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Abstract
CD19‐directed autologous chimeric antigen receptor T cell (CAR‐T) therapy has transformed the management of relapsed/

refractory (R/R) large B cell lymphoma (LBCL). Initially approved in the third line and beyond setting, CAR‐T is now standard of

care (SOC) for second‐line treatment in patients with refractory disease or early relapse (progression within 12 months) following

primary chemoimmunotherapy. Despite becoming SOC, most patients do not achieve complete response, and long‐term cure is

only observed in approximately 40% of patients. Accordingly, there is an urgent need to better understand the mechanisms of

treatment failure and to identify patients that are unlikely to benefit from SOC CAR‐T. The field needs robust biomarkers to

predict treatment outcome, as better understanding of prognostic factors and mechanisms of resistance can inform on the

design of novel treatment approaches for patients predicted to respond poorly to SOC CAR‐T. This review aims to provide a

comprehensive overview of clinical, molecular, imaging, and cellular features that have been shown to influence outcomes of

CAR‐T therapy in patients with R/R LBCL.

INTRODUCTION

Chimeric antigen receptor T cell (CAR‐T) therapy has established
a new gold standard for the management of refractory or relapsed
(R/R) large B cell lymphoma (LBCL). Three CAR‐T products,
axicabtagene ciloleucel (axi‐cel), tisagenlecleucel (tisa‐cel), and
lisocabtagene maraleucel (liso‐cel), were approved based on demon-
strated benefit in multiply relapsed patients in third line and be-
yond,1–3 and since then, axi‐cel (ZUMA‐7) and liso‐cel (TRANSFORM)
have established superiority over salvage chemotherapy followed by
autologous stem cell transplant (ASCT) in the second‐line setting.4,5

Real‐world data (RWD) have reinforced these findings with compar-
able effectiveness as those observed in randomized clinical trials
(RCTs).6–13

Although 80%–90% of patients have an initial response to
therapy, only about 40% of patients achieve long‐term disease‐free
survival, with the majority of patients relapsing within 12 months of
therapy.14–17 Accordingly, there is an urgent need to understand
the mechanisms underlying resistance and to identify prognostic
biomarkers predictive of response and CAR‐T failure. Defining
predictive biomarkers will pave the way to developing treatment
strategies to optimize CAR‐T responses that are more personalized to

the patient and could aid the selection of alternative approaches. The
CAR‐T literature is rapidly expanding with a plethora of studies
ongoing or in development to address this important question.

Despite the rapidly growing research in this area, there are
several important limitations in identifying and integrating bio-
markers into clinical practice that require careful consideration.18

Challenges include small sample sizes in study design, limiting sta-
tistical power to detect associations. Biomarker studies may lack
generalizability to broader patient populations depending on the
derivation cohort; while clinical trials limit representation of real‐
world patients due to strict inclusion/exclusion criteria, retro-
spective studies may be influenced by selection bias. Biomarker
analysis is often therapy specific and may not apply across different
treatment platforms. Additionally, biomarker identification involves
complex assays or imaging techniques that are costly and techni-
cally challenging. Lastly, single biomarkers may not fully capture
disease complexity or predict treatment response accurately, ne-
cessitating a multidimensional approach with multiple biomarkers
to improve predictive accuracy. Despite the potential to increase
predictive value, advanced multidimensional approaches are chal-
lenging to implement in real time to support clinical decision‐
making processes.
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With these limitations in mind, we aim to summarize key biomarkers
relevant to response with an understanding that certain biomarkers may
be prognostic to all therapies, while others may be predictive to CAR‐T
(and potentially more specific to cellular immunotherapy) from existing
studies. Additionally, we discuss limitations that prohibit their immediate
implementation into clinical practice and present a potential path for-
ward (visual summary shown in Figure 1).

OVERVIEW OF CD19‐DIRECTED CAR‐T
FOR LBCL

A comprehensive review of the efficacy and toxicity data for the three
CAR‐T products is beyond the scope of this review; however, a sum-
mary is provided here. The efficacy of three autologous CD19‐directed
CAR‐T therapies was established through phase II trials conducted in
the third‐line setting, leading to their regulatory approval: axi‐
cel (CD28 co‐stimulation; ZUMA‐1), tisa‐cel (4‐1BB co‐stimulation;
JULIET), and liso‐cel (4‐1BB co‐stimulation and a 1:1/CD4:CD8 T cell
ratio; TRANSCEND).2,3,19–24 In these trials, durable remission was
observed in one‐third of patients, a scenario where previously no ef-
fective therapeutic options existed. Updated data from ZUMA‐1
and TRANSCEND demonstrate sustained durability, with 5‐year
progression‐free survival (PFS) of 51% in ZUMA‐1 and 2‐year PFS of
41% in TRANSCEND.25,26 Subsequently, all three products underwent
evaluation in large phase III RCTs, comparing their efficacy to that of
ASCT in a randomized manner. While axi‐cel24 and liso‐cel23 met their
primary endpoint of event‐free survival (EFS) (with a survival ad-
vantage seen with axi‐cel), tisa‐cel (BELINDA)27 did not. As a result,
both axi‐cel and liso‐cel have gained regulatory approval for use in the
second‐line setting in patients who relapse within 12 months of
frontline therapy. Variations in the BELINDA study design may have
contributed to the discordant EFS results, including the allowance of
bridging chemotherapy, an increased duration from randomization to
CAR‐T infusion due to manufacturing logistics, and the inclusion of a

