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Abstract
Chimeric antigen receptor (CAR) redirected T-cells has shown efficacy in the treatment of B-cell leukemia/lymphoma, how-
ever, high numbers of relapses occur due to loss of targeted antigen or intrinsic failure of the CAR T-cells. In this situation 
modifications of the basic strategy are envisaged to reduce the risk of relapse, some of them are in early clinical exploration. 
These include simultaneous targeting of multiple antigens or combination of CAR T-cell therapy with other treatment modali-
ties such as checkpoint inhibitors. The review evaluates and discusses these modified advanced therapies and pre-clinical 
approaches with respect to their potential to control leukemia and lymphoma in the long-term.
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The molecular structure and function 
of CARs

T-cells genetically engineered to express a chimeric antigen 
receptor (CAR) directed against the pan B-cell marker CD19 
has shown tremendous potential against hematological 
malignancies leading to the approval of several CD19 CAR 
T-cell therapies. CARs are fusion proteins composed of four 
domains, (i) an extracellular binding domain, often consist-
ing of a single chain fragment of variable region (scFv) 
derived from a monoclonal antibody, (ii) a hinge/spacer 
domain, (iii) a transmembrane domain and (iv) an intracel-
lular signaling domain (Fig. 1A) [1]. Once CAR T-cells 
engage cognate antigen on the target cell, the CAR mol-
ecules cluster on the cell surface forming an immunological 
synapse (IS), leading to cytolytic degranulation with release 
of perforin and granzyme B which induces apoptosis of the 
targeted cancer cell (Fig. 1B). It has been demonstrated that 

both CD4+ and CD8+ CAR T-cells are capable of direct 
lysis of tumor cells, albeit with different kinetics attributed 
to their differences in granzyme B content [2].

Traditionally, CARs are divided into three genera-
tions based on the number of incorporated co-stimulatory 
domains. Where 1st generation CARs only harbor a pri-
mary activation domain like the CD3ζ or FcεRIγ signaling 
chain domain, 2nd and 3rd generation CARs also include 
one or two co-stimulatory domains, respectively, besides 
the primary activation domain (Fig. 1C). The CD3ζ activa-
tion domain alone is not sufficient to drive optimal T-cell 
proliferation and cytokine production in patients. However, 
with the incorporation of co-stimulatory domains efficacy 
and persistence of 2nd and 3rd generation CAR T-cells have 
improved dramatically. Typically, 4-1BB or CD28 has been 
used as co-stimulatory domains in CAR T-cells, but other 
members of the costimulatory signaling families are also 
used. In general, signaling through CD28 leads to rapid 
T-cell activation with highly elevated cytokine secretion, 
aerobic glycolysis and reduced T-cell persistence [3–5]. In 
contrast, signaling through 4-1BB leads to a slower T-cell 
response and lower cytokine secretion, but promotes oxida-
tive metabolism and prolonged persistence [4, 5]. Lastly, 
T-cells redirected for universal cytokine killing (TRUCKs) 
combine the expression of a CAR with CAR activation 
induced secretion of a transgenic payload like cytokines; 
these engineered T-cells have been named the 4th genera-
tion of CARs [6]. The TRUCK approach has further been 
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built upon to include secretion of enzymes that modulate the 
tumor matrix, secretion of checkpoint inhibitors, secretion 
of bispecific T-cell engagers (BiTEs) or expression of co-
stimulatory ligands, all with the goal of augmenting CAR 
T-cell efficacy and/or to modulate the immune environment 
in the targeted tumor tissue.

Emerging CAR‑based strategies for targeting 
hematological malignancies

Acute lymphoblastic leukemia

CD19 is considered the cardinal marker for B-cells and is 
involved in establishing intrinsic B-cell signaling thresholds 
by modulating both B-cell receptor (BCR) dependent and 
independent signaling. The vast majority of clinical stud-
ies investigating CAR T-cell therapy in B-cell malignan-
cies have been focused on targeting CD19 (Table 1). These 
studies have reported high response rates and pioneered 
the approval of the first anti-CD19 CAR T-cell therapy, 

Fig. 1  CAR structure and function: A T-cells can be endowed with 
a new specificity against a surface tumor antigen through genetic 
introduction of a chimeric antigen receptor (CAR). CARs are fusion 
proteins composed of (i) extracellular binding domain, often consist-
ing of a single chain variable fragment (scFv) derived from a mono-
clonal antibody, (ii) a hinge/spacer domain, (iii) a transmembrane 
domain and (iv) an intracellular signaling domain. B Recognition 
of cognate antigen by the CAR T-cell leads to cytolytic degranula-

tion with release of perforin and granzyme B, a major mechanism for 
CAR T-cell mediated killing. C Traditionally, CARs are divided into 
three generations based on the number of incorporated co-stimulatory 
domains. Lately, a fourth generation of CAR T-cells has emerged 
called T-cells redirected for universal cytokine killing (TRUCKs), 
which combine the expression of a CAR with inducible secretion of 
a transgenic payload
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tisagenlecleucel, a second generation 4-1BB based CAR for 
relapsed/refractory (r/r) ALL in children and young adults 
[7]. Despite the encouraging results obtained for anti-CD19 

CAR T-cells roughly 1/3 of patients relapse with CD19-
negative disease. Consequently, development of new CAR 
T-cell therapies targeting alternative antigens that ideally are 

Table 1  CAR T-cell strategies for hematological cancer

# Approved product; –No data available; N/A not available; *10 patients treated but only 7 evaluable at cut-off-date; **3 patients with CLL, 
remaining patients diagnosed with other r/r B-cell malignancies; ***2 patients with CLL, remaining patients diagnosed with other r/r B-cell 
malignancies; ****Biepitopic; *****Utilizes full length APRIL domain as binder; ******Suicide switch; *******Utilizes full length extracel-
lular NKG2D domain as binder. CSPG4 Chondroitin Sulfate Proteoglycan-4, BAFF-R B-cell activating factor receptor, BCMA B-cell maturation 
antigen; TACI Transmembrane activator and CAML interactor; GPRC5D G protein-coupled receptor class C group 5 member-DTRBC1 T cell 
receptor beta constant-1

Target CAR format Co-stim domain Nr. of evalu-
ated patients

CR (%) CRS 
grade ≥ 3 
(%)

Neurotox. 
grade ≥ 3 
(%)

