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T Cell Stimulus-Induced Crosstalk between Lymphocytes and Liver
Macrophages Results in Augmented Cytokine Release
FLORIAN GANTNER,* MARCEL LEIST,* SABINE KtrSTERS, KATRIN VOGT,t HANS-DIETER VOLK,t AND GISA TIEGs 1
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(UODQJHQ *HUPDQ\ )DFXOW\RI%LRORJ\ 8QLYHUVLW\RI.RQVWDQ] '.RQVWDQ] *HUPDQ\DQGW,QVWLWXWHIRU 0HGLFDO
,PPXQRORJ\ &KDULWH +XPEROGW8QLYHUVLW\ '-%HUOLQ *HUPDQ\

Polyclonal T cell stimulation in humans leads to a
cytokine burst syndrome that may result in organ failure or lethality. Mechanisms of such cytokine-dependent morbidity can be studied in mice challenged with
the T cell mitogen concanavalin A (Con A). In this
model tumor necrosis factor (TNF)-dependent toxicity
is characterized by a relatively selective liver failure.
We examined here whether a crosstalk between liver
macrophages and lymphocytes may be the underlying
cause for the overshooting TNF response. Lymphocytes from lymph nodes, thymus, or the spleen were
cocultured with Kupffer cells and stimulated with the
polyclonal T cell stimuli Con A, anti-CD3 mAb, or
staphylococcal enterotoxin B. We observed a rapid and
synergistically augmented release of TNF, and also of
IL-t, IL-2, IL-4, IL-6, and IFN-y, compared to stimulation of the individual cell types alone. This dramatically upregulated cytokine response did not require
direct cell contact, but was mediated by a soluble factor. In order to find out whether TNF upregulation
would require additional cell types in the liver, we
used cocultures of T cells and a macrophage cell line
and confirmed our previous results. In this model system an increase in TNF mRNA was observed in macrophages, but not in Tcells. We conclude that the Tcellmacrophage crosstalk following polyclonal T cell stimulation may be responsible for an overshooting TNF
release from macrophages. This mechanism finally
may lead to organ damage such as liver injury upon
Con A injection into mice.

INTRODUCTION

Many diseases, autoimmune reactions, and the systemic inflammatory response syndrome (SIRS) [1] are
. the result of a dysregulated cytokine response during
infection or inflammatory processes [2]. Overproduction of cytokines may lead to organ damage, while inhi1 To whom correspondence and reprint requests should be addressed. Fax: 49-9131-206119.

bition impairs defense capacities. For example, the
overproduction of TNF,2 one of the central mediators
in various acute inflammatory processes, causes organ
dysfunction such as liver damage [3-5]. On the other
hand, diminished production or impaired action of IFNy [6], IL-12 [7], or TNF [8, 9] leads to an increased
susceptibility to infections.
Acute organ damage due to LQ YLYR activation of T
cells has been studied recently in various mouse models. In mice sensitized by D-galactosamine, stimulation
of the T cell response with anti-CD3 mono clonal antibodies (mAb) [10] or the superantigen staphylococcal
enterotoxin B (SEB) [5] caused liver injury that was
mediated by cytokines. In another model using nons ensitized mice, injection of the T cell mitogen Con A alone
evoked a selective liver failure when given intravenously. CD4 + T cells as well as macrophages were identified as necessary effector cells [11, 12]. The cytokine
TNF and its 55-kDa receptor [13] play a pivotal role in
the development ofliver injury in these animal models
[5, 12, 14]. However, the cellular sources of circulating
TNF and the regulation of its release under these inflammatory conditions have not been elucidated due to
the experimental limitations of LQYLYR studies.
Lymphocytes are the primary target cells of the T
cell mitogen Con A, and liver cells are the ultimate
targets of cytokine-induced hepatic injury following
Con A injection into mice. In order to investigate mechanisms of cytokine release within the liver after T cell
activation, we studied the LQ YLWUR interaction of liver
cells and lymphocytes during stimulation with Con A.
It is well established that macrophage-T cell interactions are a necessary basis for many immune reactions.
Macrophages function as antigen presenting cells, as
producers of inflammatory cytokines, and as thiol donors [15, 16]. Commonly these interactions require a
2 Abbreviations used: a-MM, a-methylmannopyranoside; Con A,
concanavalin A; KC, Kupffer cells; LACT, lymphocyte augmented
Con A-induced TNF release; LNC, lymph node cells; NPC, nonparenchymal liver cells; TNF, tumor necrosis factor; WLC, whole liver
cells; SEB, staphylococcal enterotoxin B; SLC, spleen cells; TC, thymocytes.
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prior to stimulation. All antibodies used were monospecific and of
high bioactivity neutralizing capacity as determined by ourselves in
LQYLYR experiments or bioassays (not shown).

