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Abstract 

The past decade has witnessed a dramatic increase of anti-retroviral treatment of Human 

Immunodeficiency Virus (HIV) infected patients in many African countries. Due to costs and 

sophistication of currently available commercial viral load assays, little attention has been paid to 

therapy monitoring through measurement of plasma viral load, a challenge that could reverse 

achievements already made against HIV/AIDS infection. Loop-mediated isothermal amplification 

(LAMP) has been shown to be simple, rapid and cost-effective, characteristics which make this assay 

ideal for viral load monitoring in resource limited settings. 

The aim of this study was to establish and evaluate LAMP for quantitative detection of HIV-1 group 

M virus in blood and plasma.  

Cell culture supernatants of HIV-1 subtype B (IIIB and MVP899-87) viruses were used to optimize 

reaction conditions and to test primer suitability. Together with HIV-1 M non-B subtypes, HIV-1 

group O and HIV-2, the cell culture supernatants were used to evaluate the performance of LAMP, to 

generate a model for viral load estimation and to establish the limits of the assay. A panel of 467 

clinical samples was analyzed (282 plasmas and 121 dry blood spots from Kenya and 112 plasmas 

from Germany) and the results obtained by LAMP were compared to those generated by the Abbott 

Real Time HIV-1 assay, an established commercial viral load quantification test. A linear regression 

equation was generated from time to detection values and used to estimate the viral loads of the 

samples by the LAMP assay. Kenyan samples were tested in Nairobi and Munich. 

LAMP primers targeting the integrase of the pol gene were found to be the most suitable compared to 

further 3 primer sets tested. Lower limit of detection (LLOD) of 1,200 copies/mL and lower limit of 

quantification (LLOQ) of 9,800 copies/mL were determined as suitable thresholds for quantitative 

estimations of the LAMP viral loads. Sensitivities of 82 and 86% (Kenyan samples) and 93% 

(German samples) and specificities of 99 and 100% were realized with plasma samples. The study 

also realized a sensitivity of 76% and specificity of 77% with dry blood spot samples from Kenya.  

In conclusion, LAMP assay shows obvious potential for diagnostic application in semi-quantification 

of HIV-1 group M viral load in resource limited countries. However there is a need for further 

improvement of primers in respect to detection of HIV-1 non-B viruses and evaluation of dry blood 

spot samples to ensure that more reliable results are obtained.  

Key words: LAMP assay, HIV integrase primer, semi-quantitative, viral load, Kenya.  



ii 

 

Acknowledgement 

I acknowledge the following groups and people for their contributions and support that enabled the 

completion of this work; 

Members of my family, more so my grandfather the late Marcelus Abok Osako, to whom this work 

is dedicated. Although he did not live to see the validity of his dreams, his wish 20 years ago has 

finally come to a fulfillment. 

My supervisors Prof. Dr. Dr. h.c. Ulrich Koszinowski for funding and supporting this work, Prof. Dr. 

Lutz Gurtler, Prof. Dr. Josef Eberle and Dr. Hans Nitschko for their endless efforts in giving strategic 

directions, providing the required resources, correcting this work and the never ending counsel during 

the study. 

My benefactors, the Catholic Academic Exchange Service (KAAD) in Bonn (Germany), Max von 

Pettenkofer-Institute in Munich (Germany) and H.E Giovanni Tonucci of Loreto (Italy) for providing 

financial and logistical support to ensure the completion of my research and training. 

Members of the Virology (diagnostic) department of the Max von Pettenkofer-Institute; Dr. Gundula 

Jaeger for her support and wise counsel, Helga Mairhofer, Hiroko Matsuba, Lena Schickle, Ramona 

Hüsser and Ingunn Olsen-Bader for their lab assistance in preparing virus samples and nucleic acid 

sequences. Dr. Hannah Striebinger for accepting to independently investigate the precision of LAMP 

assay results during the experiments. 

Members of Nyumbani Diagnostic Laboratory in Karen, Nairobi (Kenya); Sr. Mary Owens and the 

Nyumbani Board of directors for approving the study at Nyumbani and providing samples and 

laboratory space and the Nyumbani diagnostic laboratory staff for their support and acceptance. 

Members of the Kenya Medical Research Institute (KEMRI), Nairobi (Kenya); Ethical committee for 

approving this study in Kenya, HIV laboratory staff; Alex Maiyo for his continuous support in the 

laboratory and Dr. Raphael Lwembe for authorizing the use of the laboratory. 

Finally, I acknowledge all men and women who supported and encouraged me during my entire 

research and training, especially those in Munich who became part of my larger family during the 

three years.  

 

 

 

 

 

 



iii 

 

Table of contents 

Abstract …………………………………...……………………………………………………………i 

Acknowledgement …...………………..…………………….…………………………..……………..ii 

Table of contents...……………….………………………….……………………………………...…iii 

List of Tables ….………………………………..…………………………………………………..…iv 

List of Figures .….……………………………………………………………………………..……...ix 

Abbreviations and acronyms………………………….………………………………….………........xi 

Chapter 1 ................................................................................................................................................ 1 

1 Introduction, justification and objectives of the study .................................................................... 1 

1.1 Introduction ............................................................................................................................. 1 

1.2 Justification of the study ......................................................................................................... 2 

1.3 Objectives of the study ............................................................................................................ 4 

1.3.1 Broad objective ........................................................................................................................ 4 

1.3.2 Specific objectives ................................................................................................................... 4 

Chapter 2 ................................................................................................................................................ 5 

2 Literature review ............................................................................................................................. 5 

2.1 Human Immunodeficiency Virus (HIV) ................................................................................. 5 

2.1.1 Historical perspective .............................................................................................................. 5 

2.1.2 Virus classification and genome morphology ......................................................................... 5 

2.1.2.1 Classification ........................................................................................................................... 5 

2.1.2.2 Genome structure ..................................................................................................................... 6 

2.1.3 Epidemiology........................................................................................................................... 6 

2.1.3.1 Distribution of HIV types ........................................................................................................ 6 

2.1.3.2 Global distribution of HIV-1 groups and subtypes ................................................................. 7 

2.1.3.3 HIV-1 group M subtypes and disease progression .................................................................. 8 

2.1.3.4 HIV-1 group M subtypes and transmission of infection ......................................................... 9 

2.1.3.5 HIV-1 group M subtypes and response to anti-retroviral therapy ........................................... 9 

2.1.3.6 HIV-1 group M subtypes and resistance to anti-retroviral therapy ....................................... 10 

2.1.3.7 HIV infection in Sub-Saharan Africa .................................................................................... 11 

2.1.4 HIV treatment ........................................................................................................................ 11 

2.1.4.1 Classes of HIV drugs ............................................................................................................. 11 

2.1.4.2 Highly Active Anti-retroviral Therapy (HAART) ................................................................ 13 



iv 

 

2.1.4.3 HIV treatment in Sub-Saharan Africa ................................................................................... 14 

2.1.4.4 HIV drug resistance ............................................................................................................... 15 

2.1.4.5 Viral load and CD4 Cells ....................................................................................................... 16 

2.1.4.5.1 CD4 cell count/measurement ....................................................................................... 16 

2.1.4.5.2 Viral load monitoring .................................................................................................. 17 

2.2 Loop-mediated isothermal amplification (LAMP) ............................................................... 18 

2.2.1 Test principle and LAMP primers ......................................................................................... 18 

2.2.2 Advantages of LAMP assay and its adaptation to detection of viruses ................................. 19 

Chapter 3 .............................................................................................................................................. 21 

3 Materials and methods .................................................................................................................. 21 

3.1 Sample materials ................................................................................................................... 21 

3.1.1 Cell culture supernatants ....................................................................................................... 21 

3.1.2 Clinical samples ..................................................................................................................... 21 

3.2 Laboratory procedures .......................................................................................................... 22 

3.2.1 Optimization of LAMP assay using cell culture supernatants ............................................... 22 

3.2.1.1 Viral strains and reagents ...................................................................................................... 22 

3.2.1.2 Design and synthesis of LAMP primers ................................................................................ 22 