Clinical trial identifier References

Acute lymphoblastic leukemia
CD19# Single 4-1BB 63 63 49 18 NCT02435849 [7]
CD22 Single 4-1BB 21 57 0 N/A NCT02315612 [8]
CD19/CD22 Tandem 4-1BB 6 100 0 0 NCT03185494 [10]
CD19/CD22 Dual OX40/4-1BB 7* 100 0 0 NCT03289455 [11]
CD19/CD123 Dual 4-1BB/4-1BB – – – – – [12]
CD19/CD123 Pooled CD28 + CD27 3 100 0 0 NCT03125577 [13, 14]
CSPG4 Single CD28 – – – – – [15]
BAFF-R Single 4-1BB – – – – NCT04690595 [16, 17]
Chronic lymphocytic leukemia
CD19 Single 4-1BB 3 66 – – NCT01029366 [18, 19]
CD19 + ibrutinib Single 4-1BB 19 83 0 26 NCT01865617 [20]
CD19/CD20 Tandem 4-1BB 22*** 64 5 14 NCT03019055 [21]
κ light chain Single CD28 16**** 12.5 0 – NCT00881920 [22]
FcμR Single CD28 – – – – – [23]
Multiple myeloma
BCMA# Single 4-1BB 128 32.8 5 3 NCT03361748 [24]
BCMA***** Tandem 4-1BB 17 76.4 53.8 – NCT03090659 [25]
BCMA/TACI Single***** CD28 + OX40 11 0 0 0 NCT03287804 [26, 27]
CD19 + ASCT Single 4-1BB 11 1 0 0 NCT02135406 [28, 29]
CD38 Single 4-1BB – – – – – [30, 31]
CD138 Single 4-1BB 5 0 – – NCT01886976 [32]
CS1****** Single CD28 – – – – NCT03958656 [33]
GPRC5D Single 4-1BB – – – – NCT04555551 [34]
Integrin β7 Single CD28 – – – – – [35]
NKG2D ligands Single******* None 12 0 0 – NCT02203825 [36]
CS1/BCMA Tandem 4-1BB – – – – – [37]
CD19/BCMA Pooled 4-1BB/4-1BB 21 57 5 – ChiCTR-OIC-17011272 [38]
B-cell lymphoma
CD19# Single CD28 68 59 15 31 NCT02601313 [39]
CD30 Single 4-1BB 18 0 0 0 NCT022595 [40]
CD37 Single 4-1BB – – – – NCT04136275 [41]
CD79b Single CD28-4-1BB – – – – ChiCTR-OPN-16008526 [42]
CD79b/CD19 Tandem 4-1BB – – – – – [43]
T-cell lymphoma
TRBC1 Single CD28 + OX40 – – – – NCT03590574 [44]
CD30 Single CD28 1 100 0 0 NCT02690545 [45]
CD37 Single 4-1BB – – – – NCT04136275 [41]
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closely associated with B-cell development and/or malignant 
transformation are warranted. One such emerging antigen is 
CD22 which, like CD19, is broadly expressed during B-cell 
development. The potential of the strategy is shown in sev-
eral clinical studies with CAR T-cells directed against CD22 
that induced remissions in both CD19–CAR treated naïve 
patients and patients with previous relapse with CD19-nega-
tive tumors after CD19 CAR T-cell therapy [8, 9]. To reduce 
the risk of relapse current clinical investigations are looking 
into the efficacy of combining CAR T-cell products targeting 
both CD19 and CD22 (e.g., NCT03185494, NCT03289455).

Other combinatorial strategies include co-targeting of 
CD19 and CD123 since CD123 is expressed on CD19-neg-
ative clones, most likely present before initiation of CD19 
CAR T-cell therapy and on leukemic-initiating cells [12]. 
In a recent report, CAR T-cells directed against chondroitin 
sulfate proteoglycan-4 (CSPG4) showed in vitro efficacy 
against positive target cells [15]. CSPG4 is expressed on 
the surface of mixed-lineage leukemia-1 (MLL1)-rearranged 
leukemic cells, which are associated with a poorer prog-
nosis compared to non-MLL1 rearranged ALL [15]. Other 
targets under investigation include B-cell activating factor 
receptor (BAFF-R) [16], a B-cell specific antigen critical 
for normal B-cell survival. Given the critical role in both 
healthy and malignant B-cell survival, targeting of BAFF-R 
is envisioned to reduce the number of patients relapsing with 
BAFF-R-negative escape variants after therapy. Clinical test-
ing of BAFF-R CAR T-cells are underway (NCT04690595).

Chronic lymphocytic leukemia

Despite the impressive results of CD19 CAR T-cells in 
ALL, similar efficacy has not been observed in chronic 
lymphocytic leukemia (CLL). The reported lower efficacy 
of CD19 CAR T-cells in CLL may be attributed to an ini-
tially reduced functional state of the patient T-cells used for 
manufacturing. T-cells from CLL patients have previously 
been shown to have impaired functional capacity and dis-
play an exhausted phenotype. Based on this, several groups 
are focused on augmenting CAR T-cell efficacy in CLL 
(Table 1). One such strategy is based on combining CD19 
CAR T-cell therapy with an irreversible inhibitor of Bru-
ton’s tyrosine kinase (BTK), known as Ibrutinib [46]. BTK 
is involved in the pathogenesis of CLL since constitutive 
activation of the kinase is linked to constitutive activation of 
the BCR signaling pathway and consequently increased sur-
vival and proliferation of malignant cells. Besides directly 
affecting CLL cells, Ibrutinib also exerts immunomodula-
tory effects on T-cells through inhibition of BTK and IL-
2-inducible T-cell kinase (ITK). Inhibition of these kinases 
increases T-cell numbers and enhances persistence of acti-
vated T-cells in patients. Combining CD19 CAR T-cell 
therapy with Ibrutinib compared to Ibrutinib or CD19 CAR 

T-cells alone significantly increased the overall survival of 
mice in a xenograft model of CLL [46]. Additionally, ongo-
ing clinical trials evaluating the effect of the Ibrutinib/CD19 
CAR T-cell combination in CLL have so far been promising 
with increased response rates compared to previous studies 
with CD19 CAR T-cells alone [20] (NCT01865617). An 
alternative approach to circumvent the diminished function-
ality of CAR T-cells from CLL patients could be utilizing 
allogeneic healthy donor T-cells as a source for CAR T-cell 
manufacturing.

Besides CD19, other targets such as CD20, CD22 and 
various combinations thereof are currently being explored 
as CAR targets in CLL. The efficacy of CAR T-cells 
directed against κ light chain has been tested in patients 
with CLL with remissions in a fraction of patients [22] 
(NCT00881920). Due to the clonal nature of cancer cells in 
CLL, authors took advantage of the fact that malignant cells 
only express either the κ or the λ light chain. In this way, 
healthy B-cells expressing the λ light chain could be spared, 
while κ light chain-expressing malignant and healthy cells 
were killed. A similar approach, with the purpose of spar-
ing healthy B-cells from CAR T-cell mediated killing, was 
attempted by targeting the IgM Fcμ receptor (FcμR) [23]. 
The FcμR is highly expressed on malignant CLL cells com-
pared to healthy B-cells. In this pre-clinical study, T-cells 
derived from CLL patients were able to eradicate their autol-
ogous malignant CLL tumors without cytotoxicity against 
their healthy B-cell counterparts.

Multiple myeloma

In regard to multiple myeloma (MM), B-cell maturation 
antigen (BCMA) remains the most explored target for CAR 
T-cell therapy. In recent years, several clinical trials have 
been published and provided promising outcomes with 
overall response rates (ORR) of more than 80% [47, 48]. 
Recently, the first anti-BCMA CAR T-cell therapy (Ide-
cabtagene vicleucel) was approved by the FDA. Despite 
these encouraging results, relapse with BCMA-negative 
tumors have been reported in several studies clearly high-
lighting antigen-escape as an emerging obstacle for the cura-
tive potential of anti-BCMA CAR T-cells in myeloma.

Next generation BCMA CAR T-cells are currently in 
clinical evaluation to address some of the above limita-
tions (Table 1). Shah et al. [49] reported initial results from 
a phase 1 study testing bb21217, an anti-BCMA-4-1BB-
CD3ζ CAR T-cell product (NCT03274219). Unlike previ-
ous studies with similar products from Bluebird Bio, the 
bb21217 product is manufactured in the presence of a PI3K 
inhibitor during ex vivo culture with the aim of enriching 
the final product for T-cells with a memory phenotype. Sev-
eral pre-clinical studies suggested increased persistence 
and efficacy of such a CAR T-cell product. In total, 83% of 
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patients treated on this protocol had a clinical response with 
emerging data demonstrating long-term persistence of CAR 
T-cells in long-term responders. However, longer follow-up 
time and inclusion of additional patients are needed to sup-
port initial findings and establish improved persistence with 
this product.

