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Abstract

Infectious complications remain a significant issue in the care of patients with hematologic malignancies. Inherent immune defects related to the primary disease process are present in patients with disorders such as chronic lymphocytic leukemia, multiple myeloma, hairy cell leukemia, and Hodgkin lymphoma. Therapy-related immunosuppression is also commonplace in these patients. This includes not only treatment-related neutropenia, but also defects in cell-mediated immunity, such as those that occur with purine analogue therapy. In this chapter, we will review the pathogenesis of infection in these disorders, as well as the spectrum of infectious complications seen and suggested strategies for prevention of infection.

Introduction

Infections remain a common cause of morbidity and mortality in patients with hematologic malignancies. In many cases, the risk for infection is therapy-related, with resultant neutropenia predisposing to these complications. However with the advent of newer therapeutic agents for these disorders over the past several decades, some of which cause cell-mediated immunocompromise, the spectrum of infectious complications has evolved to include various fungal and viral opportunistic pathogens, as well as common bacterial organisms. In addition, some of these malignancies have inherent immune defects that are present in untreated patients, adding to the milieu of infectious complications. In this chapter we will discuss the pathogenesis of infection, spectrum of infection seen, and approaches to prevention of infection in specific hematologic disorders that have inherent as well as therapy-related immunosuppression, specifically chronic lymphocytic leukemia, multiple myeloma, hairy cell leukemia, large granular lymphocytic leukemia, Hodgkin lymphoma, and myelodysplastic syndrome. The infectious complications of therapy-related neutropenia, as that seen with the treatment of acute leukemias and high grade lymphoproliferative disorders, will be reviewed in Chapter 6 on this specific topic.

Pathogenesis of infection in specific disease processes

Chronic lymphocytic leukemia.  Infections remain a major cause of morbidity and mortality in patients with chronic lymphocytic leukemia (CLL). Up to 80% of patients will sustain an infectious complication at some time in their disease course.  It has been estimated that infection accounts for up to 60% of deaths in patients with CLL. These patients are predisposed to infection not only from therapy-related immunosuppression, but also from inherent immune defects related to the primary disease process, which are seen even in previously untreated patients with CLL (Table 1). [1,2] These disease-related immune defects involve multiple arms of immune defense, and include hypogammaglobulinemia, as well as abnormalities in cell-mediated immunity, complement activity, and neutrophil function. 
Hypogammaglobulinemia, related to abnormalities in the functions of both T- and non-clonal CD5-negative B-cells, down-regulation of B-cell immunoglobulin synthesis by large granular lymphocytes, and interaction of malignant B-cells with plasma cells, occurs in virtually all CLL patients. The hypogammaglobulinemia is more pronounced with advanced stage disease and longer duration of disease, and has been found to correlate with the frequency of infections and survival. However, response to therapy is not associated with an improvement in the defect. No clear-cut association between a specific immunoglobulin (Ig) class deficiency and infection risk has been determined. 

Several studies have assessed the impact of immunoglobulin VH mutation status on humoral immunity and infectious complications. [3,4] In one study, no significant differences were demonstrated in immunoglobulin levels, mannan-binding lectin, immune responses to Haemophilus influenza B vaccination, and infection rates among patients with unmutated or mutated immunoglobulin VH genes. [3] In another retrospective analysis of 231 CLL patients carrying differences in the mutation status of the Ig VH gene, patients with unmutated immunoglobulin VH gene status (n=52) had a significantly shorter time to first infection (31 months vs. 62 months, P <0.001) and higher infection-related mortality (P <0.001) compared to those with mutated immunoglobulin VH genes. [4] In addition, patients with cytogenetic abnormalities and CD-38-positivity had a shorter time to first infection (both P <0.001). 

Despite the known impact of hypogammaglobulinemia in patients with CLL, the integrity of the mucosal immunity, the relationship between systemic and mucosal immune dysfunction, and the relationship, if any, of the mucosal B-cells to the malignant B-cell clone are not well understood. In a preliminary report evaluating serum and salivary immunoglobulin levels, the latter as a marker of mucosal immune function, salivary IgM levels were substantially decreased in CLL patients with hypogammaglobulinemia, but no differences in salivary IgG or IgA levels were found between CLL patients and controls. [5] There was no correlation between salivary immunoglobulin levels and infection occurrence.
Although defects in cell-mediated immunity and complement activity in CLL patients are also recognized, the relationship of these defects to infection risk has not been delineated. 

Defects in cell-mediated immunity include reversal of the CD4/CD8 ratio, an increase in T-cell suppressor activity, functional defects in helper T-cells and LAK cells, and an increase in NK cell activity. As with the B-cell defects, T-cell defects also become more prominent with advanced stage disease. Decreased complement levels have been observed in most advanced stage CLL patients with at least one component of the complement system, usually properdin, being abnormal. [1] Defects in complement activation and binding have also been demonstrated. Lastly, quantitative and qualitative defects of neutrophils and monocytes have been reported in CLL patients, including intracellular enzyme deficiencies and defects in chemotaxis.
Multiple myeloma. Infections are also a major cause of morbidity/mortality in patients with multiple myeloma. Up to 60% of patients will have infection at some time in their disease course, and from 20 to 50% of myeloma patients will die of an infectious cause. [6,7] Patterns of infection are similar in Waldenstrom’s macroglobulinemia and the less common heavy chain diseases. [8] However, the risk for infection in patients with these disorders appears to be about a third of that seen in myeloma patients.

As in patients with CLL, patients with myeloma also have inherent immune defects related to the primary disease process, as well as immunosuppression related to administered therapies. (Table 1) Hypogammaglobulinemia is the predominant immune defect in myeloma patients. [7] However, this is on the basis of decreased synthesis, as well as increased catabolism of normal immunoglobulins, in contrast to CLL patients. [9,10] The degree of hypogammaglobulinemia is proportional to both disease burden and duration of disease. The hypogammaglobulinemia may normalize with response of the underlying myeloma to therapy. In addition to the lower immunoglobulin levels in these patients, there is also an underproduction of antibodies against specific bacterial and viral antigens, and lipid A, which is a component of the bacterial cell wall of gram-negative organisms. [11-15] There is also suppression of B-cells and plasma cells by suppressor macrophages, such that the polyclonal B-cells population is markedly reduced. [16-23] It has been estimated that 5-10% of the circulating cells have the same immunoglobulin gene rearrangement as is present in the malignant plasma cell clone.

