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Reconstituting CMV-specific T cell immunity after allogeneic bone marrow transplant

Riddell et al. Science, 1992; Walter et al New Engl J Med, 1995

-CMV infected

-Mock infected

• TCRVb - not all transferred T cells were detected post infusion
• Ability of T cells to persist was not dose related
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T cells derived from TCM and TEM subsets exhibit different capacities for reconstituting durable immunity
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Virus-specific TE clones derived from  TCM but not TEM persist long term after 
adoptive transfer into animals without lymphodepletion



Transfer of TCM-derived TE cells establishes diverse memory phenotypes
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T cell memory established by transfer of TCM derived cells is antigen responsive and durable 

Autologous T cell
CMV peptide -

T cell vaccine (T-APC)

Administered T-APC
~ 1 yr post transfer 

Vaccine 

Berger et al. J Med Primatol, 2011

Gated on CD3+
CD8+ T Cells

Year 3

Year 4

Gated on CD3+
CD8+ T cells Peripheral Blood



Serial transfer of TCM and TEM CD8+ OT-1 specific T cells in mice

Listeria/ova challenge after each transfer 

TEM  or TEM or

Single TCM transfer and re-expansion

Graef et al Immunity, 2014

• TCM exhibit stemness – self-renewal, differentiation to TEM and TE subsets 



T Cell Differentiation State and Utility in Adoptive Therapy

Preclinical data for CAR-T cells
• CD8+ TN, TSCM or TCM cells superior to TEM: Gattinoni et al. Nat Med. 2011; Sommermeyer et al. Leukemia 2016
• CD4+ T cells and combining CD4s and CD8s : Sommermeyer et al. Leukemia 2016; Boulch et al. Sci Immunology, 2021 
 Defined composition CAR-T cells targeting CD19 (Turtle et al. JCI, 2016 Science Translational Medicine, 2016)

Adapted from Kishton et al. Cell Metabolism 2017



Correlative clinical data suggests response driven by “effective” subsets

“Sustained remission was associated with an elevated 
frequency of CD27+CD45RO- CD8+ T cells before 
CAR T cell generation, and these lymphocytes 
possessed memory-like characteristics.”

“ …the TCF7 regulon not only associates with the favorable naive T-cell 
state, but is maintained in effector T-cells among patients with long 
term CAR T-cell persistence.”

“ CR had 3-fold higher frequencies of CD8 T
cells expressing memory signatures….”

The “gemisch” problem in T cell therapy…..



Role of CD27 costimulation in T cell differentiation and function

CD27+/-



Correnti et al Nature Struct Mol Biol, 2020

Design of functional CD70 trimers for costimulation

Bulk CD8+ T cells : CFSE dye dilution (day 3)



RNAseq shows early divergence in genes associated with cell proliferation and 
metabolism in CD3/CD28 vs CD3/CD70DT activated CD8+ TN cells 
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48h post act.: Cell cycle entry Day 9 expansion72h post act.: CFSE

CD3/CD70DT activated CD8+ TN cells exhibit delayed entry into cell cycle 
compared to αCD3/CD28 but similar proliferation over 9 days  

αCD3/CD28

αCD3/CD28



αCD3/CD28 drives early effector metabolism, lactate production and 
reduction in mitochondrial spare respiratory capacity

αCD3/CD28

αCD3/CD28

αCD3/CD70DT

αCD3/CD70DT



CD27 primed CD8+ T cells recover TCF7 more rapidly and maintain a less differentiated
phenotype and polyfunctionality after in vitro expansion

TCF1+ TCF1+CD27+ MFI CD127 MFI GZMB

αCD3/CD70DT

αCD3/CD28



αCD3/αCD28 Beads

D6

D10

D17

D24

D31

D38

αCD3/CD70DTCtrl.

Activation CAR LV

D-7 D0αCD3/CD70DT

CD19+ Raji ffluc+ cells

αCD3αCD28 Beads

Unselected 
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CD8+ CAR T cells  

CD27 activated CD19/BB/ζ CAR T cells are effective in treating Raji lymphoma

• Improved CAR-T proliferation
• Superior tumor control

CD3/CD28/CD27 stimulation
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Targeting ROR1 on hematologic malignancies and solid tumors with CAR T cells

• ROR1 -- Receptor tyrosine kinase-like orphan receptor 1 

• Expressed during embryonic development; overexpressed in many common, incurable solid tumors and in B cell 
malignancies (CLL, Mantle cell lymphoma, ALL)

• May regulate tumor growth and metastasis; Expression associated with poor prognosis

