
INVOLVEMENT OF 26-kDa MEMBRANE-BOUND
TUMOUR NECROSIS FACTOR PRECURSOR IN

BIDIRECTIONAL FEEDBACK REGULATION
ON 17-kDa TUMOUR NECROSIS FACTOR
PRODUCTION AFTER STIMULATION BY

LIPOPOLYSACCHARIDE

Yoshiyuki Tanabe,1 Chie Kohchi,2 Namiko Kitahara-Tanabe,3

Den-Ichi Mizuno,4 Gen-Ichiro Soma5,6

The authors have previously shown that 26-kDa membrane-bound tumour necrosis factor
precursor (proTNF) on the cell-surface of primed human monocytic cell line THP-1 is involved
in positive feedback regulation of lipopolysaccharide (LPS)-dependent TNF-production. Here,
we provide direct evidence for modulation of responsiveness of the THP-1 cells against LPS by
membrane-bound proTNF. When THP-1 cells were cocultivated with a heterogeneous cell line
(proTNF/3T3 cells) which constitutively expressed membrane-bound proTNF, LPS-dependent
TNF-production by THP-1 cells was significantly suppressed and the normal level was restored
by the presence of anti-TNF antibody during cocultivation. The proTNF-3T3-induced decline
of TNF-production of THP-1 was observed primarily at the mRNA level, although no difference
was observed in the mRNA level of interleukin 1b, another LPS-inducible cytokine. These results
suggest that proTNF could also be involved in the negative feedback regulation of LPS-
dependent TNF-production through cell-to-cell contact. The augmentation of LPS-dependent
TNF-production accompanied by the production of endogenous proTNF induced by exogenous
agent was inhibited by protein kinase C inhibitor, whereas proTNF/3T3-induced suppression of
TNF-production could not be restored to the normal level. It thus seems possible that proTNF
might act on macrophages as a bidirectional regulator of its production by THP-1 cells
depending on co-induced signals.
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Tumour necrosis factor (TNF) is a member of
the inflammatory cytokine network which is believed
to regulate various inflammatory states in the body.
Using recombinant material, it has been well elucidated
that mature TNF with a molecular size of 17 kDa
shows pleiotropic activities related to a variety of
inflammatory processes seen in adult (for review,
see Ref. 1).

Significance of an inflammation-like state which
we consider to be a prototype of inflammation is
related to TNF-production, either by a regulatory
mechanism of embryogenesis or a restorative mechan-
ism of physiologically distorted states of adult and
has been documented.2 In the prototype of inflam-
mation, the 26-kDa membrane-bound TNF precursor
(proTNF) may be the main molecule exerting the
biological function to maintain the general homeo-
stasis, because in adult free 17-kDa TNF is barely
detectable at the normal3,4 or primed stage for TNF-
production,5–7 although a significant amount of TNF
mRNA is detected in these stages.3,4,7 Moreover, not
17-kDa TNF but 26-kDa proTNF is predominantly
expressed during normal embryogenesis of mice.8

In these cases, proTNF acts only on neighbouring
cells through cell-to-cell contact and its direct effect
is localized. At the later stage, its secondary effect
pervades the whole body and, with free TNF, it
orchestrates an inflammatory cytokine network.9

As an experimental system to investigate the
biological significance of proTNF at the primed stage,
we previously reported10 that interferon (IFN)-g-
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Figure 1. Schematic representation of the 26-kDa proTNF expression construct.

cDNA fragments encoding either human or mouse proTNFs were ligated with mammalian expression vector pMT-2 having a
modified adenovirus major late promoter.13 AU-rich motif in 3'-UTRs of both human and mouse TNF genes involved in the
stability of their mRNA14 have been removed from constructs.

primed THP-1 cells expressing membrane-bound
proTNF can produce a larger amount of TNF than
is produced by normal THP-1 in response to the
addition of lipopolysaccharide (LPS). When IFN-g and
anti-TNF monoclonal antibody (mAb) were applied
simultaneously to THP-1, the priming effect of
IFN-g was specifically abolished. Therefore, it can
be postulated that TNF precursor expressed at the
primed stage may stimulate THP-1 to produce a larger
amount of mature TNF in response to the addition of
LPS. This function seems to be a positive feedback
mechanism of TNF-production by its own membrane-
bound precursor, probably through cell-to-cell contact.
However, there has been no direct evidence that
proTNF is the sole molecule on the cell surface to have
such an autoregulatory effect on its own production.
We therefore sought to show a direct effect of proTNF
on TNF-producibility of THP-1 cells in this study.

The effect of proTNF expressed on the surface of
a heterogenous fibroblast cell line, NIH3T3, on
LPS-dependent mature TNF-production by THP-1
cells will be reported here. LPS-dependent TNF-
production by THP-1 cells was significantly diminished
after coculture with the fibroblast cell line expressing
proTNF. ProTNF on the cell-surface is thus likely to
be involved in regulating either positive or negative
feedback of its own production, depending upon the
co-induced signal transduction pathway in the THP-1
cells.

