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Background: Chemoradiotherapy (CRT) is the standard of care for patients diagnosed with locally advanced cervical
cancer (LACC), a human papillomavirus (HPV)-related cancer that relapses in 30%-60% of patients. This study aimed
to (i) design HPV droplet digital PCR (ddPCR) assays for blood detection (including rare genotypes) and (ii) monitor
blood HPV circulating tumor DNA (HPV ctDNA) levels during CRT in patients with LACC.
Methods: We analyzed blood and tumor samples from 55 patients with HPV-positive LACC treated by CRT in a
retrospective cohort (n ¼ 41) and a prospective cohort (n ¼ 14). HPV-ctDNA detection was carried out by
genotype-specific ddPCR.
Results: HPV ctDNA was successfully detected in 69% of patients (n ¼ 38/55) before CRT for LACC, including nine
patients with a rare genotype. HPV-ctDNA level was correlated with HPV copy number in the tumor (r ¼ 0.41, P <
0.001). HPV-ctDNA positivity for HPV18 (20%, n ¼ 2/10) was significantly lower than for HPV16 (77%, n ¼ 27/35) or
other types (90%, n ¼ 9/10, P ¼ 0.002). HPV-ctDNA detection (positive versus negative) before CRT was associated
with tumor stage (P ¼ 0.037) and lymph node status (P ¼ 0.02). Taking into account all samples from the end of
CRT and during follow-up in the prospective cohort, positive HPV-ctDNA detection was associated with lower
disease-free survival (DFS) (P ¼ 0.048) and overall survival (OS) (P ¼ 0.0013).
Conclusion: This is one of the largest studies to report HPV-ctDNA detection before CRT and showed clearance of HPV
ctDNA at the end of treatment in most patients. Residual HPV ctDNA at the end of CRT or during follow-up could help to
identify patients more likely to experience subsequent relapse.
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INTRODUCTION

Cervical cancer is a commonly diagnosed cancer in women,
especially in less developed countries where cervical cancer
is the leading cause of cancer death among women.1

Definitive chemoradiotherapy (CRT) is the current stan-
dard of care for patients diagnosed with locally advanced
cervical cancer (LACC) [International Federation of Gyne-
cology and Obstetrics (FIGO) stage IB2-IIIC/IVA], possibly in
combination with surgery and/or neoadjuvant
ondence to: Dr. Emmanuelle Jeannot, Institut Curie, Department of
and Genetics, 26 rue d’Ulm, Paris, France. Tel: þ33-1-56-24-59-92
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chemotherapy in some cases.1 However, 30%-60% of these
patients develop local and/or distant relapse during follow-
up.2 Interpretation of conventional imaging can be chal-
lenging after CRT, as cancer regression after CRT can take
>3months.1 No sensitive blood biomarkers are currently
available to predict relapse in patients, as squamous cell
carcinoma (SCC) antigen demonstrated low sensitivity and
specificity3 for the monitoring of patients with LACC during
CRT.4

In many tumor types, circulating tumor DNA (ctDNA) has
demonstrated a good correlation with tumor response or
progression and is a useful complement to standard tumor
imaging,5-9 able to detect early relapse after treatment in
the non-metastatic setting.10-14

Cervical cancer is due to human papillomavirus (HPV)
infection in the vast majority of cases, and HPV DNA
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sequences can be found in tumors.15-17 However, hundreds
of HPV types have been described, and <20 HPV genotypes
are classified as being associated with a high risk of can-
cer.17,18 HPV16 and HPV18 are the genotypes most
commonly detected in cervical cancer, while around 20% of
invasive cancers can be attributed to the less common
HPV31, HPV33, HPV35, HPV45, HPV52, HPV58 and HPV73
types.19

In HPV-related cancer, HPV viral genomes are usually in-
tegrated into the tumor cell genome or episomal DNA.20

