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Human immunodeficiency virus (HIV) continues to be a major burden on public health globally with on-
going increases in the number of new infections each year. Rapid and sensitive point-of-care tests allow
timely interventions and are essential to control the spread of the disease. However the highly variable nature
of the virus, resulting in the evolution of many subtypes and inter-subtype recombinants, poses important
challenges for its diagnosis. Here we describe a variant-tolerant reverse-transcription RT-LAMP amplification
of the virus's INT gene, providing a simple to use, rapid (<30 min) in vitro point-of-care diagnostic test with a
limit of detection <18 copies/reaction. The assay was first validated in clinical studies of patient samples, using
both established RT-LAMP and RT-gPCR assays for reference, with results showing that this new variant-toler-
ant HIV-1 RT-LAMP diagnostic test is highly sensitive without compromising its high specificity for HIV-1 sub-
types. The diagnostic test was subsequently configured within an easy-to-read paper microfluidic lateral flow
test and was validated clinically using patient samples, demonstrating its future potential for use in timely,
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Introduction

Human immunodeficiency virus type 1 (HIV-1) continues to
pose a significant global public burden' with current care
pathways indicating that all infected people should receive
antiretroviral therapy (ART). The Joint United Nations Program
on HIV/AIDS (UNAIDS) proposed the global project termed
“90-90-90” to end the global HIV/AIDS epidemic,® stressing
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effective, low cost HIV diagnostics in global regions where healthcare resources may be limited.

the importance of diagnostic tests and aiming for 90% of all
people living with HIV-1 to know their HIV-1 status, for 90% of
all people with diagnosed HIV-1 infection to receive sustained
ART, as well as for 90% of all people on treatment to achieve
virological suppression. The establishment of a fast and
efficient HIV-1 testing method is essential to meet these goals
and to implement timely public health interventions to control
the spread of the disease.

Real-time quantitative polymerase chain reaction (qPCR)
remains the most widely used method for quantifying viral
load and for the early detection of HIV-1 infections.>*
However, the requirements of relatively sophisticated equip-
ment and expertise in sample processing and results analysis
imply that these tests need to be carried out in centralized lab-
oratories. Furthermore, PCR reactions need a relatively long
time (often 1.5 h), thus greatly limiting the application of the
technique in resource-limited settings such as sub-Saharan
Africa, South Asia and Southeast Asia, where many HIV-1
infected people live.> To enable decentralized, rapid and con-
venient detection, such as HIV-1 point-of-care-testing immuno-
diagnostic lateral flow tests are now available although these
may have a reduced efficacy because of the “window period”,
as the lag between the infection and detection of seroconver-
sion in infected individuals. Nucleic acid amplification testing
(NAAT) can reduce this diagnostic window period for HIV-1 to
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about 10-15 days and is thus often used for donor blood
screening. The development of HIV-1 point-of-care nucleic
acid amplification tests is important for the timely diagnosis
of HIV-1 infection with high clinical sensitivity. Unlike qPCR,
isothermal amplification is performed at a constant tempera-
ture, decreasing the requirement for complex equipment.®
Tests, including nucleic acid sequence amplification (NASBA),
loop-mediated isothermal amplification (LAMP),”® rolling
circle amplification (RCA), and recombinase polymerase
amplification (RPA)° have been developed. However, many of
these isothermal assays, particularly those based on RCA and
RPA strategies are unable to detect viruses that mutate rapidly,
since any mismatch with the primers can lead to a significant
decrease in their amplification efficacy.” HIV-1 is an
example of one such virus, which has high mutation and
recombination rates due to the lack of error-prone repair of
viral reverse transcriptase, and a high degree of genetic
heterogeneity.”*°

HIV-1 contains four groups (M, N, O and P) and the M
group is responsible for the vast majority of global HIV infec-
tions. The HIV-1 M group is further classified into 11 subtype/
sub-subtypes, over 102 circulating recombinant forms (CRFs),
as well as a large number of unique recombinant forms (URFs)
(https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.
html). The prevalence of HIV-1 CRFs has increased dramati-
cally, currently accounting for ~20% of all known HIV
infections.''> In some regions of East and South-East Asia,
~80% of HIV-1 circulating strains are derived from CRFs and
diverse URFs."*™°

We have recently developed a mismatch-resistant RT-LAMP
method, which involves a new amplification mechanism using
a small amount of high-fidelity DNA polymerase, where the 3'-
5’ exonuclease activity removes potential mismatched bases at
the 3’end of the primer, thereby improving its specificity for a
range of infectious diseases including those caused by dengue
and SARS-CoV-2 viruses.®'®"'® In this study, we now apply this
mechanism to the challenge of point-of-care diagnostic tests
of diverse genotypes (subtypes/CRFs/URFs) of HIV-1 M group,
and demonstrated how this same strategy can be adapted to
develop a variant-resistant RT-LAMP method for detecting
various genotypes of the HIV-1 M group, especially URFs.

