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Objective: To establish the sensitivity and specificity of a human papillomavirus (HPV) and
tumor marker DNA/mRNA assay for detecting cervical cancer that is transferrable to a
Lab-on-a-chip platform and determine its diagnostic benefit in early stage disease when
used in conjunction with high-resolution endovaginal magnetic resonance imaging (MRI).

Methods: Forty-one patients (27 with Stage1 cervical cancer [Group1] and 14 non-
cancer HPV negative controls [Group2]) had DNA and RNA extracted from cervical
cytology swab samples. HPV16, HPV18, hTERT, TERC/GAPDH and MYC/GAPDH
concentration was established using a loop mediated isothermal amplification (LAMP)
assay. Thresholds for tumor marker detection for Group1 were set from Group2 analysis
(any hTERT, TERC/GAPDH 3.12, MYC/GAPDH 0.155). Group 1 participants underwent
endovaginal MRI. Sensitivity and specificity for cancer detection by LAMP and MRI
individually and combined was documented by comparison to pathology.

Results: Sensitivity and specificity for cancer detection was 68.8% and 77.8% if any
tumor marker was positive regardless of HPV status (scenario1), and 93.8% and 55.8% if
tumor marker or HPV were positive (scenario 2). Adding endovaginal MRI improved
specificity to 88.9% in scenario 1 (sensitivity 68.8%) and to 77.8%% in scenario2
(sensitivity 93.8%).

Conclusion: Specificity for cervical cancer detection using a LAMP assay is superior with
tumor markers; low sensitivity is improved by HPV detection. Accuracy for early stage
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cervical cancer detection is optimal using a spatially multiplexed tumor marker/HPV LAMP
assay together with endovaginal MRI.
Keywords: cervical cancer, loop mediated isothermal amplification, human papilloma virus, tumor markers,
magnetic resonance imaging
INTRODUCTION

Treatment of cervical intraepithelial neoplasia at colposcopy with
cold knife cone (CKC) biopsy or large loop excision of the
transformation zone (LLETZ) can sometime excise a small
volume cervical cancer. Defining the presence and extent of any
residual disease crucially determines subsequent surgical
management (1). As women being treated for cervical precancer
or early cancer are of similar age to women having their first child,
fertility and reproductive effects of local excision of disease are
important. The risk of post-surgical complications such as primary
and secondary haemorrhage and cervical stenosis that may require
further intervention, particularly where excisions are radical or
repeated (2, 3), should be kept to a minimum. Increasing
evidence suggests that the amount of cervical tissue excised or
destroyed, measured as the cone length in excisional techniques, is a
predictor for subsequent obstetric risk (4, 5). Moreover, a larger
amount of residual cervical tissue detected on scan after treatment
for both dysplasia and cancer is associated with improved obstetric
outcomes (6–8). It is therefore critical to balance risk related to
oncological versus reproductive outcomes by enabling the optimal
local excisional treatment for these women.

Optimal surgical management may be achieved by assessing
surgical margins on initial CKC or LLETZ biopsy supplemented
by high-resolution endovaginal magnetic resonance imaging
(MRI) (9). The latter offers a sensitivity of >90% for small
tumors, albeit with a specificity around 70% for tumors
<1.7cm3 because of confounding appearances from scarring
and fibrosis after CKC biopsy or LLETZ (10). In these cases,
detection of the human papillomavirus (HPV) genome (a key
event in cervical carcinogenesis)and genetic tumor markers in
cellular samples potentially provides an additional means of
improving specificity of cancer detection prior to planning
surgical management.

Of the 14 high-risk HPV types carcinogenic to humans, HPV-
16 is consistently the most prevalent, detected in 60% of cases of
cervical cancer (11). HPV-16 is detected more often in squamous
cell carcinoma (62%) than in adenocarcinoma (50%), while
HPV18 and HPV45 ar e de t e c t ed more o f t en in
adenocarcinoma (32% and 12%, respectively) than in
squamous cell carcinoma (8% and 5%, respectively). More than
50% of HPV16-positive and almost all HPV18-positive cases are
associated with integration of virus genomes into cervical
epithelial DNA (12, 13). Hybrid capture 2 (HC2; Digene
Corporation, Gainthersburg, MD, USA) assays and polymerase
chain reactions (PCR) for HPV detection amplify a broad
spectrum of HPV genotypes and focus on the L1 gene but risk
a false negative result because in cervical cancer this is lost in 10%
of integrated HPV genomes (14). In these cases, detection of E6/
2

E7 mRNA transcripts with PCR may be of higher prognostic
value compared with HPV DNA testing (15).

As an alternative to PCR, loop-mediated isothermal
amplification (LAMP) methods (16) incorporated into a lab-on-a-
chip (LOC) allow rapid amplification of nucleic acids at a single
temperature, typically between 63-650C and have been used for the
detection of infectious diseases such as malaria, dengue fever,
bacterial and viral infections, notably SARS-CoV-2 (17–20). The
lack of thermocycling makes this technique ideal for point-of-care
testing. LAMP based assays have been successfully developed for a
multitude of purposes, including genotyping HPV from cervical
cytology samples (21, 22) but have not previously been combined
with tumor markers associated with cervical cancer such as human
telomerase reverse transcriptase (hTERT), which is significantly
overexpressed in cervical lesions with low to nil expression in
normal tissue and detectable in at least 90% of cervical cancers
(23, 24), TERC and c-MYC, which are widely recognised tumor
markers (25–28) for early detection of cancer. The aim of this work,
therefore, was to establish the sensitivity and specificity of a HPV
and tumor marker DNA/mRNA LAMP assay for detecting cervical
cancer that is transferrable to a LOC platform and determine its
diagnostic benefit in early stage disease when used in conjunction
with high-resolution endovaginal MRI. HPV readouts from a
conventional PCR platform (PCR) and cervical cytology/histology
provided ground truth.
METHODS

