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Abstract

We examined the kinetics of shedding of the soluble TNF
receptors (TNF-Rs) in response to TNF leakage during iso-
lated limb perfusion procedures and correlated them to the
resulting hemodynamic effects.

Shedding of the TNF-Rs started 7 min after TNF leakage
into the systemic circulation. Three waves of shedding were
observed peaking at 1, 8-12, and 4872 h both in vivo and in
cell cultures. The soluble receptors prolonged the half-life of
TNF in the systemic circulation to 2.5-6 h. Excess shedding
of the p75 compared with p55 TNF-Rs was noted during
the first wave. The amount and speed of shedding of the p75
TNF-Rs were proportional to the serum TNF levels (P <
0.001). A maximal shedding capacity was attained only dur-
ing the first wave of shedding, at TNF concentrations of
~ 1.5 ng/ml. Above this level, the linearity between TNF
and its soluble receptors was lost. TNF-induced hypoten-
sion coincided with the initial imbalance between the con-
centrations of TNF and its soluble receptors. Despite the
spontaneous correction of this imbalance at 8-12 h, the he-
modynamic and biochemical alterations persisted and were
further aggravated at 18 h, suggesting that other factors in-
duced earlier by TNF are responsible for the perpetuation of
the hemodynamic instability.

This study may provide the basis for a more physiological
therapeutic approach to TNF neutralization in septic shock
patients. (J. Clin. Invest. 1998. 101:650-659.) Key words: tu-
mor necrosis factor « soluble tumor necrosis factor receptors «
septic shock « isolated limb perfusion « cancer

Introduction

Tumor necrosis factor (TNF) has multiple biologic functions,
including a pivotal role in the immune response to infection
(1). Tt recruits and activates neutrophils (2, 3), macrophages
(4), and lymphocytes (5, 6), and is responsible for compensa-
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tory hemodynamic changes (reference 7, and pp. 237-239 in
reference 8) aimed to meet the demands imposed by systemic
infections. TNF orchestrates all stages of inflammation, includ-
ing recruitment of inflammatory cells, limitation of the process,
and finally its termination, with repair of the inflammatory
damages by promoting fibroblast growth (9) and neovascular
formation (10). TNF is, therefore, a major protective cytokine.

Two distinct species of TNF surface receptors (TNF-R),!
pS5 TNF-R and p75 TNF-R mediate the multiple effects of
TNF on cell function (11-13). The p55 TNF-R is the main me-
diator of the TNF signaling to cells, whereas the p75 TNF-R,
which has a secondary role in signaling, serves also for “ligand
passing,” i.e., for channeling TNF to the pS5 TNF-R, thus facil-
itating its binding to it (14, 15). Rapid shedding of the p75
TNF-R may reduce the cell sensitivity to TNF (15), as ligand
presentation to the p55 TNF-R may be severely impaired.
Consequently, the intracellular signaling may be reduced.
Both receptors for TNF exist also in soluble forms (12, 16, 17),
probably derived by proteolytic cleavage from the cell surface
forms. These soluble receptors can compete for TNF with the
cell surface receptors and thus block its bioavailability and ac-
tivity (12, 13, 16), serving as physiological attenuators of the
TNF activity and safeguarding against its potential harmful ef-
fects.

Excess recombinant TNF can mimic most of the septic
shock manifestations (17). Administration of its inhibitors, the
soluble TNF-Rs (sTNF-Rs) (11-13), could protect animals if
administered within the first 3 h of a lethal endotoxic or gram-
negative bacteremic insult (18-21). However, treatment of
septic shock patients with TNF inhibitors resulted in inconclu-
sive results: while the p75 TNF-R (22) and anti-TNF antibody
increased mortality rate (23), the p55 TNF-R reduced it (24,
25). At this stage, it was realized that there is a lack of informa-
tion regarding the in vivo interactions among TNF, its soluble
receptors, and the resulting hemodynamic changes in human
sepsis.

We were granted a unique opportunity to clarify this issue
in cancer patients undergoing isolated limb perfusion (ILP)
with TNF (26-29). At high-flow limb perfusion rates, large
amounts of TNF leak into the systemic circulation, inducing
shedding of the TNF-Rs (30). Taking advantage of this phe-
nomenon, we correlated the hemodynamic parameters during
this procedure to the simultaneous changes in the serum con-
centrations of TNF and its soluble receptors (28, 29).

Since low-flow ILP proved to be as effective as the high-

1. Abbreviations used in this paper: CI, cardiac index; ILP, isolated
limb perfusion; rTNF-a, recombinant TNF-a; sSTNF-R, soluble TNF-R;
SVR, systemic vascular resistance; TNF-R, TNF receptor.



flow procedure in promoting tumor regression but with re-
markably fewer side effects (31), high-flow ILP was aban-
doned, and is no longer accepted as a standard procedure for
ethical reasons. The unique information obtained here may
serve to optimize TNF inhibition in septic patients.

