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Introduction 

We have recently learned many lessons regarding the role of hematopoieti
cally derived cells. and the marcophage in particular. in the etiology of 
gram-negative septic shock. Perhaps the most important lesson. and the les
son which still invites the most avid experimentation, was that taught by the 
C3H1HeJ mouse. These animals carry a genetic defect, localized to the 4th 
chromosome [1], which deprives them of the ability to respond to lipopoly
saccharide (LPS). As a result, the mice can sustain the injection of enormous 
quantities of LPS: the dose-lethality curve for this strain is shifted 
"downfield" by a factor of 100 or more [2]. Indeed, it is not clear that the 
animals ever succumb to the injection of highly purified LPS preparations. 

Michalek et al. [3] demonstrated that hematopoietic stem cells obtained 
from normal. histocompatible donor animals render C3H/HeJ mice suscepti
ble to the lethal effect of LPS when used to reconstitute their stem cell popu
lation following lethal irradiation. Then, too. C3H/HeJ marrow administered 
to lethally irradiated responder mice, leads to the production of chimeric ani
mals that fail to respond to LPS. Thus. a decade ago, it became obvious that 
LPS works its lethal effect through an indirect mechanism, involving media
tors of hematopoietic origin. This is not the whole story of LPS action. How
ever. it is a crucial one. for two reasons. It emphasizes the fact that all of 
LPS signal transduction is channeled through the product of a single gene, 
known as the Lps gene [I]. Second, it reveals that LPS is, by itself, relatively 
harmless, and that endogenous mediators make it the violent poison that it 
appears to be. 

Cytokines Released in Response to LPS Mediate 
the Biological Actions of LPS 

The Central Role of Tumor Necrosis Factor (TNF) 
as a Mediator of Endotoxic Slwck 

Endotoxin induces a wide array of changes when it is administered to experi
mental animals [4,5]. Among these. its ability to cause interstitial pnemonitis 
(adult respiratory distress syndrome: ARDS). acute renal tubular necrosis. 
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coagulopathy, and hypoglycemia contributes most markedly to its overall 
lethal effect. More subtle changes have also been recorded. Endotoxin cau
ses hypertriglyceridemia which, while not harmful in itself, is a biochemical 
indicator of the molecular processes that endotoxin can set in motion [6]. If 
an animal happens to have a tumor, it has been observed that LPS may be 
disproportionately destructive to the tumor mass [7,8]. The phenomenon of 
hemorrhagic necrosis of tumors generated much excitement earlier in this 
century, insofar as pathogenic bacteria and their products were thought to 
comprise a potential means of chemotherapy [9-13]. 

Hypertriglyceridemia and tumor necrosis are superficially unrelated to 
one another. However, both occur in the context of septic shock or endoto
xemia. As it developed, both phenomena are attributable to the release of a 
single cytokine mediator which was identified, on the one hand, as "tumor 
necrosis factor" (TNF) and on the other hand, as "cachectin". The term TNF 
will be used to designate the mediator for the remainder of this chapter. sin
ce this abbreviation has come in very widespread use. 

The role played by TNF as a central mediator of endotoxic shock was de
termined through a series of investigations involving both human and animal 
sUbjects. Its assignment, as such, rests upon the following observations: 

l. In animals of diverse species [14-17], and in humans [18], TNF is produ
ced by mononuclear phagocytes over a time course that precedes the on
set of the toxic effects of LPS, and in amounts that would likely prove to 
be very toxic. 

2. Agents which sensitize to the lethal effect of LPS often act to increase the 
biosynthesis of TNF (as in the case of facultative intercellular pathogens 
like Bacillus Calmette-Guerin, Corynebacterium parvum, and Mycobac
teriulI1 lepraelllurillm)[8,19-21], or increase sensitivity to the toxic ef
fects of TNF (as in the case of lead acetate or D-galactosamine) [22.23]. 

3. TNF is a highly toxic molecule, which is capable of reproducing much of 
the tissue injury and metabolic derangement witnessed in the setting of 
endotoxic shock [24]. Notably. TNF causes injury to the lungs, gastroin
testinal tract, kidney. and other vital organs: it produces a profound meta
bolic acidosis. and transient shifts in plasma glucose concentration (an 
initial phase of hypertriglyceridemia followed by a late phase of hypertri
glyceridemia). hypotension, and coagulopathy. 

