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Abstract

De novo expression of TNF, IFNy, IL-3, IL4, and IL-6 genes
was initiated rapidly by treatment of mice with anti-CD3. A
specific feature of this reaction was that TNFwas derived exclu-
sively from T cells. TNFwas produced both as a mature soluble
trimeric protein and as a 26-kD anti-TNF-reactive protein com-
patible with membrane-anchored TNF. Pretreatment with anti-
TNF did not affect anti-CD3-triggered TNF mRNAexpres-
sion in T cells. In contrast, in vivo and in vitro anti-TNF treat-
ment upregulated anti-CD3-induced IFNy mRNAexpression
and inhibited IL4 mRNAexpression. These latter effects were
not dependent on TNF neutralization: pretreatment with solu-
ble recombinant 55-kD TNFreceptor (TBPI) as an alternative
TNF-neutralizing agent did not modify the anti-CD3-induced
cytokine profile. These results suggest that a direct interaction
between anti-TNF and T cell membrane-anchored TNF could
account for the observed modulation of cytokine gene expres-
sion. The increased expression of INFy mRNAobserved in
anti-TNF-treated animals correlated with a decrease in IL-3
and IL-6 mRNAexpression. Conversely, IFNy blockade by a
neutralizing anti-IFNy mAb led to a substantial increase in
both IL-3 and IL-6 gene expression induced by anti-CD3.
Taken together, these results strongly argue for the existence,
in the anti-CD3-induced cytokine cascade, of IFNy-dependent
regulation of IL-3 production, which in turn modulates IL-6
production. (J. Clin. Invest. 1994. 93:2189-2196.) Key words:
T cell activation * tumor necrosis factor * CD3* immunosuppres-
sion - cytokines

Introduction

Many experimental models associated with release of substan-
tial amounts of cytokines into the circulation involve the al-
most exclusive activation of monocyte/macrophages; this is
the case of endotoxin-mediated septic shock, tuberculosis, and
sarcoidosis (1-3). Anti-CD3 mAb treatment is unique in its
ability to induce massive polyclonal T cell activation in vivo
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(4-7). Over 100 genes are activated during the process of anti-
genic stimulation (8). Oncogenes such as c-fos and myc are
rapidly expressed, followed by the genes encoding various se-

cretory products. The latter include cytokines (IL-2, IL-4,
IFNy, IL-6, TNF, and others) that are crucial in initiating the
differentiation of T and B lymphocytes, as well as monocytes/
macrophages (9). After a first injection (10 ,ug i.v.) of the ham-
ster anti-murine CD3 mAb 145 2C1 1, BALB/c mice tran-
siently release into the circulation several cytokines, including
TNF, IL-2, IL-3, IL-4, and IL-6 and IFNy (5-7). This leads to
a severe but self-limiting physical syndrome associating diar-
rhea, hypothermia, and hypomotility (5-7). Both the physical
syndrome and the cytokine release mimic the clinical OKT3
(anti-human CD33)-induced reaction ( 10). Weused two anti-
cytokine mAbs, hamster anti-murine TNFand IFNy, to dis-
sect out the respective roles of each of these cytokines in the
induction of the anti-CD3-triggered cascade. Anti-TNF mAb
prevented most of the physical signs, whereas anti-IFNy mAb
was ineffective; furthermore, the latter abrogated the beneficial
effect of anti-TNF after combined pretreatment ( 1 1). Kinetic
analysis of circulating cytokine levels gave further insight into
the mode of action of anti-TNF and anti-IFNy. Anti-TNF
alone not only neutralized the bioactivity of anti-CD3-induced
TNF but also substantially modified the release of the other
cytokines, with an increase in anti-CD3-induced IFN'y levels
(particularly marked at the 4-h peak of secretion), together
with a decrease in IL-3 and IL-6 release and a total inhibition of
IL-4 release (reference 1 1; personal data). IL-2 production re-
mained unchanged. Anti-IFNy treatment did not modify
TNF, IL-2, or IL-4 levels but, conversely to anti-TNF, in-
creased IL-3 and IL-6 release (peaking 4-8 h after anti-CD3
injection). Interestingly, combined treatment with the two
mAbscompletely neutralized both TNFand IFNy but did not
affect IL-3, IL-4, or IL-6 release ( 11).

