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Concept of protein engineering

• A process that uses genetic technology to create or modify proteins for specific purposes

protein engineering

Target protein Target protein with 
altered function

Tools

Factory



Protein engineering tools

Error prone library

Advantages: no prior information requirement 

Disadvantages: low success rate; large library size required

Library 
construction

Selection 
experiment



Protein engineering tools

Site directed libraryLibrary 
construction

Selection 
experiment

Advantages: high success rate; small library size

Disadvantages: Often requires reliable structural information

Functional diversity vs theoretical diversity

Saturated libraries for 6 positions:

 Functional diversity: 20^6

 Theoretical diversity: 32^6    NNK (4X4X2)



Protein engineering tools

Computation (AI) generated 
library

Library 
construction

Selection 
experiment

Advantages: multiple template generated

Disadvantages: small construct only (<100 AA); single purpose only 
(binding)



Protein engineering factories (ribosome)

Hammerling MJ, et al. Nature communications 2020

• Protein folding: No

• Protein translational 

modification: No

• Protein valency: low

• Transduction efficiency: 

No Limit

• Library size: >10^13

• Selection method: 

binding



Protein engineering factories (phage)

• Protein folding: simple

• Protein translational 

modification: No

• Protein valency: low

• Transduction efficiency: 

High

• Library size: >10^10

• Selection method: 

binding



Protein engineering factories (yeast)

• Protein folding: simple

• Protein translational 

modification: No

• Protein valency: 

intermediated

• Limit by transduction 

efficiency: Yes

• Library size: >10^9

• Selection method: 

binding; limited 

functional selection



Protein engineering factories (mammalian)

• Protein folding: simple

• Protein translational 

modification: No

• Protein valency: high

• Limit by transduction 

efficiency: Yes

• Library size: >10^6

• Selection method: 

binding; functional 

selection



Protein engineering factories
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Th 1 

IFN, 

TNF 

Th 2 

IL4, IL5, 

IL9, IL13

Th 17 

IL17, 

IL22

T fh 

IL21

A simplified overview of T cell mediated immune response

Treg 

TGFβ

IL10

Signal 1Signal 2
Signal 3

Signal 1Signal 2
Signal 3



• Expressed in T but not B 

cells

• Membrane bound

• Encoded by genes that 

rearrange like genes 

encoding Ig

• Composed of constant and 

variable domains

© 1987 Nature  Publishing Group



Molecular basis of Antigen receptor diversity 



Differences between B cell and T cell antigen diversity



Structural basis of antigen receptor specificity 

PDB: 8F5N

PDB: 2J4W

PDB: 1MLC PDB: 1ZTX

Fab

Antigen

LH

LH

LH

LH

Fab Fab

Antigen

Antigen

Antigen

TCRb TCRa TCRb TCRa

Class I 
HLA

Class II 
HLA



TCR

MHC/HLA

Peptide

CDR3β

CDR3α

CDR1α
Peptide

MHC/HLA

• T cell receptors 1015

• Possible pMHC-I>1011; pMHC-II> 1012

• MHC alleles: 7000

Size of T cell repertoire

• T cells in a human 1010

• T cells in a mouse 108

Mason 1998. Immunol. Today 



Signal 1. antigen receptor signaling 

Janeway’s Immunobiology 9th edition



Janeway’s Immunobiology 9th edition

TCR signaling leads to downstream effector function production

IL-2



Signal 2. CD28 cascades co-stimulatory signal

Converting ubiquitous membrane molecule PIP2 
(Phosphotidylinositol 4,5 bisphosphate) to PIP3 
(Phosphotidylinositol 3,4,5 trisphosphate) is 
absolutely essential for TCR mediated signaling



Signal 3. cytokine signaling leads to T cell proliferation and differentiation

IL-2 is the key T cell ‘growth hormone’.

