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Figure 1. 
Overview of CAR T-cell therapy in the clinic. A patient's T cells are harvested through 
leukapheresis, followed by T-cell activation on antibody-coated beads serving as artificial 
dendritic cells. The activated T cells are then genetically reprogrammed ex vivo by 
transduction with a construct encoding the CAR, and the CAR T cells are further expanded 
ex vivo. When the CAR T-cell product had been prepared and passed all quality control 
testing, the patient receives lymphodepleting chemotherapy and CAR T cell infusion. © 
Novartis Pharmaceuticals.
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CAR modification enables re-direction 
of T cell effector function

Whilding et al. Biochem Society Trans, 2016.
Maus et al. Clin Cancer Res, 2016.

• T cells have robust 
anti-tumour activity

• requires recognition 
of peptide-MHC 
complex

• cancers develop 
mechanisms to 
evade T cells 



CAR T-cell toxicities

• B-cell depletion (normal B cells are targeted as well)
– Appears to be well tolerated in patients with no long term 

effects

• CAR T-cell specific toxicities
– Cytokine Release Syndrome (CRS)
– Immune-effector Cell Associated Neurotoxicity Syndrome 

(ICANS)
– Treatment with tocilizumab (anti-IL6R antibody) +/- steroids

• Reversible in the majority of cases

CRS spectrum

Fever
Flu-like symptoms

Low Blood Pressure

Shock/Organ failure



High remission rates achieved by 
CD19 CAR-T cells in B-cell ALL
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T cells expressing CD19 chimeric antigen receptors for acute 
lymphoblastic leukaemia in children and young adults: 
a phase 1 dose-escalation trial
Daniel W Lee, James N Kochenderfer, Maryalice Stetler-Stevenson, Yongzhi K Cui, Cindy Delbrook, Steven A Feldman, Terry J Fry, Rimas Orentas, 
Marianna Sabatino, Nirali N Shah, Seth M Steinberg, Dave Stroncek, Nick Tschernia, Constance Yuan, Hua Zhang, Ling Zhang, Steven A Rosenberg, 
Alan S Wayne, Crystal L Mackall

Summary
Background Chimeric antigen receptor (CAR) modifi ed T cells targeting CD19 have shown activity in case series of 
patients with acute and chronic lymphocytic leukaemia and B-cell lymphomas, but feasibility, toxicity, and response 
rates of consecutively enrolled patients treated with a consistent regimen and assessed on an intention-to-treat 
basis have not been reported. We aimed to defi ne feasibility, toxicity, maximum tolerated dose, response rate, and 
biological correlates of response in children and young adults with refractory B-cell malignancies treated with 
CD19-CAR T cells.

Methods This phase 1, dose-escalation trial consecutively enrolled children and young adults (aged 1–30 years) with 
relapsed or refractory acute lymphoblastic leukaemia or non-Hodgkin lymphoma. Autologous T cells were engineered 
via an 11-day manufacturing process to express a CD19-CAR incorporating an anti-CD19 single-chain variable 
fragment plus TCR zeta and CD28 signalling domains. All patients received fl udarabine and cyclophosphamide 
before a single infusion of CD19-CAR T cells. Using a standard 3 + 3 design to establish the maximum tolerated dose, 
patients received either 1 × 10⁶ CAR-transduced T cells per kg (dose 1), 3 × 10⁶ CAR-transduced T cells per kg (dose 2), 
or the entire CAR T-cell product if suffi  cient numbers of cells to meet the assigned dose were not generated. After the 
dose-escalation phase, an expansion cohort was treated at the maximum tolerated dose. The trial is registered with 
ClinicalTrials.gov, number NCT01593696.

Findings Between July 2, 2012, and June 20, 2014, 21 patients (including eight who had previously undergone allogeneic 
haematopoietic stem-cell transplantation) were enrolled and infused with CD19-CAR T cells. 19 received the prescribed 
dose of CD19-CAR T cells, whereas the assigned dose concentration could not be generated for two patients (90% 
feasible). All patients enrolled were assessed for response. The maximum tolerated dose was defi ned as 1 × 10⁶ 
CD19-CAR T cells per kg. All toxicities were fully reversible, with the most severe being grade 4 cytokine release 
syndrome that occurred in three (14%) of 21 patients (95% CI 3·0–36·3). The most common non-haematological 
grade 3 adverse events were fever (nine [43%] of 21 patients), hypokalaemia (nine [43%] of 21 patients), fever and 
neutropenia (eight [38%] of 21 patients), and cytokine release syndrome (three [14%) of 21 patients). 

