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Activation of the inflammatory defense system against microbes proliferating 
locally thus results in a "trade-off" in which bacterial killing is accomplished 
in exchange for some host tissue damage in the inflamed area. Most of the time 
the host comes out far ahead. (J. N. Sheagren [1]) 

Although invading microbes and their associated toxins may initiate sepsis, it is the 
host's violent inflammatory response that largely defines the sepsis syndrome [1, 2]. 
Aberrations in immune function and metabolism may result in multiple organ system 
failure. Septic shock thus reflects profound cellular dysfunction as a consequence of 
a variety of dysmetabolic events. Leukocytes representing the infantry of the host 
defense system appear to playa leading role in various causal phenomena associated 
with sepsis. A variety of defects in cell-mediated immunity may place the individual 
in jeopardy for sepsis. However, these same cellular elements orchestrate the 
inflammation-amplification response characteristic of the host autoinjury septic syn
drome. This brief review examines the dual role - harm and benefit - of leukocytes 
in sepsis. 

Cellular Mediators 

Macrophages are primarily responsible for induction of the immune response through 
stimulation of other cellular elements [3, 4]. Bone marrow derived monocytes circulate 
through the blood with a half-life of less than 24 h. Subsequent egress from the blood 
and differentiation result in the accumulation of various populations of tissue macro
phages such as the general histiocyte, hepatic Kupfer cell, splenic dendritic cell, and 
pulmonary alveolar macrophage. These surveillance cells are not committed to a 
specific antigen before entry of the antigen into the immune system. Macrophage 
function does not depend on growth or proliferation, as evidenced by their resistance 
to radiation exposure. However, these cells are killed by azide, indicating their depen
dence on heme-oxygen interactions. Macrophages are involved in a myriad of reac
tions that may be classified into three major groups: 

1. Macrophage antigen presentation requires physical association between antigen, 
lymphocyte, and macrophage [5, 6]. Note that the macrophage and lymphocyte 
must share genetic identity at some aspect of the major histocompatibility locus in 
order for this interaction to occur successfully. During this association both the 
lymphocyte and macrophage become activated through the release of lymphokines 
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and monokines. Lymphokine )I-interferon is especially important in this regard [7]. 
Aspects of macrophage antigen presentation include: a) phagocytosis of antigen; b) 
degradation of antigen to discrete fragments which can be recognized by T -cells, 
i.e., antigen processing to uncover a functional epitope (T-cell receptor binding) or 
agretope (MHC association); and c) Displaying of antigenic fragments on its cell 
surface in association with MHC molecules. 

2. Macrophages augment phagocytosis and killing of infectious agents and tumor 
cells. Filtering function by the tissue phagocytes is enhanced by virtue of their 
surface receptors for the Fc region of gamma globulin and C3b. Like granulocytes, 
macrophages also have a respiratory burst capable of generating toxic oxygen 
species [8]. 

3. Secretion of a variety of biologically active monokines is characteristic of macro
phages [9]. The repertoire of macrophage secretory proteins rivals that of the 
hepatocyte. Major groups of monokines are: Enzymes (lysozyme, neutral proteases 
including plasminogen activator, acid hydrolases, arginase), complement compo
nents, enzyme inhibitors (including cx 2-macroglobulin), binding proteins (e.g., 
transferrin), toxic oxygen metabolites, bioactive lipids (arachidonic acid meta
bolites, platelet-activating factor), interleukin 1, factors promoting inhibiting cell 
replication, and cachectin (tumor necrosis factor). Best known of the monokines is 
interleukin 1, which has wide-ranging effects on virtually every cell in the body [10, 
11]. 

In aggregate, the function of the macrophage involves a nonspecific immune 
response initiated by interaction with antigen and lymphocyte [5]. Macrophage
activation lymphokine results in diverse macrophage functions, as outlined above. 
Macrophage-dependent precursor differentiation, cell priming, and trigger reactions 
insure brisk initiation of the inflammatory response. 

Lymphocytes impart most of the specificity of the immune response [12, 13]. Of 
all blood mononuclear cells, 70% are long-lived T-lymphocytes, while the rt:maining 
30% are comprised of B-Iymphocytes, natural killer cells, and monocytes. B cells 
develop into gamma globulin secreting plasma cells and provide the primary link 
between humoral and cell-mediated immunity. Like B-lymphocytes, T-Iymphocytes 
are derived from the bone marrow, but unlike B cells they undergo additional matura
tion under the influence of the thymus gland. Subsequently these cells populate lymph 
nodes, lymphoid aggregates, and the spleen. T cells recirculate as memory cells. 
Natural killer lymphocytes are large and granular and appear to be primarily involved 
in tumor cell and virus lysis. 

T-Iymphocytes may be further subclassified according to function and surface 
antigen composition [14-16]. Simplistically, CD4+ lymphocytes function as helperj 
cytotoxic cells, while CD8 + lymphocytes function as suppressor jcytotoxic cells. Many 
of the identified surface markers have as yet no defined function. Activation ofT cells 
involves antigen presentation by a macrophage in association with a compatible 
histocompatibility antigen as well as the presence of a second messenger, e.g., inter
leukin 1 (IL-l) or interleukin 2 (IL-2) [5]. 