• The most proliferative cytokine for T cells and NK cells

• The first cytokine used for cancer treatment

• Open the door of immunotherapy
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IL-2 treatment showed moderate effect in treating metastatic melanoma

• Overall response rate 15% with cases more 
than 30 months free of disease progression

• 4% of patients died from adverse events 
(lethal capillary leaking syndrome)



Pleiotropy

Saxton et al. Nat. Rev. Drug Discovery 2023 



Interleukin-2 signals through a dimeric or trimeric receptor complex

cIL-2R

IL-2

IL-2RaLow Cells   (KD~1nM) IL-2RaHigh Cells (KD~10 pM)

IL-2R

cIL-2R

IL-2

T cell differentiation, growth, and activation

STAT5

JAK1 JAK3 JAK1 JAK3

T effector cell T regulatory cell



Molecular principal of cytokine signaling reveals strategy to engineer next-gen cytokine therapeutic

Saxton et al. Nat. Reviews Drug Discovery 2023 



Strategies to create more precise cytokine drugs: 1. modulate cytokine affinity

Mo et al. Nature 2021
Spangler et al. Immunity 2015

Sockolosky et al. Science 2018
Allen et al. Science 2022



2. Cytokine antibody complex 

Spangler et al. Immunity 2015

Strategies to create more precise cytokine drugs: 2. Cytokine antibody complex

TReg

IL-2
IL-2+
S4B6

C
e
ll
s
/s

p
le

e
n

 (
×

1
0

6
)

0

10

15

20

5

Eff

IL-2+
S4B6

IL-2
0

30

40

50

20

10

C
e
ll
s
/s

p
le

e
n

 (
×

1
0

6
)

0

10

15

20

5

TReg

IL-2
IL-2+

JES6-1

C
e
ll
s
/s

p
le

e
n

 (
×

1
0

6
)

Eff

IL-2+
JES6-1

IL-2
0

30

40

50

20

10

C
e
ll
s
/s

p
le

e
n

 (
×

1
0

6
)



IL-2Rβ c
IL-2Rβ c

S4B6

IL-2

S4B6

IL-2

S4B6 stimulates both Effs and TRegs, favoring IL-2RβHigh Effs

IL-2RLow Eff
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JES6-1

IL-2

IL-2Rβ c

IL-2RLow Eff

×

JES6-1 selectively stimulates IL-2RαHigh cells



IL-2RHigh TReg
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and orthoIL-2Rb T cells. Stimulation of orthoIL-

2RbT cells(fig.S5B) with orthoIL-21G12resulted

in dose-dependent phosphorylation of STAT5

(pSTAT5), a hallmark of IL-2R signaling, with

potency similar to that of wild-typeIL-2, but also

induced pSTAT5 on wild-type T cells, albeit with

significantly reduced potency relative to IL-2

(Fig. 1, G and I , and fig. S6). By comparison,

or thoIL-2 3A10 was specific for or thoIL-2Rb

T cells, but with aweaker potency relativeto IL-2

(Fig. 1, Gand I, and fig. S6). Wespeculated that

orthoIL-2 1G12 activity on wild-type T cells is a

consequence of weak residual binding to wild-

type IL-2Rb (fig. S7). Low-affinity interactions

with IL-2Rb alone are enhanced in the presence

of CD25 (8). Indeed, or thoIL-2 1G12 exhibited

binding to wild-type IL-2Rb when first captured

by CD25, with limited binding in the absence of

CD25 (figs. S1and S8). OrthoIL-2 3A10 did not

bind appreciably to IL-2Rb even in the presence

of CD25, in agreement with its negligible bio-

logical activity on CD25-positive T cells. Interac-

tion of orthoIL-2 1G12 and 3A10 with orthoIL-2Rb

wassignificantlyenhanced in thepresenceof CD25,

with apparent binding affinities of the ternary

CD25/orthoIL-2Rb/orthoIL-2 complex that cor-

relate with their respective potency on orthoIL-

2Rb T cells (fig. S1).

In clinical ACT regimens, patient-derived T cells

for ACT areexpanded in IL-2beforere-infusion in

order to obtain sufficient numbersof therapeutic

cellswith thedesired genotype/phenotype (2).We

explored the in vitro activity of orthoIL-2 on ac-

tivated primary mouse CD8+ T cells engineered

to express the orthoIL-2Rb and a yellow fluores-

cent protein (YFP) to distinguish modified (YFP+)

