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Pertussis toxin (PTx) is an AB; toxin produced by the human pathogen Bordetella pertussis. Previous work
demonstrates that the five binding (B) subunits of PTx can have profound effects on T lymphocytes indepen-
dent of the enzymatic activity of the A subunit. Stimulation of T cells with holotoxin (PTx) or the B subunit
alone (PTxB) rapidly induces signaling events resulting in inositol phosphate accumulation, Ca®>* mobiliza-
tion, interleukin-2 (IL-2) production, and mitogenic cell growth. Although previous reports suggest the
presence of PTx signaling receptors expressed on T cells, to date, the receptor(s) and membrane proximal
signaling events utilized by PTx remain unknown. Here we genetically and biochemically define the membrane
proximal components utilized by PTx to initiate signal transduction in T cells. Using mutants of the Jurkat
T-cell line deficient for key components of the T-cell receptor (TCR) pathway, we have compared stimulation
with PTx to that of anti-CD3 monoclonal antibody (MAb), which directly interacts with and activates the TCR
complex. Our genetic data in combination with biochemical analysis show that PTx (via the B subunit)
activates TCR signaling similar to that of anti-CD3 MADb, including activation of key signaling intermediates
such as Lck, ZAP-70, and phospholipase C-y1. Moreover, the data indicate that costimulatory activity, as
provided by CD28 ligation, is required for PTx to fully stimulate downstream indicators of T-cell activation
such as IL-2 gene expression. By illuminating the signaling pathways that PTx activates in T cells, we provide
a mechanistic understanding for how these signals deregulate immune system functions during B. pertussis

infection.

Pertussis toxin (PTx) is a complex ABs bacterial toxin pro-
duced and secreted by the human pathogen Bordetella pertus-
sis. The A subunit (S1) has catalytic activity and functions to
ADP ribosylate and inhibit cellular Ga proteins, while the five
B subunits (S2, S3, two copies of S4, and S5) are responsible
for binding and delivery of the A subunit to mammalian cells
(34). Traditionally, the biological effects of PTx have been
attributed to the enzymatic activity of the A subunit; however,
recent work demonstrates that PTx has biological activities
that cannot be accounted for by the enzymatic activity of the A
subunit alone (11, 28, 39, 43). The nonenzymatic activities of
PTx have been attributed to the B subunit and have been
largely defined using preparations of PTx that contain the B
subunit but are devoid of the A subunit. PTx preparations that
contain only the B subunit have been termed PTxB, or B
oligomer. One function of the PTx B subunit appears to be the
interaction with and activation of cell surface signaling recep-
tors. However, the identity of the receptor(s) engaged by the
PTx B subunit and the molecular details of the signaling path-
way(s) activated following receptor engagement remain unde-
fined.

In T lymphocytes, PTx and PTxB induce the rapid activation
of second messenger signaling pathways leading to inositol
phosphate (InsP) accumulation and release of intracellular
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Ca®" (11, 39, 43). The activation of these signaling pathways in
turn results in T-cell proliferation as well as the production of
numerous cytokines, including interleukin-2 (IL-2), gamma in-
terferon, and tumor necrosis factor alpha (39, 40, 45, 46). Due
to the speed of these events, it has been hypothesized that a
receptor specific to T cells, possibly the T-cell receptor (TCR)
itself, is engaged and activated by the B subunits of PTx (11, 37,
52). This hypothesis is supported by data showing that InsP
accumulation and Ca®* release fail to be induced by PTx in a
mutant Jurkat cell line, termed Jurkat-RT3, which lacks ex-
pression of the TCR and CD28 (37, 38). Although these stud-
ies suggest that PTx utilizes the TCR to promote signal trans-
duction, there have been no molecular data demonstrating that
PTx activates specific downstream components of the TCR
signaling pathway. Moreover, it is not clear if PTx utilizes the
canonical TCR pathway to stimulate InsP and Ca®* signaling
or if PTx has evolved a novel signaling mechanism that ulti-
mately leads to a similar response. For example, TCR activa-
tion mediated by bacterial superantigens requires the TCR,
but utilizes an alternative, noncanonical signaling pathway to
trigger Ca*>* release (6). Without defining the specific compo-
nents required for PTx signaling and subsequently examining
the activation state of these components, it is impossible to
assign a mechanism for PTx action.

TCR signaling is initiated when antigen presented by major
histocompatibility complex (MHC) molecules binds to the
TCR complex (a and B chains) (49, 51). Signaling via the TCR
has been extensively studied using anti-TCR or anti-CD3
monoclonal antibodies (MADbs), which bind to and activate the
receptor similar to MHC-presented antigen (1, 57). Engage-
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FIG. 1. Model depicting potential role of TCR signaling proteins in PTx action. Activation of the TCR leads to the tyrosine phosphorylation
(and hence activation) of several signaling components that are ultimately responsible for accumulation of InsPs, such as IP, activation of MAP
kinases (MAPK), and production of IL-2. The TCR is indicated by the o and B chains, while CD3 is indicated by the (, €, and vy chains. DAG,
diacylglycerol.

ment of the TCR leads to activation of Src family kinases Lck
and Fyn, via a poorly understood mechanism (Fig. 1) (31, 56).
Lck then phosphorylates the immunoreceptor tyrosine-based
activation motifs (ITAM) contained within the TCR chains
(31). Subsequent recruitment of ZAP-70 to the phosphory-
lated ITAM initiates a cascade of tyrosine phosphorylation
events that ultimately promote the activation of the major
signaling nodes involved in TCR signaling (20). Two targets of
ZAP-70-induced tyrosine phosphorylation include the phos-
pholipase C-yl (PLC-y1) and Slp76 proteins, both of which
play major roles in signal transmission. Activated PLC-y1 cat-
alytically cleaves phosphatidylinositol bisphosphate (PIP,) into
diacylglycerol and inositol triphosphate (IP;), while Slp76
functions as a scaffolding protein to intensify signal propaga-
tion (8, 19, 23, 27, 54). Together, the activity of the TCR
signaling pathway culminates in the activation of numerous
transcription factors including NF-xB, NFAT, and AP-1 (32).
Ultimately, this signal results in an “activated” T-cell pheno-
type, marked by proliferation, expression of CD45, and pro-
duction of IL-2 (1, 49, 50).

Using a combination of biochemical, genetic, and pharma-
cological approaches, we examine the membrane proximal
events involved in PTx signaling in T cells. In these studies, we
demonstrate that PTx activates the Src family kinase Lck or
Fyn, leading to the phosphotyrosine-dependent assembly of a
signaling cascade at the TCR, including activation of ZAP-70
and PLC-y1. The activation of this signaling complex further
transmits the PTx signal through intermediates InsP and the
mitogen-activated protein (MAP) kinases Erkl and -2. More-
over, our work demonstrates that PTx requires the presence of
a costimulatory signal from CD28 to promote maximal activa-
tion of downstream events such as IL-2 gene expression. Taken
together, our results demonstrate that PTx utilizes the canon-
ical TCR signaling pathway to induce InsP and MAP kinase
signaling and suggest that the complex interaction of PTx with
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T-cell signaling networks may have broad implications for dis-
ease and immune system regulation.

