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Tissue hypoxia following hemorrhage and trauma is
a possible initiating factor of the generalized inflamma-
tory response seen after shock. The role of hypoxia in
the release from a human monoeyte cell line (THP-1) of
tumor necrosis factor-o (TNFa) and its soluble mem-
brane receptors (TNFaR) in-vitro is investigated in
this study. Flat-bottom plates with 500,000 THP-1
cells/ml were placed in air-tight sealed boxes and ex-
posed to hypoxia (O, = 1%) or controls (0, = 9%) for up
to 24 hr. Supernatants were tested for TNFq, as well as
55- and 75-kDa soluble receptors for TNFa, by ELISA.
Cell viability was assessed by vital dye uptake and was
found to be maintained throughout hypoxic exposure.
Medium pH levels were within normal range. In eight
experiments conducted in duplicate, minimal change
over 24 hr occurred in control samples. Control mean
and SD were: TNFa = 12.0 + 4.2, 55-kDa R = 34.6 +
2.03, and 75-kDa R = 38.88 + 9.68 pg/ml. During hyp-
oxia, TNFa was released as early as the first 30 min of
exposure (41.3 + 2.3 pg/ml) with a small peak at 1 hr
(52 £ 5.0 pg/ml) and a later more pronounced peak at
18 hr (526 + 48 pg/ml). Both 55- and 75-kDa R were
released by the hynoxic monocytes; release wagprogres-
sive and was maximal at 24 hr in this study. Maximal
release value of 55-kDa R was 236 + 15 pg/ml, while
for 75-kDa R it was 2450 + 63 pg/ml. By one-way anal-
ysis of variance followed by the Student—Newman-
Keuls test for multiple comparisons, P values were
<0.01 at all but the 15-min time period, where P >
0.05. We conclude that when exposed to complete or
nearly complete absence of oxygen, human monocytes
spontaneously release TNFa, followed by TNFaR.
© 1983 Academic Press, Inc.

INTRODUCTION

Prolonged periods of reduced microcirculatory blood
flow and vasoconstriction are associated with shock
states; during shock, tissue oxygen tension may reach
very low levels [1]. The mechanisms of cellular response
to acute hypoxia during shock are unclear; in particular,
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the effect of hypoxia upon lymphoid cells has not been
defined [2]. Hypoxia may cause direct cellular damage
[3], which may then secondarily induce activation of
phagocytes [4] or directly cause macrophagic activation.
Recent research implicates the role of the monocyte-
macrophage and cytokines in septic shock [5-8]. Tumor
necrosis factor-o (TNFa) produced in the blood stream
by macrophages in response to bacterial lipopolysaccha-
ride (LPS) affects endothelial cells resulting in in-
creased vascular permeability. TNFo also elicits produc-
tion of procoagulant activity and promotes the adhesion
of neutrophils to endothelial ceils via the expression of
adhesion molecules. High levels of circulating TNF«
have been demonstrated 90 to 120 min after intravenous
infusion of LPS in rabbits and endotoxin in humans [7].
The appearance of TNFu« is sequentially followed by IL-
1 and IL-6. In septic shock, IL.-13 levels peak about 3 hr
after injection, and IL-6 levels continue to rise forupto 8
hr [8]. It is now clear that these cytokines have a major
role in the pathophysiology of septic shock. This evi-
dence is supported by the observation that receptors
which block IL-1 and TNF« can block septic shock in
animal models [9, 10]. However, the presence and im-
portance of cytokines after acute traumatic and hemor-
rhagic shock is not as clearly understood,

Recently, two soluble membrane receptors (R), each
with a different capacity for binding and activating re-
combinant human TNF« and TNFS, have been identi-
fied. These soluble receptors have been found in serum
of traumatized patients, in serum and urine of patients
with chronic renal failure, as well as serum and ascites of
patients with cancer [11-14]. These TNFR are shed
from the extracellular segments of the 55- to 60-kDa and
75- to 80-kDa TNFa membrane receptors and may be
important in the regulation of TNF« activity [14, 15].
The TNFaR are capable of binding TNF« and prevent
its attachment to cellular membrane receptors, thus
blocking TNF«’s biologic effects. In fact, TNFR have
been found to decrease TNFu cytotoxicity to tumor cells
in vitro and in vivo, as well as to decrease mortality in
animals with septic shock [14, 16, 17]. TNFaR may be
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important regulators of TNFea activity, but their release
during hypoxia has not been studied.

