
 
Fig. S2. Directed evolution based sorting of mutant clones exhibiting superior binding 

characteristics. The first two sorts were performed by decreasing the amount of PD-L1 incubated 

with the library in a sequential manner. Sort three to sort six was screened based on a combination of 

both decreasing the concentration of the ligand and kinetics off-rate sorting strategy in which clones 

were isolated based on the ability to bind PD-L1 in the presence of lower ligand concentration and 

longer incubation time in the presence of competitors. Percentages in each panel correspond to the 

gated subpopulation collected.  



 
Fig. S3. Analysis of sPD-1 mutant V2 binding kinetics to PD-L1 and PD-L2. Binding analysis of 

sPD-1 mutant version 2 binding to kinetics to PD-L1 (A) and PD-L2 (b) by BIAcore T200 at 25 °C.  

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. S4. Sequence alignment of human PD-1 and protein interaction between sPD-1 mutant and 

PD-L1. (A) Sequence alignment of modeled wild-type PD-1 (Q15116) with PDB No. 4ZQK and 

5IUS. The identical residues are marked in blue, the residues missing in both 4ZQK and 5IUS are 

highlighted in red and the residues missing only in 4ZQK are marked in cyan. (B) Analysis of surface 

complementarity and hydrogen bond for each of the three mutations within the binding interface on 

sPD-1 mutant when in complex with human PD-L1.  

 

 

 

 



 
Fig. S5. Modeling of human PD-L2 from mouse PD-L2. (A) Sequence alignment betweenmodeled 

human PD-L2 and three mouse PD-L2 structures (PDB No. 3RNQ, 3BP6, 3BP5). The residues in 

missing loop are marked red. (B) Consensus model of human PD-L1. 

 

 

 



 
Fig. S6. Comparison of protein interaction between wild-type and mutated human PD-1/PD-L2 

model. (A) Analysis of surface complementarity and hydrogen bond for 2 mutations within the 

binding interface on sPD-1 mutant in co-complex with hPD-L2. (B) Calculated changes in binding 

affinity and protein stability (in kcal/mol) between sPD-1 mutant and hPD-L2 with mutations within 

and outside of the binding interface. 

 

 

 

 



 
Fig. S7. Recombinant protein production of sPD-1 mutants. (A) SDS-PAGE of purified wild-type  



sPD-1 Fc, lane 1 reduced and lane 2 non-reduced. (B) SEC-HPLC analysis of purified wild-type sPD-

1 Fc and endotoxin levels shown on the table below. (C) SDS-PAGE of purified sPD-1 mutant 

version 1, lane 1 reduced and lane 2 non-reduced. (D) SEC-HPLC analysis of purified sPD-1 mutant 

version 1 and endotoxin levels shown on the table below. (E) SDS-PAGE of purified sPD-1 mutant 

version 2, lane 1 reduced and lane 2 non-reduced. (F) SEC-HPLC analysis of purified sPD-1 mutant 

version 2 and endotoxin levels shown on the table below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. S8. sPD-1 binding to human PD-L2. Binding kinetics between sPD-1 mutant V2 binding to 

PD-L2 expressing Hep3B-OS8-PDL2 cells. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. S9. Validation of human PD-L2 over-expression in MC38 cells. (A) Table showing 

percentage and mean fluorescent intensity of MC38 cells expressing 21 human PD-L2 individual 



clones. (B) MC38-hPDL2 cells showing less than 30% of hPD-L2 positive population. (C) MC38-

hPD-L2 cells showing less 30%-50% of hPD-L2 positive population. (D) MC38-hPD-L2 cells 

showing 50%-60% hPD-L2 positive population. (E) MC38-hPD-L2 cells showing more than 60% 

hPD-L2 positive population.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S10. Validation of human PD-L2 expression on Hep3B-OS8 and MC38 cells (A) Table 



showing mean fluorescent intensity and percent of Hep3B-OS8 cells transfected with 16 cDNA 

clones positive for human PD-L2 over-expression. (B-E) Positive clones were sorted from the lowest 

efficiency to highest efficiency on the right. Ab1 is anti-human PD-L2 antibody and Ab2 is control 

