Research Paper

THIS study shows that human lymphocytes markedly
decrease chloramines (long-lived oxidants) generated by
polymorphonuclear neutrophils (PMN) after stimulation
by phorbol-myristate-acetate or opsonized zymosan. In a
cell-free model, reduced glutathione (GSH) scavenged
chloramines, giving rise to oxidized glutathione (GSSG).
In the cell system, treatment of lymphocytes with auto-
logous PMN-derived chloramines induced a profound
decrease in their total and reduced glutathione (GSH)
content and markedly inhibited their proliferate responses
to concanavalin-A and, to a lesser extent, phytohaemag-
glutinin. It is concluded that (i) lymphocytes may play a
defensive role against phagocyte-derived oxidative stress
by scavenging chlotamines, and (ii) as this effect which
is mediated by GSH affects lymphocyte proliferative re-
sponses, it may help to elucidate the still obscure mechan-
isms of oxidative stress associated immunodeficiency.
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Introduction

Polymorphonuclear neutrophils (PMN) and
monocytes activated by phagocytic or soluble
stimuli produce large amounts of microbicidal
oxidants that play a key role in host defences against
pathogens.” This metabolic response, known as
the ‘respiratory burst’, involves two enzyme
pathways: (i) NADPH oxidase activation leads to
the reduction of molecular oxygen to superoxide
anion and the subsequent generation of hydrogen
peroxide,” and (ii) the activity of neutrophil
myeloperoxidase (MPO), an enzyme located in the
azurophilic granules that are released following
degranulation, catalyses the reaction of H,O, with
chloride, leading to the formation of other oxidants
such as hypochlorous acid and chloramines.* These
latter, known as long-lived oxidants,” may be
mediators of phagocyte-induced oxidative damage®
as they are either released or generated via the
extracellular MPO in the extracellular environment.
Their ability to inactivate protease inhibitors such
as oj-antiproteinase’ is one way in which
chloramines could potentiate deleterious effects in
inflammatory processes. The presence of chlor-
amines in biological fluids seems to be highly
dependent on the status of antioxidant defences.?
Natural killer activity, lymphocyte proliferation in
response to mitogens, and immunoglobulin and
interleukin-2 secretion are apparently affected by
H,0, and MPO.*!?

The aim of this study was to investigate potential
interactions between PMN-derived chloramines
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and lymphocytes. Glutathione,!' the major non-
protein thiol, is present in virtually all cell types and
is involved in numerous biological functions, acting
as a co-enzyme, antioxidant, and regulatory
molecule in cell cycle initiation and progression’®
and microtubule formation.”” In addition, glu-
tathione content is important in lymphocyte
activation and proliferation,'*'®

The authors therefore investigated (1) the
influence of lymphocytes on chloramine release by
PMN, (2) the biochemical mechanism of this action,
and (3) the biological consequences of such an
interaction on lymphocyte functions.

Materials and Methods

Chemicals: Sulphosalicylic acid and vinyl pyridine
were from Aldrich (Strasbourg, France), glu-
tathione (reduced (GSH) and oxidized (GSSH)),
glutathione reductase and NADPH from Boeht-
inger (Meylan, France), red phenol-free Hanks’
balanced salt solution (HBSS) from Eurobio (Paris,
France), RPMI 1640 medium from GIBCO, phyto-
haemaglutinin A (PHA) from Wellcome S.A.
Division Diagnostic (Paris, France), concanavalin
A (Con A) from Miles Scientific (Naperville, IL),
Ficoll-Hypaque from Pharmacia LKB Biotech-
nology Inc. (Piscataway, NJ), acetic acid from
Prolabo (Paris, France), plasmagel from Roger
Bellon Laboratoire (Paris, France), and chloramine-
T (N-chloro-p-toluene-sulphonamide sodium salt),
DTNB (5,5-dithio-bis-2-nitrobenzoic acid), phot-
bol-myristate-acetate (PMA, 4f-phorbol,12f-myrti-
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state 13w¢-acetate), potassium iodide, taurine,
triethanolamine, Trypan blue and zymosan A

(Saccharomyces cerevisiae) were from Sigma Chemical
Co. (St Louis, MO).