The purpose of this study was to determine if hypoxia,
comparable to that seen in vivo during traumatic and
hemorrhagic shock, stimulates macrophage release of
TNFae and TNFR. ’

MATERIALS AND METHODS

Culture of the Human Myelocytic Leukemia Cell Line
THP-1

Human monocytic leukemia cell line THP-1 cells
were derived from the peripheral blood of a 1-year-old
male with acute monocytic leukemia [18]. THP-1 cells
express surface receptors and can perform .most func-
tions associated with human macrophages, including re-
lease of various monokines, such as IL-1 and TNFa«
under stimulation in vitre [19). THP-1 cells were estab-
lished as monolayers isolated according to the method of
Armstrong [20]. They were placed in T-25 flat-bottomed
culture flasks (Corning, NY) at a concentration of
500,000 cells per milliliter in 10 ml of RPMI 1640 me-
dium supplemented with 10% heat-inactivated fetal calf
serum (Gibco Laboratories, Grand Island, NY) at 37°C
and 5% CO,. They were passaged by trypsinization bi-
weekly, = '

Ex;posure of THP-1 Cells to Hypoxia

Oxygen-permeable plastic petri plates (60 X 15 mm)
containing THP-1 cells were placed in air-tight modified
anaerobic glass jars (volume of 10 em®), incubated at
37°C, and-exposed to a controlled hypoxic atmosphere,

consisting.of a mixture of oxygen-and nitrogen with par--

tial pressures reflecting almost complete anoxia (8 mm
Hg or-1% oxygen), or oxygen tensions present under
normal circumstances in capillaries (68 mm Hg or 9%
oxygen). The cells were exposed for 15 and 30 min and 1,
4, 12, 16, 18, and 24 hr. Equilibration of oxygen in the
media with the atmosphere was nearly instantaneous
{21]. Oxygen concentrations were verified with a porta-
ble oxygen analyzer (Novametrix Medical Systems, Or-
ange, CA). The pH of medium was monitored with a
needle pH electrode (Microelectrodes, Inc., London-
derry, NH) at the beginning and end of each experiment.
: Cell viability was assessed by 0.05% trypan blue stain
using an Easy Reader 400 AT microtiter plate absor-

bance detector (SLT 6 Labinstruments, GEs.m.b.H.,

Austria). Viability was unchanged and remained over
90% in all experiments.

Collection of Supernatants

- Supernatants were collected at the end of each incu-
bation- period after-exposure to hypoxia and-from con-
trols and cleared of cells arid debris by centrifugation at
450g for 4 min-in a'IEC-HN-8 2 centrifuge. Superna-
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tants were then stored at —70°C and tested for TNFa
and TNFaR levels with enzyme-linked immunosorbent
assay (ELISA) techniques.

ELISA Assay of Human TNFa
Commercially available TNF ELISA kits were ob-

_tained from Genzyme Corp. (Boston, MA). These kits

consisted of a monoclonal capture antibody, a polyclonal
anti-TNF, and a biotin-linked anti-polyclonal third an-
tibody that binds a streptavidin-linked peroxidase. The
substrate hydrogen peroxide was allowed to react with
the peroxidase until a faint yellow color was visible in
the least concentrated TNF standard well, or for a maxi-
mum time of 5 min. The reaction was stopped with 1 M
H,S0,, and the plate was read at an absorbance of 490
nm on an Kasy Reader 400 AT microtiter plate absor-
bance detector (SLT 6 Labinstruments). A standard ab-
sorbance/concentration curve at 490 nm was obtained.

