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1. Introduction 

In the course of evolution nature has provided the normal human 
individual with an impressive and effective defense system against microbial 
enemies that eclipses even Star Wars, arguably the most advanced and 
ingenious defense program ever designed by human beings. On its own, 
the normal defense system recognizes foreign invaders, alerts the relevant 
protective mechanisms, launches counterattacks, ceases hostilities as soon as 
the job is done, and clears up the battlefield, causing only negligible collateral 
damage. An intact system offers protection against most microbial aggressors 
through a complex interrelationship of protecting surfaces, cells, and soluble 
factors. 

Optimal nutritional status and normal organ function form the basis of 
resistance to potentially dangerous microorganisms; therefore, it is somewhat 
artificial to further delineate the separate lines of defense [I] because all 
components are more or less dependent upon each other in attaining 
maximum efficacy. For instance, the skin and mucosal membranes are 
ranked amongst the first line of defense but they can only exert optimal 
activity in conjunction with the immunoglobulin (Ig) A and other secretory 
substances. Moreover, the surfaces of the human body exhibit a clear propen- 
sity to interact with colonizing microorganisms. The so-called commensal 
resident flora are normally avirulent, do not cause infection, and protect 
against more aggressive pathogens by competing for binding sites on the 
surfaces and for the available nutrients. Therefore, white blood cells (granulo- 
cytes, macrophages, and lymphocytes), platelets, soluble factors of the 
immunoglobulins, complement, lymphokines, and other cytokines, as well 
as the physical barriers, have to be considered as integral and virtually 
indispensable components of a unitary defense system (Figure 1). Given its 
complexity, it is not surprising that such a finely tuned system is subject 
to profound perturbation by therapeutic manipulation and hematologic 
malignancies. 

Any qualitative or quantitative defect in one of the components of the 
human defense system may predispose to infection, which remains a major 
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Figure I. Normal defense systems. 

cause of morbidity and mortality among patients undergoing treatment for 
malignancy. However, isolated deficiencies are rarely encountered because 
malfunction of one part of the system exerts an impact on several other parts. 
Moreover, therapeutic interventions and the underlying disease conspire 
to afflict a range of defense mechanisms. The effects of the various different 
noxious events that occur while treating malignancy differ in severity as well 
as in primary targets (Figure 2). To complicate things further, hazardous 
events do not remain static but rather exert their impact dynamically as the 
degree of disturbance varies with time during or after a course of treatment 
(Figure 3). 

The human defense system is capable of coping with a tremendous number 
of insults before it finally begins to show the first signs of surrender. It should 
therefore be obvious to physicians that their activities put the entire defense 
system of patients at considerable risk. At the very least the patient should 
receive proper instruction on the prevention of infection and optimal hygiene 
should be maintained at all times. Physicians also have to select the most 
appropriate treatment regimen, thereby avoiding potentially dangerous medi- 
cations, and to limit invasive procedures to those that are absolutely war- 
ranted. This complex interaction between host defenses and therapeutic 
modalities has a profound effect on patient outcome. 
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Figure 2. Factors influencing the human defense systems. 

2. Basic clinical condition and organ function 

2.1 Nutritional status 

Weight loss correlates inversely with survival in patients with cancer. This 
occurs whether or not intensive treatment is given because the integrity of host 
defenses can be endangered by the catabolic state induced by cachexia and 
malnutrition, resulting in a quantitatively deficient intake of calories and pro- 
tein, with insufficient vitamin levels and trace metal concentrations [2,3]. 
Cachexia will be exacerbated by anorexia, chemotherapy-induced nausea and 
vomiting, gastrointestinal obstructions, and metabolic derangements. The final 
extent of the damage to the defense system depends upon the degree of 
cachexia and malnutrition. This may result in delayed wound healing, mucosal 
atrophy with a decrease in the secretions of lysozyme and secretory IgA, as 
well as impairment of both the classical and alternative complement pathways. 
A deficiency of vitamin A may also have a detrimental effect on the cellular 
immune system [4]. 

Furthermore, deficiencies of trace elements may undermine host defense in 
compromised patients. Zinc deficiency, as has been observed during total 
parenteral nutrition, generates a disturbed function of phagocytes and T cells, 
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Figzlr-e 3. Evolution of impairment of defense systems after treatment for malignancy. 

which can be neutralized by the addition of this mineral [5].  The in vitro 
microbicidal capacity of neutrophils and T-lymphocyte function are reduced in 
patients with iron deficiency, but it is uncertain whether this has any clinical 
significance. On the hand, it is well known that iron overload, a conceivable 
consequence of multiple blood transfusions, may lead to an increased suscep- 
tibility to infection, which is possibly related to a direct interaction between 
the iron available and the fungus Mucor. A phosphate deficit, which may occur 
during episodes of starvation and insufficient parenteral nutrition, is associ- 
ated with a decrease in the chemotactic, phagocytic, and microbicidal func- 
tions of granulocytes in vitro, and clinically with bacterial and fungal infections 
[61. 

In elderly patients, the atrophy and dryness of the skin and mucosal mem- 
branes that occurs with age may lead to an increased susceptibility to infec- 
tions. In addition, the primary and secondary humoral responses, as well as the 
oxidative metabolism of neutrophils and T-cell functions, decline with age, but 
the exact role of these regularly found abnormalities with regard to suscepti- 
bility to infection is unclear [7]. 

Concomitant chronic illnesses enhance the risk of infection in many pa- 
tients. Even mild graft-versus-host disease is deleterious to the integument [8], 
and patients with a pre-existing immune disturbance, such as HIV infection or 



a congenital immunodeficiency syndrome, are placed in double jeopardy. 
Much more common, however, is the detrimental effects of smoking, par- 
ticularly in patients with primary lung tumors, due to colonization of their 
airways with virulent microorganisms and impaired clearance of secretions 
PI. 

Patients with poorly controlled diabetes mellitus are more likely to develop 
wound infections after all kinds of skin penetrations, and they frequently 
suffer from concurrent vascular disease and neuropathy. High concentrations 
of glucose in the urine and oral secretions promotes colonization by Candida 
species and other pathogens [lo]. Diabetes mellitus has been associated 
with notorious infections, such as rhinocerebral mucormycosis and malignant 
external otitis [Ill, which is not difficult to explain in view of several other 
aberrations that are associated with diabetes, such as impaired opsonization 
and decreased chemotactic activity of granulocytes and monocytes. Reduction 
of phagocytic adherence and defective phagocytosis, as well as bactericidal 
function of granulocytes, have been shown during episodes with high glucose 
concentrations and a low pH, putatively due to an impaired glucose metabo- 
lism of the phagocytes. A remarkable observation in this context is the relation 
between myeloperoxidase deficiency and serious fungal infections in patients 
with diabetes [12]. 

2.2 Physiological and psychological status 

Psychological stress is thought to suppress host defense mechanisms. This 
general assumption has been corroborated by the observations that psycho- 
logical stress has a negative influence on the function of T cells and NK cells. 
Indeed, stress appears to be connected with an increased risk of acute viral 
respiratory illness, a risk that is related to the amount of stress. This is most 
likely mediated by endogenous opioids, hormones from the hypothalamic- 
pituitary-adrenal axis, catecholamines, and cytokines [13]. 