Other facets of the innate immune response are also abnormal in myeloma patients. Cellular immune impairment is present, with suppression in delayed hypersensitivity, with an abnormal recall response to delayed type hypersensitivity antigens. [7,24,25] The T-cell response to mitogens may also be abnormal.  However, this T-cell hypo-responsiveness may be due to the altered frequency of T-cell subsets, rather than active suppression by a suppressor cell. These patients also have a defective response to immunization. [8,25-30] The primary response, which occurs after exposure to “new” antigens, appears to be more suppressed than the secondary response to previously encountered antigens, the latter of which is generally intact in most patients. Response to immunization is not related to immunoglobulin levels.  However, the degree of impairment does appear to correlate with frequency of infection. [8] In addition, a deficiency in functional complement activity is present, although there is no consistent pattern of deficiency in a specific subtype (C1q, C2, C3, C4). [7,31-33] In one study, defects in C3 binding correlated with Streptococcus pneumoniae infections. [33] Defects in neutrophil function are also present, including impairment in the production of oxygen-dependent bactericidal substances, defective migration, low levels of intracellular lysozyme, a decrease in granulocyte receptors for immunoglobulin G & the 3b component of complement, and the presence of a heat-labile factor in plasma, but not serum, that inhibits granulocyte adherence. [7,34-39] These functional neutrophil abnormalities appear to correlate with disease progression, but not with the incidence of infection. [34,37] Monocyte chemotaxis may be normal or decreased, but phagocytosis is normal. [40,41]

Various mechanisms of immunosupression have been hypothesized to result in these inherent immune defects. [7] These immune defects are not though to be induced directly by the monoclonal paraprotein, nor to be primarily T-cell-mediated. [42-48] Potential mechanisms postulated from studies in the murine model are as follows. First, suppressor monocytes and macrophages may have a role, in that they secrete plasmacytoma-induced macrophage substance (PIMS), which inhibits antibody production by antigen-stimulated B-cells. [7,49-55] The affected B-cells cannot respond to antigens or mitogens, and are “frozen” in the G1 phase, thus preventing clonal expansion and subsequent antibody formation. Thus there is an exaggerated form of innate feedback inhibition. Suppressor T-cells may also have a role, in that there are an increased number of T-cells with Fc receptor specific for the paraprotein isotype, which may negatively control immunoglobulin production by the nonmalignant B-cells. [7,56-60] Expansion of this population is caused directly by the monoclonal protein. There are correlates of these murine model findings in humans with myeloma, as some T-helper cell subsets are depleted and there is a significant decrease in the T-helper/suppressor (T4/T8) ratio in untreated patients, which may be due to a decrease in T4 cells or an increase in T8 cell numbers. These cells are functionally intact.  In some studies, a correlation of these findings with disease stage has been found. A third potential mechanism is related to leu-1 + B-cells, which suppress immunoglobulin production. [7,21-23,61-65] These cells are present but seemingly inactive in normal adults and those with monoclonal gammopathy of undetermined significance, but are active in myeloma patients, although no correlation with disease stage is apparent. A fourth controversial mechanism is the negative autoimmune immunoregulatory network initiated by the monoclonal protein, that results in arrested B-cell differentiation. [7,16-23] Lastly, production of the malignant light chain isotype is suppressed in the non-malignant B-cells (in the peripheral blood, intestine), although the relationship of this finding to infectious complications is unknown. [7,16,66,67]

Hairy cell leukemia. Infectious complications of patients with hairy cell leukemia may influence the natural history of this disorder. In the era before effective chemotherapy options were available, about 70% of patients sustained infectious complications, with infection-related mortality rates up to 60%, with multiple infections being commonplace. [68-73] However, with more effective therapies as the purine analogues, infections have become significantly less frequent. [74,75] These complications are related to the presence of cytopenias, in particular neutropenia, which is related not only to the splenomegaly, but also to hairy cell infiltration of the bone marrow with cytokine-mediated suppression of hematopoiesis. [68] While leukopenia is seen in at least 60% of patients, neutropenia with an absolute neutrophil count of less than 500 cells/ml occurs in over a third of patients. [68] Microbicidal function may also be impaired in the neutrophils. [76] Marked monocytopenia may also be seen in these patients. The mechanism of this finding is not clear, but may also be related to cytokine-induced suppression. In addition to this quantitative defect, qualitative abnormalities in monocyte function may be present, with defects in migration and chemotaxis. [77,78] Natural killer cell and dendritic cell defects are also seen in these patients, resulting in depressed T-cell immune function. [79-81] Response to chemotherapy generally results in an improvement of these findings. [68] Lastly, immune defects related to therapeutic splenectomy may complicate the immune milieu of these patients. 