Cell preparations: Normal PMN were isolated from
heparinized (Liquemine Roche, 10 U/ml) venous
blood of healthy donors (Centre de Transfusion de
I’Hopital Necker).'® Briefly, PMN were separated
from erythrocytes by plasmagel sedimentation,
followed by Ficoll-Hypaque density centrifugation.
Residual erythrocytes were lysed by treating the cell
pellet with a lysis buffer containing ammonium
chloride. The purified PMN wete then resuspended
in HBSS at 10° cells/ml. Mononuclear cells obtained
after Ficoll-Hypaque density centrifugation wete
added to Falcon 3047 tissue culture dishes (Falcon
Labware, Becton Dickinson and Co., Oxnard, CA)
and incubated for 60 min at 37°C in humidified 95%
air/5% CO, for monocytes to attach. Lymphocytes
(non-adherent cells) were then harvested, washed
and seeded at the required density.

Chloramine production and PMN supernatant preparation:
PMN incubation and taurine—chloramine produc-
tion were carried out as described previously.'
Briefly, PMN were incubated for 1 h at 37°C with
constant gentle shaking in the absence (controls) or
presence of PMA, (final concentration 1 ug/ml), or
opsonized zymosan (OZ) particles (2 mg/ml)
prepared as described elsewhere.'* PMN incubation
was performed in the absence or presence of
autologous lymphocytes. Taurine—chloramine for-
mation was enhanced by adding taurine (15 mM) to
the incubation medium. At the end of the
incubation period the samples were centrifuged at
4°C (1200 x g for 10 min) the supernatants stored
at —20°C for testing on the following day.
OZ-stimulated PMN supernatants were used as a
source of biological chloramines. To avoid
cross-reactions with degranulation proteins, supet-
natants wete filtered with 3-kDa cut-off Centricon
filters (Amicon, Grace, France). Filtration did not
affect the chloramine concentration (data not
shown).

Colorimetric chloramine determination in PMIN supernatants:
Chloramines were determined by colorimetric
measurement of the triiodide ion formed by the
oxidation of potassium iodide (KI)' in 96-well
microtitre plates (Falcon Labware, Becton Dick-
inson and Co.; Oxnard, CA). Two hundred ul of
sample (supernatant or the chloramine-T standard
solution) was placed in each well. Ten ul of 1.16 M
KI was then added, followed by 20 ul of acetic acid
2 min later. The absorbance of the reaction mixture
was immediately read at 340 nm in a microplate
reader (Model MR 5000, Dynatech, France) against
a blank containing 200 ul HBSS, 10 ul KI and 20 ul
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acetic acid. Absorbance at 340 nm follows Beet’s
law within the range of 0-100 uM, assuming an
extinction coefficient of 26 mmol/cm’.

Lymphocyte treatment with chloramines: Lymphocytes
(10° cells/ml in HBSS) were exposed either to
autologous PMN-derived chloramines (determined
by the colorimetric assay) or to synthetic
chloramine (chloramine-T) in HBSS (without
serum in order to avoid chloramine scavenging or
interference in the glutathione assay). After 1 h of
incubation at 37°C under gentle shaking, lympho-
cytes were centrifuged and the chloramine con-
centration was assayed in the supernatant; the cell
pellet was resuspended in 5% serum RPMI 1640
medium for cell culture experiments or in HBSS for
GSH determination.

Cell viability: After exposure to chloramines,
lymphocyte viability was measured in terms of
Trypan blue exclusion. Twenty ul of Trypan blue
(0.5%) was added to 80 ul of lymphocyte suspension
(10° cells/ml).

