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                                                                                                                        Abstract

                                                            Rituximab is an effective treatment for autoimmune cytopenias associated with chronic lymphocytic leukemia. Despite the incorporation of rituximab into fludarabine-based chemotherapy regimens, the incidence of autoimmune cytopenias has remained high. Inadequate rituximab exposure due to rapid antibody clearance may be a contributing factor. To test this hypothesis, we measured serum rituximab levels in patients treated with fludarabine and rituximab (375 mg/m2). All patients had undetectable rituximab trough levels by the end of cycle 1, and one-third had undetectable levels already on Day 6 of cycle 1. Although rituximab trough levels increased progressively with each cycle, only by cycle 4 did the median trough level exceed 10 ug/mL. The median half-life of rituximab during cycle 1 was 27 hours, compared to 199 hours during cycle 4 (P<0.0001). There was a significant inverse correlation between the rituximab half-life in cycle 1 and the degree of tumor burden (P=0.02). Two patients who were identified as having subclinical autoimmune hemolysis prior to therapy were given additional doses of rituximab during the initial cycles of therapy and did not develop clinically significant hemolysis. One patient who developed clinically significant hemolysis during therapy was given additional rituximab doses during cycles 3–5 and was able to successfully complete his treatment. In conclusion, rituximab is cleared so rapidly during the initial cycles of therapy for chronic lymphocytic leukemia that most patients have only transient serum levels. More frequent dosing of rituximab may be required to prevent autoimmune complications in at-risk patients (clinicaltrials.gov identifier:00001586).
                                                            
                                                            Introduction
Autoimmune cytopenias (AIC) are common in patients with chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), and are often precipitated by the initiation of fludarabine-based chemotherapy.1,2 In particular, autoimmune hemolytic anemia and immune thrombocytopenia have been serious adverse events of fludarabine monotherapy, at times leading to fatal outcomes.2,3 Over the past decade, the chimeric anti-CD20 monoclonal IgG1 antibody, rituximab, has gained recognition both as an integral component of therapy for CLL4–6 and as a safe and effective therapy for corticosteroid-refractory CLL-associated AIC.3,7,8 Despite the demonstrated efficacy of rituximab in treating AIC, its combination with fludarabine-based chemotherapy has not consistently resulted in a decline in the incidence of treatment-associated AIC. Borthakur et al., for example, reported that the incidence of AIC in patients with CLL treated at MD Anderson Cancer Center with fludarabine, cyclophosphamide, and rituximab (FCR) was comparable to that of historical controls treated with chemotherapy only.9 Thus, while rituximab has demonstrated success as treatment for AIC, it seems to be less effective as a preventive agent.
We hypothesized that this apparent discrepancy may be related to inadequate rituximab exposure. In the pivotal study of weekly rituximab as monotherapy for low-grade non-Hodgkin’s lymphoma, rituximab trough levels were significantly lower in patients with SLL than in patients with other lymphoma subtypes.10 In part this may be due to the high tumor burden, the elevated lymphocyte count, and the presence of disease in the bone marrow in CLL/SLL patients, all factors that have been shown to reduce rituximab serum levels.11–13 These data call into question whether the current paradigm of dosing rituximab purely by body surface area and administration only once every 4-week cycle in chemoimmunotherapy regimens is optimal for CLL patients. Pharmacokinetic data on rituximab in CLL patients have been obtained mostly from patients dosed higher and more frequently than what is used in standard chemoimmunotherapy, or have been assessed in patients with relapsed/refractory disease.14–17 These studies show that high serum levels of rituximab can be reached in CLL patients after repeated dosing, especially as the tumor burden is successfully reduced, and eventually the infused rituximab displays similar pharmacokinetics as in patients with NHL. However, serum concentrations and half-life of rituximab in previously untreated patients with CLL undergoing first-line chemoimmunotherapy are insufficiently characterized, especially for the first treatment cycle. Here we report detailed pharmacokinetics of rituximab in treatment-naïve CLL patients undergoing chemoimmunotherapy with fludarabine and rituximab (FR).
Design and Methods
Patients and treatment
From August 2004 to December 2009, 28 previously untreated patients with symptomatic CLL fulfilling standard treatment criteria18 initiated chemoimmunotherapy with fludarabine (25 mg/m/d ×5) and rituximab (375 mg/m in each cycle) repeated every four weeks for up to six cycles (NCI protocol 97-C-0178; registered in clinicaltrials.gov identifier:00001586). This study was approved by the institutional review board of the National Cancer Institute (NCI) and patients gave their written informed consent to take part in the study. Patients’ characteristics are listed in Table 1.
Diagnosis of AIHA and pre-emptive rituximab administration
AIHA was diagnosed following criteria used by Borthakur,9 i.e. 2 g/dL or over drop in hemoglobin during therapy and either a positive DAT or at least two of the following: absolute reticulocyte count over 50 K/μL, elevated LDH, total bilirubin over 1.0 mg/dL, haptoglobin below 30 mg/dL. Prior to therapy, patients with hemoglobin of over 10g/dL and either a positive DAT or at least two of the aforementioned criteria were identified as having subclinical hemolysis, and were given additional doses of rituximab.
