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Diane L. Reidy-Lagunes, MD13; Jonathan R. Strosberg, MD14; Peter J. O’Dwyer, MD15; and Al B. Benson III, MD3

abstract

PURPOSE Patients with advanced pancreatic neuroendocrine tumors (NETs) have few treatment options that
yield objective responses. Retrospective and small prospective studies suggest that capecitabine and temo-
zolomide are associated with high response rates (RRs) and long progression-free survival (PFS).

PATIENTS AND METHODS E2211 was a multicenter, randomized, phase II trial comparing temozolomide versus
capecitabine/temozolomide in patients with advanced low-grade or intermediate-grade pancreatic NETs. Key
eligibility criteria included progression within the preceding 12 months and no prior temozolomide, dimethyl-
triazeno-imidazole-carboxamide or dacarbazine, capecitabine or fluorouracil. The primary end point was PFS;
secondary endpoints were overall survival, RR, safety, and methylguanine methyltransferase (MGMT) by
immunohistochemistry and promoter methylation.

RESULTS A total of 144 patients were enrolled between April 2013 and March 2016 to temozolomide (n5 72) or
capecitabine and temozolomide (n5 72); the primary analysis population included 133 eligible patients. At the
scheduled interim analysis in January 2018, the median PFS was 14.4 months for temozolomide versus
22.7 months for capecitabine/temozolomide (hazard ratio 5 0.58), which was sufficient to reject the null
hypothesis for the primary end point (stratified log-rank P5 .022). In the final analysis (May 2021), the median
overall survival was 53.8 months for temozolomide and 58.7 months for capecitabine/temozolomide (hazard
ratio 5 0.82, P 5 .42). MGMT deficiency was associated with response.

CONCLUSION The combination of capecitabine/temozolomide was associated with a significant improvement in
PFS compared with temozolomide alone in patients with advanced pancreatic NETs. The median PFS and RR
observed with capecitabine/temozolomide are the highest reported in a randomized study for pancreatic NETs.
MGMT deficiency was associated with response, and although routine MGMT testing is not recommended, it
can be considered for select patients in need of objective response (ClinicalTrials.gov identifier: NCT01824875).

J Clin Oncol 41:1359-1369. © 2022 by American Society of Clinical Oncology

BACKGROUND

Patients with advanced pancreatic neuroendocrine
tumors (NETs) have few treatment options that yield
objective radiographic tumor regression. Prospective
studies evaluating everolimus1 and sunitinib2 in this
patient population have demonstrated prolonged
progression-free survival (PFS) compared with placebo;
however, response rates (RRs) with these agents are
, 10%. 177Lu-DOTATATE, a novel radiopeptide, is
approved for use in gastroenteropancreatic NETs on the
basis of both the randomized NETTER-1 trial in midgut
NETs3 and retrospective studies in pancreatic NETs.4

Retrospective studies, which often overestimate effi-
cacy, report RRs for pancreatic NETs around 50%.

Historical studies reporting the highest RRs and lon-
gest PFS intervals for pancreatic NETs include regi-
mens with cytotoxic chemotherapy, in particular, the
alkylating agent streptozocin.5,6 The RRs associated
with these older clinical trials were reported as high as
69%; however, the true objective radiologic RRs were
likely lower given the use of older response criteria.
Retrospective series have reported an overall RR of
6%-39% and a PFS of 4-18 months for streptozocin-
based regimens in pancreatic NETs.7-9

Recent retrospective series and small, prospective
phase II studies suggest that temozolomide is similarly
active but less toxic than streptozocin-based therapy
in patients with pancreatic NETs.10-12 In addition,
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temozolomide has been investigated prospectively in patients
with NETs in small phase II combination studies.13-15 Studies
evaluating single-agent capecitabine are limited to retro-
spective or small prospective studies and show little tomodest
activity.16,17 However, preclinical evidence and early clinical
evidence suggest that capecitabine may be synergistic with
temozolomide, perhaps by downregulating the DNA repair
enzyme, methylguanine methyltransferase (MGMT).18,19 The
most promising combination data are from a single-institution
retrospective study of 30 patients with advanced pancreatic
NETs treated with capecitabine and temozolomide, dem-
onstrating a RR of 70% and a median PFS of 18 months.20