Study Design
A prospective pilot study (Molecular Diagnostics Using a novel Lab-
on-a-chip and MRI for detecting cervical cancer, MODULAR,
NCT03380741) was conducted in accordance with the Declaration
of Helsinki (1964), and local research ethics committee and Health
Research Authority (HRA) approval. Patients were studied in 2
groups: 1) new diagnosis of cervical cancer 2) non-cancer HPV
negative controls. Written informed consent was obtained from each
patient. In this hypothesis testing pilot study, where a biomarker
could be positive or negative, and assuming the prevalence of a
biomarker positive value (tumor DNA or HPV 16 or 18 DNA)
among cancer patients is ~75% in women aged 30-39 years (29), we
estimated that 24 patients with suspected cancer would establish the
ability of the LAMP assay to detect cancer with a power of >0.9 at an
alpha of <0.05, warranting a larger trial.

Participants
Between August 2018 and May 2019, all patients with Stage 1
cervical cancer (squamous or adenocarcinoma on histology)
referred for MRI to a tertiary oncology centre prior to being
November 2021 | Volume 11 | Article 747614
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considered for curative surgery were invited to participate, so they
formed a consecutive series of cases. Women with neuroendocrine
tumors or unusual histological subtypes, or those unable to have
MRI because of ferromagnetic implants or claustrophobia were
excluded. A control group taken from women attending a separate
local colposcopy clinic for follow up of either conservatively
managed or previously treated cervical dysplasia, who were
judged to have a normal cervix on colposcopic examination was
recruited to establish threshold values for tumor marker positivity
and confirm validity of a negative HPV result. As part of the routine
management of the patients attending the colposcopy clinic for
follow up, tests for both HPV 16 and 18 DNA (real time PCR using
the GenoID assay kit) and HPV E6/7 mRNA (PreTect HPV-
Proofer, Norchip) was obtained through The Doctors Laboratory
(TDL). GenoID is a PCR based assay for the HPV L1 gene, followed
by an ELISA based 96 well hybridisation assay to a cocktail of
probes for the type-specific detection of high-risk HPV from 20
HPV phage types (30). PreTect Proofer is a real-time multiplex
nucleic acid sequence based amplification assay for isothermal
amplification of E6/E7 mRNA expressed by five high-risk HPV
types (16, 18, 31, 33 and 45) using proprietary primer sets (31).
These commercially available tests were considered the gold-
standard (GenoID CE marked), and were performed in all 27
patients with cancer. HPV positivity on these tests therefore resulted
in their exclusion from the control group. Patients who were
positive for Type 45 and 31 on TDL HPV typing were not
included in this comparative analysis.

Cervical Swab Sampling
A cervical swab was taken either at an out-patient visit or prior to an
examination under anesthesia (EUA) in all study subjects with
cancer. In those patients with a normal cervix at colposcopy, the
sample was taken as part of the colposcopic examination. Following
insertion of a speculum, the cervix was swabbed with a standard
cervical smear brush and the exfoliated cells deposited in PreservCyt
transport medium. A separate, sequential cervical swab sample was
examined conventionally to assess cytology and HPV DNA and
RNA typing as per standard institutional clinical practice.
Cytological sampling was adequate in all cases, so that inadequate
sampling did not lead to withdrawal from the study in any instance.

Sample Preparation
The exfoliated cells were pelleted and PreservCyt solution discarded.
The remaining pellet was washed with phosphate buffered saline
(PBS) solution and pelleted again. The PBS solution was discarded.
DNA and RNAwere extracted from the pellet using Qiagen AllPrep
kit (Qiagen, Manchester, UK) according to the manufacturer’s
instructions. Total DNA and RNA yield was determined using a
NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, USA). Only those samples which yielded both DNA and
RNA were selected for analysis.

Loop-Mediated Isothermal Amplification
(LAMP) Assay
A LAMP assay that is transferrable to a lab-on-a-chip was utilised
using a conventional qPCR platform for readout. LAMP methods
initially designed using 4 primers targeting 6 regions (16) and where
Frontiers in Oncology | www.frontiersin.org 3
the reaction proceeds without thermocycling is an ideal method for
point-of-care testing. It relies on auto-cycling strand displacement
DNA synthesis conducted by a DNA polymerase with high strand
displacement activity. Subsequently, the LAMP method was
extended to six primers targeting 8 regions (17) to accelerate the
reaction. The six primers are Forward-Inner (FIP), Backward-Inner
(BIP), Forward Outer (F3), Backward Outer (B3), Forward Loop
(LF) and Backward Loop (LB). A stem-loop structure is constructed,
in which the sequences of both DNA ends are derived from the
inner primer. Subsequently, an exponential generation of inverted
repeats is constructed as the inner primers anneal and cause
amplification from the loops in the original structure (Figure 1).
The addition of the loop primers LF and LB allow hybridisation of
the available stem-loops that are not hybridised by the inner primers
(FIP/BIP) and markedly accelerates the reaction from 1 hour to 10-
15 minutes depending upon the concentration of the starting
material. The primer sequences are given in Table 1A. The
GenBank Accession numbers for the primers used are given
in Table 1B.