4. Passive immunization against TNF has been shown to elicit substantial 
protection against the lethal effect of LPS [25]. This observation has 
been made in several species, using both monoclonal [26] and poly clonal 
[25,27] reagents. and most recently. using a soluble form of the TNF re
ceptor. The effect of passive immunization is only manifested if antibody 
is given in advance of LPS administration, consistent with the rapid pro
duction and clearance of TNF that occur subsequent to endotoxin chal
lenge [17]. 

5. In humans, septic shock is associated with high levels of circulating TNF, 
and these levels may be inversely correlated with survival [28]. 
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TNF is presumed to cause injury associated with endotoxic shock through 
several mechanisms. However, the most important of its effect include its 
ability to activate neutrophils [29-33] and vascular endothelial cells [29,34-
40], leading to margination of the former, coagulopathy, and organ damage. 

It has been noted that passive immunization against TNF prevents LPS in
duced activation of IL-l synthesis and IL-6 synthesis ill vivo [41]. Thus, 
while production of these other cytokines may be directly induced by LPS in 
vitro, their production in vivo apparently depends upon prior biosynthesis 
of TNF. In this sense, although each of these mediators undoubtedly partici
pates in the development of the septic syndrome, TNF may be considered as 
the primary mediator. Its kinetics of synthesis are such that peak levels are 
observed before peak levels of IL-l, IL-6, or interferon-y [41]. More recent
ly, administration of the IL-l receptor antagonist, a form of IL-l which en
gages the IL-l receptor but fails to elicit a response in any of the biological 
assays thus far studied [42-44], protects animals against infusion of LPS or 
gram-negative organisms. It might thus be inferred that the IL-l produced in 
response to TNF contributes to the pathogenesis of gram-negative septic 
shock. Interestingly, however, although IL-l has been shown to provoke hy
potension and a hyperdynamic cardiovascular state in rabbits, it has never 
been shown to be directly lethal to animals, as has been the case with TNF. 
The effects of IL-l may therefore be seen as less global than the effects of 
TNF (e.g. TNF may provoke the release of a "shower" cytokines, each of 
which is somewhat toxic, and which act together to reproduce the findings in 
sepsis). Blockade of any of the individual participant in the cascade, by anti
body or inhibitor, may have a protective effect with respect to the develop
ment of shock. 

Interferon-y is known to synergize with TNF in many biological assays 
[45-55]. Its ability to sensitize animals to the lethal effect of TNF has also 
been described [56]. Indeed. interferon-y, produced in response to a gram
negative bacterial infection like salmonellosis, may lead to such enhanced 
sensitivity to TNF that an infected mouse may be killed by infusion of nano
gram quantities of the cytokine. Given that such amounts of TNF are untra
ceable ill l'il'O within a few minutes following their injection [17], one 
might suppose that quantities of TNF that cannot be detected by assay of se
rum samples may work profound effects on the host in the presence of ap
propriate sensitizing agents. Thus, it is not implausible to suggest that TNF 
may, at undetectable concentrations, cause wasting in animals with various 
sensitizing tumors. 
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Fig. 1. The TNF receptor family. Defined by repeated cysteine-rich motifs. the TNF recep
tor now includes nine members, as illustrated above. Bars within boxes represent intrachain 
disulfide bonds. The double line represents the plasma membrane. The dark boxes indicate 
regions of homology between the 55 TNF receptor. the F AS antigen. and CD40 antigen 
which are tought to mediate apoptosis. ORF = open reading frame; TNFR = TNF receptor; 
NGFR = nerve growth factor receptor 

Mechanisms of TNF Action 

How does TNF cause shock and tissue injury? Undoubtedly, as noted above, 
it does not do so alone. Not only does it stimulate the production of other cy
tokines. but the production of terminal mediators of shock (e.g. leukotrienes , 
platelet activating factor (PAF), and other molecules of low molecular 
weight that are capable of causing tissue injury). The complexity of the re
sponse to TNF mirrors the complexity of the response to the inducing agent 
(e.g. LPS) itself. However, a focal point for the understanding of TNF action 
has emerged with the molecular cloning of cDNAs and genes encoding the 
two known TNF receptors. In fact, it has become clear that the TNF recep
tors are but two members of an extended receptor "family" (Fig. I) [57]. 