Methods

Patients. 15 consecutive cancer patients gave informed consent be-
fore undergoing ILP with high dose TNF. They comprised two
groups: the first group (eight patients) underwent perfusion at a high
flow rate of 868122 ml/min, and the second group (seven patients)
underwent perfusion at a low flow rate of 28662 ml/min. There were
nine males and six females. The mean age of patients was 46.8 yr
(range 22-78) in group I and 48.8 (range 14-78) in group II. 13 pa-
tients had locally advanced soft tissue sarcomas, and 2 had metastatic
malignant melanomas. All patients had indwelling arterial and pul-
monary artery catheters during the ILP procedure. Cardiac output
was measured by thermodilution. Arterial, central venous, and capil-
lary wedge pressures as well as heart rate and temperature were re-
corded every 10 min before recombinant TNF administration, every
5 min during the procedure, and every hour thereafter up to 48 h. Se-
rum glucose, urea nitrogen, creatinine, electrolytes, proteins, trans-
aminases, alkaline phosphatase, cholesterol, and bilirubin concentra-
tions were measured before ILP and daily thereafter. Hematologic
and coagulation profiles were obtained every 4 h during the first day
of the procedure and daily thereafter. Arterial blood gases were de-
termined every 4 h during the first 48 h. Blood samples for serum
TNF and sTNF-R determination were collected from the peripheral
arterial catheter and stored in aliquots at —70°C.

The ILP was performed as described previously by Krementz et al.
(32). Briefly, the main artery and vein of the perfused limb were dis-
sected, and the collaterals were ligated. The vessels were then cannu-
lated and connected to a pump oxygenator identical to that used for
cardiopulmonary bypass. A membrane oxygenator (BOS 5; Bentley
Division, Baxter Healthcare Corp., Irvine, CA) and silicone tubes
were used. A tourniquet (200-400 mmHg) was applied at the root of
the limb to prevent leakage. During the procedure, the temperature
of the perfused limb was maintained at 39°C. Circuit priming was per-
formed with blood and Hartmann’s solution supplied with 5,000 IU of
heparin. Throughout the procedure, blood gases were drawn from
the arterial and venous lines of the circuit at time 0 and every 30 min
thereafter. At the end of the procedure, the limb was rinsed twice
with 1.5 ml of 3.5% polygeline solution (degraded gelatin polypeptide
infusion, Haemaccel; Behringwerke AG, Marburg, Germany), the
cannulas were extracted, and blood vessels were sutured.

Systemic leakage from the perfusate was monitored by injecting
radioiodinated HSA (20 mCi) into the circuit. Radioactivity in the
systemic peripheral plasma was measured continuously using a probe
and a Geiger monitor placed above the precordial area. This enabled
detection of minimal leakage (< 1%).

Drugs. Lyophilized recombinant TNF-a (rTNF-o), a gift from
Boehringer Ingelheim (Ingelheim, Germany) (0.2 mg/ampule), was
reconstituted with 1 ml sterile saline. rTNF-a was administered at a
total dose of 4 mg for the lower limb and 3 mg for the upper limb as a
bolus into the arterial line of the perfusate. Before injection of rTNF-«,
patients were administered an intravenous fluid load of 500 ml of
Ringer’s Lactate solution and intravenous dopamine at a rate of 3 mg/
kg/min, in order to ensure optimal hemodynamic conditions and a
high urine output.

Melphalan (Alkeran; Glaxo Wellcome Inc., Research Triangle
Park, NC) was obtained as a sterile powder, and was dissolved asepti-
cally using solvent and diluent. The dose administered was 1.1 mg/kg
body wt. Melphalan was added to the perfusate 30 min after rTNF-c,
and the perfusion was continued for an additional 60 min.

TNF determination. Serum TNF was assayed with an immunoen-
zymatic assay (TNF-a EASIA; Medgenix Diagnostics, Fleurus, Belgium).

Quantification of sSTNF-Rs. Serum concentrations of the sSTNF-Rs
were determined by a two-site capture ELISA, using mouse mAbs and
rabbit antisera against the sSTNF-Rs as described previously (33-35).