Due to the small volume of DNA and RNA available
following extraction of samples, only a single assay procedure
was performed for each sample which required a final volume of
5 mL per reaction. Each mix obtained from a mastermix
contained the following: 0.50 mL of 10 × isothermal pH-based
buffer (pH 8.5–9), 0.30 mL of MgSO4 (100 mM stock), 0.28 mL of
dNTPs (25 mM stock), 0.30 mL of BSA (20 mg/mL stock), 0.13 mL
of NaOH (200 mM stock), 0.80 mL of Betaine (5M stock), 0.13 mL
of Syto9 Green (20 mM stock), 0.02 mL of Bst 2.0 DNA polymerase
(120,000 U/mL stock), 0.13 mL of avian myelobastosis virus
(AMV, 25 U/mL stock, Promega), 0.05 mL of Rnase inhibitor
(20 U/mL stock, ThermoFisher Scientific), 1 mL of extracted RNA
or DNA and 0.50 mL of 10 × LAMP primer mixture (20 mM of
BIP/FIP, 10 mM of LF/LB, and 2.5 mM B3/F3), and enough
nuclease-free water (ThermoFisher Scientific) to bring the volume
to 5 mL. In experiments targeting DNA, AMV and Rnase
inhibitor were replaced by water in the reaction mix. This
LAMP recipe has been previously published (18, 19). Reactions
were performed at 63°C for 45 min. One melting cycle was
performed at 0.1°C/s from 65°C up to 97°C for validation of
the specificity of the products. Reactions were plated in 96-well
plates and loaded into a LightCycler 96 real-time PCR system
(LC96) (Roche Diagnostics). Following the LAMP assay a
standard PCR assay was undertaken in duplicate for validation.

An hTERT mRNA result was considered positive if detection
occurred within 30 min. Both the TERCDNA relative copy number
and MYC mRNA expression relative to GAPDH DNA and mRNA
respectively were calculated via the relative fold gene expression2^-
(ddCt) method: a mean delta Ct (threshold cycle) was calculated
from the patients in the control group, and used to calculate the
relative fold change in the cancer patients. Any detection of HPV 16
or 18 DNA or RNA was considered positive. The results of the
reference GenoID and Norchip tests were not available to the reader
of the LAMP assay at the time of interpretation.

Imaging
All scans were performed on a 3.0 Tesla Philips Achieva (Best, The
Netherlands) with a dedicated in-house developed 37 mm ring-
November 2021 | Volume 11 | Article 747614
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design solenoidal receiver coil that has been previously described
(9, 32, 33). Cervical position was determined at vaginal
examination, after which the coil was inserted and placed
around the cervix. Image distortion from susceptibility artefacts
were reduced by aspiration of vaginal air via a 4 mm diameter tube
(Ryles; Pennine Healthcare, London, England).The intramuscular
administration of Hyoscine butyl bromide (Buscopan) 20 mg
decreased artefacts from bowel peristalsis.

T2-W images were obtained in three planes orthogonal to the
cervix together with matched coronal Zonal Oblique Multislice
(ZOOM) diffusion-weighted images (DWI). Sequence details are
given in Table 2. ADCmaps were automatically generated by the
scanner software using a monoexponential fit of the data. These
were compared with T2-W images to identify the presence and
extent of a tumor within the cervix. Mass-lesions disrupting the
Frontiers in Oncology | www.frontiersin.org 4
normal cervical epithelial architecture that were intermediate
signal-intensity on T2-W images with corresponding restriction
on the ADC maps were recognized as tumor. Imaging reports
were not available to the reader of the LAMP assay at the time of
interpretation, nor was the radiologist aware of the results of the
LAMP assay at the time of reporting.

Histopathology Analysis
Following definitive surgical excision, formalin fixed tissue
specimens were sectioned at three to four millimeter
intervals, embedded in paraffin and 2-3 micron sections
mounted on glass slides. Hematoxylin and eosin (H&E)
stained sections were reviewed by a specialist gynecological-
oncology histopathologist and the presence or absence of
residual tumor was recorded.
FIGURE 1 | Mechanism of Loop-mediated isothermal amplification (LAMP). In the LAMP method, 4-6 primers are used to recognise 6-8 distinct regions of target
DNA. A strand-displacing DNA polymerase initiates synthesis and 2 of the primers form loop structures to facilitate subsequent rounds of amplification. Adapted from
New England Biolabs https://www.neb-online.de/en/pcr-and-dna-amplification/isothermal-amplification/.
November 2021 | Volume 11 | Article 747614
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Statistical Analysis
Statistical analysis used commercially-available software GraphPad
Prism for Windows, (v8.3, GraphPad Software Inc., San Diego, CA,
USA) and utilized primarily sensitivity and specificity analyses with
95% confidence limits (Wilson/Brown method) for comparison of
the LAMP assay with the gold standard (qPCR or histology), the
endovaginal MRI with histology and a combination of LAMP assay
and endovaginal MRI with histology. Accuracy as defined by [(true
positive) + (true negative)]/[(true positive) + (true negative) + (false
positive) + (false negative)] were calculated. These analyses
represent the clinical performance of the tests. As we did not
perform repeat experiments due to low amount of starting
material it was not possible to estimate the precision (degree to
which the measurements were repeatable under the same
conditions) of the experiments.
RESULTS

Participants
Between August 2018 and June 2019, 27 patients with newly
diagnosed Stage 1 cervical cancer (4 = 1a1, 9 = 1a2, 12 = 1b1, 2 =
1b2 by FIGO 2009 staging, Group 1) and 14 non-cancer HPV
negative (normal) controls (Group 2) were prospectively
recruited. Mean age and BMI were 34.7 years (range 25-51
years) and 23.7 (range 16.9-35.5) respectively. In Group 1,
initial diagnosis was made with a LLETZ in 20 patients (where
the tumor may have been removed in part or in entirety leaving
no residual) and with punch biopsy in 7. Seventeen patients had
squamous cell carcinoma (SCC), 10 had adenocarcinoma, with
grade of disease distributed between well, moderate and poor
differentiated in 5, 14 and 4 cases respectively (4 ungraded on
histology). Lymphovascular space invasion was present in 7
cases, absent in 17 cases and not mentioned in 3. In Group 1,
26 of 27 patients had high-resolution MRI (I declined) and
cervical swabs for LAMP assay analysis; patients in Group 2 had
cervical swabs for LAMP assay analysis only.

