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Key Points

• Timing of initiation of
durvalumab in relation
to CD19 CAR T-cell
infusion affects efficacy
and toxicity of CAR
T-cell therapy in LBCL.

• Durvalumab-induced
increase in sPD-L1
mediates suppression
of CD19 CAR T-cell
effector function during
the time of maximal
expansion.
More than half of the patients treated with CD19-targeted chimeric antigen receptor (CAR)

T-cell immunotherapy for large B-cell lymphoma (LBCL) do not achieve durable remission,

whichmay be partly due to PD-1/PD-L1–associated CAR T-cell dysfunction.We report data from

a phase 1 clinical trial (NCT02706405), in which adults with LBCL were treated with autologous

CD19 CAR T cells (JCAR014) combined with escalating doses of the anti–PD-L1 monoclonal

antibody, durvalumab, starting either before or after CAR T-cell infusion. The addition of

durvalumab to JCAR014 was safe and not associated with increased autoimmune or immune

effector cell–associated toxicities. Patients who started durvalumab before JCAR014 infusion

had later onset and shorter duration of cytokine release syndrome and inferior efficacy, which

was associated with slower accumulation of CAR T cells and lower concentrations of

inflammatory cytokines in the blood. Initiation of durvalumab before JCAR014 infusion

resulted in an early increase in soluble PD-L1 (sPD-L1) levels that coincided with the timing of

maximal CAR T-cell accumulation in the blood. In vitro, sPD-L1 induced dose-dependent

suppression of CAR T-cell effector function, which could contribute to inferior efficacy observed

in patients who received durvalumab before JCAR014. Despite the lack of efficacy

improvement and similar CAR T-cell kinetics early after infusion, ongoing durvalumab therapy

after JCAR014 was associated with re-expansion of CAR T cells in the blood, late regression of

CD19+ and CD19– tumors, and enhanced duration of response. Our results indicate that the

timing of initiation of PD-L1 blockade is a key variable that affects outcomes after CD19 CAR T-

cell immunotherapy for adults with LBCL.
Introduction

Lymphodepletion chemotherapy followed by infusion of CD19-targeted chimeric antigen receptor
(CAR) T cells has achieved high response rates among patients with relapsed/refractory (R/R) large
B-cell lymphoma (LBCL).1-4 However, more than half of the treated patients do not achieve durable
remissions,1-4 which may partly be due to CAR T-cell dysfunction.5,6 High expression of the inhibitory
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receptor, programmed cell death-1 (PD-1), on tumor-infiltrating T
cells7 and of its ligand, programmed cell death–ligand 1 (PD-L1),
on tumor cells8 have been associated with inferior overall survival
(OS) in patients with diffuse LBCL (DLBCL) treated in the che-
moimmunotherapy era. Furthermore, high PD-L1 expression was
observed in pretreatment tumor biopsy specimens from patients
who failed to achieve durable responses to CD19 CAR T-cell
immunotherapy.9 These data indicate that interruption of the PD-1/
PD-L1 axis might improve the success of CAR T-cell therapy for
LBCL.

Case reports and a small phase 1 clinical trial reported responses
to anti–PD-1 monoclonal antibody therapy in a subset of patients
with progression of LBCL after CD19 CAR T cells.10-12 However,
the data from studies investigating CD19 CAR T-cell products
combined with immune checkpoint blockade (ICB) immunotherapy
have been disappointing.13-15 The reasons for the failure of ICB in
combination with CD19 CAR T-cell therapies were not clear.
Furthermore, these studies were not powered to address the dif-
ferences in combination therapy regimens.

Durvalumab is an anti–PD-L1 monoclonal antibody approved for
the treatment of non–small cell lung cancer, small cell lung cancer,
biliary tract cancer, and hepatocellular carcinoma. Here, we report
data from a phase 1 clinical trial of defined composition autologous
CD19 CAR T cells administered in combination with durvalumab
for adults with R/R LBCL. A PD-L1 inhibitor was favored over a PD-
1 inhibitor because of the lower risk of severe adverse events
(AEs), particularly immune-related AEs.16,17 We show that the
timing of initiation of durvalumab in relation to CD19 CAR T-cell
infusion was associated with differences in efficacy and toxicity of
CAR T-cell therapy due to durvalumab-induced increase in soluble
PD-L1 (sPD-L1), which mediated the suppression of CAR T-cell
effector function.

