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Most patients with large cell lymphoma are cured with frontline chemoimmunotherapy. For individuals with
refractory disease and those who relapse after conventional therapies, chimeric antigen receptor (CAR) T cells are
an important treatment option and have led to remissions in otherwise refractory patients. In the pivotal trials,
durable responses were achieved in approximately 40% to 50% of patients treated with axicabtagene ciloleucel,
tisagenlecleucel, or lisocabtagene maraleucel, indicating that many patients will require subsequent treatment.
Failure after CAR T cell therapy is caused by a variety of factors that can be divided into 3 broad categories: tumor

Relapse intrinsic factors, other host factors, and inadequacies of the CAR T cells. Within this framework, this article reviews
possible mechanisms of treatment failures and, based on the timing of relapse, considers potential salvage thera-
pies and opportunities for future clinical studies.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.

INTRODUCTION

Most patients with diffuse large B cell lymphoma (DLBCL)
are cured with frontline chemoimmunotherapy, but a signifi-
cant proportion will relapse. Approximately half of patients
who receive subsequent chemotherapy will fail to achieve a
response sufficient to proceed to autologous hematopoietic
cell transplantation (HCT). These individuals and those who
relapse after autologous HCT face a poor prognosis with short-
ened overall survival (OS) [1-5].

Chimeric antigen receptor (CAR) T cell therapy in DLBCL
and its variants provides a new treatment option for patients
who relapse after 2 or more lines of therapy. Commercially
available CAR T cells are produced by transducing autologous
T cells with a gene encoding a hybrid receptor comprising an
extracellular target binding domain, a transmembrane
domain, and intracellular signaling domains that can eliminate
CD19 expressing tumor via effector and cytolytic processes
[6,7]. Second-generation CD19-directed CAR T cell therapies,
those containing both a CD3-¢ signaling domain and a costi-
mulatory domain, were evaluated in relapsed/refractory B cell
lymphomas, and durable objective responses were observed
in single-arm, multicenter, pivotal phase 2 trials. Important
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differences between the products may be responsible for the
variability in outcomes reported across studies. Differences in
cellular constructs (CD19CD3¢/CD28 in ZUMA-1 versus CD19/
CD3¢/4-1BB in JULIET and TRANSCEND), conditioning therapy
(fludarabine 30 mg/m? and cyclophosphamide 500 mg/m?x
3 days [ZUMA-1] versus fludarabine 25 mg/m? and cyclophos-
phamide 250 mg/m?x 3 days or bendamustine 90 mg/
m? x 2 days [JULIET] versus fludarabine 30 mg/m? and cyclo-
phosphamide 300 mg/m? x 3 days [TRANSCEND]), prevalence
of refractory versus relapsed/refractory disease, prior autolo-
gous HCT, and other dissimilarities between groups may be
responsible for the differences reported between studies. In
ZUMA-1, treatment with axicabtagene ciloleucel (axi-cel) led
to a 58% complete response (CR) rate and ongoing responses in
39% beyond 2 years (NCT02348216) [8]. In JULIET, tisagenle-
cleucel (tisa-cel) showed an overall CR rate of 40%
(NCT02445248), and in the phase 1 portion of TRANSCEND,
lisocabtagene maraleucel demonstrated an overall response
rate (ORR) of 50% at the 6-month landmark (NCT02631044)
[9-12]. As a result of these studies, 2 CAR T cell products are
approved for commercial use, and a third approval is antici-
pated [13,14].

The total number of patients with DLBCL treated with CAR T
cell therapy is rapidly increasing because of the availability of
commercial products and a growing number of clinical studies
[15]. There are more than 750 cellular therapies in development,
and approximately half of these are in clinical trials [16].

1083-8791/© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.
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Randomized phase 3 trials using CD19-directed CAR T cell ther-
apy earlier in the treatment course, including comparisons with
second-line salvage chemotherapy and autologous HCT, are open
and accruing patients [17]. Commercial CAR T cell therapy con-
tinues to grow, with financial earning reports estimating that
almost 500 patients received axi-cel as a standard of care therapy
in the first 3 quarters of 2018 [18]. Despite the activity of these
agents, the optimal management of patients with DLBCL who
relapse after CAR T cell therapy is an area of uncertainty.

