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Response rates for patients with B-cell neoplasms such as Non-Hodgkin’s
Lymphoma (NHL) and Acute Lymphoblastic Leukemia (ALL) treated with
traditional modalities, including chemotherapy, radiation, and bone marrow
transplant, are relatively high. However, patients with inherent- or acquiredresistance to first-line treatment options exhibit poor prognosis signifying
the need for development of an optimal treatment approach for relapsed/
refractory malignancies of B cell origin. Recently, a new form of immunotherapy
using genetically engineered chimeric antigen receptor (CAR) T-cells has
been developed. CAR T cells trigger apoptosis in tumor targets in an MHC-

INTRODUCTION
on-Hodgkin’s Lymphoma (NHL) is a collection of lymphocyte neoplasms
that arise in the lymphatic system and may spread to all locations of the
body. This year an estimated 74,680 people will develop non-Hodgkin’s
lymphoma with 19,910 expected fatalities [1]. B-cell NHLs make up about
85% of new diagnoses, with diffuse large B-cell lymphoma (DLBCL) and
follicular lymphoma (FL) accounting for two thirds of all malignancies [2].
Other major types include mucosal associated lymphoid tissue (MALT)
lymphoma (8%), small lymphocytic lymphoma (SLL) (7%), and mantle cell
lymphoma (MCL) (6%);T-cell lymphomas represent approximately 10% of
NHL diagnoses in the United States [1-3].

NHL ORIGINATES IN GERMINAL CENTERS
Germinal centers (GC) of the lymphatic tissues produce mature, differentiated
effector cells using tightly coordinated reactions inside light and dark zones.
While this achieves a comprehensive response to pathogens, in NHL this
active area of genetic shuffling gives rise to malignant variants of B-cells with
unique abilities to escape the immune system [4]. A common theme among
NHLs are translocation events in which an exon is relocated under control of a
higher expression promoter, generating a phenotype capable of rapid division
while lacking checkpoint molecules [4]. For example, follicular lymphoma
frequently arises when the t(14;18) (q32;q21) translocation places the antiapoptotic gene Bcl-2 under control of the robustly expressed immunoglobulin
heavy gene locus, IgH, affording the cell evasion of immune checkpoints
due to high expression of antiapoptotic Bcl-2 [5]. The differentiation stage
associated with germinal center B-cells, in addition to the unique profile of
mutations, are key factors in typing NHLs [6]. Common groups of mutations
include transcription factor dysregulation (MYC, E2A, NF-κB), deregulation
of signaling pathways (MYD88, CARD11, CD79B), immune escape (PD-L1,
B2M, CD58, BCL-2, BCL-6), and epigenetic alterations including chromatin
and histone arrangement (EZH2, KMT2d, CREBBP) [2,4,5].

TRADITIONAL TREATMENTS FOR NHL
Two important criteria are implemented when selecting treatment for
NHL;the grade and the progression of the disease at the time of diagnosis.
Intermediate and aggressive (high-grade) lymphomas typically have a higher

independent manner upon recognition and ligation to a specific tumor associated
antigen (TAA). Typically, engineered CAR T-cells recognize CD19 specifically, a
universal B-cell surface marker expressed in many forms of B-cell malignancies.
CD19 CAR T cell-redirected immunotherapy is an attractive option for patients
with various CD19+ leukemias (e.g., ALL) and relapsed/refractory NHL. In fact,
anti-CD19 CAR T-cell therapy has shown remarkable clinical efficacy in the
treatment of these patients. Its significant efficacy coupled with limited toxicities
makes CD19 CAR T-cell immunotherapy an ideal treatment approach for ALL
and NHL. This review summarizes recent developments in the field of CAR T
cell therapy with an emphasis on the utilization of various CD19 CAR T cell
constructs in the clinical treatment of NHL and ALL.
Key Words: Chimeric antigen receptor; Non-Hodgkin’s lymphoma;
Immunotherapy; Relapsed/refractory, T cell, leukemia

