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Opinion statement

The therapeutic armamentarium has significantly expanded since the approval of various
CD19-targeting chimeric antigen receptor T cell (CAR-T) therapies in non-Hodgkin lym-
phoma (NHL). These CAR-Ts are patient-specific and require a complex, resource, and
time-consuming process. While this appears promising, autologous CAR-Ts are limited due
to the lack of accessibility, manufacturing delays, and variable product quality. To
overcome these, allogeneic (allo) CARs from healthy donors appear appealing. These can
be immediately available as “off the shelf” ready-to-use products of standardized and
superior quality exempt from the effects of an immunosuppressive tumor microenviron-
ment and prior treatments, and potentially with lower healthcare utilization using indus-
trialized scale production. Allogeneic CARs, however, are not devoid of complications and
require genomic editing, especially with αβ T cells to avoid graft versus host disease
(GvHD) and allo-rejection by the recipient’s immune system. Tools for genomic editing
such as TALEN and CRISPR provide promise to develop truly “off the shelf” universal CARs
and further advance the field of cellular immunotherapy. Several allogeneic CARs are
currently in early phase clinical trials, and preliminary data is encouraging. Longer follow-
up is required to truly assess the feasibility and safety of these techniques in the patients.
This review focuses on the strategies for developing allogeneic CARs along with cell
sources and clinical experience thus far in lymphoma.
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Introduction

Chimeric antigen receptor T cell (CAR-T) therapy has
been transformative for the treatment of relapsed/
refractory (R/R) large B cell lymphoma (LBCL) patients
who have relapsed post 2 lines of therapy or autologous
stem cell transplant (ASCT). These patients were other-
wise subject to dismal outcomes [1]. Since 2017, three
different CAR-T products have been approved by the US
Food and Drug Administration (FDA) for the treatment
of R/R LBCL after two or more prior lines of therapy [2•,
3•, 4•]. All three boast a relatively similar durable re-
sponse rate of around 40% at 2 years in the registration
trials and real-world settings [5–8, 9]. Two additional
FDA approvals for lymphoma in the last year have been
for mantle cell lymphoma (brexucabtagene autoleucel)
and follicular lymphoma (axicabtagene ciloleucel) [10,
11•]. All the commercially approved CAR-T therapies
are directed against CD19, a protein that is frequently
expressed in B cell lymphomas, and in a relatively higher
proportion than some other targets such as CD22 or
CD20 [12]. The commercial production of autologous
CAR-T cells requires the collection of T cells from the
patient (leukapheresis), followed by activation and
transduction with the CAR constructs using viral vectors,
and eventually expansion before reinfusion into the
patient after a short course of lymphodepleting chemo-
therapy [12]. This bespoke manufacturing process can
take up to 2–5 weeks, a delay that may be particularly
problematic for those with aggressive and rapidly pro-
liferative lymphomas. Up to 30% of patients could not

receive tisagenlecleucel CAR-T therapy in the JULIET
trial, most of whom died due to progressive disease as
the median time from leukapheresis to infusion was 54
days [13]. Additionally, while waiting for the cells to be
manufactured, some patients require additional bridg-
ing therapy to maintain disease control which is associ-
ated with poor outcomes [6•, 9, 14]. Delay in CAR-T
therapy and increase in the lines of therapy before CAR-T
have both been shown to worsen outcomes along with
an increase in tumor burden, markers of inflammation,
and doubling time of CAR-T cells [15, 16, 17]. Autolo-
gous CAR-Ts are expensive and laborious to manufac-
ture due to patient specificity, vary in quality based on
patient’s disease factors and prior treatments, limit
redosing due to small-scale individual production, and
may not be effective if generated from dysfunctional T
cells due to an immunosuppressive tumor microenvi-
ronment seen in many lymphoma types [15, 18, 19]. To
overcome these issues related to cost, accessibility, effi-
cacy, and efficiency, “off the shelf” allogeneic (allo)
CAR-Ts are being explored. While they resolve some of
the challenges encounteredwith autologous CAR-T, they
also come with inherent hurdles such as the risk of graft
versus host disease (GvHD) and rejection of the CAR-Ts
by the host terminating their treatment effect [20, 21].
We herein review the different strategies of generating,
overcoming challenges associated with allo CAR-Ts,
their clinical experience in lymphoma, and implications
of their use.

Strategies to generate “off the shelf” or universal allogeneic
CAR-T

For a successful generation of “off the shelf” or “universal” allo CAR-Ts, two
important hurdles need solutions. First is the GvHD, which is mediated by the
alloreactivity of the T cell receptor (TCR) on the CAR-T cells, which recognize
the recipient’s human leukocyte antigens (HLA) as foreign and mount an
immune attack. Contrary to the first issue is the risk of rejection of allo CAR-
Ts by the recipient’s immune system, resulting in their destruction. An essential
requirement for the allo CAR-Ts to succeed is their persistence in the recipient,
and lack thereof would not allow for sustained responses. While this does not
apply to autologous CAR-Ts as seen in aggressive NHL with CD28 co-
stimulatory domain in axi-cel, allo CAR-Ts are subject to rapid elimination by
the host immune system, further shortening their persistence. Additionally,
with allo CAR-Ts, there is also a risk for alloimmunization, which may lead to
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issues with redosing similar products due to donor-specific antibodies (DSA).
Similar problems due to DSA have been encountered in patients undergoing
solid organ transplantation and haploidentical stem cell transplantation [22,
23]. Comparison of features and implications between autologous and alloge-
neic CAR-T is outlined in Table 1. Several strategies to overcome these issues
outlined above are in development and discussed here (Fig. 1).

