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Abstract

CD19-targeted chimeric antigen receptor T-cell (CAR-T) therapy is effective in refractory/relapsed (R/R) B-cell acute lymphoblg
leukemia (B-ALL). This review focuses on achievements, current obstacles, and future directions in CAR-T research. A high
complete remission rate of 68 % to 93% could be achieved after anti-CD19 CAR-T treatment for B-ALL. Cytokine release syndrome
and CAR-T-related neurotoxicity could be managed. In view of difficulties collecting autologous lymphocytes, universal CAR-T is a
direction to explore. Regarding the high relapse rate after anti-CD19 CAR-T therapy, the main solutions have been developing new
targets including CD22 CAR-T, or CD19/CD22 dual CAR-T. Additionally, some studies showed that bridging into transplant post-
CAR-T could improve leukemia-free survival. Some patients who did not respond to CAR-T therapy were found to have an
abnormal conformation of the CD19 exon or trogocytosis. Anti-CD19 CAR-T therapy for R/R B-ALL is effective. From individual
to universal CAR-T, from one target to multi-targets, CAR-T-cell has a chance to be off the shelf in the future.
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Introduction component has been incorporated by [%ne University of
L ) ) Pennsylvania (Philadelphia, PA, USA)"' and the Fred
Chimeric antigen receptor T (CAR-T)-cell therapy is @ pyucchinson Cancer Research Center (Seattle, WA, USA).!
promising immunotherapy that has been a landmark
innovation in the treatment Of, mahgnant. tumors. CAR"T However, CAR-T is not effective for all kinds of cancers. At
cells are produced by transducing a genetically engineered present, the efficacy of CAR-T treatment is greatest for
CAR fusion protein into T cells by means of a retrovirus or hematological malignancies.! CD19-targeted CAR-T ther-
lentivirus. Currently approved CAR-T cells utilize CAR apy has demonstrated high efficacy in refractory/relapsed
constructs consisting of a single-chain variable fragment (R/R) B-cell acute lymphoblastic leukemia (B-ALL). As a
(scFV) antigen-recognition domain, a CD3-derived T-cell  oq1¢ those patients who had only a 20% to 40% complete
activation domain, and a costimulatory domain (CD28 or . icgion (CR) rate from traditional chemotherapy could
4-1BB). The CAR-T cells are then infused into patients, , hieve as hich as 68% to 93% CR rate through CAR-T
typically following a lymphodepleting Condltl.Onl[r%gZ]regl— treatment.!’'* CD19 CAR-T therapy has also been shown
men, such as fludarabine and cyclophosphamide.” to be effective in treating B-cell ymphoma, achieving a CR
rate of 53% to 67%.!"3151 In addition, anti-BCMA CAR-T
th, 1d achi CR rate of 60% to 90% f ltipl
persistence and memory T cell forr‘natio'n,‘ while CD28 CAR m;ﬁg&;ﬁ?@%i\/iﬁ ;le tarrgaetes (i)n deleo(;)merft f(:)rrrélilrleclfe f{
pres§nts.w1tl§ more potent cytotoxic activity and early tumor  CAR T ther apy in acute myeloid leukemia (AML) include
eradication.”® The CD28 costimulatory component has been CD33, CD123, FRB, CLL1 or CLEC12A, FLT3, B7H6
used b¥ the National Cancer Institute (Rockvill, MD,  NKG2D. and Lewis Y 18241 While CD1 23—t,argete dCAR-T
USA),* Memorial Sloar{%(ettering Cancer Center (MSKCC; therapy "showed a high CR rate of 86% in blastic
New York, NY, USA), [6]and Baylor College of Medicine plasmacytoid dendritic cell neoplasm (BPDCN), a relatively
(Houston, Texas, USA),™ while the 4-1BB costimulatory |5 CR rate of 26% was observed in AML because CD123

Access this article online Correspondence to: Dr. Pei-Hua Lu, Lu Daopei Institute of Hematology, No.22

Tongji South Rd, Yizhuang Economic and Technological Development Zone, Daxing
Quick Response Code: Website: District, Beijing 100176, China
WWW.CInj.org E-Mail: peihua_lu@126.com

For the costimulatory domain, 4-1BB CAR appears to favor

Copyright © 2020 The Chinese Medical Association, produced by Wolters Kluwer, Inc. under the
CC-BY-NC-ND license. This is an open access article distributed under the terms of the Creative
DOL Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is
10.1097/CM9.0000000000000638 permissible to download and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from the journal.