Patients and methods

Study design and participants

We conducted an investigator-initiated, prospective, open-label,
single-center, phase 1 dose-finding study (NCT02706405) of the
safety and efficacy of combination therapy with defined composition
autologous CD19 CAR T cells and escalating doses of durvalumab
in adults with R/R LBCL. Eligible patients were aged ≥18 years and
had positron emission tomography (PET)–positive R/R LBCL with
either persistent disease after firstline chemoimmunotherapy con-
taining an anti-CD20 monoclonal antibody and anthracycline,
relapsed disease after firstline chemoimmunotherapy and ineligibility
for autologous stem cell transplant (ASCT), or R/R disease after ≥2
lines of systemic therapy or ASCT (supplemental Methods). The
study was conducted in accordance with the Declaration of Helsinki
and the International Conference on Harmonization Good Clinical
Practice guidelines, with the approval of the Fred Hutchinson Can-
cer Center Institutional Review Board. All participants provided
written informed consent.

Study treatment

Manufacturing of CD19 CAR T cells formulated at a 1:1
CD4+:CD8+ CAR T-cell ratio (JCAR014) has been previously
described.18,19 Bridging antitumor therapy after leukapheresis
was allowed during JCAR014 manufacturing, with reconfirmation
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of PET-positive disease required before lymphodepletion
chemotherapy.

The first 2 treated patients received lymphodepletion with cyclo-
phosphamide (Cy; 30 mg/kg) and fludarabine (Flu; 25 mg/m2 per
day for 3 days) and 7 × 105 CAR T cells per kg. After establishing
safety, subsequent patients received lymphodepletion with Cy
300 mg/m2 per day and Flu 30 mg/m2 per day for 3 days, followed
by 2 × 106 CAR T cells per kg 2 to 5 days after the completion of
lymphodepletion. Patients received durvalumab IV in 1 of 2 groups
(supplemental Figure 1). Patients in group 1 initially received the
first dose of durvalumab no earlier than 21 days after JCAR014.
After analyses of safety, subsequent patients received durvalumab
starting no earlier than 7 days after JCAR014. Patients in group 2
received the first dose of durvalumab 1 day before JCAR014
administration. The dose levels of the first durvalumab infusion in
groups 1 and 2 are listed in supplemental Table 1. For both groups,
durvalumab was administered at the highest identified safe dose
approximately every 4 weeks for up to 10 cycles after JCAR014
infusion or until unacceptable toxicity or disease progression.
Patients with progressive disease (PD) could continue durvalumab
to the maximum cycle number if data indicated potential for sub-
sequent benefit.

Toxicity and efficacy assessments

The primary end point was safety of JCAR014 in combination with
durvalumab. A modified toxicity probability interval algorithm
determined durvalumab dose escalation/deescalation.20 Patients
were evaluable for dose-limiting toxicity (DLT; supplemental
Methods) if they received the JCAR014 cell product conforming
to dose and composition standards and full infusion of the first
dose of durvalumab. AEs were graded using the National Cancer
Institute Common Terminology Criteria for Adverse Events
(CTCAE), version 4.03, with the exception of cytokine release
syndrome (CRS), which was graded according to the Lee 2014
consensus criteria.21

Secondary end points included the proportion of patients who
achieved complete response (CR), ORR, progression-free survival
(PFS), and OS. Response was assessed centrally by PET and
concurrent diagnostic-quality computed tomography (CT; PET/CT)
according to the Lugano criteria22 at approximately 1, 2, 4, 6, 9,
and 12 months after JCAR014 infusion. PFS was defined as the
time from JCAR014 infusion to disease progression or death. OS
was defined as the time from JCAR014 infusion to death.

CAR T-cell and serum cytokine quantification

CAR T-cell enumeration was assessed by flow cytometry and
quantitative polymerase chain reaction (qPCR; lower limit of
detection, 10 transgene copies per μg DNA), and serum cytokine
concentrations were evaluated by Luminex assay (Luminex Cor-
poration), as previously described.1,18,19

Statistical analyses

Median/range and count/percentage were calculated for contin-
uous and categorical variables, respectively. Fisher exact test was
used for comparisons of categorical variables, and Wilcoxon rank-
sum/Mann-Whitney test was used for comparisons of continuous
variables. Response rates were reported with a 95% confidence
interval (CI) calculated using the Wilson/Brown method.23 The
23 JANUARY 2024 • VOLUME 8, NUMBER 2



Kaplan-Meier method was used to estimate the duration of
response (DOR), PFS, and OS, and log-rank test was used to
compare the differences between the groups. The reverse Kaplan-
Meier method was used to estimate the median follow-up time.24

Patients not experiencing an event were censored at the date of
the last follow-up. One-way analysis of variance test was used for
comparisons of the means between experimental conditions in the
in vitro studies. In exploratory analyses, we compared patients with
LBCL on study NCT02706405 with those who received the
same lymphodepletion and JCAR014 dose (2 × 106 CAR T cells
per kg) on a previously reported clinical trial (NCT01865617;
supplemental Figure 2).1,19,25 Owing to low numbers, propensity
score matching could not be performed. One-sample proportion
test was used to compare response rates against the JCAR014
alone cohort. Statistical analyses were performed using Prism
(version 9.3.1, GraphPad) and RStudio (version 2021.09.1+372,
RStudion).

