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Abstract

A low complexity diagnostic test that rapidly and reliably detects HIV infection in infants at the 

point of care could facilitate early treatment, improving outcomes. However, many infant HIV 

diagnostics can only be performed in laboratory settings. Recombinase polymerase amplification 

(RPA) is an isothermal amplification technology that can rapidly amplify proviral DNA from 

multiple subtypes of HIV-1 in under twenty minutes without complex equipment. In this study we 

added reverse transcription (RT) to RPA to allow detection of both HIV-1 RNA and DNA. We 

show that this RT-RPA HIV-1 assay has a limit of detection of 10 to 30 copies of an exact 

sequence matched DNA or RNA, respectively. In addition, at 100 copies of RNA or DNA, the 

assay detected 171 of 175 (97.7 %) sequence variants that represent all the major subtypes and 

recombinant forms of HIV-1 Groups M and O. This data suggests that the application of RT-RPA 

for the combined detection of HIV-1 viral RNA and proviral DNA may prove a highly sensitive 

tool for rapid and accurate diagnosis of infant HIV.
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1. Introduction

Without antiretroviral treatment (ART), it is estimated that over 50% of HIV-infected 

children die before age two, therefore early diagnosis and immediate treatment of HIV-1 in 

young infants remains a public health priority (Obimbo et al., 2009;Newell et al., 2004). 

While HIV can effectively be diagnosed via serologic testing in adults and children older 

than 18 months (World Health Organization, 2010), the presence of transplacentally 

acquired maternal antibodies that target HIV-1 make serologic testing unreliable in young 

infants (Ciaranello et al., 2011). Consequently, diagnosis of HIV-1 infection in young 

infants currently relies on immunoassays that detect the viral capsid antigen p24 via 

immunoassays (Palomba et al., 1992;Patton et al., 2008), or most commonly, the 

amplification and detection of HIV-1 DNA using PCR-based assays with a whole blood 

specimen or a dried blood spot (Panteleeff et al., 1999;Paterlini et al., 1990). However, these 

assays are not adequate for use at the point of care and require sophisticated laboratory 

facilities as well as significant specimen and results tracking logistics (Essajee et al., 2015). 

Improving outcomes for HIV-infected infants requires a highly sensitive and specific 

diagnostic that is simple to use, robust, does not require complex laboratory equipment and 

can be reliably performed at the point of care.

In hospital or clinic-based settings where laboratory equipment is available, PCR-based 

assays are typically used for HIV diagnosis in infants. Most rely solely on detecting HIV-1 

DNA, however, there is evidence that use of RT-PCR to detect HIV-1 RNA improves 

sensitivity (Lambert et al., 2003;Young et al., 2000;Obaro et al., 2005;Karchava et al., 

2006;Swanson et al., 2005). A number of studies have measured HIV-1 RNA levels in 

infants from birth up to 18 months of age (Obimbo et al., 2009;Ciaranello et al., 

2011;Mutasa et al., 2012;Lambert et al., 2003;Young et al., 2000) and suggest that it can 

take as little as two weeks following infection for HIV-1 RNA to be detected, with an 

exponential increase thereafter (Butto et al., 2010). The median viral load has been reported 

from 4.1 × 105 copies/mL at birth (Young et al., 2000); 1.59 – 3.7 × 106 copies/mL at 6 – 8 

weeks (Mutasa et al., 2012;Young et al., 2000;Richardson et al., 2003); 0.6 – 1.6 × 106 

copies/mL at 6 months (Ciaranello et al., 2011;Young et al., 2000) and 6.0 × 105 copies/mL 

at 18 months (Ciaranello et al., 2011). Elevated levels of HIV-1 viremia in infants may be 

due to their increased number of CD4+ T cells, the primary target cells for HIV-1 

replication, as compared to adults or immune systems with slower and weaker responses to 

viral infection (Richardson et al., 2003). We propose that a highly sensitive and specific 

assay that detects both HIV-1 RNA and DNA in whole blood will improve sensitivity 

compared to a diagnostic that detects only DNA.

