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Abstract

Chimeric antigen receptors (CARs) are engineered to target T cells specifically to tumor cells, resulting in the engi-
neered T cell killing the tumor cell. This technology has been developed to target a range of cancers, with the most
notable successes in the treatment of B-cell malignancies where four approved therapies, all targeting CD19, are
on the market. These four products differ in the costimulation domains, with axicabtagene ciloleucel (Yescarta)
and brexucabtagene autoleucel (Tecartus) both utilizing the CD28 costimulation domain whilst tisagenlecleucel
(Kymriah) and lisocabtagene maraleucel (Breyanzi) both utilizing the 4-1BB costimulation domain. There are clearly
defined differences in how the CD28 and 4-1BB domains signal, yet it is difficult to ascertain which domain affords
a superior mechanism of action given many other differences between these products, including overall CAR
architecture and manufacturing methods. Additionally, while in vitro and preclinical in vivo studies have compared
CARs with different costimulation domains, it remains a challenge to extrapolate differences observed in this biology
across different experimental systems to the overall product performance. While there has been extensive preclini-
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cal and clinical work looking at CARs with a variety of targeting domains and architectures, this review will focus
on the differences between the four marketed anti-CD19 CAR-Ts, with an additional focus on the impact of hinge
and transmembrane domain on CAR activity and interaction with the target cell as well as other proteins on the sur-

Background

Chimeric antigen receptors (CARs) have shown excep-
tional promise in the clinic in the treatment of hemato-
logical malignancies, introducing engineered receptors
into a patient’s own T cells to target cancer cells. CARs
are designed with an extracellular domain that binds
to a tumor cell-surface antigen and cytosolic domains
that drive T-cell activation, with the goal of trying to
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recapitulate the process of T cell activation in response
to a foreign antigen, while redirecting the T cell to kill-
ing a tumor cell. An effective T-cell response to a target
antigen requires two signals [1]. The first comes from
engagement of the T-cell receptor (TCR) complex with
the MHC-peptide complex on the antigen presenting
cell. This signal provides recognition to a specific antigen.
However, this signal alone will induce T-cell anergy, a
critical mechanism for establishing tolerance to self-anti-
gens [2]. Professional antigen presenting cells are able to
provide a second signal via engagement with costimula-
tory receptors such as CD28 [3] and 4-1BB [4] on the sur-
face of the T-cell, thus initiating a response to the antigen
being presented by the MHC (Fig. 1a). CD28 and 4-1BB

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, 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://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-023-04372-4&domain=pdf
http://orcid.org/0009-0002-1832-2107

Smith and Shen Journal of Translational Medicine (2023) 21:515

do initiate different signaling pathways (Fig. 1b), though
with significant overlap with the downstream signals
from the TCR complex. The overall outcomes (IL-2 pro-
duction, T cell proliferation and anti-apoptotic signals)
are broadly similar [5].

First generation CARs consisted of extracellular
domains including a tumor-antigen specific single chain
antibody fragment (scEv) linked to the CD3{ signaling
domain [6, 7]. While first-generation CARs induced an
antigen-specific signal, anti-tumor activity in preclinical
models was limited. Inclusion of a costimulation domain
in second generation CARs provided the extra signal
required to fully activate the T cell and drive an anti-
tumor response [8], and clearly demonstrated superior-
ity over first generation CARs in rodent models [9-12]
(Fig. 2). Third generation CARs attempted to further
enhance the costimulatory signal by stacking two or more
costimulatory domains into a single CAR [13]. There was
nonetheless mixed success with third generation CARs
(reviewed in [14]), possibly underscored by the complex
spatial requirements for effective engagement of the
tandem cytosolic costimulatory domains with multiple
effectors [15]. Several different costimulatory domains,
including OX40, CD2 and CD27 have been studied [8],
however the most common domains used in the field are
CD28 and 4-1BB. The four marketed anti-CD19 CARs
use either CD28 or 4-1BB costimulatory domains in a
second-generation format.