Results

Patient characteristics

Between 23 January 2017 and 2 July 2020, a total of 34 patients
were screened, 32 underwent leukapheresis, and 29 were enrolled
and received lymphodepletion and JCAR014 infusion
(NCT02706405; supplemental Figure 3). Eleven patients were
enrolled in group 1 and 18 in group 2. The baseline characteristics of
patients in groups 1 and 2 were similar, with a trend toward higher
lactate dehydrogenase and higher tumor cross-sectional area in
group 1 (Table 1). Among all patients who received JCAR014 in the
study, the median age was 62 years (range, 19-70 years). Thirteen
patients (45%) had DLBCL not otherwise specified; 8 (28%) had
DLBCL transformed from indolent histology, and 6 (21%) had high-
grade B-cell lymphoma with MYC and BCL2 and/or BCL6 rear-
rangements (double-/triple-hit lymphoma). Patients had a median of 3
prior lines of therapy (range, 1-9), and 13 (45%) had primary
refractory disease (failure to achieve CR to any line of therapy).
Bridging therapy was administered to 10 patients (34%). Before
lymphodepletion, 24 (83%) had stage III or IV disease, 18 (62%) had
extranodal involvement, and 14 (48%) had elevated serum lactate
dehydrogenase concentration. Among all patients, the median num-
ber of durvalumab cycles was 2 (range, 0-11), and the median dose
administered was 750 mg (range, 7.5-750; supplemental Figure 4).

Safety of JCAR014 in combination with durvalumab

Among 29 patients who received lymphodepletion and JCAR014
infusion, 2 were not evaluable for DLT: 1 in group 1 did not receive
durvalumab and 1 in group 2 received an out-of-specification
JCAR014 product. Two of 27 patients (7%) had DLT. One
patient in group 2 (first durvalumab dose, 225 mg) with DLBCL not
otherwise specified, developed grade 4 CRS, transitioned to
comfort care, and died 32 days after CAR T-cell infusion, and 1
patient in group 2 (first durvalumab dose, 750 mg) with high-grade
B-cell lymphoma developed prolonged grade 3 neurotoxicity, which
resolved by day 25 after CAR T-cell infusion, followed by PD and
death 47 days after CAR T-cell infusion. Both patients received
only the first dose of durvalumab 1 day before JCAR014 admin-
istration. One patient in group 1 died because of CRS and
neurotoxicity 21 days after CAR T-cell infusion without receiving
durvalumab. CTs on day 20 were consistent with PD, and autopsy
23 JANUARY 2024 • VOLUME 8, NUMBER 2
showed CD19⁻ disease. No maximum-tolerated durvalumab dose
was identified in either group.

All patients (n = 29) who received lymphodepletion and JCAR014
infusion were evaluated for AEs. The most common AEs of any
grade attributed to study treatment (with or without durvalumab)
were CRS (41%), neutropenia (21%), neurotoxicity (17%), and
hypogammaglobulinemia (17%). supplemental Table 2 details
treatment-emergent AEs by group and time of onset. Clinical signs
and symptoms of autoimmune disease previously associated with
ICB were not observed early after CAR T-cell infusion. Later, 1
patient developed grade 3 aspartate aminotransferase elevation on
day 41 after JCAR014 infusion attributed to durvalumab. Isolated
grade ≥3 neutropenia occurring in 5 patients (17%) at a median of
98 days (range, 79-195) after CAR T-cell infusion was attributed to
durvalumab. All but 1 resolved after cessation of durvalumab;
however, a contribution of lymphodepletion and JCAR014 to late
neutropenia could not be discounted.

The combination of ICB with JCAR014 was not associated with
increased immune effector cell–associated toxicities. The inci-
dence of grade ≥1 and ≥3 CRS and neurotoxicity were consistent
with prior experience and were similar between the 2 treatment
groups (Table 2). However, compared with group 1, patients in
group 2 had a later onset of CRS after CAR T-cell infusion
(median, 6 vs 4 days; P = .05) and shorter duration of CRS
(median, 3 vs 8 days; P = .08; Table 2).