Data to guide the management of patients relapsing after
CD19 CART cell therapy are limited. However, there is increas-
ing interest in the identification of optimal treatment strate-
gies for these patients. In this article, we review patterns of
responses and relapses, highlight the limited data and case
reports that describe the management of these patients, and
speculate on possible strategies that could be used and studied
in the future. Future directions of CAR T cell therapy are well
described in the medical literature and are not within the
scope of this article.

HYPOTHESIZED MECHANISMS OF CAR T CELL TREATMENT
FAILURES

More than half of patients with high-grade lymphomas
will progress and require additional therapy after CD19 CART
cell therapy. The exact mechanisms causing tumor escape
remain unknown, and we conceptualize that these could be
divided into 3 broad categories: tumor intrinsic factors, other
host factors, and inadequacies of the CAR T cell that lead to
these failures (Figure 1).

Tumor Intrinsic Factors

CD19 CART cell therapy for lymphoma depends on binding to
its target: CD19 on the cell surface of tumor. A well-characterized
mechanism of resistance in patients with acute lymphoblastic leu-
kemia (ALL) is the loss of tumor expression of the extracellular
CD19 epitope, which the CAR binds. This appears to affect 10% to
20% of patients with ALL and can occur through several mecha-
nisms, including the development of CD19 exon splice variants,
which leads to expression of CD19 protein lacking the extracellular
domain; lineage switch to the myeloid phenotype (associated with
the mixed-lineage leukemia or MLL gene fusion); and through
alterations in CD19 secondary to acquired mutations and loss of
heterozygosity [19—24]. In patients with DLBCL treated on ZUMA-
1, loss of tumor CD19 as evaluated by immunohistochemistry or
flow cytometry by local pathologic evaluation was described in 3
of 11 (27%) with biopsies at relapse after CAR T cell therapy [10].

To remain effective, CAR T cells need to proliferate and
remain active in vivo. Although CD19-expressing circulating B
cells can recover in patients in CR without heralding relapse,
the duration of persistence necessary remains unclear.

T cell surface inhibitory receptors, including pro-
grammed death 1 (PD-1), cytotoxic T lymphocyte-associated
protein 4, T cell immunoglobulin and mucin domain-3, and
lymphocyte-activation gene-3 act as negative regulators of
the immune response during infections and inflammation
[25,26]. Following antigen engagement under physiologic
conditions, T cells naturally upregulate these coinhibitory
signals to tightly govern immune activation and prevent
untoward autoimmunity [27]. The degree to which these
negative regulatory signals may contribute to CAR T cell
resistance is unclear. CAR T cells may express these ligands
in an immunosuppressive environment, leading to inhibited
CAR T cell activation and suppressed product expansion
[28]. Solid tumor data suggest that malignant tissue also
expresses and can upregulate inhibitory signals that

suppress T cell activation and reduce immunogenicity
[29,30]. Similarly, in patients with high-grade lymphoma,
low levels of immune checkpoint ligands are present in che-
moresponsive disease, whereas elevated soluble Pro-
grammed death-ligand 1 (PD-L1) is linked with poor clinical
outcomes [31,32].

In DLBCL, changes in the tumor major histocompatibility
complex (MHC) represent another mechanism by which the
tumor can evade immune surveillance and destruction. Data
from lymphoma cell lines show reduced MHC-II, whereas a
large series with patient samples reported the presence of HLA
class Iin 53 of 117 (45.3%) cases and class Il expression in 78 of
117 (66.7%) [33,34]. HLA loss poses a challenge for antigen pre-
sentation, a key component of the mechanism of action for
checkpoint inhibitors, and is linked with decreased tumor sur-
veillance and poor clinical outcomes [35].

Although an advantage of CAR T cells are their ability to
recognize and eliminate tumor cells independent of MHC, sub-
tle alterations in CD19 may result in resistance to CAR T cell
therapy. The role of epitope spreading of immune responses
against different epitopes within CD19 (intramolecular) or
alternate tumor-associated antigens (intermolecular) follow-
ing CAR T cell therapy remains unknown. Whether epitope
spreading is necessary to maintain durable remissions in
DLBCL and overcome the variability that arises from tumor-
driven immunoediting is not yet known and should be a focus
of investigation. Furthermore, inhibitory signals, such as PD-
L1, may reduce epitope spreading and increase the risk of CAR
T failure driven by subtle changes in tumor antigen [36].