Tumors themselves may also predispose to infection by local organ dysfunc- 
tion. In patients with solid tumors, obstruction of natural passages can lead 
to inadequate drainage of secretory or excretory fluids from nasal sinuses, 
bronchi, and bile ducts. Furthermore, tissue invasion may create connections 
between normally sterile spaces and the environment through disruption of 
epithelial surfaces. Examples include perforation of the esophagus by medias- 
tinal tumors, invasive gynecological malignancies with local pelvic abscesses 
caused by gram-negative rods and anaerobes, skin ulcerations with cellulitis 
and deep soft-tissue infections, and invasion of the bowel wall by tumors of 
the lower gastrointestinal tract, resulting in bacteremia. Localizations in 
the central nervous system, spinal cord compression, and paraneoplastic 
neuropathy are associated with an increased risk of infection due to lethargy 
and, for instance, a diminished ability to cough and swallow, and incomplete 
emptying of the bladder [9]. 

Of course, hematologic malignancies are notorious for infectious com- 



plications because the neoplasm resides within the immune system itself and 
interferes directly and indirectly with its function. In patients undergoing 
splenectomy, the risk that they will develop overwhelming sepsis at some time 
during their life is approximately 5 % .  Encapsulated bacteria such as Strepto- 
coccus pneumoniae and Haemophilus in.uenzne are the prevalent pathogens, 
but Neisseria meningitidis and staphylococci are occasionally encountered 
[14]. Several factors might explain this well-established increased susceptibil- 
ity to microbial infection. Encapsulated bacteria are able to elude phago- 
cytosis because specific opsonizing antibodies are necessary for efficient 
phagocytosis. Furthermore, a reduced level of the complement factor proper- 
din, which may lead to suboptimal opsonization, and a decrease in functional 
tuftsin have both been demonstrated after splenectomy [I]. The spleen is the 
principal organ for eliminating particles that are not opsonized, and it is left to 
the macrophages that occupy strategic positions within the organ to remove 
them. 

The primary immunoglobulin response also takes places in the spleen, and 
low levels of circulating IgM have been observed after splenectomy in chil- 
dren. Because of the risk of pneumococcal infection after splenectomy, immu- 
nization with a polyvalent pneumococcal vaccine is recommended, preferably 
prior to splenectomy to ensure a better immune response during later life. 
However, the protection from vaccination is probably limited to several years, 
and, although vaccination has been shown to be effective, infection still may 
occur [15]. Therefore, for children it is recommended that vaccination be 
supplemented by antibiotic prophylaxis. In splenectomized adults suffering 
from a hematologic malignancy, patient-initiated treatment with oral 
amoxicillin at the onset of fever should be considered because the response 
to vaccines is usually suboptimal in patients with pre-existing immune 
deficiencies. 

3. Integument and commensal microflora 

The integument comprises the skin, respiratory tract - including the nasal 
cavity, ears, and conjunctiva - the alimentary tract, and the genitourinary 
tract (Figure 4) and provides the first line of defense against microbial inva- 
sion. In physical terms the only difference between the skin and the other parts 
of the integument is that it is dry, whereas the others are bathed in mucins and 
therefore continually moist. Thus, while both surfaces are normally colonized 
with a variety of microorganisms, including many different genera of bacteria 
and yeasts, the range and number of species and the biomass associated with 
mucosal surfaces is much greater than those of the skin. However, the resident 
microbial flora of each surface play an integral role in helping maintain the 
function and integrity of these first lines of defense. Moreover, when intact and 
healthy, both the mucosa and skin are capable of resisting colonization with 
foreign or allochthonous organisms found in the immediate environment and 
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Figure 4. Body surfaces and their resident microbial flora. The integument comprises the skin, 
respiratory tract - including the nasal cavity, ears, and conjunctiva - the alimentary tract, and 
the genitourinary tract. and provides the first line of defense against microbial invasion. These 
body surfaces are normally colonized with a variety of microorganisms, including many different 
genera of bacteria and yeasts, but the range. number of species, and microbial biomass associated 
with the mucosal surfaces of the alimentary tract far exceed those of the skin. 

maintaining an ecological balance within the indigenous microbial flora as a 
result of intimate host-parasite interactions. 

3.1 Skin 

The skin of an adult has an estimated surface area of 1.5-2.3m2and possesses 
features that are inimical to microbial invasion, provided it remains healthy 
and intact. The cells are composed of keratin and resemble loose paving 
stones. They are joined together by desmosomes and are continually sloughed 
off during desquamation so that adherent bacteria are also lost. This rapid 
cell turnover occurs every 2 weeks and helps to limit the opportunities 
for transient organisms to establish residence. Resident flora also have to 
continually re-establish themselves and do so because they are able to attach 
quickly. 

In ecological terms, the skin presents an arid milieu even though its humid- 
ity exceeds 90% because there is, in biological terms, very little water available 
for microorganisms due to the production of sebum, which is composed of 
lipids including triglycerides, long chain fatty acids, wax, and cholesterol 
esters, squalene, and other lipophilic substances. This oily, parched environ- 
ment is particularly hostile to the establishment of microbial settlements 
involving gram-negative bacteria, which are vulnerable to desiccation and 
require an aqueous environment for survival. Moreover, only those micro- 
organisms that elaborate lipases are capable of acquiring carbon from these 



Table I .  Microbial residents of the normal skin 
- - -- 

Major group Genus Opportunistic pathogens 

Gram-positive cocci 

Gram-positive bacilli 

Yeasts 

Staphylococcus spp. S. epidermidis 
Micrococclls spp. 
Corynebncterium spp. C. jeikeium 
Brevibacterizlnz spp. 
Propionibncreriz~nr spp. 
Acinetobacter spp. A.  baumnnii 
Pity rosporum spp. 
Cnndidn spp. C. parapsilosis 

lipids. The skin also forms an acid mantle, having a pH of 5.0-6.0, and its 
surface temperature is, on average, about 5°C lower than that of the core body 
temperature. Sweat and transepidermal water loss introduce water to the 
surface of the skin, which contains a range of potential carbon and nitrogen 
sources, including lactate and pyruvate, glucose, amino acids, creatinine, urea, 
and urocanic acid. 

However, the resident flora modulate the microecology of the skin by 
releasing fatty acids, such as oleic, stearic, and palmitic acids, from the seba- 
ceous secretions, as well as short-chain lactic and propionic acids, resulting in 
a hydrophobic, acid milieu, which counterbalances the nutrient potential 
of sweat. IgA is also secreted in sweat. Thus the range of organisms that are 
able to reside on the skin is strictly limited to a few, mainly gram-positive 
bacteria, such as various members of the coagulase-negative staphylococci, 
particularly Staphylococcus epidermidis, Corynebacterium jeikeium and other 
coryneforms, Propionibacterium spp., and certain yeasts (e.g ., Pity rosporum 
spp.) that can withstand these hostile conditions and compete successfully for 
binding sites and nutrients to establish a permanent and intimate attachment 
to the epidermis [16]. 

Many of the resident bacteria also elaborate toxins that inhibit other closely 
related microorganisms, allowing individual species to retain their foothold 
and consolidate their territory. Resident species also grow as biofilms, which 
consist of microcolonies enmeshed in a glycocalyx, rather than the planktonic 
growth found in laboratory cultures. Thus each microbial consortium pos- 
sesses a boundary and exists as a distinct unit separate from its neighbors, 
rather like the various plants found in a garden. 