Efficacy of JCAR014 in combination with durvalumab

Twenty-six of the 29 patients were included in the efficacy-evaluable
set. Two patients who received JCAR014 at 7 × 105 CAR T cells per
kg and 1 who received an out-of-specification JCAR014 product
(CD4+ CAR T cells only because of CD8+ fraction release failure)
were excluded. The best ORR and CR rate were 38% (95% CI,
22%-57%) and 35% (95% CI, 19%-54%), respectively, including 2
late response conversions. The ORR and CR rate at 3 months were
35% (95% CI, 17%-56%) and 27% (95% CI, 14%-46%), respec-
tively (Figure 1A). Patients who achieved CR after JCAR014 in
combination with durvalumab had higher CAR T-cell peak counts and
area under the curve from days 0 to 28 after CAR T-cell infusion
(AUC0-28) in the blood than those who did not achieve CR
(supplemental Figure 5A-B). Response rates were similar across key
covariates, including age, performance status, histology subtype,
prognostic parameters, tumor burden, number of prior therapies, and
disease characteristics such as primary resistance to therapy and
requirement of bridging therapy after leukapheresis (Figure 1B). No
patient with bulky disease (maximum tumor diameter ≥ 7.5 cm)26

before lymphodepletion responded, and there was a trend toward
lower response rates among patients with higher (greater than or
equal to the median) maximum standardized uptake value on PET/CT
before lymphodepletion. PFS and OS rates were superior among
patients who achieved CR than among those who did not
(supplemental Figure 6A-B).

The response rates in patients with LBCL treated with JCAR014 in
combination with durvalumab in this study (NCT02706405)
appeared lower than those of patients treated with JCAR014 alone
in our previous phase 1/2 clinical trial (NCT01865617).1,19,25 We
retrospectively compared the response rates of patients treated with
JCAR014 in combination with durvalumab with those of patients
TIMING OF ANTI–PD-L1 IN CD19 CAR T CELLS FOR LBCL 455



Table 1. Patient characteristics

Characteristic Group 1 (n = 11) Group 2 (n = 18) P

JCAR014 dose level, n (%)

1 (7.0 × 105/kg) 2 (18) 0

2 (2.0 × 106/kg) 9 (82) 18 (100)

Age

Median (IQR), y 65 (59-67) 58 (52-67) .26

≥ 65 y, n (%) 7 (64) 6 (33) .14

Male sex, n (%) 8 (73) 11 (61) .69

ECOG performance score ≥ 1, n (%) 6 (55) 7 (39) .47

Disease histology, n (%)

DLBCL, NOS 6 (55) 7 (39) .47

DLBCL transformed from indolent histology 4 (36) 4 (22) .43

High-grade B-cell lymphoma with MYC and BCL2
and/or BCL6 rearrangements

1 (9) 5 (28) .36

Other* 0 2 (11) .51

MYC and BCL2 double-expressor†

Yes 2 (20) 2 (15) 1

No 5 (50) 6 (46) 1

Missing 3 (30) 5 (39) 1

Cell of origin (Hans algorithm), n (%)

Germinal center B-cell phenotype 8 (73) 9 (50) .43

Nongerminal-center B-cell phenotype 3 (27) 8 (44) .43

Missing 0 1 (6) 1

Ann Arbor stage III or IV, n (%) 10 (91) 14 (78) .62

Extranodal disease, n (%) 6 (55) 12 (67) .70

LDH

Median (IQR), U/L 227 (184-315) 173 (149-343) .29

Elevated, n (%) 7 (64) 7 (39) .26

IPI, n (%)‡

0-2 5 (45) 11 (61) .47

≥ 3 6 (55) 7 (39) .47

Tumor cross-sectional area, median (IQR), mm2§ 4758 (2968-5475) 3085 (984-6254) .31

Number of prior therapies, median (range) 3 (2-7) 2 (1-9) .34

Primary refractory disease, n (%) 5 (45) 8 (44) 1

Prior autologous hematopoietic stem cell
transplantation, n (%)

2 (18) 3 (17) 1

Therapy between leukapheresis and
lymphodepletion, n (%)

4 (36) 6 (33) 1

ECOG, Eastern Cooperative Oncology Group; IPI, International Prognostic Index; LDH, lactate dehydrogenase; NOS, not otherwise specified.
P values per Wilcoxon rank-sum test or Fisher exact test (2-sided), as appropriate.
*One patient with primary mediastinal B-cell lymphoma and 1 patient with Richter transformation.
†Excluding double- or triple-hit lymphoma (n = 23).
‡Scores on the IPI include low risk (0 or 1 point), low-intermediate risk (2 points), high-intermediate risk (3 points), and high risk (4 or 5 points).
§Sum of the product of the perpendicular diameters of up to 6 target measurable nodes and extranodal sites.
with LBCL who received the same Cy/Flu lymphodepletion and
JCAR014 dose (2 × 106 CAR T cells per kg) without durvalumab on
our previous phase 1/2 clinical trial (NCT01865617; JCAR014
alone cohort). There was a trend toward lower ORR (P = .08) and
CR rate (P = .09) in patients treated with JCAR014 in combination
with durvalumab than those treated with JCAR014 alone (Table 3).
Despite lower tumor burden, patients in group 2 (first durvalumab
before JCAR014) appeared to have a lower CR rate than those
456 HIRAYAMA et al
treated in group 1 (first durvalumab after JCAR014; P = .16) and
had lower ORR (P = .07) and CR rate (P = .03) than those
treated with JCAR014 alone. No patient who received durvalumab
750 mg before JCAR014 achieved CR. There were no significant
differences in ORR and CR rate between patients in group 1 and
those who received JCAR014 alone. These data suggest that dur-
valumab initiation before JCAR014 was associated with inferior
responses.
23 JANUARY 2024 • VOLUME 8, NUMBER 2