Developing CAR-T from a stem cell transplant donor
αβ T cells are the main drivers of GvHD in allogeneic stem cell trans-
plant recipients [24–26, 27–29]. One strategy to decrease the risk of
GvHD for patients who have already received an allogeneic stem cell
transplantation and have subsequently relapsed is to derive CAR-Ts from
the same donor T cells. This was attempted in a clinical trial where 20
patients with B cell malignancies that had relapsed after allo stem cell
transplant received a single infusion of donor-derived CAR-Ts targeting
CD19 with no prior lymphodepletion chemotherapy. Eight of the 20
patients achieved a response with 6 complete remissions (CR). No
GvHD was reported, and CAR-T expansion was higher for those with a

Table 1. Differences between the autologous and allogenic CAR-Ts

Characteristic Autologous Allogeneic
Cell source Self Non-self healthy donor, iPSC derived

Production time 2–5 weeks Ready to use/off the shelf

Cell type Autologous T cells (may or may not be manipulated
for T cell composition)

Gene-edited αβ T cells, γδ T cells, NK cells, iNKT
cells

Manufacturing
process

• Individualized manufacturing for each patient
• Reduced accessibility due to manufacturing wait
and potential impact of patients’ native cells on
manufacturing success
• High variability in product composition due to
inherent patient heterogeneity in T cell composition
and immune profile

• Single manufacturing from one donor or cell
source potentially used to treat many patients

• Pre-made and ready to use to remove the
manufacturing wait time
• Possible standardization and control over T cell
composition in the product

Side Effects • Cytokine release syndrome
• Immune effector cell-associated neurotoxicity
syndrome
• B cell aplasia
• CAR gene editing-related oncogenic potential

• Same as autologous PLUS
• More immune suppression and risk for infection
from more intense lymphodepletion for prevention
of allo rejection
• Graft versus host disease
• Allo rejection of the infusion product

Redosing Response with the same CAR-T unfavorable in
aggressive lymphoma, possibly more promising in
FL

More studies needed to understand mechanisms of
relapse and resistance to redosing

Benefit to be investigated
Risk of alloimmunization—donor-specific
antibodies

Persistence Months to years Weeks to months

Cost High Unknown (projected to be lower)
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response than non-responders, and no CAR-T cells persisted beyond 3
weeks [30–32]. This study proved the feasibility, safety, and initial
efficacy of such an approach albeit, with small patient numbers. Addi-
tionally, it highlights the use of allo CAR-Ts to generate a graft versus
leukemia/lymphoma effect without significantly increasing the risk for
GvHD. Another recent phase I clinical trial of 10 patients with relapsed
or refractory B-acute lymphoblastic leukemia or aggressive lymphoma
described the generation of CD19-targeting CAR-T from HLA-matched
sibling donors using the high-capacity piggy-Bac transposon method for
genetic modification. At a median follow-up of 18 months, 5 patients
were in CR [33]. Interestingly, 2 of the 10 patients developed malignant
lymphoma derived from CAR gene-modified T cells, and therefore, this
strategy requires further follow-up [34]. It remains patient-specific and
limited to those who have previously undergone allo stem cell trans-
plant with available T cells and not with a history of GvHD.

Fig. 1. Various allogeneic CARs with genomic editing techniques (abbreviations: CAR, chimeric antigen receptor; TAA, tumor
associated antigen; B2M, β2 microglobulin; Ab, antibody; TCR, T cell receptor; FasL, Fas ligand; iPSC, induced pluripotent stem cells;
TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; IL, interleukin; NKG2D, natural killer group 2 member D).
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Selecting non-alloreactive T cells as a source for CAR-T

Virus-specific T cells

These have been used for several years now in patients with allo stem cell
transplants for the treatment of viral infections without additional risk of
GvHD [35–37]. This is thought to be due to the restricted repertoire of these
memory T cells. Another disease where this approach has been promising is
the Epstein-Barr virus (EBV)-associated malignancies, such as post-
transplant associated lymphoproliferative disorder (PTLD). This approach
combines the antigen specificity of CAR-Ts with the TCR specificity towards
EBV. Recently, Prockop and colleagues reported on a single-center cohort of
46 patients with rituximab refractory PTLD developing after allo transplant
(n = 33) or solid organ transplant (n = 13) who were treated with banked
third-party partially HLA-matched EBV-specific cytotoxic T cells. Each
treatment cycle consisted of 3 weekly infusions, followed by a 3-week
observation period. This product named tabelecleucel showed a 1-year
estimated overall survival (OS) for patients with PTLD following allo stem
cell transplant and solid organ transplant of 68 and 64%, respectively. The
median OS for post allo transplant PTLD cohort had not been reached after
a median follow-up of 23.3 months. The median OS for post solid organ
transplant PTLD cohort was 21.3 months. Treatment-related serious ad-
verse events were reported in 1 patient each in both the allo and solid organ
transplant cohorts, respectively [38, 39, 40]. Tabelecleucel is currently in
phase 2 (NCT04554914) and 3 trials for EBV+ PTLD following allo stem
cell transplant post rituximab failure (NCT03392142, ALLELE study) and
solid organ transplant after the failure of rituximab or rituximab and
chemotherapy (NCT03394365).