Interpretation CD19-CAR T cell therapy is feasible, safe, and mediates potent anti-leukaemic activity in children and 
young adults with chemotherapy-resistant B-precursor acute lymphoblastic leukaemia. All toxicities were reversible 
and prolonged B-cell aplasia did not occur.

Funding National Institutes of Health Intramural funds and St Baldrick’s Foundation.

Introduction
B-precursor acute lymphoblastic leukaemia (B-ALL) is 
the most common malignancy in childhood. Newly dia-
gnosed children have about 90% survival, but cure 
needs pro longed therapy with substantial short-term 
and long-term toxicities.1,2 Adults with B-ALL have lower 
survival rates, partly because of a high frequency of 
subtypes with less chemosensitivity.3,4 Irrespective of 
age, patients with primary or recurrent refractory B-ALL 
who do not have complete remission negative for 
minimum residual disease (MRD) with cytotoxic 
chemotherapy have dismal survival rates of less than 
10%, and outcomes for these patients have not improved 
substantially in the last two decades.5–7

Chimeric antigen receptors (CARs) incorporate an 
antigen recognition sequence, such as a single-chain 
variable fragment (scFv) of a monoclonal antibody, 
with intracellular signalling domains that activate the 
T cell.8 Although several case series have reported 
antitumour effects of autologous CD19-directed CAR 
T cells in patients with B-cell lymphoma,9,10 chronic 
lymphocytic leukaemia,11,12 and B-ALL,12–15 results of 
an intention-to-treat protocol of sequentially enrolled 
patients treated with a consistent regimen has not 
been reported. In this phase 1 trial we define 
feasibility, toxicity, maximum tolerated dose, response 
rate, and biological correlates of response in 
21 consecutively enrolled children and young adults 
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Introduction
The administration of lymphodepleting chemotherapy followed 
by adoptive transfer of autologous T cells that are genetically 

modified to express a chimeric antigen receptor (CAR) specific for 
CD19 (CD19 CAR–T cells) has produced a high rate of complete 
remission (CR) in adult and pediatric patients with relapsed and 
refractory B cell acute lymphoblastic leukemia (B-ALL) in small 
phase I clinical trials (1–4). Encouraging results have also been 
seen in clinical trials of CD19 CAR–T cell therapy in non-Hodg-
kin’s lymphoma (NHL) and chronic lymphocytic leukemia (CLL) 
(5–9). Emerging data from these studies suggest that robust prolif-
eration of transferred CAR–T cells in the recipient correlates with 
clinical response and that prolonged in vivo persistence of func-
tional CAR–T cells may be necessary to prevent disease relapse. 
The administration of CD19 CAR–T cells and their subsequent 
expansion can be associated with cytokine release syndrome 
(CRS), characterized by hyperpyrexia, hypotension, capillary leak, 
neurotoxicity, and death in severe cases (3, 4, 7, 9, 10). The factors 
that determine CAR–T cell expansion and persistence in vivo, the 
durability of antitumor responses, and toxicities have been chal-
lenging to define in initial studies in part because of the wide vari-

BACKGROUND. T cells that have been modified to express a CD19-specific chimeric antigen receptor (CAR) have antitumor 
activity in B cell malignancies; however, identification of the factors that determine toxicity and efficacy of these T cells has been 
challenging in prior studies in which phenotypically heterogeneous CAR–T cell products were prepared from unselected T cells.

METHODS. We conducted a clinical trial to evaluate CD19 CAR–T cells that were manufactured from defined CD4+ and CD8+ T 
cell subsets and administered in a defined CD4+:CD8+ composition to adults with B cell acute lymphoblastic leukemia after 
lymphodepletion chemotherapy.