Table 2. Incidence and management of CRS and neurotoxicity

Group 1 (n = 11) Group 2 (n = 18) P

CRS

Any grade, n (%) 5 (45) 7 (39) 1

Grade ≥3, n (%) 1 (9)* 1 (6)† 1

Median time to onset, d (range) 4 (1-6) 6 (3-10) .05

Median duration, d (range) 8 (5-19) 3 (1-20) .08

Neurotoxicity

Any grade, n (%) 3 (27) 2 (11) .34

Grade ≥3, n (%) 1 (9)* 1 (6)‡ 1

Treatment for CRS and neurotoxicity

Tocilizumab, n (%) 1 (9) 1 (6) 1

Steroids, n (%) 1 (9) 2 (11) 1

Tocilizumab and steroids, n (%) 1 (9) 1 (6) 1

CRS was graded according to the Lee criteria. Neurotoxicity was graded using the CTCAE v4.03. P values per Wilcoxon rank-sum test or Fisher exact test (2-sided), as appropriate.
*Patient with grade 5 CRS and neurotoxicity who did not receive any durvalumab dose.
†Patient from durvalumab 225 mg dose level with grade 4 CRS (DLT).
‡Patient from durvalumab 750 mg dose level with prolonged grade 3 neurotoxicity (DLT).
We did not observe differences in PFS/OS between groups 1 and
2 (supplemental Figure 6C-D). At a median follow-up of
44.5 months (95% CI, 42.5 to not reached), the median 2-year
estimates of PFS and OS rates were 22.2% (95% CI, 6.6%-
75.4%) for patients in group 1 and 23.5% (95% CI, 10.0%-55.4%)
for group 2 and 55.6% (95% CI, 31.0%-99.7%) in group 1 and
52.9% (95% CI, 33.8%-82.9%) in group 2, respectively.

CAR T-cell kinetics in patients treated with JCAR014

with and without durvalumab

We had expected that administration of durvalumab before
JCAR014 infusion would result in more robust CAR T-cell counts
in the blood; therefore, we were surprised to see inferior efficacy,
delayed onset, and shorter duration of CRS in group 2. We
examined in vivo CAR T-cell kinetics in patients in groups 1 and 2
and retrospectively compared them with those of patients treated
in the JCAR014 alone cohort (Figure 2A). The baseline charac-
teristics of patients in these cohorts were similar, except for a
higher median number of prior therapies in patients treated with
JCAR014 alone (supplemental Table 3). We did not observe sig-
nificant differences in the magnitude of CAR T-cell expansion,
AUC0-28 after JCAR014 infusion, and day 28 CAR T-cell counts by
qPCR and flow cytometry between the cohorts (supplemental
Figure 7A-B). However, the time period to the maximum CAR
T-cell counts in the blood was longer for patients treated with
JCAR014 in combination with durvalumab than for patients treated
with JCAR014 alone (median, 14 vs 8 days; P = .01; Figure 2B).
This was most evident in patients treated in group 2 (Figure 2B)
and was consistent with the later onset of CRS in this group; but it
was also observed in group 1, likely because 5 of 9 patients (56%)
in this group started durvalumab before the peak of CAR T-cell
expansion.

We considered that ICB during CAR T-cell activation could pro-
mote activation-induced cell death and explain the delayed peak of
CAR T-cell expansion in group 2. Consistent with increased acti-
vation, we observed higher CD69 expression and lower CD127
23 JANUARY 2024 • VOLUME 8, NUMBER 2
expression in CD8+ CAR T cells collected between days 7 and 14
after infusion from patients in group 2 (supplemental Figure 8A-B);
however, there was no difference in activated caspase-3 expression
between the groups (supplemental Figure 8C). The fractions of CD8+

CAR T cells expressing PD-1 or other inhibitory receptors (2B4,
CD160, killer cell lectin-like receptor G1, lymphocyte-activation gene
3, T cell immunoreceptor with Ig and ITIM domains, and T cell
immunoglobulin and mucin-domain containing-3) did not differ
between patients treated in groups 1 and 2 (supplemental Figure 8D).