3.2 Erosion of the skin integument 

The effectiveness of the skin as a defense barrier can be eroded in a variety of 
ways. Topical antibiotics and those secreted in sweat will disturb the balance 
within the resident commensal flora, leaving the surface vulnerable to coloni- 
zation by exogenous potential pathogens such as the gram-negative bacteria. 
Antibiotics will also exert selective pressure on the resident flora, causing 



resistance to emerge, as has been observed during treatment with 
ciprofloxacin because the drug is secreted with sweat [17]. Chemotherapy and 
irradiation can bring about radical changes in the normal skin by interrupting 
normal cell replacement, resulting in hair loss, dryness, and loss of sweat 
production. In addition, steroids also can exert a profound effect on sebum 
secretions. When the skin is broken, the release of fibronectin is thought to 
assist colonization with Staphylococcus aureus, and other changes facilitate 
colonization with gram-negative bacilli such as Acinetobacter baumanii and 
enterobacteria. Cutaneous infection results from the loss of integrity and 
reduced local immunity of the skin as well as disturbances within the resident 
flora. Abraded skin and the associated exudates and minor breaches in the 
integument can lead to local infection as well as provide a reservoir that assists 
further spread to other body surfaces, including the oral cavity. When the 
balance is lost between the host defenses and resident commensal flora around 
the hair follicles, they can become inflamed and necrotic, forming a potential 
nidus of infection. 

3.3 Impact of  intravenous catheters o n  the integrity of  the skin 

Cutaneous infections in the immunocompromised patient can also develop 
from needle punctures, but the insertion of catheters provides the single most 
effective means of breaching the natural protective barrier of the skin and 
creating access for microorganisms to both the stratum corneum and the 
bloodstream. Intravenous catheters are often essential for the successful man- 
agement of immunocompromised patients because they provide ready and 
safe access to the bloodstream with minimal trauma and discomfort. With 
good technique, the complications resulting from inserting indwelling 
catheters, such as the Hickman device, are minimal. However, the devices 
frequently become colonized with organisms that have a predilection for 
hydrophobic surfaces and a proclivity to form biofilms. Indeed, intraluminal 
colonization by coagulase-negative staphylococci may be unavoidable because 
these organisms can be recovered from almost all devices [18,19]. These 
staphylococci are commonly resistant to tobramycin, trimethoprim, and 
methicillin, and may also be resistant to ciprofloxacin [20]. 

Unless the catheter ends in an implanted port, skin commensals have open 
access directly into the bloodstream depending upon how frequently it is used 
[21]. This is thought to be the common route of infection by other, normally 
minor, residents of the skin flora such as Corynebacteriurn urealyticurn that are 
given a selective advantage by antimicrobial agents [22]. Unusual saprophytic 
bacteria, such as Comonzonas acidovorans [23], Ochrobactrum anthropi, and 
Agrobacteriurn spp. [24], as well as the more common and familiar species of 
gram-negative bacilli, including Pseudomonas aeruginosa, that are found in 
aqueous environments, also gain access this way and have the ability to attach 
to the silicone used to make catheters and to grow in biofilms, producing 
copious amounts of slime. Moreover, when such organisms colonize the 



device, antibiotic treatment rarely achieves a complete cure, necessitating 
removal of the catheter. 

Infections related to the external surface of the catheter, particularly 
exit-site infections and tunnel infections, occur much less frequently than 
does intraluminal colonization and tend to involve other resident gram- 
positive bacteria, including Corynebacterium jeikeium and Stomatococcus 
mucilaginosus, and occasionally some gram-negative bacilli (Acinetobacter 
spp. and Stenotrophornonas (Xanthomonas) maltophilia), which have estab- 
lished colonization beforehand. The catheter is also a portal of entry for fungi, 
including Candida parapsilosis [25] and other Candida [26,27] and for molds 
such as Aspergillus and Mucor. 

Infections associated with intravenous catheters more often represent colo- 
nization of the lumen, which gives rise to bacteremia. While many, if not most, 
cases of intraluminal colonization do not represent a threat to the patient, 
metastatic infection can occur when S. aureus, Candida spp., and gram- 
negative bacilli are involved. Persistent colonization with coagulase-negative 
staphylococci or Corynebacterium jeikeium often leads to repeated episodes of 
bacteremia, which may only be noticed when the patient experiences shaking 
chills, tachycardia, hypotension, and peripheral cyanosis after the line is ma- 
nipulated, the classic manifestations of intraluminal colonization. Coloniza- 
tion of the external surface of a catheter may lead to infection of the 
catheter-tissue interface at the exit site, which occasionally extends along the 
track, causing cellulitis when a tunneled device such as the Hickman catheter 
is involved or phlebitis. 

4. Upper respiratory, alimentary, and genitourinary tracts 

The surface area of the upper respiratory, alimentary, and genitourinary tracts 
available for microbial colonization is greater than that afforded by the skin 
because of the folds, crypts, and villi. The surfaces of each anatomical region 
are also very different, ranging from the hard enamel of the teeth to the 
microvilli of the bowel. Extreme changes in the local environment also occur, 
ranging from the neutrality of the mouth to the acidity of the stomach. More- 
over, both extremes of the alimentary tract are anaerobic and together contain 
approximately 10" microbial cells, representing some 700 different species. 
The relationship between these commensals and the host are both complex 
and poorly understood. Nevertheless, some generalizations are possible and 
useful in understanding how the mucosal surfaces play their part as a first line 
of defense. 

Two principal physical host factors influence the microbial ecology of the 
mucosal surfaces. Dilution of the inoculum is achieved by sneezing and cough- 
ing of microbes trapped in mucus, flushing of the mouth and esophagus by 
saliva, micturition, and peristalsis of the intestines. Acidity plays a crucial role 
both in disinfecting the stomach and in regulating the microbial milieu of the 



vagina. The upper respiratory, alimentary, and genitourinary tracts are essen- 
tially composed of epithelial cells interspersed by cells that produce the glyco- 
proteins known as mucins. These hydrophilic substances perform various 
functions, including lubrication, waterproofing, and sudden changes in osmotic 
pressure [28]. They also contain inhibitory substances, such as lactoferrin, 
lysozyme, and peroxidase, as well as secretory IgA. Mucins also appear to 
interfere with adherence of foreign bacteria to epithelial cells and prevent 
access of antigens to antibodies while allowing the biofilm or glycocalyx 
formed by resident bacteria to blend or fuse so that the bacteria can form a 
more intimate contact with the epithelial cells. 

The resident flora probably play a crucial role in maintaining the integrity 
of this part of the integument. They compete with one another for sites of 
attachment and nutrients as they continually modulate the microecology. 
Their activity is sometimes beneficial to the human host, such as the synthesis 
of vitamin B,,, but can also be harmful, as in the production of carcinogens 
from nitrates. On the whole, however, the microflora are commensals exhibit- 
ing stable symbiosis. The human host is probably immunologically tolerant to 
all members of resident flora because fewer than 50h of the genera have ever 
been implicated as opportunistic pathogens, even in the most profoundly 
immunosuppressed individuals. For example, even when translocation into 
the bloodstream occurs, the resident bacteria are poorly adapted to the envi- 
ronment within the body proper and only rarely establish an intracorporeal 
infective process. 

4.1 Resident microorganisms of the upper respiratory tract and oral cavity 

Although there are over 40 different bacterial species that reside on the 
epithelia of the upper respiratory tract and oral cavity, very few are capable of 
successful translocation into the bloodstream and fewer still of establishing 
disseminated infection (Table 2). In fact, during the course of a normal day, 
the acts of chewing and brushing the teeth may lead to transient bacteremia 
due to viridans streptococci; hence, their involvement in bacterial endo- 
carditis. Most of the species capable of causing infection do so only to a limited 
extent, and primarily in individuals with poor oral hygiene. 

