mediated migration with either PTxB or anti-
CD3 mAb pretreatments (Fig. 6B). Note that TCR™ Jurkat cells
exhibit a slightly reduced overall capacity to chemotax to SDF-1«
as previously reported (19, 20, 22, 27). Additionally, cells pre-
treated with PMA show a complete block on CXCR4-mediated
migration in both WT and TCR™ cells. This indicates that TCR™
cells have a fully functional PKC pathway that is able to induce
CXCR4 internalization (Fig. 2) and block migration.

To verify that the effects of PTx on T cell chemotaxis also occur
in normal T cells, we examined CXCR4-mediated chemotaxis in
primary human T cells pretreated with PTxB. T cells were isolated
from healthy donors and cultured for 24 h. Cells were then pre-
treated PTxB for 2 h before they were assayed for their ability to
chemotax to 50 nM SDF-1a. Similar to WT Jurkat cells, PTxB
blocks the ability of primary T cells to chemotax to SDF-1a, as
shown in Fig. 6C. Collectively, Fig. 6 reveals that PTx, through its
B subunit, uses a TCR signaling pathway to efficiently block T cell
chemotaxis to SDF-1a.

Lastly, we wanted to further characterize the timing and dura-
tion of PTxB-mediated cross-desensitization of CXCR4. Since it is
known that the A subunit of PTx inactivates chemokine receptor
signaling several hours after toxin exposure, it is important to es-
tablish the time frame in which the effects of PTxB are observed
relative to that of the A subunit (32, 33). To test this, WT or TCR ™
cells were pretreated with PTx holotoxin (PTx™7) or a PTx enzy-
matically inactive mutant (PTx?*/'?°S) for various times before
analyzing their ability ability to chemotax to SDF-1a. In Fig. 7A,
WT cells were pretreated with PTx™" and PTx**/'2° for 15 min
before assaying their migration to SDF-1c. The data show that WT
cells pretreated for 15 min with PTx™7T and PTx’*/'?°C have a
substantially decreased chemotactic capability, similar to results
for 15-min PTxB pretreatments shown in Fig. 6. Additionally,
PTxW7 pretreated cells in Fig. 7A show a statistically significant,
but slightly increased, inhibition of chemotactic capability com-

pared with PTx°®/'2°C pretreated cells, demonstrating that the A

subunit effects can be detected at this early time point, but that the
short-term block on migration is predominantly mediated by
PTxB. In Fig. 7B, WT cells were pretreated for 18 h with either
toxin before analyzing their ability to migrate to SDF-1a. Fig. 7B
indicates that after 18 h of pretreatment with PTx”*/'?°, WT cells
are able to migrate to SDF-1« as effectively as untreated cells. In
contrast, WT cells pretreated for the same time with PTxVT com-
pletely lack the ability to migrate. Of note, the magnitude of SDF-
la-mediated chemotaxis in control untreated cells throughout Fig.
7 is slightly higher than in earlier experiments (~30-fold vs ~18
fold), as the experimental conditions to allow for analyses of PTx
effects at the 18 h time point dictated that the cell density be higher
during the time frame preceding the start of these experiments.
These data illustrate that TCR-mediated CXCR4 desensitization is
transient when compared with G protein inactivation by the PTx
holotoxin.

These same parameters were conducted with TCR™ cells, and
the data demonstrate that TCR™ cells are again insensitive to the
B subunit (PTx?*/'2°F) alone after 15-min and 18-h pretreatments
(Fig. 7, C and D). In contrast to PTx°*/'?°S, pretreatment with
PTxVT significantly blocks migration after 18 h, showing that the
effects of the A subunit are not TCR-specific and that the TCR is
not required for toxin access to the cytoplasm. These data show
that while TCR™ cells are not susceptible to the signaling effects
initiated by the B subunit, the A subunit of PTx still inactivates G
proteins regardless of TCR expression.

