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ABSTRACT One of the important mechanisms of immu-
nosuppression in the tumor-bearing status has been attrib-
uted to the down-modulation of the CD3 z chain and its
associated signaling molecules in T cells. Thus, the mecha-
nism of the disappearance of CD3z was investigated in tumor-
bearing mice (TBM). The decrease of CD3z was observed both
in the cell lysate and intact cells. Direct interaction of T cells
with macrophages from TBM (TBM-macrophages) induced
the decrease of CD3z, and depletion of macrophages rapidly
restored the CD3z expression. We found that treatment of
such macrophages with N-acetylcysteine, known as antioxi-
dant compound, prevented the decrease of CD3z. Consistent
with this result, the addition of oxidative reagents such as
hydrogen peroxide and diamide induced the decrease of CD3z
expression in T cells. Consequently, the loss of CD3z resulted in
suppression of the antigen-specific T-cell response. These results
demonstrate that oxidative stress by macrophages in tumor-
bearing status induces abnormality of the T-cell receptor com-
plex by cell interactions with T cells. Therefore, our findings
suggest that oxidative stress contributes to the regulation of the
expression and function of the T-cell receptor complex.

There has been great progress in the study of immunity against
tumor by identification and cloning of tumor antigens (1–4) and
by elucidation of the function of T-cell costimulation for antitu-
mor responses (5–7). In spite of these advances for helping
antitumor immune responses, it is known that T cells from cancer
patients or tumor-bearing mice (TBM) are in a suppressed state
and exhibit poor immune responses. Therefore, it is most impor-
tant for tumor immunity to overcome such immunosuppression
in the tumor-bearing status. Several different mechanisms have
accounted for this suppression, including down-regulation of
growth factors (8, 9), production of immunosuppressive cytokines
(8–14), and contributions by suppressive macrophages and sup-
pressive T cells (13, 15, 16). Recently, it has been shown that T
cells from patients with advanced cancer or TBM have abnormal
structure of the T-cell receptor (TCR)–CD3 complex, particu-
larly the disappearance of the CD3 z chain (17–22). The disap-
pearance of CD3z in tumor-bearing status appears to be related
to the proliferative response of T cells (17), and the degree of the
decrease of CD3z seems to be correlated with the progression of
tumor in cancer patients (18–20, 22) and TBM (21).
We have shown (21) that the disappearance of CD3zwas due

to the regulation at the protein level and was induced by
interaction with macrophage (MØ)-like cells accumulated in
the spleen of TBM. We found that these MØs were the same
cells that have been known for a long time as ‘‘suppressive
macrophages’’ in tumor-bearing status. These MØs secrete var-
ious immunosuppressive cytokines such as tumor necrosis factor,

transforming growth factorb, interleukin 6, and prostaglandin (9,
12–14, 23). In addition, these cells also express a down-regulated
level of major histocompatibility complex class II on the cell
surface, exhibit poor antigen presentation, and elicit a poor
autologous mixed lymphocyte reaction (11, 16, 18, 24).
The inductionmechanismof the decrease ofCD3zby suchMØs

as well as the mechanism of its disappearance in T cells is not
known. It has been proposed that the reduction of CD3z in these
experimentswas due to in vitrodegradation during the preparation
of cell lysates of T-cell-enriched population containing these
macrophagesymonocytes (25–27). However, we herein show
clearly in carefully controlled experiments that the decrease of the
CD3 z chain takes place within intact T cells. Furthermore, from
the findings that N-acetylcysteine (NAC) blocked and oxidants
such as hydrogen peroxide induced the decrease of CD3z, we
demonstrated that the decrease of the CD3 z chain is mediated
through oxidative stress by macrophages in tumor-bearing status.

MATERIALS AND METHODS
Reagents. NAC, N-acetylserine (NAS), diamide, and phorbol

12-myristate 13-acetate (PMA) were purchased from Sigma.
A23187, hydrogen peroxide, and 3-aminopropyltriethoxysilane
were from Calbiochem–Novabiotechem (San Diego), Santoku
Chemical Industries (Tokyo), and Aldrich, respectively. Chicken
ovalbumin (OVA) peptide containing residues 323–339 [OVA-
(323–339)] was synthesized as described (28).
Mice. Six- to 8-week-old female BALByc mice were purchased