In Group 1, 23 underwent primary surgery within 4 weeks of
diagnosis (8 radical hysterectomy, 9 radical trachelectomy, 6 cold
knife cone biopsy). On final histology, 12 of these patients had
residual tumor. 2 further patients had radical trachelectomy after
neoadjuvant chemotherapy and 2 had chemoradiotherapy following
adverse findings at examination under anesthesia. These 4 patients
TABLE 1B | GenBank Accession numbers for primers used.

Primer GenBank Accession number

hTERT NG_009265.1, NM_198253.2, NM_001193376.1,NR_149162.1,
R_149163.1

TERC NG_016363.1
MYC NG_007161.2, NM_002467.5, NM_001354870.1
GAPDH NG_007073.2, NM_002046, NM_001256799,NM_001289745,

NM_001289746 and NM_001357943
HPV16 K02718.1
HPV18 AY262282.1
TABLE 2 | Scan parameters for endovaginal MRI.

Parameter T2-W ZOOM-DWI

TR (ms) 2500 6500
TE (ms) 80 54
FOV (mm x mm) 100 x 100 100 x 100
Slice thickness/gap (mm) 2.0/0.1 2.0/0.1
Voxel size (acquired) (mm3) 0.42 x 0.42 x 2.0 1.25 x 1.25 x 2.0
Voxel size (reconstructed) (mm3) 0.35 x 0.35 x 2.0 0.45 x 0.45 x 2.0
b-values (s/mm2) N/A 0, 100, 300, 500, 800
No. slices 24 (coronal, axial); 22 (sagittal) 24 coronal
NSA 2 1
November 2021 | Volum
N/A, not applicable.
TABLE 1A | pH-LAMP primer sequences.

Name Sequence

F3_TERT GCCTGAGCTGTACTTTGTCA
B3_TERT GGTGAGCCACGAACTGTC
FIP_TERT TGGGGTTTGATGATGCTGGCGA-

GGGCGCGTACGACACCATCC
BIP_TERT GGTCCAGAAGGCCGCCCAT-GCTGGAGGTCTGTCAAGGTA
LF_TERT ACCTCCGTGAGCCTGTCCTG
LB_TERT CACGTCCGCAAGGCCTTCA

F3_MYC CCATGAGGAGACACCGCC
B3_MYC TGCTGATGTGTGGAGACGT
FIP_MYC AGCCTGCCTCTTTTCCACAGAA-CACCACCAGCAGCGAC
BIP_MYC CTGGATCACCTTCTGCTGGAGG-GGCACCTCTTGAGGACCA
LF_MYC TCATCTTCTTGTTCCTCCTCAGA
LB_MYC CAGCAAACCTCCTCACAGCC

F3_TERC TGTGAGCCGAGTCCTGG
B3_TERC TCTCCGGAGGCACCCA
FIP_TERC AGGAAGAGGAACGGAGCGAGTC-GTGCACGTCCCACAGCT
BIP_TERC GAAAGGCCTGAACCTCGCCC-TGCCACCGCGAAGAGT
LB_TERC AGAGACCCGCGGCTGACA
LF_TERC CGGCGCGATTCCCTGA

F3_GAPRNA GATGCTGGCGCTGAGTAC
B3_GAPRNA GCTAAGCAGTTGGTGGTGC
FIP_GAPRNA CTTTTGGCTCCCCCCTGCAAATGGAGTCCACTGGCGTCTT
BIP_GAPRNA TCTGCTGATGCCCCCATGTTCGGAGGCATTGCTGATGATCT
LF_GAPRNA AGCCTTCTCCATGGTGGTG
LB_GAPRNA GTCATGGGTGTGAACCATGAG

F3_GAPDNA ACCCCCATAGGCGAGATC
B3_GAPDNA TGATGACCCTTTTGGCTCC
FIP_GAPDNA CTCCATGGTGGTGAAGACGCC-CAAAATCAAGTGGGGCGATG
BIP_GAPDNA CGGGAGGGGAAGCTGACTCA-ACAGCAGAGAAGCAGACAGT
LF_GAPDNA TCCACGACGTACTCAGCG
LB_GAPDNA GCAGGACCCGGGTTCAT
(FIP, forward inner primer; BIP, backward inner primer; LF, loop F; LB, loop B, Figure 1)
e 11 | Article 747614
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were considered positive for tumor as swabs and diagnostic biopsies
confirming tumor presence had been taken prior to treatment.
Overall, 25 of 27 patients in Group 1 had endovaginal MRI,
available histology and sufficient DNA/mRNA extracted on
swabbing for inclusion in the analysis. DNA/mRNA extraction was
sufficient for analysis in all patients from Group 2 (Figure 2).