Given the slower accumulation of CAR T cells in the blood in group
2, we examined the serum concentrations of inflammatory cyto-
kines associated with CRS as well as C-reactive protein and ferritin
in each group, using concentration-time profiles adjusting for dif-
ferences in day 0 concentrations (AUC0-28/D0). Patients in group 2
had lower soluble interferon gamma (IFN-γ; AUC0-28/D0: median,
28.0 pg/mL × days; interquartile range [IQR], 28.0-67.1 vs median,
106.0 pg/mL × days; IQR, 68.2-244.0; P = .07) and macrophage
inflammatory protein-1β (AUC0-28/D0; median, 21.0 pg/mL × days;
IQR, 19.6-23.0 vs median, 27.7 pg/mL × days; IQR, 18.6-38.5; P =
.05) than patients in group 1 (Figure 3A-B). These data show that
the lower efficacy and decreased duration of CRS in patients who
received ICB with durvalumab starting before JCAR014 infusion
was associated with slower accumulation of CAR T cells and lower
concentrations of inflammatory cytokines in the blood.

High sPD-L1 coincides with CAR T-cell peak counts in

patients receiving durvalumab before JCAR014

sPD-L1 increases early after the start of ICB therapy and has
been reported to inhibit effector functions in CAR natural killer
cells.27-29 We observed higher sPD-L1 peak concentration after
JCAR014 infusion (median, 86.8 pg/mL; IQR, 9.5-253.1 vs
median, 9.5; IQR, 9.5-9.5; P = .03) and AUC0-28/D0 (median,
52.3 pg/mL × days; IQR, 28.0-293.0 vs median, 28.0 pg/mL ×
days; IQR, 28.0-28.0; P = .04; Figure 3C-D) in patients in group 2
than in patients in group 1. Patients who received durvalumab
starting the day before CAR T-cell infusion had an early increase
TIMING OF ANTI–PD-L1 IN CD19 CAR T CELLS FOR LBCL 457
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Table 3. Response rates in JCAR014 in combination with durvalumab (NCT02706405) and JCAR014-alone cohorts (NCT01865617)

ORR – n (%), (95% CI) P CR – n (%), (95% CI) P

JCAR014 + durvalumab 9 of 26 (35), (19-54) .08* 7 of 26 (27), (14-46) .09*

JCAR014 alone 6 of 12 (50), (25-75) 5 of 12 (42), (19-68)

Group 1 4 of 9 (44), (19-73) .37† 4 of 9 (44), (19-73) .16†

Group 2 5 of 17 (29), (13-53) 3 of 17 (18), (6-41)

Group 2 5 of 17 (29), (13-53) .07* 3 of 17 (18), (6 -41) .03*

JCAR014 alone 6 of 12 (50), (25-75) 5 of 12 (42), (19-68)

Group 1 4 of 9 (44), (19-73) .50* 4 of 9 (44), (19-73) .70*

JCAR014 alone 6 of 12 (50), (25-75) 5 of 12 (42), (19-68)

*P value per 1-sample proportion test (1-sided).
†P value per Fisher exact test (1-sided).
in sPD-L1 levels that coincided with the period of CAR T-cell
accumulation (Figure 3E-F). In contrast, sPD-L1 was not
increased during CAR T-cell effector expansion in those who
started durvalumab after CAR T-cell infusion (Figure 3E-F). No
increase in sPD-L1 was detected in patients who did not receive
durvalumab (JCAR014 alone).

We considered that sPD-L1 detected during the CAR T-cell
accumulation phase could inhibit CAR T-cell effector function,
thereby contributing to later onset and shorter duration of CRS and
inferior response rates in group 2. In in vitro studies, we found that
the addition of sPD-L1 induced dose-dependent decreases in
CD19-stimulated polyfunctionality of CD4+ CAR T-cell cytokine
secretion (Figure 4A), particularly associated with decreased IFN-γ
and interleukin-2 (Figure 4B-C). These results indicate that high
sPD-L1 concentration coinciding with CAR T-cell accumulation
may impair JCAR014 effector function and contribute to inferior
efficacy in patients who received durvalumab before JCAR014
infusion.
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JCAR014 with and without durvalumab. (A) CAR T-cell

counts in the blood by qPCR in groups 1 and 2 (NCT02706405)

and JCAR014 alone (NCT01865617) cohorts. Each thin line

represents a single patient; bold lines represent the averaged

data using local polynomial regression (LOESS) curve fitting

approximation with the standard error in gray. (B) Time to CAR T-

cell peak counts in the blood by qPCR in groups 1 and 2

(NCT02706405) and the JCAR014 alone (NCT01865617)

cohorts. Mann-Whitney tests were used to compare differences

between the groups.
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CAR T-cell re-expansion events and late responses in