Finally, a high tumor burden has been linked with CAR T
cell therapy failure in ALL. Recent data from patients with <5%
blasts demonstrated a superior OS compared with those with
a higher disease burden [37-39]. Alternatively, in chronic lym-
phocytic leukemia (CLL), there was no correlation between
tumor burden and response [40]. Early data from ZUMA-1 sug-
gest that high tumor volumes are associated with inferior
durable responses in DLBCL [41].

Host Factors

A recent analysis of patients from ZUMA-1 showed no signifi-
cant differences between patients based on the number of prior
lines of therapy received [41]. The limited number of patients
with DLBCL treated to date precludes the detection of subtle dif-
ferences in patients who received immunotherapy before CAR T
cell therapy. Further, none of the DLBCL patients were allografted
before enrollment (these patients were excluded from ZUMA-1
and JULIET), but the ALL literature indicates that CAR T cell ther-
apy after allogeneic HCT is feasible and safe [37,42]. Similarly,
response rates were consistent across prognostic subgroups,
including prior autologous HCT and double-hit lymphoma in
JULIET [43]. Collectively, these data support the potent impact of
CART cell therapy in otherwise refractory disease.

Incomplete T cell depletion may also negatively affect treat-
ment outcomes. Fludarabine/cyclophosphamide conditioning
chemotherapy increased levels of homeostatic cytokines and
increased CAR T cell expansion and function [44,45]. Data com-
paring fludarabine/cyclophosphamide with cyclophosphamide
conditioning chemotherapy showed that the latter was associ-
ated with increased CAR T cell expansion, persistence, and
improved response rates, indicating that lymphodepletion is
an important driver of response [46].

After infusion, CAR T cells rapidly expand in vivo, engage
CD19" cells, and lead to tumor destruction. In ZUMA-1, the
kinetics of this expansion correlated with treatment response,
with a 5.4-fold higher number of CAR T cells seen in
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Proposed/Known Mechanisms of CAR T-cell Treat-
ment Failure and Potential Treatment Strategies
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Checkpoint Inhibitors

Checkpoint blockade, immuno-
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Immunomodulation

Immunomodulation with IMIDs,
ITKi, or other off the shelf CAR
T cell strategies.
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Figure 1. Potential mechanisms of failure, and subsequent treatment strategies, for patients that relapse after commercial CAR T cell therapy.

responders within the first month [10]. In JULIET, there were
no significant differences between transgene levels in res-
ponders versus nonresponders [12]. Separate data from ALL
and CLL show that high levels of tisa-cel in the peripheral
blood, greater maximum serum concentration, and area under
the curve values are seen in responders [47]. Products that fall
short of specifications approved by the US Food and Drug
Administration may be released through expanded access pro-
grams (ie, Kite: ZUMA-9, Novartis Managed Access Program).
The efficacy and safety of these products are not reported in
the medical literature, but given the poor prognosis with con-
ventional therapies for these patients, we encourage efforts to
administer the so-called out-of-spec cells.

Regulatory T cells and myeloid-derived suppressor cells
may suppress CAR T cell proliferation and cytokine production,
leading to a dampening of the antitumor response and ulti-
mately treatment failures.

The extent to which CAR T cell persistence correlates with
remission durability is also an area of uncertainty in DLBCL.

Long-term follow-up from ZUMA-1 demonstrates that 75% of
patients with ongoing responses had B cell recovery, and data
from JULIET showed no link between expansion, T cell concen-
tration, and clinical outcomes [8,12]. These data, which are in
line with others, seem to indicate that persistence of the CAR T
cell product is not required to maintain a durable remission [48].

Inadequacy of CAR T Cell Therapy

Qualitative features of the CAR T cell product are also
important to clinical outcomes. “Exhausted” CAR T cells are
less proliferative, have a higher number of inhibitor receptors
(ie, PD-1), and are less potent/cytotoxic than nonexhausted T
cells. As a result, these cells have poor effector cell function
and reduced efficacy [49,50]. CAR T cell exhaustion may arise
from prior chemotherapy, alterations in the tumor microenvi-
ronment, or contributions from circulating cells, or they may
be related to variations in the manufacturing process [51].