higher proportion of patients with high‐risk characteristics.27 In terms
of toxicity, allowing for cross trial comparison, axi‐cel had higher rates
of severe grade ≥3 cytokine release syndrome (CRS) (6%) compared to
the 1% observed with liso‐cel. Similarly, serious neurological events
were reported in 21% of patients receiving axi‐cel, in contrast to 4%
for liso‐cel, a finding corroborated in RWD.6,28 These increased toxicity
rates are likely associated with the faster rates of CAR‐T expansion, a
property linked to signaling through the CD28 co‐stimulatory domain.4

Nevertheless, it is important to note that direct head‐to‐head com-
parisons between the CAR‐T products are lacking, and their com-
parative effectiveness remains untested.

Besides variations in trial design that may explain differences in
efficacy, the three CAR‐T products vary in several aspects, including
the CAR construct, the viral vector for transduction, the manu-
facturing process, and the dosage. These attributes, alongside the
quality of the collected T cells, are likely significant contributors to
efficacy and toxicity, alongside patient and disease‐related factors.
Thus, comparing the phenotypic composition of CAR‐T cells and
conducting biomarker analysis directly across the three products is
crucial to understand whether such distinct characteristics are ac-
countable for their response.

PATHOLOGICAL FEATURES AND
MOLECULAR MARKERS

Conventional tumor‐related prognostic features associated with
inferior outcomes in the frontline setting include cell of origin (COO),
double‐ or triple‐hit rearrangements, that is, high‐grade B cell lym-
phoma (HGBL), and dual expressor status. However, these factors
have not retained prognostic value in patients treated with CAR‐T
and appeared to have derived similar benefit in subgroup analyses
of landmark RCTs,2,3,29–32 findings corroborated in subsequent
RWD.12,33–36 Although it may be possible that CAR‐T may overcome
these adverse factors, it is important to acknowledge that the existing

F IGURE 1 The efficacy of chimeric antigenT cell receptor therapy (CAR‐T) for large B cell lymphoma is influenced by pre‐ and postinfusion biomarkers. Despite

the revolutionary advancement, the optimal therapeutic approach for various stages of CAR‐T therapy, such as postapheresis bridging therapy, CAR manufacturing,

and postinfusion maintenance/consolidation therapy, remains to be determined to enhance current responses and long‐term outcomes. Image created with

https://www.BioRender.com. COO, cell of origin; ctDNA, circulating tumor DNA; DHL, double‐hit lymphoma; ECOG, Eastern Cooperative Oncology Group; IL,

interleukin; IPI, International Prognostic Index; LAG‐3, lymphocyte activation gene 3; LDH, lactate dehydrogenase; MRD, minimal residual disease; PD1, programmed

cell death protein 1; SPECT, single‐photon emission computed tomography; THL, triple‐hit lymphoma; TIM‐3, T cell immunoglobulin and mucin‐domain containing‐3;
TME, tumor microenvironment; TMTV, tumor metabolic tumor volume; TSCM, T stem cell memory subset.
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data have several limitations. While there's limited statistical power to
identify variations in the subgroup analysis of landmark RCTs, retro-
spective RWD is limited by selection bias. In this case, patients
who ultimately receive the cell products may already be predisposed
to more favorable outcomes, regardless of their pathological
characteristics.

Recent molecular analyses reported that TP53 alterations were
predictive of inferior outcomes to CAR‐T (Table 1).50,51,56 Further-
more, Shouval et al. showed that patients harboring TP53 mutations
who received a CAR‐T product with the 4‐1BB co‐stimulatory domain
had inferior PFS and overall survival (OS) as compared to those with a
CD28 co‐stimulatory domain (1‐year PFS 10% vs. 34% and 1‐year OS
36% vs. 51%).32 Other genetic alterations that have been associated
with CAR‐T resistance include APOBEC mutational signatures,
genomic damage from reactive oxygen species, and recurrent chro-
mosomal deletion of the RHOA tumor suppressor.52 Finally, while
genomic classifiers have identified distinct genetic subtypes of
LBCL,57 whether these classifiers are prognostic of CAR‐T response is
unknown.

The application of many of these tests remain limited in routine
clinical practice, even in major academic institutions. The assessment
of COO continues to be commonly conducted through surrogate
methods using immunohistochemistry. Additionally, basic genomic
analyses are frequently performed retrospectively rather than in real
time for clinical application.

Nevertheless, the above findings would benefit from additional
validation in larger studies as RCTs were not powered to detect
subgroup differences, and existing RWD were limited by sample size.
If significant differences in outcomes are identified in well‐validated
series, it may lead to clinical utility as decisions around patient
management may be made. Studies are underway to investigate
whether patients with high likelihood of treatment failure with
standard chemoimmunotherapy (even using simple clinical tools such
as the IPI; ZUMA‐23 NCT05605899) may derive benefit from
frontline CAR‐T therapy at the outset.