3.2.1.3 Testing of primers .................................................................................................................. 23 

3.2.1.3.1 rt-PCR .......................................................................................................................... 24 

3.2.1.3.2 rt-LAMP amplification ................................................................................................ 24 

3.2.1.4 Optimization of rt-LAMP reaction conditions ...................................................................... 24 

3.2.1.5 Analytical sensitivity and specificity of the rt-LAMP ........................................................... 25 

3.2.1.5.1 Sensitivity .................................................................................................................... 25 

3.2.1.5.2 Specificity .................................................................................................................... 25 

3.2.2 Processing and testing of clinical samples by LAMP assay .................................................. 26 

3.2.2.1 Preparation of dry blood spot or dry plasma samples............................................................ 27 

3.2.2.2 Procedures for sample manipulation ..................................................................................... 27 

3.2.2.2.1 Manual extraction of nucleic acid ................................................................................ 27 

3.2.2.2.1.1 Extraction from whole blood and plasma .................................................................... 27 

3.2.2.2.1.2 Extraction from dry blood spots .................................................................................. 27 

3.2.2.2.2 RNA linearization ........................................................................................................ 28 

3.2.2.2.3 Treatment of samples of various categories ................................................................ 28 



v 

 

3.2.2.2.4 rt-LAMP amplification process ................................................................................... 28 

3.2.2.2.5 Detection of LAMP products and generation of results .............................................. 28 

3.2.3 Automated extraction and quantification of viral load by Abbott Real Time HIV-1 assay .. 29 

3.2.4 Nucleic acid sequencing ........................................................................................................ 29 

3.2.4.1 Purification of PCR products ................................................................................................. 29 

3.2.4.2 Pre-sequencing product preparation and sequencing ............................................................ 30 

3.2.4.3 Editing of sequences and HIV subtyping .............................................................................. 30 

Chapter 4…………………………………………………………………………………………..….31 

4 Results ........................................................................................................................................... 31 

4.1 Testing efficacy of primers ................................................................................................... 31 

4.1.1 rt-PCR .................................................................................................................................... 31 

4.1.1.1 Testing primers by rt-PCR ..................................................................................................... 31 

4.1.2 rt-LAMP ................................................................................................................................ 31 

4.1.2.1 Optimization of primers and reaction conditions .................................................................. 31 

4.1.2.2 Restriction enzyme digestion of rt-LAMP products .............................................................. 34 

4.1.2.3 Testing and detection of LAMP products with cell culture supernatants .............................. 34 

4.1.2.4 Prevention of sample cross contamination ............................................................................ 35 

4.1.2.5 Testing  and evaluation of analytical parameters of LAMP primer sets. .............................. 36 

4.1.2.5.1 Sensitivity across a dilution panel ............................................................................... 36 

4.1.2.5.2 Linearity across the primer sets ................................................................................... 36 

4.1.2.5.3 Determination of precision for primers based on time to detection............................. 37 

4.1.2.5.3.1 Intra-assay precision .................................................................................................... 37 

4.1.2.5.3.2 Inter-assay precision .................................................................................................... 38 

4.1.2.5.3.3 Inter-assay precision across subtypes .......................................................................... 38 

4.1.2.6 Real time turbidimetry versus HNB dye detection ................................................................ 39 

4.1.2.7 Evaluation of primer mismatches .......................................................................................... 40 

4.1.2.8 Selection of primers for further evaluation ............................................................................ 41 

4.1.2.9 Evaluation of the sample condition ....................................................................................... 42 

4.1.2.9.1 Testing the matrix effect of plasma and aqueous solution ........................................... 42 

4.1.2.9.2 Specificity for HiInteg and HiP primers with negative clinical samples ..................... 42 

4.1.3 Evaluation of HiInteg primers for potential use in analysis of clinical samples ................... 44 

4.1.3.1 Plasma, dry blood spots and dry plasma spots ...................................................................... 44 

4.1.3.2 Nucleic acid sequence analysis of primer target regions ....................................................... 45 



vi 

 

4.2 Analytical sensitivity and estimation of lower threshold limits ............................................ 50 

4.2.1 Analytical sensitivity ............................................................................................................. 50 

4.2.2 Generation of a mathematical model for estimation of viral load by LAMP assay .............. 51 

4.2.3 Quality control ....................................................................................................................... 53 

4.2.3.1 Precision tests based on estimated viral loads generated by linear estimation curve ............ 53 

4.2.3.1.1 Intra- and inter-assay precision testing based on viral load ......................................... 53 

4.2.3.1.2 Inter-investigator variation .......................................................................................... 54 

4.2.4 Analysis of HIV-1 subtypes from cell culture supernatants .................................................. 55 

4.3 Testing and analysis of clinical patient samples with LAMP assay ..................................... 56 

4.3.1 Sensitivity and specificity of LAMP assay with clinical samples ......................................... 57 

4.3.1.1 Overall sensitivity and specificity of LAMP assay within sample categories ....................... 57 

4.3.1.1.1 Sensitivity and specificity for samples of viral loads above 5,000 copies/mL ............ 58 

4.3.2 Analysis of correlation between Abbott m2000rt and LAMP assay ..................................... 58 

4.3.3 Nucleic acid sequencing and primer modification. ............................................................... 61 

4.3.3.1 Nucleic acid sequence analysis of primer binding sites of patient samples .......................... 61 

4.3.3.2 Design of modified primers ................................................................................................... 62 

Chapter 5………………………………………….…………………………………………………..65 

5 Discussion ..................................................................................................................................... 65 

5.1 Evaluation and testing of primers and assay conditions ....................................................... 65 

5.1.1 Preliminary assessment of primers and assay conditions ...................................................... 65 

5.1.2 Stringency of primer binding ................................................................................................. 66 

5.1.3 Influence of mismatches ........................................................................................................ 66 

5.1.4 False positive reactions in LAMP assay ................................................................................ 68 

5.1.4.1 Sample contamination ........................................................................................................... 69 

5.1.4.2 Cross-reactivity ...................................................................................................................... 69 

5.1.4.3 Mis-priming ........................................................................................................................... 70 

5.1.5 Visual detection of LAMP amplification products ................................................................ 71 

5.1.6 Sensitivity of LAMP assay and establishment of detection limits ........................................ 72 

5.1.6.1 Sensitivity of LAMP using HIV cell culture supernatants .................................................... 72 

5.1.6.2 Establishment of LAMP detection limits .............................................................................. 72 

5.2 Analysis of clinical samples .................................................................................................. 73 

5.2.1 Optimization of sample material for LAMP analysis ............................................................ 73 

5.2.1.1 Dried blood spot samples ...................................................................................................... 73 



vii 

 

5.2.1.1.1 Viral load analysis for LAMP using DBS samples ..................................................... 74 

5.2.1.1.1.1 Sensitivity, specificity and correlation analysis ........................................................... 74 

5.2.1.1.1.2 False negative results ................................................................................................... 74 

5.2.1.1.1.3 False positive results .................................................................................................... 75 

5.2.1.2 Unprocessed whole blood and plasma ................................................................................... 75 

5.2.2 Performance characteristics of LAMP assay for HIV-1 virus positive plasmas ................... 76 

5.2.2.1 Sensitivity and specificity ...................................................................................................... 76 

5.2.2.2 Correlation analysis ............................................................................................................... 76 

5.2.2.3 Subtype specificity of RNA quantification by LAMP .......................................................... 77 

5.2.2.4 Optimization of primers for improvement in LAMP quantification ..................................... 78 

5.3 Conclusion ............................................................................................................................ 78 

5.4 Recommendations for improvement ..................................................................................... 78 

5.5 Summary ............................................................................................................................... 79 

References ............................................................................................................................................ 80 

Appendices……………………………………………………………………………………...…ci-civ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

List of Tables 

Table no.                                                Title Page no. 

