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a b s t r a c t Natalizumab (Tysabri™), a monoclonal antibody against the α4-integrin of VLA-4 (CD49d) antigen of leukocytes, is highly effective in multiple sclerosis (MS). The most common reason for treatment failure is the development of neutralizing antibodies (NAbs). According to health authorities Nabs testing is recommended in case of relapse or repeated infusion reactions. However NAbs may develop in clinically asymptomatic patients. In this study we investigated if CD49d expression could serve as a biomarker of natalizumab bioavailability and treatment response. In a cohort of 49 natalizumab treated relapsing-remitting MS, followed over 2 years, CD49d expression was determined on peripheral blood mononuclear cells (PBMCs) before each infusion and compared to NAbs and serum natalizumab levels. In a majority of patients (41/49) the CD49d expression in PBMCs was strongly inhibited (> 50%) after the ﬁrst infusion and maintained at low levels throughout the treatment period. In contrast, in eight patients (16%) there was an early recovery of CD49d expression to pre-treatment levels related to NABs development. While three cases experienced hypersensitivity reactions, three others were identiﬁed solely on the basis of an undiminished level of CD49d, with neither infusion reaction nor clinical worsening. These 3 patients had very high levels of NAbs and no detectable serum natalizumab. Two additional patients had early but transient recovery of CD49d expression. These patients had low levels of transient Nabs and returned to signiﬁcant CD49d inhibition after few natalizumab infusions. We suggest that monitoring of CD49d expression can be used as a surrogate biomarker of natalizumab efﬁciency. If the CD49d expression is sustained at pre-treatment levels, patients should be tested for persistent NAbs and considered for treatment interruption. © 2011 Elsevier B.V. All rights reserved.



1. Introduction Natalizumab (Tysabri™, Biogen Idec and Elan Pharmaceuticals, Inc.) is the ﬁrst monoclonal antibody approved for the treatment of relapsing-remitting multiple sclerosis (RRMS). Natalizumab has proved to be effective in reducing the risk of sustained disability progression and of relapse over two years, when used as a monotherapy in the AFFIRM trial [1] or used in combination with IFNβ-1a in the SENTINEL trial [2]. Natalizumab is directed against the α4 subunit, also called CD49d antigen, of the α4β1-integrin, otherwise known as the Very Late Activating Antigen (VLA-4). Natalizumab can thus impede interaction of VLA-4, expressed on the surface of leukocytes with its cognate ligand, the endothelial vascular cell adhesion molecule 1 (VCAM-1). This interaction plays an important role in leukocyte extravasation. VCAM-1 was also found to be expressed at higher levels in MS lesions compared to healthy brain tissue [3]. Blockade ⁎ Corresponding author at: Department of Neurology, University-Hospital, Caen, F-14000, France. Tel.: + 33 231064621; fax: + 33 231064627. E-mail address: [email protected] (G. Defer). 0022-510X/$ – see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.jns.2011.10.005