RESULTS

LPS-inducible TNF-production by THP-1 cells
was decreased after contact with a heterogenous
cell line expressing proTNF

ProTNF is a membrane integrated protein that
exposes its functional domain corresponding to the
mature TNF outside of the cell.11 It is therefore believed

that proTNF exhibits its biological activities to
neighbouring cells through cell-to-cell contact.11,12 As
an experimental system to simulate a mode of action of
proTNF in a homogenous culture of primed THP-1
cells,10 we cocultivated heterogenous cells expressing
proTNF and THP-1 cells.

To establish the cell line expressing proTNF
permanently, the plasmid DNAs for the expression
of either human (h) or mouse (m) proTNF (Fig. 1)
were cotransfected with pMC1neo-polyA into a mouse
embryonic fibroblastic cell line NIH3T3. The stably
transfected cell lines were established and referred to as
either hproTNF/3T3 or mproTNF/3T3 cells. Prefer-
ential expression of 26-kDa proTNF was detected in
an extract from either h or mproTNF/3T3 cells by
Western blot analysis (Fig. 2A). Surface expression
of 26-kDa proTNF on the h and mproTNF/3T3
cells was also confirmed by a combined procedure
of surface biotinylation and immunoprecipitation
described by Meier et al.16 The 26-kDa band
corresponding to biotinylated proTNF was specifically
immunoprecipitated in both cases of h and mproTNF/
3T3 cells (Fig. 2B), indicating that proTNFs were
actually expressed on the surface of these transfectants.
Spontaneous release of mature TNF in the culture
supernatant of hproTNF/3T3 cell line was observed
(about 50 to 100 units/ml by L929 cytotoxic assay).
However, TNF activity in the supernatant of the
m-proTNF/3T3 cell line was below the detectable level
(less than 0.3 units/ml).

THP-1 cells were seeded onto either h or
mproTNF/3T3 monolayers and co-incubated for 24 h.
Microscopic examination showed no apparent sign of
damage of the monolayer of NIH3T3 transfectant after
the start of cocultivation. Suspended cells, mostly
THP-1 cells, were then harvested, washed and
challenged with LPS. Five hours after this challenge,
the amount of TNF in the culture supernatant was
measured by RIA.
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Figure 2. Establishment of the feeder cell lines expressing proTNF.

A: Either control plasmid (pMT-2), human proTNF construct
(hproTNF), or mouse proTNF construct (mproTNF) was intro-
duced to NIH3T3 mouse fibroblast cells with pMC1neo-polyA.15

Permanently transfected cell lines were established by Geneticin
(G-418) selection. Cell extract equivalent to 50 mg of proteins was
subjected to ECL-Western immunostaining analysis probed with
either anti-human or anti-mouse TNF pAbs. B: Either pMT-2/3T3,
hproTNF/3T3, or mproTNF/3T3 cells was surface biotinylated
using biotin–CNHS-ester according to a previously described
method.16 Cell extracts containing equivalent amounts of protein
were separately immunoprecipitated using control rabbit IgG
(lane C), anti-human TNF pAb (lane H), and anti-mouse TNF pAb
(lane M). The immunoprecipitated materials were then size
fractionated, transferred to nitrocellulose filter, then probed with
streptavidin–horseradish peroxidase and ECL-Western detection
system. MW: biotinylated molecular weight standard.

mproTNF/3T3 feeder monolayer (Fig. 3, PQ 0.01).
No decrement in viability of THP-1 cells was observed
after cocultivation with either group of proTNF/3T3
cells as judged by trypan blue dye exclusion. In a
separate experiment, a monolayer of NIH3T3 trans-
fectant was treated with 1% paraformaldehyde in
PBS(−) for 30 min at room temperature to fix the
membrane protein.17 This fixed cell was washed five
times with PBS(−), incubated in the medium for
24 h, then washed again five times with PBS(−) prior
to cocultivation with THP-1 cells. A similar result
was observed when proTNF/3T3 feeder cells were
fixed with paraformaldehyde to avoid the spontaneous
secretion of mature TNF from them (data not
shown).

The suppressive effect of proTNF/3T3 cells
on LPS-dependent TNF-production by THP-1 cells
completely disappeared when anti-TNF antibodies
were added during the cocultivation period (Fig. 4).
These results suggest that proTNF on heterogenous
cells must play a role in the negative regulation of
LPS-dependent TNF-producibility of THP-1 cells
through cell-to-cell contact.

Suppression of LPS-dependent TNF-production
after contact with proTNF/3T3 cells at the
mRNA level

To obtain further insight into the mechanism
of suppressive effect of proTNF/3T3 cells on LPS-
dependent TNF-production by THP-1 cells, we
examined the LPS-dependent expression of mRNA for
TNF and IL-1b after cocultivation.