Stimulated T -lymphocytes respond in a variety of manners. Blast transformation 
and proliferation allow cloning of a specific antigen-responsive cell; synthesis of T 
helper factor encourages B cell maturation and antibody production; cytotoxic differ-
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entiation allows target cell lysis; and lymphokine production permits integration of 
T-cell activity with all aspects of the immune response. Lymphokines produced by the 
T-lymphocyte [12, 13] are the following: chemotactic factor, migration-inhibition 
factor, macrophage-activating factor, eosinophil-chemotactic factor, eosinophil
stimulation promoter, y-interferon, blastogenic factor, and skin-reactive factor. Sup
pressor T cells provide a measure of control of the immune response. When this 
control is incomplete, host autoinjury may ensue [17]. 

Although lacking in specificity, qualitatively and quantitatively, polymor
phonuclear leukocytes (PMNs) probably represent the most important division of the 
host cellular bacterial defense system [18,19]. Neutrophils and their precursors are the 
most common leukocyte not only in the peripheral blood but in the bone marrow as 
well. Production of the PMN requires about 18 days and is divided into mitotic 
proliferation (8-day) and maturation and storage (10-day) phases. After release from 
the marrow reserve, neutrophils exist in the blood as circulating and marginated 
popUlations. Half-life of the PMN in the blood averages about 6.7 h. Accordingly, the 
total blood PMN population is replaced about 2.5 times per day. Neutrophil elimi
nation occurs primarily through the gastrointestinal and genitourinary tracts under 
normal conditions and into inflammation areas under pathologic conditions [20]. 

Schematic morphology of the neutrophil is depicted in Fig. 1. The diameter of 
mature PMNs (12-15 microns) is about twice that of a normal erythrocyte and is 
recognized after Wright's staining by their characteristic lobulated nucleus and abun
dant pink-purple cytoplasmic granules. Granules may be divided into primary (azuro
philic, 600-800 nm) and secondary (specific, 300-500 nm) subtypes [20]. An inven-
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Fig. 1. Schematic morphology of a polymorphonuclear leukocyte (PMN). Primary (azurophilic) 
and secondary (specific) granules have diameters of 600-800 and 300-500 nm respectively. In 
mature PMNs nucleoli are absent, endoplasmic reticulum scanty, Golgi apparatus atrophic, and 
mitochondria sparce. Small dots represent glycogen granules. (x ca. 15000) 
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tory of various granule constituents includes: 

Primary granules (azurophilic) 
Myeloperoxidase 
Arginine-rich basic cationic proteins 
Lysozyme 
Sulfated mucopolysaccharides 
Acid phosphatase 
Other acid hydrolases 

p-Galactosidase 
p-Glucuronidase 
N-Ac-p-Glucosaminidase 
(X-Mannosidase 
Arylsulfatase 
5' Nucleotidase 
Esterase 
Neutral proteases 
Elastase 
Cathepsin G 
Napthylamidase 

Secondary granules (specific) 
Alkaline phosphatase 
Lysozyme 
Aminopeptidase 
Lactoferrin 
Collagenase 
Vitamin B12 binding protein 
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Under resting conditions the neutrophil is quiescent, utilizing anaerobic glycolysis 
for its sluggish metabolic needs. Limited RNA and protein synthesis can occur in the 
scarce endoplasmic reticulum and ribosomes of mature PMNs. As evidenced by the 
cells' densely clumped chromatin, however, DNA synthesis in nonexistent. A variety 
of soluble and insoluble agents are capable of stimulating the resting neutrophil to a 
state of metabolic frenzy, which has been termed the respiratory burst [21]. 

Characteristics of the respiratory burst include the following: a shift from an
aerobic to aerobic metabolism, with a concomitant 50- to lOa-fold increase in oxygen 
consumption; an acceleration of hexose mono phosphate shunt activity for generation 
of NADPH reducing equivalents; an absence of cyanide inhibition (i.e., not depen
dent on mitochondrial respiration); activation of a normally dormant electron trans
port chain, resulting in production of a variety of toxic oxygen species; and degranu
lation of various lysosomal (granule) constituents. As a consequence of activation 
three primary areas of neutrophil metabolism manifest as contributors to the inflam
matory response. 

First, lipid metabolism in the stimulated PMN reflects several positive feedback 
loops which tend to intensify the inflammatory response. Neutrophils produce and 
release thromboxane [22], leukotrienes [23 - 25], platelet-activating factor [26 - 28], 
and leukotoxin [29]. These same species may initiate or augment PMN chemotaxis, 
aggregation, degranulation, and active oxygen species synthesis. Thromboxane and 
prostacyclin exhibit a reciprocal relationship at the blood-endothelial interface [30]. 
Although platelets are responsible for most thromboxane synthesis, PMNs may 
enhance production of this cyclooxygenase product during inflammation. Leuko
triene B4 is the major PMN lip oxygenase product [31]. Synthesis of this compound 
by other cells such as the alveolar macrophage may result in local recruitment of 
neutrophils [32]. PMN release of 1-0-alkyl-2-acetyl-sn-glyceryl-3-phosphory1choline, 
platelet-activating factor, results in activation of other inflammatory cellular ele-
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ments. Biosynthesis and release of leukotoxin, an epoxide derivative of linoleate, also 
augments various aspects of the PMN inflammatory response. 