Memory T cells

These have a more restricted TCR repertoire as compared to naïve T cells
and are therefore associated with less GvHD [41, 42]. They have shown to
generate an effective anti-tumor response both in the preclinical and in
autologous setting in non-Hodgkin lymphoma [43, 44]. However, the
studies suggest a correlation between the presence of less-differentiated T
cells, such as naïve T cells (Tn), central memory T cells (Tcm), and stem cell-
like memory T cells (Tscm) with CAR-T efficacy. These less-differentiated T
cell subsets are essential for in vivo expansion, survival, and persistence [45,
46, 47]. Various T cell subtypes exist with varied phenotypes and functions
in the tumor microenvironment of lymphoma [18, 48, 49]. A T cell subset
expressing CD8, CD45RA, and chemokine receptor 7 (CCR7) with features
of Tn cells or Tscm cells was found to be associated with increased in vivo
expansion of CAR-T cells in lymphoma [50]. Fraietta et al. performed
genomic, phenotypic, and functional testing to identify the determinants of
response in CD19-targeting autologous CAR-T in chronic lymphocytic
leukemia (CLL) and BCMA targeting autologous CAR-T in multiple mye-
loma. Sustained remission was associated with lymphocytes that possessed
memory-like characteristics and had CD27+CD45RO-CD8+ expressing T
cells before CAR-T generation [51, 52]. Therefore, further research is
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required to better understand the ideal composition of various T cell
subsets in the allo CAR-T product. Only selecting for Tem cells might lead to
ineffective therapy. No trials of allogeneic CAR-T with this strategy are
currently ongoing.

Using genome editing of αβ T cells
Novel genome editing tools have paved the way to using conventional αβ T
cells to generate allo CAR-T [20, 53, 54]. αβ TCR removal by disruption of the
gene encoding for alpha chain (TRAC) is sufficient and essential for preventing
TCR-dependent GvHD. Torikai et al. were the first to report the feasibility and
efficacy of αβ TCR(neg) CD19CAR(pos) T cells using the zinc finger nucleases
(ZFNs) for permanent deletion of α or β TCR chains in B cell malignancies
[55•]. Another genome editing tool used by Poirot et al. transcription activator-
like effector nuclease (TALEN) was able to perform multiplex gene editing to
manufacture T cells deficient in expression of both αβ TCR and CD52 [56].
These T cells were unable to cause GvHD in a mouse model and were resistant
to removal by alemtuzumab (anti-CD52 monoclonal antibody), which can be
used to eliminate host T cells and hence avoid rejection. Cluster regularly
interspaced short palindromic repeats (CRISPR)/Cas9 with its rapid and effi-
cient multiplex genome editing have been recently used to generate allogeneic
universal CAR-T with up to 4 disrupted genes [57, 58]. While these approaches
are very promising, they are not free from consequences. They may not result in
complete knock out of αβ TCR in all T cells resulting in GvHD [59]. Two, there
is a risk of “off-target” genome cleavage resulting in unwanted gene transloca-
tions or inactivation that could potentially confer oncogenic potential on the
CAR-Ts [56]. Three, these multiple genomic changes could result in increased
toxicity, poor transduction efficacy, or depending on the gene disruption, a
proliferation and survival advantage to the CAR-Ts [60].

Recently, CRISPR/Cas9 technology was used to integrate CAR construct into
the TRAC locus, to ensure that TCR is inactivated at the same time as CAR
introduction [61•, 62]. Other advantages of this approach are that it is safer
without insertional mutagenesis-related adverse effects. The CAR expression is
regulated by endogenous TCR promoter, preventing constant T cell activation,
differentiation, and exhaustion. These advantages render more potent anti-
tumor activity compared to the conventionally transduced CAR-Ts [61•, 63,
64]. UCART19 an allo CD19 CAR-T is currently under evaluation in adult and
pediatric ALL with promising result and up to 50% of patients able to proceed
to allogeneic transplant [65].

There is still the risk of allo-rejection with TCR-negative allogeneic CAR-Ts
due to the recognition of non-self HLA by the recipient’s T cells if there is a
mismatch. While strategies such as lymphodepletion and irradiation can help
delay the rejection, the CAR-T persistence which is necessary for efficacy will be
relatively short. For this, the removal of class I HLA molecules is required from
the T cells, which can be achieved by disrupting the beta-2 microglobulin
(β2M) gene locus [57, 66–68]. CD19 and CD70 (COBALT-LYM)-targeting
CAR-Ts with CRISPR/Cas9 disrupted TRAC and β2M genes (double knockout)
are currently under evaluation in B cell lymphomas and leukemias
(NCT03166878, NCT04502446). Further triple knockout of HLA classes I and
II and TRAC by CRISPR-based techniques has shown even better persistence of
CAR-Ts in vivo when compared to double knockout [67]. While the HLA class I
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knockout prevents allo-rejection from T cells, it does not contain the allo CAR-
Ts from potential rejection by NK cells. Avoiding recognition by NK cells can be
achieved by expression of non-classical HLA molecules such as HLA-E and G
[66, 69]. The use of HLA homozygous donors to generate a bank of universal
allo CARs can also help prevent rejection due to HLA mismatch [70]. Genome
editing techniques indeed open up a wide range of opportunities in the devel-
opment of allo CAR-Ts; clinical studies are needed to determine their efficacy
and safety for use.

