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BACKGROUND: Colorectal cancer (CRC) patients have a better prognosis if metastases are resectable. Initially, unresectable liver-
only metastases can be converted to resectable with chemotherapy plus a targeted therapy. We assessed which of chemotherapy
doublet (2-CTx) or triplet (3-CTx), combined with targeted therapy by RAS status, would be better in this setting.

METHODS: PRODIGE 14 was an open-label, multicenter, randomised Phase 2 trial. CRC patients with initially defined unresectable
liver-only metastases received either, 2-CTx (FOLFOX or FOLFIRI) or 3-CTx (FOLFIRINOX), plus bevacizumab/cetuximab by RAS status.
The primary endpoint was to increase the RO/R1 liver-resection rate from 50 to 70% with the 3-CTx.

RESULTS: Patients (n = 256) were mainly men with an ECOG PS of 0, and a median age of 60 years. In total, 109 patients (42.6%)
had RAS-mutated tumours. After a median follow-up of 45.6 months, the RO/R1 liver-resection rate was 56.9% (95% Cl: 48-66) with
the 3-CTx versus 48.4% (95% Cl: 39-57) with the 2-CTx (P =0.17). Median overall survival was 43.4 months with 3-CTx versus

40 months with 2-CTx.

CONCLUSION: We failed to increase from 50 to 70% the RO/R1 liver-resection rate with the use of 3-CTx combined with
bevacizumab or cetuximab by RAS status in CRC patients with initially unresectable liver metastases.
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BACKGROUND

Worldwide, in 2018, colorectal cancer (CRC) was the third most
common cancer; with about 1.8 million new cases and second in
terms of cancer mortality, with 881,000 deaths [1]. The prognosis
of patients with CRC correlates with the tumour stage and most
notably with the occurrence of metastases. In metastatic CRC
patients with liver-only metastases complete resection of all
metastatic sites, if feasible, may be curative. Initially, unresectable

liver metastases may become resectable after chemotherapy.
Chemotherapy doublets (2-CTx), FOLFOX (fluorouracil, folinic acid
and oxaliplatin) or FOLFIRI (fluorouracil, folinic acid and oxaliplatin)
are frequently combined with targeted therapies such as
bevacizumab [2-5], or cetuximab [3, 5-7] or panitumumab [8]
for RAS wild-type (wt) tumours. Studies report a correlation
between response rates and secondary resection rate, particularly
in patients with liver-limited disease [9-11]. Indeed, chemotherapy
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triplets (3-CTx), FOLFOXIRI or FOLFIRINOX, (fluorouracil, folinic
acid, oxaliplatin and irinotecan) [12-14] alone or with targeted
therapies, such as bevacizumab [4, 15-18], cetuximab [19, 20] or
panitumumab [21], result in high response rates and more
favourable outcomes. When we designed the PRODIGE-14 trial,
no prospective study had assessed whether 3-CTx or 2-CTx,
combined with targeted therapy (by RAS status), provided a better
resection rate.

METHODS

Patients

Patients with histologically proven CRC with liver metastases (synchro-
nous or metachronous) considered non-resectable or not optimally
resectable, without extrahepatic disease except for a non-symptomatic
primary tumour or resectable lung metastases (<3 lesions, each <2 cm
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in diameter) were eligible. Liver metastases were considered either
technically non-resectable (if any lesion was close to a major vessel or if
the predicted post-surgical volume was <30% of the initial volume)
or oncologically non-resectable (if they were bilateral with >4 lesions).
The non-resectability of the liver lesions was assessed locally by
multidisciplinary boards. The eligibility criteria are described in
Supplementary Appendix Table 1. Before randomisation, the local
molecular platform performed the KRAS exon 2 genotyping of the
patient’s tumour. From July 8, 2014, after 172 patients had been
enrolled, RAS genotyping was required for the study. Consequently, the
required genotyping included KRAS exons 2, 3 and 4; and NRAS exons 2,
3 and 4. The study complied with the Declaration of Helsinki, good
clinical practice guidelines, and other local laws. The study documents
were approved by a French ethics committee, “Comité de Protection
des Personnes Sud Méditerranée IV”. Patients provided written
informed consent before enrolment. The PRODIGE 14 was registered
in EudraCT (N°2009-012813-22) and ClinicalTrials.gov (NCT01442935).

