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ABSTRACT

BACKGROUND

Immunotherapy with chimeric antigen receptor (CAR)—expressing T cells that
target the disialoganglioside GD2 expressed on tumor cells may be a therapeutic
option for patients with high-risk neuroblastoma.

METHODS

In an academic, phase 1-2 clinical trial, we enrolled patients (1 to 25 years of age)
with relapsed or refractory, high-risk neuroblastoma in order to test autologous,
third-generation GD2-CAR T cells expressing the inducible caspase 9 suicide gene
(GD2-CARTO01).

RESULTS

A total of 27 children with heavily pretreated neuroblastoma (12 with refractory
disease, 14 with relapsed disease, and 1 with a complete response at the end of
first-line therapy) were enrolled and received GD2-CARTO1. No failure to generate
GD2-CARTO01 was observed. Three dose levels were tested (3-, 6-, and 10x10° CAR-
positive T cells per kilogram of body weight) in the phase 1 portion of the trial,
and no dose-limiting toxic effects were recorded; the recommended dose for the
phase 2 portion of the trial was 10x10° CAR-positive T cells per kilogram. Cytokine
release syndrome occurred in 20 of 27 patients (74%) and was mild in 19 of 20
(95%). In 1 patient, the suicide gene was activated, with rapid elimination of GD2-
CARTO1. GD2-targeted CAR T cells expanded in vivo and were detectable in pe-
ripheral blood in 26 of 27 patients up to 30 months after infusion (median persis-
tence, 3 months; range, 1 to 30). Seventeen children had a response to the
treatment (overall response, 63%); 9 patients had a complete response, and 8 had
a partial response. Among the patients who received the recommended dose, the
3-year overall survival and event-free survival were 60% and 36%, respectively.

CONCLUSIONS
The use of GD2-CARTO1 was feasible and safe in treating high-risk neuroblastoma.
Treatment-related toxic effects developed, and the activation of the suicide gene
controlled side effects. GD2-CART01 may have a sustained antitumor effect.
(Funded by the Italian Medicines Agency and others; ClinicalTrials.gov number,
NCT03373097.)
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HIMERIC ANTIGEN RECEPTOR (CAR)

T-cell therapy is a valuable treatment for

relapsed or refractory B-cell cancers.'?
In the field of solid tumors, however, the path
to the development of effective CAR T-cell therapy
has been more challenging.*

Neuroblastoma, the most common extracra-
nial solid tumor in children, is responsible for
11% of all deaths from cancer in the pediatric
population.® Almost half the patients have high-
risk disease at diagnosis, and the 5-year event-
free survival among these patients is 40 to 50%.°
Children in whom first-line therapy fails have a
very low probability of recovery with subsequent
treatments, and they have a dismal prognosis, with
a long-term survival of approximately 5 to 10%.”

Neuroblastoma cells express high levels of
the disialoganglioside GD2, and the targeting of
disialoganglioside GD2 with monoclonal anti-
bodies has been associated with a significant
increase in survival among high-risk patients,
findings that indicate the sensitivity of neuro-
blastoma to immunotherapy and the relevance
of the target antigen.® Few early-phase clinical
trials of GD2-targeted CAR T cells have shown
that the approach is feasible, and few objective
responses have been reported.’*?

We developed a GD2-directed CAR construct
incorporating two costimulatory domains —
CD28 and 4-1BB.™ In order to address potential
neurotoxic effects associated with the use of our
third-generation CAR T cells (GD2-CARTO01), we
also included in the construct the gene for in-
ducible caspase 9 (iC9) as a safety switch allow-
ing the adoptively transferred cells to be killed if
they were associated with dangerous toxic ef-
fects. We report the 3-year results of our phase
1-2 clinical trial involving patients with relapsed
or refractory high-risk neuroblastoma.

