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            Abstract
We improve the potency of antibody–drug conjugates (ADCs) containing the human epidermal growth factor receptor 2 (HER2)-specific antibody pertuzumab by substantially reducing their affinity for HER2 at acidic endosomal pH relative to near neutral pH. These engineered pertuzumab variants show increased lysosomal delivery and cytotoxicity towards tumor cells expressing intermediate HER2 levels. In HER2int xenograft tumor models in mice, the variants show higher therapeutic efficacy than the parent ADC and a clinically approved HER2-specific ADC.
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                    Fig. 1: Acid switching results in increased accumulation of ADCs in HER2-expressing tumor cells.[image: ]


Fig. 2: ALTAs are more effective at reducing proliferation of HER2int-expressing cells and deliver increased levels of MMAE to target cells.[image: ]
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              The data that support the findings in this study are available upon reasonable request from the corresponding authors.

            

Code availability

              
              Software is available upon request at http://www.wardoberlab.com/software/sprtool and http://www.wardoberlab.com/software/miatool for surface plasmon resonance (SPR) and microscopy data analyses, respectively. MATLAB-based software for fitting the pharmacokinetic data is available upon reasonable request from the corresponding authors.
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Supplementary Figure 1 Surface plasmon resonance analyses of the interaction of clinical grade trastuzumab or clinical grade pertuzumab with immobilized recombinant human HER2 extracellular domain fused to Fc (HER2-ECD).
Antibodies were injected at either pH 7.4 or 6.0 at concentrations ranging from 0.25-2,200 nM and equilibrium dissociation constants (KDs) determined. Representative traces for duplicate or triplicate injections for each analyte concentration are presented. At least two independent experiments with similar results were carried out for each interaction.


Supplementary Figure 2 Strategy for generating acid-switched variants of pertuzumab.
The X-ray crystallographic structure of the pertuzumab:HER2 extracellular domain complex (Protein Data Bank: 1S78) is shown, with the pertuzumab VH domain, VL domain and HER2 domain II shown in cyan, light cyan and orange, respectively. Residues targeted for mutagenesis by histidine replacement (a) or for production of phage display libraries (b) are shown in green. (c) Residues Tyr55 (CDRL2) and Ser103 (CDRH3) that were mutated to histidine to generate the YS mutant are shown in green. (d) Residues Ser55 (CDRH2) and Gly57 (CDRH2) that were mutated to His and Glu, respectively, to generate the SG mutant are displayed in green.


Supplementary Figure 3 Binding behavior of phage bearing WT pertuzumab or SG mutant, as single-chain Fv fragments (scFvs).
Phage-displayed scFvs (WT or SG mutant) were analyzed for binding to HER2-ECD at pH 7.4 and 5.8 using ELISA. The ratio of signal measured at pH 7.4 to pH 5.8 was calculated. The data shown is the mean ratio of a total of 6 independent samples ± SD for each phage type/pH derived from two independent experiments.


Supplementary Figure 4 Surface plasmon resonance analyses of the binding of WT pertuzumab and mutated variants YS and SG to HER2.
Equilibrium dissociation constants (KDs) for the interactions of the antibodies with immobilized recombinant human HER2 extracellular domain fused to Fc (HER2-ECD) were determined at pH 7.4, 7.0, 6.5 and 5.8. * estimated binding affinity from the amount bound at equilibrium (see Methods). ** N.D., not determined, since binding too low to estimate a dissociation constant. Two independent experiments with similar results were carried out for each interaction.


Supplementary Figure 5 Stability analyses of WT pertuzumab and SG, YS mutants (as full-length human IgG1/κ antibodies).
(a) WT pertuzumab or SG, YS mutants were stored at 4 °C for 0 days, 4 °C for 30 days, or 37 °C for 5 days and analyzed using size exclusion chromatography. (b) WT pertuzumab or SG, YS mutants were incubated in IgG-depleted, human serum for 0, 3, or 5 days at 37 °C. Antibodies were immunoprecipitated and analyzed by immunoblotting (serum indicates control sample without antibody added). Sizes of molecular weight markers (in kDa) are shown on the left margin. Two independent experiments were carried out with similar results.


Supplementary Figure 6 Characterization of WT pertuzumab and acid-switched mutants (SG, YS) following conjugation to MMAE.
(a) MMAE-conjugated antibodies (WT-MMAE, SG-MMAE or YS-MMAE) were analyzed using a hydrophobic interaction column to determine the drug-to-antibody ratio (upper row). Analyses of MMAE-conjugated antibodies using size exclusion chromatography are also shown (lower row). (b) WT-MMAE, SG-MMAE or YS-MMAE were incubated in IgG-depleted human serum for 0, 3, or 5 days at 37 °C. Following incubation, ADCs were immunoprecipitated and analyzed by immunoblotting (serum indicates control sample without ADC added). Sizes of molecular weight markers (in kDa) are shown on the left margin. (c) Antibodies (WT, SG and YS) and their respective MMAE-conjugated ADCs were analyzed for binding to HER2-ECD using ELISA at pH 7.0 and 5.8. Mean values for independent triplicate sample wells are shown and error bars indicate SD. For panel (a), at least 3 (YS-MMAE) or 4 (SG-MMAE or WT-MMAE) preparations of ADC were analyzed with similar results. For panels (b) and (c), two independent experiments were carried out with similar results.


