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Lipopolysaccharide (LPS) and the nontoxic derivative of lipid A, monophosphoryl lipid A (MPL), were
employed to assess the relationship between expression of LPS-inducible inflammatory genes and the induction
of tolerance to LPS in murine macrophages. Both LPS and MPL induced expression (as assessed by increased
steady-state mRNA levels) of a panel of seven "early" inflammatory genes including the tumor necrosis factor
alpha (TNF-a), inter1eukin-113, type 2 TNF receptor (TNFR-2), IP-10, D3, D8, and D2 genes (the last four
represent LPS-inducible early genes whose functions remain unknown). In addition, LPS and MPL were both
capable of inducing tolerance to LPS. The two stimuli differed in the relative concentration required to induce
various outcome measures, with LPS being 100- to 1,000-fold more potent on a mass concentration basis.
Characterization of the tolerant state identified three distinct categories of responsiveness. Two genes (IP-10
and D8) exhibited strong desensitization in macrophages pretreated with tolerance-inducing concentrations of
either LPS or MPL. In macrophages rendered tolerant by pretreatment with LPS or MPL, a second group of
inducible mRNAs (TNF-ca, interleukin-11, and D3) showed moderate suppression of response to secondary
stimulation by LPS. The third category of inducible genes (TNFR-2 and D2) showed increased expression in
macrophages pretreated with tolerance-inducing concentrations of either LPS or MPL. All of the LPS-
inducible genes examined exhibited modest superinduction with less than tolerance-inducing concentrations of
either stimulus, suggesting a priming effect of these adjuvants at low concentration. The differential behavior
of the members of this panel of endotoxin-responsive genes thus offers insight into molecular events associated
with acquisition of transient tolerance to LPS.

The physiologic effects of bacterial endotoxin on humans
are pleiotropic and may produce toxicity so severe that
endotoxic shock following gram-negative sepsis results in an
estimated 70,000 deaths annually in the United States (3). In
vivo, endotoxin, or its most toxic fraction, lipopolysaccha-
ride (LPS), acts principally on macrophages to elaborate a
cascade of effector molecules known as cytokines, which
mediate many of the toxic symptoms associated with LPS
(reviewed in references 24 and 41). However, a single
sublethal injection of LPS can result in a transient state of
hyporesponsiveness to subsequent LPS challenge which has
been referred to as early endotoxin tolerance (13, 19-21). In
cell transfer studies, Freudenberg et al. (7) demonstrated
that the macrophage plays a central role not only in LPS-
induced toxicity but also in the induction of tolerance. Vogel
et al. (43) showed that combined administration of recombi-
nant interleukin-l, (IL-P) and recombinant tumor necrosis
factor alpha (TNF-a) could induce in mice an LPS-hypore-
sponsive state that mimicked tolerance, suggesting a role for
these two cytokines in the induction of tolerance. Subse-
quently, it was reported that administration of either recom-
binant IL-1 receptor antagonist (14) or anti-TNF antibodies
(12a, 40) partially mitigated the induction of tolerance by
LPS in mice. Not only is tolerance inducible by LPS and its
toxic substructure, lipid A, but also by the nontoxic deriva-
tive of lipid A, monophosphoryl lipid A (MPL); however,

* Corresponding author.

significantly higher concentrations of MPL than LPS or lipid
A are required to induce an equivalent degree of refractori-
ness in vivo.

In vitro models for studying endotoxin tolerance in mac-
rophages have been developed recently (25, 39, 44). An 18-
to 48-h exposure of murine or human macrophages or a
monocytic cell line to low concentrations of LPS renders the
cells refractory to further LPS treatment, although pre-
treated cells respond normally to non-LPS stimuli to secrete
TNF. Using adherent peritoneal exudate macrophages in
this system, we found that MPL, like LPS, could induce
tolerance to LPS challenge in vitro, but much higher con-
centrations of MPL than LPS were required to elicit a
comparably refractory state (15).