Chinese Medical Journal 2020;133(4)
Received: 30-10-2019 Edited by: Peng Lyu

474


mailto:peihua_lu@126.com
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0

Chinese Medical Journal 2020;133(4)

expression on BPDCN cells was significantly higher than
that on AML blasts.**!

In this review paper, we focus on CAR-T-cell therapy for
B-ALL. Although a CR rate as high as 68% to 93% was
achieved in B-ALL after CAR-T treatment, many problems
persist. First, there is lack of large sample analysis on the
CAR-T prognosis of each high-risk sub-group, including
B-ALL patients with MLL-AF4 fusion gene (+), TP53 gene
mutation (+), and extramedullary disease (EMD), espe-
cially in patients with central nervous system leukemia
(CNSL). Second, although the CR rate of CD19 CAR-T is
high, the side effects can be fatal. Management of CAR-T-
related adverse side effects such as cytokine release
syndrome (CRS) and neurotoxicity is critical to clinicians.
Third, it is difficult to collect effective T cells from patients
with high tumor burden. Furthermore, it is difficult to
carry out quality inspection of product preparation due to
individual differences. Fourth, although CAR-T therapy is
effective, relapse remains a significant problem. In recent
years, there have been some studies on how to prolong
leukemia-free survival (LFS) after CAR-T therapy, how to
select new targets after relapse, and whether bridging into
allogeneic hematopoietic stem cell transplantation (Allo-
HSCT) is necessary after CAR-T. Finally, there are still
10% to 30% of B-ALL patients who do not respond to
CAR-T therapy and the potential etiology and risk factors
remain unclear. This article will elaborate on the above
issues.

Efficacy Analysis on CD19-targeted CAR-T Treatment of R/R
B-ALL

R/R B-ALL is associated with extremely poor prognosis
and remains a leading cause of death for pediatric and
young adult leukemia patients.''°?! The development of
CD19-targeted CAR-T cell therapy has been a milestone
for these patients. Since 2011, several CD19-targeted
CAR-T clinical trials have demonstrated excellent thera-
peutic efficacy for R/R B-ALL, with a CR rate between
68% and 93%.14-2627 Furthermore, a relatively high
minimal residual disease (MRD)- 5gatrve CR ranging
from 75% to 93% was also achleved 1'Until now, there
have been no published studies including large samples of
high-risk B-ALL sub-groups, such as patients with the
MLL-AF4 fusion gene, BCR-ABL fusion gene TP53 gene
mutations, or R/R B- ALL with the EMD.?

From April 2017 to March 2019, 254 patients with R/R
B-ALL received CD19-targeted CAR-T therapy at our
single-center from five clinical trials (https://clinicaltrials.
gov, NCT03173417; NCT02546739; NCT03671460;
www.chictr.org.cn,  ChiCTR-ONC-17012829, and
ChiCTR1800016541). On day 30 post-CAR-T infusion,
90.6% (230/254) patients achieved CR, and 89.4% (227/
254) had MRD-negative CR. We focused on the analysis of
patients with several independent adverse prognostic
factors according to the National Comprehensive Cancer
Network guidelines. 1341 The results are shown in Table 1.
For the patients with the high-risk fusion gene of MLL-
AFA4, the CR rate after CD19 CAR-T therapy was 80%,
which was inferior to those with other or no fusion genes
(P=0.041). There were no differences between patients
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with or without other fusion genes, including BCR-ABL
(+) vs. BCR-ABL (—) groups, E2A-PBX1 (+) vs. E2A-
PBX1 (—) groups, E2A-HLF (+) vs. E2A-HLF (—) groups.
For the patients with gene mutations, a lower CR rate after
CD19 CAR-T therapy was observed in patients with TP53
mutation compared to those with other or no mutations
(72.73% wvs. 92.11% wvs. 94.39%, P =0.004). Patients
with bone marrow (BM) blasts >20% had lower odds of
achieving CR compared to those with BM blasts <20%.
The CR rate of patients who received prior treatment with
either CAR-T or blinatumomab was lower than those who
had not (50.00% wvs. 91.53%, P=0.01). There were no
differences between groups with or without complex
chromosomes, with or without EMD, or with or without
prior HSCT history. There were no differences in CR
between patients aging 1 to 14 years and >14 years.

