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Fig. S1. Detection and quantification of p53R175H peptide in cells. (A) COS-7 cells transfected 

with constructs expressing HLA-A*02:01 and p53WT or p53R175H were analyzed for the 5 

presentation of the p53WT HMTEVVRRC or the p53R175H HMTEVVRHC peptide. Isotope-

labeled peptides were spiked into the assay and served as standards for absolute copy number 

quantification. Multiple ions (indicated by different colors) fragmented from the target peptide in 

each sample were measured by mass spectrometry as different SRM transitions, and their m/Z 

values are listed in the figure. (B) Expression of p53 protein in COS-7 cells transfected with 10 

plasmids expressing either full-length p53WT or p53R175H was assessed by Western blotting with 

anti-p53 antibody (clone DO-1). (C) Cell lines with endogenous HLA-A*02:01 and 

p53R175H expression were analyzed for the presentation of p53R175H peptide as described in (A). 
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Fig. S2. Selection of p53R175H/HLA-A*02:01 reactive antibodies and their conversion into T 

cell-retargeting scDb. (A) Flow cytometric screening of phage clones enriched by panning. 

After 5 rounds of panning, phage clones from the enriched phage pool were isolated by limiting 

dilution and grown in deep 96-well plates. Supernatants containing individual phage clones were 

used to assess binding to T2 cells loaded with β2 microglobulin (β2M) only, β2M plus p53WT 5 

peptide (HMTEVVRRC), or β2M plus p53R175H peptide (HMTEVVRHC) via flow cytometry. 

The median fluorescence intensity (MFI) ratio was defined as MFI (p53R175 peptide)/MFI (p53WT 

peptide). NC, no phage control. (B) Schematic representation of the structure of the T cell-

engaging bispecific single-chain diabody (scDb) used in our experiments. VL, variable light 

domain; VH, variable heavy domain; pHLA, peptide-HLA complex; SL, short linker; LL, long 10 

linker. (C) Screening of scDb clones via IFN-γ stimulation by p53-expressing cells. scDbs 

generated by linking each anti-p53R175H/HLA-A*02:01 pHLA scFv clone with an anti-CD3 scFv 

(UCHT1) were co-incubated with T cells and COS-7 cells transfected with GFP alone, HLA-

A*02:01 + GFP, HLA-A*02:01 + p53WT, or HLA-A*02:01 + p53R175H plasmids at an 

effector:target (E:T) ratio of 1:1. After a 20-hour coincubation, the supernatant was harvested for 15 

IFN-γ detection by ELISA. Arrows indicate clones H2 and H20. A2, HLA-A*02:01. (D) 

Characterization of H20-scDb. H20-scDb was incubated with biotinylated p53WT/HLA-A*02:01 

(gray) pHLA and p53R175H/HLA-A*02:01 (red) monomers coated on streptavidin microplates at 

the specified concentrations, then binding detected with protein L and anti-protein L HRP. Data 

indicate mean ± SD of three technical replicates. 20 
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Fig. S3. Characteristics of scDbs generated by linking H2-scFv with anti-CD3Ɛ scFvs. (A) 

Expression of scDbs composed of linking H2-scFv with different anti-CD3Ɛ scFvs was assessed 

by anti-6x-His tag Western blotting. (B) The scDbs were co-incubated with T cells and T2 cells 

pulsed with titrated concentrations of p53
ＷＴ or p53

Ｒ175H peptide at an E:T ratio of 2:1. IFN-γ 5 

release was measured by ELISA. Data indicate mean ± SD of three technical replicates. (C) 

Analytical chromatogram of the purified H2-UCHT1-scDb (H2-scDb) showing absorbance at 

280 nm. The retention time of the H2-scDb was marked above the peak. (D) DSF analysis of the 

negative derivative or relative fluorescence unit (RFU) vs. temperature of the H2-scDb. The 

melting temperature Tm at 69 C corresponds to the peak/maximum of the first derivative of the 10 

curve and the notion of one transition state. 
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Fig. S4. Reactivity of H2-scDb against p53R175H/HLA-A*02:01-expressing tumor cells. (A) 