Supernatants from Con A-stimulated lymphocytes were collected
at different time points 1-16 h after addition of Con A. They were
directly transferred to parallel liver cell cultures or frozen at -80°C
until further use. Frozen supernatants were thawed without further
manipulation and added to fresh liver cell cultures.

6WDWLVWLFV

RESULTS

&RQ$,QGXFHG71)5HOHDVHIURP 7 &HOO/ /LYHU&HOO
&RFXOWXUHV
Macrophages play an important role in the murine
model of Con A-induced liver injury [11] and are gener-
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FIG. 1. LPS-induced TNF release from primary murine Kupffer
cell-containing liver cells (A) or liver nonparenchymal (NPC) cells
(B). Liver cells (WLC) were plated out at 8 X 104 hepatocytes/well
(containing 5% Kupffer cells (KC)) (A) and 2 X 105 NPC (containing
80-90% Kupffer cells) (B). Five hours later supernatants were removed and exchanged for medium containing LPS (10 Jlg/ml final
concentration) or the corresponding volume of pyrogen-free saline.
At the time points indicated, supernatants were sampled and TNF
bioactivity was calculated per 106 KC in the respective culture. Data
represent mean values (n = 3) ± SEM. S < 0.01 vs saline control.
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0.01 was considered statistically significant.
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FIG. 2. Con A-induced TNF release from Kupffer cell-containing
liver cell (WLC)llymph node cell (LNC) cocultures. Liver cells (WLC)
were plated out at 8 X 104 hepatocytes/well (containing 5% Kupffer
cells) for 5 h before supernatant was removed and exchanged for
medium (open triangles) or for medium containing 1 X 106 LNC from
normal (open squares) or Con A-resistant nude mice (filled triangles).
Con A was added at a final concentration of 2 Jlg/ml. At the time
points indicated supernatants were harvested and TNF bioactivity
was determined. Data represent mean values (n = 3) ± SEM. S <
0.01 vs control incubations without LNC or with LNC from nude
mice.