Figure 3. Suppression of LPS-dependent TNF production by THP-1
cells cocultivated with proTNF/3T3 cells.

pMT2/3T3 cells, human proTNF/3T3 (h-proTNF/3T3) cells, and
mouse proTNF/3T3 (m-proTNF/3T3) cells (1.5×106) were seeded
onto gelatin-coated plastic dishes (f60 mm) and were incubated to
allow formation of a confluent monolayer. THP-1 cells (5×106)
were seeded at the density of 1×106 cells/ml onto monolayers of
various 3T3 transfectants (;). IFN-g-primed (Q) or unprimed
(q) THP-1 was prepared simultaneously as controls. After
24 h, THP-1 cells were recovered, washed, and challenged with
LPS (0.1 mg/ml). Five hours after the addition of LPS, culture
supernatants were subjected to RIA for mature TNF.10 Each value
with a horizontal bar represents mean 2 SE of 15 experiments.
Levels of significance were determined by Tukey’s multiple
comparison test. *PQ 0.01 vs control (q) value.

Unexpectedly, LPS-inducible TNF-secretion was
significantly lower than the unprimed THP-1 cells
when the cells were pre-exposed to either h or
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Figure 4. Disappearance of the proTNF/3T3-induced suppression of
LPS-dependent TNF-production by anti-TNF Abs.

Anti-TNF Abs were added to the THP-1 versus proTNF/3T3
cocultivation system. After 24 h, cells were washed and challenged
with LPS (0.1 mg/ml) for 5 h. The amount of TNF in the culture
supernatant was measured by RIA. *anti-human rTNF-a mAb,
†nonspecific mouse IgG, ‡anti-mouse rTNF-a pAb, §normal rabbit
IgG. Each value with a horizontal bar represents mean 2 SE of
three experiments. Levels of significance were determined by
Tukey’s multiple comparison test. **PQ 0.01 vs pMT2/3T3 with-
out antibody. ††PQ 0.01 vs either h or mproTNF with anti-TNF
Abs.

to the difference of co-induced signals in the THP-1
cells.

It has been reported that IFN-g, TNF, and
phorbol myristate acetate (PMA) exhibit their biologi-
cal activities through activation of protein kinase C.22–24

To discriminate the difference of mechanisms in primed
THP-1 itself from that in normal THP-1 cells in contact
with proTNF/3T3 cells, cells of the heterogenous
cell line, THP-1 were treated with either IFN-g, TNF,
or proTNF/3T3 cells in the presence or absence
of protein kinase inhibitor, H7, which has a
relatively broader spectrum against serine-threonine
kinase including protein kinase C as well as cyclic
nucleotide-dependent protein kinases.25 After extensive
washing to remove both the priming agent and
H7, THP-1 cells were challenged with LPS and the
amount of TNF in the culture supernatant was then
measured.

Augmentation of mature TNF secretion by either
IFN-g-primed or TNF-primed THP-1 did not occur in
the presence of H7 (Fig. 6A, B), suggesting that
activation of the H7-sensitive protein kinase pathways
as well as expression of endogenous membrane-bound
proTNF10 is involved in and necessary for the enhanced
TNF-production by primed THP-1 cells in response
to LPS. H7 did not, however, interact with the
suppression of mature TNF secretion by THP-1 cells
when in contact with heterogenous proTNF/3T3 cells
(Fig. 7), suggesting that H7-sensitive protein kinases
are not directly involved in the suppressive effect of
proTNF/3T3 cells on LPS-dependent TNF production
by THP-1 cells.

We further characterized the H7-sensitive protein
kinase activated in IFN-g-primed THP-1 cells using
GF109203X, a highly selective inhibitor of protein
kinase C.26 When GF109203X was added at the
beginning of IFN-g pretreatment, subsequent TNF-
production depending on LPS-challenge was signifi-
cantly diminished, whereas this did not occur with
pretreatment with GF109203X alone (Fig. 8). This
suggests that H7-sensitive protein kinase involved in
the membrane-bound proTNF-mediated augmentation
of TNF-production by IFN-g-primed THP-1 cells may
be protein kinase C.

DISCUSSION

We previously proposed that the teleological
meaning of inflammation is not simply as a defence
mechanism against infection but as a regulatory system
of homeostasis of animals in general.2 We hypothesized
that the inflammation-like state characterized by
expression of membrane-bound 26-kDa TNF on the
surface of somatic cells could be involved in the
regulatory mechanism of homeostasis.

A strong suppressive effect of hproTNF/3T3 cells
on LPS-dependent expression of TNF mRNA by
THP-1 was observed, while only marginal suppression
was shown by mproTNF/3T3 cells (Fig. 5). However,
this is probably significant because pretreatment
of THP-1 cells with LPS, which induces a refractory
state of macrophages against a secondary challenge
of LPS,18–21 showed a similar degree of suppressive
effect of LPS-dependent expression of TNF mRNA
(Fig. 5).

In contrast to TNF, no difference was observed for
the level of transcription of IL-1b mRNA which is also
induced by LPS (Fig. 5), suggesting that proTNF-
induced hyporesponsiveness against LPS is specific
for TNF gene expression.