Table 1 List of primers and their target positions within the HIV genome      24 

Table 2 Restriction enzymes and their target primer sets      27 

Table 3 Optimization of the primer concentration for LAMP analysis      34 

Table 4 Inter-assay precision for different sets of primers among HIV-1 M:B and non-
B subtypes 

     40 

  

Table 5 Mismatches within primer targets for the 4 LAMP primer sets      42 

Table 6 Specificity analysis of HiInteg and HiP sets of primers for selected clinical 
samples 

     44 

  

Table 7 False positive results obtained by HiP primer set among HIV negative plasma 
and DBS 

     44 

  

Table 8 Inter- and intra-assay precision test results showing log standard deviations 
between Abbott m2000rt system and LAMP assay 

     55 

  

Table 9 Inter-investigator precision between two independent investigators in the same 
laboratory 

     56 

  

Table 10 Sensitivity, specificity and predictive values of LAMP for plasma and dry 
blood spot (DBS) samples 

     58 

  

Table 11 Sensitivity for samples with viral loads ≥5,000 copies/mL      59 

Table 12 Number of mismatches for clinical samples showing >1log10 discrepant results 
between Abbott m2000rtand LAMP assays. 

     63 

  

Table 13 Comparison of viral load results for LAMP obtained by the standard and the 
F3-modified sets of primers. 

     64 

  

 

 

 

 

 

 

 

 



ix 

 

List of Figures 

Figure no.                                                     Title Page no. 

Figure 1 HIV-1 genome structure      7 

Figure 2a LAMP primer targets      19 

Figure 2b Schematic representation of the cyclic step in LAMP amplification process      20 

Figure 3 Summary scheme of laboratory procedures       27 

Figure 4 Products of rt-PCR amplification generated by LAMP designed primers as 
detected by agarose gel electrophoresis 

     32 

  

Figure 5 Restriction digestion of rt-LAMP amplicons generated by LAMP designed 
primers  

     35 

 

Figure 6 Detection methods used during LAMP evaluation       35-36 

Figure 7 Evaluation of analytical sensitivity and rate of detection of LAMP primers for 
cell culture supernatant dilution panel 

     37 

  

Figure 8 Results of a culture supernatant dilution panel of MVP899-87 virus       38 

Figure 9 Results of intra-assay precision for HiInteg , HiP, HiGp and HiLtr sets of 
primers 

     39 

  

Figure 10 Comparisons of 2 detection methods (real time turbidimetry and HNB dye 
detection) for cell culture supernatant of HIV-1 M: IIIB virus 

     41 

  

Figure 11a Nucleic acid sequence alignment of HIV-1 M: B and D subtypes with HiInteg 
primers  

     47 

  

Figure 11b Nucleic acid sequence alignment of HIV-1 M: non-B, non D subtypes with 
HiInteg primers 

     48 

  

Figure 11c Nucleic acid sequence alignment of HIV-1 group O with HiInteg primers      49 

Figure 11d Nucleic acid sequence alignment of HIV-2 with HiInteg primers      50 

Figure 12 Estimation curve for lower limit of detection (LLOD) and lower limit of 
quantification (LLOQ) for LAMP compared to the Abbott m2000rt system 

     52 

  

Figure 13 Estimation curves for viral load quantification by LAMP assay      53 

Figure 14 Quality control test for assessment of linearity      54 

Figure 15 Correlation analysis for HIV-1 subtypes cell culture supernatant samples       57 

Figure 16 Correlation analysis for Kenyan plasma samples analyzed in Nairobi      60 

Figure 17 Correlation analysis for Kenyan plasma samples analyzed in Munich      60 



x 

 

Figure 18 Correlation analysis for Kenyan Dry Blood Spot (DBS) samples analyzed in 
Munich 

     61 

  

Figure 19 Correlation analysis for Munich samples analyzed in Munich      61 

Figure 20 Nucleic acid sequence alignments of sequenced samples with HiInteg standard 
and F-3 modified primers 

     65 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

Abbreviations and acronyms 

AIDS Acquired Immunodeficiency Syndrome 

ART Anti-retroviral therapy 

BIP Backward inner primer 

Bp Base pair 

Bst polymerase Polymerase enzyme from Bacillus stearothermophilus 

CCR5 C-C chemokine receptor type 5 

CD4 HIV-1 cluster of differentiation 4 glycoprotein 

CI Confidence interval 

CRF HIV-1 Circulating recombinant form  

CV Coefficient of variation 

DBS Dry blood spot 

DD Detection dye 

dH2O distilled water 

DNA Deoxyribonucleic acid 

DPS Dry plasma spot 

EC 50 Effective concentration 50 

EDTA Ethylene diamine tetra acetic acid 

Env HIV-1 envelope gene 

FDA Food and drug administration 

FIP Forward inner primer 

FTA Fast technology for analysis of nucleic acids 

Gag HIV-1 group-specific antigen gene 

Gp41 HIV-1 glycoprotein with molecular weight 41,000 

HAART Highly Active Anti-retroviral Therapy 

HiGp Primer set targeting HIV gp41 of the env gene 

HIV Human Immunodeficiency Virus 

HiInteg Primer set targeting HIV integrase of the pol gene 

HiLtr Primer set targeting HIV LTR region 

HiP Primer set targeting HIV p24 of the gag gene 

HNB Hydroxynaphthol blue 

HXB2 HIV-1 virus strain HXB clone 2 

IN integrase 

K65R Mutation of lysine to arginine in position 65  

KEMRI Kenya Medical Research Institute 

LAMP Loop-mediated isothermal amplification 

LLOD Lower limit of detection 

LLOQ Lower limit of quantification 

LTR Long terminal repeat 

MVPI Max von Pettenkofer-Institute 

ND Not detected 

NIAD/NIH National institute of allergy and infectious diseases/ National 



xii 

 

institutes of health 

NNRTI Non-nucleoside reverse-transcriptase inhibitors  

NPV Negative predictive value 

NRTI Nucleoside/nucleotide reverse transcriptase inhibitors 

NYK Sample obtained from Nyumbani diagnostic laboratory in Kenya 

p24 HIV-1 core protein with molecular weight 24,000 

PCR Polymerase chain reaction 

PMTCT Prevention of mother-to-child transmission 

pol HIV-1 polymerase gene 

PPV Positive predictive value 

qPCR Quantitative PCR 

RFLP Restriction fragment length polymorphism 

RNA Ribonucleic acid 

RPMI 1640 Roswell park memorial institute. A formulation that supports 

growth of cultured cells including fresh human lymphocytes 

RT Reverse transcriptase 

rt-LAMP Reverse transcription LAMP 

rt-PCR Reverse transcription PCR 

SD Standard deviation 

SLS Sodium lauryl sulfate 

SIV Simian Immunodeficiency Virus 

Taq polymerase Polymerase enzyme from Thermus aquaticus 

Tt Time to threshold detection 

U3 HIV-1 3’unique region 

UNAIDS The joint United Nations programme on HIV/AIDS 

Vif Virus infectivity factor 

Vpr Viral protein R 

Vpu Viral protein U 

Vpx Viral protein X (HIV-1, SIV) 

WHO World Health Organization 

WHO/TDR World Health Organization/Tropical Diseases Research 



1 

 

Chapter 1 

1 Introduction, justification and objectives of the study 

1.1 Introduction 

The identification of the first patients with Acquired Immunodeficiency Syndrome (AIDS) in   1981, 

and the subsequent proof of Human Immunodeficiency Virus (HIV) as the causative agent of AIDS 

by the Medical Scientific Community in 1984, marked the beginning of the fight against the spread of 

HIV/AIDS. The identification of HIV and its roots of infection thus became the first step in the 

process of eliminating transmission of the virus through sexual contacts, transfusion of blood and 

blood products, creating rational policies for control and prevention of infection by the different 

means of transmission, and designing efficient anti-retroviral therapies (Gallo and Montagnier, 2003). 

Since the introduction of Highly Active Anti-Retroviral Therapy (HAART) for treatment of 

HIV/AIDS infection in 1995, millions of lives have been saved globally. Patients receiving this 

combination therapy continue to report decreased viral loads and increased CD4 T-lymphocyte 

counts. Thus the life expectancy among  patients who start treatment at an early stage has moved 

closer to the general mortality rate of HIV negative persons (Johnson et al., 2013). 