Glutathione determination: The total GSH concentration
in lymphocytes was determined by means of an
enzymic recycling assay.'® After pretreatment with
chloramines, lymphocytes (10%/tube) were cen-
trifuged and resuspended in 200 ul of 5%
sulphosalicylic acid and sonicated. After centrifuga-
tion (10 min, 20 000 X g), GSH was measured in
the supernatant. The assay was performed in
microtitre plates as follows: in each well, 140 ul of
NADPH (0.3 mM), 30 ul of DTNB (5 mM) and the
sample (or GSH standard solution) were mixed and
incubated for 10 min at 30°C. The optical density
at 405 nm was measured 1 min after triggering the
reaction with 20 ul of glutathione reductase
(2 U/ml). The oxidized GSH concentration (GSSG)
was determined after sample derivatization by
adding 2pul of vinyl pyridine and 8 ul of
triethanolamine to 100 ul of sample (or GSSG
standard solution). GSSG was then determined in
the same manner as GSH. The concentration of
reduced GSH was calculated as the difference
between total GSH and GSSG.

Mitogen-induced lymphocyte proliferation: Mitogen assays
were carried out in flat-bottomed, 96-well micro-
titre plates using RPMI 1640 medium containing
5% heat-inactivated foetal calf serum (Flow
Laboratories, Irvine, Scotland), 2 mM L-glutamine,
100 U/ml penicillin and 100 ug/ml streptomycin.
Each well contained 2 x 10° lymphocytes and the
proliferative response was induced by adding
either Con-A (1 pug/ml) or PHA (0.05 pg/ml) in a
final volume of 200 ul. Plates were incubated for
44 h at 37°C in a humidified atmosphere containing
5% CO,. Cultures were pulsed with 5 uCi
(1Ci =37GBq) of [*H]-thymidine (5 Ci/mmol,
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CEA, Saclay, France), harvested 4h later and
counted for beta emission. Each wvalue of
proliferation has been determined in triplicate.

Statistical analysis: Results (mean + S.E.M.) were
compared using Student’s two-tailed #test (paired
or unpaired, as appropriate). Differences were
considered significant when the p value was below
0.05. Correlation coefficients were calculated by
using simple regression analysis.

Results

Influence  of lymphocytes on PMN chloramine release:
Chloramine secretion by a purified PMN suspension
(10° cells/ml) in the absence and presence of
autologous lymphocytes (10°/ml) was compared
first. As shown in Fig. 1, co-incubation of PMN
with viable lymphocytes significantly decreased the
chloramine concentration in supernatants of PMA-
and OZ-stimulated PMN. This effect was even
more pronounced when lymphocytes were lysed
prior to incubation. In the absence of PMN,
lymphocytes exerted a significant scavenging effect
on both PMN-derived chloramines and chloramine-
T (Fig. 2). In contrast, the superpatant of
lymphocytes had no effect on PMN-derived
chloramines (data not shown).