Differences in the involvement of protein kinase
C in the positive and negative regulation of
TNF-production mediated by proTNF

As described,10 the expression of proTNF during
the primed stage of THP-1 is involved in the
sensitization against LPS for TNF-production. How-
ever, we have also shown in this study that proTNF
expressed by the heterogenous cells desensitizes THP-1
against LPS through cell-to-cell contact. Therefore,
we assume that these opposite effects of proTNF
on LPS-inducible TNF-production might be ascribable
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Figure 5. Northern blot analysis of LPS-dependent expression of endogenous TNF and interleukin 1b genes in THP-1 cells after
cocultivation with proTNF/3T3 cells.

THP-1 cells were cocultivated with or without various 3T3 transfectants for 24 h as described in Figure 3. LPS-pretreated
(0.1 mg/ml) cells were also prepared in parallel as a control experiment inducing the hyporesponsive state of THP-1 cells against
secondary LPS challenge. After 24 h, THP-1 cells were recovered, washed, and challenged with LPS (0.1 mg/ml). Total cellular
RNA was extracted from these cells and size fractionated by agarose gel electrophoresis. RNA was then blotted onto membrane
and hybridized with either 32P-labelled human TNF, IL-1b, or b-actin probes, respectively. A shows autoradiograms of the
Northern hybridization experiment and B shows semiquantitative indication of induction of TNF and IL-1b mRNAs in THP-1
cells. Values shown have been normalized with the level of b-actin mRNA in each preparation. Results of a representative
experiment are given.



Primer

–

10
TNF amount (ng/ml)

2515 205ND
(<0.6)

+

–

+
–

rIFN-γ

Pretreatment
H7

*
†

A

Primer

–

10
TNF amount (ng/ml)

155ND
(<0.6)

+

–

+
–

rTNF-α

Pretreatment
H7

B

Pretreatment

40
TNF amount  (ng/ml)

160120 140100806020ND
(<0.3)

Feeder or
primer H7

rIFN-γ

–

pMT2
/3T3

hproTNF
/3T3

mproTNF
/3T3

–

+

–

+

–

+

–

+

–

+ †

†

†

†

†

†

*

‡

‡

mike!—CYTO 10/2 (Press Set) (842805)—MS 0168

Bidirectional regulation of TNF-production by its precursor / 87

Figure 6. Involvement of H7-sensitive protein kinase in the exogenous
cytokine-induced hyper-responsive state of THP-1 cells against LPS.

A: effect of protein kinase inhibitor (H7) on the priming activity of
rIFN-g. THP-1 cells were treated with rIFN-g (103 U/ml, Q) for
24 h in the presence or absence of 50 mM H7. LPS treatment was as
described in Figure 3. TNF amount in the culture supernatant was
measured by RIA. Each value with a horizontal bar represents
mean2 SE of four experiments. Levels of significance were
determined by Student’s t-test. *PQ 0.05, †PQ 0.01. B: effect of H7
on the priming activity of rTNF-a. THP-1 cells were treated with
rTNF-a (103 U/ml, ;) for 24 h in the presence or absence of 50 mM
H7. LPS treatment was as described in Figure 3. TNF amount in the
culture supernatant was measured by RIA. Results (mean
values2 SD of triplicate measurements) of a representative
experiment are given. (q), control.

as a regulatory molecule. We have reported that TNF
shows a priming activity for its production in vivo
by a positive feedback system.29 Thus, the role of
proTNF in the self-regulation of its own producibility
is a good model for its regulatory role in the cytokine
network.

As a first step, we reported that expression of
proTNF is a common event during the priming stage
of THP-1 cells regardless of the type of priming
agents examined (rIFN-g, rTNF-a, or PMA).10 We
also reported that proTNF possibly augments the
self-reproducibility through an intercellular positive
feedback mechanism.10 However, because the induction
of endogenous proTNF was achieved by the addition
of an exogenous reagent, various kinds of coinduced
signal(s) might also be involved. Furthermore, dis-
crimination between effector and target was ambiguous
in the homogenous culture of THP-1 cells. To examine
the single-handed role of proTNF on the self-
reproducibility in these cells, we produced hetero-
genous NIH3T3-derived cell lines which express
proTNF cDNA constitutively as a defined source of
proTNF (h or mproTNF/3T3 cells) (Fig. 2A, B).

Cocultivation with proTNF/3T3 cells did
not augment but significantly diminished the

Figure 7. Effect of H7 on the suppression of LPS-dependent
TNF-production of THP-1 cells induced by proTNF/3T3 cells.

THP-1 cells were cocultivated with proTNF/3T3 cells (netted bars)
in the presence or absence of 50 mM H7. IFN-g-primed (Q) and
unprimed (q) THP-1 were prepared simultaneously as controls. LPS
treatment was as described in Figure 3. TNF amount in the culture
supernatant was measured by RIA. Each value with a horizontal bar
represents mean2 SE of four experiments. Levels of significance
were determined by Student’s t test. *PQ 0.05, †PQ 0.01 vs control
(−, without H7) value. ‡PQ 0.01 vs pMT2/3T3 (without H7) value,
respectively.