Our results show that the assay is highly sensitive without
compromising its high specificity for HIV-1 M group strains,
and has a high degree of consistency with the widely used RT-
gPCR assay. By typing and analyzing positive HIV-1 samples,
we found that our new RT-LAMP method has a higher detec-
tion rate of all involved genotypes of the HIV-1 M group when
compared to the conventional RT-LAMP system, enabling us to
detect some positive samples that were missed with the con-
ventional RT-LAMP. Following the successful clinical evalu-
ation of the assay in vitro, we implemented the test into a
lateral flow device for testing patient samples. We propose that
the method can be used for easy-to-read diagnosis of the HIV-1
M group, without the need for complex instrumentation,
demonstrating its future potential to be used in this format in
resource-limited settings as a point-of-care test.
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Experimental

Clinical samples

To evaluate the performance of the novel RT-LAMP for HIV-1
detection, two batches of clinical samples were used. The first
batch of 82 plasma samples, including 60 positive and 22
negative for HIV-1, was collected in Dehong Prefecture,
Yunnan province of China. These samples were transported to
Gannan Medical University for amplification and sequencing
of the HIV-1 pol gene. The second batch of 45 plasma samples
including 33 positive and 12 negative for HIV-1 was collected
in Ganzhou city, Jiangxi province of China. HIV-1 infection
was firstly screened using ELISA in the involved hospitals, and
then confirmed by western blot at the loc at the local Centre
for Disease Control. The use of the clinical samples was
approved by the Ethics Committee of Gannan Medical
University (2019206). Written informed consent was obtained
from all participants.

HIV-1 genotyping and viral load measurement

Viral RNA was extracted from 200 pL of plasma with a High
Pure Viral RNA Kit (Roche Molecular Systems, Inc.), according
to the manufacturer’s instruction. Among the first batch of 60
HIV-1 positive samples, 44 were successfully amplified by
nested-RT-PCR, sequenced by Sanger sequencing and typed by
phylogenetic analysis (Chen et al. Unpublished data). Sixteen
failed to be amplified.

HIV-1 positive samples in the second batch were subjected
to viral load measurement. HIV-1 viral load was measured
using COBAS AmpliPrep/COBAS TagMan HIV-1 Test v2.0
(Roche Molecular System Inc. Shanghai) at the time before
storage.

To evaluate the performance of the novel RT-LAMP for HIV-1
detection, the RNA of two batches of clinical samples was re-
extracted using a High Pure Viral RNA Kit (Roche Molecular
Systems, Inc.) at Gannan Medical University, and transported to
the Shanghai Public Health Clinical Center in dry ice for evalu-
ating the performance of the novel RT-LAMP strip assay.

RNA extraction and viruses

To evaluate the specificity of the novel RT-LAMP assay. Nine
standard virus strains, including influenza A and B viruses
(VR-333 and VR-789), parainfluenza viruses 3 (VR-93),
HCoV-229E (VR-740), HCoV-OC43 (VR-1558), VZV (VR-1367),
EBV (VR-1492), CMV (VR-538), HHV-6 (VR-1480) and eight
clinical samples confirmed positive for other viruses, includ-
ing HPV52, HPV58, HPV66, HPV81, HBV, adenovirus, HSV-1
and HSV-2, were used as control viruses to test the assay speci-
ficity. Viral RNA was extracted from 140 pL of plasma using the
QIAamp Viral RNA Mini Kit (Qiagen, Germany) according to
the manufacturer’s instructions, and eluted in 50 pL of nucle-
ase-free water for storage at —80 °C until use.

Construction of the RNA standard and mutants

To prepare the RNA standard, a HIV-1 plasmid containing a
partial fragment of HIV-1 integrase gene was synthesized by

This journal is © The Royal Society of Chemistry 2021
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BioSune Biotechnology Co., Ltd (reference sequence GenBank
number is AF033819.3). A series of mutants of the HIV-1
plasmid that form mismatches with F3, FIP, and LB primers
were constructed using a rapid mutagenesis system (TransGen,
Beijing, China) and subjected to the proof-of-concept experi-
ments of variant-tolerant RT-LAMP. The different mutants
were constructed using site-directed mutagenesis with muta-
genic primers (ESI Table S1f) and confirmed by Sanger
sequencing. The fragment of HIV-1 integrase gene was ampli-
fied from the plasmid with primers containing the T7 promo-
ter. The RNA standard and mutant RNA were obtained by
in vitro transcription using a HiScribe T7 high-yield RNA syn-
thesis kit (NEB, Beijing, China). After digestion with DNase I
at 37 °C for 15 min, RNA was quantified using a Qubit® 4.0
Fluorometer (Thermo Fisher Scientific, USA). The copy
number of each mutant RNA was calculated using the follow-
ing formula: RNA copies per ml = [RNA concentration (ng
mL~")/(nt transcript length x 340)] x 6.022 x 10>,