Recently, six LPS-inducible genes (designated D2, D3,
D5, D7, D8, and C7 genes) were cloned by differential
screening of a cDNA library created from LPS-treated
C57BL/6J mouse peritoneal exudate macrophages (34).
These genes were all strongly induced by 3 h of LPS
stimulation in the presence of cycloheximide and were
therefore classified as immediate early genes. The C7 gene
has been identified as the murine homolog of IP-10, first
identified as a gamma interferon-inducible gene (28), the
product of which is a member of the platelet factor 4
chemokine family of small chemotactic and proinflammatory
molecules (18). The D5 gene was identified as the IL-1, gene
(29), the D3 gene appears to be a member of the alpha
interferon-inducible family of genes previously referred to as
202-204 (5), and the D7 gene has recently been identified as
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the gene which encodes the p75 TNF receptor (TNFR-2) (8,
35, 37). The availability of these probes presented a unique
opportunity to investigate responses to endotoxin in vitro, at
the level of gene induction. In this study, we utilized this
panel of six LPS-inducible genes, plus the gene for TNF-a,
to explore in vitro induction of tolerance to LPS as com-
pared with induction by its nontoxic derivative, MPL (31).

(This work was carried out by B. E. Henricson in partial
fulfillment of the requirements for the Ph.D. degree from the
Uniformed Services University of the Health Sciences,
1992.)

MATERIALS AND METHODS

Mice. Five- to six-week-old female C57BL/6J mice were
obtained from Jackson Laboratories (Bar Harbor, Maine)
and were used within 1 week of receipt. Mice were housed in
a laminar flow hood and were maintained under 12-h light
and dark cycles until use. Mice were fed standard laboratory
chow and acid water ad libitum. The experiments reported
herein were conducted according to the principles set forth
in the Guide for the Care and Use of Laboratory Animals
[National Research Council DHEW publication no. (NIH)
85-23].

Reagents. Protein-free (<0.008%), phenol-water-extracted
Escherichia coli K235 LPS was prepared by the method of
McIntire et al. (26). Salmonella minnesota MPL, isolated
from deep rough chemotype R595, was purchased from Ribi
ImmunoChem Research, Inc. (Hamilton, Mont.) (31). Stock
solutions of LPS and MPL were prepared at 1 mg/ml in
normal saline containing 0.2% triethylamine and were soni-
cated vigorously and heated to 65°C alternately to increase
solubility. Stock solutions were maintained at -20°C until
use.
TNF assay. TNF activity in serum samples was deter-

mined by a standard cytotoxicity assay using actinomycin
D-treated fibroblasts (15, 42). The lower and upper limits of
sensitivity of the assay are 80 U/ml (i.e., 4U/50 ,ul) and
40,960 U/ml (i.e., 2,048 U/50 ,ul), respectively (42).
Macrophage isolation and culture. Peritoneal exudate mac-

rophages were isolated by peritoneal lavage with ice-cold
sterile physiologic saline 4 days after intraperitoneal injec-
tion of 3 ml of sterile 3% thioglycolate broth (23). Cells were
resuspended in RPMI 1640 supplemented with glutamine,
penicillin, streptomycin, HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid), sodium bicarbonate, and 2%
heat-inactivated fetal calf serum and were cultured at 107
cells per plate in 60-mm-diameter tissue culture dishes
(Costar, Cambridge, Mass.) at 37°C and 6% CO2 overnight
prior to treatment. Nonadherent cells were removed by
washing twice with fresh medium 20 to 24 h after plating, and
the remaining adherent cells were cultured as indicated. To
determine responsiveness of freshly isolated adherent mac-
rophages to LPS derivatives, cells were pretreated with
medium or the LPS derivatives for 4 h (or the indicated time)
at 37°C in 6% CO2 prior to sampling of supernatant fluids for
TNF bioassay and harvest of cellular RNA for Northern
(RNA) blot analysis.
The induction of in vitro tolerance was essentially identi-

cal to that originally described by Virca et al. (39). Adherent
macrophages were first cultured identically as for the pro-
duction of TNF. For tolerance induction experiments, mac-
rophage cultures were pretreated for 20 h with medium or
with various concentrations of LPS or MPL. Cells were then
washed twice with fresh medium and treated with medium

only or 10 ng of LPS per ml. Cultures were incubated for an
additional 4 h prior to isolation of RNA.