256 patients underwent molecular genotyping prior to randomisation
§ * 109 patients with mCRC wtKRAS exon 2, then 43 wtRAS
% * 63 patients with mCRC mtKRAS exon 2, then 41 mtRAS
uE.l
256 patients randomised
é - -
g 126 patients allocated to 2-CTx plus targeted therapy 130 patients allocated to 3-CTx plus targeted therapy
< || by KRAS or RAS status by KRAS or RAS status
126 received allocated treatment 128 received allocated treatment
2 patients lost to follow-up 4 patients lost to follow-up
53 patients discontinued therapy 55 patients discontinued therapy
o * 11 with progressive disease * 9 with progressive disease
z * 10 with an adverse event « 12 with an adverse event
=2 * 1 withdrew consent * 1 with protocol violation
id * 18 owing to investigator decision * 24 owing to investigator decision
* 5 because of death * 4 because of dearh
* 1 lost to follow-up * 7 other reasons
. 126 patients eligible and evaluable 128 patients eligible and evaluable
Q for efficacy outcome for efficacy outcome
E 126 patients eligible and evaluable 128 patients eligible and evaluable
3 for adverse event for adverse event
¢ 132 comprehensive RAS mplecular reports
* 124 incomplete or not collected RAS molecular reports
o 86 centralised RAS analyses
o 16 patients did not consent
(] o 22 patients had no more tissue available
%
g
]
@
g
E 55 patients with mMCRC mtRAS ’ 54 patients with mMCRC mtRAS
g
52 patients with mCRC wtRAS 57 patients with mCRC wtRAS
19 patients with mCRC wtKRAS exon 2, 19 patients with mCRC wtKRAS exon 2,
including 4 mtBRAF including 5 mtBRAF

Fig. 1 CONSORT flow chart.
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Intervention and randomisation

The PRODIGE-14 (Partenariat de Recherche en Oncologie DIGEstive)
study was an open-label, randomised (1:1) Phase Il clinical trial. The trial
assessed two chemotherapy regimens, standard 2-CTx or experimental
3-CTx, combined with targeted therapy (bevacizumab or cetuximab by
KRAS/RAS status) to treat CRC patients with initially unresectable liver
metastases. Patients allocated to 3-CTx received FOLFIRINOX every
2 weeks: oxaliplatin (85 mg/m?) was infused intravenously for 120 min,
followed by initially simultaneous intravenous infusions of irinotecan
(150 mg/mz), over 90 min, and leucovorin (200 mg/mz), over 120 min.
Then, a 400 mg/m2 bolus of fluorouracil was administered, followed by a
continuous infusion of fluorouracil (2,400 mg/mz), over 46 h. Patients
randomly allocated to 2-CTx received either FOLFOX4 (oxaliplatin [85
mg/m?], folinic acid [400 mg/m?], or L-folinic acid [200 mg/m?], and
fluorouracil as a bolus [400 mg/m?] and as a 46-h infusion [2400 mg/m?])
or FOLFIRI (irinotecan [180 mg/m?], folinic acid [400 mg/m?], or L-folinic
acid [200 mg/mz], and fluorouracil as a bolus [400 mg/mz] and as a 46-h
infusion [2400 mg/mz]) every 2 weeks. Patients with mutated (mt)RAS
tumours received bevacizumab (5 mg/kg) and those with wtRAS tumours
received cetuximab (500 mg/mz), intravenously, on day 1 of each 2-week
chemotherapy cycle. Chemotherapy was administered for at most 12
cycles or until disease progression, unacceptable toxicity or patient
withdrawal. Primary prophylaxis with granulocyte colony-stimulating
factor was mandatory in the experimental 3-CTx arm.