DNA/RNA Marker Yield
In Group 1, following DNA/RNA extraction the mean yield of DNA
and RNA was 31.79ng/µL and 57.37ng/µL respectively. Nucleic acid
purity (assessed by ratio of light absorbance at 260nm and 280nm)
gave amean of 1.62 for DNA (values >1.8 show high purity) and 2.01
for RNA (values >2 show high purity) indicating some contamination
in the DNA samples, but that pure RNA was successfully extracted.
The extracted nucleic acid yield was insufficient in 1 patient (negative
on histology), so they were excluded from further analysis. InGroup 2
mean yield of DNA and RNA was 43.28ng/µL and 56.07ng/µL
respectively with a mean 260/280 ratio of 1.28 and 1.98 respectively,
suggesting contaminants remained in the DNA samples but that
RNA extraction was successful.
Frontiers in Oncology | www.frontiersin.org 6
Comparison of HPV-16 and HPV-18LAMP
Assay With GenoID and Norchip Tests
In Group 1, 15 of 25 patients were positive for HPV 16 or 18
DNA and/or RNA on the gold standard DNA (GenoID) or E6/7
mRNA (Norchip) tests. Eleven were Type 16 and 4 were Type 18.
Nine patients were negative for these HPV types, and in 1 case
the results of the test were missing. Of these, 14 were positive on
LAMP assay and 10 were negative, time to positive of clinical
samples and the limits of detection for the synthetic HPV16 and
18 primers used are given in Table 3. All patients in Group 2 (14
HPV negative controls) were negative for HPV-16 and 18 DNA
and RNA on the GenoID and Norchip tests. In this group, there
were 2 false positives for the LAMP HPV-16 assay and 7 false
positives with the LAMP HPV-18 DNA assay because of primer-
dimer formation with the HPV-18 DNA LAMP primers in PCR
negative cases. The LAMP HPV-18 mRNA assay was more
reliable and detected 4 Type 18 mRNA detected by the
Norchip test with 1 false positive. Overall sensitivities,
specificities, positive and negative predictive values by HPV
type are given in Table 4.
FIGURE 2 | Patient cohort studied. Inclusion criteria and management in patients with newly diagnosed cervical cancer recruited to the MODULAR study.
November 2021 | Volume 11 | Article 747614
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Comparison of LAMP Tumor Marker
Assay With Standard qPCR
In the non-cancer controls (Group 2), hTERT was positive at the
outer limit of detection in 7 cases with a mean Ct of 42.9 minutes.
Therefore, this was used as a Ct threshold for a positive result for
the presence of cervical cancer. The positivity of TERC and MYC
on LAMP assay was assessed by relative expression to GAPDH.
Based on the 2^-(ddCt) for TERC/GAPDH and MYC/GAPDH
Frontiers in Oncology | www.frontiersin.org 7
from the controls in Group 2, the threshold of cancer detection
for these markers was set at 3.12 and 0.155 respectively. Limits of
detection and time to positive for the synthetic primers designed
for hTERT, TERC, MYC, GAPDH and HPV mRNA and of
clinical samples are given in Table 3. The relative expression of
TERC DNA to GAPDH DNA and MYC mRNA to GAPDH
mRNA in those without and with residual tumour in Group 1 is
illustrated in Figure 3.
TABLE 3 | Limits of detection and time to positive for synthetic sequences and clinical samples in Groups 1 and 2 of tumor markers and HPV 16 and 18.

Tumour
marker

Limit of detection
(copies/reaction)

Time to positive of synthetic sequence
Minutes (Mean ± SD)

Time to positive of Group 1 (n = 25)
Minutes (Mean ± SD)

Time to positive of Group 2 (n = 14)
Minutes (Mean ± SD)

hTERT 103 12.91 ± 0.44 37.4 ± 8.3
(in 13 positive cases)

42.9 ± 4.3
(in 7 positive cases)

MYC 101 14.98 ± 1.95 18.3 ± 7.9
(in 23 positive cases)

18.0 ± 3.3
(in 11 positive cases)

GAPDH
RNA

103 9.35 ± 0.17 11.2 ± 1.0 11.2 ± 1.3

TERC DNA 101 11.95 ± 0.15 15.0 ± 1.4
(in 23 positive cases)

15.8 ± 1.9
(in 10 positive cases)

GAPDH
DNA

100 13.62 ± 0.86 16.2 ± 2.6
(in 23 positive cases)

18.3 ± 4.6
(in 11 positive cases)

HPV 16
DNA

cf. primers as in Luo et al. (34) 18.0 ± 6.1
(in 11 positive cases)

21.8
(in 1 positive case)

HPV 16
mRNA

102 15.27 ± 1.10 25.6 ± 7.2
(in 7 positive cases)

48.6
(in 1 positive case)

HPV 18
DNA

cf. primers as in Luo et al. (34) 28.8 ± 13.2
(in 16 positive cases)

42.9 ± 4.5
(in 7 positive cases)

HPV 18
mRNA

104 17.06 ± 1.04 21.1 ± 4.6
(in 5 positive cases)

No positive cases
Novemb
TABLE 4 | Sensitivity, specificity, positive and negative predictive values of LAMP assays for detection of small volume Stage 1 cervical cancer alone and together with
endovaginal MRI.