METHODS

TRIAL DESIGN AND OVERSIGHT

At the IRCCS Ospedale Pediatrico Bambino Gestu
in Rome, we conducted a phase 1-2 clinical trial
to assess the feasibility and safety of GD2-
CARTO1 in patients with relapsed or refractory
high-risk neuroblastoma and to test the treat-
ment efficacy of the recommended dose. The
phase 1 portion of the trial was designed as a
dose-finding trial, following an escalation and
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de-escalation schema: the first patients received
GD2-CARTO1 at a dose of 3x10° CAR-positive
T cells per kilogram of body weight. Two dose-
escalation levels were specified — 6 and 10x10°
CAR-positive T cells per kilogram. If the initial
dose level was associated with dose-limiting toxic
effects, two additional de-escalation dose levels
were planned — 2 and 1x10° CAR-positive T cells
per kilogram. Both the national competent au-
thority of Italy and the institutional review board
of IRCCS Ospedale Pediatrico Bambino Gesu
approved the trial.

Patients between the ages of 1 and 25 years
with a diagnosis of high-risk neuroblastoma who
had relapsed disease or who had had persistent
or progressive disease during first-line treatment
were enrolled in the phase 1 trial. In the phase 2
trial, patients with metastatic disease and MYCN
amplification could be enrolled after completion
of first-line treatment, even if they had a com-
plete response. Additional trial details are pro-
vided in the Supplementary Appendix and the
protocol, available with the full text of this ar-
ticle at NEJM.org.

MANUFACTURE AND INFUSION OF GD2-CARTO1

The retrovirus encoding the construct iCasp9.2A.
GD2.CD28.4-1BB.zeta is approved for clinical use
and has been described previously.’* Before infu-
sion of GD2-CARTO1, all the patients received
the same fludarabine—cyclophosphamide lym-
phodepleting chemotherapy. Further details re-
garding the manufacture and infusion of GD2-
CARTO1 and immune monitoring by means of
flow cytometry and molecular biologic tech-
niques are provided in the Supplementary Ap-
pendix.

DISEASE ASSESSMENT

Revised International Neuroblastoma Response
Criteria with European International Society
of Paediatric Oncology Neuroblastoma Group
(SIOPEN) scoring was used to evaluate response.
The first disease assessment was performed in
every patient at week 6 after GD2-CARTO1 infu-
sion. Both radiologic and magnetic resonance
images and SIOPEN scores were evaluated in a
blinded fashion by a dedicated radiologist and a
nuclear radiologist.”>'® High disease burden was
defined as at least one of the following: bulky
disease (defined as a mass that was >5 cm in the
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Table 1. Characteristics of the Patients at Baseline.*
All Patients
Characteristic (N=27)
Sex —no. (%)
Male 18 (67)
Female 9 (33)
Median age (range) — yr 6.7 (2.7-18.6)
Median no. of previous treatments (range) 3 (1-6)
Disease status at enrollment — no. (%)
Refractory 12 (44)
Relapsed 14 (52)
No evidence of disease after NB-HRO1 1(4)
first-line treatment
Previous treatment with anti-GD2 14 (52)
monoclonal antibody — no. (%)
MYCN status — no. (%)
Amplification 7 (26)
Gain 5(19)
Normal 10 (37)
Unknown 5 (19)
Site of disease involvement — no. (%)
Bone 21 (78)
Bone marrow 12 (44)
Lymph nodes 11 (41)
Abdomen 4 (15)
Paravertebral area 7 (26)
Thorax, pleura 2(7)
Liver 1(4)
Result of 1#|-labeled MIBG scan before
infusion — no. (%)
MIBG score <7 18 (67)
MIBG score >7 9 (33)

* Baseline was the time of screening, before infusion of GD2-CARTOL. Percent-
ages may not total 100 because of rounding. MIBG denotes metaiodobenzyl-

guanidine.

7 NB-HROL1 first-line treatment consisted of therapy according to the protocol

of the European International Society of Paediatric Oncology Neuroblastoma

Group (SIOPEN) Trial for High-Risk Neuroblastoma. This therapy consisted
of an induction phase involving intensive chemotherapy, surgery, high-dose
chemotherapy with reinfusion of autologous stem cells, radiotherapy, differ-
entiating treatment with isotretinoin, and immunotherapy with the anti-GD2

monoclonal antibody.

i MIBG scores range from 0 to 72, with higher scores indicating greater dis-

semination of disease.
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greatest dimension), bone marrow infiltration of
greater than 50%, and an MIBG (metaiodobenzyl-
guanidine) SIOPEN score higher than 7 (on a

N ENGL J MED 388;14

scale of 0 to 72, with higher scores indicating
greater dissemination of disease) (see the Sup-
plementary Appendix).”