Risk factors for infection in these patients have been examined, with the finding of lymphopenia at diagnosis, defined as an absolute lymphocyte count of less than 1.0 X 109/ml, found to be predictive for later infection in one series. [82] The findings of neutropenia or monocytopenia were not predictive for infection among these patients. However in another series, a low absolute neutrophil count at baseline was predictive for subsequent infections. [83] Four-year survival was shorter in patients with infections, as compared to those sustaining no infections, in one large series (49% versus 92%, respectively). [70] In this series, baseline neutropenia or monocytopenia were not found to be predictive of later infection.
Large granular lymphocytic leukemia. Infections are common in patients with large granular lymphocytic leukemia. It has been estimated that half of these patients are diagnosed in the workup of recurrent infections. [84] The enhanced risk for infection is related to neutropenia, which occurs in approximately 85% of patients with this disorder, and may be cyclic in nature. [84,85] The pathogenesis of the neutropenia has not been clearly elucidated, but is not thought to be related to marrow replacement by the lymphocytes. [86] An absolute lymphocytosis is generally present, although the majority of the lymphocytes are of the large granular subtype. These lymphocytes display poor responsiveness to T-cell mitogens and have decreased NK cell activity. [84]

Hodgkin lymphoma. Infections were a significant complication of patients with Hodgkin lymphoma in series from four decades ago. In one series, although 25% of patients had no infections during their clinical course, the remaining 75% averaged 1.3 infections per patient. [87] Infection accounted for over 50% of deaths in Hodgkin lymphoma in this era. [88] However, with more current chemotherapy regimens, the impact of infectious complications has lessened. Humoral immunity is generally normal in untreated patients, with normal immunoglobulin levels and primary antibody production generally being unaffected. [89] However, the enhanced risk for infection is related to inherent abnormalities in cell-mediated immunity that are present even in untreated patients. [90,91] It has even been suggested in limited series that survival may be shorter in those patients with significant immune defects. [92]

Qualitative and quantitative lymphocyte abnormalities are present in these patients. Lymphocytopenia is present in approximately 30% of untreated patients, especially in those patients with advanced stage disease. [89,92-94] However, this alone does not account for the degree of immunologic impairment found in these patients. T-lymphocyte counts are lower than normal in 50% of patients. [94,95] Alterations in circulating T-lymphocytes are present, with enhanced T-suppressor lymphocyte activity and impairments in lymphocyte function in untreated patients. [89,96-98] A state of cell-mediated suppression, implying an inhibitory interaction between suppressor cells (lymphocytes, monocytes) and effector lymphocytes, has been described. [99,100] It has been postulated that sequestration of functional T-lymphocytes may explain the immune defects. [89] Although peripheral blood monocyte counts are generally normal, monocyte function may be altered, with reduced chemotaxis response and decreased phagocytic activity. [89]

Delayed hypersensitivity responses to recall or new antigens are impaired in these untreated patients. [88,94,101-106] Proliferative responses of peripheral blood lymphocytes to various mitogens, as well as lymphokine / interleukin production after antigen or mitogen stimulation, is impaired in these patients. [88,92,98,107-109] Anergy to skin tests may be present in untreated patients, and may be more common in patients with advanced, in contrast to limited, stage, disease, as well as those with B-symptoms. [110-114] Skin test reactivity may also correlate with the histologic subtype of Hodgkin lymphoma, in that patients with nodular sclerosing or lymphocyte predominant histologies may be more likely to have reactivity than those with mixed cellularity or lymphocyte depleted variants. [112] In addition, high levels of circulating immune complexes have been described in these patients. [88,115-117]

These inherent immune defects may not all improve after therapeutic response, although this evaluation is complicated by therapy-related immune abnormalities. [118] Several series evaluating immune function, with some conflicting results, in long-term responding patients have been reported. [119-123] The mean T-lymphocyte was lower, severe impairment in T-lymphocyte function remained, although response to some, but not all, mitogens was normal in some series. [119,120] Similar findings of persistent abnormalities in mitogen-induced lymphocyte proliferation, even in long-term survivors, have been described in other series. [122] Return of normal cell-mediated immunity in patients achieving complete remission for more than ten years was described in a 62-patient series. [120] In contrast, Skovmann reported that immune abnormalities remain many years after completion of therapy in long-term responders. [123]

Myelodysplastic syndromes. Even though infection remains a significant cause of morbidity and mortality in patients with myelodysplastic disorders (MDS), these complications are not as clearly characterized as in patients with other related disorders such as acute myeloid leukemia. In one large series, the infection rate was one per patient-year, which is slightly less than the estimated infection rate in patients with either multiple myeloma or hairy cell leukemia. [124] The rate of infections was also related to the French-American-British (FAB) classification of the MDS in this series.  Infection rates were highest in those patients with refractory anemia with excess blasts in transformation (RAEB-T), followed by those with RAEB, and lowest in those patients with refractory anemia, with or without ringed sideroblasts (RA+/- RS). In addition, infection rates were higher in those patients with an absolute neutrophil count less than or equal to 1.0 X 109/ml as compared to patients with an absolute neutrophil count greater than 1.0 X 109/ml. In addition to quantitative neutrophil defects, qualitative neutrophil defects such as decreased myeloperoxidase activity, as well as defective adhesion, chemotaxis, phagocytosis, and microbicidal activity, have been found. [125-129] The use of therapy with corticosteroids or cytotoxic agents increases the risk for infections. [124] In more recent treatment series utilizing pyrimidine nucleoside analogues as azacytidine, there was a 20% incidence of infection being related to treatment. [130] The rate of infection per patient-year was 0.64 with azacytidine and 0.95 with best supportive care. [131] Infection was the cause of death in 2% of patients treated with azacytidine. In another trial in which azacytidine was compared to other conventional care regimens, it was found that the incidence of infection was comparable in the azacytidine-treated patients and those receiving best supportive care. [132]  In addition in this trial, the infection rate was lower in those receiving azacytidine, as compared to low dose cytarabine or intensive acute leukemia induction chemotherapy. 
Spectrum of infection with specific therapeutic agents

Chronic lymphocytic leukemia
The spectrum of infectious complications in patients with CLL has evolved over the decades with advances in the therapy of this disease process. Recurrent infections are frequent, as are infections at mucosal sites, especially the respiratory tract.