A reoccurring theme with PCR-based diagnostics for early infant diagnosis (EID) of HIV 

infection is that they require skilled staff and a dedicated laboratory with complex 

equipment and reagents (Kiyaga et al., 2013), which are predominately available in urban or 

resource-rich settings. HIV testing of infants in low resource settings often requires 

specimen transport to central laboratories for testing. This typically results in large delays in 

reporting of test results to caregivers, delaying treatment initiation. While some logistical 

challenges can be addressed to improve turnaround time for infant HIV diagnosis 
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(Finocchario-Kessler et al., 2014;Ghadrshenas et al., 2013;Kiyaga et al., 2013), an 

alternative solution is to simplify the diagnostics to enable testing at the point of care.

Our group, as well as a number of others, have shown that recombinase polymerase 

amplification (RPA) can be used for sensitive and specific detection of pathogen DNA or 

RNA in twenty minutes or less (Boyle et al., 2014;Boyle et al., 2013;Piepenburg et al., 

2006;Rohrman and Richards-Kortum, 2012;Euler et al., 2012). RPA is an isothermal 

amplification method that utilizes a recombinase and a single stranded DNA binding protein 

to facilitate the insertion and stabilization of oligonucleotide primers into their complement 

in a double-stranded DNA molecule for subsequent amplification using a strand displacing 

DNA polymerase (Piepenburg et al., 2006). The use of opposing primers facilitates the 

exponential amplification of a defined region of DNA in a manner similar to PCR. RPA 

probes allow detection of amplification in real time via fluorescence, or by end point 

analysis using an immunochromatographic strip (ICS) (Boyle et al., 2013). In addition, RNA 

can be detected by RPA if reverse transcription (RT) of RNA into a complementary DNA 

(cDNA) is accompanied by RPA in an RT-RPA reaction (Rappolee et al., 1989;Euler et al., 

2012).

The principle advantages of using RPA as a potential diagnostic in low resource settings 

(LRS) include rapid reaction time and the fact that amplification occurs over a broad range 

of temperatures (25 °C to 42 °C) allowing ambient temperature or body heat to be used to 

incubate RPA reactions (Boyle et al., 2014;Piepenburg et al., 2006;Lillis et al., 

2014;Crannell et al., 2014a). Most pertinently for the detection of pathogens with high 

genetic diversity, such as HIV-1, RPA assays can accommodate some target sequence 

variation (Boyle et al., 2013;Euler et al., 2012). In this study we improved upon our 

previously described HIV-1 RPA assay (Boyle et al., 2013) by altering the primer and probe 

sequences and adding an RT step to allow for detection of both HIV-1 DNA and RNA. We 

assessed the performance of this new RT-RPA HIV-1 assay on a large panel of 175 highly 

diverse HIV-1 sequence variants including subtypes in groups M and O. Ultimately we aim 

to integrate this assay with a simple sample preparation method to create a high 

performance, yet easy to use, rapid HIV-1 diagnostic test that can reliably detect HIV-1 

infection in infants at the point of care.

2. Materials and methods

2.1. RPA and RT-RPA Amplification and Detection

RPA reactions were supplied by TwistDx Ltd. (Cambridge, United Kingdom) in the 

TwistAmp Exo (probe cleavage via exonuclease III) and TwistAmp Nfo (probe cleavage via 

endonuclease IV) format for real time or end point detection of RPA amplicons respectively. 

Oligonucleotide primers were purchased from Integrated DNA Technologies (Coralville, 

USA) and oligonucleotide probes from Biosearch Technologies (Novato, USA). Our 

original HIV pol RPA primers and probe sequences were previously described (Boyle et al., 

2013). The Twist Alpha HIV-1 assay used novel primers and probe designed by our team at 

TwistDx. All TwistAmp reaction mixtures were prepared in a final volume of 50 µL per the 

TwistAmp protocols as previously described (Boyle et al., 2013). Reaction incubation and 

detection via real time fluorescence measurement was performed in a Twista™ real time 
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reactor at 39 °C for 20 minutes, with a brief mixing step after 4 – 5 minutes carried out by 

inverting reactions 3 times. Positivity was scored as a double or greater level of fluorescence 

from the baseline value read at 4 minutes. For RT-RPA, a range of commercially available 

reverse transcriptases were screened for compatibility with RT-RPA by adding 2–5 units to 

each reaction. The best performing reverse transcriptase, OmniScript RT (Qiagen Valencia, 

USA) was subsequently selected to be used in all subsequent RT-RPA reactions. The final 

reaction volume and incubation conditions were otherwise unchanged for RT-RPA assays. 