ELISA plates (Maxisorb; Nunc, Inc., Roskilde, Denmark) were
coated with mAbs to the soluble forms of either p55 or p75 TNF-Rs
(36) by incubation of the plates for 2 h at 37°C with a solution of 25
mg/ml of the antibodies in PBS containing 0.02% NaNjs. After an addi-
tional 2 h of incubation at 37°C with PBS containing 1% BSA, 0.02%
NaNj; and 0.05% Tween 20 (blocking solution) to block nonspecific
binding of protein, the plates were rinsed with PBS containing 0.05%
Tween 20 (washing solution). Samples for testing were diluted seri-
ally in a solution containing 0.65 M NaCl, 10 mM sodium phosphate
buffer, pH 7.0, 0.05% Tween 20, 0.1% NP-40, and 0.02% NaN3, then
added to the plates in aliquots of 80 wl/well. The plates were left at
room temperature for 4 h and then rinsed 3 times with washing solu-
tion. Rabbit polyclonal serum against the relevant soluble receptor
diluted 1:500 in blocking solution was added to the wells. After incu-
bation overnight at room temperature, the plates were rinsed with
washing solution and incubated for 2 h at 37°C with horseradish per-
oxidase—conjugated affinity-purified goat anti-rabbit IgG (Biomakor,
Ness-Ziona, Israel). The assay was developed for 30 min using 2,2'-
azino-bis (3-ethylbenzthiazoline-6 sulfonic acid) (ABTS) as a sub-
strate (Sigma Chemical Co., St. Louis, MO). The enzymatic product
was determined colorimetrically at 405 nm. Purified urine—derived sol-
uble forms of the two receptors served as standards.

Cell lines. Human HelLa cells transfected with p75 receptor con-
structs (15) served for in vitro experiments. The cells were grown in
DME supplemented with 10% FCS, 100 U/ml penicillin, and 100 mg/
ml streptomycin. The HeLa cells were plated in 24 wells (Costar
Corp., Cambridge, MA) at a concentration of 2 X 10° cells/well. 24 h
later, TNF at a concentration of 5 ng/ml or the anti-p55 mimetic anti-
body 18 (50 mg/ml) were added.

The supernatants were collected 30 min after the TNF or mimetic
antibody application, and replaced with fresh medium which was col-
lected at 1 h and replaced again with new medium. The cells were
treated similarly at 2, 3, 4, 6, and 8 h. The obtained supernatants were
examined for the p75 TNF-R.

TNF and mimetic antibodies. The specific activity of the human
TNF-a (Genentech Inc., South San Francisco, CA) was 5 X 107 U/ml.
The anti-p55 TNF-R antibody employed was 18 (at a concentration
of 50 mg/ml). This antibody is one of a panel of mAbs against the p55
TNF-R established by immunizing mice with the soluble urinary re-
ceptor (36).

Results

TNF leakage and sTNF-R shedding. During high-flow limb
perfusion, large amounts of TNF leaked into the systemic cir-
culation and were detected as early as 2 min after the start of
the procedure. Serum TNF concentrations > 20 ng/ml were
detected throughout the 2 h of the limb perfusion (Fig. 1¢). In
contrast, after the start of low-flow limb perfusion, measurable
TNF levels were characteristically < 1.5 ng/ml (Fig. 1 ¢).

The shedding of the p55 TNF-Rs (Fig. 1 a) was almost iden-
tical in low- and high-flow perfusion during the first hour. In
contrast, the shedding of the p75 TNF-R was substantially
higher when larger amounts of TNF leaked into the systemic
circulation (Fig. 1 ). A maximal shedding capacity was noted
especially for the p75 TNF-R (Fig. 1).

To exclude the possibility that the shedding is a nonspecific
phenomenon induced by the traumatic operative procedure,
the soluble receptor levels were monitored in two patients who
underwent limb perfusion with Melphalan only. The patients
had normal sTNF-Rs before the procedure, and no increase in
the sSTNF-R levels could be detected during or after the perfu-
sion (not shown).
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Figure 1. Shedding of p55 sTNF-Rs (a) and p75 sTNF-Rs (b) during
the first 2 h of high flow (mean of six patients, open squares) and low
flow rate (mean of seven patients, filled diamonds) ILP procedures.
The concomitant TNF concentrations are shown in c.
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Figure 2. The correlation between p75 TNF-R (at 30 and 60 min) of
low- (filled diamonds) and high-flow (open squares) perfusion pa-
tients and serum TNF concentrations at 5 min. The correlation, which
was linear up to 1-1.5 ng/ml TNF, was lost at higher TNF concentra-
tions, resulting in an imbalance between p75 TNF-R and TNF.

Shedding kinetics. During high-flow limb perfusion, the lag
period between the start of TNF leakage into the systemic cir-
culation and the start of STNF-R shedding was~ 7 min (Fig. 1 b).
In contrast, patients who underwent low-flow procedures dem-
onstrated a reduced and delayed peak of shedding. This obser-
vation raised the question of whether the amount of sSTNF-R
shedding and its speed are proportional to the serum TNF con-
centrations. Examination of the data obtained during low-flow
perfusion revealed a positive linear correlation between serum
TNF concentrations at 4 min and p75 TNF-R levels at 20-30
min after the start of the procedure (r = 0.979, P < 0.001). In
contrast, in high-flow perfusion patients, because of the higher
levels of serum TNF, additional shedding of p75 TNF-R was
limited by a maximal shedding capacity (Fig. 1 b). This phe-
nomenon resulted in loss of the linearity between p75 TNF-R
and its ligand, generating an imbalance between them (Fig. 2).
The correlation between serum TNF concentration and p55
TNF-R was not statistically significant (Table I).