Poseida Therapeutics recently reported initial results 
from their ongoing phase 1/2 study (NCT03288493) [50]. 
Instead of utilizing a scFv as binder, their P-BCMA-101 
construct is based on an anti-BCMA centyrin. Centyrins 
are small non-antibody proteins, derived from human con-
sensus tenascin FN3 domains, which can be engineered to 
bind specific targets with high affinity and specificity [51]. 
The P-BCMA-101 CAR T-cell manufacturing utilizes the 
piggyBac (PB) transposon system instead of viral gene 
transfer which is claimed to enrich for a population of CAR 
T-cells with a memory phenotype. Based on an ongoing 
phase 1/2 trial, P-BCMA-101 has shown an ORR of 57% 
(NCT03288493). Recently, development of CAR+ T-cell 
lymphoma in two patients receiving PB engineered anti-
CD19 CAR T-cells was reported [52, 53]. The underlying 
mechanism for malignant T-cell transformation was not 
apparently caused by insertional mutagenesis due to the 
CAR gene but rather as a consequence of the electropora-
tion procedure.

Due to the reported BCMA-negative relapses, other 
targets including Igκ light chain, CD19 and CD138 are 
currently being pursued as targets in clinical trials [54]. 
Recently, CD38 has also emerged as alternative target for 
CAR T-cells in MM. Although highly expressed on malig-
nant myeloma cells, CD38 is also expressed albeit at lower 
levels on natural killer (NK) cells, monocytes and some 
T-cells during infection. Therefore, targeting CD38 poses 
a risk for on-target/off-tumor toxicity and could hamper 
an ongoing immune response during infection. Utilizing 
a high-affinity scFv as binder, CD38 CAR T-cells led to 
killing of both high and dim CD38-expressing target cells. 
Drent et al. [30] showed that reducing the affinity of the 
scFv could spare target cells with a dim CD38 expression 
but maintain cytolytic activity against MM tumor cells with 
high CD38 expression. Because of the high risk of on-target/
off-tumor toxicity occurring with targeting CD38, Drent and 
colleagues introduced a “safety-switch” in their affinity-opti-
mized CD38 CAR T-cell product [31]. The safety switch 
allows only for CD38 CAR expression in T-cells in the pres-
ence of doxycycline due to an engineered Tet-on system; in 
absence of doxcycycline no CAR is expressed. Trials explor-
ing anti-CD38 CAR T-cells as therapy for MM are currently 
in the recruitment phase (e.g., NCT03464916). Additional 
proposed targets for CAR T-cell treatment of MM include 
CS1 [55], integrin β7 [35], and G protein-coupled receptor 
class C group 5 member-D (GPRC5D) [34].

CS1 is a surface glycoprotein that is highly and uni-
formly expressed on MM cells, but also on other immune 
cells. A phase 1 study recruiting at City of Hope Medical 
Center is aiming at evaluating the safety and activity of CS1-
directed CAR T-cells (NCT03710421). Another approach 
to target multiple myeloma is to target the MM stem cell 
compartment. The stem cells are classically defined as 
CD19 + CD38low/ − which makes CD19 an attractive tar-
get for preventing disease recurrence after elimination 
of the differentiated plasma cells. Results from a clinical 
trial targeting myeloma stem cells with CD19 CAR T-cell 
therapy were published from Perelman School of Medicine, 
University of Pennsylvania [28, 29] (NCT02135406). In 
total, 11 patients were treated with anti-CD19 CAR T-cell 
therapy and high-dose melphalan followed by autologous 
stem cell transplantation. One patient experienced a com-
plete response (CR) with additional 8 patients experienc-
ing a meaningful clinical response classified as very good 
partial response (VGPR) or partial response (PR). A recent 
strategy combining CD19 and BCMA targeted CAR T-cell 
therapy has been published [38]. In this trial conducted at 
Affiliated Hospital of Xuzhou Medical University, China, 
57% of patients experienced a CR with a median follow up 
time of 179 days (ChiCTR-OIC-17011272). Further studies 
are warranted to fully understand the mechanisms reported 
in these trials.

To identify a target selective for MM, Hosen et al. [35] 
screened more than 10,000 monoclonal antibodies raised 
against MM cells and identified one clone specifically rec-
ognizing an epitope selectively exposed and accessible in 
the active conformation of integrin β7. Expression of this 
conformation of integrin β7 was validated in a large cohort 
of MM patients. Repurposing this clone into a scFv format 
and CAR binder, anti-β7 CAR T-cells showed specific anti-
myeloma efficacy without damaging normal tissue express-
ing the inactive conformation of integrin β7. Interestingly, 
authors also showed the ability of these CAR T-cells to rec-
ognize CD19+ putative myeloma stem cells [56].

GPRC5D was recently identified as potential target 
in MM with similar distribution as BCMA [34]. Authors 
screened a total of 42 different CAR constructs differing in 
anti-GPRC5D scFv and spacer length with respect to in vitro 
anti-tumor efficacy and low tonic signaling. In vivo testing 
of the most effective construct showed complete tumor clear-
ance in both bone marrow tropic MM and BCMA-negative 
escape MM xenograft models. An interesting approach to 
limit antigen-escape in MM is utilizing the natural ligand 
A proliferation-inducing ligand (APRIL) as CAR binding 
moiety [26], because APRIL is able to bind BCMA but also 
transmembrane activator and CAML interactor (TACI), both 
of which are highly expressed on MM cells. A clinical study 
investigating the safety and efficacy of APRIL-based CAR 
T-cells is ongoing (NCT03287804). Recently it was shown 
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that converting the APRIL binder from a monomeric into 
a trimeric form enhances the in vivo efficacy against both 
BCMA-positive and negative MM, the latter through bind-
ing of TACI, in pre-clinical xenograft models [57].

Efforts to augment BCMA CAR T-cell therapy are 
underway. BCMA is cleaved from tumor cells producing 
high concentrations of soluble BCMA, thus posing a risk 
for BCMA-negative relapse and blocking of anti-BCMA 
CAR T-cell target binding. To circumvent such issues, recent 
research has focused on combining BCMA CAR T-cells 
with γ-secretase inhibitors to stop BCMA shedding [58]. The 
strategy is currently being tested in a phase 1 clinical trial 
(NCT03502577). It has been shown that ex vivo culture of 
anti-myeloma CAR T-cells in the presence of lenalidomide 
improves CAR T-cell effector functions [59]. Lenalidomide 
is a small immune modulatory drug with both direct anti-
tumor activity and T-cell modulatory properties. Upon T-cell 
receptor (TCR) activation, lenalidomide increases phospho-
rylation of the cytoplasmic tail of CD28, thereby enhancing 
downstream signaling leading to enhanced functional and 
proliferative capacity of T-cells. The strategy is currently 
being pursued in a clinical trial sponsored by Memorial 
Sloan Kettering Cancer Center (MSKCC) in collaboration 
with Juno Therapeutics (NCT03070327).

B‑cell lymphoma

Like for CLL, the response rates observed in ALL after 
CD19 CAR T-cell therapy are not recapitulated in lym-
phoma patients. Despite this, clinical benefit of targeting 
CD19 has been established leading to current approval of 
four CD19 targeting CAR T-cell therapies; tisagenlecleu-
cel, axicabtagene ciloleucel, Lisocabtagene maraleucel and 
recently brexucabtagene autoleucel for different subtypes of 
B-cell lymphoma (Table 1).

