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Abstract

Experiments were designed to test the hypothesis that
chronic exposure to tumor necrosis factor alpha (TNF) al-
ters the function of activated T lymphocytes. Pretreatment
of tetanus toxoid-specific T cell clones with TNF for up to
16 d impaired rechallenge proliferative responses to antigen
in a dose- and time-dependent fashion. IL-2 and PHA re-
sponses were preserved. Prolonged treatment with TNF im-
paired production of IL-2, IL-10, IFNy, TNF, and lympho-
toxin (LT) following stimulation with immobilized OKT3,
and resulted in suboptimal expression of the IL-2R alpha
chain (Tac) but not CD3, CD4, or HLA-DR antigens, when
compared to untreated control cells. By contrast, pretreat-
ment of T cells for prolonged periods in vitro with neutraliz-
ing anti-TNF monoclonal antibodies (mAb) enhanced prolif-
erative responses, increased lymphokine production, and
upregulated Tac expression following stimulation with
OKT3. To determine whether TNF exerts immunosuppres-
sive effects on T cells in vivo, we studied cell-mediated im-
munity in patients with active rheumatoid arthritis (RA),
before and after treatment with a chimeric anti-TNF mAb.
Treatment with anti-TNF restored the diminished prolifera-
tive responses of PBMCto mitogens and recall antigens
towards normal in all patients tested. These data demon-
strate that persistent expression of TNF in vitro and in vivo
impairs cell-mediated immune responses. (J. Clin. Invest.
1994. 94:749-760.) Key words: tumor necrosis factor * T
lymphocytes * immunosuppression * cell-mediated immunity
* rheumatoid arthritis

Introduction

The short-term effects of the cytokine tumor necrosis factor
alpha (TNF)' have been studied extensively in vitro. A detailed
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1. Abbreviations used in this paper: IDA, index of disease activity; LT,
lymphotoxin; PE, phycoerythrin; PPD, purified protein derivative; SkSd,
Streptokinase/Streptodomase; Tac, Tac antigen (1L-2R alpha chain);
TNF-R, tumor necrosis factor receptor.

analysis reveals a pattern of responses that are considered immu-
nostimulatory or proinflammatory (reviewed in reference 1).
For example, TNF is a growth factor for T and B cells (2, 3),
a potent activator of macrophages (4), and induces the produc-
tion of proinflammatory mediators such as prostaglandins and
collagenase (5) and other cytokines such as interleukin-l (IL-
1) (6, 7), IL-6 (8), and granulocyte-macrophage colony stimu-
lating factor (GM-CSF) by both hemopoetic and nonhemo-
poeitic cells (9, 10). During acute inflammatory responses these
proinflammatory effects may be amplified further by TNF
through upregulation of adhesion molecules intracellular adhe-
sion molecule-1, vascular cell adhesion molecule-1, and endo-
thelial leukocyte adhesion molecule- 1 on endothelium (1 1), and
by the induction of chemoattractants such as IL-8 (12), thereby
facilitating the trafficking of cells to sites of inflammation.

The long-term effects of TNFin disease, on the other hand,
have been more difficult to define. Some clues have been pro-
vided by clinical studies of chronic inflammatory disease such
as rheumatoid arthritis (RA), multiple sclerosis (13), and
Crohn's disease (14), and chronic infections such as malaria
(15), tuberculosis, and leishmaniasis (16), in which TNFexpres-
sion is augmented. For example, one clinical manifestation
thought to be related to chronic TNF exposure in vivo is the
wasting syndrome known as cachexia, particularly characteristic
of chronic parasitic infestation and malignancy (1, 17), but also
a recognized feature of many chronic inflammatory diseases
(18). There are other features of these conditions, such as im-
mune dysfunction, which could also be due to sustained over-
production of cytokines, but which have not been investigated
in any detail at the cellular level. Thus, detailed study of the
long-term effects of TNF on cells present at sites of inflamma-
tion would be of interest, and might enhance our understanding
of the cellular and molecular mechanisms that contribute to the
pathogenesis of chronic inflammatory disease.

RA is a chronic inflammatory disease in which local, sus-
tained overproduction of cytokines such as IL-1, IL-6, IL-8,
GM-CSF, and TNF has been reported (19). Synovial cells,
chiefly comprising monocytes and activated T cells, with fewer
fibroblasts, produce TNF spontaneously in culture (20, 21). In
addition, they express high levels of TNF receptors (TNF-R)
which are sustained for many days in culture, in contrast to the
transient expression of some cytokine receptors (e.g., IL-2R, as
well as TNF-R) observed on PHAand IL-2 stimulated periph-
eral blood mononuclear cells (PBMC) (22). These abnormal
cytokine responses, and the notable reduction of inflammatory
mediators by neutralizing TNF in RA synovial cultures (23,
24), have implicated TNF in the pathogenesis of RA (19-24).
The development of a spontaneous arthritis in mice expressing
a human TNF transgene modified by exchanging the 3' untrans-
lated region with that of human P-globin suggests further that
persistent overexpression of TNF alone is sufficient to induce
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and perpetuate arthritis (25). This concept has also been sup-
ported by animal models of human RAsuch as collagen-induced
arthritis in DBA/1 mice, in which anti-TNF antibody even when
administered after the onset of arthritis ameliorates synovial
hyperplasia and joint destruction (26). More recently, in an open
phase I/II study, significant clinical benefit has been observed
in RApatients receiving treatment with a neutralizing chimeric
monoclonal antibody to TNF, cA2 (27). This important finding
confirms that augmented expression of TNFpersists in vivo for
prolonged periods in rheumatoid patients and contributes to the
processes that lead to active disease.

T lymphocytes are the predominant cell type in chronic
rheumatoid synovial infiltrates (28). They express activation
antigens such as VLA-4, LFA-1, class II major histocompatibil-
ity (MHC) molecules, and to a lesser extent IL-2R (29, 30).
Since bioactive TNFis detectable in synovial joint cell cultures,
as well as in synovial fluid (21), it is likely that synovial joint
T cells overexpressing TNF-R are persistently exposed to TNF
in vivo. These characteristics are similar to T cell lines or clones,
which, when cultured in vitro for prolonged periods, are chroni-
cally activated, secrete abundant TNF (31), and express high
levels of TNF-R (32, and A. Cope, unpublished data). There-
fore, we decided to study cultures of antigen-specific T cell
clones derived from normal individuals as a model system for
investigating the long-term effects of TNF in vitro. Our data
suggest that chronic exposure to bioactive TNF in vivo could
account for some of the abnormal features of T cells derived
from RA patients, such as impaired antigen and mitogen re-
sponses, and suppressed lymphokine production (33, 34, 35).
Furthermore, studies of cell-mediated immune responses in RA
patients before and after treatment with anti-TNF have con-
firmed our in vitro observations, demonstrating that TNF exerts
suppressive effects on cellular responses in vivo.