Second, nonoxidative neutrophil armaments are closely allied to degranulation of 
various lysosomal elements [19, 33, 34]. Phagocytosis and formation of a lysophago
some sequesters foreign antigens within a hostile nonphysiologic environment. A 
variety of insults within the pinocytic vesicle, including acidic pH, cationic proteins, 
iron chelation by lactoferrin, and hydrolases, promote antigen inactivation/ 
denaturation. PMN elastase, a major protein of azurophilic granules, has been exten
sively studied [35, 36]. The enzyme is a glycoprotein, serine protease with a molecular 
weight of 30 kd. In addition to elastin, neutrophil elastase also hydrolyzes cartilage 
proteoglycan, type 1-4 collagen, and fibronectin. Macrophage elastase is a metal
loenzyme with properties distinct from PMN elastase. Recently discovered neutrophil 
acyloxyacyl-hydrolase cleaves fatty acyl chains linked to the lipid A moiety oflipopo
lysaccharide (endotoxin), thus reducing its activity [37]. 

And, third, generation of lethal oxidants defines the primary function of the 
neutrophil respiratory burst [19, 38]. Increased oxygen consumption is accompanied 
by sharply elevated production of superoxide anion, hydrogen peroxide, and hypo
chlorous acid. Additional nonenzymatic, transition metal catalysis via the Haber
Weiss and Fenton reactions results in the formation of hydroxyl anion, hydroxyl 
radical, singlet oxygen, and N-chloroamines. Formation of the parent oxy-radical 
species, superoxide anion (0;), occurs via a plasmalemma protein complex consisting 
of a flavoprotein, a type b cytochrome, and perhaps a ubiquinone species [39]: 

202 +NADPH-->20; +H+ +NADP+ 

NADPH-reducing equivalents are supplied via the hexose mono phosphate shunt. 
Both the flavoprotein (NADPH oxidoreductase) and the b245 cytochrome have been 
purified. 0; dismutates spontaneously or via superoxide dismutase [40]: 

20; +2H+ --> H 20 2 +0 2 

Myeloperoxidase, found in the primary granules and comprising about 5% of the 
total PMN protein, catalyzes the synthesis of hypochlorous acid from chloride anion 
and hydrogen peroxide [41]: 

CI- +H20 2 --> HOCl- +H20 

HOCl- , essentially chlorine bleach, represents the best recognized PMN bactericidal 
agent. Hydrogen peroxide can alternately be detoxified through the action of catalase 
or glutathione peroxidase. Screening for intact PMN oxidative capability can be made 
utilizing chemiluminescence or the nitro blue tetrazolium (NBT) reduction test. 

Immunodeficiency States 

Numerous congenital and acquired defects in cell-mediated immune function have 
been characterized. Many of these problems involve various inborn errors of metabo
lism and are quite rare, albeit instructive. Other immunodeficiency states are acquired 
and largely iatrogenic, reflecting advanced medical intervention for cancer, autoim-
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mune disease, and transplantation. A third area of immunodeficiency holds special 
relevance to critical care illness, where it is most often recognized: acute sustained 
stress states accompanied by malnutrition, sepsis, multiple trauma, or bums are 
common intensive care scenarios. Resulting immune compromise affects all limbs of 
cell-mediated immune responsiveness. 

Congenital Defects 

Congenital lymphocyte abnormalities are most commonly seen in the pediatric 
population [42, 43]. DiGeorge syndrome represents a developmental defect of the 
third and fourth pharyngeal pouches, with resultant variable hypoplasia of the 
thymus and parathyroid gland and variable defects in the mandible, heart, and great 
vessels. Qualitative and quantitative changes in T-Iymphocytes are characteristic. 
X-linked Bruton-type agammaglobulinemia, on the other hand, is an example of a 
relatively pure B-Iymphocyte defect with normal T-cell function. A block in differenti
ation from pre-B-cells to B cells prevents development of gammaglobulin-secreting 
plasma cells. Immunoglobulin levels are typically low or absent. Exogenous gamma
globulin is the treatment of choice. Lymph nodes are hypoplastic. This defect in 
humoral immunity is manifested by repeated, recurrent, persistent bacterial infec
tions, especially involving encapsulated organisms (Pneumococcus, Haemophilus in
fluenzae, Streptococcus) which normally require immunoglobulin opsonization [44]. 
Severe combined immunodeficiency (SCID) affects both classes of lymphocytes and 
manifests as severe bacterial, viral, and fungal infections. Dermatitis, diarrhea, and 
otitis media are common. Engraphment of transplacental maternal lymphocytes may 
present as graph versus host disease. Some cases are due to an adenosine deaminase 
deficiency, which may be treated by repeated blood transfusions. Bone marrow 
transplantation, however, appears to be the therapy of choice for most severely 
affected SCID patients [45]. 

Ataxia telangiectasia displays autosomal recessive genetics, defects in T helper cell 
function, and variable hypogammaglobulinemia. Abnormal DNA repair and sino
pulmonary infections are common. Patients with Wiskott-Aldrich syndrome have 
eczema, thrombocytopenia, and opportunistic infections. T-cell number and function 
are abnormal in this X-linked disorder. Response to polysaccharide antigens is partic
ularly impaired. 

