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Sustained exposure to bacterial antigen induces
interferon-γ-dependent T cell receptor ζ
down-regulation and impaired T cell function
Noemí Bronstein-Sitton1,4, Leonor Cohen-Daniel1,4, Ilan Vaknin1, Analía V Ezernitchi1, Benny Leshem1,
Amal Halabi2, Yael Houri-Hadad2, Eugenia Greenbaum3, Zichria Zakay-Rones3, Lior Shapira2 & Michal Baniyash1
T cell antigen receptor ζ chain down-regulation and impaired in vitro T cell function have been described in cancer and
autoimmune and infectious diseases. However, the immunological basis for this phenomenon is unknown. Sustained exposure
to antigen and chronic systemic inflammation, factors shared by the various pathologies, might account for this phenomenon.
We developed an in vivo experimental system that mimics these conditions and show that sustained exposure of mice to
bacterial antigens was sufficient to induce T cell antigen receptor ζ chain down-regulation and impair T cell function, provided
an interferon-γ-dependent T helper type 1 immune response developed. This indicates ζ chain down-regulation could be a
physiological response that attenuates an exacerbated immune response. However, it can act as a ‘double-edged sword’,
impairing immune responses to chronic diseases.

The T cell receptor (TCR) is a multisubunit complex composed of the
α/β heterodimer, which is involved in antigen recognition, and the
invariant CD3 (γ, δ and ε) chains and ζ-ζ homodimer, which couple
antigen recognition to intracellular signaling pathways1,2. The TCR ζ
chain is considered the limiting factor in TCR assembly and expression, in addition to being essential for receptor signaling3,4. T cells isolated from hosts (mice and human) bearing various tumors such as
renal5,6, colorectal7,8, ovarian9, cervical10, breast11, head & neck12 and
prostate13 are ζ-deficient and immunologically nonfunctional. A similar phenomenon has also been described in several infectious diseases
(HIV infection14 and leprosy15) and autoimmune disorders (rheumatoid arthritis16 and systemic lupus erythematosus17). In all these, the ζ
chain was the sole TCR component affected. Thus, although the various pathologies differ in their etiology and physiology, they all show
down-regulation of TCR ζ expression and impaired in vitro T cell
function. However, none of those studies delineated the in vivo
immunological mechanism underlying this phenomenon.
Common factors inherent to all of these pathologies, rather than a
specific tumor, pathogen or autoantigen present in each disease,
could account for this phenomenon. Sustained exposure to antigen
and chronic inflammation may be responsible for the induction of
TCR ζ chain down-regulation and impaired in vitro T cell function,
resulting in the attenuation of a chronically activated immune
response. To test this, we established an in vivo experimental system
in which we exposed healthy mice repeatedly to bacterial antigens of

Porphyromonas gingivalis that induce a T helper type 1 (TH1)-dominant immune response, resulting in local and systemic inflammation18,19. In this in vivo model system, ζ down-regulation and
impaired in vitro T cell function was induced, in a way similar to that
seen in a wide range of pathologies. Down-regulation of ζ and
impaired in vitro T cell function correlated with an impaired in vivo
T cell–mediated immune response. This phenomenon required
interferon-γ (IFN-γ), sustained exposure to antigen and a TH1dependent immune response. Given these results, we suggest that
reduced ζ expression is the normal outcome of an excessive and
potentially hazardous immune response. Hence, we propose that ζ
down-regulation could be one of the mechanisms that ‘shuts off ’ an
inappropriately extreme immune response, thus maintaining balance in the immune system.
RESULTS
Repetitive P. gingivalis exposure induces ζ down-regulation
To identify the immunological milieu that induces ζ down-regulation,
we used an in vivo experimental system in which we ‘chronically’
exposed healthy mice to heat-killed P. gingivalis (Fig. 1a). We subcutaneously injected the mice one time with heat-killed P. gingivalis in
incomplete Freund’s adjuvant (IFA) and then 1 and 2 weeks later the
mice were injected with heat-killed P. gingivalis in PBS into subcutaneously implanted titanium chambers. At 1 d after the third injection,
we assessed ζ expression in the spleen. Immunoblot analysis of cell
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Figure 1 Treatment with P. gingivalis induces specific ζ chain down-regulation. (a) Normal mice were injected subcutaneously (s.c.) with heat-killed
P. gingivalis (P.g.) in IFA. After 1 and 2 weeks, the mice received intrachamber (i.ch.) injection of P. gingivalis in PBS, and 1 d after the last injection
(day +1) the mice were killed. Control mice were injected with PBS instead of P. gingivalis. (b) Equal numbers of control and P. gingivalis–treated (P.g.)