While real-time PCR was previously used,21-23 several
more sensitive detection techniques are now available to
detect circulating HPV in blood, such as ctDNA,24-27

including digital-PCR based techniques or next-generation
sequencing (NGS)-based techniques. We have previously
validated that a droplet digital PCR (ddPCR) based tech-
nique is able to detect and quantify tumor-derived HPV
DNA sequences in patient blood (HPV ctDNA) with high
sensitivity and specificity for HPV16 and HPV1826,28 and
could be used in anal carcinoma (another HPV-related
cancer) to monitor the efficacy of immunotherapy25 or
chemotherapy in the metastatic setting.29 Other studies
have demonstrated that HPV-ctDNA detection by ddPCR can
be used to monitor tumor response in cervical cancer,30 or
head and neck cancer.31,32 Importantly for cervical cancer,
no HPV ctDNA was detected in healthy controls or in
women treated for HPV16-associated high-grade cervical
intraepithelial neoplasia.26,28 Several studies in non-cervical
cancers have found that the HPV-ctDNA detection after CRT
was a strong predictive factor for relapse in anal carci-
noma33 or head and neck cancer,27,31,34 but no study is
available for LACC. As HPV types are more diverse in cervical
cancer than in anal carcinoma (mostly HPV16-18) and head
and neck cancer (mainly HPV16), ddPCR assays designed for
each HPV type are also required for monitoring of HPV
ctDNA.

The objectives of this study were: (i) to design HPV ddPCR
assays for blood detection of HPV types other than HPV16-
18 and (ii) to monitor blood HPV ctDNA levels during CRT in
patients with LACC.

MATERIAL AND METHODS

This study was conducted in accordance with the Declara-
tion of Helsinki. This study was conducted according to
national requirements and in accordance with the guide-
lines of the Declaration of Helsinki (CPP 13381). A waiver of
patient informed consent was obtained for samples stored
at the Institut Curie biobank. The PAIR-HPV prospective
study obtained number NCT02554565.
Patients and samples

The retrospective study included patients treated at Institut
Curie (France) with at least radiotherapy for LACC from
2011 to 2015 with serum or plasma samples stored at the
Institut Curie biobank. Main eligibility criteria were: at least
radiotherapy treatment, histologically proven HPV-related
tumor (HPV subtype was determined by routine PCR
2 https://doi.org/10.1016/j.esmoop.2021.100154
diagnostic procedures on tumor samples) and serum or
plasma samples banked at the time of diagnosis (before any
treatment) plus at least one serum/plasma sample there-
after. Patients included in the study received standard
treatment. A waiver of patient informed consent was ob-
tained for samples stored at the Institut Curie biobank. In
the retrospective cohort, samples were considered as ‘end
of treatment samples’ if they were collected between D(�)
21 and D(þ)90 after the end of the therapeutic sequence.

The PAIR-HPV prospective study (NCT02554565) included
patients with cervical cancer at any stage before treatment.
We selected patients receiving first-line treatment with CRT
in this cohort. Blood samples were collected at baseline
(before treatment), days 7, 21 and 35 during CRT and then
at 2, 6, 12, 18 and 24 months.

The 2018 FIGO classification was used for staging.

Analytic methods

All patients from both cohorts had confirmation of HPV
positivity from their tumor tissue.

We used ddPCR assays to detect HPV16 or HPV18 in
tumor or blood samples, as previously described in Jeannot
et al.26

We developed specific ddPCR assays using TaqMan
probes to detect other high-risk HPV: HPV31, HPV33,
HPV35, HPV45, HPV52, HPV58 and HPV73 types
(Supplementary Methods, available at https://doi.org/10.
1016/j.esmoop.2021.100154). To ensure compatibility with
ctDNA detection, primers were designed to generate
amplicons smaller than 150 bp. To avoid cross-reactivity
between the various HPV types, primers were designed to
target the E7 gene, a region of the HPV genome with a
lesser degree of similarity between HPV types. Primer and
probe sequences, amplicon sizes and annealing tempera-
tures are shown in Supplementary Table S1, available at
https://doi.org/10.1016/j.esmoop.2021.100154.