cure rate with aggressive combination chemotherapy than do indolent (lowgrade) lymphomas. The latter are categorized as incurable with standard
therapy if diagnosed at an advanced stage [7]. The two most prominent NHL
subtypes fall into the indolent or aggressive categories. The first is FL, an
indolent lymphoma that represents all indolent lymphomas in terms of its
treatment approach which includes combination chemotherapy, interferon
(IFN), single agent alkylators, nucleoside analogues, immunotherapy with
monoclonal antibodies (mAbs), radiolabeled mAbs, or watchful waiting
[8]. The stage at which FL is determines if radiation alone will cure the
patient or if more involved approaches such as chemotherapy and/
or immunotherapy will be needed. The second, DLBCL, is an aggressive
lymphoma who’s treatment approach also sets the standard for all lymphomas
of its type [9]. The traditional first-line approach for aggressive B-cell NHL
was a first-generation combination-chemotherapy treatment, CHOP
(cyclophosphamide, doxorubicin, vincristine, and prednisone). In national
cooperate group trails of patients with intermediate-grade or high-grade
NHL, only around 30% were cured with CHOP alone [10]. The standard of
care has since changed to R-CHOP (rituximab-plus-CHOP) for all aggressive
forms of NHL. Rituximab, (Rituxan HYCELA™, MabThera®/Rituxan F.
Hoffmann-La Roche Ltd) is a chimeric human/murine IgG1 monoclonal
antibody [11]. In a study conducted on patients 60-80 years old with DLBCL,
197 patients received eight cycles of CHOP every 3 weeks and 202 patients
received eight cycles of R-CHOP every 3 weeks. Results showed a significant
increase in complete responses of 63% and 76%, respectively. The toxicities
associated with R-CHOP were not significantly higher than those of the
standard CHOP chemotherapy, but the event-free and overall survival rates
were [12]. With rituximab, lymphoid malignancies such as indolent and
aggressive types of NHL and B-cell chronic lymphocytic leukemia (BCC-L)
are being treated with a better prognosis compared with conventional
chemotherapy. A reduction in hematological adverse effects including
correlating infections and neutropenia indicate that elderly patients or those
with weak performance status and low degree of tolerability can benefit from
its use in when merged with cytotoxic drugs [13]. Patients with FL and other
indolent subtypes of NHL have also greatly benefited from immunotherapy
rituximab. R-CHOP is currently standard-of-care for aggressive NHL and can
be credited with recovery rates of 70%, yet a problem exists with the patients
who become resistant or have no response to first-line treatment. These
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patients (10-15%) who show no response within a 3-month time frame have
a poor chance of recovery and are categorized has having primary refractory
disease. Some patients will show an initial response and later relapse (2025%) resulting in a life expectancy of 3-4 months [14].
Refractory Lymphoma remains the most severe NHL burden
Survival rates for various NHLs with first line therapy vary significantly, but
relapsed or refractory disease universally yields a poor survival window. Up to
one third of patients with DLBCL will develop relapsed or refractory disease,
for which almost all will die [15]. Treatment includes high-dose chemotherapy
with allogenic stem cell transplant (ASCT) (2). Yet many patients are unable
to undergo ASCT due to age, comorbidities, or refractory disease [16]. In FL,
there is a 30% to 40% risk of transplant mortality associated with allogeneic
transplantation in patients with relapsed disease [17]. To complicate matters,
highly effective first line defenses often give rise to more resilient refractory
illness should patients relapse, as the malignancy will express an immune
escaped variant with antigen loss phenotype [18]. It is thus necessary to
establish more successful treatments with the goal of both higher specificity
and lower toxicity to prevent re-emergent malignancy.
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia (ALL) is cancer of immature lymphoid cells and
represents the most common form of pediatric malignancy (19). In 2016, there
were nearly 6,590 new cases of ALL, with over 1,400 deaths [19]. Children
comprise 80% of ALL cases with a peak incidence occurring between 2 and
5 years. Survival in pediatric ALL is now over 90%, however, in adults and the
elderly (10% cases) and children with relapsed ALL (up to 15% of patients)
it represents a death sentence where survival is measured in months [20].
While some genetic predispositions are correlated with ALL, such as Down
syndrome and Bloom syndrome, majority of patients are previously healthy
individuals in which malignancy presents spontaneously [21]. Chromosomal
aberrations are present in nearly all forms of ALL but alone are not able to
propel malignancy [21]. This is further confounded by the weak association of
predisposition with environmental triggers [21]. Common genetic abnormalities