STATISTICAL ANALYSIS

All the characteristics of the patients and trial
outcomes were described with usual summary
statistics (i.e., counts and percentages for cate-
gorical factors and the mean, median, or range
for continuous factors). The median follow-up
was derived with Schemper’s method.®® Cox
models with one or two covariates were used to
derive hazard ratios with 95% confidence inter-
vals for overall and event-free survival. The as-
sumption of proportional hazards was assessed
with the use of supremum tests.”

RESULTS

PATIENT CHARACTERISTICS

A total of 30 patients underwent screening and
27 were enrolled and received treatment between
January 2018 and October 2021; 3 patients were
excluded (2 because of rapidly progressing dis-
ease and 1 because of a psychiatric disorder)
(Fig. S1 in the Supplementary Appendix). The
baseline characteristics of the patients are shown
in Table 1 and Table S1. Before enrollment, all
the patients had had disease resistance to at
least two lines of treatment (range, two to six);
1 patient in the phase 2 trial had received GD2-
CARTO1 during complete remission at the end of
first-line therapy. Thirteen patients had not re-
ceived previous treatment with the GD2-directed
monoclonal antibody because they did not have
approved indications for its use. Of the 26 pa-
tients with relapsed or refractory disease, 24 had
active, stage 4, metastatic disease at screening
before treatment, including 6 who had bulky
disease.

MANUFACTURING OF GD2-CARTO1

GD2-CARTO01 was manufactured successfully in
all the patients. The median (£SD) total number
of CAR-positive T cells at the end of production
was 2x10°+1.4x10° cells per kilogram (range, 0.7
to 6.9x10°), with a median viability of 90.5+3.7%
(range, 82.2 to 96.1) and a median transduction
efficiency of 72.419.9% (range, 50.8 to 87.3).
Thus, multiple doses of cells were generated for
each patient. Eleven patients received multiple
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Table 2. Adverse Events in 27 Patients after the First Infusion of GD2-CARTO01.*

Event

Cytokine release syndrome
Central neurotoxic effects
Peripheral neurotoxic effects or pain
Hematologic toxic effects
Anemia
Neutropenia
Thrombocytopenia
Abnormal laboratory values

Elevated alanine aminotransferase level, aspartate
aminotransferase level, or both

Elevated bilirubin level

Electrolyte abnormalities
Miscellaneous

Clostridium difficile infection

Rash

Dysuria

Brain hemorrhage

Grade 1 or 2 Grade 3 Grade 4
number of patients

19 1 0
0 0 0
6 0 0
8 19 0
0 0 27
1 4 19

13 7 0
3 1
4 2 0
0 1 0
3 0 0
2 0 0
0 0 1

* With the exception of hematologic toxic effects, anomalies caused by the disease or by previous treatments were not

included.

infusions, and each patient could receive up to
four infusions. Details regarding the drug prod-
ucts are provided in Figures S2 and S3.

SAFETY OF INFUSION

No dose-limiting toxic effects were reported in
the phase 1 trial; the recommended dose of
10x10° CAR-positive T cells per kilogram was
determined. Details regarding all toxic effects
observed are provided in Table 2 and Table S2.
Cytokine release syndrome was one of the most
common drug-related adverse events, observed
in 20 of 27 patients (74%) after the first infu-
sion; these events were grade 1 or 2 (as defined
by Lee et al.)?® in 19 of 20 patients (95%). Grade
3 cytokine release syndrome developed in only
1 patient after the first infusion, and it rapidly
resolved after administration of tocilizumab.
Serum levels of interferon-v, interleukin-6, tu-
mor necrosis factor «, and interleukin-10 were
monitored in all the patients, and a correlation
between significantly higher levels of circulat-
ing cytokines and the development and grade

of cytokine release syndrome was observed
(Fig. 1G).

