ANTIOXIDANTS & REDOX SIGNALING
Volume 4, Number 3, 2002
© Mary Ann Liebert, Inc.

Forum Original Research Communication

Hypochlorous Acid Activates Tyrosine Phosphorylation Signal
Pathways Leading to Calcium Signaling and TNFa Production

GARY L. SCHIEVEN, HENRY DE FEX, and LINDA STEPHENSON

ABSTRACT

Hypochlorous acid is an important oxidizing agent produced by neutrophils to aid in defense against patho-
gens. Although hypochlorous acid is known to cause tissue damage due to its cytotoxicity, the effect of this ox-
idizing agent on signal transduction by cells of the immune system and its effects on their responses are not
well understood. In this study, hypochlorous acid was found to induce cellular tyrosine phosphorylation in
both T and B lymphocytes, activate the ZAP-70 tyrosine kinase, and induce cellular calcium signaling in a ty-
rosine kinase-dependent manner. These signaling events also occurred in T cell lines that did not express the
T-cell receptor, indicating the ability of hypochlorous acid to bypass normal receptor control. Hypochlorous
acid induced tumor necrosis factor-o. production in peripheral blood mononuclear cells in a tyrosine kinase-
dependent manner. These results suggest that hypochlorous acid may contribute to inflammatory responses
by activating signal pathways in cells of the immune system. Antioxid. Redox Signal. 4, 501-507.

INTRODUCTION

LYMPHOCYTES are highly sensitive to oxidative stress and
a variety of agents, including hydrogen peroxide
(H,0,), ionizing radiation, and ultraviolet (UV) radiation, are
known to activate lymphocyte tyrosine phosphorylation sig-
nal pathways (20). Among the most common sources of ox-
idative stress normally encountered by lymphocytes are the
oxidizing agents produced at sites of inflammation.
Hypochlorous acid (HOCI) is one of the most important of
these oxidizing agents. HOCI is formed by the reaction of
H,0, and chloride ion catalyzed by the neutrophil enzyme
myeloperoxidase (1). HOCI is a key neutrophil product that
has strong bactericidal properties. However, in addition to the
role of HOCI in the innate host defense against pathogens,
HOCI also has the potential to damage normal cells and tis-
sues. HOCI can damage membranes by reaction with unsatu-
rated lipids (17), and permeates cells to oxidize glutathione
(27). HOCI can react with amines to form relatively stable

chloramines such as taurine chloramine that are oxidizing
agents with biological activity (13). HOCI reacts with tyro-
sine in proteins to generate 3-chlorotyrosine, which can serve
as a biomarker for generation of HOCI in vivo (5). In addition
to directdamage to tissues, HOCI has been reported to induce
tumor necrosis factor-a (TNFa) production in a human im-
munodeficiency virus (HIV)-infected T-cell line through a
nuclear factor-k B dependent pathway, but the mechanism by
which this occurs has not been established (24).

As HOCI has the potential to be an important source of ox-
idative stress for lymphocytes at sites of inflammation, we ex-
amined whether HOCI can activate tyrosine phosphorylation
signal pathways in T cells. We report that HOCI induces cel-
lular tyrosine phosphorylation and activates the zeta associ-
ated protein-70 (ZAP-70) tyrosine kinase in Jurkat T cells,
leading to the induction of Ca2* signaling in a tyrosine ki-
nase-dependent manner. In addition, HOCI induced TNFa
production in normal human peripheral blood mononuclear
cells, and this induction was tyrosine kinase-dependent.
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MATERIALS AND METHODS

Cells and reagents

The human B-cell lymphoma line Ramos, the human T-
cell leukemia line Jurkat, and human peripheral blood mono-
nuclear cells isolated from blood obtained from normal
healthy volunteers were cultured in RPMI 1640 media (Gib-
coBRL) supplemented with 10% fetal bovine serum. BMS-3P
Jurkat T cells lacking CD3 and CD4 expression have been
previously described (23) and were generously provided by
Robert Mittler (Emory University, Atlanta, GA, U.S.A.).
Cells were put into RPMI 1640 medium without phenol red
for stimulation with HOCI (Sigma, St. Louis, MO, U.S.A.).
The tyrosine kinase inhibitors PP1 and herbimycin A were
obtained from Calbiochem (San Diego, CA, U.S.A.). Anti-
ZAP-70 rabbit polyclonal antibodies prepared against recom-
binant ZAP-70 protein as previously described (23) were the
kind gift of Steven Kanner (Bristol-Myers Squibb, Princeton,
NJ, U.S.A.). The anti-phosphotyrosine monoclonal antibody
SHI1 prepared as previously described (3) was the gift of
Becky Penhallow (Bristol-Myers Squibb).