include rearrangement of mixed-lineage leukemia gene (MLL), a translocation
of chromosome 11q23 with over 80 partners that give rise to promotors whose
products assist in tumor escape, TP53–retinoblastoma protein tumor-suppressor
pathway, chromosomal translocations such as t(12;21) [ETV6-RUNX1], t(1;19)
[TCF3-PBX1], and t(9;22) [BCR-ABL1], for which t(9;22) represents the
devastating variant known as Philadelphia chromosome [22,23]. Philadelphia
chromosome (Ph-positive) ALL is associated more with adults (10-15%) and has
a significantly worse outcome with a one-year survival rate of 10% [21].
Additional treatments are required for refractory/relapsed ALL
Prognostic factors with the highest correlation of mortality include: age (less
than 1 or older than 19.9 years), Philadelphia or Ph-like ALL, white blood cell
count > 30 × 109/L for B-ALL or >100 109/L for T-ALL, and hypodiploidy
or complex karyotype [22-24]. Immunotyping and cytogenic analysis are
increasingly being used to subtype ALL patients and yield information about
prognosis, as well as predict treatment efficacy [24]. For example, tyrosine kinase
inhibitors are effective in prolonging 3-year survival rates in ALL patients who
bear the Ph-chromosome breakpoint cluster region-proto-oncogene tyrosineprotein kinase (BCR-ABL1) genetic mutation [21]. This is due to the discovery
that BCR-ABL1 fusion protein is constitutively active in this genotype [21].
While cure rates are encouraging, approximately 15% of children with ALL
will experience relapse, with long term survival rates below 50% [25]. The
cause of relapse is not known for individuals in which minimal residual disease
(MRD) has been achieved (<0.01%) but is thought to involve emergence of
pre-leukemic clones bearing distinct alterations absent in predominant clonal
population [26]. Allogeneic stem cell transplantation (ASCT) is used in
relapsed or refractory ALL to replace cells damaged by induction therapy and
to repopulate progenitor lineages. It remains the only chance at a cure for some
variants of aggressive ALL such as Ph-positive ALL in patients over 35 but
offers a low rate at long term survival [27].
CD19 chimeric antigen receptor t-cell therapy for the treatment of ALL
and NHL
An emerging treatment that has shown dramatic success against relapsing/

Figure 1) Generational map of CD19 CAR-T cell development. First generation CARs (right) consisted of only an antigen binding scFv domain with hinge and a
cytoplasmic CD3ζ domain, connected with a cell membrane spanning region. Most commonly, the scFv was generated using a monoclonal IgG antibody. Second generation
CARs (middle) included addition of costimulatory domain 1-4BB or CD28, resulting in vastly improved cytokine output and robust T-cell proliferation. Third generation
CARs (left) combining two costimulatory signals further enhanced proliferation and lytic effector function with increased cytokines and apoptotic potential

