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T lymphocytes: thymic origin, VDJ 
recombination and clonal selection
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The clonal selection theory
» Each lymphocyte bears a single 

receptor with a unique specifity.
» Interaction between a foreign 

molecule and a lymphocyte receptor 
capable of binding that molecule with 
a high affinity leads to lymphocyte 
activation and clonal expansion.

» Lymphocytes bearing receptors 
specific for ubiquitous self molecules 
are deleted at an early stage in 
lymphoid cell development
and are therefore absent
from the repertoire of
mature lymphoctyes.
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…to Adoptive T Cell Therapy
» Graft-versus-Leukemia (GVL) effect of 

bone marrow transplantation
» Donor leukocyte infusion (DLI)
» Lymphokine-activated killer (LAK) cell 

therapy
» Tumor-infiltrating lymphocytes (TILs)

» Virus-specific T cells (VSTs)
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T cells fighting cancer: a complex history
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» A major limitation of 
many current cancer 
therapeutics is their 
lack of curative 
potential  

» Immunotherapy must 
harness T cell 
specificity, persistence 
and potency to achieve

The rise of engineered T cells as cancer drugs

» Safety
» Efficacy

» Specificity
» Long-acting
» Potency



Retroviral Vectors (MLV, HIV, FV) Reverse transcription (1975)
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First steps in 
primary T cell 
engineering
» Retroviral 

vectors 
(γRV, LV)

» Transposons 
(Sleeping 
Beauty)
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The beginning 
of CAR design

First ζ chain fusions T-body CCR The second 
generation CAR

Van der Stegen, Nat 
Rev Drug Dev, 2015
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First ζ chain fusions T-body CCR The second 
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Construction of VLVH chimeric genes.
Y Kuwana et al, BBRC, 1987

Scheme of the chimeric scFvR 
expression vector. 
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A schematic representation of the 
chimeric FvCD3ζ construct.
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The beginning 
of CAR design
Van der Stegen, Nat 
Rev Drug Dev, 2015

First ζ chain fusions T-body CCR The second 
generation CAR

CD28

3G6-CD28

GD2-Specific CCR

Fig 4. Cell-bound 
GD2 provide costimulatory 
signals to 3G6-CD28 
CCR-transduced 
alloreactive human 
primary T lymphocytes.
A Krause et al, J Exp Med, 1998



The beginning 
of CAR design
Van der Stegen, Nat 
Rev Drug Dev, 2015

First ζ chain fusions T-body CCR The second 
generation CAR

CD28

Pz1

1st Gen CAR

P28z

2nd Gen CAR

ζζ
CD28

+

Fig 4. NIH3T3 fibroblasts 
coexpressing human 
PSMA and B7.1 (CD80) 
direct cytokine release by 
Pz-1-transduced T cells. 
(Pz-1;
a PSMA-specific CAR).M Gong et al, Neoplasia, 1999



Identification 
of CD19 as an 
effective CAR 
target

Brentjens et al, Nat Med, 2003

CD19 CAR T cells 
eradicate systemic 
B cell malignancies 
in mice
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Rapid and complete eradication of refractory leukemia by 
19-28z CAR T cells 

Brentjens, Davila, Rivière et al, 
Science Transl Med, March 2013

Breakthrough of the year
Science, December 2013

June and Sadelain, 
N Engl J Med, 2018
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Prototypic CD19 CARs

CD28 CAR 4-1BB CAR
Structure Function
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EC and 
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CD19 CAR 
therapy in R/R 
ALL and NHL –
overall survival

Overall survival Event-free and Overall Survival

CD28 CAR 4-1BB CAR

Ad ALL

NHL

Ped ALL

NHL

(Park JH et al, 
NEJM 2018)

(Neelapu SS et al, NEJM 2017)

(Maude SL et al, 
NEJM 2018)

(Schuster SJ et al, NEJM 2018)
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Building on 
the success 
of CD19 CAR 
therapy
» 500 trials 

worldwide 
(clinicaltrials.gov)

» >20,000 infused 
patients

» 145 
biotech/pharma 
CAR programs Jia Xin Yu et al. Nat Rev Drug Discov. 2019 Matthew MacKay et al. Nat Biotechnol. 2020

The evolution of cell therapy 
trials for cancer since 1993

Interventional CAR clinical 
trials by country (< 2019)



Generation and 
distribution of 
off-the-shelf 
VSTs
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3rd Party Off-the-shelf T cell therapy
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Future 
targets 
for VST 
therapy
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CRISPR/Cas9-
targeted integration 
into the TRAC locus 
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Genome-edited CAR T cells

TRAC-CAR: CAR Knock-in

Triple Knock-out + LV-TCR 



ITAM-based 
calibration 
of activation 
strength in 
CD28/CD3ζ 
CARs

Feucht, 
Sun, Nat 
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CD28 + TCR CAR
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CAR ITAM-calibration
directs T cell fate
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Bianchi et al. Front Immunol. 2020

General workflow for personalized enrichment of antigen-specific T-cells from bulk 
tumor-infiltrating lymphocyte (TIL) [or peripheral blood lymphocyte (PBL)] cultures
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Toolset for 
personalized 
enrichment 
of T-cell 
infusion 
products



Leko et al. Cancer Cell. 2020

A Suggested 
Approach for 
Comprehensive 
Identification of Tumor 
Neoantigen-Reactive 
T Cells and Their Use 
for Personalized 
Immunotherapy
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Rohaan et al. Virchows Arch. 2019

Schematic overview 
of the processes for 
adoptive cell 
therapy (ACT) of 
tumor-infiltrating 
lymphocytes (TIL), 
ACT with T cell 
receptor (TCR) 
gene therapy and 
ACT with chimeric 
antigen receptor 
(CAR)-modified T 
cells
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Adoptive 
cell therapy: 
points to 
consider
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CAR T cell sources

Autologous  T 
cells With TCR » Bulk PBMCs

» T cell subsets

Allogeneic  T 
cells

With TCR

» DLI
» VSTs
» γδ T cells
» iNKT cells

Without TCR » αβ-TCR–/– DLI
» (NK cells)

In vitro 
generated  T 

cells
With/Without

» CB
» ESC
» TiPS



TiPS for T cell immunotherapy: a long-term aspiration for 
synthetic immunity

Antigen specificity
Targeted gene disruption

Targeted integration
Checkpoint modulation

Histocompatibility

Genotype selection

TSCM TN phenotype
CD8 or CD4 T cells

𝛾𝛿 T cells
NKT cells

Tregs

100% purity
Sjoukje van der Stegen







CAR T cells: beyond cancer
Senescence-associated pathologies

Senolytic CAR T cells
e.g., liver fibrosis, NASH

Judith C. Feucht Corina A. Vegas Lowe Lab

Josef Leibold Lowe Lab Scott Lowe



Sadelain. CARs: driving immunology toward synthetic biology, Curr Opin Immunol, 2016

Bone Marrow 
Transplant

↓
Graft vs Leukemia

Tumor 
Immunology

↓
Adoptive Immunity

Natural ACTs
» LAK
» TIL
» DLI
» VST

Gene Transfer
(Gene editing)

Chimeric antigen 
receptors

(Synthetic biology)

Engineered ACT
» The CD19 Paradigm
» Combinatorial targeting
» Gene edited T cells
» Armored CARs

Isolate and Expand 
Natural T Cells

Design and Manufacture 
Engineered T Cells

CD19 CAR paradigm
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