Reaction system of the novel RT-LAMP assay

0.15 unit of Q5 high-fidelity DNA polymerase (New England
Biolabs, USA) was added per 25 pL of the conventional LAMP
reaction mixture to establish the reaction system of the
variant-tolerant RT-LAMP assay. This amount was optimised
previously to obtain an efficient proof-reading function to
remove mismatched bases, without competing significantly
with other DNA polymerases (e.g. Taq polymerase and Bst 2.0
DNA polymerase) for primer extension.®'®?° The optimized
reaction mix of the novel assay thus included 2.5 pL of 10x iso-
thermal amplification buffer, 4 mM MgSO,, 1.4 mM dNTPs, 8
units of Bst 2.0 DNA polymerase, 7.5 units of WarmStart RT,
0.15 unit of Q5 High-Fidelity DNA Polymerase, 0.2 pM each of
primers AceIN-F3, AceIN-B3a, and AceIN-B3b, 0.8 uM each of
primers AceIN-FIPf, AceIN-FIPe, AceIN-LF, and AceIN-LB, and
1.6 pM of AceIN-BIP. Three pL of RNA was added to each reac-
tion mixture. The primer information was previously described
and is provided as ESI Table S1.'®*' The RT-LAMP reaction
was performed at 62 °C for 60 min with 0.4 mM SYTO 9 (Life
technologies, Carlsbad, CA, United States) as the fluorescent
dye for real-time monitoring using the Light Cycler 96 real-
time PCR System (Roche Diagnostics, Mannheim, Germany) or
Bio-rad CFX 96 Real-Time System (Bio-Rad, CA, USA).

Sensitivity and limit of detection (LOD)

Ten-fold serial dilutions of the RNA standard, from 10* to
10° copies per pL, were used as the standard to determine
the sensitivity of the novel HIV-1 RT-LAMP assay. For the
LOD test, ten-fold serial dilutions of the RNA standard,
from 10" to 10® copies per pL, and five-fold dilutions of the
RNA standard (1875 copies, 375 copies, 75 copies, 15 copies
and 3 copies) were also used in the 25 pL reaction mixture.
Each dilution was tested in a set of 10 replicates. The LOD
was defined as a 95% probability of obtaining a positive
result, using probit regression analysis with SPSS 17.0
software.>?
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RT-qPCR assay of the first batch of clinical samples

The RT-qPCR reaction was carried out in a Light Cycler 96
Real-Time PCR System (Roche Diagnostics, Germany) using
the 2xStarScript II Probe One-Step qRT-PCR Buffer (GenStar
BioSolutions Co., Ltd, Beijing, China). The reaction contains
10 pL of 2xStarScript II Probe One-Step qRT-PCR Buffer, 2 pL
of StarScript II One-Step Enzyme Mix, 200 nM HIV-1 probe (5'-
FAM-ACAGTGCAGGGGAAAG-MGB-3), 200 nM HIV-1 forward
primer (5-CAATTTTAAAAGAAAAGGGGGGATTG-3"), and 200
nM reverse primer (5-TAAACCCGAAAATTTTGAATT-3'). The
cycling condition was as follows: RT at 42 °C for 20 min,
enzyme activation at 94 °C for 2 min followed by 45 cycles of
denaturation at 94 °C for 15s, and annealing and extension at
60 °C for 30s. The fluorescence signal was collected at the
annealing and extension step of each cycle. The threshold
value was set to 0.05 automatically. The concordance rate
between both assays was calculated by the formula: (number
of consistent results by both methods/total number) x 100%.

Lateral flow strip test of the novel HIV-1 detection assay

In order to apply the novel HIV-1 LAMP assay to POCT diagno-
sis, we combined this method with the lateral flow strip estab-
lished by Xu et al. to verify the sensitivity of the novel
RT-LAMP on strip and the accuracy of detecting clinical
samples.”* We firstly used ten-fold serial dilutions of the RNA
standard, from 10° to 10° copies per uL RNA standards, to
determine the sensitivity of the novel HIV-1 RT-LAMP assay,
and then used a lateral flow strip to show the reaction pro-
ducts. For the strip detection, the 5-ends of loop primers LF
and LB were labelled with biotin and FITC, respectively. The
anti-FITC antibodies and immobilized streptavidin was
labelled in the test and control lines of the detection strips,
respectively. The results can be observed by the naked eye.

The second batch of 45 clinical samples was also subjected
to the novel RT-LAMP assay, which was performed as
described above. The products were measured using a lateral
flow strip.

