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Supplementary Text  

 

Materials and Methods 

Nivolumab binding to human and cynomolgus PD-1 (additional methods) 

Inhibition of ligand binding was performed using surface plasmon resonance.  Serial dilutions of 

nivolumab pre-incubated with a fixed concentration (20 nM) of PD-1-Fc protein were flowed over a 

chip coated with recombinant PD-L1-Fc or PD-L2-Fc protein (R&D Systems). 

 

Epitope mapping 

Native and reduced PD-1 antigen peptides were generated by various endoproteinases (Glu-C, 

Asp-N, [Roche] and trypsin [Promega]) and immunoprecipitated by nivolumab-bound resin. Bound 

peptides were treated with secondary enzyme or eluted with 5% formic acid for direct sequence analysis. 

Glycans were subsequently released by incubation with glycosidase PNGase-F (Promega). These bound 

peptides were analyzed by MALDI-MS or NanoLC-ESI-MS/MS on Qstar XL (AB Sciex). Collected 

mass spectrometry data were searched against databases using the search engines Mascot (Matrix 

Sciences) and Protein Pilot (AB Sciex) to identify peptide sequences. 

 

Ex vivo cytokine-release assay 

500 µl of heparinized blood from healthy donors was incubated with nivolumab or control 

antibodies in 48-well plates at 37ºC and 5% CO2 for 24 hours. Cytokine responses (IL-2, IL-4, IL-6, IL-

10, IFN- and tumor necrosis factor [TNF]-) were measured in plasma using the Cytometric Bead 

Array and analyzed by FACSArray Bioanalyzer (BD Biosciences). 
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Pharmacokinetics, toxicity, and immunogenicity of nivolumab in cynomolgus macaques  

Phenotypic analysis of monkey blood cells was performed 1 day after final dosing; T cells, B 

cells, DC, and monocytes were counted by FACS using CD3, CD20, CD11c, and CD14 antibodies (BD 

Bioscience), respectively. T-cell subsets were analyzed using CD28 and CD95 staining (BD Bioscience) 

on CD4+ and CD8+ T cells. All pivotal toxicology studies were conducted in compliance with Good 

Laboratory Practice Regulations for Nonclinical Laboratory Studies of the United States Food and Drug 

Administration (21 CFR Part 58) and were approved by the laboratory’s Institutional Animal Care and 

Use Committee. 
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Supplementary Tables 

Table S1. Percentage increase in IL-2 secretion induced by nivolumab compared with control antibody 

in SEB-stimulated PBMCs from 18 donors 

  

SEB (ng/mL)  Mean  Range (%)  

2500  138.9  18–343  

83  122.5  17–450  

2.8  115.2  3–340  

0.09  124.4  20–333  

0.003  123.1  25–312  

0.0001  96.6  26–244  

a
Antibody added at fixed 20 g/mL.  
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Table S2. Ex vivo cytokine release in whole blood 

 

 Cytokine Concentration (pg/mL)
a 

 IFN-γ TNF-α IL-10 IL-6 IL-4 IL-2 

Positive Control – 100 µg/mL anti-CD3 Ab >5000.0 1840.0 928.8 1274.2 72.3 323.6 

Negative Control – 100 µg/mL hIgG4 77.7 4.8 10.8 19.9 2.7 1.6 

No antibody 90.5 3.4 7.5 3.8 2.6 1.4 

Test Article – 100 µg/mL nivolumab 91.8 5.3 8.8 4.6 2.6 1.6 

a
Results from one donor are presented; 5 other donors were tested with similar results (data not shown). 
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 Supplementary Figures 

Figure S1. Binding of nivolumab to human T cells. A.  purified human CD4
+
 T cells were activated by 

plate-bound anti-CD3 antibody (3 g/mL) for 4 days. Binding of nivolumab was detected by a 

secondary antibody specific to the human kappa chain. Data were analyzed using GraphPad Prism. B, 