Methods

T cells and cell culture conditions. All T cells were cultured in RPMI
1640 (Gibco, Paisley, Scotland), supplemented with 10% heat inacti-
vated AB normal human serum, 2 mML-glutamine, 25 mMHepes,
antibiotics, and 20 ng/ml purified recombinant human IL-2 (Hoffmann-
La Roche, Nutley, NJ), (complete medium, endotoxin < 50 pg/ml by
the limulus amebocyte assay). Four tetanus toxoid-specific T cell clones
were generated from antigen-reactive T cell lines derived from the pe-
ripheral blood of two normal healthy individuals as previously described
(36). Briefly, peripheral blood mononuclear cells (PBMC) were obtained
by density centrifugation of heparinized whole blood over Ficoll/hy-
paque (source specific density 1.077 g/ml). Tetanus toxoid-specific T
cell lines were derived by culturing PBMCfor 7 d at a density of 106
cells/ml in the presence of optimal concentrations (1/100 dilution) of
tetanus toxoid (Wellcome Reagent Ltd., Beckenham, England; dialyzed
against RPMI 1640 containing antibiotics), followed by a further 7-d
culture in fresh complete medium. Cloning of T cell lines was by lim-
iting dilution in Terasaki plates at a density of 0.3 cells/well, in the
presence of 4 x 104 irradiated (4000 rad; 1 rad = 0.01 Gy) autologous
or HLA-DR matched PBMC, tetanus toxoid (1/100), and IL-2 (20 ng/
ml) for 5 to 7 d. Expanding clones were propagated in complete medium
for a further 5 to 7 d before a second round of stimulation with antigen
and antigen-presenting cells. Subsequent stimulations were performed
every 12 to 16 d in 24-well culture trays with alternate rounds of antigen
or 1 btg/ml PHA (Difco Laboratories Inc., Detroit, MI) using equal
numbers of T cells and irradiated PBMCas feeder cells. Fresh complete
medium, containing IL-2 was added every 4-5 d. Antigen specificity
was confirmed in 3-d proliferation assays (see below).

Central to our experiments was the method by which T cells were

cultured with exogenous TNF. For each round of stimulation with anti-
gen or mitogen plus irradiated PBMC, cells were cultured in complete
medium in the presence or absence of 0.01-100 ng/ml TNF. Unless
otherwise stated, cells were subsequently propagated with fresh com-
plete medium, with further additions of TNF, approximately every 4 d.
Indomethacin (Sigma Chemical Co., St. Louis, MO), was used as indi-
cated, at a final concentration of 10-' M. At the end of each stimulation
cycle, cells were washed thoroughly before resuspending in fresh me-
dium. Cells were then studied for proliferative response (hereafter
termed rechallenge or recall responses), expression of cell surface anti-
gens, or for cytokine production, in the absence of TNF. The data
presented, therefore, represent a comparison of the functions and pheno-
type of T cells cultured in the presence or absence of exogenous TNF
for prolonged periods (up to 16 d).

Proliferation assays. Unless otherwise stated, proliferation of anti-
gen-specific T cell clones was determined by incorporation of 0.5 1ACi
[3H]thymidine (1 Ci = 37 GBq) (Amersham Intl., Buckinghamshire,
England) for the last 16 to 18 h of 72 h assays. In 96-well round
bottomed trays, at a final volume of 200 jsl, T cells (2 x 104) were
added to fresh irradiated autologous or HLA-DR compatible PBMC
feeder cells (4 X 104) in the presence of medium alone, 11L-2 (20 ng/
ml), 1/100 dilution of tetanus toxoid, or 10 jg/ml Streptokinase/Strepto-
dornase (SkSd; Lederle Laboratories, Gosport, UK) as a control antigen.
Alternatively, the same proportions of T cells and irradiated feeder cells
were incubated with increasing concentrations of PHA. To evaluate
proliferative responses to 1L-2 or immobilized OKT3, 10' T cells/well
were added to flat bottomed 96-well trays in the presence of increasing
concentrations of IL-2, or to wells previously coated overnight with
varying concentrations of affinity purified OKT3. After 72 h of culture,
[3H]thymidine incorporation was assessed by harvesting cells onto glass
fiber filters with a semiautomated cell harvester (Titertek 550; Flow
Laboratories, Irvine, Ayrshire, Scotland) and counting in a liquid scintil-
lation spectrometer (1219 rack /; LKB Instruments Inc., Bromma, Swe-
den). Results were expressed as arithmetic mean counts per minute
(cpm) of triplicate cultures±SEM. For comparisons of multiple pretreat-
ments, proliferative responses to antigen were expressed as a stimulation
index by calculating the ratio of cpm obtained from each tetanus-specific
response to the cpm obtained in the presence of T cells, antigen present-
ing cells, and medium alone.

Cytokines and antibodies. Recombinant human TNFa (specific ac-
tivity 5.6 x 107 U/mg, endotoxin content < 2 EU/mg) was the gift of
Dr. H. M. Shepard (Genentech Inc., San Francisco, CA). TNF was
neutralized with cA2, a chimeric human/murine monoclonal antibody
(Centocor Inc, Malvern, PA), consisting of the constant regions of hu-
man IgGlK, coupled to the Fv region of a high-affinity neutralizing
murine anti-human TNFa antibody. cA2 was sterile filtered, and used
at 10 jtg/ml, a concentration calculated to inhibit the cytotoxicity of
approximately 200 ng/ml TNFby 50%, on the basis of the human KYM
1D4 cell cytotoxicity assay (Butler et al., submitted).