Results
Principle and validation of the variant-tolerant RT-LAMP assay

Bst DNA polymerase lacks a proofreading function, and there-
fore the appearance of 3’ mismatch in the primers prevents
their elongation by Bst DNA polymerase in the conventional
LAMP reaction (Fig. 1A). Furthermore, the existence of the
newly synthesized forward and reverse strands guarantee the
subsequent self-priming cycle in the LAMP reaction. A 3' mis-
match in FIP or BIP will prevent or dramatically reduce the
amount of initial self-priming DNA products (newly syn-
thesized forward or reverse strands) (Fig. 1A). The main differ-
ence between the variant-tolerant and conventional LAMP
assay is that the former contains a small amount of additional
high-fidelity DNA polymerase. High-fidelity DNA polymerase
has a proofreading function by recognizing and removing a 3’
mismatched base in a newly synthesized DNA strand to initiate
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A Conventional LAMP method
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Fig. 1 Principles of the conventional (A) and the mismatch-tolerant LAMP (B) methods. The presence of a mismatch at the 3'-end of the primer will
largely reduce or stop LAMP amplification. The presence of a small amount of high-fidelity DNA polymerase, which has 3'-5" exonuclease activity,
can remove the mismatched bases from the primers, allowing the Bst DNA polymerase to initiate primer extension.

DNA elongation. The role of the proofreading polymerase in
the variant-tolerant LAMP is to recognize and remove 3'-mis-
matched bases of the primers and/or newly synthesized DNA
strands, which guarantees the effective elongation of 3’ mis-
matched primers and the self-priming of newly synthesized
dumb-bell form DNA with mismatch in its 3’-end by Bst DNA
polymerase (Fig. 1B).

To assess the influence of various variants leading to mis-
matches with primers on RT-LAMP amplification and, at the
same time, to validate the effectiveness of the novel variant-tol-
erant RT-LAMP assay, we constructed a series of mutant RNAs
of HIV-1 that can form two different types of mismatches with
the 3'-ends of F1, FIP, F3 and LB, as well as the penultimate,
third and fifth bases at the 3’-end of FIP (Table 1 and ESI
Fig. S2}). We firstly used a conventional RT-LAMP assay to
detect 3 x 10* copies of these mutant RNAs with a wild type

5350 | Analyst, 2021, 146, 5347-5356

template as a control. Relative to the wild type template (Time
threshold, T): 13.0 + 0.2 min, the mutants generated slower
RT-LAMP amplification with 7, values of 13.3-20.2 min
(Table 1). In particular, some mismatches formed at the 3’-end
of FIP prevented amplification (e.g. FIP-Mu-C and FIP-Mu-A)
by conventional RT-LAMP, but had less impact on the amplifi-
cation using our variant-tolerant RT-LAMP. The mismatches in
different primers led to a marked difference in the inhibition
of RT-LAMP amplification. The mutants forming mismatches
with the 3’-end of the F1 (corresponding to the 5-end of the
FIP) and F3 primers had 7, values of 13.3-16.1 min (about
0.3-3.0 min slower than the wild type), while the mutants
forming mismatches with the 3-end of the FIP and LB primers
had no 7, values (no amplification) and 7, values of
18.8-20.2 min (about 5.8-7.1 min slower than the wild type),
respectively. The results indicated that the mismatches occur-

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1an00598g

Open Access Article. Published on 02 July 2021. Downloaded on 12/5/2025 4:04:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

View Article Online

Paper

Table 1 The influence of various mismatches between primers and templates on the amplification times by the novel variant-tolerant and the con-

ventional RT-LAMP assays

The novel variant-tolerant RT-LAMP

The conventional RT-LAMP

Template T, Mean (min) SD T, Diff (Mut-WT) T, Mean (min) SD T, Diff (Mut-WT) T, Diff (Novel-Conv.) Pvalues
wild 12.2 0.8 NA 13.0 0.2 NA -0.8 0.17
F1-Mu-A 12.1 0.5 -0.1 13.3 0.5 0.3 -1.2 0.02
F1-Mu-C 12.0 0.8 -0.2 14.9 2.0 1.9 -2.9 0.06
F3-Mu-A 14.9 0.9 2.7 16.1 0.9 3.1 -1.2 0.09
F3-Mu-G 13.4 0.6 1.2 14.7 0.5 1.7 -1.3 0.02
LB-Mu-A 13.2 1.2 1 18.8 3.5 5.8 —5.6 0.05
LB-Mu-C 15.4 1.3 3.2 20.2 2.7 7.2 —4.8 0.04
FIP-Mu-A 19.7 23 75 42.5 NA  29.57 22.8” NA
FIP-Mu-C 20.0 0.6 7.8 None NA NA NA NA
FIP-Mu-2G 13.8 0.9 1.6 16.0 1.0 3 —2.2 0.03
FIP-Mu-2C 14.3 1.0 2.1 18.2 1.7 5.2 -3.9 0.02
FIP-Mu-3A 15.1 1.8 2.9 16.6 0.2 3.6 -1.5 0.14
FIP-Mu-3C 13.4 1.1 1.2 15.8 0.8 2.8 —2.4 0.02
FIP-Mu-5T 14.0 0.2 1.8 14.5 0.3 1.5 -0.5 0.04
FIP-Mu-5G 14.0 0.3 1.8 14.9 0.2 1.9 -0.9 0.01