11

J Blood Disord Treat Vol 2 No 2 May 2019

CD19 CAR T-cell Therapy of NHL and ALL

refractory ALL and many NHLs is chimeric antigen receptor T cell (CAR-T)
therapy. CAR-T therapy is a potent immunotherapy in which the specificity
of a patient’s T cell is redirected using chimeric antigen receptors (CARs).
Patient’s own T-lymphocytes are extracted and transduced to express
genetically engineered chimeric antigen receptors (CARs) capable of targeting
tumor associated antigens (TAAs) that are present on neoplasms yet absent
on other cells [28]. These hybrid T cells are then activated, expanded, and
reintroduced to the patient, where upon encountering TAAs in vivo they
undergo mitogenic activation and induce apoptosis of target cells [29]. To
date there are three generations of CARs (Figure 1). First generation CAR-T
cells contained only an epitope binding small chain variable fragment (scFv)
constructed from a monoclonal antibody, a flexible immunoglobulin hinge,
a lipid bilayer spanning domain, and a signaling domain composed of the
CD3ζ T cell receptor base. These cells had detectable anti-tumor activity but
rapidly became anergic and struggled with long term persistence [29]. Second
generation CARs rectified this shortcoming by including a costimulatory
receptor such as CD28, DAP10, OX-40, or 4-1BB in parallel to CD3ζ.
These dual signaling receptors aided in persistence and effector functions
with significantly improved cytokine output that enhanced proliferation in
vivo [30]. Third generation constructs received an additional costimulatory
domain in series with the first, i.e. CD28 plus 4-1BB, due to observations
that choice of costimulatory receptor yielded different effector profiles (30)
(Figure 1). For instance, second generation CD28 CARs exhibited robust
tumor depletion but struggled to produce sustained expansion, while 4-1BB
CARs were detectable in patient’s blood for several years following therapy
[30].
Components of the CAR-T construct
CAR-T cells recognize antigen in an MHC-independent fashion, enabling
a wider range of antigens to be targeted with a single receptor construct as
well as circumvention of MHC down-regulation frequently seen in immune
escape variants. The antigen specific scFv region is composed of variable light
and variable heavy monoclonal antibody chains of which CD19 has shown
the most success [31]. A hinge region connects the scFv and membrane
anchoring domains and imparts flexibility to the receptor. Most commonly
these include IgG1-4 variants [32]. Investigators have reported that choice of
hinge influences CAR activity by modulating crosslinking with endogenous
TCRs [32]. For instance, Guest and colleagues found CD19 scFv CARs
benefited from addition of a CH2CH3 hinge whereas carcinoembryonic
antigen (CEA) CARs performed better without incorporation of any hinge
[33]. The membrane-spanning domain influences crosslinking flexibility as
well as stability of the CAR within the membrane [32]. It is well documented
that costimulatory domains (CD28, DAP10, OX-40, or 4-1BB) in addition
to CD3ζ benefit activation and in vivo persistence of CAR-T cells, but
due to the homogenous nature of clinical trials as well as the cost of
preparing each CAR-T treatment, it remains to be seen if CD28 or 4-1BB
in combination with CD28/DAP10/OX-40/4-1BB provide greater benefit
when compared against a similar patient cohort using an alternate third
generation costimulatory sequence [34,35]. The most common construct
includes second generation CD28 and CD3ζ such as in the FDA-approved
axicabtagene ciloleucel, or 4-1BB with CD3ζ as seen in tisagenlecleucel.
Patient preconditioning relies on lymphodepleting chemotherapy
Patient conditioning using chemotherapy to reduce cancer burden prior to
infusion of CAR-T cells is frequently performed during a 1-2 week period
while autologous cells are prepared [36]. Most commonly cyclophosphamide
or cyclophosphamide and fludarabine are administered, with recent trials
more frequently using only high-dose cyclophosphamide at concentrations
of 1g/m² to 3g/m² [37] although pentostatin has also been used with success
[38]. Researchers at the Memorial Sloan-Kettering Cancer Center (MSKCC)
have shown in vivo T-cell persistence and peripheral blood tumor load are
inversely correlated, suggesting larger target cell numbers cause clearance of
CAR T-cells [39]. In this same study at MSKCC, investigators compared both
conditioned and unconditioned patient cohorts using 1.5 g/m², 3 g/m², or
no cyclophosphamide pretreatment among 8 CLL patient cohorts, allowing
a direct comparison to be made. The study found conditioning correlated
with higher response rates and longer overall survival despite lower number
of CAR T-cells transferred in the conditioned group [39]. Additionally, a
study conducted at the Baylor College of Medicine in which no conditioning
was performed showed poorer T-cell persistence compared to other 2nd
generation CAR-T therapy trials [40]. To date, the MSKCC study is the only
one allowing a direct comparison of preconditioning routes to be made, but
preclinical animal models suggest preconditioning overall aids in response
[41]. Future trials with the aim of homogenizing preconditioning treatment
are needed to further evaluate whether the efficacy of preconditioning
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chemotherapies against cancer cells themselves is responsible for greater
CAR-T response or if their lymphoablative effect is responsible. Most likely it