The TwistAmp Nfo assays were prepared and incubated in an identical manner, except that 

the probe was labeled at the 5’ end with FAM and the reverse primer was labeled with biotin 

at the 5’ end to allow for immunochromatographic strip detection of hapten labelled RPA 

products. Immunochromatographic strips to detect Nfo-based RPA reactions were purchased 

from Milenia Biotech (Gießen, Germany) and Ustar Biotechnologies (Hangzhou, China). 

After incubation, RPA reaction tubes were immediately placed on ice and 5 µL of 0.5 M 

EDTA added to each tube to terminate amplification. Prior to immunochromatographic strip 

detection, 2 µL of each stopped reaction was diluted by mixing in 98 µL PBS/0.1% Tween 

buffer (flow buffer) and 10 µL of this solution applied to the capture pad of the strip. The 

strip was then placed in 100 µL of flow buffer and left to develop for 5 minutes. Positive 

results were scored with the development of a stripe on the test line and at the control line 

while negative results displayed only the control line. Tests that did not develop any lines 

were repeated.

2.2. Preparation of DNA and RNA

Exact sequence match HIV-1 proviral target DNA was extracted from the ACH-2 cell line 

that contains a single full-length integrated copy of subtype B HIV-1 Bru (subtype B; 

GenBank accession number K02013.1) using the QIAamp DNA Blood Mini Kit (Qiagen, 

Valencia, USA) (Clouse et al., 1989). The DNA was prepared and quantified as previously 

described (Boyle et al., 2013). To test for amplification of diverse HIV DNA sequences, 

plasmid clones of sequence variants of the HIV-1 pol gene derived from 56 HIV-1 strains of 

the International Reference Panel from the NIH AIDS Research and Reference Reagent 

Program and from an existing library of subtype A, C and D primary isolates derived by 

short-term co-culture from the Overbaugh laboratory were prepared as described previously 

(Boyle et al., 2013). Plasmid DNAs were purified using QIAprep Spin Miniprep Kit 

(Qiagen, Valencia, USA) according to the manufacturer’s instructions, and concentrations of 

the purified plasmids were first quantified by spectrophotometry. Plasmid dilutions were 

then further quantified by real-time PCR to create samples with specific HIV-1 copy 

numbers as described in (Rousseau et al., 2003). To examine RNA amplification, a panel of 

104 culture supernatants of HIV-1 strains that span common subtypes, circulating 

recombinant forms (CRFs) and unique recombinant forms (URFs) within HIV-1 group M 

and also group O was obtained from the External Quality Assurance Program Oversight 

Laboratory (EQAPOL; Duke University, USA) (Sanchez et al., 2014). The genome 

sequence of each isolate is publically available in GenBank (Benson et al., 2013) and in 

addition the viral load of each culture supernate was quantified via the COBAS AmpliPrep/

COBAS TaqMan 48 HIV-1 Test Version 2.0 (Roche Diagnostics, Pleasanton, CA, USA) 

(Sanchez et al., 2014). The total RNA from 140 µL aliquots of each supernate was extracted 

using the QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer’s 

Lillis et al. Page 4

J Virol Methods. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



instructions and eluted in 60 µL of elution buffer. The viral copy number in each eluate was 

estimated based on the initial sample input volume and expected RNA recovery. Based on a 

Qiagen extraction efficiency estimate of 90%, a series of eight HIV-1 dilutions ranging from 