Immunophenotyping of T cells. To evaluate the expression of surface
receptors and T cell activation markers under different culture condi-
tions, cells were harvested at the indicated times, and washed twice in
ice-cold wash buffer (PBS, 2%FCS, and 0.02% sodium azide). Where
stated, cells were resuspended in 0.01 Msodium citrate buffer (pH 4.0)
at 4°C for 5 min to remove excess TNF bound to receptors, or residual
OKT3bound to T cells. Cells were then washed twice before incubating
2-5 X 105 cells with saturating concentrations of relevant antibody. All
subsequent incubations were maintained at 4°C. Antibodies used in this
study were; Leu-4 (anti-CD3 conjugated to fluorescein isothiocyanate;
Becton Dickinson, Cowley, UK); Leu-3a (anti-CD4 conjugated to phy-
coerythrin; Becton Dickinson; anti-Tac (anti-IL-2Ra chain), Dr. T.
Waldmann, National Institutes of Health, Bethesda, MD; anti-HLA-DR
(conjugated to phycoerythrin, PE; Becton Dickinson); OX-20, specific
for rat Ig kappa chain (Dr. D. Mason, Oxford University, UK) used as
an isotype matched control antibody where relevant. The fluorescent
signal of cells incubated with unconjugated antibodies was obtained
with goat anti-mouse IgG-PE (Southern Biotechnology Associates, Bir-
mingham, AL). Cells were washed further, fixed in 1% formaldehyde
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in PBS, and analyzed on a FACScan flow cytometer (Becton Dickinson).
Viable stained cells (104) were assessed for positive fluorescence by
gating on forward and side scatter.

Cytokine assays. Cells pretreated with complete medium alone, TNF,
or anti-TNF were harvested at the end of each cycle of stimulation,
washed extensively, and resuspended at a density of 106 cells/ml in
fresh medium alone, in the absence of TNF or anti-TNF. 1 ml of T cell
suspension derived from each pretreatment was added in triplicate to
24-well culture trays previously coated with OKT3 (optimum coating
concentration, 10 Mg/ml). Culture supernatants were harvested after 48
h, sterile filtered and frozen at -70'C until assayed. The lymphokines
IL-4, IL-10, IFNy, TNF, and lymphotoxin (LT) were measured by
standard sandwich ELISA techniques using specific monoclonal and
polyclonal antibodies, which were the generous gifts of Dr. F. Di Pa-
dova, Sandoz, Basel (IL-4), Dr. K. Moore, DNAX, Palo Alto, CA (IL-
10), Dr. D. Novick, The Weizmann Institute of Science, Rehovot, Israel
(IFNy), Dr. W. Buurman, University of Limburg, Netherlands (TNF),
and Dr. A. Meager, National Institute of Biological Standards and Con-
trol, Herts, UK (LT). Detection polyclonal/monoclonal antibodies were
biotinylated using a commercial kit (Amersham Intl.) according to the
manufacturer's instructions, and the amount of detection antibody bound
determined with a 1/2000 dilution of streptavidin-horseradish peroxidase
conjugate (Amersham, Intl.), followed by incubation with o-phenylene-
diamine dihydrochloride substrate (Sigma Chemical Co.). The enzymatic
reaction was stopped with 2 N H2SO4, and absorbance read at 490 nM.
Quantification of cytokines was calculated using an Apple Macintosh
computer software program (Assayzap) according to the absorbence
obtained with varying concentrations of the relevant recombinant stan-
dard.

The presence of bioactive IL-2 in these culture supernatants was
determined using the IL-2 dependent murine CT6 T cell line as described
(37). Briefly, 48 h culture supernatants were harvested from T cells
stimulated with immobilized OKT3 in the presence of saturating concen-
trations of anti-Tac antibody, and added in twofold serial dilutions in
triplicate to round bottomed 96-well culture trays containing 5 x 104
CT6 cells/well. Proliferation of CT6 cells was determined by incorpora-
tion of [3H]thymidine for the last 4 h of 24 h assays. Cells were harvested
as described above. The amount of IL-2 was determined from the cpm
produced by a standard curve using recombinant human IL-2.

Proliferative responses of PBMCfrom RApatients treated with cA2.
Six RA patients with longstanding active disease, and who fulfilled the
revised 1988 American Rheumatism Association diagnostic criteria for
rheumatoid arthritis, were studied (38). Details of these patients, all of
whom had failed therapy with multiple disease modifying agents, are
reported elsewhere (27). Heparinized whole blood was obtained from
patients on day 0, prior to commencing anti-TNF treatment (10 mg/kg
cA2, i.v.), on day 1 (24 h later), and at days 7, or 28 as indicated.
Patients received a second infusion of cA2 on day 14. Clinical scores for
each patient were assessed during anti-TNF treatment using a composite
index of disease activity (IDA, range 1-4) (39). All PBMCwere ob-
tained by density centrifugation as described above and cryopreserved
prior to study. Serial unfractionated PBMCsamples from each patient
were then studied at the same time (to avoid interassay variability) for
their proliferative responses to a panel of mitogens and soluble antigens.
Thawed PBMCfrom each time point were washed, counted, and resus-
pended at 106 cells/ml. To 96-well round-bottomed trays containing 100
jul of this cell suspension was added 100 M1 of either medium alone, or
medium containing optimal concentrations of IL-2 (20 ng/ml), OKT3
(50 ng/ml), PHA(4 jg/ml), concanavalin A (4 jig/ml) (Sigma Chemical
Co.), tetanus toxoid (1/100 dilution), tuberculin purified protein deriva-
tive (PPD, 10 Mg/ml; Evans, Horsham, UK), or SkSd (5 Mg/ml), as
determined in preliminary experiments. Cells incubated with IL-2 or
mitogen, or with soluble antigens were harvested after 3 and 6 d of
culture, respectively, following the addition of 0.5 jCi [3H]thymidine for
the last 16 to 18 h of culture, as described above. Results of proliferative
responses from serial time points are expressed as counts per minute or
as stimulation indices.

Statistical analysis. All statistical analyses were performed using
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Figure 1. Prolonged exposure of T cell clones to TNF suppresses tetanus
toxoid-specific recall responses. Four CD4+T cell clones were indepen-
dently stimulated with APC, tetanus toxoid, and IL-2 in the absence
(medium) or presence of TNF (100 ng/ml) for 12 to 16 d, before rechal-
lenge with medium alone, IL-2 (20 ng/ml), tetanus toxoid (1/100 dilu-
tion) or irrelevant control antigen (SkSd, 10 pg/ml). Data represent
mean cpm of triplicate cultures±SEM derived from the [3H]thymidine
incorporated during the last 16-18 h of 72 h proliferation assays per-
formed in the absence of exogenous TNF. Statistically significant differ-
ences between treatments are indicated (*P < 0.04; **P = 0.05).

the Apple Macintosh software statistics package, Minitab. Comparisons
between proliferative responses (mean±SEM) and differences in lym-
phokine production (mean±SD) were determined by nonpaired t tests.
The Wilcoxon signed rank test was used to compare stimulation indices
between time points for RApatients as a group. Differences were consid-
ered statistically significant at P < 0.05.

