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New therapies

Immunotherapy in the management of
sepsis

Elizabeth Ann Fagan, Mervyn Singer

Summary
The pathophysiological effects of
severe sepsis, septic shock and
related syndromes result from
tissues damaged by the uncon-
trolled production of the medi-
ators of inflammation. Early
deaths are related primarily to
the acute effects of the systemic
inflammatory response. Later
deaths are related more closely to
the consequences of multiple
organ dysfunction. Monoclonal
antibodies and other immuno-
therapies have been developed
against bacterial products,
cytokines and other mediators
involved in this systemic
inflammatory response. Immuno-
therapies may improve outcome
in the critically ill with sepsis if
used early and as part of the
therapeutic regimen of anti-
microbial agents and intensive
care support.
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Introduction

The morbidity and mortality of patients with severe sepsis and related disorders
remain high despite prompt instigation of bactericidal antibiotics and intensive
care support. In septic shock, early deaths (< 14 days) are related primarily to the
acute effects of the systemic inflammatory response. Later deaths are related
more closely to the consequences of refractory hypotension relating to reduced
systemic vascular resistance and multiple organ dysfunction.' Vital organs are
underperfused resulting in multiple organ failure.2 In a few cases, myocardial
depression contributes to the refractory hypotension.3
The pathophysiological effects of sepsis and related syndromes (see box) result

from tissues damaged by the uncontrolled production of the mediators of
inflammation.45 Rapid, effective killing of bacteria is not invariably associated
with cessation and reversal of the systemic manifestations of sepsis.

This systemic inflammatory response results from the complex interaction of
homeostatic systems with mediators produced by microorganism and host (see
boxes) which activates neuroendocrine reflexes, the microvascular endothelium
and leucocytes.

Reappraisal of the importance ofimmune mechanisms may provide a rational
approach to the clinical use ofimmunotherapies designed to interrupt the vicious
cycle of events implicated in the high mortality of such patients (see box).

THE SYSTEMIC INFLAMMATORY RESPONSE
Endotoxin (synonym: lipopolysaccharide; LPS) released from lysis of Gram-
negative bacteria, exotoxins (enterotoxins) from Gram-positive bacteria, and
antigens from a variety ofviruses and fungi can trigger a cascade ofevents leading
to the systemic inflammatory response syndrome (SIRS).'0 Similar events can
occur with non-infective insults such as burns, trauma, and pancreatitis.
Endotoxaemia has been detected also in some Gram-positive infections and

with fungaemia without detectable Gram-negative organisms.""2 This may be
related to translocation of endotoxin from the gastrointestinal tract after
disruption of the protective mucosa." This barrier may become compromised
following hypoperfusion and reperfusion of the splanchnic circulation, pro-
longed fasting and, possibly, parenteral nutrition. Bacterial translocation has also
been described. The significance ofgut translocation in humans is, however, still
uncertain.'4,"5
Endotoxin has three major components. The lipid A moiety is toxic when

released and responsible for most of the biological effects. The lipid A
component activates mononuclear phagocytes and endothelial cells leading to the
release of a variety of cytokines and other mediators of inflammation.'6 An
oligosaccharide side-chain, responsible for the 0 antigenicity, enhances the
toxicity of lipid A by increasing the hydrophilic properties of free endotoxin in
aqueous media. The 0 side-chain of bound endotoxin may limit penetration of
certain antibiotics into the periplasmic space of the bacterium. This component
may also reduce cell lysis by inhibiting binding of complement to the
membrane-bound endotoxin.'7"8 The core polysaccharide is common to all
Gram-negative bacteria. This core antigen is hydrophilic and facilitates delivery
of lipid A to cellular and protein targets.

INFLAMMATORY MEDIATORS OF SEPTIC SHOCK AND SIRS
The most studied inflammatory response is that associated with endotoxin,
either given alone or by injection of Gram-negative bacteria. The resultant
activation of monocytes, macrophages and endothelial cells leads to release of a
variety of inflammatory mediators (see box).
Tumour necrosis factor (TNF) and interleukin-1 (IL-1) play an important

role in the pathogenesis of shock associated with Gram-negative bacterial
infection. In man, circulating levels ofboth cytokines are increased early in septic
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72 Fagan, Singer

Definitions of sepsis and
associated disorders (after
Bone'0)

Sepsis
Septicaemia associated with a
systemic response to infection, in-
cluding two or more of tachypnoea,
hypocapnia, tachycardia, hypother-
mia, hyperthermia, leucocytosis,
leucopenia