of VLA-4/VCAM-1 interaction by natalizumab reduces the migratory capacity of circulating leukocytes [4,5]. Presumably, this leads to a reduction in the inﬂammatory reactions and in the formation or enlargement of MS lesions as seen in animal models [6] and in human clinical trials [7]. Antibody-based therapies are usually associated with a risk of development of an immune response [8] despite the humanization of monoclonal antibodies and this holds true for natalizumab. Patients who develop persistent neutralizing antibodies (NAbs) against natalizumab usually become unresponsive to the treatment [9]. In the AFFIRM trial, 57 patients (9%) were positive for NAbs at least once during the trial. Out of these, 20 (3%) were only transiently positive and reverted to negative status, while 37 (6%) were persistently positive. Similarly, in the SENTINEL trial, 70 patients (12%) who received combination therapy showed NAbs at some time, and among them, 38 (6%) were persistently positive. Hypersensitivity reactions occurred at an incidence of 4% and 1.9% in the AFFIRM and SENTINEL trials respectively, peaking at the second infusion. The infusion reactions usually occurred during or within 2 h after the beginning of the intravenous administration and were observed at the same rate (24%) in both
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trials. Some cases of delayed infusion-induced reactions have also been reported, that can be associated with NAbs [10,11]. Interestingly it should be noted that in the AFFIRM and SENTINEL studies, 24% and 21% of the persistently NAb-positive patients respectively, did not have any infusion reaction and hence remained clinically undetectable [9]. In addition, a post-marketing observational study in patients receiving natalizumab reported a similar incidence rate (37%) of persistent NAbs positive patients without any infusion or allergic reactions [12]. More recently, upon 64 MS patients evaluated over 18 months [13], a slightly higher frequency of persistently Nabs positive patients was found in the ﬁrst months of treatment, with no relationship between antibody status and adverse drug reactions. Treatment efﬁcacy of natalizumab is generally measured in terms of clinical and neuroradiological outcomes, and current recommendations are to perform Nabs testing only in patients who show recurrent infusion reactions and/or worsening of clinical symptoms after 6 months. Therefore some clinically silent patients with persistent NAbs may continue to receive risked and expensive therapy for months. Consequently, these data make French and European health authorities' recommendations questionable for clinical practice. In other words, are these recommendations well adapted in order to avoid natalizumab treatment maintenance in clinically undetectable patients with NAbs? Nevertheless there are other possibilities of evaluating treatment efﬁcacy, such as by monitoring the desired biological effects of natalizumab. For instance, Niino et al. [4] demonstrated that natalizumab treatment results in a signiﬁcant reduction in the expression of CD49d antigen in circulating mononuclear cells, an effect correlated to a reduction of the in vitro migratory capacity of these cells[4]. Recently, Wipﬂer et al. [14] demonstrated a signiﬁcant decrease in CD49d expression in PBMC using ﬂow cytometry in a small cohort of natalizumab-treated MS patients evaluated every 3 months over 1 year, suggesting that this can be a promising surrogate biomarker to determine natalizumab treatment response. However this study did not evaluate NAbs and/or serum natalizumab and there was no information about infusion reaction in the patients. The aim of this study was to monitor CD49d expression in a group of RRMS patients treated with natalizumab and to assess simultaneously the possibility of NAbs development.
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Table 1 Baseline characteristics of multiple sclerosis patients treated with natalizumab (n = 49). Women (%) Age (yr; mean ± SD) Annual relapse rate before the ﬁrst natalizumab infusion (mean ± SD) Disease duration since onset (yr; mean ± SD) Previous treatment Immunomodulating agentsa (%) Immunosuppressive agentsb (%) Corticosteroids (%) None (%) Initial EDSS score (mean ± SD) CD49d pre-treatment level (MFIc) (n = 47) a b c



39 (79.6) 38.2 ± 8.2 1.96 ± 0.91 9.5 ± 5.8 40 (81.6) 4 (8.2) 2 (4.1) 3 (6.1) 2.94 ± 1.53 8434 ± 1399



Interferon-beta1a and/or glatiramer acetate. Cyclophosphamide, mitoxantrone, or azathioprine. MFI: mean ﬂuorescence intensity.



used for assaying CD49d antigen, NAbs and natalizumab as described below.



2.2. Determination of CD49d antigen expression on peripheral blood lymphocytes Blood samples were collected just before each infusion and used immediately for determination of the levels of CD49d antigen on peripheral blood lymphocytes. The samples (50 μL) were incubated with a 1/10 ﬁnal dilution of a phycoerythrin (PE)-conjugated mouse anti-human CD49d antibody (9F10, BD Pharmingen, BD Biosciences) for 30 min at room temperature. This antibody did not interfere with the binding of natalizumab (data not shown). Isotype-matched murine immunoglobulin from the corresponding manufacturer was used as a negative control. Samples were subjected to red blood cell lysis using Versalyse (Beckman Coulter, France) according to the manufacturer's recommendations. Lymphocyte expression of CD49d was measured by cytoﬂuorometry using a Facs-Canto (Becton-Dickinson, France) after gating CD3+ T lymphocytes. B cells were also analyzed after gating CD19+ cells.