Analysis of tyrosine phosphorylation and
Ca’* signaling

Cells were lysed on ice in Nonidet P-40 lysis buffer con-
taining protease and phosphatase inhibitors as described pre-
viously (21). Immunoprecipitations were performed for 2 h
on ice, and immune complexes were collected on protein
A-Sepharose beads (Repligen, Cambridge, MA, U.S.A.).
Proteins were separated by sodium dodecyl sulfate—polyacry-
lamide gel electrophoresis and transferred to polyvinylene di-
fluoride membranes (Immobilon, Millipore, Bedford, MA,
U.S.A)). Anti-phosphotyrosine immunoblotting was per-
formed with the monoclonal antibody SH1 (3), and antibody
binding was detected by enhanced chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.). Cal-
cium responses were measured using indo-1 (Molecular
Probes, Eugene, OR, U.S.A.) and a model 50HH/2150 flow
cytometer (Ortho, Westwood, MA, U.S.A.) as previously de-
scribed (19). The histograms were analyzed by programs (Ci-
cero, Cytomation, Fort Collins, CO, U.S.A.) that calculate the
mean indo-1 violet/blue fluorescence ratio versus time.

Analysis of cytokine production

Human peripheral blood mononuclear cells were isolated
from blood using a Ficoll-Hypaque gradient (10). T cells
were isolated from human peripheral blood mononuclear cell
preparations by rosetting with sheep red blood cells (9). Cells
were treated in 96-well tissue culture plates (Costar, Cam-
bridge, MA, U.S.A.) with the indicated amounts of HOCI.
The cells were maintained in the treated media for 18 h, and
supernatants were analyzed for TNFa production using
Quantikine high-sensitivity enzyme-linked immunosorbent
assay kits (R&D Systems, Minneapolis, MN, U.S.A.). Alter-
natively, cells were maintained in the treated media for 48 h,
and viability was assessed by trypan blue staining.
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FIG. 1. Induction of cellular tyrosine phosphorylation in
Jurkat T cells and Ramos B cells by HOCI. Cells were
treated for 5 min with the indicated concentration of oxidizing
agent and then lysed and analyzed for cellular tyrosine phos-
phorylation.

RESULTS

HOCI activates tyrosine phosphorylation signal
pathways

We compared the ability of HOCI to induce cellular tyro-
sine phosphorylation with the response induced by H,0,,
which has been extensively characterized for its ability to ac-
tivate lymphocyte signal transduction (16, 22, 23). For our
initial studies we utilized substantial concentrations of HOCI
and H,0, to obtain strong cellular tyrosine phosphorylation
that could be readily detected by anti-phosphotyrosine im-
munoblotting. As shown in Fig. 1, HOCI was able to induce
tyrosine phosphorylation in both Jurkat T cells and Ramos B
cells. Although HOCI appeared less active than H,O, for the
induction of tyrosine phosphorylation in both cell types, a
similar pattern of protein tyrosine phosphorylation was ob-
served for HOCI and H,0,.

We performed additional experiments to determine the
HOCI dose response for the induction of protein tyrosine
phosphorylation. We compared the cellular tyrosine phospho-
rylation induced by anti-CD3 antibody stimulation to that ob-
tained by treatment with HOCI in wild-type Jurkat T cells
(Fig. 2). We used longer exposures of the anti-phosphotyro-
sine western blots than in Fig. 1, where the exposure was ad-
justed to show the details of the strong H,O, response. Con-
centrations of HOCI as low as 350 wM clearly induced
cellular tyrosine phosphorylation, with 700 wM HOCI induc-
ing cellular tyrosine phosphorylation at levels similar to that
observed by a maximal stimulation of the T-cell receptor by
anti-CD3 antibody. The patterns of tyrosine phosphorylation
induced by anti-CD3 and HOCI treatment were similar, sug-
gesting that HOCI induces phosphorylation of many of the
same proteins as T-cell receptor-induced signaling.

