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Gas pedal: 

Activating CAR T-cells 
to boost anti-tumor 
immunity

Release the brake by 
immunocheckpoint
blockers (ICBs) to 
restore anti-tumor 
immunity 
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Engage specific tumor antigens in a 
MHC-independent manner

2017
YESCARTA 
KYMRIAH 

FDA approved CD19+ 
CAR T-cell therapy 

for hematological 
malignancies

Chimeric Antigen Receptor 
(CAR) T-cell engineering

Chen R, Jing J, et al, Curr Opin Biotech 2020
Nicholas R. J. Gascoigne (2008). Nat Rev Immunol 8, 895–900.
Hansel TT,  et al. (2010) Nat Rev Drug Discov 9(4):325–338

T cell receptor

Antibody structure

gene

Signal 1

/ 4-1BB

Signal 2

ScFv

ScFv: single chain fragment variable

Antigen-presenting cell 
(dendritic cell etc.)



• Engineered to express a 
chimeric antigen receptor

• Reprograms T cells to 
target tumor cells

• T cell effector function: 
Release of perforin and 
granzyme to kill tumor 
cells

HHooww  CCAARR  TT--cceellll  wwoorrkkss

Rebecca C. Larson & Marcela V. Maus. Nature Reviews Cancer 2211, pages145–161 (2021)



Grupp et al. New Eng J Med. 2013 Maude, S et al. New Eng J Med. 2014

1980-1990s:
Altering T-cell 
receptor can 
lead to targeted 
cell killing

1990s:
First Generation 
CARTs – slow 
tumor growth in 
mice

2000s:
Second Generation CARTs 
– improved in vitro killing 
and persistence in mice

2012:
Adult studies 
begin showing 
promise of CD19 
CAR (Seattle, NCI, 
MSKCC, Penn)

2013:
2 children with 
refractory ALL, 
achieve remission 

2017:
FDA Approves first 
two CAR-T products
• Kymriah
• Yescarta

6

3300++  yyeeaarrss’’  bbeenncchh--ttoo--bbeeddssiiddee  rreesseeaarrcchh  oonn  CCAARR--TT

2020-2021:
FDA Approves 3 
new CAR-T 
products
• Tecartus
• Breyanzi
• Abecma

CD28/ 
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Maus M V et al. Blood 2014;123:2625-2635

“Live drug”
MHC-independent 
tumor recognition

Multiple anti-
tumor immuno-
modulators can 
be engineered

Target a variety 
of antigens 

(protein, 
carbohydrate, 

glycolipid)

Advantages of CAR-T

CD28/ 



CCAARR  TT--cceellll  tthheerraappyy::  wwhheerree  wwee  aarree??  

Anti-CD19 [approved in 2017; Norvatis, Inc]

Anti-CD19 [approved in 2020; Kite Pharma, Inc]

Anti-CD19 [approved in 2017; Kite Pharma, Inc]
Anti-CD19 [approved in 2021; Bristol Myers Squibb, Inc]

Anti-BCMA [approved in 2021; BMS, Inc]

*BCMA: B-cell maturation antigen



1

2 3

4

Design
A brief history
Design principle

Efficacy
Case study &  
Clinical outcomes

Side-effects
*CRS
*Ag escape
* On-target 

off-Tumor 
toxicity 

Challenges
Reducing Cost

Solid tumor
Smart CAR-T

CAR-T

OOvveerrvviieeww



• Tisagenlecleucel
• Aka KKyymmrriiaahh
• Novartis Inc.
• $475,000
• Approved for pediatric patients with of refractory or 2nd or later relapse 

of B-cell ALL 

• Axicabtagene
• Aka YYeessccaarrttaa
• Kite Pharma Inc.
• $373,000
• Approved for adults with relapsed or refractory large B-cell lymphoma

FDA Approval of the first 2 CART agents



Kochenderfer, J. N. & Rosenberg, S. A. (2013) Nat. Rev. Clin. Oncol. 

1. Leukapheresis
Collect T-cells

2. Viral Transduction: 
Chimeric antigen 
receptor transferred 
into T-cells

3. Growth of T-cells 
expressing the 
Chimeric Receptor

4. Infusion of CAR T-
cells into patient

Shubert et al, Human Gene Therapy. 2016; Frey, NV and Porter, DL.  Am J Hematol. 2016

Creating autologous CAR T-cells to target CD19+ leukemia



12
https://www.chop.edu/news/five-years-later-first-pediatric-recipient-car-t-cell-therapy-remains-cancer-free

Curative potential in certain blood cancer patients

https://www.pennmedicine.org/cancer/about/patient-stories/leukemia-bill

First clinical trial in 
July of 2010



• International trial

• N=75 received CAR-T cell therapy

• 81% of patients achieved 
remission

• 59% relapse free survival at 12-
month

• 22 patients relapsed, 68% were 
CD19 negative at time of relapse

[issue: Tumor antigen escape]