For the patients relapsed post- -Allo-HSCT, the CR rate was
as high as those without prior Allo- HSCT before CAR-T.
Davila et al'**! found there was no clinical evidence of
graft-versus-host disease (GVHD) after CAR-T therapy,
despite the fact that the infused 19-28Z CAR-T cells were
of donor origin. In our 110 published cases, two of 15
patients developed acute GVHD (grade I and grade III),
and two patients developed extensive chronic GVHD,
having been treated mostly with 4-1BB CAR-T cells.*®!

Diagnostic Criteria and Management of the Main Side
Effects of CD19-targeted CAR-T: CRS and Neurotoxicity

There are two main severe adverse events (SAE) after CAR-
T cell therapy. One is CRS, and the other is CAR-T related
neurotoxicity. CRS has been reported in 18% to 100% of
patients, with severe CRS, noted in 27% to 53% of
patients; encephalopathy in "25% to 47% of patients.®-¥7!
Interleukin (IL)-6 and IL-1 increased significantly after
CAR-T cells infusion, Human monocytes are the major
source of IL-1 and IL-6 during CRS. Therefore, CRS could
theoretically be prevented by monocyte depletion or by
blocking the IL-6 receptor with tocilizumab (Initial U.S.
Approval: 2010). Nonetheless, tocilizumab failed to
protect mice from delayed lethal neurotoxicity. Rather,
blocking IL-1 abolished both CRS and neurotoxicity. The
IL-1 receptor antagonist anakinra has been shown to
protect against severe CRS and reduce the severity of CAR-
T cell-related neurotoxicity.*®3°! In addition, products
with CD28 costimulatory domalns are typically ‘associated
with a greater incidence of severe neurotoxicity relative to
CRS, while the opposite for those using 4-1BB.1*! In our
pubhshed data, we found that BM blasts >5% and CAR-T
with CD28 costimulatory domain were significantly
associated with a higher 1nc1dence of grade III/IV CRS
and more severe neurotoxicity.

CRS can involve many organs and can be graded into 0 to §
grades.l***?! The CRS %radmg system was originally
determined by Lee et al and common terminology
criteria for adverse events,'*! but the system was compli-
cated for clinicians, so current CRS grading systems follow
the diagnostic criteria put forth by the American Society of
Transplantation & Cellular Therapy (ASTCT), which are
simplified and use hrgh fever, hypotension, hypoxia as bases
for classification.!* Generally, patients with grade I-II-CRS
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Table 1: Univariate analysis on CR rates post CAR-T therapy of patients’ characteristics.

Parameters Value CR rate (%) P

Gender 0.011
Male 157 94.27
Female 97 84.54

Age (years) 12 (1-61) 0.897
1-14 146 89.73
15-61 108 91.67

CAR-T/ blinatumomab history 0.010
Yes 6 50.00
No 248 91.53

HSCT history 0.842
Yes 24 91.67
No 230 90.43

Courses of chemotherapy 0.926
<10 180 91.67
>10 74 87.84

BM blasts by morphology (%) 8.75 (0-96) <0.001
<20% 158 97.47
>20% 96 79.17

EMD 0.328
Yes 50 94.00
No 204 89.71

Complex cytogenetic 0.146
Yes 125 86.40
No 129 94.57

Fusion gene 0.041
BCR-ABL1+ 36 97.22
TEL—-AMLI1+ 14 100.00
E2A-PBX1+ 16 100.00
E2A—HLF+ 4 100.00
MLL—AF4+ 10 80.00
Others 174 87.93

Gene mutation 0.004
With TP53 mutation 33 72.73
Other mutations 114 92.11
No mutations 107 94.39

Congenital immune deficiency gene mutation 0.376
Yes 64 95.31
No 111 91.89
No data 79 84.81

Chemotherapy on top of FC 0.988
FC 47 89.36
FC + Ara-C 21 90.48
FC + IDA 28 92.86
VLD followed by FC 38 89.47
Other regimens followed by FC 120 90.83