splenocytes and isolated T cells were lysed and analyzed by immunoblot with anti-ζ (top) and anti-ε (bottom). (c) Splenocytes isolated from control and
P. gingivalis–treated mice analyzed by confocal microscopy. Cells were labeled for surface Thy-1.2 with anti-Thy-1.2 (green) and for intracellular ζ with
biotinylated anti-ζ followed by streptavidin-Cy5 (red). Yellow, co-localized signals. (d) FACS analysis of CD4+ and CD8+ cells in spleens of control and
P. gingivalis–treated mice. Cells were labeled for surface CD4 or CD8 with phycoerythrin-labeled anti-CD4 or FITC-labeled anti-CD8, respectively. The cells
were then stained for surface CD3ε and TCRα/β (bottom) with specific biotinylated antibodies followed by streptavidin-Cy5, or were fixed, permabialized and
stained for total ζ chain expression (top) or for total CD3ε and TCRα/β expression (middle). (e) Splenocytes from control and P. gingivalis–treated mice were
subjected to cell surface biotinylation. Cells were lysed and TCRs were immunoprecipitated with anti-CD3ε and anti-ζ. The immunoprecipitated samples
were separated by two-dimensional nonreducing/reducing SDS-PAGE and analyzed by immunoblot with streptavidin–horseradish peroxidase. After longer
exposure of the films (insets), the ζ chain is still seen only in the control group and not in the P. gingivalis–treated group. (f) T and B cell distribution in the
spleen of P. gingivalis–treated and control mice. Samples from control and P. gingivalis–treated mice were double-labeled with FITC-labeled anti-Thy-1.2 and
phycoerythrin-labeled anti-B220. Numbers in quadrants indicate the percentage of a specific cell population of the total splenocytes.

lysates from the whole spleen population or isolated T cells showed
that treatment with P. gingivalis induced ζ down-regulation (Fig. 1b).
We obtained similar results with three other antibodies, each recognizing a different epitope on the ζ molecule (data not shown). The downregulation was specific for the ζ chain, as CD3ε (Fig. 1b) and the other
TCR subunits (data not shown) were unaffected. To rule out the possibility that the loss of ζ chain is due to proteolytic degradation by
enzymes released from granulocytes or macrophages during cell
lysis20, we examined ζ protein expression in intact splenocytes by
immunofluorescence and detected less ζ protein (Fig. 1c). The reduction in ζ expression was induced in all the T cell populations (CD4+
and CD8+ cells) in the spleens of the treated mice, as shown by
fluorescence-activated cell sorting (FACS) analysis (Fig. 1d, top row).
This is in contrast to CD3ε and the TCRαβ subunits, whose expression
was not affected by the P. gingivalis treatment (Fig. 1d, middle row).
Despite the loss of ζ chain, T cells isolated from the spleens of the
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treated mice had normal expression of cell surface CD3 and TCRαβ
subunits (Fig. 1d, bottom row), and the cell surface–expressed TCR
complexes were correctly assembled and contained all the subunits
(Fig. 1e). The relative T and B cell distribution was maintained in the
spleens of P. gingivalis–treated mice (Fig. 1f). Although we noted an
increase in the non-T and non-B cell population in the spleens of
P. gingivalis–treated mice (Fig. 1f), the total T cell number in the
spleens of the treated and control groups was similar. This was because
of the enlargement of the spleen in the treated mice (∼2 × 108 splenocytes/spleen) compared with that of the control mice (∼1 × 108 splenocytes/spleen). Thus, repetitive exposure of normal mice to
P. gingivalis induced ζ down-regulation.
Down-regulation of ζ is due to lysosomal degradation
The substantial loss of ζ expression in splenocytes isolated from
P. gingivalis–treated mice could be regulated at various levels. One
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Figure 2 Down-regulation of ζ is caused by enhanced lysosomal
degradation. (a) Freshly isolated control and P. gingivalis–treated
splenocytes were incubated at 37 °C with NH4Cl (20 mM) or bafilomycin A1
(1 µm) for 20 or 5 h, respectively. Cells were then collected, washed and
lysed and analyzed by immunoblot with anti-ζ (top) and anti-CD3ε (bottom).
(b) T cells from spleens of control and P. gingivalis–treated mice have similar
expression of ζ mRNA. T cells were isolated from the spleens of control and
P. gingivalis–treated mice, and mRNA was analyzed by RNA blot (20 µg
of each sample). ζ mRNA was detected (top) after hybridization with a
32P-labeled ζ-specific cDNA probe. The amount of applied RNA in each
group was similar, as shown by hybridization with the 32P-labeled
ribosomal-specific cDNA probe L32 (bottom).
