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Learning Objectives

� Describe the underlying biology and therapeutic mechanisms of T cell 
functional states in cancer immunotherapy

� Identify methods to address key scientific questions for T cell 
functional states in cancer

� Compare the strengths and weaknesses of various cancer 
immunotherapy approaches using T cell functional states



Webinar Outline
� Dr. Ananda W. Goldrath: Transcriptional side of T cell functional 

states; residency program; biomarkers
� Dr. Evan W. Newell: Cytometry; residency program (circulation and 

exhaustion)
� Dr. Daniela S. Thommen: Functional side; TLS (background, definition 

and function)

� Q&A: Dr. Wherry + Dr. Schietinger
� Naming structures/terms/nomenclature
� Translating t cell therapies into the clinic
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Transcriptional Programs Driving Differentiation of Tissue-resident Memory 
and Tumor Infiltrating CD8+ T cells

Collaboration with Matthew Pipkin (TSRI Florida) and  Shane Crotty (LJI), 
John Chang, Gene Yeo, Wei Wang UCSD

Max Krummel and Ken Hu UCSF
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CD8+ T cells are central players in anti-tumor immunotherapies

Image by Milner generated with Biorender

Initiating adaptive immune responses to tumors can elicit long-lived protection in the form of immune memory



McLane et al (2019)

Differentiation of CD8+ T cells is dependent on clearance of the target



Tissue-Resident memory

TCM

TEM

T-TEM

TRM

Naive CD8+ T cells integrate many signals to instruct 
heterogeneous memory cell differentiation

Terminal Effector 

Rapid effector function low 
proliferation

Stem-like capacity for 
differentiation and self-renewal 

2° memory, low effector function, 
long-term survival, high capacity 

for proliferation

Rapid effector function, 
capacity for differentiation and 

self-renewal, long-term survival, 
capacity for proliferation

Chang, Wherry and Goldrath Nature Immunology 2014

Rapid effector function, die at 
resolution of infection



Tissue-specific memory T cell composition
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A large portion of T cells in tissues are non-recirculating, 
resident memory cells, TRM

Steinert Cell 2015

From Szabo Sci Imm 2019
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�Provide early sentinel protection at 
body surfaces, within tissues 

�Protection against pathogens and 
tumor growth 

�Recruit innate and adaptive immune 
cells to the site of infection

�Many express CD103, 
most express CD69 

�KLF2 and S1PR1, must be 
downregulated to prevent egress



CD8+ T Cell TRM are associated with improved therapeutic outcomes 
in infection and cancer in humans

Sasson 2020

How are TRM populations programmed in the context of known factors?
Is there TRM specific transcriptional programming?

Does this inform programming of TIL for enhanced anti-tumor function?
How do cells adapt to distinct tissue microenvironments?

TRM



A common gene-expression pattern for resident populations 
across tissues and circulating memory CD8+ T cells

Gene Expression

IEL Kid Spl

Resident

Circulating

Milner et al, Nature 2017

Transcription 
Factors?

Tissue specific

Tissue specific

?



Computational and functional screens to identify transcriptional regulators of 
CD8+ TRM

Predict TF that regulate TRM in vivo knock-down of TF 

Ametrine

CD
8

Test individual constructs, study impact of 
deletion, induced deletion affects on TRM
generation, homeostasis and function.

Compile transcriptional network governing 
TRM differentiation. shRNAX

Justin Milner, Clara Toma and Bingfei Yu Milner et al. Nature 2017



In vivo RNAi screen for regulators of TRM

Runx3

Prdm1/Blimp

Klf2

Tbx21/Tbet

Loss increases 
TRM

Loss inhibits TRM

Milner et al. Nature 2017



Runx3 regulates the TRM transcriptional program
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Runx3 controls the core TRM transcriptional program

� Runx3 activity is tissue-dependent
� Runx3 appears to be upstream of Blimp1 

and repression of KLF2/S1pr1 and T-
bet/Eomes which is also key for TRM
differentiation

Milner et al. Nature 2017



Are CD8+ TIL programmed by common adaptations to tissue 
residency?

Gene Expression

IEL Kid Spl

Resident

Circulating

Milner et al, Nature 2017

Transcription 
Factors

Runx3
Blimp1
Nr4a1
«

Tumors are tissue, too!!