Study endpoints and assessments

The primary endpoint was the RO/R1 resection rate. Secondary endpoints
included 8-week and best response rate, PFS, OS and safety. The response
rate was defined as the proportion of complete or partial responses.
Tumour response was assessed at baseline and then every 8 weeks until
disease progression, by RECIST version (v)1.1, using spiral or conventional
computed tomography or magnetic resonance imaging. PFS was the time
from randomisation to first reported disease progression or death. OS was
the time from randomisation to death. Safety was assessed using the
National Cancer Institute Common Terminology Criteria for Adverse Events
v4.0, except for neurotoxicity assessed by the Levi scale. Efficacy was
assessed in the intent-to-treat (ITT) population whereas safety was
assessed in patients treated for at least one cycle.

Molecular analyses

During screening, KRAS exon 2 testing, and amended during the study to
RAS mutations testing, were performed in regional molecular cancer
genetics platforms, labelled and funded by the French National Cancer
Institute. A blinded central review of the genotyping was planned
and done.

Statistical analysis

This study was designed to evaluate 2 chemotherapy regimens (2-CTx
versus 3-CTx) combined with a targeted agent (bevacizumab/cetuximab)
according to KRAS/RAS status, to treat CRC patients with initially
unresectable liver metastases. We expected a 50% RO/R1 resection rate
with induction chemotherapy in the control arm (2-CTx arm). To show a
20% increase in the experimental arm (3-CTx arm) (i.e., RO/R1 resection rate
of 70%), using a two-sided a of 5% and a power of 90%, and allowing for a
5% ineligibility rate, the study required 256 patients: 128 in each arm.
Patients were randomised by minimisation and stratified by RAS genotype
(MtKRAS/mtRAS versus wtKRAS/wtRAS), by primary and metastases
presentation (primary not resected and synchronous metastases versus
primary resected and synchronous metastases versus primary resected and
metachronous metastases), and by non-resectability (technical versus
oncological). Qualitative variables were described as percentages and
quantitative variables by their medians with the associated ranges. OS and
PFS times (with their 95% confidence intervals [Cl]) were estimated by the
Kaplan-Meier method. After looking at differences between RO/R1
resection rates between treatments, a comparison of liver-resection rates
between the two arms will be done using logistic regression adjusted for
stratification factors. The homogeneity of the treatment effect will be
checked by considering interaction terms in the model. Log-rank and Cox
proportional hazards regression model analyses are exploratory. Median
follow-up with the 95% Cl was estimated by the reverse Kaplan-Meier
method. Hazard ratios (HRs) and their 95% Cls were determined using Cox
proportional hazards regression models. Analyses were performed using
STATA v16.1.

Table 1. Baseline demographic and clinical characteristics.

Characteristic Patients, no. (%)
Chemotherapy doublet
plus targeted therapy by
RAS* status (n = 126)

Chemotherapy triplet
plus targeted therapy by
RAS* status (n = 130)

Age, median (range) 61 (29-75) 60 (27-78)
Sex
Male 82 (65.1) 81 (62.3)
Female 44 (34.9) 49 (37.7)
ECOG performance status
0 84 (66.7) 82 (64.1)
1 42 (33.3) 46 (35.9)
Primary tumour location
Right colon 32 (25.4) 28 (21.7)
Left colon 58 (46) 63 (48.8)
Rectum 33 (26.2) 34 (26.4)
Multiple 3 (2.4) 4 (3.1)
Unknown 0 1
Surgery of the 40 (31.7) 43 (33.1)
primary tumour
Synchronous 111 (88.1) 117 (90.0)
metastases
Lung metastases 16 (12.7) 14 (11.2)
Non-resectability reason
Technical 90 (71.4) 92 (72.4)
Oncological 23 (18.3) 27 (21.3)
Both 13 (10.3) 8 (6.3)
Unknown 0 3
Median CEA (ng/mL) 96 58.7
Median leucocyte 9.1 6.8

count (10%/L)

ECOG Eastern Cooperative Oncology Group, CEA carcinoembryonic
antigen.

RAS* is KRAS/NRAS exon 2, exon 3, exon 4 genotyping.

RESULTS

Patients

The UNICANCER PRODIGE-14 study enrolled 256 patients between
February 9, 2011 and April 30, 2015: 126 in the 2-CTx arm and 130
in the 3-CTx arm (see Fig. 1). Patient baseline characteristics were
well balanced between the treatment arms (Table 1). Baseline
KRAS exon 2 and actual KRAS and NRAS exon 2, 3, 4 status are
reported in Fig. 1.