Despite the challenges at the beginning, a gradual increase in political commitment has been shown 

within the past 10 years by many governments in Sub-Saharan Africa, the continent with the highest 

burden of HIV/AIDS infection. Coupled with an increase in international funding within the same 

period, the increased level of political commitment has led to the rise in access to HIV/AIDS 

treatment in this region. Currently the number of people on anti-retroviral therapy  (ART) stands at 

7.1 million up from 1 million which was recorded in 2005 (UNAIDS, 2013). More than half of this 

number includes those patients who are in immediate need of treatment. However, despite this 

success, little attention has been paid to the possibility of the emergence and spread of drug resistant 

HIV strains and their implications to the public health systems. 

As opposed to the developed world where management of combination therapy depends on: specialist 

care for individual patients (which includes drug resistance testing to guide on the choice of drug 

regimen), frequent monitoring of plasma viral load for prompt detection of treatment success or 

failure and a wide range of treatment regimens and options to choose from (Department for Health 

and Human Services, 2011), the developing world still has  major limitations.  Resource limited 

countries depend mainly on the public health approaches which include a decentralized service 

delivery, empirical first and second line anti-retroviral combination therapy and clinical or 
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immunological definitions of treatment failure in settings where plasma viral loads cannot be 

ascertained (Hamers et al., 2012a; World Health Organization, 2010a).  

Reliance on immunological capacity through CD4 cell count, although successful, is not sufficient 

since CD4 cell count is a slowly changing parameter that gives insight into the function of the 

immune system. It is an assay which measures residual immune fitness and not viral replication in 

response to ART. Viral load measurement on the other hand, is a sensitive parameter mainly 

influenced by clearance of HIV from plasma by the immune system, efficiency of ART and drug 

combinations, compliance of the patient to drug regimen, and other conditions such as other 

infections or malnutrition which affect the competence of the immune response to control HIV. 

With a constant reduction in international funding, African national health systems are likely to be 

faced with a lot of limitations which could lead to development of drug resistance. The current 

limitations include widespread use of low cost drugs which in some cases are of sub-optimal quality 

e.g. sometimes the use of nevirapine monotherapy in HIV prevention of mother-to-child transmission 

(PMTCT) and stavudine as part of first line treatment (Wainberg et al., 2011). Other limitations 

include limited access to monitoring of plasma viral load (Hosseinipour et al., 2009; Sigaloff et al., 

2011), treatment interruptions when drug supplies run out (Oyugi et al., 2007; Pasquet et al., 2010), 

sub-optimal or non-adherence to treatment (Sethi et al., 2003) and frequent drug to drug interactions 

such as nevirapine and rifampicin in HIV patients co-infected with tuberculosis (Boulle et al., 2008) 

undergoing treatment. 

Benefits of routine blood plasma viral load monitoring, which include avoiding unnecessary ART 

switches hence avoiding accumulation of drug resistant strains are increasingly being accepted by 

many stakeholders. The high costs of implementation and sustainability however remain a major 

point of concern, since any resources allocated to laboratory monitoring could divert funds away from 

expanding access to treatment thereby impinging on healthcare delivery. It is therefore important to 

develop and establish assays for viral load monitoring that are simple and cost effective for use in 

resource limited countries. This study investigates the performance of a loop-mediated isothermal 

amplification (LAMP) assay as a simple and cost effective assay that could potentially be used for 

quantitative determination of HIV plasma viral load in patients within resource limited settings. 

1.2 Justification of the study 

Studies estimate that between 10-24% (Barth et al., 2010; Hamers et al., 2012c) of HIV infected 

patients have detectable plasma viral load during first line therapy. However, switching rates to the 
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next line therapy is still low (Onyedum et al., 2013; World Health Organization, 2011) in resource 

limited settings, partly due to poor sensitivities of clinical and immunological criteria for detection of 

treatment failure (Sigaloff et al., 2011). It is also estimated that poor specificity of these criteria could 

lead to more than 50% of the switches being unnecessary (Sigaloff et. al., 2011). Unnecessary 

switching (from first line treatment) will rapidly exhaust the drug combination options available and 

unnecessarily increase the cost of treatment, since the cost of second line treatment is more than 

double that of the first line treatment (Clinton HIV AIDS Initiative, 2009). Increased cost would 

therefore mean that for every treatment of a wrongful switch to the second line treatment, one to two 

patients would go without treatment due to lack of drugs as a result of a limited budget (Clinton HIV 

AIDS Initiative, 2009). Therefore proper monitoring of plasma viral load could potentially save 

developing countries up to 15 – 30% of the costs of long term HIV treatment by mitigating high costs 

associated with unnecessary switching to second line regimen (Hamers et al., 2012b). 

Apart from avoiding unnecessary switches, benefits of plasma viral load monitoring include 

supporting adherence surveillance (since lapses in treatment can quickly be identified) and identifying 

patients with accumulating drug resistant strains (Cohen et al., 2011; Wilson et al., 2009).  Although 

these benefits are accepted, debate on high costs of implementation and sustenance by the resource 

limited countries still persists and in many cases favor clinical and immunological parameters, mainly 

CD4 cell count.  CD4 cell count, as already discussed in page 2, only measures immune fitness and 

not viral replication in response to ART. Furthermore, studies carried out in the developed world have 

shown that measurement of CD4 cells have limited benefits in patients with suppressed viral loads 

(Ledergerber et al., 2004; Phillips et al., 2002).  

Scientific advancements so far, such as use of dried blood spots (DBS) for sample storage and 

transportation, development of relatively simple assays for HIV detection continue to provide an 

opportunity for improvement and development of assays which would further reduce the costs 

associated with plasma viral load monitoring. 

Therefore the threat of an emergence of drug resistant strains and high cost of monitoring treatment 

which could potentially reverse the gains made in the fight against HIV/AIDS, justifies the need for a 

simple, cost effective and readily available assay for use in monitoring plasma viral load in resource 

limited settings. 
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This study thus evaluated  whether LAMP assay, regarded as simple and cost effective, would have 

the potential for use in quantitative detection of HIV-1 viral load in patients undergoing treatment 

within resource limited settings. 

1.3 Objectives of the study 

1.3.1 Broad objective 

To establish and evaluate a LAMP assay for quantitative detection of HIV-1 group M virus RNA in 

blood and plasma. 

1.3.2 Specific objectives 

1. To compare the performance of primers designed to amplify 4 regions of the HIV genome, 

namely LTR, p24 in the gag gene, integrase in the pol gene and N-terminus of gp41 in the 

env gene. 

2. To refine primers and cycling conditions during LAMP adaptation process. 

3. To analyse performance characteristics of LAMP using cell culture supernatants of HIV-1 

viruses from patients of different African regions and whole blood, plasma samples and dry 

blood spots (DBS) from Munich and Nairobi. 

4. To evaluate the LAMP assay under field conditions in Kenya for HIV detection and viral load 

measurements 
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Chapter 2 

2 Literature review 

2.1 Human Immunodeficiency Virus (HIV)  

2.1.1 Historical perspective 

Human Immunodeficiency Virus, the virus that causes AIDS, was first discovered in 1983 (Barre-

Sinoussi et al., 1983; Broder and Gallo, 1984; Gallo et al., 1983) and identified as lymphadenopathy-

associated virus (LAV) by Montagnier’s group and as human T-lymphotropic virus (HTLV-III) by 

Gallo’s group. Montagnier’s group in their virus characterization showed that this new virus had core 

proteins which were immunologically different from those of HTLV-1 (Basavapathruni and 

Anderson, 2007). Another research group in San Francisco in 1984 reported the isolation of a similar 

virus within symptomatic and asymptomatic patients from AIDS risk groups. They named this virus 

AIDS-associated retrovirus (ARV) (Levy et al., 1984). In 1986, the International Committee of Viral 

Taxonomy (ICVT) renamed all the three different viral isolates Human Immunodeficiency Virus 

(HIV-1) (Coffin et al., 1986), after it was demonstrated by nucleic acid sequence analysis of HTLV-

III, LAV-1 and ARV that all three belonged to the same virus family  (Ratner et al., 1985; Sanchez-

Pescador et al., 1985; Wain-Hobson et al., 1985). 