2. Methods 2.3. Detection of anti-natalizumab antibodies 2.1. Study design and patients This study included 49 consenting patients undergoing natalizumab treatment for RRMS at the Department of Neurology, University Hospital, Caen, France, between January 2008 and December 2010. The study was conducted in full accordance with the World Medical Association Declaration of Helsinki and with the approval of the local ethics committee. All the patients were considered suitable for natalizumab treatment based on the recommended clinical, radiological and immunological parameters [15] and the requirements speciﬁed by the French marketing authorization (http://www.afssaps.fr/Activites/ Surveillance-des-medicaments). The relevant clinical characteristics of patients are presented in Table 1. A majority (94%) of the patients had received immunomodulating or immunosuppressive treatments prior to natalizumab, and in the previous year, the mean number of relapses under these treatments was 1.96 (Table 1). Patients received an intravenous infusion of natalizumab at a dose of 300 mg, every 4 weeks, according to the recommended procedures. During administration of the drug, patients were closely monitored for any sign of infusion or hypersensitivity reactions. Blood samples were collected at baseline from all patients, except two, and again before each infusion from all 49 patients (except for months 2 and 3 in patients 6 and 7). For the two patients with missing pre-treatment samples, the mean value of the whole cohort was used as pre-treatment reference. Samples were



Anti-natalizumab antibodies and circulating levels of natalizumab were measured on serum samples. NAbs were detected by enzymelinked immunosorbent assay (ELISA). Natalizumab (Tysabri®, Biogen Idec), 0.5 μg/mL, in phosphate buffered saline (PBS) was allowed to adsorb on polystyrene microtitre plates (Maxisorp Nunc, Roskilde, Denmark) overnight at 4 °C. After three washes with PBS containing 0.1% Tween, plates were treated with 0.1% human albumin for 2 h at 37 °C to block non-speciﬁc binding. Diluted serum samples (1/100), were added in duplicates and incubated overnight at 4 °C. Bound anti-natalizumab antibodies were detected using a biotinylated rat monoclonal antibody against human lambda chain (LO-hL-2, P.A.R.I.S, Compiègne, France), for 1.5 h at 37 °C. Streptavidin alkaline phosphatase (Beckman Coulter, Fullerton, USA), 1/2000, was added, followed by paranitrophenyl phosphate (Interchim, Montluçon, France, 1 mg/mL). Optical density (OD) was measured at 450 nm (Elx808, KC4 software, Bio-Tek) and results were expressed in arbitrary units (AU) using a positive serum sample as a standard. Positive sera were titrated using serial dilutions from 1/1000 to 1/9000 or higher, if necessary. The speciﬁcity of the detection was conﬁrmed in a competition assay performed on serum samples incubated in the presence of an excess of natalizumab or of a human IgG4, kappa chain, antibody (Sigma-Aldrich, Saint-Louis, Missouri, USA), 0.1 mg/mL each (data not shown).
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2.4. Detection of serum natalizumab



A



Bioavailability of natalizumab in the sera was measured by cytoﬂuorometry. CD49d positive-Jurkat cells were incubated with serial dilutions of natalizumab used as a standard (from 0.01 to 3 μg/mL), for 45 min at 4 °C. Serum samples diluted 1/100 and 1/1000 in PBS containing 0.5% bovine serum albumin were incubated under the same conditions. After two washes at 4 °C, FITC-goat Fab'2 anti-human IgG (H + L) (Beckman Coulter, Fullerton, USA) at 1/20 dilution was added and allowed to react for 45 min at 4 °C in the dark. Cells were washed twice before ﬂow cytometry analysis. Appropriate controls were analyzed under the same conditions. 3. Statistic analysis