We centrally reviewed molecular analyses in 218/256 cases.
This quality control was impossible in 38 cases due to the absence
of consent or tumour tissue samples. The review identified nine
patients with mtRAS tumours initially classified as wtKRAS exon
2 and treated with cetuximab. Furthermore, nine patients with
mtBRAF tumours were identified, four in the 2-CTx arm and five in
the 3-CTx arm. In 86/218 molecular analyses, genotyping was
inconclusive, so we performed a centralised post hoc pyrosequen-
cing of KRAS exons 3 and 4 and NRAS exons 2, 3 and 4.

Treatment

In both the 2-CTx and 3-CTx arms, the median number of
treatment cycles administered was 12 (range: 1-12). Granulocyte
colony-stimulating factor was administered to 26% of patients in
the 2-CTx arm and to 89% in the 3-CTx arm. For patients who
had liver surgery, the median number of cycles administered
before liver surgery was 9 (range: 1-12) with 2-CTx and 9
(range: 1-12) with 3-CTx. Before liver surgery, the median
relative dose intensities were 93.3% (range: 29.8-105.5) vs 84.4%
(range: 21.5-120.0) for irinotecan, 86.9% (range: 0-130.5) vs
82.9% (range: 0-115.3) for oxaliplatin, and 91.8% (range:
0-129.0) vs 86.2% (range: 0-115.3) for fluorouracil in the 2-CTx
arm vs 3-CTx arm, respectively.

British Journal of Cancer (2022) 126:1264-1270
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Table 2. Efficacy outcomes.

Variable
RO/R1 resection, n (%, 95% Cl)

8-week overall response, n (%,
95% Cl)

Complete response, n (%)
Partial response, n (%)
Stable disease, n (%)
Progressive disease, n (%)
Unknown, n

Best overall response, n (%, 95% Cl)
Complete response, n (%)
Partial response, n (%)
Stable disease, n (%)
Progressive disease, n (%)
Unknown, n

Progression-free survival time
Median (95% Cl), months

Overall survival time
Median (95% Cl), months

Chemotherapy doublet plus targeted therapy by
RAS status (n = 126)

61 (48.4, 39-57)
60 (50.4, 41.1-659.7)

1 (0.8)
59 (49.6)
52 (43.7)
7 (5.9)

7

83 (65.9, 56.9-74.1)
20 (16.8)
63 (52.9)
31 (26.1)
5 (4.2)

7

11.5 (10.2-13.0)

40.4 (34.4-46.5)

Chemotherapy triplet plus targeted therapy by
RAS status (n = 130)

74 (56.9, 48-66)
69 (57.4, 48.1-66.3)

2 (1.7)
68 (56.2)
48 (39.7)
3 (2.5)

7

96 (75.0, 66.6-82.2)
25 (20.7)
71 (58.7)
22 (18.2)
3 (2.5)

7

13.1 (11.3-13.8)

434 (36.7-49.4)