Supplementary Figure 7 Cell surface levels of HER2 on cancer cells.
Cells were incubated on ice with 33 nM Alexa 647-labeled pertuzumab (Pertuzumab), an Alexa 647-labeled isotype control (Control IgG), or medium (Untreated) for 30 minutes, washed and analyzed by flow cytometry. Data shown is representative of three independent experiments.


Supplementary Figure 8 Acid-switching results in enhanced delivery of ADCs to dextran-positive lysosomes.
MDA-MB-453 cells were incubated with 5 µM Alexa 647-labeled dextran for 2 hours followed by a 3 hour chase period to label lysosomes. Following dextran treatment, cells were incubated with 10 nM Alexa-488 ADCs (WT, SG, and YS) for 4 h or 20 h as indicated. Following washing, cells were treated with Alexa 488-specific antibody for 30 min on ice to quench cell surface-associated signal. Samples were then fixed and imaged. Cropped regions are expanded in the lower left region of each image. Alexa 488 and Alexa 647 are pseudocolored red and green, respectively, in the overlays. Size bars = 5 µm (larger images) or 1 µm (insets). Data is representative of two independent experiments and images shown are representative cells (n ≥ 27).


Supplementary Figure 9 Pharmacokinetic behavior of WT-MMAE, SG-MMAE and YS-MMAE.
Female BALB/c SCID mice (n = 5 mice/group) were injected intravenously with 125I-labeled ADC and radioactivity levels in the whole body (a) or blood (b) were determined at the indicated times. The β-phase half-lives of WT-MMAE, SG-MMAE and YS-MMAE are 190.6 ± 4.4 hours, 184.4 ± 11.7 hours, and 195.2 ± 29.5 hours, respectively (mean ± SD; derived from whole body counts). Data shown represent means of normalized counts ± SE for mice within each group.


Supplementary Figure 10 Analyses of excised tumors, serum alanine aminotransferase (ALT) activity, and body weight of female BALB/c SCID mice following treatment with ADCs.
(a) Female BALB/c SCID mice bearing MDA-MB-453 tumors were treated twice, with a 21 day interval, with 2 mg/kg ADC (WT-MMAE, SG-MMAE or YS-MMAE), T-DM1, unconjugated WT pertuzumab (WT) or PBS (n = 7 mice/group for YS-MMAE, T-DM1 or PBS; 8 mice/group for WT-MMAE, SG-MMAE or WT). (b) JIMT-1 xenografts were treated weekly (four times) with 2 mg/kg ADC (WT-MMAE or SG-MMAE), T-DM1, WT, SG or PBS (n = 6 mice/group for PBS; 7 mice/group for WT-MMAE, SG-MMAE, T-DM1, WT or SG). Tumors from (a) and (b) were extracted and photographed at the end of the experiment. Note that for panel (a), tumors could not be detected in 3 of 8 mice treated with SG-MMAE, and 5 tumors are therefore shown for this treatment group. (c) BALB/c SCID mice were treated as in panels (a) and (b). Blood was collected from mice 4-5 days after the second (MDA-MB-453 xenograft model) or fourth (JIMT-1 xenograft model) dose of ADCs or control and tested for ALT activity, where the units of mU are defined as nmol/min. The mean ALT activity ± SE for each group is shown, with the numbers of mice for each treatment group as in panels (a) and (b). No statistical significance (n.s.) was found (one-way ANOVA with Tukey’s multiple comparison test; P > 0.49). (d) Body weights of BALB/c SCID mice treated as in panels (a) and (b) were determined at the indicated times. Arrowheads indicate treatment days, and mean weight ± SE for each group is shown, with the numbers of mice for each treatment group as in panels (a) and (b). Two independent experiments were carried out for panels (a)-(d) with similar results.


Supplementary Figure 11 Structural modeling comparing the interaction with HER2 of WT pertuzumab with the acid-switched mutant SG at pH 7.4 and 5.8.
(a) Analyses of the contribution of van der Waals (vdW), geometry (Geo), nonpolar hydration free energy (based on the solvent-accessible surface area, or SASA), and continuum electrostatics (Elec) to the differences in binding free energies (ΔΔG) between the SG mutant and WT pertuzumab interacting with HER2 at pH 7.4 and 5.8. (b) Energy decompositions of the Elec interactions shown in (a) for the residues that make the largest energetic contributions to the different binding behavior of WT and SG (HER2 and pertuzumab CDRH2 residues are shown in orange and cyan, respectively), with the most important contributors indicated by boxes. (c,d) The differences in the protonation states (residues His55 and Ser55 of SG and WT, respectively) and conformational states (residue Tyr252 of HER2) between WT pertuzumab and the SG mutant at pH 7.4 (c) and 5.8 (d). The modeled structures of the pertuzumab:HER2 extracellular domain complex are shown, with the pertuzumab VH domain, VL domain and HER2 domain II shown in cyan, light cyan, and orange, respectively. Residues for the SG:HER2 and WT:HER2 complexes are labeled in bold and parentheses, respectively.
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