SD, standard deviation; NA, not applicable; None, none of three replicates generates amplification; Diff, difference; Mut, mutants; WT, wild type;
T,, time threshold; Conv., conventional RT-LAMP assay; Novel, the variant-tolerant RT-LAMP assay; P values: from the #test; min, minute. “ Only
one of three replicates generated an amplification curve with a T, value of 42.5 minutes, and the only one T; value was shown. ” Based on the T,

value of the unique one amplification in three replicates.

ring in the 3-end of the internal primer (i.e. FIP and BIP) and
loop primer (i.e. LF and LB) led to greater inhibition than
those occurring at the 3-end of the outer primer (F3 and B3)
and F1 (corresponding to the 5-end of internal primers FIP).
When compared to the mismatches occurring at the 3’-end of
FIP that had no T, values, the mismatches occurring at the
penultimate, third and fifth bases at the 3'-end of FIP had T
values of 14.5-18.2 min (about 1.5-5.2 min slower than the
wild type, Table 1). These results indicated that mismatches
occurring within a primer showed relatively less inhibition in
amplification than those occurring at the 3-end of the primer.

When our new variant-tolerant RT-LAMP assay was used,
slightly larger T, values (12.0-20.0 min) were obtained for all of
the mutant RNAs than for the wild-type RNA (12.2 min)
(Table 1). Importantly, however, the variant-tolerant RT-LAMP
assay decreased the T, values, regardless of any mutant RNAs
(0.5-5.6 min, P values: 0.01-0.14; wild-type RNA, 0.8 min, P
value: 0.17) compared to the conventional RT-LAMP (Table 1).
In detail, the mutant RNAs FIP-Mu-C and FIP-Mu-A were
amplified with T; values of 19.7-20.0 min in the variant-toler-
ant RT-LAMP assay, but failed in the conventional RT-LAMP
assay. These results indicated that the variant-tolerant
RT-LAMP assay significantly improved the amplification of
various mutant RNA templates when compared to the conven-
tional RT-LAMP assay and showed excellent tolerance to a
range of mismatches occurring in LAMP primers.

Sequence analysis of HIV-1 LAMP primer-binding regions

The LAMP primers to detect HIV-1 were previously designed in
the INT gene region of the genome (ESI Fig. S1At). To further
evaluate the relevance of the primer-binding regions, we
retrieved all available INT gene sequences of various subtypes
and recombination forms of the HIV-1 M group and performed

This journal is © The Royal Society of Chemistry 2021

sequence alignments using MEGA 7.0 software. A total of 661
CRF01_AE, 555 CRF07_BC, 322 B, 98 CRF08_BC, 25 CRFC, 9
CRF59_01B, 9 CRF69_BC, 9 CRF85_BC, 8 CRF55_01B, 7
CRF65_cpx, 7 CRF57_BC, 5 G, 4 CRF61_BC, 4 CRF68_01B, 3
CRF78_cpx, 3 CRF79_0107, 3 CRF80_0107, 3 CRF86_BC, 3
CRF87_cpx, 3 CRF88_BC, 3 CRF96_cpx, and 2 CRF67_01B
HIV-1 sequences were obtained (ESI Fig. S1B and S1CfT). The
vast majority of sequences are conserved for all subtypes, and
only a few variants in each subtype formed mismatches with
the LAMP primers (ESI Fig. S1B and S1C¥).

Specificity and sensitivity of the novel variant-tolerant HIV-1
RT-LAMP assay

We validated the specificity of our assay against 17 other human
viruses after 50 min amplification. No amplification signal was
observed for these viruses (Fig. 2 and ESI Fig. S31), indicating
specificity to HIV-1. Ten-fold serial dilutions of wild-type HIV-1
RNA standard, from 10" to 10° copies per uL, were used to deter-
mine the sensitivity of the RT-LAMP assay. RNA inputs of 3 x
10* to 3 x 10° copies per 25 pL reaction mixture generated
S-shaped amplification curves for all three replicates, whereas
the input of 3 copies yielded only one amplification curve in
three replicates in two independent experiments and no ampli-
fication in another experiment (Fig. 3). Importantly, almost all
amplification curves appeared within 15 min and entered a
plateau phase within 20 min (Fig. 3), indicating that our novel
variant-tolerant RT-LAMP assay is fast.