Role of glutathione in lymphocyte scavenging of chloramines:
To investigate the molecular basis of chlotamine
scavenging by lymphocytes, the reactivity of
glutathione with chloramines in cell-free conditions
was tested. Figure 3 shows that GSH but not GSSG
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FIG. 1. Effect of co-incubation of lymphocytes with PMN stimulated to
generate taurine—chloramine. PMN (108/ml) were stimulated by either
PMA (1 pg/ml) or opsonized zymosan (2 mg/ml) to produce taurine—
chloramine. In the absence of a stimulus, no chloramines are detectable
in the supernatant (data not shown). Either viable or lysed lymphocytes
(10%/ml) were added to the PMN at the beginning of the incubation.
Data are the mean + S.E.M. of five experiments with different donors.
**p < 0.01 (difference with PMN only). [J, PMN only; g8, +viable
lymphocytes; ﬂ +lysed lymphocytes.
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FIG. 2. Effect of lymphocytes on PMN-derived chloramines and on a
synthetic chloramine (chloramine-T). PMN-derived chloramines were
obtained after stimulation of PMN (10%/mi) with opsonized zymosan
(2mg/ml) in the presence of taurine as described in Materials and
Methods. The supernatants containing taurine-chloramine were filtered
on Centricon 3kDa. Chloramine concentration was adjusted to 50 uM
for the experiment. Chloramine-T was dissolved in HBSS. Data are the
mean + S.E.M. of six experiments with different donors. *p < 0.05,
“*p < 0.01 (difference with no lymphocytes). (1, no lymphocytes; .,
+ lymphocytes.
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FIG. 3. Scavenging effect of GSH and GSSG on PMN-derived
chloramines (a) and chloramine-T (b). Chloramine concentrations were
assessed after 1 h incubation with GSH or GSSG at desired
concentrations in HBSS. Each chloramine concentration has been
determined in triplicate.
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had a concentration dependent inhibitory effect on
both chloramine-T and PMN derived chloramines.
In order to investigate whether the chloramine
scavenging effect of lymphocytes involved in-
tracellular GSH, lymphocyte glutathione content
before and after 1-h exposure to either chloramine-
T or PMN derived chloramines were compared. As
shown in Fig. 4, chloramines significantly decreased
the lymphocyte glutathione content in a concentra-
tion dependent manner. Although this decrease was
observed with both total and reduced GSH in the
case of PMN derived chloramines (Fig. 4a), it was
highly significant only in the case of chloramine-T
(Fig. 4b).

Effect of chloramines on mitogen-induced lymphocyte prolifera-
tion: To obtain further evidence of an interaction
between chloramines and lymphocyte functions,
lymphocyte proliferative responses to mitogens
were studied following exposure to chloramines. In
this part of the study, only OZ was used to
stimulate PMN chloramine production since PMA
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FIG. 4. Effect of PMN-derived chloramines (4A) or chloramine-T (4B)
on lymphocyte GSH content. Total or reduced GSH content of 10°
lymphocytes was measured after 1 h exposure to chloramine. Data are
the mean + S.E.M. of six experiments with different donors for
PMN-derived chloramines and of eight experiments for chloramine T.
*p<0.05 "*p<0.01 (difference with controls). (1, Chlor 0 uM; &,
Chlor 10 uM; H, Chior 50 uM; B, Chlor 100 uM.
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may have a direct effect on lymphocyte prolifera-
tion. In addition, supernatants of OZ-stimulated
PMN were filtered to remove proteins with
molecular weights greater than 3 kDa. Table 1
shows that chloramines did not affect lymphocyte
viability, at least up to 50 uM. In the absence of
mitogen, neither synthetic nor PMN derived
chloramines significantly affected lymphocyte [°H]
thymidine incorporation. Fig. 5a shows the
influence of PMN derived chloramines on lympho-
cyte proliferation induced by Con-A and PHA.

Table 1. Effect of chloramines on lymphocyte viability measured
by Trypan blue exclusion

Chloramine concentration (uM)

PMN-derived Chloramine-T

Control
0 10 50 10 50 100

Mortality % 4.9 4.1 64 103 76 16.08
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FIG. 5. Effect of PMN-derived chloramines (56A) or chloramine-T (56B)
on mitogen-induced lymphocyte proliferation. After 1 h exposure to
chloramines in HBSS, lymphocytes were cultured in RPMI medium
(2 x 105 cells/well) and proliferative responses were induced by adding
either Con-A (1 ug/ml) or PHA (0.05 ug/ml). Proliferation response was
evaluated by pulsing the culture with [3H]thymidine. The y axis indicates
the uptake of [*H]thymidine by the cells in cpm during the last 4 h of
2-day cultures. Data are the mean + S.E.M. of eight experiments with
different donors for PMN-derived chloramines and of five experiments
for chloramine-T. *p < 0.05, **p < 0.01 (difference with no chloramines).
0O, Chlor 0 uM; 4, Chior 10 uM; B, Chlor 50 uM; B, Chior 100 M.
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FIG. 6. Correlation between lymphocyte reduced GSH content and the
mitogen-induced proliferation after ymphocyte exposure to chloramine-T
(concentration given in parentheses). Each value of reduced GSH content
and of mitogen-induced proliferation (Con-A or PHA) is the mean of five
different experiments performed on different donors. O, PHA; ll, Con-A.