The 2009 NCI Neuroendocrine Tumor Clinical Trials Plan-
ning Meeting recommended evaluating temozolomide in
pancreatic NETs by comparing single-agent versus combi-
nation therapy.21

Furthermore, temozolomide, like streptozocin, is an alky-
lating agent that induces DNAmethylation at the O6 position
of guanine, leading to DNA damage and cell death, usually
repaired by MGMT. In glioblastoma, MGMT is silenced by
promoter methylation, rendering cells more sensitive to
alkylating agents. However, in pancreatic NETs, other
mechanisms may be involved with MGMT downregulation
since promoter methylation seems to be less common, yet
MGMT is still lost. In glioblastoma, MGMT promoter meth-
ylation testing has become routine as methylation confers a
survival advantage and predicts response to temozolomide-
based treatment. However, data from retrospective studies in
pancreatic NETs have been mixed.22-24 The 2009 NET
Clinical Trials Planning Meeting also recommended identi-
fication of biomarkers in prospective trials.

To date, no prospective studies have evaluated the antitumor
activity of temozolomide alone or in combination with cape-
citabine in pancreatic NETs. Temozolomide alone is consid-
ered a reference arm in this study on the basis of the strength of
previous retrospective and limited prospective data, demon-
strating activity with temozolomide-containing regimens in
NETs, and the inclusion of temozolomide in treatment com-
pendia. In addition, this study explored whether MGMT de-
ficiency, as determined by promoter methylation and/or
immunohistochemistry (IHC), is associated with response to
temozolomide-based therapy in patients with pancreaticNETs.
As both arms contain temozolomide, this study was not
designed to test MGMT as a predictive biomarker.

PATIENTS AND METHODS

Patients

This multicenter, phase II trial was led by the ECOG-ACRIN
Cancer Research Group (ECOG-ACRIN) and conducted within
the National Clinical Trial Network (NCTN). Eligible patients
were adults with histologically or pathologically confirmed, lo-
cally unresectable or metastatic, low-grade or intermediate-
grade pancreatic NETs. Patients were required to have mea-
surable disease by the Response Evaluation Criteria in Solid
Tumors (RECIST) guideline (version 1.1) and radiographic
disease progression within 12months from the date of random
assignment (progression not defined by RECIST 1.1). Patients
may not have received prior temozolomide, dimethyl-triazeno-
imidazole-carboxamide or dacarbazine, capecitabine, or fluo-
rouracil therapy. Other prior therapies, including somatostatin
analogs, everolimus, and/or sunitinib therapy, were allowed.
Concurrent somatostatin analogs were allowed. Additional el-
igibility criteria are outlined in the Protocol (online only).

CONTEXT

Key Objective
There are few treatments for advanced pancreatic neuroendocrine tumors that both prolong survival and yield objective

responses and even fewer predictive and prognostic biomarkers. This randomized phase II clinical trial examines single-
agent temozolomide versus the combination of capecitabine and temozolomide and, to our knowledge, is the first
randomized trial to examine methylguanine methyltransferase (MGMT) as a biomarker for temozolomide-based
chemotherapy.

Knowledge Generated
The combination of capecitabine and temozolomide demonstrated a significant improvement in progression-free survival

compared with temozolomide alone and a high response rate compared with most approved therapies. There is also a
clinically meaningful improvement in overall survival although it did not reach statistical significance. MGMT deficiency is
significantly associated with response to temozolomide.

Relevance (A.H. Ko)
The combination of capecitabine plus temozolomide represents an appropriate standard-of-care option for the treatment of

advanced low-grade and intermediate-grade pancreatic neuroendocrine tumors. MGMT deficiency may predict a higher
likelihood of objective response to this regimen and can be considered for select patients in whom cytoreduction is a
primary goal of treatment.*

*Relevance section written by JCO Associate Editor Andrew H. Ko, MD, FASCO.
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Trial Design

In this open-label, multicenter, phase II trial, patients were
randomly assigned 1:1 to receive either temozolomide alone
or capecitabine and temozolomide. Random assignment was
stratified by prior everolimus, prior sunitinib, and concurrent
octreotide. Allowing for 5% ineligibility, 145 patients were
required to obtain 138 eligible patients to detect a difference in
median PFS of 9 versus 14 months (hazard ratio [HR] of
0.64), using a two-sided log-rank test at an overall significance
level of 0.20 with a power of 81%. The assumption of
9 months for the temozolomide arm was based on historical
data from temozolomide-based regimens. The assumption of
14 months for the combination arm was based on the goal of
improving treatment by 55% (which conservatively approxi-
mated the 18-month PFS from the study by Strosberg et al3).
One interim analysis of PFS was planned at 76% information
time (80 PFS events, projected to occur at a study time of
26 months) at which time a stricter P value of .119 was re-
quired. The overall type I error was controlled using an
O’Brien-Fleming boundary function. This interim analysis
served to inform whether the trial should be stopped for futility
if negative or reported early if positive.