Sepsis syndrome (severe sepsis)
Symptoms of sepsis accompanied by
failure of one or more organs

Septic shock
Sepsis syndrome and hypotension/
hypoperfusion without hypovolaemia
(hypotension unresponsive to intra-
venous fluids and drugs)

Systemic Inflammatory Response Syn-
drome (SIRS)
Systemic inflammatory response to a
variety of severe clinical insults in-
cluding two or more features
associated with sepsis

Systemic inflammatory
response

Microorganism mediators, eg:
* endotoxin
* teichoic acid
* peptidoglycans
* muramyl dipeptide
* exotoxins:

staphylococcal enterotoxin B
toxin-I

Pseudomonas exotoxin A
Host mediators, eg:
* cytokines: tumour necrosis factor

interleukin-1
* eicosanoids: arachidonic acids

prostaglandins
* complement components

Septic shock/septicemia
* 200 000 cases and 100 000 deaths

annually in USA (estimated)
* 13th leading cause of death in
USA6

* 40% cases Gram-negative
bacteremia7-9

Some inflammatory
mediators of septic shock

Cytokines:
tumour necrosis factor
interleukins la, 1p, 6, 8, and 12
interferon a and y
platelet activating factor

Eicosanoids:
prostaglandins
thromboxanes
leukotriene B4
transforming growth factor ,

Complement components

shock and following administration of endotoxin.'9'20 Importantly, the major
pathophysiological features ofshock can be mimicked by administration ofeither
cytokine in man and animals.21'22 Release ofTNF from macrophages leads to the
production from various tissues of a variety of autocoids, such as platelet-
activating factor (PAF), eicosanoids and other cytokines such as IL-123'24 and
IL-6.25 These in turn serve to activate other pathways such as the contact system,
complement cascade,26 and synthesis of excess nitric oxide. In animal models of
sepsis, administration of TNFZ, alone seems insufficient to produce a shock-like
state unless accompanied by PAF.27'28 PAF, a phospholipid, amplifies
autocatalytically the action of cytokines such as TNFx in shock associated with
Gram-negative infection.

THE VASCULAR ENDOTHELIUM
Disruption of the microvascular circulation is a central histopathological feature
of septic shock. The autocrine effects ofmany of the mediators target primarily
the vascular endothelium. Synergism between TNF and IL-1 may produce
massive damage.29 Expression of endothelial surface glycoproteins, eg, intracel-
lular adhesion molecule 1 (ICAM-1), platelet endothelial-cell-adhesion
molecule-1 (PECAM-1), lymphocyte-function-associated-antigen-1 (LFA-1)
and the selectins and integrins is increased, leading to enhanced adherence of
neutrophils to endothelium.3' PECAM-1 appears to be important for transmig-
ration of neutrophils across the vascular endothelium.

Activation of endothelial cells by endotoxin, TNF and IL-1 leads to a
procoagulant state favouring the deposition of fibrin and formation of leukocyte
microthrombi. The enzymic cascade responsible for balancing coagulation with
fibrinolysis is disrupted. Expression of tissue factor is increased while that of
thrombomodulin is reduced. Production of tissue plasminogen activator (tPA) is
decreased whereas synthesis of its inhibitor, plasminogen activator inhibitor- 1, is
augmented.

Arachidonic acid is metabolised to form leukotrienes, thromboxanes and
prostaglandins. Vasodilatation results primarily from the action of prostaglan-
dins produced following increased activity of endothelial membrane cyclo-
oxygenase while leukotrienes and thromboxanes induce vasoconstriction. IL-1
and IL-6 activate T cells to produce interferon y, IL-2, IL-4, IL-13 and
granulocyte-macrophage colony-stimulating factor (GM-CSF). These prod-
ucts act to increase permeability of the vascular endothelium as do other agents
such as PAF and bradykinin. Endotoxin can activate factor XII (Hageman
factor), the protein-initiating activation of the contact system, kallikrein and
bradykinin, and complement fragments C3a and C5a. Macrophages are the
central source of IL-8, LTB4 and C5a which are chemo-attractant to polymor-
phonuclear leucocytes. In turn, these increase further the permeability of the
microcirculation and accentuate the inflammatory response by attracting more
leucocytes.
Damage to the microvascular circulation is perpetuated by the release of

oxygen radicals from disrupted endothelium and various degradative enzymes
and aggregation of platelets. Endotoxin and various cytokines, especially IL-1,
interferon-y and TNFa, induce nitric oxide synthase. This enzyme is responsible
for the synthesis of nitric oxide (endothelium-derived relaxing factor) in
macrophages and smooth muscle cells of the vascular endothelium. Excess
production ofnitric oxide during sepsis causes vasodilatation and may exacerbate
any hypotension. Organ failure and death result primarily from hypoperfusion.
The inflammatory mediators exert complex actions on a variety of other

systems. For example, PAF impairs cardiovascular performance and increases
pulmonary resistance in animal models.3'