Comparing the four approved anti-CD19 CAR-T products

The architecture and manufacturing processes used
for the four approved anti-CD19 CAR-T therapies are
summarized in Table 1. All four CARs utilize the same
binder, an scFv derived from a murine anti-human CD19
antibody known as FMC63 [16], and the same activation
domain, CD3( [13]. The rest of the architecture is signifi-
cantly different. Axi-cel [17-20] and brexu-cel [21-23]
use the same CAR, which has hinge, transmembrane
and costimulation domains derived from CD28. Tisa-cel

(See figure on next page.)

Page 2 of 10

[24-26] uses hinge and transmembrane domains derived
from CD8q, and the 4-1BB costimulation domain. Liso-
cel [27, 28] uses a hinge derived from IgG4, the CD28
transmembrane domain and the 4-1BB costimulation
domain.

The native CD28 and 4-1BB receptors differ in the
downstream signaling cascades, predominantly at the
level of distinct protein binding partners recruited
to the cytosolic domains following receptor-ligand
engagement (Fig. 1b). However, analyses of activa-
tion and phosphorylation events following stimulation
reveal few, if any, converged signaling differences [29].
Even an unbiased mass spectroscopic phosphoprot-
eomic analysis looking at over 26,000 phosphorylation
events across 4849 proteins revealed that a majority
of phosphorylation events were shared between both
costimulation domains (when the rest of the CAR
architecture was held constant) [5]. The key difference
was instead in the magnitude and kinetics of the sig-
nals, with the CD28-based anti-CD19 CAR inducing a
significantly faster signal with greater amplitude. The
CD28 CAR also exhibited a low level of basal CD28
phosphorylation that correlated with increased levels
of Lck associated with the CAR, which was not seen in
the 4-1BB-based anti-CD19 CAR. While this did cor-
relate with potent cytotoxicity in vitro, the CD28-based
CARs use in this study were not as effective at control-
ling a tumor in a rodent model as their 4-1BB-based
counterpart, with the former cells becoming more rap-
idly exhausted and failing to persist. The authors do
note the limitations of their analyses, with the in vitro
activation being performed with antigen coated beads,
thus excluding the contribution of other costimulators
that would be found on tumor cells. Also, they only
looked at one architecture (FMC63 anti-CD19 scFv
plus IgG4 hinge plus CD28 transmembrane domain).
A recent study indicated differences in T-cell dysfunc-
tion arising from chronic in vitro stimulation via a CAR
with a CD28 costimulation domain, which exhibited a

Fig. 1 aThe involvement of native CD28 and 4-1BB costimulation in T cell activation. T cell activation requires two signals. The first is provided

by recognition of a specific peptide antigen held by MHC class Il on the surface of an antigen presenting cell (APC) by the T cell receptor (TCR)
complex. Professional APCs also provide a second signal through engagement of costimulatory molecules on the surface of the T cell; this second
signal is essential for survival and expansion of the T cell. This figure highlights two costimulators; CD28, which is recognized by APC surface
proteins CD80 and CD86 and 4-1BB, which is recognized by APC surface protein 4-1BBL. Created with BioRender.com. b A simplified representation
of the integration of TCR signaling with costimulatory signals. The primary contact between the T cell and the APC is via the TCR/CD3 complex

on the T cell and the MHC/peptide complex on the APC, initiating ‘signal 1. CD28 and 4-1BB signaling (‘'signal 2') is then triggered by engagement
with their ligands on the surface of the APC. This triggers dimerization of CD28, or trimerization of 4-1BB, resulting in recruitment of a variety

of signaling molecules on the cytosolic side of the T cell membrane. It is important to note that the downstream signals from the TCR/CD3 complex
overlap with those from CD28 and 4-1BB, notably via the PKC8 and AKT pathways. This in turn ultimately leads to transcription and translation

of genes required to drive cytokine production (particularly IL2 and IFNy), T cell proliferation and anti-apoptotic signals. Created with BioRender.com
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Fig. 2 First, second and third generation CARs. First generation CARs consist of an antigen-binding scFv fused via a hinge to the transmembrane
and activation domain from CD3(. Second generation CARs use a variety of hinges and transmembrane domains, plus a single costimulatory
domain in addition to the antigen-binding scFv and CD3C activation domain. This enables them to recapitulate the two signals required for full
T-cell activation. Third generation CARs build on the basic structure of the second generation CAR by adding a second costimulation domain.