CAR-T therapy efficacy: Validated in an international trial

Maude et al. NEJM. 2018
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𝛼𝛼CD19 CAR T-cell

B-ALL

Normal 
B cell

CD19

CD19

SSiiddee  eeffffeeccttss  ((ZZUUMMAA--55;;  ooccccuurrrreedd  iinn  8866%%  ppaattiieennttss)):

v Grade >=3 cytokine release syndrome (CRS; 7%)

v Grade >=3 neurological events (NE; 19%)

PPootteennttiiaall  OOnn--ttaarrggeett//OOffff--ttuummoorr  ttooxxiicciittyy::

v B cell aplasia (depletion of healthy CD19+ B cells)

v Neutrapenia (27%) and anemia (23%)

Tasian, et al. Ther Adv Hematol. 2015
Maude, et al. N Engl J Med. 2019

Tisagenlecleucel (KYMRIAH) in patients with B-Cell Lymphoblastic Leukemia:

v 61/75 patients with complete remission

v AAllll  ppaattiieennttss  wwiitthh  aa  rreessppoonnssee  ttoo  ttrreeaattmmeenntt  hhaadd  BB--cceellll  aappllaassiiaa  

*Zuma-5: A Phase 2 Study of Axicabtagene Ciloleucel (Axi-Cel) in Patients with Relapsed/Refractory (R/R) Indolent Non-Hodgkin Lymphoma (iNHL)

Challenge: prominent side effects associated with CAR T-cell therapy



Challenges facing CAR T-cell therapy

§ CAR-T activation à activation of innate immune 
cells owing to secretion of inflammatory 
cytokines such as granulocyte–macrophage 
colony-stimulating factor (GM-CSF), tumour
necrosis factor (TNF) and interferon-γ (IFNγ). 

§ A self-amplifying inflammatory activation loop in 
macrophages causing release of IL-1 and IL-6. 

§ Therapeutic intervention at various stages of this 
response can mitigate neurotoxicity and cytokine 
release syndrome (CRS). 

§ Therapeutics targeting GM-CSF (lenzilumab), the 
IL-6 receptor (tocilizumab) and the IL-1 receptor 
(anakinra) have been used for this purpose 
clinically. The tyrosine kinase inhibitor dasatinib
affects T cell signalling to reduce CRS, and 
metyrosine inhibits macrophage inflammatory 
activation to achieve a similar effect.

Dasatinib: an ATP-competitive protein tyrosine kinase inhibitor (targeting BCR/Abl)
Metyrosine: suppressing massively secreted catecholamines to disrupt the self-amplifying loop



Neelapu, S. S. et al. (2017) Chimeric antigen receptor T-cell therapy — assessment and management of toxicities
Nat. Rev. Clin. Oncol. doi:10.1038/nrclinonc.2017.148

Day 1. Fever 39.5 0C and 
Hypotension (systolic 
blood pressure 84 mmHg) 
– Grade 1 CRS–

Case Study. CAR T-cell-related 
CRS + neurotoxicity

Abbreviations: 
maximum temperature (Tmax), maximum heart rate (HRmax),  minimum systolic blood pressure (SBPmin), 
minimum oxygen saturation (O2 satmin), serum C-reactive protein (CRP) level 

acetaminophen/ibuprofen/
cooling blanket
+ IV tocilizumab (8 mg/kg) 

IV bolus and nasal oxygen 3 l/min
+ IV tocilizumab (8 mg/kg)

Day 3. Hypoxia – Grade 2 
CRS (cytokine storm) 

TTrreeaattmmeennttSSiiggnnss//ssyymmppttoommss

Day 5. dysgraphia, 
disorientation – Grade 2 
confusion - neurotoxicity

IV tocilizumab (8 mg/kg)
Symptom resolved after 12 h
Corticosteroids were not 
administered due to concurrent 
CRS and feverDay 9. mild symptoms 

Day 30. complete remission
>12 month CR 

Tocilizumab: anti human IL-6R monoclonal antibody

34-yo female presented with refractory diffuse large-B-cell lymphoma 
(DLBCL) that had progressed following extensive chemotherapy

Temperature

Heart rate

C-reactive 
protein

Systolic 
blood 
pressure

Oxygen 
level



Toxicity Management Algorithm



Ther Clin Risk Manag. 2019; 
15: 323–335.