Efficacy

In the 2-CTx arm, 64/126 patients (50.8%) underwent liver surgery and
in the 3-CTx arm, 77/130 patients (59.2%). After a median follow-up of
574 months, the median time to resection was 5.1 months in the
2-CTx arm and 5.5 months in the 3-CTx arm. The efficacy results (ITT
population) are summarised in Table 2. The RO/R1 resection rate, the
primary endpoint, was 48.4% (RO/R1 in 61/126 patients) in the 2-CTx
arm and 56.9% (RO/R1 in 74/130 patients) in the 3-CTx arm (P =0.17).
An analysis using a logistic regression model, adjusted for stratifica-
tion factors, gave odds of 1.7 (95% Cl: 1.1-2.7; P=0.016) for RO/R1
resection in favour of the 3-CTx arm over the 2-CTx arm. The 8-week
response rate was 50.4% (95% Cl: 41.1-59.7%) and the overall
response rate was 65.9% (95% Cl: 56.9-74.1%) with 2-CTx. Similarly,
the 8-week response rate was 57.4% (95% Cl: 48.1-66.3%) and the
response rate was 75.0% (95% Cl: 66.6%-82.2%) with 3-CTx. The
median PFS time was 11.5 months (95% Cl: 10.2-13.0) in the 2-CTx
arm and 13.1 months (95% Cl: 11.3-13.8) in the 3-CTx arm (HR for
disease progression, 1.04; 95% Cl: 0.79-1.38; P=0.762) (Fig. 2).
Median OS was 40.0 months (95% Cl: 34.4-46.5) in the 2-CTx and
434 months (95% ClI: 36.7-49.4) in the 3-CTx arm (HR for death, 0.94;
95% Cl: 0.67-1.32; P =0.737) (Fig. 2). In the multivariate analysis (per-
protocol population), the non-resectability (technical/oncological), sex,
age, primary tumour resected, primary tumour sidedness (left/right
colon), baseline CEA and alkaline phosphatase level, treatment
arm and post hoc RAS assessment) were assessed as predictive of
RO/R1 resection. Among these parameters: age (<60 years old),
left colon primary tumours, primary tumour resected before
randomisation, and baseline CEA <80 IU/ml were found to
independently predict RO/R1 resection (P < 0.01) (see Table 3).
The median survival was 54.2 months (95% Cl: 48-74) in patients
with RO/R1 liver resection in either treatment arm and was
28.4 months (95% Cl: 21-37) in those with R2 resections or non-
resected. We performed an exploratory analysis of the nine
patients with mtBRAF tumours: four in the 2-CTx arm and five in
the 3-CTx arm (Appendix Table 2). Only 2/9 patients, both in the
3-CTx arm, had a RO/R1 liver resection. In the 2-CTx arm the
median PFS was 1.8 months and median OS was 6.6 months.
Similarly, in the 3-CTx, median PFS was 6.1 months and median
OS was 21.3 months (Supplementary Appendix Table 2).

British Journal of Cancer (2022) 126:1264-1270

Tolerability

Serious adverse events (AEs) were reported in 86/126 patients
(68.3%) in the 2-CTx arm and in 104/128 patients (81.3%) in the
3-CTx arm. The most common grade 3-4 AEs reported in >3% of
the patients were neutropenia, diarrhoea, thrombosis, peripheral
neuropathy, fatigue, and hypertension. The incidence of these AEs
was similar in the study arms except for fatigue that occurred
more frequently in the 3-CTx arm (24/128 patients, 18.8%)
compared to in the 2-CTx arm (8/126, 6.3%; P =0.003). Grade 5
toxicities (leading to death) in the 2-CTx arm was gastrointestinal
bleeding, and, in the 3-CTx arm a multi-organ failure, a sepsis and
sudden death in the 1st cycle.

DISCUSSION
Any fit CRC patient with initially unresectable liver-only metastases
origin may eventually benefit from surgery. However, no criteria
exist to distinguish those patients needing palliative treatment
and those that may benefit from conversion therapy and then
surgery. Indeed, survival is only slightly shorter for patients who
undergo conversion therapy and then surgery compared to those
with initially resectable metastatic disease. In contrast, survival is
much shorter in patients with non-resected metastases [22].
Possible conversion therapies include, 2-CTx like FOLFOX or
FOLFIRI combined with targeted therapies (bevacizumab or an
anti-epithelial growth factor receptor monoclonal antibody) or the
3-CTx FOLFOXIRI alone or with bevacizumab [22, 23]. In our trial,
we compared conversion therapy with either FOLFOX/FOLFIRI or
FOLFIRINOX, combined with bevacizumab or cetuximab, by RAS
status, in CRC patients with initially unresectable liver metastases.
We observed a not significantly higher rate of curative-intent liver
surgery, 56.9% with 3-CTx (FOLFIRINOX) plus cetuximaby/bevacizumab
compared to 48.4% with 2-CTx (FOLFIRI or FOLFOX) plus cetuximab/
bevacizumab. The 56.9% RO/R1 resection rate observed with
FOLFIRINOX plus cetuximab/bevacizumab is similar to the 61%,
reported by Gruenberger et al. [4], with FOLFOXIRI-bevacizumab
(41 patients). The TRIBE study reported only a 15% RO/R1 resection
rate in the FOLFOXIRI-bevacizumab group (252 patients). However,
accrual in the TRIBE study was not restricted to patients with liver-only
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Fig. 2 Survival times in the intent-to-treat populations. Kaplan
survival (below).