Common variable immune deficiency may present in the child, adult, or geriatric 
patient. In addition to recurrent sinopulmonary infections, these patients appear to 
be at particular risk for autoimmune and neoplastic disease. A spruelike syndrome, 
amyloidosis, and granulomata are also common. Deficiency of ecto-5' nucleotidase 
may be one cause of this disease, as well as Bruton-type agammaglobulinemia. In 
other patients excessive T suppressor cells appear causative. Increased T suppressor 
cell activity toward IgA-producing plasma cells is likewise a cause of selective IgA 
deficiency. This common immunoglobinopathy occurs in approximately one in 800 
individuals, who also appear to be at higher risk for autoimmune disease. Respiratory 
tract infections are characteristic. IgA should never be transfused in these patients as 
it will not reach mucous membranes but will sensitize the patient to potential fatal 
anaphylaxis. 
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Chronic granulomatous disease and its phenocopies represent prototypic inborn 
defects in phagocytic metabolism [46, 47]. It may be inherited as either an autosomal 
or X-linked recessive trait. Impaired respiratory burst activity may be secondary to 
abnormal neutrophil plasma membrane depolarization, absent or high NADPH Km 
flavin oxidoreductase, absent or defective cytochrome bZ45 ' or severe glucose 
6-phosphate dehydrogenase deficiency. Recurrent infection with catalase-containing 
organisms such as Staphylococcus, Serratia, Nocardia, and Aspergillus are characteris
tic. Myeloperoxidase deficiency is probably the most common genetic phagocyte 
defect, but it rarely causes infectious complications, presumably because toxic oxygen 
species other than hypohalous acids are utilized for bacterial killing. Patients with the 
autosomal recessive ChMiak-Higashi disease have leukocytes with giant granules and 
are prone to development of lymphomas. Clinical characteristics include partial al
binism, peripheral neuropathy, and nystagmus. Neutrophils from such patients have 
defective microtubule assembly with resultant impaired chemotaxis and phaocytosis. 
Flawed PMN and monocyte chemotaxis is also observed in patients with Job syn
drome and the dysmotile cilia syndrome. In the former, elevated IgE levels are 
distinctive. A soluble chemotaxis inhibitor places these patients at increased risk for 
recurrent staphylococcus infections. Kartagener's syndrome is one example of the 
latter group of diseases which have in common a defective microtubule assembly. 
Phagocyte plasmalemma glycoprotein deficiences (plS0,9S, CR3, gplS0, gpl00, LFA-
1, Mol) result in defective attachment to and locomotion on endothelial surfaces [30, 
48]. Several specific-granule deficiencies ofneutrophils have also been described [49]. 

Inherited C3 and CS deficiencies result in impaired generation of C3a or CSa and, 
hence, impaired phagocyte chemotaxis [SO]. Opsonic defects such as complement 
deficiencies, hypogamniaglobulinemia, and tuftsin deficiency (splenectomy, sickle cell 
disease) result in impaired phagocytic function. Infection with encapsulated organ
isms (Pneumococcus, Haemophilus, Streptococcus) is common in this setting. 

Acquired Defects 

Acquired defects in B-lymphocyte function leading to deficiencies in humoral immun
ity are commonly recognized in myeloma, macroglobulinemia, heavy chain disease, 
and chronic lymphocytic leukemia [42]. Myelophistic crowding of the bone marrow, 
depressed ability to form antibody, and the presence of suppressor mononuclear cells 
have all been implicated in such immunosuppression. Mycosis fungoides and Sezary 
syndrome are examples ofT-cell malignancies which also commonly include immuno
suppression. Hodgkin's disease, a macrophage-derived malignancy, characteristically 
depresses a variety of loci of the immune response. Osler noted that "tuberculosis 
follows Hodgkin's disease like a shadow." Other acquired illnesses adversely affecting 
macrophage functions include histiocytosis X, monocytic leukemia, hystiocytic lym
phoma, and lysosomal storage diseases (e.g., Gaucher's disease). 

Acquired depressed delayed hypersensitivity (anergy) [Sl] may be seen in a variety 
of disorders including: viral infection (measles, mononucleosis, chickenpox); bacterial 
infection (tuberculosis, leprosy, typhoid fever); vaccination (mumps, measles); malig
nancies (e.g., Hodgkin's disease, lymphomas); and a wide range of drugs (e.g., ste-
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roids, cytotoxic agents, chloramphenicol). Various miscellaneous problems such as 
anemia, diabetes mellitus, radiotherapy, anesthesia, old age, sarcoid, and uremia are 
also known to adversely affect delayed hypersensitivity. In such a setting certain 
infections are prevalent and include the following: fungi; monocyte intracellular 
persisters (Listeria, Nocardia, toxoplasmosis, tuberculosis, Salmonella, and Brucella); 
protozoans, especially Pneumocystis; and latent viruses such as varicella, herpes 
simplex, and cytomegalovirus. 