from Japan SLC (Hamamatsu, Japan). TBM were prepared as
described (21). Briefly, 2 3 106 syngenic colon carcinoma cells
(colon 26) were inoculated s.c. into 7- to 10-week-old BALByc
mice. These mice bore a solid tumor approximately 30 mm in
diameter at 9–12 weeks after inoculation. TCR transgenic mice
(DO-Tg) bearing the TCR of OVA-(323–339)-peptide-specific
T-cell hybridoma DO11.10 were provided by D. Y. Loh (Nippon
Roche Research Instiute, Kamakura, Japan). The expression of
TCR transgenes in the offsprings of DO-Tg was analyzed by
staining with anti-CD4 mAb and anti-clonotypic mAb KJ1.26
(provided by P. Marrack, National Jewish Center for Immunol-
ogy and Respiratory Medicine, Denver).
Cell Preparation. Splenic T cells were purified through a

nylon-wool column (21). The purity of T cells is about 80% for
normal T cells and 40% for T cells from 8- to 12-week TBM on
flow cytometry (FACS) analysis. Non-T, non-B cells from TBM-
spleen cells (TBM-MØs) were prepared as described (21).
Briefly, erythrocyte-free splenocytes fromTBMwere depleted of
T cells by treatment with anti-Thy1 mAb (J1j.10) and comple-
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ment and of B cells with magnetic beads bound to goat anti-
mouse IgG antibodies. For coculture system, after 13 107 T cells
and 53 106 TBM-MØswere preincubated in 1ml of 5% fetal calf
serumyRPMI 1640 medium for 30 min at 378C, they were mixed
for 5 min. Their separation was done with a pore membrane
(0.4-mm pore size, Biopore membrane, Millipore). For activated
macrophages, mice were inoculated intraperitoneally with thio-
glycolate, followed by injection with 20 mg of lipopolysaccharide
(LPS) (0127:B8, Sigma) 1 week later, and the peritoneal macro-
phages were isolated 2 days later.
Flow Cytometric Analysis of Intracellular Staining. Cells

were washed with PBS, fixed with 3% paraformaldehyde in
PBS for 7 min, permeabilized with 0.5% Triton X-100 for 10
min, and then washed in PBS. Fixed and permeabilized cells
were incubated in 3% BSAyPBS for 30 min and then with
streptavidin (GIBCOyBRL; 10 mgyml) in PBS for another 30
min to block nonspecific binding and endogenous biotin,
respectively (29). The cells were washed twice in PBS and
incubated with 200 mM biotin (GIBCOyBRL) in PBS. To block
Fc receptor, the cells were incubated with anti-FcgRIIyIII mAb,
2.4G2. After washing in PBS, the cells were stained with specific
mAb, followed by in streptavidin-phycoerythrin (PE) or fluores-
cein isothiocyanate (FITC)-labeled goat anti-hamster mAb. The
antibodies used were biotinylated anti-CD3« mAb (10 mgyml;
2C11), biotinylated anti-CD3z mAb (10 mgyml; H146.698A),
nonbiotinylated anti-CD3z mAb, and FITC-labeled anti-Thy1.2
mAb (CD90; PharMingen) for 45 min. All steps were performed
at 48C. Cells were analyzed on a FACScan flow cytometer using
CELL QUEST software (Becton Dickinson).
Analysis with Confocal Microscopy. Cells were washed with

ice-cold PBS, allowed to adhere to glass coverslips pretreated
with 2% 3-aminopropyltriethoxysilane (30), and then fixed in
3% paraformaldehyde for 7 min at room temperature, as
described (31). After permeabilization with 0.5% Triton
X-100, they were incubated in 3% BSAyPBS. CD3« was
stained with anti-CD3« mAb (145–2C11) and FITC-conjugated
goat-anti-hamster antibody. After blocking with hamster Ig,
CD3z was then analyzed by biotinylated anti-CD3z mAb
(H146.698A), followed by staining with quantum red-streptavi-
din. The coverslips were mounted in aqueous mounting medium
(PermaFluor, Lipshaw, Pittsburgh). Double color immunofluo-
rescence analysis was performed by using LSM410 (Zeiss).
Immunoprecipitation and Western Blot Analysis. Approxi-