HPV-ctDNA quantification

Serum or plasma samples were stored at �80�C until DNA
isolation. Cell-free circulating DNA was isolated in duplicate
from 1 to 2 ml of serum or plasma using the QIAsymphony
SP/AS workflow (Qiagen®, Courtaboeuf, France), according
to the manufacturer’s instructions. Elution was carried out
in 60 ml of the supplied elution buffer; eluates were stored
at �20�C until HPV-ctDNA analysis. Three replicates were
carried out to detect HPV E7 gene with HPV type-specific
primers, TaqMan probes, and the maximal volume of
ctDNA template (8 ml). PCR reaction was multiplexed with a
commercial human ddPCR assay targeting the RPP30 gene,
used as human DNA reference, to quantify cell-free circu-
lating DNA. For each patient, genomic DNA from the frozen
or formalin-fixed paraffin-embedded tumor was tested as
positive control and a triplicate of no DNA was tested for
each plate as negative control.26

According to our previous findings, serum/plasma sam-
ples were considered to be positive in the presence of at
least three positive droplets.26 A sample was considered to
Volume 6 - Issue 3 - 2021
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Locally advanced cervical cancer treated with (chemo)radiotherapy
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Withdraw consent (n = 2)
No HPV result (n = 1) 
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No external radiotherapy (n = 3) 

Patients with samples available

Figure 1. Study flow chart.
PAIR-HPV, clinical study (NCT02554565); pts, patients.
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be negative when fewer than three droplets from all rep-
licates were detected, whereas more than 500 copies/ml
were detected for RPP30. Finally, HPV-ctDNA concentration
was expressed in copies/ml of serum.
Tumour HPV copy number

HPV copy number in tumor cells extracted from the tumor
sample was determined by ddPCR, using the same HPV
type-specific and RPP30 assays as in the HPV-ctDNA quan-
tification experiment. Experiments were carried out with 10
ng of tumor DNA, in duplicates for each sample. RRP30
gene was used as a reference for two copies of a DNA
sequence per cell. The value used to express HPV copy
number was twice that of the HPV E7/RPP30 ratio provided
by the ddPCR experiment. Finally, tumor HPV copy number
was expressed in copies/tumor cell.
Statistical analysis

Retrospective and prospective cohorts were analyzed
together for baseline samples, and separately for following
timepoints.

This report was written in accordance with REMARK
criteria.35 No prespecified power was calculated for this
study. Fisher’s exact test was used for categorical variables
and Spearman’s correlation test, ManneWhitney test and
KruskaleWallis test were used for continuous variables.
Survival curves were compared by an unstratified log-rank
test, and hazard ratio with 95% confidence interval (CI)
were calculated using a Cox model.

Disease-free survival (DFS) was defined as the time from
the start of treatment to recurrence of tumor or death.
Overall survival (OS) was defined as the time from the start
of treatment to death.

Statistical analyses and figures were carried out using
GraphPad Prism version v-6-07 (GraphPad Software, San
Diego, CA) and R version 4.0. All statistical tests were two-
Volume 6 - Issue 3 - 2021
tailed, and P values < 0.05 were considered statistically
significant.

RESULTS

Patient characteristics

Forty-one patients with HPV-related LACC and serum or
plasma samples available before, during and after treat-
ment were included in the retrospective cohort and 14
patients were included in the prospective cohort (Figure 1
flowchart), corresponding to a total of 55 patients. The
clinical and laboratory characteristics are presented in
Table 1. The median age of the patients of the whole cohort
was 50 years (range: 29-78); the most common histological
tumor type was SCC (87%). Tumor HPV typing detected
HPV16, HPV18 or other types (31, 33, 35, 45, 52, 58, 73) in
64%, 18% and 18% of LACC, respectively. The majority of
patients (60%) had stage III disease (FIGO classification,
2018). Sixty percent of patients had invaded lymph nodes at
imaging and/or initial surgical staging (Table 1). Median
duration of CRT in the prospective cohort was 33 days
(range 21-50).

All patients had serum/plasma collected at baseline
(before treatment). Serum/plasma samples were also
available at the end of treatment of 39 patients (71%)
(Figure 1). D7, D21 and D35 samples in the prospective
cohort were obtained in 9, 13 and 13 patients, with a range
of 4-11 days, 14-23 days and 30-43 days, respectively.
Development of new HPV ddPCR assays

We developed specific ddPCR assays for the seven addi-
tional HPV types (beside HPV16/18) that were identified in
the 55 patients: HPV31, HPV33, HPV35, HPV45, HPV52,
HPV58 and HPV73.