Discussion

In these studies we found that TCR signaling, initiated by PTx or
anti-CD3 mADb, causes cross- or heterologous desensitization of
CXCR4 (summarized in Fig. 8). Specifically, the data indicate that
treatment of T cells with PTx decreases CXCR4 surface expres-
sion, blocks SDF-la-induced G protein signaling, and prevents
cellular migration. These observations are mediated by TCR sig-
naling events, as the effects of PTx were defective in cells lacking
a functional TCR signaling pathway. Furthermore, all PTx effects
could be mimicked by stimulating cells with an anti-CD3 mAb.
Although TCR signaling rapidly blocks CXCR4 activity, the data
show that this block is transient and likely mediated by a decrease
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FIGURE 8. Schematic diagram depicting the mech-
anism of PTxB-mediated desensitization of CXCR4. A,
SDF-1« binding to the extracellular domains of CXCR4
causes a conformational change in CXCR4, enabling
activation of associated G proteins. Gey proteins inhibit
adenylate cyclase while the By proteins trigger an in-
tracellular Ca®>* release. These events, in addition to
others, result in cellular chemotaxis to SDF-la. B,
Treatment with the B subunit of PTx or an anti-CD3
(aCD3) mAb initiates the TCR signaling pathway re-
sulting in the activation of many proteins, including a
variety of kinases. We propose that kinases (PKCs or
GRKs) activated by the TCR can phosphorylate
CXCR4 to promote its internalization and uncoupling
from G proteins. Subsequently, the decreased availabil-
ity of CXCR4 on the cell surface and/or is inability to
couple to G proteins results in CXCR4 that cannot re-
spond to SDF-la. Thus, TCR signaling results in a
rapid and transient block of chemotaxis to SDF-1a.
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in CXCR4 cell surface expression and/or uncoupling from G
proteins.

While PTx has been known to prevent chemokine receptor sig-
naling through the enzymatic activity of the A subunit, our present
studies reveal a novel mechanism in which PTx modulates the
immune system through the function of the B subunit (32, 33). One
mechanism is localized to the PTx A subunit and is mediated by
enzymatic inactivation of G proteins, while the other is localized to
the PTx B subunit and is mediated by the interaction with the TCR.
This indicates that Bordetella pertussis has developed two distinct
mechanisms to block chemotactic responses. These two mecha-
nisms vary in speed, duration, and toxin dose. The B subunit in-
teracts with extracellular receptors, such as the TCR, to produce
rapid effects on CXCR4 that can be detected within 10 min of
treatment (30, 53, 54). These effects fade and CXCR4 function is
regained within 18 h. The transient nature of this PTx effect could
be due to the depletion of toxin from the extracellular space or to
desensitization of the PTxB receptor (i.e., TCR) itself. Thus far,
the block of CXCR4 activity is only attributed to T cells, but other
cell types may ultimately also be found to be susceptible to PTxB.
In contrast to the rapid and transient effect of PTxB, the A subunit
must gain access to the cell’s cytoplasm to inactivate G proteins,
a process that can take hours, but permanently modifies G proteins
(33). The activity of the A subunit is not cell type specific and
requires lower concentrations of toxin. The multifaceted approach
utilized by the A and B subunits of PTx to inhibit chemotaxis
suggests that altering immune cell signaling is critical for a suc-
cessful and productive B. pertussis infection (55).

Throughout these studies we have used PTx to study receptor
crosstalk between the TCR and CXCR4. By exploiting PTx as a
reagent to study TCR signaling, we have uncovered a novel cel-
Iular mechanism to inhibit chemotaxis. Although several studies
have shown a general link between TCR signaling and chemotaxis,
this report is the first to show that TCR signaling, activated by
anti-CD3 mAb, directly regulates chemokine receptor signaling by
physically altering CXCR4. The ability of the TCR to control
CXCR4 is a mechanism that likely evolved as a means to prevent

newly activated T cells, engaged by MHC presenting Ag, from
inappropriately migrating away from the site of an immune chal-
lenge. A similar mechanism has been reported in B cells, as BCR
engagement also results in a block of CXCR4 signaling (10). Al-
though in the present report we focused on interactions between
the TCR and CXCR4, it is possible that the TCR can cross-regulate
a variety of chemokine receptors.