4.2 Effect of chemotherapy and irradiation on the oral cavity 

Cytotoxic chemotherapy and irradiation interrupt cell division, leading to 
breakdown in the integrity of the oral mucosa. The production of saliva may 
also be impaired, leading to a dry mouth and, if mucin is produced, may be 
extremely viscous and difficult to either swallow or expectorate. Periodontal 
disease may be exacerbated and minor oral cuts and abrasions may become 
inflamed or ulcerated. The nonkeratinized surfaces of the mouth, including the 
dorsal surface of the tongue, the roof of the mouth, and the buccal mucosa, 
may become erythematous, inflamed, and edematous, limiting the intake of 



Table 2. Resident flora of the upper respiratory tract and oral cavity 

Major group Genus Opportunistic pathogens 

Gram-positive cocci Micrococcus spp. 
Staphylococcus spp. 
Stomatococczts spp. 
Streptococc~ls spp, nonhemolytic group 
Streptococc~is spp. viridans group 

Gram-positive bacilli Actinomyces spp. 
Arachnia spp. 
Bacillus spp. 
Bacterionema spp. 
Bifidobacterilrnz spp. 
Closrridiiim spp. 
Corynebacterium spp. 
Ezlbacterium spp. 
Lactobacillus spp. 
Propionibacteritolz spp. 
Rothia spp. 

Gram-negative cocci Moraxella spp. 
Neisseria spp. 
Veillonella spp. 

Gram-negative bacilli Actinobacill~ls spp. 
Capnocyrophaga spp. 
Eikonella spp. 
Fzisobacteriurn spp. 
Haernophilus spp. 
Leptotrichia spp. 
Prevotella spp. 
Selenomonas spp. 
Wolinella spp. 

Spirochetes Treponenza spp. 

Mycoplasma Mycoplasma spp. 

Yeasts Cnndidn spp. 

S. epidermidis 
S. nz ~~cilaginosus 
S. milleri 
S. oralis, S. nzitis 

A. israelii 

C. sporogenes 

A, actinornyceremcon~itans 
C. ochracea 
E. corrodens 
F. nucleatum 
H. parainfl~lenzae 
L. buccalis 
P. melanogeniczls 

M. salivarilim 

C. albicans 

both solids and liquids [29]. This phenomenon is now generally referred to 
as mucositis, although some prefer the older term, stomatitis. Thus, when 
mucositis is present, the mouth loses its normal ability to dilute foreign bacte- 
ria. Mucositis also occurs at the same time as other manifestations of toxicity, 
particularly bone marrow depletion and gut toxicity, manifested by nausea, 
vomiting, and diarrhea. Moreover, mucosal changes normally progress to a 
peak severity and coincide with the nadir of bone marrow aplasia and then 
begin to recover as hematopoiesis returns (Figure 5) [29-321. 

Exposing oral commensal flora to the antimicrobial agents used for pro- 
phylaxis and local antisepsis will inevitably select for more resistant species. 
Very susceptible bacteria, such as the oral Neisseria spp., will be suppressed 
by a wide range of antimicrobials, whereas others that are marginally 
susceptible to agents frequently used, such as co-trimoxazole, penicillin, and 
fiuoroquinolones, will thrive. This partly explains why the viridans strepto- 
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Figure 5. Mucositis. Mucositis and bone marrow aplasia, leading to profound neutropenia, are 
both manifestations of toxicity frequently occurring together with gut toxicity manifested by 
nausea, vomiting, and diarrhea. As with neutropenia, mucosal changes normally progress to a 
peak severity, which coincides with the nadir of bone marrow aplasia and then begins to recover 
as hematopoiesis returns. 

cocci have become one of the most frequent causes of bacteremia in 
neutropenic patients who have undergone cytostatic chemotherapy for leuke- 
mia or who have received a bone marrow transplant [33], although the chemo- 
therapeutic agents may be a more important factor, especially when it induces 
severe mucosal damage [34]. One particular viridans streptococcus species, 
Streptococc~is mitis, many of which are actually S. oralis (formerly S. sanguis 
11) [35], is causing concern because its appearance in the bloodstream follow- 
ing treatment with high-dose cytarabine is associated with the sepsis syndrome 
and the adult respiratory distress syndrome (ARDS). 

Bacteremia due to other unusual oral commensals, such as Stomatococcus 
mucilaginosus, Capnocytophaga spp,, and Leptotrichia buccalis, are likely to 
be selected for by quinolones because they are also only marginally suscep- 
tible. In addition, gingivitis as the source of bacteremia due to S. epidermidis 
has been reported [36]. Similar risk factors are associated with the de- 
velopment of bacteremia following chemotherapy due to members of the 



Streptococcus milleri group [37]. The chlorhexidine mouthwashes used to 
minimize infective complications arising from the oral toxicity induced by 
chemotherapy also influence the microflora [30,38,39]. The oral flora may also 
change as a direct result of chemotherapy [40], and it is likely that more 
intensive conditioning regimens will aggravate mucositis, leading to a 
commensurate increase in the number of unusual bacteria. 

Use of the growth factors, granulocyte-colony stimulating factor (G-CSF) 
and granulocyte macrophage-colony stimulating factor (GM-CSF) [41,42] 
does not appear to have any influence on mucositis [43]. Therefore, 
neutropenic patients will continue to experience varying degrees of mucosal 
damage depending upon the nature of their therapy because some chemo- 
therapeutic agents (e.g., methotrexate, high doses of cytarabine and 
melphalan) produce extensive damage, often with the production of thick 
mucus [44,45]. Mucositis can also be particularly severe when anthracyclines 
are combined with total body irradiation and cyclophosphamide to condition 
patients for an allogeneic transplant [46]. Fortunately, the morbidity associ- 
ated with gram-positive infections is usually mild and the attributable mortal- 
ity is negligible [47-521. 

The lung appears to be particularly vulnerable to damage by cytotoxic 
chemotherapy and irradiation, and is exquisitely susceptible to infection. 
Immunopathological reactions mediated by the pulmonary macrophages 
that survive chemotherapy can lead to various other syndromes, including 
respiratory distress. Pulmonary hemorrhage as a result of profound 
thrombocytopenia further imperils the lung, increasing the risk of infection. 
However, the risk of invasion and dissemination is high when the integrity of 
the mucosa is impaired and the ecology of resident flora is disturbed, and an 
exogenous microorganism such as a gram-negative bacillus or other potential 
pathogen establishes colonization. Resident flora such as Candida spp. can 
result in superficial infection, often as a consequence of reactivation of herpes 
simplex virus [53,54]. Clinically, the presence of pseudomembranes over the 
ulcerated tissue can initiate local invasion and progressive spread to the 
esophagus and gastrointestinal tract, resulting in disseminated candidiasis. 
Aspiration and inhalation of spores and hyphal elements of Aspergillus spp. 
and other molds permits colonization of the sinuses and bronchial tree, which 
may extend into the alveolar spaces, resulting in invasive disease that is often 
fatal. 

5. Microflora of the intestinal tract 

The alimentary tract is the major reservoir of gram-negative bacilli, which are 
either endogenous (e.g., Escherichia coli) or have been acquired by ingestion 
(e.g., Klebsiella pneumoniae and Pseudomonas aeruginosa) [55-571. Normally, 
the alimentary tract flora contains in excess of 1014 microorganisms, amounting 
to several grams, but only very few species are capable of establishing infec- 



Table 3. Resident flora of the lower alimentary tract 

Major group Genus Opportunistic pathogens 

Gram-negative anaerobic bacilli 

Gram-negative facultatively 
anaerobic bacilli 

Gram-positive facultatively 
anaerobic bacilli 

Gram-positive anaerobic bacilli 

Gram-positive facultatively 
anaerobic cocci 

Gram-positive anaerobic cocci 

Gram-positive anaerobic cocci 

Yeasts 

Bacteroides spp. 
Desr-llfomonas spp. 
Leptotrichia spp. 
Fusobacterium spp. 
Butyrvibrio spp. 
Sucinimonas spp. 
Vibrio spp. 