Further experiments showed that when the template input
was more than 75 copies of HIV-1 RNA, all 10 reactions (100%)
displayed positive amplification. When the template input was
15 and 3 copies, nine and five of the 10 replicates showed posi-
tive, respectively (Table 2). The LOD of the new RT-LAMP assay
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6.800 Table 2 Limit of detection (LOD) of the HIV-1 variant-tolerant
Positive control (HIV-1) RT-LAMP
5.800
4.800 Dilution Standard (copies/reaction) Positive/total tested
(O]
Q
S 3.800 Influenza A and B virus, 1x 1875 10/10
% Parainfluenza viruses 3, 5x 375 10/10
o 2.800 HCoV-229E, HCoV-0C43, 5% 75 10/10
u_:_i vzVv, EBV,CMV, HHV-6 5% 15 9/10
s HPV52, HPV58, HPV66, 5% 3 5/10

HPV81, HBV, adenovirus,
HSV-1, HSV-2 and no
template control

0.800

-0.200
0.00

5.00

10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

Time (mins)

Fig. 2 Cross-reactivity of the novel HIV-1 RT-LAMP assay to other
human viruses. A sample containing 3000 RNA copies of HIV-1 was
used as the positive control. Testing viruses included influenza a and b
viruses, parainfluenza virus 3, HCoV-229¢e, HCov-OC43, VZV, EBV, CMV,
HHV-6, HPV52, HPV58, HPV66, HPV81, HBV adenovirus, HSV-1, HSV-2
and no template control. Red line: HIV-1 positive control. The threshold
is determined as 3 standard deviation from the background (0.210,
dotted blue line).

(defined by a probit regression with 95% confidence, see
Methods) is thus below 18 copies per reaction.

Clinical evaluation of the novel variant-tolerant HIV-1
RT-LAMP assay

To evaluate the clinical application of the novel RT-LAMP
assay, comparisons with a RT-qPCR assay and conventional
RT-LAMP assay were performed, using 82 clinical samples pre-
viously collected from both HIV-1 infected individuals and
healthy people. The novel RT-LAMP, the RT-qPCR assay, and
the conventional RT-LAMP assays detected 39 (47.6%), 45
(54.9%), and 21 (25.6%) HIV-1 positive from 60 previously con-
firmed positive samples, respectively (Table 3). Only 21
(25.6%) of these samples were detected as HIV-1 positive by all
three assays (ESI Fig. S37). The concordance rates of the novel
RT-LAMP assay were 92.7% with RT-qPCR assay, substantially

6.500
5.500
4.500

3.500

Table 3 Comparison of different HIV-1 detection assays for 82 clinical
samples

RT-qPCR
Methods assay The
conventional RT-LAMP Total
Items Pos. Neg. Pos. Neg.
The novel RT-LAMP assay  Pos. 39 0 21 18 39
Neg. 6 37 0 43 43
Total 45 37 21 61 82

Pos., positive; Neg., negative.

higher than 78% with the conventional RT-LAMP assay
(Table 3). All six positive samples that failed to be detected by
the novel RT-LAMP assay showed high Ct values of >38 in the
RT-qPCR analysis, implying a very low copy number.

The novel RT-LAMP assay detected 18 more positive
samples than the conventional RT-LAMP assay. In order to
investigate whether the failure by the conventional RT-LAMP
assay was caused by the occurrence of mismatches between
viral RNA and the primers, we further amplified 18 samples
that were positive using the novel RT-LAMP assay but negative
by the conventional ones, using a nested RT-PCR. Thirteen of
them were amplified and sequenced. Seven were identified as
HIV-1 M group URFs, two as CRF01_AE, one each as
CRF08_BC, CRF57_BC, CRF96_cpx and B (ESI Fig. S4t).
Further sequence analysis identified 6 mutant bases in the F2
primer-binding region, 5 mutant bases in the B3 primer-

Template input

—— 3x10%copies/reaction
3x103 copies/reaction
3x102 copies/reaction
3x10" copies/reaction
3x10° copies/reaction
NTC

Fluorescence

2.500

1.500

0.500

11.00

16.00 21.00 26.00 31.00

Time (mins)

36.00 41.00 46.00 51.00

Fig. 3 Sensitivity of the novel HIV-1 RT-LAMP assay. Positive amplification was observed in all replicates of more than 30 copies input. NTC: no

template control.
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binding region, and 1 to 3 mutations in the binding regions of
other primers (ESI Fig. S4f). Importantly, the vast majority of
these mutations have locations corresponding to the 5-end or
in the middle of the primers.