Given the beneficial effect of anti-TNF in preventing the
anti-CD3-induced syndrome in both animals and humans
( 1 1, 12), we investigated the molecular basis of its action. Vari-
ations in IFNy, IL-3, IL-4, and IL-6 levels could be due to a
change either in the consumption of the proteins or in their
production. As transcriptional control (initiation of RNAsyn-
thesis) and posttranscriptional modifications of mRNAstabil-
ity are the most frequent mechanisms of gene regulation ( 13),
including cytokine gene (14, 15), we used RNase protection
techniques to measure the degree of cytokine gene expression
in various anti-cytokine/anti-CD3-treated groups of mice.
The need of reliable quantification of RNA motivated the
choice of the RNase protection (or mapping) technique (16,
17). Wethen investigated the way in which anti-TNF affects
the ability of anti-CD3 to trigger cytokine gene expression.
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Methods

Mice, mAbs, and recombinant proteins. BALB/c mice (6-8 wk old)
were from IFFA CREDO(L'Arbresle France). 145 2C 1I is a hamster
IgG mAbspecific for the murine CD3 e chain (18). TN3 19.12 and
H-22 are hamster IgG mAbsthat respectively block the biological activ-
ity of TNF/murine lymphotoxin and IFN-y in vivo and in vitro (19,
20). L2 mAb(used as control) is an irrelevant hamster IgG mAbdi-
rected at recombinant murine IL-2 but that does not recognize natural
murine IL-2 (20). TNF-binding protein I (TBPI)' corresponds to the
soluble form of the human 55-kD TNFreceptor and was produced as a

recombinant protein in CHOcells (kind gift of Dr. A. Ythier Ares-Ser-
ono, Geneva, Switzerland); it has been shown to bind both human
and murine TNF and to act as a powerful antagonist of TNF activity
(21, 22).

In vivo treatments. Groups of mice were treated as follows: 250,g
i.p. per mouse of TN3 19.12, 12-18 h before the injection of 145 2C 1I
i.v.; 250 Mg of H-22 mAb i.p. before 145 2C1 1; 250 ,g of the control
hamster mAb(L2) before 145 2C1 1; 100 Mg of TBPI 10-30 min before
145 2Cl 1; and 250 Mg of the control hamster mAb (L2) before the
injection of another irrelevant mAb.

In vitro anti-TNF treatment of anti-CD3-activated splenocytes. 6-
wk-old BALB/c mice received a I1O-,g i.v. injection of 145 2C11. Total
spleen cells were recovered at 10, 30, and 60 min after the anti-CD3
injection. The cells were immediately resuspended at 10 X 106 cells/ml
in RPMI 1640 supplemented with 10% FCS and incubated for 1 h at
37°C, in a 5% C02 humidified atmosphere, with either the hamster
anti-TNF TN3 19.12 mAb(25 Mg/ml) or the control L2 hamster mAb
(25 Mg/ml). The incubation was performed in 5-ml culture tubes dis-
posed on a roller. At the end of the incubation, after extensive washing
in PBS, the cells were used for RNAextraction. RNAprotection assays

using probes specific for IFNy, IL-4, and f3-actin were performed.
Evaluation of body temperature and diarrhea. The mice were

tagged and body temperature was recorded by means of an electronic
microthermometer (Thermalet; Bailey Instruments Co. Inc., Saddle
Brook, NJ) in a room at 22-24°C; diarrhea was noted as present or

absent. Body temperature and diarrhea were recorded before anti-cyto-
kine and TBPI injection then before and 4, 24, and 48 h after anti-CD3
administration. 30 mice were used in each experiment (six for each
treatment). The results were comparable from one experiment to an-

other and are given as the means of four experiments.
RNAextraction. RNAwas extracted from total spleen cells or from

purified splenocyte subsets (T+ cells, B+ cells, and monocytes) accord-
ing to the method described by Chomczynski and Sacchi (23), which
involves a single step of acid guanidium thiocyanate/phenol-chloro-
form extraction. The amount of extracted RNAwas calculated from
optical density at 260 nm. Purity and integrity were checked in 1%
agarose gels containing ethidium bromide.

RNaseprotection assay. RNase protection assays with specific mu-

rine RNAprobes were performed on extracted RNAto determine the
precise amount of mRNAsencoding the different anti-CD3-induced
cytokines (16, 17). 32P-Labeled RNAwith a specific activity of 6 x I07

cpm/Mg was obtained by in vitro run-off transcription with SP6, T3, or

T7 RNApolymerase, depending on the plasmid (24). Hybridization of
labeled antisense RNAprobes with 10Mgg of sample RNAwas followed
by digestion with RNase A and TI (Sigma, St. Louis, MO). This elimi-
nates residual RNA, thus leaving only the hybrids. The samples were

then run in 5%polyacrylamide-urea gels, dried, and subjected to autora-

diography on XARKodak film at -80°C.
The probes were the murine TNF probe (kind gift from Dr. W.