TIL and TRM VKDUH�D�³UHVLGHQF\´�JHQH-expression 
signature

Milner et al. Nature 2017

Growing number of examples of a significant 
positive correlation between TRM-like TIL and 

survival/positive outcome in numerous 
malignancies. 



Pro-TRM Runx3 and Blimp1 drive tissue residency by anti-tumor T cells

Milner et al. Nature 2017



Runx3 promotes anti-tumor activity by CD8+ T cells in ACT

Milner et al. Nature 2017



Runx3 over-expression leads to enhanced tumor 
infiltration
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ZipSeq: barcoding for spatial mapping of single cell transcriptomes
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Ken Hu et al. Nature Methods 2020



Zip-seq reveals TRM signature associated with deeper infiltration of tumors

PyMT ² OT-I TIL
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Expression of Runx3 promotes CAR-T accumulation in solid 
tumors
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Signals that drive optimal anti-tumor differentiation programs, 
for functional activity in the tumor microenvironment

Antigen

Cytokines

Oxygen

Nutrients

¾ Effector
¾ Exhausted effector
¾ Death
¾ Proliferate
¾ Short-lived memory
¾ Long-lived memory
¾ Effector memory
¾ Central memory
¾ Tissues resident 

memory

What are the transcription factors that interpret microenvironmental signals?

Inhibitory 
receptors

Melanoma

CD8+ T cell



VHL/HIF Pathway

VHL HIF HIF target genes

Oxygen

glycolysis

oxphos

other targets:
cell cycle inhibitors

angiogenesis
erythropoiesis

etc

VHL is a negative regulator of the transcriptional response to 
hypoxia²Hypoxia  Inducible Factor (HIF) activity

VHL/HIF Pathway

VHL HIF HIF target genes

Oxygen

glycolysis

oxphos

other targets:
cell cycle inhibitors

angiogenesis
erythropoiesis

etc

Mutations in VHL:
VHL syndrome: dominantly inherited 
predisposition to cancers
Chuvash Polycythemia: recessive inherited     
mutations in VHL leading to elevated hematocrit

PHDs/



Enhanced Hypoxia Inducible Factor (HIF) activity in T cells due to VHL deficiency
promotes anti-tumor activity by CD8+ T cells 

Doedens et al. Nature Immunology 2014
� Loss of VHL also rescues survival and functional exhaustion in LCMC clone 13 infection
� Enhanced glycolytic activity, enhanced function in spite of high levels of inhibitory receptors

Ilkka Liikanen
Colette Lauhan
Deborah Witherden

Liikanen JCI 2021



Enhanced Hypoxia Inducible Factor (HIF) activity in T cells due to VHL deficiency
promotes CD8+ T cells accumulation in tumors

Liikanen JCI 2021



Enhanced HIF promotes TIL effector function

GzmB IL-2 IFNJ TNFD

Liikanen JCI 2021



Elevated HIF leads to accumulation of CD103+CD69+ TRM-like 
TIL with enhanced killing activity

Liikanen JCI 2021
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Enhanced anti-tumor function by with enhanced HIF is dependent on CD103

CD103 associates with integrin beta7 and is expressed intraepithelial lymphocytes, a small subset of peripheral lymphocytes, dendritic epidermal T cells and TRM.  Binds E-cadherin 
mediates homing of lymphocytes to the intestinal epithelium.

unpublished

Liikanen JCI 2021



� Enhanced HIF activity promotes survival and accumulation of TIL that 
restrain tumor growth

� VHL deletion promotes differentiation of TRM-like TIL with heightened 
tumor killing and cytokine production

� Elevated HIF promotes TIL accumulation by CAR T and restrains 
metastatic tumor growth with ACT

Summary:



Understanding TRM programming informs T cell therapies

CAR-T
ACT/TIL

Vaccine CTL
Autoimmune

T cell

Ĺ�Function in hypoxia
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Webinar Outline
� Dr. Ananda W. Goldrath: Transcriptional side of T cell functional 

states; residency program; biomarkers
� Dr. Evan W. Newell: Cytometry; residency program (circulation and 

exhaustion)
� Dr. Daniela S. Thommen: Functional side; TLS (background, definition 

and function)

� Q&A: Dr. Wherry + Dr. Schietinger
� Naming structures/terms/nomenclature
� Translating t cell therapies into the clinic



Decoding the diversity of T-cell responses in 
cancer through the analysis of antigen specificity 
Evan W. Newell, PhD
Fred Hutchinson Cancer Research Center, Seattle, WA
enewell@fredhutch.org



Studying the disease-specific immune cell 
response in humans

� Highly diverse immune cell 
phenotypes in blood and in 
tissue

� Which are involved in 
disease?