MATERIALS AND METHODS

Cell lines and reagents. Jurkat cell lines and derivatives, E6-1 (wild type),
J.gammal (PLC-y1™), and J14 (SLP76~) were purchased from the ATCC, while
OKT3.3 (TCR™) was the kind gift of A. Weiss (University of California, San
Francisco) (51). Jurkat cells were maintained in RPMI containing 10% fetal
clone IIT (HyClone) and 5% penicillin-streptomycin (Mediatech) at a cell den-
sity of between 2 X 10° and 1.5 X 10° cells/ml. PTx and PTxB were purchased
from List Biological Laboratories. The presence of contaminating PTx holotoxin
in PTxB preparations was assessed using the CHO cell-clustering assay (17). The
concentration of residual PTx holotoxin in PTxB preparations was found to be
less than 2%. No effect was observed in experiments using the residual PTx
holotoxin concentrations, and we therefore conclude that the observed effects
are due to PTxB and not contaminating catalytic subunit activity. To control for
endotoxin in PTx preparations, PTx was heat inactivated by boiling for 30 min
(39). Stimulating antibodies against the epsilon chain of CD3 (HIT3a) and CD28
(CD28.2) were purchased from BD Pharmingen. Immunoprecipitating antibod-
ies to PLC-y1 (B-6-4) and ZAP-70 (2F3.2) and goat anti-mouse immunoglobulin
G (IgG) used for cross-linking CD28.2 were purchased from Upstate Biotech-
nology (10, 30). Western blotting antibodies for phosphorylated and total p44/42
Erk MAP kinases were obtained from Cell Signaling Technologies, and the
antiphosphotyrosine antibody 4G10 was obtained from Upstate Biotechnology
(10). Tonomycin and the Src family kinase inhibitor PP2 were purchased from
Sigma. IL-2p (RE/AP elements) and IL-2p (=326 to +46) promoter luciferase
constructs were kind gifts from V. Shapiro (University of Pennsylvania) and
Chi-Wing Chow (Albert Einstein University), respectively (14, 29, 41).

InsP assays. Jurkat cells (5 X 103/ml) were labeled with 1.5 wCi/ml
[myo-*H]inositol (Perkin-Elmer) for 18 h in RMPI containing 10% serum. The
cells were washed with cold phosphate-buffered saline (PBS) and suspended at
107 cells/ml in serum-free RMPI containing 20 mM LiCl. Cells (10%treatment)
were stimulated with designated amounts of PTx, PTxB, or 10 pg/ml anti-CD3
MAD for 2 h at 37°C. Costimulated cells were treated with PTx or anti-CD3 MAb
in combination with 2 pg/ml anti-CD28 MADb cross-linked by the addition of 20
pg/ml anti-mouse IgG. The addition of anti-mouse IgG clusters the anti-CD28
antibody, resulting in additional CD28 receptor clustering. For PP2 experiments,
cells were preincubated for 5 min with 10 uM PP2. After stimulation, the cells
were lysed with 0.4 M perchloric acid at 4°C for 15 min and neutralized with 0.72
M KOH and 0.6 M KHCOs;. Total InsPs were isolated with Dowex resin (Bio-
Rad), washed with water, and eluted with 1 M ammonium formate-0.1 M formic
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acid. The eluted samples were counted with a liquid scintillation counter and
InsP accumulation was calculated as increase (fold) over basal levels in unstimu-
lated cells. Data were graphed and analyzed using GraphPad Prism 4 software.

Measurement of Erk activity. Cells (1 X 10°)/treatment were serum starved
when indicated and stimulated for various times with 2 pg/ml anti-CD3 MAb or
19 nM PTx in the absence or presence of cross-linked anti-CD28 MADb, as stated
above. After the indicated treatment, cells were lysed directly in Laemmli sample
buffer and analyzed for phosphorylated Erkl and -2 (pErk) and total Erk by
Western blotting.

Immunoprecipitations and Western blotting. Jurkat cells (2.5 X 107) were
washed once with PBS and suspended in serum-free RPMI. The samples were
slowly warmed to 37°C and then stimulated with 10 pg/ml anti-CD3 MAD or 95
nM PTx for 5 min. The increased cell number needed for these immunoprecipi-
tation experiments required us to increase the PTx concentration to 95 nM to
maintain a PTx/cell ratio equivalent to that used in other experiments. Costimu-
lated samples were additionally incubated with 2 pg/ml anti-CD28 MAD cross-
linked by adding 20 pg/ml anti-mouse IgG. Samples were washed once with
ice-cold PBS and lysed in lysis buffer (1% NP-40, 0.1% sodium dodecyl sulfate
[SDS], 0.1% deoxycholate, 150 mM NaCl, 50 mM Tris, Na;VO,, and Complete
protease inhibitor tablets [Roche]). Lysates were clarified by centrifugation, and
supernatants containing 1 pg of immunoprecipitating antibody per 100 pg total
protein were incubated overnight at 4°C with 30 wl of 60% protein A/G bead
slurry (Calbiochem). Beads were washed four times with 1 ml lysis buffer, sus-
pended in 3X Laemmli sample buffer, boiled for 10 min, and electrophoresed in
8% SDS—polyacrylamide gel electrophoresis (PAGE) gels. The gels were trans-
ferred to nitrocellulose, probed with the appropriate primary and secondary
antibodies, and visualized via chemiluminescence (Super Signal; Pierce).

Luciferase assays. Jurkat cells (5 X 10°) were electroporated (Bio-Rad Cell
Porator) with either 20 pg of the IL-2p (RE/AP elements) luciferase reporter or
the TL-2p (—326 to +46) luciferase reporter. IL-2p (RE/AP elements) is a
synthetic reporter construct containing four copies of the CD28 and NF-IL-2B
AP-1 response elements from the IL-2 promoter (41). IL-2p (—326 to +46)
contains the IL-2 promoter region from —326 to +46 relative to the transcription
start site (55). Each transfection also included 1 pg of Renilla luciferase as an
internal control. All cells were stimulated in serum-free media containing 1 pM
ionomycin with 2 pg/ml anti-CD3 MAb or 19 nM PTx * 2 pg/ml anti-CD28
MAD cross-linked by adding 20 wg/ml anti-mouse IgG for 6 h. The cells were
lysed, and luciferase activity was quantitated for relative light units using a
luminescence assay kit (Promega).

RESULTS

PTx induces InsP accumulation. PTx has been previously
reported to rapidly trigger an increase in the level of total InsP
and promote the release of intracellular Ca** in T cells (11,
39). This rapid activation of classical signal transduction path-
ways is similar to that observed following ligation of the TCR
complex in antigen-stimulated cells (38, 43, 49, 50). To begin to
investigate the mechanism by which PTx induces signaling in T
cells and to evaluate the contributions of the B oligomer
(PTxB), we examined the relative abilities of PTx and PTxB to
induce InsP accumulation in the human T-cell line Jurkat (38).
InsP accumulation induced by various concentrations of PTx
was compared to InsP accumulation induced by equivalent
amounts of PTxB. Data are presented as accumulation (fold)
in stimulated samples over basal levels observed in unstimu-
lated samples. Treatment of Jurkat cells with PTx results in
InsP accumulation in a dose-dependent manner. Stimulated
levels of InsP reach a maximum of approximately sixfold over
basal at 19 nM (2 pg/ml) PTx stimulation (Fig. 2A). The
concentrations utilized in these experiments are within the
physiological range produced by cultured Bordetella pertussis
and are in agreement with that previously reported for PTx-
induced Ca®* release (11, 36, 39, 43). Figure 2A also shows
that PTxB retains similar InsP-stimulating capacity to PTx at
maximum stimulation, with no significant difference between
equivalent molar doses at 19 nM (2 wg/ml) PTx and 19 nM
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FIG. 2. PTx induces InsP accumulation in Jurkat T cells. (A) Cells
were left unstimulated (—) or stimulated with PTx (1.25, 2.5, 5, 10, 19,
and 95 nM) or PTxB (5, 10, and 19 nM) for 2 h. Total InsPs were
collected and graphed as increases (fold) over basal. Data shown are
the means * standard errors of four to six experiments done in dupli-
cate. The PTx- or PTxB-induced InsP accumulation was significantly
greater than that in unstimulated controls at all concentrations tested.
The InsP accumulation in mock-treated cells represents 0.2% con-
version of input [myo->H]inositol, and accumulation in 19 nM PTx-
treated cells represents 1.2% conversion. (B) Total InsPs were mea-
sured in response to 19 nM PTx or 19 nM PTx that was boiled for 30
min. The data shown are the means *+ standard errors of three exper-
iments done in duplicate.