Roeder, Lilly Research Laboratories, Indianapolis IN) containing part

of the third intron and fourth exon of murine genomic TNFDNAfrom
a SmaI to SacI sequence, cloned in the PGEM-2 vector. Successful
hybridization results in the detection of a 276-bp protected fragment

1. Abbreviations used in this paper: TBPI, TNF-binding protein I; TBS,
Iris-buffered saline.

(25). The murine IFNy probe (also a kind gift from Dr. W. Roeder) is
a 6 10-bp cDNAfrom a HindIII to XbaI sequence inserted in the Blue-
script vector. After linearization and further digestion with SspI, T3
polymerase generates a 293-bp antisense RNAtranscript. Successful
hybridization results in the detection of a 260-bp protected fragment
(26). The murine IL-3 probe is a cDNA fragment subcloned in an
EcoRI/HindIII fragment of the Bluescript plasmid (kind gift from Dr.
M. Dy, CNRSURA1461, Paris). After linearization with HindIll and
subsequent antisense RNAtranscription in vitro using the T3 polymer-
ase, successful hybridization leads to a 309-bp protected fragment (27).
The murine IL-4 probe is a cDNA fragment subcloned in the HindII
polycloning site of the PGEM-3 vector (kind gift from Dr. W. Paul,
National Institutes of Health, Bethesda, MD). Successful hybridiza-
tion leads to a 373-bp protected band (28). The murine IL-6 probe is a
650-bp cDNA from a HindIII to EcoRI sequence inserted in the
PGEM-4cloning vector (kind gift from Dr. M. Dy, CNRSURA1461,
Paris). After linearization and further digestion with Fokl, T7 polymer-
ase generates a 283-bp antisense RNAfragment. Successful hybridiza-
tion results in the detection of a 263-bp protected fragment (29). A
600-bp 3-actin murine cDNA probe (pBACT 5, prepared by Dr. F.
Dautry) was concomitantly used to assess the quality and quantity of
loaded RNA. pBACT5 is cloned in the TaqI-PSTI site of the Bluescript
vector. After linearization and further digestion with Hinf I, T3 poly-
merase generates a 220-bp antisense RNAfragment. Successful hybrid-
ization leads to a 190-bp protected fragment. Autoradiography signals
were quantified by scanning with the NEl 1 OP7Chromoscan 3 (Joyce,
Loebl and Co. Ltd., Gateshead, UK).

Cell purification. Enriched B and T cells and monocytes were sepa-
rated from total splenocytes before and 1 and 3 h after anti-CD3 injec-
tion. B cells were positively selected with magnetic beads coated with
RA-3-6-B2 mAb (a rat IgG mAb directed at the B220 molecule of
mouse B lymphocytes). T cells were purified by panning in petri dishes
coated with sheep anti-mouse IgG (to eliminate B cells) followed by
positive selection on anti-CD4 (GK 1.5, a rat IgG 2b directed at mouse
CD4) and anti-CD8 (Lyt 2, a rat IgG 2b mAb directed at mouse
CD8)-coated Dynabeads (Biosys, Compiegne, France). The mono-
cyte-enriched population was obtained by negative selection after elimi-
nating cells fixed to anti-B- and anti-CD4/CD8-coated Dynabeads.
FACSanalysis (Becton Dickinson Co., Mountain View, CA) of cells
after the different separation procedures was used to determine the
purity of each cell subset.