B



Mann and Whitney test was used to compare two groups of variables and Kruskal Wallis for three groups of variables with Dunn's post-test when required. GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego California USA) was used for statistical analysis. Statistical signiﬁcance was established as p b 0.05. 4. Results 4.1. Monitoring the biological effects of natalizumab In order to gauge treatment efﬁcacy, we monitored the expression of CD49d in RRMS patients receiving natalizumab infusions. The average baseline CD49d expression levels on T lymphocytes as measured by cytoﬂuorometry and expressed as mean ﬂuorescence intensity (MFI) were 8434 ± 1399 (n = 47). Subsequently, the CD49d expression levels that were measured before each infusion reﬂected the residual levels due to the previous infusion. MFI values were normalized for each patient to their respective pre-treatment levels. CD49d levels in T lymphocytes showed a signiﬁcant decline of 55% (range 30–70).Fig. 1A) as compared to pre-treatment values (pb 0.001). The maximum inhibition of CD49d expression was observed immediately after the ﬁrst infusion of natalizumab in a majority of the patients (41/49), and remained stable in the subsequent months with no signiﬁcant difference between M3 and M12. A similar proﬁle was obtained for CD49d expression in B lymphocytes (data not shown). In thirty patients, the median levels of circulating natalizumab were 24 μg/mL (range: 8–120) measured for a median number of 22 infusions (range: 3–32). During the study period, minor transient infusion reactions included headache, nausea, diarrhea, vertigo, tachycardia, cough or fatigue. Ten out of the above 41 patients experienced at least one relapse, but remained negative for NAbs. Natalizumab treatment had to be stopped in 2 patients for side effects (gastrointestinal disorders and persistent elevated serum glutamic pyruvic and serum glutamic oxaloacetic transaminases). These patients were NAbs negative and had signiﬁcant decline CD49d expression during natalizumab infusions. For 6 other patients, CD49d levels were found to revert to pre-treatment levels. Three of them (Patients 1–3) experienced hypersensitivity reactions while three others had no adverse events during the infusion (Patients 4–6) (Table 2, Fig. 1B). Patients 1–3 had generalized urticaria, allergic dermatitis with hand edema, general sickness or hives during the second infusion and hence the treatment was discontinued. Patient 1 showed a strong inhibition (66%) of CD49d expression after the ﬁrst infusion, but 4 weeks later, inhibition of CD49d expression was only 22% (Fig. 1A). In Patient 2, a limited inhibition of CD49d (30%) was observed prior to the second infusion, and treatment was interrupted with no blood sample collection thereafter. In Patient 3, there was a signiﬁcant inhibition of CD49d after the ﬁrst infusion (55%) that completely recovered to pre-treatment levels after the second one. Patients 1–3 were all found to be NAbs-positive, with high levels of anti-natalizumab antibodies (Table 2 and Fig. 2A) and with no



Fig. 1. Expression of CD49d on circulating lymphocytes in MS patients under treatment with natalizumab monotherapy. Blood samples were collected at baseline and before each infusion. Cytoﬂuorometry assay was carried out using anti-CD49d antibody. The mean ﬂuorescence index (MFI) was normalized to the pretreatment value for each individual. In a majority of the patients (— ● —) a signiﬁcant decrease in CD49d expression was observed (A). Three patients who had infusion reactions, #1 ( ), #2 ( ), #3 ( ) reverted to pretreatment CD49 levels (A). (B): Three patients had permanent restoration of CD49d pretreatment, without any infusion reaction: #4 ( ), #5 ( ), #6 ( ) while in two others CD49d decreased again : #7 (—△—), #8 (―□―). ↓ indicates treatment discontinuation due to hypersensitivity reaction after infusion. The number of patients that were being followed-up at different times is indicated.



Table 2 Characteristics of patients with permanent (n°1 to 6) or transient (n°7-8) undiminished levels of CD49d on T lymphocytes. Out of the entire cohort (n= 49), eight patients showed a recovery of CD49d expression to pretreatment levels despite natalizumab infusions. They were further classiﬁed according to the presence of hypersensitivity/infusion reactions. Two patients had transient recovery of CD49d expression related to transient Nabs development.



Patient no. Age (yr) Disease duration since onset (yr) Number of relapses during the year before natalizumab treatment Initial EDSS score Number of relapses during natalizumab treatment Anti-natalizumab antibody levelsb (infusion no. at determination)



Patients with hypersensitivity reaction



Patients without hypersensitivity or infusion reaction With persistent antibodies



With transient antibodies



1 22 6.2



2 45 22.9



3 43 5.5



4 39 11.6



5 45 11.6



6 48 20.9



7 42 8.8



8 39 16.8



4



2



2



2



2



2



2



3



3 None



2



2.5 1a



2



4



3.5 2.5 None



3.5



None



11700 8400 4900 12000 3150 4900 550 1100 (2) (2) (2) (10) (4) (15) (6) (2)