Assay for cancer detection n Reference
standard

Sensitivity [%] (lower
and upper 95%CI)

Specificity [%] (lower
and upper 95%CI)

PPV [%] (lower and
upper 95%CI)

NPV [%] (lower and
upper 95%CI)

LAMP-HPV 16 DNA and/or mRNA 38 GenoID and
Norchip test

90.9
(62.3, 99.5)

88.9
(71.9, 96.1)

76.9
(41.7, 91.8)

96.0
(80.5, 99.8)

LAMP-HPV 18 DNA and/or mRNA 38 GenoID and
Norchip test

100.0
(80.6, 100)

22.2
(7.3, 38.5)

47.1
(31.5, 63.3)

100.0
(51.0, 100)

LAMP-hTERT 25 Histopathology 31.3
(14.2, 55.6)

77.8
(45.3, 96.1)

71.4
(35.9, 94.9)

38.9
(20.3, 61.4)

LAMP-TERC 24 Histopathology 40
(19.8, 64.3)

100
(70.1, 100)

100.0
(61.0, 100)

50.0
(29.0, 71.0)

LAMP-cMYC 25 Histopathology 43.8
(23.1, 66.8)

100
(70.1, 100)

100.0
(64.6, 100)

50.0
(29.0, 71.0)

LAMP-Scenario 1 (tumor marker positive
regardless of HPV status

25 Histopathology 66.8
(44.4, 85.8)

77.8
(45.3, 96.1)

84.6
(57.8, 97.3)

77.8
(45.3, 96.1)

LAMP-Scenario 2 (tumor marker or HPV
positive)

25 Histopathology 93.8
(71.7, 99.7)

55.8
(26.7, 81.1)

78.9
(56.7, 91.5)

83.3
(43.7, 99.1)

Endovaginal MRI 25 Histopathology 93.8
(71.7, 99.7)

44.4
(18.9, 73.3)

75.0
(53.1, 88.8)

80.0
(37.6, 99.0)

Endovaginal MRI+ Scenario 1 25 Histopathology 68.8
(44.4, 85.8)

88.9
(56.5, 99.4)

91.6
(64.6, 99.6)

61.5
(35.5, 82.3)

Endovaginal MRI+ Scenario 2 25 Histopathology 93.8
(71.7, 99.7)

77.8
(45.3, 96.1)

88.2
(65.7, 97.9)

87.5
(52.9, 99.4)
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The hTERT LAMP assay results agreed with the PCR test for
the presence or absence of cancer in 31 of 39 samples (sensitivity
57.1%, specificity 84.4%). The TERC/GAPDH DNA copy
number PCR test was only successfully recorded in 26 of 39
samples; of these the standard deviation of the Ct for GAPDH
was >0.25 in 14 cases and the standard deviation of the Ct for
TERC was >0.25 in a further 4 cases, making the TERC/GAPDH
replicable in only 8 cases. Similarly, with the MYC PCR assay a
result was recorded in 25 of 39 samples; of these the standard
deviation of the Ct for GAPDH was >0.25 in 10 cases and the
standard deviation of the Ct for MYC was >0.25 in a further 10
cases, making the MYC/GAPDH replicable in only 5 cases.
Comparison of LAMP assay with PCR was therefore not
possible for TERC andMYC due to variability of the PCR results.

Sensitivity and Specificity of Combined
HPV and Tumor Marker LAMP Assay for
Cancer Detection
Sensitivity and specificity for cancer detection was documented
by comparison to the gold-standard of pathology. At the
threshold set for hTERT, there was a sensitivity of 31.3% and
specificity of 77.8%, accuracy 48% for tumor detection. Relative
TERC/GAPDH DNA copy number was successfully recorded in
24 cases on LAMP assay and achieved a sensitivity of 40% and
specificity of 100%, accuracy 62.5% at the threshold relative
expression of 3.12. MYC/GAPDH relative expression was
recorded in all 25 patients on LAMP assay and achieved a
sensitivity of 43.8% and a specificity of 100%, accuracy 64% at
a threshold relative expression of 0.155.

To evaluate the performance of the combined markers within
the LAMP assay in detecting residual disease two scenarios were
applied. In the first, tumor was considered present if any tumor
marker (hTERT n=7; TERC/GAPDH>3.12 n=6, MYC/
GAPDH>0.155 n=7) was present with or without HPV
positivity and tumor absent if all tumor markers were absent
regardless of the presence or not of HPV. Using these criteria,
gave the LAMP a sensitivity of 68.8% (5 false negatives),
Frontiers in Oncology | www.frontiersin.org 8
specificity of 77.8% (2 false positives), positive predictive value
of 84.6% and a negative predictive value of 77.8%, accuracy 72%.
In the second scenario, tumor was considered present if any
tumor marker or HPV was present, and tumor was considered
absent if all tumor markers and HPV were absent. Using these
criteria, the LAMP had a sensitivity of 93.8% (1 false negative),
specificity of 55.8% (4 false positives), positive predictive value of
78.9% and a negative predictive value of 83.3%, accuracy
80% (Table 3).

Sensitivity and Specificity of
High-Resolution MRI
Of the 25 patients scanned, 20 had tumor present on MRI and 15
of these were confirmed at histology (11 at surgery, 4 on biopsy
prior to chemoradiotherapy). In the 5 patients who were negative
for tumor on MRI, 4 cases had no residual disease on histology
and 1 was positive for tumor (Figure 4). Sensitivity and
specificity of MRI was therefore 93.8% and 44.4% respectively,
accuracy 76%, PPV 75.0%, NPV 80.0%.