(1.47 pg/ml) PTxB. To ensure that the effect observed in Fig.
2A was not due to contaminating endotoxin or other factors
possibly present at low levels in PTx or PTxB preparations, we
compared levels of InsP accumulation in response to PTx or
heat-inactivated PTx (39). As shown in Fig. 2B, InsP accumu-
lation is dependent on intact PTx as heat inactivation abro-
gates the PTx response. Moreover, no InsP accumulation was
seen in response to stimulation with concentrations of lipo-
polysaccharide (1, 10, or 100 pg/ml) known to activate signal-
ing in T cells (58; data not shown).

PTx activates the MAP kinases Erkl and -2. To determine
if PTx can induce other signaling events typically observed in
antigen-stimulated T cells, PTx and PTxB were examined for
their ability to activate the MAP kinases Erkl and -2 (25). As
shown in Fig. 3, Erk activity, as assessed by evaluation of pErk,
increases in response to increasing concentrations of PTx. This
activity is dependent on the B subunit alone and is not due to
effects of PTx holotoxin on G-protein inhibition, as molar equiv-
alent concentrations of PTxB induce similar levels of Erk activa-
tion. In addition, the data in Fig. 2 and 3 show that concentrations
greater than or equal to 19 nM are maximal for signaling.

2002 ‘8T AInC U0 | LYNIONIO 40 ALISHIAINN ¥e Bio wse el woly papeojumoq


http://iai.asm.org

VoL. 75, 2007

A PTx PTXB
- 25 5 10 19 - 25 5 10 19<+—nM

- — — —
—— —_—

Blot:Phospho-Erk

]4—Phospho-Erk

:|4—Tota| Erk

Blot:Total Erk

B 20

-
w

Phospho-ERK
(Arbitrary Units)
>

w

- 255 10 19 25 5 10 19<+—nM
PTx PTxB

FIG. 3. PTx induces activation of the MAP kinases Erkl and Erk2.
(A) Cells were left unstimulated (—) or were stimulated with PTx (2.5,
5.0, 10, and 19 nM) or PTxB (2.5, 5, 10, and 19 nM) for 15 min. Five
micrograms of whole-cell extracts was analyzed by Western blotting for
pErk and total Erk. (B) Quantification of pErk levels. Arbitrary values
for pErk were obtained using ImageQuant and equivalent Western
blot exposures. For these values, total Erk was normalized to wild-type
total Erk and then used to calculate arbitrary pErk values relative to
total Erk protein. The graph represents the means * standard errors
of three individual experiments.

PTx utilizes multiple components of the TCR signaling
pathway to induce InsP accumulation. It has been previously
reported that a mutant Jurkat derivative, termed Jurkat-RT3,
which is defective in both TCR and CD28 expression, fails to
induce a Ca®* flux in response to PTx (37, 50). To confirm the
specific requirement for the TCR in PTx signaling, we obtained
a mutant Jurkat cell line deficient for the TCR (OKT3.3),
which fails to express the TCR but retains CD28 expression
(50). Wild-type and TCR™ cells were stimulated with PTx or
anti-CD3 MADb, and InsP accumulation was assessed as de-
scribed above. Figure 4 shows that the TCR™ cells completely
fail to respond to PTx stimulation, confirming that the TCR
itself is required for PTx signaling. As expected, these cells also
fail to respond to TCR engagement via anti-CD3 MAD stim-
ulation (1, 21, 51).

To further examine the requirement for additional compo-
nents of the TCR signaling pathway, mutant Jurkat cell lines
deficient for PLC-yl (Jgamma.l) or Slp76 (J14) were tested
for their ability to induce InsP accumulation in response to PTx
(1, 19, 54). PLC-y1 is the predominate isoform of PLC ex-
pressed in T cells and is responsible for the increase in InsP
induced by TCR engagement (19, 54). Slp76 is another key
protein in the TCR pathway that is thought to serve as scaf-
folding or a docking protein to support propagation of signal-
ing to downstream proteins (13, 23, 27). As seen in Fig. 4,
disruption of PLC-y1 or Slp76 expression prevents InsP accu-
mulation in response to anti-CD3 MAb or PTx. These data
genetically implicate multiple downstream components of the
TCR signaling pathway in PTx-induced InsP accumulation.

PTx utilizes multiple components of the TCR signaling
pathway to induce Erk activation. To study the TCR pathway’s
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role in a PTx-induced signaling event separate from PLC ac-
tivation, the same Jurkat clones lacking key components of the
TCR pathway used above were used to examine activation of
the MAP kinases Erkl and -2 in response to PTx. Prior to
analysis, cells were serum starved for 1 h to reduce basal
amounts of activated Erk. Cells were then stimulated and
lysed, and equal amounts of total protein were assessed for
total or pErk by Western blotting (Fig. 5A). The data are also
expressed graphically following normalization based on levels
of total cellular Erk protein (Fig. 5B). As seen in Fig. 5,
wild-type Jurkat cells stimulated with either PTx or anti-CD3
MAD exhibit similar levels of activated Erk. Furthermore, PTx
or anti-CD3 MAD fails to activate Erk in TCR™ Jurkat cells.
Thus, similar to observations with InsP accumulation, PTx
requires the TCR to induce activation of Erk.

To further explore the requirement of additional compo-
nents of the TCR signaling pathway, we analyzed the ability of
PTx or anti-CD3 MAD to induce Erk activity in mutant Jurkat
cell lines deficient for PLC-y1 or Slp76 (Fig. 5). The ability of
anti-CD3 MAD to activate Erk in PLC-y1~ and Slp76~ cells is
decreased by approximately 50% compared to wild-type Jurkat
cells. Surprisingly, the ability of PTx to activate Erk in
PLC-y1™ or Slp76~ cells is decreased by 80 to 90% compared
to wild-type Jurkat cells. These data suggest that PTx-induced
Erk-signaling is heavily dependent on multiple components of
the TCR complex, including TCR, PLC-y1, and Slp76.