ArmA consisted of temozolomide 200mg/m2 bymouth once
daily on days 1-5, repeated every 28 days. Arm B consisted
of capecitabine 750 mg/m2 by mouth twice a day for days 1-
14 and temozolomide 200 mg/m2 by mouth once daily on
days 10-14, repeated every 28 days. Ondansetron was
prescribed 8 mg by mouth once daily 30-60 minutes before
temozolomide. In both arms, temozolomide was capped at
400 mg once daily, and the maximum duration of treatment
was 13 cycles. Patients could remain on study treatment
beyond 13 cycles at investigator discretion, and these pa-
tients were followed until their treatment was ended. Dose
modifications for toxicity were allowed per protocol, but if the
dose was held for . 4 weeks from the next planned cycle
start date, the patient was required to discontinue protocol
treatment. Tumor assessments by computed tomography or
magnetic resonance imaging were performed every
12 weeks, and confirmatory scans were obtained at least
4 weeks after initial documentation of objective response.
Patients were treated until withdrawal of consent, unac-
ceptable toxicity, receipt of nonprotocol cancer therapies,
disease progression per protocol criteria, death, or com-
pletion of 13 cycles of therapy. All patients provided written
informed consent according to institutional guidelines. The
trial was approved by relevant review boards, performed in
accordance with the Declaration of Helsinki and applicable
local regulatory requirements and laws.

End Points and Assessment

The primary end point was PFS by local radiology review,
defined as the time from random assignment to progression
or death without evidence of progression within 4 months of
the date last known to be progression-free; cases without
progression or death were censored at the last disease

assessment. Secondary end points were overall survival
(OS), RR, safety, central pathology review (not in real time),
and evaluation of MGMT by IHC and promoter methylation.
OS was defined as the time from random assignment to
death from any cause, and patients without death were
censored at the date last known alive. RR was defined as the
proportion of patients with complete response or partial
response. Response and progression were evaluated by
local radiology review using the revised RECIST 1.1. Defi-
nitions of all response categories are provided in the study
protocol. Safety was assessed monthly in both arms on the
basis of adverse events (AEs), which were graded according
to the National Cancer Institute Common Terminology Cri-
teria for Adverse Events, version 4.0. A protocol-defined,
planned interim analysis of the primary PFS end point was
reviewed by the ECOG-ACRIN Data and Safety Monitoring
Committee.

For the correlative end points, tissue use was prioritized in
order of (1) central pathology review, (2) MGMT by IHC, and
(3) MGMT by promoter methylation, which were performed
blinded to the study end points. Central pathology review
included WHO grade (1 v 2); Ki-67 and mitotic index were
determined if tissue was available. The degree of differen-
tiation was not assessed as it was not part of the WHO
classification at the time of protocol development. MGMT
expression was quantified by IHC H-score calculated from
staining intensity and percentage of positive cells.22 MGMT
promoter methylation was scored as positive (methylated) or
negative (unmethylated). MGMT testing methodology is
provided in the Data Supplement (online only).

Statistical Analysis

Descriptive statistics were used to characterize patients at
baseline. Survival curves were obtained with 95% CIs using
the Kaplan-Meier method,4 and stratified log-rank tests and
Cox proportional hazards models were used to compare
survival distributions between treatment groups, for which
the proportional hazards assumption was examined using
Schoenfeld residuals. The incidence of treatment-related
grade 3 or higher AEs was summarized for each arm using
binomial proportions and exact 90% CIs. Rates of toxicity
and response were compared using Fisher’s exact tests. In
addition to the primary and secondary end points, the best
percentage change in size of target lesions (from baseline)
was calculated for each patient, and the duration of re-
sponse was calculated for patients with confirmed objective
response. The association between MGMT deficiency and
RR was assessed using a two-sided Fisher’s exact test, and
associations between PFS and OS were also explored via
Kaplan-Meier curves and log-rank tests.