CRS 0.130
Grade 0-1 210 91.90
Grade 2-4 44 84.09

Neurotoxicity 0.075
Grade 0-1 216 89.35
Grade 2-4 38 97.37

Data are presented as 7 or median(range). CR: Complete remission; CAR-T: Chimeric antigen receptor; HSCT: Hematopoietic stem cell transplantation;
BM: Bone marrow; EMD: Extramedullary disease; FC: Fludarabine + cyclophosphamide; Ara-C: Cytarabine arabinoside; IDA: Idarubicin; VLD:
Vincristine + L-asparaginase + dexamethasone; CRS: Cytokine release syndrome.

only need to be treated symptomatically, such as with  tocilizumab for the treatment of CAR-T-cell-induced
antipyretics, oxygen inhalation, and liquid supplements.  CRS. Glucocorticoid is promptly administered if the patient
CRS of grade 3 or higher is considered to be severe. The  does not have a rapid response to the interleukin-6 receptor
Food and Drug Administration (FDA) has approved  blockade.[*8:40-42!
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CAR-T related neurotoxicity, also called “CAR T cell-
related encephalopathy syndrome,” is another important
SAE.***1 In 2018, CAR-T related neurotoxicity was
defined as immune effector cell-associated neurotoxicity
syndrome (ICANS) by ASTCT.!*?! A phase II clinical trial
by Juno Therapeutics had been put on hold due to
unexpected lethal cerebral edema.*’! Researchers have
identified anti-CD19 CAR-T cells in the cerebrospinal fluid
(CSF), confirming the ability of these cells to cross the
blood-brain barrier.****! Due to the possible lethality of
CAR-T related neurotoxicity, clinicians have been fearful
about safety especially for patients with CNSL. Maude
et al”V suggested that the presence of CNS-3 disease should
constitute an exclusion criterion for CAR-T. Subsequently;
however, several articles have shown that CNSL does not
increase the risk of CAR-T related neurotoxicity. It is
usually fully reversible and not related to the spread of
cancer to the CNS.2%*¢! However, it is recommended that
the lumbar puncture and intrathecal chemotherapy should
be injected as fast as possible before the infusion of CAR-T
to reduce the tumor load in the CSFE.!”!

ICANS is divided into five grades.****! In phase II and
single-cohort clinical trial of Novartis, 75 patients received
an infusion of tisagenlecleucel (Kymriah), and neurologic
events occurred in 30 patients (40%). The most common
neurologic events were encephalopathy, confusional state,
delirium, tremor, agitation, and somnolence; one patient
had seizure.*”? Of the 254 patients in our clinical trials, 19
patients (7.5%) suffered from >grade 3 ICANS, whose main
manifestations were convulsions and loss of consciousness.
Novartis study showed severe neurologic events occurred
more frequently in patients with higher-grade CRS.1*”! The
study from MSKCC found that a higher disease burden
(>5% BM blasts or EMD) was associated with a higher risk
of severe CRS and neurotoxic effects, and the disease burden
and peak CAR-T-cell expansion were independent pre-
dictors of severe neurotoxic effects.”) Similarly, in our
cohort of 254 patients, the occurrence and intensity of CRS
and ICANS were highly consistent, and the peak value of
CAR-T in vivo was closely related to CRS and ICANS.
Among them, 12/149 (8.0%) patients were children aged
<14 years and 7/105 (6.6%) of adults. No patient died of
ICANS. The management of ICANS follows the ASTCT
guidelines in our center.2®** If loss of consciousness or
convulsions occur, glucocorticoids are administered imme-
diately accompanied by sedative and maintained for several
days until convulsions stop for more than 24 to 48 h and
consciousness recovers, after which glucocorticoid and
sedative can be gradually tapered.

The dosage of infused anti-CD19 CAR-T cells has varied in
prior B-ALL CAR-T trials.”*”! The majority exceeded
1 x 10%/kg.”*®! The study reported by Turtle et al was
designed to evaluate the safety of 3 dose levels (DLs)
(2 x 10°/kg; 2 x 10°/kg; and 2 x 107/kg, respectively) of
CAR-T cells administered. The first two patients treated at
dose level 3 (DL3) developed severe toxicities, including
one death. DL3 was deemed too toxic, and no further
patients were treated at 2 x 107/kg.!®! We have previously
demonstrated that a low median dose of 3 x 10°/kg of
CAR-T cells could achieve high CR rates with much less
toxicity, even in patients with high-risk features.[3%45:4°1

477

WWW.Cmj.org

In addition to the above two main side effects, B cell aplasia
(BCA) after CAR-T and immunoglobulin deficiency are the
main causes of post-CAR-T infection. Intravenous immu-
noglobulin replacement therapy is useful for treatment.
Furthermore, B-cell aplasia rapidly reverses after CAR-T
cells disappear.