Using non-αβ TCR T cells for CAR approach
Several other immune cell types can generate CAR-based therapy if they possess
cytotoxic properties and are easily accessible from sources such as peripheral
blood mononuclear cells (PMBCs), or renewable stem cells.

Natural killer (NK) cells are an attractive alternative as they are highly
cytolytic to cancer cells via granzyme B, perforin, and Fas ligand. They are an
integral part of tumor immunosurveillance and are often found to be dysfunc-
tional due to cancer’s immunosuppressive mechanisms for immune escape.
Due to their innate anti-tumor activity, without causing GvHD, CAR-expressing
NK is appealing. This has been shown to be feasible and active in in vitro and
xenogeneic tumor models, as well as against patient-derived glioblastoma cell
lines [71, 72]. However, NK cells exist in low numbers in peripheral blood and
are less pliable to genetic manipulation which makes its use difficult [73, 74]. A
strategy uses the NK92 cell line, an activated human NK cell line derived from
anNHL patient [75, 76]. CAR-NK cells derived from the NK92 cell line targeting
CD20 have shown efficacy against lymphomas in vitro [77]. NK-92 cell line has
disadvantages as it is derived from a patient with NK lymphoma and has the
potential for tumor engraftment post infusion. In addition, these cells are EBV
positive, which carry various cytogenetic abnormalities. Due to these reasons,
the NK92 cell line needs to be irradiated before infusion into patients, which
can negatively impact its expansion and persistence, ultimately leading to low
efficacy [78]. Another strategy using umbilical cord blood (UCB) to obtain NK
cells has been used to create CD19 directed CAR-NK cells. These UCB-derived
NK cells were transduced with a retroviral vector incorporating the genes for
CAR-CD19, interleukin-15 (IL-15), and inducible caspase-9-based suicide gene
(iCasp9). Liu et al. reported efficient killing of CD19-expressing cell lines, with
marked prolongation of survival in a xenograft lymphomamurinemodel. IL-15
production by the transduced UCB-NK cells critically improved their function
over controls. The iCasp9 suicide gene upon pharmacologic activation resulted
in rapid elimination of the iCasp9/CAR.19/IL-15 UCB-NK cells, thereby incor-
porating a safety switch [79]. This approachwas evaluated in a phase I/II clinical
trial where HLA-mismatched UCB-derived CAR-NK cells targeting CD19 were
infused in 11 patients with relapsed or refractory CD19-positive B cell NHL or
CLL. There were no cytokine release syndrome (CRS), neurotoxicity, or GvHD,
and no increase in inflammatory markers such as IL-6. Of the 11 patients, 8
(73%) had a response, with seven patients achieving a CR; however, the full
clinical activities of the NK cells were difficult to interpret as many patients
received subsequent systemic therapy or stem cell transplant as consolidation/
maintenance. The CAR-NK cells were detectable in some subjects at low levels
for up to 12 months post infusion [80•]. To overcome the limited amount of
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NK cell present even in the UCB, a Good Manufacturing Practice (GMP)-
compliant procedure has been developed which reliably generates clinically
relevant doses of GMP-grade NK cells from a UCB unit [81]. These studies
support the use of NK cells as a source of allo CAR-Ts, and several products are
currently in early phase clinical trials (Table 2).

Induced pluripotent stem cells (iPSCs) are another source for CARs. These
can be genetically modified at a clonal level and used to create a homogeneous
population of uniformly engineered T or NK cells. These have certain advan-
tages, such as their unlimited division potential, and are more amenable to
genetic modification [82]. Any somatic cell can be reprogrammed into iPSC;
single clones from these cells can be expanded to create an iPSC cell line. T cells
generated from iPSC still need genetic editing to prevent GvHD; however, once
modified, a single cell can then be used to generate a clonal population of CAR-
Ts with desired knockouts. Clinical trials are already underway using iPSC-
derived CAR-Ts and CAR-NK cells in B cell lymphomas (NCT04023071,
NCT04245722, NCT04629729; Table 2) [83].

NK T (NKT) cells are a subset of T cells that express NK cell markers. A subset
of NKT cells called the “invariant NKT” (iNKT) cells expressed a highly restricted
TCR, which can recognize lipid antigens presented by CD1d (HLA class I-like
molecule) on B cells, antigen-presenting cells, and some epithelial cells [84, 85].
Allogeneic or donor iNKT cells have also shown to be protective against GvHD
due to the production of IL-4 and promotion of a Th2-based immune response
in preclinical models and clinical acute GvHD [86–88]. CD19-targeting CAR-
iNKT cells showed a significantly improved efficacy over conventional CD19
CAR-Ts in a murine model of CD1d+ CD19+ B cell malignancy [89]. Protective
effect against GvHD and improved efficacy over conventional CD19 CAR-Ts
make this an explorable approach which is currently in phase I trial in B cell
malignancies (NCT03774654).