PATIENT AND LABORATORY FACTORS

Clinical factors predictive of response have been studied in pivotal
trials and RWD (Table 1). However, patient enrollment in RCTs is
selective and homogenous, limiting the identification of demographic
variables and comorbidities predictive of CAR‐T outcomes. Accord-
ingly, RWD are crucial to inform clinical factors associated with
CAR‐T response as these studies expanded the patient population
who could receive CAR‐T.6–13

While age is a major limitation to the broad application of ASCT,
this may not be the case for CAR‐T therapy. Outcomes of CAR‐T in
older patients, defined as those ≥65 years, have been evaluated in
trials and RWD, which suggests no association between older age
and inferior outcomes.9,15,58–60 Furthermore, the recent report by
Berning et al. reported no significant difference in nonrelapse mor-
tality between patients <70 and those >70 years old undergoing
CAR‐T therapy.39 To the contrary, one study reported that younger
than (<60 years old) had worse outcomes,12 which was further cor-
roborated by a recent study by the Center for International and
Marrow Transplant Research, indicating that patients ≥65 years old
age who received axi‐cel had higher response rate than their younger
counterparts.61 The biological basis for this is unclear and may be
related to selection bias (in which older patients with higher risk
disease may not be selected for CAR‐T treatment). This observation,
though interesting, is counterintuitive and requires further con-
firmatory analysis across the various CAR‐T platforms.

Performance status has been a well‐established predictor of poor
outcomes, although it may reflect features driven by lymphoma or
other noncancer‐related comorbidities. Baseline Eastern Cooperative
Oncology Group (ECOG) performance status ≥2 has been con-
sistently shown as an independent predictor of inferior outcomes
across several RWD reports, including the largest RWD analysis
to date by Jacobson and colleagues,10,12,33,38 highlighting the
importance of functional status assessments during CAR‐T decision‐
making process.12,40 Although specific comorbidities associated with
inferior outcomes could not be determined from pivotal trials, recent
RWD analyses suggest their prognostic impact. Hepatic, renal, and
respiratory diseases have been associated with inferior response to
CAR‐T.9,62 A Cumulative Illness Rating Scale (CIRS) comorbidity score
of ≥7 has been reported to be independently associated with OS.38

In the largest RWD reporting on comorbidity, Shouse et al. developed
a novel model based on CIRS components (Severe4), which was
predictive of PFS and OS.40 Although management decisions are not
likely to be altered based on comorbidity indices at present, they do
inform discussions with patients.

Lactate dehydrogenase (LDH) measured at therapy selection,
apheresis, and pre‐lymphodepletion has been shown to be a negative
predictor of CAR‐T response across RCTs and RWD.37,41–43,63,64

However, pre‐lymphodepleting LDH may be more important than
LDH measurement at apheresis,2,12 underscoring the importance of
obtaining serial measurements to ascertain the timepoint(s) that
are most relevant to inform outcomes. The reason for the association
of LDH with outcomes may be twofold, reflecting high tumor
burden and proliferative activity, and an immunosuppressive tumor
microenvironment (TME) that inhibits CAR‐T function.65

Preinfusion inflammation has emerged as a key determinant
of CAR‐T resistance across both trial and real‐world settings. An
in‐depth analysis of correlative samples from the ZUMA‐1 trial by
Locke et al. found that the presence of elevated cytokines and
suppressive myeloid cells (expression of monocytic myeloid‐derived
suppressor cells) was associated with reduced CAR‐T cell expansion
and lower efficacy.63 Routinely available proinflammatory markers
associated with poor outcomes include c‐reactive protein (CRP),
ferritin, and albumin.3,9,33,37,63,66

Taken together, inflammation, ECOG performance status (>=2),
elevated LDH, and comorbidity burden are well‐described risk factors
of poor outcomes. There is currently no validated risk score that
systematically assesses the relative significance of these variables on
CAR‐T outcomes. The IPI and the age‐adjusted IPI (aaIPI) are two
prognostic indices validated for predicting survival outcomes in
patients with DLBCL, both in the frontline setting and before
ASCT.67,68 Whether IPI retains prognostic value following CAR‐T
therapy has not been extensively studied, apart from a small retro-
spective cohort of 60 patients, whereby it did maintain prognostic
value in predicting PFS and OS.69 Several groups have developed
predictive models to evaluate outcomes following CAR‐T therapy,
such as the CAR‐HEMATOTOX and the Endothelial Activation and
Stress Index scores. However, these models were designed to predict
hematotoxicity, CRS, or immune effector cell‐associated neurotoxi-
city syndrome, rather than predicting efficacy outcomes.70,71 For in-
stance, while the CAR‐HEMATOTOX model, comprising inflammation
markers and baseline cytopenias, was predictive of hematotoxicity,
the derivation cohort was not significantly associated with PFS or
OS,71 though it was predictive in a subsequent separate cohort.72

Recently, Faramand et al. developed and validated a model utilizing
preinfusion CRP and ferritin to predict efficacy outcomes.66 Future
well‐structured large data sets are necessary to develop and validate
risk stratification tools utilizing established preinfusion risk factors
readily available in routine clinical practice. Such tools would help
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guide decision‐making processes, including optimizing disease burden
with bridging therapy (BT) before CAR‐T infusion (details discussed
below).