Solving the Problems in Standardized Preparation and
Manufacture of CAR-T Cells

Although autologous CAR-T-cell therapy has immense
therapeutic potential, many problems in autologous T-cell
therapy make it difficult for broader applications. If the
patient’s tumor burden is high, or if they have undergone
strong chemotherapy before CAR-T infusion, they will
have a significant reduction of normal T lymphocytes or
poor quality of collected cells. Thus, high-quality CAR-T
cells cannot be well-prepared for some patients. Therefore,
allogeneic CAR-T cells are needed. Our clinical practice
has found that if an human leukocyte antigen (HLA)-
matched sibling donor is used, the short-term efficacy of
CAR-T-cells can be maintained. However, if an HLA
haploidentical matched or HLA unmatched donor is used,
with the basic fludarabine + cyclophosphamide precondi-
tioning regimen, the donor’s CAR-T cells will be quickly
rejected by the immune cells in the patient’s body and
cannot remove the tumor cells successfully. Besides the
impact of CAR-T cell origin (ie, autologous or allogeneic),
many other factors also influence CAR-T treatment
outcomes, such as individual differences in the number
and quality of cells collected, the infection of pathogenic
microorganisms. As a result, it is difficult to prepare CAR-
T cells or evaluate the activity of CAR-T cells in a
standardized way, rendering it even less likely to be similar
to a drug manufactured off-the-shelf.

The development of “universal” CAR-T (UCAR) cells is
the hope to produce an off-the-shelf product derived from
allogeneic healthy donor T cells. The greatest barrier to
implementation of this approach is the prevention of
GVHD or host vs. graft disease, and thus innovative gene-
editing technologies are being investigated.°®! Some
UCAR productions have been successful in a few children
with Pre—B—ALL with a high degree of immunosuppres-
sion.>™ Novel gene-editing technologies like zinc-finger
nucleases (ZFNs), transcription activator-like effector
nucleases (TALENS), or clustered regularly interspaced
short palindromic repeat (CRISPR-Cas9) allow facile
editing of specific genes within the genome, by knocking
out the endogenous T cell receptor (TCR) or HLA  chain
to avoid allograft rejection.®® The ideal universal CAR-T
product should have the following characteristics: (i) a lack
of naive TCRs, to avoid GVHD; (ii) matched or absent
HLA to avoid rejection; (iii) natural killer (NK) inhibitory
strategies (non-classical HLA or siglec-7/-9 ligands); and
(iv), a significant amount of naive and stem cell memory T
cells to ensure adequate T cell expansion and persis-
tence.>?! While ZFN, TALEN, and CRISPR technologies
are used, the CRISPR/Cas9 system is one of the most
promising ways to develop off-the-shelf CAR-T products
and to advance T cell immunotherapy because of the high
specificity of this technology and its relative ease and
limited cost.15%-5
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This system demonstrated high fidelity in the disruption of
up to four genes T cell receptor (TCR), human leukocyte
antigen (HLA), programmed death-ligand 1 (PD-1), and
cytotoxic T-lymphocyte antigen 4 (CTLA-4) to generate
universal CAR-T cells resistant to two inhibitory path-
ways.2%3%9¢] Investigators from the Cellectis company
reported a TCR-negative CART19 product (UCART19)
wherein the TALEN technology was used to disrupt TCR«
and CD52 genes.*”) The CRISPR/Cas9 technology together
with an adeno-associated virus vector repair matrix was
recently employed to directly insert the CAR encoding DNA
into the TCR alpha chain locus, simultaneously generating a
TCR-negative CAR-positive T cell. These cells were shown
to be more potent than conventional lentivirally transduced
CAR-T cells because of a more physiological TCR-like
regulation of CAR expression.l*®*"! Activation of NK cells
through “missing self” recognition would be circumvented
by enforcing the expression of non-classical HLA molecules
such as HLA-E and HLA-G, which can E)rotect universal
CAR-T from NK-cell-mediated lysis.!®%¢!