ally considered to be the main TNF-producing cells in
various inflammatory processes. The liver harbors the
largest resident macrophage population in the body
and is a potent producer of TNF [27]. We wondered
whether Con A may directly induce cytokine release
from these cells. TNF concentrations were not significantly increased (compared to the basal production of
unstimulated controls) in supernatants of Kupffer cellcontaining liver cells (whole liver cells, WLC) or Kupffer cell-enriched (80-90% KC) NPC incubated for 24 h
with various nontoxic concentrations of Con A (data
not shown, cf. Fig. 2). In contrast to this, high amounts
of bioactive TNF were found, when the potent macrophage stimulus LPS was used for the activation of Kupffer cells. This indicates that these WLC were able to
produce the cytokine under appropriate experimental
conditions (Fig. 1). Stimulation of freshly prepared
LNC with Con A, LPS, or a combination thereof also
failed to induce TNF release within 24 h (data not
shown). Thus, neither cell population alone, i.e., neither Kupffer cells nor LNC, was capable of releasing
TNF upon Con A stimulation LQYLWURunder our experimental conditions.
When a coculture system consisting of Kupffer cellcontaining liver cells SOXV LNC was stimulated with
Con A, high amounts of TNF were detected in supernatants. The time course of Con A-induced TNF release
in the WLCILNC coculture system is shown in Fig. 2.
Two hours after Con A stimulation (2 p,g/ml) TNF release was detectable in supernatants of WLCILNC cocultures, and TNF concentrations increased continuously until they reached a plateau of about 900 pg TNFI
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106 Kupffer cells 10 h after stimulation. These high
TNF concentrations remained in the medium of the
coculture until the experiment was terminated at 24
h. In contrast, TNF levels started to decline to unstimulated control values after 5-10 h in WLC cultures stimulated with LPS (Fig. 1) and was not modulated by
the addition of lymphocytes (not shown). Thus, with
respect to TNF release from Kupffer cells, mechanistic
differences seem to exist between the Kupffer cell stimulator LPS and the T cell activator Con A, with the
latter being dependent on the presence of T cells.
This lymphocyte-augmented Con A-induced TNF release (LACT) was concentration dependent from about
0.5 to 5 fLg/ml, until cytotoxic Con A concentrations
were reached. Further experiments were carried out at
a Con A concentration of 2 fLg/ml.
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FIG. 4. Con A-induced TNF release in J774ILNC cocultures.
J774 macrophages (1 X 106 ) were incubated with or without. 1 X 106
LNC in the presence or absence of Con A (2 j.Lgiml). At the time
points indicated, supernatants were harvested for TNF determination. Data represent mean values (n = 3) ± SEM.

5HTXLUHPHQWRI. XSIIHU&HOOV DQG/\PSKRF\WHV2QO\
For further investigations on the role ofLNC for this
synergistic effect of Con A-induced TNF release in the
liver celllLNC coculture system, initially two different
types ofliver cell preparations were used. Kupffer cellenriched liver cell fractions (NPC) were compared to
whole liver cell cultures (WLC) in order to gain information on a possible role of the hepatocytes them-
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FIG. 3. Con A-induced TNF release in liver cellJLNC cocultures.
8 x 104 liver cells (A) or 2 x 105 NPC (B) were cocultured with
various concentrations ofLNC, stimulated with Con A (2 j.Lgiml), and
incubated at 37°C. Sixteen hours later supernatants were removed
and frozen at -70°C until they were used for TNF determination.
Data represent mean values (n = 3) ± SEM. *p < 0.01 vs control
incubations without LNC.

selves. We incubated 0.15-1.0 X 106 LNC either with
2 X 105 NPC (containing 80-90% Kupffer cells) or with
8 X 104 liver cells (WLC) containing mainly hepatocytes
(>90%) and 5% Kupffer cells, respectively. TNF release
into the supernatant was determined 16 h after stimulation with 2 fLg/ml Con A. In both liver celllLNC coculture systems a significantly increased TNF release was
noted, when at least 5 X 105 LNC were present (Fig.
3). The TNF values (calculated per 106 Kupffer cells)
observed in the liver cell culture containing 5% Kupffer
cells were lower compared to values measured in the
Kupffer cell-enriched fraction. This effect might be due
to TNF binding or degradation by hepatocytes, which
may also occur LQYLYR >@
These LQ YLWUR experiments demonstrate a striking
capacity of the LNClliver cell coculture system to release high amounts of TNF upon Con A stimulation.
Notably, cocultures consisting ofLNC from Con A resistant nude mice plus liver cells from Con A responsive
mice failed to increase the basal release of TNF upon
Con A stimulation (Fig. 2). Also, co-incubation with aMM (5 mM), a well-characterized Con A-binding sugar
which blocks its mitogenic activity by competitive binding inhibition, completely abrogated the increased TNF
production in the coculture system (not shown).
In order to gain definite evidence that macrophages
alone are the essential cell type in the liver responsible
for the LACT effect, we examined whether LNC could
also communicate with a murine macrophage cell line.
For this purpose, we incubated LNC with the murine
macrophage cell line J774 and looked for TNF release
following T cell stimulation. Figure 4 shows the time
course ofTNF release from Con A-stimulated J774 cells
in the absence or presence ofLNC. Again, the presence
of LNC strongly augmented the TNF release induced
by Con A compared to that in J774 cells incubated
alone. The small TNF concentrations found in un-
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FIG. 5. Anti-CD3 mAb- or SEB-induced TNF release in liver cell!
LNC cocultures. Liver cells (WLC, 8 x 104/well) were cocultured with
LNC (1 x 106/well), stimulated with anti-CD3 mAb or SEB (2.5 j.lg/
ml), and incubated at 37°C. Sixteen hours later supernatants were
removed and frozen at -70°C until they were used for TNF determination. Data represent mean values (n = 3) ::':: SEM. No basal TNF
release was noted.