is a combination of the two.
Preparation of CAR samples for infusion to patients
To generate each CAR-T sample for transfusion to patients, lymphocytes are
first separated from patient blood using leukapheresis and density gradients.
Cells are then enriched or depleted using antibody adsorbed paramagnetic
beads to generate the desired ratio of CD4+/CD8+ population [42].
Investigators have reported high proportions of CD8+ lymphocytes correlate
with poorer in vivo proliferation due to decreased IL-2 output [43]. Further,
CD4+ cells derived from naive T cells were more potent cytokine producers
versus central memory or effector memory subtypes, while CD8+ cells from
central memory subsets offered enhanced persistence [43].
Once the desired CD4+/CD8+ ratio is achieved, the cells will be activated
using αCD3/αCD28 antibodies with or without IL-2, IL-7, and IL-15 [33].
There is high variability in cytokine selection and concentration between
protocols with some results correlating exhaustion of T cells with increasing
IL-2 concentrations [33]. Delivery of the CAR gene segment is performed
using either lentiviral or retroviral transduction, with upwards of 90% of
cells successfully adopting the CAR phenotype, but they are sometimes as
low as 4% [33]. Recently, electroporation of vectors carrying transposase/
transposons have shown transfection efficiency similar to viral methods,
with the benefit of significantly reduced cost [35]. CAR expressing cells are
then purified to >99% and expanded in flasks, static culture bags, or more
recently bioreactors until a desired cell concentration is reached (discussed
below under Clinical Trials) [44]. Patients are then infused with the purified
product in a hospital setting to monitor for cytokine release syndrome, which
occurs in nearly all patients.
CD19-redirected CARs and toxicities
The most promising CAR-T therapies are those using CD19 reactive
scFv domains. CD19 is a 95kDa surface antigen expressed in all B-cell
populations present in pre-B cells and is maintained through maturity. CD19
CARs are thus able to recognize nearly all B-cell malignancies with less risk
of widespread off-target cytotoxicity, and do not have to compete with solid
tumors. The most common toxicity is cytokine release syndrome (CRS),
with as high as 39% of patients developing severe CRS (sCRS) of grade 3
or higher [45]. CRS is characterized as endothelial activation resulting in
hypotension, inflammation, and fever in the presence of elevated serum
IL-6 and INFγ. Patients with higher cancer burden typically experience more
severe CRS as one would expect. The robust T-cell activation responsible for
CRS may often be controlled using corticosteroids such as dexamethasone
or methylprednisone with or without the anti-IL-6 antibody tocilizumab [46].
Lymphodepleting preconditioning is performed in most current trials and
generally confers a better response rate, however treatment with fludarabine
and cyclophosphamide is a predictor of sCRS and CRES [47].
The second most common toxicity is neurotoxicity, termed CAR-T-cellrelated encephalopathy syndrome (CRES). In current trials using the FDA
approved CD19 CAR T-cell treatments Yescarta and Kymriah, up to 57%
of patients develop CRES ≥ grade 3 [48]. CRES is thought to occur after
endothelial activation causes a breakdown of the blood brain barrier in
which cytokines IL-6, INFγ, and TNFα invade the CSF, although a smoking
gun has not been identified [49]. The same treatment modalities for CRS are
used in treating CRES, including in-hospital monitoring with tocilizumab
with or without steroids [49]. Most CRES is self-limiting within 7-28 days of
onset, however CRES ≥ grade 4 does not respond to anti-IL-6 and/or steroid
treatments as well as sCRS [49].
Augmenting CAR T-cell therapy and limitations
While most patients do not develop life threatening toxicities, the severity
in patients with runaway CRS, CRES, or both demonstrates the need for
prophylactics. Researchers at University of Texas MD Anderson Cancer
Center created a CRES grading algorithm to reduce time between symptom
onset and treatment intervention during high grade CRES [50]. Further,
because sCRS and CRES are the largest predictors for TRM, predictive
biomarkers are being explored to better instruct researchers which patients
may be at higher risk for these toxicities. A study of 133 patients treated
with CD19 CAR T cells found CRS ≥ grade 3 correlated with high serum
von Willebrand Factor (VWF) and angiopoietin-2 (Ang-2), two proteins
released during endothelial activation [47]. Importantly, they found
elevated preexisting levels of these biomarkers significantly predicted risk of
developing sCRS [47]. Investigators also analyzed infused cell concentrations
with toxicity to determine a dosing window that maximizes therapeutic
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benefit before toxicity risk increases. However, they found that while
infusion of CAR T-cells leading to peak peripheral CD8+ CAR T-cells <
10 per μl and CD4+ CAR T-cells <5 per μl correlated with lower incidence
of grade ≥2 CRS, it also correlated with reduced efficacy in NHL patients,
giving evidence a narrow window exists to achieve low CRS and high therapy
[47]. Another study found elevated serum IL-6 and IFNγ concentrations
on day 1 after CAR T-cell infusion were predictors of severe CRS among
NHL and B-ALL patients, and that decreased TGF-β correlated with risk of
neurotoxicity [51].

