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Cancer
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All reproducibly effective cancer immunotherapies 

involve T cells

CAR/TCR/TIL-based 

treatments



General schema for  

growing naturally-occurring 

anti-tumor T cells 

Rosenberg & Restifo

Science 2015



Gene-modification of T cells

Kochenderfer, et al, Blood 2010; Rosenberg & Restifo, Science 2015



Pre-Tx Day +34 7 years later



Complete regression of metastatic breast cancer

Adapted from Zacharakis et al, Nat Med 2018



Why do our efforts focus on adoptive cell transfer (ACT) therapy for 

treating metastatic cancer?

1. Identify and enrich for qualities associated with anti-tumor efficacy.

2. Pharmacologically or genetically modify T cells to enhance their 

therapeutic efficacy. 

3. Confer new specificity in transferred T cells (eg CAR, TCR).

4. Administer large numbers of tumor antigen-specific cells.

5. ‘Lymphodeplete’ host prior to cell transfer, reducing immunosuppressive 

cells in the tumor microenvironment. 



CELLS AS DRUGS

Time (Hours, Days) Time (Months, Years)

Time (Hours, Days) Time (Hours, Days)      

Drug therapy Living therapy

New paradigms in tissue distribution and pharmacokinetics

Living cells can move ‘against’  

concentration gradients and 

exhibit conditional function after 

integrating micro-environmental 

information 
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Not all T cells are equal…



T cells don’t live forever

• Cancer cells are generally immortal, but the T cells used 

to kill tumor cells are themselves programmed to 

experience aging, senescence and death.

ApoptosisSenescence



What is T cell stemness and why does it matter? 

Gattinoni, Klebanoff & Restifo,

Nat Rev Cancer, 2012

“An essential characteristic of a stem cell”

1. The capacity to self-new

2. Multipotentcy (can generate differentiated T cell subsets)
3. Persistence and proliferative potential. 

Stemness: Noun; Etymology stem + -ness



Individual T cells (clonotypes) 

are capable of ‘stemness’ 

Many organ systems in adult metazoans involve 

stem cells

Stem cell-like T cells have been identified in mice 

and in humans

The TCF7 transcription factor is centrally involved 

in T cell stemness 



Clonal repopulation, Dudley, et al

Science 2002

Stem-like behavior: 
“Lymphodepleted” patients can experience clonal repopulation of anti-tumor T cells

Expansion of TIL 

to 1010 – 1011 cells 
Measure 

persistence



% persistence of the infused cells in peripheral blood

* CR + PR (>30% reduction) vs. NR (<30% reduction)  < 0.001

T cell survival at 1 month is highly correlated with 

objective clinical response
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A Waddington model of T cell differentiation

Muranski, et al, Blood, 2008
Muranski, et al, Immunity, 2011
Gattinoni, et al, Nat Med, 2009
Gattinoni, et al, Nat Med, 2011

Gattinoni, Klebanoff & Restifo

Nat Rev Cancer, 2012



Tcf7 high T memory stem cells (Tscm) cells are more effective and can 

be used to treat large established tumors at lower doses

T cell subsets into sublethally irradiated mice in combination with

recombinant vaccinia-based gp100 vaccine and IL-2 treatment. As

previously reported by our group and others33,34, the TCM cells

proliferated more than TEM cells (Fig. 4a). TSCM cells, however,

robustly expanded by approximately 200-fold in the spleen alone

(Fig. 4a). These levels of expansion were approximately ten times

higher than those of TCM cells and approximately 30 times higher

than those of TEM cells (Fig. 4a). Furthermore, TSCM cells showed

an enhanced survival capacity, asrevealed by thefrequenciesof pmel-1

T cells in the spleens of vaccinated mice 1 month after transfer

(Fig. 4b). T cell proliferative and survival capacities have been

correlated with tumor responses in mice and humans receiving

adoptive T cell–based therapies35,36. To assess whether the enhanced

replicative capability of TSCM cellswould result in superior antitumor

activity, we adoptively transferred limiting numbers of pmel-1 mem-

ory T cell subsetsinto sublethally irradiated hostsbearing B16 tumors,

in combination with gp100 vaccine and IL-2. As we previously

reported33, TCM cells conferred superior antitumor immunity com-

pared with TEM cells (for tumor regression, P o 0.01; for overall

survival, P¼0.0644) (Fig. 4c). Notably, minusculenumbers(4 104)

of TSCM cells were able to trigger the destruction of bulky tumors (1

cm3 containing B 1 109 cells) and improve survival (TSCM cells

versus TCM cells, P o 0.005; TSCM cells versus TEM cells, P o 0.005;

Fig. 4c). Thus, adoptive transfer of TSCM cells in combination with

tumor antigen vaccination and exogenous IL-2 produced a far more

robust and therapeutically noteworthy secondary response compared

with the other memory T cell subsets.