γδ T cells are another potential candidate under investigation as allogeneic
CAR-Ts. They represent a small percentage of circulating lymphocytes (1–5%),
however, in abundance in certain tissue sites such as gut mucosa, reproductive
organs, tongue, and skin [90–92]. γδ T cells form a key component of the innate
immune system and tumor immunosurveillance and can target tumor antigens
not recognized by αβ T cells [93]. Additionally, their tissue residency gives them
an advantage in efficacy over αβ CAR-Ts which have poor penetrance into non-
inflamed tumors. They are also less likely to induce GvHD as their TCR
activation is not MHC restricted [94]. CD19-targeting CAR-T developed from
γδ T cells has already shown efficacy in CD19+ B cell malignancies in vitro and
in vivo and also in an early phase clinical trial (NCT02656147) [95].

Clinical experience with allogeneic CAR-T in lymphoma

A list of completed and ongoing clinical trials using allo CAR-Ts in lymphoma is
shown in Table 2. ALLO-501 is a genetically modified anti-CD19 CAR-T in
which the TCR α gene is disrupted to reduce the risk of GvHD, and the CD52
gene is disrupted to permit the use of ALLO-647 an anti-CD52 monoclonal
antibody (mAb), for selective and prolonged host lymphodepletion. The phase
I ALPHA study (NCT03939026) was first presented at the ASCO 2020meeting.
This included patients with R/R LBCL and follicular lymphoma (FL) after two or
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more lines of therapy. Prior exposure to CD19-directed therapy was allowed.
The data were presented for 22 patients with age range 34–73 years, 64% with
LBCL, and 41% with prior autologous stem cell transplant, and 18% with
autologous CAR-T. The overall response rate (ORR) was 63%, with a 37%
complete remission rate (CR) in the 19 evaluable patients. Retreatment was
noted to be feasible. The most common grade ≥ 3 adverse events (AEs) were
cytopenias. CRS occurred in 32% (7 patients), and none with grade ≥ 3; no dose-
limiting toxicities or GvHD was observed [96•, 97]. This was further updated for
42 patients (infused 41; 11 LBCL, and 21 FL) at the ASCO 2021 meeting,
including 9 patients that had previously received autologous CAR-T. The median
time from enrollment to start of therapy was 5 days in 98% of the enrolled
patients. The efficacy analysis was available for 32 patients, andORR andCR rates
were 75% (24) and 50% (16), respectively. Redosing led to clinical responses,
with an overall treatment failure-free survival for autologousCAR-T naïve patients
of 64% and 61% at 6 months for FL and LBCL. No dose-limiting toxicities or
GvHD was observed, and one grade 3 neurotoxicity was reported. CRS occurred
in 27% of patients, and none with grade ≥ 3. There were 5 treatment-emergent
deaths, one each from pneumonia, arrhythmia, stroke, and two instances of
COVID-19 infection. The ALPHA2 study (NCT04416984), an open-label,
single-arm study of ALLO-501A in non-HLA, matched patients with R/R LBCL
after two or more lines of treatment also presented at the ASCO 2021 meeting.
Prior autologous CD19 CAR-T was allowed if the tumor remained CD19+. As of
the April 19th, 2021 data cutoff, 13 patients were enrolled, and 12 patients were
treated with ALLO-501A. One patient that developed central nervous system
involvement before infusion was not treated. Nine patients evaluable for efficacy
were CAR-T naïve, except for one who received prior autologous CAR-T and
previously had a 16-week CR followed by relapse. Of the 9 patients eligible for
efficacy analysis (n = 5, in consolidation cohort), both theORR andCR rates were
56%. No dose-limiting toxicities, GvHD, or neurotoxicity was seen, and CRS
occurred in 2 patients, both grade G 3 [98].

PBCAR0191, an off-the-shelf, allogeneic CAR-T product, is also being eval-
uated in the CD19+ R/R B cell NHL (NCT03666000). The preliminary safety
and efficacy data from the ASCO 2021 meeting on 13 patients have been
presented. The median time from eligibility confirmation to infusion was 6.5
days. No grade ≥ 3 CRS or neurotoxicity was observed, and no GvHDwas noted
either. The ORR at day+28 was 77% with a 54% CR rate [99]. The safety and
efficacy of CTX110, an allo anti-CD19 CAR-T cell product modified by using
CRISPR/Cas9 editing to disrupt the endogenous TRAC locus and disrupt β2M,
which eliminates major histocompatibility complex (MHC) class I expression,
are under evaluation in R/R LBCL, double/triple hit lymphoma, transformed FL,
and FL grade 3b. The phase 1 CARBON trial (NCT04035434) is an open-label,
multicenter, global study enrolling patients with 2 or more lines of treatment.
Prior allogeneic stem cell transplant and autologous CD19 CAR-T are excluded.
This trial is open and enrolling at this time, and the data are awaited [100].

Implications of allogeneic CAR-T

Allogeneic “off the shelf” CAR-T offers the promise of a readily available,
hopefully at a reduced cost and more accessible to the patients and resource-

Allogeneic Chimeric Antigen Receptor Therapy in Lymphoma Khurana and Lin 179



Ta
bl
e
2.