and unmodified (YFP–) cells (Fig. 2A). The tran-

scription factor STAT5 isphosphorylated upon

IL-2 engagement with theIL-2Rand translocates

to the nucleus, where it promotes the prolifera-

tion and cell cycleprogression of T cells(11).Wild-

type IL-2 induced the phosphorylation of STAT5

(pSTAT5) in both wild-typeand orthoIL-2RbCD8+

T cells with similar potency and signaling am-

plitude, indicating functional signal transduc-

tion through the wild-type receptor but not

orthoIL-2Rb (Fig. 2B). By comparison, orthoIL-2

1G12 potently activated STAT5 on orthoIL-2Rb–

transduced T cells, with a potency increase by a

factor of ~5relativeto wild-typeT cells. OrthoIL-2

3A10 induced somewhat weaker, albeit selective

pSTAT5on orthoIL-2Rb–expressing but not wild-

typeT cells(Fig.2,B,D,and E).Theseresultswere

consistent with thebiased binding of theorthoIL-

2s to theorthoIL-2Rb, which translated into the

selective or specific expansion of or thoIL-2Rb

T cellscultured ex vivo in orthoIL-2 1G12 or 3A10,

respectively (Fig. 2, Cand D). TheorthoIL-2Rb–

transduced T cellscultured in saturating concen-

trations of orthoIL-2 3A10 became enriched to

near homogeneit y after 3 to 5 days (Fig. 2F).

IL-2 is indispensable for the development and

function of regulatory T cells (Tregs) (12), which

are sensitive to IL-2 as a result of constitutive

expression of CD25and requireIL-2Rb–dependent

activation of STAT5 signaling for survival and

function (13). Both orthoIL-2 1G12 and 3A10 re-

tained specificity for Tregsmodified toexpressthe

orthoIL-2Rb,with potencysimilar to that on CD8+

T cells (Fig. 2G and fig. S9, A and B). In addition

to cells that naturally respond to IL-2, activation

of orthoIL-2Rbsignalingpathwayswith orthoIL-2

could, in principle, be achieved in any cell type

that also expresses the IL-2Rg. Activated mouse

B cells expressed the IL-2Rg but lacked appre-

ciable levelsof IL-2Rb (14, 15) and wererelatively

insensitive to IL-2–dependent STAT5 activation

Sockolosky et al., Science 359, 1037–1042 (2018) 2 March 2018 2 of 6
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Fig. 1. Engineering and characterizat ion of orthogonal IL-2 and IL-2R pairs. (A) Schematic

overview of orthogonal IL-2/ IL-2R pairs, consisting of a mutant IL-2 cytokine and mutant IL-2R

that interact specifically with each other but do not cross-react with their wild-type counterparts.

(B) Strategy used to engineer orthogonal IL-2/ IL-2Rb pairs. (C) Wild-type and mutant IL-2Rb tetramer

binding to wild-type IL-2 displayed on yeast by fluorescence-activated cell sorting. MFI, mean fluo-

rescence intensity. Data are representative of two independent experiments. (D) Histograms of wild-type

IL-2Rb (blue), orthoIL-2Rb (red), or CD25 (purple) binding to yeast-displayed wild-type IL-2, the naïve

mutant IL-2 yeast library, or mutant IL-2 yeast clones after in vitro evolution. In vitro evolution of three

independent mutant IL-2 yeast libraries (fig. S4) yielded similar results. (E) Homology model of the

mouse IL-2/ IL-2Rb structure and the site I interface of IL-2 (gray) and contacts with IL-2Rb His134 and

Tyr135 (teal). Dashed lines indicate potential polar contacts. (F) Model of the orthoIL-2/ orthoIL-2Rb

interactions. (G) Off-yeast pSTAT5 functional screen of IL-2 mutant activity on wild-type and orthoIL-2Rb

CTLL-2 T cells. (H) Representative surface plasmon resonance (SPR) sensograms of wild-type and

orthoIL-2 binding to wild-type IL-2Rb or orthoIL-2Rb. Data are representative of two independent experi-

ments. KD, dissociation constant. (I) Sequences of wild-type (WT) IL-2, orthoIL-2 1G12, and orthoIL-2 3A10

and corresponding in vitro bioactivity (pSTAT5 EC50) on wild-type and orthoIL-2Rb CTLL-2 Tcells. Amino acid

codes: A, Ala; D, Asp; E, Glu; F, Phe; H, His; K, Lys; L, Leu; M, Met; N, Asn; Q, Gln; T, Thr; V, Val; Y, Tyr.
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Strategies to create more precise cytokine drugs: 3. Engineering orthogonal IL-2-IL-2R complexes



Strategies to create more precise cytokine drugs: 3. Engineering orthogonal IL-2-IL-2R complexes

Engineered ortho T cells not only acquire better 
anti-tumor activity but also display distinct cell fate

Zhao et al. Science 2018
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Landscape of Co-stimulatory and Co-inhibitory Signals for T cell function