Immunotherapies in sepsis and SIRS

One rationale is to prevent activation of macrophages and other initiators of the
inflammatory cascade by blocking microbial products, such as endotoxin, which
can trigger this systemic response. Other alternatives are to block downstream
the actions of various mediators released in the systemic inflammatory response
or to modulate this response by administration of anti-inflammatory mediators.
Monoclonal antibodies and other immunotherapies (vaccines, polyclonal

antibodies) have been developed against many of the initiators and mediators of
the systemic inflammatory response (figure). Studies in man are limited but
animal studies have led to the development of several leads (see box), some of
which are now undergoing phase II and III trials in man.
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Immunotherapy in sepsis

Some of the leads tested in
animal studies

* cytokines
* platelet activating factor
* complement components
* arachidonic acid derivatives
* adhesion molecules

Gram-negative bacteria

endotoxina Dlii

*1t complement

_ t +>m ~~acrophage
T-lymphocytes

neutrophil X contact/coagulation

\% i _ \ zpi~~~~~~~~~ateletem
j~~~~~nohlum

endothelial damage
increased capillary permeability

tissue hypoxia

systemic inflammatory response syndrome

organ dysfunction

organ failure
Figure Conceptual model of the systemic inflammatory response following Gram-negative
bacteraemia

ANTI-BACTERIAL PRODUCTS

Endotoxin inhibitors
Polyclonal antisera (J5) to a rough mutant of Escherichia coli (lacking some of the
polysaccharide side-chains) and mouse and human hybrid monoclonal IgM
antibodies (HA-1A) have been generated against the lipid A and core com-
ponents of endotoxin. Selected clinical trials showed an approximate 40Qo
reduction in mortality in patients with sepsis associated with microbiologically
proven Gram-negative bacteraemia and septic shock.9'32'33

Lipid X
This monosaccharide precursor of lipid A protected mice and sheep from
challenge with lethal doses of endotoxin.34'35 Lipid X was found to block
competitively the endotoxin priming of neutrophils.3

Bactericidal/permeability increasing protein (BPI)
This product is released by polymorphonuclear leucocytes as part of the defence
mechanism against bacterial invasion. BPI binds endotoxin preventing induc-
tion ofcytokine release. A recombinant product (rBPI23) protected animals from
lethal doses of Gram-negative organisms.3637 Multi-centre patient studies are
imminent.

Immunoglobulins
Polyclonal and monoclonal immunoglobulins have been produced containing
high-titre antibodies to endotoxin38 and high-titre IgG to enhance opsonisa-
tion.39 Preliminary results from three prospective, randomised, (two were also
double-blind) controlled clinical trials in severe sepsis and septic shock suggest
some benefit (reduced mortality) when compared with placebo or no supplemen-
tal treatment. One further study showed benefit for polyclonal IgM but not
monoclonal (IgG or IgM) preparations.4'
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74 Fagan, Singer

Clinical limitations of anti-endotoxin therapies
The efficacy of some of these products remains uncertain in clinical practice.
Also, concern remains over the validity of extrapolating data from results of
animal studies. The design and analyses of the trials with J5 and HA-1A have
been criticised. Survival was not improved in patients without microbiologically
proved bacteraemias who received HA-1A when compared to placebo.9 HA-IA
has been withdrawn from general clinical use due to fears about its potential
toxicity in patients without proven Gram-negative sepsis. Also, the mode of
action ofHA-1A remains unclear despite early claims that it binds specifically to
endotoxin.

Gram-negative bacteria vary significantly in the amount of endotoxins they
produce.42 Results from studies in vitro suggest that release of endotoxin and,
subsequently, cytokines such as TNF relates in part to the rate of killing of
bacteria and its release from lysed cell walls.43,' In septic shock, levels of free
endotoxin do not correlate invariably with measures of disease severity, such as
changes in cardiovascular response, laboratory indices and clinical outcome."2
Assays to measure levels of endotoxin have improved but problems remain with
control of sensitivity, specificity and inter-assay variation. The significance of
endotoxin remaining bound to bacteria cell walls is unclear.