Escherichia spp. 
Citrobacter spp. 
Klebsiella spp. 
Enterobncter spp. 
Morgnnella spp. 
Proteus spp. 

Lnctobacillus spp. 

BGdobacteriurn spp. 
Clostridiurn spp. 
ELL bacterium spp. 
Lachnospira spp. 
Propionibacterium spp. 

Enterococcus spp. 
Staphylococcus spp. 
Streptococcus spp. 

Peptococcus spp. 
Peptostreptococcus spp. 
Acidaminococcus spp. 
Megasphaera spp. 

Rurninococcus spp. 
Sarcina spp. 
Veillonella spp. 
Coprococcus spp. 
Gemella spp. 

Candicln spp. 

B. fragilis 

L.  biiccalis 
F, nucleatum 

E. coli 
C. freundii 
K. pneumoniae 
E, cloacae 
M. rnorgnnii 
P. rnirabilis 

C, tertiurn, C. dificile, 
C. sporogenes 

P. acne 

E. faecalis, E. faecium 
S. epidermidis 
S. rnilleri, S. rnitis, S. oralis, 

S, hovis 

C. nlbicnns, C. glabrntn, C. krusei, 
C. lusitnnia 

tion, even in the most profoundly immunosuppressed patient. Most 
of the microbial flora is densely distributed around the surfaces of the oral 
cavity and the large bowel, where scores of different microorganisms, 
including spirochetes, spore formers, bacilli, and cocci, compete for the 
available surfaces and nutrients. Anaerobes predominate and play a crucial 
role in maintaining a healthy commensal flora, preventing the establishment 
of exogenous or allochthonous organisms, which is known as colonization 
resistance [58,59]. The integrity of the mucosa, the production of saliva and 
mucus, peristalsis, gastric pH, bile acids, digestive enzymes, and the levels 
of secretory IgA also play an important role in maintaining colonization 
resistance [60]. 



5.1 Impact o f  antimicrobial agents on  colonization resistance 
o f  the alimentary tract 

Exposure to antimicrobial agents is one of the most effective means for de- 
stroying colonization resistance, as is manifest by fungal overgrowth, and 
increases in the enterococcal populations [61-631. The most likely contributors 
to colonization resistance, the gram-positive nonsporing, lactic acid-producing 
bacilli, particularly bifidobacteria, are particularly susceptible to antibiotics 
known to impair colonization resistance, including the penicillins, rifamycin, 
clindamycin, erythromycin, bacitracin, and vancomycin [60,64-681. Some 
cephalosporins are also detrimental to colonization resistance, whereas 
other (3-lactams (e.g., meropenem) and the quinolones have been declared 
"friendly" [61,68-73). Some drugs such as aztreonam and imipenem only 
appear "friendly" because they are inactivated by feces [63,74], whereas under 
the circumstance of diarrhea, parenteral feeding, and gut toxicity, normal stool 
is no longer produced so these agents may remain sufficiently active to destroy 
what remains of the colonization resistance. Initially co-trimoxazole was 
thought to be neutral [60,68,75-791, but recent evidence suggests otherwise 
[80]. Individual antibiotics that appear to spare colonization resistance, such as 
ceftazidime and piperacillin, might have a marked impact when given in com- 
bination, leading to an increase in both Clostridium difficile as well as yeasts 
[81]. These bacteria can lead to enterocolitis, which responds to treatment with 
metronidazole or oral vancomycin, but the latter may select for resistant 
bacteria such as Enterococcus faecium and Lactobacill~ts rhamnosz~s [82]. The 
widespread use of fluoroquinolones for prophylaxis has led to the emergence 
of resistance among the Escherichia coli, which are indigenous to the bowel 
[83-861. 

5.2 Effect of chemotherapy and irradiation o n  the intestinal tract 

One of the most important consequence of the loss of colonization resistance 
is that cell surfaces become vacant, allowing some exogenous bacteria such as 
P. aeruginosn to establish residence, leading to chronic colonization, with the 
attendant risks of invasion and systemic dissemination. The ecology of the 
bowel flora is also altered markedly by diarrhea induced by treatment with 
certain chemotherapy [87], graft-versus-host disease [88], and total body irra- 
diation [89]. When severe chemotherapy-induced mucositis extends to the 
cecum, typhlitis or neutropenic enterocolitis, can occur and the recovery of 
Clostridium septicum from the blood confirms the diagnosis 1901. Gut perme- 
ability also increases following conditioning therapy for bone marrow trans- 
plant [91]. Agents used either for the treatment of neoplasms or supportive 
care may even exert an influence on gut and oral flora, either alone or in 
combination. 

Some chemotherapeutic agents have been shown to have antibacterial ac- 
tivity and even to enhance the effects of antimicrobial agents [92-971. The 



antifungal, miconazole, is also inhibitory to gram-positive bacteria [98]. Gut 
motility is reduced during parenteral nutrition due to the low amounts of fiber 
and reduced microbial biomass, which result in dilute feces. When the gut fails 
to function normally, the protective "anaerobic wallpaper" may still be intact 
but will be unusually fragile to the effect of antimicrobial agents. Thus, unless 
placed in a degree of isolation and supplied with Iow-microbial content diets, 
patients will be vulnerable to acquiring other gram-negative bacilli from the 
environment [55-571. 

6. Platelets 

The protective role of platelets [99] in normal individuals is often underesti- 
mated but becomes obvious during treatment for a malignant disease (see 
Figure 2). Thrombocytopenia is an almost inevitable repercussion of intensive 
chemotherapy and irradiation, but a decreased function of thrombocytes is a 
similar matter of concern. Such a thrombocytopathy is either disease related 
or caused by concurrent medication (Table 4). The consequences for both an 
increased susceptibility to infection and a decreased capacity to repair 
damaged tissues can be considerable and may have an impact on the eventual 
outcome of a treatment episode. Thrombocytopenia also appears to be an 
independent risk factor for bacteremia [loo], and the incidence of major 
hemorrhages at autopsy of patients who die with or from an infection is 
striking. 

7. Granulocytopenia 

Under normal circumstances the proliferation of neutrophil precursors is regu- 
lated by hematopoietic growth factors such as interleukin-3, GM-CSF, and 
G-CSF. Starting from a pluripotent stem cell, it takes approximately 6 days to 

Table 4. Causes and sequelae of thrombocytopenia and thrombocytopathy 

Causes of thrombocytopenia 
Disease related Leukemia and lymphoma, bone marrow metastasis 
Treatment related Chemotherapy, radiotherapy 

Causes of thrombocytopathy 
Disease related Leukemia and myeloma, renal insufficiency 
Treatment related Chemotherapy, (3-lactam antibiotics, antiinflammatory drugs, 

antihistamines, heparin 
Hazardous sequelae Hemorrhagic lesions facilitate growth of microorganisms 

and interfere with organ function 
Decrease of platelet-derived growth factor, epidermal cell 

growth factor, endothelial cell growth factor, fibronectin 
(diminished adhesion), P-selectin (diminished 
transmigration) 



form metamyelocytes by sequential divisions and another 6 days to mature into 
polymorphonuclear granulocytes [loll. Approximately 90% of the total popu- 
lation of neutrophils resides in the bone marrow, only to be released into the 
circulation upon an inflammatory stimulus. Neutrophils that enter the blood- 
stream are distributed over two compartments of equal size in dynamic equilib- 
rium: a free circulating pool of neutrophils and the marginating pool, consisting 
of neutrophils that adhere loosely to the vascular endothelium. The size of 
these respective pools is under the influence of several factors. 

