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abstract

PURPOSE Although the majority of patients with relapsed or refractory large B-cell lymphoma respond to
axicabtagene ciloleucel (axi-cel), only a minority of patients have durable remissions. This prospective mul-
ticenter study explored the prognostic value of circulating tumor DNA (ctDNA) before and after standard-of-care
axi-cel for predicting patient outcomes.

METHODS Lymphoma-specific variable, diversity, and joining gene segments (VDJ) clonotype ctDNA sequences
were frequently monitored via next-generation sequencing from the time of starting lymphodepleting che-
motherapy until progression or 1 year after axi-cel infusion. We assessed the prognostic value of ctDNA to predict
outcomes and axi-cel–related toxicity.

RESULTS A tumor clonotype was successfully detected in 69 of 72 (96%) enrolled patients. Higher pretreatment
ctDNA concentrations were associated with progression after axi-cel infusion and developing cytokine release
syndrome and/or immune effector cell–associated neurotoxicity syndrome. Twenty-three of 33 (70%) durably
responding patients versus 4 of 31 (13%) progressing patients demonstrated nondetectable ctDNA 1 week after
axi-cel infusion (P, .0001). At day 28, patients with detectable ctDNA compared with those with undetectable
ctDNA had a median progression-free survival and OS of 3 months versus not reached (P , .0001) and
19 months versus not reached (P 5 .0080), respectively. In patients with a radiographic partial response or
stable disease on day 28, 1 of 10 patients with concurrently undetectable ctDNA relapsed; by contrast, 15 of 17
patients with concurrently detectable ctDNA relapsed (P 5 .0001). ctDNA was detected at or before radio-
graphic relapse in 29 of 30 (94%) patients. All durably responding patients had undetectable ctDNA at or before
3 months after axi-cel infusion.

CONCLUSIONNoninvasive ctDNA assessments can risk stratify and predict outcomes of patients undergoing axi-
cel for the treatment of large B-cell lymphoma. These results provide a rationale for designing ctDNA-based risk-
adaptive chimeric antigen receptor T-cell clinical trials.

J Clin Oncol 39:3034-3043. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Axicabtagene ciloleucel (axi-cel, KTE-C19, Yescarta) is
approved for the treatment of chemotherapy-refractory
large B-cell lymphoma (LBCL). Despite an overall
response rate of 83% and a complete response (CR)
rate of 58%, many patients experience progression
resulting in a 2-year progression-free survival (PFS) of
approximately 40%.1 Serial imaging with positron
emission tomography and computed tomography is
the current standard of care to assess response and to
detect early asymptomatic relapse after chimeric an-
tigen receptor (CAR) T-cell therapy. However, the
clinical utility of positron emission tomography and

computed tomography early after CAR T-cell therapy is
limited in approximately 40% of patients who achieve
stable disease (SD) or partial response (PR) at 1 month
after therapy.2 Of these patients, approximately 40%
will deepen into a CR over time, whereas the remainder
progress.1,3 Clinically validated tools that could identify
the patient’s trajectory earlier could lead to the de-
velopment of earlier interventions, which might further
improve outcomes.

Circulating tumor DNA (ctDNA) is an emerging bio-
marker to risk stratify and assess treatment response
to chemotherapy for patients with LBCL and other
malignancies.4-10 B-cell malignancies have a unique
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marker of clonality as a result of variable, diversity, and
joining gene segments (VDJ) recombination in the im-
munoglobulin genes. These unique tumor-associated
VDJ clonotype sequences can be noninvasively detected
from the cell-free DNA in the plasma of patients with LBCL
with high sensitivity using next-generation sequence–
based assays.11 In our pilot study of six patients enrolled
on the pivotal ZUMA-1, ctDNA dynamics after axi-cel
therapy were analyzed.8 The molecular response as de-
termined by ctDNA mirrored the patient’s clinical course,
and similar results have been reported.12 Durably
responding patients rapidly developed and sustained un-
detectable ctDNA, whereas those patients who eventually
relapsed continued to have persistently detectable ctDNA.
On the basis of these results, a prospective multi-
institutional study was designed to evaluate ctDNA-based
assessments before and after axi-cel infusion as a tool for
risk stratification and efficacy monitoring in relapsed or
refractory LBCL.