All eight cases were female patients and seven had a history of treatment with immunomodulating agents before shifting to natalizumab. a Patient had optic neuritis after the 9th infusion of natalizumab. b Arbitrary units.
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detectable circulating natalizumab 4 weeks after their last infusion. Patients 4 and 5 showed a rapid recovery of CD49d expression to pre-treatment levels that did not decrease thereafter despite continued treatment, indicating a lack of biological effect of natalizumab (Fig. 1B). In Patient 6, the pre-treatment levels of CD49d had not been recorded, but post-treatment levels were in the range of pre-treatment values recorded for the cohort. Patients 4, 5 and 6 did not experience any infusion reaction but were found to be positive for persistent NAbs at high levels (Table 2 and Fig. 2A). As a representative case, the proﬁle for Patient 5 is shown in Fig. 2B, and indicates the progressive increase in the titre of anti-natalizumab antibodies concomitant with a dramatic decrease in the serum levels of natalizumab. After the fourth infusion, serum natalizumab was undetectable even 7 days post-infusion. In all these patients, treatment was discontinued when the presence of persistent NAbs was conﬁrmed. Two additional patients (patients 7 and 8) demonstrated early changes of CD49d expression that returned promptly to pre-treatment levels but decreased again at month 7 under maintained therapy (Fig. 1B). In these two patients, transient Nabs (Fig. 2A) were detected at rather very low levels (10 times less) as compared to patients with persistent NAbs. For the ﬁve patients with either persistent or transient Nabs, at month 3, CD49d expression was signiﬁcantly different as compared to the group of patients without antibodies (p b 0.001). 5. Discussion Natalizumab interferes with leukocyte trafﬁcking by selectively binding to the CD49d surface antigen. It was shown that at the therapeutic dose of 300 mg of natalizumab in MS patients, both the CD49d expression and the migratory capacity of PBMCs were reduced