Solving Relapse After CD19-targeted CAR-T Therapy

Despite the early high CR rate after CD19-targeted CAR-T
therapy, relapse occurred in a large subset of patients. The
53 cases study from MSKCC showed that the 1-year event-
free survival (EFS) was 50%."") In a study of 75 patients
treated with tisagenlecleucel from Novartis, the EFS was
73% at 6 months and 50% at 12 months.!*”!

Many researchers showed that CAR-T-cell therapy had
favorable long-term remission rates in a population of
patients with a low disease burden, who had significantly
longer EFS with a lower incidence of toxic effects than did
those with a high disease burden.”**! Rebecca A’s team!>”!
found that subsequent remission durability was correlated
with increased frequencies of TNF-a-secreting CAR CD8+
T cells, and was dependent on a sufficiently high CD19+
antigen load at the time of infusion to trigger CAR-T cell
proliferation. CD19 antigen burden was the only indepen-
dent predictive factor, and more than 15% of CD19
positive blast cells before CAR-T cell infusion was
associated with longer BCA after CAR-T therapy. BCA
can be used as a measure of the persistence of functional
CD19-targeted T cells. Continued BCA was seen in all
patients who had a sustained remission, and none of the
patients with BCA had a CD19-positive relapse.l”>")

About half of B-ALL relapse following CD19 CAR-T
therapy was CD19-positive relapse, and the other half was
CD19-negative relapse.[>%>3¢]

CD19-positive relapses appear to occur exclusively in
patients who do not have CAR-T persistence due to a
premature CAR-T loss. Immune-mediated rejection of
CAR-T has been demonstrated as a mechanism for limited
CAR-T persistence in some patients who experience a
relapse.'®*?! The inclusion of mouse sequences can trigger
rejection of the CAR-T cells by the host immune system,
and many studies suggest that lack of immunogenicity, and
hence persistence of CAR-T cells, is associated with
improved relapse-free survival after CAR-T. Thus, CAR
designs that are composed of fully human sequences have
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become preferred.8! To treat CD19-positive relapse, it is
possible to re-infuse anti-CD19 CAR-T cells with a
humanized sequence of scFV. Zhao et al'®®' showed five
humanized selective (hs) CAR-T cells were infused into five
patients who had relapsed after receiving murine CAR-T
treatment. Subsequent hsCAR-T treatments proved effec-
tive in all five patients and achieved complete molecular
remission in four.

However, CD19-negative relapse is a difficult problem.
Deep sequencing has identified that malignant CD19-
negative clones were actually present in peripheral blood
and marrow as early as day 23 after CAR-T infusion, a time
when the patient was initially felt to not have the residual
disease.l?”*" Fry et all®! found that the majority of patients
who develop CD19 immune escape retained CD22 surface
expression and demonstrated that CD22 remained suscep-
tible to the CAR-T target. A recent phase I clinical trial for
CD22-directed CAR-T therapy reported that 17 of 21
patients (81%) had previously received CD19 CAR-T
therapy, and ultimately 12/21 (57%) achieved CR. At the
first dose level (3 x 10° CD22-CAR-T cells/kg), one of six
patients attained CR as compared to 11 of 15 patients
(73%) at the dose of >1 x 10° cells/kg (P < 0.001).