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from control and P. gingivalis–treated mice and found this to be similar
in both groups (Fig. 2b). These results indicate that the ζ downregulation found in our system is controlled at the post-translational
level, and is mainly by enhanced lysosomal degradation.
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possibility is that the ζ chain translocates from the detergent-soluble
fraction (Fig. 1b) to the detergent-insoluble (cytoskeletal) fraction, as
in activated T cells21,22. We also found reduced ζ expression in the
cytoskeletal fraction (data not shown). We therefore examined whether
ζ expression in the P. gingivalis model was regulated by a lysosomaldependent degradation process, as was previously shown in both resting and activated T cells23–25. We treated splenocytes isolated from
P. gingivalis–treated mice with the lysosome inhibitors NH4Cl or
bafilomycin A. Incubation with both inhibitors mostly restored ζ protein expression (Fig. 2a). Incubation of splenocytes derived from the
treated mice with proteosome inhibitors had no effect on ζ expression
(data not shown). We also assessed ζ mRNA in splenocytes isolated

Impaired T cell function in P. gingivalis–treated mice
Next we determined whether ζ chain down-regulation induced by the
P. gingivalis treatment also correlated with diminished immune function, as noted in the pathologies described above. We examined the
immune responsiveness of T cells from P. gingivalis–treated mice.
Proliferation of splenocytes derived from P. gingivalis–treated mice in
response to antibody to CD3 (anti-CD3) or concanavalin A, as measured by uptake of [3H]thymidine, was significantly decreased compared with that of control splenocytes (Fig. 3a). In contrast,
proliferative responses of control and P. gingivalis–derived cells stimulated with a combination of phorbol 12-myristate13-acetate (PMA)
and calcium ionophore were similar. These results indicate that
whereas the immediate TCR-mediated signaling events were impaired
in T cells from P. gingivalis–treated mice, the downstream signaling
machinery in these cells was intact. Using fluorescein isothiocyanate
(FITC)-labeled anti-BrdU, together with indodicarbocyanine (Cy5)labeled anti-Thy-1.2 for T cell labeling, we measured the degree of
DNA synthesis of individual T cells. T cells in the spleens of P. gingivalis–treated mice also showed diminished proliferation in response to

Figure 3 T cells isolated from P. gingivalis–
treated mice show impaired immune function.
(a) Splenocytes from control and P. gingivalis–
treated mice were activated with anti-CD3,
concanavalin A (Con A), a combination of PMA
and calcium ionophore, or medium, and then cell
proliferation was measured as [3H]thimidine
uptake. Data are presented as the mean value of
triplicate cultures. (b) Splenocytes from control
and P. gingivalis–treated mice were activated as
described in a, and specific T cell proliferation
was measured by flow cytometry by BrdU
incorporation in Thy-1.2-positive cells. In a and
b, the results are presented as the mean value of
three independent experiments, and standard
deviations are shown. Cells from P. gingivalis–
treated mice show a significantly lower response
to stimulation with anti-CD3 and concanavalin A
than do cells from control mice: *, P < 0.001 for
a and P < 0.002 for b (Student’s t-test). (c) Mixed
leukocyte reaction response of T cells in the
spleens of control and P. gingivalis–treated mice.
Splenocytes were cultured with equal numbers of
irradiated allogeneic splenocytes for 3 d and then [3H]thimidine uptake was measured. (d) Cell-mediated cytotoxicity in splenocytes isolated from control
and P. gingivalis–treated mice (as percent cytotoxicity). Data are presented as the mean cytotoxicity value of triplicate cultures as a function of the
effector:target cell ratio.
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TCR-mediated stimuli compared with that of control mice (Fig. 3b).
Impaired proliferative responses were also evident when we tested cells
isolated from P. gingivalis–treated mice in a mixed leukocyte reaction
(Fig. 3c). We also examined the potential effector function of the cells
isolated from the treated mice. Cells isolated from P. gingivalis–treated
mice were unable to mount a normal cytotoxic reaction in response to
allogeneic target cells (Fig. 3d). Thus, T cells in the spleens of
P. gingivalis–treated mice show impaired in vitro function that correlates with low expression of TCR ζ chain.
Reduced viral immunity of P. gingivalis–treated mice
To determine whether the impaired in vitro function of T cells with
low expression of ζ chain was also present in vivo, we examined the
response of P. gingivalis–treated mice to infection with a sublethal dose
of influenza virus. Influenza infection in mice is well characterized,
with virus clearance depending on T cells26. We infected mice with
influenza virus 1 d after the last P. gingivalis or PBS injection, then
killed the mice at various time points (Fig. 4a) and measured virus
titers in the lung (Fig. 4b). Control mice showed the expected kinetics
of viral clearance27,28 and by day 9 after infection had successfully
eliminated the virus. In contrast, P. gingivalis–treated mice were
unable to clear the virus in the same conditions. These results showed
that the impaired in vitro T cell function associated with ζ downregulation is also found in vivo.