patients receiving durvalumab and JCAR014

Despite the inferior response rates associated with a durvalumab-
induced increase in sPD-L1 early after JCAR014 infusion in group
2, the DOR of patients who received JCAR014 and durvalumab
was superior to that of those who received JCAR014 alone (1-year
DOR estimate, 67%; 95% CI, 42-100 vs DOR, 20%; 95% CI, 3-
100; Figure 5). We did not observe significant differences in the
PFS/OS between these cohorts (supplemental Figure 9). We
considered that, in spite of the initially inferior responses in a subset
of patients, subsequent monthly durvalumab infusions might
contribute to improved DOR after JCAR014. After JCAR014
infusion, we observed an increasing fraction of CAR T cells bearing
a phenotype consistent with that of progenitor exhausted T cells
that proliferate in response to ICB.30-32 Although the fraction of
CD3+ CAR T cells that expressed PD-1 was stable, we found
a progressive increase in both transcription factor-1 (TCF-1)+ and
PD-1+TCF-1+ CAR T cells (Figure 6A), which prompted us to
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examine whether CAR T-cell re-expansion events were observed
after durvalumab infusions. Eight of 26 patients (31%; 2 in group 1
and 6 in group 2) in the efficacy-evaluable set had re-expansion of
CAR T cells in the blood beyond day 28 after JCAR014 infusion,
defined as twofold or greater increase in transgene copy numbers
from the previous level (Figure 6B; supplemental Figure 9). In the 8
patients with CAR T-cell re-expansion events, the ORR and CR rate
at 3 months were 75% (95% CI, 41-96) and 50% (95% CI, 22-78),
respectively. The median fold increase in CAR transgene copies per
μg DNA was 5.9 (range, 2.2-78.5; n = 16) and occurred at a median
of 15 days (range, 7-28 days) after the most recent durvalumab
infusion. Re-expansion events were only observed in those who
received durvalumab at the highest dose level of 750 mg.
460 HIRAYAMA et al
In a subset of patients who did not achieve CR and continued
treatment with durvalumab, we observed tumor burden stabilization
or ongoing regression (Figure 7A). Although conversions to CR
can be observed within the first few months of CAR T-cell immu-
notherapy,1-4 late responses are uncommon. We observed 2
patients with double-hit lymphoma who achieved CR 1 year after
JCAR014 infusion with no additional antitumor therapy aside from
monthly durvalumab. One patient received durvalumab 75 mg
before JCAR014 infusion and 750 mg monthly and had stable
disease on PET/CTs approximately 1, 2, 4, 6, and 9 months after
JCAR014 infusion, achieving CR by PET/CT on day 370. CAR T
cells were detected in the blood by qPCR above the limit of
detection up to day 139 after CAR T-cell infusion. Another patient
23 JANUARY 2024 • VOLUME 8, NUMBER 2
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production. Data are representative of at least 2 independent

experiments. Figures show mean ± standard error of the mean.
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multiple comparisons were used to compare differences between
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received durvalumab 22.5 mg before JCAR014 infusion and
750 mg monthly and achieved a partial response (PR) on day 28
with subsequent progression on day 63 (Figure 6B). Biopsy sam-
ples on days 43 and 100 after JCAR014 infusion showed CD19⁻
lymphoma (Figure 6C) that, remarkably, regressed to CR by day
365 on PET/CT (Figure 6B). CAR T cells were detected in the
blood by qPCR at the time of achievement of CR. Both patients
had ongoing grade 2 lymphopenia.
23 JANUARY 2024 • VOLUME 8, NUMBER 2
Together, these data indicate that although the administration of
ICB with durvalumab before JCAR014 was associated with inferior
efficacy 1 to 3 months after JCAR014, maintenance ICB was
associated with better DOR. Regression of both CD19+ and
CD19– double-hit lymphoma late after JCAR014 infusion during
durvalumab maintenance suggests that late responses might be
mediated by CAR T-cell re-expansion and/or CAR-independent
mechanisms.
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Discussion

In this phase 1 clinical trial, adults with R/R LBCL were treated with
JCAR014 CD19-targeted 4-1BB–costimulated CAR T cells,
escalating initial doses of durvalumab starting before or after CAR
T-cell infusion, and ongoing durvalumab maintenance.

The combination of JCAR014 and durvalumab was safe and
well-tolerated. We did not observe severe autoimmune AEs that
have been described after durvalumab and other ICB thera-
pies33-35 or increased incidence and severity of immune effector
cell–associated toxicities. The most common AE attributed to
durvalumab was late and isolated grade 3 to 4 neutropenia,
consistent with the reports of pembrolizumab combined with
CD19 CAR T cells.12,15 Prolonged cytopenias are observed
after CAR T-cell therapy;36,37 neutrophil recovery often follows a
biphasic temporal course.38 Therefore, a contribution of lym-
phodepletion and JCAR014 to late neutropenia cannot be
discarded.