While postinfusion CRS and neurotoxicity were initially proposed to
be correlated with CAR‐T expansion and efficacy, subsequent reports
have not shown a relationship between CRS severity and out-
comes.28,33,73 Moreover, the use of tocilizumab and corticosteroids has
not been associated with inferior outcomes across trials and RWD.3,28,63

IMAGING PARAMETERS

While response assessment using imaging is the standard of care in LBCL,
advanced quantitative imaging metrics (radiomics) and the application of
artificial intelligence represent an active area of research and may lead to
development of new imaging‐based, prognostic biomarkers for stratifying
CAR‐T response and outcome. The parameters examined in studies based
on fludeoxyglucose‐18 positron emission tomography with a computed
tomography (18‐FDG PET/CT) included SUVmax, Deauville score (DS),
and innovative measures such as total tumor metabolic volume (TMTV)
and total lesion glycolysis (TLG).

The prognostic impact of these parameters was investigated both
at baseline and following CAR‐T infusion. TMTV, the cumulative
volume of lesions on 18‐FDG PET/CT, has been increasingly
recognized as a prognostic factor in LBCL.74 Patients with baseline
highTMTV before CAR‐T infusion exhibited higher risk of progression
and inferior PFS and OS compared to patients with low TMTV, which
is consistent across the pivotal RCT JULIET2 and RWD reports
(Table 1), though the strength of the association differs across these
populations.37,44,45,63,74–79 An exception to this is the study by
Sesques et al., which did not report an association between baseline
TMTV and outcomes. However, their report demonstrated that an
increased TMTV between apheresis and infusion of CAR‐T was
prognostic, suggesting the importance of measuring TMTV kinetics.80

The recent report from ZUMA‐7 evaluating the prognostic role of
baseline TMTV indicated that median TMTV was not associated with
EFS (hazard ratio [HR] 1.3, 95% confidence interval [CI] 0.89–2.0),
while exploratory analysis defined a higher threshold that was asso-
ciated with EFS (HR 2.0, 95% CI 1.2–3.6).53 While SUVmax is a
standard PET parameter, its prognostic role has not been rigorously
studied. A limited study of 48 patients revealed an association be-
tween SUVmax >17 at the time of CAR‐T decision and poor OS.81

Following CAR‐T infusion, response and disease control is a
dynamic process, wherein improvements in response can persist in
the short term without the need for additional therapy. However, the
precise moment at which the peak response is achieved and the risk
of relapse is highest remains undefined, and imaging may help define
the inflection point. While PET evaluation at 1‐month following
CAR‐T therapy is routine practice, patients showing partial re-
sponse or stable disease (SD) on imaging constitute a diverse patient
group, with clinical uncertainty regarding which individuals will pro-
gress to complete remission (CR) and who may face progressive
disease (PD)/early relapse. For instance, in a study of 206 patients,
those with Day 30 PD or SD by Lugano criteria on PET who subse-
quently converted to CR had similar 90‐day and 1‐year median PFS as
those who achieved CR on Day 30 (Table 2).83 In this study, SUVmax
≥10 predicted subsequent PD with high sensitivity. Similarly, a recent
study by Lutfi et al. showed that SUVmax modelled as a continuous
variable was correlated with PFS and OS.79 Kuhnl et al. confirmed the
role of 1‐month PET using DS for response and outcomes, with a
stepwise decline in PFS and OS as DS increased, while 3‐month
DS did not show prognostic utility.82 Lastly, Guidetti et al. integrated
30‐day DS with SUV, and their findings indicated that patients with

DS 4–5 and lower SUV exhibited comparable outcomes to those with
DS 1–3. Conversely, patients with DS 4–5 and elevated SUV had
worse PFS, suggesting the combination of DS and SUV could provide
better stratification.84

Taken together, although PET parameters show potential as prog-
nostic biomarkers, limitations exist that need to be addressed before their
incorporation into clinical practice. For instance, even thoughTMTV holds
great promise as a biomarker, no standardization for TMTV quantification
nor interpretation currently exists. Furthermore, the range of TMTV re-
ported differs across data sets, highlighting variability in the methodolo-
gies that underlie TMTV analysis, and a discriminatory threshold
distinguishing between high and low values is currently lacking. Ad-
ditionally, studies comparing different PET parameters are scarce. Future
research should employ larger data sets measuring a spectrum of PET
parameters, including standardized measurements of DS, SUVmax, and
TMTV/TLG, and over multiple time points. This approach may yield
parameters and time points with prognostic value for CAR‐T failure, with
the goal of informing therapeutic strategies to improve upon CAR‐T
outcomes. These strategies may include consolidative radiation therapy
(RT) for patients with PET‐positive disease after CAR‐T85 or the utilization
of alternative treatments, such as bispecific antibodies, alternative cell
therapy products, or other novel approaches.