a

b

Figure 4 Impaired ability of P. gingivalis–treated
mice to clear an influenza infection. (a) P.
gingivalis treatment and influenza virus infection.
Mice were infected with influenza virus after
completion of P. gingivalis or PBS injections as
described in Figure 1a. Lungs were then collected
(open downward arrowheads) and analyzed for virus
titers. s.c., subcutaneous; i.ch., intrachamber.
(b) Lungs from control and P. gingivalis–treated
mice were extracted (times, horizontal axis) and
influenza virus titers were determined. Data are the
means of two independent experiments. Standard
deviation bars are indicated.

Sustained P. gingivalis exposure induces ζ down-regulation
Having established that treating normal mice with P. gingivalis could
induce ζ chain down-regulation and impaired T cell function, we
examined whether repeated exposure to antigen was necessary for the
induction of ζ down-regulation, or whether one or two P. gingivalis
injections could induce the same phenomenon, if enough time was
given for a response. We exposed mice to different numbers of P. gingivalis injections and analyzed ζ protein expression in the splenocytes at
different time points (Fig. 5a). In mice that received only the first
injection (Fig. 5b), the amount of ζ protein remained normal 8 d
before the final injection (day –8), and at day +1 there was only a slight
decrease in ζ expression. Mice that received two P. gingivalis injections
showed only a slight decrease, if any, in ζ expression. We found maximal ζ down-regulation only after the third P. gingivalis injection, indicating that in our model sustained exposure to antigen is indeed
necessary for the induction of ζ down-regulation.
Down-regulation of ζ chain is TH1 dependent
Next we determined whether the dominant TH1 immune response
induced by the P. gingivalis treatment was required for ζ chain downregulation. We compared ζ protein expression and T cell function in
P. gingivalis–treated mice with that of mice treated with ovalbumin
(OVA) in alum, a regimen that elicits a TH2 response. We injected the
latter group once subcutaneously with OVA in alum and then twice
into the chamber with OVA in PBS, as with the P. gingivalis treatment.
The treatment with OVA induced a strong TH2-dependent immune
response, as shown by the presence of specific OVA antibodies of the
immunoglobulin G1 (IgG1) isotype and not the IgG2a isotype (Fig. 6a,
right). Despite the potent immune response, OVA treatment did not
induce profound ζ down-regulation, as seen in the P. gingivalis–treated
mice (Fig. 6b). In addition, the correlation between ζ chain expression
and T cell function was maintained: T cells in spleens of mice treated
with OVA showed normal function, compared with T cells from
spleens of P. gingivalis–treated mice that were functionally impaired
(Fig. 6c). We also found high concentrations of both specific IgG1 and
IgG2a in the sera of P. gingivalis–treated mice (Fig. 6a, left), consistent
with the idea that, over time, an initial TH1 immune response switches
to a TH2 response29. Thus, we found a mixture of TH1 and TH2
immune responses. Therefore, a TH1 immune response is required for
the induction of ζ down-regulation, and the presence of a TH2 immune
response has no effect on ζ chain expression.
Figure 5 Sustained exposure to antigen is necessary to induce ζ downregulation. (a) Time points of splenocyte collection. (b) Splenocytes
isolated from control mice (far left lane) or mice injected with P. gingivalis
(injections, +, above blot) were collected, lysed and analyzed by
immunoblot with anti-ζ (ζ) and anti-CD3ε (ε). s.c., subcutaneous;
i.ch. I, first intrachamber injection; i.ch. II, second intrachamber injection.
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Figure 6 A TH1 immune response is necessary for the induction of ζ chain down-regulation and T cell dysfunction. Mice were treated with P. gingivalis (P.g.)
and IFA or with OVA and alum with the regimen described in Figure 1a. (a) To determine the type of response, blood was obtained from mice at day +9 of the
experiment, and the titer and isotype of the specific antibodies was established by ELISA. Endpoint titers are expressed as the reciprocal values of the last
dilution with an absorbance of 0.1 at 405 nm above maximal absorbance values of samples collected from nonimmunized mice. (b) Splenocytes from mice
treated with both regimens were analyzed by immunoblot with anti-ζ (top) and anti-ε (bottom). (c) The proliferative response of splenocytes isolated from
P. gingivalis– or OVA-treated mice was measured as described in Figure 3a. Data are presented as percent of the response measured in control mice after
each treatment.