PTx activates the TCR proximal proteins ZAP-70 and
PLC-v1. Since our genetic studies indicate that components of
the TCR signaling cascade are important for PTx-stimulated
events such as InsP accumulation and MAP kinase activation,
we next sought to biochemically investigate the activation sta-
tus of the critical TCR proximal effectors ZAP-70 and PLC-y1.
ZAP-70 is a nonreceptor tyrosine kinase that associates with
and is activated by the CD3{ chain following TCR engagement
(1,7, 10). Activation of ZAP-70 then leads to the activation of
additional molecules, including PLC-v1, which is a key enzyme
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FIG. 5. TCR, Slp76, and PLC-y1 are required for PTx-stimulated
Erk activation. (A) Jurkat cells or the indicated Jurkat derivatives were
left untreated (—) or were stimulated with 2 pg/ml anti-CD3 (a-CD3)
MAD or 19 nM PTx for 15 min. Whole-cell extract (2.5 ng) was
subjected to Western blotting to detect pErk and total Erk. (B) Quan-
tification of pErk levels. Arbitrary values for pErk were obtained using
ImageQuant and equivalent Western blot exposures. For these values,
total Erk was normalized to wild-type total Erk and then used to
calculate arbitrary pErk values relative to total Erk protein. The graph
represents the means * standard errors of three individual experi-
ments. *, P < 0.05 comparing each mutant sample to equivalent
wild-type sample.
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involved in converting PIP, into diacylglycerol and IP; (19, 54).
Activation of the TcR rapidly induces tyrosine phosphorylation
of both ZAP-70 and PLC-v1, and thus assessment of the phos-
photyrosine content of these molecules serves as a direct mea-
sure of their activation status (8, 10, 22). To assess ZAP-70 and
PLC-y1 activation following treatment with anti-CD3 MAD,
PTx, or PTxB, ZAP-70 and PLC-y1 were immunoprecipitated
and analyzed by Western blotting for phosphotyrosine content
with the phosphotyrosine-specific antibody 4G10. Total
ZAP-70 and PLC-yl protein levels were also analyzed by
Western blotting to ensure equal loading. Stimulation of wild-
type Jurkat cells with anti-CD3 MADb, PTx, or PTxB leads to
rapid tyrosine phosphorylation of both ZAP-70 and PLC-yl
(Fig. 6A). As in earlier experiments, Jurkat cells lacking the
TCR do not respond to PTx or anti-CD3 MAb, as shown by the
lack of detectable phospho-ZAP-70 or phospho-PLC-y1 from
either treatment (Fig. 6B, left panels). Interestingly, tyrosine
phosphorylation of ZAP-70 was detected in both PLC-y1- and
Slp76-deficient Jurkat cells following stimulation with either
PTx or anti-CD3 MADb, while PLC-y1 tyrosine phosphorylation
was absent or markedly reduced in the PLC-yl~ and SLP76~
cell lines, respectively (Fig. 6B, middle and right panels).
ZAP-70 is upstream of both PLC-y1 and Slp76, so it is not
surprising that PLC-yl™ and Slp76~ Jurkat cells support
ZAP-70 phosphorylation when treated with PTx. As expected,
PLC-vy1 mutants have no detectable phospho- or total PLC-v1,
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FIG. 6. PTx induces tyrosine phosphorylation of the proximal TCR
signaling molecules ZAP-70 and PLC-y1. (A) Wild-type Jurkat cells
were left untreated (—) or stimulated with 10 pg/ml anti-CD3 (a-CD3)
MAD, 95 nM PTx, or 95 nM PTxB for 5 min. The cells were washed
with cold PBS and lysed with NP-40 lysis buffer. The indicated immu-
noprecipitating antibody (IP) was incubated with equivalent amounts
of cell lysate. Washed immunoprecipitates were separated by SDS-
PAGE and analyzed by Western blotting with either an antiphospho-
tyrosine-specific antibody (pTyr) or an antibody specific for the immu-
noprecipitated protein (ZAP-70 or PLC-y1). (B) Jurkat cells deficient
for the indicated molecules were left untreated (—) or stimulated with
10 pg/ml anti-CD3 antibody or 95 nM PTx for 5 min. Activation of
ZAP-70 and PLC-y1l was assessed as described for panel A.

confirming the mutant genotype (1, 54). Analysis of the Slp76
mutant nicely illustrates that activation of upstream proteins
like ZAP-70 is intact in response to PTx stimulation, while
signaling to downstream proteins such as PLC-y1 is dramati-
cally disrupted compared to that in wild-type cells (54). These
data show that PTx activation of ZAP-70 and PLC-vy1 is reliant
on an intact TCR signaling cascade.
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FIG. 7. PTx activation of Src family kinases leads to ZAP-70 activation, InsP accumulation, and MAP kinase activation. In all experiments,
wild-type Jurkat cells were pretreated with or without 10 wM PP2, a Src family kinase inhibitor, for 5 min prior to stimulation or with equal
concentrations of vehicle (dimethyl sulfoxide). (A) After PP2 treatment, cells were either left unstimulated (—) or were stimulated with 10 pg/ml
anti-CD3 (a-CD3) MAD or 95 nM PTx. Cells were lysed with NP-40 lysis buffer, and ZAP-70 was immunoprecipitated (IP) from equivalent
amounts of lysate using anti-ZAP-70 antibody. Washed immunoprecipitates were separated by SDS-PAGE and analyzed by Western blotting with
an antiphosphotyrosine antibody (pTyr) or an anti-ZAP-70 antibody. (B) Cells were pretreated with or without PP2 and then stimulated with 10
pg/ml anti-CD3 MADb or 19 nM PTx for 2 h. InsPs were collected via column chromatography, and the data are expressed as accumulation (fold)
over basal. The graph represents the means * standard errors of six experiments performed in duplicate. *, P < 0.05; #*, P < 0.01. (C) After PP2
pretreatment, cells were treated with 2 pg/ml anti-CD3 MADb or 19 nM PTx for 15 min. Whole-cell lysate (5 pg) was separated by SDS-PAGE and
Western blotted with a phospho-specific Erk antibody (pErk) or total Erk antibody. (D) Quantification of pErk levels. Arbitrary values for pErk
were obtained using ImageQuant and equivalent Western blot exposures. For these values, total Erk was normalized to wild-type total Erk and
then used to calculate arbitrary pErk values relative to total Erk protein. The graph represents the means *+ standard errors of three individual

experiments. *, P < 0.05; #*, P < 0.01.

The Src inhibitor PP2 blocks PTx signaling. Following TCR
engagement, activation of the Src family kinases Lck and Fyn
is thought to be a primary initiating event in TCR signaling (31,
56). Lck and Fyn are activated when a phosphate group is
removed from the C-terminal autoregulatory domain followed
by phosphorylation of a tyrosine residue in the active site of the
respective kinase (24). Once activated, Lck is then the predom-
inant kinase responsible for phosphorylating the intracellular
ITAM of CD3, which in turn leads to recruitment and activa-
tion of ZAP-70 (44). PP2, a low-molecular-weight compound,
inhibits Src family protein tyrosine kinases such as Lck with
high specificity (50% inhibitory concentration of 4 nM), but
not ZAP-70 (50% inhibitory concentration of >100 pM) (14).
Since our data strongly implicate the TCR signaling complex in
PTx-induced signaling, we next sought to determine if Src
family kinases such as Lck and Fyn play an important role in
enabling T cells to respond to PTx. The phosphorylation status
of ZAP-70 was assessed when cells were stimulated with PTx
or anti-CD3 MADb * PP2 pretreatment. As shown in Fig. 7A,
PP2 pretreatment strongly inhibits ZAP-70 phosphorylation
induced by either PTx or anti-CD3 MAD. To continue these
analyses, we investigated if PP2 has the capacity to block ad-
ditional PTx-induced signaling events, including InsP accumu-
lation and Erk activation. Figure 7B clearly shows that in-
creases in InsP seen after PTx stimulation are significantly