The seven HPV assays showed high specificity, as no false-
positive event was observed in reactions carried out with
HPV-negative DNA (Figure 2). Therefore, the limit of blank
(LOB), defined as the 95% CI of the mean false-positive calls,
https://doi.org/10.1016/j.esmoop.2021.100154 3

https://doi.org/10.1016/j.esmoop.2021.100154
https://doi.org/10.1016/j.esmoop.2021.100154


Table 1. Patient characteristics and HPV circulating tumor DNA (HPV-
ctDNA) detection

Characteristics All patients HPV-ctDNA
detectable at
diagnosis

P

Total 55 38 (69%)
Age (years)
Median (range) 50 (29-78) 50 (29-78)

FIGO stage
I 5 (9%) 1 (20%)
II 13 (24%) 8 (62%) 0.04
III 33 (60%) 25 (76%)
Iva 4 (7%) 4 (100%)

Lymph node involvement
Yes 33 (60%) 27 (82%) 0.02
No 22 (40%) 11 (50%)

Histology
SCC 48 (87%) 36 (75%) 0.056

(SCCvsAdk)
Adenocarcinoma 6 (11%) 2 (33%)
Other 1 (2%) 0

HPV type
HPV16 35 (64%) 27 (77%) 0.002
HPV18 10 (18%) 2 (20%)
Other HPV (31, 33, 35,
45, 52, 58, 73)

10 (18%) 9 (90%)

Tumor HPV copy
�5 copies/tumor cell 26 (47%) 16 (62%) 0.381
>5 copies/tumor cell 29 (53%) 22 (76%)

Neoadjuvant chemotherapy
No 46 (84%) 32 (70%)
Yes 9 (16%) 6 (67%)

Brachytherapy
No 19 (35%) 13 (68%)
Yes 36 (65%) 25 (69%)

Surgerya,b

No 36 (64%) 28 (78%)
Yes 19 (35%) 10 (53%)

Adk, adenocarcinoma; FIGO, International Federation of Gynecology and Obstetrics;
HPV, human papilloma virus; SCC, squamous cell carcinoma.
a No surgery in the prospective cohort.
b Five patients had surgery before chemoradiotherapy and 14 patients after.

ESMO Open L. Cabel et al.
was estimated to be 0% for the seven HPV types tested.
Sensitivity was assessed by using the limit of detection
(LOD), identifying the lowest HPV fraction with all replicates
presenting values above the LOB. The LOD was estimated to
be 0.05% for HPV35 and HPV52, 0.1% for HPV31, HPV45
and HPV73 and 0.25% for HPV33 and HPV58 (Figure 2).
HPV-ctDNA detection

At baseline, serum/plasma HPV ctDNA was successfully
detected in 38 of the 55 patients (69%) (Figure 3A). The
median HPV-ctDNA level was 33 copies/ml (range: 0-56
400), with an interquartile range (IQR) in positive patients
of 30-493. The median level of the human reference gene,
RPP30, was 7771 copies/ml of serum (IQR 2838-28 675)
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.esmoop.2021.100154). Three patients (5%) of the
whole cohort had higher levels of HPV-ctDNA (copies/ml)
than the human reference gene (RPP30).