One patient received two infusions of rimidu-
cid (a dimerizing agent intended to induce cas-
pase 9 and destroy the adoptively transferred
GD2-CARTO01) after an altered state of con-
sciousness developed; however, the diagnostic
workup revealed a brain hemorrhage as the
causative event. Central neurotoxic effects did
not develop in any of the patients.

Severe hematologic toxic effects developed in
all the patients, induced by lymphodepletion and
sustained after GD2-CARTO1 infusion. In addi-
tion, grade 3, transient hepatic toxic effects de-
veloped in seven patients after infusion; in five
of these patients, hepatic toxic effects were pres-
ent before enrollment or before GD2-CARTO01
infusion and transiently worsened with the de-
velopment of cytokine release syndrome. In one
of the other two patients, a clinically relevant
hepatic infiltration of disease was present and
led to grade 3 toxic effects on activation of GD2-
CARTO1. The other patient had grade 3 hepatic
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GD2-CARTO1 IN RELAPSED OR REFRACTORY NEUROBLASTOMA

Figure 1 (facing page). Expansion, Persistence,
and Biodistribution of GD2-CARTO1.

Shown are the peak levels of chimeric antigen receptor
(CAR) T cells (GD2-CARTO1) in peripheral blood in each
cohort of patients who received one of the three dose
levels tested in the phase 1 trial, detected either by means
of flow cytometry (Panel A) or by means of droplet digi-
tal polymerase-chain-reaction (PCR) (ddPCR) assay
(Panel B). Data in Panels A and B are shown as violin
plots; in each plot, the solid horizontal line represents
the median, and the dotted horizontal lines the upper
and lower quartiles. Shown also are the absolute num-
bers of circulating GD2-CARTOL cells per cubic millime-
ter (Panel C) and the percentage of GD2-CARTO1 cells
in CD3-positive cells in peripheral blood (Panel D), de-
tected by means of flow cytometry, in the entire cohort
of patients. In Panel C, each solid circle represents one
patient. In Panel D, the red line represents the median,
and the solid circles patients with CAR T-cell prolifera-
tion. The expansion of GD2-CARTOL in the patients,
evaluated by real-time PCR, is shown in Panel E. The
mean (+SD) circulating GD2-CARTO1 in the peripheral
blood in patients who had a complete response and in
those who did not is shown in Panel F. The mean peak
level of GD2-CARTO1 and the area under the curve in
patients with a response were 157.95+97.35 cells per cu-
bic millimeter and 436.0+229.0, respectively, whereas
those in patients who did not have a response were
70.38+17.90 cells per cubic millimeter and 224.4+126.6,
respectively. The peak serum levels of interleukin-6,
interferon-y, tumor necrosis factor a (TNF-a), and in-
terleukin-10, stratified according to cytokine release syn-
drome (CRS) grade, are shown in Panel G. CRS grades
range from 0 to 5 (death), with higher grades indicating
more severe toxic effects. The wide biodistribution of
GD2-CARTO1, detected by flow cytometry in the bone
marrow and cerebrospinal fluid (CSF) of the patients,
is shown in Panel H. In Panels G and H, the horizontal
line within each box represents the median, and the
lower and upper borders of each box the 25th and 75th
percentiles, respectively. The kinetics of circulating
GD2-CARTOL in a patient receiving rimiducid (red arrows)
are shown in Panel | (left side). The rapid clearance of
CAR T cells 4 hours after the first administration of the
dimerizing agent and the subsequent re-expansion, with
long-term persistence, are shown. Rebounding GD2-
CARTOL cells collected at week 8 were exposed in vitro
to rimiducid for 96 hours, with a remarkable decrease
in the number of CAR-positive T cells (right side). In
Panels C, E, F, G, and H, means +SD (I bars) are shown.

toxic effects 3 weeks after infusion of GD2-
CARTO1, after resolution of cytokine release
syndrome; these toxic effects were attributed to
other hepatotoxic drugs that she was receiving.
Other adverse events are listed in Table 2. The
side-effect profile of multiple infusions was
similar to the side-effect profile of a single infu-
sion, as detailed in Table S3.