Lastly, advanced functional imaging techniques such as single‐
photon emission computed tomography may contribute to a deeper
mechanistic understanding of tumor resistance; however, these
techniques are still at early stages of development.86

CIRCULATING TUMOR DNA

Circulating tumor DNA (ctDNA) is a promising prognostic noninvasive
biomarker that may predict response to CAR‐T.54,87,88 Despite its
anticipated clinical utility as a biomarker, there are several limitations
that treating oncologists should be mindful of. Currently, there is no
gold standard tool for quantifying ctDNA, and methodologies include
polymerase chain reaction, whole‐genome sequencing, clonotype
sequencing, and cancer personalized profiling by deep sequencing
(CAPP‐seq). Furthermore, the prognostic timepoints for measurement
are yet to be clarified, and the actionable implications upon the de-
tection of ctDNA remain unclear.

The prospective multicenter study led by Frank et al. serially mea-
sured ctDNA by clonotype sequencing was one of the initial studies to
underscore the utility of ctDNA as a biomarker. Their study highlighted
two important principles: (1) pre‐lymphodepletion ctDNA correlated with
PFS; (2) the prognostic value of Day 28 ctDNA for subsequent relapse,
whereby patients with detectable ctDNA had median PFS and OS of
3 and 19 months, respectively, compared to not reached for those with
undetectable ctDNA (Table 2). Moreover, patients with relapse had de-
tectable ctDNA either on or before evidence of radiological relapse. These
findings support the role of ctDNA as a potential minimal residual dis-
ease monitoring tool.54 A recent comprehensive RWD study conducted
by Sworder et al. corroborated the importance of dynamically measured
ctDNA (CAPP‐seq) as predictive of outcomes (Table 2). They identified
that ctDNA levels 4 weeks after infusion reported as the most robust
predictor of outcomes.64 The integration of ctDNA concentrations with
imaging parameters such as TMTV requires further investigation. Dean
et al. demonstrated that ctDNA levels did not correlate with TMTV at 1
month but correlated at 3 months, which may support the use of ctDNA
in conjunction with 1‐month PET.49

While ctDNA is a promising tool for disease surveillance,
further studies are required to validate its utility in clinical practice.
Moreover, ctDNA integration into clinical trials is essential for
designing therapies to prevent relapse after CAR‐T.
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BRIDGING THERAPY

BT during the CAR‐T manufacturing period may be important, parti-
cularly for patients with high tumor burden, as loss of disease control
during this period could lead to patients failing to reach CAR‐T
infusion. There are currently no evidence‐based guidelines around
BT, and the choice is typically based on physician discretion.89

Moreover, insights into optimal BT use are unlikely to be gleaned
from RCTs as its allowance and utilization was inconsistent. BT was
not allowed in ZUMA‐1,3 while 59% and 92% of patients in
TRANSCEND1 and JULIET2 received BT, respectively. Similarly, with
the exception of corticosteroids, BT was not allowed in ZUMA‐7,
raising concern that patients with more aggressive disease at enroll-
ment may have been excluded as a result.32 In contrast, both
TRANSFORM23 and BELINDA27 allowed receipt BT including
platinum‐based chemotherapy.

In RWD reports, the use of BT was as high as 80%,28,47 including
multi‐institutional use of BT before axi‐cel despite this being
disallowed on trial. While earlier reports suggested that receipt of
BT was associated with poor outcomes,12,90 this is likely a surrogate
for more aggressive or higher burden disease as opposed to adverse
effects of BT. Given that the association between preinfusion high
tumor burden and unfavorable outcomes has been consistently
shown, BT aimed at reducing tumor burden may play an important
role in optimizing CAR‐T response (Table 1).91,92 Though the data
are limited, BT may lead to CR in some patients, with favorable
outcomes who proceed to CAR‐T therapy while in CR.93,94

Conversely, the study by Bethge et al. showed that BT nonresponders
per Lugano criteria had inferior PFS and OS.47 Roddie et al. corro-
borated these findings, reporting that responders to BT (PR/CR per
Lugano criteria) had a 42% reduction in disease progression compared
to nonresponders.95 Interestingly, they showed that the prognostic
impact of BT may vary between axi‐cel and tisa‐cel. All BT non-
responders who subsequently received tisa‐cel experienced relapse
within 12 months of therapy. The potential reasons behind these
observations are unclear; no disparities in baseline characteristics
were identified among BT non‐responders receiving tisa‐cel com-
pared to axi‐cel. This finding may have important implications
for CAR‐T selection and, importantly, emphasizes the importance
of conducting biomarker discovery and validation studies that
distinguish between different CAR‐T products.