Rituximab serum levels and statistical analysis
Pre-and post-infusion rituximab serum levels in 17 patients during the first four treatment cycles were determined by flow cytometry, based on the binding of the monoclonal antibody HB43 (anti-human IgG, Fc-specific), to Raji cells reacted with standards and serum samples. Post-infusion levels were obtained at multiple time points up to 120 hours (h) after the start of rituximab. Trough levels were obtained immediately prior to initiation of the next cycle of therapy. Rituximab serum half-life was calculated for the first four cycles according to the formula:
where Ctime(1) was a post-infusion rituximab level obtained between 24 and 120 h after the start of rituximab and Ctime(2) was a rituximab level obtained at a subsequent time point during that cycle. Median values for cycle-specific rituximab levels and half-lives were compared across time using ANOVA. Where applicable, data are displayed in Whisker plots showing the median, the upper and lower quartile, and the minimum and maximum values.
[image: ]

Table 1.Patients’ characteristics.
To estimate differences in pharmacokinetics in relation to tumor burden, patients with at least one lymph node of more than 5 centimeters or an absolute lymphocyte count (ALC) over 100,000/μL were considered to have high tumor burden. Rituximab half-life in patients with and without high tumor burden was compared using two-tailed Student’s t-test.
Results and Discussion
Incidence of AIC
The overall incidence of AIC during treatment was 18%, quite comparable to the 29% incidence seen in therapy-naïve patients treated previously at our institution with single agent fludarabine. Five cases of AIC (AIHA in 3, autoimmune neutropenia in 1, amegakaryocytic thrombocytopenia in 1) developed during cycles 2–3 and led to discontinuation of fludarabine in 3 patients. One patient (FR23) was given additional doses of rituximab and successfully continued on FR.
Three patients (11%) had subclinical hemolysis prior to starting FR. One patient was started on FR and was able to complete six cycles of therapy but continued to have compensated hemolysis that progressed to overt AIHA six months after completion of treatment. Two patients with subclinical hemolysis were given additional doses of rituximab (375 mg/m) during the first and second cycles of therapy in an attempt to prevent the development of clinically significant AIHA. Indeed, neither of these patients went on to develop clinical AIHA. One patient developed pure red cell aplasia prior to starting FR and was given additional doses of rituximab during the first two cycles with no response of the AIC and progression to amegakaryocytic thrombocytopenia.
Rituximab clearance and half-life
Rituximab was not detectable at the trough in the majority of first treatment cycles, with none of the 14 patients who received the standard dose of rituximab registering a detectable level at the end of cycle 1. By contrast, one of the 3 patients who received additional rituximab had a detectable level at the end of cycle 1, and another did so at the end of cycle 2. The median trough level in patients treated with the standard dose rituximab increased progressively with subsequent cycles (Figure 1A). However, only 63% of patients had detectable rituximab trough levels by the end of cycle 3 (Figure 1B). Indeed, the median rituximab level on Day 6 of cycle 1 was only 6.7 μg/mL and a full 35% of patients had no detectable rituximab in their serum at this early time point (Figure 1C).
Consistent with this rapid decrease in rituximab serum levels, we calculated a median rituximab half-life of 27 h in cycle 1 (range 9–91) which increased with each subsequent cycle: to 86, 113, and 199 h in cycles 2, 3 and 4, respectively (Figure 1D). These cycle-specific half-lives were remarkably shorter than the expected 8–10 day half-life of a chimeric IgG1 monoclonal antibody in a non-disease state;19 or the half-lives of rituximab measured in previous low-grade NHL studies.11
[image: ]

Figure 1.Rituximab pharmacokinetics in CLL. (A) Rituximab was administered every 4 weeks in combination with fludarabine. Rituximab trough levels during cycles 1–5 are depicted on Whisker plots (P<0.0001 by ANOVA). (B) Percentage of patients with detectable trough levels at the end of cycles 1–5 (P=0.0019 for time effect). (C) Minimum (open squares), median (solid line), and maximum (open circles) rituximab serum levels measured 24 and 120 hours after the first dose. Lines indicate an estimate of serum levels at time points in between actual measurements. (D) Median serum rituximab half-life during cycles 1–4. P values by t-test for comparison of the respective cycle to cycle 1 are *P<0.01 and ***P<0.0001.