We further evaluated the ability of the new method to
detect different subtypes and recombinants of the HIV-1 M
group. Forty four of 60 positive samples were previously geno-
typed, including 4 B, 2 C, 6 CRFO1_AE, 3 CRF08_BC, 2
CRF57_BC, 2 CRF87_cpx, 1 CRF07_BC, 1 CRF62_BC, 1
CRF62_BC, 1 CRF65_cpx, and 21 URFs (Unpublished data).
Twenty-nine of them (65.9%) were detected as positive by the
novel RT-LAMP assay. The novel RT-LAMP assay showed better
performance for CRFO1_AE (66.7% vs. 33.3%), CRF08_BC
(66.7% vs. 33.3%), CRF57_BC (100% vs. 50%), CRF96_cpx
(66.7% vs. 33.3%) and URF (66.7% vs. 33.3%) than the conven-
tional assay, and identical performance for CRF07_BC, B, C,
CRF87_cpx, CRF62_BC and CR F65_cpx (ESI Table S27).

Point-of-care detection using lateral flow strips

To develop point-of-care detection of the HIV-1 M group, we
developed visual detection by combining the variant-tolerant
RT-LAMP assay with a lateral flow strip and/or colorimetric
reaction (Fig. 4). We first extracted viral RNA from plasma
using the magnetic bead-based RNA extraction method, which

can avoid multiple centrifugation steps using a centrifuge. The
results demonstrated the efficacy of the magnetic bead-based
method in RNA extraction from plasma (ESI Fig. S5t). To apply
the novel HIV-1 LAMP assay to point-of-care diagnosis, we

combined our new variant-tolerant RT-LAMP method with the
l. ,23

lateral flow strip detection previously established by Xu et a

Whole blood Lysis  Capture

or plasma

View Article Online

Paper

which can avoid the difficulties in assessing color changes
under variable lighting conditions in field-based work for
example. We first verified the sensitivity of the variant-tolerant
RT-LAMP assay using ten-fold serial dilutions of the wild-type
HIV-1 RNA standard, from 10° to 10° copies per pL. Specific
bands at the test line location were observed for all reactions
with 3 x 10° to 3 x 10° copies input, indicating that the lateral
flow strip can detect as low as 3 copies of template input per
reaction (ESI Fig. S671), which is consistent with the real-time
monitoring with fluorescent dye SYTO 9 in the real-time ana-
lysis (Fig. 3).

We further evaluated the performance of the point-of-care
diagnostics using the second batch of 45 clinical samples.
Among the 45 samples, the strips showed positive for 32
samples, which was consistent with the results by real-time
qPCR monitoring (Table 4 and Fig. 5). The sensitivity and
specificity of the assay was 97% and 100%, respectively. Only
one sample was detected as negative by the novel RT-LAMP

Table 4 Comparison between RT-qPCR and the novel RT-LAMP assays
for 45 clinical samples

The novel
RT-LAMP assay
Items Pos. Neg. Total
RT-qPCR assay Pos. 32 1 33
Neg. 0 12 12
Total 32 13 45
Pos., positive; Neg., negative.
5.000 POS
%"m
Real-time monitoring e
o we wn e e e
--=--Add template
— — ===Control line
- = ---Testline
Visual detection
E;ﬁa;é Neg Pos

Lateral Flow Strips

B e,

R - 9 -
WELSIE SR,
St b ol

-y ey
A N
-

Pos Pos Neg Neg
Colorimetric assay

Fig. 4 Workflow of POCT detection of HIV-1 using the variant-tolerant RT-LAMP assay. It involves collecting plasma or blood samples, followed by
combined lysis, target RNA enrichment, and using these equipment (pipettes, pipette tips, magnetic separation rack and a thermo block) for the RT
lamp. Detection results can be obtained by real-time qPCR instrument or by visual detection, such as lateral flow strip and/or colorimetric reaction
identification. The strip with a single red line (control line) indicates a negative result, and that with two single red lines (control and test lines) indi-
cates a positive result, and only with test line or no red line indicates an invalid test. Pos: positive results; Neg: negative results; failure: invalid test;
control line: represents the control result; test line: represents the test result.
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Fig. 6 ROC curve for the comparison of RT-gPCR and RT-LAMP assays.
AUC, area under the ROC curve.

assay but positive by the RT-qPCR assay. ROC curve analysis
showed that the clinical performance of the novel RT-LAMP
assay was close to that of RT-qPCR for this study (Fig. 6). In
our novel RT-LAMP assay, 81.3% of positive samples had T
values less than 20 min, and only one sample with a viral load
of 4050 copies per mL had a T value of more than 30 min.
One failure and one slow amplification by RT-LAMP might be
due to very low viral loads caused by the freezing/thawing cycle
and/or degradation of nucleic acids during transportation. We
further analyzed the relationship between the viral load of the
32 HIV-1 positive samples and the 7, values of the novel
RT-LAMP, and found that 7, values by the novel RT-LAMP
assay did not linearly correlate with the viral load (ESI
Fig. S77).