While these data may support the role of BT in patients with high
disease burden, it is unclear whether the disease reduction itself or
response to BT is a surrogate of better disease biology and respon-
siveness to CAR‐T. Indeed, outcome differences in the BT versus no
BT group were no longer significant following propensity score
matching based on seven patient and disease‐related factors.92

Nevertheless, as achieving PR/CR with BT is associated with im-
proved outcomes, determining which patients are likely to respond to
BT and identifying the optimal BT is an important area to be clarified.
Systemic BT options include steroids, traditional chemotherapy, and
targeted therapies such as lenalidomide, ibrutinib, or polatuzumab
vedotin‐based therapies. Bridging RT is an encouraging approach for
disease control during the manufacturing period. Although lacking
prospective evidence, RWD suggests that RT is associated with im-
proved response rates, local disease control, and may prolong
disease‐free intervals in patients with bulky disease.48,96,97 This may
be related to a RT‐induced abscopal effect based on preclinical stu-
dies.98 RT and polatuzumab‐based therapy are associated with higher
rates of PR/CR, and the optimal BT regimen remains un-
certain.48,92,99,100 Nevertheless, the decision for BT needs a careful
balance between the potential benefits and pitfalls from BT such as
myelosuppression, infectious complication, or organ toxicity,

which can delay definitive CAR‐T therapy. Ultimately, the decision to
proceed with BT should be individualized for each patient based on
tumor burden, prior lines of therapy, and preinfusion risk factors of
poor CAR‐T response.

PHARMACOLOGY OF CAR‐T

The CAR‐T manufacturing process follows the collection of peripheral
blood mononuclear cells from the patient and the isolation of T cells
from this apheresis product.101 The clinical efficacy of CAR‐T is likely
contingent on the quality of the apheresis material, the CAR con-
struct, the composition of CAR‐T (and possibly the uninfected) cell
subsets, and the expansion and persistence of the cell product
following infusion.

T CELL SUBSETS

T cell subsets are categorized based on their functional character-
istics, and recent research delved into their distinct roles in CAR‐T
expansion and persistence.102,103 These subsets include naïve T (TN)
cells, T memory (TM) cells such as T central memory (TCM), T stem cell
memory (TSCM), and T effector memory (TEM) cells, all with varying
degrees of self‐renewal potential, and T effector (TE) cells that are
fully differentiated but exhibit limited expansion and exhaustion
phenotype.104,105

CHARACTERIZATION OF THE APHERESIS
PRODUCT

Several studies have attempted to characterize the cellular compo-
sition of the apheresis product that serves as the starting material for
the CAR‐T manufacturing process. Currently available data suggest
that the properties of the collected cells destined for CAR‐T
production impact the overall quality of the infusion product and
are associated with clinical response.

Multiparameter flow‐activated cell sorting has shown that the
presence of CD8+ CD45RA+ CD27+ T cells in the apheresis product,
but not the engineered CAR‐T product, is associated with response to
therapy.106 The phenotype of the CD8+ subset of the T cells in the
apheresis product has also been shown to be predictive of CAR‐T
efficacy.107 The levels of self‐renewal competent TSCM (TCF7+,
LEF1+, CCR7+, and CD27+) were associated with durable responses
in patients with LBCL. Similarly, apheresis product T cells harboring a
TN phenotype (CCR7+ and CD45RA+) with CD27 and CD28 ex-
pression were associated with improved EFS and PFS.108 In these
studies, it appears that higher levels of less differentiated T cells (as
compared to terminally differentiated TE cells) lead to the generation
of superior CAR‐T products. When compared to healthy controls,
patients with DLBCL had a higher frequency of differentiated CD3+
CD27− CD28− cells, which was associated with inferior outcomes.109

Analysis of the ZUMA‐1 axi‐cel product samples found that infused
products enriched for CCR7+ CD45RA+ T cells were associated with
durable responses63; the improved outcomes were very recently
confirmed in the analysis of axi‐cel product samples in ZUMA‐7.110

Collectively, CAR‐T infusion products containing cells with TN, TSCM,
and TCM phenotypes showed the highest expansion and proliferation,
likely underpinning clinical responses, while cells withTE or exhausted
phenotypes have been associated with resistance. These studies
suggest the potential importance of using T cells with stem‐like
phenotypes as opposed to terminally differentiated T cells for CAR‐T
manufacturing. The advantage of apheresis products containing
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populations of T cells with stem or memory phenotypes may be due,
in part, to their proliferative capacity and their ability to effectively
expand upon encountering the CAR cognate antigen (generally CD19
in lymphoma). These cells also tend to persist longer in patients and
lack markers of functional exhaustion, which have been shown to be
negative indicators of efficacy.111

In the study by Wang et al., it was determined that the presence
of CD14+ monocytes in the apheresis product, above a defined
threshold, had deleterious effects on the efficacy of the resulting
CAR‐T product.112 The prevalence of CD14 cells was disease‐specific
and highest in non‐Hodgkin's lymphoma patients as compared to
myeloma or acute lymphoblastic leukemia. The authors reasoned that
these cells may allude to the presence of myeloid‐derived suppressor
cells, which are known to inhibit immunity and may impair CAR‐T
function. Furthermore, these monocytes, by way of their phagocytic
activity, were shown to engulf the antibody‐conjugated beads used to
activate the T cells during the CAR‐T manufacturing process, thereby
impeding T cell activation and expansion ex vivo. Taking advantage
of the adhesive properties of the monocytes, they were able to
effectively reduce the numbers of these cells in the apheresis product
by simple adhesion to plastic culture dishes followed by removal of
the nonadherent T cells. This simple enrichment process markedly
improved the properties of the engineered cell product.