RESULTS

Patients

From April 2013 toMarch 2016, a total of 144 patients were
randomly assigned to receive temozolomide (n 5 72) or
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capecitabine and temozolomide (n 5 72), among whom
136 were eligible (68 on each arm). An additional three
patients (all on the temozolomide arm) were excluded on
the basis of central pathology review, leading to the primary
analysis population of 133 eligible patients. Reasons for
ineligibility and pathology exclusion are given in the Data
Supplement. The interim analysis (data updated through
January 24, 2018) and final analysis (data updated through
May 26, 2021) were included in this report. The median
follow-up was 59.9 months. Accrual by the NCTN group is
provided in the Data Supplement. The disposition of all
randomly assigned patients is shown in the CONSORT
diagram (Fig 1).

Patient demographics and disease characteristics of eli-
gible patients by treatment arm are shown in Table 1.
Characteristics were balanced between treatment groups

except for Black race (higher percentage in the temozo-
lomide arm) and time from diagnosis (longer in the com-
bination arm). The patients were predominantly male, White,
and non-Hispanic. In both arms, most patients had not
received prior everolimus or sunitinib, whereas approxi-
mately half of patients received concurrent octreotide. There
were more WHO grade 2 tumors at the time of central pa-
thology review compared with the eligibility pathology review.
The most common metastatic sites were liver and regional
lymph nodes. The most common prior treatments were
somatostatin analogues and surgery. Data on poststudy
treatment were not collected.

Treatment Administration

The mean number of treatment cycles completed was
10.3 (6 7.9) in the temozolomide arm and 12.2 (6 8.2) in

Randomly assigned (N = 144)

Allocation

Analysis

Follow-up

Random assignment

Allocated to arm A                                                   (n = 72)
   Received allocated intervention                            (n = 69)
   Did not receive allocated intervention                   (n = 3)
      Ineligible                                                                (n = 1)
      Adverse events/complications                             (n = 1)
      Insurance denied coverage of treatment             (n = 1)

Allocated to arm B                                                   (n = 72)
   Received allocated intervention                          (n = 71)
   Did not receive allocated intervention                  (n = 1)
      Refused treatment/withdrew consent for           (n = 1)
        follow-up

Discontinued intervention                                     (n = 69)
  Completed treatment per protocol                      (n = 27)
  Adverse events/complications                               (n = 5)
  Alternative therapy                                                 (n = 3)
  Disease progression                                             (n = 26)
  Complicating disease                                             (n = 1)
  Withdrawal/refusal after starting therapy             (n = 5)
  Others                                                                      (n = 2)

Discontinued intervention                                       (n = 71)
  Completed treatment per protocol                      (n = 35)
  Adverse events/complications                             (n = 10)
  Disease progression                                              (n = 15)
  Withdrawal/refusal after starting therapy              (n = 4)
  Others/unknown                                                      (n = 7)

Analyzed                                                                  (n = 65)

Excluded from analysis                                            (n = 7)
  Ineligible                                                                  (n = 4)
  Pathologic exclusion                                               (n = 3)

Analyzed                                                                   (n = 68)

Excluded from analysis                                             (n = 4)
  Ineligible                                                                   (n = 4)

FIG 1. CONSORT diagram.
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the capecitabine and temozolomide arm. The most com-
mon off-treatment reasons were treatment completion per
protocol criteria (41.3% in the temozolomide arm and
47.8% in the capecitabine and temozolomide arm) and
disease progression (34.9% in the temozolomide arm and
22.4% in the capecitabine and temozolomide arm).
Fourteen patients in the temozolomide arm and 17 patients
in the capecitabine and temozolomide arm received pro-
tocol therapy beyond the intended 13 cycles at the dis-
cretion of the treating physician. For these patients, the
mean number of off-treatment cycles was 8.9 (6 11) in the
temozolomide arm and 11.4 (6 7.6) in the capecitabine
and temozolomide arm. Treatment administration is shown
in Table 2.