Created with BioRender.com

Table 1 A summary of the architectures and manufacturing processes for the four approved anti-CD19 CARs, axicabtagene ciloleucel
(axi-cel), brexucabtagene autoleucel (brexu-cel), tisagenlecleucel (tisa-cel) and lisocabtagene maraleucel (liso-cel)

Axi-Cel Brexu-Cel Tisa-Cel Liso-Cel

Architecture

Anti-CD19 scFv FMCe3 FMC63 FMCe3 FMCe3

Hinge CD28 CD28 CD8a lgG4

Transmembrane domain  CD28 CD28 CD8a CcD28

Costimulatory domain CD28 CD28 4-1BB 4-1BB

Activation domain CD3C CD3C CD3C CD3C

Manufacturing

Viral vector y-Retrovirus y-Retrovirus Lentivirus Lentivirus

Promoter MSCV MSCV EF1a EF1a

Starting material PBMCs CD3+enriched CD3+enriched Separated CD4 and CD8

Activation Anti-CD3 coated bag+IL2  Anti-CD3 and anti- Expansion with beads coated  Independent activation of CD4
CD28 coated with anti-CD3 and anti-CD28  and CD8 with beads coated with anti-
bag+IL2 CD3 and anti-CD28

CD4:CD8 in final product  Patient dependent Patient dependent Patient dependent Defined CD4:.CD8

classical T-cell exhaustion profile, versus a CAR with a
4-1BB costimulation domain which exhibited a novel
FOXO3-mediated dysfunction profile [30]. The authors
showed a similar transcriptional profile in Tisa-cel
CAR-T cells taken from a single patient who failed to
respond. Further studies are needed to validate this
observation in additional patients, and to understand if

this novel profile is seen in other CAR-T cells that uti-
lize a 4-1BB costimulation domain.

Functional impact of the hinge and transmembrane
domains within CD19-directed CARs

While there has been much focus on the impact of CD28
versus 4-1BB costimulation domains on CAR activity,
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the choice of hinge and transmembrane domain can
have a profound impact [31]. This is evident from the
range of results seen in preclinical rodent studies that
have directly compared different costimulatory domains
in anti-CD19 CARs, with some studies indicating CD28
costimulation yields a better response [32-36], while oth-
ers indicate a better response when a 4-1BB costimula-
tion domain is used [12, 37, 38]. It is important to note
that it is impossible to draw clear conclusions from these
studies as to which costimulatory domain in general is
better (CD28 or 4-1BB) given the additional differences
(hinge and transmembrane domains) in architectures
used, as well as the different model systems in which they
were tested. If we start to look at the various components
of CAR architecture at a molecular level, we can begin
to determine their relative contributions, and how they
interact with each other, in defining the properties of a
given CAR.

The approved CD19 CARs cover the range of widely
used hinges, utilizing immunoglobin (Ig) family derived
domains. Ig domains are found in over 750 extracel-
lular proteins, not just immunoglobulins (or antibod-
ies), and consist of around 125 amino acids forming an
approximately globular structure. They are frequently
found in membrane proteins where they form stable
modular components of the extracellular domain. These
favorable properties have supported their use in CAR
hinge domains. These domains provide both structure
and function. Ig domains from IgG1 antibodies mediate
engagement with Fc receptors on myeloid cells, a prop-
erty that has negated their use as CAR hinges [39, 40].
Other classes of antibody, such as IgG4, do not bind to
cell surface receptors and have been used successfully as
CAR hinges as in the case of liso-cel [40]. Another alter-
native is to use immunoglobulin-like domains from non-
antibody proteins such as CD28 (axi-cel and brexu-cel)
or CD8«a (tisa-cel). Initially these sequences were con-
sidered to be largely inert, beyond providing appropriate
presentation of the scFv to its cognate antigen on the tar-
get cell. However, there is an increasing body of evidence
pointing towards the choice of hinge and transmembrane
domain greatly impacting CAR activity [41-44].