CD20 and CD22 are also being explored as targets for 
CAR T-cell therapy in lymphoma. CAR T-cells targeting 
CD30 are currently in clinical investigation for the treat-
ment of Hodgkin Lymphoma (HL) (NCT03049449) [60]. 
Several concerns were initially raised when targeting CD30, 
as this molecule is also expressed on hematopoietic stem 
cells (HSCs), as well as activated T and B-cells. Lysis of 
HSCs could cause impaired hematopoiesis. Importantly, 
targeting CD30 by CAR T-cells led to tumor cell lysis, but 
did not induce killing of HSCs [61]. The authors attributed 
these findings to an HSC CD30 expression level below the 
required threshold for CAR T-cell activation and intrinsic 
mechanisms in the HSCs, such as high levels of the gran-
zyme B inhibitor PI-9 that protected cells from lysis. This is 
consistent with published results from clinical trials show-
ing anti-CD30 CAR T-cells to be safe and with anti-tumor 
efficacy [40, 60]. Similar anti-tumor efficacy of CD19 and 
CD79b (a pan B-cell marker) CAR T-cells in models of 

mantle cell lymphoma (MCL) was reported [62]. Sustained 
response in a pre-clinical MCL xenograft model after treat-
ment with CD79b CAR T-cells in a single or dual format 
combined with CD19 targeting was recently reported [43]. 
A trial targeting CD79b with CAR T-cells is currently being 
initiated (NCT04609241).

Novel approaches aimed at augmenting CAR T-cell effi-
cacy in lymphoma are ongoing. Up-regulation of check-
points including programed death ligand-1 (PD-L1) within 
the tumor microenvironment of Non-Hodgkin lymphoma 
(NHL) patients after axicabtagene ciloleucel treatment has 
provided the rationale for initiating a clinical trial investi-
gating the efficacy of CD19 CAR T-cells in combination 
with the anti-PD-L1 antibody Atezolizymab (Zuma-6, 
NCT02926833) [63]. Currently, 28 patients with diffuse 
large B-cell lymphoma have been treated with this com-
bination therapy with a reported ORR of 75% and with a 
manageable safety profile. Other strategies to augment 
CAR T-cell efficacy in lymphoma include co-expression of 
additional co-stimulatory ligands, such as 4-1BBL [64] and 
CD40L [65]. Pre-clinical studies showed increased suscep-
tibility of tumor cells to undergo apoptosis when CD40L 
was co-expressed on the surface of CAR T-cells. In addi-
tion, CD40L expression also increased in vivo cytotoxicity 
and enhanced anti-tumor immunity through up-regulation 
of CD80 (B7-1), CD86 (B7-2), and Fas receptor on tumor 
cells. Co-expressing 4-1BBL in CAR T-cells led to enhanced 
T-cell proliferation, IL-2 production and in vivo tumor clear-
ance. Based on these pre-clinical findings, a phase 1 trial is 
currently being conducted, investigating the safety and effi-
cacy of CD19-directed CAR T-cells co-expressing 4-1BBL 
(NCT03085173). The study enrolled patients diagnosed with 
NHL, CLL and ALL and reported an initial CR rate of 59% 
[66].

T‑cell leukemia and lymphoma

There are several obstacles that need to be overcome in order 
to successfully translate CAR T-cell therapy toward T-cell 
tumors. Several issues need to be overcome to ensure success 
of CAR T-cell therapy against T-cell malignancies including 
identification of proper antigens to target, fratricide, T-cell 
aplasia which unlike B-cell aplasia is prohibitively toxic and 
difficulties with CAR T-cell manufacturing, in particular the 
selective engineering of healthy T-cells with the CAR gene.

Only a limited number of studies targeting T-cell antigens 
with CAR T-cell therapy has been published (Table 1). How-
ever, common to these are that they are targeting antigens 
with high expression on malignant T-cell clones and no or 
low level expression on their healthy counterparts in order 
to reduce fratricide. CD30 is a member of the tumor necrosis 
factor receptor (TNFR) family involved in regulating T-cell 
proliferation and cytokine production after TCR stimulation. 
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CD30 expression has been found on a subset of T-cell leuke-
mia and lymphomas and with a limited expression pattern on 
healthy T-cells, i.e., a minor subset of activated cells. Several 
clinical studies are investigating the efficacy of CAR T-cells 
against CD30+ tumors (NCT02917083; NCT04653649; 
NCT03049449, NCT022595). Overall, targeting CD30 in 
these studies has proven to be safe [45, 60]. However, one 
study did report limited expansion and persistence of the 
infused product [60]. This observation may account for the 
reduced risk of developing CRS or neurotoxicity after anti-
CD30 CAR T-cell therapy which is a common side effect of 
targeting B-cell malignancies. Besides CD30, CD37 have 
also been explored as target in T-cell malignancies. CD37 is 
a member of the tetraspanin superfamily with limited expres-
sion to the lymphoid compartment. In particular B-cells, 
both malignant and healthy cells have high expression of 
CD37 but can also be found in some T-cell lymphomas. 
Because CD37 is not found on healthy T-cells, anti-CD37 
CAR T-cells where able to discriminate between normal and 
malignant T-cells and were manufactured without signs of 
fratricide [41]. A clinical trial evaluating CAR T-cell effi-
cacy against CD37+ B and T-cell malignancies is underway 
(NCT04136275).

A recent study utilized CAR T-cells directed against the 
β-chain of the TCR [44]. The β-chain constant region can 
either be encoded by the T-cell receptor beta constant-1 
(TRBC1) or the T-cell receptor beta constant-2 (TRBC2) 
gene. This means that a population of healthy T-cells will 
consist of a mixtures of T-cells expressing either TRBC1 
or TRBC2, whereas the entire population of a T-cell can-
cer will exclusively express either TRBC1 or TRBC2. 
This knowledge can be leveraged to target the malignant 
T-cell clone while sparing the fraction of healthy T-cells 
expressing the other β-chain constant region. In this study 
CAR T-cells targeting TRBC1 could discriminate between 
TRBC1 and TRBC2-positive cells both in vitro and in vivo. 
Thus, CAR T-cells directed against either one of the β-chain 
constant regions offers a unique approach of targeting T-cell 
malignancies without causing complete T-cell aplasia 
(NCT03590574).

Disease relapse after CAR T‑cell therapy

Relapse with CD19+ tumor cells is often seen within the 
first months after CAR T-cell infusion and is often related 
to intrinsic failure of the CAR T-cells. Factors including 
construct design, manufacturing process, and initial cell 
quality and phenotype have all been suggested as crucial 
for sustaining CAR T-cell persistence. In a comprehensive 
study carried out by Fraietta and colleagues, the transcrip-
tomic profile of CAR T-cells from complete-responding 
versus non-responding CLL patients was compared. T-cell 

products from the complete responders were enriched with 
T-cells with a memory-related gene signature [67]. Specifi-
cally, CAR T-cells with a central memory (TCM) or a stem 
cell memory (TSCM) phenotype were associated with an 
increased proliferative potential and persistence in patients. 
In contrast, relapse with CD19− tumors occurs later as result 
of the selective pressure by CAR T-cell therapy leading to 
disease relapse or selection of pre-existing malignant cell 
clones lacking the targeted antigen. Both mechanisms are 
a major obstacle for the curative potential of CAR T-cells. 
Antigen loss has been observed across multiple trials vary-
ing in study design, construct design, and targeted antigen. 
Up to 30% of patients treated with CD19 CAR T-cell therapy 
relapse with CD19-negative disease and several mechanisms 
for relapse have been proposed. These include alternative 
splicing events, creating truncated CD19 variants lagging 
the epitope recognized by CD19 CAR T-cells, outgrowth of 
a pre-existing CD19-negative clone, or lineage switching to 
myeloid leukemia. However, complete antigen loss may not 
be required for resistance to CAR T-cell therapy. Loss or 
down-regulation of target is not unique to anti-CD19 CAR 
T-cells, but has also been reported for other targets including 
CD22 and BCMA. A reduction in CD22 surface expression 
was sufficient to drive tumor evasion from anti-CD22 CAR 
T-cells despite ongoing dim CD22 expression [8].