Results

Effects of prolonged TNF exposure on in vitro tetanus toxoid
specific responses. Four tetanus specific T cell clones derived
from two healthy donors werz studied. For each clone, cells
pretreated with TNF (100 ng/ml) showed significant reductions
in tetanus specific proliferative responses compared to T cell
clones cultured with complete medium alone (P < 0.05, Fig.
1). This was a consistent and reproducible finding for all four
clones tested. Thus, in 12 separate experiments the mean percent
reduction in the tetanus specific stimulation index of TNF pre-
treated cells was 56-+18% (mean+SD) for clone 25. By compar-
ison, thymidine incorporation in response to irrelevant antigen
(SkSd) was similar to that observed for cells cultured in the
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absence of all exogenous stimuli (cells). Cell viability was
> 95% prior to rechallenge for all cells in all experiments,
and anaerobic metabolism, as assessed by culture supernatant
sodium lactate levels, did not significantly differ for cells pre-
viously cultured in complete medium or TNF (data not shown).
Moreover, the finding of comparable IL-2 proliferative re-
sponses between treatment groups for the four clones tested
argued against the TNFeffects being due to cell toxicity. Indeed,
a small but significant increase in IL-2 response was observed
for clone 14 when chronically pretreated with TNF (P = 0.05).
To confirm that TNF did not suppress IL-2 or PHArechallenge
responses, clones pretreated with TNF or medium alone were
incubated with increasing concentrations of IL-2 or PHA as
described in Methods. Results obtained with clone 25 are shown
in Fig. 2. No reduction of proliferation was observed with TNF
treated T cells, as was observed for, rechallenge responses to
antigen. All subsequent experiments shown were performed us-
ing clone 25.

TNF effects are dose and time dependent. Clone 25 was
cultured for a full cycle of stimulation with log-fold increasing
concentrations of TNF. Fig. 3 shows the results of these prolifer-
ative responses expressed as stimulation indices, representative
of three independent experiments. Weobserved significant re-
ductions in tetanus-specific proliferative responses on rechal-
lenge of T cells treated with 10 ng/ml TNFor more (P < 0.002;
Fig. 3 A). Reduction was maximal with 100 ng/ml TNF; this
concentration was used in subsequent experiments. In time
course experiments cells were stimulated in the presence or
absence of TNF from day 0. To parallel cultures stimulated
initially in the presence of complete medium, were added TNF
(100 ng/ml) at subsequent, later time points as indicated. A
reduction in tetanus rechallenge responses was observed as be-
fore for cell cultures in which TNF (100 ng/ml) was added
every 4 d from day 0. Similar significant reductions were noted
when TNF was added from days 4, 8, or 12 (P < 0.002).
However, less suppression was noted when TNF was added
progressively later, and no reduction when added to cultures
just 24 h prior to rechallenge with antigen (day 15). These data
demonstrate that pretreatment of T cells with TNF suppressed
antigen-specific rechallenge responses in both a dose- and time-
dependent fashion.

TNF effects are reversible, and independent of the initial
stimulus and the presence of antigen-presenting cells. In order
to characterize these TNF effects in more detail, we studied
clone 25 cultured in the presence or absence of TNF under
different culture conditions. These experiments (I-VI) are sum-
marized in Table I; the percentage reduction of antigen specific
responses by TNFis also shown for corresponding experiments.
For each experiment clone 25 was stimulated under the condi-
tions indicated in the presence or absence of exogenous TNF,
before rechallenge with optimal concentrations of tetanus toxoid
as described above. Experiment I demonstrates that recall prolif-
erative responses were suppressed by pretreatment with TNF
irrespective of whether antigen was processed and presented by
PBMCfrom either of two different HLA-DR matched donors
(Imo and TMc), or by a DR-matched EBV transformed B cell
line (EBV). Suppression was also observed if cells were stimu-
lated at the beginning of the cycle with either antigen or mitogen
such as PHA, and then rechallenged with antigen and the same
antigen presenting cells (experiment II). Furthermore, signifi-
cant reductions in rechallenge responses were still observed in
cells stimulated with immobilized OKT3 and IL-2 alone, and
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Figure 2. IL-2- and PHA-induced proliferative responses of T cells
chronically treated with TNF are preserved. Clone 25 was stimulated
as described for Fig. 1. Following pretreatment with or without TNF
(100 ng/ml), proliferative responses to increasing concentrations of A)
1L-2 alone or B) PHA (in the presence of APC) were evaluated. Each
point represents mean cpm of triplicate cultures±SEM in 72 h recall
assays in the absence of exogenous TNF.

then rechallenged with antigen and PBMCas antigen presenting
cells (Imo or TMc; experiment HI). When T cells were rechal-
lenged with antigen in the presence of HLA-DR-matched EBV
transformed B cells, the differences in responses of untreated
and TNF-treated cells were found to be smaller (as observed in
experiment I), but differences still reached statistical signifi-
cance (P < 0.05). These findings suggested that TNF induced
these effects on T cells directly and independently of accessory
cells and their products (experiment I). Experiment IV con-
firmed that similar results were obtained in the presence of
cyclooxygenase inhibitors (indomethacin i0' M), implying
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Figure 3. Chronic exposure of T cells to TNF impairs tetanus toxoid-
specific recall responses in a dose- and time-dependent fashion. Clone
25 was stimulated as described for Fig. 1 in the presence or absence of
increasing concentrations of TNF (A) for 14 d prior to evaluating recall
responses to antigen. For kinetic studies (B), TNF (100 ng/ml) was
added at the beginning of cultures, or on subsequent days, as indicated,
to separate cultures that had been stimulated initially in the presence of
complete medium. Further TNF was added every 4 d until day 12. For
those cultures to which TNF was added for the first time from days 12
to 15, TNF was added only once. Cells were washed thoroughly before
rechallenge with tetanus toxoid in the absence of exogenous TNF. Re-
sults are expressed as stimulation indices. Statistically significant differ-
ences are indicated (*P < 0.002).

that these suppressive effects were unlikely to result from the
induction of arachidonic acid metabolites by TNF. If, at the end
of the cycle, one wash was replaced by a 5-min incubation with
ice-cold citrate buffer (pH 4.0) to displace residual TNF bound
to surface receptors, suppressive effects could be reproduced,
suggesting that the reduction in antigen-specific responses dur-
ing rechallenge was unlikely to be due to a carryover effect of
TNF (experiment V). Finally, to see if TNFeffects were revers-
ible, cells underwent two consecutive stimulation and rechal-
lenge cycles (experiment VI). In the first, clone 25 was stimu-
lated and cultured with and without TNF (100 ng/ml) as before.