PD-1 expression on subsets of CD4
+
 or CD8

+
 T cells; Tnaive (naïve T cell, CD45RA

+
CCR7

+
), TCM 

(central memory T cell, CD45RA
-
CCR7

+
), TEM (effector memory T cell, CD45RA

-
CCR7

-
), Teffector 

(effector T cell, CD45RA
+
CCR7

-
); and C, PD-1 expression on CD4

+
CD25

+
 Treg cells (solid line for 

PD-1, gray line for isotype control). PBMCs from healthy donors were stained with biotinylated 

nivolumab or isotype control and detected with PE-conjugated streptavidin by FACS. A representative 

plot from one of 7 donors is for B and C is shown.  

 

Figure S2. Epitope of nivolumab on human PD-1. A, sequence of human PD-1 with epitope of 

nivolumab shown in boxed region. The binding site of nivolumab was determined using a combination 

of alkylated and native forms of PD-1, digestion by proteases, and PNGase to remove oligosaccharides 

(magenta: alkylated+PNGase+GluC/AspN, red: alkylated +PNGase +GluC/Tryp, blue: native +PNGase 

+GluC/Tryp, green: native –PNGase +GluC and, black: native +PNGase +GluC/Tryp + inhibitor). 

Residues highlighted in cyan are critical for PD-L1/PD-L2 interactions (31–34) and glycosylation motifs 

are shown in grey. Secondary structural annotations of PD-1 are shown above the sequence. B, model of 

the complex human PD-1/PD-L1 and nivolumab binding site. This model was generated by 

superimposing the structure of human PD-1 (PDB 3RRQ) on the structure of human PD-L1/murine PD-

1 (PDB 3BIK) (33). Two views of the same complex are shown with PD-L1 in blue, PD-1 in red, and 

the epitope of nivolumab in yellow and green. 
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Figure S3. Nivolumab inhibits PD-1 interaction with PD-L1 and PD-L2. Recombinant PD-L1-Fc or 

PD-L2-Fc protein was coated on a CM5 chip. Serial dilutions of nivolumab or isotype control were pre-

incubated with 20 nM of PD-1-Fc protein for 2 hours before being flowed over the ligand-coated chip. 

Data were analyzed using GraphPad Prism. 

 

Figure S4. A, Expression of PD-1 in CD4 T cells during mixed lymphocyte reaction (MLR). An 

allogeneic MLR was performed as described in Materials and Methods in the presence or absence of 20 

ug/ml of nivolumab. Cells were harvested on days 2, 4, and 6 for FACS analysis using a cocktail of anti-

CD4, anti-CD25 and anti-PD-1 (26D5-biotin). 26D5 is an anti-PD-1 monoclonal antibody which does 

not cross compete with nivolumab but binds to PD-1 with a lower affinity. B, Expression of PD-1 and 

PD-L1 during stimulation of peripheral blood mononuclear cells (PBMC) by superantigen SEB. Fresh 

PBMCs were isolated over Ficoll gradient and cultured at 1 x 10
6
 cells/mL in the presence of 85ng/mL 

SEB. Cells were blocked with 100ug/mL mouse IgG prior to staining. PD1 and PDL1 expression 

measured by FACS on days 0, 1, 2 and 3 using BV421-anti-hPD1 EH12.1 (eBioscience) and PE-anti-

huPDL1 29E.2A7 (Biolegend). 

 

Figure S5. Effect of nivolumab on CD8+ T-cell subsets and DCs in PBMC from nivolumab-treated 

cynomolgus monkeys. Thirty-six cynomolgus monkeys were assigned to 3 groups and treated with 0, 

10, or 50 mg/kg of nivolumab twice weekly for 14 weeks. One day after the final dose, blood from 24 

monkeys was analyzed via flow cytometry within A, CD8+; or B, CD11C+ gate. Naïve T cells = 

CD28+CD95-; central memory T cells (TCM) = CD28+CD95+; effector memory T cells (TEM) = CD28-

CD95+. 