Isolation of mRNA. Macrophages were lysed at the indi-
cated times post-LPS and -MPL stimulation with 4 M
guanidine isothiocyanate. Total cellular RNA was isolated
by the cesium chloride gradient centrifugation method of
Chirgwin et al. (4). Northern blot analysis was carried out by
the method of Maniatis et al. (22) as follows. Five micro-
grams of RNA for each experimental condition was sub-
jected to 1% formaldehyde-agarose gel electrophoresis, and
total RNA was transferred to Nytran filters (Schleicher &
Schuell, Inc., Keene, N.H.) by means of capillary action in
lOx SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate). RNA was cross-linked to filters, and the filters were
hybridized overnight with 32P-labeled cDNA probes after a
4-h prehybridization at 42°C. Probes utilized for these exper-
iments were as follows: an 1,100-bp segment of the cDNA
for TNF-a (30), kindly provided by Bruce Beutler (Howard
Hughes Medical Institute, Dallas, Tex.); a 750-bp cDNA
probe specific for murine ,-actin (38), provided by Michael
Prystowsky (University of Pennsylvania, Philadelphia); a
cDNA encoding bases 275 to 1329 for IL-1lB (29); a 450-base
cDNA segment for murine IP-10 (28); a specific cDNA probe
for the p 75 TNF receptor (TNFR-2); and cDNA probes for
three other LPS-inducible genes (i.e., D2, D3, and D8) first
described by Tannenbaum et al. (34) as strongly inducible by
LPS within 3 h (35). After hybridization, filters were washed
twice at room temperature for 20 min in 2x SSC containing
0.1% sodium dodecyl sulfate and once at 65°C for 15 min in
0.1 x SSC containing 0.1% sodium dodecyl sulfate. Northern
blot filters were exposed to Kodak XAR-5 film with intensi-
fier screens for 4 to 24 h at -70°C and subsequently were
used to expose Phosphorlmager screens. Exposed Phosphor-
Imager screens were analyzed by using PhosphorImager
software in a Molecular Dynamics PhosphorImager (Molec-
ular Dynamics, Sunnyvale, Calif.). Exposed X-ray film was
analyzed with a scanning densitometer (Xerox, Corp., Roch-
ester, N.Y.) and NIH-Image software kindly donated by
Wayne Rasband, National Institutes of Health, Bethesda,
Md. Between successive hybridizations, filters were
stripped by boiling in water for 5 min. The relative expres-
sion for each gene was internally normalized to the expres-
sion of the I-actin gene by calculating the gene-to-13-actin
gene expression ratio for every lane on the Northern blot,
and this normalization controlled for lane-to-lane loading
differences. Neither LPS nor MPL induced any significant
modulation of ,-actin-specific, steady-state mRNA levels
over the incubation periods examined in these studies (data
not shown). For the dose-response and in vitro tolerance
experiments, the normalized data were then converted to a

percentage of the steady-state level of the gene following
stimulation by 10 ng of LPS per ml for 4 h. For time course
experiments, data were converted to a percentage of maxi-
mal expression induced by 1,000 ng of LPS per ml at 12 h.
Statistical analyses of the data were carried out by least
squared means comparison of the log-transformed data,
using IBM format SAS software, by Lawrence Douglass
(statistician) and Jian-Zheng Zhou (analyst), University of
Maryland, College Park.

RESULTS

Induction of early gene expression by LPS and MPL. In
preliminary studies, it was determined that 1 ,ug of MPL per
ml could induce murine macrophages to express high levels
of each of the LPS-inducible genes under consideration,
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FIG. 1. LPS- and MPL-induced dose responses for TNF-a (A), IL-1lB (B), and IP-10 (C) mRNA and TNF activity (D) at 4 h of stimulation

by LPS or MPL. Values in panels A to C are mean values from three or four separate experiments. Data were normalized for ,B-actin and then
expressed as a percentage of the maximum LPS response induced by 10 ng/ml at 4 h (100%) as described in Materials and Methods. Asterisks
indicate MPL-induced values significantly different from LPS-induced values, as determined by least squared means comparison of the
log-transformed data. (D) Comparison of secreted TNF activity dose responses for LPS and MPL. TNF activity was measured in
supernatants of macrophages that were used to generate Northern blot data for panels A to C. The data represent the geometric means
standard errors of the means for three or four separate experiments.