500 to 0.1 HIV-1 RNA copies per reaction was prepared with 10 mM Tris (pH8.0) 

supplemented with human genomic DNA at 1ng/µL. To improve accuracy of quantitation, 

the HIV-1 RNA in each dilution of all variants except the group O isolates, was then 

quantified by qRT-PCR with the method described by Rouet et al. using Superscript® III 

one- step RT-PCR system (Life Technologies, Carlsbad, CA, USA) (Rouet et al., 2007). A 

specificity panel comprising of blood borne viruses and skin associated microflora was 

constructed from isolates purchased from the National Institute for Biological Standards and 

Control (NIBSC; Potters Bar, UK) or kindly gifted by Drs. G. Cangelosi and J.S. Meschke 

(University of Washington, Seattle, USA). Genomic material was extracted from each 

isolate using QIA Miniprep Kit or QIAamp Viral RNA Mini Kit and then quantified via a 

Nanodrop spectrophotometer (Thermo Scientific, Wilmington, MA, USA).

3. Results

3.1. Novel RPA primers and probe detect HIV-1 DNA with increased sensitivity

Previously we described the development of the “pol RPA HIV-1 assay” that utilized 

primers and a probe that target the pol gene and allowed amplification of 98.6% of 72 HIV-1 

DNA variants tested, including subtypes A, B, C, D, CRF-AE and CRF-AG (Boyle et al., 

2013). In an effort to ensure detection of additional subtypes (including other CRFs as well 

as group O subtypes) and to improve amplification efficiency and detection signal, a new set 

of primers and probe designed by TwistDx that target a different conserved region of pol 

were tested (unpublished data). We refer to this new HIV-1 RPA assay as the “Twist Alpha 

HIV-1 RPA assay”. We directly compared the ability of the new Twist Alpha HIV-1 RPA 

assay and the previously described pol RPA HIV-1 assay to amplify 100 copies of exact 

sequence matched HIV-1 DNA (ACH-2) with real time fluorescence detection (Figure 1). 

Our original pol RPA HIV-1 assay had a time to detection of 7 minutes and a final 

fluorescence intensity of 2000 – 3000 units. The new Twist Alpha HIV-1 RPA assay had an 

accelerated time to detection of 5.5 minutes, more rapid increase in fluorescence intensity 

representing more efficient amplification, and higher final fluorescence intensities of ≥4000 

units.

We next evaluated the sensitivity of both assays to determine the limit of detection (LOD) 

using 100, 40, 20, 10, 5 and 1 copies of exact sequence matched ACH-2 HIV-1 DNA (Table 

1). Eight replicate reactions at each copy number were assessed via real time fluorescence 

detection of Exo probes and end point detection of Nfo probes using 

immunochromatographic strips (ICS). Both RPA assays detected sequence matched HIV-1 

DNA in all 8/8 (100%) replicates of 100, 40 and 20 copies tested using real time or endpoint 

detection. When <20 HIV-1 DNA copies were tested, the Twist Alpha HIV-1 RPA assay 

was more consistent than the original pol assay. While the Twist Alpha assay detected 

amplification in >87.5% of the 10 and 5 copy reactions, the original pol RPA assay was less 

consistent at these lower copies, detecting only between 2/8 (25%) and 7/8 (87.5%) 

reactions with 10 and 5 copies (Table 1). In reactions with only 1 copy, the Twist Alpha 
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assay amplified between 62.5% and 75% of reactions tested with either real time or end 

point detection, respectively, while the original pol assay detected only 12.5% of all one 

copy reactions tested.

3.2. Reverse Transcriptase added to RPA allows the detection of HIV-1 RNA

To determine whether HIV-1 RNA could be detected with RPA, we tested 15 different 

reverse transcriptase (RT) enzymes for their ability to synthesize complementary DNA from 

HIV-1 RNA for subsequent amplification by RPA. The performance of each RT was 

independently assessed by adding the RT to Twist Alpha HIV-1 RPA reagents, and tested to 

amplify 2000 copies of exact sequence matched HIV-1 RNA (Supplemental Table 1). All 

RT enzymes were compatible with the RPA reagents and HIV RNA was successfully 

amplified by this RT-RPA method. Because OmniScript RT has an optimum temperature 

range of 37°C to 42°C that is compatible with RPA incubation temperatures in addition to 

the fastest time to detection (Table S1), it was chosen for use in all further experiments.