IgG.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Fig. S11. sPD-1 mutant treatment leads to increased CD4+ and CD8+ TIL infiltration. (A) The 

expression of PD-L1, PD-L2, CD4 and CD8 positive cells in ID8 tumors post-treatment was analyzed 

by immunohistochemical staining. Scale bar 30mm. (B) Violin quantitative plot of CD4+ T 

lymphocyte infiltrated into ID8 ovarian tumors post treatment. (C) Violin quantitative plot of CD8+ T 

lymphocyte infiltrated into ID8 ovarian tumors post treatment. (D) Mice body weight overtime during 

the UPK10 ovarian cancer study. Statistical analysis was conducted using One-way ANOVA for 

comparing between treatment groups and repeated ANOVA for changes occur over-time. P value 

*=<0.05, **=<0.01. ***=<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S12. sPD-1 mutant treatment demonstrates superior anti-tumor activity in colorectal 

cancer compared to αPD-1 antibody (A) C57B/6 mice inoculated with the MC39-hPD-L1 

colorectal cancer then assigned to vehicle control, sPD-1 mutant 10mg/kg or Atezolizumab 10mg/kg. 

(B) Kaplan Meier survival plot showing animals been terminated upon reaching ethical endpoint for 

tumor growth with median survival listed below. (C) Percent of tumor growth inhibition comparing 

sPD-1 mutant and Atezolizumab treated groups. (D) Total body weight of mice treated with vehicle 

control, sPD-1 mutant and Atezolizumab during the experiment. N=10 for each treatment group. 

Error bar represents mean and standard deviation.  

 

 

 



 
Fig. S13. sPD-1 mutant treatment demonstrates superior anti-tumor activity in MC38 

colorectal cancer over expressing PD-L2 and delays tumor growth in mouse melanoma model. 

(A) Tumor growth over time in C57B/6 mice inoculated with MC38-hPD-L2 colorectal cancer then 

assigned to vehicle control, sPD-1 mutant 10mg/kg or Pembrolizumab10mg/kg. Each data point 

represents mean and SEM of individual tumor measured over-time. (B) Tumor growth over time in 

C57B/6 mice inoculated with B16/OVA melanoma cells then treated with to vehicle controls or sPD-

1 mutant 10mg/kg.  

      



 

 



Fig. S14. Immune profile of tumor associated immune cells in B16/OVA melanoma cells and 

MC38 tumor models treated with anti-mouse αPD-1 antibody and sPD-1 mutant. (A) 

Representative flow cytometry dot plots of CD4+ and CD8+ cytotoxic T-cells isolated from tumor 

(upper panel) and spleen (lower panel) of B16/OVA melanoma tumors treated with vehicle control, 

anti-mouse aPD-1 blocking antibody 10mg/kg and sPD-1 mutant10mg/kg. (B) CD4+ and (C) CD8+ T 

cells isolated and analyzed from MC38 tumors treated with vehicle control, anti-mouse aPD-1 

blocking antibody 10mg/kg and sPD-1 mutant 10mg/kg. (D) Percent positive NK cells in the tumors 

of MC38 tumors treated with vehicle control (N=8), anti-mouse αPD-1 antibody (N=8) and sPD-1 

mutant antibody (N=10). Individual data point, mean and standard deviation shown. (B) Percent 

positive macrophages in the tumors of MC38 tumors treated with vehicle control (N=8), anti-mouse 

aPD-1 antibody (N=8) and sPD-1 mutant antibody (N=10). Individual data point, mean and standard 

deviation are shown. Statistical analysis was conducted using One-way ANOVA for comparing 

between treatment groups and repeated ANOVA for changes occur over time. P value *=<0.05, 

**=<0.01. ***=<0.001. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. S15. Isolation of PD-L1 negative cells post PD-L1 CRISPR transfection. (A) PD-L1 negative 

ID8 cells sorted and collected post PD-L1 CRISPR clone 4 (left) and clone 5 (right) transfection. (B) 

PD-L1 negative MC38 cells sorted and collected post PD-L1 CRISPR clone 4 (left) and clone 5 

(right) transfection. 	  