On
go
in
g
cl
in
ic
al

tr
ia
ls
of

al
lo
ge
ne

ic
CA

Rs
in

no
n-
H
od

gk
in
’s
ly
m
ph

om
a

Tr
ia
lI
D/
Ph

as
e

Co
m
pa
ny
/p
ro
du

ct
na
m
e

CA
R
Ce
ll
ty
pe

CA
R
Ta
rg
et

Ge
ne

Ed
it
in
g
te
ch
no

lo
gy

an
d
m
od

if
ic
at
io
n

Lo
ca
ti
on

CA
R-
Ts

w
it
h
no

TC
R
m
od
if
ic
at
io
n

NC
T0
41
76
91
3/
Ph
as
e
I

Na
nj
in
g
Le
ge
nd

Bi
ot
ec
hn

ol
og
y
Co
.,

Lt
d.
/L
UC

AR
-2
0S

T-
ce
lls

CD
20

No
t
sp
ec
ifi
ed

Ch
in
a

NC
T0
43
84
39
3/
Ph
as
e
I

Fu
nd
am

en
ta

Th
er
ap
eu
ti
cs
,

Lt
d.
/T
hi
sC
AR

T1
9

T-
ce
lls

CD
19

No
t
sp
ec
ifi
ed

Ch
in
a

NC
T0
46
01
18
1/
Ph
as
e
I

Fu
nd
am

en
ta

Th
er
ap
eu
ti
cs
,

Lt
d.
/T
hi
sC
AR

T2
2

T-
ce
lls

CD
22

No
t
sp
ec
ifi
ed

Ch
in
a

NC
T0
42
88
72
6/
Ph
as
e
I

CD
30
.C
AR

-E
BV

Sp
ec
ifi
c
T

ce
lls

EB
V-
CT
Ls

CD
30

No
t
sp
ec
ifi
ed

US

NC
T0
14
30
39
0/
Ph
as
e
I

M
em

or
ia
lS
lo
an

Ke
tt
er
in
g

Ca
nc
er
Ce
nt
er
/
EB
V-
CT
Ls

EB
V-
CT
Ls

CD
19

No
t
sp
ec
ifi
ed

US

NC
T0
37
68
31
0/
Ph
as
e
I

Ba
yl
or

Co
lle
ge

of
M
ed
ic
in
e

M
ul
ti
vi
ru
s-
Sp
ec
ifi
c

Cy
to
to
xi
c
T

Ly
m
ph
oc
yt
es

CD
19

No
t
sp
ec
ifi
ed

US

NC
T0
20
50
34
7/
Ph
as
e
I

(C
AR

PA
SC
IO

st
ud
y)

Ba
yl
or

Co
lle
ge

of
M
ed
ic
in
e

Do
no
rd

er
iv
ed

T-
ce
lls

po
st
Al
lo

tr
an
sp
la
nt

CD
19

No
t
sp
ec
ifi
ed

US

NC
T0
45
38
59
9/
op
en

la
be
ls
af
et
y

H
e
H
ua
ng
,Z
he
jia
ng

Un
iv
er
si
ty
/
RD

13
-0
1

T-
ce
lls

CD
7

No
t
sp
ec
ifi
ed

Ch
in
a

Ge
no

m
e
ed
it
ed

CA
R-
Ts

NC
T0
42
64
03
9/
Ph
as
e
I

Xi
nq
ia
o
H
os
pi
ta
lo
f

Ch
on
gq
in
g;

Gr
ac
el
l

Bi
ot
ec
hn
ol
og
y
Sh
an
gh
ai

Co
.,
Lt
d.
/U

ni
ve
rs
al

CD
19
CA
R-
T

T-
ce
lls

CD
19

No
t
sp
ec
ifi
ed

Ch
in
a

NC
T0
33
98
96
7/
Ph
as
e

I-
II

Ch
in
es
e
PL
A
Ge
ne
ra
l

H
os
pi
ta
l/
Un

iv
er
sa
l

CR
IS
PR
-C
as
9

Ge
ne
-E
di
te
d
Du

al
CA
R-
T

Ce
lls

T-
ce
lls

CD
19

an
d
CD
20
/

CD
22

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng
,

di
sr
up
ti
on

of
en
do
ge
no
us

TC
R
an
d
β
2M

ge
ne
s

Ch
in
a

NC
T0
40
26
10
0
/P
ha
se

I
Na

nj
in
g
Bi
oh
en
g
Bi
ot
ec
h

Co
.,
Lt
d.
/C
TA
10
1

T-
ce
lls

CD
19
/C
D2

2
CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

TR
AC

re
gi
on

an
d
CD
52

ge
ne

di
sr
up
ti
on

Ch
in
a

NC
T0
40
35
43
4/
Ph
as
e
I

CR
IS
PR

Th
er
ap
eu
ti
cs

AG
/C
TX

11
0

T-
ce
lls

CD
19

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

M
H
C-
1
Kn

oc
ko
ut

US
,A
us
tr
al
ia
,

Ge
rm

an
y,

180 Lymphoma (JL Muñoz, Section Editor)180



Ta
bl
e
2.