To determine the LOD of an RT-RPA Twist Alpha HIV-1 assay. Replicates of 8 reactions 

were performed at each HIV-1 RNA copy level input: 1000, 300, 200, 100, 30, 25, 10 and 1 

copies. All reactions with ≥30 copies of HIV-1 RNA were positive, regardless of the 

detection format used. Below 30 copies per reaction, the proportion of positive reactions 

gradually decreased relative to copy number, with RT-RPA using Nfo endpoint detection 

appearing more sensitive for these low copy reactions than the RT-RPA using Exo for real 

time fluorescence detection (Table 2). Both RT-RPA assay formats were able to detect a 

single copy of HIV 1 RNA in 1/8 (12.5%) reactions; however, the fact that detection was not 

consistent in the reactions with <30 copies suggests a LOD of 30 copies of HIV-1 RNA. 

LOD

3.3. Specificity of the Twist Alpha HIV-1 RT-RPA assay

In order to determine the specificity of the Twist Alpha HIV-1 RT-RPA assay, 18 samples 

of genomic RNA or DNAs derived from other pathogens or commensal microflora were 

used (Table S2). The equivalent of ~50,000 genome copies of each pathogen was added to 

the Twist Alpha HIV-1 assay to determine whether the assay cross reacts with non-HIV 

specimens. None of the 18 samples from the specificity panel, including SIVMne (Henderson 

et al., 1988), produced a false positive result with the Twist Alpha HIV-1 RT-RPA assay 

(Table S2).

3.4. The Twist Alpha HIV-1 RT-RPA assay can detect diverse HIV-1 subtypes

We previously described that our original pol HIV-1 RPA assay could tolerate up to 9 

mismatches in the target sequences from a large panel of diverse HIV-1 subtype variants 

(Boyle et al., 2013). Here we performed a similar assessment of the Twist Alpha HIV-1 RT-

RPA assay on RNA extracted from HIV-1 variants from the Duke EQAPOL Panel 

(reference Duke EQAPOL). Initial testing included one representative variant of each of 

subtypes A, B, C, D, F, and G from group M as well as a group O isolate. These 7 variants 

were tested in triplicate at 10-fold serial dilutions of RNA copies ranging from an estimated 

~2 ×106 down to 20 copies. The Twist Alpha HIV-1 RT-RPA assay was able to detect all 

replicates of these diverse variants tested between 2×106 and ~200 copies of RNA (Table 3). 
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At the lowest copy input tested, which differed by variant between 20 and 67 copies of 

HIV-1 RNA, at least one replicate from each subtype was positive (Table 3).

The number of nucleotide mismatches between sequences of each of these HIV-1 variants 

compared to the primer and probe sequences used in the Twist Alpha assay was determined 

(Table 3) and found to range from 0 for the subtype A isolate to 15 for the group O isolate. 

Interestingly, 100% of replicates tested at the lowest copy number input had a positive result 

for the isolates in which the number of mismatches ranged from 0 to 5 (Table 3). Isolates 

with 5 or more mismatches (variants of subtype B, D and group O) were positive in only 2/3 

(67%) or 1/3 (33%) at the lowest copy number tested. The fact that the Twist Alpha HIV-1 

RT-RPA assay was able to amplify the isolate O variant with 15 mismatches across the 

target sequences, was noteworthy suggesting that this RT-RPA assay is very tolerant to 

sequence variation across highly divergent HIV-1 subtypes. However, analysis of the 

fluorescent detection data from the group O isolate when compared to other sequence 

variants tested that had fewer mismatches revealed that the time to amplification was 

increased, and final fluorescent signal was decreased (Figure S1). These results suggest that 

significant sequence variation in RPA primer and/or probe binding sites may have an impact 

on RT-RPA signal strength from reactions, but that qualitative test results on samples with 

low target copy numbers may be possible, even with highly diverse HIV variants. To assess 

the ability to use RT-RPA to quantitate HIV RNA levels, the median time to detection was 

plotted against HIV RNA copy number for each subtype independently (Figure S2). The 

time to detection of similar copy numbers of HIV-1 RNA between subtypes was 

significantly variable, suggesting that using this assay for quantitative viral load analysis 

may be problematic.