Burke et al. Immunity 2024



CTLA4 and PD1 inhibits T cell function through different mechanisms (extracellular vs intracellular)

Burke et al. Immunity 2024

CTLA4:CD80(B7-1) affinity: KD=0.4uM

CD28:CD80(B7-1) affinity: KD=4uM

CTLA4 competes CD80/CD86 on APC surface

CTLA4 down-regulate CD80/CD86 through 

trogocytosis



PD1 recruits SHP2 to immune synapse to 

dephosphorylate TCR CD3 and CD28 

intracellular domains

CTLA4 and PD1 inhibits T cell function through different mechanisms (extracellular vs intracellular)



Immune check point ‘blockade’? 
Anti-CTLA4 mechanism of action; Fc-FcR interaction is extremely important!

Takahashi et al. Journal of Experimental Medicine 2000
Arce Vargas et al. Cancer Cell 2018

T eff

Activated
T eff

Activated
Treg

Treg

CTLA4

CTLA4



Treg Treg

NK cell

Macrophage

Anti-CTLA4 mechanism of action (antibody dependent cytotoxicity of Treg cells)



Immune check point ‘blockade’? 
Anti-PD1 mechanism of action (blocking PD1-PDL1 interaction)

T effector

Activated
T effector

Kim et al. Cancer Immunology, Immunotherapy 2023

PD1

NK cell

T effector

Some Anti-PD1 antibody is made 
with IgG4 Fc which has no or little 
FcR binding ability 

No Fc-FcR 
interaction is good 

for anti-PD1 
antibody



Anti-CTLA4

• Targets CD28 extracellular complex

• Expands clonal diversity

• Responses often slow

• Primarily affects CD4 Treg cell

• ADCC or ADCP

• Adverse events are frequent and severe

Anti-PD1

• Targets TCR and CD28 intracellular 

signaling

• Expands clonal diversity to less extent

• Responses often rapid

• Primarily affects CD8 T cells

• Blockade PD1-PDL1 interaction

• Adverse events are less frequent and 

manageable

Anti-CTLA4 vs Anti-PD1

Liu et al. JCI Insight. 2023



More than blockade…

Fernandes et al. Nature. 2020



More than blockade…

Siepe et al. ACS synthetic bio. 2023
Zhang et al. Nature. 2025
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Antigen receptor based immunotherapeutics

Klebanoff et al. Nat. Rev. Drug Discovery. 2023



Understanding and manipulating T cell receptor (TCR) specificity and function

Engineering TCR or TCRmimic

• Can we rapidly isolate therapeutic TCRm Abs?
• Can the TCRm format for ADCC, BiTE and 

CAR-T

Identifying TCR ligand

• What do T cells recognize in certain disease?



TCR

MHC/HLA

Peptide

• T cell receptors 1015

• Possible pMHC-I>1011; pMHC-II> 1012

• MHC alleles: 7000

Size of T cell repertoire

• T cells in a human 1010

• T cells in a mouse 108

Mason 1998. Immunol. Today 



Lack of high-quality TCR and antigen-MHC pairs

Hudson et al. Nat. Rev. Immunol. 2023



Methodology for peptide identification

Joglekar & Li. Nat. Methods 2021
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Easy implementation
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Mass spec-

based approach 

Pros: High throughput

Cons: Loss of TCR-pMHC 
linkage; Hard implementation

Cell-based 

approach 

Pros: Semi-high throughput; 

TCR-pMHC linkage; Semi-
easy implementation
Cons: Semi-high diversity; 

relatively high false positive 
rate

Combinatorial library-

based approach  

TCR
Yeast 
library

Selection 
process

Pros: Semi-high throughput; 

TCR-pMHC linkage; Very high 
diversity; Low false positive 
rate

Cons: Hard implementation





F5: ELAGIGILTV (MART-1)

SL9: SLYNTVATL (HIV gag)

Signaling and antigen-presenting bifunctional receptors (SABRs)

Library size: 1X104







T-Scan can identify antigens for viral and cancer specific TCRs

Library size: 5X103 Library size: 2.5X105



TCR

MHC/HLA

Peptide

HLA alleles Disease Relative risk Peptide antigen

HLA-B27 Ankylosing 

spondylitis

>90 Un-identified 

HLA-DQ6 Narcolepsy ~50 HCRT

HLA-DQ2.5 

HLA-DQ8

Celiac disease ~30 Gluten

HLA-DQ8 T1D ~14 Pro-Insulin; 