The pleiotropic function of mature TNF was
verified, although we think that proTNF may be a
more important form than mature TNF, because
only a small amount of the latter was detected in a
limited region of embryo,27 whereas expression of TNF
mRNA was observed in various embryonic tissues.28

Our idea was also strongly supported by the earlier
finding of Osawa and Natori8 in which the actual form
of TNF during embryogenesis was the precursor of
26 kDa.

Kriegler and coworkers reported that proTNF
exhibits cytotoxic activity against certain transformed
cell lines in vitro,11,12 showing that its activity is similar
to mature TNF. Cytotoxic activity of proTNF has been
thought to be mediated by the same receptor as that of
mature TNF via cell-to-cell contact.11,12 However, it
should be confirmed whether or not proTNF really acts
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Figure 8. Effect of GF109203X, a selective inhibitor of protein kinase
C, on the priming activity of IFN-g.

THP-1 cells were treated with rIFN-g (103 U/ml, Q) for 24 h in the
presence or absence of GF109203X at indicated concentrations.
After 24 h, they were recovered, washed, and challenged with LPS
(0.01 mg/ml). Five hours after the addition of LPS, culture
supernatants were subjected to EIA as described in Materials and
Methods. Each value with a horizontal bar represents mean2 SE of
four experiments. Level of significance was determined by Student’s
t-test. *PQ 0.01 vs IFN-g without GF109203X value. †PQ 0.01 vs
Control (without IFN-g and GF109203X) value.

by H7 (Fig. 6A, B), which preferentially inhibits
protein kinase C as well as cyclic nucleotide-dependent
protein kinases.25 In contrast, induction of LPS-
hyporesponsiveness of THP-1 cells by the proTNF/3T3
cells could not be canceled by the presence of H7
(Fig. 7), suggesting the lack of a H7-sensitive protein
kinase pathway in THP-1 cells during cocultivation.
This kind of H7-sensitive protein kinase is likely to be
protein kinase C, because augmentation of LPS-
responsiveness induced by IFN-g was specifically
abolished by GF109203X, a selective inhibitor for
protein kinase C (Fig. 8).26 TNF precursor from outside
may thus induce THP-1 cells in either hyper- or
hypo-responsive states to LPS for TNF production
depending on the difference of coinduced signal
transduction pathway.

In this regard, the observation that two different
types of TNF receptor (TNF-RI: p55, and TNF-RII:
p80) mediate distinct cellular responses30 is worthy
of consideration. Recently, simultaneous and efficient
binding of 26-kDa membrane-bound proTNF but not
17-kDa to both types of TNF-Rs was reported leading
to differences in the biological activity between
proTNF and secretory TNF.31 Furthermore, Tannen-
baum et al.32 reported that LPS upregulates the
expression of TNF-RII mRNA, whereas IFN-g
downregulates the steady-state or LPS-induced ex-
pression of TNF-RII mRNA in murine peritoneal
macrophages without any change of TNF-RI mRNA
expression. Therefore, the opposite effects of proTNF
on LPS-responsiveness of THP-1 cells may be mediated
by the different types of TNF-Rs, which might
differentially participate with protein kinase C (Ref. 33,
for a review), and the balance of two different TNF-Rs
may be important in determining the direction of LPS
responsiveness of THP-1 cells regulated by membrane-
bound proTNF.

At least 10 members of mammalian protein kinase
C subdivided into three groups (cPKC; a, bI, bII, and
g: nPKC; d, o, h, u: aPKC; z, l; respectively) have been
identified and these may be differentially activated in
response to a variety of stimuli in addition to the
different tissue or cellular distribution.34 Although
we did not determine the molecular species of the
protein kinase C that participate in the proTNF-medi-
ated bidirectional regulation of LPS-responsiveness of
THP-1 cells, it will be necessary to investigate this
matter to solve the complex regulatory roles of
membrane-bound proTNF in self-reproduction.

Hyporesponsiveness of macrophage against LPS-
stimulation after sequential challenge of LPS has been
reported.18–21 We separately confirmed that the level of
mature TNF-production (data not shown) and the level
of mRNA expression (Fig. 5) by THP-1 cells in
response to secondary LPS challenge were decreased
after pretreatment with primary LPS. The production

LPS-dependent TNF-producibility of THP-1 cells
(Fig. 3). The LPS-hyporesponsiveness of THP-1 cells
induced by both h and mproTNF/3T3 cells was
completely, abolished in the presence of specific
anti-TNF mAb or pAbs during cocultivation (Fig. 4).
Spontaneous secretion of mature TNF by hproTNF/
3T3 cells was observed (about 50 to 100 units/ml by
L929 cytotoxic assay, which corresponds to 25 to
50 ng/ml), however, it is likely that hyporesponsiveness
of THP-1 cells against LPS responds to the contact
with proTNF for the following two reasons: (1)
although mproTNF/3T3 did not secrete a detectable
amount of mature TNF into the culture supernatant,
its desensitizing effect on the LPS-responsiveness of
THP-1 cells was similar to that of hproTNF/3T3 cells
(Fig. 3); (2) we previously found that mature TNF itself
primes THP-1 cells.10