Acquired immune deficiency syndrome (AIDS) is currently the most publicized 
immunodeficiency [52-54]. This modern-day plague represents an acquired, persis
tent, and fatal depression of qunatitative and functional aspects within the OKT4 + 

helper lymphocyte subset and associated refractory or preactivated B cells. Lym
phocytes display a defect in the ability to recognize and respond to soluble antigens. 
A summary of several immunologic abnormalities seen in AIDS is as follows: 

1. Characteristic abnormalities: 
Lymphopenia 
Selective T-cell deficiency (designated by antigenic subset T4 or Leu-3 monoclonal 

antibodies) 
Decreased or absent delayed cutaneous hypersensitivity 
Elevated serum immunoglobulins (predominantly IgG and IgA in adults and includ-

ing IgM in children) 
Increased spontaneous immunoglobulin secretion by individual B lymphocytes 
2. Consistently observed abnormalities: 
Decreased in vitro lymphocyte proliferative responses 
Decreased cytotoxic responses of natural killer cells and cell-mediated cytotoxity 

(T cell) 
Decreased ability to mount a de novo antibody response to a new antigen 
Altered monocyte function 
Elevated serum levels of immune complexes 
3. Other reported abnormalities: 
Increased levels of acid-labile oc-interferon 
Antilymphocyte antibodies 
Suppressor factors 
Increased levels of B2 microglobulin and oc1-thymosin; decreased serum thymulin 

levels 

A progressive decrease in CD4 + cells and a slight increase in CD8 + cells appears 
characteristic of AIDS. Human immunodeficiency virus (HIV) appears to bind direct
ly to the CD4 + antigenic determinant [55]. Common opportunistic infections seen in 
AIDS patients involve the following: Pneumocystis, cytomegalovirus, Mycobacte
rium, toxoplasma, and cryptosporidium. Prognosis currently remains grim. Immuno
logic reconstitution intervention (e.g., bone marrow transplantation), however, may 
make the AIDS patient a common intensive care unit admission in the near future. 

Discussion of acquired immunodeficiency would not be complete without consid
eration of those situations common in the critically ill patient who is most prone to 
sepsis [2]. This patient population includes debilitated, hospitalized (especially in 
intensive care units), seriously ill surgical or medical patients at extremes of age, with 
a variety of invasive devices, often on antibiotics. Review of the risk factors for sepsis 
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reveals a compilation of absolute or relative immunodeficiency states: 

Host-related factors 
Extremes of age 
Malnutrition 
Debilitation 
Immunodeficiency, cancer 
Pregnancy 

Treatment-related factors 
Surgical, invasive procedures 
Invasive devices 
Antibiotics 
Immunosuppression (cytotoxic drugs, 
steroids, irradiation) 

Chronic health problems (hepatic 
disease, diabetes mellitus, cardiac 
and renal dysfunction, alcoholism) 
Traumatic/thermal wounds 

Hypothermia 
Hospital environment (virulent organ
isms) 

Neutropenia is a fairly common occurrence in the critically ill patient. Absolute 
neutrophil counts of less than 500 per microliter place the patient in particular 
jeopardy for opportunistic infection, especially involving normal mucosal flora sapro
phytes (e.g., Pseudomonas, E. coli, Serratia, Staphylococcus, Candida, and Asper
gillus). Cytotoxic (e.g., purine antagonists, alkylating agents, vinca alkyloids) and 
idiosyncratic (e.g., chloramphenicol) drug reactions are usually causative, but neutro
penia is also commonly associated with lymphocytic leukemia, Felty's syndrome, 
splenomegaly, hemodialysis, cardiopulmonary bypass, and sepsis (especially in the 
infant). Leukocyte transfusion may be life-saving in such a situation [56]. Of the 
various drugs encountered in the critically ill patient, steroids are probably the most 
common. Glucocorticoids have a myriad of inhibitory effects on all aspects of cellular 
dependent immune response, as shown in Table 1 [57]. 

Malnutrition, especially protein calorie malnutrition, is common in the critically 
ill patient [58]. Immunodeficiencies associated with this setting include T-celllympho-

Table 1. Effects of glucocorticoids on isolated leukocytes 

Cell type Effect 

Monocytes and macrophages Decreased release from marrow 
Decreased numbers in circulation 
Decreased endocytosis and reticuloendothelial clearance 
Decreased bactericidal and fungicidal capacity 
Lysosomal stabilization 
Decreased mediator production 
Impaired antigen processing 

Lymphocytes Decreased numbers in circulation 
Altered migration patterns 
Decreased response to mitogens and antigens 
Decreased autologous and allogeneic mixed lymphocyte reaction 
Altered cell metabolism 
Decreased immunoglobulin levels 
Decreased cell receptor populations 

Neutrophils Increased release from the marrow 
Decreased accumulation at inflammatory foci 
Decreased endothelial adherence, chemotaxis, activation 
Decreased stimulator binding to plasma membrane 
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cytopenia, impaired in vitro PMN oxygen consumption and bactericidal activity, aI1d 
diminished in vivo PMN and macrophage mobilization as assessed by the Rebuck 
skin window [59]. 

Patients with extensive burns are extremely vulnerable to both local and systemic 
infection [60, 61]. Seventy-five percent of all deaths after themal injury are related to 
infection. Not only is the mechanical and normal flora function of the skin disrupted 
in these patients, but a burn-induced immunosuppression affecting both cell-mediated 
and humoral immunity is also commonly encountered. Granulocyte stem cells are 
decreased in patients with fatal burns [62]. Chemotactic, phagocytic, and killing 
functions of PMNs are all compromised [63]. Depressed activity of PMN NADPH 
oxidoreductase has been observed in burn victims [64]. Alterations in T cell-B cell 
interaction may contribute to hypogammaglobulinemia. Not only is T-cell metabo
lism depressed, but alterations in T-cell subset populations are also observed [65]. 
Decreased numbers of OKT3 + and OKT4 + cells have been noted as long as 50 days 
after the burn. Some investigators have reported an increased number ofT suppressor 
cells in addition to the reduction in T helper cells in the burn patient [66]. Existence 
of a circulating humoral T-cell suppressor factor(s) has also been postulated. What
ever the cause, T cells exhibit exhausted, desensitized, or down-regulated in vitro 
activity suggestive of prior in vivo activation [67]. 