viz., the TNF-a gene, as well as the IP-10, IL-1,, TNFR-2,
D3, D8, and D2 genes (34). These studies were extended to
determine the relative concentration dependence for MPL-
and LPS-induced gene expression. For the TNF-a, IL-11,
and IP-10 genes (Fig. 1A to C, respectively) and the D3 and
D8 genes (data not shown), maximal steady-state mRNA
was induced at 1 ng of smooth LPS per ml. However,
MPL-induced gene expression for all these genes required
-100- to 300-fold-higher concentrations. MPL was also
-100-fold less potent than LPS in inducing TNF activity
(Fig. 1D).
The D2 and TNFR-2 genes (35) exhibited a second dose-

response pattern. They showed relatively high constitutive
expression, -40% of the level routinely induced by 10 ng of
LPS per ml after 4 h of stimulation (Fig. 2). Although both
LPS and MPL stimulated increases in D2 and TNFR-2

steady-state mRNA, the relative increases above back-
ground were modest (ca. two- to fivefold) when compared
with all other genes examined in the panel. For these two
genes, MPL proved to be -100- to 1,000-fold less potent
than LPS in the induction of steady-state mRNA. Finally,
the induction of TNFR-2 mRNA was different from that of
all other genes examined in that it peaked sharply and
declined with increasing concentrations of either LPS or
MPL.
Time course for induction of LPS-inducible genes. The

panel of LPS-inducible genes was also examined for differ-
ences in the time course patterns when macrophages were
stimulated by an excess (1,000 ng/ml) of either LPS or MPL.
TNF-a (Fig. 3A) and IL-1, (data not shown) mRNAs were
induced maximally by LPS within 1 to 2 h after stimulation
(1 h for TNF-ot and 2 h for IL-11) and were reduced to near
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FIG. 2. LPS- and MPL-induced dose-response curves for D2 (A) and TNFR-2 (B) mRNA expression 4 h after stimulation by LPS or MPL.
See the legend to Figure 1A to C for further details.

background levels within 12 h. For TNF-aL, peak expression
induced by MPL was slightly delayed and, for both TNFax
and IL-11, it was more sustained than that induced by LPS,
even though the maximal levels of expression were found to
be approximately equivalent. The constitutively expressed
genes, the TNFR-2 (Fig. 3B) and D2 (data not shown) genes,
exhibited peak expression typically at 2 h after LPS stimu-
lation. As was observed for TNF-ao and IL-1lB steady-state
RNA, MPL-induced gene expression was somewhat more
protracted than LPS-induced expression of the TNFR-2 and
D2 genes.

In contrast to the kinetic differences described for LPS-
versus MPL-induced TNF-a, IL-1,B, TNFR-2, and D2
steady-state mRNA, no such differences were observed
between MPL- and LPS-induced D8 (Fig. 3C), IP-10 (data
not shown), and D3 (data not shown) steady-state mRNA.
Maximal expression of both D8 and IP-10 occurred 4 h
poststimulation; however, IP-10 mRNA levels declined to
-20% relative gene expression over 12 h, whereas D8
expression (Fig. 3C) declined more gradually. Maximal D3
gene expression occurred somewhat later and remained
elevated at 8 to 12 h following stimulation by either LPS or
MPL. The kinetic behavior of these genes is consistent with
previous observations (11, 34).
Gene expression in macrophages pretreated with LPS or

MPL and stimulated by LPS challenge. We have demon-
strated previously that significantly more MPL than LPS is
required in vivo and in vitro to induce a state of tolerance
(13, 19-21). To examine the ability of pretreated macro-
phages to express genes in response to a second LPS
challenge, adherent peritoneal exudate macrophages were
first exposed to medium only or the indicated concentrations
of LPS or MPL for 20 h. Cultures were then washed and
restimulated with 10 ng of LPS per ml for 4 h prior to RNA
isolation. The 10-ng/ml challenge concentration of LPS was
based on the maximal LPS gene expression data presented in

Fig. 1 and 2 and our finding that a 10-ng/ml LPS challenge
allows for reliable discrimination between LPS-responsive
and -tolerant macrophages in vitro, as indicated by suppres-
sion of TNF secretion (15). LPS challenge of cultures
pretreated with LPS or MPL resulted in TNF-a, IL-1,3, and
D3 gene induction (Fig. 4) which exhibited the following
general features. At concentrations of LPS or MPL below
those which render cells LPS hyporesponsive in vitro (e.g.,
<1 ng/ml and <100 ng/ml, respectively, for LPS and MPL),
a priming effect in response to challenge was observed. This
is indicated by a moderate superinduction of gene expression
induced by LPS challenge above that observed for LPS
challenge of medium-pretreated cells (dotted line). Although
the increase "above the line" was least pronounced for
LPS-induced IL-13 gene expression, this trend was ob-
served for LPS-induced TNF and D3 gene expression, as
well as for all three genes stimulated with sub-tolerance-
inducing concentrations of MPL. However, upon exposure
to concentrations shown previously to induce tolerance in
vitro (15), LPS-pretreated macrophages responded to LPS
challenge with a moderate decrease in IL-1p, TNF-ao, and
D3 gene expression (e.g., 40 to 60% of control levels), as did
MPL-pretreated cells at higher pretreatment concentrations
(>100 ng/ml).