The similarity of the patterns of tyrosine phosphorylation
observed for stimulation with HOCI and anti-CD3 antibody
raised the question of whether CD3 and other T-cell receptor


http://www.liebertonline.com/action/showImage?doi=10.1089/15230860260196308&iName=master.img-000.jpg&w=228&h=156

HYPOCHLOROUS ACID INDUCED SIGNALING

503

Wild Type Jurkat Cells
2
(@)

o =]

70
350
700

©~

CD3 Negative Jurkat Cells

o
a
9
3

3500

UM H

FIG. 2. Induction of cellular tyrosine
phosphorylation by HOCI in wild-type
and CD3-negative Jurkat T cells. Wild-
type and CD3- BMS-3P Jurkat T cells were
treated for 5 min with the indicated concen-
tration of HOCI and then lysed and analyzed
for cellular tyrosine phosphorylation.

components are required for HOCI-induced tyrosine phos-
phorylation in T cells. Previous studies have demonstrated
that the T-cell receptor is required for induction of tyrosine
phosphorylation by UV radiation, but not for H,0,-induced
tyrosine phosphorylation (23). We compared the patterns of
HOCI-induced tyrosine phosphorylation in wild-type Jurkat
T cells and BMS-3P cells deficient in CD3 and CD4 that lack
expression of the T-cell receptor. The wild-type cells gave a
substantial response to anti-CD3 stimulation, whereas the
CD3 - cells did not (Fig. 2), as would be expected. However,
the CD3- cells and the wild-type cells both displayed very
strong tyrosine phosphorylation signals when treated with
3,500 wM HOCI, and lesser but substantial signals at lower
concentrations of HOCL. These results indicate that HOCI
does not require the T-cell receptor to induce tyrosine phos-
phorylation signals in T cells.

HOCI activates the ZAP-70 tyrosine kinase and
induces Ca?* signaling

Treatment of T cells with H,O, has been previously shown
to activate the key tyrosine kinase ZAP-70 (23). ZAP-70 is ac-

tivated when it is tyrosine-phosphorylated by Lck, and the de-
tection of tyrosine-phosphorylated ZAP-70 is used as a mea-
sure of its activation (6). Treatment of Jurkat cells with HOCI
resulted in the dose-dependent activation of ZAP-70 (Fig. 3).
At high concentrations, HOCI gave greater activation of ZAP-
70 than a maximal stimulation of the T-cell receptor with anti-
CD3 antibody. Furthermore, tyrosine-phosphorylated { chain
was found to co-precipitate with the activated ZAP-70 (Fig. 3).
This finding suggested that in wild-type cells, the activation of
ZAP-70 was similar to T-cell receptor-induced activation,
where ZAP-70 binds tyrosine-phosphorylated { chain via SH2
interactions, followed by direct phosphorylation of ZAP-70 by
Lck (8). However, when CD3- Jurkat cells were treated with
HOCI, ZAP-70 was still activated, but no longer associated
with the tyrosine-phosphorylated { chain (Fig. 3). These results
indicate that HOCI is able to bypass the need for the T-cell re-
ceptor including the { chain to activate ZAP-70, similar to what
has previously been observed for H,0, (23).

Intracellular CaZ* signaling is an essential step in T-cell
activation, occurring downstream of ZAP-70 activation fol-
lowing the tyrosine phosphorylation of phospholipase Cvy
(8). Intracellular Ca2* signaling can be a more sensitive indi-
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FIG. 3. Activation of the ZAP-70 tyro-
sine kinase by HOCI in wild-type and
CD3-negative Jurkat T cells. Wild-type and
CD3- BMS-3P Jurkat T cells were treated
for 5 min with the indicated concentration of
HOCI and then lysed. ZAP-70 was immuno-
precipitated, and tyrosine phosphorylation
was detected by immunoblotting.
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cator of cellular signaling because it is a result of a signal
amplification cascade. As other oxidizing treatments such as
H,0, and UV irradiation have been shown to induce Ca?*
signaling (22, 23), we examined the ability of HOCI to in-
duce this signal pathway. As shown in Fig. 4A, HOCI in-
duced Ca?+ signals in a dose-dependent fashion, with con-
centrations as low as 31 wM inducing substantial signals.
The HOCl-induced signal was blocked by the Src family ty-
rosine kinase inhibitor PP1 (4), demonstrating that the sig-
nals were tyrosine kinase-dependent (Fig. 4B). Comparison
of Ca?+ signals induced by HOCI in wild-type and CD3-
Jurkat T cells revealed that although the peak amplitude of
the signal was the same in both cells (Fig. 4C), lack of T-cell
receptor expression resulted in signaling for a shorter time
period. These results indicate that although HOCI does not
require the T-cell receptor to induce Ca?* signals, the T-cell
receptor is able to contribute to prolongation of the Ca2+ sig-
nal induced by HOCI.