Arrest of lymphocyte differentiation to maintain long-lived, self-

renewing antigen-experienced T cellswith stem cell-likepropertieshas

been postulated as the basis of the continual generation of effector

T cells37, but the transcription factors that regulate this process have

not been fully elucidated. Although the physiologic role of Wnt

signaling in post-Thymic T cell development remains unknown, our

data indicate that Wnt can regulate the stemness of CD8+ T cells by

suppressing their differentiation into Teff cells. Other circumstantial

evidence supports our findings. We recently reported that high levels

of the Wnt transcription factors Tcf7 and Lef1 were expressed by

T cells whose antigen-induced development into Teff cells had been

arrested using IL-21 in theculture medium8. Conversely, Tcf7–/– mice

reportedly have an increased frequency of CD44highCD62Llow

TEM cells6. Paralleling our own observations in CD8+ T cells, in

CD4+ T cells expression of a stabilized form of b-catenin in CD4+

T cells inhibited the proliferation and effector function of the cells in

a model of inflammatory bowel disease38. Furthermore, CD4+ T cell

memory precursors overexpressed Ctnnb1 and Tcf7 as well as Bcl2

and Il2rb (ref. 9). These factors were all implicated in the formation

and maintenance of TSCM cells described here.

Our findings also have parallels in stem cell biology, where Wnt

signaling has a pivotal role in promoting self-renewal while limiting

proliferation and differentiation2,3. Hematopoietic stem cells exposed

to an environment in which Wnt signaling was inhibited by over-

expression of Dickkopf1 in thestem cell nicheweremoreproliferative

than those in WT mice, but they had lost their capacity for self

renewal, as reflected by their inability to reconstitute hosts after serial

transplants3. T cell lineage commitment to effector versus memory

subsets has recently been linked to the asymmetrical segregation and

inheritance of proteins that control cell fate specification39. Although

the role of Wnt in the asymmetric division of CD8+ T cells is

unknown, unequal localization and activities of Wnt signaling com-

ponents, including b-catenin, have been implicated in cell fate

specification in Caenorhabditiselegans40.

Theability to pharmacologically induceTSCM cellshasconsiderable

implications for the field of adoptive immunotherapy. The findings

that small numbers of TSCM cells in conjunction with specific

vaccination and IL-2 therapy can cause the regression of large

established vascularized tumorsmight reduce thecost and complexity

of highly effective therapies based on the adoptive transfer of anti-

tumor T cells35. Using existing technology36, it may be possible to

genetically engineer the human counterpart of CD8+ TSCM cells to

express T cell receptors or chimeric antigen receptors while pharama-

cologically mimicking Wnt signaling. This might ultimately allow for

the widespread application of adoptive immunotherapy based on

multipotent, highly proliferative, tumor-specific TSCM cells. Finally,

the modulation of Wnt signaling to induce long-term T cell memory

might be crucial for T cell–based vaccines designed to target intra-

cellular pathogens. Data indicate that protection against intracellular

pathogens correlates with the induction and maintenance of TCM cell
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Figure 4 TSCM cells possess enhanced in vivo recall response and antitumor

activity compared to TCM cells and TEM cells. Pmel-1 naive CD8+ T cells

congenically marked with Thy1.1 were primed in vitro with splenocytes

pulsed with 1 mM hgp10025–33, in conjunction with 10 ng ml–1 IL-2 with or

without 7 mM TWS119. Five days after antigenic stimulation, TSCM, TCM or

TEM cells were sorted on the basis of phenotype (TSCM, CD44lowCD62Lhigh

cells; TCM, CD44highCD62Lhigh cells; TEM, CD44highCD62Llow cells).