In contrast to the moderate suppression of TNF-at, IL-11,
and D3 gene expression after challenge that was induced by
pretreatment of macrophages with tolerance-inducing doses
of LPS and MPL, postchallenge IP-10 and D8 gene expres-
sion was reduced profoundly (to near background levels)
(Fig. 5). At less than tolerance-inducing concentrations of
LPS or MPL, superinduction of IP-10 and D8 mRNA ex-
pression was also observed, although, like LPS-induced
IL-1lB gene expression, this was minimal for LPS-induced
D8 gene expression.
For the TNFR-2 and D2 genes (Fig. 6) there was no

concentration-dependent suppression of steady-state mRNA
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expression upon LPS challenge of either LPS- or MPL-
pretreated macrophages. Pretreatment with LPS or MPL
resulted only in a modest superinduction of TNFR-2 and D2
mRNA expression, and no differences were observed be-
tween LPS- and MPL-pretreated cultures for these two
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VOL. 61, 1993

I O4,



2330 HENRICSON ET AL.

-- LPS
-| --- MPL I

200 A 200B
.o c ~~~~~~~~~~B0~~~~~~~~~~~~
160~~~~~~~~~~160-~~~ ~ ~ ~ ~ ~ ~ ~~~~)160-

x
LU 10 ng/ml 4 hrsLPS
= 120 Challenge Alone U120\ Challenge Alone

c 12~~~~~~~~~0-

0 --- -- ----/------_ , -------

0. 0
r 0 c 80

O-40s 40-
Cu3

0 0
0 i O-21'0.1l....101 10-0I0°0 ...1I ol 1 02 1 03 1 04

A B A B

PRETREATMENT CONCENTRATION (ng/mI)
FIG. 5. Comparison of IP-10 (A) and D8 (B) gene expression 4 h after challenge (10 ng of LPS per ml) of macrophages pretreated for 20

h with the indicated concentrations of LPS or MPL. See the legend to Fig. 4 for further details.

genes. When compared directly with LPS-induced IP-10
gene expression, which was strongly suppressed by LPS
pretreatment, both TNFR-2 and D2 gene expression were
maximal at concentrations of LPS pretreatment that com-
pletely suppressed IP-10 (compare Fig. 5 and 6).

DISCUSSION

The immunostimulant MPL is currently under consider-
ation for its potential as a therapeutic agent for treatment of
endotoxic shock (17), for prophylaxis against postoperative
wound infections (2), and as an immune adjuvant capable of
increasing antigen-specific immune responses to vaccines
(16). MPL is attractive for all of these uses since it is
substantially nontoxic as compared with LPS yet retains
many of the beneficial effects attributed to endotoxin. One of
the beneficial effects that has been studied in detail is the
induction of early endotoxin tolerance (19). Although MPL
induces a state of tolerance in vivo equivalent to that
induced by LPS, ca. eightfold more MPL is required (13).
The basis of MPL's lack of toxicity has been attributed to

its induction of lower levels of toxic symptom-inducing
cytokines, such as TNF, IL-6, interferon (13), and IL-la
(data not shown). These findings are extended here by
examination of the capacity of MPL to induce early gene
expression as compared with LPS and characterization of
the effects of LPS versus MPL pretreatment on gene expres-
sion induced upon LPS challenge. Although originally
cloned based on their capacity to be activated transcription-
ally by LPS, the induction of subsets of these LPS-inducible
genes by other agents has since been characterized (11, 18,
28, 29, 33-36). For example, the IP-10, D3, and D8 genes
might be classified as broadly inducible, as evidenced by

their capacity to be stimulated not only by LPS but also by
interferons in macrophages and by platelet-derived growth
factor in fibroblasts (36). The D2 and TNFR-2 genes have
been grouped previously as a subset of LPS-inducible genes
which are selectively expressed upon exposure of macro-
phages to phorbol myristic acid (34).