inhibited when Jurkat cells were treated with PP2 prior to
stimulation. Lastly, the effects of PP2 on PTx-induced Erk
activation were examined. As shown in Fig. 7C and D, inhibi-
tion of Src family kinases with PP2 prevents the ability of PTx
to activate Erk. As expected, the data also show that PP2
inhibits TCR signaling initiated by anti-CD3 MAb. Taken to-
gether, these data strongly support that Lck activation is an
essential step in the initiation of PTx signaling in T cells.
CD28 costimulation does not augment PTX stimulation of
ZAP-70, PLC-y1, Erk, or InsP accumulation. CD28 is a core-
ceptor required for maximal TCR signaling during antigen
recognition. When CD28 and the TCR are simultaneously
engaged by their cognate ligands, T-cell activation is strongly
enhanced (2, 18, 22, 26, 41, 48, 50). Typically, the effects of
CD28 costimulation are modest (1.5- to 2-fold) when analyzing
signaling events proximal to the membrane, while the effects of
CD28 costimulation on downstream events such as IL-2 gene
expression are dramatic (>10-fold) (22, 26, 41, 50, 55). Since
PTx signals via a pathway that strongly resembles that of the
TCR, we sought to determine what role, if any, CD28 costimu-
lation might have on PTx signaling. Several key PTx-activated
signaling arms were investigated for augmentation by anti-
CD28 MAD costimulation, including induction of ZAP-70 and
PLC-vy1 tyrosine phosphorylation, InsP accumulation, and Erk
activation (Fig. 8). We observed that anti-CD3 MAb-mediated
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FIG. 8. CD28 costimulation does not effect proximal PTx signaling. (A) Cells were stimulated with 10 pg/ml anti-CD3 («-CD3) MADb or 95 nM
PTx for 5 min in the absence or presence of cross-linked anti-CD28 (a-CD28) MADb. The cells were lysed with NP-40 lysis buffer, and ZAP-70 or
PLC-y1 was immunoprecipitated from equivalent amounts of lysate using the appropriate antibody. Washed immunoprecipitates were separated
by SDS-PAGE and analyzed by Western blotting with either an antiphosphotyrosine-specific antibody (pTyr) or an antibody specific for the
immunoprecipitated protein (ZAP-70 or PLC-y1). (B) Cells were stimulated with 10 pwg/ml anti-CD3 MAb or 19 nM PTx for 2 h in the absence
or presence of cross-linked anti-CD28 MAD. InsPs were collected via column chromatography, and the data are expressed as accumulation (fold)
over basal. The graph represents the means * standard errors of five experiments done in duplicate. *, P < 0.05. (C) Cells were treated with 2
pg/ml anti-CD3 MAD or 19 nM PTx for 15 min in the absence or presence of cross-linked anti-CD28 MAb. Whole-cell lysate (5 pg) was separated
by SDS-PAGE and Western blotted with a phospho-specific Erk antibody (pErk) or total Erk antibody. (D) Quantification of pErk levels. Arbitrary
values for pErk were obtained using ImageQuant and equivalent Western blot exposures. For these values, total Erk was normalized to wild-type
total Erk and then used to calculate arbitrary pErk values relative to total Erk protein. The graph represents the means = standard errors of three

individual experiments.

activation of ZAP-70, PLC-vy1, InsP, and Erk was slightly, but
reproducibly, enhanced by anti-CD28 MAD costimulation (Fig.
8) (19, 22). This slight augmentation of signal by anti-CD28
MAD was not seen in PTx-treated cells when analyzing ZAP-
70, PLC-y1, InsP, or Erk. In addition, no augmentation of PTx
signal was observed by the addition of anti-CD28 MAb to cells
treated with submaximal concentrations of PTx (2.5, 5, or 10
nM), confirming that the lack of CD28 costimulatory effect
observed in PTx-treated cells is not due to an already maximal
PTx signal (data not shown).

CD28 costimulation enhances PTx stimulation of IL-2 pro-
moter activity. In contrast to the proximal TCR signaling events
described above, downstream indicators of TCR activation are
strongly enhanced by CD28 costimulation (50). One example is
IL-2 production, a classic indicator of T-cell activation (18, 26, 55,
57). To determine if PTx can simultaneously engage both TCR
and CD28, and thus mimic costimulatory conditions, PTx and
PTxB were tested for their ability to activate an IL-2 reporter
construct, IL-2p (RE/AP elements) (41). Figure 9A shows that
anti-CD3 MADb, PTx, or PTxB alone does not significantly activate
the IL-2p (RE/AP elements) reporter, but anti-CD3 MAb (4-

fold), PTx (14-fold) and PTxB (10-fold) rapidly activate the re-
porter construct when anti-CD28 MAD is included in the stimu-
lation conditions. The slight difference between the levels of
stimulation observed for PTx and PTxB is not statistically signif-
icant. These data therefore indicate that PTx does not appear to
simultaneously engage both the CD28 and TCR pathways, but
like TCR engagement by anti-CD3 MADb, PTx is able to act
synergistically with CD28 costimulation.

These experiments were confirmed using a second luciferase
construct driven by the authentic IL-2 promoter (18, 29). Data
in Fig. 9B show that PTx alone weakly induces the IL-2 pro-
moter, in agreement with published reports (45), but this re-
porter activity is strongly enhanced under conditions of CD28
costimulation using the anti-CD28 MAb. Anti-CD3 MAb
alone also weakly activates the IL-2 promoter but is greatly
increased with CD28 costimulation. These data show that IL-2
promoter activity induced by PTx mimics the activity observed
with TCR engagement by anti-CD3 MAD. Collectively, Fig. 8
and 9 demonstrate that if PTx does engage both the CD28 and
TCR pathways, it does so only weakly. Instead, PTx stimulation
is likely to result in abortive activation of T cells, typical of
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FIG. 9. CD28 costimulation promotes PTx-stimulated IL-2 expres-
sion. (A) Cells were transfected with the IL-2p (RE/AP elements)
luciferase reporter construct in combination with an internal control
Renilla construct. Cells were stimulated with 2 pg/ml anti-CD3 («-
CD3) MAD, 19 nM PTx, or 19 nM PTxB in the absence or presence of
cross-linked anti-CD28 (a-CD28) MAb. (B) Cells were transfected
with the IL-2p (—326 to +46) luciferase reporter construct in combi-
nation with an internal control Renilla construct. Cells were stimulated
with 2 pg/ml anti-CD3 MAD or 19 nM PTx in the absence or presence
of cross-linked anti-CD28 MAb. Luciferase activity was normalized
and is graphed as relative light units (RLUs) over basal. The data
represent the means * standard errors of four (A) to six (B) experi-

ments performed in duplicate. *, P < 0.05.

TCR ligation alone (24, 48). In the presence of costimulatory
activity, the PTx-engaged TCR signaling pathway then results
in a response similar to that of T-cell activation, including the
expression of markers such as IL-2.

DISCUSSION

Although for several years it has been evident that the TCR
plays an important role in PTx signaling in T cells, the molec-
ular details involved in the initiation and propagation of PTx
signal transmission have been unclear (11, 37, 38). Identifica-
tion of a bona fide PTx signaling receptor has been particularly
challenging because PTx has been shown to bind to numerous
cell surface molecules, including sialic acid (16). Since many
cell surface proteins are heavily glycosylated, some PTx bind-
ing proteins may initiate signaling while others may not (9).
Receptor binding studies in T cells identified proteins of 70
kDa and 43 kDa to be PTx binding proteins; however, neither
of these proteins appear to be peptide chains comprising the

T-CELL SIGNALING PATHWAYS ACTIVATED BY PERTUSSIS TOXIN 4047

TCR, as PTx binding was preserved in Jurkat cells that fail to
express the TCR (5, 37). Considering the requirement for the
TCR in PTx signaling, the failure to demonstrate PTx binding
to components of the TCR suggests that PTx may be binding to
a structure closely associated with the TCR and not the TCR
itself (37). Witvliet and colleagues demonstrated that PTx
binding to T cells caused a reduction in the cell surface ex-
pression of the TCR, an observation consistent with a direct
interaction between PTx and the TCR itself (52). Based on
these published observations, it remains unclear if PTx binds to
the TCR itself or a structure associated with the TCR. The
failure of classical receptor binding experiments to identify the
signaling receptor for PTx on T cells highlights the fact that a
better understanding of events proximal to PTx-induced recep-
tor signaling is necessary before the relevant PTx signaling
receptor(s) can be identified.