METHODS

Patient Eligibility

Eligible patients were $ 18 years old; diagnosed with dif-
fuse LBCL, transformed follicular lymphoma, or primary
mediastinal B-cell lymphoma; enrolled before receiving
lymphodepleting chemotherapy for standard-of-care axi-
cel; had archival formalin-fixed paraffin-embedded (FFPE)
tissue available for clonotype identification; and had
measurable PET-avid disease. Patients unable to reach day
28 because of death, progression, or lost to follow-up were
excluded from the primary analysis, as prespecified by the
study protocol. The key end points were to determine (1)
the ability of ctDNA-based assessments at the time of
starting lymphodepletion (pre-LD) to predict PFS of patients
with LBCL undergoing axi-cel infusion with at least a 6-
month follow-up and (2) the association of ctDNA-based

minimal residual disease (MRD) assessments on day 28 to
predict PFS of patients with LBCL undergoing axi-cel
therapy. A PFS event was defined as disease relapse or
death. A progressor was defined as a participant who ex-
perienced a PFS event. A durable responder was defined as
a participant who did not experience a PFS event with at
least a 6-month follow-up.

Study Assessments

Clonotypes were identified via polymerase chain reaction
amplification of IgH-VDJ, IgH-DJ, and Igkappa or lambda
regions using universal consensus primers from archival
FFPE samples or from the initial plasma sample. A clo-
notype was considered acceptable for tracking using a
previously validated method.13 All identified clonotypes
were tracked with the highest concentration clonotype used
for analysis. CFD tubes were determined to be the optimal
tube for analyte stability (Data Supplement online only).
Approximately 8.5 mL of blood was collected in a CFD tube
(Roche Diagnostics, Indianapolis, IN) before lymphode-
pletion and 0, 7, 14, 21, 28, 56, 90, 180, and 365 days after
axi-cel infusion. Samples were sent overnight at ambient
temperature to Adaptive Biotechnologies (Seattle, WA) for
processing. Plasma was isolated within 5 days of collection.
ctDNA levels were subsequently determined from isolated
plasma via next-generation sequence as described.13 Cli-
nicians did not have these data available at the time of
clinical decision making. PET-CT scans were obtained
preapheresis and 1, 3, 6, and 12 months after axi-cel in-
fusion. Responses were assessed by Lugano criteria.2

Cytokine release syndrome (CRS) and immune effector
cell–associated neurotoxicity syndrome (ICANS) were
graded as previously described.14,15

Patients were enrolled at Stanford University, Moffitt Cancer
Center, and University of Maryland Medical Center. The
study was approved by each institution’s Institutional

CONTEXT

Key Objective
This prospective multicenter study seeks to determine the utility of circulating tumor DNA (ctDNA) monitoring to risk stratify

and assess treatment response for patients with large B-cell lymphoma undergoing chimeric antigen receptor (CAR)
T-cell therapy.

Knowledge Generated
We find that ctDNA identifies patients with large B-cell lymphoma at risk for disease relapse after treatment with

axicabtagene ciloleucel and at risk of developing higher-grade cytokine release syndrome and immune effector
cell–associated neurotoxicity syndrome. Moreover, ctDNA predicts disease progression with added value to
standard positron emission tomography and computed tomography scans.

Relevance
ctDNA appears to predict progression after CAR-T therapy and should be incorporated as an integral biomarker in future

trials of consolidation therapy after CAR-T to prevent relapse.
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Review Board, and written informed consent was obtained
from all patients before sample collection per the Decla-
ration of Helsinki.

Statistical Analysis

PFS and overall survival (OS) were determined by Kaplan-
Meier analysis and significance by log-rank test. Follow-up
was calculated from the time of axi-cel infusion until death
or last time of contact. The comparison between two groups
was conducted using a two-tailed Mann-Whitney test.
Significances were calculated using a Fisher exact test
between two categorical variables or as otherwise specified.
The area under the receiver operating characteristic curve,
95%CI, and P values were determined usingWilson-Brown
method.16 Statistical analysis and plots were generated
using Prism 8.4.1 (GraphPad) and SPSS Statistics 21 (IBM).