Hybrid peptide

HLA-DR4 Rheumatoid 

arthritis

~12 Citrullinated vimentin; 

Citrullinated 
fibrinogen

HLA-DR15 Multiple 

Sclerosis

~12 Myelin Basic Protein 

(MBP)

HLA-DR3 Systemic lupus 

erythematosus

~10 Histone

TCR Cross-reactivity could lead to autoimmune disease

Dendrou et al. 2018. Nat. Rev. Immunol.
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" 

Psychiatrists do not diagnose their patients like other
doctors do. They discard four of their senses and literally
play it by ear. It is the no-touch technique adapted to new

purpose. Physical examination and laboratory investiga-
tion, which transformed medicine from guess-work and

theory to fact and science, are spurned or positively dis-

couraged. It is alleged that they deflect attention from

study in depth of the patient’s mind, and impede rapport.
Presenting symptoms are elevated to the status of a disease
like varieties of fever were in the eighteenth century. The

pharmaceutical industry provides corresponding antidotes
and reinforces the illusion."-Dr RicHARD HUNTER, Proc.

R. Soc. Med. 1973, 66, 359.
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Summary 
Using a standard microcytotoxicity
technique of tissue typing, the HL-A

27 antigen was identified in 72 out of 75 patients with
classical ankylosing spondylitis and in 3 out of 75
controls. The same antigen was found in 31 out of
60 first-degree relatives.

Introduction

SINCE Aird and his colleagues studied the relation-

ship between gastric carcinoma and blood-group A,’
several similar associations have been established

between diseases and blood-groups, and, in a few,

pedigree studies have indicated autosomal linkages.
Of interest to rheumatologists is the uncommon

nail-patello-femoral syndrome, which is thought to

be closely linked to the ABO blood-group locus.2

Ankylosing spondylitis is not associated with a par-

ticular blood-group.3

Studies of skin-grafts and tissue rejection led to the

discovery of the leucocyte system of isoantigens,
including the HL-A system, and the identification of
the HL-A antigens is an essential part of tissue typing.
In Caucasians it is now usually possible to identify
four HL-A antigens, and these are believed to be

genetically determined, probably transmitted by two
related loci on each of a pair of chromosomes.

Relationships between diseases and particular HL-A

antigens are now being studied extensively. Associa-

tions have been reported in lymphoma (HL-A 5 and
W 18),4&mdash;8 multiple myeloma (W 18)," adult coeliac dis-
ease (HL-A 1 and 8),9 systemic lupus erythematosus
(HL-A 13 and W 17),10-12 lymphoblastic leukxmia

(HL-A 27),13 and psoriasis (HL-A 13 and W 17).14
No definite association has been established with

rheumatoid disease.15&mdash;17

There are several reports of ankylosing spondylitis
in 2 or more patients in the same family, 

e- 2 with a

few instances of the disease in pairs of identical

twins .23 Hersh, Stecher, and their colleagues 18,19

suggested that the inheritance was as an autosomal

dominant, with 70% penetrance in men and 10% in
women. They also reviewed the evidence that when
there is a woman with the disease the penetrance is

approximately 100% in first-degree relatives, with

half of the males and females affected. Bremner and

her colleagues 22 studied 250 first-degree relatives

and found clinical ankylosing spondylitis in 4&deg;0,

compared to an estimated prevalence of 0.1&mdash;0.2% in
the population. 24 In the same relatives radiographic
bilateral sacroiliitis was found in 16%: 4 out of 24
fathers (17%); 0 out of 30 mothers; 13 out of 82

brothers (16%); 5 out of 30 sisters (17%); and 8 out
of 22 sons (36%). Daughters were not investigated
because no radiographs were taken of women under

forty-five. In discussing this study Emery and

HLA-B27 is associated to ankylosing spondylitis (AS), a leading form of Spondylarthritis (SpA)

Bowness 2015. Annu. Rev. Immunol.