Inhibitors of the host response

ANTI-CYTOKINES
Administration of monoclonal antibodies to TNF in rabbits with meningitis
prevented the development of shock induced by endotoxin and Escherichia coli
and improved survival.21'45 46Anti-TNF antibodies also protected neutropenic
rats from lethal infection with Pseudomonas aeruginosa.47 This protective effect
was also shown in non-human primates given anti-TNFa after challenge with
endotoxin."
The mouse anti-human monoclonal antibody CB6 has been tested in the US in

a multinational clinical trial (Phase II; open label, dose-escalation) of severe
sepsis.49 The small sample size in each group (20 patients) precluded any
statistical analysis. Although there was no overt toxicity, many patients had
detectable anti-murine antibodies as well as immune complexes to CB6. In
contrast, preliminary results using different murine monoclonal anti-TNFax
preparations from other multicentre, double-blind controlled trials in the US50
and the UK5" showed these to be safe and associated with reduced early mortality
in shocked, though not in non-shocked, patients.
The actions ofTNFa and IL-I (a and P forms) are modulated primarily at the

level of their receptors. An antagonist to TNFa has been discovered.52 There is
concern over the feasibility of using inhibitors of TNF as anti-inflammatory
agents. Administration of soluble receptors to TNF (sTNFR) resulted in excess
mortality, possibly due to the release of bound TNF from the construct.5'
An antagonist to the IL-1 receptor (IL-Ira) has been cloned. This recom-

binant product, rhIL-ira, is nonglycosylated and blocks competitively the action
of IL-i without any detectable agonist activity.53 IL-ira reduced the mortality in
animal models ofshock associated with endotoxaemia.54 Permanent adherence of
leukocytes to the vascular endothelium in rat liver was reduced following
administration of IL-lra following haemorrhagic shock.55
A randomised, double-blind controlled trial of rhIL-Ira involving 63 centres

in Europe and the US was carried out in patients with severe sepsis and septic
shock, stratified for organ dysfunction, including adult respiratory distress
syndrome, disseminated intravascular coagulation and renal and hepatic dys-
function (table).56 Survival time was dose-dependent and increased significantly
for IL-lra compared with placebo in all groups (excluding hepatic). Although
overall survival was not significantly different between IL-lra and placebo

Table Recombinant human interleukin-1 receptor antagonist (rhIL-lra):
28-day percentage mortality in sepsis-induced organ dysfunction (after Fisher
et a156)

rhIL-lra* rhIL-lra*
Number Placebo (1 mg/kg/h) (2mg/kg/h) p-value

ARDS 233 49 43 34 0.04
DIC 124 64 58 38 0.03
Renal failure 267 49 41 33 0.01
Liver failure 235 43 44 35 0.10

ARDS: adult respiratory distress syndrome; DIC: disseminated intravascular coagulation.
*72 h continuous infusion.
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Immunotherapy in sepsis 75

groups, post-hoc analysis did show a statistically significant benefit in those
patients with an APACHE III risk of death exceeding 24%." This finding has
formed the basis of another large prospective multi-centre study which is
currently in progress.

ANTI-INFLAMMATORY CYTOKINES
IL-4, IL-10, IL-13 and TGFP inhibit the production of pro-inflammatory
cytokines such as IL-1, IL-6, TNFa and chemokines MIP1,, and IL-8 following
activation of monocytes by endotoxin.

IL-10, a cytokine produced by activated T cells, B cells, monocytes and
macrophages, occurs naturally and may have potential as an anti-inflammatory
agent. Administration of IL-10 in vitro inhibits the production of pro-
inflammatory cytokines, especially IL-1, IL-6, TNFx and chemo-attractants
(IL-8 among others). IL-10 also enhances the production of IL-lra and
down-regulates expression of MHC class II antigens. IL-10 production by T
cells can be inhibited by anti-IL-10 monoclonal antibodies and inhibitors of
eicosanoids. Preliminary data showed that administration of IL-10 prevented
death in mice following endotoxin-induced toxic shock.58

IL-13 has also been cloned; its gene is linked to that for IL-4 on chromosome
5.59,6 Many of its biological properties are similar to IL-4, including enhancing
expression of MHC class II antigens on monocytes and CD23.