treated control J774 supernatants after 24 h were not
modulated by Con A.
Since the "LACT effect" was essentially similar when
experiments were carried out in the presence or absence ofhepatocytes in Kupffer cell-lymphocyte cocultures (cf. Fig. 3), studies were continued with Kupffer
cell-containing liver cells (WLC) instead of the NPC
fraction in order to be closer to the LQYLYR situation.

6SHFLILFLW\RIWKH/$&7(IIHFW
We wondered whether the increased TNF release in
the coculture system was a specific feature of Con A or
common to different T cell mitogens. We used antiCD3 mAb or SEB, respectively, as polyclonal T cell
activators instead of the lectin and examined TNF production in the liver celllLNC coculture. The results in
Fig. 5 demonstrate that an increase in TNF release
was also noted when a T cell stimulator other than Con
A, i.e., anti-CD3 mAb or SEB, was used. No TNF was
detectable in supernatants of either cell population
alone upon stimulation with anti-CD3 mAb or SEB,
respectively (not shown).
In order to examine whether the LACT effect was
specific for LNC, liver cells were co-incubated with
spleen lymphocytes in the presence of 2 fLg/ml Con A.
As in the liver celllLNC coculture system, Con A stimulated a liver cell/spleen cell coculture system to release
significantly augmented amounts of TNF in the presence of at least 8 X 105 SLC 16 h after stimulation
(Fig. 6A), whereas Con A stimulation of 107 spleen cells
alone failed to induce TNF release in overnight cultures
(16 h). In addition, we investigated cells from the thymus as another source of primary murine lymphocytes
in order to test their capacity to potentiate TNF release
in the coculture system. When freshly prepared thymo-

cytes were co-incubated with liver cells and stimulated
with Con A, a significantly increased TNF release was
noted, when 3 X 104 thymocytes or more were present
(Fig. 6B). Pure thymocyte cultures containing 3 X 106
cells or more per 200 fLl released small amounts ofTNF
upon Con A stimulation for 16 h. This production was,
however, strongly increased by liver cell addition.
Thus, the potentiation of the TNF release capacity
observed in the coculture system was neither restricted
to lymph node cells as a T cell population nor to Con
A as a stimulus, since the presence oflymphocytes from
other sources or stimulation with alternative T cell activators also augmented TNF.

&RQ$,QGXFHG&\WRNLQH5HOHDVHLQ/LYHU&HOO/ /1&
&RFXOWXUHV
Next we checked whether T cell activation in a liver
celllLNC coculture generally induced a potentiated mediator release. Therefore, we measured the release of
typical T-cell-derived cytokines such as IL-2, IL-4, and
IFN-y as well as the production of typical macrophage
products such as IL-1 and IL-6.
The kinetics of Con A-induced IL-1, IL-2, IL-4, IL-6,
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j.lg/ml Con A. Sixteen hours later supernatants were harvested for
TNF determination. Data represent mean values (n = 3) ::':: SEM. S
< 0.01 vs control incubations without liver cells.
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and IFN-y release are shown in Fig. 7. Concentrations
of both lymphokines and monokines were significantly
increased 16 h after stimulation ofliver celllLNC cocultures compared to values obtained in control incubations of LNC or liver cells alone.
These results suggest the existence of a cellular crosstalk mechanism between liver cells and lymphocytes resulting in synergistic upregulation of cytokine release
from either cell population upon Con A stimulation.
0HFKDQLVPVRI$ XJPHQWHG&\WRNLQH5HOHDVH