Baseline HPV-ctDNA level (copies/ml) was correlated with
tumor HPV copy number (R ¼ 0.41, P < 0.001, Spearman’s)
(Figure 3B), while the median tumor HPV copy number was
4 https://doi.org/10.1016/j.esmoop.2021.100154
six copies/tumor cell (range: 1-787), and HPV copy number
was lower in HPV18-related tumor than in HPV16-related
tumor (1.5 copies/tumor cell versus 18, P ¼ 0.002, Wil-
coxon). HPV-ctDNA positivity was significantly lower for
HPV18 (20%, n ¼ 2/10) than for HPV16-related tumor (77%,
n ¼ 27/35) or other HPV types (90%, n ¼ 9/10) (P ¼ 0.002),
with a median of 52 copies/ml for HPV16 versus 0 for HPV
18 (ManneWhitney P ¼ 0.003) (Table 1). HPV-ctDNA
detection (positive versus negative) before CRT was asso-
ciated with tumor stage (stage I: 20%, n ¼ 1/5; II: 62%, n ¼
8/13; III: 76%, n ¼ 25/33; IV: 100%, n ¼ 4/4; P ¼ 0.037 for
categorical variables, P ¼ 0.004 for continuous variables)
and lymph node status (N0: 50%, n ¼ 11/22 versus Nþ:
82%, n ¼ 27/33; P ¼ 0.02 for categorical variables, P ¼ 0.06
for continuous variables) (Figure 3C).

Dynamics of HPV-ctDNA level during CRT in the prospec-
tive cohort. The dynamics of HPV-ctDNA level during CRT
are shown for the 14 patients of the prospective cohort in
Figure 4 (the retrospective cohort was not analyzed due to
the very small number of blood samples available during
treatment). Interestingly, clearance of HPV ctDNA was not
obtained in all patients without relapse before the end of
CRT, as 6/8 (75%) of patients had positive HPV ctDNA at
mid-treatment. Forty-three percent (n ¼ 6/14) of patients
had a transitory rise of HPV-ctDNA level between D7 and
D21, but half of these patients did not subsequently
experience relapse.

HPV-ctDNA detection and outcome

With a median follow-up of 49.9 months (range: 10-130
months) for the retrospective cohort and 37 months (range:
15-52 months) for the prospective cohort, disease relapses
were observed in 12 (29%) and 5 patients (36%), and deaths
were observed in 7 (17%) and 4 patients (29%), respectively.

At baseline in the whole cohort (n ¼ 55), neither HPV-
ctDNA detection status (positive versus negative) or level
(> versus � median HPV-ctDNA copies/ml) had a significant
prognostic impact on OS [hazard ratio (HR) ¼ 1.4 95% CI
(0.4-4.4), P ¼ 0.57 and HR ¼ 1.9 95% CI (0.7-5.3), P ¼ 0.24,
respectively], or DFS [HR ¼ 0.85 95% CI (0.4-2), P ¼ 0.71
and HR ¼ 1.2 95% CI (0.5-2.7), P ¼ 0.67, respectively]
(Supplementary Figure S2, available at https://doi.org/10.
1016/j.esmoop.2021.100154).

In the retrospective cohort, among patients with blood
collected at the end of curative treatment (n ¼ 25), 2 (8%)
displayed residual detectable HPV ctDNA. These two pa-
tients experienced relapse (at 6 and 42 months,
respectively).

In the prospective cohort, two patients displayed residual
detectable HPV ctDNA after CRT, but only one patient
experienced metastatic relapse 2 months later (Figure 4).
Interestingly, the patient with positive HPV-ctDNA detection
without relapse had a low HPV-ctDNA level at the end of
CRT (10 copies/ml), with a high baseline HPV ctDNA (1457
copies/ml) and negative HPV ctDNA at the following
determination at 6 months. Taking into account all samples
in the prospective cohort, positive HPV-ctDNA detection at
Volume 6 - Issue 3 - 2021
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Figure 2. Limit of detection (LOD) estimation for HPV31, HPV33, HPV35, HPV45, HPV52, HPV58 and HPV73 ddPCR assays.
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the end of CRT and/or during follow-up was associated with
lower DFS [HR ¼ 5.1 95% CI (0.85-31), P ¼ 0.048] and OS
[HR ¼ 25.4 95% CI (2.4 to >100), P ¼ 0.0013] (no multi-
variate analysis was carried out due to the small number of
patients) (Figure 5). Interestingly, all follow-up samples from
patients who did not relapse were HPV-ctDNA negative.

DISCUSSION

This study showed that (i) HPV-ctDNA levels can be moni-
tored during CRT and follow-up of patients with cervical
cancer by using ddPCR assays specific to nine different HPV
types, covering 90% of the women diagnosed with cervical
cancer, (ii) monitoring of HPV ctDNA during follow-up could
be more effective than simply assessing HPV ctDNA at the
end of CRT.