Similarities in the expression patterns of certain genes
may provide insights into the molecular mechanisms which
underlie the induction of tolerance. While LPS and MPL
differed in their ability to induce both expression of the genes
studied and the state of tolerance in terms of the relative
mass concentrations required, the endpoints achieved were
essentially indistinguishable.

Pretreatment of macrophages with a broad concentration
range of LPS or MPL followed by an LPS challenge results
in three general groupings of genes: TNF-a, IL-1,B, and D3
(e.g., the expression of all three is superinduced at sub-
tolerance-inducing concentrations, and is, at best, only
modestly inhibited by pretreatment in the tolerance-inducing
range; IP-10 and D8 (e.g., the expression of these two genes
is superinduced at sub-tolerance-inducing concentrations
but profoundly suppressed in response to tolerance-inducing
concentrations); and, finally, TNFR-2 and D2 (e.g., super-
induction of these two genes was observed over the entire
range of LPS or MPL pretreatment concentrations tested).
The moderate suppression of TNF-a steady-state mRNA
during tolerance, coupled with profound suppression ofTNF
secretion, is consistent with the finding that during tolerance
a 26-kDa TNF precursor accumulates in LPS-refractory
murine macrophages, indicating posttranslational regulation
of TNF secretion (12, 39, 44, 45). Superinduction of gene
expression upon challenge initiated by pretreatment of mac-
rophages with LPS or MPL may reflect a true "priming" of
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macrophage responsiveness to LPS. Priming of macro-
phages by LPS or MPL may provide a mechanism by which
macrophages increase their capacity for nonspecific resis-
tance to infection. Macrophages exposed to low levels of
LPS (or MPL) might then be more able to contain spreading
focal infection, but exposure to higher levels of LPS would
induce tolerance and thereby help to minimize deleterious
toxic responses.
As IP-10 has been identified as a member of a family of

potent chemotactic and proinflammatory intercrine proteins
(18, 27), one could postulate that a profound suppression of
IP-10 message levels (Fig. 5A) in tolerant macrophages
might strikingly inhibit the proinflammatory/chemotactic re-
sponse to LPS upon challenge. The two groups of genes
examined in the experiments of Fig. 4 and 5 differed in the
degree to which the expression of steady-state mRNA was
suppressed during tolerance. Functions for the products of
both the IP-10 and the D8 genes have not yet been identified.
Nevertheless, the profound nature of down-regulation of
steady-state mRNA levels for D8 and IP-10 during tolerance
may imply their essential participation in toxicity. It remains
to be determined if lowered steady-state mRNA results from
inhibition of transcription, although it has been shown that
the decrease in TNF-at mRNA after LPS challenge is not due
to a decrease in mRNA half-life (39). It has been hypothe-
sized that LPS stimulates the expression of transcriptional
"silencers" during tolerance (9), leading to the decline of
steady-state TNF-ot mRNA levels, because during tolerance,
the induction of nuclear transcription factors utilized in
LPS-stimulated cytokine gene transcription, such as NF-KB,
is not disrupted (9, 10).
Expression of the TNFR-2 and D2 gene products is

correlated with the acquisition or maintenance of tolerance,
since they are superinduced after LPS challenge in pre-

treated macrophages under conditions in which expression
of all other genes tested was suppressed. That TNFR-2
induction is not inhibited during tolerance may be related to
the finding that, in T cells, the two different types of TNF
receptors serve different functions: TNFR-1 signals for
initiation of cytotoxic effects, while TNFR-2 signals for
stimulation of proliferation of thymocytes and cytotoxic T
cells (37). Although mature end-stage macrophages prolifer-
ate little, and initially down-regulate the surface expression
of TNFR-1 upon induction of tolerance (6), an increase in the
expression of the TNFR-2 receptor type may allow the
macrophage to respond in some autocrine fashion to TNF
that serves a different function than in T cells. Alternately, if
TNFR-2 is shed from the surface of the macrophage, or
serves an intracellular function, it might act to mitigate a
toxic response to TNF. By virtue of its ability to bind
circulating or intracellular TNF, it may dampen toxic effects
during tolerance. The functional identity of the protein
product encoded by the D2 gene remains obscure. The
correlation between superinduction of D2 and/or refractori-
ness to LPS in tolerant macrophages suggests that it may,
like TNFR-2, contribute to mechanisms of tolerance induc-
tion or maintenance.
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