Recent translational studies have shown that the T cell
composition of the infused product can also affect responses.
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For instance, in CLL, the analysis of CAR T cell transcription
profiles from responding patients shows enrichment in
memory-related genes such as IL-6/STAT3. In contrast, T cells
from nonresponders are more likely to show upregulation of T
cell effector genes as well as exhaustion and apoptosis [52].
Another study from the National Cancer Institute demon-
strated that DLBCL responses to the same CAR construct used
in axi-cel correlate with a T cell polyfunctionality strength
index, a measure of the ability of each individual product CAR
T cell to secrete more than 1 cytokine [53].

DLBCL RESPONSE TO CAR T CELL THERAPY

CD19 CAR T cell therapy can lead to remarkable responses
in otherwise refractory patients. In ZUMA-1 and JULIET, res-
ponders experienced a significantly longer progression-free
survival and OS compared with nonresponders [10,32,54].
Importantly, CAR T cell responses are dynamic, especially in
the first 3 months, and a limited number of patients may ini-
tially achieve a partial response (PR) that does deepen into a
CR until over 1 year postinfusion [8].

Surveillance in Responders (CR/PR)

In DLBCL, durable remission following frontline or autolo-
gous HCT can reliably be defined as 2-year relapse-free sur-
vival. CR rates with CAR T cell in DLBCL range from 40% to 58%,
and early data from pivotal trials suggest that 30% to 40% of
patients maintain responses beyond 1 year [8-10,55,56].
Recently, the long-term follow-up from ZUMA-1 showed 39%
of patients had ongoing responses at a median of 27 months of
follow-up, and the median duration of response for patients in
CR was not reached [8]. A similar proportion of patients
treated with tisagenlecleucel in the JULIET study had durable
responses. In patients with >3 months of follow-up, the best
ORR was 52%, and patients who achieved a remission had an
81% probability of remaining in remission at 12 months [12].

The 3-month disease response status serves as a suitable
proxy for durable response in these patients. In ZUMA-1 and
JULIET, most patients in remission at 3 months remained in
remission at 1 year [12,55]. In JULIET, 79% of patients had a CR,
and 65% of all responders are expected to remain relapse free
at 12 months [12]. Many of these 1-month and 3-month PRs
deepened to a CR without further intervention. In JULIET, 13 of
24 patients (54%) with an initial PR response converted to a
CR, and in ZUMA-1, 11 of 35 (31%) deepened their response
from PR to CR up to 15 months after infusion [10,11].

Current evidence does not support the use of maintenance
therapy or autologous or allogeneic HCT for patients respond-
ing to CAR T cell therapy because many patients will achieve
long-term remissions without further intervention. On the
basis of these observations, we recommend close observation
without administration of additional therapy until there is evi-
dence of disease progression in patients with DLBCL with a PR
or CR following CAR T cell therapy. Carefully designed studies
may identify predictors for progression (eg, minimal residual
disease [MRD] monitoring) in patients who initially achieve a
PR, with interventions planned to improve upon these out-
comes [57,58].

Management of Stable Disease

A minority of patients in JULIET and ZUMA-1 did not
achieve any disease response. Most patients responding to
CAR T cell therapy will have a rapid and measurable decrease
in lymphoma burden, but a minority of patients may have sta-
ble disease (SD) by objective criteria at first disease assess-
ment, and these patients may experience continued shrinkage

of tumor over time. In ZUMA-1, 48% of patients (12/25) with
SD deepened their response without further intervention, and
several JULIET patients with SD subsequently achieved a CR
[10,55]. However, ZUMA-1 patients with SD at 3 months had a
2-year progression-free survival of 22.2%. Persistent SD at 3
months identifies a group at high risk for later progression,
and carefully designed trials are necessary to evaluate the
impact of an intervention for these patients.

There is no evidence to support routine administration of
chemotherapy or maintenance therapy in the setting of SD
after CART cell therapy. This is particularly important before 3
months, and even some patients with SD at 3 months will later
improve and go on to experience durable responses without
further intervention [8,55].

Like the management of responding patients, we recom-
mend watchful waiting for patients with SD immediately after
CAR T cell therapy. Regular follow-up with standard interval
imaging is warranted as less than 50% of these patients will
develop subsequent remissions. Determining the optimal man-
agement of this patient population through well-designed stud-
ies should be a priority for our field. Allogeneic HCT has been
considered in some carefully selected SD patients based on dis-
ease bulk, donor availability, recovery from CAR T cell therapy,
comorbidities, organ function, and other factors. Prospective tri-
als or retrospective review of data might determine if HCT pro-
vides prolonged disease-free survival compared with watchful
waiting, maintenance therapy, or alternative interventions.