TYK-nu and its cisplatin-resistant subline TYK-nu.CP-r (77) were cultured with H2-scDb and T 
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cells at an E:T ratio of 2:1. IFN-γ release was measured by ELISA. Data indicate mean ± SD of 

six technical replicates and are representative of two independent experiments. (B, C) KMS26 

cells were cultured with H2-scDb or an isotype scDb (scFv against an irrelevant pHLA linked 

with UCHT1 scFv) in the absence or presence of T cells at an E:T ratio of 2:1. IFN-γ release was 

measured by ELISA (B), and cytotoxicity was assessed by luminescent assay (C). Data indicate 5 

mean ± SD of three technical replicates, analyzed by Kruskal-Wallis test with Dunn’s multiple 

comparisons (B) or one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons 

(C). (D-F) T-cell cytotoxicity and cytokine release mediated by H2-scDb in response to (D) 

KMS26 (cytotoxicity and other effector proteins shown in main text), (E) KLE, and (F) TYK-nu 

cell line at an E:T ratio of 2:1 was assessed by antibody-based assays. EC50 (M) for each analyte 10 

is shown in the corresponding graphs. Data indicate mean ± SD of three technical replicates. 

 

 

  



 

 

 

 
 

Fig. S5. Flow cytometric evaluation of HLA-A*02 expression. (A) Expression of HLA-A*02 

on tumor cell lines was evaluated by flow cytometry. The red histogram represents staining with 

anti-HLA-A*02 (clone BB7.2, which also recognizes HLA-A*28), and the gray histogram 5 

represents staining with an isotype control. The median fluorescence intensity (MFI) ratio is 

defined as MFI (anti-HLA-A*02)/MFI (isotype control). (B) HLA-A*02:01-expressing 

A

B



 

 

 

retrovirus was transduced into cell lines that weakly or do not detectably express HLA-A*02:01. 

Expression of HLA-A*02:01 in the parental as well as transduced and flow-sorted cell lines was 

evaluated by flow cytometry. The red histogram represents staining with anti-HLA-A*02 (clone 

BB7.2) and the gray histogram represents staining with an isotype control. 
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Fig. S6. Determination of H2-scDb specificity using CRISPR-edited isogenic cell lines. (A) 

Expression of p53 protein in the parental and TP53 KO clones of KMS26, KLE, and TYK-nu 

was assessed by Western blot with anti-p53 antibody (clone DO-1). (B) Cytotoxicity mediated 5 

by H2-scDb in response to parental tumor cell lines and their TP53 KO counterparts at an E:T 

ratio of 2:1 (KMS26, TYK-nu) or 5:1 (KLE) was measured luminescent cytotoxicity assays. 

Data indicate mean ± SD of three technical replicates and are representative of two independent 

experiments, analyzed by two-tailed t-test. 
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Fig. S7. The H2-Fab–p53R175H/HLA-A*02:01 complex. (A) H2-scFv was converted into full-

length IgG (H2-IgG) and incubated with biotinylated p53R175H/HLA-A*02:01 (red) and 

p53WT/HLA-A*02:01 (gray) pHLA monomers coated on streptavidin microplates at the specified 5 

concentrations followed by detection with anti-human IgG HRP. Data indicate mean ± SD of 

three technical replicates. (B) Illustration depicting the generation of H2-Fab from H2-IgG. (C) 

Size-exclusion chromatogram of the pHLA-A*02:01 in complex with the H2-Fab. Protein was 

monitored by A280 nm with a major peak (~100 kDa). (D) Coomassie-stained gradient SDS- 

polyacrylamide gel electrophoresis gel of the eluted fractions at 11-17 mL from (C).  10 

  



 

 

 

 
 

Fig. S8. Comparison of the binding orientations among TCRm–pHLA and TCR–pHLA 

complexes. (A) Close depiction of binding of the H2-Fab to p53R175H/HLA-A*02:01 with CDRs 

colored as in Fig. 4. (B) Binding of a TCR to melanoma-associated antigen 3 (MAGE-A3) and 5 