GD2-CARTO1 IN VIVO EXPANSION AND PERSISTENCE
GD2-CARTO1 cells were detected in vivo by means
of flow cytometry in 26 of 27 patients (96%). The
correlation between the dose levels tested in
phase 1 and the peak GD2-CARTO1 level in pe-
ripheral blood, evaluated by means of both flow
cytometry and droplet digital polymerase-chain-
reaction (PCR) assay, is shown in Figure 1A and
1B. Overall, peak expansion was observed in the
second week after infusion on flow cytometry
and was anticipated by almost 1 week with a
droplet digital PCR signal. GD2-CARTO1 per-
sisted for at least 3 months in 75% of the evalu-
able patients and for more than 2 years in 2 chil-
dren (median persistence, 3 months; range, 1 to
30). In patients who received a second infusion,
assessment of GD2-CARTO1 persistence after the
first dose was terminated at the time of the sec-
ond dose infusion, regardless of the circulating
levels detected (Fig. 1C, 1D, and 1E), with a
magnitude of expansion expressed as an area
under the curve of 329.8+165.7.

Expansion of GD2-CARTO1 in patients who
had a response to treatment and those who did
not have a response to treatment is shown in
Figure 1F. After expansion, a predominance of
CD8-positive CAR-positive cells was detected in
peripheral blood and was maintained at all time
points, although CD4-positive CAR-positive cells
expanded and were detectable as well (Fig. S4).

For both CD4-positive CAR-positive and CD8-
positive CAR-positive cells, the phenotype showed
a strong prevalence of central and effector
memory subpopulations, with a prolonged per-
sistence of central memory CD4-positive cells
(Fig. S5). GD2-CARTO1 cells were detected in
bone marrow up to 2 years after infusion
(Fig. 1H), and they were detected in the cerebro-
spinal fluid in five patients up to 12 weeks after
infusion. We did not observe any difference in
the bone marrow infiltration by GD2-CART01
between patients with a response (i.e., six pa-
tients who had a complete response in the bone
marrow) and those without a response (i.e., six
patients who did not have a complete response
in the bone marrow and three patients who had
relapse in the bone marrow after infusion) (Fig.
$6). Moreover, GD2-CARTO1 cells that persisted
long term did not show a relevant expression of
exhaustion markers. At the end of production,
GD2-CARTO1 cells in the four patients with low
in vivo expansion (peak of expansion <5% in
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peripheral blood) were characterized by a sig-
nificantly higher proportion of terminally dif-
ferentiated CD4-positive effector memory cells
re-expressing CD45RA than the products of pa-
tients with higher in vivo expansion (Fig. S7).

Finally, we evaluated the kinetics of GD2-
CARTO1 over time in the patient who received
rimiducid, and we observed a sharp decrease in
the level of circulating GD2-CARTO01 4 hours
after infusion of the dimerizing agent. This de-
crease was sustained after the second infusion
(Fig. 1I). After 6 weeks, we detected a new ex-
pansion of GD2-CARTO01, with levels that re-
mained elevated at subsequent follow-up and
were still detectable 30 months after infusion.
The patient continued to have a complete re-
sponse.

We then evaluated whether GD2-CARTO1 cells
that re-expanded could derive from a subpopula-
tion of cells that had lost sensitivity to rimidu-
cid, functionality of the iC9 suicide gene, or
both. We exposed GD2-CARTO1 cells obtained
from the patient at the time of re-expansion (i.e.,
at week 8) to rimiducid in vitro and evaluated the
levels of residual cells after 96 hours. As shown
in Figure 1I and Figure S8, we observed that the
percentage of CAR-positive T cells decreased to
0.5%, whereas in the absence of rimiducid the
percentage remained at 9.2%. These findings
indicate that GD2-CARTO1 cells persisting in
vivo long term after rimiducid infusion were still
responding to the dimerizing agent.