PATTERNS OF CAR T CELL TREATMENT FAILURE AND
MANAGEMENT RECOMMENDATIONS

Most CAR T cell therapy patients treated in early clinical
studies relapsed and required subsequent therapy. What this
optimal treatment is, and how it should be aligned with other
therapies, is not firmly established. At 6 months, the median
number of measurable CAR T cells had fallen to approximately
50% of peak values [10]. Based on the timing of relapse, we
subdivide patients into primary resistance (primary refrac-
tory), patients with early relapse (<3 months of infusion), and
patients with late relapse (>3 months after infusion).

Primary Resistance

In ZUMA-1, 12% of patients had no response to axi-cel and
experienced a short OS [10]. Separately, data from 51 patients
with lymphoma with progressive disease (PD) after CAR T cell
therapy confirmed these patients had inferior outcomes rela-
tive to those with >SD on initial assessment [59]. Collectively,
these data underscore the poor prognosis associated with
patients not responding to CAR T cell therapy. Well-designed
studies that identify and intervene in this high-risk population
may improve patient selection and ultimately outcomes. The
degree to which each of the proposed resistance mechanisms
contributes to phenomena is unknown.

For patients progressing after CAR T cell therapy, additional
treatment with cytotoxic chemotherapy may provide short-
term disease control and improve survival, but this benefit is
unlikely to be robust [59]. It must be recognized that patients
evaluated in the pivotal trials had significant prior lines of ther-
apy before CART cell therapy, and as the treatment is moved to
earlier in the disease course, it is possible that nonresponding
patients may have a higher degree of chemosensitivity.

In summary, we recommend patients with progressive dis-
ease be considered for clinical trial enrollment, and in patients
with many prior lines of therapy, supportive care may be
appropriate. Patients who achieve a remission and are suitable
candidates should be considered for allogeneic HCT.
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Early Relapse (<3 Months of Infusion)

Patients who progress soon after CAR T cell therapy and
meet the eligibility criteria for well-designed clinical trials
should be considered for enrollment. Standard lymphoma sal-
vage strategies, including immunomodulatory agents, radiation,
and chemotherapy, may be considered, but there are no data to
confirm efficacy in this specific patient population.

Off-label use of the PD-1 blocking antibodies, pembrolizu-
mab and nivolumab, has resulted in clinical responses with
evidence for enhanced CAR T cell function and antitumor
activity through the re-expansion and restored antitumor
activity of exhausted CAR T cells.

In the first reported case, a man with progressive primary
mediastinal B cell lymphoma after CAR T cell infusion received
pembrolizumab every 3 weeks from day 26. CAR T cells
expanded, and he achieved a CR [60]. In the second report, a
patient with rapidly progressive DLBCL received nivolumab on
day 11 with rapid re-expansion of CAR T cells and regression
of his lymphadenopathy, leading to a PR. Nivolumab adminis-
tration was associated with elevation in lactate dehydroge-
nase, grade 3 cytokine release syndrome, and grade 1
neurotoxicity consistent with re-expansion of CAR T cells and
a second peak in inflammatory cytokines [61]. Importantly, in
both cases, PD-1 inhibitors were initiated within the first
30 days after CART cell therapy in the setting of refractory dis-
ease that rapidly progressed. It is unknown whether equiva-
lent outcomes can be expected in patients who initially
respond and then relapse or if the potential combinatorial
effects will apply if these agents are initiated later in the dis-
ease course.

In a separate case series, patients who progressed after CD19
CAR T cell therapy were treated with pembrolizumab. Of 11
evaluable patients, there were 1 CR and 2 PRs with an ORR of
27%, which is in line with data from single-agent PD-1 inhibition
in refractory DLBCL in the absence of prior CAR T cell therapy
[62,63]. The end of phase 1 results of ZUMA-6, a study of axi-cel
in combination with atezolizumab, and anti-PD-L1 therapy,
administered on day +1 after axi-cel and then every 3
weeks x 4 doses, indicate that the combination is safe and
that cytokine release syndrome and neurotoxicity may not
be increased significantly, despite a suggestion for greater
CAR T cell expansion (measured as area under the curve)
compared with ZUMA-1 [64]. The efficacy of the combina-
tion was similar to that described in ZUMA-1, with effec-
tiveness in 9 of 10 patients with an ORR of 90%. Of the 10
patients, 6 of 10 entered CR and 3 achieved a PR, and 2 of
3 PRs later deepened to CR [64].