Although sequential immunotherapeutic targeting of a
second antigen resulted in clinical benefit, a high relapse
rate was observed associated with diminished CD22 cell-
surface expression.!®"3! This phenomenon suggests that
simultaneous multi-specific targeting may be a more
effective approach to enhance the durability of CAR-T
induced remission in B-ALL.!®*! Bispecific CAR-T con-
structs, such as CD19 and CD22, may prevent tumor
escape by combining two distinct tumor antigens.!®>%! It
has also been shown that bispecific CAR-T cells targeting
both CD19 and CD22 can recognize and kill CD19+CD22
+, CD19—-CD22+, and CD19+CD22— B-ALL, pointing
towards a strategy able to overcome anti-CD19 CAR-T
cell limitations.!®®*”! How to design dual-targeted CAR-T
cells is an important consideration. This can be accom-
plished by one of four different approaches: (a) Generate
two or more cell populations expressing different CARs
and infuse them together or sequentially (co-administra-
tion); (b) Use a bicistronic vector that encodes two different
CARs on the same cell; (c) Simultaneously engineer T cells
with two different CAR constructs (co-transduction),
which will generate three CAR-T subsets consisting of
dual and single CAR-expressing cells; or (d) Encode two
CARs on the same chimeric protein using a single vector
(ie, bi-specific or tandem CARs). These different
approaches are highli%hted in a recent review article by
Majzner and Mackall.’®*¢8! The methods of mixed input
of two kinds of CAR-T cells and continuous CD22 CAR-T
cell infusion of CD19 CAR-T cells infusion have been
questioned because of the high cost of manufacture.

Another important way to reduce relapse is bridging to
Allo-HSCT post-CAR-T. However, it is controversial
whether bridging into Allo-HSCT is necessary after CD19-
CAR-T. At present, some have shown that proceeding to
Allo-HSCT after CD19-CAR-T could improve LFS.[6%¢°]
Davila et al™ showed that 19-28Z CAR-T cell expansion iz
vivo peaked within 12 weeks and persisted for 2 to 3
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months post-infusion in most patients, supplying a
window of time following transplant; hence researchers
defined the 19 to 28{ CAR-T cell therapy as a “bridge” to
transplant. Turtle showed that patients bridging into allo-
transplant after CAR-T had a much lower relapse rate of
15.4% (2/13) compared to a non-transplant group of
43.8% (7/16).11 A meta-analysis of the patients who did
and those who did not proceed to transplant following
CAR-T infusion in published CD19 CAR-T clinical trials
showed that, for the surviving patients who achieved CR
from CAR-T therapy and did not proceed to transplant, 54
of 128 patients (42 %) eventually relapsed, compared to 8/
52 (15%) who relapsed among patients who underwent
transplant.[*>7847:021 OQur previous results from CD19
CAR-T clinical trial spanning 2015 to 2016 (Clinical
Trials#: ChiCTR-ITh-16008711) demonstrated that 2/27
of patients bridging to HSCT had a relapse after Allo-
HCT, and 9/18 patients who did not receive Allo-HCT had
a relapse.[*®*! Results from our CD19 CAR-T clinical
trial spanning 2016 to 2018 (www.clinicaltrials.gov,
NCT03173417) showed that only 10/75 (13.3%) patients
in the transplant group relapsed while 13/27 (48.2%)
patients receiving CAR-T alone relapsed. The median time
from CAR-T infusion to relapse was 3 months, so the
recommended time from CAR-T infusion to transplant
was 2 months.*¢!

Whether an MRD-negative CR could be achieved before
Allo-HSCT was a critical factor affecting LFS after
transplantation. Patients who achieved an MRD-negative
CR before HSCT experienced fewer relapses com}])ared
with patients who were in MRD-positive CR.["%"!1 The
experience of our center has suggested that transplantation
should be carried out if MRD-negative CR is achieved after
CAR-T treatment; otherwise, there would be a high
recurrence rate after transplantation.*®*! To predict
recurrence, the ratio of CAR-T and BCA in peripheral
blood can also be monitored. If the ratio of CAR-T cells in
total T cells in peripheral blood is less than 1%, or if the
CD19-positive B cells in peripheral blood gradually
increase, the effect of CAR-T is weakened and relapse
may be imminent, so transplantation should be carried out
quickly.”*" In addition, for patients with high-risk
predictors such as TP53 gene mutation, MLL-AF4, and
E2A-HLF fusion genes, early bridging to transplantation is
recommended.