� What can their profiles tell us 
in blood vs. tissue?

� Benefits of tracking disease-
specific immune responses in 
blood for immunotherapy 
trials/studies



Vision: Decoding T cells to track immunity in 
human health and disease



Overall approach

Laura Islas, Timothy Bi

Multi-omics
Sequencing

Newell et al. Nat. Methods 2009, Nat. Biotech 2013



Antigen specificity in the Cancer Immunity Cycle

Which are tumor 
specific and what 
can we learn from 
them?

Goals: 
- More accurate biomarkers for 

immunotherapy
- Easier access to tumor-

specific T cells / TCR / 
targetable antigens



Questions

� Tumor-infiltrating T cell diversity
� What can we learn from cells that we know are specific vs. not specific 

for cancer?
� Can focusing on tumor-specific T cells make it easier to identify more 

accurate biomarkers? 

� Tumor-specific T cells from the blood to assess the status of 
response in tumors?
� Therapeutic biomarkers
� Accessible tumor-specific TCRs



Yannick Simoni, et al. Nature, 2018



Bystander T cells are diverse but CD39-negative

Bystander Tumor-specific

CD39

Yannick Simoni



Other evidence for prevalence of tumor infiltrating 
bystander T cells





Antigen specificity in the Cancer Immunity Cycle

Which are tumor 
specific?



A Nasopharyngeal Carcinoma (NPC) cohort

Nandita Kumar, Amit Jain

56 unique MHC tetramers
� 21 EBV epitopes

� Latent and Lytic 
epitopes

� 7 TAA epitopes
� 28 bystander viral epitopes

35 phenotypic markers
� Lymphocyte lineage
� Activation
� Exhaustion
� Migration
� Memory/naive
� Senescence



EBV-specific T cells detectable in most patient 
samples
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NPC patient PBMC Nandita Kumar



CD8 profiles in NPC cohort

Activated/Recirculating

Effector-
memory

Terminally 
differentiated

MAIT

Naive

Nandita Kumar



Peripheral blood CD39+CD103+ EBV-specific cells 
in NPC
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Peripheral blood CD39+CD103+ EBV-specific cells 
in NPC

EBV/BMLF-1 EBV/LMP-2

Nandita Kumar



Activated and exhaustion within EBV-specific cells 
correlates with disease burden
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Activated and exhaustion within EBV-specific cells 
correlates with disease burden
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Are CD39+CD103+ recirculating terminally 
exhausted cells?

CD39 CD103



Extravasation of EX-Trm and 
terminally exhausted T cells from 
tumors

The Cancer Immunity Cycle
Chen and Melman

?



10x Data Analysis 
Surface Antibody & Gene Expression UMAP



Similar for MCPyV-specific T cells in Merkel Cell 
Carcinoma? (complete responders to anti-PD-1)

Pre-treatment 52 days 130 days

EBV ± BZLF1 (EPLSQSQITAY) MCPyV ± LTA (EWWRSGGFSF)

CD39+

CD103+
CD39+

CD103+
CD39+

CD103+

CD39+

CD103+ CD39+

CD103+

Paul Nghiem
Candice Church
Thomas Pulliam
Sine Hadrup
Ulla Hanen
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Korok Sarker
Timothy Bi



Preliminary correlations with response to anti-PD-1 therapy (CITN-09)
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Overall summary

� Goal of using T cells as biomarkers for health and disease outcomes

� Application to vaccines and infectious diseases (Dengue, Covid, etc.)

� Insights from profiling unrelated antigen-specific T cells in tumor-infiltrates

� Prevalence of CD39-negative bystander T cells in tumors

� Study of virally driven cancer to study peripheral profiles of tumor-specific T cells

� Relevance of the CD39+CD103+ phenotype of blood CD8 T cells

� Exhausted recirculating (ex-Trm) tumor-specific cells?

- Biomarker of tumor burden * T cell exhaustion?

- Source of tumor-specific cells / TCRs?