β2M

HLA-B*27

Heavy chain

• Inflammatory back pain and other joint pain

• Symptoms usually strike early age of adulthood

• More common in men; underdiagnosed in women

• Treated by a rheumatologist not orthopedics doctor

• Treated with NSAIDs or biologcis

Acute Anterior Uveitis

(AAU)

Psoriatic Arthritis

(PsA)

Reactive Arthritis

(ReA)

Inflammatory Bowl 

Disease

(IBD)



1. Misfolding hypothesis: 

Misfolded HLA-B*27 triggers 

unfolded protein response

2. HLA-B*27 FHC dimer hypothesis: 

CD4+ T cells recognize HLA-B*27 

dimer via KIR

HLA-B*27 dimer

CD4+

TCR

KIR

CD8+

TCR

pHLA-B*27

3. Arthritogenic peptide hypothesis: 

CD8+ T cells recognize self-

antigens presented by HLA-B*27

Not all HLA-B*27 alleles 

are predisposing to AS 

(B*2706; B*2709) 

HLA-B*27 is associated to ankylosing spondylitis (AS)

Bowness 2015. Annu. Rev. Immunol.

Mauro et al. 2021. Nat. Rev. Rheumatol.

ER lumen

Misfolded 

HLA-B*27



Vβ CDR3β Jβ

Clone1 TRBV9 CASSVGLYSTDTQ TRBJ2-3

Clone2 TRBV9 CASSVGLFSTDTQ TRBJ2-3

Faham et al. 2017. Arthritis & Rheumatology

Komech et al. 2018. Rheumatology

Zheng et al. 2019. eBioMedicine

Hanson et al. 2020. Arthritis & Rheumatology

Dulphy et al. 1999. Journal of Immunology

May et al. 2002. Tissue Antigens

Identification of AS related ‘public’ TCRs

TCR

HLA-B*27

Peptide

Arthritogenic peptide hypothesis 

• What are the disease relevant TCRs?

• What are the peptide ligands for disease 

relevant TCRs?



Isolation and sequencing AS related ‘public’ TCRs

Vβ CDR3β Jβ Vα CDR3α Jα Expression

AS3.1 TRBV9 CASSVGLYSTDTQ TRBJ2-3 TRAV21 AVSLGTGAGSYQLT TRAJ28 Yes

AS4.1 TRBV9 CASSVGLYSTDTQ TRBJ2-3 TRAV21 AVSSPQGGSEKLV TRAJ57 Yes

AS4.2 TRBV9 CASSVGLFSTDTQ TRBJ2-3 TRAV21 AVLSPVQETSGSRLT TRAJ18 Yes

AS4.3 TRBV9 CASSVATYSTDTQ TRBJ2-3 TRAV21 AVSNFNKFY TRAJ21 Yes

AS4.4 TRBV9 CASSVGLYSTGELF TRBJ2-2 TRAV21 AVSFFDKLI TRAJ34 Yes

Geraldine Gillespie Group at Oxford
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Source Vβ CDR3β Jβ Vα CDR3α Jα

AS8.2 Synovial fluid TRBV9 CASSVGLYSTDTQYF TRBJ2-3 TRAV21 CAVPNQAGTALIF TRAJ15

AS8.3 Synovial fluid TRBV9 CASSVGLYSTDTQYF TRBJ2-3 TRAV21 CAATSPRRQGGSEKLVF TRAJ57

AS8.4 Synovial fluid TRBV9 CASSVGTYSTDTQYF TRBJ2-3 TRAV21 CAVNSPGSGAGSYQLTF TRAJ28

AS8.5 Synovial fluid TRBV9 CASSVATYSTDTQYF TRBJ2-3 TRAV21 CAVMDQDGANSKLTF TRAJ56

AS9.1 Synovial fluid TRBV9 CASSVGLYSTDTQYF TRBJ2-3 TRAV21 CAVLSQTGANSKLTF TRAJ56

AS9.2 Synovial fluid TRBV9 CASSVATYSTDTQYF TRBJ2-3 TRAV21 CAADSGSARQLTF TRAJ22

AS TCRs isolated from patients’ synovial fluid and AAU TCRs isolated from patients’ ocular fluid

Ivan Zvyagin group RAS & Yokoyama group WUSTL
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AAU Patients’ 
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Source Vβ CDR3β Jβ Vα CDR3α Jα