CLINICAL RESPONSES AFTER GD2-CARTO1 INFUSION
AND OUTCOMES

Six weeks after infusion of GD2-CARTO01, 9 of 27
patients (33%) had a complete response (8 pa-
tients) or maintained a complete response
(1 patient) (Table S4). A description of 2 patients
with MIBG-negative lesions at screening is pro-
vided in the Supplementary Results section in
the Supplementary Appendix. With a median
follow-up of 1.7 years (interquartile range, 1.2 to
2.6), a complete response was maintained in 5 of
9 patients (56%) (Fig. 2A). All 9 patients had a
complete response after the first infusion and
did not receive further treatments. Two of the
4 patients with disease that relapsed had been
enrolled in the phase 1 trial and had received
low doses of GD2-CARTO01 (3- and 6x10° CAR-
positive T cells per kilogram). Of the remaining
patients, 8 of 27 patients (30%) had a partial

response, 5 of 27 patients (19%) had stable dis-
ease, and 5 of 27 patients (19%) did not have a
response. A total of 17 of 27 patients (63%) had
an objective response.

In three patients (Patients 18, 42, and 44), we
observed a peculiar clinical course. All three
patients had a reduction in MIBG-positive le-
sions that was consistent with a partial response
after the first infusion (Fig. 2A). Two of them
(Patients 18 and 42) received additional infu-
sions of GD2-CARTO1; one then had stable dis-
ease, and a deeper partial response developed in
the other. In the subsequent follow-up, the three
patients had persistently stable disease in the
long term, although no other therapy was ad-
ministered. All three patients had a negative
positron-emission tomographic scan. The dura-
bility of these remissions will be informative.

In the entire cohort, the MIBG score de-
creased from a mean of 13 (range, 0 to 72) to 8
(range, 0 to 38). We observed a relevant decrease
in tumor size and MIBG avidity in bulky tumor
masses in Patient 3 (Fig. 3A) and Patient 13
(Fig. 3B). In the whole cohort, 3-year overall
survival was 40% (Fig. 2B) and event-free sur-
vival was 27%; these percentages were 60% and
36%, respectively, among patients who received
GD2-CARTO1 at the recommended dose (10x10°
CAR-positive T cells per kilogram) (Fig. 2C).
Among the patients who had a complete re-
sponse after the first infusion, at 3 years, the
overall survival was 66% (Fig. 2D) and event-free
survival was 50%. Previous treatment with the
anti-GD2 monoclonal antibody did not affect the
outcome (Fig. S9).

Patients with low disease burden had signifi-
cantly longer survival than those with a higher
disease burden. At 3 years, overall survival was
67% among the patients with low disease bur-
den, as compared with 0% among those with
high disease burden (P<0.001) (Fig. 2E); event-
free survival was 58% and 0%, respectively
(P<0.001). Similarly, in the univariate analysis,
high disease burden was the only variable asso-
ciated with lower event-free survival (hazard ra-
tio for the earliest of no response, disease re-
lapse or progression, last contact, or death from
any cause, 5.7; 95% confidence interval, 2.0 to
16.6; P=0.001). None of the patients with dis-
ease that relapsed or progressed after treatment
had a concomitant re-expansion of GD2-CART01
despite the increased antigen stimulation.
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Figure 2. Long-Term Outcomes after GD2-CARTO1
Infusion.

Panel A shows a swimmer plot of the response to
GD2-CARTOL1 over time in each enrolled patient. Panel B
shows the 3-year overall survival among the entire co-
hort of patients, calculated from the date of GD2-CARTOL
infusion to the date of last contact or death from any
cause, as well as the 3-year event-free survival among
the entire cohort of patients, calculated from the date
of GD2-CARTO1 infusion to the earliest of the following
events: no response, disease relapse or progression,
last contact, or death from any cause. Panel C shows
the 3-year overall survival and the 3-year event-free
survival among the patients who received the recom-
mended dose of GD2-CARTO1 (10x10° cells per kilo-
gram of body weight). Panel D shows the overall sur-
vival and the event-free survival among patients who
had a complete response. Panel E shows the overall
survival and the event-free survival among patients
with a high disease burden as compared with those with
a low disease burden. In the Kaplan—Meier curves in
Panels B through E, tick marks indicate censored data.