To further test the ability of the Twist Alpha HIV-1 RPA primers and probe to detect diverse 

subtype variants, viral genomic RNA or DNA from 175 HIV-1 isolates were tested at 100 

copies in triplicate: 104 HIV-1 RNAs from the Duke EQApol panel (Sanchez et al., 2014), 

56 DNAs from the NIH International Panel of HIV-1 Viruses (Brown et al., 2005), and 15 

genomic DNAs derived from primary isolates (Table S3), representing isolates of subtypes 

A, B, C, D, F, and G, plus circulating and unique recombinant forms, as well as group O 

(Boyle et al., 2013;Sanchez et al., 2014). Of the 175 isolates tested 171 isolates amplified in 

3/3 (100%) replicates at 100 copies of HIV-1 RNA or DNA. One other isolate, a subtype C 

strain (AYF13417), amplified in 2/3 (66.6%) replicates. Only 3 isolates did not amplify at 

100 copy input: Two subtype A strains (Q1842 and KF716474), and one subtype B strain 

(KC473827). The presence of HIV-1 nucleic acid was verified in all four by qRT-PCR, and 

all were tested again at 1000 copy input. At the 1000 copy input level, 3 of the 4 isolates 

amplified (data not shown). Therefore, from a total of 175 variant HIV-1 pol RNA or DNA 

sequences screened with the Twist Alpha HIV assay, HIV-1 was detected in 171/175 (97.7 

%) at 100 copies per reaction, with 174/175 (99.4%) at 1000 copies per reaction. RT-RPA 

was performed on both Q1842 (subtype A) and AY713417 (subtype C) using forward 

primers that had an exact sequence match to demonstrate that the Twist Alpha assay 

performance was compromised by the sequence diversity in the target region accessed by 

the forward primer (data not shown). Interestingly, even with exact sequence match primers, 

the remaining subtype A isolate (KF716474) was not detected by the RT-RPA even at 1000 
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copies suggesting that the probe does not bind to its complement in the RPA amplicon. This 

is surprising since there are only 2 mismatches in the probe sequence as compared to a 

group O isolate that had 7 mismatches and yet was still detected at 100 copies.

It has been reported that target specific RPA primers with mismatches at their 3' end can 

prevent amplification with RPA (Daher et al., 2015). Within the 174 sequences that 

amplified there were 16 (9.1%) that had a single mismatch within the first three bases at the 

3’ end of the forward primer and one isolate, KF716479, had mismatches at both positions 1 

and 3 and yet still amplified 100 copies of RNA. With the reverse primer, the conservation 

of the 3’ end was greater with only 3/175 (1.7%) with sequence variation in the first three 

bases. Interestingly, the sequences that did not amplify in all replicates were not those that 

had variation in the 3’ end of their primers. The variance of the subtype A strains that did 

not amplify (Q1842 and KF716474) had an exact sequence match to the reverse primer, 

while the probe sequences had mismatches at base 45 and 47, and there were 3 mismatches 

to the forward primers including at positions 4 and 6 from the 3’ end for Q1842 and 

KF716474, respectively.

4. Discussion

In this study we describe the development and assessment of the Twist Alpha HIV-1 RT-

RPA assay, a rapid and highly sensitive RT-RPA assay for the detection of both HIV-1 

RNA and DNA. This assay is an improvement on our previously described assay, showing 

both an increase in sensitivity and a more rapid reaction time to detection without 

compromising specificity (Boyle et al., 2013). The addition of an RT enzyme enabled the 

detection of both HIV-1 RNA and DNA without negatively affecting assay performance. 

Levels of proviral DNA in HIV infected infants are reported to be between 1–382 copies per 

µL of blood (Beck et al., 2001), while higher median levels of HIV-1 RNA in blood have 

been described, ranging from 4.1 × 105 copies/µL at birth to 6.0 × 105 copies/µL at 18 

months (Ciaranello et al., 2011;Mutasa et al., 2012;Young et al., 2000), suggesting the 

ability to detect both HIV-1 RNA in addition to DNA will substantially increase sensitivity. 