� Ongoing efforts to test this hypothesis using paired PBMC and tumor tissue 

samples (NPC, Lung, Kidney)
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Webinar Outline
� Dr. Ananda W. Goldrath: Transcriptional side of T cell functional 

states; residency program; biomarkers
� Dr. Evan W. Newell: Cytometry; residency program (circulation and 

exhaustion)
� Dr. Daniela S. Thommen: Functional side; TLS (background, definition 

and function)

� Q&A: Dr. Wherry + Dr. Schietinger
� Naming structures/terms/nomenclature
� Translating t cell therapies into the clinic



Dissecting and modulating T cell function in 
human cancer

Daniela Thommen
The Netherlands Cancer Institute, Amsterdam



Content

� (Dys-)Function of T cells in the human tumor microenvironment

� Reactivation of T cell function by immune checkpoint blockade 

� Impact of location and context on T cell function



Why study T cell function?
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Human ex vivo models
� Based on patient-derived material
� Possibility to perturb cell function

Challenges for studying T cell (dys)function in human cancer

� Intratumoral T cell pool is heterogenous

� Specificities of tumor-reactive T cells are often unknown

� Separation of tumor-specific and bystander T cells is 
difficult



PD-1T TILs are impaired in classical effector cytokine secretion
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PD-1T TILs are transcriptionally distinct from other TIL subsets
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PD-1T TILs acquire a new function in the tumor microenvironment
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B cells

CD4 TH cells

CD4 TFH cells

CXCL13 is crucial for the formation and 
maintenance of lymph follicles

Tertiary lymphoid structures (TLS):
� Lymphoid aggregates at the tumor site
� Promote immune cell recruitment and local 

immune cell activation (Sautes-Fridman, Nat Rev Cancer, 
2019)

� Associated with response to immunotherapy in 
melanoma, renal cell carcinoma, sarcoma 
(Helmink, Nature, 2020; Cabrita, Nature, 2020; Petitprez, Nature, 
2020)

CD20 CD3
T cells

B cells

TLS

Tertiary lymphoid structures are immune hotspots in chronically 
inflamed tissues



PD-1T TILs predominantly localize within tertiary lymphoid 
structures
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PD-1T TILs have an increased capacity for tumor recognition
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PD-1T TILs correlate with response to PD-1 blockade

Thommen et al, Nat Med, 2018
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� 21 patients treated with anti-PD-1 therapy
� Stage IV NSCLC
� No previous IT treatment
� Pathologists were blinded to treatment outcomeIt is unclear whether PD-1T TILs can be reactivated by PD-1 blockade.

However, they might be an indicator for the presence of a tumor-specific T cell pool.
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Which T cell subsets are relevant for anti-tumor immunity?

Pre-/early dysfunctional:
- TCF7, GZMK
- Proliferation (Cell cycle 

genes, MKI67)
- Stem-like properties

Late dysfunctional:
- TOX, CXCL13
- Cytotoxicity (GZMB)
- Effector function (IFNG, 

TNFRSF9)  

Adapted from van der Leun, NRC, 2020Siddiqui et al, Immunity, 2019; Kurtulus et al, Immunity, 2019; Miller et al, Nat Immunol, 2019



Cellular composition 
Flow cytometry

Tumor architecture
IHC, Digital pathology

T cell phenotype
Flow cytometry

Soluble mediators
Cytokine/chemokine analysis

Tumor reactivity
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Ex vivo immunotherapy 
treatment

Visualization of treatment-
induced changes

Tumor microenvironment  
characteristics

Dissection into
Tumor fragments (PDTFs)

MSI-high
cancers

� 1x1x1mm tissue fragments
� Preservation of cellular composition & architecture

� Comparison of multiple treatments in the same 
tumor

� Possibility to perturb

±
+

Tumor samples n=425, Fragments n~70,000

Immune cell activation
Flow cytometry

Soluble mediators
Multiplex cytokine/chemokine analysis

Cytotoxicity
Analysis of soluble cytotoxic markers

Single cell kinetics
Single cell RNA sequencing

Spatio-temporal changes
Multiplex imaging

Patient-derived tumor fragment platform



Readouts (after 48 hrs):
- 4 T cell activation markers
- 27 cytokines and chemokines

Ex vivo PD-1 blockade

control

aPD-1

LU (6)

RE (3)

MEL (13)

OV (6)

BR (8)

PDTF-RPDTF-NR

Immunological response to PD-1 blockade in PDTFs

Voabil, de Bruijn, Roelofsen, et al, Nat Med, 2021



Can the capacity of intratumoral immune cells to be reactivated by 
PD-1 blockade predict the capacity for clinical response?