Membrane preparations. Membrane preparations were recovered
from purified T cells before and 1 and 3 h after anti-CD3 injection. For
subcellular fractionation and membrane preparation, 30-100 X 106
total splenocytes or purified T cells were washed in HBSS, and then
suspended in 0.01 MTris-buffered saline (TBS), 0.01 MCaCI2, 0.25
Msucrose, 0.2 MPMSF(Serva Biochemicals, Paramus, NJ), pH 7.4,
and disrupted using a Dounce homogenizer at 4°C. Homogenates were
then centrifuged at 1,000 g for 10 min. The nuclear and organelle-
enriched fractions were removed and resuspended in buffer consisting
of 2.3% SDS, 62.5 mMTris, 10%glycerol, and 5%f3-mercaptoethanol,
pH 6.8, for one-dimensional gel electrophoresis. The supernatant was
centrifuged at 20,000 g for 60 min, and the membrane-enriched pellet
was resuspended in the same SDSbuffer for one-dimensional gel elec-
trophoresis. Protein was measured with a commercial kit (BCA; Amer-
sham, les Ulis, France). Control preparations included T cell mem-
branes recovered from untreated mice and T cell nuclear fractions re-
covered from anti-CD3-treated mice. For gel electrophoresis and
Western blot analysis, 8 ,g of nuclear or membrane pellet was solubi-
lized in SDS-PAGE loading buffer, boiled for 5 min, and then sub-
jected to electrophoresis in a 12% polyacrylamide gel according to the
method described by Laemmli (30). After electrophoresis, protein was
electrotransferred to nitrocellulose membrane filters (Schleicher &
Schuell, Inc., Dassel, Germany) as described by Burnette (31). The
filters were then soaked in 3%gelatine/0.02 MTBS, incubated with 20
Mg/ml TN3 19.12 (anti-TNF mAb) or a 1/50 dilution of an ascitic
anti-murine H-2 (Kd, Dd specificity; 34-1-2S clone provided by the
American Type Culture Collection, Rockville, MD) ascites (32). All
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antibodies were diluted in 0.02 MTBS containing 1% gelatine and
0.05% Tween 20. After thorough washing, the filters were incubated
with biotinylated sheep anti-mouse and anti-hamster Ig (Amersham)
diluted 1:1,000 in the same buffer, and then washed and incubated with
streptavidin-horseradish peroxidase complex (Amersham) diluted
1:5,000 in the same buffer. Revelation was performed using a highly
sensitive nonradioactive detection method based on chemilumines-
cence (Amersham). Briefly, horseradish peroxidase present on the final
layer of the protein filter catalyzes the oxidation of luminol in the
presence of hydrogen peroxide. Immediately after oxidation, excited
luminol decays to the ground state and emits light measurable on spe-
cial Hyperfilm-ECL. Molecular weight markers were phosphorylase b
(94 kD), BSA (67 kD), ovalbumin (43 kD), carbonic anhydrase (30
kD), soybean trypsin inhibitor (20.1 kD), and a-lactalbumin (14.4
kD) (Pharmacia LKB Biotechnology Inc., Uppsala, Sweden).

Statistical analysis. Variations in body temperature with time after
the various treatments were analyzed using analysis of variance and
repeated measures. Post hoc tests were used to delineate temporal dif-
ferences between treatment and placebo at each time. Other compari-
sons of mean values were made using Student's t test.
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Results

Kinetics ofanti-CD3-induced cytokine gene expression in vivo.
In all experiments, total RNAwas extracted from splenocytes
before and 0.25, 0.5, 1, 4, 8, and 24 h after anti-CD3 injection.
Expression of specific cytokine mRNAwas quantified in
RNase protection assays. Except for very low IL-6 mRNAlev-
els, no cytokine gene expression was detected before anti-CD3
administration (Fig. 1 A). TNF transcripts started to be ex-
pressed as early as 15 min after anti-CD3 administration,
peaked at 30 min, and remained stable up to 8 h (Fig. 1 A).
IFN'y mRNAwas detectable at 30 min and peaked at 4 h; levels
were still high at 8 h but then became undetectable. IL-3 tran-
scripts were detected at 30 min and peaked between 4 and 8 h.
Both IL-2 and IL-4 mRNAwere detected at 30 min but disap-
peared within 4-8 h (results not shown for IL-2). IL-6 mRNA
expression became detectable at only 1 h but was much more
durable, being present at 24 h (Fig. 1 A).

Anti-CD3-induced TNFwas exclusively Tcell derived. Pu-
rified cell populations were isolated from total splenocytes be-
fore and 1 and 3 h after the anti-CD3 challenge. RNAextracted
from total splenocytes and from enriched subsets (B cells, T
cells, and monocytes) were hybridized with the 32P-labeled mu-
rine TNF probe in RNase protection assays. No TNFmRNA
was detected in the monocyte-enriched preparation 1 h after
anti-CD3 injection (Fig. 2), whereas large amounts were pres-
ent in T cells (Fig. 2). A weak signal was detected in B cells, but
this was due to contamination with anti-CD3-coated T cells.
Indeed, the anti-CD3 145 2C1 1 cross-reacts with the rat anti-
mouse B cell mAbcoating the magnetic beads used in B cell
purification. FACS®analysis confirmed that the T cells and
monocytes were 90-95% pure, whereas B cell purity was 80-
85%; the contaminant cells stained positively with CD4 and
CD8 FITC mAbs, confirming that they were T cells coated
with 145 2C 1.