mately 5 3 107 nylon-purified splenic T cells were preincubated
in PBS at 378C for 15 min and then cultured with or without 50
mMhydrogen peroxide or coculturedwith 53 107 TBM-MØs for
15 min. After washed, cells were lysed in ice-cold lysis buffer
containing 1%Nonidet P-40, 50 mMTriszHCl (pH 7.6), 150 mM
NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, leu-
peptin (10 mgyml), aprotinin (10 mgyml), antipain(2.5 mgyml),
chymostatin (2.5 mgyml), pepstatin (10 mgyml), and 10 mM
iodoacetamide at 48C for 30 min. Postnuclear supernatants were
precleared with protein A-Sepharose and immunoprecipitated
with anti-CD3z mAb (H146.698A) or anti-CD3zyh polyclonal
antiserum (antiserum 387, fromA.Weissman,National Institutes

of Health). Immunoprecipitates were separated by SDSyPAGE
on a 13% gel under reducing condition and transferred onto a
poly(vinylidene difluoride)membrane (Immobilon-P,Millipore).
The membrane was blocked in 10% skim milk-containing buffer
(Block Ace; Yukijirushi, Sapporo, Japan) and incubated with
anti-CD3zmAb (10mgyml) or anti-CD3zyhpolyclonal antiserum
at 1:500 dilution, respectively. Proteins were visualized with
peroxidase-conjugated rabbit anti-mouse Ig antibody (Amer-
sham) by using ECL system (Amersham).
Proliferation Assay. Approximately 1 3 105 nylon-purified

splenic T cells from DO-Tg mice were cultured with 5 3 105
irradiated (3000 rads; 1 rad5 0.01 Gy) T-cell-depleted BALByc
splenocytes as antigen-presenting cells and 0.01 mMOVA-(323–
339) in the presence of irradiated TBM-MØs at graded T-celly
TBM-MØ ratios in 200 ml of a complete RPMI 1640 medium
(Nikken-Seibutsu-Igaku-Kenkyujo, Kyoto) supplemented with
10% fetal calf serum, 2 mM glutamine, kanamycin (100 mgyml),
and 5 3 1025 M 2-mercaptoethanol for 48 hr at 378C, 5%
CO2y95% air. Cells were also stimulated with PMA (5 ngyml)
and A23187 (100 ngyml). Cells were cultured for 24 hr at 378C,
pulse-labeled with 37 kBq of [3H]thymidine (37 Mbqyml, Am-
ersham) for the last 8 hr, and then harvested. [3H] uptake was
measured with a MicroBeta liquid scintillation counter (Wallac,
Gaithersburg, MD). All assays were performed in triplicate.

RESULTS
The Loss of CD3 z Chain Within Splenic T Cells of TBM.

As we described (21), the CD3 z chain in splenic T cells of TBM
disappeared without altering the expression of other compo-
nents of the TCR complex. We have shown that this disap-
pearance occurred by the interaction with MØs accumulated
in the spleen of TBM (21). These results were obtained by
immunoprecipitation of the cell lysate from the mixture of T
cells and TBM-MØs. However, it has been argued that the loss
of CD3z is mediated in vitro by proteases derived from the
contaminated MØs (25, 26). To address this issue, we analyzed
the CD3z expression within T cells in TBM by confocal
microscopy and FACS without solubilizing the cells.
As shown in Fig. 1, whereas normal T cells were intracellularly

stained for both CD3« and CD3z, the T-cell-enriched population
from the TBM spleen showed the specific loss of CD3z without
altering the CD3« expression by confocal microscopy. Further-
more, coculture of normal T cells with TBM-MØs for only 5 min
resulted in the disappearance of CD3z (Fig. 1). The decrease of
CD3z within T cells was also shown by FACS analysis. T cells in
the TBM spleen were stained for Thy-1 and CD3 by two-color
analysis (Fig. 2A). In this analysis, T cells were separated from
macrophages by staining and showed the reduction of CD3z in
TBM T cells. Furthermore, the CD3z expression decreased by
mixing normal T cells with TBM-MØs in a cell-number-
dependent manner (Fig. 2B). The specificity of the intracellular
staining of CD3z was confirmed by the demonstration that
splenic T cells from CD3z-knockout mice (32) showed back-
ground staining with anti-CD3z mAb (data not shown).