The molecular mechanism of the bidirectional role
of proTNF as a single type of cytokine on a single type
of target cell (THP-1) is difficult to interpret at present.
One possibility is that some signal transduction
pathways in THP-1 cells might differentially participate
with the effects of proTNF. Biological activities of
the stimuli we previously employed as priming agents
(rIFN-g, rTNF-a, and PMA) were believed to be
mediated primarily through the activation of protein
kinase C.22–24 In our study, induction of the primed
stage of THP-1 cells by these agents was inhibited
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of IL-1b, another LPS-inducible cytokine, could also
be suppressed by sequential challenges with LPS.21

Although the molecular mechanisms of these processes
are not yet fully understood, it was suggested that
the suppression of either TNF or IL-1b production
is mediated by an independent pathway because:
(1) pre-exposure of macrophage to low doses of LPS
inhibited the expression of TNF mRNA but did not
inhibit IL-1b mRNA20 in response to the secondary
challenge of LPS; and (2) production of either TNF or
IL-1b was differentially inhibited by synthetic lipids
that are structurally similar to LPS.21 In THP-1 cells,
LPS-dependent expression of IL-1b mRNA was not
changed, whereas expression of TNF mRNA was
decreased after cocultivation with proTNF/3T3 cells
(Fig. 5). Therefore, LPS-hyporesponsiveness of THP-1
cells induced by proTNF seems to be well correlated
with the LPS refractory of macrophage. Our results to
date thus may explain the molecular mechanism of the
suppression of TNF-production at the LPS refractory
stage in terms of the pro TNF-mediated autoregulatory
process.

Significance of the suppressive effect of proTNF
on TNF-production is unclear. However, based on
its similarity to the LPS refractory state, a similar
autoregulatory system might be involved in an
attenuation of inflammation at the cellular level against
continuous or sequential exposure with inflammatory
stimuli. It can then be speculated that one biological
significance of positive and negative regulations of
LPS-dependent TNF-production by its precursor
may be a preventive effect on an excessive biolog-
ical response induced by TNF itself at the cellular
level.

Modulation of TNF-producibility of macrophage
might be considered representative of differentiation of
this cell type. In other words, proTNF might positively
or negatively regulate the ability of differentiation
of THP-1 cells. Although no direct evidence of the
biological role of proTNF on differentiation of
embryonic cells has been reported, we found that
proTNF accelerates the spontaneous differentiation of
murine embryonic stem cells.35 Kawase et al. also
reported that mature TNF maintained the undifferenti-
ated state of murine primordial germ cells in vitro,36

although they did not examine the same phenomenon
using proTNF. Therefore, proTNF may also regulate
qualitatively the differentiation of embryonic cells
depending on the target cells through bidirectional
feedback regulation of its production in the inflamma-
tory status during embryogenesis.

Our finding is quite unique in that we have proved
that a single type of molecule (proTNF) can act in two
ways on the same type of target cell (THP-1). Unlike
mature TNF, proTNF on the cell surface might be an
essential property to elicit the proper biological

response of cells depending on the circumstances.
These bidirectional functions of proTNF would,
therefore, be useful in responding to various states in
the physiological processes.

MATERIALS AND METHODS

Cell lines
Human monocyte-like leukaemia cell line THP-137 and

murine fibroblast cell line NIH 3T338 were obtained from the
Japanese Cancer Resources Bank (Tokyo, Japan). THP-1
cells were grown in RPMI1640 medium (Nikken Biomedical
Laboratory, Kyoto, Japan) containing 10% heat-inactivated
fetal calf serum (FCS, Gibco-BRL Life Technologies, Inc.
Gaithersburg, MD) at 37°C in 5% CO2–95% air. NIH3T3
cells were grown in DMEM (Nikken Biomedical Laboratory)
containing 10% heat-inactivated newborn calf serum (NCS,
HyClone Laboratories, Inc. Logan, UT) at 37°C in 5%
CO2–95% air and passaged on gelatin-coated plastic Petri
dishes.