In vivo treatment with anti-TNF and anti-IFN-y modulate
anti-CD3-induced cytokine gene expression. No cytokine gene
expression was induced by the administration of the anticyto-
kine antibodies (anti-TNF, anti-IFN'y) or the control mAbL2.
Anti-TNF did not regulate the transcriptional rate of the TNF
gene, as TNF mRNAlevels were not modified by anti-TNF.
However, levels of IFNy mRNAin anti-TNF-treated mice
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Figure 1. (A) RNase protection assays performed on total spleen cell
RNAhybridized to specific antisense murine RNAprobes in three
groups of mice after an anti-CD3 administration. Note the increase
in IFNy mRNAlevels in anti-TNF-pretreated mice at all time points.
IL-4 mRNAwas no longer detectable in anti-TNF/anti-CD3-treated
mice. IL-3 and IL-6 mRNAlevels were decreased in the anti-TNF
group and increased in the anti-IFNy group. TNFmRNAlevels were
the same in the three groups, as were IL-2 mRNAlevels (data not
shown). A murine j3-actin probe was used to assess the purity and
quantity of loaded RNA, even though ,B-actin is slightly (20%) in-
ducible after anti-CD3 administration. Figures shown are results de-
picted from one representative experiment of four. (B) mRNAlevels
(OD) are expressed as percentage increases or decreases relative to
controls. Results are the means of four experiments performed with
different RNAsamples.

were significantly higher (60-250% on autoradiographs; P
< 0.001 ) (Fig. 1, A and B) than in control anti-CD3-treated
animals at all times between 30 min and 8 h). In contrast, IL-3
and IL-6 mRNAlevels fell significantly (90-150%; P< 0.001 ),
especially at 4 and 8 h (Fig. 1 A and B). Finally, anti-TNF mAb
pretreatment totally inhibited IL-4 mRNAproduction. Anti-
IFNy did not modify the transcriptional rate of IFNy, TNF, or
IL-4 genes (Fig. 1 A), whereas it led to a 75-100% increase in
IL-3 mRNAand an 85-800% increase in IL-6 mRNA. This
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Figure 2. RNase protection assays with a murine TNFprobe on RNA
extracted from purified T cell, B cell, and monocyte populations after
anti-CD3 administration. The results show that the anti-CD3-in-
duced TNF was T cell derived. Four experiments were performed,
using different RNAsamples and showed the same results.

pattern was a mirror image of that obtained after anti-TNF
pretreatment. IL-2 mRNAlevels were not modified by either
anticytokine treatment, in accordance with reported data for
circulating levels ( 11).

In vitro effect of anti-TNF on anti-CD3-induced activation.
To further support the direct effect of anti-TNF in modulating
T cell anti-CD3-induced cytokines, in vitro experiments were
performed. Spleen cells were recovered at different time points
( 10, 30, and 60 min) after a 10 ,g i.v. anti-CD3 injection. The
cells were then incubated in vitro for 1 h with anti-TNF or the
control L2 mAb. As shown in Fig. 3, anti-TNF treatment signif-
icantly affected the levels of anti-CD3-induced IFNy- and
IL4-specific mRNAs. Quantification of the autoradiography
signals in cells recovered at 10 and 30 min after anti-CD3 injec-
tion disclosed a 104% and 57.7% signal increase of IFNy
mRNA, respectively, compared with controls. At the same
time points, a 60.7% and 42.5% decrease of IL-4 mRNAcom-
pared with controls was observed.