Efficacy

Progression-free survival. This study met its primary end
point of PFS at the interim analysis in January 2018,
scheduled at 76% information time (80 PFS events;
O’Brien-Fleming boundary5 2.43). This corresponded to
an adjusted two-sided significance level of 0.119. Of the
80 PFS events, 74 were documented progressions and
six were deaths without documented progression. The
median PFS was 14.4 months in the temozolomide arm
and 22.7 months in the capecitabine and temozolomide
arm, corresponding to an HR of 0.58 (95% CI, 0.36 to
0.93; stratified log-rank test statistic 5 5.28, P 5 .022).
When adjusting for grade, this treatment effect remained

TABLE 1. Patient Demographics and Disease Characteristics (eligible
population)

Characteristic

Treatment Arm

Temozolomide
(n 5 65)

Temozolomide/
Capecitabine (n 5 68)

Age, years,
median 6 SD

60.3 6 11.5 61.0 6 10.9

Sex, No. (%)

Female 30 (46.2) 30 (44.1)

Male 35 (53.8) 38 (55.9)

Race, No. (%)

White 50 (79.4) 56 (86.2)

Black 12 (19.0) 5 (7.7)

Asian 1 (1.6) 4 (6.2)

Missing/unknown 2 3

Ethnicity, No. (%)

Hispanic 2 (3.2) 5 (7.4)

Non-Hispanic 60 (96.8) 63 (92.6)

Missing/unknown 3 0

Time from diagnosis,
months, median

25.5 34.3

ECOG performance
status, No. (%)

0 36 (57.1) 31 (46.3)

1 27 (42.9) 36 (53.7)

Missing/unknown 2 1

Stratification factors,
No. (%)

Prior everolimus 21 (32.3) 25 (36.8)

Prior sunitinib 5 (7.7) 8 (11.8)

Concurrent
octreotide

32 (49.2) 37 (54.4)

Histologic grade
(eligibility),
No. (%)

Low grade 29 (44.6) 47 (69.1)

Intermediate grade 36 (55.4) 21 (30.9)

Histologic grade
(central review),a

No. (%)

WHO grade 1 19 (38.0) 31 (50.8)

WHO grade 2 31 (62.0) 30 (49.2)

Missing/unknown 15 7

Sites of metastatic
disease, No. (%)

Liver 60 (92.3) 65 (95.6)

Regional lymph
nodes

19 (29.2) 22 (32.4)

Distant lymph
nodes

8 (12.3) 10 (14.7)

(continued in next column)

TABLE 1. Patient Demographics and Disease Characteristics (eligible
population) (continued)

Characteristic

Treatment Arm

Temozolomide
(n 5 65)

Temozolomide/
Capecitabine (n 5 68)

Bone 8 (12.3) 8 (11.8)

Lung 5 (7.7) 8 (11.8)

Adjacent viscera/
vessels

4 (6.2) 2 (2.9)

Peritoneum 4 (6.2) 7 (10.3)

Prior treatments,b

No. (%)

Somatostatin
analog

41 (63.1) 43 (63.2)

Surgery 30 (46.2) 37 (54.4)

Liver-directed
therapy

11 (16.9) 16 (23.5)

Investigational
agent

7 (10.8) 5 (7.4)

Others 14 (21.5) 14 (20.6)

aCentral pathology review was not performed in real time.
bPatients might have received multiple prior treatments, and

therefore, counts do not sum to the total number of patients on the arm.
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significant (HR 5 0.61, P 5 .04). In the final analysis on
the basis of a data cutoff in May 2021, the median PFS
was 15.1 months (95% CI, 10.5 to 21.0) for the temo-
zolomide arm and 23.2 months (95% CI, 16.6 to 32.2) for
the capecitabine and temozolomide arm, corresponding
to an HR of 0.71 (95% CI, 0.46 to 1.07). When adjusting
for grade, the treatment effect on PFS is strengthened
(HR, 0.63; 95% CI, 0.39 to 1.01; Data Supplement).
Kaplan-Meier curves of PFS by treatment arm and by
WHO grade are shown in Figure 2. A forest plot dem-
onstrates the effect of treatment on PFS by subgroup
(Data Supplement).