We hypothesized that a molecular analyses of the membrane
proximal signaling events involved in PTx signaling would pro-
vide a framework from which one can work to identify the
membrane protein(s) involved in both PTx binding and initia-
tion of signaling. We used genetic and biochemical approaches
to examine the membrane proximal events involved in PTx-
induced InsP accumulation and MAP kinase activation. As
depicted in Fig. 1, PTx (via the action of the B subunit) engages
a cell surface receptor closely associated with the TCR com-
plex, perhaps the TCR itself, triggering a series of molecular
events very similar to the canonical signal transduction events
initiated by anti-CD3 MAD activation of the TCR. Briefly, the
data indicate that exposure of Jurkat T cells to purified PTx
leads to the activation of an Src family tyrosine kinase (Lck),
which in turn promotes the activation of the CD3{-associated
protein kinase ZAP-70. Tyrosine-phosphorylated ZAP-70 then
induces the assembly of a phosphotyrosine-based protein com-
plex including PLC-y1, Slp76, and others. Once PLC-y1 is
activated by phosphorylation, it cleaves PIP,, resulting in di-
acylglycerol and IP; accumulation. In conjunction with other
events, accumulation of these activated molecules results in
activation of the MAP kinases Erk1 and -2. Finally, as observed
for canonical signal transduction initiated by anti-CD3 stimu-
lation of the TCR, downstream cellular responses such as
changes in IL-2 transcription are strongly enhanced when PTx-
treated cells also receive a costimulatory signal such as that
provided by CD28 ligation.

The identification of Src family tyrosine kinase Lck as a
junction point enabling PTx to induce InsP accumulation in T
cells is important, as activation of Lck is thought to initiate
signaling via the CD3{/ZAP-70 pathway (31). Currently there
is no evidence indicating that PTx directly binds to one of the
chains of the TCR, the TCR/CD3 complex, or whether PTx
engages a novel membrane protein, which in turn activates
Lck. Therefore, the identification of the plasma membrane-
bound molecules connecting PTx to Lck will provide solid
evidence regarding the nature of the PTx signaling receptor in
T cells.

The ability of PTx to activate signaling in T cells is similar to
that observed with bacterial superantigens (SAgs), but two key
differences suggest that it is unlikely that PTx functions as an
SAg (6, 33, 35). First, the SAgs bind simultaneously to MHC
class II on antigen-presenting cells and to TCRs on T cells
(33). The experiments in the present study utilize clonal cul-
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tures of the Jurkat T-cell line, and thus the PTx activity we
observed is independent of MHC class II binding. Second,
SAgs have been shown to bypass Lck-dependent TCR signal-
ing to activate T cells, whereas we show that Lck activity is
required for TCR signaling with PTx stimulation (6). Reflec-
tive of the very different systemic effects typical of PTx or SAg
exposure, these findings suggest that the mechanism of PTx
signaling in T cells is very different from that of the SAgs (35,
43, 57).

Regardless of the receptor utilized by PTx to initiate signal-
ing in T cells, there are major biological implications for this
aberrant TCR signaling. Moreover, the consequence of this
signaling will depend on the differentiation state of the T cell
and whether or not the PTx-interacting cell receives a costimu-
latory signal (50, 51). PTx stimulation of naive T cells in the
absence of costimulatory antigen-presenting cells will only de-
liver one signal for activation, which has been shown to pro-
mote apoptosis or drive T cells into anergy (4, 15). On the
contrary, if a naive T cell encounters PTx when a costimulatory
signal is present, the T cell will receive both signals and
progress to an activated state (4, 12). Likewise, memory T cells
that only require one activation signal will likely be activated
upon encountering PTx in the absence of antigen. By activating
TCR signaling pathways, PTx will inappropriately induce acti-
vation, anergy, or apoptosis of T cells in an antigen-indepen-
dent manner. This disruption of normal T-cell function and
regulation is likely to serve an important function in the con-
text of B. pertussis pathogenesis.

It is clear that PTx can mediate toxicity by interfering with at
least two very different signaling pathways. First, the mobiliza-
tion of the catalytic A subunit into recipient cells leads to the
ADP ribosylation of G-protein alpha subunits, which robustly
inactivates signaling via G; and G,, proteins (34, 43). Second,
the binding of PTx (via its B subunit) to the cell surface of T
lymphocytes initiates a series of rapid signaling events analo-
gous to that of TCR activation. PTx also rapidly activates
receptor-mediated signaling pathways in a number of other cell
types, including platelets, monocytes, and dendritic cells (25,
42, 47, 53). Thus, the PTx B subunit appears to be activating
signal transduction in a diverse array of cell types, indicating
that PTx can have specialized biological consequences depend-
ing on the combination of signaling pathways affected (25).

During pertussis, the bacteria remain localized to the respi-
ratory tract. However, toxicity mediated by catalytic activity of
the PTx holotoxin occurs at very low toxin concentrations and
appears to alter the function of tissues and organs very distal
from the site of bacterial growth. In contrast, PTx toxicity
mediated by B subunit interaction with cell surface receptors
requires higher doses of toxin. These doses are achievable
during in vitro culture but likely sustainable only near the site
of bacterial growth in vivo. Thus, the biological consequences
of PTx intoxication would vary depending on the cell type
encountered and the proximity to the bacteria. It appears that
most cells would be susceptible to altered G-protein signaling
as a result of ADP ribosylation of G alpha subunits and that
PTx holotoxin-mediated toxicity could occur at many sites in
the body (34). Our data predict that T lymphocytes will not
only exhibit inhibited G-protein signaling but will also exhibit
strong activation of a TCR-“like” pathway: however, only T
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cells in close proximity to the site of bacterial infection will be
targeted.

In conclusion, we have defined major components of the
PTx signaling pathway in T cells and demonstrate that PTx
signaling differs dramatically depending on whether the PTx-
treated cells receive a costimulatory signal such as that pro-
vided by CD28 ligation. Our studies provide important evi-
dence regarding the membrane proximal events in PTx action
and constitute the basis for future investigations aimed at iden-
tifying a PTx binding protein or “receptor” that couples PTx to
Src family kinase Lck or Fyn. Finally, our work provides a
mechanistic analysis of the signaling pathways involved in PTx
perturbation of T-cell function during B. pertussis infection in
vivo.

ACKNOWLEDGMENTS

We thank Arthur Weiss, Virginia Shapiro, and Chi-Wing Chow for
providing cell lines and reagents and John Monaco, David Freidman,
Joseph Sherrill, and Melissa Stropes for critical review of the manu-
script.

This work was supported by National Institutes of Health grant RO1
AlI023695 (to A.A.W.) and by startup funds from the University of
Cincinnati (to W.E.M.). A.A.W. acknowledges support from the Epi-
demiology and Surveillance Division in the National Immunization
Program at the Centers for Disease Control and Prevention. Olivia
Schneider was supported by National Institutes of Health training
grant T32 AI055406.