Visual detection using the colorimetric version of the LAMP
assay is another useful alternative for point-of-care diagnostics.
We also developed the detection of HIV-1 M groups using the
colorimetric version of the variant-tolerant RT-LAMP assay.
The positive result is easily judged by the colorimetric change
from red to orange or yellow. The results showed that the sen-
sitivity of the colorimetric version assay for the HIV-1 M group
was 4 copies per reaction, consistent with that of the real-time
monitoring system (ESI Fig. S87).

5354 | Analyst, 2021, 146, 5347-5356

Discussion

Despite the introduction of efficient ART, HIV/AIDS continues
to cause a worldwide health crisis.>**>* Easy and rapid detec-
tion of HIV-1 infection is required for new global strategies to
curb the impact of the virus. A number of detection methods
have already been established, based upon either immuno-
diagnostics or NAAT.>* The immunodiagnostics methods that
target the detection of HIV-1 specific antibodies often fail to
detect HIV-1 infection within the window period (about two-
four weeks before seroconversion), enabling further trans-
mission and delaying treatment. Although NAAT can qualitat-
ively detect the presence of HIV-1 as early as 7 days after infec-
tion, greatly shortening the “window period” of HIV
infection,>®*” current tests either require centralized facilities
(sophisticated equipment and skilled personnel) or are gener-
ally unable to detect rapidly evolving virus variants,'*?® posing
a significant challenge for HIV-1 nucleic acid testing.'® HIV-1
is one of the most variable human viruses and has very high
heterogeneity. Currently, Africa and Southeast Asia are the
worst-hit regions by HIV/AIDS, and many subtypes and CRFs,
as well as a large number of URFs of the HIV-1 M group are cir-
culating in these areas.'*?° Fast, simple and sensitive POCT
diagnosis of HIV-1 infection will benefit the prevention and
control of HIV/AIDS in these low-resource regions.

In our previous work, we added a small amount of high-
fidelity DNA polymerase to the conventional RT-LAMP mix to
increase its ability to detect highly variable viruses, establish-
ing a fast and sensitive variant-tolerant RT-LAMP technology.'®
We now build upon this initial work and demonstrate a new
variant-tolerant RT-LAMP technique that has high sensitivity
for detecting various subtypes, CRFs and URFs of the HIV-1 M
group, with a LOD of 18 copies per reaction and no cross-reac-
tivity with other common human viruses. The assay was evalu-
ated using 82 clinical samples from HIV-1 infected individuals
and control populations and showed a high degree of consist-
ency with the widely used RT-qPCR assay (92.7%). However,
the conventional RT-LAMP assay showed low consistency with
the RT-qPCR assay and the new RT-LAMP assay, especially for
HIV-1 positive samples. By typing and analyzing the positive

This journal is © The Royal Society of Chemistry 2021
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HIV-1 samples, it was found that the new RT-LAMP method
has a higher detection rate of various subtypes, CRFs and
URFs of the HIV-1 M group than that of the conventional
RT-LAMP system, explaining the low agreement between the
two techniques (47.6%). Our new RT-LAMP system enabled us
to detect 18 HIV-1 positive samples that were missed by the
conventional RT-LAMP assay, giving an 85.7% (18/21) improve-
ment in the positive detection rate and confirming that the
new format is more suitable for detecting high-variation
viruses. Finally, we also showed that the novel HIV-1 RT-LAMP
assay can be conveniently implemented as an easy-to-read
visual detection on lateral flow strips or via colorimetric
change. Whilst colorimetric detection enables to perform the
assay in a closed-tube format, limiting the risk of contami-
nation, the interpretation of the color under varying lighting
conditions, as often encountered in field situations, can be
challenging. The lateral flow strips are a commonly used
format in rapid tests and facilitate interpretation. Using new
cartridge formats,’® the amplicons can be transferred to the
strip for detection in a closed system as well. In a separate
study using 45 clinical samples, we obtained a high sensitivity
and accuracy for the proposed POCT format.

Conclusions

In conclusion, we have developed a novel variant-tolerant
RT-LAMP assay for detecting various genotypes and recombi-
nants of the HIV-1 M group using the addition of tiny
amounts of high-fidelity DNA polymerase to the conventional
HIV-1 RT-LAMP mixture. The new LAMP method can tolerate
significant mismatches between primers and viral genomic
RNA, and shows higher amplification efficiency than the con-
ventional RT-LAMP method. Combined with lateral flow strips
or colorimetric version for easy visual detection, the method’s
short response time and simple instrument requirements
show great potential for its application in resource-limited
regions.
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