Value of LAMP Assay Testing Combined
With High Resolution MRI
If patients in Group 1 were considered positive only if they were
positive on MRI and LAMP tumor markers (scenario 1),
sensitivity was 68.8% but specificity improved to 88.9%,
accuracy 76%; for scenario 2 sensitivity was 93.8%specificity
87.5% and accuracy 88% (Table 4).
DISCUSSION

This data indicates the feasibility of performing HPV and tumor
marker testing using LAMP technology and indicates the assays
current accuracy in comparison to standard PCR systems. The
ability to perform multiple marker testing at point-of-care indicates
the potential added value of this type of molecular testing in the
diagnostic pathway of patients with early stage, small volume
FIGURE 3 | Boxplots of TERC/GAPDH and MYC/GAPDH in patients with cytology positive for cancer compared with negative controls.
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cervical cancers following cone biopsy or LLETZ, who undergoMRI
for determining the presence and extent of residual disease prior to
definitive surgery. The increase in accuracy is critical because the
evidence for increased obstetric risk following CKC or LLETZ is
substantial: although no difference in first-trimester miscarriage
rates was reported in a meta-analysis (35) and subsequent
Cochrane review (36), a population based study suggested an
almost four-fold increase in the risk of mid-trimester loss in
women post-conization (n=15 108) compared to untreated
individuals (n=2 164 006; 1.5% versus 0.4%; RR 4.0 and 95% CI
3.3–4.8) (37). A metanalysis of 20 studies showed that the frequency
and severity of these complications increased with methods that are
Frontiers in Oncology | www.frontiersin.org 9
known to remove large amounts of cervical tissue (38) and was
confirmed by a later meta-analysis (39) and a Cochrane review (40).
The combination of MRI and HPV and tumour marker testing thus
enables decision making for optimal surgical approach in patients
wishing to preserve fertility. The increased accuracy of the LAMP
assay also comes with major advantages: the time to positive (TTP)
of less than 25 minutes for all tests demonstrates the true point-of-
care potential of this assay to deliver rapid, accurate results when
utilised on a portable lab-on-a-chip platform.

Validation of the methodology against conventional PCR
showed largely equivalent results for both the DNA and RNA
tests in the HPV and hTERT primers. The PCR primers for MYC
FIGURE 4 | 32-year old female with an endovaginal MRI that was a false positive for cervical cancer. T2-weighted sagittal (A), axial (B) and coronal (C) MRI scans
obtained using an endovaginal coil with corresponding ADC map in the coronal plane (D). A small nodule on the posterior ectocervix in C (arrow) with focal diffusion
restriction in D was considered positive for residual tumour. On LAMP assay from a cervical cytology swab, the cells were negative for all tumour markers and for
HPV E6/7 mRNA indicating that the MRI result was likely a false positive. This was confirmed at histology from a subsequent repeat cone biopsy.
November 2021 | Volume 11 | Article 747614
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and TERC/GAPDH performed poorly in the experiments,
perhaps indicating alternative PCR primers should be used as
their technical sensitivity was below expectation in the clinical
samples. Similarly, validation of the HPV-16 and the tumor
markers against standard PCR was also equivalent. The pH-
LAMP HPV Type 18 DNA marker, as developed by Luo et al.
(34), did not perform as expected and resulted in a large number
of false positives through unexpected primer-dimer formation in
clinical samples. This could be ameliorated by setting a very short
time to positive threshold but alternative HPV 18 DNA LAMP
primer sets would be available to test which may provide more
reliable real-world results. The development of a robust, sensitive
set of HPV DNA type specific pH-LAMP primers would be a
prerequisite prior to the platform being successful as a
screening platform.

Approaches combining HPV DNA testing with cytology have
been previously tried (41) to optimise the sensitivity and
specificity of cancer detection at the time of colposcopy in
patients referred because of abnormal smears. HPV DNA
testing is very sensitive (~95%) but lacks the specificity (30-
50%) required for cervical cancer detection (42). There are a wide
range of commercially available HPV detection assays which are
based on different techniques such as target amplification
(mainly PCR), signal amplification, and probe amplification
(43). Food and Drug Administration (FDA) approved assays
for HPV DNA are aimed at a panel of 13 or14 high-risk HPVs.
Nevertheless, none of these is used routinely in a screening
setting, and their low specificity makes them unsuitable for
screening. HPV E6/E7 mRNA tests (as described here) have
superior specificity to HPV DNA tests (42, 43). Overexpression
of HPV E6 and E7 mRNAs has been evaluated as a marker for
the transition from a productive infection to an abortive
infection that eventually promotes cell transformation. Thus,
the advantage of our spatially multiplexed LAMP assay system is
that it also allows utilization of HPV mRNA which can
substantially improve the specificity for cancer detection in
patients at high risk of invasive disease.

The three pH-LAMP tests (hTERT mRNA, MYC mRNA and
TERC DNA) each had poor sensitivity but excellent specificity for
predicting the presence of residual tumor. The need for three pH-
LAMP nucleic tests is warranted to cover a range of possible
scenarios; comparison between these showed that all 3 were
positive in 1 case, 2 were positive in 6 cases and 1 was positive in
7 cases. The poor sensitivity of the tumor marker tests is
counteracted by having the HPV markers included as part of the
assay, as their sensitivity for detecting cancer was high.
Unfortunately, the HPV 18 DNA LAMP assay designed by Luo
et al. (34) in synthetic sequence testing did not reveal false positive
tests but was unreliable in our clinical samples as false positive
results were in abundance due to primer-dimer formation.
However, the newly designed HPV 18 mRNA assay included
evaluating primer-dimer formation using NuPack assessment and
was highly sensitive and specific. Our analysis however, considered
a sample to be HPV positive if either DNA or RNA was positive, so
that the HPV DNA data reduced the overall specificity of the result.
Jointly utilising HPV and tumor marker testing and interpreting the
Frontiers in Oncology | www.frontiersin.org 10
tumor marker status on those with positive HPV results would help
differentiate the true positives from those with an indeterminate
result that require further investigation. Conversely, it is also true
that the few false negative cases seen with HPVDNA testing may be
successfully detected by a positive tumor marker status.