2.1.2 Virus classification and genome morphology 

2.1.2.1 Classification 

Human Immunodeficiency Virus belongs to the family Retroviridae (Fauquet and Fargette, 2005) and 

as such is a RNA virus which codes for the enzyme reverse transcriptase. This enzyme transcribes the 

viral genomic RNA into DNA which then integrates into the genome of the host cell (Fauci, 1988) 

during the HIV life cycle.  

Within the Retroviridae family, the virus is a member of the genus lentivirus (Fauquet and Fargette, 

2005). Lentiviruses have a long incubation period between infection and the occurrence of disease 

(Levy, 1993). Lentiviruses are also known to cause immunodeficiency in their hosts in addition to 

slow progressive wasting disorders, neurodegeneration and death (Haase, 1986; Haase et al., 1990). 

These viruses include feline immunodeficiency virus infecting cats, visna virus infecting sheep, 

caprine arthritis-encephalitis virus infecting goats and simian immunodeficiency viruses infecting 

non-human primates (Gonda et al., 1985; Haase, 1986; Stowring et al., 1979; Temin, 1988; Temin, 

1989). 
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Figure 1. HIV genome structure.  Structural genes gag, pol and env, regulatory genes tat, rev, nef , auxiliary 

genes vif, vpr, vpu  and their positions within the HIV-1 genome of HXB2 strain (the whole genome consists 

of 9719 bp). Adapted from http://www.hiv.lanl.gov/content/sequence/HIV/MAP/landmark.html 

2.1.2.2 Genome structure 

Lentiviruses are distinguished from other members of the Retroviridae family by the complexity of 

their genome. HIV, like other lentiviruses contains three main structural genes, gag, pol and env 

(Figure 1). These genes contain information needed to code for the necessary structural proteins and 

enzymes (Los Alamos National Laboratory, 2008a). Apart from the three essential structural genes, 

HIV further contains complex regulatory genes tat, rev, nef, whose function is to regulate synthesis of 

proteins which control the ability of HIV to infect cells (infection), produce progeny viruses 

(replication), or cause disease (pathogenicity) (Los Alamos National Laboratory, 2008a). Other 

auxiliary genes include vif, vpr and vpu (or vpx in case of HIV-2) (Greene, 1991; Los Alamos 

National Laboratory, 2008a), and have also been referred to as accessory proteins. Although the latter 

have not been absolutely necessary for virus propagation in tissue culture, these accessory proteins 

have been shown to be conserved in the different isolates suggesting that their role in vivo is 

important. Their functional importance has been shown in pathogenicity (Kluge et al., 2013; Sharp 

and Hahn, 2011). The Long Terminal Repeats (LTRs) are found at the 5’ and 3’ ends and serve as a 

DNA sequence flanking the genome of integrated proviruses. The LTR contains important regulatory 

regions, especially those for transcription initiation and polyadenylation (Krebs et al., 2001).  

 

 

 

 

 

 

 

 

2.1.3 Epidemiology 

2.1.3.1 Distribution of HIV types 

Based on genetic variability (Robertson et al., 1995), two types of human immunodeficiency viruses 

(HIV-1 and HIV-2) have been identified. Both can be transmitted by seminal or vaginal secretions 

through sexual intercourse (Ho et al., 1984; Zagury et al., 1984), through transfusion of blood or 

blood products (Jones et al., 1992; Selik et al., 1993; Shrestha, 1996) sharing needles as seen in 
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intravenous drug use or through tattooing and scarification. Perinatal or vertical transmission from 

HIV-positive mother to the child (World Health Organization, 2010c) is another route and occurs 

during pregnancy, vaginal childbirth or through breastfeeding. HIV-2 is less easily transmitted and is 

characterized by a longer period between infection and progression to AIDS (Kanki et al., 1999; 

Marlink et al., 1994; Whittle et al., 1994) compared to HIV-1. 

Although HIV-1 M with its subtypes has a global distribution, HIV-2 is mainly restricted to west 

Africa and India with some cases reported in Angola, Mozambique and Brazil (Marx et al., 2001; 

Santiago et al., 2005). 

2.1.3.2 Global distribution of HIV-1 groups and subtypes 

Four groups have been identified and are currently used to classify HIV-1 virus: group M “Major”, O 

“outlier”, N “Non M, non O” (Charneau et al., 1994; De Leys et al., 1990; Gurtler et al., 1994; Simon 

et al., 1998) and group P (Plantier et al., 2009; Vallari et al., 2011). 

Groups O, N and P virus strains are more restricted to west and central African equatorial regions (the 

Congo basin), while group M is distributed world wide. Different studies have however shown 

sporadic cases of group O and N outside west and central Africa (Delaugerre et al., 2011; Gurtler et 

al., 1996; Rayfield et al., 1996; Sullivan et al., 2000) possibly caused by viral migration in man, since 

the majority of the cases had contact with west-central Africans (Delaugerre et al., 2011; Quinones-

Mateu et al., 2000). 

Group M therefore accounts for the large majority of HIV infections worldwide. This group is further 

divided into nine genetically distinct subtypes: A, B, C, D, F, G, H, J and K (Janssens et al., 1994a; 

Janssens et al., 1994b; Janssens et al., 1994c; Janssens et al., 1994d; Kostrikis et al., 1995; Leitner et 

al., 1995; Louwagie et al., 1995; Louwagie et al., 1993; Myers et al., 1992). When two viruses of 

different subtypes interchange their genetic material in the process of recombination, a new hybrid 

virus may result (Burke, 1997). When a hybrid (recombinant) virus infects more than one person, it is 

defined as a circulating recombinant form (CRF) (Burke, 1997). These CRFs have frequently been 

documented in HIV infected populations (Carr et al., 1996; Gao et al., 1996; Li et al., 2013; Murphy 

et al., 1993; Wei et al., 2014). Subtypes initially named E and I were subsequently grouped as CRFs 

(Los Alamos National Laboratory, 2008b). 

Global estimates of HIV-1 group M virus subtypes show that subtype C accounts  for approximately  

50% of all infections worldwide followed by subtypes A, B, D and G accounting  for 12%, 10%, 3% 

and 6%, respectively. Subtypes F, H, J and K combined together account for only 1% of infections 
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among the 9 major subtypes identified. Some studies have reported that pure subtypes account for 

82% whereas the CRFs account for the remaining 18% (Hemelaar et al., 2006) of HIV-1 infections. 

Circulating recombinant forms CRF01_AE and CRF02_AG each are estimated to account for 5% of 

infections while CRF03_AB accounts for 0.1%. All other remaining recombinants account for the 

final 8% of infections (Hemelaar et al., 2006). A total of 65 major CRFs have been published to date 

(Los Alamos National Laboratory, 2013; Wei et al., 2014) and one inter-circulating recombinant form 

(Inter-CRF) designated CRF61_BC (composed of CRF07_BC and CRF08_BC) has already been 

identified in China (Li et al., 2013).  

2.1.3.3 HIV-1 group M subtypes and disease progression 

In a study done among female sex workers in Senegal infected with subtypes A, C, D and G  (Kanki 

et al., 1999), it was realized that women infected with a non-A subtype were eight  times more likely 

to develop AIDS than those infected with subtype A. This study therefore suggested a possible 

difference in pathogenicity and the rate of progression to AIDS for the different HIV-1 group M 

subtypes.  