In the second, both groups of cells underwent a stimulation
cycle in the absence of exogenous TNF. Rechallenge after the
first cycle showed significant reduction in tetanus specific re-
sponses. Following a full cycle of stimulation (- 2 wk) in the
absence of exogenous TNF, antigen specific responses of these
cells in a second recall assay were comparable to control levels
(reduction 1%). Together these experiments -demonstrate that
chronic exposure to TNF suppresses antigen-specific T cell re-
sponses irrespective of the type or presence of antigen-present-
ing cells, the initial stimulus, or the presence of prostaglandins.
Furthermore, these effects are reversible in vitro, arguing
against the likelihood of cytotoxic effects.

Endogenous TNFproduction has suppressive effects. T cell
clones cultured in vitro are chronically activated and secrete
abundant TNF (31). Since a reduction in antigen-specific re-
sponses occurred at TNF concentrations between 1 and 10 ng/
ml, we reasoned that endogenous TNFproduced spontaneously
by T cell clones in culture could exert similar effects. Further-
more, it was possible that membrane-associated TNF expressed
on these cells (data not shown) would also contribute to the
levels of endogenous TNF bioactivity. Therefore we stimulated
clone 25 (which produces TNF; see Table II) in the presence
of neutralizing concentrations of the chimeric anti-TNF mAb
cA2, and compared rechallenge responses with those obtained
from cells pretreated with or without exogenous TNF. To avoid
possible interference of the chimeric cA2 mAbbinding to Fcy
receptors on antigen-presenting cells, we cultured T cells with-
out accessory cells during both the stimulation cycle and the
recall response, by using immobilized OKT3. Fig. 4 shows
the results (representative of five experiments) of proliferative
responses of cells pretreated with complete medium, TNF or
anti-TNF to increasing concentrations of immobilized OKT3,
harvested 3 (Fig. 4 A) or 7 d after stimulation (Fig. 4 B). While
TNF reduced these responses, cells pretreated with anti-TNF
demonstrated significantly enhanced proliferation (P < 0.05).
Although significant differences were observed between treat-
ments for all concentrations of OKT3, they were most marked
at suboptimal concentrations. The differences in proliferation
between the three pretreatments observed after 7 d of stimula-
tion with OKT3, however, indicated that the cells had begun to
recover, since the suppression or enhancement induced by TNF
or anti-TNF, respectively, was less marked. These data sug-
gested that the levels of endogenous TNF expressed in soluble
and membrane form following stimulation of T cells are suffi-
cient to exert suppressive effects.

Effects of TNF on expression of cell surface antigens. Sig-
nificant reductions in OKT3 induced proliferation of TNF pre-
treated cells suggested the possibility of a perturbation of the
IL-2/IL-2R system by chronic exposure of T cells to TNF. To
address this, we evaluated cell surface Tac expression (IL-2Ra
chain) on cells pretreated with or without TNF, or with anti-
TNF, and compared these findings with the expression of CD3,
CD4, and HLA-DR (Fig. 5). Weobserved several patterns of
surface antigen expression with chronic TNF treatment. Thus,
prior to OKT3 stimulation, the expression of Tac and HLA-DR
were upregulated as reported previously (32, 40), while levels
of CD3 and CD4 antigens did not change with TNF treatment.
However, upon stimulation with immobilized OKT3, levels of
Tac on untreated cells were dramatically increased, while levels
on TNF pretreated cells changed little from prestimulation lev-
els; upregulation of IL-2R was thus impaired. By contrast, there
were no changes noted in the expression of CD3, CD4, or HLA-
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Table I. Tetanus Specific-proliferative Responses of Clone 25 Chronically Exposed to TNF under Different Experimental Conditions

Pretreatment

Untreated TNF Percent
Experiment reduction

no. Initial stimulation Recall APC Cells alone Tetanus toxoid Cells alone Tetanus toxoid by TNF*

I Antigen IMot 441±58' 40,880±2,123 579±128 23,111±2,142 43
Antigen TMc 568±150 60,527±1,078 903±220 38,878±654 36
Antigen EBV 593±57 8,042±495 658±68 3,474± 163 57

II Antigen IMo 2,369±672 50,970±3,136 2,283±129 28,542±1,992 43
Mitogen IMo 750±322 48,420±1,176 264±50 25,932±614 46

Ill Immobilized OKT3 IMo 61±5 63,702±719 275±92 36,236±1,680 43
Immobilized OKT3 TMc 171±65 82,105±4,111 82±12 38,819±3,193 53
Immobilized OKT3 EBV 614±42 3,825±320 564±6 2,412±290 37

IV Immobilized OKT3 TMc 105±1 75,163±3,159 170±27 29,765t952 60
Immobilized OKT3

+ indomethacin TMc 194±80 65,844±1,423 175±45 31,167±918 53
V Mitogen TMc acid treatment 508±110 64,690±2,649 935±257 43,517±517 33
VI Antigen (1st cycle) TMc 569±150 60,527±1,078 903±220 38,878±654 36

Antigen (2nd cycle) TMc 1,228±272 81,342±3,502 1,493±415 80,117±1,52411 1

T cells were cultured for 12 to 16 d in the presence or absence (untreated) of TNF (100 ng/ml), as described in Methods, washed and restimulated
with antigen presenting cells (APC) and antigen for 72 h in the absence of exogenous TNF. [3H]Thymidine was added for the last 16 to 18 h of
culture. * %reduction by TNF calculated according to the equation 100 - ([cpm for antigen response in the presence of TNF + cpm for antigen
response of untreated cultures] x 100); * APCused: IMoITMc, DRmatched irradiated PBMC; EBV, DRmatched irradiated EBV transformed B
cells; I results are expressed as mean cpm±SEM. Differences between all untreated vs TNF treated cells were statistically significant (P < 0.05)
unless indicated, 11 P > 0.1; see test for explanation of Experiments I-VI.

DR. In separate experiments we found that the reverse was true
for cells treated with anti-TNF (Fig. 5 B), since Tac expression
was further upregulated compared to untreated control cells
following activation with OKT3. By comparison, levels of CD3,
CD4, and HLA-DR on anti-TNF pretreated cells were unaltered
(data not shown). These observations suggested that modulation
of proliferative responses to OKT3 previously noted was un-
likely to be due to direct effects on CD3 expression; likewise
changes in CD4 or HLA-DR expression were considered un-
likely to be the mechanisms for reductions in antigen-specific
responses induced by chronic TNF treatment. By contrast,
upregulation of Tac could have contributed to the increased

proliferative responses to OKT3 following chronic anti-TNF
treatment.