PDTF-RPDTF-NR

Voabil, de Bruijn, Roelofsen, et al, Nat Med, 2021



Activation of intratumoral T cells by PD-1 blockade

gated on T cells

T cell activation Effector cytokine secretion

Cytotoxicity

Can we perturb the system to directly test the contribution of T cells to the anti-
PD-1 response in cancer tissue?



Inhibition of TCR signaling
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Inhibition of TCR signaling
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Inhibition of TCR signaling
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PD-1 blockade reactivates late-dysfunctional cells at the tumor site
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Immune reactivation upon PD-1 blockade shows spatial and patient-
specific heterogeneity

Ex vivo PD-1 blockade

control
aPD-1

� � � � � � � �

�� Separate testing of individual 
tumor fragments



Is the spatial heterogeneity in response caused by TLS?

1mm

Different response?

CD20 CD3

T cells inside TLS T cells outside TLS



Summary

� Exhausted/dysfunctional T cells are not functionless, but display an altered function in the TME

� (Late-dysfunctional) PD-1T TILs are predictive for response to PD-1 blockade

� Potential link between T cell state/function and context/location in the tumor (TLS)

� Spatial and interpatient heterogeneity in T cell reactivation upon PD-1 blockade
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Webinar Outline
� Dr. Ananda W. Goldrath: Transcriptional side of T cell functional 

states; residency program; biomarkers
� Dr. Evan W. Newell: Cytometry; residency program (circulation and 

exhaustion)
� Dr. Daniela S. Thommen: Functional side; TLS (background, definition 

and function)

� Q&A: Dr. Wherry + Dr. Schietinger
� Naming structures/terms/nomenclature
� Translating t cell therapies into the clinic



T cell Selection: A Deep Dive in  Cancer 
Immunotherapy Targets

Tuesday, January 25 from 11:30 a.m. ʹ 1:30 p.m. EDT

Co-chairs and Moderators:
Cara Haymaker, PhD ʹ The University of Texas MD Anderson Cancer Center

Cassian Yee, MD ʹ The University of Texas MD Anderson Cancer Center

Speakers:
Marcela V. Maus, MD, PhD ʹ Massachusetts General Hospital

Chrystal M. Paulos, PhD ʹ Winship Cancer Institute at Emory University
Stanley R. Riddell, MD ʹ Fred Hutchinson Cancer Research Center

sitcancer.org/education/deepdive

Attend the next Deep Dive Seminar

Targets for Cancer Immunotherapy: A Deep Dive Seminar Series is supported, in part, by grants from Alkermes, Inc., Genentech, a member of the Roche Group, Incyte
Corporation, Merck & Co., Inc., and Regeneron Pharmaceuticals (as of 10/05/2021).

sitcancer.org/education/deepdive


Neo-antigen Discovery: Computational Science 
in Immuno-Oncology 

Wednesday, December 17 from 2:30 p.m. ʹ 3:30 p.m. EDT

Faculty:
Yi Xing, PhD ʹ University of Pennsylvania; NCI Cancer Moonshot IOTN

Moderator:
Kellie N. Smith, PhD ʹ John Hopkins School of Medicine

sitcancer.org/education/CompIO

Other SITC Online Seminars

sitcancer.org/education/CompIO


All Deep Dive seminar recordings and slide content (contingent upon faculty 
permissions) will be posted in your SITC Library, if you are registered for the seminar.

To access the On-Demand content:

How to access Deep Dive On-Demand 

Log in to your SITC account1
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drop-down menu

^ĞůĞĐƚ�͞DǇ�>ŝďƌĂƌŝĞƐ͟

Find the session you are looking for!

2

3

4



Questions and comments: connectED@sitcancer.org

Thank you for attending the seminar!

Targets for Cancer Immunotherapy: A Deep Dive Seminar Series is supported, in part, by grants from 
Alkermes, Inc., Genentech, a member of the Roche Group, Incyte Corporation, Merck & Co., Inc., and 
Regeneron Pharmaceuticals (as of 10/05/2021).

mailto:connectED@sitcancer.org