Each TNF receptor consists of a single glycosylated polypeptide chain 
with a single membrane spanning domain. separating the extracellular (bin
ding) domain from the cytoplasmic (signaling) domain. One of the molecu
les is 55 kD in size, whereas the other is 75 kD in size. The difference in 
size results mostly from differences in glycosylation of the two species. 
Both types of receptors are found on most cells and tissues. although the 
density of the 75 kD receptor is relatively greater on cells of lymphoid ori
gin, and the density of the 55 kD receptor is relatively greater on cells of 
epithelial origin. 
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There is no significant homology between the cytoplasmic domains of the 
55 kD and 75 kD receptors on comparison of their amino-acid sequences. 
This would suggest that quite different signals are transduced by each mole
cule. A general sense of function has by now been obtained, in that the 55 
kD molecule is known to be responsible for the cytolysis and cytotoxicity, 
and perhaps most of the other known effects of TNF, whereas the 75 kD mo
lecule stimulates lymphoproliferation. 

The extracellular domains of the two TNF receptors are homologous to 
one another, exhibiting approximately 25% sequence identity at the amino
acid level. Despite this relatively modest level of structural similarity, each 
receptor is capable of engaging both of TNF-a. (cachectin) and TNF-~ (lym
photoxin). which themselves have only 28% homology at the amino-acid le
vel [58]. Somewhat surprisingly, in view of the evident flexibility of the 
TNF receptor interaction. human TNF does not bind to the mouse TNF 75 
kD receptor. Thus, human TNF is not able to stimulate the proliferation of 
mouse T cells. This finding has important implications related to the toxicity 
of TNF. and the role played by each receptor in the pathogenesis of shock. 

Four cysteine-rich internal repeats characterize the extracellular domain 
of the TNF receptors. It is this motif that defines the TNF receptor family. 
Not all of the repeats are required for binding to the TNF trimer. Deletion of 
the innermost ~epeat is tolerated: deletion of the most N-terminal repeat de
stroys the binding activity of the receptor [59]. 

The TNF molecule is trimeric in structure [60]. Each trimer contains three 
receptor binding sites, and X-ray diffraction studies of co-crystals composed 
of receptor and TNF trimer have begun to reveal the interaction between the
se proteins in exacting detail. The TNF receptor is engaged by the trimer at 
intersubunit surfaces. Thus, a monomer of TNF, even if it were soluble, 
could not be expected to bind the receptor. A TNF dimer could be expected 
to bind a single receptor monomer. And a TNF trimer (the predominant form 
of TNF in solution) may be expected to bind three receptor monomers, hol
ding them tightly together. 

TNF is now known to elicit a biological response by crosslinking three recep
tor monomers on the cell surface. A TNF-like effect can therefore be elicited by 
other agents that are capable of crosslinking the receptor (e.g. anti-receptor anti
bodies) [61]. Interestingly, although the TNF trimer must bind to a cell membra
ne containing a mixture of 55 kD and 75 kD receptors, the interaction is 
exclusionary: it appears that only three of the smaller receptor type, or three of 
the larger receptor type molecules will ordinarily engage a single trimer. Mixed 
hexamers do not occur, or occur very infrequently. 

The nature of the signal elicited following receptor crosslinking is still very 
poorly understood. Neither receptor has a cytoplasmic domain suggestive of ki
nase activity. It has been suggested that G proteins couple the response to 
TNF in endothelial cells [62], although similar evidence has not accrued to 
implicate G proteins in other tissues or cell types. The cytolytic response to 
TNF seems to be mediated by a discrete collection of amino-acids located 
within the cytoplasmic domain of the 55 kD molecule. 
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The earliest effect of TNF that has been linked to biological responses, in
cluding the induction of other genes. is the activation of NF-KB [57]. This 
presumably occurs via modification of the cytoplasmic inhibitor of NF-KB, 
i.e. IKB. As noted below, NF-KB stimulates transcription of the TNF gene it
self in cells that produce TNF. and as such, TNF may induce its own synthe
sis in some systems. Activation of NF-KB presumably involves a kinase 
cascade, but the details of the process are not clear. NF-KB activation may 
also occur in response to oxidative stress, though again. the proximal mole
cules that sense oxidants are unclear. It has been claimed. that TNF constitu
tes a form of oxidative stress on cells [63], and that antioxidants such as 
N-acetylcysteine interrupt cell killing by TNF. The importance of this signa
ling mechanism is currently being investigated. 