The start of shedding of both receptors showed a negative
correlation to the TNF concentrations: the higher the TNF
level, the earlier the start of the shedding process (Table I).
The correlation was almost absolute for the p75 TNF-R (r =
0.98, P < 0.001), but less pronounced for the p55 TNF-R. (r =
0.83, P < 0.05) (Table I).

Table I. Correlations between TNF-Rs and TNF during Limb Perfusion Procedures

X y Equation r Significance
p55 TNF-R at 30 min TNF at 4 min y = 396x — 288 0.735 NS
p75 TNF-R at 30 min TNF at 4 min y = 268x — 505 0.979 P <0.001
TNF at 4 min Start of pS5 TNF-R shedding (min) y = —0.037x + 48.7 0.83 P <0.05
TNF at 4 min Start of p75 TNF-R shedding (min) y = —0.014x + 30.1 0.983 P <0.001
ty, of TNF (h) p55 TNF-R/TNF (ng/ng) y=1145x — 2 0.89 P <0.01
t;, of TNF (h) p75 TNF-R/TNF (ng/ng) y =59 — 837 0.895 P <0.01
ty, of TNF (h) p55 + p75 TNF-R/TNF (ng/ng) y = 6.345x — 10.2 0.865 P <0.01

The correlations demonstrate the effect of TNF on the amount and speed of shedding of the TNF-Rs. Conversely, the effect of the shed receptors on

the half-life of TNF in the serum is presented.
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Figure 3. The course of shedding of p55 TNF-R (a) and p75 TNF-R
(b) during the 6 d of follow-up compared with the measurable TNF
systemic concentrations (c). After high flow rate limb perfusions
(open squares), the shedding of both receptors was triphasic: an initial
30-min peak (see also Fig. 1), a second peak at 12-24 h, and a late
peak at 72-96 h. The second peak of shedding is significantly lower as
well as shorter in low flow rate limb perfusion patients (filled dia-
monds) and is not followed by the late, third peak of shedding. The
second and third peaks of shedding are not dependent on the pres-
ence of TNF (c), but are triggered by the initial, very high levels of
transiently circulating TNF-a.

The second and third waves of shedding. A second wave of
shedding started at 2 h for both TNF-Rs (see Fig. 6,¢ and f) in
patients with excessive STNF leakage (> 15 ng/ml). This wave
peaked at 24 h for the p55 sSTNF-R and at 12 h for the p75
sTNF-R (Fig. 3 b). A third and late wave of receptor shedding
started at 72 h for the pS5 TNF-R and at 48 h for the p75 TNF-R
(Fig. 3, a and b).

The late peak (at 48-72 h) of shedding of the sSTNF-Rs dur-
ing high-flow ILP (Fig. 3, a and b) occurred despite the fact
that TNF levels were no longer detectable (Fig. 3 ¢). In con-
trast, in patients with low-flow ILP, who had significantly
lower initial levels of circulating TNF, the shedding peaked at
~ 4-8 h (see Fig. 6 ¢), then declined, and stabilized at a lower
(steady state) level between 12 and 24 h without inducing the
third shedding wave (Fig. 3,a and b).

Kinetics of shedding in vitro. To examine if the “waves” of
shedding are a true and universal phenomenon, the kinetics of
the sSTNF-R shedding in response to TNF were examined in
vitro in HeLa cells transfected with p75 constructs (15). The
process of shedding had a fast, initial phase evident within 30
min from exposure to the cytokine (Fig. 4). A second phase of
shedding started 3 h after exposure to the cytokine. An identi-
cal shedding response was observed if the cells were treated
with mimetic anti-p55 antibodies (36) (Fig. 4). Further exami-
nation of the shedding kinetics revealed an additional small
and late peak of shedding starting at 30 h after TNF activation
(data not shown).

The ratio of p75 to p55. The ratio of p75 to p55 was very
high in the first 2 h in high flow patients compared with low
flow patients. At ~ 4 h, this ratio became identical in patients
with low- and high-flow ILP (Fig. 5 a).