• Some expression in normal tissues (parathyroid, esophagus, pancreatic islets)

• ADC linked to monomethyl auristatin exhibits antitumor activity in MCL, DLBCL without serious toxicity (ASH 2020)

Balakrishnan et al, Clin Can Res 2016
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Design of ROR 1 chimeric antigen receptors

2A2

Hudecek et al. Clin Cancer Research 2013
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Primary Objective
• Safety of targeting ROR1 with autologous CD8+ and CD4+ CAR-T cells (4-1BB/CD3ζ)

Two patient groups
• Lung/Breast cancer

• CLL/Mantle cell lymphoma

Lymphodepletion: Cy/Flu; Ox/Cy

CAR-T cell Dosing - CD4/CD8 1:1 Formulation)
• Dose Escalation/De-escalation (Continuous Reassessment Method)

Dose level 0: up to 1x105 EGFR+ cells/kg
Dose level 1: up to 3.3x105 EGFR+ cells/kg (Starting dose level)  
Dose level 2: up to 1x106 EGFR+ cells/kg 
Dose level 3: up to 3.3x106 EGFR+ cells/kg
Dose level 4: up to 1.0x107 EGFR+ cells/kg 

Phase 1 Clinical Trial of ROR1 CAR-T Cells In Refractory Lung Cancer, TNBC, and CLL
(David Maloney, Jennifer Specht, Sylvia Lee)



Solid Tumors: ROR 1 CAR-T cells proliferate in vivo in a subset of patients, 
upregulate inhibitor receptors, and lack sustained tumor infiltration

Tumor Biopsy (Day 28)

Response Rate (RECIST): 1 of 14 patients (PR)



CLL: CAR-T cells proliferate and infiltrate tumor sites and eliminate ROR1+ CLL cells without 
upregulating all inhibitory receptors
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Most current models for CAR T cells are not representative of human tumors
Srivastava S, Riddell SR J Immunology 2018

Functional Exhaustion

Overcoming obstacles for T cell therapy of solid tumors



KP conditional immunocompetent syngeneic mouse model 
of ROR1+ non-small cell lung cancer (NSCLC)

DuPage M, Dooley AL, Jacks T Nat Protoc. 2009

• Use cre-recombinase to induce the two most common mutations in NSCLC:
• LoxStopLox K-ras allele - activating K-ras G12D mutation 
• LoxP p53 alleles -- biallelic loss of function 
• Deliver Cre through intra-tracheal lentiviral infection

• Tumors arise naturally in their site of origin vs. transplantable models
• Tumors co-evolve a relevant TME over 3-4 months with host immune system 
• Introduction of CAR target antigen accomplished via cre-lentivirus

hROR1



Characteristics of ROR1+ (KP ROR1) non-small cell lung cancer (NSCLC)
Uninfected Cre-ffluc Cre-ffluc-hROR1

Cre-ffluc Cre-ffluc-hROR1

1X

40X

ROR1

MRI

Ly6G

Foxp3

ROR1



ROR1 CAR-T cells given after Cy lymphodepletion have limited activity in KPROR1 mice

Stable 

Regression

Mixed Response After ROR1 CAR-T



ROR1 CAR-T cells expand in blood but infiltrate lung tumors poorly and become dysfunctional

Minimal growth
Absent Peripheral/Stromal Intratumoral

CD3 IHC

CAR-T peak in blood

10 days post 2nd T cell infusion



Immunogenic cell death 

• Anthracyclines, platinum-based 
agents plus cytoxan, radiotherapy

• Release of DAMPs including 
calreticulin, ATP, and HMGB1 

• Activation of DCs/macrophages, 
induction of chemokines, pro-
inflammatory cytokines, antigen 
presentation

• Oxaliplatin + cyclophosphamide 
(Ox/Cy) induced ICD in KP-Ova 
tumors and response to ICB
(Pfirschke et al, Immunity 2016)

Hato et al, Clin Cancer Res 2014

“Immunogenic” chemotherapy can increase infiltration of endogenous T cells into tumors



Harvest tumor 
RNA seq (6hr)

Ox/Cy induces expression of T cell-recruiting chemokines in KPROR1 tumors and markedly 
improves infiltration of CAR-T cells

Srivastava et al Cancer Cell 2021



• CAR infusion product clusters separately from tumor-infiltrating CARs

• T cell, NK cell clusters: mostly comprised of D0 and D10 Ox/Cy samples

• Most sample-dependent changes occur in macrophage/DC cluster

How does Ox/Cy alter cell composition and phenotype in the TME?