Several proteins seem to interrupt the cytolytic action of TNF. These in
clude the major heat shock protein (Hsp-70) (JiUittelii M., personal communi
cation), manganous superoxide dismutase (MnSOD) [64]. and plasminogen 
activator inhibitor (PAI-2) [65]. Such findings seem to imply a multifactori
al mechanism in cell killing by TNF. Hsp are known to assist in the refol
ding of denatured proteins, and perhaps act as intracellular protein carriers 
as well. MnSOD may protect cells against oxidative damage. PAI-2 most 
probably guards against proteolysis within the cytosol just as it does outside 
the cell. However, the importance of these proteins in non-cytolytic events 
has yet to be studied. 

The TNF Receptor Family: Belated Recognition of New Cytokilles 

Once the TNF receptor cDNAs were cloned. it became apparent that several 
other proteins belonged to the same structural group. defined chiefly by a re
peating cysteine-rich extracellular domain motif [57]. Among these was the 
receptor for nerve growth factor (NGF). NGF is a dimeric protein, and may, 
like TNF, trigger a biological response by causing receptor aggregation on 
the cell surface; however. this remains a matter of speculation. In addition, 
CD40. a membrane antigen of previously unknown function. was found to 
bear homology to the TNF receptor. The ligand of CD40 has recently been 
identified, and its cDNA cloned. Termed CD40L, this protein bears 28% ho
mology to TNF-a. and thus, is no more structurally distant than TNF-~. It 
might properly be termed "TNF-y"; however. it must be pointed out that the 
protein does not engage either of the two known TNF receptors, and unlike 
TNF-a and TNF-~. does not trigger biological responses that define TNF. Its 
role in the pathogenesis of shock. inflammation, and cachexia remains to be 
established. 

The identification of the TNF receptor was carried out in parallel with the 
identification of another protein, termed the FAS antigen, which was recog
nized as the target of monoclonal antibodies that were isolated for their abi
lity to cause apoptosis. the programed death of target cells [66]. Since TNF 
kills cells by an apoptotic process, it was believed for some time that the 
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FAS antigen and the TNF receptor might be identical to one another. However, 
when each of the cDNAs was cloned, it became apparent that FAS was homolo
gous to, but distinct from, the 55 kD TNF receptor [67,68]. The FAS antigen, li
ke the TNF receptors, exhibited cysteine-rich repeats in its extracellular domain. 
It also exhibits homology to the 55 kD receptor (but not the 75 kD receptor) on 
the cytoplasmic side: a conserved "box" of amino-acids is observed on compari
son of the two sequences, and it is presumably this region that is critical for si
gnaling leading to cytolysis. FAS does not engage TNF-a or TNF-~, and its 
natural ligand remains undiscovered, though the subject of intense investigation. 
It would seem likely that the ligand, when isolated, may indeed prove to media
te certain effects similar to those mediated by TNF. 

Very recently, it emerged that a mouse mutation known as Lpr. which le
ads to lymphadenopathy and a lupus-like syndrome when expressed in ho
mozygous form, represents a defect of the locus encoding FAS [69]. Mice 
homozygous for the classical Lpr mutation fails to express the FAS mRNA, 
although the exact nature of the mutation (i.e. a promoter mutation. or a mu
tation affecting splicing) remains to be established. A second mutation of the 
same locus leads to the formation of an inactive protein. and yields much the 
same phenotype. 

These exciting findings raise many questions about the phenotype that 
would be produced if the TNF 55 kD receptor were ablated in vivo, not to 
mention the phenotype that would result from ablation of either or both of 
the TNF genes. As might be expected, a "knockout" of each of the genes in
volved, through homologous recombination techniques, is being attempted in 
many laboratories throughout the world. 

Mutant Forms of TNF Exhibit Lower To.\·icity In Vivo 

The fact that human TNF is less toxic to mice than is mouse TNF. and the 
fact that human TNF fails to bind to the mouse TNF 75 kD receptor stimula
ted a reasoned search for mutations that might alter binding to the 75 kD re
ceptor in humans. The surface residues on the TNF trimer that are required 
in interaction with both receptors have been well mapped [70]. Through sub
stitution experiments. it was determined that mutations at residue 32 of the 
mature TNF trimer forbid interaction of human TNF with the human or mou
se 75 kD TNF receptor without substantially altering interaction with 55 kD 
receptor [71]. 