Like burns, multiple trauma is associated with aquired immunodeficiency affect
ing both mononuclear and granulocytic cell elements [68]. Of nonneurologic late 
posttraumatic deaths, 60%-90% may be attributed to sepsis [69]. Impaired cellular 
immunity is reflected by depressed lymphocyte proliferative response to antigens and 
mitogens and in mixed lymphocyte culture [70, 71]. This state may persist for weeks 
following major trauma and is paralleled by a decreased production of IL-2 by 
peripheral blood mononuclear cells [72, 73]. In the case of hemorrhage-induced 
lymphocyte dysfunction, serum factors in the molecular weight range of 13-23 kd 
have been implicated [74]. Neutrophil physiology assessed by chemiluminescence, 
superoxide anion production, adherence, degranulation, or chemotaxis may be simi
larly impaired after major trauma. Relevant serum factors (50-100 kd) have also 
been hypothesized in this regard [75]. Reversible inhibition of neutrophil membrane 
depolarization [76], autooxidative damage [77], and activation/desensitization (e.g., 
by C5a) [78] represent alternate explanations for trauma-induced granulocyte mal
function. 

Seemingly paradoxical, sepsis itself results in a variety of apparent immunodefi
ciencies. Whether these alterations result in true immunodeficiency or rather represent 
modulations that the host imposes on the inflammatory response to limit self-injury 
is not completely understood. Sepsis, in conjuction with multiple organ system failure, 
has been associated with reduced numbers of T -lymphocytes, depressed lymphocyte 
proliferation, and decreased OKT3 B-1 surface markers [79]. Similarly, monocyte 
production of IL-1 is diminished in patients with fatal sepsis [80]. 

Most studies concerning the effect of sepsis on cellular immune function have 
focused on the PMN, where seemingly contradictory responses have been reported. 
Endotoxin appears to bind directly to the neutrophil plasma membrane via lipid A 
interaction of the molecule with the lipid bilayer [81]. Initial neutropenia due to 
increased PMN adherence followed by sustained leukocytosis secondary to accelerat
ed neutrophil maturation and bone marrow release are characteristic in sepsis. In 
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vitro it appears that selected endotoxins can activate PMNs directly as assessed by 
lysosomal enzyme release, toxic oxygen species synthesis, or adherence [82-85]. In 
vivo, many effects of endotoxin on granulocytes may be associated with activation of 
various complement components, particularly C3b and C5a [86]. 

Humans [87] and animal models [88] infused with endotoxin demonstrate an 
increased number of neutrophil plasmalemma complement receptors. Granulocyte 
aggregation, lysosomal enzyme release, and oxidative metabolism may all be stimu
lated after acute exposure to activated complement [89-91]. Note that numerous 
other activators of the PMN respiratory burst (e.g., bacterial cell wall peptides, 
platelet-activating factor, leukotriene B4 , opsonized particles, immune complexes, 
y-interferon, cachexin) may also be operative in sepsis. 

Clinically, neutrophil dysfunction in the setting of sepsis has been described for 
patients of all ages. PMNs isolated from septic neonates exhibit impaired oxidative 
metabolism as reflected by decreased chemiluminescence, nitro blue tetrazolium dia
phorase and hexose monophosphate shunt activities [92, 93]. In neonates, neutropenia 
secondary to marrow depletion and margination is common in overwhelming sepsis. 
PMNs in this setting frequently display abnormal morphology [94]. In older children 
a specific defect in NADPH oxidoreductase (superoxide anion, 0;, synthetase) has 
been demonstrated in PMNs isolated from septic patients [95]. 

Similarly, suppressed neutrophil oxidative activity, as well as chemotaxis [96] and 
phagocytosis [97], has been seen in PMNs obtained from septic adults. After exposure 
to high circulating levels of chemoattractants (e.g., C5a), PMNs display nonspecific 
deactivation (0; production, degranulation) [98], which parallels a concomitant 
defect in chemotaxis [99], and loss of C5a binding sites [100]. These findings have been 
interpreted as a possible receptor-ligand-mediated down-regulation of exocytosis 
[99, 100]. Abnormalities of some phagocyte membrane receptors during nosocomial 
infection have been noted [101]. In addition to alterations in PMN membrane recep
tors during sepsis, degranulation components may represent a mechanism for nonspe
cific deactivation [102, 103]. Plasma membrane constituents (e.g., NADPH oxido
reductase) exposed to the extracellular environment may be damaged by a variety of 
inflammatory mediators, including proteases (proteolysis) and toxic oxygen species 
(sulfhydryl oxidation). Recently it has been demonstrated that plasma isolated from 
septic patients directly suppresses superoxide anion production when incubated with 
normal homologous neutrophils [104]. 