As alternative to multi-targeting CARs, utilizing NK-
cells redirected by the CAR has been proposed as alter-
native strategy [68, 69]. MHC class I downregulation is a 
common mechanism exploited by cancer cells to escape 
recognition by the immune system. In case of CAR-target 
downregulation, CAR NK-cells can facilitate tumor killing 
of MHC class I negative cells potentially reducing the risk 
of antigen-escape.

Although less understood, intrinsic CAR failure may also 
be related to pre-existing or treatment induced humoral and 
cellular immunity against the murine-derived scFv domain 
of the CAR [70–72]. Presence of humoral immunity against 
the CAR does not seem to correlate with notable effect on 
CAR T-cell efficacy but have been attributed to develop-
ment of anaphylaxis in one patient receiving several doses 
of CAR T-cells [24, 70]. On the contrary, cellular immuno-
genicity has been suggested to hamper CAR T-cell persis-
tence in some cases but not all [71, 73]. These observations 
highlight the fields’ current lack of knowledge concerning 
the relation between CAR design and potency to induce 
immunogenicity.
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What is the ideal CAR T‑cell design to combat 
hematological cancer?

Although we have yet to fully understand all aspects of CAR 
T-cell functionality, we have established some features in 
CAR T-cell design which are important for efficacy against 
hematological cancers. One important factor is deciding 
which antigen the therapy should be directed against. The 
antigen should be both highly and homogeneously expressed 
on all tumor cells. Moreover, the antigen should be criti-
cal for survival of malignant cells in order to reduce the 
risk of relapse with antigen-negative tumors. The majority 
of CAR T-cell products currently tested (and approved) are 
directed against a single antigen. However, several multi-
targeted CAR T-cell strategies are in the pipeline, all with 
the aim of circumventing disease relapse by antigen-negative 
tumors. The use of such multi-targeted products are envi-
sioned to outcompete the current single targeting products 
in the future.

Also importantly is the choice of co-stimulatory domain 
in the CAR itself. Of now the majority of CARs in develop-
ment employ either a CD28 or 4-1BB co-stimulatory domain 
to achieve full activation. The expansion kinetics of CAR 
T-cells harboring a CD28 co-stimulatory domain is very 
rapid and robust with in vivo persistence of 3 months. On the 
contrary, 4-1BB based CARs have slower expansion kinetics 
but can persist in patients for more than 5 years. These dif-
ferences should be utilized when designing an optimal CAR 
product for various hematological cancers. As example, low 
tumor burden cancers like lymphoma may need to be treated 
with a product that can rapidly expand without significant 
risk of developing signs of severe CRS. On the other hand, 
for high tumor burden cancers, such as ALL, it might be 
beneficial to use CARs harboring the 4-1BB co-stimulatory 
domain to avoid rapid proliferation of the T-cells to reduce 
the risk of severe CRS and ensure long-persisting T-cells in 
order to eradicate all tumor cells.

The initial phenotype of CAR T-cells has also been found 
to be important for the efficacy of CAR T-cell therapy. In 
general, products enriched with T-cells having a memory 
phenotype have been reported to correlate with a positive 
outcome. The importance of cell quality over cell quantity 
was highlighted in a recent report. Here authors described 
a patient experiencing a complete response based on clonal 
expansion of a single CD19 CAR T-cell. Integration of the 
CAR gene into the T-cell genome resulted in disruption of 
the TET2 gene, which in turn favored a TCM phenotype and 
increased the levels of perforin and granzyme in the CAR 
T-cell [74].

Because CAR T-cells proliferate within the patient, a 
linear relationship between CAR T-cell dosing and efficacy 
cannot easily be determined but will highly be influenced 

by the factors discussed above. Recently, several research 
groups have developed mathematical models to predict the 
minimum effective CAR T-cell dose needed to induce com-
plete response [75, 76]. It will be interesting to see whether 
these predictions based on mathematical models will indeed 
be supported by clinical trials.

Currently, CAR T-cell manufacturing is a complicated, 
costly and time-consuming process. Much effort has been 
focused on key areas of the production process to ensure 
reliable and scalable manufacturing. However, with the rate 
of product approvals, the current autologous CAR T-cell 
manufacturing process may fail to support the increasing 
demand. Shifting from an autologous to allogeneic setting 
could ensure sustainability [77, 78]. However, even in the 
case where human leukocyte antigen (HLA) is matched 
between recipients and donors there is a still a substantial 
risk of graft-versus-host-disease (GvHD). To circumvent 
such problems manufacturing of allogeneic products has 
been focused on eliminating the endogenous TCR through 
gene-editing or utilizing cell subsets, such as NK-cells lack-
ing natural TCR as carrier of the CAR [79]. Recently, novel 
approaches based on in vivo gene transfer mediated by nano-
carriers or lentiviral particles have also been proposed as an 
attractive low-cost “off-the-shelf” strategy [80–82].

Conclusion

In recent years, CAR T-cell therapy has proven to be an 
important therapy bringing new options to otherwise incur-
able cancer patients. Despite this, a larger fraction of patients 
are not cured and relapse, often with antigen-negative 
tumors. Discovering new antigens with a more favorable 
expression profile is important, however, will likely not be 
substantial in preventing antigen-escape. Newer approaches 
developing novel CAR designs targeting multiple antigens 
are making their way into clinical testing and have the poten-
tial for pushing the field forward. Due to the currently high 
costs of production, it is unlikely that CAR T-cell therapy 
will take the front seat as primary treatment modality over 
conventional therapies like surgery, chemotherapy and radi-
otherapy. However, new engineering approaches based on 
allogeneic cells products or in vivo gene delivery are on the 
horizon potentially providing an “of-the-shelf” solution for 
sustainable CAR T-cell manufacturing which finally may 
deliver a continuous and cheaper supply for the increasing 
demand.

Acknowledgements The authors have received funding from The Novo 
Nordisk Foundation, Challenge Program 2021—Smart Nanomateri-
als for Applications in Life-Science (Grant NNF21OC0066562), Inde-
pendent Research Fund Denmark (Grant 0129-00005B), Kirsten og 
Freddy Johansens fond, “CD20 CAR-TIME” Consortium, the German 



2309Cancer Immunology, Immunotherapy (2022) 71:2301–2311 

1 3

Federal Ministry of Education and Research within the funding pro-
gram “innovations for individualized medicine” (Fkz 01EK1507A-C) 
and the Deutsche Forschungsgemeinschaft through the “Control-T” 
Consortium (AB58/10-2).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Abken H (2021) Building on synthetic immunology and T cell 
engineering: a brief journey through the history of CARs. Hum 
Gene Ther 32:1011

 2. Liadi I, Singh H, Romain G, Rey-Villamizar N, Merouane A, 
Adolacion JR et al (2015) Individual motile CD4(+) T cells can 
participate in efficient multikilling through conjugation to multiple 
tumor cells. Cancer Immunol Res 3(5):473–482

 3. Kawalekar OU, RS OC, Fraietta JA, Guo L, McGettigan SE, Posey 
AD Jr et al (2016) Distinct signaling of coreceptors regulates spe-
cific metabolism pathways and impacts memory development in 
CAR T cells. Immunity 44(3):712