FIG. 1. Confocal microscope analysis of
the CD3z expression in normal splenic T cells
(A), T-cell-enriched population from TBM
spleen (B), and normal T cells cocultured
with TBM-MØs (C). Normal T cells were
purified through a nylon wool-column (A and
C) and then cocultured with TBM-MØs
(T2B2 spleen cells from TBM) at a ratio of
1:1 for 5 min (C). In B, T-cell-enriched pop-
ulation (approximately 50% were T cells) was
prepared through a nylon column. All cells
were fixed, permeabilized, and stained with
anti-CD3« mAb and anti-CD3z mAb-biotin
followed by FITC-goat anti-hamster Ig antibodies and quantum red-streptavidin, respectively. Stained cells were analyzed by confocal microscopy
LSM410. (3375.)
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Macrophages in a Certain Activation Stage Possess the
Ability to Decrease CD3z. We have characterized (21) the
accumulating cells in TBM spleen and showed that they were
macrophage-like cells. These cells express Mac-1 and Mac-2
but not F4-80. Furthermore, these cells were found to beGr-11

and HSA1 (data not shown; HSA is heat stable antigen),
suggesting that they belong to a certain stage of macrophage
lineage (11, 14). We have also shown (21) by immunoprecipi-
tation that not only TBM-MØs but also LPS-induced perito-
neal MØs induced a similar effect on T cells, to decrease the
CD3z expression. This observation was further extended by
FACS analysis (Fig. 3). Whereas thioglycolate-induced peri-
toneal MØs failed to induce the decrease of CD3z, MØs
induced by the combination of thioglycolate and LPS could
reduce CD3z expression as could TBM-MØs.
Characterization of the Interaction Between T Cells and

TBM-Macrophages.When TBM-MØs were depleted rapidly by
magnetic beads coated with anti-HSA and Mac-1 mAb, CD3z
expressionwas rapidly recovered inTBMsplenic T cells (Fig. 4A).
This demonstrates that the loss of CD3z is reversible and the
recovery of the CD3z expression is very rapid in the absence of
TBM-MØs and further that CD3z was reduced only under the
influence of TBM-MØs. We found by using the coculture system
that the culture supernatant after the coculture of T cells and
TBM-MØs could not replace the ability of TBM-MØs to de-
crease CD3z (data not shown) and further that the loss of CD3z
was not observed when T cells andMØswere separated by a pore
membrane (Fig. 4C). These data demonstrate that the decrease
of CD3z requires the direct or close interaction between T cells
and TBM-MØs and is not mediated by a stable soluble factor. To
exclude the possibility that protease(s) was released from MØs
after permealization for intracellular staining, entered into per-
mealized T cells, and reduced CD3z, the culture supernatant of
permeabilizedMØs was added onto fixed T cells and then T cells
were permeabilized, followed by staining with anti-CD3z mAb.
There was no decrease of the CD3z expression by this treatment
with supernatant, demonstrating that the loss of CD3z is not
induced by factors released from TBM-MØs after permeabiliza-
tion and that the close contact between T cells and MØs is
required (Fig. 4D). Finally, we were able to show the decrease of
CD3z in T cells without lysing or permeabilizing TBM-MØs.
When the mixture of TBM-MØs and T cells was fixed first and
then MØs were depleted, the reduced level of the CD3z expres-
sion was kept in T cells (Fig. 4B). Considering that TBM-MØs
were neither lysed nor permeabilized in this system, the result
clearly demonstrated that the decrease of CD3z was not caused
by protease(s) derived from the permeabilized TBM-MØs.
NAC Inhibits TBM-MØ-Induced Loss of CD3z. From various

efforts to find a specific inhibitor to block the disappearance of
CD3z including mAbs against cell surface molecules, we found
that only one inhibitor, NAC, could block the reaction. When
TBM-MØs were preincubated for 30 min with NAC, the loss of
CD3z was significantly inhibited (Fig. 5A), and the recovery was

observed in a dose-dependent fashion (Fig. 5B). In contrast, the
same concentration of NAS, an appropriate control that differs
only in the thiol group fromNAC, did not block the reaction (Fig.
5B). Although the recovery of CD3z was marginally observed by
coculture with TBM-MØs treated with 30 mMNAC, the degree
of restoration increased with the prolongation of treatment with
the same concentration of NAC (data not shown). The results
indicate that the SH group of NAC is important for inhibiting the
decrease of CD3z and suggest that oxidative stress by TBM-MØs
suppresses the expression of CD3z in T cells.
Reactive Oxygen Intermediates Induce the Decrease of

CD3z. Since NAC was known to inhibit the oxyradical pro-
duction from activated macrophages, the successful block of
the CD3z loss by NAC treatment strongly suggests that the
mediator from TBM-MØs to reduce the CD3z expression is
reactive oxygen intermediates (ROI). Therefore, we next
examined the direct effect of oxiradicals on the decrease of
CD3z by adding oxidants, such as hydrogen peroxide and
diamide to normal T cells. Indeed, the addition of either
hydrogen peroxide or diamide for 15 min induced the signif-
icant decrease of CD3z, but the expression of CD3« was
altered only marginally (Fig. 6). Although the concentrations
of these reagents were relatively high, treatment with lower
concentrations was also effective when the treatment period
was extended (data not shown). Since it has been known that
the treatment of T cells with hydrogen peroxide induced