Leukocyte-Mediated Host Autoinjury 

Although essential for host immunity, leukocytes and their products are key elements 
in inflammation-mediated host autoinjury seen in sepsis. Originally postulated by 
Metchnikov more than 100 years ago, leukocyte-derived host autoinjury has alter
natively been described in terms of "horror autotoxicus", "agents of defense and 
destruction", "frustrated phagocytosis", and "the paradox of inflammation" [20, 105, 
106]. Basically, in the stuggle between invading microbes and the cellular immune 
system, the innocent bystander host may find itself in more danger from the immune 
response than from the invaders. This effect is shown shematically in Fig. 2. Clinical-
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Fig.2a-d. Frustrated phagocytosis. a Local tissue injury leads to complement activation and 
generation of other chemoattractants. b Neutrophils are recruited by chemotaxis to the area Of 
injury. c Phagocytosis of opsonized tissue is attempted. d Formation of an incomplete phago
some leads to release of lysosomal hydrolases, toxic oxy-radicals, and arachadonate metabolites 
into the tissue milieu resulting in autoinjury. (Reproduced with permission from [155]) 

ly, septic shock related host autoinjury is best exemplified by those patients who die 
as a result of leukocyte-related pathophysiologic responses to endotoxin even though 
the bloodstream has been sterilized by antibiotics [107]. Several examples of 
leukocyte-mediated host autoinjury in sepsis are considered in detail below. 

Adult respiratory distress syndrome (ARDS) is a frequent complication of septic 
shock that significantly increases morbidity and mortality [108]. In fact, gram
negative sepsis is the most common setting in which ARDS develops [109]. Although 
the pathophysiology of ARDS is complex and may occasionally occur without neu
trophil involvement [11 0, 111], overwhelming evidence collected from human and 
animal investigation indicates that PMNs are directly involved in most cases of this 
common sepsis complication. (a) Neutrophils replace macro phages as the predomi
nant alveolar phagocytic species in bronchoalveolar lavage (BAL) specimens of pa
tients with ARDS [112]. (b) PMN accumulation in the lung can be demonstrated 
following a variety of insults including sepsis [113-115]. (c) PMN-derived elastase 
and/or collagenase may be identified in BAL specimens of ARDS patients [116, 117]. 
Oxygen-free radicals, generated (by PMNs?) during ARDS are known to inactivate 
serum C(cantitrypsin [116]. Released neutrophil elastase does not bind to this altered 
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protease inhibitor and may participate in extracellular proteolytic injury [118, 119]. 
(d) Complement activation, which frequently occurs in sepsis, can precipitate pulmo
nary sequestration of neutrophils and subsequent lung injury [106, 120]. (e) Factors 
chemotactic for PMNs may be recovered in ARDS BAL samples [121]. (f) Neutrope
nia usually results in attenuated lung injury in animal models of ARDS, while ARDS 
may develop in patients at risk during resolution of neutropenia [122]. (g) Signs of 
neutrophil activation and/or activation/desensitization may be demonstrated in 
PMNs isolated from patients with established ARDS [123-125]. 

Meningitis is an additional frequent concomitant of sepsis, especially in the pediat
ric patient. Most commonly, bacterial meningitis is the result of hematogenous disse
mination of microorganisms from a distant site. Activated complement component 
C5a probably accounts at least in part for the chemotactic activity resulting in PMN 
accumulation in the cerebrospinal fluid (CSF) [126]. Neutrophils enter the CSF via 
the choroid plexus, are flushed over the convexities, and may become entrapped 
within fibrin strands in the arachnoid villi and block the flow ofCSF. The pathologic 
hallmark of acute bacterial meningitis is a neutrophil inflammatory exudate within 
the subarachnoid space [127, 128]. Venous and arterial vasculitis, secondary to PMN 
infiltration, is characteristic in meningitis and may result in capillary leak, breakdown 
of blood-brain barrier and vasogenic cerebral edema or thrombosis. Neutrophil 
phagocytosis appears to be impaired, perhaps because of inefficient opsonization 
[129]- PMN neutral proteases, for example, have been postulated to degrade comple
ment [130]. As noted in Table 2, each of the auto injury components mediated by 
infiltrating PMNs may potentiate meningitis-associated increased intracranial pres
sure. 

Disseminated intravascular coagulation (DIC) may be considered as a host 
autoinjury in sepsis. Coagulation becomes chaotic, clotting factors are consumed, 
thrombosis may occur and microangiopathic hemolysis reduces oxygen-carrying ca
pacity. Released leukocyte elastase may lead to nonspecific activation of the coagu
lation scheme to initiate and/or potentiate this problem [131, 132]. 

Diffuse capillary leak of resuscitation fluids represents a common clinical feature 
of severe septic shock. Transcapillary loss of albumin may increase by more than 
threefold in septic patients, resulting in a peripheral edema colloid osmotic pressure 
that is nearly twice normal [133, 134]. Sepsis-associated blood-brain barrier capillary 
leak may result in cerebral edema and an increased transport of aromatic amino acids, 
both of which may contribute to septic encephalopathy [135]. 