Down-regulation of ζ chain is IFN-γ dependent
The main difference between TH1 and TH2 responses is the cytokine
profile produced by each subset. We therefore examined the
cytokines generated in vivo by analyzing the chamber exudates. There
was not much difference in the concentration of the type 2 cytokine
interleukin 10 (IL-10) in P. gingivalis– versus OVA-treated mice.
However, there were profound differences in the amount of the type
1 cytokine IFN-γ (Fig. 7a, right). Although in OVA-treated mice
IFN-γ was almost undetectable, in P. gingivalis–treated mice, IFN-γ
was present at high concentrations in the chamber. Moreover, flow
cytometric analysis of multicolor staining for intracellular cytokines
showed that T cells in the spleens of P. gingivalis–treated mice
secreted either IL-10 or IFN-γ, whereas T cells in the spleens of OVAtreated mice secreted only IL-10 (data not shown). The cytokine profile in the P. gingivalis–treated mice also showed that a mixture of
TH1-TH2 immune responses was elicited. These results further support our conclusion that a TH1 immune response is required for the
induction of ζ down-regulation, and that the presence of a TH2
immune response has no effect on ζ chain expression.
The increased IFN-γ production detected in the P. gingivalis–treated
mice indicated that IFN-γ might be involved in ζ chain down-regulation. Indeed, T cells from IFN-γ-deficient mice treated with P. gingivalis
showed only slight ζ chain down-regulation compared with the
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substantial ζ down-regulation in wild-type mice treated with P. gingivalis (Fig. 7b). Thus, IFN-γ is important in the process leading to ζ
chain down-regulation in all T cell populations. To examine whether
IFN-γ directly or indirectly affects all T cell populations in the spleen,
we exposed T cells from control mice to IFN-γ in the presence or
absence of control non-T cell populations in vitro. These conditions did
not affect ζ chain expression (Fig. 7c, top). In contrast, exposure of
control T cells to the non-T cell population isolated from the spleen
of P. gingivalis–treated mice induced considerable ζ chain downregulation. Moreover, when we incubated isolated T cells from
P. gingivalis–treated mice for 24 h in vitro with or without IFN-γ, they
recovered ζ chain expression (Fig. 7c, bottom). In contrast, when we
incubated these T cells together with non-T cells from the spleens of
P. gingivalis–treated mice, ζ down-regulation was maintained for 24 h
in culture. Thus the non-T cell population from spleens of the P. gingivalis–treated mice was required for the maintenance of low ζ expression, and neither IFN-γ nor normal non-T cell populations could
replace this environment. Anti-IFN-γ did not neutralize the regulatory effect of the non-T cell population isolated from the
P. gingivalis–treated mice (data not shown). These results indicate that
IFN-γ most likely indirectly affects the T cells through a non-T cell population that is recruited to the spleens of the P. gingivalis–treated mice
during the chronic inflammatory response (Fig. 1f).
Figure 7 IFN-γ mediates the induction of ζ chain
down-regulation. (a) Cytokine concentrations were
determined by ELISA for the chamber exudates
obtained from individual mice treated with either
P. gingivalis and IFA or with OVA and alum.
Data are presented as the mean value of the
individual mice in each treatment group. n.d.,
not detectable (IFN-γ in OVA-treated mice).
(b) Immonoblot analysis with anti-ζ (top) and
anti-ε (bottom) of splenocytes isolated from
wild-type or IFN-γ deficient mice (Ifng–/–) treated
with P. gingivalis (P.g.) as described in Figure 1a.
(c) T cells (T) from control (top) and P.
gingivalis–treated (P.g.) mice (bottom) were
isolated from the spleen with FITC-labeled antiThy-1.2 and anti-FITC conjugated magnetic
beads. T cells alone or mixed with non-T cell
populations (key) were incubated in vitro for 24 h
in the presence or absence of IFN-γ (50 U/ml).
Cells were stained for cell surface Thy-1.2 and for
total ζ chain expression as described in Figure 1,
and ζ expression is shown.
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DISCUSSION
Here we have described the establishment of an in vivo experimental
system that mimics the suppressive conditions generated in various
pathologies such as cancer and autoimmune and infectious diseases5–17, leading to ζ down-regulation and impaired T cell function.
This system enabled us to test our hypothesis that ζ chain downregulation is induced by a combination of sustained exposure to antigen and the concomitant development of inflammation, which are
common features of these pathologies. In our model, we repeatedly
injected bacterial antigens of P. gingivalis into a titanium chamber
preimplanted into healthy mice to induce a TH1-dominant inflammatory immune response19. This system offered many advantages. The
use of healthy mice and heat-killed bacteria enabled us to avoid any of
the physiological and pathological symptoms typical to a particular
disease that might interfere with the results. The antigens injected into
the preimplanted chambers were released slowly and induced local
inflammatory immune response, thus mimicking a chronic pathology.