REFERENCES

1. Abraham, R. T., and A. Weiss. 2004. Jurkat T cells and development of the
T-cell receptor signalling paradigm. Nat. Rev. Immunol. 4:301-308.

2. Acuto, O., and F. Michel. 2003. CD28-mediated co-stimulation: a quantita-
tive support for TCR signalling. Nat. Rev. Immunol. 3:939-951.

3. Appleman, L. J., A. Berezovskaya, I. Grass, and V. A. Boussiotis. 2000. CD28
costimulation mediates T cell expansion via IL-2-independent and IL-2-
dependent regulation of cell cycle progression. J. Immunol. 164:144-151.

4. Appleman, L. J., and V. A. Boussiotis. 2003. T cell anergy and costimulation.
Immunol. Rev. 192:161-180.

5. Armstrong, G. D., C. G. Clark, and L. D. Heerze. 1994. The 70-kilodalton
pertussis toxin-binding protein in Jurkat cells. Infect. Immun. 62:2236-2243.

6. Bueno, C., C. D. Lemke, G. Criado, M. L. Baroja, S. S. Ferguson, A. K.
Rahman, C. D. Tsoukas, J. K. McCormick, and J. Madrenas. 2006. Bacterial
superantigens bypass Lck-dependent T cell receptor signaling by activating a
Galphall-dependent, PLC-beta-mediated pathway. Immunity 25:67-78.

7. Chan, A. C., B. A. Irving, J. D. Fraser, and A. Weiss. 1991. The zeta chain is
associated with a tyrosine kinase and upon T-cell antigen receptor stimula-
tion associates with ZAP-70, a 70-kDa tyrosine phosphoprotein. Proc. Natl.
Acad. Sci. USA 88:9166-9170.

8. Charvet, C., A. J. C igo, D. D. Billad and A. Altman. 2005. Mem-
brane localization and function of Vav3 in T cells depend on its association
with the adapter SLP-76. J. Biol. Chem. 280:15289-15299.

9. Chilson, O. P., A. W. Boylston, and M. J. Crumpton. 1984. Phaseolus vulgaris
phytohaemagglutinin (PHA) binds to the human T lymphocyte antigen re-
ceptor. EMBO 1J. 3:3239-3245.

10. Finco, T. S., T. Kadlecek, W. Zhang, L. E. Samelson, and A. Weiss. 1998.
LAT is required for TCR-mediated activation of PLCgammal and the Ras
pathway. Immunity 9:617-626.

11. Gray, L. S., K. S. Huber, M. C. Gray, E. L. Hewlett, and V. H. Engelhard.
1989. Pertussis toxin effects on T lymphocytes are mediated through CD3
and not by pertussis toxin catalyzed modification of a G protein. J. Immunol.
142:1631-1638.

12. Greene, T. A., and V. S. Shapiro. 2003. Genetic analysis of CD28 signaling.
Immunol. Res. 27:513-520.

13. Gross, B. S., J. R. Lee, J. L. Clements, M. Turner, V. L. Tybulewicz, P. R.
Findell, G. A. Koretzky, and S. P. Watson. 1999. Tyrosine phosphorylation of
SLP-76 is downstream of Syk following stimulation of the collagen receptor
in platelets. J. Biol. Chem. 274:5963-5971.

14. Hanke, J. H., J. P. Gardner, R. L. Dow, P. S. Changelian, W. H. Brissette,
E. J. Weringer, B. A. Pollok, and P. A. Connelly. 1996. Discovery of a novel,
potent, and Src family-selective tyrosine kinase inhibitor. Study of Lck- and
FynT-dependent T cell activation. J. Biol. Chem. 271:695-701.

15. Harnett, M. M., M. R. Deehan, D. M. Williams, and W. Harnett. 1998.
Induction of signalling anergy via the T-cell receptor in cultured Jurkat T
cells by pre-exposure to a filarial nematode secreted product. Parasite Im-
munol. 20:551-563.

2002 ‘8T AInC U0 | LYNIONIO 40 ALISHIAINN ¥e Bio wse el woly papeojumoq


http://iai.asm.org

VoL. 75, 2007

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Heerze, L. D., P. C. Chong, and G. D. Armstrong. 1992. Investigation of the
lectin-like binding domains in pertussis toxin using synthetic peptide se-
quences. Identification of a sialic acid binding site in the S2 subunit of the
toxin. J. Biol. Chem. 267:25810-25815.

Hewlett, E. L., K. T. Sauer, G. A. Myers, J. L. Cowell, and R. L. Guerrant.
1983. Induction of a novel morphological response in Chinese hamster ovary
cells by pertussis toxin. Infect. Immun. 40:1198-1203.

. Hughes, C. C., and J. S. Pober. 1996. Transcriptional regulation of the

interleukin-2 gene in normal human peripheral blood T cells. Convergence
of costimulatory signals and differences from transformed T cells. J. Biol.
Chem. 271:5369-5377.

Irvin, B. J., B. L. Williams, A. E. Nilson, H. O. Maynor, and R. T. Abraham.
2000. Pleiotropic contributions of phospholipase C-y1 (PLC-y1) to T-cell
antigen receptor-mediated signaling: reconstitution studies of a PLC-yl1-
deficient Jurkat T-cell line. Mol. Cell. Biol. 20:9149-9161.

Irving, B. A., and A. Weiss. 1991. The cytoplasmic domain of the T cell
receptor zeta chain is sufficient to couple to receptor-associated signal trans-
duction pathways. Cell 64:891-901.

Kay, J. E. 1991. Mechanisms of T lymphocyte activation. Immunol. Lett.
29:51-54.

Kim, J. E., and F. M. White. 2006. Quantitative analysis of phosphotyrosine
signaling networks triggered by CD3 and CD28 costimulation in Jurkat cells.
J. Immunol. 176:2833-2843.

Koretzky, G. A., F. Abtahian, and M. A. Silverman. 2006. SLP76 and SLP65:
complex regulation of signalling in lymphocytes and beyond. Nat. Rev. Im-
munol. 6:67-78.

Koretzky, G. A., J. Picus, T. Schultz, and A. Weiss. 1991. Tyrosine phos-
phatase CD45 is required for T-cell antigen receptor and CD2-mediated
activation of a protein tyrosine kinase and interleukin 2 production. Proc.
Natl. Acad. Sci. USA 88:2037-2041.

Li, H., and W. S. Wong. 2001. Pertussis toxin activates tyrosine kinase
signaling cascade in myelomonocytic cells: a mechanism for cell adhesion.
Biochem. Biophys. Res. Commun. 283:1077-1082.

Michel, F., G. Attal-Bonnefoy, G. Mangino, S. Mise-Omata, and O. Acuto.
2001. CD28 as a molecular amplifier extending TCR ligation and signaling
capabilities. Immunity 15:935-945.

Myung, P. S., N. J. Boerthe, and G. A. Koretzky. 2000. Adapter proteins in
lymphocyte antigen-receptor signaling. Curr. Opin. Immunol. 12:256-266.
Nencioni, L., M. G. Pizza, G. Volpini, M. T. De Magistris, F. Giovannoni,
and R. Rappuoli. 1991. Properties of the B oligomer of pertussis toxin.
Infect. Immun. 59:4732-4734.