HLA-A*01:01 (PDB ID 5BRZ). Same orientation as (A). The MAGE-A3 TCR displays the 

canonical, diagonal binding motif as that of most known TCR topologies (47). (C) Recognition 

of the 3M4E4 Fab for the NY-ESO-1157-165/HLA-A*02:01complex (PDB ID 3HAE) (46). Same 

orientation as (A). (D) Binding of the ESK1 Fab to Wilms tumor 1 peptide and HLA-A*02:01 

(PDB ID 4WUU) (40). Same orientation as (A). (E, F, G, and H) Bird’s-eye view of surface 10 

representation of the HLA-A*02:01/*01:01 colored in gray with the contacting residues of H2-
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Fab, MAGE-A3 TCR, 3M4E4 Fab, and ESK1 Fab, respectively, colored according to CDRs. (I, 

J, K, and L) Schematic representation of E, F, G, and H, respectively. H2-Fab–p53R175H/HLA-

A*02:01 shows a different mode of antibody recognition compared with other Fab/TCR–pHLA 

complexes. (M, N, O, and P) Schematic representation of Fab/TCR docking angle for I, J, K, and 

L, respectively. The docking angle was calculated from the web server TCR3d, which was based 5 

on the Calpha of Cys88 (or equivalent) of the disulfide bond of the VL/α domain and the Calpha of 

Cys96 (or equivalent) of the disulfide bond of the VH/β domain of each antibody and TCR. The 

arrowed lines indicate the direction of each vector. The docking angle was calculated using the 

web server TCR3d. 
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Fig. S9. The neoantigen p53R175H binds to HLA-A*02:01 in a canonical fashion. (A) Bird’s-

eye view of the p53R175H peptide interactions with HLA-A*02:01. The peptide (green) and the 

side chains (gray) of interacting residues of HLA-A*02:01 are represented as sticks. Hydrogen 5 

bonds are shown as dashed lines. The N-terminal His168 is anchored by three tyrosine residues 

of HLA-A*02:01, one at the base of the cleft (Tyr7, not shown) and two on α2 (Tyr159, 171), 

while its side chain is within hydrogen bonding distance of Lys66 (α1) and Thr163 (α2, not 
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shown). Glu63 of HLA-A*02:01 1 forms a hydrogen bond with the backbone amino of 

Met169, an anchor residue of p53R175H that is situated within the hydrophobic B pocket of the 

HLA. The main chain of Thr170 is stabilized by a hydrogen bond to Tyr99 (not shown), located 

at the base of the cleft while the side chain of Glu171 forms a salt-bridge with the side chain of 

Arg65. Positions 5-8 (Val172, Val173, Arg174, His175) of the p53R175H peptide are stabilized by 5 

multiple hydrophobic and aliphatic residues with no direct hydrogen bonding contacts to the 

HLA-A*02:01. Towards the C-terminus of the peptide, the carboxyl group of Cys176, another 

anchor residue that lies within the F pocket, is secured by Tyr84 (α1) and Lys146 (α2), while the 

side chain sulfhydryl is near Thr143 on α2. (B) Surface representation of the HLA-A*02:01 

(gray) with the p53R175H peptide shown in green as sticks. Anchor pockets B and F are circled in 10 

orange. (C) Structural alignment of the following HLA-A*02:01-bound peptides in the binding 

pocket: green (this work, PDB ID 6W51), cyan (p1049, PDB ID 2JCC (78)), magenta (NY-ESO-

1, PDB ID 3HAE (46)), and light purple (WT1, PDB ID 4WUU (40)). (D) Zoomed in view of 