In addition, the local and time-limited exposure to P. gingivalis
enabled us to test how this treatment affects ζ chain expression and
T cell function in distal secondary lymphatic organs during the
chronic exposure to the antigen and after antigen withdrawal. Finally,
secreted cytokines were concentrated in the chamber, making sampling easy at various time points.
Treatment of healthy mice with P. gingivalis induced a substantial
decrease in ζ protein expression in splenic T cells. Of the TCR subunits,
only the ζ chain expression was affected. Moreover, ζ down-regulation
was caused mainly by enhanced lysosomal degradation and not by
massive translocation of ζ chain to the cytoskeletal compartment, as
previously indicated30 or by down-regulation at the mRNA level.
Although we found very low expression of ζ chain in T cells isolated
from P. gingivalis–treated mice, the cells expressed normal amounts of
surface TCRαβ-CD3, as noted in T cells isolated from patients with
cancer5, rheumatoid arthritis16 and human immunodeficiency virus
infection14. These observations are in direct contrast to the long-held
consensus that TCR cell surface expression is dependent on ζ protein
expression31. One possible explanation for this discrepancy is that the ζ
chain may be substituted by the FcεRγ chain, as noted in T cells isolated
from tumor-bearing mice5 and patients with lupus32. However, the
FcεRγ chain does not always substitute for the ζ chain16, as demonstrated by our model (data not shown). Alternatively, the small amount
of ζ chain in the affected cells might be sufficient to deliver the TCR to
the cell surface, or another molecule may substitute for the ζ chain.
Further experiments are required to clarify this point. Downregulation of ζ was also induced by sustained exposure of mice to heatkilled Gram-positive bacteria Streptoccocus mutans or to inactivated
influenza virus (data not shown). These results indicate that ζ chain
down-regulation is a phenomenon that occurs after repeated exposure
to various antigens that generate an inflammatory response, and is not
specific for the P. gingivalis antigens.
Although surface TCRαβ-CD3 expression on T cells isolated from
P. gingivalis–treated mice was normal, the receptor was functionally
impaired both in vitro and in vivo. The latter was demonstrated by the
reduced ability of P. gingivalis–treated mice to clear an influenza virus
infection that started after the last P. gingivalis injection. When exposure of the mice to P. gingivalis stopped, ζ chain levels and T cell function gradually returned to normal (data not shown). Therefore, the
diminished ability of the treated mice to contend with a viral infection,
as seen in the experiments presented here, reflected the immune system as it was already recovering, and may underestimate the full extent
of P. gingivalis–mediated suppression of the immune response. The
impaired immune response was directed against an antigen (influenza
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virus) that differed greatly from those to which the mice had been previously exposed (the P. gingivalis antigens), indicating that the P. gingivalis treatment induced a generalized T cell dysfunction. Indeed, the
P. gingivalis treatment induced ζ down-regulation in both CD4+
and CD8+ T cells. Similarly, after the P. gingivalis treatment, all
T cells highly expressed surface CD44 and had increased tyrosinephosphorylated proteins (data not shown).
Because only a small fraction of the T cells in the spleen directly recognize and respond to the P. gingivalis antigens, it is likely that a nonantigen-specific factor was responsible for ζ down-regulation in all
splenic T cells. Indeed, our results indicated that IFN-γ, the main TH1
cytokine, may induce ζ down-regulation. IFN-γ deficient mice failed
to down-regulate ζ chain expression after their exposure to P. gingivalis, despite developing at least a partial TH1 immune response and a
normal TH2 response against P. gingivalis33. In addition, we noted
increased concentrations of IFN-γ in the chamber exudates as well as
in splenic T cells from the P. gingivalis–treated mice. Increased concentrations of IFN-γ in the spleen could result from the transport of IFNγ from the chamber to the serum and to the spleen, or heat-killed
bacteria may exit the chamber (L.S. et al., unpublished data), reach the
spleen and there activate cells to secrete IFN-γ. Activated T cells, natural killer cells and, recently, antigen-presenting cells have all been
shown to secrete IFN-γ34. Thus, recruitment of such IFN-γ-secreting
cells into the spleen may be the initial step in the creation of the regulatory environment that controls ζ expression and T cell function during chronic exposure to P. gingivalis.
Indeed, we found IFN-γ-secreting T cells and some as-yetunidentified non-T cells in the spleens of the P. gingivalis–treated
mice (data not shown). How IFN-γ induced loss of ζ chain in all T
cells is not yet clear. Our results indicate that IFN-γ indirectly
affects T cells through a non-T cell population that is recruited to
the spleen during the chronic inflammatory response. Thus, IFN-γ
is most likely involved in the initial step(s) of the developing chronic
inflammatory immune response, leading to the generation or activation and recruitment of ‘regulatory’ non-T cells that eventually
induce ζ down-regulation in the entire splenic T cell population
(bystander effect). Once those last cells are recruited, their regulatory effect is maintained with no continued requirement for IFN-γ.