Toxicity Preventive/supportive measure

Fevers • Acetaminophen
• Cooling blankets
• Avoid NSAIDs, steroids and meperidine

Cardiovascular • At least q 4 hour vitals, q 2 if HR > 115
• IV fluid boluses for hypotension if SBP < 80% baseline and < 100 mm Hg; or if 

SBP < 85 mm Hg
• IVF to replace insensible losses; keep net positive
• ECG, troponin, and Echo if patients require > 1 fluid bolus for hypotension or 

are in the ICU

Infectious diseases • Bactrim and acyclovir prophylaxis
• Pan-culture for any fever
• Pan-culture and broad spectrum antibiotics for neutropenic fever

Heme • Allopurinol for tumor lysis syndrome prophylaxis
• Goals: Hb > 8, platelets > 20, ANC > 500 (with filgrastim)
• Goals: PTT normal; give FFP if > 1.5 x ULN; give cryoprecipitate for goal 

fibrinogen > 100. 

Neurologic • Neurology consult for all patients
• Brain MRI and lumbar puncture whenever possible

Toxicity Management: supportive care for CRS
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Current challenges in CAR-T cell therapy:

• Antigen escape

• Trafficking and infiltration of tumors

• The immunosuppressive tumor microenvironment

• CAR-T cell-associated toxicities -

CRS & on-target off-tumor effects 

https://www.nature.com/articles/s41408-021-00459-7



TToowwaarrdd  tthhee  ddeevveellooppmmeenntt  ooff  ooppttiimmiizzeedd  nneexxtt--ggeenneerraattiioonn    
SSmmaarrtt  CCAARR  TT--cceellll  tthheerraappyy

1. Neoantigen & recognition
2. Precise control 
3. TME
4. Proliferation/persistence 

(avoid exhaustion)
5. Trafficking to tumor sites



HHooww  ttoo  bbeetttteerr  CCOONNTTRROOLL CCAARR--TT??  

Small molecule-
controllable 
CAR-T

Wu CY et al., Science 350 (6258): aab4077 (2015)

He L et al., Nat Chem Biol; ; 17, pages 915–923 (2021) | Nguyen NT, et al., Nature Nano 2021 (accepted)

Light-
switchable 
CAR-T



Optogenetic engineering of CAR T-cells

Precise control over the time, location and duration 

of CAR T-cell activation to mitigate side effects

T cell

CD19-scFv

hinge
TM

CD28 / 4-1BB

Dark
CD3ζ

Tumor cells 
(CD19+ Raji lymphoma)

CD19

Traditional CAR

Part A

LiCAR
Light-switchable

CAR T cell

CD3ζ

B

mCh

Part B

A

CAR T cell activation
• Cytokine production
• Proliferation
• Tumor killing

Signal 2Signal 1

He L et al., Nat Chem Biol 21 (online)
Nguyen, et al. Nat Nano (accepted) A/B: optical dimerizer



T: engineered LiCAR T-cell (green)
D: Daudi lymphoma cells with 
SYTOX blue (Cell death indicator)

light-triggered tumor killing

LiCAR
CD8+ T-cells

CD19+ lymphoma
Daudi or Raji cells 

Dead 
tumor cell 

light

SYTOX positive

Antigen and Light dually gated 
CAR T-cells for precise tumor killing

LiCAR-mediated photo-tunable tumor killing ex vivo

SYTOX Blue Staining 
(dead/dying tumor cells)

Tumor cell killing Light
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Nguyen, et al. Nat Nano (accepted)



AAddddrreessssiinngg  tthhee  rreeccooggnniittiioonn iissssuuee::  tthhee  ssyynnNNoottcchh iiddeeaa

Kole T. Roybal, … Wendell A. Lim., Volume 164, Issue 4, 11 February 2016, Pages 770-779
Leonardo Morsut, …, Wendell A. Lim. Cell, Volume 164, Issue 4, 11 February 2016, Pages 780-791



To reduce the relapse rate in CAR-T cell treatment, many strategies are 

relying on targeting multiple antigens: 

1. The use of either dual CAR constructs or tandem CARs -- to 

concomitantly target multiple target tumor antigens. 
2. Result in prolonged durable remission rates. Clinical trials using dual-

targeted CAR-T cells (CD19/CD22 or CD19/BCMA) have shown 

promising results.
3. In solid tumors, several tandem CARs have been tested in preclinical 

models including HER2 and IL13Ra2 in glioblastoma and HER2 and 

MUC1 in breast cancer. D
4. Dual targeting --> superior anti-tumor responses compared to single 

targeted therapy

AAddddrreessssiinngg  tthhee  ttuummoorr  eessccaappee iissssuuee::  mmuullttiippllee  AAgg  ttaarrggeettiinngg



AAddddrreessssiinngg  tthhee  TTrraaffffiicckkiinngg iissssuuee

• One preclinical model showed that 
chemokine receptor type 2b (CCR2b) 
expression on GD2-CAR T cells improved 
homing to neuroblastoma tumor cells and 
pleural mesotheliomas.