Alkylator-based therapy. For decades, the standard CLL treatment regimen was chlorambucil, given alone or with concurrent corticosteroids.  With this therapy, the majority of infections are bacterial in etiology, caused by organisms as Staphylococcus aureus, S. pneumoniae, H. influenzae, Klebsiella pneumoniae, and Escherichia coli (Table 2). Infections caused by mycobacteria, Nocardia, and Listeria are uncommon. When seen, fungal or viral infections tend to occur in more heavily pretreated patients with advanced stage disease. It has been estimated that the lifetime incidence of herpes zoster is up to 15-20%. [133]

Fludarabine. Over the past two decades, the preferred regimen for initial therapy of CLL patients has included the purine analogues, specifically fludarabine, which has altered the spectrum of infections. [134,135] The pathogenesis of infection with these agents is related to their impact on cell-mediated immunity. Both quantitative and qualitative T-cell abnormalities are induced by these agents. The decline in peripheral blood T-cell counts occurs early in treatment and is related to the inhibition of cytokine-induced signal transducers and activators of transcription (STAT)-1 activity, and resultant decrease in STAT-1-dependent gene transcription. The reduction in the number of CD4+ cells is more pronounced compared to CD8+ or natural killer (NK) cells, and may persist for up to one to two years after discontinuation of therapy.  Monocytopenia and a decline in the B-cell count may also be seen.  The impact of these agents on the immunoglobulin levels is variable. A similar spectrum of infection is seen among all purine analogues. In addition to bacterial infections common to CLL patients, a variety of opportunistic infections caused by pathogens as Listeria, Mycobacterium species, Pneumocystis, and herpesviruses, specifically herpes simple and varicella zoster, occur. [2] The risk of these infections is increased with concomitant corticosteroid administration, and thus their use should be avoided. 

Risk factors for infection with fludarabine therapy. Risk factors for infection in fludarabine-treated patients have been identified (Table 3). Most commonly, infections occur in the first several cycles of therapy, and are infrequent in responding patients after discontinuation of therapy.  In one large retrospective analysis of CLL patients treated with fludarabine plus prednisone, the risk factors included advanced stage disease, prior therapy, lack of response to fludarabine therapy, and an elevated serum creatinine. [136] In another retrospective series, multivariate analysis identified the number of prior regimens (risk ratio [RR] 1.8) and hemoglobin <12 g/dl (RR 0.6) as risk factors for incidence of major infections. [137] No impact of age and renal function on infection rate was noted in this study. 

The relative risk and spectrum of infections in patients treated with fludarabine versus conventional alkylator-based regimens has been assessed in several series. In a meta-analysis of single agent fludarabine or alkylator-based therapy trials, the incidence of grade 3/4 infections was greater with fludarabine. [138] The incidence and spectrum of infections was also assessed in a large intergroup trial of previously untreated CLL patients who were randomized to therapy with single agent fludarabine, chlorambucil, or both agents (FC). [135] Patients receiving the FC combination had more infections than those receiving either single agent. Comparing patients treated with the two single agents, an increased number of infections per month of follow-up, major infections, and herpesvirus infections were observed in fludarabine-treated patients. Pneumocystis infections occurred rarely, and no Aspergillus infections were observed. A low baseline serum IgG level was identified as a significant risk factor for the number of infections occurring in all patients (p=0.02), while advanced age (p=0.004) and a decreased creatinine clearance (p=0.03) were risk factors for infection among patients who received FC. In contrast to prior studies of fludarabine-treated patients, no association between infection risk and either response to therapy or advanced disease stage was noted in this study. Lastly, in a large French trial randomizing treatment-naïve, advanced-stage CLL patients to fludarabine or one of two anthracycline-based regimens, no opportunistic infections occurred among the fludarabine-treated patients. [139] 
Fludarabine-based combination therapy. In subsequent trials, other active agents were added to the fludarabine backbone. In a German trial comparing initial therapy with fludarabine as a single agent or combined with cyclophosphamide (FC), the occurrence of severe and opportunistic infections were comparable between the treatment groups (33% vs. 40%, respectively). [140] However, because of more myelosuppression in the FC arm and subsequent dose reductions, the infection rate with FC may have been influenced. No increase in the risk of opportunistic infections has been noted with addition of oblimersen, a bcl-2 antisense compound, to the FC regimen. [141] In the relapsed setting, 57% of patients receiving FC had infections (including ones caused by herpesviruses [26%] and fungal pathogens [7%]) or fever of unknown origin. [142] Of these complications, 74% occurred in the first three cycles of therapy.

Rituximab may be used in the treatment regimen of CLL patients, either as monotherapy, or more commonly in combination with other agents. [143,144] This agent causes a transient reduction in the B-cell counts. When used as a single agent, Grade 3, as well as opportunistic infections, are uncommon with single agent rituximab therapy. [133] In a randomized phase II Cancer and Leukemia Group B (CALGB) study, fludarabine plus rituximab (FR) (concurrent or sequential) was administered to 104 previously untreated CLL patients. [144] Grade 3/4 infections were observed in 9% and 41% of the patients. respectively. Opportunistic infections, mainly localized herpesvirus infections, occurred in eight (16%) patients receiving concurrent therapy and 14 (26%) on sequential treatment. Only two cases of Pneumocystis pneumonia were seen. Rituximab combined with FC (FCR) has been studied in both treatment-naive and pretreated CLL patients, with most patients receiving antiviral as well as Pneumocystis prophylaxis. [145,146] When given as initial therapy, although 52% of the 224 patients had grade 3/4 neutropenia, a third had at least one infection and 10% had fever of unknown origin; however, major infections were observed in only 3% of patients. [145] Five percent had reactivation of herpes simplex or herpes zoster, with no cases diagnosed in patients on antiviral prophylaxis. In relapsed/refractory CLL, FCR therapy was discontinued in 6% of patients due to infectious complications. [146] Major infections (including one case of cytomegalovirus [CMV] pneumonitis) occurred in 16% of patients, and minor infections in 18%. The frequency of infections was comparable in fludarabine-sensitive and fludarabine-refractory patients.