GD2 EXPRESSION
We evaluated the possible treatment-induced al-
teration of GD2 antigen expression by means of
flow cytometric analysis of bone marrow sam-
ples obtained before infusion and after treat-
ment failure and of tumor-biopsy specimens
obtained at relapse. None of the patients with
disease that relapsed had an absence of GD2
expression, and we did not observe a decrease in
its expression level (Fig. S10).

MULTIPLE INFUSIONS

A total of 11 patients received additional infu-
sions; the clinical indications for multiple in-
fusions are described in the Supplementary
Appendix. Overall, 16 additional infusions
were administered (Table S3). The side-effect
profile of additional infusions was similar to
that reported with first infusions. As shown
in Figure S11, GD2-CARTO1 cells expanded
after infusion in most of the patients, with
kinetics similar to those of the first infusions,
but with lower peaks. Among the patients who
received additional infusions, we observed
three complete responses (two in patients who
received GD2-CARTO01 to consolidate a com-
plete response and one in a patient who had
relapsed disease after having had a complete
response with the first dose) and three partial
responses.
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A Lymph-Node Mass
Before Infusion

After Infusion

B Abdominal Mass
Before Infusion

Figure 3. Radiologic Response in Two Patients with Bulky Disease.

Panel A shows a computed tomographic (CT) scan of bulky disease in cer-
vical and supraclavicular lymph nodes in Patient 3 before and after infusion.
The maximum lesion diameter decreased from 88 mm to 58 mm (a decrease
of 34%). Panel B shows CT scans (upper images) and the relative metaio-
dobenzylguanidine (MIBG) scans (lower images) of a bulky abdominal
mass in Patient 13, before and after infusion, with a decrease in the maxi-
mum lesion diameter from 88 mm to 48 mm (a decrease of 46%) and a
strong decrease in MIBG avidity.

DISCUSSION

Our trial showed that GD2-CARTO1 cells ex-
panded to high levels in vivo. These cells also
induced an immune-related response that was
manifested in part by mild cytokine release syn-
drome in most of the patients and by sustained
clinical responses, with a complete response in

1292 N ENGL ) MED 388;14

33% of the patients and 3-year event-free sur-
vival of 36% among children who received the
recommended dose.

The manufacturing of GD2-CARTO01 was suc-
cessful for all the enrolled patients, and we
generated multiple doses so that we were able to
administer multiple infusions. Although the in-
duction of an immune response against the
murine single-chain variable fragment has been
described and remains a possible limitation to the
efficacy of multiple infusions of CAR T cells,?!??
our experience and that of others show that
some patients may benefit from multiple infu-
sions, especially if these infusions are preceded
by lymphodepletion.* This could be an impor-
tant strategy for the treatment of solid tumors
because it would counteract the dysfunctional
phenotype induced in CAR T cells by persistent
antigen presentation in the context of a highly
immune-suppressive microenvironment.*

In our trial, all except one patient had expan-
sion of GD2-CARTO1 in peripheral blood. GD2-
CARTO1 cells had a wide biodistribution, and
6 weeks after infusion they were detected in the
cerebrospinal fluid in five patients. None of
these patients had current or a history of central
nervous system (CNS) disease infiltration, and
none had central neurotoxic effects. Circulation
of CAR T cells in the cerebrospinal fluid has
been described in CD19-targeting constructs,
regardless of the presence of CNS disease.** An
increased permeability of the blood-brain bar-
rier in these patients, intrinsic features of GD2-
CARTO1, or both may have induced the circula-
tion and homing of the cells.