HOCl induces tyrosine kinase-dependent
TNF«a expression

As it had been previously reported that HOCI could in-
duce TNFa expression in an HIV-infected T-cell line, we
sought to determine whether HOCI could also induce TNFa
expression in normal human cells, and whether that expres-
sion was tyrosine kinase-dependent. However, as HOCI is
known to be cytotoxic, we first examined the viability of
human peripheral blood mononuclear cells in the presence of
HOCI. As shown in Fig. 5A, >50% cell viability over a 48-h
period was observed at HOCI concentrations of 120 uwM or
less. Similarly, human peripheral blood T-cell proliferation
stimulated by anti-CD3 plus anti-CD28 antibodies was found
to be inhibited by HOCI with an IC,, value of 155 pM in sep-
arate experiments.

In contrast to the results reported for the HIV-infected T-
cell line ACH-2 (24), we did not detect induction of TNFa by
HOCI in isolated normal human peripheral blood T-cells
treated with HOCI for 18 h. However, monocytes and macro-
phages are known to be the major physiological source of
TNFa. When we examined normal human peripheral blood
mononuclear cells, which include monocytes and macro-
phages in addition to lymphocytes, HOCI was found to in-
duce TNFa expression at 18 h, with maximal expression oc-
curring at a concentration of 85 wM (Fig. 5B). Similar results
were obtained in three independent experiments. To deter-
mine if the HOCI-induced TNFa expression was tyrosine
kinase-dependent, we examined whether two unrelated tyro-
sine kinase inhibitors could inhibit the expression. Both PP1
and herbimycin A inhibit Src family tyrosine kinases, includ-
ing Lck, and are capable of blocking T-cell receptor-induced
tyrosine phosphorylation and downstream activation events
(4, 7). As shown in Fig. 6, both kinase inhibitors were highly
effective in blocking TNFa expression induced by 42 uM
HOCI, and similar results were obtained in a second experi-
ment with cells stimulated with 85 wM HOCI. These results
obtained with two diverse tyrosine kinase inhibitors indicate
that the induction of TNFa by HOCI is tyrosine kinase-
dependent.
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FIG. 4. Induction of Ca2+signaling by HOCI. Baseline Ca2+
levels were recorded for 1 min, and the cells were then treated
with the indicated concentration of HOCI at the time indicated
by the arrow. (A) Response of cells to various concentrations of
HOCI. (B) Cells were preincubated 5 min with PP1 tyrosine ki-
nase inhibitor, the basal Ca2+ level was recorded for 1 min, and
the cells were then treated with HOCI. (C) Wild-type and CD3~
Jurkat T cells were stimulated with 31 wM HOCI.
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FIG. 5. Induction of TNFa production by HOCL (A)

Human peripheral blood mononuclear cells were treated with
HOCI and viability was measured by trypan blue staining at 48
h. (B) Human peripheral blood mononuclear cells were treated
with HOCI, and TNFa production was measured at 18 h.
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FIG. 6. Inhibition of HOCI-induced TNFa production
by tyrosine Kkinase inhibitors. Human peripheral blood
mononuclear cells were treated with HOCI in the presence of
tyrosine kinase inhibitors, and TNFa production was mea-
sured at 18 h.
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DISCUSSION

Neutrophils produce large quantities of superoxide and
H,O, upon stimulation, and much of the H,0, produced by
these cells is converted to HOCI in a reaction with chloride
ions catalyzed by the neutrophil enzyme myeloperoxidase
(1). Recent studies suggest that the action of HOCI on normal
cells may contribute to immune dysfunction, including au-
toimmune disease. HOCI is toxic to cells and contributes to
neutrophil-mediated tissue damage by this mechanism.
HOCI-modified proteins have been detected in inflammatory
bowel disease tissue samples (14), diseased kidney tissue
(11), and atherosclerotic plaques (5, 12), suggesting a role in
these diseases. However, in addition to direct tissue damage
and cytotoxicity, the ability of HOCI to induce oxidative
stress raises the possibility that the compound might also act
to alter cellular signal transduction pathways in cells of the
immune system.