Cladrabine. Cladribine results in quantitative abnormalities in the T-cell subsets similar to that seen with fludarabine. Significant reduction in the CD4 counts may persist for 1-2 years after discontinuation of therapy. Receipt of prior therapy was a risk factor for infection in a series of patients <55 years receiving cladribine. [147] In a phase II CALGB trial of cladribine in fludarabine-refractory CLL patients, grades 3-5 infections were reported in 43% of patients. [148] Although most infections were bacterial, cases of viral (herpes simplex and herpes zoster), fungal (candidal esophagitis) and parasitic (cerebral toxoplasmosis) infections were also reported. In a trial of 378 CLL patients treated with with cladribine, alone or with prednisone, the incidence of infections/fever of unknown origin was significantly less among treatment-naïve patients than those who had received prior therapy (38% vs. 49%, p=0.03). [149] In another series of treatment-naïve CLL patients randomized to therapy with cladribine or chlorambucil plus concurrent prednisone, granulocytopenia (23% vs. 11%, p=0.02), infections/fever of unknown origin (56% vs. 40%, p=0.02), and herpesvirus infections (21% vs. 11%) were more frequent with cladribine therapy. [150]
Pentostatin. Pentostatin-induced cellular immune defects also persist for several months after discontinuation of therapy.  In a CALGB phase II trial of pentostatin therapy for previously-treated and -untreated CLL patients, infections occurred in 52% of patients, with opportunistic infections in 26%. [151] Furthermore, the infections occurred early in treatment, and were especially common in relapsed/refractory, advanced-stage patients. In an Eastern Cooperative Oncology Group (ECOG) study of pentostatin, chlorambucil, and prednisone as first-line CLL therapy, grade 3/4 infections were observed in 31% of patients, including bacterial/ fungal pneumonia, Pneumocystis pneumonia, urosepsis, and herpes zoster (the latter in 11 of 55 [20%] patients). [152] Pentostatin has been combined with cyclophosphamide and rituximab (PCR) in previously-treated and -untreated CLL patients in two trials. [153,154] Grade 3/4 infections were noted in 28% of previously-treated, and in approximately 10% of treatment-naïve patients. 
Alemtuzumab. Alemtuzumab, a CD52 antibody, has been investigated in patients with CLL in the past decade. In addition to neutropenia, this agent is associated with profound defects in cell-mediated immunity. Significant reductions in B-, T-, and NK cells and monocytes develop early in therapy, and persist for four to nine months after treatment discontinuation, with recovery of these parameters occurring earlier than after fludarabine therapy.  There is no apparent correlation of severity or length of immunosuppression with the alemtuzumab cumulative dose or route of administration, although non-responding patients are at a greater risk of infection. CMV reactivation occurs in approximately 10-25% of patients. Pneumocystis, antifungal, and antiviral prophylaxis is generally given with this agent. In the pivotal trial of alemtuzumab therapy in 93 relapsed/refractory CLL patients who had failed fludarabine therapy, 27% developed grade 3/4 infectious complications, including cases of aspergillosis, zygomycosis, candidiasis, Listeria meningitis, Pneumocystis pneumonia, and CMV reactivation. [155] The infection rate was significantly lower in responding patients than non-responders (10% vs. 36%, p<0.01). In the first line treatment setting, alemtuzumab resulted in improvements in response rate (83% versus 55%, p<0.0001) and progression-free survival (hazard ratio [HR] 0.54; p=0.0001) as compared to chlorambucil. [156] However, more CMV events were noted with alemtuzumab. The results of single agent alemtuzumab therapy for lymphoproliferative disorders, predominantly CLL, have been reported. [157] Seven of ten deaths were related to infection.  Opportunistic infections occurred in 56% of patients, including CMV viremia in 44%. The majority of these infections did not occur in the setting of neutropenia. Non-opportunistic infections occurred in 82% of patients, including three deaths from enterococcal bacteremia. In the authors’ subsequent literature review of 410 patients, opportunistic infections occurred in 64% of patients, with herpes simplex virus infections and CMV reactivation being most common. Sepsis and pneumonia were the most frequent non-opportunistic infections. 

Alemtuzumab has also been studied as a component of combination therapy. The use of fludarabine plus alemtuzumab in the relapsed/refractory CLL disease setting was examined in a phase II trial. [158] Both agents were given for three consecutive days every 4 weeks, with Pneumocystis and antiviral prophylaxis, which was continued for two months after completion of therapy.  Among the 36 patients, two cases of grade 3 CMV reactivation and two cases of Aspergillus pneumonia were seen. In a single center trial in which therapy with alemtuzumab plus rituximab was given to patients with relapsed/refractory B-cell disorders, over half of the patients had infectious complications, despite Pneumocystis and antiviral prophylaxis. [159] CMV reactivation occurred in 27% of patients, over half of whom required therapeutic intervention.

Alemtuzumab has also been used as consolidation therapy in a variety of CLL clinical trials, with CMV reactivation being a significant issue. In a single center trial, patients attaining a response with initial chemotherapy received alemtuzumab consolidation at a median period of five months after completion of induction therapy. [160] Fifteen of 41 patients (37%) developed infections, including nine cases of CMV reactivation.  Additionally, three cases of Epstein-Barr Virus-positive large cell lymphoma were diagnosed.  In a smaller Italian series of fludarabine therapy followed by alemtuzumab consolidation five months later, one-third of patients had CMV reactivation. [161] In a German trial, patients received initial therapy with either fludarabine or FC, followed by randomization to alemtuzumab consolidation versus observation two months later. [162] This study was terminated early as 7 of 11 patients in the alemtuzumab arm sustained grade 3/4 infections, including four cases of CMV viremia.