Effects of TNFpretreatment on lymphokine production. The
effects of TNF observed on subsequent stimulation of T cells
through the TCR/CD3 complex described above (Fig. 1, 4, and
5), raised the possibility that TNF might in someway modulate
T cell function by modulating the production of T cell growth
factors such as IL-2, or immunoregulatory cytokines such as IL-
10. Wetherefore compared the production of six lymphokines
in 48 h culture supernatants of T cells cultured under normal
conditions with those produced by T cells pretreated with TNF
or anti-TNF. Table II shows the results representative of six

Table II. OKT3-Induced Cytokine Production by Clone 25

Lymphokine (pg/ml)

Treatment IL-2 IL-4 IFNy IL-10 LT TNF

Experiment 1
Medium 596±20 < 40 4,243±178 < 40 4,214±273 608±28
TNF 209±4 < 40 3,144±37* < 40 2,395±159 497±60
Anti-TNF 974±31 < 40 6,275±145 251±7 5,523±440 1,075±192

Experiment 2
Medium 31±2 < 40 2,883±16 < 40 366±8 213±29
TNF 5±2* < 40 811±38 < 40 < 40 < 40
Anti-TNF 114±16 < 40 5,278±99 290±6 2,461±203 1,086±90

Cells were pretreated with medium alone, TNF (100 ng/ml) or anti-TNF (10 jig/ml) as described for Fig. 4. Cytokines were measured by ELISA,
except for IL-2 which was assayed using the IL-2 dependent murine T cell line CT6. Culture supernatants were harvested 48 h after stimulation
with optimal concentrations of immobilized OKT3. Where detectable, differences in lymphokine production between all treatment groups were
statistically significant (P < 0.005), unless otherwise indicated, * P < 0.05.
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Figure 4. Effects of pretreatment of T cells with TNF or anti-TNF mAb
on OKT3-induced proliferation. Clone 25 was stimulated with immcobi-
lized OKT3 and 11-2 for 14 to 16 din the presence of complete medium
alone, TNF (100 ng/ml) or anti-TNF (10.ug/m1), prior to washing and
restimulating with increasing concentrations of immobilized OKT3 for
3 d (A) or 7 d (B) in the absence of erogenous TNF or anti-TNF. Each
point represents mean of triplicate cultures±SEM.

experiments. Evaluation of the cytokine profile of cells cultured
under normal conditions revealed abundant production of rFNy
with lower amounts of c1-2,LT, and TN. Neither 11l-4 nor
11-10O, cytokines with potential anti-inflammatory effects, could
be detected. Interestingly, there were highly significant reduc-
tions in the levels of nearly all cytokines detected in culture
supernatants of stimulated cells previously treated with TNF (P
< 0.005). More surprising was the finding that cells pretreated
with anti-TNF produced higher levels of cytokines than cells
pretreated with or without TNF. Significantly, anti-TNF restored
lymphokine production, as shown in the case of IL-10 for both
experiments, and for LT and TNF in experiment 2; IL-4 was
not detected in any of the culture supernatants tested. The ab-

sence of TNFproduction by TNF-treated cells shown in experi-
ment 2, was further evidence against possible carry-over effects
of high concentrations of TNF. We have also been able to
demonstrate that, like antigen-specific responses (Fig. 3),
chronic TNFexposure impaired the production of lymphokines
such as IFNy in a dose- and time-dependent fashion (data not
shown). These data are consistent with the proliferative re-
sponses to immobilized OKT3, in as much as TNFpretreatment
suppressed, while anti-TNF pretreatment enhanced T cell re-
sponses.

Effects of cA2 treatment on proliferative responses of PBMC
from patients with RA. To assess whether prolonged exposure
to TNF also altered cellular immune responses in vivo, we
studied mitogen and soluble recall antigen proliferative re-
sponses of PBMCobtained from RApatients with longstanding
active disease who had received intravenous therapy with a
chimeric anti-TNF mAbin an open phase 1III clinical trial (27).
The results from patient 17, expressed as cpm, are illustrated
in Fig. 6, and the data from all six patients are summarized in
Table Im. For patient 17, proliferative responses were evaluated
before treatment and on days 7 and 28 after anti-TNF therapy.
Responses to all mitogens and recall antigens except PHA, were
markedly impaired before treatment. Within 7 d, increases in
all mitogen responses were observed, including those to IL-2,
while an increase in PPDresponse was also noted. By day 28,
further significant increases were noted for all mitogens and
antigens (P < 0.03), including tetanus toxoid, to which re-
sponses were lower than those to PPD and SkSd. Similar pat-
terns were observed over this time period when responses to
suboptimal concentrations of mitogen and antigen were tested
(see Table Ill). Table HI compares the stimulation indices to
the clinical scores of each patient, assessed during treatment
using a composite index of disease activity (IDA) score. Apart
from the IL-2 and PHAresponses in patient 19, all stimulation
indices increased after commencing anti-TNF treatment. Fur-
thermore, concomitant improvements in clinical scores (as indi-
cated by a fall in IDA) were observed. For example, sustained
improvement in both clinical and stimulation indices were noted
for patient 17 throughout the 28-d test period. Even greater
improvements in stimulation indices and IDA were observed
for patient 20 within 7 d of commencing cA2 therapy, although
the effects appeared more transient, since both indices fell by
day 21. Nevertheless, both clinical and cellular responses at day
21 were still increased above those observed on day 0. Re-
sponses to tetanus toxoid precluded statistical analysis, while
the remaining responses revealed significant differences be-
tween pretreatment and peak stimulation indices posttherapy
for IL-2, OKT3, Con A, PPD, and SkSd (P < 0.04), but not
PHA (P > 0.05).

