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Fig. S1. Multiple sequence alignment of PD-1H orthologs. Similar residues are colored red, 
and invariant residues have red backgrounds. Conserved histidines are marked with an asterisk. 
  

1       10        20        30        40        50        60        70        80
Homo   KV TPYS YVCPEGQN T TCR L  V K HD    KTW  S R E Q C E RPIRN        HH  H   N SHDF       L        V L   L GP   G  VTFY   Y  S G V     R      T Q L        AA        A                        D            R       T S       L F D HL  GG Q   T   
Pan    KV TPYS YVCPEGQN T TCR L  V K HD    KTW  S R E Q C E RPIRN        HH  H   N SHDF       L        V L   L GP   G  VTFY   Y  S G V     R      T Q L        AA        A                        D            R       T S       L F D HL  GG Q   T   
Mus    KV TPYS YVCPEGQN T TCR L  V K HD    KTW  S R E Q C E RPIRN        HH  H   N SHDF       L        A L   I GP   G  VT Y   Y  S G V     H      T Q L         A        T                        S      I     L       M K       F L H .Q  GS LK  A   
Rattus  KV TPYS YVCPEGQN T TCR L  V K HD    KTW  S R E Q C E RPIRN        HH  H   N SHD        L        V L   I      G  ANF    F  S G V     H                   AV     I  T                     DS S       L    L       V K       FIS.HH.Q  RS P   A   
Cavia  KV TPYS YVCPEGQN T TCR L  V K HD    KTW  S R E Q C E RPIRN        HH  H   N SHDF                V     L GP      VTFY   Y      M     R      T Q L        A         T    R          F        S R          R M S   V M       L F D HL  TS Q T T   

        90       100       110       120       130       140       150       160
Homo      HGLE   D HGNFSIT  N T  D GLYCCLV E   HH E R  G  ELQVQ GK   S C         S  IT  QR     AS H       MR L L  S       V IRH    H V   M     T    P N VVYPSS QD EN  LA      S                 L                S    H A         DA          S       
Pan       HGLE   D HGNFSIT  N T  D GLYCCLV E   HH E R  G  ELQVQ GK   S C         S  IT  QR     AS H       MR L L  S       V IRH    H V   M     T    P N VVYPSS QE EN  LA      S                 L                S    H A         DA          S       
Mus       HGLE   D HGNFSIT  N T  D GLYCCLV E   HH E R  G  ELQVQ GK   S C         S  IT  QK     AS H       LR V    S       I LK           M          G T MA  SN QD DS  QP      L                PR             N  P Q FY S      A  GS      ..  E       
Rattus     HGLE   D HGNFSIT  N T  D GLYCCLV E   HH E R  G  ELQVQ GK   S C         S  IT  QK     A          LH V L  S       I VKH    R L   M     T      T  AYP N QD DS  QP      I Y N             S                P    Y Y         GSA   T   P E       
Cavia     HGLE   D HGNFSIT  N T  D GLYCCLV E   HH E R  G  ELQVQ GK   S C         S  IT          S H       MR L V          V L H    H A   I     T    P   IMYPSS  E DN  VARS    SH                G V          Q   T    H A         DA  K       PE      

** * * **

* * * * * * * *
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Fig. S2. Size-exclusion chromatography (SEC) and SDS-PAGE analysis of glycosylated and 
deglycosylated PD-1H–His. Left: purified PD-1H–His was analyzed by SEC before (black 
trace) and after (purple dotted trace) deglycosylation with Endoglycosidase Hf. Absorbance at 
280nm was normalized so that 100% represents maximum absorbance. Molecular weight 
standard elution volumes are plotted above. Right: SDS-PAGE analysis of purified PD-1H–His 
before and after digestion with Endoglycosidase Hf. 
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Fig. S3. Electron density map quality. 2Fo–Fc electron density maps (blue mesh) are 
contoured at 1.0σ. Left: N-acetylglucosamine residue attached to Asn17. Center: α helix between 
C″ and D β strands. Right: E β strand. 
  



 5 

 
 
Fig. S4. Structural alignment of similar proteins from the structural comparison server 
DALI. TCR Vα domains (blue, PDB ID 2f53; green, PDB ID 4ww1), CTLA-4 (orange, PDB ID 
3osk) and PD-1H (red) are largely similar, except for the additional C-terminal β-strand and the 
unique CC′ loop of PD-1H. 
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Fig. S5. Size-exclusion chromatography (SEC) analysis of PD-1H–hFc variants. 
Purified PD-1H–hFc variants were compared by SEC. Absorbance at 280nm was normalized so 
that 100% represents maximum absorbance. 
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Fig. S6. Replicates from additional PBMC donors used for in vitro experiments. 
(A) T cell proliferation after activation with α-CD3 in the presence of control hIgG, wildtype PD-
1H (WT-hFc), or mutant PD-1H where either all three histidine clusters were mutated to alanine 
(HA123-hFc) or the CC′ loop was deleted (ΔCC′-hFc). (B) Cytometric bead array staining of 
IFN-γ in supernatants from T cells activated in the presence of control or PD-1H protein variants. 
(C) Similar experiment as (A) but with histidine clusters (in different colors) mutated 
individually. Representative results of at least three independent experiments were shown. 
Statistical analyses were carried out with two-tailed Student’s t-test, and all error bars reflect 
SEM.  
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Fig. S7. T cell inhibition by PD-1H in the presence of antagonistic antibody MIH65. T cell 
proliferation after activation with α-CD3 on plates coated with control hIgG, wildtype PD-1H 
(WT-hFc), or mutant PD-1H where either all three histidine clusters were mutated to alanine 
(HA123-hFc) and in the presence of either antagonistic antibody MIH65 or isotype control 
mouse IgG (mIgG). Statistical analyses were carried out with two-tailed Student’s t-test, and all 
error bars reflect SEM. 
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Fig. S8. Multiple sequence alignment of CD28 family members. Extracellular domains and 
transmembrane regions as annotated in UniProt were aligned using Clustal Omega(1) and 
processed with ESPript(2). Similar residues are colored red, and invariant residues have red 
backgrounds. Transmembrane (yellow background) residues are based on sequence annotation 
from UniProt(3). Stalk regions (blue background) for CD28, CTLA-4, and PD-1 are based on 
crystal structures (PDB IDs 1yjd, 3osk, and 3rrq, respectively), and for ICOS based on homology 
modeling on CTLA-4 using 3osk as a template with the SWISS-MODEL server(4). The novel H 
β strand of PD-1H (red arrow) is located in a region that corresponds to where the stalk or 
transmembrane region would be in other CD28 family members. 
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Fig. S9. T cell inhibition by PD-1H glycosylation variants. T cell proliferation after activation 
with α-CD3 on plates coated with control hIgG, wildtype PD-1H (WT-hFc), PD-1H in which 
glycans were arrested in high-mannose form by addition of 20 µM swainsonine during protein 
expression (WThigh-mannose-hFc), or PD-1H in which glycans were removed by enzymatic 
processing of  WThigh-mannose-hFc by Endoglycosidase Hf (WTdeglycosylated-hFc). Statistical analyses 
were carried out with two-tailed Student’s t-test, and all error bars reflect SEM. 
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