RESULTS

Patient Characteristics

Between January 2018 and May 2019, 72 eligible patients
undergoing standard-of-care axi-cel were enrolled in the
study. The patient characteristics and overall response rate
(84.7%), CR rate (63.9%), median PFS (10.3 months),
duration of response (not reached [NR], 79.5% at 1 year),
and median OS (NR, 71.2% at 1 year) for these patients
were similar to those enrolled in ZUMA-1 (Table 1, Data
Supplement). The rates of CRS and ICANS were also similar
to those of ZUMA-1. Any grade versus grade 3 or higher of
CRS and ICANS occurred in 91.7% versus 5.6% and
55.6% versus 27.7% of patients, respectively. The median
age was 62 years (range, 19-79 years), 60% were male,
and the median lines of therapy before axi-cel infusion was 3
(range, 1-7). Sixty-four patients were included in the primary
analysis after eight patients were excluded from the primary
analysis, as prespecified by the study protocol (CONSORT
diagram, Data Supplement). The patient characteristics of
the enrolled patients and primary analysis were similar. After
a median follow-up of 10.9 months, 31 patients had PFS
events (progressors)—30 because of disease relapse and 1
because of treatment-related death (Pneumocystis jirovecii
pneumonia at 4.5 months after axi-cel infusion). The
characteristics of durable responders and progressors are
shown in Table 1. Younger patients and those with elevated
pre-LD lactate dehydrogenase (LDH) were significantly more
likely to progress following axi-cel treatment. These patients
are included in previously published data.3

Baseline ctDNA and ctDNA Dynamics After Treatment

Sixty-nine (96%) of the 72 enrolled patients had adequate
DNA to permit tumor clonotype tracking. The tumor clo-
notype(s) were identified from FFPE samples for 65 pa-
tients (93%), whereas the remaining 4 (7%) patients had
their tumor clonotype(s) identified from the initial plasma
sample when the archival FFPE sample could not identify a
clonotype. Additional details regarding these clonotypes are
available (Data Supplement).

We evaluated whether pre-LD ctDNA concentration would
correlate with the international prognostic index and with
patient characteristics reflecting tumor burden. Patients
with an international prognostic index between 0 and 2
versus three or higher had a median ctDNA concentration
of 14 (range 0-3,200) lymphoma genomes per mL of plasma
(LG/mL) versus 187 (0-17,903) LG/mL (P5 .0143). Patients
with stage I or II versus stage III or IV disease had a ctDNA
concentration of 5 (0-3,200) LG/mL versus 133 (0-17,903)
LG/mL (P 5 .0196). Patients with normal versus elevated
LDH had a median ctDNA concentration of 7 (0-13,270)
LG/mL versus 529 (1-17,903) LG/mL (P , .0001). Addi-
tionally, patients who did not versus did receive bridging
therapies had a higher median pre-LD ctDNA concentration
of 14 (0-2,032) LG/mL versus 187 (0-17,903) LG/mL and
P 5 .0310. There was a significant correlation between
pre-LD LDH and ctDNA (Spearman correlation 0.6855,
P , .0001). However, high pre-LD ctDNA was a signif-
icant and independent predictor from elevated pre-LD
LDH via a likelihood ratio chi-square test of Cox pro-
portional hazard analyses (Data Supplement).

ctDNA was monitored until progression, death, or 1 year
after therapy. The ctDNA dynamics over the first 90 days for
the 33 durably responding patients and 31 progressing
patients, including representative examples of each, are
shown in Figure 1. Durably responding patients had lower
pre-LD ctDNA compared with progressing patients, 8 (0-
1,327) LG/mL versus 581 (0-17,903) LG/mL, P , .0001.
By day 7, 70% of the durably responding patients (23 of 33)
had no detectable ctDNA, and by day 90, all durably
responding patients had undetectable ctDNA thereafter. By
contrast, progressing patients had a nadir median ctDNA
concentration of 6 (0-2,945) LG/mL on day 28, which
started to rise thereafter. Most progressing patients dem-
onstrated a reduction in ctDNA concentration. Twenty-four
(77%) patients demonstrated at least 1-log reduction and
16 (52%) achieved a 2-log reduction in ctDNA concen-
tration at the nadir compared with baseline. Moreover, 12
(39%) progressing patients had at least 1 undetectable
ctDNA sample between day 7 and day 21. Interestingly, 12
patients—nine durably responding and three progressing
patients—had no detectable pre-LD ctDNA despite having
PET-avid disease at the time of enrollment. In all three
progressing patients, ctDNA eventually became detectable
(on day 0, 7, and 90, respectively), whereas ctDNA
remained undetectable at all time points in the durably
responding patients. None of these 12 patients started with
elevated LDH, and five patients received bridging
chemotherapy.