FIG. 2. FACS analysis of the decrease of CD3z
expression induced by TBM-MØs. (A) Two-color anal-
ysis of CD3z expression in normal splenic T cells in the
absence (Upper) or presence (Lower) of TBM-MØs.
Cells were fixed, permeabilized, and stained with anti-
CD3zmAb-biotin followed by PE-streptavidin and anti-
Thy1.2 mAb-FITC. The ratio of T cells to TBM-MØs in
the coculture was 2:1. NT, normal T cells. (B) Dose-
dependent decrease of CD3z expression in T cells by
TBM-MØs. Normal purified splenic T cells were cocul-
tured for 5 min with the indicated numbers of TBM-
MØs (T2B2 spleen cells from TBM). The cells were
fixed, permeabilized, and stained with anti-CD3z mAb-
biotin and PE-streptavidin. Stained cells were analyzed
by FACScan.

FIG. 3. LPS-induced but not thioglycolate-induced peritoneal mac-
rophages have the ability to decrease CD3z expression in T cells.
Peritoneal macrophages induced by thioglycolate (Thio pMØ) (Upper) or
by the combination of thioglycolate and LPS (Thio1LPS pMØ) (Lower)
were coculturedwith normal purified splenic T cells at a 1:2 ratio. Normal
T cells alone (dotted line) and T cells mixed with thesemacrophages (thin
line with shaded histogram) were fixed, permeabilized, and stained with
anti-CD3z mAb-biotin and PE-streptavidin. The broken line showes a
control staining. Stained cells were analyzed by FACScan.
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massive phosphorylation of many proteins, we examined
whether the decrease of CD3zmay result from the loss or block
of the CD3z determinant(s) recognized by anti-CD3zmAb due
to modification of CD3z such as tyrosine phosporylation. To
exclude this possibility, we examined to blot CD3zwith polyclonal
anti-CD3z antisera (Fig. 7). T cells were treated with hydrogen
peroxide or TBM-MØs, and lysates were prepared with 1%
Nonidet P-40 lysis buffer containing various protease inhibitors,
immunoprecipitated, and blotted with anti-CD3zmAb and poly-
clonal antibody. The loss of CD3z by both treatment was evi-
denced by both polyclonal anti-CD3z antibodies as well as mAb.

The experiment by using cell lysates of H202-treated T cells
prepared with a RIPA buffer containing 0.1% SDS (0.15 mM
NaCly0.05mMTriszHCl, pH 7.2y1% sodiumdeoxycholatey0.1%
SDS) showed the same result (data not shown). This result clearly
showed that the loss of CD3z was not due to the alteration of
CD3z antigenic determinant.
Decrease of CD3z Results in the Suppression of Antigen-

Specific T-Cell Response. To elucidate the functional conse-
quence of the decrease of CD3z induced by TBM-MØs, we
analyzed the antigen-specific T-cell response by using T cells from
TCR-transgenicmice. Antigen-specific T cells were purified from
ovalbumin (OVA)-specific TCR-transgenic mice and cocultured
with a graded number of TBM-MØs prepared from syngeneic
BALByc mice, and then the expression of CD3z and OVA-
specific T-cell proliferation wasmeasured. Similar to the previous
results, the expression of CD3z in OVA-specific T cells decreased
by coculture with TBM-MØs in a dose-dependent fashion (Fig.
8A). In parallel with the decrease of the level of CD3z expression,
the OVA-specific proliferative T-cell response was suppressed
while the nonspecific responses induced by PMA plus Ca21