ELISA Assay of Soluble TNFa Receptors

A polyclonal sandwich ELISA was utilized. Human
recombinant 55- and 75-kDa TNFR were obtained from
Synergen (Boulder, CO). o

Immunoglobulins (IgG) against the TNFR were pro-
duced by the method of Yamamoto et al. [22]; 96-well
flat-bottom microtiter plates were coated with rabbit
IgG against 55- or 75-kDa TNFR and incubated at 4°C
overnight. Plates were washed with 0.2% Tween (Bio-
Rad Laboratories, Richmond, CA) in phosphate-buff-
ered saline. Standard preparations of 55- or 75-kDa
TNFR were diluted in phosphate-buffered saline with
1% bovine serum albumin. TNFR standards and human
serum samples were added to the plates. Plates were
again incubated at 4°C overnight and then washed with
Tween. Horseradish peroxidase-bound rabbit anti-
TNFR IgG was added, followed by incubation for 1 hr at
37°C and washing with Tween. Substrate containing
one 2,2-azinobisdiammonium salt tablet (Pierce, Rock-
ford, IL) and 3 gl of 30% H,0, in 10 m] of 1 M acetate
buffer (pH 4.2) was added to the plate. The final incuba-
tion was at room temperature for 20 min. Absorbance at
405 nm was read with a microplate ELISA reader. A
standard absorbance/concentration curve was gener-
ated and concentrations of TNFR in samples were cal-
culated from the curve. T

Statistical Analysis

Each experiment was performed in duplicate with a
sample size of eight in each group. Pata were analyzed
using a one-way analysis of variance and the Student-
Newman-Keuls test for multiple comparisons.

RESULTS

TNFa and TNF« Receptor Release by Human THP-1
. Cells Exposed to Capillary Levels of Oxygen in Vitro

Samples of the media collected from cultures placed in
anaerchic jars and exposed to partial pressures of 68 mm
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FIG. 1. Levels of TNFa were minimal at all times in superna-

tants of human THP-1 leukemia cells maintained at an ambient oxy-
gen concentration of 9% (==). At 1% O, levels peaked at 1 hr (52 + 5
pg/ml) and 18 hr (526 + 48 pg/ml) {—).

Hg or 9% oxygen for the various time periods were tested
for TNFa and TNFaR by ELISA as described under
Materials and Methods. Constant levels of TNF« (12.0
+ 4.2 pg/ml) were found at all time periods in superna-
tants of cultures grown at 9% oxygen (Fig. 1). From 15
min to 24 hr, mean concentration of 55-kDa soluble re-
ceptor for TNFa was 34.6 + 2.03 pg/ml; mean concen-
tration of 75-kDa receptor was 38.88 £ 9.68 pg/ml (Figs.
2 and 3). No statistically significant increase of either
TNF« or of its soluble receptors was seen over the 24 hr
examined in this study. Media from cell cultures grown
at 12% oxygen were also tested for TNFa and TNFaR
by ELISA, with similar results (values not reported).
Cell viability averaged 95% at the conclusion of each
experiment, and pH of supernatants remained at values
between 7.40 and 7.58.

TNFa and TNFa Receptor Release by Human THP-}
Cells Exposed to Hypoxia

Samples of the media collected from cultures placed in
anaerobic jars and exposed to partial pressures of 8 mm

T T
30 min 1br 4 hr 12 hr 16 hr 18 hr 24 he

Time
FIG. 2, Levels of 75-kIDa soluble receptor for TNFa wére mini-
mal over time in supernatants of THP-1 maintained at an ambient
oxygen concentration of 9% (38.88 + 29.68 pg/ml) (=~). At 1% O,

levels steadily increased for the duration of the experimental (24 hr) to
2450 + 63 pg/ml {(—).
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FIG. 3. Levels of the 55-kDa soluble receptor for TINFa were
minimal gver time at 9% O, (34.6 + 2.03 pg/ml) (== }. Peak levels at

24 hr were lower than those of the 75-kDa R (236 = 15 pg/ml) (—) at
an oxygen concentration of 1%.