We evaluated the pre-LD ctDNA concentration as a risk
factor for CAR T-cell relapse or progression. Patients with
the ctDNA concentration below 10 LG/mL or between 10
and 100 LG/mL demonstrated a similar 1-year PFS of 78%
and 77% and a similar 1-year OS of 90% and 91%, re-
spectively (Fig 2). These patients had a significantly better
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PFS and OS compared with patients with a ctDNA above
100 LG/mL. Patients with both a pre-LD ctDNA concen-
tration between 100 and 1,000 LG/mL and above 1,000
LG/mL had amedian PFS of 3 months, whereas themedian
OS was 19 months and 7.4 months, respectively.

We evaluated pre-LD ctDNA levels as a risk factor for
developing CRS and ICANS. Patients who developed no
CRS (n 5 3) or grade 1 CRS (n 5 17) versus grade 2
(n 5 39) or grade 3 CRS (n 5 1) had a significantly lower
median ctDNA concentration of 15 LG/mL (0-6,543) versus
139 LG/mL (0-17,903), P5 .0485. Patients who developed
no ICANS (n5 27) or grade 1 ICANS (n5 9) versus grade 2
(n 5 9), grade 3 (n 5 12), or grade 4 (n 5 4) had a
significantly lower median ctDNA concentration of 38 LG/
ml (0-6,543) versus 214 LG/ml (0-17,903), P 5 .0340.

Circulating Tumor DNA Surveillance After CAR T Therapy

ctDNA was monitored for MRD in concordance with ra-
diographic and clinical staging starting on day 28. A patient
was considered MRD-positive (MRD1) if any ctDNA was

detected. Sixty patients had an available sample for anal-
ysis on day 28, which included 30 durably responding
patients and 30 progressing patients. 25 of 30 (83%)
durably responding patients were MRD-negative (MRD2;
Fig 1). By contrast, 22 of 30 (73%) progressing patients
were MRD1 (Figs 1 and 3).

All 30 patients with progression had at least one
MRD1 sample before relapse (Fig 3). However, 1 patient
was MRD1 at day 28, became MRD2 at day 56, and
remained MRD2 at day 90 concurrently with relapse. In
this case, the patient was considered to have progressed
when the fluorodeoxyglucose (FDG) avidity of a left gluteal
muscle lesion increased from a standard uptake valuemax of
3.0 at day 28 to a standard uptake valuemax of 5.3 at day
90 (no change in the tumor size occurred). This result
prompted the local oncologist to begin treatment with
pembrolizumab and rituximab. No biopsy was performed to
confirm disease relapse; biopsies confirmed relapses in 20
of 30 patients with progression. At the time of data cutoff,

TABLE 1. Patient Demographics

Demographics
Enrolled Patients

(N 5 72)
Primary Analysis

(n 5 64)
Durable Responders

(n 5 33)
Progressors
(n 5 31)

Significance
(P)

Subtype, No. (%)

DLBCL 49 (68) 43 (67) 23 (70) 20 (65)

TFL 17 (24) 16 (25) 6 (18) 10 (32)

PBMCL 6 (8) 5 (8) 4 (12) 1 (3)

Age, years

Median (range) 62 (19-79) 59 (19-76) 61 (19-76) 53 (29-73) .0175

65 or older, No. (%) 25 (35) 20 (31) 16 (48) 4 (13) .0029

Sex, No. (%)

Male 43 (60) 36 (56) 15 (45) 21 (68) .0841

Female 29 (40) 28 (44) 18 (55) 10 (32) .0841

Disease characteristics and risk factors,
No. (%)