FIG. 4. Decrease of CD3z in T cells is induced by
direct interaction with TBM-MØs and is reversible by
depletion of TBM-MØs. (A) Depletion of TBM-MØs
recovered the decrease of theCD3z expression. TheCD3z
expression was analyzed in normal T cells (dotted line), T
cells enriched from TBM spleen (thick line), and TBM
splenic T cells that were immediately fixed after depletion
of TBM-MØs with anti-HSA and anti-Mac-1 mAbs-
coupledmagnetic beads (thin linewith shaded histogram).
The broken line shows a control staining. (B) Fixed T cells
kept the decreased level of theCD3z expression even after
depletion of TBM-MØs. The mixture of TBM-MØs and
T cells was fixed first and then TBM-MØs were depleted.
These fixed T cells exhibited dye exclusion, indicating that
the membrane was not permeabilized by this treatment.
The CD3z expression was analyzed in normal T cells
(dotted line), T cells enriched from TBM spleen (thick
line), and TBM splenic T cells after fixation followed by
depletion of TBM-MØs (thin line with shaded histogram).
The broken line shows a control staining. (C) The de-
crease of CD3z required the close contact between T cells
and TBM-MØs. T cells were cocultured with TBM-MØs
for 30 min by separation with a pore membrane (thin line with shaded histogram) as compared with normal T cells (dotted line) and the expression of
CD3zwas assessed. The broken line shows a control staining. (D) The decrease of the CD3z expression is notmediated by soluble factors fromTBM-MØs.
T cells were fixed, permeabilized, and then incubated with the supernatant of permeabilizedyfixed TBM-MØs (thin line with shaded histogram) as
compared with normal T cells (dotted line) and the CD3z expression was analyzed. The broken line shows a control staining. The supernatant of the
permeabilized TBM-MØs was transferred onto the fixedypermeabilized T cells and incubated for 10 min. While A and B were analyzed by staining with
anti-CD3z mAb and FITC-goat anti-hamster mAb, C and D were stained with anti-CD3z mAb-biotin and PE-streptavidin. All four experiments were
performed independently. Stained cells were analyzed by FACScan.

FIG. 5. Inhibition of the decrease of CD3z expression by NAC but
not NAS. (A) The CD3z expression in normal T cells (dotted line), T
cells cocultured with TBM-MØs (thick line), and T cells cocultured
with TBM-MØs pretreated for 30 min with 40 mMNAC (thin line with
shaded histogram). The broken line shows a control staining. (B) NAC
(shaded bar) but not NAS (open bar) inhibits the decrease of CD3z
expression in a dose-dependent fashion. TBM-MØs were pretreated
with indicated doses of NAC or NAS for 30 min and then cocultured
with purified splenic T cells for 5 min T cells were then fixed,
permeabilized, and stained with anti-CD3z mAb-biotin and PE-
streptavidin. Stained cells were analyzed by FACScan. The expression
level of CD3z was presented as a percentage of the level of normal T
cells. The original FACS profile for this graph was represented in A.

FIG. 6. Expression of CD3z and CD3« in T cells treated (striped
lightly shaded bar) with hydrogen peroxide (Upper) or diamide (Low-
er) or untreated (darkly shaded bar). Splenic T cells were purified
through a nylon column, incubated with 10 mM hydrogen peroxide or
50 mM diamide for 15 min, fixed, permeabilized, and stained with
anti-CD3z mAb-biotin or anti-CD3« mAb-biotin. Stained cells were
analyzed by FACScan and the relative logarithm of fluorescence
intensities is presented.
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ionophore did not show any significant change (Fig. 8B). Con-
sistent with these observations, proliferation of the T-cell-
enriched population from TBM spleen upon stimulation with
anti-CD3« mAb showed no significant difference from that of
normal T cells (data not shown). These results indicate that the
antigen-specific response was sensitive to inhibition caused by the
disappearance of CD3z in the tumor-bearing status.

DISCUSSION
In this paper, we addressed three major questions regarding
the disappearance of the CD3z chain in tumor-bearing status:
the first was whether this phenomenon takes place in vivo and
is not, thus, an in vitro artifact; the second was to uncover the
mechanism that induces the loss of CD3z; and the third was to
determine the functional consequence of the reduction of
CD3z. We clearly demonstrated that (i) the disappearance of

CD3z occurs within T cells, (ii) the mechanism to decrease
CD3z is the oxidative stress from tumor-derived macrophages
upon interaction with T cells, and (iii) the disappearance of
CD3z suppresses antigen-specific T-cell responses.
After the accumulation of data demonstrating thatCD3z and its