using these two agents have shown remarkable efficacy, while increasing
the homogeneity of treatment, resulting in more predictable toxicities
and reliable post administration proliferation. In a trial conducted at the
University of Pennsylvania, investigators treated a total of 14 patients with
DLBCL and 14 patients with follicular lymphoma (FL) using tisagenlecleucel
[53]. A high percent of both groups had refractory disease, 86% of DLBCL
and 57% of FL patients. Complete response (CR) was seen in 6 of 14 DLBCL
patients (43%) and 10 of 14 FL patients (71%). At a median follow-up of 28.6
months, 57% of all patients remained progression-free (95% CI, 36 to 73),
including 70% of patients in the FL group and 43% of DLBCL patients.
cytokine release syndrome (CRS) and neurotoxicity (NT) remained the most
common adverse events, though grade 3 or higher CRS was low at 18%. The
ZUMA-1 trial by Kite evaluated axicabtagene ciloleucel in 7 patients with
refractory DLBCL who had no remaining chemotherapy treatment options
and found CR in 4 patients (57%) and an overall response (OR) in 5 patients
(71%), with 3 patients (43%) remaining disease free at 12 months [54]. In
a 2014 study by Khondoker et al. 8 of 13 patients evaluated with assorted
advanced B-cell malignancies achieved CR and 4 had partial remissions [55].
One patient experienced SD (lymphoma). Acute NT were present in some
patients but resolved within three weeks after infusion. One patient died 16
days after the infusion due to an unknown cause.

As CAR T-cell therapy is further adopted, it’s possible these proteins may
be read as prophylaxis toward indicating patients at greater risk of toxicity.
Some investigators have utilized HSCT in patients after receiving CAR T
therapy as a means to prolong remission, although there does not seem to
be significance between overall survival among patients who received HSCT
and those who have not [46,52]. One study assessing HSCT following CD19
or CD22 CAR therapy in B-ALL patients suggests MRD is a more effective
indicator to whether HSCT is successful in prolonging relapse free survival.
Out of 25 patients who achieved MDR-negative status, relapse within 24
months was seen in 13.5% of patients who underwent HSCT, while those
who did not undergo HSCT saw an 80% relapse rate [50].
Another technique altogether may include augmenting the cytokine profile
of CAR T cells. Because CAR T cell persistence and disease burden are
inversely correlated, lymphodepletion is commonly undertaken, which has
significant toxicity risks and excludes low-performing patients. Researchers
at the Manchester Cancer Research Centre recently developed a mouse
model that utilizes first and second generation CD19 CARs engineered to
express IL-12 in vivo [52]. Using a lymphoreplete model, they were successful
eradicating B-cell lymphoma without the need for lymphodepletion while
still seeing a long-term survival rate of 25% [52].