Non-T cells in the spleen, such as macrophages and granulocytes,
could be activated by IFN-γ to secrete factors that induce ζ chain
down-regulation in splenic T cells. Indeed, macrophages and/or granulocytes accumulate in the spleens of tumor-bearing hosts35,36 as well
as in hosts undergoing other inflammatory processes, including those
of our model. Reactive oxygen metabolites secreted by macrophages
and/or immature myeloid cells isolated from cancer-bearing hosts
induce ζ chain down-regulation when tested in vitro35,37,38. Moreover,
oxygen metabolites secreted by immature myeloid precursors derived
from tumor-bearing mice can inhibit in vitro proliferation of naive
T cells in an IFN-γ-dependent way39.
Down-regulation of ζ chain could be a normal mechanism for controlling an excessive and potentially hazardous immune response. For
a time-limited exposure to antigen (as in our model), or in acute bacterial or viral infections, the transient ζ chain down-regulation and
T cell unresponsiveness that ensues may help restore the balance of a
‘superactivated’ immune system. Indeed, in our model the mice
regained normal ζ chain expression and T cell function within 10 d
after the last P. gingivalis injection (data not shown). In contrast, in
pathological conditions with ζ down-regulation, the continuous presence of pathogen or tumor antigens and chronic inflammation most
likely prevents such a recovery, thus contributing to the pathological
phenotype of the diseases.
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Animals. Female BALB/c mice 6–7 weeks of age were bred at the Hebrew
University specific-pathogen-free facility. IFN-γ-deficient mice on a BALB/c
background were obtained from The Jackson Laboratory. Animal use followed
protocols approved by the Hebrew University-Hadassah Medical School
Institutional Animal Care and Use Committee.
The in vivo chamber model system. Our in vivo experimental system was based
on a modification of the published mouse subcutaneous chamber model used
for analysis of host-parasite interactions18,19. Chambers constructed from coils
of titanium wire were implanted subcutaneously in normal (healthy) mice
through a mid-dorsal incision. After 1 week (Fig. 1a), mice were subcutaneously injected with 0.1 ml of 1 × 1010 colony-forming units (CFU)/ml of
heat-killed Gram-negative bacteria (P. gingivalis)40,41,19 mixed with 0.1 ml IFA
(Sigma). After steps 1 and 2, the mice received an intra-chamber injection of
heat-killed P. gingivalis (0.1 ml of 1 × 1010 CFU/ml) in PBS (Fig. 1a). Unless
stated otherwise, splenocytes were collected 1 d after the last injection (day +1).
Control mice were subjected to the same protocol, but this group of mice was
injected with PBS. For experiments with chicken OVA (Sigma) as antigen, the
same protocol was maintained except that the first injection was of 100 µg OVA
adsorbed to Al(OH)3 (alum; Sigma), whereas the second and third injections
were of 100 µg OVA in PBS. Experimental groups included at least six mice, and
each experiment was repeated at least three times.
Cell surface biotinylation, lysis and immunoblot analysis. Analyses used either
the splenocyte population or T cells isolated from the spleen with FITC-labeled
anti-Thy-1.2 (BD Pharmingen) and anti-FITC-conjugated magnetic beads
(Miltenyi Biotec). Cells (2 × 108/ml) were lysed with Tris-NaCl buffer containing 0.5% Triton X-100, as described21. After cells had lysed for 30 min on ice,
proteins were resolved with one-dimensional reducing or two-dimensional
nonreducing/reducing 13% SDS-PAGE, as described21. Immunoblot analysis
used specific antibodies: monoclonal anti-ζ (H146)42, polyclonal anti-CD3γδ43
and anti-ε (sc-1127; Santa Cruz Biotechnology). Specific antibodies were
detected by incubation with protein A (Amersham) or anti-goat antibodies
conjugated to horseradish peroxidase (sc-2020; Santa Cruz Biotechnology),
followed by enhanced chemiluminescence and exposure to Kodak X-ray films.
Cell surface biotinylation was done as described21, and biotinylated proteins were visualized by streptavidine–horseradish peroxidase (Jackson
Immunoresearch) followed by enhanced chemiluminescence.