 4. Salter AI, Ivey RG, Kennedy JJ, Voillet V, Rajan A, Alderman 
EJ et al (2018) Phosphoproteomic analysis of chimeric antigen 
receptor signaling reveals kinetic and quantitative differences that 
affect cell function. Sci Signal 11(544):eaat6753

 5. Golumba-Nagy V, Kuehle J, Hombach AA, Abken H (2018) 
CD28-zeta CAR T cells resist TGF-beta repression through IL-2 
signaling, which can be mimicked by an engineered IL-7 auto-
crine loop. Mol Ther 26(9):2218–2230

 6. Chmielewski M, Kopecky C, Hombach AA, Abken H (2011) 
IL-12 release by engineered T cells expressing chimeric antigen 
receptors can effectively Muster an antigen-independent mac-
rophage response on tumor cells that have shut down tumor anti-
gen expression. Cancer Res 71(17):5697–5706

 7. O’Leary MC, Lu X, Huang Y, Lin X, Mahmood I, Przepiorka D 
et al (2019) FDA approval summary: tisagenlecleucel for treat-
ment of patients with relapsed or refractory B-cell precursor acute 
lymphoblastic leukemia. Clin Cancer Res 25(4):1142–1146

 8. Fry TJ, Shah NN, Orentas RJ, Stetler-Stevenson M, Yuan CM, 
Ramakrishna S et al (2018) CD22-targeted CAR T cells induce 
remission in B-ALL that is naive or resistant to CD19-targeted 
CAR immunotherapy. Nat Med 24(1):20–28

 9. Shah NN, Highfill SL, Shalabi H, Yates B, Jin J, Wolters PL et al 
(2020) CD4/CD8 T-cell selection affects chimeric antigen receptor 
(CAR) T-cell potency and toxicity: updated results from a phase I 
anti-CD22 CAR T-cell trial. J Clin Oncol 38(17):1938–1950

 10. Dai H, Wu Z, Jia H, Tong C, Guo Y, Ti D et al (2020) Bispecific 
CAR-T cells targeting both CD19 and CD22 for therapy of adults 
with relapsed or refractory B cell acute lymphoblastic leukemia. 
J Hematol Oncol 13(1):30

 11. Amrolia PJ, Wynn R, Hough RE, Vora A, Bonney D, Veys P 
et al (2019) Phase I study of AUTO3, a bicistronic chimeric anti-
gen receptor (CAR) T-cell therapy targeting CD19 and CD22, in 

pediatric patients with relapsed/refractory B-cell acute lympho-
blastic leukemia (r/r B-ALL): amelia study. Blood 134:2620

 12. Ruella M, Barrett DM, Kenderian SS, Shestova O, Hofmann TJ, 
Perazzelli J et al (2016) Dual CD19 and CD123 targeting prevents 
antigen-loss relapses after CD19-directed immunotherapies. J Clin 
Invest 126(10):3814–3826

 13. Tu S, Deng L, Huang R, Zhou X, Yang J, Zhou W et al (2018) A 
novel chimeric antigen receptor T cells therapy strategy that dual 
targeting CD19 and CD123 to treat relapsed acute lymphoblastic 
leukemia after allogeneic hematopoietic stem cell transplantation. 
Blood 132:4015

 14. Nair S, Wang JB, Tsao ST, Liu Y, Zhu W, Slayton WB et al 
(2019) Functional improvement of chimeric antigen receptor 
through intrinsic interleukin-15Ralpha signaling. Curr Gene Ther 
19(1):40–53

 15. Harrer DC, Schuler G, Dorrie J, Schaft N (2019) CSPG4-specific 
CAR T cells for high-risk childhood B cell precursor leukemia. 
Int J Mol Sci 20(11):2764

 16. Qin H, Dong Z, Wang X, Cheng WA, Wen F, Xue W et al (2019) 
CAR T cells targeting BAFF-R can overcome CD19 antigen loss 
in B cell malignancies. Sci Transl Med 11(511):eaaw9414

 17. Dong Z, Cheng WA, Smith DL, Huang B, Zhang T, Chang WC 
et al (2020) Antitumor efficacy of BAFF-R targeting CAR T cells 
manufactured under clinic-ready conditions. Cancer Immunol 
Immunother 69(10):2139–2145

 18. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A et al 
(2011) T cells with chimeric antigen receptors have potent antitu-
mor effects and can establish memory in patients with advanced 
leukemia. Sci Transl Med 3(95):95ra73

 19. Porter DL, Levine BL, Kalos M, Bagg A, June CH (2011) Chi-
meric antigen receptor-modified T cells in chronic lymphoid leu-
kemia. N Engl J Med 365(8):725–733

 20. Gauthier J, Hirayama AV, Purushe J, Hay KA, Lymp J, Li DH 
et al (2020) Feasibility and efficacy of CD19-targeted CAR T cells 
with concurrent ibrutinib for CLL after ibrutinib failure. Blood 
135(19):1650–1660

 21. Shah NN, Johnson BD, Schneider D, Zhu F, Szabo A, Keever-
Taylor CA et al (2020) Bispecific anti-CD20, anti-CD19 CAR T 
cells for relapsed B cell malignancies: a phase 1 dose escalation 
and expansion trial. Nat Med 26(10):1569–1575

 22. Ramos CA, Savoldo B, Torrano V, Ballard B, Zhang H, Dak-
hova O et al (2016) Clinical responses with T lymphocytes tar-
geting malignancy-associated kappa light chains. J Clin Invest 
126(7):2588–2596

 23. Faitschuk E, Hombach AA, Frenzel LP, Wendtner CM, Abken 
H (2016) Chimeric antigen receptor T cells targeting Fc mu 
receptor selectively eliminate CLL cells while sparing healthy 
B cells. Blood 128(13):1711–1722

 24. Munshi NC, Anderson LD Jr, Shah N, Madduri D, Berdeja J, 
Lonial S et al (2021) Idecabtagene vicleucel in relapsed and 
refractory multiple myeloma. N Engl J Med 384(8):705–716

 25. Xu J, Chen LJ, Yang SS, Sun Y, Wu W, Liu YF et al (2019) 
Exploratory trial of a biepitopic CAR T-targeting B cell matura-
tion antigen in relapsed/refractory multiple myeloma. Proc Natl 
Acad Sci USA 116(19):9543–9551

 26. Lee L, Draper B, Chaplin N, Philip B, Chin M, Galas-Filipowicz 
D et al (2018) An APRIL-based chimeric antigen receptor for 
dual targeting of BCMA and TACI in multiple myeloma. Blood 
131(7):746–758

 27. Popat R, Zweegman S, Cavet J, Yong PK, Lee L, Faulkner J 
et al (2019) Phase 1 first-in-human study of AUTO2, the first 
chimeric antigen receptor (CAR) T cell targeting APRIL for 
patients with relapsed/refractory multiple myeloma (RRMM). 
Blood 132:3112

http://creativecommons.org/licenses/by/4.0/


2310 Cancer Immunology, Immunotherapy (2022) 71:2301–2311

1 3

 28. Garfall AL, Maus MV, Hwang WT, Lacey SF, Mahnke 
YD, Melenhorst JJ et  al (2015) Chimeric antigen receptor 
T cells against CD19 for multiple myeloma. N Engl J Med 
373(11):1040–1047

 29. Garfall AL, Stadtmauer EA, Hwang WT, Lacey SF, Melenhorst JJ, 
Krevvata M et al (2018) Anti-CD19 CAR T cells with high-dose 
melphalan and autologous stem cell transplantation for refractory 
multiple myeloma. JCI Insight 3(8):e120505