Infectious complications observed in several CALGB CLL trials have also been reported. In CALGB 19901, previously untreated CLL patients received four cycles of fludarabine therapy, followed two months later by alemtuzumab consolidation in patients with responsive or stable disease. [163,164] In the first 57 patients, grade 3/4 infections were common, including eight cases of CMV reactivation, one of which was fatal. Weekly qualitative polymerase chain reaction (PCR) CMV testing was subsequently implemented, with three of the following 18 patients having CMV reactivation with no disease. Data on infectious complications from three serial CALGB CLL trials has also been reported, including therapy with single agent fludarabine (CALGB 9011; n=188), FR (CALGB 9712; n=104), and fludarabine induction (n=85) followed by alemtuzumab consolidation (n=59) (FA) (CALGB 19901). [165] Patients receiving FA had significantly more infections during protocol therapy compared to patients receiving either single agent fludarabine (38% vs 23%, p=0.01) or FR (38% vs 20%, p=0.0007). Three Pneumocystis and no CMV infections occurred among fludarabine-treated patients, compared to three Pneumocystis and one CMV infection(s) among those receiving FR.  In patients receiving FA, one Pneumocystis and no CMV infections occurred during fludarabine induction, but 12 of 59 patients developed CMV infection during alemtuzumab consolidation.  Preliminary data on infectious complications from CALGB 10101, in which patients received induction therapy with FR followed by alemtuzumab consolidation four months later, has also been reported. [166] There were seven grade 5 infectious toxicities reported in responding patients, caused by agents such as Epstein-Barr virus, Listeria, Legionella, CMV and Pneumocystis, as well as viral meningitis, sepsis, and transfusion-associated graft-versus-host disease. The impact of alemtuzumab consolidation on infectious complications, and the influence on the immune milieu of the cumulative dose of fludarabine or alemtuzumab, prior rituximab therapy, the timing between completion of induction therapy, and response status, is not clearly delineated. 
Multiple myeloma

Infection may be the presenting manifestation of myeloma. [167] The risk for infection is greatest in the first two months after diagnosis, and in first two months of chemotherapy for the disorder. [168,169] Infectious complications are less common in patients who achieve a therapeutic response. A biphasic pattern of infection has also been described, with one peak incidence early in the disease course (within eight months of diagnosis) in responding patients, caused by organisms as S. pneumoniae and H. influenzae, and a second peak in those patients with refractory or advanced disease, caused by gram-negative organisms. [170] Longer disease duration and the presence of neutropenia are not predictive for infection. [170-174] The infection rate ranges from 0.68-2.22 infections/patient/year, which is a 7-15 fold increase compared to hospitalized pts without malignancy. However, most of these observations were made before the advent of imidazole or bortezomib therapy for this disorder. 

A change in the spectrum of infection in myeloma patients historically has also been described. Prior to 1964, the incidence of infection in these patients, especially of the lower respiratory tract, was high, with 20-70% of patients having at least one episode of pneumonia. [8,24,26] S. pneumoniae was the primary pathogen, with gram-negative infections being uncommon. Over half of the patients had recurrent infections, often with same organism. The second most common site of infection was the urinary tract, caused by organisms as E. coli and other gram-negatives isolates. However in the next decade, a change in the spectrum of infection was seen, with more gram-negative infections, fewer cases of pneumonia, and more patients being heavily pretreated, with advanced stage disease and neutropenia. [170-174] Despite this, the incidence of gram-positive infections did not decline. 

Because patients with myeloma have a reduction in specific opsonizing antibodies, they are at risk for infection with encapsulated organisms such as S. pneumoniae, H. influenzae, and Neisseria meningitidis. In historical series, gram-negative infections were more common in those patients with refractory, advanced disease, especially in the setting of azotemia, prior antimicrobial therapy, instrumentation (including urinary catheters), immobilization, and colonization with nosocomial pathogens. [170] Infections associated with cellular immune dysfunction, as those of a fungal, viral, or mycobacterial etiology, were uncommon in these series, and if seen, occurring in those patients with advanced, refractory disease. A series of 31 nonallografted patients with invasive aspergillosis diagnosed between 1984 and 1996, with 75% of cases occurring between 1992 and 1996 has been described. [175] The median time from myeloma diagnosis to Aspergillus infection was eight months, with a range of 1 to 75 months. The vast majority of these patients had advanced stage disease. Slightly more than half were neutropenic, for a median of 19 (range, 10-37) days.  Recent treatment included corticosteroid therapy in 45%, and high dose melphalan in 36%. A pulmonary site of infection was present in 28 of the 31 patients.  Other sites of infection included the central nervous system (n=4), sinuses (n=3), and pericardium, kidney, and myocardium in one case each.  The mortality rate was 45%. In a more recent series, infection was found at autopsy in 60% of cases. [6] This included bacterial infections in 50% (70% pneumonia), and fungal infections in 10%, including Candida esophagitis, invasive aspergillosis, and pulmonary cryptococcosis. 
The use of newer therapeutic agents, specifically bortezomib, has resulted in a change in the usual spectrum of infection, with the emergence of herpesvirus infections, especially herpes zoster. [176-178] In a phase III trial in which patients with relapsed or refractory myeloma were randomized to therapy with bortezomib or high dose dexamethasone, herpes zoster infections were more common in those receiving bortezomib (13% vs 5%, p<0.001). [176,177]

Hairy cell leukemia. The most common sites of infection in patients with hairy cell leukemia include the respiratory and urinary tracts and bloodstream. Less common sites include the skin and soft tissue, central nervous system and liver. [68,70] A wide variety of pathogens may cause infections in hairy cell leukemia patients. Approximately half of infections are caused by bacterial pathogens common in neutropenic patients, such as S. aureus, S. pneumoniae, Escherichia coli, and Pseudomonas aeruginosa, with gram-positive and gram-negative infections being comparable in number. [68,70,72,73,83] Interestingly, the incidence of atypical mycobacterial infections, especially in patients with active disease, is also increased in these patients, being as high as 9-18% in older series. [71,83,179-183] The finding of disseminated infection caused by organisms as Mycobacterium kansasii, M. avium-intracellularae, and M. chelonii, has been reported. [70,72,73,83,179] Other less common pathogens, including Listeria, Legionella, Pneumocystis, Aspergillus, Histoplasma, Cryptococcus, zygomycetes, and cytomegalovirus, are likely related to the inherent T-cell defects. [73,83,184-188] Herpes zoster may also be seen in patients receiving antimetabolite therapy. [74]