The mutant form of TNF thus retains its full cytotoxic potential. Yet it is 
substantially less toxic to living animals than the unmodified counterpart. 
Such a mutein may offer a valuable means of treating neoplastic disease. gi
ven that the therapeutic index of such a molecule may be far higher than the 
native form of TNF. Moreover, the fact that a molecule that fails to bind the 
75 kD receptor exhibits far lower toxicity to animals suggests that the 75 kD 
receptor, acting alone or in conjuction with the 55 kD receptor. provides si
gnals critical for the development of shock. 
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The Tissue Origins of TNF and Other Cytokines 

The lethal mediator of endotoxic shock must, of necessity, be hematopoieti
cally derived [3]. That is not to say, that all of the TNF produced ill vim. nor 
all of any cytokine, need derive from cells of hematopoietic origin. In fact, it 
is increasingly clear that most cytokines, including TNF. are produced by 
extrahematopoietic cells, and that certain extrahematopoietic cells like ma
crophages. have the capacity to respond to endotoxin. 

IL-l, for example. has been shown to be produced by keratinocytes [72-
74], microglia [75], astrocytes [76], and endothelial cells [37,77], to name a 
few sources. Similarly. IL-6 is produced by cells of diverse origin. Although 
TNF was long believed to be produced principally by macrophages in re
sponse to LPS. and by T cells and B cells in response to other stimuli, it now 
appears that it also is produced by many other cells [76,78-84]. 

The identification of tissue sources of TNF and other cytokines in endoto
xic states has been problematic. TNF synthesis is largely controlled at a 
translational level, as noted above. Therefore, TNF mRNA is detectable in 
the tissues of healthy individuals [85,86] and does not necessarily imply the 
production of TNF protein. The protein itself is efficiently secreted. at least 
from macrophages (Beutler, unpublished data) and therefore, is difficult to 
detect by immunocytochemical analysis. Moreover. once produced. TNF is 
rapidly consumed through interaction with its ubiquitous cell surface recep
tor [17]. Much of the TNF produced may act at short range. and may never 
gain access to the circulation. 

These problems were recently addressed through the design of a reporter 
"minigene" that mimics the function of the authentic TNF gene. When intro
duced into the murine genome, this reporter transgene causes the synthesis 
of the enzyme chloramphenicol acetyltransferase (CAT) within cells which 
normally produce TNF. CAT. a bacterial enzyme. has no counterpart in 
mammalian cells under the conditions of assay used. It remains within the 
cytosol of the cells that synthesize it. is highly stable. and may be detected 
with great sensitivity. Thus. it serves as an ideal marker of TNF synthesis. 

Transgenic mice bearing the CAT reporter express CAT activity only in 
the thymus prior to injection of LPS. reflecting the constitutive synthesis of 
TNF within this organ [87.88]. Following injection of LPS. CAT activity is 
expressed in the kidney, spleen. lung. uterus. falopian, tube pancreas. and 
heart of transgenic animals. suggesting that these tissues comprise the prin
cipal sources of TNF ill vil'o [89]. Somewhat surprisingly, the liver fails to 
produce CAT, despite its rich content of Kuppfer cells. In parallel studies. 
mice were injected with LPS, their organs were removed. and the production 
of TNF by various tissues was examined ill \'itro. The results essentially con
firmed the observations made using the reporter transgene. although it was 
necessary to trypsinize the heart to obtain myocardial cell preparations. to 
isolate islets from the pancreas (which are responsible for the TNF produ
ced by this organ), and to isolate renal glomeruli (which are the chief source 
of TNF within the kidney). 
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The fact that several of the organs that produce TNF are "target organs" in 
septic shock raises questions as to the role of circulating TNF in this disease. 
It is, on the one hand, possible that circulating TNF causes much of the da
mage in endotoxic shock. On the other hand. it may be that much of the inju
ry that occurs results from local production of the protein. and its subsequent 
action at short range. 

The transgenic approach to localization of cytokine synthesis has yet to be 
applied to other mediators, although it would potentially be useful in loca
ting the sources of IL-l synthesis. and the synthesis of interferon-yo Ultima
tely, such reporters might be used to assess the production of various 
cytokines ill \'ivo in various disease states, including authentic infectious 
diseases of mice. 