A



B



Fig. 2. (A). Kinetics of anti-natalizumab antibodies for patients #1 ( ), #2 ( ), #3 ( ), #4 ( ), #5 ( ), #6 ( ) and #7 (—△—), #8 (―□―) are shown. (B): Kinetics of circulating natalizumab in a NAb-positive patient. Serum samples of Patient 5, who did not show any hypersensitivity reaction, were assayed for natalizumab by cytoﬂuorometry (— ● —) and for anti-natalizumab antibodies by ELISA (― ■ ―), during regular infusions (300 mg every 4 weeks) of natalizumab. Samples were collected just before the infusions. Results of a sample collected 1 week after the last infusion are indicated by an arrow (↓).
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signiﬁcantly, albeit partially [4]. Hence, it seems reasonable to monitor the CD49d surface expression on PBMCs as an index of the biological effects of natalizumab treatment. Interestingly, an earlier study had also shown that down-regulation of VLA-4 on T-cells was observed under treatment with IFNβ-1a for MS that might participate to its mechanism of action [16]. Trials on natalizumab have shown that this therapy may induce an immune response to the drug in approximately 10% of MS treated patients [1,2]. The lack of relationship between antibody status and adverse drug reaction was conﬁrmed in recent post-marketing observational studies [12,13]. Indeed, some patients developed transient or persistent Nabs in the ﬁrst months of treatment without any infusion reactions and then remained clinically undetectable. The present study was aimed at determining a marker of biological efﬁcacy of natalizumab treatment for RRMS in addition to the clinical and neuroradiological records. We show that natalizumab treatment resulted in a signiﬁcant decrease in the levels of expression of the CD49d antigen on PBMCs in all patients except for those who developed NAbs. In the absence of NAbs, the levels were maintained low until the following infusion in patients during all the treatment period. A maintenance of reduced CD49d expression levels under regular natalizumab therapy was also observed by Wipﬂer et al. [14], but data about clinical and NAbs status were not described by the authors. All protein-based disease-modifying drugs used in the treatment of MS, such as IFNβ-1a, IFNβ-1b, glatiramer acetate and natalizumab are immunogenic in a minority of patients. The development of speciﬁc NAbs can have different effects on treatment outcome [8,17–19]. The two pivotal large scale clinical trials and a post-marketing trial have revealed a rate of about 6% for the incidence of persistent Nabs [1,2,12]. In the AFFIRM and SENTINEL trials, of all the patients who developed NAbs, 88% and 96% respectively, were NAbs-positive by week 12 [9]. In our study, the incidence of NAbs was 8/49 (16.3%). The presence of persistent NAbs (6/49, 12.2%) was associated with a lack of inhibition of CD49d expression and a disappearance of circulating natalizumab. From the eight cases discussed here, six had high titres of anti-natalizumab antibodies. Half of these NAbs-positive patients had obvious hypersensitivity reactions justifying treatment discontinuation. The levels of NAbs in these patients were very high immediately after the second infusion (see Table 2). In contrast, the other half of patients with persistent NAbs had well tolerated the treatment and did not have infusion or hypersensitivity reactions. The inefﬁcacy of the treatment in these patients remained clinically undetectable during several months of continued treatment, despite high NAbs levels. Thus, CD49d monitoring was the only method that allowed early identiﬁcation of patients in whom therapy was ineffective. To date, the assessment of NAbs is only recommended after 6 months of treatment and in patients who showed recurrent infusion reactions and/or disease worsening; accordingly, in these NAb-positive patients who tolerate the treatment well, the presence of anti-natalizumab antibodies is unlikely to be detected until worsening of the clinical symptoms. This was the case for Patient 4 who presented a right optic neuritis after the 9th infusion, associated with a new large lesion on T2/T1 MR weighted imaging and for Patient 6 who developed new gadolinium enhanced lesions on control MRI at one year (data not shown). As seen from this study, the quick cytoﬂuorometry assay for CD49d, performed monthly before each infusion, can give an early indication of the responsiveness of the patient to natalizumab treatment. Accordingly, the following strategy could be suggested. With the exception of patients with hypersensitivity reactions because their clinical state obviously suggest high titres of Nabs, patients in whom CD49d expression early returns to pre-treatment levels at least during two consecutive infusions, should be tested for NAbs. In the presence of high levels of anti-natalizumab antibodies (>2000 AU), it is clear that CD49d expression will remain unmodulated and hence treatment should be discontinued. If only low titres are observed, monitoring of CD49d expression during the next infusions will conﬁrm recovery of a
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signiﬁcant inhibition of CD49d expression and the presence of transient NAbs. An alternative strategy to consider would be to systematically check, at each infusion, the antibody status of all treated patients. NAbs had always been, until now, shown to appear within the ﬁrst months of treatment, and eventually to disappear soon after. However it is recommended to perform the test at 6 months but this strategy does not give any information on the kinetics of the Nabs neither in titres for the commonly used assay. So CD49d monitoring performed during the initial period of treatment can help to optimize NAb testing. The strategy we propose, i.e. monitoring CD49d as soon as natalizumab treatment begins, would not only spare the patients from an ineffective treatment and allow a switch to another active treatment, but would also reduce health expenses. Indeed, the cost for CD49d assays in all patients on a regular basis is smaller than the cost of administering natalizumab to patients who develop NAbs. A larger study on the CD49d status during treatment would allow a better estimation of the incidence and timing of the development of the NAbs and would provide better guidelines for management of natalizumab treatment. In our cohort, monitoring of CD49d expression helps also to detect patients who developed transient NAbs without any clinically detectable adverse drug reaction. This could also be a major information for patient's care especially in case of treatment interruption (for example pregnancy), switched therapy or planned new administration after transient interruption.



6. Conclusion To conclude, we report that monitoring of CD49d antigen can indicate treatment failure caused by the presence of anti-natalizumab antibodies, including in patients who do not exhibit any infusion reaction. Based on our experience of almost 3 years, we recommend a monthly monitoring during the ﬁrst 6 months of treatment followed by a less frequent monitoring thereafter. We suggest that CD49d monitoring can be considered as a surrogate biomarker of natalizumab efﬁcacy. It would allow detecting patients with transient NAbs and early identiﬁcation of asymptomatic patients with persistent NAbs unlikely to beneﬁt from the treatment with natalizumab.
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