Large granular lymphocytic leukemia. Both cytotoxic drugs as well as immunosuppressive agents have been utilized to treat patients with large granular lymphocytic leukemia, which may impact the spectrum of infectious complications seen. [85,86,189-191] Myeloid growth factors have also been employed with variable success. [85,192] Recurrent bacterial infections are a hallmark of this disorder. However, some patients may not sustain any infectious complications over extended periods, despite the presence of neutropenia. These infections are typically caused by common gram-positive and gram-negative organisms, and frequently involve the lungs, skin/soft tissue, and bloodstream. Prognosis of this disorder is related to the severity of the neutropenia. [191] Although the clinical course of this disease is usually indolent, sepsis related to neutropenia remains a leading cause of death in these patients. [86,193,194]

Hodgkin lymphoma. In older series, up to 70% of infections in patients with Hodgkin lymphoma were caused by common gram-positive and gram-negative bacteria, with the remaining 30% of infections due to a viral, fungal, or mycobacterial etiology. [89,195-202] In one of these reports, a higher incidence of tuberculosis at autopsy was found in Hodgkin lymphoma pts than in general population. [202] These opportunistic infections may be in part related to the cellular immune defects found in these patients. A variety of disseminated fungal infections, in particular cryptococcosis, have been described. (See Chapter 9) [89,203] Herpesvirus infections, including cytomegalovirus, herpes zoster, and herpes simplex, have also been noted. [87,89,195,198-201] A 15-25% incidence of herpes zoster in these patients was based upon large studies published three to four decades ago. [87,89,204-215] The incidence of zoster infection during the first year of treatment ranged from 8-50%. [213,214] An increased risk for zoster is present in both treatment-naïve patients as well as those receiving cytotoxic therapy. [215] More complicated herpetic infections, as ulcerative herpetic esophagitis, have also been described.  [87,89] Deficiencies in in vitro lymphocyte responses may correlate with increased susceptibility to varicella zoster virus infection. [212] Additional opportunists affecting these patients include tuberculosis (typical and atypical), toxoplasmosis, and Pneumocystis. [87,89,198-201]

Myelodysplastic syndromes. The most common types of infections in patients with MDS are bacterial pneumonias and skin abscesses, accounting for approximately 40% of infections in one large series. [124] Urinary tract infections and bacteremias were also somewhat common in this series. In more recent treatment series, the most common sites of infection remained the lungs, urinary tract, and bloodstream. [131] The majority of infections are caused by common bacterial pathogens, similar to those causing infection in neutropenic patients. Fungal and viral infections are considerably less common in these patients. 

Strategies for prevention and prophylaxis of infection 

Chronic lymphocytic leukemia

Immunoglobulin replacement. The benefit of prophylactic intravenous immunoglobulin (IVIG) in CLL patients with either hypogammaglobulinemia or prior infections was evaluated in a randomized, placebo-controlled, multi-center study. [216] Minor or moderate bacterial infections were significantly lower in patients receiving IVIG (p=0.01), however there was no difference in the incidence of major infections or mortality. In addition, it was found that routine IVIG therapy was not cost-effective. Prophylactic low dose IVIG has also been studied. Although a reduction in infection has been noted in some studies, no correlation with improvement in Ig levels has been demonstrated. Furthermore, cost-effectiveness remains an issue, especially in comparison with prophylactic oral antimicrobial agents. The optimal dose, schedule, and subset of patients that would benefit from such an approach are not clear. Finally, an important aspect of IVIG infusions is that it replaces neither IgM nor A.

Prophylactic antimicrobial agents. The role of prophylactic antimicrobial agents has not been analyzed in prospective randomized trials in CLL patients, however some guidelines have been proposed based on results from a variety of trials and anecdotal reports.  The use of concomitant corticosteroids with fludarabine appears to increase the risk of opportunistic infections. In the intergroup trial comparing the occurrence of infections on fludarabine- versus chlorambucil-treated patients retrospectively, incidence of varicella zoster and herpes simplex infections were more frequent among patients who had received fludarabine. [135] Despite this evidence, the use of routine antiviral prophylaxis in fludarabine-treated patients should be mandated only after the results are confirmed prospectively. The addition of rituximab to fludarabine therapy increases infections caused by localized herpesvirus only slightly and does not appear to increase the risk of either bacterial or Pneumocystis infections. [217] No routine prophylactic antimicrobial therapy is recommended for patients receiving this regimen. However, routine antiviral and Pneumocystis prophylaxis is recommended for therapy with both FC, and FCR, as with alemtuzumab therapy; antifungal prophylaxis is utilized in some, but not all, trials. It is also recommended that prophylaxis is continued for up to six months after completion of therapy as the immune defects rendered by both purine analogue and alemtuzumab therapies may persist for up to two years after discontinuation of therapy. 

Guidelines for pre-emptive therapy of CMV infections were devised in 2004 and updated in 2006. [218] Weekly PCR testing was recommended. Although cytomegalovirus antigen assays, such as the pp65 assay, or quantitative PCR testing may be used to screen for these infections, PCR tests are thought to be more sensitive and reliable, and also offer the advantage of discrete cut-offs for the institution of antiviral therapy. [219] 

The incidence of symptomatic CMV infection with alemtuzumab therapy has been estimated to range from 4-29%, with a peak onset four to six weeks after initiation of therapy. [218] These infections appear to be uncommon after completion of therapy and are more common in previously treated than in treatment-naïve patients. In the setting of symptomatic CMV infection, therapy with either IV or oral ganciclovir, or alternatively valganciclovir, is recommended, for a 14-21 day course, until resolution of symptoms and one negative PCR test, or two consecutive negative PCR tests is achieved. In the updated recommendations, it is advised that alemtuzumab therapy may be continued, unless patients are persistently symptomatic. In the setting of asymptomatic CMV infection, therapy with either IV or oral ganciclovir can be instituted for 7-14 days, with continuation of alemtuzumab therapy.  This sort of surveillance and preemptive therapy has been found to significantly decrease the rate of symptomatic CMV reactivation. 