For patients relapsing within 3 months after CAR T cell
therapy, standard salvage strategies should be considered.
Treatment with PD-1/PD-L1 blocking antibodies may be con-
sidered for patients who have no response to CAR T cell ther-
apy, but this should be carefully considered given the paucity
of data supporting their use in lymphoma and in this setting.
The optimal approach for these patients remains uncertain.
Robust interrogation of historical data on the efficacy of differ-
ent salvage approaches for these patients and well-designed
prospective clinical trials are needed.

Late Relapse (>3 Months after Infusion)

Late relapses occur in patients who achieve a suitable
response to CAR T cell therapy but lose this response several
months later. A repeat biopsy should be considered to assess
for persistence of the CD19 target and to guide clinical man-
agement. In ZUMA-1, 9 patients with an initial response for >3
months and CD19-proven relapse were retreated with axi-cel
at disease progression, resulting in 5 responses (2 CRs and 3
PRs) [10]. Additional studies are required to assess whether
retreatment with CAR T cell therapy, using the same or an
alternate product, represents a viable option for these patients.
Clinical trials testing retreatment in combination with PD-1-
directed therapy, or other immunomodulating agents, should
be considered, but currently there are limited data to support
this approach for patients with late relapses.

Other treatment options include ibrutinib, immunomodula-
tory (IMiD) therapy, and radiation therapy depending on the
location, number of lesions, and tumor size (Table 1). The evi-
dence supporting these approaches is largely preclinical and
anecdotal. Most data supporting the use of ibrutinib as an adju-
vant to CAR T cell therapy come from studies of CLL in which the
combination or sequential therapy appeared safe [65]. Patients
who received ibrutinib before CD19* CAR T cell therapy showed
improved CAR T cell expansion and had superior clinical out-
comes compared with untreated patients. In human xenograft
models, ibrutinib improved tumor clearance and survival, sug-
gesting it may augment CAR T cell function [65]. Treatment with
lenalidomide, or other IMiD therapy, is generally well tolerated
in the relapsed setting. In murine models, lenalidomide directly
enhanced the antitumor responses of CAR T cells in DLBCL with
limited direct tumor effect [66]. Finally, small but growing data
suggest that radiation therapy may improve CAR T cell targeting
through remodeling the tumor environment and amplifying the
immune response [67]. This has been described in cell lines and
solid tumors. Recently, the outcomes of 8 patients who were
treated with radiation therapy while waiting for CAR T cell

Table 1
Summary of available treatment options for patients receiving commercial CAR T cell therapy
Setting Agent Study Outcome/Conclusion Reference
Preclinical Lenalidomide Cell lines/xenograft models Lenalidomide augments CAR-T function [66]
Preclinical Radiation therapy Cell lines (leukemia) Radiation sensitizes cell lines to CAR-T-mediated death [69]
Preclinical Radiation therapy Cell lines (solid tumor) Radiation enhances CAR-T penetration and expansion [67,70]
Pre-CAR-T Radiation therapy Retrospective Pre-CAR-T radiation is safe and led [68]
to effective local disease control
Pre-CAR-T Ibrutinib Retrospective Ibrutinib before CAR-T therapy in CLL may improve function [65]
Upfront Atezolizumab (PD-L1) Phase 1 Combination atezolizumab + axi-cel is safe, [64]
higher level of expansion
Progressive disease Pembrolizumab (PD-1) Case report Disease regression [60]
Progressive disease Nivolumab (PD-1) Case report Re-expansion of CAR-T product, [61]
disease regression, CRS/CRES
Progressive disease Pembrolizumab (PD-1) Prospective study Combination pembrolizumab + CART19 [62]

in R//R led to responses in 3 of 11 patients. 1CR, 2 PRs.