AU1.1 Ocular fluid TRBV9 CASSVATYSTDTQYF TRBJ2-3 TRAV21 CAVMGTTDSWGKLQF TRAJ24

AU1.2 Ocular fluid TRBV9 CASSVATYSTDTQYF TRBJ2-3 TRAV21 CATYNFNKFYF TRAJ21

AU1.3 Ocular fluid TRBV9 CASSPGLYSTDTQYF TRBJ2-3 TRAV21 CAVRPSDSWGKLQF TRAJ56

AU2.1 Ocular fluid TRBV9 CASSVGLYSTDTQYF TRBJ2-3 TRAV21 CAVGEGEGGGFKTIF TRAJ9

AU2.2 Ocular fluid TRBV9 CASSVGLYSTDTQYF TRBJ2-3 TRAV21 CAASSTQGGSEKLVF TRAJ57



Yeast

AGA1

AGA2

Tag

Peptide β2M MHC Tag Aga2

Yeast library construction

TCR
Yeast library

Selection 
process

RD1 RD2 RD3 RD4

Yeast library selection Peptide ID

Overview of yeast display pMHC library

Birnbaum et al., Cell 2014

Gee et al., Cell 2018

• No prior information was available on antigens

• Predicted low potency as auto-reactive TCR

• No tissue samples are available 

• The novel cell-based antigen discovery tools are not available 
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Self and microbial peptides are identified to activate AS and AAU TCRs



CDR3α

CDR1α

CDR2α

CDR2β

CDR1β

CDR3βPeptide

HLA-B*27

TCRαTCRβ

HLA-B*27β2M

Peptide

CDR3βCDR1α

P1
P2

P3

P4

P5

P6

P7

P8

P9

Identical AS TCR structural solution for p-HLA-B27 recognition

Y/F98β S99β

T100β

P8P

• CDR3β (SVGLY/FSTDTQ) Y/F docked into 

the hydrophobic pocket between P8 and 

HLA-B*27 α2 helix. 

• CDR3α is not used for peptide recognition.

• CDR1α is used for peptide recognition.

• ‘Molecular mimicry’ is the underlying 

mechanism for TCR cross-reactivity

TRAV21- 

CDR1α

P1 P2 P3 P4 P5 P6 P7 P8 P9

PRPF3 T R L A L I A P K

GPER1 G Q M W L L A P R

RNASEH2B G Q V M V V A P R

HELQ R R V I L R A P Y

IPO9 T Q M P L V A P V

GLRB V Q V M L N N P K

JAK3 D R Q Q L P A P K

SLEC14L2 G R V G D L S P R

YEIH L R V M M L A P F

gspD G K T E L L A P F

TRBV9-CDR3β-

TRBJ2.3S

V

S T

D

T

Q

D

S

A I Y

N

Y/FL/T

G/A



BV9-BJ2.3 T cell

Ankylosing 

Spondylitis

Acute 

Anterior 

Uveitis Psoriatic 

Arthritis

Reactive 

Arthritis

Juvenile 

Spondylitis

Arthritis 

associated 

Colitis

Could BV9-BJ2.3 T cells play a central role to initiate Spondyloarthrities (SpA)?

• Can we generate B*27 Tg Mice with TCR tg mice to mimic SpA?

• Can we specifically target BV9-BJ2.3 T cells as potential therapeutics?



Targeted therapy for treating SpA patients



Targeted therapy for treating SpA patients

TCRα TCRβ

HLA-B*27 β2M

Peptide

CDR2β

CDR1β

HLA-B*27

Peptide

• TRBV9 is not involved in binding with HLA-

B*27 or peptide

• Other TRBV also likely retain the same 

binding mode as long as they have 

functional CDR3β

TCRα TCRβ

Anti-

TRBV9

TCRα TCRβ

pHLA

Low affinity 

interaction 

High affinity 

interaction 



HLA alleles Disease Relative 

risk

Peptide antigen

HLA-B27 Ankylosing 

spondylitis/
Anterior Uveitis

>90 GPER1; PRPF3; 

RNASEH2B 

HLA-B51 Behcet’s disease >90 Un-identified

HLA-B29 Birdshot Uveitis >90 Un-identified

HLA-C06/

HLA-B27

Psoriatic arthritis >70 Un-identified

HLA-C06 Psoriasis >70 LL37; ADAMTSL5

HLA-B15/

HLA-A31

Carbamazepine

SJS/TEN

>70 Un-identified

HLA-B58 Allopurinol

SJS/TEN

>70 Un-identified

Antigen identification for ‘MHC-I-opathy’ and future therapeutic development 

Autoimmune disease antigen ID



Identifying antigen: what’s next?

Engineering TCRm Ab 

• Can we rapidly isolate therapeutic TCRm Abs?
• Can the TCRm format for ADCC, BiTE and 

CAR-T

Identifying TCR ligand

• What do T cells recognize in certain disease?