The next aim was to investigate which mechanisms
might underlie the augmented TNF release in cocultures of liver cells and LNC following Con A stimulation. First, the question of whether cell-cell contact
between liver cells and LNC was a necessary condition
for increased TNF release was addressed. Therefore,
experiments were carried out using membrane inlays
which separated liver cells from LNC, but still allowed
cellular communication via soluble factors. The TNF
concentrations measured under such separated conditions (1080 ± 10 pg/106 Kupffer cells) were not significantly different from values in parallel incubations
without such separating membranes (940 ± 40 pg/106
Kupffer cells), indicating that direct cellular contact
between liver cells and LNC was not necessary.
This result suggests that soluble factors released
from Con A-activated T cells are likely to account for
the potentiated TNF release observed in the liver cell!
LNC coculture. Thus, we set out to examine the nature
of these soluble factors in the LACT model. We tested
the inhibitory actions of various monoclonal antibodies
directed against murine lymphokines that have been
described before to augment TNF release in other systems. Anti-IL-2 mAb as well as anti-GM-CSF mAb or
combinations thereof had no effect on TNF release in
our system. Addition of soluble IL-4 receptor also failed
to modulate TNF production. A slight reduction (1020%) of TNF production was noted in some but not all
experiments, when anti-IFN-y mAb was present in the
coculture system, but the overall reduction of TNF by
different monoclonal anti-IFN-y Ab did not reach statistical significance (data not shown). These slightly
inconsistent observations prompted us to make use of
mice gene-targeted for the receptor of this cytokine
LIQ\U2 mice) in order to clarify the possible contribution ofIFN-y in LACT. Liver cells (WLC) and LNC from
these LIQ\BU2mice were incubated alone or together and
TNF production was measured 16 h after stimulation
of the cells with Con A (2 j.Lg/ml). A 35-fold increase in
TNF release was noted in this liver celllLNC coculture
compared to that in Con A-stimulated liver cells or
LNC alone. This finding ultimately excludes IFN-y as
a necessary mediator of LACT.
Thus, there must exist soluble factors different from
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the two most powerful enhancers of TNF release, i.e.,
IFN-')' and GM-CSF, that contribute to the crosstalk
between polyclonally activated T cells and murine macrophages. These putative factors may be short-lived,
since transfer of conditioned supernatants between cell
populations failed to show any significant effect.
Finally, we focused on the cellular source of TNF in
the LNC/macrophage coculture system. Macrophages
as well as T cells are known to be potent TNF producers
under appropriate stimulatory conditions. We used
membrane inlays to address this question, since this
experimental setting allowed us to analyze separately
TNF mRNA in either cell population. J774 cells were
used for reasons of macrophage purity. They were incubated together with inlays containing LNC. Five hours
after stimulation with Con A, we measured TNF
mRNA levels in J774 cells and LNC, respectively (Fig.
8). When the cell populations were cultured alone, Con
A induced some mRNA for TNF in LNC within 5 h, but
no TNF protein was detectable in LNC supernatants
(not shown). The basal level of TNF mRNA (Fig. 8) in
J774 macrophages was not modulated by the presence
of Con A. When Con A-stimulated LNC were present
in inlays, however, mRNA for TNF in J774 macrophages was increased approximately threefold within
5 h, whereas Con A-induced TNF message in LNC was
not further augmented by the presence of macrophages. As a control for the functioning of the experimental system (LACT) we routinely measured TNF in
the supernatants of the same cells used for RNA determination, i.e., 5 h after the addition of the stimulus.
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TNF protein in cocultures was increased 10-fold by Con
A addition (360 ± 60 pgll06 cells vs 30 ± 15 pg/10 6
cells) whereas TNF protein in supernatants of either
macrophages (35 ± 15 pg TNF/106 cells) or LNC (below
the detection limit) was not increased by Con A addition (J774, 45 ± 20 pg TNF/106 cells; LNC, not detectable) .
Our findings suggest that increased TNF mRNA levels in macrophages following Con A stimulation of
LNC/macrophage cocultures paralleled the increased
release ofthis cytokine and argues for the macrophages
as the main TNF producers in this system.
From these results we draw the conclusion that in
the co culture system there exist both an early "forward" signal from the T cells to the liver cells, i.e.,
Kupffer cells, and "backward signals," directed from
the liver cells to the T cells. Thus, a real "crosstalk"
leads to an overall increased cytokine production.
DISCUSSION