Reagents
The following materials were purchased from

commercial suppliers: Lipofectin reagent, Geneticin (G-418
sulfate), Immunoprecipitin (fixed Staphylococcus aureus
cells), streptoavidin–alkaline phosphatase conjugate, and
ELISA amplification system (Gibco-BRL Life Technologies,
Inc. Gaithersburg, MD); LPS from Escherichia coli
0127:B8 (Difco Laboratories, Detroit, MI); 1-(5-Isoquino-
linesulfonyl)-2-methylpiperazine dihydrochloride (H7)
(Seikagaku Corporation, Tokyo, Japan); 2-[1-(3-dimethyl-
aminopropyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)-maleimide
(GF109203X) (Calbiochem-Novabiochem Co., La Jolla,
CA); -Biotinoyl-o-aminocaproic acid N-hydroxy succin-
imide ester (biotin-CNHS-ester) (Boehringer Mannheim,
Mannheim, Germany); pMC1neo-polyA (Stratagene
Cloning Systems, La Jolla, CA); and [a-32P]dCTP (ICN
Radiochemicals, Irvine, CA); streptoavidin–biotinylated
horseradish peroxidase complex (Amersham Japan, Tokyo).
Enzymes used in the standard recombinant DNA techniques
were purchased from several commercial suppliers without
prescription. Human recombinant IFN-g was generously
provided by Toray Industries (Tokyo, Japan). Mammalian
expression vector pMT213 was the kind gift of Dr R. J.
Kaufman of the Genetics Institute (Cambridge, MA). Mouse
TNF cDNA clone (pJT-1) was generously given by Dr S.
Natori of Tokyo University.

Antibodies
Anti-human rTNF-a neutralizing mAb (F5H12; mouse

IgG1) and pre-immune mouse IgG were described by Tanabe
et al.10 Antisera for human and mouse rTNF-a were
produced by immunizing rabbits and were purified according
to the method of Nagai et al.39 Pre-immune rabbit IgG was
purchased from Endogen (Boston, MA).

Oligonucleotides
The following oligonucleotides were prepared by a

model 391 DNA synthesizer (Applied Biosystems, CA)
Table 1).
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TABLE 1.

ATG/NcoS (sense): 5'-GACACCATGGGCACTGAAAG-3'
IL-1b-S (sense): 5'-CATGGCAGAAGTACCTGAGC-3'
IL-1b-A (antisense): 5'-ACCTACGCCTGGTTTTCCAG-3'
XbG5UTRS (sense): 5'-CGTCGACTCGAGCTTGTTCTTTTTGCAGAAGCTCAG

AATAAACGCTCTCAACTTTGGCAGATCTACCATGGC-3'
XbG5UTRA (antisense): 5'-TCGAGCCATGGTAGATCTGCCAAAGTTGAGCGTTTA

TTCTGAGCTTCTGCAAAAAGAACAAGCTCGAGTCGACGGTAC-3'

Position in bold in the sequences of ATG/NcoS indicates
the sequence alteration to create the NcoI recognition site.

ProTNF expression plasmids
A point mutation (A : G) was introduced just

downstream of the initiator methionine codon of human
TNF cDNA to create the NcoI recognition sequence by
polymerase chain reaction (PCR)-mediated mutagenesis
using both ATG/NcoS primer and pBluescript T3 primer.
pbGKX, as a donor plasmid of 5'-untranslated region (UTR)
of Xenopus b-globin mRNA40 to an amplified cDNA
fragment lacking 5'-UTR, was constructed by insertion of
a KpnI–XhoI linker derived from complementary oligo-
nucleotides XbG5UTRS and XbG5UTRA into the multi-
cloning site of pBluescriptIISK(−) (Stratagene). The
modified human proTNF cDNA fragment described earlier
was digested by both NcoI and EcoRI, gel purified, and
inserted between NcoI and EcoRI sites of pbGKX. The
reulting plasmid, pbG/hu-proTNF, was digested with both
SalI and EcoRI, and subcloned into pUC18 to add the Pst
I site at the 5'-end. PstI–EcoRI fragment of this clone was
then gel purified and ligated with PstI–EcoRI digested pMT2
expression vector.13 The resulting construct was referred to as
pH-proTNF. To construct a plasmid for the expression of
mouse proTNF, EcoRI fragment of mouse TNF cDNA
(from pJT-1) was ligated into EcoRI-digested pMT2.
Orientation of the insert was confirmed by restriction
mapping and referred to as pM-proTNF.

Establishment of proTNF/3T3 cells
Ten micrograms of linearized pMT2-proTNF cDNA

constructs and 1 mg of linearized pMC1neopA15 were
cotransfected to NIH3T3 cells using Lipofectin reagent
according to the manufacturer’s instructions. Twenty-four
hours post-transfection, the medium was replaced by a fresh
one containing Geneticin at 800 mg/ml. Medium was changed
every 3 days until drug-resistant colonies appeared, the
colonies were then pooled and maintained in medium
containing 200 mg/ml of Geneticin.