 30. Drent E, Themeli M, Poels R, de Jong-Korlaar R, Yuan H, de 
Bruijn J et al (2017) A rational strategy for reducing on-target 
off-tumor effects of CD38-chimeric antigen receptors by affinity 
optimization. Mol Ther 25(8):1946–1958

 31. Drent E, Poels R, Mulders MJ, van de Donk N, Themeli M, Lok-
horst HM et al (2018) Feasibility of controlling CD38-CAR T 
cell activity with a Tet-on inducible CAR design. PLoS ONE 
13(5):e0197349

 32. Guo B, Chen M, Han Q, Hui F, Dai H, Zhang W et al (2015) 
CD138-directed adoptive immunotherapy of chimeric antigen 
receptor (CAR)-modified T cells for multiple myeloma. J Cell 
Immunother 2:28–35

 33. Amatya C, Pegues MA, Lam N, Vanasse D, Geldres C, Choi S 
et al (2021) Development of CAR T cells expressing a suicide 
gene plus a chimeric antigen receptor targeting signaling lympho-
cytic-activation molecule F7. Mol Ther 29(2):702–717

 34. Smith EL, Harrington K, Staehr M, Masakayan R, Jones J, Long 
TJ et al (2019) GPRC5D is a target for the immunotherapy of mul-
tiple myeloma with rationally designed CAR T cells. Sci Transl 
Med 11(485):eaau7746

 35. Hosen N, Matsunaga Y, Hasegawa K, Matsuno H, Nakamura Y, 
Makita M et al (2017) The activated conformation of integrin 
beta7 is a novel multiple myeloma-specific target for CAR T cell 
therapy. Nat Med 23(12):1436–1443

 36. Baumeister SH, Murad J, Werner L, Daley H, Trebeden-Negre H, 
Gicobi JK et al (2019) Phase I trial of autologous CAR T cells tar-
geting NKG2D ligands in patients with AML/MDS and multiple 
myeloma. Cancer Immunol Res 7(1):100–112

 37. Zah E, Nam E, Bhuvan V, Tran U, Ji BY, Gosliner SB et al 
(2020) Systematically optimized BCMA/CS1 bispecific CAR-T 
cells robustly control heterogeneous multiple myeloma. Nat 
Commun 11(1):2283

 38. Yan Z, Cao J, Cheng H, Qiao J, Zhang H, Wang Y et al (2019) 
A combination of humanised anti-CD19 and anti-BCMA CAR 
T cells in patients with relapsed or refractory multiple myeloma: 
a single-arm, phase 2 trial. Lancet Haematol 6(10):e521–e529

 39. Wang M, Munoz J, Goy A, Locke FL, Jacobson CA, Hill BT 
et al (2020) KTE-X19 CAR T-cell therapy in relapsed or refrac-
tory mantle-cell lymphoma. N Engl J Med 382(14):1331–1342

 40. Wang CM, Wu ZQ, Wang Y, Guo YL, Dai HR, Wang XH et al 
(2017) Autologous T cells expressing CD30 chimeric antigen 
receptors for relapsed or refractory hodgkin lymphoma: an 
open-label phase I trial. Clin Cancer Res 23(5):1156–1166

 41. Scarfo I, Ormhoj M, Frigault MJ, Castano AP, Lorrey S, Bouf-
fard AA et  al (2018) Anti-CD37 chimeric antigen receptor 
T cells are active against B- and T-cell lymphomas. Blood 
132(14):1495–1506

 42. Ding S, Mao X, Cao Y, Wang N, Xu H, Zhou J (2020) Targeting 
CD79b for chimeric antigen receptor T-cell therapy of B-cell 
lymphomas. Target Oncol 15(3):365–375

 43. Ormhoj M, Scarfo I, Cabral ML, Bailey SR, Lorrey SJ, Bouf-
fard AA et al (2019) Chimeric antigen receptor T cells targeting 
CD79b Show efficacy in lymphoma with or without cotargeting 
CD19. Clin Cancer Res 25(23):7046–7057

 44. Maciocia PM, Wawrzyniecka PA, Philip B, Ricciardelli I, 
Akarca AU, Onuoha SC et al (2017) Targeting the T cell recep-
tor beta-chain constant region for immunotherapy of T cell 
malignancies. Nat Med 23(12):1416–1423

 45. Voorhees TJ, Ghosh N, Grover N, Block J, Cheng C, Morri-
son K et al (2020) Long-term remission in multiply relapsed 
enteropathy-associated T-cell lymphoma following CD30 CAR 
T-cell therapy. Blood Adv 4(23):5925–5928

 46. Fraietta JA, Beckwith KA, Patel PR, Ruella M, Zheng Z, 
Barrett DM et al (2016) Ibrutinib enhances chimeric antigen 
receptor T-cell engraftment and efficacy in leukemia. Blood 
127(9):1117–1127

 47. Brudno JN, Maric I, Hartman SD, Rose JJ, Wang M, Lam N 
et al (2018) T Cells genetically modified to express an Anti-B-
cell maturation antigen chimeric antigen receptor cause remis-
sions of poor-prognosis relapsed multiple myeloma. J Clin 
Oncol 36(22):2267–2280

 48. Raje N, Berdeja J, Lin Y, Siegel D, Jagannath S, Madduri D et al 
(2019) Anti-BCMA CAR T-cell therapy bb2121 in relapsed or 
refractory multiple myeloma. N Engl J Med 380(18):1726–1737

 49. Berdeja JG, Alsina M, Shah ND, Siegel DS, Jagannath S, Mad-
duri D et al (2019) Updated results from an ongoing phase 1 
clinical study of bb21217 anti-Bcma CAR T. Blood 134:927

 50 Costello CL, Cohen AD, Patel KK, Ali SS, Berdeja JG, Shah 
N et al (2020) Phase 1/2 study of the safety and response of 
P-BCMA-101 CAR-T cells in patients with relapsed/refractory 
(r/r) multiple myeloma (MM) (PRIME) with novel therapeutic 
strategies. Blood 136:29–30

 51. Diem MD, Hyun L, Yi F, Hippensteel R, Kuhar E, Lowenstein 
C et al (2014) Selection of high-affinity Centyrin FN3 domains 
from a simple library diversified at a combination of strand and 
loop positions. Protein Eng Des Sel 27(10):419–429

 52. Micklethwaite KP, Gowrishankar K, Gloss BS, Li Z, Street JA, 
Moezzi L et al (2021) Investigation of product-derived lym-
phoma following infusion of piggyBac-modified CD19 chimeric 
antigen receptor T cells. Blood 138(16):1391–1405

 53. Bishop DC, Clancy LE, Simms R, Burgess J, Mathew G, Moezzi 
L et al (2021) Development of CAR T-cell lymphoma in 2 of 10 
patients effectively treated with piggyBac-modified CD19 CAR 
T cells. Blood 138(16):1504–1509

 54. Ormhoj M, Bedoya F, Frigault MJ, Maus MV (2017) CARs in 
the lead against multiple myeloma. Curr Hematol Malig Rep 
12(2):119–125

 55. Gogishvili T, Danhof S, Prommersberger S, Rydzek J, Schreder 
M, Brede C et al (2017) SLAMF7-CAR T cells eliminate mye-
loma and confer selective fratricide of SLAMF7(+) normal 
lymphocytes. Blood 130(26):2838–2847

 56. Hajek R, Okubote SA, Svachova H (2013) Myeloma stem cell 
concepts, heterogeneity and plasticity of multiple myeloma. Br 
J Haematol 163(5):551–564