Other studies have shown that infection by specific subtypes influences the rate of disease 

progression and eventual death. In a study in Uganda, it was realized that persons infected with HIV-

1 subtype D or recombinant strains incorporating subtype D developed AIDS sooner than those 

infected with subtype A, and in the absence of ART  these patients also died earlier (Kiwanuka et al., 

2008). This Ugandan study associated the virulence of subtype D to its more effective binding to the 

immune cells.  A similar study among Kenyan women also showed that those  infected with subtype 

D had more than twice the risk of death over six years compared to those infected with subtype A 

(Baeten et al., 2007), despite similarity in their plasma viral loads. A study done to evaluate the 

survival patterns of adults in Thailand 8-14 years after HIV-1 subtype E (CRF01_AE) infection 

(Nelson et al., 2007) showed a similar survival pattern of these individuals comparable to those 

individuals infected with HIV-1 group M subtype D in Africa. In their findings, Nelson and 

colleagues also reported that CRF01_AE had a higher rate of disease progression compared to 

subtype B. The latter finding could probably point towards the effect of increasing pathogenicity and 

recombination of an infecting virus on the time to disease and AIDS-related death, since B and D are 

grouped as sub-subtypes with very closely related genetic patterns (Robertson et al., 1999). This 

faster progression to AIDS and AIDS-related death has also been reported in patients from Guinea-

Bissau  infected with a circulating recombinant form A3/A2 (Palm et al., 2014). The latter study has 

so far reported the fastest rate of progression from HIV infection to disease and AIDS-related death. 
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2.1.3.4 HIV-1 group M subtypes and transmission of infection 

Until now the association between HIV subtype and the transmission route of infection has not 

conclusively been evaluated. However, some studies (van Harmelen et al., 1997) have reported that 

subtype B is mainly transmitted among homosexual men compared to subtype C which is mainly 

found in the heterosexual setting. This assertion could be strengthened by the global subtype 

distribution where subtype B is predominantly common in the western world within the gay 

communities. Among the Thai population, it has also been reported that CRF01_AE is transmitted 

more easily in heterosexual relationships compared to subtype B. Whether any biological factors 

influence these observations has continuously been a subject of debate (Bhoopat et al., 2001; Dittmar 

et al., 1997; Essex, 1996; Pope et al., 1997).  

It is also not clear as yet whether infection by a specific HIV subtype influences the rate of vertical 

transmission from mother to child). A matched case-control study addressing whether viruses with 

different long terminal repeat (LTR) subtypes were transmitted equally vertically among a Tanzanian 

population (Blackard et al., 2001) reported a higher rate of mother to child transmission of subtype C 

compared to subtypes A and  D. In this study, the rate of subtype A transmission was 3.2 times higher 

than that of subtype D. However a study done in western Kenya among 414 women (Yang et al., 

2003) identified higher rates of mother to child transmission among women infected with subtype D 

compared to those infected with subtype A. Another study carried out in a Tanzanian population 

targeting the env gene (Renjifo et al., 2004) also identified a higher rate of transmission of subtype C 

compared to a combined rate of subtype A and D. Other studies have however shown no significant 

association between HIV subtype and the rate of mother to child transmission (Martinez et al., 2006; 

Murray et al., 2000; Tapia et al., 2003). 

2.1.3.5 HIV-1 group M subtypes and response to anti-retroviral therapy  

Although different studies have attempted to address this issue, several challenges have been fronted 

with the results obtained from various studies. In their study on response to therapy among 113 

children infected with seven different subtypes (A (15%), B (41%), C (16%), D (9%), F (5%), G 

(2%), H (1%)), CRF01_AE (5%) and CRF02_AG (6%), the Pediatric European Network for 

Treatment of AIDS (PENTA 5 trial) observed no significant difference after 48 weeks of treatment  

(Pillay et al., 2002). This PENTA 5 study however presented with a challenge of low statistical power 

and thus a difficulty in ruling out minor differences between subtypes. It is also worth noting that 

only four different sets of drugs, zidovudine, lamivudine, abacavir, and nelfinavir were used. In 

another study evaluating the virological response to treatment in Europeans infected with subtype B 

and Africans infected with non-B subtype (Frater et al., 2002), there was no difference in time to 
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undetectable viral load as well as recovery of the CD4 cells. However, a significant difference was 

observed with viral load over time where the African group exhibited a continuous increase in viral 

load over the 9 months period, which suggested a higher therapy failure. Although the authors 

concluded the difference to be mainly due to poor adherence among the African group, a number of 

limitations could be cited from this study. Subtype was mainly presumed from the ethnic and 

epidemiological data, after a confirmation of only 60% of the 97 Africans and 30% of the 265 

Europeans. Hence in depth conclusion of subtype responsibility in the treatment failure could not 

substantially be ascertained. Furthermore, there was an imbalance in the two groups, including the 

types of regimen used, transmission risk groups, CD4 cell counts and gender (Pillay et al., 2002). 

2.1.3.6 HIV-1 group M subtypes and resistance to anti-retroviral therapy  

The majority of drug resistance testing has been performed on subtype B virus, however it is 

estimated that more than 90% of resistances occur in the RT within the non-B subtypes (Lessells et 

al., 2012). K65R (mutation of lysine to arginine in position 65) induced resistance to TDF and NRTI 

is an example of a clinically relevant mutation that emerges more frequently and more rapidly in 

subtype C virus compared to subtype B (Lessells et al., 2012). Further, possibilities of genetic 

differences among subtypes exist which may yield differential patterns in the mutations that 

aggravate resistance in response to ART pressure. HIV-1 subtype genetic variations have been 

estimated at 35% and in some regions of the genome, e.g. the env gene, these variations have been 

reported as high as 40%, whereas in the regions such as the gag and the pol (IN) genes these 

variations have been reported as low as 8 to 10% (Brenner, 2007). Since changes in codon sequences 

at positions associated with drug resistance mutations could predispose viral isolates from different 

subtypes to encode different amino acid substitutions, it is thus possible that genetic diversity in HIV-

1 could influence the type of resistance mutations (Brenner, 2007; Kantor, 2006). Brenner and 

colleagues also assert that this diversity may affect the degree of cross resistance to ARTs of the same 

drug class, with a potential impact on clinical outcome, preservation of immunological 

responsiveness and virologic failure (Brenner, 2007). 

A clinical trial among pregnant women taking a single dose nevirapine for PMTCT showed an overall 

resistance of 69% to nevirapine with subtype C virus while subtypes D, A and CRF02_AG showed 

36%, 19% and 21% resistance mutations respectively in various studies (Chaix et al., 2006; Eshleman 

et al., 2005; Toni et al., 2005). Several studies have also shown variations in levels of resistance for 

the different known subtypes. The recombinant form CRF02_AG has been shown to be more 

susceptible to the action of nelfinavir and ritonavir than subtypes C and F whereas subtype G was 
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shown to be more sensitive to tipranavir and lopinavir than other subtypes (Marcelin et al., 2008). 

Subtype C on the other hand was shown in different studies to have an increased risk of developing 

resistance to tenofovir (at K65R) than other subtypes (Brenner et al., 2006; Doualla-Bell et al., 2006; 

Miller et al., 2007). 

Mutational variations in the HIV genome are the major factors considered in assigning different 

subtypes and identifying resistant or emerging strains. These variations therefore continue to play a 

major role in the HIV pandemic, and knowledge of HIV subtype distribution coupled with the 

continuous global molecular epidemiology surveillance on emerging strains or imported strains 

remain fundamental.. 

2.1.3.7 HIV infection in Sub-Saharan Africa 

Although still a home to 70% of all HIV new infections globally, Sub-Saharan Africa has seen a 

steady decline, with annual numbers of new infections among adults declining by up to  34% since 

2001 (UNAIDS, 2013). The high level of political commitment currently seen in this African region 

and the substantial amount of international funding have both led to a drastic scale up in access to 

HIV treatment (World Health Organization, 2011). But even with this success, there is still a major 

challenge of a potential spread of drug resistant mutants since little attention has been paid to the 

emergence of drug mutant strains and their implication to public health.  