The present paper describes an LQYLWURcoculture system consisting of the main cell types involved in an
experimental animal model of liver injury elicited by
intravenous injection of Con A into mice, i.e., T cells
and a mixed liver cell population [11]. We used this
system for the examination of cytokine release upon
Con A stimulation. The pattern and kinetics of cytokine
release were quantitatively and qualitatively different
from those observed in either of the individual cell populations alone. For most experiments whole liver cell
cultures, containing 5% Kupffer cells, were used instead of the purified Kupffer cells. Since the Con Astimulated potentiation of TNF production occurred in
the presence or in the absence of hepatocytes, we decided to work with the hepatocyte-containing co culture
system, which is closer to the LQ YLYR situation in the
liver. Indeed, the pattern of released cytokines in the
coculture system consisting of liver cells and lymphocytes strongly resembled that observed in mice, where
Con A injection also caused increased plasma concentrations of TNF, IL-6, IL-1, IL-2, and IFN-')' [12, 14].
Our main interest focused on TNF, the central mediator of Con A-induced liver injury LQYLYR [12, 14]. This
cytokine was released only in the presence of both cell
types, i.e., lymphocytes plus liver cells. This fact suggests that also LQ YLYR large TNF quantities may be
produced within the liver due to the specific interactions oflymphocytes, liver macrophages, and Con A. It
is difficult to identify the TNF-producing cell population(s) LQYLYR but our LQYLWURfindings provide evidence
that indeed Kupffer cells may produce the majority of
circulating TNF upon interaction with T cells activated
by Con A injection. This suggestion is supported by the
fact that macrophages are commonly regarded as the
main producers ofTNF [28], but they cannot be directly
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O\PSKRF\WHV SURGXFH WKH PHPEUDQHERXQG N'D
IRUPRI71)EXWQRWWKHVROXEOHN'DIRUP>@7KLV
QRWLRQLVLQDJUHHPHQWZLWKRXUILQGLQJVLHWKDW&RQ
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UHOHDVHIURP O\PSKRF\WHV LQWKLV VSHFLILF SDWKRORJLFDO
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FDSDEOH RI DFWLQJ LQ V\QHUJ\ ZLWK OLYHU FHOOV IRU WKH
SURGXFWLRQRILQIODPPDWRU\PHGLDWRUV SURYLGLQJWKH\
DUHPLWRJHQLFDOO\VWLPXODWHG$FFHVVRU\FHOOVVXFKDV%
FHOOVRUGHQGULWLFFHOOVPD\FRQWULEXWHWRWKHSRO\FORQDO
VWLPXODWLRQ RI7 FHOOV DQG PD\ WKHUHIRUH KDYH VRPH
PRGXODWRU\UROHLQWKH LQYLYR PRGHO
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FURVVWDONUHOHYDQWWRDQLQYLYRPRGHORIOLYHUSDWKRORJ\
/LNHDQ\LQYLWUR V\VWHPLWUHSUHVHQWVRQO\FHUWDLQDV
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DGGLWLRQRI71)QHXWUDOL]LQJDQWL71)DQWLERGLHV>@
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