The ratio of TNF-Rs to TNF. The ratio of sTNF-Rs to
TNF in patients with low flow rate limb perfusion and stable
hemodynamics was > 20 during the first 12 h (Fig. 5 b). In con-
trast, because of the significant TNF leakage during high-flow
perfusions, the ratios of TNF-Rs to TNF (ng/ng) were charac-
teristically < 1 during the first 4 h (Fig. 5 b). All of these pa-
tients experienced hemodynamic instability characterized by
an increased cardiac index (CI) (Fig. 6 a) and decreased sys-
temic vascular resistance (SVR) (Fig. 6 b). After the fast elimi-
nation of excess TNF (Fig. 6 f) and the intensive shedding of
STNF-Rs (Fig. 3, a and b) in these patients, the STNF-Rs to
TNF ratio was corrected spontaneously in 8-12 h (Fig. 5 b).
Despite this correction, the late hemodynamic deterioration at
16-18 h (Fig. 6, a and b) could not be prevented. Between 8
and 18 h, the ratio of TNF-Rs to TNF was comparable in the
two groups of patients (Fig. 5 b), whereas at 24 h, this ratio was
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Figure 4. In vitro shedding of the p75 TNF-R by HeLa cells trans-
fected with p75 TNF-R constructs in response to TNF-« (filled dia-
monds) and mimetic p5S5 TNF-R antibodies (open circles). Open
squares, Control.
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dure.

reversed, to fourfold higher for the high flow compared with
the low flow group (Fig. 5 b). Despite this, the hemodynamic
deterioration persisted (Fig. 6, a—d).

Effect of the soluble receptors on the half-life of TNF. It has
been demonstrated in vitro that the TNF-Rs can stabilize the
bioactivity of TNF, and that the higher the concentrations of
the soluble receptors (up to a certain optimal level), the longer
the half-life of the cytokine (19, 37, 38). Whether this charac-
teristic of the soluble receptors is limited to the artificial condi-
tions of an in vitro experiment (37) or whether it also occurs in
vivo was a pertinent question.

Fig. 6 f demonstrates that the TNF elimination after its
leakage into the circulation with the start of the high-flow limb
perfusion procedure occurred in two phases: up to 8 h, its half-
life was 2.5 h, whereas between 8 and 24 h, it was prolonged to
6 h. Since the half-life elimination of free TNF is ~ 6 min (39),

the considerably prolonged half-life of TNF observed here
suggested a possible role for the sSTNF-Rs on its prolongation.
Calculation of the half-life of TNF in each patient during the
different periods after the start of the perfusion procedure re-
vealed that the half-life of TNF was correlated linearly to the
ratio of sSTNF-Rs (ng/ml) to TNF (ng/ml) (Table I). The higher
this ratio, the longer the half-life of TNF in the systemic circu-
lation.

In low-flow ILP patients, the TNF levels observed during
the 2-h perfusion persisted, and were stable and detectable in
the circulation for up to 24 h, demonstrating the possible effect
of the soluble receptors on the half-life of relatively low levels
of TNF (< 1.5 ng/ml) (Fig. 6 ¢). Whether the bound TNF is ac-
tive or not could not be determined in this study.

Hemodynamic, hematologic, and metabolic changes. In pa-
tients treated with high-flow ILP, relatively high amounts of
TNF leaked into the systemic circulation, and severe hemody-
namic changes were observed within 1 h. These changes were
characterized by an increase in the CI (Fig. 6 @) and a drop in
the SVR (Fig. 6 b). The systemic blood pressure, initially ele-
vated (possibly due to the vasopressor drugs used), dropped
significantly after 2 h (Fig. 6, ¢ and d). In contrast, in low-flow
ILP patients, despite TNF leakage of up to 1.5 ng/ml, the de-
crease in the SVR was largely compensated for by an increase
in the CI, resulting in a well-preserved blood pressure (Fig. 6,c¢
and d).

No linear correlation could be found between the TNF or
the p55 TNF-R concentrations and the measured hemody-
namic parameters at any time. However, a significant correla-
tion was found between the p75 TNF-R at 30 min and the SVR
and CI at 2 h and SVR at 18 h (Table II).

Unlike the patients with low-flow ILP, those with the high-
flow (high TNF leakage) procedure experienced a severe drop
in their platelet count (from 200,000/mm? to 100,000/mm?) and
more than doubling of the prothrombin time at 4 h (Fig. 7,a
and b), with a distinct increase in the fibrinogen and fibrin split
products (data not shown). These patients also had a marked
drop in their cholesterol levels, from ~ 200 to 78 mg/ml within
24 h (data not shown).

Discussion

The shedding of sSTNF-Rs in response to TNF (30) occurs in
three phases: an initial fast phase starting ~ 7 min after expo-
sure to the cytokine and ending within 0.5-1 h (Fig. 1), a sec-
ond phase starting at ~ 2 h (Fig. 1), and a third and late phase
starting after 72 and 48 h for the p55 and p75 TNF-R, respec-
tively (Fig. 3). These waves of shedding were observed in ev-
ery patient examined as well as in vitro in cells treated with
TNF (Fig. 4). It is not excluded that other cytokines induced
by TNF such as IL-6 (40) have a role in the induction of the
second and third shedding waves.