• Blocking protein kinase A in T cells from 
reaching the immunological synapse 
improved T cells’ ability to infiltrate tumors 
with increased expression of CXC motif 
chemokine receptor 3 (CXCR3) on T 
cells. [Clinical trial NCT03602157]

1.Moon EK, Carpenito C, Sun J, et al. Clin Cancer Res. 2011;17(14):4719–4730.
2.Newick K, O’Brien S, Sun J, et al. Cancer Immunol Res. 2016;4(6):541–551.
3.Brown CE, Alizadeh D, Starr R, et al. N Engl J Med. 2016;375(26):2561–2569.



Exhaustion: in response to IFN-g, tumor cells 
upregulate programmed death-ligand 1 (PD-
L1), which interacts with programmed cell 
death protein 1 (PD-1) on the surface of 
exhausted CAR T cells. 

Checkpoint blockade (CPB) intervention and 
reactivation: on administration of CPB, CAR T 
cell and endogenous T cell function is rescued 
to enable killing of tumor cells. 
Ab, antibody; 
DNR, dominant negative receptor; 
scFv, single chain variable fragment

AAddddrreessssiinngg  tthhee  TTMMEE//PPeerrssiisstteennccee iissssuuee



CCoommbbiinniinngg  CCAARR--TT  wwiitthh  IImmmmuunnoocchheecckkppooiinntt bblloocckkaaddee



More intelligent CAR-T therapies on the way



https://www.mckinsey.com/industries/pharmaceuticals-and-medical-products/our-insights/driving-the-
next-wave-of-innovation-in-car-t-cell-therapies#

A growing need for CAR-T



Addressing the COST challenge

11..  IInndduussttrriiaalliizzee  aanndd  aauuttoommaattee  cceellll  
pprroodduuccttiioonn  ttoo  ssccaallee--oouutt  mmaannuuffaaccttuurriinngg..  

Automation is needed- The high operating cost of 
CAR T therapy is driven largely by labor (about 25 
percent of operating expenses).

22..  SShhiifftt  ffrroomm  cceennttrraalliizzeedd  ttoo  ddeecceennttrraalliizzeedd  
mmaannuuffaaccttuurriinngg..    

“Bedside manufacturing” at the hospital.

33..  DDeevveelloopp  aallllooggeenneeiicc  pprroodduuccttss..
• Reduced cost of goods sold; a simplified supply chain; 
• Avoidance of issues with autologous CAR T cells
• Lack of graft-versus-host disease and clearance of 

allogeneic cells.

44..  AAddvvaanncceedd  ggeennee--ttrraannssffeerr  aanndd  mmooddiiffyyiinngg  ttoooollss..
• Removing donor T-cell receptors 
• Adding on-off switches that can turn off the CAR T to 

prevent toxicity 
• Secreted factors

https://www.mckinsey.com/industries/pharmaceuticals-and-medical-products/our-insights/driving-the-next-wave-of-innovation-in-car-t-cell-therapies#
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11..  RReecceenntt  aaddvvaanncceess  aanndd  ddiissccoovveerriieess  iinn  tthhee  mmeecchhaanniissmmss  aanndd  ffuunnccttiioonnss  ooff  CCAARR  TT  cceellllss..  

Nat Rev Cancer. 2021;21(3):145-161. doi: 10.1038/s41568-020-00323-z. Epub 2021 Jan 22.

22..  AA  MMiilleessttoonnee  ffoorr  CCAARR  TT  CCeellllss..  

N Engl J Med. 2017 Dec 28;377(26):2593-2596. DOI: 10.1056/NEJMe1714680

33..  IInntteelllliiggeenntt  cceellll--bbaasseedd  tthheerraappiieess  ffoorr  ccaanncceerr  aanndd  aauuttooiimmmmuunnee  ddiissoorrddeerrss..  

Curr Opin Biotechnol. 2020 Dec;66:207-216. DOI: 10.1016/j.copbio.2020.08.012

44..  CChhiimmeerriicc  aannttiiggeenn  rreecceeppttoorr  TT--cceellll  tthheerraappyy  —— aasssseessssmmeenntt  aanndd  mmaannaaggeemmeenntt  ooff  ttooxxiicciittiieess..  

Nature Reviews Clinical Oncology volume 15, pages47–62 (2018)

55..  TThhee  PPrriinncciipplleess  ooff  EEnnggiinneeeerriinngg  IImmmmuunnee  CCeellllss  ttoo  TTrreeaatt  CCaanncceerr..  

Cell, 2017 Feb 9;168(4):724-740.  

FFuurrtthheerr  rreeaaddiinngg