Stage III or IV 52 (72) 46 (72) 22 (66) 24 (77) .4104

Elevated LDH 37 (51) 33 (52) 9 (27) 24 (77) .0001

Bulkya 13 (18) 12 (19) 5 (15) 7 (23) .5307

Double hitb 16 (22) 13 (20) 6 (18) 7 (23) .7606

Lines of therapy

Median 3 (1-7) 3 (1-7) 3 (1-6) 3 (2-7)

3 or more, No. (%) 43 (60) 37 (58) 18 (55) 19 (61) .621

Auto, yes, No. (%) 8 (11) 7 (11) 3 (9) 4 (13) .7039

Allo, yes, No. (%) 2 (3) 2 (3) 1 (3) 1 (3) . .9999

NOTE. Demographics of enrolled patients, patients included in the primary analysis, and durably responding and progressing patients. Statistical
significance was determined between categorical variable in durably responding and progressing patients by using a Fisher exact test or by using an unpaired
t test for age.
Abbreviations: DLBCL, diffuse large B-cell lymphoma; LDH, lactate dehydrogenase; PBMCL, primary mediastinal B-cell lymphoma; TFL, transformed

follicular lymphoma.
aBulky was defined as having a site of lymphoma . 10 cm.
bStatus was not known for four durable responders and four progressors.
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FIG 1. ctDNA dynamics during axi-cel therapy. The patient shown in (A) demonstrated a durable CR and no detectable ctDNA starting from day 7 after
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this patient has not progressed after receiving this sub-
sequent palliative treatment. The treating physicians were
not aware of the contemporary ctDNA status at the time of
clinical decision making for any patient during this study.

We compared MRD status on day 28 with PET-CT–based
response since PET-CT imaging is frequently obtained on
day 28 after axi-cel infusion in routine clinical practice.1,3 All
four patients with progressive disease on day 28 were
MRD1 concurrently and had a median OS of 3.2 months.
After excluding these patients, we found a significant dif-
ference in median PFS and OS for those with MRD1 versus
MRD2 disease or for those with FDG-avid disease (PR or
SD) compared with those with a CR (Fig 4). Patients who
were MRD1 on day 28 versus MRD2 had a median PFS of
3.03 months versus NR (P , .0001) and a median OS of
19.0 months versus NR (P 5 .0080). MRD1 versus
MRD2 patients on day 21 (including those who relapsed
on day 28) or on day 56 (excluding day 28 relapses) also
had inferior outcomes (Data Supplement). The PFS and OS
on the basis of PET-CT assessment on day 28 are also
shown in Figure 4. Patients who had a PR or SD on day 28
compared with those who achieved a CR on day 28 had a
median PFS of 3.1 months versus NR (P 5 .0018) and a
median OS of 19.0 months versus NR (P 5 .0033). The
PFS and OS of patients who achieved a CR on day 28 were
similar to MRD2 patients (Fig 4).

Next, we evaluated outcomes by MRD status for those who
had a CR on day 28 and a concomitant available MRD

sample (n 5 29). The PFS and OS were not significantly

different between MRD1 (n 5 6) and MRD2 (n523)

patients in CR (Data Supplement). Nine patients with a

radiographic CR on day 28 experienced relapse—six
were MRD2 and three were MRD1 concurrently—and
ultimately, these patients became MRD1 at or before re-
lapse (Fig 3).

Finally, we evaluated outcomes by MRD status for those
who had a radiographic PR or SD on day 28. 16 of the 24
(66.7%) patients with a PR and two of the four patients
with SD on the PET-CT on day 28 experienced progression
(Fig 3). For the 27 patients who had an available MRD
sample, MRD status was highly predictive for subsequent
relapse (Figs 4C-4E). Two of 10MRD2 patients with a PR or
SD on day 28 experienced a PFS event because of relapse
(n 5 1) and death from Pneumocystis jirovecii pneumonia
(n5 1), whereas 15 of 17 MRD1 patients experience a PFS
event. MRD2 patients with a PR or SD on day 28 compared
with MRD1 patients had a significantly longer median PFS,
NR versus 2.9 months (P 5 .0004). Moreover, the MRD
status for patients with a PR or SD on day 28 had a sensitivity,
specificity, positive predictive value, and negative predictive
value of 94%, 82%, 88%, and 90%, respectively.