CD19 CAR-T Therapy in ALL: In two trials of 16 and 30 patients with
relapsed or r/r B-cell ALL (n=16 was comprised only of adults with a
median age of 50, n=30 comprised 26 children/young adults and 4 adults
>22 years), both achieved CR with rates ≥ 90% [56,57]. In the 30-patient
study CRS was experienced by 100% of the patients with 27% being severe,
however the investigators noted C-reactive protein (CRP) functioned as a
reliable indicator for CRS severity and allowed successful abatement with
tocilizumab [56]. A total of 53 adults with B-ALL received Kymriah at the
Memorial Sloan Kettering Cancer Center [58]. CR was seen in 44 patients
(83%). Median overall survival was 12.9 months, and patients with low
disease activity (predicted by blasts of <5%) saw a median survival of 20.6
months [58]. A predictor of adverse events such as CRS and NT include
marrow blasts >5% [58]. Another trial investigating the efficacy of CTL-019
in 75 children and young adults with relapsed/refractory (r/r) B-ALL found
an overall survival at 6 months of 90%, and 12 months survival of 76% [59].
CRS occurred in 77% of patients, of which 48% required administration
of tocilizumab [59]. CTL-019 was shown to be effective in another recent
trial with a similar patient cohort of 59 r/r B-ALL patients aged 1.5-24 years
who received 4-1BB CTL-019 infusions as a single agent treatment. 55 of 59
patients (93%) experienced complete remission with a 79% overall survival
at 12 months [60-65]. Recent CD19 clinical trials in NHL and ALL treatment
are summarized below in Table 1.

The largest limitation encumbering CAR-T cell therapy adoption is the
lack of uniform protocols that exist, as well as high cost [39,42,44]. Due
to the high cost of labor- intensive treatments, lack of uniformity in steps
including cell number per infusion, transducing vector used, final T-cell
population phenotype extending beyond CD4+/CD8+ decisions [43], as
well as preconditioning agent used [37], the reproducibility of results and
side effects between trials remain challenges.
Summary of clinical trials
CD19 CAR-T Therapy in NHL: CAR T-cell therapy has had a recent
exciting breakthrough, with two CAR T-cell products that have received FDA
approval: Axicabtagene ciloleucel (Yescarta) for DLBCL and tisagenlecleucel
(Kymriah) for adult DLBCL subtypes and pediatric ALL. Clinical trials
TABLE 1
Summary of CD19 CAR-T cell clinical trials in ALL and NHL patients
Summary of trial

Drug/ treatment

Infused cell
amount (per
kg)

Over-all
response rate

Complete
remission

Disease free progression

Severe: CRS=27%,
Any grade: CRS=100%,
NT=43%, B-cell aplasia
in patients with a
response=100%

56

Severe: CRS=18%, NT=11%
Any grade: CRS=57%,
NT=39%

53

Severe: CRS=22%,
Neurologic events=12%,
12-month post first response:
(Complete
Cytopenias (>28 days)=32%
relapse-free survival=65%, CR
response) 40%
Any grade: CRS=58%,
relapse-free survival=79%
Neurologic events=21%,
Cytopenias=44%

61

CTL019 (Kymriah)

Range: 0.76
× 106 to 20.6
× 106

OS=78%

90%

Sustained remissions
at 6-month event-free
survival=67%, Predicted
probability of persistence with
CTL019=68%, Probability
of relapse-free B-cell
aplasia=73%

CTL019 (Kymriah)