In vivo effect of TBPI on anti-CD3-induced activation. One
way to envisage anti-TNF-related regulation of IFN-y and IL-4
production is to assume that TNFhas a negative immunoregu-
latory effect on IFN'y mRNAexpression and a positive effect
on IL-4 mRNAexpression. Thus, by interfering with the action
of TNF when preventing its binding to TNF receptors, one
would inhibit this signaling pathway. To test this hypothesis,
we used TBPI, the recombinant soluble form of the human
55-kD TNFreceptor. TBPI (100 ,ug, a dose that prevents lethal-
ity in an experimental septic shock model; G. Grau et al., per-
sonal results) was injected to BALB/c mice before anti-CD3
(10 ,ug). TBPI totally prevented both lethality (10-15% of
adult mice usually die after this anti-CD3 dose) and anti-CD3-
induced hypothermia. At 4 h, when body temperature is mini-
mum, all TBPI-pretreated mice had a normal temperature
(mean±SD; 37±0.3 vs. 35.3±0.2°C in anti-CD3-treated
mice). In contrast, diarrhea, a later reaction, was less effec-
tively prevented than by anti-TNF treatment (60% vs. 0%)
(Fig. 4).

RNase protection assays were performed with the murine
TNF, IFNy, IL-3, IL-4, and IL-6 probes on RNAextracted
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Figure 3. Spleen cells recovered from mice injected with 10 gg i.v. of
anti-CD3 were recovered at different times ( 10 and 30 min) and in-
cubated in vitro for 1 h with anti-TNF or the control L2 mAb. RNAse
protection assays performed on RNAsamples extracted at the end
of the in vitro incubation from anti-TNF-treated and L2 (control
mAb)-treated cells are shown (results are from one representative
experiment of three that were performed). Anti-TNF significantly
upmodulated the levels of anti-CD3-induced IFNy RNA(at 10 min:
104% signal increase compared with control; at 30 min: 57.7% signal
increase compared with control) and downmodulated IL-4 mRNA
(at 10 min: 60.7% signal decrease compared with control; at 30 min:
42.5% signal decrease compared with control).

from total splenocytes of TBPI/anti-CD3-treated animals at
the time points previously studied and the autoradiography
signals were compared with those obtained with anti-CD3 and
anti-TNF/anti-CD3-treated animals. Conversely to the effects
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Figure 4. TBPI significantly affected the anti-CD3-induced physical
syndrome. The incidence of hypothermia, diarrhea, and lethality is
detailed for TBPI and anti-TNF-pretreated mice, for mice only re-
ceiving anti-CD3, and for untreated controls (Control groups are in-
dicated by the first black bar per syndrome.).
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Figure 5. (A) RNase protection assays with total spleen cell RNA
hybridized to specific murine RNAprobes in anti-CD3-, TBPI/anti-
CD3-, and anti-TNF/anti-CD3-treated mice. There were no signifi-
cant modifications of cytokine mRNAlevels in the TBPI/anti-CD3
group relative to the anti-CD3 group. Figures shown are taken from
one representative experiment of four. (B) mRNAlevels (OD) are
expressed as percentage increases or decreases relative to controls.

of anti-TNF, TBPI pretreatment did not affect any of the cyto-
kine mRNAsanalyzed. As shown in Fig. 5, A and B, the pat-
tern of RNAtranscripts was totally superimposable in mice
receiving only anti-CD3 and those pretreated with TBPI.

Anti-CD3-activated T cells express membrane-anchored
TNF. As the above results suggested that blockade of TNF
bioactivity was not in itself sufficient to modulate IFNy, IL-3,
IL-4, and IL-6 mRNAexpression, we postulated a direct inter-
action between anti-TNF and T lymphocytes. As proposed in
other models, membrane-anchored TNFwould be a candidate
target for such an interaction. This molecule has been recently
detected on both monocytes and in vitro-activated T cells,
which were the sole source of TNF in our model (33-35).

To test this hypothesis, we looked for the presence of a
specific anti-TNF target on T cells activated by anti-CD3 in
vivo. Western blot analysis of membrane preparations recov-
ered from the purified T cell population revealed the expres-
sion of a membrane-associated form of TNFthat was detect-
able within 1 h and showed maximal expression at 3 h (Fig. 6).
Using the same anti-TNF mAbinjected in vivo, we revealed a
26-kD molecule, fitting well with the reported molecular
weight of the typical type II membrane-anchored TNFprotein
(33). Immunodetection using an anti-murine H2 mAb(KdDd
specificity) revealed the specific expression on T cell mem-
brane preparations of class I MHCmolecules, the expression of
which was also increased 1 and 3 h after anti-CD3 administra-
tion.