 57. Schmidts A, Ormhoj M, Choi BD, Taylor AO, Bouffard AA, 
Scarfo I et al (2019) Rational design of a trimeric APRIL-based 
CAR-binding domain enables efficient targeting of multiple 
myeloma. Blood Adv 3(21):3248–3260

 58. Pont MJ, Hill T, Cole GO, Abbott JJ, Kelliher J, Salter AI 
et al (2019) Gamma-secretase inhibition increases efficacy of 
BCMA-specific chimeric antigen receptor T cells in multiple 
myeloma. Blood 134(19):1585–1597

 59. Wang X, Walter M, Urak R, Weng L, Huynh C, Lim L et al 
(2018) Lenalidomide enhances the function of CS1 chimeric 
antigen receptor-redirected T cells against multiple myeloma. 
Clin Cancer Res 24(1):106–119

 60. Ramos CA, Ballard B, Zhang H, Dakhova O, Gee AP, Mei Z 
et al (2017) Clinical and immunological responses after CD30-
specific chimeric antigen receptor-redirected lymphocytes. J 
Clin Invest 127(9):3462–3471

 61. Hombach AA, Gorgens A, Chmielewski M, Murke F, Kimpel 
J, Giebel B et al (2016) Superior therapeutic index in lym-
phoma therapy: CD30(+) CD34(+) hematopoietic stem cells 



2311Cancer Immunology, Immunotherapy (2022) 71:2301–2311 

1 3

resist a chimeric antigen receptor T-cell attack. Mol Ther 
24(8):1423–1434

 62. Chu F, Weng J, Kuang S, Cheng X, Cao J, Liu J et al (2018) Tar-
geting CAR T resistance due to CD19 loss with CD79b-specific 
CAR T cells in B-cell malignancies. Blood 132:1662

 63. Jacobson CA, Westin JR, Miklos DB, Herrera AF, Lee J, Seng 
J et al (2020) Abstract CT055: phase 1/2 primary analysis of 
ZUMA-6: axicabtagene ciloleucel (Axi-Cel) in combination 
With atezolizumab (Atezo) for the treatment of patients (pts) with 
refractory diffuse large B cell lymphoma (DLBCL). Cancer Res 
80(16_Supplement):CT055

 64. Zhao Z, Condomines M, van der Stegen SJC, Perna F, Kloss CC, 
Gunset G et al (2015) Structural design of engineered costimula-
tion determines tumor rejection kinetics and persistence of CAR 
T cells. Cancer Cell 28(4):415–428

 65. Curran KJ, Seinstra BA, Nikhamin Y, Yeh R, Usachenko Y, van 
Leeuwen DG et al (2015) Enhancing antitumor efficacy of chi-
meric antigen receptor T cells through constitutive CD40L expres-
sion. Mol Ther 23(4):769–778

 66. Batlevi CL, Palomba ML, Park J, Mead E, Santomasso B, Riviere 
I et al (2019) Phase I clinical trial of CD19-targeted 19–28Z/4-
1BBL “armored” CAR T cells in patients with relapsed or refrac-
tory NHL and CLL including richter transformation. Hematol 
Oncol 37:166

 67. Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-Malinici I, Gohil M, 
Lundh S et al (2018) Determinants of response and resistance to 
CD19 chimeric antigen receptor (CAR) T cell therapy of chronic 
lymphocytic leukemia. Nat Med 24(5):563–571

 68. Marofi F, Al-Awad AS, Sulaiman Rahman H, Markov A, Abdel-
basset WK, Ivanovna Enina Y et al (2021) CAR-NK cell: a new 
paradigm in tumor immunotherapy. Front Oncol 11:673276

 69. Xie G, Dong H, Liang Y, Ham JD, Rizwan R, Chen J (2020) 
CAR-NK cells: a promising cellular immunotherapy for cancer. 
EBioMedicine 59:102975

 70. Maus MV, Haas AR, Beatty GL, Albelda SM, Levine BL, Liu 
X et al (2013) T cells expressing chimeric antigen receptors can 
cause anaphylaxis in humans. Cancer Immunol Res 1(1):26–31

 71. Lamers CH, Willemsen R, van Elzakker P, van Steenbergen-Lan-
geveld S, Broertjes M, Oosterwijk-Wakka J et al (2011) Immune 
responses to transgene and retroviral vector in patients treated 
with ex vivo-engineered T cells. Blood 117(1):72–82

 72. Wagner DL, Fritsche E, Pulsipher MA, Ahmed N, Hamieh M, 
Hegde M et al (2021) Immunogenicity of CAR T cells in cancer 
therapy. Nat Rev Clin Oncol 18(6):379–393

 73. Jensen MC, Popplewell L, Cooper LJ, DiGiusto D, Kalos M, Ost-
berg JR et al (2010) Antitransgene rejection responses contribute 
to attenuated persistence of adoptively transferred CD20/CD19-
specific chimeric antigen receptor redirected T cells in humans. 
Biol Blood Marrow Transpl 16(9):1245–1256

 74. Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich 
TJ et al (2018) Disruption of TET2 promotes the therapeutic effi-
cacy of CD19-targeted T cells. Nature 558(7709):307–312

 75 Barros LRC, Paixao EA, Valli AMP, Naozuka GT, Fassoni AC, 
Almeida RC (2021) CARTmath-A mathematical model of CAR-T 
immunotherapy in preclinical studies of hematological cancers. 
Cancers (Basel) 13(12):2941

 76. Globerson Levin A, Kronik N, Shiloach T, Waks T, Eshhar Z, 
Vainstein V (2020) Less is more: reducing the number of admin-
istered chimeric antigen receptor T cells in a mouse model using 
a mathematically guided approach. Cancer Immunol Immunother 
69(7):1165–1175

 77. Tyagarajan S, Spencer T, Smith J (2020) Optimizing CAR-T Cell 
manufacturing processes during pivotal clinical trials. Mol Ther 
Methods Clin Dev 16:136–144

 78. Depil S, Duchateau P, Grupp SA, Mufti G, Poirot L (2020) “Off-
the-shelf” allogeneic CAR T cells: development and challenges. 
Nat Rev Drug Discov 19(3):185–199

 79. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar 
R et al (2020) Use of CAR-transduced natural killer cells in 
CD19-Positive lymphoid tumors. N Engl J Med 382(6):545–553

 80. Pfeiffer A, Thalheimer FB, Hartmann S, Frank AM, Bender RR, 
Danisch S et al (2018) In vivo generation of human CD19-CAR 
T cells results in B-cell depletion and signs of cytokine release 
syndrome. EMBO Mol Med 10(11):e9158

 81. Agarwal S, Hanauer JDS, Frank AM, Riechert V, Thalheimer FB, 
Buchholz CJ (2020) In vivo generation of CAR T cells selectively 
in human CD4(+) lymphocytes. Mol Ther 28(8):1783–1794

 82. Parayath NN, Stephan SB, Koehne AL, Nelson PS, Stephan MT 
(2020) In vitro-transcribed antigen receptor mRNA nanocarriers 
for transient expression in circulating T cells in vivo. Nat Com-
mun 11(1):6080

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Engineering T-cells with chimeric antigen receptors to combat hematological cancers: an update on clinical trials
	Abstract
	The molecular structure and function of CARs
	Emerging CAR-based strategies for targeting hematological malignancies
	Acute lymphoblastic leukemia
	Chronic lymphocytic leukemia
	Multiple myeloma
	B-cell lymphoma
	T-cell leukemia and lymphoma

	Disease relapse after CAR T-cell therapy
	What is the ideal CAR T-cell design to combat hematological cancer?
	Conclusion
	Acknowledgements 
	References