A comparison of CD28 and CD8a-derived hinge and
transmembrane domains with an anti-VEGFR2 scFv was
performed by Fujiwara et al., showing that first-genera-
tion CARs with CD28-derived sequences had greater
cytotoxic and cytokine-producing activity than equiva-
lent CARs with CD8a derived hinge and transmem-
brane sequences in mouse CAR-T cells [41]. They then
tested second-generation CARs using CD28 costimula-
tion domains, and either CD28- or CD8ua-derived hinge
and transmembrane domains in human CAR-T cells.
In this case the CARs with CD28-derived hinge and
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transmembrane domain had higher cytotoxicity activ-
ity, when controlling for CAR expression [41]. These data
suggest that axi-cel may mediate pronounced cytotoxic-
ity relative to liso-cel and tisa-cel, which do not harbor a
CD28 hinge.

What could be the mechanism driving this differ-
ence? Further work from the same group has indicated
that differences in glycosylation and the propensity for
intermolecular disulfide bridging can influence antigen-
dependent and independent activity [45]. This should
not be surprising as native CD28 and 4-1BB receptors
require multimerization (induced by engagement with
their ligands) to be activated. In fact, first generation
CARs require inclusion of CD3( transmembrane ele-
ments for activity, presumably enabling CAR dimeri-
zation and incorporation of the CAR into the immune
synapse [46]. Dimerization of endogenous CD28 fol-
lowing engagement with its ligands, CD80 and CDS86,
results in recruitment of signaling molecules such as PI3
kinase, Lck and GRB2/GRAP2 to the cytosolic costimu-
latory domain, driving the second signal required for T
cell activation [3] (Fig. 1b). The costimulatory domain
in a CAR generates an equivalent signal when the CAR
engages with an antigen on a tumor cell. It has been
demonstrated that CD28 hinge/ transmembrane domain
CARs can heterodimerize with native CD28 on the T cell
surface [47]. Mueller et al. compared CARs consisting of
FMC63 scFv and 4-1BB costimulatory domain (chosen
to avoid any potential CD28 CAR cytoplasmic domain-
driven association with native CD28) with combinations
of I1gG4, CD28 and CD8a hinges and CD28 and CD8a
transmembrane domains. These CARs were introduced
into T cells by CRISPR gene editing to better control
equivalent levels of expression. Formation of CAR-CD28
heterodimers reduced the amount of free CD28 mono-
mers on the T cell surface. Additionally, the heterodimers
were unresponsive to the native CD28 ligands CD80 and
CD86 (which is reassuring as this was viewed as a poten-
tial route to CD19-independent CAR activation). The
recruitment of native CD28 to the CAR, and thus the
immune synapse, may explain the stronger signal and
increased sensitivity to lower antigen levels when using
the CD28 hinge and transmembrane domains. A similar
pairing, but to a lesser degree was seen with the CD8a
hinge and transmembrane domain, while it was com-
pletely absent with the IgG4 hinge. Three-dimensional
modeling of the structures of the various ECDs does sug-
gest a structural basis for preference of CD28 hinge and
transmembrane domain>CD8a hinge and transmem-
brane domain > IgG4 hinge, with potential stabilization of
the native CD28 - CAR hinge-TM domain heterodimer
mediated through access to an unpaired cysteine in the
extracellular domain of native CD28 by an equivalent
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residue in either the CD28 hinge and transmembrane
domain or the CD8a hinge and transmembrane domain.
The IgG4 hinge lacks a suitable free cysteine in the inter-
face region. In contrast the modeling shows how the
three different CAR hinges can homodimerize following
engagement of their associated binding domains with
their cognate targets.