Ideal infant diagnostics typically rely on small blood volumes from heel pricks to minimize 

the impact on infants, and thus highly sensitive diagnostics are required. In addition, it has 

been observed that excessive amounts of host-derived genomic DNA can inhibit RPA, and 

thus small blood volumes are ideal for RPA-based assays (Rohrman and Richards-Kortum, 

2012). A simple, low complexity method to lyse and release HIV-1 RNA and DNA from 

small volumes of whole blood that is compatible with RPA is currently in development.

An RT-RPA assay targeting HIV-1 RNA has not been previously described. Similar to RPA 

assays that only detect DNA, the Twist Alpha HIV-1 RT-RPA assay is rapid and typically 

reaches peak fluorescent signal within 10 minutes. The LOD of the assay when exact 

sequence match DNA or RNA templates were used was determined to be 10 or 30 copies, 

respectively. In addition to having high sensitivity with exact match target sequences, it is 

critical to ensure that the Twist Alpha HIV-1 assay has similarly high sensitivity to a broad 

range of sequence variants, ensuring global coverage of the significant genetic diversity 

exhibited by HIV-1. To investigate this we screened 175 isolates selected from the common 

group M subtypes: A, B, C, D, F, G, and related CRFs and URFs, in addition to some group 
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O isolates. Of these, 102 of 104 (98.1%) RNAs and 69/71 (97.2%) DNA sequences were 

detected by the Twist Alpha, with an overall assay sensitivity of 97.7%. The assay was able 

to detect as low as 23–100 copies of DNA or RNA from each subtype, including group O 

which had the greatest sequence diversity within the primer/probe binding sites. Of the 4 

sequences that failed to amplify at the 100 copy level, 3 were amplified when 1000 copies 

were tested resulting in 174/175 (99.4%) of isolates detected at higher copy number. 

Furthermore, we confirmed that the Twist Alpha HIV-1 assay was 100% specific, with no 

false positives detected when challenged with a high copy number of genomic material from 

other unrelated microorganisms, including SIV, which shares 70 % sequence similarity (30 

polymorphisms) in the full target sequence.

Interestingly, an increased number of mismatches with primers and probe did not necessarily 

result in reduced sensitivity. In particular the group O isolates had significant mismatches to 

the assay primer/probe sequences with a total of 13–15 polymorphisms (6–7 of which were 

in the reverse primer) and yet were reproducibly detected at the 100 copy level. In contrast, 

the sequence analysis of the isolates that did not efficiently amplify had relatively fewer 

mismatches (range 5–6), most of which were not in the 3’ end of the primer binding sites 

(Daher et al., 2014). As others have observed, we did note that mismatches at the 3’ end of a 

primer prevented amplification. During initial primer optimization, a single base change at 

the 3’ terminal base of the forward primer binding site was present in multiple subtype D 

variants and caused failure to amplify (data not shown). As a result, in our final assay design 

we removed the terminal nucleotide at the 3’ end of the forward primer, which permitted 

detection of all subtypes as demonstrated. Sequence variation within the primer binding sites 

did appear to have an impact on time to detection and the final signal intensity across 

subtypes. This could have implications for ongoing efforts to use RPA for quantitative 

assays (Crannell et al., 2015;Crannell et al., 2014b). While we observed some linearity 

within dilution series for each HIV-1 subtype, quantitation across subtypes appeared less 

reliable (Figure S2). Therefore, the current version of our Twist Alpha HIV-1 assay is not 

yet suitable for real time RT-RPA to quantify HIV viral loads. It is possible that the 

inclusion of oligonucleotides of different sequence in the assay formulation (e.g. ambiguous 

bases) to account for different target pathogen variants may improve the overall inclusivity 

of the assay and improve the sensitivity of otherwise problematic strains.