2.1.4 HIV treatment  

2.1.4.1 Classes of HIV drugs  

Currently there is still no drug available for complete cure of HIV infection (thus eliminating the 

virus from all cells of the body) (Passaes and Saez-Cirion, 2014), a fact that could remain for the next 

decade. The aim of treatment is therefore to reduce the amount of viral particles to undetectable levels 

in order to help the body restore the weakened immune system. The final result is that an individual 

leads a normal life even with low amounts of virus in circulation. Currently these drugs are 

categorized into six different classes with various drugs in each category already approved by the U.S 

Food and Drug Administration (Food and Drug Administration (FDA), 2013). These classes include 

(1) Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs) (2) Non-Nucleoside Reverse 

Transcriptase Inhibitors (NNRTIs) (3) Protease Inhibitors (PIs) (4) Fusion Inhibitors (5) Entry 

Inhibitors (CCR5 co-receptor antagonist) and (6) HIV Integrase Inhibitors. Each of these classes of 

drugs is designed to target a specific stage in the HIV replication cycle (NIAD/NIH, 2012).  
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Nucleos(t)ide Reverse Transcriptase Inhibitors (NRTIs) were the first class of drugs to be approved 

by the FDA (Young, 1988). These drugs inhibit the synthesis of viral DNA by the action of reverse 

transcriptase, the viral enzyme that copies viral RNA into DNA. They are mainly nucleoside 

analogues which bear structural resemblance to the natural nucleoside components of DNA 

(adenosine (A) and guanosine (G), thymidine (T) and cytosine (C)). These dideoxy-analogues are 

triphosphorylated within the cell.  During the replication process, reverse transcriptase enzyme fails 

to distinguish between the phosphorylated nucleosides and their natural counterparts hence using the 

drugs, instead of the nucleosides, in the synthesis of DNA. The drugs are therefore incorporated into 

the newly synthesized strand thereby preventing addition of further nucleotides 

(http://hivinsite.ucsf.edu/InSite?page =ar-drugs-about). Presently used drugs include: lamivudine 

(3TC), zidovudine (AZT), emtricitabine (FTC), abacavir (ABC), dideoxyinosine (ddI), stavudine 

(d4T) and the nucleotide analogue tenofovir disoproxil fumarate (TDF). 

Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) also inhibit the synthesis of viral DNA. 

As opposed to NRTIs which act as nucleoside analogues (false nucleosides) NNRTIs bind to reverse 

transcriptase hence inhibiting the enzyme’s activities. Unlike the NRTIs this class of drugs does not 

inhibit the RT of related retroviruses such as HIV-1 group O and P, HIV-2 and simian 

immunodeficiency virus (SIV) (Kohlstaedt and Steitz, 1992; Witvrouw et al., 1999). These NNRTI 

include: rilpivirine (RPV), etravirine (ETV), delavirdine (DLV), efavirenz (EFV) and nevirapine 

(NVP). 

Protease inhibitors (PIs) bind to the active site of the protease enzyme hence preventing the 

processing of viral proteins into functional size and conformation. HIV-1 protease is the enzyme 

which cleaves gag-pol polyprotein, gag and pol precursors during maturation of the virion (Miller, 

2001; Park and Morrow, 1993). Although the viral particles are still produced even when the protease 

enzyme is inhibited, these particles cannot infect new cells. Protease inhibitors include: tipranavir 

(TPV), indinavir (IDV), saquinavir mesylate (SQV), lopinavir (LPV), ritonavir (RTV), fosamprenavir 

(fAPV), darunavir (DRV), atazanavir (ATV) and nelfinavir (NFV). 

Fusion Inhibitors prevent the virus from entering target cells. The drug binds to the viral gp41 

envelope protein known for its involvement during entry of the virus into the cell. The drug thus 

blocks interactions between neighboring regions of the gp41 molecule. It eventually interferes with 

the conformational change (folding) of the envelope molecule required for fusion with the target cell 

membrane. Only one peptide-based drug known as enfuvirtide (T-20) currently represents this class. 
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Entry Inhibitors (CCR5 co-receptor antagonist) or chemokine co-receptor antagonists prevent viral 

entry into the target cells. They bind to co-receptors (either CCR5 or CCR2) on the surface of T-

helper CD4 cells hence blocking entry. As opposed to other classes of drugs which target the virus, 

this class of drugs targets a human cell-surface protein. They include maraviroc (MVC) and 

cenicriviroc (CVC), the latter is currently under clinical evaluation. 

Integrase inhibitors (INIs) mainly target the strand transfer reaction hence have also been known as 

integrase strand transfer inhibitors (InSTIs) (Espeseth et al., 2000; Hazuda et al., 2004; McColl and 

Chen, 2010). The drugs bind to the integrase enzyme thus interfering with incorporation of the 

already reverse-transcribed pro-viral DNA into the chromosomes of the host cell. INIs include 

raltegravir (RGV), recently approved dolutegravir (DTG) and elvitegravir (EGV) (Messiaen et al., 

2013). 

2.1.4.2 Highly Active Anti-retroviral Therapy (HAART) 

HAART describes the parallel use of a combination of three or more anti-HIV drugs in the treatment 

of HIV infection. Use of a combination therapy reduces the risk of development of resistance to the 

drugs as opposed to single drug therapy, making treatment effective in the long run. Guidelines for 

HAART have been actualized (World Health Organization, 2013b) where stavudine (d4T) which had 

initially been used together with lamivudine (3TC) and nevirapine (NVP) mainly due to its low cost 

(Gilks et al., 2006), is currently replaced by tenofovir (TDF) in the first line therapy. First line therapy 

which traditionally consists of 1 non-nucleoside reverse transcriptase inhibitor (NNRTI) and 2 

nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), thus consists, for example, of a fixed-

dose combination of tenofovir (TDF), emtricitabine (FTC) and efavirenz (EFV) as a single pill 

(World Health Organization, 2013b). First line therapy is usually initiated at the beginning of 

treatment of HIV infection. However, due to different factors including the side effects and the 

development of resistance to first line therapy, a second line treatment module is recommended. 

Second line therapy mainly consists of a ritonavir-boosted protease inhibitor and two NRTIs. The 

choice of drugs used in each category will depend on different factors including, availability and the 

costs of the drug, number of pills to be taken daily, the side effects of the drugs and the type of 

laboratory monitoring.  

Third line therapy is also known as the salvage or rescue therapy. This term describes treatment 

regimens for people who have very few or limited anti-HIV drug options due to resistance. They 

include patients recording failure in at least two previous anti-HIV regimens, or those patients proved 

to mount HIV drug resistance to at least one drug in each of the three major classes, mainly the 
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NRTIs, NNRTIs and PIs. True salvage or deep salvage is a term used to describe treatment of a 

person who has literally no treatment options. Most third line regimens consist of four or more drugs. 

It has been suggested that third line regimens should include new drugs likely to have anti-HIV 

activity, such as integrase inhibitors and second-generation NNRTIs and PIs (World Health 

Organization, 2010a). However it is important to note that in 2010 the World Health Organization 

made three major recommendations regarding management of multiple treatment failures, which 

included: national programs to develop policies for third-line therapy that consider funding, 

sustainability and the provision of equitable access to ART; third-line regimens to include new drugs 

likely to have anti-HIV activity, such as integrase inhibitors and second-generation NNRTIs and PIs 

and finally patients on a failing second-line regimen with no new ART options to continue with a 

regimen that is tolerated (World Health Organization, 2010a). 

2.1.4.3 HIV treatment in Sub-Saharan Africa 

As opposed to the developed economies where treatment and management of HIV infection is based 

on individualized specialist care, the resource limited countries mainly follow the World Health 

Organization (World Health Organization, 2010c) public health approach. Individualized specialist 

care in the developed world includes frequent monitoring of plasma viral loads for early detection of 

treatment failures, drug resistance testing which guide on the most appropriate regimen and a wider 

range of anti-retroviral drugs to choose from (Department for Health and Human Services, 2011). On 

the other hand, the WHO public health approach is based on a decentralized service delivery, 

empirical first and second line therapies, and empirical clinical or immunological definitions of 

treatment failure in the absence of information on plasma viral load (World Health Organization, 

2010c). 