Overall survival. There was a statistically significant dif-
ference in OS at the interim analysis (median
OS 5 38 months for temozolomide and not reached for
the combination arm; HR, 0.41; 95% CI, 0.21 to 0.82;
P 5 .012). However, a trend toward improved OS did not
reach statistical significance in the final analysis (Fig 2).
The median OS was 53.8 months (95% CI, 35.7 to NA) for
the temozolomide arm and 58.7 months (95% CI, 44.7 to
NA) for the capecitabine and temozolomide arm, corre-
sponding to an HR of 0.82 (95% CI, 0.51 to 1.33; stratified
log-rank P 5 .42). When adjusting for grade, the treatment
effect on OS remained nonsignificant (HR, 0.65; 95% CI,
0.38 to 1.11; P 5 .11; Data Supplement).

Response rate. Among the 133 eligible patients, seven were
deemed unevaluable for response, with reasons shown in
the Data Supplement. There was no significant difference in
RR between the temozolomide arm and the capecitabine
and temozolomide arm (33.7% v 39.7%, respectively;
Fisher’s exactP 5 .59); however, the study was not powered
for a RR end point. The median duration of response in the
temozolomide arm was 12.6 (interquartile range, [8.6-30.7])
months, and in the capecitabine and temozolomide arm, it
was 16.6 (interquartile range, [11.4-24.7]) months. Best
response by treatment arm is shown in Table 3; best re-
sponse by treatment arm and grade is shown in the Data
Supplement.

Safety

The primary safety analysis includes all patients who
had. one cycle of treatment (139 patients). Safety analysis
is typically conducted among all patients who received any
protocol treatment (n 5 140). However, one patient re-
fused treatment after cycle 1 and withdrew consent, and
no further disease or toxicity assessments were obtained.
A minority of patients discontinued treatment because
of AEs although it was higher in the combination arm
(6.3% in the temozolomide arm and 14.9% in the
capecitabine/temozolomide arm). Table 4 shows the
treatment related AEs that occurred in $ 5% of patients;
the most common AEs were hematologic and gastroin-
testinal. The capecitabine and temozolomide arm showed
double the grade 3-4 toxicity rates compared with the
temozolomide arm (45% v 22%, OR [95% CI] 5 2.69
[1.28 to 5.68]; Fisher’s exact P 5 .005). Seven second
primary cancers were reported (three on the temozolo-
mide arm and four on the capecitabine and temozolomide
arm), including one case of myelodysplastic syndrome in
the capecitabine and temozolomide arm. There were no
treatment-related deaths. Data on duration and recovery
of cytopenias were not collected.

Correlative Analyses

MGMT deficiency (defined as low IHC or positive promoter
methylation) is predictive of response to temozolomide in
glioblastoma but is a matter of debate for pancreatic NETs.
Table 5 shows response by MGMT as measured via IHC and
promoter methylation. Of the 133 patients included in the
efficacy analysis, 97 (73%) had tissue available for IHC, and
57 (43%) for promotermethylation. TheRR in patients whose
tumors had low IHC expression was 33 of 63 (52%), whereas
in thosewhose tumors had high IHCexpression, it was 5 of 34
(15%), corresponding to an OR [95% CI] of 6.38 [2.19 to
18.60] (P 5 .0004). The RR in patients whose tumors had
evidence of promoter methylation was 6 of 7 (85%), and in
patients whose tumors had no evidence of promoter meth-
ylation, it was 19 of 50 (38%), corresponding to an OR

TABLE 2. Treatment Administration (eligible population)
Cycle Temozolomide Temozolomide 1 Capecitabine P a

All cycles n 5 63 n 5 67

No. of cycles, mean (6 SD) 10.3 (6 7.9) 12.2 (6 8.2)

No. of cycles, median (min-max) 12 (1-56) 13 (1-40) .18

Off treatment cyclesb n 5 14 n 5 17

No. of cycles, mean (6 SD) 8.9 (6 11) 11.4 (6 7.6)

No. of cycles, median (min-max) 6 (1-43) 11 (1-27) .15

NOTE. n 5 130 (eligible population minus three patients who never started treatment).
aWilcoxon rank-sum test.
bNo. of on-treatment cycles was prespecified as 13 cycles. After these 13 cycles, patients could receive any treatment at investigator discretion including

continuation of study treatment.
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P = .022

Temozolomide

No.