Table II. The Correlations between the p75 TNF-R at 30 min and Hemodynamic Parameters

x y Equation r Significance
p75 TNF-R at 30 min SVRat2h y = —58.6x + 1311 0.78 P <0.01
p75 TNF-R at 30 min SVRat18h y = —45.6x + 1177 0.64 P <0.05
p75 TNF-R at 30 min Clatlh y =029 - 2.0 0.77 P <0.01
p75 TNF-R at 30 min Clat18h y=013x —3.14 0.47 NS
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Figure 6. Comparison of hemodynamic parameters during low-flow (filled diamonds) and high-flow (open squares) limb perfusion procedures.
The CI was elevated in high flow (high leakage of TNF) patients (a), with significant reductions in SVR (b), and systolic (¢) and diastolic (d)
blood pressure compared with low flow rate limb perfusion patients. The late deterioration (at 16 h) in the SVR (b) and the increase in the CI (a)
are totally unrelated to the concomitant systemic TNF-a concentrations (f) (open circles). The TNF concentrations and the sSTNF-R shedding are
also presented for the low-flow (e) and high-flow (f) ILP patients. The marked instability in the hemodynamic parameters was generated only if
the TNF levels were initially > 1.5 ng/ml (compare e and f), since low flow rate patients with TNF levels below this threshold remained hemody-

namically stable (a—d).

The excessive p75 TNF-R shedding during the first hour
was induced only by very high serum TNF concentrations (Fig.
5 a), whereas the magnitude of the p5S5 TNF-R shedding was
similar with either low or high TNF levels (Fig. 1 a). It is likely
that different mechanisms are responsible for the shedding of
the p55 and p75 TNF-Rs.

One of these mechanisms was possibly revealed by the in
vitro observation that triggering the pS5 TNF-R with mimetic
antibodies induces shedding of the p75 TNF-R. A similar
mechanism is probably effective in vivo: p55 TNF-R stimula-
tion with excess TNF could transactivate initially preferential
p75 TNF-R shedding (Fig. 4 a). The excessive shedding of the
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Figure 7. Hematological parameters during low-flow (filled dia-
monds) and high-flow (open squares) limb perfusion procedures.
There is a significant reduction in the platelet number (a) and a pro-
longation of the prothrombin time () only in the high-flow ILP pa-
tients.

p75 TNF-R may serve as a “desensitization” mechanism aimed
at reducing further TNF passing to the pS5 TNF-R by the cell-
associated p75 TNF-R (14, 15).

Release of almost all preformed cellular receptors is possi-
bly responsible for the maximal shedding effect observed ini-
tially (Fig. 1, a and b). Further shedding starting 2 h later (Fig.
3, a and b) is probably dependent on de novo receptor produc-
tion. The well-controlled initial shedding phase may serve for
neutralization of the excess systemic TNF, prevention of its
further cellular binding, and activation and desensitization of
cells to TNF itself by a transient reduction of the cell surface
receptor expression (41). While the sSTNF-Rs prolong the half-
life of TNF in the serum, limitation of the receptor shedding to
a certain maximum may facilitate the elimination of the excess,
unbound TNF, with a rapid half-life of 6 min (39).

Examination of the kinetics of receptor shedding in the low-
flow ILP patients disclosed that the higher the initial TNF lev-
els at 4 min, the more intense the shedding of the p75 TNF-R
at 16-30 min. This correlation was linear and highly significant
statistically (Table I). Furthermore, the higher the TNF con-
centrations, the faster the start of shedding of both receptors
(Table I). These observations suggest the existence of a fine-
tuning control mechanism sensing the amount of serum TNF
present. This mechanism controls the speed and intensity of
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shedding during the first phase, to assure, probably, the appro-
priate TNF buffering.

Such a mechanism was suggested first by Girardin et al.
(42), who found a linear correlation between low serum con-
centrations of TNF (up to 0.5 ng/ml) and serum sTNF-R levels.
As in this study (Fig. 2), these authors observed that when se-
rum TNF levels exceeded a certain value (> 0.5 ng/ml, in their
study), the increase in the soluble receptors was no more pro-
portional, and they suspected that the resulting imbalance, ob-
served only during the early stage of the septic process, could
be of great importance in the pathophysiology of shock (42).

In contrast to the first shedding wave, the second wave was
independent of the initial TNF blood levels, and the ratio of
sTNF-Rs to TNF was almost identical in both groups 8-12 h
after the start of limb perfusion (Fig. 5 b and Fig. 6, e and f).
This was further supported by the observation that in vitro, the
second shedding wave started at 3—4 h, although TNF was re-
moved from the supernatant after the first 30 min (Fig. 4).