Majzner et al. have investigated how these differences
manifest at a mechanistic level [48]. Utilizing confo-
cal microscopy, they showed that FMC63-derived CARs
had similar distribution on the T cell surface, irrespec-
tive of the hinge used, but that CD28 hinge/ transmem-
brane domains induced faster synapse formation than
CARs incorporating a CD8a hinge/ transmembrane
domain. This was assessed by measuring recruitment of
a ZAP70-red fluorescent protein fusion to the intracellu-
lar side of the synapse. This is not to say that choice of
costimulation domain does not impact activity; in this
study it was shown that T cell activation kinetics (with
EMC63 as a binder with CD28 hinge and transmem-
brane domains) were faster with the CD28 costimulatory
domain than 4-1BB. Additionally, CD28 hinge and trans-
membrane domains conferred greater sensitivity to lower
antigen levels than the CD8a hinge and transmembrane
domains, suggesting higher potency in conditions where
target expression may be lower. This has clinical impact
that when targeting a population of tumor cells with a
range of target antigen expression even cells expressing
low levels of antigen will be eliminated [49]. It is nota-
ble that using either the 4-1BB or CD28 costimulatory
domain in the context of the CD28 hinge and transmem-
brane domain resulted in CAR-Ts that had equivalent
anti-tumor activity in an in vivo model of a CD19-low
expressing leukemia. For CD19, where on target/ off
tumor cytotoxicity results in the clinically manageable
outcome of B cell aplasia, this could provide a signifi-
cant advantage in driving a complete response. However,
many solid tumor targeting concepts rely on differential
expression of antigen between healthy tissue and tumor
for establishing a therapeutic window [50—52].

Expression of the CAR on the cell surface is depend-
ent on the CAR protein folding into its correct three-
dimensional shape as it is produced inside the cell and
then being transported to the cell surface. While the
choice of hinge and transmembrane domain can influ-
ence how efficiently the CAR folds, the choice of scFv
can have a more profound impact on CAR folding. Not
all antibodies can be successfully converted into an scFv,
resulting in mis-alignment between the heavy and light
chain variable regions that can reveal hydrophobic ‘sticky
patches’ that can cause the CAR to aggregate within the
cell and not reach the surface [53—-56]. In instances when
a sub-optimally folded CAR gets to the cell surface this
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can result in ‘tonic signaling’ or signaling independent
of antigen engagement as a result of CAR aggregation
[57-59]. As all approved anti-CD19 CAR-Ts use the same
scFv this can be excluded as a variable in impacting CAR
expression or tonic signaling.

Clinical data comparison of 41BB vs. CD28 CARs

As already noted with preclinical studies, it is difficult to
infer patterns driven solely by choice of costimulatory
domain across clinical studies for a number of reasons
[60]. We have described how the rest of the CAR archi-
tecture has a strong influence on overall activity, even
if the same scFv (as is the case with the four marketed
anti-CD19 CAR-T therapies) is used. The method of cell
manufacturing (summarized in Table 1) [61], including
choice of vector, pre-transduction processing of apher-
esed material, activation method and length of culture
can have a profound impact on the final product in terms
of phenotype and overall potency. Patient baseline char-
acteristics are critical, from the type and burden of dis-
ease, prior treatments, use of bridging chemotherapy, the
lymphodepletion regimen used [17, 24, 62-64] as well
as CAR T dose. Finally, there is a lack of consistency in
how durable responses are assessed, including follow-up
which may be complicated by the patient receiving con-
solidative allogenic hematopoietic stem cell transplanta-
tion. In addition, a range of different scales for grading
adverse events are used [65-67]. A detailed summary
reviewing clinical data across multiple trials for the four
marketed anti-CD19 CAR-T therapies has recently been
published by Cappell and Kochenderfer [60]. In general
overall complete response (CR) rates are comparable;
indeed a real-world retrospective analysis of B cell non-
Hodgkins lymphoma patients who received either axi-cel
or tisa-cel reported similar CR rates with both products
[68].