related signaling molecules were down-regulated in the tumor-
bearing state in the mouse model (17, 18) and cancer patients
(18–20, 22) and the loss of CD3z takes place in the presence of
macrophagesymonocytes, the argument was raised that the dis-
appearance of CD3z occurs as an in vitro phenomenon induced by
proteases from the contaminated macrophages (25–27). Immu-
noprecipitation analysis could not rule out this possibility because
the cell lysate was prepared from a mixture of T cells and MØs.
Therefore, we analyzed the CD3z expression within the cells
without the preparation of cell lysate. The results clearly showed
that the decrease of CD3zwas observed within T cells and that the
direct interaction between T cells and TBM-MØs induced the loss
of CD3z. Our result that the coculture of T cells with the culture
supernatant of permeabilized TBM-MØs failed to decrease CD3z
excludes the involvement of proteases from TBM-MØs in this
system. Furthermore, we present an evidence to show that the
decrease of CD3z was induced without solubilizing or permealiz-
ing TBM-MØs by demonstrating that the reduction of the CD3z
expression was still observed when the mixture of T cells and
TBM-MØs was fixed first and then MØs were depleted.
By quantitative FACS analysis, the decrease of CD3z in TBM

is found to be reversible and can be rapidly recovered when
TBM-MØs are completely removed. This observation is consis-
tent with the finding on the mechanism that ROI from TBM-
MØs may induce the loss of CD3z. However, the decrease of
CD3zwas observed even in peripheral blood lymphocytes (PBLs)
in a high frequency of cancer patients (20, 22). Since PBLs are not
always associated with MØs in these cases, whether the same
mechanism that we observed in the spleen of TBM also functions
in PBLs is not clear. Small numbers of MØs in the periphery
might be enough to suppress the PBLs, or alternatively, after
CD3z was once reduced, some other mechanisms and related
factors may operate to prevent the recovery.
Although the responding cells that induced the decrease of

CD3z in T cells were Mac-11 (21), they were negative for
F4-80, another MØ marker, and positive for Gr-1, a granulo-
cyte marker as well as HSA, an immature lineage marker.
Therefore, the accumulating population in the TBM spleen
appears to consist of immature macrophage-lineage cells in a
certain activated stage. Our data show that not only TBM-MØs
but also LPS-induced MØs (but not thioglycolate-induced
MØs) have the capability to decrease CD3z by interaction with
T cells. Therefore, these results imply that the activated MØs
that suppress CD3z expression can be induced not only in
tumor-bearing status but also in some infectious diseases.

FIG. 7. Decrease of CD3z in T cells by oxidative stress of hydrogen
peroxide or by coculture with TBM-MØs. Splenic T cells (5 3 107 cells)
were treatedwithmediumalone (lane 1), 50mMhydrogen peroxide (lane
2), or cocultured with 5 3 107 TBM-MØs for 15 min. Cell lysates were
prepared with Nonidet P-40 lysis buffer containing various protease
inhibitors, immunoprecipitated with anti-CD3z mAb (Upper) or poly-
clonal anti-CD3z sera (Lower), analyzed by SDSyPAGE on 13% gels
under reducing condition, and blotted with anti-CD3z mAb (Upper) or
polyclonal antisera (Lower), respectively. The analysis of cell lysates
preparedwith aRIPAbuffer was also performed forH2O2-treatedT cells
and showed the same result (data not shown). The arrows labeled z, H,
and L indicate the molecular size for CD3z, Ig heavy chain, and Ig light
chain used for immunoprecipitation, respectively. Molecular masses
(kDa) of protein standards are indicated at the left.

FIG. 8. Decrease of CD3z by TBM-MØs resulted in suppression of antigen-specific T-cell proliferative response. (A) The decrease of CD3z expression
in splenic T cells by coculture with graded numbers of TBM-MØs. T cellyTBM-MØ ratio was 100:1 (thin line), 10:1 (thick line), and 1:1 (thin line with
shaded histogram), respectively. OVA-specific T cells were purified through a nylon column from the spleen of OVA-specific TCR transgenic mice and
cocultured with graded numbers of TBM-MØs from normal tumor-bearingmice. After 5min as well as 2 days incubation, a part of the cells were collected,
fixed, permealized, and stained with anti-CD3z-biotin and FITC-streptavidin. Stained cells were analyzed by FACScan. The staining profile after a 5-min
incubation was shown. The profile after a 2-day incubation was quite similar. (B) Antigen-specific (open squares) and antigen-nonspecific (solid circles)
T-cell proliferation of OVA-specific T cells cocultured with TBM-MØs at the ratios indicated in A. Approximately 1 3 105 nylon-column-purified
OVA-specific splenic T cells were cultured with 5 3 105 irradiated (3000 rad) T-cell-depleted spleen cells as antigen-presenting cell source and graded
numbers of TBM-MØs in the presence ofOVApeptide (30 nM) or the combination of PMA(100 ngyml) andA23187 (5 ngyml). Proliferationwas assessed
by [3H]thymidine incorporation in a triplicate culture. The results are the mean 6 SD.
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Indeed, Ochoa’s group showed the loss of the CD3z expression
in leprosy patients (personal communication).
Our finding that NAC treatment prevents TBM-MØs from