A third and late shedding phase was noted after 48-72 h
only if the serum TNF concentrations increased initially (at
1-2 h) above 1.5 ng/ml (Fig. 3). This suggests that additional
shedding mechanisms may be activated 48 h after the initial
TNF leakage into the circulation, if the cytokine levels ex-
ceeded a certain threshold earlier or if an imbalance between
the receptors and their ligand occurred. It is not excluded that
the late waves of shedding (the second and third) are mediated
partially by other cytokines induced earlier by TNF (40, 43).

During the first 8 h of the procedure, the TNF levels de-
clined, with a half-life of ~ 2.5 h, and between 8 and 24 h, with
a half-life of 6 h (Fig. 6 f). Since serum half-life of TNF was re-
ported to be ~ 6 min (39), it is assumed that the observed pro-
longation of the cytokine half-life is due to its binding to the
shed soluble receptors (19). An indirect confirmation of this
assumption was the demonstration of a linear correlation be-
tween the actual concentrations of the STNF-Rs and the calcu-
lated serum half-life of TNF (Table I), i.e., the higher the ratio
of TNF-Rs to TNF (ng/ng), the higher the serum half-life of
TNF. This TNF is probably bound to its soluble receptors and
thus minimally bioavailable (19).

The ratio of STNF-Rs to TNF was reduced markedly in the
high-flow patients during the first 6 h, reflecting the excess TNF
relative to its STNF-Rs (Fig 5 b). At 12 h, the ratio of STNF-Rs
to TNF in high-flow ILP patients became identical to the ratio
for low-flow ILP patients, followed at 24 h by higher sSTNF-R
to TNF ratios than in low-flow ILP patients (Fig. 5b). Clinical
studies showed that septic patients who died or survived dem-
onstrated time-related ratios of STNF-Rs to TNF similar to the
high- and low-flow ILP patients, respectively (42, 44).

The observation that the correlation between TNF and its
receptors is similar in a sterile sepsis-like condition (such as
systemic TNF leakage during ILP) and a true septic process
(42) suggests that the data obtained here is relevant to septic
shock. The fact that no mortality was observed in our patients
may be related to the absence of circulating endotoxin known
to augment the lethal effects of TNF in true sepsis (45).

The hemodynamic changes observed in this study and their
time course are identical to the changes observed in animal
(46, 47) and human septic shock (see pp. 228-331 in reference
8). During low-flow ILP procedures, the TNF levels in the sys-
temic circulation remained far below the sSTNF-R concentra-
tions (Fig. 5 b), and the hemodynamic (Fig. 6) or hematologic
(Fig. 7) consequences were negligible. On the other hand, dur-



ing the 2 h of high-flow ILP procedures, the systemic TNF
leakage was significant, and the TNF levels were in great ex-
cess relative to the sSTNF-R concentrations, resulting in a se-
vere imbalance between TNF and its soluble receptors (Fig. 2
and Fig. 6 f). Later on, at ~ 8-12 h, as a result of the endoge-
nous shedding of sSTNF-Rs along with the rapid elimination of
unbound TNF, the balance of sSTNF-Rs to TNF was regained
(Fig. 5 b).

Concomitant with the early 4-6-h imbalance between the
ligand and its receptors (Fig. 5 b) and possibly related to it, a
severe hemodynamic instability was observed, characterized
by a drop in blood pressure and SVR (Fig. 6, b—d). Despite
spontaneous correction of the balance between sTNF-Rs and
TNF at 8-12 h (Fig. 5 b) and the further reduction in serum
TNF concentrations (Fig. 6 f) the shock-like condition per-
sisted in the high-flow perfusion patients (Fig. 6, ¢ and d). It
was further aggravated at 16-18 h (Fig. 6, a and b), suggesting
that the hemodynamic and metabolic consequences of the ini-
tial imbalance between STNF-Rs and TNF could not be re-
versed by its late, endogenous correction, and were actually
predetermined by the initial 2-6 h of unopposed and unbuf-
fered TNF bioactivity. Redundant non-TNF pathways acti-
vated early by free TNF or noncirculating, cell-bound TNF
may be responsible for part of the changes in vascular tone,
heart rate, and cardiac function noted at later stages (48). Part
of the late and persistent hemodynamic instability recorded at
16-18 h may be mediated also by hypotensive agents, such as
nitric oxide, possibly induced by TNF (49). The direct hy-
potensive role of TNF at this late stage may be minor, as sug-
gested by the fact that the shock was not reversed despite the
spontaneously regained balance between TNF and its endoge-
nous inhibitors at 8-12 h (Fig. 5 b and Fig. 6, b—d). Obviously,
at this stage, attempts to alleviate the clinical shock by addi-
tional TNF neutralization with exogenous sTNF-Rs may prove
marginally effective. On the other hand, correction of the TNF-R
to TNF imbalance by exogenous administration of TNF inhibi-
tors during the early, narrow window of 4-6 h might prevent
or reverse the shock condition. Several animal studies demon-
strated that this window is even narrower, only 1-3 h after
LPS administration (20, 38), whereas a recent clinical study
showed that patient mortality rate could be reduced even if the
TNF neutralization was attempted up to 12 h after shock initia-
tion (25).