Capecitabine + Temozolomide

Median (95% CI)

66

HR (95% CI)

68
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[95%CI] of 9.79 [1.09 to 87.71] (P5 .04). Response by arm
and MGMT status is shown in the Data Supplement. Of note,
all patients (n 5 7) with positive promoter methylation also
had low IHC (Data Supplement). PFS and OS by MGMT
status are included in the Data Supplement. Demographics
of patients who had MGMT testing are presented in the Data
Supplement. Most characteristics have similar patterns of
distribution when comparedwith the overall study population,
except sex. In the overall study population, there were more
males; in the cohort of patients who underwent MGMT by
promoter methylation or by both methods, there was a
predominance of females.

DISCUSSION

This randomized, multicenter, phase II trial of patients with
advanced progressive pancreatic NETs met its primary end
point as treatment with capecitabine and temozolomide
resulted in a prolonged median PFS compared with
temozolomide alone (22.7 v 14.4 months; HR, 0.58; 95%
CI, 0.36 to 0.93). This clinically and statistically significant
improvement in PFS with capecitabine and temozolomide
is encouraging when surveying the treatment landscape for
patients with progressive pancreatic NETs. Approved
therapies include everolimus and sunitinib, both of which
were associated with a median PFS of , 12 months in
randomized clinical trials. 177Lu-DOTATATE has not been
formally evaluated in prospective randomized clinical trials
in patients with pancreatic NETs, therefore limiting an
accurate estimate of PFS with that treatment. In addition,
the RR of 39.7% in the capecitabine and temozolomide
arm that we reported is higher than with other available

therapies, and therefore, this combination treatment rep-
resents an important option for patients in need of clinically
meaningful tumor shrinkage. RRs for other approved
therapies for advanced pancreatic NETs are considerably
lower: lanreotide (2%),25 everolimus (5%),1 and sunitinib
(9%).2 The high RR in this trial therefore sets temozolomide-
based regimens apart from the others.

A trend toward improved OS did not reach statistical sig-
nificance in the final analysis; however, there was a 5-
month clinically meaningful difference. This lack of OS
benefit is a finding common to other NET clinical trials
attributable to relatively long survival durations, the effect of
poststudy treatments, and lack of statistical power to detect
differences in OS. However, in the capecitabine and
temozolomide arm, time from diagnosis was longer (34.3 v
25.5 months), which could have dampened the efficacy
results in the combination arm.

In terms of safety, no new toxicity signals emerged. The
rate of second primary cancers was 4% on the temozo-
lomide arm and 5% on the combination arm. This may be
explained by the long duration of follow-up (median
59.9 months) and known association of NETs with second
primary cancers (as high as 16% in one study26). Future
studies should better characterize these toxicities,
develop predictors of toxicity, and explore opportunities to
mitigate them, a topic especially important for patients
with indolent cancers and chronic survivorship challenges
like pancreatic NETs.

Finally, the role of MGMT as a biomarker in pancreatic
NETs has been a matter of debate, with some studies in-
dicating an association with objective response and other
studies showing none. To our knowledge, this study rep-
resents the first prospective analysis of MGMT by both IHC
and promoter methylation in pancreatic NETs and dem-
onstrates that MGMT deficiency, as defined by either low
IHC or promoter methylation, is associated with tumor
response. The absence of a nontemozolomide control arm
precludes a definitive conclusion regarding whether MGMT
deficiency is predictive. In addition, MGMT by promoter
methylation is not sufficient to fully explain MGMT down-
regulation, as many more patients had low MGMT ex-
pression by IHC. In summary, there is insufficient evidence
to support the routine use of MGMT testing for all patients
with metastatic pancreatic NETs. However, MGMT testing
can be considered in select patients receiving temozolo-
mide when response is a primary goal of treatment. Ad-
ditional investigation in future studies is warranted.

In conclusion, to our knowledge, this is the first pro-
spective, multicenter, randomized trial of capecitabine

TABLE 3. Best Responses (eligible population)

Response Category
Temozolomide

(n 5 65)
Temozolomide 1 Capecitabine

(n 5 68) P a

CR 1 (1.5) 1 (1.5)

PR 21 (32.3) 26 (38.2)

Stable disease 26 (40.0) 30 (44.1)

Progressive disease 12 (18.5) 9 (13.2)

Unevaluable 5 (7.7) 2 (2.9)

Response rate
(CR 1 PR)

22 (33.8) 27 (39.7) .59

Disease control rate
(CR 1 PR 1 SD)

48 (73.8) 57 (83.8) .20

Response duration
(median)

12.6 months 16.6 months .59

NOTE. Data presented as No. (%).
Abbreviations: CR, complete response; PR, partial response.
aFisher’s exact test.