Discussion

Anti-CD3 mAbsare an excellent tool for investigating the mo-
lecular mechanisms of the cytokine cascade elicited in vivo by
polyclonal triggering of the CD3/T cell receptor complex. The
gene encoding TNFwas the first to be induced after anti-CD3
administration. Its mRNAwas present in large amounts at 15
min, peaked at 30 min, and remained relatively stable up to 8
h. The induction of IFNy and IL-4 genes was detected at 30
min, reached a maximum between 1 and 4 h, and started de-
clining after 8 h. IL-3 mRNAshowed a similar kinetic pattern,
although peak levels were detected later (4-8 h). IL-6 gene
induction showed delayed kinetics, with mRNAappearing by
1 h but being detectable up to 24 h. These results confirm and
extend the data reported by Scott et al. (36), although we ob-
served more durable anti-CD3-induced IL-4 mRNAexpres-
sion. This difference is probably due to the higher anti-CD3
dose used in this study ( 10 vs. 4 usg).

Selective blockade of given cytokines with neutralizing
mAbs can be used to identify new cytokine regulatory path-
ways. As we have already reported, pretreatment of anti-CD3-
treated mice with an anti-TNF mAbtotally neutralizes the cir-
culating TNF activity induced by anti-CD3, at the same time
significantly altering the overall pattern of the cytokine cas-
cade. Anti-TNF pretreatment also almost completely inhibits
the acute physical syndrome ( 11). At the molecular level, the
patterns of cytokine gene expression in anti-cytokine/anti-
CD3-treated mice showed some peculiar features. Impor-
tantly, anti-TNF mAbdid not affect TNF transcription, con-
trary to observations by Kindler et al. (37) in experimental
granulomatous tuberculosis. Various elements may account

0 lh 3h
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tions using the anti-TNF mAbrevealed 26-U) membrane-bound

TNF at I and 3 h after the anti-CD3 challenge. The figure shows one

experiment of three.
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for this discrepancy, including the cell source of TNF(macro-
phages in the granulomatous tuberculosis model and T cells in
the anti-CD3 model) and the kinetics of TNF production
(chronic in the former and acute in the latter). Indeed, analysis
of RNAextracted from purified spleen cell subsets (T cells, B
cells, and monocytes) revealed the exclusive T cell origin of
anti-CD3-induced TNF, further confirming the ability of T
cells to produce TNF (38-40). No TNF-encoding transcripts
were detected in monocytes at any of the time points analyzed,
even though anti-CD3-induced activation is monocyte depen-
dent (41). F(ab')2 fragments are not mitogenic in vitro and, in
vivo, do not promote the massive cytokine release or acute
physical syndrome regularly observed with the entire antibody
(41 ). In contrast to TNF, monocyte IL- l1: and IL-6 genes are
induced within hours of anti-CD3 administration (C. Ferran et
al., manuscript submitted for publication).

In vivo anti-TNF significantly modulated the expression of
various other cytokine genes in the anti-CD3-induced cascade.
It significantly upregulated levels of IFNy mRNA,whereas it
decreased those of IL-3 and IL-6 mRNAand totally abrogated
IL-4 gene transcription. These changes in mRNAlevels could
be due to pretranscriptional regulation, as is often the case of
cytokine gene expression ( 14) or, alternatively, to modifica-
tions of mRNAstability (42). Interestingly, the capacity of
anti-TNF to upregulate IFNy mRNAand to downregulate IL-
4 mRNAcould also be evidenced in an in vitro model. In these
experiments splenocytes were collected at 10 and 30 min after
anti-CD3 injection and incubated in vitro with anti-TNF or a
control mAb. In this in vitro system, anti-TNF F(ab')2 frag-
ments showed the same modulating properties on anti-CD3-
induced IFN~y and IL-4 mRNAsas the whole antibody (data
not shown).