Despite the challenges in comparing both responses
and adverse events, Davey et al. [69] performed an analy-
sis of a number of trials looking at different anti-CD19
CARs [17, 24, 62, 63, 70-84]. In this analysis of pub-
lished trial data, they calculated CR rate as the number
of patients who achieved CR at any point post-infusion
expressed as a percentage of the total patients in the
trial. Overall, FMC63-CD28-CD28-CD28-3({ CARs have
a slightly increased CR rate relative to FMC63-CD8a-
CD8a-41BB-3{ CARs in the studies included in this
analysis (60% versus 50%). Interestingly a single trial with
a FMC63-CD28-CD28-41BB-3( CAR had a very high
CR rate (80%), but this only covered 10 patients [73]. In
terms of CRS, there is a higher incidence at grades 1 and
2 with CARs using the CD28 hinge and transmembrane
domains (73% versus 39% for CARs using other archi-
tectures), though there is insufficient data to determine
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if this differs based on the costimulatory domain used,
given that only 10 patients in a single trial received a
FMC63-CD28-CD28-41BB-3( CAR, versus 501 patients
with published data who received FMC63-CD28-CD28-
CD28-3( CAR. Interestingly the rate of CRS at grades 3
and higher is similar across all architectures (approxi-
mately 13%). A similar pattern can be seen for neuro-
toxicity, though as the authors note there are significant
differences in the methods used for defining neurotoxic-
ity events, particularly at low grade [85]. That being said,
there is a clear trend in this analysis towards severe neu-
rotoxicity events in patients treated with CARs utilizing
the CD28 hinge and transmembrane domains. In addi-
tion, onset of CRS is more rapid with CARs containing
a CD28 costimulatory domain (1-3 days) [17, 63] versus
CARs containing 4-1BB (3-5 days) [62, 64]. It should
be noted however that incidence and severity of both
CRS and neurotoxicity can also be influenced by disease
burden, strength and method of lymphodepletion and
CAR-T dose (reviewed in [86]).

Cellular kinetics of axi-cel and tisa-cel are well charac-
terized in B-ALL and LBCL and generally exhibit rapid
expansion within 2 weeks post-infusion followed by
multiexponential decline. For tisa-cel and liso-cel, peak
expansion occurs at 12 days, and persists in the periph-
eral blood for up to 2 years [25, 64]. In comparison, axi-
cel expands more robustly upfront to a higher peak at 7
days in patients with DLBCL [17]. While peak levels of
tisa-cel are considerably lower than axi-cel, dosing is up
to 3-fold higher [62, 87]. Across products, cell expan-
sion strongly correlates with objective response that is
further impacted by tumor burden [64, 87, 88]. Persis-
tence is considered a contributor to overall efficacy of
CAR-T products. Multiple reports of persisting CAR-
Ts with 4-1BB costimulatory domains in patients with
ongoing CRs up to 2 years post-infusion are reported
[24, 62, 64, 72, 76, 89], while many early trials reporting
limited persistence of CAR-Ts with CD28 costimulatory
domains [18, 19, 71, 83]. Consistently, axi-cel does not
persist as readily as liso-cel and tisacel, and while some
axi-cel patients maintain detectable low levels of CAR,
persistence in the periphery is not required for durable
response for axi-cel. Of course, these differences can also
be influenced by the same range of variables beyond the
costimulation domain previously discussed. In particular,
axi-cel and brexu-cel are delivered by a gamma retrovirus
that can only infect proliferating cells, while tisa-cel and
liso-cel are delivered by lentivirus, which can infect non-
proliferating cells that may be in a less differentiated state
and have a greater potential to survive. That being said,
in one trial 51% of patients treated with axi-cel showed
complete remissions lasting over three years, with remis-
sions of over 9 years still ongoing [90]. This is also borne
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out by data from the ZUMA-1 trial [91] and is compa-
rable with the outcome of the ELIANA trial of tisa-cel
with an overall survival rate of 55% (2022 EHA Congress,
Abstracts #5112, #3782).