Adherence of neutrophils to endothelial cells is mediated by a number of 
adhesion molecules on neutrophils, which are induced by factors such as 
complement factor C5a, which acts as a ligand. Likewise, there is a whole 
series of adhesion molecules on the endothelial cells themselves, with 
cytokines such as interleukin-1 and tumor necrosis factor-a being impor- 
tant inducers of these molecules [I]. Other inflammatory impulses and 
glucocorticosteroids are also potent inhibitors of margination. Circulating 
neutrophils disappear after approximately 6 hours in blood, whereas they 
survive 1-3 days in tissues. 

During an acute inflammatory reaction, an increase in neutrophils, some- 
times accompanied by eosinophils and followed by macrophages, can be seen 
at the site of inflammation. The formation of this inflammatory exudate is the 
result of activation of several humoral factors, such as cytokines, prostaglan- 
dins, and complement, which enhance the blood flow and increase vascular 
permeability. This occurs in conjunction with chemotactic activity, which 
results from other soluble factors, especially C5a, leukotriene B, interleukin-8, 
and bacterial products. In the peripheral blood, granulocytosis evolves as a 
consequence of the release of the marrow reserve and increased granulocyto- 
poiesis on stimulation by factors such as interleukin-1. However, the mere 
presence of granulocytes at the site of an infection is meaningless if they are 
not able to execute their normal functions. Phagocytosis, a Fc- and C3b recep- 
tor-mediated process with IgG1, IgG3, and C3b as ligands or opsonins, results 
in the uptake of particles larger than 1 pm via pseudopods until they enclose in 
a vacuole (phagosome). The rate of ingestion by neutrophils is impressive in 
comparison with that of other phagocytes. 

As soon as the particles, with or without opsonins, make contact with the 
cell membrane of a granulocyte, oxidases in the membrane are triggered to 
activate oxygen-dependent microbicidal mechanisms, and superoxide, hydro- 
gen peroxide, and hydroxyl radicals are formed. During and after ingestion, 
the lysosomes, which are microscopically visible as azurophilic granules, fuse 
with the phagosome and pour their digestive enzymes into the vacuole, 
a process known as degranulation. One of these lysosomal enzymes, 
myeloperoxidase, triggers the reaction of H,O, with chloride, which results in 
the formation of hypochlorite, a potent microbicidal product. Usually this 
operation of phagocytosis and intracellular killing of microorganisms is a 
suicidal act for the neutrophils, leaving the remainder for consumption and 
enzymatic digestion by the more powerful macrophages. However, even 



macrophages may require cooperation with products from activated T lym- 
phocytes for the optimal killing of some microorganisms. 

The proliferation and maturation of eosinophilic precursors is under the 
control of interleukin-3, GM-CSF, and interleukin-5, and has a time span 
similar to that of neutrophils [102], whereas survival in the tissues appears to 
be considerably longer. Eosinophils are able to kill several parasites, largely 
by means of an extracellular process mediated by IgE and, probably, 
complement. 

7.1 Impairment of granulocyte function 

Virtually all cytotoxic drugs used in the treatment of malignant diseases have 
a dose-dependent deleterious effect on the proliferation of normal hematopoi- 
etic progenitor cells, including those of the myeloid series. After destruction 
of the mitotic pool by one or more cytotoxic compounds and depletion of 
the marrow pool reserve, granulocytopenia with a duration of days or weeks 
will ensue, particularly in the treatment of hematologic malignancies and 
following bone marrow transplant conditioning regimens. Likewise, therapeu- 
tic radiation may induce a clinically significant granulocytopenia, depending 
on dose rate, total dose given, irradiated area of the body, and field size. Total 
body irradiation, as used in bone marrow transplant procedures, is the most 
illustrative of the potential deleterious effects of irradiation. However, 
both chemotherapeutic drugs and irradiation do not only inhibit the 
proliferating cell pool, they also interfere with nonproliferating cells and 
their function (see Figure 2). In granulocytes this may result in decreased 
chemotaxis, diminished phagocytotic capacity, and defective intracellular 
killing. Glucocorticosteroids seem to enhance granulocytopoiesis and mobilize 
the marginal as well as marrow pool reserve, but these supposedly positive 
effects on the granulocytes are counterbalanced by numerous disadvantages. 
Indeed, these drugs restrain the accumulation of neutrophils at the site of 
inflammation through impaired migration - probably due to reduced adher- 
ent capacity of the granulocytes - and diminished chemotactic activity. Fur- 
thermore, they negatively influence phagocytosis and intracellular killing by 
neutrophils in a dose-dependent fashion, and are associated with a reduction 
in the number of eosinophils in the blood. Finally, many other drugs, including 
antibiotics, that are regularly used in cancer patients are known to interfere 
with the production and function of granulocytes, which also may lead to an 
increased susceptibility to infection. 

Although they usually occur simultaneously, any substantial reduction of 
the number of granulocytes or qualitative defect in the phagocytic process can, 
in fact, make the patient prone to recurrent bacterial and fungal infections. 
Granulocytopenia is probably the paramount factor responsible for the 
increased frequency of infection in cancer patients because only one fifth of 
the febrile episodes occur when they are not granulocytopenic. It has been 
shown that an inverse correlation exists between the number of circulating 



neutrophils and lymphocytes, and the frequency of infection. Depending on 
the duration of neutropenia, the risk of a febrile episode varies between 
30% and 80%. In a study by Bodey and coworkers [103], all patients with a 
neutrophil count of less than 100 per yL for more than 3 weeks developed 
an infectious complication, and the risk for secondary infections increases 
proportionally with the duration of granulocytopenia. Moreover, infection- 
related mortality increased with the duration of hospitalization and the num- 
ber of days of granulocytopenia. 

7.2 Diagnostic consequences of granulocytopenia 

It may be difficult to establish an unequivocal diagnosis of infection because 
the inflammatory response in patients without properly functioning granulo- 
cytes is muted, thereby obscuring the classic signs and symptoms of infection 
[104]. Of the episodes of fever associated with granulocytopenia, a definite 
infectious etiology can be established in about a quarter of cases on the basis 
of microbiological confirmation. Local infections, if detected at all, are fre- 
quently complicated by bacteremia, which accounts for more than 90% of 
culture-documented infections in cancer patients [105,106]. Microorganisms 
that cause a local infection or that colonize damaged mucosa or skin can easily 
gain access to the bloodstream in the absence of granulocytes. Between 40% 
and 70% of patients who become febrile while granulocytopenic have unex- 
plained fevers, but nevertheless improve after treatment with broad-spectrum 
antibacterials, suggesting an occult bacterial source as the cause of fever. A 
small inoculum, sufficient to cause symptoms of infection in a patient with a 
defective defense mechanism, might be below the detection limit of standard 
blood culture techniques. Infectious complications usually arise insidiously in 
granulocytopenic patients with little or no inflammatory signs and without 
the formation of pus. Fever is often the only hallmark of a possible infection, 
but without prompt and appropriate treatment such infections may run a 
fulminant course in these patients (see Chapter 3). 

After bacteria, fungi are the next most common pathogens, especially 
in immunosuppressed patients who have prolonged and profound 
granulocytopenia. Autopsy evidence of significant fungal infections can be 
found in one half of these patients. Most of these infections are not diagnosed 
or treated antemortern, but they account for 20-30% of fatal infections in 
patients with acute leukemia [107-1091. Besides granulocytopenia, the use of 
pharmacological doses of corticosteroids and indwelling catheters may also 
foster the development of systemic fungal infection [I101 (see Chapter 6). 