Srivastava et al Cancer Cell 2021



Tumor-infiltrating CAR-T cells have an effector phenotype

Srivastava et al Cancer Cell 2021



Ox/Cy and CAR T cells remodel macrophages in the TME

Pathways upregulated in C2 > C3:
• Phagocytosis
• Antigen presentation
• IFNγ and IFNα signaling
• Toll-like receptor signaling
• Chemokines

↑ T cell recruiting (Ccl4, Cxcl16)
↑ monocyte recruiting (Ccl2, Ccl7)
↓ neutrophil recruiting (Cxcl3, Cxcl15)

Srivastava et al Cancer Cell 2021

1

2
3
4



CAR-T cells in Ox/Cy-treated tumors promote accumulation of pro-inflammatory 
macrophages that express CXCR3 ligands

Srivastava et al Cancer Cell  2021



In this model immunogenic chemotherapy breaks the barrier to CAR T cell entry, which 
then remodels the TME to promote further T cell infiltration 



Does this improve antitumor efficacy? 

CAR T cells

Srivastava et al Cancer Cell 2021



CAR-T infiltration into tumor nodules is markedly improved in Ox/Cy anti PD-L1 
treated mice and associated with tumor regression

CD3 

tCD19 ROR1-41BB/ζ
tCD19

+ Ox/Cy/anti-PD-L1
ROR1-41BB/ζ

+ Ox/Cy/anti-PD-L1

Srivastava et al Cancer Cell 2021

Regression
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CAR signaling in primary T cells

Liu et al Nature Biotech, 2016

CD19 or ROR1 

CD19 or ROR1 

Cell lysates
LC/MS 

 Expand more slowly in vivo post transfer
 Persist longer (months) in some patients

 Expand rapidly in vivo post transfer
 Rarely persist past 60 days

Salter et al Science Signaling, 2018



The vast majority of sites lie to the right of the 
diagonal – are more intensely modulated by 
CD28/CD3ζ CARs; 43 sites (red) more intensely 
modulated by 4-BB/CD3ζ CAR

12 of >1200 sites (0.9%; green) were differentially 
modulated by CD28/CD3ζ and 4-1BB/CD3ζ CARs 

Sites that were differentially modulated did not relate to 
canonical CD28 or 4-1BB signaling pathways

Both CARs activated CD28 and 4-1BB signaling 
pathway intermediates

r2 = 0.84

Salter et al Science Signaling, 2018
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pMHC trimer

What can we learn by comparing CAR and TCR signaling? 

Salter et al Science Signaling, in revision



Salter et al Science Signaling, in revision

Comparison of CAR and endogenous TCR signaling in the same primary T cell reveals
absence of CD3δ,ε,γ PO4 and lower LAT PO4 – a key hub for downstream signaling

28ζ CAR



Gaud et al Nature Reviews Immunology, 2018

Engaging the TCR signaling apparatus with CAR/TCR hybrid receptors

Requires KO of endogenous
TCRα and TCRβ to optimize
expression and prevent
mispairing

Liu Y et al Science Transl Med, 2021 
(Chimeric STAR receptors)



pLAT Y191

LAT

CD19 41BBz CAR CD19 CAR-TCR

pSLP76 S376

CAR/TCR hybrid receptors are expressed in primary T cells, efficiently activate LAT 
induce similar levels of cytokines, and exhibit superior antigen sensitivity 

0         5      10       30      45       0         5      10       30      45       minutes



Cage
(bim – Magenta) Key

Logic Gating With Co-Localized Orthogonal Latch Key Proteins (Co-LOCKR) 

Lajoie et al Science, 2020

Cage and Key proteins do not associate in solution
Cage and Key can be colocalized by linking to Darpin or ScFv binding domains
Colocalization results in the Key displacing the latch and exposing the bim peptide



Co-LOCKR can instruct CAR-T cells in AND, OR and NOT logic 

Lajoie et al Science, 2020



K562/bim

Bcl2/TCR
Bcl2/28ζ CAR

Bcl2/TCR
Bcl2/CD28ζ CAR

Bcl-2 TCR receptor format is highly functional and may provide greater 
sensitivity and specificity than bcl-2 CARs

A
B
C
D

“AND” logic “AND” or ”OR”  logic 

Targets 

Instructing a single T cell product in complex logic to overcome normal tissue expression and tumor heterogeneity 



Summary

The pillars of successful cellular therapies for cancer:

• Understanding the biology of the cell products that are administered

• Elucidating and overcoming the barriers at sites of tumor

• Providing precise and comprehensive recognition of tumor cells with 
natural, synthetic or enhanced receptors or cellular products 
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