Discussion

A detailed knowledge of the short-term effects of TNF on cells
cultured in vitro has enhanced our understanding of the role of
TNF in pathophysiology (1). Much of the data reported to date
have addressed the mechanisms by which TNF contributes to
the inflammatory response through its effects on monocytes and
macrophages. These cells constitutively express TNF-R (41)
and stimulation with TNF induces cell activation, enhancement
of phagocytic activity, and induction of the respiratory burst (4),
biological processes of particular importance in host defense.
Resting T lymphocytes, on the other hand, express very low
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levels of TNF-R and accordingly respond poorly to TNF in the
absence of costimulatory factors (32). Even after activation,
TNF exhibits only moderate comitogenic activity on T cells

when compared to other monokines such as IL- 1 (2). Recently,
our studies demonstrating that activated synovial T lymphocytes
express high levels of TNF-R (22) prompted a more thorough
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Figure 6. Anti-TNF treatment in
RA patients restores the prolifera-
tive responses of PBMCto mito-
gens and soluble antigens. Serial
unfractionated PBMCfrom RA
patient 17 before (day 0) and after
(days 7 and 28) anti-TNF treat-
ment were cultured at 105 cells per
well with optimal concentrations
of mitogens and soluble antigens
as indicated in Table III. Results
are expressed as mean cpm of trip-
licate cultures±SEM. Differences
between day 0 and peak stimula-
tion indices for all stimuli were

SkSd statistically significant (P
< 0.03).

investigation of TNF effects on T cells. Since the beneficial
effects of neutralizing TNF in RA patients suggested that TNF
expression persists in vivo for prolonged periods (27), an evalu-
ation of the chronic effects of TNF seemed clinically relevant.

We chose to study antigen-specific T cell clones from
healthy individuals, since the specificity of antigen responses

in the joints of RA patients is not known. Using this in vitro
model, our investigations revealed several interesting and unex-

pected findings. Firstly, chronic TNF exposure resulted in sig-
nificant dose- and time-dependent reductions in responses of
T cells when stimulated subsequently through the TCR/CD3
complex, but not through the IL-2R. Secondly, under these
conditions TNF caused a significant reduction in lymphokine
production. Thirdly, stimulation of TNF-treated T cells led to
suboptimal expression of Tac following activation. Finally, al-
though concentrations of exogenous TNF required to induce
suppressive effects were high (> 10 ng/ml), levels of endoge-
nous TNFexpressed by chronically activated T cell clones either
in soluble or membrane form were sufficient to exert similar
suppressive effects in culture, since prolonged TNF blockade
with mAb in vitro enhanced both proliferative responses and
lymphokine production. These properties would appear not to
be a characteristic exclusive to TNF. Thus, we have begun to
screen the effects of other cytokines for their effects on antigen-
specific responses and lymphokine production; preliminary data
suggest that chronic exposure to IL-1, but not to IL-6, can

impair TCR-specific responses (A. Cope, unpublished data).
Direct comparisons of the relative potency of TNF and IL- I on

a molar basis are in progress. On the other hand, equimolar
concentrations of lymphotoxin (LT), which binds to the same

receptors as TNF, induced less potent suppression of antigen-
specific responses and lymphokine production compared with
TNF-treated cultures. In this regard, LT has been shown to be
less biologically active in several in vitro biological systems
(42), with distinct activities from those of TNF (43). The reasons

for these differences remain obscure.

There is an extensive literature documenting the potentiating
effects of TNF in immune responses in vivo. This is particularly
well illustrated in anti-tumor cell responses (44), as well as

in animal models of allograft rejection (45), graft-versus-host
disease (46), antilisterial immunity (47) and granuloma forma-
tion in BCGimmunized mice (48). More recently, studies have
demonstrated that anti-TNF, when administered to mice at the
time of priming with antigen, interferes with the generation of
both CD4 class H1-restricted T cells mediating contact sensitiv-
ity, and CD8 class I-restricted anti-hapten cytotoxic T lympho-
cyte responses (49). That there were no obvious changes in the
lymphoid populations in anti-TNF-treated animals suggested
a functional effect of blocking TNFon cell-mediated immunity,
rather than a direct lytic effect of antibody. Until now, there
have been no detailed studies investigating the suppressive ef-
fects of TNF on human cells, although there is a report that
TNF can suppress immune functions in mice. Thus, repeatedly
injecting C57BIJ6 mice with TNFover an 8-wk period induced
lymphocytopenia, suppressed the proliferative responses of
splenocytes to Con A, PHA, and LPS, inhibited cytotoxicity
against allogeneic targets, and delayed type hypersensitivity re-

activity, and completely abolished NK cell activity, while no

effects on humoral immunity could be detected (50). A defect
in accessory cell function rather than a direct effect on T cells
was considered the likely mechanism, possibly resulting from
the enhanced production of PGE2 induced by TNF. In contrast
to these studies, our data demonstrated a direct effect of TNF
on T cells, since we observed suppressive effects in vitro in the
absence of antigen presenting cells. Furthermore, the sup-

pressive effects of TNF were not cytostatic, and were equally
potent in the presence of cyclooxygenase inhibitors.

Although a direct comparison between animal studies and
those of our own are difficult, kinetic analyses in vitro and in
vivo revealed that optimal suppression by TNF takes several
days to develop. This implies that TNFmay exert its suppressive
effects by modulating the production of secondary mediators
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Table IlI. The Effects of Anti-TNF (cA2) Treatment in RA Patients on the Proliferative Responses
of Serial Unfractionated PBMCSamples

Stimulation index

Mitogens Antigens

RA Patient No. IL-2 OKT3 PHA Con A DAY* 7F PPD SkSd IDAM

11 84 272 262 173 0 7 3 7 3.33
206 401 691 288 7 57 21 43 2.0

13 41 25 113 22 0 1 116 <1 3.33
107 242 319 234 1 146 649 163 ND

15 ND ND ND ND 0 1 2 2 3.0
ND ND ND ND 1 2 10 2 ND
ND ND ND ND 7 5 25 4 2.0

17 (optimal)' 4 2 69 3 0 < 1 4 < 1 3.0
13 24 148 11 7 < 1 7 < 1 2.0
74 195 291 183 28 1 157 9 1.8

(suboptimal) 4 1 138 < 1 0 1 < 1 1 3.0
7 4 267 < 1 7 1 13 1 2.0

53 170 449 21 28 1 210 28 1.8
19 11 1 229 4 0 1 1 1 3.5

9 1 144 7 1 1 1 7 ND
40 3 149 23 7 4 50 8 3.33

20 2 < 1 4 1 0 ND ND ND 3.17
24 5 136 25 7 ND ND ND 1.67
12 2 47 5 21 ND ND ND 2.0

P valued < 0.04 < 0.04 > 0.05 < 0.04 ND < 0.04 < 0.04

Cells were stimulated as described for Fig. 6. Results are expressed as stimulation indices. ND-not determined. * DAY-days after commencing
anti-TNF treatment; IIDA-not determined for DAY 1; § concentrations of mitogens and antigens used (optimal:suboptimal, as indicated)
were as follows: IL-2 (20 ng/ml:5 ng/ml), OKT3 (50 ng/ml:10 ng/ml), PHA (4 ,g/ml: 1 jig/ml), Con A (4 jig/ml:0.5 ,g/ml), tetanus toxoid
(1/100:1/5000), PPD (10 jig/ml:2.5 jig/ml) and SkSd (5 jig/ml: 1 jig/ml); 11 statistically significant differences between day 0 and peak stimulation
indices for mitogens and antigens are shown.