inducing the decrease of CD3z expression in T cells suggests that
the mechanism is related to redox regulation. Indeed, since NAC
but not NAS inhibits the decrease of CD3z by TBM-MØs, the
reducing ability by the thiol group is responsible for the prevention.
NAC is an antioxidant precursor of glutathione (GSH) and the
addition of NAC increases the intracellular GSH level (33–35).
The biological function of redox regulation has been analyzed in
the NFkB system in particular (36–39). Activation of NFkB has
been shown to be controlled by redox regulation. Since NAC
treatment preventsNFkBactivation,NAChas also been proposed
as apotent candidate for the inhibitor of human immunodeficiency
virus replication (33, 36). However, we found that the required
amount of NAC to inhibit the disappearance of CD3z is much
greater than the dose needed for the inhibition ofNFkBactivation
or the increase of the intracellular GSH level. In fact, although the
treatment of both normal T cells and TBM-MØs with 10 mM
NAC for several hours increases the intracellular GSH level, such
treated TBM-MØs still retain the ability to induce the decrease of
CD3z (data not shown). Thus, the intracellular GSH level in
TBM-MØs is not simply correlated with the ability of MØs to
induce the disappearance of CD3z. Nevertheless, the specific
inhibition by NAC compared with NAS indicates the involvement
of oxidative stress as the mechanism to induce the decrease of
CD3z. The requirement of a high dose of NAC may reflect
multiple functions of NAC in this system to serve as antioxidant in
addition to the regulation of intracellular GSH (34, 40).
Analysis of the direct addition of H2O2 and diamide indi-

cates that ROI may be the responding mediator for the
induction of the loss of CD3z. Nitric oxide (NO) was not the
mediator, because a specific inhibitor of NO synthetase,
N-amino-L-arginine, failed to inhibit the loss of CD3z (data not
shown). The experimental result that a high dose of catalase
failed to block the decrease of CD3z (data not shown) suggests
that the ROI from TBM-MØs may function only through the
restricted interface between T cells and MØs during interac-
tion rather than through secretion into medium. This idea is
consistent with the requirement of high doses of these oxidants
for achieving an effective decrease of CD3z. The intracellular
mechanism to decrease CD3z within T cells is not clear at
present. It is clear, however, that the loss of CD3z is regulated
at the protein level probably by degradation. It has been
recently reported that degradation of some proteins within the
endoplasmic reticulum (ER) can be regulated by redox state
(41). Considering the fact that degradation of CD3 proteins
has been demonstrated to take place within ER (41, 42), CD3z
may also be degraded through redox regulation in the tumor-
bearing status upon oxidative stress by MØs. We have shown
that CD3z exhibits rapid turnover independent of the TCR–
CD3 complex in normal T cells and that CD3z is constantly
replaced by newly synthesized CD3z and exhibits dynamic
dissociation from and association with the TCR–CD3 complex
(43). This system may be responsible for the disappearance of
CD3z in TBM. Oxidative stress by TBM-MØs might induce to
inhibit the exchange of the surface CD3z with newly synthe-
thized CD3z, which results in the lack of CD3z.
We have shown the functional consequence of the decrease of

CD3z in antigen-specific T-cell response by usingTCR-transgenic
T cells. As we expected, only antigen-specific responses were
impaired in parallel with the decrease of CD3z. This finding is
consistent with our previous observation with CD3z-negative
T-cell hybridoma variant cells (44, 45). Although a CD3z-
deficient T-cell hybridoma with a low expression of surface
TCR–CD3 complex failed to respond to antigenymajor histo-
compatibility complex, these cells responded very well to the
stimulation with anti-CD3« mAb crosslinking. In contrast, a
CD3z1 T-cell hybridoma with a level of surface TCR complex

similar to that of control cells did respond well to antigen (44).
Collectively, we demonstrated that the disappearance of CD3z by
TBM-MØs suppresses the antigen-specific T-cell response, and
this causes immunosuppression in the tumor-bearing status.

Note Added in Proof. After the submission of this paper, Kono et al.
(46) published data showing that hydrogen peroxide induces the z
decrease in peripheral T cells of cancer patients.
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