RESULTS. The defined composition product was remarkably potent, as 27 of 29 patients (93%) achieved BM remission, 
as determined by flow cytometry. We established that high CAR–T cell doses and tumor burden increase the risks of 
severe cytokine release syndrome and neurotoxicity. Moreover, we identified serum biomarkers that allow testing of early 
intervention strategies in patients at the highest risk of toxicity. Risk-stratified CAR–T cell dosing based on BM disease burden 
decreased toxicity. CD8+ T cell–mediated anti-CAR transgene product immune responses developed after CAR–T cell infusion 
in some patients, limited CAR–T cell persistence, and increased relapse risk. Addition of fludarabine to the lymphodepletion 
regimen improved CAR–T cell persistence and disease-free survival.

CONCLUSION. Immunotherapy with a CAR–T cell product of defined composition enabled identification of factors that 
correlated with CAR–T cell expansion, persistence, and toxicity and facilitated design of lymphodepletion and CAR–T cell 
dosing strategies that mitigated toxicity and improved disease-free survival.

TRIAL REGISTRATION. ClinicalTrials.gov NCT01865617.
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Efficacy and Toxicity Management of 19-28z CAR T Cell
Therapy in B Cell Acute Lymphoblastic Leukemia
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We report on 16 patients with relapsed or refractory B cell acute lymphoblastic leukemia (B-ALL) that we treated with
autologous T cells expressing the 19-28z chimeric antigen receptor (CAR) specific to the CD19 antigen. The overall
complete response rate was 88%, which allowed us to transition most of these patients to a standard-of-care alloge-
neic hematopoietic stem cell transplant (allo-SCT). This therapywas as effective in high-risk patients with Philadelphia
chromosome–positive (Ph+) disease as in those with relapsed disease after previous allo-SCT. Through systematic
analysis of clinical data and serumcytokine levels over the first 21days after T cell infusion,wehavedefineddiagnostic
criteria for a severe cytokine release syndrome (sCRS), with the goal of better identifying the subset of patients who
will likely require therapeutic intervention with corticosteroids or interleukin-6 receptor blockade to curb the sCRS.
Additionally, we found that serum C-reactive protein, a readily available laboratory study, can serve as a reliable
indicator for the severity of the CRS. Together, our data provide strong support for conducting a multicenter phase
2 study to further evaluate 19-28z CAR T cells in B-ALL and a road map for patient management at centers now con-
templating the use of CAR T cell therapy.

INTRODUCTION
T cell therapy with tumor-targeted chimeric antigen receptor (CAR)–
modified T cells has recently transitioned from the laboratory to the
clinic and yielded outcomes that support the tremendous potential of
this approach to cancer therapy (1–3). CARs are artificial receptors that
redirect antigen specificity, activate T cells, and further enhance T cell
function through their costimulatory component (4, 5). Three groups,
including our own, have reported objective tumor responses when in-
fusing autologous T cells genetically modified with CD19-targeted
CARs into patientswith chronic lymphocytic leukemia (CLL) and other
indolent non-Hodgkin’s lymphomas (3, 6, 7). We next demonstrated
potent antitumor benefit after infusing CD19-targeted 19-28z CAR T
cells into five adults with relapsed or refractory B cell acute lymphoblas-
tic leukemia (B-ALL) (1). In adults, relapsed B-ALL has a markedly
poor prognosis with an expected median survival of less than 6 months
(8, 9). In this setting of highly chemotherapy-resistant, rapidly progres-
sive disease, therapy with CD19-targeted CAR T cells resulted in
complete molecular remissions (CRm), as assessed by immunoglobulin
heavy chain (IgH) deep sequencing, in five of five treated patients.
Achieving CRm in this chemotherapy-refractory population allowed

for subsequent allogeneic stem cell transplants (allo-SCT) in clinically
eligible subjects, the standard of care in adults for this disease after re-
lapse (8). These promising clinical outcomes were confirmed by inves-
tigators from the Children’s Hospital of Pennsylvania in a case report of
two pediatric patients with relapsed B-ALL treated with a similar CD19
CAR T cell therapy (2). We have now treated an additional 11 patients
with relapsed or refractory B-ALL. The clinical outcomes in these
CD19-targeted CART cell–treated patients confirm the clinical efficacy
of this approach seen with our initial results; 19-28z CAR T cells in-
duced complete remissions (CRs) in the vast majority of patients,
enabling many to transition to an allo-SCT.