Altogether, these data suggest that a careful analysis of the
apheresis product (or peripheral blood close to the time of apheresis)
and subsequent manipulation via enrichment of beneficial or deple-
tion of deleterious cell types may be a useful strategy to improve the
quality of the starting material prior to their entry into the CAR‐T
engineering process. While the implementation of additional selection
strategies would add another step and time to the already cumber-
some manufacturing protocols, the current data indicate that it may
be beneficial to optimize the characteristics of the apheresis material
as it could pay dividends with regards to improving the quality of the
CAR‐T infusion product and subsequently the durability of response
to this therapy.

PHARMACOKINETICS OF CAR‐T

All three CAR‐T products are administered as a single dose
infusion (axi‐cel CD28/CD3ζ, 2 × 106 cells/kg; tisa‐cel 4‐1BB/CD3ζ,
0.6–6 × 108 cells; liso‐cel 4‐1BB/CD3ζ, 1 × 108 cells), after which
rapid proliferation and expansion ensues upon encountering antigen‐
expressing target cells.4 The pharmacokinetic profile of the CAR‐Ts
following infusion is similar irrespective of the costimulatory domain,
reaching peak levels in the periphery within 7–14 days.101 While the
infusion dose does not appear to influence response, the proliferation
and expansion kinetics are key determinants of CAR‐T success.
Higher CAR‐T expansion and area under the curve (AUC) cellular
concentration within 28 days of infusion correlates with clinical
response, observed in both trial and real‐world settings.1,3,113,114

While it may be conceivable that clinical variables may affect the
apheresis product and subsequent expansion in vivo, available data in
this area are limited. In a RWD report, CAR‐T expansion does not
appear to be influenced by clinical variables such as age, stage, tumor
burden, pathological features, or prior therapies.80 However, CAR‐T
expansion may be hindered by proinflammatory markers through
interferon signaling as shown in analysis of ZUMA‐1 samples.63,115

The CD3+ lymphocyte count at the time of apheresis may serve as a
surrogate marker of T cell quality and predict CAR‐T expansion,
whereby higher number of CD3+ lymphocytes (>553 µL) was asso-
ciated with improved PFS and OS.116 Congruent with this, a recently
published report comprising 439 patients revealed that patients

treated with bendamustine before apheresis exhibited lower CD3+
cells at apheresis, as well as lower CAR‐T peak and AUC concentra-
tions.55 These bendamustine‐exposed patients had inferior PFS and
OS compared to bendamustine‐naïve patients. Moreover, the use of
bendamustine with <3‐month washout period may impair manu-
facturing success.117 These observations may speak to the fitness of
theT cells themselves, the status of the microenvironment(s) in which
they expand, or likely, a combination of the two. Lastly, data sug-
gest that optimizing the lymphodepletion regimen is likely crucial
in the kinetics of CAR‐T cells, as studies have demonstrated that
fludarabine and cyclophosphamide can enhance proliferation,
expansion, and persistence.43,118,119

CAR PHARMACODYNAMICS

CAR‐T products approved for LBCL are second‐generation constructs
featuring an intracellular domain CD3ζ, coupled with a costimulatory
domain: either CD28 (axi‐cel) or 4‐1BB (liso‐cel and tisa‐cel).120 Re-
cent data suggest that the costimulatory domain has an impact on T
cell subsets within the CAR‐T product; however, the optimal co‐
stimulatory domain remains to be clarified.121 The available data thus
far indicate that there are functional distinctions between various
T cell subsets concerning in vivo proliferation and activity, which
consequently impacts clinical outcomes.

While CD28 imparts higher cytotoxic activity and aTE phenotype,
122

4‐1BB exhibits greater persistence and a TM phenotype.123–125 Despite
the greater persistence with 4‐1BB, recent RWD indicates that axi‐cel
may be superior to tisa‐cel for PFS (Bethge et al.: tisa‐cel vs. axi‐cel HR
1.5, 95% CI 1.1–1.9; Bachy et al. axi‐cel: vs. tisa‐cel HR 0.6, 95% CI
0.5–0.8) and OS (Bachy et al.: axi‐cel vs. tisa‐cel HR 0.6, 95% CI
0.5–0.9).6,28,47 Regardless of the co‐stimulatory domain, expression of TN
and TM CAR‐T cells has been correlated with in vivo expansion. Higher
proportion of CD8 TN and TSCM cells was associated with durable re-
sponses in ZUMA‐1,63 corroborated by Monfrini et al. showing that CD8
TCM CAR‐T cells were associated with increased expansion and improved
PFS.114 Similarly, CAR‐T cells with memory gene expression signatures
were associated with improved responses while exhaustion gene sig-
natures were associated with poor clinical response.111,126 In line with
this, two independent studies concurrently demonstrated that enhancing
expression of the FOXO1 transcription factor resulted in increased TCM
subsets, corresponding to augmented CAR‐T efficacy,127,128 further
supporting novel bioengineering strategies aimed at enhancing CAR‐T
potency.