Significant inhibition was observed only when
lymphocyte proliferation was induced by Con-A
(respectively 28 and 44% for chloramine concentra-
tions of 10 and 50 uM). On the other hand,
chloramine-T (Fig. 5b) induced a significant
concentration dependent inhibition regardless of
the mitogen used, for chloramine-T concentration
greater than 10 uM. This is confirmed by the
correlation (r = 0.96) found between lymphocyte
GSH content and proliferative responses in case of
stimulation by Con-A (Fig. 6). In contrast,
PHA-induced proliferative response at low chlot-
amine concentration (10 uM) seems to be less
sensitive to chloramine and thus less dependent on
glutathione availability.

Discussion

This study shows that chloramines, described as
long-lived oxidants, may be important immunomo-
dulatory agents, the effect of which is mediated by
the ubiquitous thiol-containing molecule, glu-
tathione.'!

The results suggest a potentially important
scavenging role of lymphocytes for PMN derived
chloramines, which are thought to be exported into
the surrounding environment, and to potentiate
PMN-induced oxidative damage.” The physio-
logical relevance of this scavenging mechanism
needs to be determined while the possible
involvement of other plasma antioxidants® and
other cell types, like red blood cells, which contain
glutathione and which could compete for chlor-
amines might also be considered. However, in
inflammation-induced oxidative stress, when plas-
ma antioxidant defence may be overwhelmed,
lymphocytes might play an important role in
oxidant scavenging. Both viable and lysed lympho-
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cytes scavenged chloramines, indicating that the
effect does not require protein synthesis or other
metabolic pathways but rather involves preformed
molecules that are more accessible after cell
disruption.

Other studies have demonstrated the critical role
of glutathione on oxidant-mediated cell lysis.
Inhibition of the GSH redox cycle enhances tumour
cell lysis induced by both PMA activated
macrophages and H,O, generated in the glucose—
glucose oxidase (GGO) system. In that study,
the content of glutathione correlated with the
susceptibility of six murine tumour cell lines to lysis
by a flux of H,0,;*' moreover, such inhibition
increases GGO mediated lysis of endothelial cells.?
In addition, increased sensitivity of pulmonary
vascular endothelial cells to H,O, after tumour
necrosis factor-a (TNF-«) exposure, is mediated by
a decrease in cellular glutathione.” In a cell-free
system, it was found that only the reduced form of
glutathione is able to scavenge both chloramine-T
and PMN derived chloramines. Interestingly, the
reaction of chloramines with GSH has recently been
studied in a2 model of liver injury.** The authors
found that chloramines (monochloramine and
taurine—chloramine) were efficiently detoxified in
the liver by intracellular GSH, inducing GSH
depletion and a subsequent increase in perfusion
pressure and a decrease in bile flow. As a result,
they suggested that chloramines could contribute to
PMN-induced organ injury through a GSH
mediated pathway.

Our results indicate that both the total and
reduced glutathione content of lymphocytes wete
reduced in a concentration dependent manner after
chloramine challenge. Reduced glutathione is able
to scavenge chloramines, giving rise to GSSG;
GSSG would subsequently be reduced by intra-
cellular glutathione reductase and reconverted to
GSH. Under conditions of continuous exposure to
chloramines, GSSG may accumulate because the
rate of GSSG formation exceeds that of its
reduction;!! GSSG can then form mixed disul-
phides with intracellular or extracellular proteins,
resulting in a net loss of total glutathione,
as seen in this study. The lymphocyte total
glutathione content observed (mean + S.E.M,,
0.7 4 0.15 nmol/10° cells) is in the range of
concentrations reported in T cells by other groups
using the same GSH assay.’>™