Alternatively, CMV prophylaxis may be utilized in patients receiving alemtuzumab therapy. In a small series, valganciclovir has been found to be the most effective prophylactic agent. [220] It is recommended that prophylaxis be continued for two months after completion of therapy. Patients should have PCR screening every two weeks during prophylaxis.

Immunization. Although a variety of immunizations have been examined in CLL patients, these have shown only suboptimal responses due to impaired antibody production and defects in antigen presentation. Most of the analyses have been conducted in small studies therefore formal recommendations for vaccine use in this patient population have not been devised. However, it certainly is reasonable to provide pneumococcal and influenzal vaccine coverage for all CLL patients, as per standard adult vaccinations guidelines.  Superior responses may be obtained with protein and conjugated vaccines rather than with polysaccharide vaccines. Herpes zoster virus vaccines, which are live virus products, have not been studied in immunocompromised patients, and the efficacy as well as side effect profile is not know in this patient population. Thus these vaccines should not be utilized in patients with CLL, whether they are receiving therapy or are treatment naïve.

Multiple myeloma  

Antimicrobial prophylaxis. The role of routine antimicrobial prophylaxis in myeloma patients is controversial. Although daily oral penicillin prophylaxis is utilized by some providers, there is no data supporting this usage. In a prospective randomized prophylaxis study, 54 myeloma patients receiving initial chemotherapy were randomized to trimethoprim-sulfamethoxazole versus vs placebo for the first two months of chemotherapy, when the rate of infection is twice that as the rest of the disease course, and were followed for three months. [221] Infections occurred in 42% (n=11) of the placebo recipients, compared to 7% (n=2) of patients on trimethoprim-sulfamethoxazole (p=0.004). Among the control patients, 15 of 16 infections were bacterial in etiology (one Candida pharyngitis). In contrast, two of five infections in those on trimethoprim-sulfamethoxazole were bacterial, with herpes zoster, fungal skin rash, and viral syndrome accounting for the remainder. Severe infections, including pneumonia (n=5; three with sepsis), urinary tract infection (n=2), 1 diverticulosis (n=1), and staphylococcal scalded skin syndrome (n=1) were diagnosed in eight control patients, and only one patient receiving trimethoprim-sulfamethoxazole. The rate of bacterial infection per patient-year was 2.43 in controls, and 0.29 in patients on trimethoprim-sulfamethoxazole. However, this prophylaxis was discontinued in 25% due to rash and nausea. 

Immunization. With pneumococcal vaccination, normal-fold rises in antibody titers are seen in patients with myeloma. However, as markedly reduced pre-immunization titers are present in these patients, resultant post-immunization titers are low, generally being below protective levels. [28,30] The antibody titers fall rapidly after an initial response, being at levels at less than baseline for 50% of antigens 18 months later, which may be due to increased catabolism. The present American College of Physicians recommendations are that pneumococcal vaccination should be offered to myeloma patients, but that they should be counseled regarding the potential for a poor response and lack of protection. [222] However, with the low cost, minimal toxicity, and possible benefit, this vaccination should be encouraged. There is limited data with regard to revaccination in myeloma patients. One may consider revaccination after titers fall below a defined cutoff, although the increase in titer may well be less than the initial response.
There is minimal data on other polysaccharide and protein vaccines for myeloma patients. In theory, meningococcal and H. influenzae vaccines should be of benefit. Viral vaccines, such as influenza, are not well studied. In general, vaccination with live attenuated viral vaccines is not recommended.

Immunoglobulin replacement. Intramuscular gammaglobulin appears to have no impact on incidence of infections.  [223,224] In one trial, the use of intravenous immunoglobulin (IVIG) (0.6-1.0 g/kg initial dose, 0.2 g/kg every three weeks) resulted in a decreased incidence and frequency of infection, thought to be due to an improvement in granulocyte function. In another 93-patient randomized trial, patients received 10 g IVIG every three to four weeks versus no therapy. After six months, patients were crossed over, with a four-month follow-up. Significantly fewer infections were seen with IVIG administration. However, this study had no placebo control, and was not double-blinded. In conclusion, although there is a possible role for IVIG prophylaxis, only use in the setting of recurrent or life-threatening infections is now recommended. 
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Table 1 - Pathogenesis of Infection in Patients 

with Chronic Lymphocytic Leukemia and Multiple Myeloma

Disease-related inherent immune defects


Hypogammaglobulinemia


Complement defects


Cell-mediated immune defects (T-cells, delayed hypersensitivity)

Defects in neutrophil phagocytic / bactericidal activity

Defects in monocyte function / deficiencies in monocyte enzyme levels 

Potential mucosal immune defects

Therapy-related immune defects 


Neutropenia


Steroid-induced cell-mediated immune defects


Alemtuzumab-, purine analogue-related T-cell defects

Table 2 – Etiologic Agents of Infection in CLL Patients 

Conventional alkylator therapy


Bacteria (most common)

Staphylococcus aureus 

Streptococcus pneumoniae 

Haemophilus influenzae
Escherichia coli
Klebsiella pneumoniae
Pseudomonas aeruginosa

Fungi  (uncommon, except in heavily pretreated patients)


Candida


Aspergillus

Purine analogue / Alemtuzumab therapy


Bacteria 


Listeria


Nocardia

Mycobacterium tuberculosis

Atypical mycobacteria


Legionella

Fungi


Candida

Aspergillus


Pneumocystis

Cryptococcus 

Viral


Cytomegalovirus  (especially with alemtuzumab)


Varicella zoster virus


Herpes simplex virus

Table 3 – Risk Factors for Infection in Patients Receiving 

Fludarabine-Based Therapy

Prior therapy for CLL, number of prior regimens

Response to therapy

Older age

Advanced Rai stage disease

Elevated serum creatinine

Anemia (hemoglobin <12 g/dl)

Hypogammaglobulinemia (low IgG level)