8. Cellular immunity and cytokines 

Whereas humoral immunity is primarily responsible for clearing extracellular 
bacteria, the cellular immune system serves to eliminate intracellular patho- 



gens and virus-infected cells. Both antigen-specific and nonspecific cells 
contribute to the development of cellular immunity. Specific cells including 
T-helper (TH) and cytotoxic (T,) T cells and nonspecific cells include 
macrophages, neutrophils, and natural killer (NK) cells. 

Normal macrophages have a limited capacity for killing ingested micro- 
organisms, and various organisms (e.g., Toxoplasma gondii, Pneumocystis 
carinii, Cryptococcus spp., Listevia spp., Salmonella spp., and Legionella spp.) 
are capable of surviving and replicating within the cell, unless the macrophage 
becomes activated. The activation process is complex and is primarily under 
the control of cytokines. Interferon (1FN)-y, produced by NK cells and TH 
cells, is the most important player in the field, but the presence of tumor 
necrosis factor (TNF)-a is also required. The activated macrophage is charac- 
terized by morphological changes, expression of certain antigens, increased 
oxygen consumption, and a marked upregulation of both oxygen-dependent 
and nitric oxide-based microbicidal mechanisms, enabling the cell to kill intra- 
cellular pathogens. 

The antigen-specific branch of cell-mediated immunity can be divided into 
two major categories. One category involves cytotoxic effector cells, which 
are able to lyse virus-infected or foreign lymphocytes and macrophages. The 
second category involves various subpopulations of TI, cells that mediate 
delayed-type hypersensitivity reactions. These T cells can be activated follow- 
ing antigen recognition only when the antigen is displayed together with major 
histocompatibility complex (MHC) on the surface of specialized cells called 
antigen-presenting cells (APC). These antigen-presenting cells, mainly rnac- 
rophages and dendritic cells, phagocytose the microorganism and then express 
a part of the antigen on their membrane, enabling T,, cells to recognize 
the antigen (Figure 6). TNF-a and IL-12 are induced, and synergistically 
activate NK cells to produce 1FN-y. IFN-y serves to activate macrophage 
microbicidal systems, through induction of nitrate synthase and reactive 
oxygen metabolites. 

These new insights place greater stress on the pivotal role of the NK cell in 
the earliest phase of the immune response and imply that activation of rnac- 
rophages is not necessarily T-cell mediated. Rather, T cells become involved at 
a later stage in the process after an average of 24 hours following contact with 
the antigen. At the level of the so-called naive, uncommitted THO lymphocyte, 
IL-12 induces the maturation of THO cells to the T , ,  phenotype, which produces 
IL-2 and IFN-y. Under other circumstances, such as allergic reactions or 
infection with certain parasites, the naive THO cells differentiate into a TI,, 
subset, which produces an entirely different repertoire of cytokines specifically 
tailored to respond to the character of the insult. The TH, derived IL-2 func- 
tions in an autocrine manner to amplify the population of cytokine-producing 
T cells (see Figure 6). Moreover, IL-2 potentiates the effect of IL-12 and TNF- 
a in stimulating NK cells to produce IFN-y. Other cytokines that are produced 
by the activated TH, cell include IL-3 and GM-CSF, which stimulate the 
granulocyte-monocyte lineage. IFN-y and macrophage-derived IL-1 induce a 
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Figure 6. Development of cell-mediated immunity. (1) Microorganisms are phagocytosed by 
macrophages and antigen is presented. (2) Macrophages produce TNF-a and IL-12 to activate 
NK cells to produce IFN-g. (3) IFN-g activates microbicidal functions of macrophages. (4) IL-12 
also induces naive T-helper (THO) cells to differentiate into T,, cells, secreting IL-2 and IFN-g. 
(5) In an autocrine fashion, IL-2 stimulates T cells and also activates NK cells to produce IFN-g. 
(6) Macrophages begin to produce IL-10, which inhibits TNF-a, IL-12, and IFN-g production in 
order to terminate the process of the cellular immune response after several days. 

number of changes in nearby endothelial cells, facilitating extravasation of 
monocytes and other nonspecific inflammatory cells. Also, the expression of 
cellular adhesion molecules, including ICAM, VCAM, and ELAM, is 
increased, and IL-8 is secreted. Together, these reactions lead to an influx of 
neutrophils and monocytes to the site of infection. Somewhat later, with a 
peak occurring 24-48 hours after the infection, macrophages begin to produce 
IL-10, which acts as a negative feedback by inhibiting IFN-y production. This 
effect of IL-10 is accomplished by two mechanisms: inhibition of macrophage 
TNF-a and IL-12 production, and direct suppression of IFN-y production by 
NK cells. This downmodulation of the response occurs at the time that specific 
T cells begin to further modulate the cellular response to infection. 

The importance of cell-mediated immunity in protecting the host against 
various intracellular pathogens is evident from the opportunistic infections 
occurring in various groups of cancer patients. Patients treated with 
prednisone or other immunosuppressive agents that specifically affect cell- 
mediated responses may become unable to cope with intracellular pathogens 
such as Listeria rnonocytogenes, Pnet~mocystis carinii, or ToxopEasma gondii. 
The classic concept of Hodgkin's lymphoma is that of a disease associated with 



impaired cellular immunity, although delayed hypersensitivity responses are 
intact in the majority of untreated patients [lll]. No anergy has been found in 
patients with stage I disease, and the incidence of cellular immune defects 
increases with disease stage to affect only approximately 25% of patients with 
stage IV disease. The defect in T-cell-mediated immunity in patients with 
Hodgkin's disease is probably due to an excess of T suppressor cells, which 
leads to increased susceptibility to varicella-zoster virus (VZV) infections, 
tuberculosis, cryptococcosis and, in the United States, endemic mycoses such 
as histoplasmosis and coccidioidomycosis. Cytotoxic treatment of patients 
with lymphoma that leads to severe neutropenia may render these patients at 
risk for severe gram-negative and other fungal infections, thereby obscuring 
the classic association of both Hodgkin's and non-Hodgkin's lymphoma with 
defects in cellular immunity. 

Allogeneic bone marrow transplantation (BMT) brings about a long-lasting 
dysfunction of T and B cells, and the opportunistic infection due to these 
defects may become manifest long after transplantation and recovery from 
neutropenia. The most prominent example is VZV infection, which occurs in 
up to 50% of BMT recipients in some series. The median time of onset is 5 
months after transplant. The spectrum of the disease ranges from primary 
infection (varicella) to localized or often disseminated herpes zoster. Prophy- 
laxis with acyclovir is advocated in many centers for the first 9 months after 
transplant. Chronic graft-versus-host disease and the immunosuppressive 
agents used for its treatment further render these patients at risk for infection 
with VZV, Aspergillus spp. and Pneumocystis cnrinii. 