Range: 3.08
× 106 to 8.87
× 106

64%

FL=71% ,
DLBCL=43%

Sustained remissions of
patients with response at
28.6-month (median) followup: FL=89%, DLBCL=86%

n=93 adults r/r
DLBCL

Tisagenlecleucel
(Kymriah)

Range: 0.1 ×
108 to 6.0 ×
108

n=101 adults r/r
DLBCL, PMBCL or
(transformed) FL

Axicabtagene
ciloleucel (Yescarta)

2 × 106

ORR=83%

58%

n=20 adults r/r CLL
or ALL

CART-19/ CTL019
(Kymriah)

Minimum
dose: 1.5 x 107
(Average dose:
5 x109)

CL=42.9%
,ALL=83.3%

CLL=21.4% ,
ALL=83.4%

n=30 (children/
adults) r/r ALL

n=28 DLBCL or
r/r FL

13

52%

Progression-free survival
median=5.9 months OS
median not reached,
estimated at 50.5 % for 24
months.

Notable toxicities

Reference

Severe: CRS=11%,
neurologic events=32% Any
grade: neutropenia=16%,
anemia=94%,
thrombocytopenia=34%

62

Severe: CRS (CLL)=42.86%,
CRS (ALL)=83.33%

63

J Blood Disord Treat Vol 2 No 2 May 2019

CD19 CAR T-cell Therapy of NHL and ALL

n=7 adults
refractory DLBCL

KTE-C19 (Yescarta)

n=53 adults
Autologous 19-28z+
relapsed B-cell ALL
CAR T-cells

n=59 children/
adults r/r/ ALL

n=75 pediatric/
young adult (r/r
B-cell ALL)

n=63 children /
young adult (r/r
ALL)

CTL019 (Kymriah)

Tisagenlecleucel
(Kymriah)

Tisagenlecleucel
(Kymriah)

2 x 106

57%

CR at 12+ months=43%

Severe: CRS=14%, NT=57%
Any grade: CRS=86%,
NT=86%

54

83%

29-month (median) followup: event-free survival=6.1months (median) OS=12.9months (median)

Severe: CRS=26%, NT=42%
Any grade: CRS=85%,
NT=44%

58

93% (1-month
post infusion)

12-month (median) follow-up:
CR =58%

Severe: CRS=27% ,B cell
aplasia (continuing CR
patients)=71% Any grade:
CRS=88%

60

71%

1 x 106 or 3
x 106

1 x 107 to 1
X 108

OS at 12-month
(median) followup=79%

3-month overall
remission
rate=81%
CR=60%
Incomplete
hematologic
recovery +
CR=21%

Severe: CRS=46%,
6-month follow-up: Patients
with a response having
Neurologic event=13%,
relapse-free survival=80%,
Infection=24% Any grade:
OS=90% 12-month followCRS=77% Neurologic
up: Patients with a response
event=40% Infection=43%
having relapse-free
B-cell aplasia in patients with
survival=59%, OS=76%
a response=100%

59

83%

63%

At a 4.8 month median follow- Severe: CRS=49%, NT=18%
up, continuation of response
Any grade: CRS=79%,
not reached.
NT=65%

64

median
follow up (10
months) overall
survival=51.6%

66.70%

Any grade: CRS=76%,
NT=29%

65

86%

Any grade: CRS=83% Only
severe incidences of NT
were reported at 50%

46

Range: 0.2 ×
106 to 5.4 ×
106

One flat dose
for patients
based on
weight: >50 kg
infused with
0.1-2.5 x 108 or
≤50 kg infused
with 0.2-5 x 106

n=21 children /
young adults (r/r
B-cell ALL)

autologous CD19CAR T-cells

Either 1×106
or 3×106. If
an insufficient
number of
cells were
generated for
the required
dose, the entire
CAR T-cell
product was
infused.

n=30 adults (r/r
B-cell ALL)

autologous CD19CAR T-cells

2 × 105, 2 ×
106, or 2 × 107
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