Another chemokine receptor that is likely regulated by PTx and
TCR signaling is CCRS (31). CCRS, like CXCR4, is an HIV co-
receptor (31). Previous studies have shown that primary lympho-
cyte populations treated with PTxB are unable to respond to the
CCRS ligand, MIP-1f3, and cannot support RS coreceptor-medi-
ated HIV entry (31, 56-58). Whether there are extensive similar-
ities in the mechanisms by which PTxB affects CXCR4 and CCR5
remains to be explored. Interestingly, in these earlier studies
CXCR4 signaling or CXCR4 coreceptor utilization was not af-
fected by PTxB pretreatment (31). Such results could differ from
the results presented herein because the earlier study used a mixed
lymphocyte population, and in this report we use isolated primary
T cells and clonal T cell lines. Since other cells, such as B cells and
monocytes, can also express CXCR4, the non-T cells present in the
mixed lymphocyte population could mask any effects mediated by
the TCR in the T cell subpopulation.

Mechanistically, the TCR appears to promote CXCR4 phos-
phorylation and subsequent desensitization by activating a protein
kinase cascade involving ZAP70 and PKC. The protein kinases
responsible for directly phosphorylating CXCR4 remain unclear,
but our studies point to the PKC family as a likely candidate. There
are 18 possible phosphorylation sites in the cytoplasmic tail of
CXCR4, many of which have been shown to be important for
CXCR4 internalization in response to PKC activators (10, 51).
These phosphorylation sites make CXCR4 a potential substrate for
PKCs activated by the TCR. Both PKC6 and PKCa are activated
by TCR signaling and are shown to phosphorylate CD3, thereby
exposing a special dileucine motif critical for TCR internalization
(59-61). Interestingly, CXCR4 also contains a dileucine motif
similar to that found in the intracellular domains of CD3 (14).
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Since CXCR4 is physically associated with the TCR, PKCs acti-
vated by the TCR could also phosphorylate CXCR4, thus exposing
the dileucine motif and promoting internalization. In support of
this idea, studies show that PKC activation and the CXCR4
dileucine motif are both required for the cross-desensitization of
CXCR4 by the BCR (10). An additional candidate that could me-
diate TCR and CXCR4 crosstalk is GRK2. GRK2 is known to be
a major contributor to homologous desensitization of many che-
mokine receptors, including CXCR4, by inducing phosphorylation
and internalization (51). Intriguingly, GRK?2 has also recently been
found to be associated with the TCR complex (26). If the function
of GRK2 is modulated following activation of the TCR signaling
pathway, it could be one of the kinases responsible for mediating
CXCR4 internalization. Additionally, it seems likely that PTxB
through the activity of PKC and/or GRK2 could regulate a wide
range of chemokine receptors in addition to CXCR4. It will be
interesting to explore the effects of PTxB on other GPCRs and to
determine what effect this has on T cell biology.

Throughout this report, our data show that the decrease of
CXCR4 signaling is of a greater magnitude than the decrease in
cell surface CXCR4 at comparable treatments and time points. For
example, while PTxB treatments cause a 75% decease in chemo-
taxis and 90% decrease in Goy signaling, CXCR4 surface expres-
sion decreases only ~40-50%. There are two hypotheses to ex-
plain how a 50% loss in receptor from the cell surface could result
in a 75-90% loss in function. Since CXCR4 is thought to act as
dimer when signaling, one hypothesis could be that removing half
of the total CXCR4 from the surface could drop the receptor con-
centration below a critical threshold required for signaling (62,
63). As a result, the 50% CXCR4 reduction would lead to a more
severe phenotypic effect on CXCR4 signaling in which each acti-
vated receptor can no longer find a partner receptor to effectively
transmit signals. An alternative hypothesis is that although 50% of
the CXCR4 remains on the cell surface, it is not able to respond to
SDF-1a because it is phosphorylated and/or uncoupled from G
proteins. This CXCR4 would be detected by FACS analysis be-
cause it has not yet been internalized, but no signaling would be
detected because it is locked in an inactive conformation.

Future studies are required to further refine the mechanisms and
intracellular signaling pathways utilized by PTxB and the TCR to
modify CXCR4 activity. A better understanding of the mechanism
by which PTx and TCR-mediated CXCR4 cross-desensitization
occurs is also needed to clarify the differences, if any, between
traditional TCR signaling and that initiated by PTx. Finally, it will
be interesting to determine how PTxB-mediated cross-regulation
of CXCR4 participates in B. pertussis pathogenesis and to deter-
mine whether other pathogens similarly regulate chemotactic pro-
teins such as CXCR4 during infection.
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