There are a wide range of factors that must be fully addressed in order to create an effective 

diagnostic for early infant diagnosis of HIV-1 infection in low resource settings. Sample 

collection, processing, amplification and detection must be performed in a short period of 

time, and ideally the test would be simple, non-instrumented and have minimal hands on 

requirements. High sensitivity and specificity for HIV-1 is critical, and the ability to detect 

both HIV-1 RNA and DNA would improve sensitivity of early detection of HIV infection in 

infants, as they typically have high viral loads at the time of testing (Ciaranello et al., 

2011;Mutasa et al., 2012;Young et al., 2000). We have demonstrated that the Twist Alpha 

HIV-1 RT-RPA assay described here can detect very low copies of both HIV-1 DNA and 

RNA with high specificity across a large number of sequence variants representing the 

global distribution of HIV-1 groups M and O. We are currently finalizing and validating our 

sample preparation approach which will be integrated with the Twist Alpha HIV-1 RT-RPA 
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assay along with a simple battery-operated incubator and a sealed amplicon cassette (Lillis 

et al., 2014), to create a practical tool for EID in resource limited settings.

5. Conclusions

In this study, we report on the performance of a new RT-RPA HIV-1 assay design that 

shows a significant improvement upon our original assay. The addition of reverse 

transcriptase to the assay has demonstrated that RPA is a highly sensitive isothermal 

amplification method that permits the detection of very low copy numbers of both HIV-1 

proviral DNA and genomic viral RNA. Both RT-RPA amplicon detection formats are highly 

sensitive and offer low to medium test throughput with an LOD of only 10 copies target 

sequence. The assay is highly specific to HIV-1 and yet is able to detect different HIV-1 

groups, subtypes and variant forms therein, many of which have considerable sequence 

diversity to the primers and oligonucleotide probe used in the assay. A very important 

consideration for a point of care diagnostic tool is the time to result that needs limited or no 

mains electrical power. We demonstrate that RT-RPA assay results can be interpreted in 

under 20 minutes, which is significantly quicker than other nucleic acid amplification 

strategies described to date. By requiring an incubation temperature of only 39°C, RT-RPA 

reactions do not require significant power for optimal incubation conditions and so is 

amendable for use with simple heaters or battery powered devices. The preparation of test 

samples is not addressed in this work but by using HIV-1 RNA as a target, the target copy 

number typically very high in infected infants. HIV-1 RNA preparation is simpler than 

purifying and extracting proviral DNA from peripheral blood mononuclear cells and so a 

method to rapidly extract HIV-1 RNA from infected whole blood is in development. The 

end goal is for the integration of rapid sample preparation of HIV-1 RNA with the Twist 

Alpha HIV-1 RT-RPA assay that will create a simple and rapid, yet high performance assay 

that can detect HIV-1 in infected infants outside of traditional laboratory settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RT RPA can detect low copies of HIV-1 proviral DNA and genomic RNA.

• Result scoring via fluorescence or visual detection have similar sensitivity.

• An HIV-1 assay that can detect variant target sequences in groups M and O.

• The test result is available in 20 minutes.
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Figure 1. Comparison of HIV-1 RPA assays using real time fluorescence detection
Real time fluorescence amplification curves using the previously published pol HIV-1 RPA 

assay (dashed lines) (Boyle et al., 2013) and new Twist Alpha HIV-1 RPA assay (solid 

lines) to amplify 100 copies of sequenced matched HIV-1 DNA (black) or negative controls 

(grey). Data is shown for triplicate amplifications under each reaction condition. The gaps at 

5 minutes reflects the mix step where reagent tubes were removed from the device, mixed 

and reinserted to complete amplification.
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Table 2

A comparison of the LOD of RT-RPA for the detection of HIV-1 RNA using fluorescence and ICS detection 

formats.

Estimated copy number
RT Twist Alpha Exo RT Twist Alpha Nfo

+ve/Total % +ve/Total %

1000 8/8 100 8/8 100

300 8/8 100 8/8 100

200 8/8 100 8/8 100

100 8/8 100 8/8 100

30 8/8 100 8/8 100

25 6/8 75 7/8 87.5

10 1/8 12.5 6/8 75

1 1/8 12.5 1/8 12.5

0 0/8 0 0/8 0
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