such as cytokines or cell surface receptors. Under these circum-
stances, changes in T cell function might take days to develop.
Accordingly, our studies demonstrated that chronic TNF expo-
sure impaired OKT3-induced lymphokine production. Levels
of all lymphokines detectable were significantly reduced, sug-
gesting a potent, but nevertheless nonselective effect. Of partic-
ular significance was the downregulation of OKT3-induced IL-
2 production by TNF treatment, a feature which together with
impaired IL-2R expression, could provide one important mecha-
nism for the impaired growth responses of these cells. While
TNF and LT production were reduced to below detectable limits
in one experiment, levels of IL-10 were undetectable in both
experiments. This raises the intriguing possibility that impair-
ment of T cell function by TNF could arise from more subtle
alterations in the profile of lymphokines they produce, rather
than the more striking differences reported for lymphokines
expressed by CD4 T cells of the THI or TH2 subsets in mice
(51). In our experiments, IL-2 and IFNy levels were reduced
following TNF pretreatment, even though significant levels of
these lymphokines were still detectable, whereas levels of IL-
10, a cytokine with inhibitory properties (52), were undetect-
able. By contrast, IL-10 production was increased more than
six- to sevenfold by neutralizing endogenous TNF production
with anti-TNF mAb, while IL-2, and IFNy levels increased
only twofold. In this way, chronic TNF expression could disturb
a delicate balance between levels of immunoregulatory and

stimulatory lymphokines. An alternative possibility is that other
cytokines that have not been investigated in this study are pref-
erentially induced. At present we have not excluded the possibil-
ity that TNF in long-term culture selectively upregulates the
production of TGF/3 by T cells, although there is no precedent
for this on the basis of studies in short-term cell cultures (53). In
this regard, experiments have been performed on IL-4 producing
clones to examine the effects of chronic TNF on the production
of this growth factor, a lymphokine with potent antiinflamma-
tory properties on some cell types (54, 55). Chronic TNF expo-
sure was also found to suppress IL-4 production (S. Cohen, L.
Webb, unpublished data).

It should be emphasized that detailed in vitro studies of the
anti-TNF chimeric mAb used in this study have demonstrated
potent inhibitory effects on the proliferation of primary PBMC
cultures stimulated with antigens such as tetanus toxoid (M.
Dalesandro, Centocor, Inc., unpublished data), and suggest that
the enhanced cellular responses observed in our experiments
are not due to nonspecific stimulatory effects. By experimental
design, anti-TNF mAb were not present in any of the cultures
during our rechallenge experiments. It is of interest, however,
that, by flow cytometric analysis, cA2 recognizes membrane-
associated TNF on T cell clones (A. Cope, unpublished data).
Since membrane TNF is capable of signaling TNF effects (56,
57), it is conceivable that this form of the molecule contributes
to the suppressive effects induced by endogenously expressed
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TNF. If so, this provides a novel mechanism by which cA2 can
regulate immune function in the absence of detectable levels of
soluble TNF. Partly because it is difficult to quantitate, the
contribution of membrane TNF to normal and inflammatory
responses is very likely to be underestimated; a comparison of
the capacity for different TNF inhibitors to neutralize the activ-
ity of surface ligand will help to define the relative contribution
of membrane and soluble TNF in this and other biological sys-
tems.

Although there is abundant evidence that the immune func-
tion of patients with severe RA is not normal (33, 58, 59),
there is little consensus as to the mechanisms of this immune
suppression. Thus, the proliferative responses of both PBMC
and synovial mononuclear cells to mitogens, recall antigens, the
mixed lymphocyte reaction and, in cases of severe RA, IL-2
are markedly impaired. Furthermore, treatment of immunosup-
pressed patients with anti-TNF antibody, which has potent im-
munosuppressive properties in vitro, presents the potential risk
of further suppressing immune function. On the other hand,
the in vitro data reported here suggested to us that blocking
endogenous TNF might have the effect of restoring cellular
immune functions, by releasing T cells of the suppressive effects
of chronic TNF exposure in vivo. In order to address which of
these effects predominate in vivo, we studied T cell receptor
and mitogen-specific responses of unfractionated mononuclear
cell populations from patients with longstanding active RAbe-
fore and immediately after treatment with anti-TNF. Consistent
with our in vitro data, anti-TNF treatment in patients enhanced
the proliferative responses of PBMCto a panel of T cell mito-
gens and recall antigens (Fig. 6 and Table III). Furthermore,
these changes, which were observed within days of commencing
anti-TNF treatment, appeared to parallel the rapid improve-
ments observed in disease activity, irrespective of whether
changes in clinical indices were sustained or transient. At this
time, we have no evidence that the clinical benefit seen is related
to improvements in T cell immunity. One possibility is that TNF
exerts its effects in vivo by impairing accessory cell function,
although the finding that populations of synovial or peripheral
blood accessory cells from RA patients are potent stimulators
of autologous mixed lymphocyte reactions would argue against
this (60). Another possibility relates to TNF and its role in
cell trafficking (11), a process whose modulation could alter
significantly the populations of cells within the peripheral blood
compartment. For example, no changes in the proportion of
CD4+ T cells in PBMChave been noted following cA2 treat-
ment, while small increases in the proportion of CD45RO+
"memory" T cells were observed in three patients evaluated
(unpublished data). Clearly, studies are required to establish
whether these increased responses reflect qualitative and/or
quantitative effects of TNF on memory T cells in vivo. Further
investigations of patients and animals will allow us to define
precisely how the beneficial effects of anti-TNF on disease
activity and immune function are interlinked. Nevertheless, our
data support the hypothesis that chronic TNF exposure in vivo
dampens cellular immune responses. More importantly from
the clinical point of view, treatment of immunosuppressed pa-
tients with anti-TNF does not further suppress cellular immu-
nity, but rather enhances these responses, restoring them to-
wards normal. This finding may be of considerable practical
importance in the treatment of diseases in which TNF blockade
is beneficial to patients.
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