While the majority of trials test a single CAR there
have been efforts to make direct clinical comparisons,
albeit on a small scale, between CARs utilizing either
CD28 or 4-1BB costimulatory domains. Cheng et al
infused seven patients with a 1:1 mixture of CAR-Ts
produced with either FMC63-CD8a-CD28-CD28-3( or
FMC63-CD8a-CD8ua-41BB-3( CARs [33]. It is impor-
tant to note that not only do the costimulatory domains
differ, but so do the transmembrane regions, though the
CD28 heterodimerization motif is absent as both CARs
utilize a CD8a hinge. The authors transduced PBMCs
with gamma retroviral vectors encoding either CAR
separately, then combined the resulting products in a
1:1 ratio. They showed that the FMC63-CD8a-CD28-
CD28-3¢ and mixed products produced more interferon
gamma from the CD8 population and were more potent
than the FMC63-CD8a-CD8a-41BB-3( product in a Raji
mouse model. Following infusion with manufactured,
mixed cells, five of seven patients achieved CR within one
month, with one patient remaining in CR for 18 months,
and a second patient in ongoing CR at 15 months at time
of publication. In vivo expansion kinetics were moni-
tored by qPCR and indicated that the FMC63-CD8a-
CD28-CD28-3( cells peaked first around day 9, with the
FMC63-CD8a-CD8a-41BB-3( cells peaking around day
13. These differences in kinetics are comparable to those
seen with other 28-3( and 4-1BB-3({ CARs in the clinic
[17, 62—64]. There was no overall difference in expansion
and persistence profiles for one CAR-T over the other,
though this was a small sample size.

A more direct comparison was attempted by Li et al.
[35]. In this study two CARs with IgG4 hinge, CD28
transmembrane and CD3( activation domains and either
a CD28 costimulatory domain or 4-1BB costimulatory
domain were compared in five patients each. While there
was a higher peak of CAR-T cells in the 4-1BB group
this was not statistically significant. In 9/10 patients
CAR-T cells persisted for less than a month, probably
contributing to all the patients, including the 7 complete
responders, relapsing. The authors consider that their
manufacturing process, based on OKT3 and IL2 activa-
tion, created a highly differentiated product that limited
the potential for long term persistence. As such it is not
possible to draw any meaningful comparison between the
relative contributions of each costimulatory domain from
this study.

Zhao et al. professed to comparing axi-cel and tisa-
cel in both a preclinical and a clinical study [92] but
this needs to be looked at with a degree of skepticism
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as the manufacturing method for the “axi-cel” material
was based on lentiviral transduction of enriched T-cells,
rather than gamma retroviral transduction of PBMCs.
However, removing the variability in manufacturing
method does allow a more direct comparison of the con-
structs on a similar background; it is important in a case
like this to fully understand the question being asked,
as in this case this is not a true comparison of the com-
mercial products, rather it is focused on the CARs them-
selves. In this instance it was found that the tisa-cel-like
CAR, containing the 4-1BB costimulatory domain was
more potent and persistent in a mouse Nalmé6 B-ALL
model and in a small clinical trial with 36 r/r B-ALL
patients (18 patients for each treatment). The authors
note that their observations differ from earlier studies,
notably that by Li et al. [35], but acknowledge that dif-
ferences in architecture and manufacturing continue to
make it difficult to compare across studies.

Conclusions

CAR-T cell activity is dependent on a wide range of fac-
tors. While there are clear biological differences between
CD28 and 4-1BB costimulation, these quickly become
difficult to parse out from other variables such as the
rest of the CAR architecture (including binder, hinge,
and transmembrane domain) which can influence how
the CAR interacts with not only the target antigen, but
also other proteins on the T cell surface. Manufacturing
methods, including starting material, vector, activation,
and culture conditions can greatly influence the phe-
notype of the final product, which can impact potency
and persistence. Finally, the differences in clinical trial
design, including patient population, prior treatment,
lymphodepletion methods, dose, and criteria for assess-
ing response and adverse events, make it impossible to
draw all but the broadest comparisons across different
CARs to determine which costimulatory domain is more
effective. In the future, the development of high through-
put screening platforms coupled with predictive, bio-
logically relevant assays will facilitate identifying optimal
CAR architectures through a holistic consideration of the
entire molecule.
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