metastases [16]. The benefit of 3-CTx plus targeted therapy on the R0/
R1 resection rate was confirmed using a logistic regression model
adjusted for the stratification factors. There were higher odds for RO/
R1 resection in the 3-CTx arm than in the 2-CTx arm (odds ratio, 1.8;
95% ClI: 1.1-2.7; P < 0.02). However, the 8.5% improvement in RO/R1
resection rate in the 3-CTx arm is below the hypothesised 20%
considered as clinically meaningful. In addition, the 3-CTx treatment
arm was not identified as an independent predictor of RO/R1
resection, as opposed to younger age, prior resection of the primary
tumour, low baseline CEA level, and left-sidedness of the primary
tumour. At baseline, most patients (70%) had an unresected primary
tumour and technically unresectable liver metastases. These char-
acteristics may have lowered the RO/R1 resection rate observed. Also

—-Meier estimates of overall survival (up) and of progression-free

at study design, we may have overestimated the extent of the benefit
with 3-CTx.

The 10% increase in response rate with 3-CTx plus targeted therapy
is similar to that report by Loupakis [16] comparing FOLFOXIRI-
bevacizumab to FOLFIRI-bevacizumab. However, in contrast, we did
not observe a significant benefit in OS in the 3-CTx arm compared to
the 2-CTx arm. However, our results confirm that patients with
curative surgery of their liver metastases after conversion therapy live
longer than those without liver-metastases resection.

PRODIGE has substantial experience in using FOLFIRINOX in the
metastatic and adjuvant setting in CRC and pancreatic cancers
[12, 24-26]. Therefore, we preferred FOLFIRINOX, as 3-CTx, rather
than FOLFOXIRI which is used by the GONO group [16]. These
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Table 3. Predictive factors for RO/R1 resection after multivariate analysis.

Variables Comparison
Age <60 vs 260
Tumour location Left vs right side
Primary resected No vs yes
Baseline CEA <80 vs 280

Arm 2-CTx vs 3-CTx
Sex Male vs female
PAL <128 vs 2128
KRAS Mutated vs WT

Non-resectable Technically vs oncologically

regimes differ with respect to their fluorouracil dosing. With
FOLFIRINOX, fluorouracil is administered as a continuous infusion
(2400 mg/m?) combined with a bolus (400 mg/m?. In contrast,
with FOLFOXIRI, fluorouracil is only administered as a continuous
infusion (3200 mg/m?), but at a higher concentration. Interestingly,
in our study, with FOLFIRINOX the fluorouracil dose intensity was
90% for the continuous infusion and 71% for the bolus. While, in
the TRIBE study [16], with FOLFOXIRI, the fluorouracil dose
intensity was 83% for the continuous infusion.

In the nine patients with mtBRAF tumours, those treated with
3-CTx had numerically more RO/R1 resections, extended median
PFS and OS than those treated with 2-CTx. Our data with
FOLFIRINOX plus cetuximab are consistent with those reported,
by Cremolini [15], in 16 patients with mtBRAF tumours treated
with FOLFOXIRI-bevacizumab.

Limitations

During the study, we needed to extend KRAS-genotyping to RAS
genotyping. Unfortunately, we could only centrally review the
molecular analyses of 218/256 cases. When the molecular analysis
was inconclusive (86/218 reports), we centrally reassessed KRAS
exons 3 and 4 and NRAS exons 2, 3 and 4. Eventually, we identified
nine tumours initially genotyped as wtKRAS that had other RAS
mutations in the newly assessed genes and the corresponding
patients treated (retrospectively inadequately) with cetuximab
plus 2-CTx or 3-CTx. Finally, the fact that there was no central
assessment of technical irresectability might have induced some
heterogeneity between centres.

CONCLUSION

In our study, the use of FOLFIRINOX instead of 2-CTx, combined
with bevacizumab or cetuximab by RAS status, did not increase
from 50 to 70% the tumour resection rates in CRC patients with
initially unresectable liver-only metastases.
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