CRS, cytokine release syndrome; CRES, CAR related encephalopathy syndrome.
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manufacturing showed that the approach is a safe and effective
method of obtaining local disease control, suggesting that post-
CAR T radiation similarly might be safe [68]. Data supporting the
role of radiation therapy in hematologic malignancies before CAR
T cell therapy are limited. Radiation may be impractical for
patients with large tumor volumes [69,70]. These studies are
summarized in Table 1.

In summary, there is no standard of care for patients who
progress after initially responding to CAR T cell therapy. Enroll-
ment in well-designed clinical trials should be prioritized for
these patients. In the event that a study is not available, treat-
ment with PD-1 inhibitors, ibrutinib, IMiDs, and/or radiation
therapy may be considered. These patients are at risk for future
treatment failures, and allogeneic HCT with the best available
donor can be considered if these patients achieve a remission.

Future Directions

There are limited data to guide the optimal management of
patients with DLBCL who relapse after CAR T cell therapy.
Although the number of these patients is growing, differences
between products and treatment indications make standard-
ized recommendations challenging. Furthermore, the profile of
patients who relapse after CAR T cell therapy is likely to change
as CAR T cell move into earlier lines of therapy. Where to stage
conventional therapies, including autologous HCT and novel
therapies, after CAR T cell failure will require future study. The
benefit of second CAR T cell infusions directed at the same anti-
gen is also largely unknown. A minority of ZUMA-1 patients
received second infusions, but the optimal population and tim-
ing for this are not yet well understood. Subsequent CAR T cell
infusions, possibly in combination with adjunctive immuno-
therapy, in carefully selected CD19" patients may be beneficial
and worthy of future study. Finally, carefully characterizing pat-
terns of failure, identifying patients who are likely to relapse
after CAR T cell therapy, and developing pre-emptive treatment
strategies is another important, unmet need.

Future generations of CAR T cells are expected to target
antigens outside of CD19 and incorporate dual B cell antigens.
Early experiences with alternative targets are reported primar-
ily in ALL with encouraging results. The phase 1 data of a
CD22-targeted CAR in 21 children/adults, including 17 previ-
ously treated with CD19-directed CARs, showed CRs in 73% of
patients (11/15) who were dosed at >1 x 10° CD22-CAR T
cells/kg [71,72]. Early dual-target CAR T cells that target CD19
and CD22 are primarily focused in ALL and also have reported
favorable results. In the AUTO3 study, 6 of 8 patients treated
achieved an MRD-negative CR after receiving a CD19/CD22
CAR [73]. Results from the Stanford group reported that 1 of 5
patients with DLBCL and 1 of 2 patients with ALL achieved a
CR with CD19/CD22 CARs; MRD-negative CRs were reported in
3 of 4 pediatric and young adult patients with ALL [74,75].
Finally, the development of “armored CARs,” or CAR T cells
administered in combination with anti-PD-1 therapy, also
demonstrated early efficacy [76,77]. The Memorial Sloan Ket-
tering group recently reported the outcomes of 24 evaluable
patients (6 DLBCLs), with CRs seen in 16 patients (67%) [77].

CONCLUSION

The development of CAR T cell therapy has led to deep,
durable responses in patients with otherwise refractory lym-
phoma and limited life expectancy. Most patients with DLBCL
treated with CAR T cell therapy will respond to treatment and
should be observed in the immediate postinfusion period as
responses may deepen without further intervention. Approxi-
mately half of ZUMA-1 patients who initially responded and

21% to 35% of JULIET patients will relapse and require further
therapy, but there are currently no biomarkers to identify
these patients before relapse. The optimal management
of these patients is not yet known. Providing standardized
treatment recommendations for this patient population is not
practical for the reasons previously cited.

Rebiopsy with CD19 assessment is recommended, and clin-
ical trial enrollment should be considered for all patients with
progressive disease after CAR T cell therapy. In patients with
early relapses who remain CD19", PD-1 inhibitor therapy can
be considered to attempt to stimulate the residual T cells,
although prospective trials testing this strategy must confirm
the efficacy of the approach. Patients with late relapse can be
considered for other salvage modalities, including reinfusion
of the CART cells, ibrutinib, immunomodulatory therapy, or, if
the tumor is localized, radiation therapy. Further study is
needed to provide more clinical data to justify these
approaches, and well-designed clinical trials are necessary to
refine management strategies.
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