PLATELET ACTIVATING FACTOR (PAF)
Studies are in progress in non-human primates and phase II and III trials in man
using more than 15 different preparations, including recombinant and naturally
occurring products which act as receptor antagonists to PAF.31'6'62 Randomised,
double-blind controlled trials in severe sepsis showed these products to be safe.
Mortality was reduced significantly compared with placebo in microbiologically
proved Gram-negative infection for BN 52021, a naturally occurring PAF
antagonist although, surprisingly, no beneficial effect was seen with infections of
non-Gram-negative origin.62

INHIBITORS OF COMPLEMENT COMPONENTS
Monoclonal antibodies directed against factor XII protected against hypoten-
sion, but not disseminated intravascular coagulation, in primate models of
sepsis.63'6 Cl esterase inhibitor (C1-INH) is the main inhibitor of the classical
pathway for activation of complement. Administration of C1-INH in human
sepsis reduced the degree of hypotension and capillary leakage associated with
IL-2.65

ARACHIDONIC ACID DERIVATIVES
Thromboxane A2, prostaglandins and leukotrienes exert important effects on the
microvascular circulation and platelets in sepsis and septic shock. Studies are
underway to assess the clinical efficacy ofmonoclonal antibodies as inhibitors but
concern remains over their specificity. Monoclonal antibodies against phos-
pholipase A2, an enzyme involved in the release of arachidonic acid, also inhibit
synthesis of prostaglandins and leukotrienes.66

ANTI-ADHESION MOLECULES
Enhanced expression of adhesion molecules is essential to the normal response of
the host to many diseases, including infections. Anti-adhesion molecules could
act to limit the damage to host tissues caused by the inflammatory response.
Studies are in progress on a variety of causes of multiple organ dysfunction,
including ischaemia/reperfusion injury of grafts and in the adult respiratory
distress syndrome. Many strategies are under consideration including blocking
their ligands by antibodies, soluble receptors, peptide analogues, oligosac-
charides (anti-lectins) and anti-sense nucleotides.67 Monoclonal antibodies
directed against an alpha-chain (anti-CD 1 la, b, or c) of the glycoprotein of the
integrins prevents binding of polymorphonuclear leukocytes to their ligand
(ICAM-1). In various animal studies, administration of monoclonal antibodies
to CDilb and ICAM-1 reduced the tissue injury caused by endotoxaemia,
activation of complement, and ischaemia-reperfusion.68 69

BRADYKININ ANTAGONISTS
Different bradykinin receptors have been recognised. The BK2 receptor is
constitutive while the BKn receptor is also inducible and upregulated in
inflammatory conditions such as sepsis. The bradykinin antagonist CP-bo127
significantly increased survival in animals models of endotoxic shock70 and a
multi-centre Phase III human sepsis study using this agent is currently being
conducted in the US.
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76 Fagan, Singer

Rationale of
immunotherapy for sepsis

* block triggers of inflammatory
response such as endotoxin

* block pro-inflammatory mediators
such as TNF, PAF

* enhance anti-inflammatory
mediators such as IL-1 receptor
antagonist

Difficulties in conducting
human sepsis immuno-
therapy studies

* heterogeneous patient populations
(underlying disease process and
co-morbidities)

* relatively low yield of positive
microbiological diagnosis

* difficulty in rapid confirmation of
appropriateness of therapy, eg,
presence of Gram-negative
bacteraemia, endotoxaemia, high
TNF levels

* timing and duration of treatment
relative to onset of sepsis

* non-standardisation of other
treatments, eg, vasoactive drugs,
antibiotics

* monotherapy unlikely to be a
panacea

* expense

Clinical scope and limitations
All observations point to the need to administer immunotherapies early in sepsis.
In clinical practice, strategies targeting mediators of SIRS are more realistic than
those focusing only on inhibiting initiators of this cascade, such as endotoxin.
However, a prophylactic role in high-risk patients may well suit these agents.
Development of sepsis and shock is independent of the continuous release of

endotoxin and other mediators. Minute quantities of endotoxin and mediators
seem sufficient to account for the systemic effects. Also, endotoxaemia may
outlive detectable Gram-negative bacteraemia.'2 Consequently, inhibition of
release would have to be complete to ensure clinical efficacy. The release and
relative contribution of the different mediators vary between patients and target
organs. Damage to the endothelium and critical organs poses a new threat - a
second wave effect - from increased release of mediators.
A major potential benefit of targeting cytokines such as TNF and IL-1 is that