Immunostaining, FACS and confocal analysis. The antibodies used for cell
surface labeling were FITC-labeled anti-Thy-1.2 (553003) and anti-CD8
(553031), phycoerythrin-labeled anti-CD4 (01065A) and anti-CD45R/B220
(553085), and biotinylated anti-CD3ε (553059) and anti-TCRαβ (01302D);
these were detected by streptavidin-Cy5 (016-170-048; Jackson
Immunoresearch). All the antibodies were purchased from BD Pharmingen.
Cells were precoated with anti-mouse CD16/CD32 and then incubated for
30 min at 4 °C with the specific labeled antibodies. After being washed, the relevant samples were incubated with a second-step reagent. For intracellular
staining of the ζ and CD3ε chains, the cells were first stained for the cell surface T cell marker, then were washed, fixed for 4 min with 1% paraformaldehyde at room temperature and permeabilized for 4 min with 0.2% Triton
X-100 and 0.2% BSA (Sigma). Cells were washed and then incubated for
10 min with hamster serum and then with biotin-labeled anti-CD3ε (BD
Pharmingen) or with biotinylated monoclonal anti-ζ (H146)44; these were
detected with streptavidin-Cy5 (Jackson Immunoresearch). Samples were
analyzed in a FACSCalibur apparatus with Cell Quest software (BD) or under
a confocal microscope (LSM 410; Zeiss).
Analysis of lymphocyte function. For mitogen-induced cell proliferation45,
splenocytes (2 × 106 cells/ml) were cultured in the presence of 1 µg/ml of antiCD3ε (145-2C11) and 2.5 µg/ml of concanavalin A (Biomakor) plus 2 ng/ml of
PMA (Sigma) combined with 0.2 µM calcium ionophore (Sigma), or in medium
alone. After cells were incubated 48 h at 37 °C, 1 µCi [3H]thymidine was added to
each well. Cells were collected 8 h later with a Tomtec Cell Harvester and radioactivity was measured with a MicroBeta scintillation counter (Wallac). The mixed
leukocyte reaction was done as described45 and cell proliferation was evaluated
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according to the cell [3H]thymidine uptake. Cell-mediated cytotoxicity assays
were done as described46. Cytotoxic activity, measured by 51Cr release, is presented as percentage specific cytotoxicity: 100 × (experimental c.p.m. – background c.p.m.) / (maximal c.p.m. – background c.p.m.).
BrdU staining and T cell surface labeling. Splenocytes were activated with antiCD3ε, concanavalin A or PMA plus ionophore as described above. During the
last 3 h of activation, 15 µM BrdU (Sigma) was added. Cells were collected, precoated with anti-mouse CD16/CD32 and stained with biotinylated anti-Thy-1.2
followed by incubation with Cy5-conjugated streptavidin. Cells were washed,
diluted in cold 0.15 M NaCl and fixed with cold 95% ethanol. After 30 min on
ice, cells were washed with PBS and incubated for 30 min at room temperature
in PBS plus 1% paraformaldehyde and 0.01% Tween-20. Cells were centrifuged,
incubated for 10 min at room temperature in DNase I (Sigma) solution (50 U
DNase I per ml in 4.2 mM MgCl2 and 0.15 M NaCl, pH 5) and washed with PBS.
The cells were then incubated for 30 min at room temperature with FITCconjugated anti-BrdU (F7210; Dako), washed and analyzed by flow cytometry.
Nonpulsed activated cells were used as a control for the anti-BrdU staining.
Influenza virus infection and virus titer determination in the lung. Mice were
anesthetized and infected intranasally with 102.5 ‘egg infected dose 50%’ units
(EID50) of an influenza virus (A/PR/8/34) 1 d after the last P. gingivalis injection
(Fig. 4a). The EID50 is the endpoint dilution of the virus that infects 50% of the
inoculated embryonated chicken eggs. Lungs were removed and homogenized,
and the amount of viable virus in the lungs was detected as described47. Virus
titer was calculated with a published method48 and is presented in log10 units.
Serum antibody isotopes and cytokines in chamber exudates. Serum samples
were collected at day +9 of the experiment and analyzed by enzyme-linked
immunosorbent assay (ELISA) for P. gingivalis– or OVA-specific IgG1 and
IgG2a antibodies as described19. IFN-γ and IL-10 concentrations in the chamber exudates were determined by two-site ELISA at 4 and 24 h, respectively,
after the third P. gingivalis injection49.
RNA preparation and RNA blot analysis. T cells were isolated from the spleens
of control and P. gingivalis–treated mice as described above, and total RNA was
prepared with the EZ-RNA kit (Biological Industries). Samples (20 µg of each)
were analyzed by RNA blot as described23. mRNA encoding ζ was detected after
hybridization with a 32P-labeled ζ-specific cDNA probe. The amount of
applied RNA in each group was assessed by hybridization with the control
32P-labeled ribosomal-specific cDNA probe L32.
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