Confirmation of membrane-bound proTNF expression in
proTNF/3T3 cells

NIH3T3 transfectants were washed twice with PBS(−),
then lysed in NP-40 lysis buffer (50 mM Tris–HCl, pH 8.0,
150 mM NaCl, 0.05% SDS, 1% nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin). Cell
extract equivalent to 50 mg of protein was subjected to
SDS-polyacrylamide gel electrophoresis under reducing
conditions, the size-fractionated proteins were electroblotted
to nitrocellulose membrane (BioTraceNT, Gelman Science,

USA), then probed with anti-human or anti-mouse TNF
polyclonal antibodies (pAb). Immunoreactive bands were
visualized by ECL Western blotting detection system
(Amersham Japan, Tokyo). To confirm whether the proTNF
was actually expressed on the surface of membrane, a
procedure for biotinylation of cell-surface proteins followed
by immunoprecipitation using specific antibody described by
Meier et al.16 was carried out as follows. The adherent
transfectants grown on 60-mm dishes were washed with
10 mM sodium borate, pH 8.8, 150 mM NaCl and incubated
with the same buffer containing 50 mg/ml of biotin–CNHS-
ester for 15 min at room temperature. The reaction was
terminated by addition of NH4Cl to 20 mM, washed
extensively, then lysed as described above. Each cell lysate
containing 150 mg of protein was subjected to immunoprecip-
itation using either anti-human TNF pAb (5 mg), anti-mouse
TNF pAb (0.2 mg), or pre-immune rabbit IgG (5 mg),
respectively. The procedure for immunoprecipitation was
described in a previous publication.10 Immunoprecipitated
materials were size fractionated through SDS-PAGE and
transferred to nitrocellulose membrane as described above.
The biotinylated and immunoprecipitated proteins were then
probed with streptoavidin–biotinylated horseradish peroxi-
dase complex and visualized by ECL-Western detection
system (Amersham Japan, Tokyo).

Cocultivation of THP-1 and proTNF/3T3 cells
One day before cocultivation, various NIH3T3 transfec-

tants were trypsinized and seeded onto 60-mm gelatin-coated
plastic Petri dishes at a density of 1.5×106 cells/5 ml without
Geneticin. A set of confluent monolayers of each transfectant
was washed twice with PBS(−) prior to use. Then, 5×106

of THP-1 cells suspended in 10% FCS/RPMI1640 were
seeded onto the 3T3 feeder layer at a density of 1×106/ml
and allowed to contact the feeder layer by natural
submergence. Alternatively, THP-1 cells were pretreated with
rIFN-g at 103 units/ml to confirm our previous result10

concerning the priming effect of IFN-g through an induction
of membrane-proTNF of THP-1 cells. In experiments to
examine the possible involvement of protein kinase(s) in
the role of membrane-bound proTNF, protein kinase
inhibitors, i.e. H7 and GF109203X, were added at the stage
of cocultivation or IFN-g-pretreatment at the concentrations
indicated in Figures 6–8. After 24 h, THP-1 cells were
recovered, washed three times by centrifugation and
challenged with LPS for 5 h as described.10

TNF-immunoassay
‘‘In house’’ radioimmunoassay (RIA) to quantify the

human TNF produced by THP-1 cells was performed as
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reported.10 During the progression of this study, an
‘‘in house’’ enzyme immunoassay (EIA) was developed as
follows based on the same principle as RIA. A plastic 96-well
multiwell plate was coated with 1 mg/ml of F5H12
anti-human TNF mAb10 in Tris-buffered saline (TBS) for
at least 5 h. The plate was washed four times with
TBS containing 0.1% Tween-20 (washing buffer) and
blocked with TBS containing 10% NCS. Appropriately
diluted supernatants of THP-1 cells and serially diluted
standard TNF-a were then added in duplicate to correspond-
ing wells and incubated for 12 h at 4°C. The plate was
washed four times with washing buffer, incubated with
biotinylated anti-human TNF mAb F5H12 in TBS at 1 mg/ml
for 2 h at room temperature, again washed four times
with washing buffer and then incubated with 1000×diluted
streptoavidin–biotinylated alkaline phosphatase conjugate
(Gibco-BRL Life Technologies, Inc.) in TBS for 2 h
at room temperature. For colorimetric EIA, the
ELISA amplification kit (Gibco-BRL Life Technologies,
Inc.) was applied following the manufacturer’s recommen-
dation.

Statistical analysis
Statistical analyses were done by Student’s t-test and

Tukey’s multiple comparison test after one-way analysis of
variance. Differences were considered statistically significant
if PQ 0.05.

TNF bioassay
Cytotoxic activity of TNF was measured by L929

cytotoxic assay according to the method of Ruff and Gifford41

with minor modification.42

RNA analysis
The procedure for Northern blot analysis and DNA

probes to detect either human TNF mRNA or b-actin
mRNA has been described.10 cDNA probe to detect IL-1b
mRNA was generated by reverse transcription/polymerase
chain reaction (RT-PCR) procedure as described43 from
RNA of human placental tissue. Oligonucleotide primers
used for this purpose were IL-1b-S and IL-1b-A 44 as a sense
and an antisense primer, respectively. Amplified IL-1b cDNA
fragment was gel purified and used for the labelling reaction.
Human TNF, IL-1b, and b-actin probes were labelled with
32P using a Megaprime labelling kit (Amersham Japan,
Tokyo).
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