such treatments can be directed at Gram-positive as well as Gram-negative
infections. The alternative hypothesis is that these cytokines are part of the
normal defence mechanism; administration of their antagonists may be harm-
ful.'67' TNF and IL-1 mediate the induction of nitric oxide synthase by
endotoxin. Although nitric oxide in excess may exacerbate hypoperfusion ofvital
organs and tissues, inhibition of nitric oxide synthase may prove equally
deleterious by impairing further the perfusion of critical organs and removing
the cytotoxic properties of nitric oxide.72

MULTIPLE THERAPIES
Any monotherapy is unlikely to be universally effective in septic shock. Only
around one third of patients with septic shock have detectable levels of TNF,
possibly due to its short half-life and release in bursts. Elevated levels ofTNF
alone do not account for the development ofshock and are not exclusive to sepsis.
Comparable levels are detectable in a variety of chronic conditions, including
autoimmune disease. Also, in murine models of lethal infection, anti-TNF
antibodies protected against Gram-negative shock associated with Escherichia
coli but not Klebsiella pneumoniae or Pseudomonas aeruginosa.73'74
Assessment of the clinical efficacy of combination therapies throws into focus

the difficulties in studying the critically ill. Dissection of the relative importance
ofany therapy, especially in combination with others, will require large numbers
ofpatients stratified for disease, severity of illness and a multitude ofbiochemical
and pharmacological variables.

Immunotherapies must join a variety of pharmacological inhibitors being
tested in animal models.'0 Drugs which inhibit eicosanoids (prostaglandins),
alter calcium fluxes or prevent damage by oxygen-free radicals (antioxidants),
have shown benefit in in vitro studies of cell death and animal models of septic
shock.
Measurement of the mediators involved in the SIRS remains unreliable;

reliance on blood levels to assess paracrine (local) effects is unlikely to reflect
faithfully events occurring in sepsis. The clinical significance ofthe development
of antibodies and immune complexes to certain murine monoclonal products,
such as anti-CB6 (anti-TNFa) is uncertain.47

Also, production and regulation of the mediators, especially the cytokines, are
influenced by extraneous factors such as drugs (chlorpromazine, N-acetyl
cysteine, pentoxifylline, naloxone and anaesthetic agents among many others),
corticosteroids and neuropeptides (a-melanocyte-stimulating hormone [a-
MSH], macrophage inhibitory factor [MIF]) of the neuroendocrine axis.

Results from animal studies must be extrapolated with caution. Administra-
tion of bolus doses of endotoxin bears little resemblance to events occurring in
sepsis. Also, most cytokines are species-specific. In a mouse model of sepsis,
anti-endotoxin antibodies protected against the lethal effects of challenge with
endotoxin without measurable effects on the rise in levels of TNFX.74 However,
TNF may play a role in defence of the host against invasion by some
microorganisms.7'

Defences of bacteria

Bacteria possess several properties which favour invasion and spread. These
defences should be addressed in any antimicrobial strategy. Production of
specific adhesins on surface pili favour adherence to mucosal surfaces. The 0
side-chain of bound endotoxin may limit penetration of certain antibiotics into
the periplasmic space of the bacterium and also reduce cell lysis by inhibiting
binding of complement to the membrane-bound endotoxin'7"l8 in the absence of
antibody. Surface encapsulation confers some protection against phagocytosis
by neutrophils. Certain bacteria, such as P aeruginosa, produce enzymes
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Immunotherapy in sepsis 77

(elastases) and toxins (exotoxin A) which favour necrosis by inhibiting protein
synthesis of tissue.

Certain antibiotics of the P-lactam class, particularly some cephalosporins and
aztreonam cause release of endotoxin following binding to the cell wall of the
microorganism.75'76 Their ability to induce in vitro release of endotoxin and,
subsequently, TNFa is independent ofthe degree oflysis ofthe bacterial cell wall
but related to the dose of antibiotic. In a rat sepsis model, treatment with
imipenem or ceftazidime resulted in only a transient rise in IL-6 while aztreonam
produced much higher levels and a significant increase in mortality.77 Another
study in septic mice showed significantly greater in vivo chemotherapeutic
protection with imipenem compared to ceftazidine.78 The clinical significance of
these observations remains uncertain.
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