FIG 2. (Continued). Kaplan-Meier survival curves. (A) PFS by treatment arm at interim analysis. (B) PFS by treatment arm at final analysis. (C) OS by
treatment arm at final analysis. (D) PFS by histologic grade at final analysis (central review). (E) OS by histologic grade at final analysis (central review).
NA, not applicable; OS, overall survival; PFS, progression-free survival.
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and temozolomide in advanced pancreatic NETs. We
found that the combination of temozolomide and cape-
citabine is associated with improved PFS compared with
temozolomide alone. Treatment with this combination is
associated with the longest PFS and highest RR reported
in randomized trials of pancreatic NETs. In addition,
MGMT deficiency is associated with tumor response.
These results suggest that the combination of capecita-
bine and temozolomide should be included as a standard
treatment option for patients with advanced pancreatic

NETs and is a reasonable comparator arm in future
randomized studies. To this point, two follow-up NCTN
studies have been developed to examine the role of
capecitabine and temozolomide in other indications: a
randomized phase II trial of postoperative adjuvant cape-
citabine and temozolomide versus observation in high-risk
pancreatic NETs (SWOG 2104, ClinicalTrials.gov identifier:
NCT05040360) and a phase II randomized trial of
177Lu-DOTATATE versus capecitabine and temozolomide in
advanced well-differentiated pancreatic NETs (A022001).

TABLE 5. RECIST Response by MGMT

RECIST Response

MGMT (IHC, H-score) MGMT (promoter methylation)

1-2, Low 3, High Total Negative Positive Total

No 30/63 (48) 29/34 (85) 59 31/50 (62) 1/7 (15) 32

Yes 33/63 (52) 5/34 (15) 38 19/50 (38) 6/7 (85) 25

Total 63 34 97 7 7 57

OR [95% CI] 5 6.38 [2.19 to 18.60]; P 5 .0004 OR [95% CI] 5 9.79 [1.09 to 87.71]; P 5 .04

NOTE. Counts are shown among patients who underwent any MGMT testing (n5 97). IHC H-score categories: category 1,, 50; category 2, 51-100; and
category 3, . 100. MGMT deficiency is defined as either low IHC or positive promoter methylation.
Abbreviations: IHC, immunohistochemistry; MGMT, methylguanine methyltransferase.

TABLE 4. Treatment-Related Adverse Events Observed in $ 5% Patients (safety population)

Toxicity Type

Treatment Arm

P

Temozolomide (n 5 68) Temozolomide/Capecitabine (n 5 71)

Grade, No. (%) Grade, No. (%)

1,2 3 4 1,2 3 4

Anemia 21 (31) — — 26 (37) 1 (1) —

Platelet count decreased 21 (31) 5 (7) 2 (3) 20 (28) 3 (4) 4 (6)

Neutrophil count decreased 7 (10) 2 (3) 1 (1) 11 (15) 4 (6) 5 (7)

Lymphocyte count decreased — 3 (4) — 3 (4) 4 (6) 1 (1)

Fatigue 43 (63) 1 (1) — 40 (56) 6 (8) —

Nausea 41 (60) — — 46 (65) 6 (8) —

Constipation 21 (31) 1 (1) — 34 (48) — —

Vomiting 20 (29) — — 25 (35) 6 (8) —

Headache 18 (26) — — 10 (14) — —

Diarrhea 16 (24) — — 27 (38) 6 (8) —

Anorexia 13 (19) 1 (1) — 12 (17) 1 (1) —

Abdominal pain 12 (18) — — 13 (18) 3 (4) —

Mucositis oral 6 (9) — — 7 (10) — —

Lethargy 5 (7) — — 8 (11) — —

Palmar-plantar erythrodysesthesia 3 (4) — — 23 (32) — —

Blood bilirubin increased 1 (1) 1 (1) — 9 (13) 1 (1) —

Skin hyperpigmentation 1 (1) — — 12 (17) — —

Skin infection — — — 4 (6) — —

Worst degree toxicity 48 (71) 12 (18) 3 (4) 38 (54) 23 (32) 9 (13)

Grade 3-4 toxicity rate, % 22 45 .005
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