Other markers could be considered for inclusion on spatially
multiplexed chip technology in future. Because the expression of
HPV viral E7 leads to an increase of cyclin-dependent kinase
inhibitor p16 (p16INK4a), p16 would be a possible candidate.
However, as p16 overexpression, fundamentally is a marker of
HPV infection, it was not selected for the current study. It
provides a similar sensitivity and specificity profile to the HPV
markers. A meta-analysis of seventeen studies showed a pooled
sensitivity and specificity of p16INK4a to detect CIN2 or worse
in patients with squamous intraepithelial lesions was 83.8% and
65.7% respectively (44). DNA methylation of several human
genes has been shown to be also a relevant event for cervical
carcinoma development. The use of differential methylation
hybridization using a pilot methylation array allowed the
identification of SOX1, NKX6-1, PAX1, WT1, and LMX1A as
frequently methylated genes in cervical cancer and precursor
lesions (45). In future, optimal marker selection and methods to
identify DNA methylation may substantially improve the
sensitivity of the tumor marker testing.

Nucleic acid based tests have yet to be evaluated at a population
screening level: the change to HPV DNA primary screening has
only recently been adopted (46), especially in the UK. The
introduction of the HPV vaccine has reduced the number of
CIN2/3 diagnoses in Scotland (47), so the economic benefit of
testing for HPV within a screening programme remains debatable,
especially where high quality cytology services are available. In areas
with limited cervical screening programmes and without the high
quality, well-resourced colposcopic service seen in developed
countries, however, the benefit of a rapid, low-cost, point-of-care
approach to cervical screening could potentially be
transformational. It would provide the opportunity for developing
countries to skip over several hurdles which developed countries
have encountered in establishing their screening programmes.

LOC technology is versatile to a wide range of targets
including bacterial and viral transcripts (20) and sample types
when coupled with a sample preparation module. Additionally,
its use of standard electronic components promotes scalability
and portability which ideally match the requirements of portable
diagnostics and allow for future pathogen multiplexing
capabilities. Other reported commercial isothermal assays for
COVID-19 detection such as Lucira’s COVID-19 All-In-One
Test Kit is a good example of a molecular in vitro diagnostic test
that generates results in 30 minutes with analytical sensitivity
comparable to the RT-PCR assays. However, it is limited to
COVID-19 hence does not allow multi-pathogen detection, and
the sensitivity is expected to be reduced due to the all-in-one test
kit approach when compared to the full sample extraction
methodology. We optimised our isothermal methods to enable
the compatibility to our microchip technology as an alternative
to fluorescence and time-consuming incubation. This approach
has been shown to hold significant potential for the development
November 2021 | Volume 11 | Article 747614
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of a cheap, portable and quantitative diagnostic tool (48) using
an external thermal controller in conjunction with a desktop
computer. Moreover, or recent work has demonstrated a fully
portable LOC platform which has integrated thermal
management within the diagnostic platform and uses a
smartphone application (Android OS) for data acquisition,
visualization and cloud connectivity and has been used to
detect breast cancer mutations (49), genes related to
antimicrobial resistance (18) and COVID-19 (19).

There are several limitations to our study. Firstly, we did not
include any HPV positive non-cancer controls in this study. This
would be the ideal if testing HPV alone as a biomarker for the
presence of tumor, however, as the aim was to develop a spatially
multiplexed assay with HPV and tumor markers, we felt that a
control group that was negative for cancer and HPVwould be more
definitive in the first instance in this pilot study. Secondly, validation
of the LAMP tumor marker assay was limited by the variability of
the standard PCR results. This was partly because of the limited
volume of extracted RNA available from these cytology samples for
the multiple LAMP and PCR assays; uncertainty around the
concentrations of RNA and DNA available from the cytology
swabs also meant that we may have used a larger sample volume
than necessary for each LAMP experiment and compromised the
number of successful repeat experiments, particularly for the PCR
validation. Moreover, the purity of the DNA samples was low so
that contaminants and inhibitors within biological samples may
have affected the performance of the PCR assay (50) This is likely to
have been more pronounced from cytology samples where cellular
content is low. Nevertheless, a key benefit of the LAMP method is
robust detection even in crude samples (51) which lends itself to
point-of-care testing possibly even on direct cervical brush samples.
Developing a new methodology to better extract DNA/RNA from
the tested samples would be of value but was outside the scope of
this work. Other intrinsic limitations were lack of repeated testing
due to insufficient starting materials which prevented us estimating
the precision of our results. Therefore, reproducibility of the LAMP
assay for cervical cancer biopsies remains to be established.
Reduction of the cellular material for the PCR validation also may
well have reduced the repeatability of the tumor marker PCR assay
(52) and prevented validation of our LAMP assay for TERC/
GAPDH and MYC GAPDH. The experiments will also need to
be repeated on a larger sample size. Nevertheless, translation of a
LAMP assay technique for spatially multiplexed tumor markers and
HPV to a lab-on-a-chip is achievable, but the low sensitivity of the
tumor markers and low specificity of the HPV markers mean that
these markers are best tested for together to be clinically useful. It
will require integration of sample preparation and nucleic acid
extraction with the LAMP assay to achieve a deliverable test at
point-of-care.

In summary, this work has demonstrated the feasibility of a
LAMP assay comprising HPV 16 and 18 DNA/RNA and
tumor markers hTERT, TERC and MYC for early detection
of cervical cancer using prospectively collected cytology
samples from patients with newly diagnosed cervical cancer
and in normal controls. While the specificity for cancer
Frontiers in Oncology | www.frontiersin.org 11
detection was superior with the tumor markers, sensitivity
was relatively low; the reverse was true for HPV detection. In
patients with small cervical tumors suitable for fertility-
sparing surgery, use of a spatially multiplexed LAMP assay
in conjunction with high resolution endovaginal resulted in
improved specificity for cancer detection.
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