An important consideration in CAR‐T manufacturing is the opti-
mal ratio of CD4:CD8 CAR‐T cells. Liso‐cel adopts a 1:1 ratio, while
axi‐cel and tisa‐cel do not follow a specific ratio. Despite lacking a
defined CD4:CD8 ratio, both ZUMA‐1 and JULIET found no differ-
ence in outcomes in relation to CD4:CD8 ratio,2,3 which argues
against its necessity. Moreover, although direct head‐to‐head com-
parisons of CAR‐T products are lacking, a real‐world study comparing
the three CAR‐T products suggested that axi‐cel may be more effi-
cacious than liso‐cel, despite the latter adhering to a defined
CD4:CD8 ratio.129

One of the goals going forward should be to produce the most
effective CAR‐T cell product with a favorable T cell phenotype to
achieve optimal efficacy. The enrichment of CAR‐T cells with memory
signatures and absence of exhaustion signatures in the preinfusion
products are anticipated to enhance clinical response.130–132 T cell
exhaustion is a dynamic process and serves as an important target for
immunotherapies to prevent differentiation toward exhaustion.133

Finally, an area of active investigation is the interplay between CAR‐T
cells and the TME, whereby features of senescence/exhaustion such
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as the expression of programmed cell death protein 1, T cell im-
munoglobulin and mucin‐domain containing‐3, and lymphocyte acti-
vation gene 3 have been correlated with CAR‐T resistance.14,134,135

Therapeutic strategies to enhance the TME and counter im-
munosuppressive programs to achieve optimal CAR‐T responses are
needed.

EXPLORATORY BIOMARKERS

Additional investigational parameters (not available in clinical prac-
tice) associated with reduced efficacy to CAR‐T include interleukin‐6
(IL‐6), IL‐7, IL‐15, IL‐18, IL‐21, monocytic myeloid‐derived suppressor
cells, and monocyte chemoattractant protein 1.37,43,56,63,136

Given the now well‐established relationship between metabolism
and T cell function, metabolomic analyses offer a potentially rich
source of information on immune function.137 Here, elevated levels
of acetylated polyamines, secondary metabolites of arginine meta-
bolism, were associated with worse PFS and OS. As the polyamine
pathway is regulated by the MYC oncoprotein, the presence of
polyamines in patient's plasma may be a marker of aggressive
disease.138

The gastrointestinal tract microbiome has been postulated to
modulate antitumor response.139 A recent report found that anti-
biotic exposure within 4 weeks before CAR‐T and specific microbiota
composition were predictive of inferior PFS and OS.140

CONCLUSIONS

In recent years, CD19‐directed CAR‐T therapy has revolutionized R/R
LBCL treatment, showing improved survival in the second‐line setting
and beyond. RWD has corroborated the efficacy seen in RCTs,
extending a curative option to a broader patient population. Clinical
trials are underway evaluating its efficacy in the transplant‐ineligible
population and for frontline use in high‐risk treatment‐naïve patients.
Despite the successes of CAR‐T, achieving curability is limited to a
subset of patients, necessitating urgent improvement in response and
durability.

Biomarker identification at various timepoints around CAR‐T
infusion is crucial for understanding CAR‐T response and resistance.
However, the lack of consensus on standardized biomarker analysis,
uncertain key timepoints for analysis, technological challenges, sam-
ple size, inconsistent differentiation between costimulatory domains,
and heterogeneous patient populations between RCTs and real‐world
studies all pose as barriers to their implementation in clinical practice.

Factors influencing outcomes before infusion include age, spe-
cific comorbidities, ECOG, LDH, proinflammatory factors, BT, tumor
burden, and T cell composition. Preinfusion factors before CAR‐T
infusion can inform decisions regarding optimization of BT and lym-
phodepletion. As CAR‐T is a “living drug,” it is not surprising that
disease progression also depends on postinfusion factors that are not
apparent preinfusion, highlighting the importance of dynamic disease
evaluation. Postinfusion factors are likely more important for identi-
fying early relapse and guiding consolidation or maintenance therapy
to prevent relapse and enhance outcomes. Combining postinfusion
biomarkers such as ctDNA and PET parameters holds greater
potential than individual biomarkers in isolation.

To conclude, consensus is currently lacking regarding a set of
biomarkers validated for routine clinical practice to identify patients
prone to relapse. Further comprehensive and collaborative research
delineating CAR‐T response and resistance mechanisms is crucial for
identifying reliable biomarkers. The integration of technologies,
including ctDNA, imaging techniques, gene expression profiling,

mutational analysis, T cell phenotype analysis, and immune fitness
assessment, is needed to develop a personalized treatment approach
tailored to individual mechanisms of CAR‐T failure. While valuable
information can be acquired from the periphery, there are critical
aspects of CAR‐T biology that cannot be captured with these samples
alone. Efforts should be made to collect on‐treatment biopsies to
better understand the evolution of the lymphoma microenvironment
and CAR‐T cells in situ. Finally, as more knowledge is gleaned re-
garding the mechanisms of resistance, the judicious choice of CAR‐T
for the appropriate patient at the optimal time may become clearer.
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