(C
on
ti
nu
ed
)

Tr
ia
lI
D/

Ph
as
e

Co
m
pa
ny
/p
ro
du

ct
na
m
e

CA
R
Ce
ll
ty
pe

CA
R
Ta
rg
et

Ge
ne

Ed
it
in
g
te
ch
no

lo
gy

an
d
m
od
if
ic
at
io
n

Lo
ca
ti
on

by
β
2M

di
sr
up
ti
on

an
d
CA
R

in
se
rt
ed

in
to

TR
AC

lo
cu
s

Ca
na
da

NC
T0
45
02
44
6/
Ph
as
e
I

(C
OB

AL
T-
LY
M
)

CR
IS
PR

Th
er
ap
eu
ti
cs

AG
/C
TX
13
0

T-
ce
lls

CD
70

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

–
CA
R
in
se
rt
ed

in
to

TR
AC

9l
oc
us
,M

H
C-
1
Kn

oc
ko
ut

by
β
2M

di
sr
up
ti
on

US
,A

us
tr
al
ia
,

Ca
na
da

NC
T0
39
39
02
6/
Ph
as
e
I

Al
lo
ge
ne

Th
er
ap
eu
ti
cs
/A
LL
O-
50
1

T-
ce
lls

CD
19

TR
AC

an
d
CD
52

Ge
ne
s
di
sr
up
ti
on

by
TA
LE
N

US

NC
T0
44
16
98
4/
Ph
as
e

I-
II
**

Al
lo
ge
ne

Th
er
ap
eu
ti
cs

(A
LP
H
A
2

st
ud
y)
/A
LL
O-
50
1A

T-
ce
lls

CD
19

TA
LE
N
m
ed
ia
te
d
TC
R
an
d
CD
52

kn
oc
ko
ut

US

NC
T0
31
66
87
8/
Ph
as
e

I-
II

Ch
in
es
e
PL
A
Ge
ne
ra
l

H
os
pi
ta
l/
UC

AR
T0
19

T-
ce
lls

CD
19

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

di
sr
up
ti
on

of
en
do
ge
no
us

TC
R
an
d
β
2M

ge
ne
s

Ch
in
a

NC
T0
32
29
87
6/
Sa
fe
ty

an
d
ef
fic
ac
y
st
ud
y

Bi
or
ay

La
bo
ra
to
rie

s/
CD
19
-U
CA
RT

T-
ce
lls

CD
19

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

di
sr
up
ti
on

of
en
do
ge
no
us

TC
R
an
d
β
2M

ge
ne
s

Ch
in
a

NC
T0
36
66
00
0/
Ph
as
e

I-
II
a
(C
oh
or
t
N)
**

Pr
ec
is
io
n
Bi
oS
ci
en
ce
s,

In
c.
/
PB

CA
R0
19
1

T-
ce
lls

CD
19

AR
CU

S
m
ed
ia
te
d
ge
ne

ed
it
in
g
–

in
se
rt
io
n
of

CA
R
at

th
e
TR
AC

ge
ne

lo
cu
s

US

NC
T0
40
30
19
5/
Ph
as
e

I-
II
a

Pr
ec
is
io
n
Bi
oS
ci
en
ce
s,

In
c.
/

PB
CA
R2
0A

T-
ce
lls

CD
20

CA
R
in
se
rt
ed

in
to

TC
R
lo
cu
s

US

NC
T0
46
37
76
3/
Ph
as
e
I

(A
NT
LE
R
st
ud
y)

Ca
rib

ou
Bi
os
ci
en
ce
s,

In
c.
/C
B-
01
0

T-
ce
lls

CD
19

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

–
CD
19

CA
R
in
se
rt
ed

in
to

T
ce
ll

ge
no
m
e,
TR
AC

an
d
PD

1
ge
ne

di
sr
up
te
d

US

NC
T0
42
64
07
8/
ea
rly

ph
as
e
I

Xi
nq
ia
o
H
os
pi
ta
lo

f
Ch
on
gq
in
g,

Gr
ac
el
l

Bi
ot
ec
hn

ol
og
y
Sh
an
gh
ai

Co
.,
Lt
d.

T-
ce
lls

CD
7

CR
IS
PR
-C
as
9
Ge
ne
-E
di
ti
ng

–
TR
AC

ge
ne

lo
cu
s,
an
d
CD
7

kn
oc
ko
ut

to
pr
ev
en
t

fr
at
ric
id
e

Ch
in
a

Ot
he

r“
of
f
th
e
sh
el
f”

CA
Rs

NC
T0
37
74
65
4/
Ph
as
e
I

(A
NC

H
OR

st
ud
y)

Ba
yl
or

Co
lle
ge

of
M
ed
ic
in
e/

CD
19
.C
AR

-a
NK

T
ce
lls

KU
R-
50
2

NK
T
ce
lls

CD
19

Si
ng
le
ga
m
m
a
re
tr
ov
ira

lv
ec
to
r

–
CD
19

CA
R,

IL
15

an
d
sh
or
t

ha
irp

in
RN

A
ex
pr
es
si
on

(d
ow

nr
eg
ul
at
es

H
LA

I,
II
)

US

Allogeneic Chimeric Antigen Receptor Therapy in Lymphoma Khurana and Lin 181



Ta
bl
e
2.