In conclusion, ILP with TNF provided a unique human
model for studying the shedding kinetics of the sTNF-Rs and
their interactions with TNF from the moment that excess TNF
is released into the systemic circulation. Normally, the shed-
ding of the natural sTNF-Rs seems to be proportional to the
TNF concentrations, enabling them to buffer the cytokine bio-
activity effectively (Fig. 8, curve a and area B). This buffering
effect allows only low levels of free TNF to be bioavailable
(Fig. 8, curve b). From our data, it can be deduced that when-
ever the initial serum TNF levels exceed a certain threshold
(between 0.5 and 1.5 ng/ml), the linearity between TNF con-
centrations and those of its receptors is lost. This critical imbal-
ance is characterized by appearance of high levels of free TNF
whose unopposed bioactivity culminates in shock precipitation
(Fig. 8, curve c and area C). Therefore, the obvious therapeutic
intervention should be administration of STNF-Rs, anti-TNF
antibodies, or dimeric Fc fusion constructs of the p55 sTNF-R
(25), in an amount that will neutralize or buffer this excess, free
TNF (Fig. 8, curve ¢ and area C). Complete TNF neutraliza-

Buffered TNF
Totally
neutralized * Totat A
TNF Physiologic TNF .
monomeric —2 Maximal
T soluble TNF-R | S;N:dﬂ
shedding = shedding
Excess soluble / capacity
Fc,dimeric M.
TNF-R l Serum TNF
administration P Concentration
/ -1 | (ng/ml)
Bioavailable,
free, TNF 0

Buffered Too much free
TNF TNF

v v

Too little free
TNF

Death due to Survival Septic shock
exacerbation and due to excess
of systemic recovery inflammatory
infection activity
following

excess TNF

neutralization

Figure 8. The possible interrelations of TNF, sTNF-Rs, and outcome
in septic shock. The shedding of the sSTNF-Rs is linear (curve a) up to
serum TNF concentrations of ~ 1.5 ng/ml while enabling the pres-
ence of low levels of bioavailable TNF (curve b). When the maximal
shedding capacity is reached (end of area B), the imbalance between
TNF and its receptors becomes increasingly pronounced and is re-
flected by rapidly increasing concentrations of bioavailable, free TNF
(curve ¢). The unbuffered TNF may precipitate excess inflammatory
activity and septic shock, culminating in death (area C). On the other
end of the spectrum, administration of excess sSTNF-Rs may result in
excessive TNF neutralization, preventing the cytokine from exerting
its systemic protective effects (area A).

tion (Fig. 8, area A) should be better avoided, since it may ad-
versely affect host defenses. It may aggravate the septic con-
dition by preventing the minute amounts of free cytokine to
orchestrate the normal, protective inflammatory reactions re-
quired to overcome infection (22, 23, 25, 50, 51). This conclu-
sion is further supported by the fact that administration of p55
IgG aimed at reducing TNF to nontoxic levels while still avoid-
ing complete TNF neutralization resulted in a 36% reduction
in mortality of patients with severe sepsis (25), while total
TNF neutralization was followed by an increased patient mor-
tality (23).

This study demonstrates that after 8-12 h, the buffering ef-
fect of the sTNF-Rs is regained (Fig. 5 b), and, consequently,
the TNF system returns to equilibrium (Fig. 8, area B). At-
tempts at additional TNF neutralization at this phase may be
of little value.

Administration of the TNF inhibitors, preferably in the
first 3 h of sepsis, although not always realistic clinically, may
prove to be an effective approach to reversing septic shock.
Septic patients likely to benefit from such intervention can be
identified promptly (within 2-3 h) by their prolonged pro-
thrombin time and reduced platelet count (Fig. 7).

Finally, it is likely that the information presented here can
be extrapolated to septic conditions, since the sSTNF-R shed-
ding, their ratio to TNF, and the resulting hemodynamic
changes after systemic TNF leakage during ILP procedures
are very similar to those observed in septic shock patients (42,
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and see pp. 228-235 in reference 8). This data may serve to de-
velop a more physiological and effective treatment for septic
shock patients based on a better understanding of the correla-
tion between the kinetics of the TNF system and the resulting
systemic effects generated by the unbuffered cytokine.
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