Given the multiple roles of glutathione in cell
functions, especially in lymphocytes, the con-
sequences of direct chloramine exposure for
lymphocyte proliferation were investigated. Lym-
phocyte proliferation was efficiently inhibited by
chloramine-T, regardless of the mitogen used. In
the case of PMN derived chloramines, only
Con-A-stimulated lymphocytes showed signifi-
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cantly inhibited proliferation. These results suggest
that the lymphocyte proliferative response to
Con-A is more dependent on the glutathione
concentration than that induced by PHA. In
addition, chloramine-T was much more efficient
than PMN derived chloramines in decreasing both
the reduced and oxidized glutathione content of
lymphocytes. In lymphocyte proliferation experi-
ments, the same difference was observed. Although
PMN supernatants were filtered to remove proteins
with a molecular weight greater than 3 kDa, low
molecular weight antioxidants could interfere with
the effect of biological chloramines, this interference
being overcome at high chloramine concentrations.
Lymphocyte functions show different degrees of
susceptibility to oxidative injury by MPO and
H,0,: PHA- and Con-A-induced proliferation
displayed intermediate degrees of susceptibility
between pokeweed induced proliferation and
antibody formation, this latter function being the
most sensitive to oxidative injury.” These latter
authors used a GGO as the H,O,-generating system
in the presence or absence of MPO. At a rate of
production of 60 pumol/ml/min of H,O,, the
lymphocytes were 90% viable. This is compatible
with our results showing no effect of chloramines
on lymphocyte viability when the chloramine
concentration was less than 50 uM and there was
only a small loss of viability when the concentration
reached 100 uM. The experimental conditions in the
two studies were very similar.

Although the precise role of GSH in lymphocyte
activation remains unclear, GSH synthesis is clearly
essential to maintain normal lymphocyte prolifera-
tion and cytokine metabolism. As direct relation-
ships exist between the proliferative response and
glutathione availability,'> lymphocyte proliferation
can be enhanced by providing excess glutathione,
cysteine or 2-mercaptoethanol, while it is strongly
inhibited by L-buthionine-(§,R)-sulphoximine
(BSO), a specific and irreversible inhibitor of
y-glutamyl cysteine synthetase that limits the
quantity of intracellular GSH available during the
activation process. This has been demonstrated
both with T cells and purified large granular
lymphocytes.”® GSH enhances the effect of IL-2 and
IL-4 on replication and [’H]thymidine incorpora-
tion of IL-2 and IL-4 dependent cells, respectively,
in vitro. 'This potentiating effect of GSH is accom-
panied by an increase in the intracellular GSH level
and an enhancement of binding, internalization and
degradation of both cytokines.?*’

This study provides some insights into the
molecular mechanisms involved in the effect of
oxidants on mitogen-induced lymphocyte prolifera-
tion and identifies a possible mechanism for the
immunodepression observed following oxidative
stress. Indeed, there was a close cotrelation between
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lymphocyte proliferation and GSH content after
chloramine-T exposure, suggesting that lympho-
cyte GSH is one of the molecular targets of
chloramines. In conclusion, the results emphasize
the relationships between PMN and lymphocytes,
two major cell types in host defences. The former
are a source of chloramines, and can downregulate
lymphocyte proliferation through the target mole-
cule, glutathione. Although several mechanisms
resulting in decreased lymphocyte function and
subsequent immunodepression are plausible, a
chloramine-mediated pathway is an attractive
hypothesis in various situations involving PMN-
induced oxidative stress, that may have therapeutic
implications. Due to the importance of lymphocytes
in the immunologic response, this work has been
focused on the consequences of chloramine
scavenging by GSH in lymphocytes. However, we
can speculate that this mechanism by which cell
GSH is depleted could have different effects in other
cell types.
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