Regulation of Cytokine Synthesis 

The production of cytokines is controlled at more than one level. and diffe
rent stimuli eventuate biosynthesis through different signaling pathways. In 
the first place. it must be presumed that the cytokine genes are permanently 
inactivated in many cell types. perhaps as a result of development processes. 
Thus. the respective genes are "available" for transcription in a limited sub
set of tissues. The tissue distribution of cytokine gene expression is probably 
influenced by this circumstance more than by any other. 

Promoters of many cytokine genes contain putative binding sites for the 
transcription factor NF-KB. through phosphorylation of the cytosolic inhibi
tor IKB would seem to be a common feature of cell activation. At the same 
time. some degree of selectivity is exercised. since not all cytokines are ela
borated in response to an inflammatory signal. 

Transcriptional activation o.f cytokine biosynthesis is clearly not the entire 
story. Most cytokine mRNA molecules display a conserved UA-rich element 
within the 3 '-untranslated region (UTR), which has been associated both 
with instability of the mRNA [90]. and with translational inhibition [91]. 
The degree of instability. and still more, the degree of translational inhibi
tion. appear to be governed by the state of the cell activation [92,93]. Thus. 
post-transcriptional regulation of cytokine genes may heavily influence the 
rate of protein synthesis. 

The role of 3'-UTR sequence elements upon mRNA stability and transla
tion has been most thoroughly studied in the case of the TNF gene. although 
certain generalizations have now been extended to the interferon-~ gene as 
well. It has been shown, through the use of reporter constructs. that the TNF 
3' -UTR strongly suppresses translation in resting macrophages. but is only 
weakly suppressive in LPS-activated macro phages [92]. Thus. based upon 
the presence of 3'-UTR sequences alone, greater than 200-fold induction is 
observed. This degree of induction is the most powerful yet reported at a 
translational level in mammalian systems. When the inducing effect of the 
TNF promoter is combined with the inducing effect of the 3"-UTR by incor-
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porating both elements into a reporter construct, as much as 4.000-fold in
duction has been observed [94]. This finding supports the conclusion that 
the two elements function independently of one another, in order to allow 
the massive induction of the TNF gene that is witnessed at the protein level. 

Inhibition of Cytokine Synthesis 

As noted above, the pathway leading to initiation of TNF biosynthesis wit
hin macrophages is likely to be highly "branched". Such is the nature of 
most signaling pathways within cells. Reflecting this fact, it appears that 
there are several means of blocking cytokine synthesis within cells, at least 
when synthesis is initiated by contact with LPS (Fig. 2). 

Glucocorticoid agonists are weB known to protect experimental animals 
against the lethal effect of an LPS challenge. Their effect is entirely pre
emptive; if administered after LPS, they are virtually without effect. Thus, it 
is not surprising that they are of little or no use in clinical settings, wherein 
contact with the stimulus has occurred prior to the onset of therapy. Moreo-

t Glucocorticoids 

M0 

Fig. 2. Steps in activation of 
the biosynthesis and specific 
inhibition by phannacologic 
agents. aLPS and aCDl4 re
fer to antibodies against LPS 
and CD14. respectively 
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ver, they may actually hamper recovery from an authentic infection by virtue 
of their myriad effects on host immunity. However, the effect of glucocorti
coids on cytokine synthesis in instructive, since it suggests that it is possible 
to interrupt signaling by LPS at a very early stage, perhaps at the level of the 
LPS "receptor" itself. 

So much is clear from the fact that glucocorticoids block both transcription 
of the TNF gene and translation of the TNF mRNA [95]. Thus, both of the ma
jor limbs of the signaling pathway are affected. The pre-emptive nature of the 
glucocorticoid effect is evident at the cellular level, insofar as pretreatment of 
macrophages with dexamethasone blocks TNF biosynthesis, whereas treatment 
after induction by LPS is essentially without effect [95]. It would seem likely 
that glucocorticoids stimulate the production of inhibitors that impede LPS si
gnaling, but are powerless to arrest activation once it is in progress. 

