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            Abstract
Natalizumab (NZM), a humanized monoclonal IgG4 antibody to α4 integrins, is used to treat patients with relapsing-remitting multiple sclerosis (MS)1,2, but in about 6% of the cases persistent neutralizing anti-drug antibodies (ADAs) are induced leading to therapy discontinuation3,4. To understand the basis of the ADA response and the mechanism of ADA-mediated neutralization, we performed an in-depth analysis of the B and T cell responses in two patients. By characterizing a large panel of NZM-specific monoclonal antibodies, we found that, in both patients, the response was polyclonal and targeted different epitopes of the NZM idiotype. The neutralizing activity was acquired through somatic mutations and correlated with a slow dissociation rate, a finding that was supported by structural data. Interestingly, in both patients, the analysis of the CD4+ T cell response, combined with mass spectrometry-based peptidomics, revealed a single immunodominant T cell epitope spanning the FR2-CDR2 region of the NZM light chain. Moreover, a CDR2-modified version of NZM was not recognized by T cells, while retaining binding to α4 integrins. Collectively, our integrated analysis identifies the basis of T-B collaboration that leads to ADA-mediated therapeutic resistance and delineates an approach to design novel deimmunized antibodies for autoimmune disease and cancer treatment.
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                    Fig. 1: V(D)J gene usage and epitope mapping of 40 anti-natalizumab monoclonal antibodies.[image: ]


Fig. 2: The neutralizing activity of ADAs is acquired through somatic mutations and correlates with a slow dissociation rate.[image: ]


Fig. 3: Structural features of the interaction of NZM with a NAb and a BAb.[image: ]


Fig. 4: Identification of a single immunodominant T cell epitope that can be engineered to deimmunize NZM.[image: ]
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Extended data

Extended Data Fig. 1 Epitope mapping of NZM-specific antibodies.
a, Alignment of NZM heavy and light chain variable regions (NZM VH and NZM VL) to the human scaffold antibody counterparts (21/28’CL and REI) used for NZM humanization. Mutated residues are shown in red. Dots indicate the same residue. b, Scheme of the 8 heavy and 8 light chains variants of NZM that were combined in an 8x8 matrix to express 64 different NZM CDR swap variants. c, Cluster analysis of binding of 30 antibodies isolated from patient A to the 64 NZM swap variants by ELISA. BAbs and NAbs are indicated on the x-axis in red and black, respectively. The NZM swap variants are shown on the right y-axis (H, heavy chain; L, light chain; 1, CDR1; 2, CDR2; 3, CDR3). Optical density (OD) values are shown with a two-color gradation scale from minimum (white) to maximum (blue).


Extended Data Fig. 2 Structural details of the interaction of NZM with a NAb, a BAb and α4-integrin.
a, Closer view of the interaction interface between NZM and NAA32 (left) and NAA84 (right). Epitope and paratope residues are shown in solid sticks. Proteins are displayed in ribbon diagram. The empty space in the interface between the NZM and NAA32 or NAA84 is represented as orange or purple surface, respectively, in two different orientations b, Superimposition of the antigen-binding fragment of NZM in complex with NAA84 (NAb, green), NAA32 (BAb, cyan) and α4-integrin (orange). NZM heavy and light chains are shown in salmon and slate blue, respectively. Proteins are displayed in ribbon diagram.


Extended Data Fig. 3 Sorting of NZM-activated memory CD4+ T cells from MS patients.
Flow cytometry analysis of memory CD4+ T cells at day 12 after ex-vivo stimulation with irradiated autologous monocytes untreated (upper panels) or pre-pulsed with NZM peptide pool (lower panels). CFSElowCD25+ICOS+ T cells reactive to NZM peptide pool were FACS-sorted and cloned by limiting dilution (representative of n = 2 biologically independent samples).


Extended Data Fig. 4 MHC restriction of NZM-reactive CD4+ T cell clones and peptide-MHC-II binding affinity predictions of NZM and deimmunized variants.
a, MHC restriction of NZM-reactive T cell clones. NZM-specific CD4+ T cell clones isolated from patient A (upper panel) and patient B (lower panel) were stimulated with antigen-pulsed autologous APCs in the absence or presence of blocking anti-MHC-II antibody (anti-HLA-DR, clone L243; anti-HLA-DQ, clone SPVL3; anti-HLA-DP, clone B7/21). Proliferation was measured on day 3 after a 16-h pulse with [3H]-thymidine, and is expressed as counts per minute (cpm). Inhibition of T cell proliferation was > 80% only in the presence of the anti-HLA-DR antibody. b and c, Predicted binding affinities of all theoretical 15mer peptides derived from NZM heavy chain (HC) and light chain (LC) to HLA-DRB1 alleles carried by the two patients (b), or to a reference set of nine HLA-DRB1 and HLA-DRB3/4/5 alleles (c). The affinities are shown as reciprocal IC50 (nM) values. The dotted lines define the thresholds of high-affinity binding set at 100 nM and low-affinity binding set at 300 nM. d, Predicted binding affinities of 15mer peptides spanning the light chain CDR2 region of NZM variants to HLA-DRB1 alleles carried by patient A (DRB1*14:01 and DRB1*16:01) and patient B (DRB1*0701). The affinities are shown as reciprocal median IC50 (nM) values. The dotted lines define the thresholds of high-affinity binding set at 100 nM and low-affinity binding set at 300 nM.
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