The effect of anti-TNF on IFNy mRNAlevels raises two
hypotheses. In the first, mAb-mediated inhibition of TNFbind-
ing to its specific receptor would prevent it from exerting a
regulatory effect. The second involves signal triggering through
a direct interaction between anti-TNF and T lymphocytes. In
support of this second possibility, our data suggest that, after
anti-CD3 activation, T cells express a membrane-associated
TNF molecule within 1 h of stimulation. This would be an
ideal target for administered anti-TNF (33-35). Indeed, West-
ern blot analysis showed the presence on purified activated T
cell membranes of a 26-kD anti-TNF-reactive protein compati-
ble with the described membrane-anchored TNF( 33). Further-
more, as described by Kriegler et al. (33) this molecule does not
correspond to the molecular weight signal one would expect if
the anti-TNF-reactive material was soluble TNF ( 1 7-kD
monomer or 50-kD multimer) bound to its receptor (40, 43,
44). Several reports in the literature point to the functional
relevance of this membrane-associated TNF. In particular,
membrane-associated TNFseems to be as potent as the soluble
trimer in inducing tumor lysis through direct cell-cell contact
(33, 43). Moreover, a role as an autocrine or paracrine T cell
growth factor has also been suggested (40). The appearance of
this membrane-anchored TNFmolecule was an early phenom-
enon ( 1 h) relative to more classical activation markers such as
IL-2 R, which can be detected 6 h after anti-CD3 injection (4).
Further support for this hypothesis comes from our results with
an alternative approach to neutralizing TNF bioactivity, i.e.,
TBPI, the human recombinant soluble form of type I TNF
receptor. TBPI pretreatment influenced neither anti-CD3-me-

diated cytokine gene expression nor the production of the re-
lated proteins. Wechose TBPI as an alternative TNF-neutraliz-
ing agent for its high protein sequence homology (> 65%) with
its murine counterpart, its good reactivity with murine TNF
(lack of species specificity), and its strong inhibition of the
antiproliferative and anticytotoxic effects of TNF(21, 22, 45-
47). The use of anti-TNF receptors antibodies was hampered
by their suggested agonistic properties (45-47).

We thus speculate that cross-linking of membrane-an-
chored TNF via specific antibodies (or their F(ab')2 bivalent
fragments) or cell-surface TNF-receptors (but not their soluble
forms), may account, in activated T cells, for the signal that
modulates cytokine gene expression.

By extension, the described downregulation of IL-4 gene
expression may involve a similar mechanism of signaling via
membrane-associated TNF. Combined analysis of results from
anti-TNF- and anti-IFNy-pretreated mice reveals another reg-
ulatory pathway between IFNy on the one hand and IL-3 and
IL-6 on the other hand. Neutralization of anti-CD3-induced
IFNy led to a significant increase in IL-3 and IL-6 mRNA
levels, a mirror image of the effects of anti-TNF. There have
been several reports of IFNy-dependent negative modulation
of IL-3. IFNy inhibits IL-3 production by cytotoxic T cell
clones in vitro (48, 49). A similar effect occurs in aplastic ane-
mia, in which high circulating levels of IFNy coexist with a
characteristic deficiency in IL-3, GM-CSF, and erythropoietin
(50). IFNy probably downregulates IL-3 gene expression by
binding to specific receptors; the latter are usually expressed on
activated T cells, which, in our model, account for IL-3 produc-
tion (51).

Although IFN~y can potentiate TNF-induced IL-6 produc-
tion indirectly (52), no direct IFN'y-IL-6 pathway has been
described so far. Our results are compatible with IL-3 being the
intermediate link between IFNy and IL-6. Furthermore, IL-6
is highly inducible by IL-3 in myelomonocytic progenitors and
mature monocytes (53, 54).

Taken as a whole, these data have both clinical and funda-
mental relevance. Anticytokine mAbs have been used for in-
stance in the treatment of septic shock (anti-TNF) (55, 56),
multiple myeloma (anti-IL-6) (57), experimental cerebral ma-
laria (anti-TNF, anti-IFNy, and anti-IL-3/GM-CSF) (58, 59),
and murine leishmaniasis (anti-IL-4) (60). The main parame-
ter used to investigate their mode of action is the blockade of
the target cytokine's bioactivity, but it is essential to consider
their effects on both cell-surface cytokines (so far described for
TNF, IL-1, IL-4, and IL-5) and their potential interference
within cytokine networks (40, 61-63).

From a more fundamental point of view, cytokines may
function as cell-surface-associated receptors with signal-trans-
ducing potential, although the precise mechanisms involved
are unclear (64, 65). With regard to membrane-associated
TNF, it may conceivably play a role in T-T cell cooperation by
binding to TNF receptors, mainly of the type II p75kD form,
which is highly expressed on activated T cells (66). A similar
situation has been described for the TNF-related activation
protein/CD40 couple (respectively expressed on activated T
and B cells) in modulating cytokine production and supporting
T-B cooperation (67, 68). The functional relevance of this
interaction is well illustrated by the hyper IgM syndrome asso-
ciated with genetic gp 39 deficiency, which is an X-linked hered-
itary immunodeficiency (69, 70).
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