Table 2. Neutrophil mediation in meningitis-associated increased intracranial pressure 

Cause 

PMN entrapment in arachnoid villi 

'PMN-mediated endothelial injury, 
increased capillary leak (vasculitis) a 

PMN-mediated neuronal and glial injury 

Effect 

Interstitial cerebral edema (hydrocephalus) 

Vasogenic cerebral edema 

Cytotoxic cerebral edema 

a Lysosomal enzyme release, toxic oxygen species production, arachidonic acid metabolic syn
thesis. 
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Structural alteration of fibronectin may play an integral role in sepsis-induced 
capillary leak. Fibronectin is a ubiquitous, rapid turnover, extracellular glycoprotein 
with two primary functions: (a) circulating fibronectin appears to function as a 
nonspecific opsonin and (b) insoluble fibronectin is a principal component of extracel
lular matrix, including basement membrane [136, 137]. Decreased plasma fibronectin 
levels are frequently observed in septic patients and may be associated with impaired 
reticuloendothelial function [138, 139]. Proteases released after neutrophil activation 
can result in fragmentation of tissue fibronectin [140], endothelial disadhesion [141], 
and resultant altered vascular permeability [142]. Alteration of tissue fibronectin by 
PMN proteases may serve as a neutrophil-mediated positive amplifier of the inflam
matory response. Namely, PMN proteases catalyze fragmentation of fibronectin, 
generating a more adhesive moiety, and induce increased expression of surface immu
noreactive fibronectin on endothelial cells. Both effects augment neutrophil aggrega
tion and adherence [143]. 

Leukocytes other than neutrophils also contribute to host autoinjury during 
sepsis. Endotoxin-stimulated macrophages produce a monokine, cachectin, that ap
pears to be capable of inducing many of the presumed deleterious effects of endotoxin 
[144,145]. Synthesized as an inactive prohormone, cachectin is cleaved at several sites 
to yield the active polypeptide. Some mRNA sequence homology is apparent when 
comparing cachectin to other inflammatory mediators such as lymphotoxin, IL-1, 
granulocyte-macrophage colony-stimulating factor, and interferons. Purified cachec
tin has a molecular weight of 17 kd. Within minutes after intravenous administration 
of endotoxin, cachectin can be detected. After reaching maximum concentration 2 h 
after endotoxin, levels of cachectin decline with an approximate half-life of 6 min. In 
animal models, mg/kg quantities of cachectin representing 1 % - 2% of the total 
macrophage secretory protein may be produced following a lethal dose of endotoxin. 
Several of the myriad effects of recombinant cachectin operative in sepsis are the 
following: 

Lethargy, fever 
Hypotension 
Metabolic acidosis 
Shock, hemoconcentration, 
Respiratory arrest, death 
Hyperglycemia, hyperkalemia 

Diffuse pulmonary inflammation/hemorrhage 
Acute renal tubular necrosis 
Diarrhea 
Intestinal ischemia/hemorrhage 
Inhibition of lipoprotein lipase 
Activation of PMN adherence/phagocytosis 

Stimulation of PMN adherence [146] and phagocytosis [147] by cachectin represents 
another example of inflammation amplification that may be operative in sepsis. Note 
that passive immunization against cachectin in an animal model protects against the 
lethal effect of endotoxin [148]. 

A final example of leukocyte-mediated host autoinjury in sepsis concerns effects 
on metabolism - the so-called autocannibalism phenomena. Accelerated catabolism 
of skeletal-muscle protein that accompanies sepsis has been ascribed to IL-1, the 
15-kd polypeptide produced primarily by macrophages and other phagocytes. A 
glycopeptide cleavage product of this parent peptide, termed proteolysis-inducing 
factor (4 kd), induces muscle proteolysis [149] and hepatic synthesis of particular 
proteins [150,151]. This action ofIL-l is mediated via synthesis of prostaglandin E2 , 

which in turn activates a lysosomal thiol protease [149]. That IL-1 induces accelerated 
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Fig.3. Involvement of interleukin 1 in various aspects of the sepsis syndrome Note that lym
phocytes can also produce this cytokine 

amino acid release from muscle, net negative nitrogen balance, and myalgias during 
sepsis is certainly consistent with the host autoinjury concept. However, this may be 
a shallow viewpoint, as these amino acids are not merely excreted but utilized by the 
liver for de novo synthesis of acute-phase reactants such as haptoglobin, certain 
protease inhibitors, complement components, ceruloplasmin, fibrinogen, amyloid A 
protein, and C-reactive protein [10]. These acute-phase proteins augment host de
fenses during the septic episode. Additional involvement of IL-l during sepsis is dis
played in Fig. 3 [11]. Note that IL-l activation ofPMNs may elicit not only microbial 
toxicity but, as noted earlier, inflammation-related host injury as well [152, 153]. 

Conclusion 

This discussion has attempted to highlight the dual nature of leukocytes with regard 
to sepsis and its sequelae. Although it is clear that host immunity can be severely 
impaired by a variety of inborn and acquired leukocyte deficits, it is also apparent that 
a vigorous leukocyte-mediated immune response may decimate the host as well as the 
invading microbe. Although bacteremia involves circulating microorganisms and 
their constituents, sepsis and particularly septic shock reflect the explosive host-
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inflammatory response. Mortality for septic shock has changed little since the advent 
of antimicrobials [2]. Use of specific antibody directed against bacterial cell wall 
endotoxins [154] may help decrease the triggering events in sepsis, but it is likely that 
future therapy designed to modulate leukocyte metabolism in some reversible and 
titratable fashion will hold the key to improved outcome for this common malady of 
modern critical care medicine. 
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