Hg or 1% oxygen for the various time periods were tested
for TNFa and TNFaR by ELISA as described under
Materials and Methods.

Elevated. levels of TNF« above control values were
first detected after 30 min of exposure to a2 pO, of 8 mm
Hg (41.3 + 2.3 pg/ml); a second peak of TNF« release
was documented at 18 hr (526 = 48 pg/ml); at 24 hr levels
began to decline (102 + 10.2 pg/ml)} (Fig. 1).

Concentrations of both 55- and 75-kDa soluble TNFa
receptors began rising within 30 min to 1 hr of exposure
to hypoxia, and rose continuously throughout the 24 hr
period of this study to peak values of 236 + 15 pg/ml and
2,450 t 63 pg/ml, respectively (Figs. 2 and 3). Cell viabil-
ity was tested by vital dye uptake at the beginning and
conclusion of each experiment and again averaged 95%;
pH of supernatants remained at values between 7.40
and 7.82.

DISCUSSION

During shock, hypoperfusion leads to tissue hypoxia
[1}. Cellular damage under these conditions is perpetu-
ated by a complex series of events which occur second-
arily, including vasoconstriction, activation of the clot-
ting and complement systems, microcirculatory throm-
bosis, and increased leukocyte aggregation to capillary
endothelium [23).

In septic shock, clinical and basic studies have docu-
mented an association between activated macrophages,
elevated levels of the cytokines TNFw, IL-1, IL-6, and
the presence of infection [7, 8, 24]. TNF« appears to be
the first ¢ytokine to be released into the blood stream,
subsequently inducing a cascade of cytokine release: I1.-
1 and then IL-6. TNF« is an important mediator of sep-
tic shock. This is demonstrated by the finding that shock
can be reversed both in animals and in humans by ad-
ministration of monoclonal antibodies directed against
TNF« [10, 25, 26] and in animals by infusion of soluble
TNFaR [16, 17}. When 20 ug of TNFaR-1gG (55 kDa)
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was administered to mice prior to an L.D,,, dose of endo-
toxin, a survival of 100% resulted. TNFaR-IgG contin-
ued to have a protective effect, albeit partial, when ad-
ministered up to 3 hr after injection of endotoxin [17].

While animal studies have demonstrated increased
levels of TNFa« in the blood stream as early as 2 hr after
hemorrhagic shock [27], no study to date has found ele-
vated systemic levels of TNF« after trauma and hemor-
rhage in humans. Recently, however, we detected con-
sistently high serum levels of 55- and 75-kDa TINFa solu-
ble receptors within 1 hr in seriously injured trauma
patients {11}. The role and source of these receptors is
presently under investigation. It is known that mono-
cytes express primarily 75-kDa receptors [28], and when
exposed to recombinant TNF«, release of TNFaR oc-
curs, both in vitre and in vivo [15, 29].

The purpose of this study was to determine the effect
of hypoxia ean TNFa and TNFaR release in vitro. Expo-
sure of THP-1 cells to nonlethal levels of hypoxia caused
rapid in vitro release of TNFq and TNFaR. The release
of TNF« was biphasic. TNF«R were released at a con-
stant rate which increased with the time of exposure.
The 75-kDa receptor was released in the supernatant in
larger quantities than the 55-kDa receptor. This may be
due to the fact that the 75-kDa receptor is the predomi-
nant TINFa receptor in the cell. This study suggests that
TNFa can be released locally by hypoxic monocytes.
The significance of receptor release is speculative at the
present time. 1t is possible that release may represent an
attempt to counteract TNFa activity, Hypoxia may be a
primary stimulator of macrophages in shock and other
ischemic states, resulting in local release of TNFa and
its soluble receptors.
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