Patients in group 2 who received durvalumab starting before
JCAR014 infusion had later onset and shorter duration of CRS,
consistent with the observed delayed CAR T-cell peak expansion
and lower concentration of inflammatory cytokines such as IFN-γ
and macrophage inflammatory protein-1β. Response rates were
also inferior in this group despite preserved CAR T-cell expan-
sion/persistence in the first 28 days after JCAR014 infusion.
These findings are consistent with reduced in vivo effector func-
tion of the CAR T cells when durvalumab is administered before
JCAR014 infusion. Consistent with the effects of ICB ther-
apy,27,28 we observed an earlier increase in sPD-L1 levels in
patients who received durvalumab starting on the day before CAR
T-cell infusion compared with those in group 1 who started after,
resulting in elevated sPD-L1 concentrations during the CAR T-cell
462 HIRAYAMA et al
expansion phase in patients treated in group 2. Conceivably,
commencing durvalumab very early after JCAR014 infusion (first
week) might similarly result in increased sPD-L1 that overlaps the
peak CAR T-cell expansion phase. sPD-L1 has been shown to
maintain its capacity to bind PD-1 and inhibit T-cell function39,40

and CAR natural killer cell function in vitro.29 We hypothesized
that sPD-L1 might inhibit CAR T-cell effector function and
demonstrated that sPD-L1 resulted in a dose-dependent reduc-
tion in CAR T-cell cytokine production and polyfunctionality,
providing a mechanism for reduced efficacy and CRS observed in
group 2.

Outcomes of patients with LBCL after failure of CAR T-cell therapy
are poor, with a median OS of less than 6 months.41,42 The tumor
stabilization/regression observed in a subset of patients who
continued treatment with durvalumab suggests a possible benefit
of ICB therapy in this setting. Accordingly, we observed late CAR
T-cell re-expansion in the blood after durvalumab infusion in 31% of
treated patients, which might originate from PD-1+TCF-1+ CAR
T cells, in line with previous studies that show TCF-1+ stem cell–
like progenitor exhausted T cells give rise to proliferative and
functional responses to ICB therapy,32,43,44 and that TCF-1+ pro-
genitor exhausted CAR T cells are associated with long-lived CAR
T-cell–mediated antitumor responses.45 The late emergence of the
PD-1+TCF-1+ CAR T-cell subset might explain why increased CAR
T-cell accumulation was not observed early after JCAR014 infusion
in group 2. ICB-induced expansion of PD-1+TCF-1+ CAR T cells
might explain late conversion to CR in those with CD19+ disease;
however, the observation of a late conversion to CR in a patient
with CD19– immune escape indicates CAR-independent benefits
of ICB therapy, such as recruitment of endogenous tumor-specific
T cells. Although the superior DOR in patients treated with CAR T
cells in combination with durvalumab compared with those treated
23 JANUARY 2024 • VOLUME 8, NUMBER 2
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Figure 6. CAR T-cell progenitor exhausted phenotype

and in vivo re-expansion in the blood with repeated

dosing of durvalumab after JCAR014. (A) Aliquots of

the infusion products (n = 26) and blood collected after

CAR T-cell infusion (expansion, n = 26; contraction, n = 21;

day 28, n = 12) were analyzed by flow cytometry.

Percentage of PD-1+, TCF-1+, and PD-1+TCF-1+ CD3+

CAR T cells at each timepoint are shown. Figures show

mean ± standard error of the mean. (B) CAR T-cell counts

in the blood by qPCR in patients treated with JCAR014 in

combination with durvalumab who experienced in vivo re-

expansion of CAR T cells. Arrowheads on the x-axis indicate

the time of durvalumab doses. Arrows show re-expansion

events. Horizontal dashed lines show the qPCR assay limit

of detection.
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with CAR T cells alone is of note, additional studies will be needed
to confirm the role of ICB in this finding.

Disruption of PD-1/PD-L1 signaling has been associated with
improved efficacy in CD19 CAR T-cell therapy xenograft
models.46,47 However, clinical studies of ICB and CD19 CAR T-
cell combination therapy have demonstrated variable outcomes
with limited insight into reasons why disruption of the PD-1/PD-L1
pathway has not been more effective.13-15,47 Our data show that
ICB-induced sPD-L1 inhibition of CAR T-cell effector function is a
mechanism of reduced in vivo efficacy that primarily occurs when
ICB is administered before and potentially early after CAR T-cell
infusion. This study provides a warning of caution and an oppor-
tunity to develop novel strategies to inhibit sPD-L1–mediated
suppression of CAR T-cell effector function and improve the early
response to ICB and CAR T-cell combination therapies while still
enabling enhanced DOR through later ICB-mediated engagement
of CAR-dependent and -independent antitumor mechanisms.
Additional studies testing ICB for patients with PR at first restaging
464 HIRAYAMA et al
after CD19 CAR T-cell therapy aiming at increasing the CR con-
version rate are warranted.
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