Although manageable, the side-effect profile
of this type of immunotherapy is not negligible.
Cytokine release syndrome developed in most
patients; this condition is well recognized in
patients with hematologic cancer and less com-
mon in patients with solid tumors.»'* As already
reported with other CAR constructs and immu-
notherapy approaches,” this complication cor-
related with the peak serum levels of the cyto-
kines interleukin-6, interferon-y, tumor necrosis
factor «, and interleukin-10; in particular, levels
of interleukin-6 and interleukin-10 also corre-
lated with the grade of severity. In our patients,
cytokine release syndrome was mostly grade 1
or 2 and reversible in all cases. One patient re-
ceived rimiducid, although the event that trig-
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gered its use was considered by the clinical study
team to be unrelated to the CAR T cells. The use
of rimiducid resulted in the rapid elimination of
circulating GD2-CARTO1. The re-expansion of
GD2-CARTO1 that was observed at subsequent
evaluations suggests that mostly activated gene-
modified cells are preferentially eliminated on
activation of the suicide gene, as previously re-
ported.* This approach led to an effective con-
trol of the toxic effects without completely
eliminating the CAR T cells. Residual GD2-
CARTO1 cells maintain a functionally active iC9
gene and remain sensitive to rimiducid.

Hematologic toxic effects, which were thought
by the investigators to be mainly induced by the
lymphodepleting chemotherapy and sustained
by GD2-CARTO01, were another relevant adverse
event that was reported in every patient. The
heavy burden of previous treatment received by
the patients and the common disease involve-
ment in the bone marrow may also have had an
impact on these toxic effects.

In order to maintain tumor control, it is es-
sential that CAR T cells persist over time. This
aspect has also been underlined in the pioneer-
ing work by Louis and colleagues,’ who found a
significant correlation between persistence lon-
ger than 6 weeks and longer time to disease
progression.” In contrast to patients in previous
studies, all our patients had persistence of CAR
T cells for more than 6 weeks, possibly because
of the incorporation of two costimulatory do-
mains in the construct and the use of interleu-
kin-7 and interleukin-15 in the manufacturing of
GD2-CARTO01.1%%

We observed a high incidence of response
among our patients with refractory disease, a
finding that indicates that GD2-CARTO1 has
therapeutic potential against high-risk refractory
or relapsed neuroblastoma. One third of our
patients had a complete response, and three
patients who were classified as having had a
partial response owing to the persistence of
MIBG-positive lesions had no evidence of recur-
rent disease 18 months or more after infusion,
without receiving any further treatment aside
from additional doses of GD2-CARTO1. Bone
marrow was one of the sites with the best re-
sponse to GD2-CARTO1. In some patients, we
also observed a response in nonbulky soft-tissue
tumor masses and bone metastasis. In our co-

hort of patients, the most challenging disease
location was the lymph nodes.

Although the trial was not powered to detect
differences between subgroups of patients, we
identified disease burden at infusion as being
predictive of response to treatment. We did not
observe a difference in response and in long-
term outcomes between patients with refractory
disease and those with relapsed disease, and the
previous use of anti-GD2 monoclonal antibodies
did not influence outcomes. In contrast to ob-
servations with other target antigens such as
CD19, CD22, and GPC2, we did not observe a
loss of GD2 expression on relapsed tumor cells
after loss of response to the treatment, as shown
by the mean fluorescence intensity of the anti-
gen at relapse.”? These findings, coupled with
the lack of re-expansion of GD2-CART01 on re-
lapse or progression of the disease, suggest that
in neuroblastoma, mechanisms of resistance
other than antigen loss and short persistence of
CAR T cells are responsible for treatment failure.

We recently reported the considerable nega-
tive effect exerted by polymorphonuclear mye-
loid-derived suppressor cells on the cytotoxic
activity of GD2-CARTO1 in an initial cohort of
patients.>> We hypothesize that other complex
immune-suppressive mechanisms — either pre-
existing or induced by the inflammatory storm
produced by activated GD2-CARTO1 and differ-
ing from cell exhaustion — may contribute to
the impairment of antitumor activity in this type
of immunotherapy.

Our findings suggest that GD2-CARTO01 may
induce sustained eradication of disease in a pro-
portion of patients with relapsed or refractory
neuroblastoma. Studies are under way to assess
the role of GD2-CARTO1 in the multimodal
treatment of high-risk neuroblastoma.
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