The theoretical advantage of HPV-ctDNA detection over
ctDNA detection of point mutations in cancer genes is that
multiple HPV DNA sequences are present in a tumor cell
(one to several thousand), and this can contribute to
improving the sensitivity of detection, as these numerous
copies are released into the blood following cancer cell
death.20 This hypothesis was confirmed in this study by the
positive correlation between HPV copy number in tumor
cells and HPV-ctDNA detection in blood, and by the fact that
the HPV-ctDNA copy number was higher than the actual
total number of circulating human genome equivalent in 5%
of patients. The 70% detection rate before therapy appears
to be higher than that reported in other non-metastatic
cancer types with ctDNA detection of point
6 https://doi.org/10.1016/j.esmoop.2021.100154
mutations.36,37 For example, in a previous study in non-
metastatic gastric cancers with ddPCR, we found a ctDNA
detection rate of only 30%.37 Interestingly, we found that
the HPV-ctDNA detection rate differed according to the HPV
type, with the lowest detection rate (20%) observed for
HPV18, which was associated with a lower HPV copy
number in tumor cells. This lower detection rate for HPV18
ctDNA has been reported by Cheung et al., with a detection
rate of 41% for HPV18 versus 61% for HPV 16.38 Other
studies have previously reported higher HPV-ctDNA detec-
tion rates (>80%) in other HPV-induced head and neck27 or
gynecologic cancers,26,28,39 but with no or less HPV18 sub-
type, and NGS technique for the head and neck study.27 The
volume of serum/plasma used in this study (1-2 ml) could
be increased in future to improve sensitivity.

One of the main results of this study is that HPV-ctDNA
levels drop markedly in most patients during CRT and that
residual detectable ctDNA levels after CRT are associated
with cancer relapse, as found in another study in LACC with
19 patients.39 However, the sensitivity of HPV-ctDNA
detection at the end of CRT to predict relapse is not per-
fect, and we have highlighted that repeated timepoints may
be required to predict relapse. Interestingly, positive HPV-
ctDNA detection during CRT did not appear to be predic-
tive of relapse, as several patients obtained complete
clearance of HPV ctDNA only at the end of CRT and did not
subsequently experience relapse. In terms of the specificity
of HPV-ctDNA positivity at the end of CRT to predict
outcome, it may be preferable to repeat HPV-ctDNA
Volume 6 - Issue 3 - 2021
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detection over the following weeks or months in patients
with low levels of HPV ctDNA, especially in the case of high
baseline HPV ctDNA. A large study in head and neck cancer
showed that HPV-ctDNA detection on two consecutive
plasma samples during post-treatment surveillance was
required to achieve very high positive (94%) and negative
(100%) predictive values.34 Assessing HPV ctDNA every 3-6
months may therefore be a reasonable follow-up option to
predict relapse before the onset of symptoms or radiolog-
ical signs.

For implementation in clinical practice, we have shown
that several HPV types can be monitored, representing the
majority of HPV types involved in cervical cancer, although
the sensitivity of HPV-ctDNA detection was lower for HPV18-
related tumors. However, this approach requires HPV geno-
typing and dedicated ddPCR for each genotype. NGS-based
techniques27 could avoid this issue, but when repeated
measures are required, the cost would rapidly increase and
become prohibitive, while the cost of ddPCR is more
acceptable for repeated measures and long-term follow-up.

The main limitations of our proof-of-concept study are
the small number of patients analyzed, the retrospective
data collection for the majority of patients with missing
samples, heterogeneity in treatments and storage that
could degrade DNA and impair sensitivity.

In conclusion, we showed that HPV-ctDNA monitoring by
ddPCR during CRT is feasible for nine HPV types involved in
at least 90% of all cervical cancers and can be used to
predict relapses. A large prospective trial using the same
assays, Circa HPV (NCT03739775), will analyze the clinical
validity of HPV-ctDNA detection in cervical cancer during
Volume 6 - Issue 3 - 2021
follow-up, and especially the impact of HPV-ctDNA detec-
tion on outcome.
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