These short half-lives, coupled with the less frequent dosing of rituximab in CLL (once every four weeks) compared to other NHL subtypes (once every 1–3 weeks) result in a striking disparity in rituximab exposure between patients with CLL and other B-cell malignancies. Compared to their NHL counterparts, CLL patients spend a greater portion of their initial treatment cycles with little to no circulating rituximab, and reach steady-state therapeutic levels much later in the course of their treatment. This may explain why the inclusion of rituximab into fludarabine-based chemotherapeutic regimens has not consistently reduced the incidence of treatment-associated AIC in CLL. Accordingly, it stands to reason that increasing rituximab exposure early on in CLL treatment by means of repetitive dosing may prove more effective in preventing such complications. Although our sample size of at-risk patients treated with this approach was small, the fact that these patients achieved better-than-average rituximab serum levels and did not develop clinically significant AIC is encouraging and deserves further study.
Correlation of rituximab clearance and tumor burden
Previous clinical and pre-clinical studies have identified, on both inter- and intra-individual bases, an inverse correlation between tumor burden and rituximab levels.11,12 We confirmed this correlation and found it to be quite pronounced in our CLL patients. Within our cohort, median half-life during the first treatment cycle was 20 h in patients with high tumor burden compared to 58 h in patients without (P=0.02; Figure 2A). Likewise, within individual patients, absolute lymphocyte count and trough rituximab levels showed a striking inverse correlation across time (Figure 2B).
With regard to prevention of AIC, this inverse correlation between tumor burden and rituximab half-life strengthens the argument for rethinking our approach to rituximab dosing in CLL. As demonstrated recently by Barcellini et al., the presence of advanced disease in CLL is associated with an increased risk of developing AIC.20 Considering that patients with the most advanced disease (i.e. those with high tumor burden) spend the greatest percentage of a chemoimmunotherapy course with no detectable rituximab in their sera, it appears that the current standard practice of infrequent and static rituximab dosing may actually be contributing to the development of therapy-associated AIC by providing the least mitigation of risk for the highest-risk group of patients. While rituximab is now typically dosed at 500 mg/m once every four weeks, the dose for cycle 1 has remained at 375 mg/m, and the moderate increase in subsequent doses is unlikely to significantly increase trough levels in cycle 2 or 3 given the short half-life of rituximab during these cycles.
In addition, there is an increasing body of data to suggest that administration of large bolus doses of anti-CD20 antibody exhausts effector mechanisms and promotes loss of CD20 from CLL cells21,22 while more frequent administration of rituximab better preserves effector functions and increases the anti-tumor activity.23 Specifically, binding of relatively small amounts of rituximab or ofatumumab to B cells (at levels considerably below saturation) is adequate to promote antibody-dependent cellular cytotoxicity, while higher (but still non-saturating) doses will mediate complement-dependent cytotoxicity.23–25 Large bolus doses that saturate the CD20 sites, however, have been shown to lead to rapid exhaustion of effector mechanisms as well as trogocytosis of antibody/CD20 complexes, also referred to as “shaving”, from opsonized cells that remain in the circulation.22,26 This phenomenon may actually accelerate the clearance of the infused rituximab, while rendering the “shaved” CLL cells resistant to further rituximab. Consequently, there is a scientific basis for arguing that lower, repeated doses of rituximab (with lower resultant peak values) may be superior to larger, less frequent doses, in terms of optimizing not only rituximab exposure but also rituximab efficacy.26
The inclusion of cyclophosphamide into the chemoimmunotherapeutic regimen may also be beneficial for patients at high risk for AIC, given the known therapeutic activity of this agent in autoimmune disease and the low incidence of AIC seen in patients treated with FCR in the CLL8 trial.4 It is worth noting, however, that the AIC incidence in FCR-treated patients reported by Borthakur et al. was substantially higher than in the CLL8 trial, although the reasons for this are unclear. Regardless of this, the inclusion of cyclophosphamide and/or more frequent dosing of rituximab may both be considered as preventive measures in high-risk patients.
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Figure 2.Tumor burden correlates inversely with rituximab serum concentration and half-life. (A) Median serum rituximab half-life in the first treatment cycle for patients with high (n=8) and low (n=9) tumor burden (P=0.02 by Student’s t-test). (B) ALC (solid lines) and rituximab trough levels (dotted lines) over time in 2 representative patients.
We have not directly addressed the mechanism by which rituximab may ameliorate AIC in CLL. However, several lines of evidence suggest that immune complexes formed between rituximab and CD20 on B cells may serve as decoys to attract effector cells that express Fcγ, thus diverting the effector cells from mediating destruction of other cells opsonized by autoantibodies.27 Other mechanisms have also been proposed, but in all cases, it is clear that if the rituximab is rapidly cleared in the early infusion cycles, its potential effect on AIC will be minimized.
In conclusion, we find that rituximab is cleared rapidly from the circulation in previously untreated patients with CLL undergoing chemoimmunotherapy, with the most rapid clearance occurring in patients with high tumor burden. Our findings suggest that outcomes in CLL, to include autoimmune complications of therapy, could be improved by changing our approach to rituximab dosing to better reflect CLL-specific aspects of anti-tumor activity and pharmacokinetics.
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