HOCI is highly reactive with thiols, and glutathione can be
oxidized to glutathione disulfide, glutathione thiolsulfonate,
and a sulfonamide species by HOCI (28). This oxidation is ir-
reversible, and new synthesis of glutathione is required to re-
store normal levels. The essential active-site cysteine residue
of phosphotyrosine phosphatases must be reduced to main-
tain enzyme activity, and is extremely reactive (2). The ac-
tive-site cysteine would not only be sensitive to the loss of
glutathione, but might also react directly with HOCI, offering
a potential avenue by which HOCI could affect cellular tyro-
sine phosphorylation signal pathways. HOCI also generates
reactive chloramines on reaction with amine groups (13, 18)
that could also influence signal pathways.

In the present study, we show that HOCI is able to activate
cellular signal pathways normally under antigen receptor
control in lymphocytes. Specifically, HOCI induced cellular
tyrosine phosphorylation in T cells and activated the key sig-
naling kinase ZAP-70 that is known to be essential for anti-
gen receptor-induced Ca%* mobilization (8). HOCI treatment
of T cells induced Ca2*+ signaling, and the signaling was
blocked by a tyrosine kinase inhibitor, indicating the depen-
dence of the response on tyrosine kinase activation. HOCI
was able to bypass normal receptor control of these signal
pathways, giving strong tyrosine phosphorylation and Ca?*
signals in cells lacking T-cell receptor expression. These re-
sults are similar to the effects that we have previously re-
ported for H,0,, which is also able to bypass normal receptor
control to activate tyrosine phosphorylation and Ca2* signal
pathways (23).

Although it had been reported that the HIV-infected T-cell
line ACH-2 could be induced to produce TNFa by HOCI
(24), we did not observe any induction of TNFa production
by HOCI treatment of normal human T cells. This dissimilar-
ity may reflect differences between the cell line and normal
cells, or may be a consequence of the HIV infection of the
cell line. By contrast, treatment of peripheral blood mononu-
clear cells with HOCI did induce production of TNFo.. Mono-
cytes and macrophages are major physiological sources of
TNFa, and additional studies will be required to determine
whether the monocytic cells are the primary source of TNFa
in response to HOCI.
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We demonstrated that the HOCI-induced TNFa production
was tyrosine kinase-dependent by using two independent ty-
rosine kinase inhibitors with different mechanisms of action.
PP1 has been reported to inhibit T-cell signaling by inhibiting
the activity of Lck and other Src family kinases (4). Her-
bimycin A has been reported to block T-cell signaling by de-
pleting cells of Lck and other Src family kinases by inducing
their degradation (7). Src family kinases are also known to be
essential for the lipopolysaccharide-induced TNFa in vivo, a
response primarily mediated by monocytes, and inhibitors of
Src family tyrosine kinases have been shown to block this re-
sponse to lipopolysaccharide both in cells and in animals (15,
25). In the present study, concentrations of the inhibitors that
have been previously established to block tyrosine phospho-
rylation signals by Src family kinases were found to be effec-
tive in inhibiting HOCl-induced TNFa production. These
data indicate that the activation of tyrosine kinase signaling
pathways in peripheral blood mononuclear cells by HOCI in-
duces production of TNFa. It will be of interest to determine
the impact of HOCI on the activation of signal pathways in
monocytes, which share commonalities in signal transduction
with T cells, including essential roles for Src family kinases
to induce cellular responses to receptor stimulation.

Although we used concentrations of HOCI that would ex-
ceed physiological levels in some experiments in order to ob-
tain strong tyrosine phosphorylation signals in western blot
analysis of whole-cell lysates, we demonstrated that much
lower concentrations of HOCI were effective at inducing ty-
rosine kinase-dependent Ca2* signaling and TNFa produc-
tion. The lower concentrations were not lethal to the majority
of normal human peripheral blood mononuclear cells and fall
into physiologically relevant ranges.

The activation of tyrosine phosphorylation signal transduc-
tion pathways by oxidizing agents provides a mechanism by
which various inflammatory responses might be amplified
outside of normal receptor control. Our findings on activation
of T-cell signal pathways by HOCI can provide a basis for fur-
ther study of T-cell responses to oxidative stress. In addition,
HOCI induction of the tyrosine kinase-dependent production
of TNFa by a cell population represented in peripheral blood
mononuclear cells would be expected to induce further in-
flammatory responses. TNFa has been demonstrated to prime
neutrophils to produce substantially increased amounts of
HOCI in response to weakly stimulating agents such as unop-
sonized zymosan (26). The TNFa produced in a tyrosine ki-
nase-dependent response to HOCI might thus lead to addi-
tional production of HOCI by neutrophils, increasing the
inflammatory response.
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