TCR

MHC

Ab

MHC

TCRs are ‘MHC-restricted’ Abs are not ‘MHC-restricted’

From TCR-to-TCR mimic Abs

Intracellular antigen

Cell surface antigen



‘MHC-restricted’ TCRm Ab:

scFv library focused only on 
peptide- 

contacting CDR residues

Peptide

TCR
CDRs

TCRβ 
CDRs

Classical TCR docking 

footprint on pMHC

CDR-L

CDR-H

CDR-H

CDR-L

Non-TCR like TCRm 

Ab docking footprint on 
pMHC

CDR-H

CDR-L

TCR like TCRm Ab 

docking footprint on 
pMHC

Strategy to repurpose TCR mimic Abs

re-engineered MHC-

restricted
Abs preserve TCR-

like docking

PDB: 3CVH (mice)

PDB: 3GJE (human)

Yang et al., Nat. Biotechnol. 2023
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Fab H

Fab L
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Generation TCR mimic scFv yeast library Repurposing scFv from OVA-Kb to Trp2-Kb 

Repurposing OVA specific TCR mimic to melanoma associated tumor antigen Trp2
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Trp2-Kb

scFv yeast library 

selection
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T cell-based therapeutics (BiTE)

BiTE
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MA2 

Fab L

MA2 

Fab H

Mart1 

Peptide 

HLA-A*02:01
β2M
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Structural basis repurposed TCR mimic antibody 
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Rpl18wt:   KILTFDQL

Rpl18mut :  KILTFDRL
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Screening of Rpl18mut  peptide-specific TCRm Ab yeast library

TCRm yeast library after 4 round selection



Binding of RPL18-Kb-specific TCRm antibodies

Fab #41 Fab #43

KD=3.5 nM KD=3.5 nM
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Cross-allele TCR mimic antibody generation

CDR H3 L1 L3

# 103 26 32 93 95 96 98

aa Y S Y F G S Y

Interaction P/M P P P P P/M P

• The library design has incorporated several residues that

allow bona-fide residue to elicit cross-allele TCRm

antibody.

• Positive selection reagent: MAGE-HLA-A*01:01

• Negative selection reagent: Titin-HLA-A*01:01
• Outcome: we may be able to generate the first TCRm that

target MAGE-HLA-A*01:01 without cross-reactive to Titin-

HLA-A*01:01.

HLA-A*01:01

• The red regions are

polymorphism between HLA-

A*02:01 and HLA-A*01:01
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TCR mimic antibody selection on HLA-A1 allele
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TCR
CDRs

TCRβ 
CDRs

Classical TCR docking 

footprint on pMHC

CDR-H

CDR-L

Current TCRm Ab 

docking footprint on 
pMHC

Strategy to isolate panHLA TCR mimic Abs

Yang et al., Nat. Biotechnol. 2023

TCRβ 
or VH

TCR 
or VL

VL

VHVH

VL

TCRm-AFP-HLA-A*02:01

PDB: 7RE7
scFv1 

H2-TP53-HLA-A*02:01

PDB: 6W51
scFv2
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1. KRAS neo-antigen 

are oncogenic drivers 
for multiple cancers

PDAC NSLC CRC

3. TCRm with docking 
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2. KRAS neo-antigens 

are efficiently 
presented on HLA-

A*03/11/30/68 (40% of 

patients) but not HLA-
A*02 (35% of patients)

HLA-A*03/11/30/68HLA-A*02

Isolation TCRm modalities with broad reactivity to KRAS-HLA complex

KRAS-
A*03/11/30/68

4. Isolation of TCRm 

specifically targeting KRAS 
neo-antigen presented on 

HLA-A*03/11/30/68 

scFv1 library

scFv2 library
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Neo-antigen specific TCR mimic clones
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New library allows us to isolate multi-HLA allele neo-antigen specific TCR mimics



• Overview of how T cell mediated immune system works
• Antigen receptor diversification

• Antigen receptor signaling

• Signal 1

• Signal 2

• Signal 3

• Cytokine based immunotherapy (signal 3) 
• principal of cytokine signaling

• Strategies for designing effective cytokine therapies

• Check point blockade-based immunotherapy (signal 2)
• landscape of co-stimulatory and co-inhibitory signaling

• CTLA4 vs PD1

• Antigen receptor-based immunotherapy (signal 1)
• Antigen identification

• Engineering therapeutics 



More to 
come
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