(C
on
ti
nu
ed
)

Tr
ia
lI
D/
Ph

as
e

Co
m
pa
ny
/p
ro
du

ct
na
m
e

CA
R
Ce
ll
ty
pe

CA
R
Ta
rg
et

Ge
ne

Ed
it
in
g
te
ch
no

lo
gy

an
d
m
od

if
ic
at
io
n

Lo
ca
ti
on

NC
T0
42
45
72
2/
Ph
as
e
I

Fa
te

Th
er
ap
eu
ti
cs
/F
T5
96

iP
SC

de
riv
ed

NK
ce
lls

CD
19

US

NC
T0
40
23
07
1/
Ph
as
e

I-
Ib

Fa
te

Th
er
ap
eu
ti
cs
/F
T5
16

iP
SC

de
riv
ed

NK
ce
lls

no
n-
cl
ea
va
bl
e
CD
16

(h
nC
D1

6)
Fc

re
ce
pt
or

US

NC
T0
46
73
61
7/
Ph
as
eI
-I
I

Ar
ti
va

Bi
ot
he
ra
pe
ut
ic
s,

In
c.

co
rd

bl
oo
d-
de
riv
ed

NK
ce
lls

se
le
ct
ed

fo
rB

-K
IR

ha
pl
ot
yp
e
an
d
th
e

ho
m
oz
yg
ou
s

po
ly
m
or
ph
is
m
of

CD
16

US

NC
T0
46
29
72
9/
Ph
as
e
I

Fa
te

Th
er
ap
eu
ti
cs
/F
T8
19

iP
SC

de
riv
ed

T
ce
lls

CD
19

CA
R
in
se
rt
ed

in
to

TR
AC

lo
cu
s

US

NC
T0
28
92
69
5/
Ph
as
e

I-
II

Pe
rs
on
Ge
n

Bi
oT
he
ra
pe
ut
ic
s

(S
uz
ho
u)

Co
.,

Lt
d.
/P
CA
R-
11
9

NK
ce
lls

CD
19

De
riv
ed

fr
om

NK
-9
2
ce
lls

lin
e

Ch
in
a

NC
T0
48
87
01
2/
Ph
as
e
I

Se
co
nd

Af
fil
ia
te
d
H
os
pi
ta
l,

Sc
ho
ol
of

M
ed
ic
in
e,

Zh
ej
ia
ng

Un
iv
er
si
ty
/C
AR

NK
01
9

H
LA

H
ap
lo
id
en
ti
ca
l

NK
ce
lls

CD
19

Ch
in
a

NC
T0
46
39
73
9/
Ea
rly

ph
as
e
I

Ch
on
gq
in
g
Pr
ec
is
io
n

Bi
ot
ec
h
Co
.,
Lt
d

NK
ce
lls

CD
19

Ch
in
a

NC
T0
26
56
14
7/
Ph
as
e
I

Be
iji
ng

Do
in
g
Bi
om

ed
ic
al

Co
.,
Lt
d.

γδ
T
ce
lls

CD
19

Ch
in
a

182 Lymphoma (JL Muñoz, Section Editor)182



limited settings. In addition, the ability to generate CAR-Ts from healthy donor
cells with better quality without exposure to prior chemotherapies or the
immunosuppressive NHLmicroenvironment could be transformative. It would
also allow for redosing and standardized scale production and quality mainte-
nance. These could also permit targeting multiple antigens simultaneously or
sequentially. Genome editing tools enable a broader application of these “off
the shelf” products with multiplex gene knockout and targeted transductions
focused on making them safer (less GvHD) and persistent (less allo rejection)
for effective use. Still, many challenges remain in enhancing the efficacy of allo
CAR-Ts, such as the degree of in vivo expansion and persistence of CAR-Ts for
efficacy and effective lymphodepletion strategies, which is likely of greater
importance in this setting. Also, the impact of allo CAR-T persistence on efficacy
is yet to be determined as these are more likely to be eliminated by the
recipient’s immune system. Redosing with the same or another allo CAR
targeting different antigens may be the solution, carefully considering donor-
specific antibodies. The association of persistence of CAR-T cells in aggressive
lymphoma is still debatable, as autologous CAR-T with CD28 signaling domain
(axi-cel) with shorter persistence can still ensue durable responses in aggressive
lymphomas. On the other hand, redosing with the axi-cel in indolent lympho-
ma such as FL or marginal zone lymphoma (MZL) as done in the ZUMA-5 trial
in 13 patients (11 FL, 2 MZL) showed an ORR rate of 100% and a 77% CR rate.
The median duration of response after redosing had not been reached, and 8
and 4 patients developed CRS and neurotoxicity, respectively but no grade ≥ 3
[101]. Lastly, determination of the optimal subset of T cells, significantly
enriched with less differentiated naïve, and stem cell-like memory cells would
be critical for optimal expansion, survival, and long-term persistence. As more
clinical data are generated by bringing these promising therapies to the bedside
for efficacy and side effects, further advances will bemade to create an ideal “off
the shelf” CAR-T product.

Conclusions

CAR-T has revolutionized the treatment landscape of lymphomas and other
cancers. Developing low-cost, readily available, easily accessible, safe, and
effective products using genome editing tools and non-alloreactive cells will
help generate true “off the shelf products.” With the number of active investi-
gations, more transformative updates are anticipated soon to advance the
capacity of this novel therapy.
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