Infusion of CD19 CAR T cells can be associated with toxicities
including high-grade fevers, hypotension, hypoxia, and neurologic
disturbances thatmay require aggressive medical support (1–3). This
syndrome of toxicities has been described as a cytokine release syn-
drome (CRS) likely related to a progressive systemic inflammatory pro-
cess initiated and maintained by the infused CAR T cells activated in
vivo upon encounter with the targeted CD19 antigen. However, the
clinical and laboratory evaluation of this syndrome has been limited
to data derived from only a few patients in case reports (1–3). The pau-
city of published results from which to define or understand the CRS
markedly limits the clinical investigator’s ability to either predict the
likelihood or anticipate the severity of this associated spectrum of
CAR T cell–mediated toxicities.

By analyzing all 16 adults with relapsed or refractory B-ALL treated
at our center, we have established laboratory and clinical criteria for the
diagnosis of the CAR T cell–related severe CRS (sCRS). Using these
criteria, we established guidelines for infusion of CAR T cells and the
subsequent clinical management, part of which includes the serial
monitoring of C-reactive protein (CRP). We have found that daily
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USA. 2Center for Cell Engineering, Memorial Sloan-Kettering Cancer Center, New York, NY
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of Pathology, Memorial Sloan-Kettering Cancer Center, New York, NY 10065, USA. 7De-
partment of Epidemiology and Biostatistics, Memorial Sloan-Kettering Cancer Center, New
York, NY 10065, USA. 8Leukemia Service, NewYork-Presbyterian/Weill Cornell, New York, NY
10065, USA. 9Leukemia Service, NewYork-Presbyterian/Columbia, New York, NY 10032, USA.
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Measurable residual disease-negative complete 
remission (MRD-negative CR) rates of 70-85% are 

achievable with CD19 CAR-T cells

Factors associated with long remissions (disease-free survival, DFS) 
are relatively unknown



Hay et al. Blood 2019.

Characteristics of Study Population
Received CAR-T cells >1 year prior to data 
analysis  

^ treated prior to April 20, 2017

All patients:
Ø had bone marrow# and/or 

extramedullary disease at baseline
Ø received CAR-T cells at or below the 

MTD

57 B-cell ALL patients 1 MRD-negative CR by flow at baseline   
(PCR+ for BCR/ABL)

2 Received dose level 3
1 Died prior to restaging

53 included in analysis

MRD-negative CR#

n=45 (85%)
No response

n=8 (15%)

166 patients with CD19+ 
malignancies treated >1 year ago^

#bone marrow disease determined by flow 
cytometry with a sensitivity of 1:10000



Response is linked to CAR T-cell expansion

Hay et al. Blood 2019.



Median follow-up of 30.9 months

Patients who achieved MRD-negative CR 
have better EFS and OS

EFS OS

median DFS 7.6 vs. 0.8 months median OS 20.0 vs. 5.0 months

Hay et al. Blood 2019.



Clearance of the leukemic clone by HTS 
is associated with better EFS and OS

EFS OS

• 28 of the 45 pts with MRD-negative CR had a leukemic clone identified in the marrow by high 
throughput sequencing (HTS) prior to CAR-T cell therapy.

• 20 of 28 (71%) had no evidence of the leukemic clone at 3 weeks after CAR-T cell infusion.

median EFS 8.4 vs. 3.6 months median OS 26.9 vs. 6.8 months



Variables significant for EFS in univariate Cox-regression analyses:
• Pre-lymphodepletion high platelet count and low LDH concentration
• Low marrow burden and absence of extramedullary disease at baseline
• No bridging systemic therapy between leukapheresis and lymphodepletion  
• Fludarabine added to lymphodepletion regimen
• IL-6 prior to lymphodepletion, IL-2 and sTNFRp55 on day 0, sTIM-3 AUC day 0-28 

Additional variables of clinical interest considered:
• age, performance status, prior transplant, no. of prior regimens, prior blinatumomab, CAR-T cell dose 

level, and CAR-T cell peak levels

Stepwise multivariable analysis for factors impacting EFS in 
flow cytometry MRD-negative CR patients (n=45)

Variable HR (95% CI) p value

LDH pre-lymphodepletion (100 U/L increment)
Platelets pre-lymphodepletion (50,000/µL increment)
Fludarabine added to lymphodepletion (Y)

1.39 (1.12-1.74)
0.65 (0.47-0.88)
0.34 (0.15-0.78)

0.003
0.006
0.011

Hay et al. Blood 2019.