(B) with helix α1 transparent and residues at positions 7 (P7) and 8 (P8) shown as sticks.  
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Fig. S10. Hydrogen bonding pattern of the H2-Fab cage-like configuration. The imidazole 

ring of His175 was at the center from the cage-like structure. The guanidinium group of Arg174 

was at hydrogen bonding distance to the backbone carbonyl of Ala31 (CDR-H1). Another 

p53R175H peptide-antibody direct contact involves the backbone carbonyl of Val173 hydrogen 5 

bonding with the side chain of Arg93 (CDR-L3).   
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Fig. S11. Assessment of H2-scDb cross-reactivity. (A) A peptide library was generated by 

systemically substituting the amino acid at each position of the target peptide (HMTEVVRHC) 

with each of the remaining 19 common amino acids. T2 cells were loaded with each of the 

variant peptides at 100 µM in the presence of 10 µg/ml β2M and anti-HLA-A*02 antibody 5 
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(clone BB7.2). HLA-A*02:01 was stabilized by peptide binding and evaluated by flow 

cytometry (79). Black boxes represent the amino acids in the parental peptide. MFI, median 

fluorescence intensity. (B) T2 cells loaded with variant peptides in the positional scanning library 

were incubated with 1 nM H2-scDb and T cells at an E:T ratio of 2:1. IFN-γ release was 

measured by ELISA. Dotted lines represent 20% of parental peptide IFN-γ value. The binding 5 

motif established by the 20% reactivity cutoff, expressed in PROSITE pattern, was x-

[ILMVNQTC]-[ST]-[DE]-[IV]-[IMVST]-R-H-[AILVGHSTYC]. Data indicate mean of two 

technical replicates. (C-D) H2-scDb was co-incubated with T cells and COS-7 cells transfected 

with plasmids expressing HLA-A*02:01 and full-length p53R175H, STAT2, or ZFP3 at an E:T 

ratio of 5:1. (C) Expression of target proteins by COS-7 cells was assessed by Western blot 10 

staining. (D) IFN-γ secretion was measured by ELISA. The signals for all of the transfectants 

except for p53R175H were indistinguishable and are clustered near the x-axis. Data indicate mean 

± SD of three technical replicates and are representative of two independent experiments. 

 

 15 

 

  



 

 

 

 

Fig. S12. Assessing T-cell engraftment and effects of H2-scDb therapy in NSG mice. (A) 

Three days after the injection of KMS26 cells and human T cells, peripheral blood of mice was 

obtained to assess human T cell engraftment by flow cytometry. Plots shown were gated on live 

single cells. (B) Plasma of mice was collected 3 days before and 3, 10 and 16 days after the IP 5 

implantation of infusion pumps. Plasma concentration of H2-scDb was measured by ELISA. n = 

9 mice. Data shown represent mean ± SEM. (C) Serial monitoring of body weight of the mice in 



 

 

 

the established KMS26 model presented in Fig. 6B. n = 5 mice per group. Data shown represent 

mean ± SD. (D) To assess the need for human T-cells in this model, NSG mice were engrafted 

with 5 x 105 KMS26 cells on day 0 with or without 1 x 107 human T cells (T) through IV 

injection, followed by randomization on day 3 and IP placement of infusion pumps on day 6 to 

deliver H2-scDb or vehicle at the infusion rate of 0.15 mg/kg/day. Tumor growth was monitored 5 

by bioluminescence imaging. n = 4 or 5 mice per group. Data shown represent mean ± SD. *No 

T + vehicle vs. T + H2-scDb, P = 0.008 and 0.049, No T + H2-scDb vs. T + H2-scDb P = 0.011 

and 0.054, T + Isotype scDb vs. T + H2-scDb P = 0.021 and 0.078,  No T + vehicle vs. No T + 

H2-scDb P = 0.224 and 0.238 by two-tailed t-test at the last time point with and without 

assuming equal variance, respectively. 10 

 

  



 

 

 

 

Cell line HLA and p53 status 
No. cells (millions) 

used for analysis 

Abundance 

(femtomole) 
Copy no. / cell

＊
 

COS-7 Exogenous HLA-A*02:01/p53R175H 375.0 32.43 703.5 

COS-7 Exogenous HLA-A*02:01/p53WT 375.0 Not detectable Not detectable 

KMS26 Endogenous HLA-A*02:01/p53R175H 157.0 0.48 2.4 

KLE Endogenous HLA-A*02:01/p53R175H 92.4 0.18 1.5 

TYK-nu Endogenous HLA-A*02:01/p53R175H 168.3 0.28 1.3 

 

Table S1. Quantitative assessment of the p53R175H peptide. The amounts of p53R175H  peptide 

(HMTEVVRHC) present in COS-7 cells transfected with HLA-A*02:01 and p53WT or p53R175H, 

as well as cell lines that endogenously express HLA-A*02:01 and p53R175H, were quantified 5 

using mass spectrometry (27). *Corrected for peptide recovery (all cell lines) and transfection 

efficiency (COS-7). 