However, Maude et al'”! reported prolonged persistence of
CTLO019 cells and BCA for as long as 2 years, implying that
CTLO019 cells could be a potential treatment alternative for
patients who are ineligible for stem-cell transplantation.
Park et al'®! found no difference in LFS and OS between
patients who underwent allo-HSCT after CAR-T and
those who did not. In their study, of the 16 patients who
underwent transplantation, six subsequently relapsed, and
another six died from transplant-related mortality. Many
researchers are investigating how to maintain a longer LFS
through CAR-T therapy alone. Whether alternative
antigen targets or the combination of CAR-T with
checkpoint inhibition, such as PD-1 or CTLA-4 will
further enhance CAR-T efficacy and long-term outcomes
has yet to be examined and studies are currently
ongoing.’>
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Reasons for Non-response (NR) to CD19 CAR-T Therapy
Among R/R B-ALL Patients

CD19 CAR-T therapy has demonstrated a high CR rate for
patients with R/R B-ALL, yet still 10% to 30% of patients
have no response and the potential etiology and risk
factors remain unclear. In the 254 cases from our center,
we found that there were no obvious predictable causes for
NR except for in high-risk groups with the MLL-AF4
fusion gene, TP53 mutation, or BM blasts >20%.

Some studies have explored the causes of NR to CD19
CAR-T therapy. A study demonstrated that some of the
CD19 isoforms that are pre-existing at diagnosis contrib-
ute to CART-19 escape. Spliced CD19 mRNA isoforms
affecting exon 2 were expressed in six adult patients with
CD19+ B-ALL or even expressed an isoform lacking the
CD19 transmembrane and cytosolic domains.!”*! when
exposed to CART-19, only the full-length CD19 cultures
were killed, whereas CD19 Aex2-transduced cells
remained fully viable, confirming the loss of the cognate
CART-19 epitope.l””! Another remarkable study found
that CARs provoked reversible antigen loss through
trogocytosis, an active process in which the target antigen
was transferred to T cells, thereby decreasing target density
on tumor cells and abating T cell activity by 7promoting
fratricide T cell killing and T cell exhaustion.!”®!

To solve NR and early relapse after CD19 CAR-T therapy,
Cummins et al®® analyzed some possible reasons and
solutions. (1) Failure of the persistence of the CAR-T
population, possibly due to cellular immunity against
components of the CAR. The solution is to change the
CAR-T origin, that is, from murine origin to human
origin.!®3! (2) B-cell interaction with CAR-T population. A
potential solution is combined with small molecule
inhibitors of B-cells, such as Ibrutinib in murine models
improved response rates to CD19 CAR-T in mantle cell
lymphoma and enhanced CD19 CAR-T engraftment and
persistence.l””””#! (3) Antigen loss/emergence of antigen-
negative leukemic stem cell. Giving a second CAR-T
targeting an alternative antigen, for example, CD22 and/or
CD20%*! may solve the problem. (4) T-cell suppression/
anergy. Checkpoint blockade such as the PD-L1 inhibitor
can be added to CAR-T cells. The PD-L1 expression level
on tumor cells has been linked to a favorable outcome of
patients treated with checkpoint inhibitors.”**°! Burga
et al”? reported on the combination of CAR-T and anti-
PD-L1 antibodies and supported the potential clinical
merit of neutralizing myeloid-derived suppressor cells to
allow for optimal antitumor efficacy. This approach is
being tested in mouse models before phase I clinical trials,
so more studies are required to further optimize the dose
and timing of combination CAR-T-cells with PD-1
blockade.

Conclusions

In summary, CD19-targeted CAR-T therapy is very
effective in R/R B-ALL. The CR rate could be as high as
68% to 93%, and the majority of CR patients achieved
MRD-negative CR. The prognosis of some high-risk sub-
groups has only been studied in small populations. Our
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analysis of 254 cases from our single-center showed that
CR rates in TP53 mutation and MLL-AF4 groups are
slightly lower. Clinicians’ management of CRS and CAR-
T-related neurotoxicity, in reference to ASTCT guidelines,
has become better. In view of various obstacles in
collecting patients’ autologous lymphocytes, universal
CAR-T is one of the future directions to explore. At
present, the CRISPR/cas9 system is the most effective way
to knock out TCR or HLA, but this approach will take
some time to be translated from the laboratory to the clinic.
To combat the high relapse rate after CAR-T therapy, the
main solutions are to develop new targets, such as CD22
CAR-T, CD19/CD22 dual CAR-T, and others. In
addition, some studies demonstrated that bridging into
transplant after CAR-T therapy could improve LFS and
was recommended for high-risk patients. Finally, for the
10% to 30% of patients with no response post-CAR-T,
some of the reasons found include the abnormal
conformation of CD19 exon or CD19 antigen trogocytosis
from B blast cells to CAR-T cell.
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