Northrop, J. P., K. S. Ullman, and G. R. Crabtree. 1993. Characterization of
the nuclear and cytoplasmic components of the lymphoid-specific nuclear
factor of activated T cells (NF-AT) complex. J. Biol. Chem. 268:2917-2923.
Nunes, J., S. Klasen, M. Ragueneau, C. Pavon, D. Couez, C. Mawas, M.
Bagnasco, and D. Olive. 1993. CD28 mAbs with distinct binding properties
differ in their ability to induce T cell activation: analysis of early and late
activation events. Int. Immunol. 5:311-315.

Palacios, E. H., and A. Weiss. 2004. Function of the Src-family kinases, Lck
and Fyn, in T-cell development and activation. Oncogene 23:7990-8000.
Patra, A. K., S. Y. Na, and U. Bommhardt. 2004. Active protein kinase B
regulates TCR responsiveness by modulating cytoplasmic-nuclear localiza-
tion of NFAT and NF-kappa B proteins. J. Immunol. 172:4812-4820.
Petersson, K., G. Forsberg, and B. Walse. 2004. Interplay between superan-
tigens and immunoreceptors. Scand. J. Immunol. 59:345-355.

Pizza, M., A. Bartoloni, A. Prugnola, S. Silvestri, and R. Rappuoli. 1988.
Subunit S1 of pertussis toxin: mapping of the regions essential for ADP-
ribosyltransferase activity. Proc. Natl. Acad. Sci. USA 85:7521-7525.

Proft, T., and J. D. Fraser. 2003. Bacterial superantigens. Clin. Exp. Immu-
nol. 133:299-306.

Rambow-Larsen, A. A., and A. A. Weiss. 2004. Temporal expression of
pertussis toxin and Ptl secretion proteins by Bordetella pertussis. J. Bacteriol.
186:43-50.

Rogers, T. S., S. J. Corey, and P. M. Rosoff. 1990. Identification of a 43-
kilodalton human T lymphocyte membrane protein as a receptor for pertus-
sis toxin. J. Immunol. 145:678-683.

Rosoff, P. M., and C. Mohan. 1992. Unidirectional, heterologous desensiti-

Editor: D. L. Burns

T-CELL SIGNALING PATHWAYS ACTIVATED BY PERTUSSIS TOXIN

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.
50.
51.

52.

53.

54.

55.

56.

57.

58.

4049

zation of the pertussis toxin receptor by the CD3/TCR complex. J. Immunol.
149:3191-3199.

Rosoff, P. M., R. Walker, and L. Winberry. 1987. Pertussis toxin triggers
rapid second messenger production in human T lymphocytes. J. Immunol.
139:2419-2423.

Ryan, M., L. Gothefors, J. Storsaeter, and K. H. Mills. 1997. Bordetella
pertussis-specific Th1/Th2 cells generated following respiratory infection or
immunization with an acellular vaccine: comparison of the T cell cytokine
profiles in infants and mice. Dev. Biol. Stand. 89:297-305.

Shapiro, V. S., K. E. Truitt, J. B. Imboden, and A. Weiss. 1997. CD28
mediates transcriptional upregulation of the interleukin-2 (IL-2) promoter
through a composite element containing the CD28RE and NF-IL-2B AP-1
sites. Mol. Cell. Biol. 17:4051-4058.

Sindt, K. A., E. L. Hewlett, G. T. Redpath, R. Rappuoli, L. S. Gray, and S. R.
Vandenberg. 1994. Pertussis toxin activates platelets through an interaction
with platelet glycoprotein Ib. Infect. Immun. 62:3108-3114.

Stewart, S. J., V. Prpic, J. A. Johns, F. S. Powers, S. E. Graber, J. T. Forbes,
and J. H. Exton. 1989. Bacterial toxins affect early events of T lymphocyte
activation. J. Clin. Investig. 83:234-242.

Straus, D. B., A. C. Chan, B. Patai, and A. Weiss. 1996. SH2 domain function
is essential for the role of the Lck tyrosine kinase in T cell receptor signal
transduction. J. Biol. Chem. 271:9976-9981.

Tonon, S., B. Badran, F. S. Benghiat, S. Goriely, V. Flamand, K. Willard-
Gallo, F. Willems, M. Goldman, and D. De Wit. 2006. Pertussis toxin acti-
vates adult and neonatal naive human CD4+ T lymphocytes. Eur. J. Immu-
nol. 36:1794-1804.

Wakatsuki, A., P. Borrow, K. Rigley, and P. C. Beverley. 2003. Cell-surface
bound pertussis toxin induces polyclonal T cell responses with high levels of
interferon-gamma in the absence of interleukin-12. Eur. J. Immunol. 33:
1859-1868.

Wang, Z. Y., D. Yang, Q. Chen, C. A. Leifer, D. M. Segal, S. B. Su, R. R.
Caspi, Z. O. Howard, and J. J. Oppenheim. 2006. Induction of dendritic cell
maturation by pertussis toxin and its B subunit differentially initiate Toll-like
receptor 4-dependent signal transduction pathways. Exp. Hematol. 34:1115-
1124.

Ward, S. G. 1996. CD28: a signalling perspective. Biochem. J. 318:361-377.
Weiss, A., B. A. Irving, L. K. Tan, and G. A. Koretzky. 1991. Signal trans-
duction by the T cell antigen receptor. Semin. Immunol. 3:313-324.

Weiss, A., B. M. , and J. Imboden. 1986. Synergy between the T3/antigen
receptor complex and Tp44 in the activation of human T cells. J. Immunol.
137:819-825.

Weiss, A., and J. D. Stobo. 1984. Requirement for the coexpression of T3 and
the T cell antigen receptor on a malignant human T cell line. J. Exp. Med.
160:1284-1299.

Witvliet, M. H., M. L. Vogel, E. J. H. J. Wiertz, and J. T. Poolman. 1992.
Interaction of pertussis toxin with human T lymphocytes. Infect. Immun.
60:5085-5090.

Wong, W. S., D. L. Simon, P. M. Rosoff, N. K. Rao, and H. A. Chapman. 1996.
Mechanisms of pertussis toxin-induced myelomonocytic cell adhesion: role
of Mac-1(CD11b/CD18) and urokinase receptor (CD87). Immunology 88:
90-97.

Yablonski, D., M. R. Kuhne, T. Kadlecek, and A. Weiss. 1998. Uncoupling of
nonreceptor tyrosine kinases from PLC-gammal in an SLP-76-deficient T
cell. Science 281:413-416.

Yeh, J.-H., P. Lecine, J. A. Nunes, S. Spicuglia, P. Ferrier, D. Olive, and J.
Imbert. 2001. Novel CD28-responsive enhancer activated by CREB/ATF
and AP-1 families in the human interleukin-2 receptor a-chain locus. Mol.
Cell. Biol. 21:4515-4527.

Zamoyska, R., A. Basson, A. Filby, G. Legname, M. Lovatt, and B. Seddon.
2003. The influence of the src-family kinases, Lck and Fyn, on T cell differ-
entiation, survival and activation. Immunol. Rev. 191:107-118.

Zhang, X. M., R. Berland, and P. M. Rosoff. 1995. Differential regulation of
accessory mitogenic signaling receptors by the T cell antigen receptor. Mol.
Immunol. 32:323-332.

Zhong, J., and J. M. Kyriakis. 2004. Germinal center kinase is required for
optimal Jun N-terminal kinase activation by Toll-like receptor agonists and
is regulated by the ubiquitin proteasome system and agonist-induced,
TRAF6-dependent stabilization. Mol. Cell. Biol. 24:9165-9175.

2002 ‘8T AInC U0 | LYNIONIO 40 ALISHIAINN ¥e Bio wse el woly papeojumoq


http://iai.asm.org