Patients with normal LDH and platelets ³100 prior to lymphodepletion
who received fludarabine have better EFS and OS

EFS OS
2-year EFS 78% 2-year OS 86%

40% of patients achieving MRD-negative CR proceeded to allogeneic 
hematopoietic cell transplantation (HCT) Hay et al. Blood 2019.



Allogeneic HCT consolidation in patients achieving 
MRD-negative CR after CD19 CAR-T cells is well tolerated

EFS

2-year EFS 61% 

• Allogeneic HCT is standard of care in suitable R/R ALL patients who are in remission
• 18 of 45 pts (40%) in MRD-negative CR after CD19 CAR-T cells proceeded to allogeneic HCT 

Cumulative Incidence

2-year NRM 23% 

2-year CIR 17% 

Median follow-up of 28.4 months after allogeneic HCT Hay et al. Blood 2019.



Consolidation with allogeneic HCT may provide a EFS benefit 
in patients who achieved MRD-negative CR after CD19 CAR-T cells

• Incorporation of allo-HCT after CD19 CAR-T cells into the EFS multivariable model as a 
time-dependent covariate:

Variable HR (95% CI) p value

LDH pre-lymphodepletion (per 100 U/L increment)
Platelets pre-lymphodepletion (per 50,000/µL increment)
Fludarabine added to lymphodepletion (Y)
Allogeneic HCT after CAR-T cell infusion (Y)

1.38 (1.11-1.73)
0.74 (0.53-1.03)
0.25 (0.15-0.78)
0.39 (0.13-1.15)

0.004
0.069
0.003
0.088

• An interaction test demonstrated no significant interaction between risk group and 
allogeneic HCT after CAR-T cells (p=0.53), suggesting benefit in both low and high risk 
groups

Hay et al. Blood 2019.



Pediatric ALL Outcomes after CAR T-cells 

Summers (2018) ASH Abstract



Day 28 MRD-negative by NGH had 
superior outcomes

Grupp (2018) ASH Abstract



ALL – To HCT or not to HCT?

• That a (the) big question in the field

• Likely different answer in pediatric vs. adult
• May depend on the construct and depth of remission

– NGS MRD status?

• Benefit: likely prevents CD19-negative relapse by creating a more 
diverse allogeneic response

• Cons: loss of CAR T-cells; GVHD risk



CD19+ relapses are associated with lack 
of CAR T-cell persistence 

Hay et al. Blood 2019.



CD19–negative relapse

Shah et al. Frontiers in Immunology 2019.



Dual-targeting strategies

Shah et al. Frontiers in Immunology 2019.



Early Clinical Experience of CD19 x CD22 Dual Specific CAR T Cells for 
Enhanced Anti-Leukemic Targeting of ALL

• PLAT-05 trial of SCRI-CAR19x22v1 in pediatric and young adult patients 
with CD19+CD22+ r/r B-cell ALL
– Product is manufactured in a closed system bioreactor (G-Rex)
– Co-transduction with a CD19 CAR and CD22 CAR virus

• 7 patients (age 1-26)
– 4 at dose level 1 (1x106 CART cells/kg)
– 3 at dose level 2 (3x106 CART cells/kg)

• Populations of the CAR-T cells at infusion:
– 21.6 % CD19 CAR; 37.8% CD22 CAR; 43.6% CD19/22 CAR
– Population at peak engraftment: 9.1% CD19, 1.2% CD22, 2.4% CD19/22 CAR

• CR in 5/7 (of non-responders, one previously received CD19 CART)
Rebecca Gardner et al. Blood 2018;132:278



Rebecca Gardner et al. Blood 2018;132:278
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Conclusions
• CD19 CAR T-cells hold significant promise for B-cell ALL with a high rate of 

MRD-negative remissions
• Depth of remission impacts EFS (HTS/NGS) 
• Expansion/AUC is important for efficacy
• Stepwise multivariable modeling identifies better EFS in patients who had a 

lower LDH concentration and higher platelet count prior to lymphodepletion 
and received fludarabine containing lymphodepletion

• Allogeneic HCT after CD19 CAR-T cells is well tolerated and may improve 
outcomes
– The role of alloHCT is still hotly debated
– Dual targeting CAR T-cells may abrogate the benefits of alloHCT