9. Humoral immunity 

The humoral branch of the immune system involves interaction of B cells with 
antigen and their subsequent proliferation and differentiation into antibody- 
secreting plasma cells. An important difference in antigen recognition by T 
cells and B cells is that the latter can recognize an antigen, whereas T cells can 
only do so once the antigen has been phagocytosed and is presented on the 
surface of an antigen-presenting cell. In this way, the immune system is able to 
cope with invaders under a variety of different circumstances. The humoral 
system recognizes a plethora of bacterial or viral microorganisms as well as the 
soluble proteins they release. The cell-mediated system is suited to recognizing 
altered cells belonging to the "self", that is, infected phagocytes as well as 
cancer cells. Upon challenge with an antigen, immunoglobulins are produced 
by the humoral branch of the system and bind to the antigen. IgM is secreted 
early and during differentiation. Plasma cells then become committed to pro- 
duce the other classes of immunoglobulin, such as IgG, IgA, IgE, and IgD [I]. 
The specific functions of IgG and IgM include not only neutralization of the 
antigen, but also complement activation and opsonization. Secretory IgA, 
which is found on mucosal surfaces, is not an opsonin but it inhibits the 



motility of bacteria, neutralizes their toxins, and prevents their adherence to 
epithelial cells. Circulating IgA probably plays only a minor role in host 
defense. 

Tuftsin is a small peptide that binds to the Fc portion of IgG and becomes 
involved in activating phagocytes after being released from the immuno- 
globulin. Two enzymes are required for this process: leukokinase, which 
is bound to the membranes of neutrophils and macrophages, and tuftsin 
endocarboxypeptidase, which is produced in the spleen. The decreased avail- 
ability of functional tuftsin is one of the mechanisms that contribute to the 
increased risk of severe infections after a staging splenectomy in patients 
with malignancies. Other mechanisms include the clearance of particles that 
have not been opsonized by complement. The spleen plays an important role 
in the humoral immune response as the primary immunoglobulin response 
takes place there, as shown by the low concentrations of IgM found after 
splenectomy. Reduced concentrations of the complement factor properdin 
have also been found, leading to suboptimal opsonization. Functional asplenia 
develops in a large proportion of patients after allogeneic BMT and is also 
associated with increased risk for bacterial infections. 

Humoral immunity is impaired in patients with malignancies, leading to 
decreased production of immunoglobulins, such as in chronic lymphocytic 
leukemia (CLL), multiple myeloma, and other lymphoproliferative disorders. 
Humoral immunity is generally well preserved in patients with acute lympho- 
cytic or myelogenous leukemia. However, with intensive chemotherapy and/or 
progression of the disease, the capacity to produce immunoglobulins de- 
creases. This may lead to defective opsonization of bacteria and subsequent 
impairment of phagocytosis by neutrophils and macrophages, adding to the 
quantitative effect of chemotherapy-induced neutropenia. 

Although the humoral response in patients with malignant lymphomas is 
unimpaired, subsequent radiotherapy and chemotherapy, particularly if both 
treatment modalities are combined, lead to reduced antibody titers and 
increased susceptibility to infections with pneumococci and Haernophilus 
influenzne. Splenectomy potentiates the reduction of immunoglobulins by 
chemotherapy in these patients. Therefore, combined therapy may increase 
the risk of postsplenectomy bacteremia in patients with lymphoma, and, even 
after curing Hodgkin's disease, patients are left with a potentially life- 
threatening humoral immunodeficiency, due to the effects of treatment rather 
than to the underlying disease itself. 

Thus, the advent of more aggressive chemotherapy has changed the classic 
concept of specific defects of host defense mechanisms in the various types 
of leukemia and lymphoma. The effects of chemotherapy and radiation are 
now the primary factor determining the nature and depth of the defect in 
host defense. Likewise, the increased susceptibility to pneumococci and 
Haemophilus influenzae in patients with CLL or multiple myeloma may be 
replaced by a defect in cellular immunity and neutrophil function when these 
patients are being treated with glucocorticosteroids or other agents. Whether 



patients with hypogammaglobulinemia due to CLL should routinely receive 
intravenous immunoglobulins has been a matter of considerable debate. A 
cost-effectiveness analysis has suggested that indiscriminate replacement 
may not improve quality or length of life in this patient group, and that it 
is extraordinarily expensive [112]. However, such a decision analysis model 
cannot be applied to the individual patient who actually has suffered from 
recurrent bacterial infections. Therefore, it seems reasonable to institute im- 
munoglobulin replacement in those patients who have had a documented 
infection with pneumococcus or Hnemophilus injluenzae and have decreased 
serum IgG concentrations. 

10. Sequence of infective events 

The sequence of risk factors (Figure 7) determines to a large extent the order 
of infectious events in granulocytopenic cancer patients and the types of 
infection. The first few days after a treatment course are dominated by pro- 
found granulocytopenia and mucosal damage, placing the patient in double 
jeopardy. After the first week the number of positive blood cultures gradually 
decreases and remains relatively constant after the fourth week. From day 10 
onwards, infections related to central venous catheters occur with increasing 
risk, depending on the length of time that the catheter is left in place [19]. Few 
patients develop invasive pulmonary aspergillosis early in the course of 
granulocytopenia [110]. The initial period of risk of bacterial and fungal infec- 
tion resolves with recovery of the granulocyte, whereafter the infectious com- 
plications are determined by the pace of reconstitution of other components of 
the immune system, as is illustrated in bone marrow recipients [8]. The major 
factors that influence immunologic reconstitution after allogeneic bone mar- 
row transplant are graft-versus-host disease and its treatment. Cytomegalovi- 
rus, adenovirus, fungi, and protozoa all constitute major pathogens in these 
patients. In bone marrow transplant recipients, a third major risk period 
begins approximately 3 months after the procedure, at the time that chronic 
graft-versus-host disease develops. Sinopulmonary and cutaneous infections, 
probably related to the IgA deficiency and sicca syndrome, are common. 
Varicella zoster is the most important cutaneous infection, and pulmonary 
infections caused by cytomegalovirus and Pneumocystis cnrinii may also be 
encountered. Months, if not years, after successful engraftment or recovery 
from other very aggressive treatment, encapsulated organisms can cause rap- 
idly fatal bacteremias and severe respiratory infections due to the lack of 
opsonizing antibodies. 

11. Conclusions 

It is clear from the foregoing that patients with neoplastic diseases seldom 
suffer impairment of a single defense mechanism. Rather, the risk of infection 
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Figure 7. The sequence of events during neutropenia. Profound granulocytopenia and inucosal 
damage usually develop about a week after the start of cytoreductive chemotherapy. Thereafter, 
infectious and other complications tend to coincide with one another, placing the patient at most 
risk. Fever develops around a week later and, if there is bacteremia, it occurs at this time. The risk 
of infections related to the central venous catheter increase with the length of time that the 
catheter is left in place, but signs and symptoms usually manifest themselves during the first few 
days of fever, that is, during the third week after starting chemotherapy. Infectious complications 
related to the lung tend to occur a few days later, often being recognized only after 5-6 days of 
fever. The period of risk of bacterial and fungal infection diminishes with recovery of the granu- 
locytes, when the clinical manifestations of tissue infections may be temporarily exacerbated 
before finally resolving. 
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is the product of an interplay between the many lines of defense, all of which 
can be breached simultaneously. Moreover, any attempt to confine the dam- 
age inflicted upon the host defenses by protecting only one specific line of 
defense (e.g., use of growth factors to stimulate hematopoiesis), is likely to be 
frustrated and to offer only limited benefit. What is required is a two-pronged 
approach involving more selective treatment, on the one hand, to avoid dam- 
aging healthy tissue and, on the other hand, strategies that prevent, or at least 
ameliorate, any toxicity that is unavoidable. This requires a holistic approach 
involving both the laboratory and the clinician in continuing to refine thera- 
peutic regimens that are effective and in designing others to cope with the 
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morbidity associated with impaired host defenses. Both are essential to suc- 
cessfully achieve remission of neoplastic disease and to maintain the best 
quality of life for the patient. 
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