A second class of agents which prevent TNF biosynthesis, and perhaps the 
biosynthesis of other cytokines as well, includes phosphodiesterase inhibi
tors and cyclic AMP (cAMP) analogues. It would appear that any agent that 
elevates intracellular cAMP concentration blocks TNF production. However, 
the mechanism of action of these agents differs from that of the glucocorti
coids, in that it is strictly pretranslational. Pentoxifylline, for example, 
downregulates the expression of the TNF gene at a transcriptional level, and 
has no effect on the expression of reporter genes bearing the TNF 3'-UTR, 
which is essential in the regulation of TNF mRNA translation [96]. 

The combination of glucocorticoids and phosphordiesterase inhibitors is 
more effective in the prevention of TNF synthesis than either agent alone, 
both ill vil'o and ill vitro [97]. While some phosphodiesterase inhibitors (e.g. 
theophylline and pentoxiphylline) are too toxic to administer in quantities 
sufficient to block TNF biosynthesis ill vivo, others (e.g.amrinone) are not, 
and impact upon survival following endotoxin challenge, perhaps through a 
combination of effects. 

Intervention after the Release of Cytokines 

Undoubtedly, cytokines can cause much harm to the host, although equally, 
it is clear that they fulfill important physiological functions. It would seem 
worthwhile to block cytokine release under selected conditions; however, it 
is also to be expected that some degree of immunocompromise might result 
from such maneuvers, as certain micro-organisms have been shown to be 
more highly lethal in animals treated with antibodies against cytokines; for 
example, mice in a state of TNF "blockade" are more susceptible to the let
hal effect of Listeria organisms [98], malarial parasites [99], and mycobacte
ria [100]. A central paradox of shock, however, is that while techniques of 
antimicrobial therapy have become relatively advanced, the incidence of a 
lethal outcome in sepsis has changed but little. It is to be hoped that inhibi
tion of cytokine synthesis and action, accomplished under the cover of che
motherapeutic agents, might improve this situation. 
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Both monoclonal and polyclonal antibodies against TNF, IL- L and other 
cytokines have long been available, and are capable of effectively neutrali
zing the activity of these proteins. They have shown encouraging results 
when used in animal studies [25,26]. Combinations of antibodies against se
veral cytokines have not yet been explored as a treatment modality in shock; 
it would seem probable that at some point. virtually complete protection 
might be achieved. 

Because of their inherent immunogenicity, anti-cytokine antibodies are 
less than ideal for use in human subjects. The u~e of natural and/or synthetic 
inhibitors of cytokine action may circumvent this problem. 

A natural inhibitor of IL-l (the IL-l receptor antagonist IL-lra) is found 
in the plasma of LPS-treated animals [42,43], and may partially mitigate 
the actions of IL-2. The antagonist bears considerable sequence homology to 
IL-l u. and IL-l p, and shares the IL-l receptors occupied by the latter li
gands, but. so far as is presently known, elicits no agonist response [44]. 
High doses of IL-l ra have been shown to protect rabbits against the lethal 
effects of LPS [10 I]. 

Recently. the TNF receptor extracellular domain has been spliced to the 
IgG heavy chain in order to generate bivalent TNF ligands that neutralize 
cytokine activity [102]. This soluble version of the TNF receptor. exhibits 
remarkably high affinity for TNF, should prove to be nearly non-antigenic. 
and is known to be quite stable ill vivo [102]. Similar chimeric receptors ha
ve been used to inhibit interferon-y, IL- L and perhaps other cytokines. Since 
they are easy to produce through a variety of expression systems, they offer 
the hope that a "cocktail" of cytokine inhibitors might one day be used to 
block the toxic effects of cytokines as required in certain clinical situations. 

Conclusions: The Future 

As briefly discussed above. the details of signaling pathways activated by 
LPS are very sketchy. Undoubtly, the most critical element within the signa
ling pathway. and perhaps the first element of the pathway. is the protein en
coded by the Lps gene. An attempt to clone this gene is undenvay in several 
laboratories. The potential reward of achieving this is very great: it is tanta
lizing to consider that a single selective antagonist of the Lps gene product 
might render a human temporarily refractory to Lps, even as unresponsive as 
the C3H/HeJ mouse. Yet such an agent might prove to be devoid of the long
term immunosuppressive consequences characteristic of glucocorticoid hor
mones. At a larger leveL many questions about shock. and the overall 
response to LPS remain to be answered. Why does a pathway for response 
exist at all ? And why are humans uniquely susceptible to LPS, whereas sub
human primates are highly resistant? The ans\ver to these questions may tell 
us a great deal about the immune system as a whole. 
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