Sublethally irradiated WT mice received 5 104 pmel-1 TSCM, TCM or TEM

cells in conjunction with a recombinant vaccinia virus encoding hgp100

and intraperitoneal injection of IL-2. (a) Absolute numbers of adoptively

transferred pmel-1 T cells (identified by CD8+Thy1.1+ lymphocytes) in the

spleens of treated mice. Data are represented as means ± s.e.m. (b) Flow

cytometry analysis for the expression of CD8 and Thy1.1 one month after

adoptive transfer of T cell memory subsets. (c) Tumor size and survival of

sublethally irradiated WT mice bearing B16 tumors established for 10 d

(n ¼ 5 for all groups) receiving 4 104 pmel-1 TSCM, TCM or TEM cells

in conjunction with a recombinant vaccinia virus encoding hgp100 and

exogenous IL-2. Data are represented as means ± s.e.m. All data shown

are representative of at least two independently performed experiments.
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Gattinoni, et al, Nat Med, 2009; 2010; and Human Tscm Nat Med 2011



TCF7+/TCF7- (of CD8+)

> 1

< 1

* P = 0.03

TCF7+CD8+ T cell frequency in tumor tissue predicts

response and better patient survival after checkpoint blockade

Sade-Feldman, et al, Cell, 2018
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Acquisition of effector function/cytoxicity

Senescence

Tcf7 low

Tcf7 high
High proliferative capacity

Stemness: high capacity for self-renewal and multipotency

Lineage relationships of of CD8+ T cell subsets

~ 900 Genes are dynamically regulated during post-thymic T cell differentiation

Each T cell clonotype is a stem cell system



How do we consolidate these advances to make 

cancer immunotherapy more effective?

• Disrupt the cell death program to keep T cells alive longer (eg use CRISPR 

to remove mediators of senescence and apoptosis).

• Use drugs to uncouple T cell proliferation from differentiation (eg inhibitors 

of cell signaling cascades like PI3K → Akt → mTOR pathway

• Metabolically or epigenetically alter T cells to improve their longevity

ApoptosisSenescence



A Waddington model of T cell differentiation

Muranski, et al, Blood, 2008
Muranski, et al, Immunity, 2011
Gattinoni, et al, Nat Med, 2009
Gattinoni, et al, Nat Med, 2011

Gattinoni, Klebanoff & Restifo

Nat Rev Cancer, 2012



Fundamentally reprogram the T cells to make 

them young and vibrant again



iPSC-derived T cells treat established solid 

tumors and prolong survival
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Characterization of human TIL-iPSC

Endoderm Mesoderm Ectoderm

OCT-4 

TRA-1-60

NANOG 

TRA-1-81

SOX2



iPSC derived from human T cells are mutation specific

T  c e lls  a lo n eD M S OP M A /Io n o

W T  1 0  u g /m L
W T  1  u g /m L

W T  0 .1  u g /m L

M u t 1 0  u g /m L
M u t 1  u g /m L

M u t 0 .1  u g /m L

0 20 40 60 80

TIL-iPSC derived T cells

%  o f C D 3
+

 4 -1 B B
+

T  c e lls  a lo n eD M S OP M A /Io n o

W T  1 0  u g /m L
W T  1  u g /m L

W T  0 .1  u g /m L

M u t 1 0  u g /m L
M u t 1  u g /m L

M u t 0 .1  u g /m L
0 20 40 60 80

TIL-iPSC derived T cells

%  o f C D 3
+

 4 -1 B B
+

T cells alone

DMSO

PMA/Iono

WT 10ug/ml

WT 1ug/ml

WT 0.1ug/ml

Mut 10ug/ml

Mut 1ug/ml

Mut 0.1ug/ml

0                   20                 40

% of CD3+ 4-1BB+

WT:  AYRDLQTRE

Mut: AYRDLQTRK

Bulk TIL-iPSC-derived 

immature T cells (day 38) 

Mutated peptide pulsed 

autologous B cells

Co-culture 18 hrs FACS

WT 10 ug/mL Mut 10 ug/mL

4
1

B
B

CD8 HLA-A*30:01-

restricted



> 800 individual iPSC lines derived from mutation-

reactive T cells from a variety of cancer histologies



Summary

• Stemness, the capacity of T cells to self renew, proliferate, 

persist and form large numbers of more differentiated progeny, 

may be an emerging concept of cell-based therapy. 

• The transcription factor, Tcf7, is central to the stemness 

phenotype.

• iPSC-derived T cells are clonal (specific for one antigen) and 

retain a great degree of proliferative capacity and specificity for 

tumor neo-antigens. 



1. Concerted and continued commitment to basic science.

2. Clean space for at or near scale experimental pre-clinical 

work (eg CRISPR, iPSC).   

3. A robust vector production laboratory.

4. Large, GMP-quality cell production laboratories to 

produce cells for patients.

What we need to bring cell-based therapies 

to the many patients who need them:
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