DISCUSSION

This multicenter prospective study demonstrates that early
after axi-cel therapy, peripheral blood ctDNA assessments
can predict for progression events with added value to
standard PET-CT scans. We show that lymphoma-specific
clonotype(s) can be identified in the majority (96%) of
patients permitting ctDNA tracking. Key baseline patient
characteristics are associated with outcomes after axi-cel
infusion for LBCL including tumor burden, LDH, perfor-
mance status, and inflammatory markers.3,17-19 Patients
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with pre-LD ctDNA concentrations above 100 LG/mL have
a median PFS of 3 months. By contrast, patients below 100
LG/mL experience an approximately 80% PFS and 90%OS
at 12 months post-axi-cel. Grade 2 or higher CRS and
ICANS were also associated with higher pre-LD ctDNA.

Relapse after axi-cel was associated with persistent de-
tection of ctDNA 1 month after axi-cel infusion or beyond.
ctDNA-based assessments were particularly prognostic for
patients with a PR or SD on day 28. For patients with a PR or
SD on day 28, the MRD status accurately predicted
whether progression would occur in 23 of 27 (85%) pa-
tients. MRD1 patients with a PR or SD on day 28 have a
high risk (positive predictive value of 88%) of relapsing.

At the time of starting lymphodepleting chemotherapy, 12
patients had no detectable ctDNA, despite having FDG-
avid disease by PET-CT before axi-cel manufacturing.
Notably, three patients later developed detectable ctDNA
preceding disease relapse. The nine other patients
remained in a durable remission with no detectable ctDNA.
These findings are consistent with previous studies in newly
diagnosed DLBCL, where 8%-18% of patients had unde-
tectable ctDNA before starting initial immunochemother-
apy and nearly all patients developed detectable ctDNA
concurrently with relapse.5,20

Our current study had limitations. We were unable to detect
clonotypes in 4% of patients. This study assessed ctDNA
for 1 year after axi-cel infusions and does not address the
role of ctDNA surveillance thereafter. A fresh biopsy was not
required at the time of enrollment nor at relapse to ensure
that FDG-avid lesions were not a false-positive. ctDNA was
not measured at the time of apheresis (as many patients
were enrolled after apheresis), and therefore, the impact of
bridging therapies on ctDNA is unknown. Patients were
permitted to receive bridging treatment without confirming
persistent disease thereafter and therefore might have
achieved MRD remissions before axi-cel infusion. No val-
idation cohort of patients was available to confirm our
findings.

Despite these limitations, the data suggest that serial ctDNA
monitoring may be a noninvasive approach to assess
progression after axi-cel. Twenty-nine of 30 patients had
detectable ctDNA concurrently with progression. The pa-
tient with undetectable ctDNA concurrently with progres-
sion, which was based on a relatively small increase in the
FDG avidity of a single lesion, did not have a biopsy to prove
relapse. We speculate that this asymptomatic patient
was actually in remission when they started new therapy,
particularly since the treating physician was not aware of
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the contemporary ctDNA status at the time of clinical de-
cision making. Our data suggest for MRD-negative patients,
such as this, with a small, mildly avid lesion (particularly
when obtaining a biopsy would be challenging), close
follow-up using serial imaging or ctDNA monitoring may be
appropriate instead of starting systemic therapy.

Given that nearly all patients became MRD1 at or before
the time of disease relapse, serial ctDNA-based assessments

that reflex to PET-CT imaging at the time of MRD positiv-
ity may be a viable alternative to serial PET-CT imag-
ing in asymptomatic patients. However, a well-conducted
clinical trial would be needed to confirm this hypothesis.
Furthermore, serial ctDNA monitoring is likely an infor-
mative tool to assess alternative CAR therapies in LBCL.
Since each CAR therapy has unique expansion and per-
sistence characteristics, additional studies will determine
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how to best use ctDNA-based assessments for each CAR
therapy.

In conclusion, to our knowledge, this is the first study to
comprehensively evaluate ctDNA dynamics prospec-
tively in patients undergoing CAR therapy. ctDNA-based

surveillance of patients with LBCL undergoing axi-cel may
be a useful adjunct to radiographic assessments of disease
status. Future studies may leverage this approach to
identify patients requiring consolidative therapies following
CAR therapy.
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