  



 

 

 

scFv VL VH 

H2 

DIQMTQSPSSLSASVGDRVTITCRASQ

DVNTAVAWYQQKPGKAPKLLIYSAY

FLYSGVPSRFSGSRSGTDFTLTISSLQP

EDFATYYCQQYSRYSPVTFGQGTKVE

IK 

EVQLVESGGGLVQPGGSLRLSCAASG

FNVYASGMHWVRQAPGKGLEWVAK

IYPDSDYTYYADSVKGRFTISADTSKN

TAYLQMNSLRAEDTAVYYCSRDSSFY

YVYAMDYWGQGTLVTVSS 

H20 

DIQMTQSPSSLSASVGDRVTITCRASQ

DVNTAVAWYQQKPGKAPKLLIYSASF

LYSGVPSRFSGSRSGTDFTLTISSLQPE

DFATYYCQQSNAYPITFGQGTKVEIK 

EVQLVESGGGLVQPGGSLRLSCAASG

FNLNSYYMHWVRQAPGKGLEWVAM

IIPGYGYTNYADSVKGRFTISADTSKN

TAYLQMNSLRAEDTAVYYCSRSYYM

YMDYWGQGTLVTVSS 

 

Table S2. Sequences of the top scFv clones from phage library selection 

  



 

 

 

 

anti-CD3Ɛ scFv 

clone  

Reported 

affinity (KD, nM) 
Format in which affinity was measured References 

UCHT1  1.8 Full-length antibody (80) 

UCHT1v9 4.7 Full-length bispecific antibody (81) 

L2K-07 110 Bispecific T-cell engager (BiTE) (82) 

OKT3 2730 Fab (83) 

hXR32 21.2 Dual affinity retargeting (DART) protein (84) 
 

Table S3. Reported affinities of the anti-human CD3Ɛ scFvs used in this study.   

  



 

 

 

 

 

 

p53R175H/HLA-A*02:01–Fab H2 

(PDB ID 6W51) 

Data Collection  

Diffraction source NSLS-II X17-ID-2 

Wavelength (Å) 0.979321 

Temperature (K) 100 

Detector Dectris EIGER X 16M 

Space group P1211 

a, b, c (Å) 113.3, 123.7, 136.9 

α, β, γ (°) 90, 100.4, 90 

Resolution range (Å) 30.37–3.53 (3.66-3.53) 

Total no. of reflections 104,474 (9,774) 

No. of unique reflections 43,734 (4,273) 

Completeness (%) 95.3 (89.2) 

Redundancy 2.4 (2.3) 

〈I/σ(I)〉 3.6 (1.4) 

Rmerge 0.25 (0.76) 

Rmeas 0.29 (0.89) 

Rpim 0.18 (0.58) 

CC1/2 0.94 (0.54) 

Refinement  

Resolution range (Å) 30.38-3.53 (3.62-3.53) 

No. of reflections, working set 41,530 

Rwork/Rfree 0.20/0.28 (0.30/0.35) 

  

No. of non-H atoms  

MHC (HLA-A*02:01 + β2m) 3,078 

p53R175H peptide 75 

Fab H2 Heavy Chain 1,667 

Fab H2 Light Chain 1,652 

Total of non-H atoms 6,472 

  

R.m.s. deviations  

Bonds (Å) 0.009 

Angles (°) 1.66 

Wilson B-factor (Å2) 62 

  

Average B factors (Å2)  

MHC (HLA-A*02:01 + β2m) 74 

p53R175H peptide 56 

Fab H2 Heavy Chain 59 

Fab H2 Light Chain 63 

Total average B factor 63 

Ramachandran (%)  

Favorable 95.2 

Allowed 3.8 

Outlier 1.0 

            *Values in parentheses are for highest-resolution shell. All atoms refer to non-H atoms. 

Table S4. X-ray crystallography data collection and refinement statistics. 



 

 

 

 

 Chains M, N 

(Å/#Calpha) 

Chains S, T 

(Å/#Calpha) 

Chains Q, R 

(Å/#Calpha) 

Chains O, P 0.32/382 0.36/414 0.42/413 

Chains Q, R 0.45/419 0.27/386 0 

Chains S, T 0.34/408 0 – 

 

Table S5. Pairwise rmsd of the four H2-Fab in the asymmetric unit. The root-mean square 

deviation (rmsd) and number of Calpha carbons were calculated by PyMOL (v2.2.3, Schrödinger, 

LLC). For chain reference see PDB ID 6W51. 5 

 

 

 

  



 

 

 

 H2-Fab MAGE-A3 TCR NY-ESO-1 Fab 

(3M4E4) 

ESK-1 Fab 

Affinity (KD) 86 nM 7.1 nM 95 nM 13.2 nM 

PDB 6W51 5BRZ 3HAE 4WUU 

Angle of rotation (o) 36o 57o 138o 122o 

Total bonds 115 114 167 183 

Peptide bonds  

(bold ≥10) 

4, 5, 6, 7, 8 1, 4, 5, 7, 8 1, 2, 4, 5, 6, 7, 8, 9 1, 4 

Peptide bonds 36 (31%) 16 (14%) 89 (53%) 19 (10%) 
Bonds from β/H 21 10 47 10 

Bonds from α/L 15 6 42 9 

HLA bonds 79 98 78 164 
Bonds from β/H 31 20 47 130 
Bonds from α/L 48 78 31 34 

HLA ≥5 bonds  

(bold ≥10) 

61, 65, 72, 80, 

146, 155  

66, 154, 155, 

157, 158, 163 

65, 66, 72, 73 58, 62, 63, 65, 

66, 155, 161, 

162, 166, 167, 

169, 170 

BSA     

       BSA total 1173 1027 1366 1084 

       BSA β/H pep 253 158 256 72 

       BSA α/L pep 102 112 260 93 

       BSA β/H HLA 391 247 523 601 

       BSA α/L HLA 427 510 327 318 

 

Table S6. Structural comparison of H2-Fab–p53R175H/ HLA-A*02:01 with various TCR and 

Fab antibody-pHLA. Total bonds were calculated using a 4 Å cutoff which includes both 

hydrogen bonds and van der Waals interactions as calculated using CONTACTS in the CCP4 

suite (74). PDB, Protein Data Bank; BSA, buried surface area; α, TCRα chain; β, TCRβ chain; 5 

H, VH domain; L, VL domain; pep, HLA presented peptide. 

 

  



 

 

 

 

Table S7. Putative cross-reactive peptides identified through positional peptide scanning. A 

binding motif of H2-scDb was determined by positional scanning of the p53R175H 

HMTEVVRHC peptide. Three peptides that conformed to this motif in the UniProtKB human 

protein database were identified using ScanProsite (45). NetMHCPan4.0 was used to predict the 5 

binding affinity and % rank of these peptides to HLA-A*02:01 (25). The parental p53R175H target 

peptide is listed for comparison. 

  

UniProt ID Name Peptide position Sequence HLA-A*02:01 Affinity (nM) %Rank 

NA p53R175H 168-176 HMTEVVRHC 5177.6 9.7 

P52630 STAT2 640-648 PLTEIIRHY 32385.4 46.8 

Q96RL7 VPS13A 2840-2848 LQSEVIRHY 21897.4 27.6 

Q96NJ6 ZFP3 348-356 QNSEIIRHI 31174.4 43.9 



 

 

 

Movie S1.  Real-time live-cell analysis of H2-scDb induced T cell cytolysis of cancer cells  

 

Time-lapse imaging visualizing co-incubation of NucLight Green-labeled TYK-nu cells with 1 

nM H2-scDb and T cells at an E:T ratio of 5:1. Representative phase contrast and green 

fluorescence images were taken at 3-hour intervals for a total of 120 hours and merged for each 5 

time point. 
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