Since roll-out of ART in Sub-Saharan Africa more than 15 years ago several countries have 

continued to use triple therapy in treatment of HIV infection. These countries however continue to 

meet various challenges which if not checked, have likelihood to aggravate the problem of drug 

resistance. As already mentioned, some of these challenges include continued use of low cost, 

substandard drug regimen. For example, until recently, stavudine has been used together with 

nevirapine as part of the first line regimen in HIV PMTCT (Wainberg et al., 2011). Other challenges 

have included treatment interruptions when stock or supply run out (Oyugi et al., 2007; Pasquet et al., 

2010), restricted or no access to plasma viral load monitoring of treatment failures (Hosseinipour et 

al., 2009; Sigaloff et al., 2011), sub-optimal adherence to therapy due to various factors (Sethi et al., 

2003) and frequent drug – drug interactions especially among patients co-infected with tuberculosis 
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undergoing treatment (Boulle et al., 2008). All these factors have a potential to necessitate the 

development of drug resistant strains in Sub-Saharan Africa.  

2.1.4.4 HIV drug resistance 

During replication, HIV, like any other retrovirus, uses the enzyme reverse transcriptase in the 

synthesis of viral DNA from the RNA genome (Freeman, 2007). Reverse transcriptase however, lacks 

proof reading capabilities and as such is unable to correct errors made during the replication process. 

This leads to mutations occurring within the viral genome (Freeman, 2007). High mutation rates have 

been recorded with HIV (Boyer and Hughes, 2000; Lewis et al., 1999; Mansky, 1996; Mansky and 

Temin, 1995; Rezende and Prasad, 2004; Roberts et al., 1988; Stuke et al., 1997; Svarovskaia et al., 

2003) with a retroviral average of 1.5×10−5 mutations/bp/cycle (Mansky and Temin, 1994; Mansky 

and Temin, 1995; Parthasarathi et al., 1995; Pathak and Temin, 1990a; Pathak and Temin, 1990b). 

These mutations then result in circulating mutant strains, which in most cases would be destroyed by 

the immune system. Those that escape immune recognition continue to replicate and accumulate into 

quasi-species as a result of an increased probability of a virion developing an evolutionary selective 

advantage over other virions (Freeman, 2007). The quasi-species within HIV infected can easily 

adapt to their host (Domingo et al., 1997; Goodenow et al., 1989; Lemey et al., 2006; Vignuzzi et al., 

2006; Wolinsky et al., 1996; Yamaguchi and Gojobori, 1997; Zhang et al., 1997) partly due to 

variations in the replicative fitness which enables a faster growth (Domingo et al., 1997; Tebit et al., 

2007). Due to natural selection, virions with higher fitness are then selected while others are cleared 

by drug treatment and immune actions (Kozal, 2009). The virions that are able to escape the harmful 

effects of the drug then create an entirely new, drug resistant population. These virions replicate in the 

patient to a high load similar to that level of the viruses which circulatedin the patient before 

treatment. The patient thus experiences a decline in the effectiveness of treatment as the virus 

develops resistance leading to an increased amount of resistant variants. This process is known as 

acquired resistance. 

The drug resistant variants selected during treatment failure thus have the potential to resist 

subsequent treatments with the same drugs, and therefore constitute a reservoir for onward 

transmission to newly infected persons (Hamers et al., 2012a) in a process known as transmitted 

resistance. 

Without prompt identification, resistant strains will therefore be transmitted within a population, 

restricting treatment options and increasing the costs of treatment, as a large number of patients will 

have to be switched to the second line of treatment from the beginning. Scaling up of HIV treatment 
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in many African countries has also come with its equal share of increase in drug resistance 

(Aghokeng et al., 2011; Hamers et al., 2011; Price et al., 2011), mainly to NNRTIs (World Health 

Organization, 2010a; World Health Organization, 2010c) which constitute the first line treatment 

regimens. Hamers and colleagues in their study in six African countries (Hamers et al., 2011) 

estimated the rate of transmitted drug resistance to increase at 38% per year after the roll-out of ART, 

with pre-treatment failure found to double the failure to first line drugs and further acquisition of 

resistant variants within the first year of treatment. It is therefore important to monitor any emergence 

of HIV resistance within a population. 

2.1.4.5 Viral load and CD4 Cells 

Although WHO has established clinical and immunological parameters of monitoring treatment 

within the resource limited settings, an important challenge to many anti-retroviral programs is how 

to identify those patients with treatment failure and promptly switch them to second line therapy. As 

already mentioned, an estimated 10% to 24% of patients report detectable plasma viral loads during 

the first line treatment in Sub-Saharan Africa (Barth et al., 2010; Hamers et al., 2012c), however very 

low switching rates have been reported (World Health Organization, 2011), mainly due to poor 

sensitivity of these (clinical or immunological) parameters. Poor specificity of the parameters would 

also lead to unnecessary switches, putting a burden to the cost of treatment and exhaustion of 

available regimen. These two factors of poor sensitivity and specificity of the WHO established 

parameters would literally impinge on the successes achieved in Africa within the last decade. 

One main challenge of HIV/AIDS treatment in Sub-Saharan Africa is adherence (Wilson et al., 2009) 

which is partly attributed to the high level of poverty and the life-style of some groups within the 

populations. Hence the concept of treatment monitoring becomes apparent as lapses potentially due to 

poor treatment adherence would quickly become apparent and patients at risk of developing 

resistance promptly identified (Cohen et al., 2011). 

In the long run it is anticipated that treatment monitoring through plasma viral load and CD4 cell 

count in resource limited settings has a cumulative effect of saving 15-30% of the cost of treatment 

which would otherwise occur as a result of unnecessary switching to second line therapy (Hamers et 

al., 2012b). 

2.1.4.5.1 CD4 cell count/measurement 

High costs associated with current viral load assays have impinged on many African governments 

initiating viral load monitoring programs in the public health sector. With the support of international 

donor funding, e.g. Bill and Melinda Gates foundation, many African HIV programs currently rely on 



17 

 

CD4 cell counts. CD4 cell count, however, is an indirect parameter which mainly gives an insight 

into the residual function of the immune system and not viral replication in response to ART (see 

pages 2 and 3). The level of CD4 cells in the body is affected by other factors such as nutrition status 

and a variety of body conditions including the presence of other infections. CD4 cell count therefore 

has its limitations, such as failure to promptly detect patients failing treatment due to factors such as 

adherence or resistance. Besides, CD4 cell count has been reported to have limited benefits in patients 

with suppressed viral load (Ledergerber et al., 2004; Phillips et al., 2002).  

2.1.4.5.2 Viral load monitoring 

Several challenges still exist with the current nucleic acid based techniques in use. These challenges 

include among others the fact that these techniques still remain special techniques available only to 

particular facilities and laboratories because of the use of possibly toxic and unstable fluorescent dyes 

or due to the need to use special equipment for amplification and detection.  

Polymerase Chain Reaction (PCR), which has a wide usage, has got intrinsic disadvantages of 

complex and multiple processes requiring a thermal cycler for the reaction and a time consuming 

post-PCR analysis, which potentially increases the risk of laboratory contamination as seen with 

nested PCR. The development of quantitative real-time PCR (qPCR) (Bustin et al., 2009; Gibson et 

al., 1996; Heid et al., 1996) has brought in several advantages over conventional PCR methods, 

including, rapidity, quantitative measurements, lower contamination rate, higher sensitivity, higher 

specificity and easy standardization (Mackay et al., 2002). Real-time qPCR however has 

disadvantages of complexity since the system requires an instrumentation platform consisting of a 

thermal cycler, computer, optics for fluorescence excitation and emission as well as data collection 

and analysis software, hence the need for high expertise and state of the art equipped laboratories. 

The machines are also very expensive and not within the purchasing powers of many laboratories in 

the developing or resource limited countries. Therefore even with the availability of commercial 

nucleic acid based tests, their use is limited to selected laboratory settings as they are expensive.  For 

example, as at 2007, the kits ranged from U.S $ 50 to 100 per test (Dineva et al., 2007; Fiscus et al., 

2006), which is comparable to a subsidized monthly HIV treatment cost of the same amount in Sub-

Saharan Africa. These disadvantages related to cost, test performance time, computer capacity, 

extensive training and complex or dedicated laboratories for sample preparation and amplification, 

are an indication that the needs of test users are difficult to fulfill for viral load monitoring in resource 

limited settings. In these settings, cost and assay time pose considerable constraints for most testing 

and management strategies for HIV infected patients. 
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Figure 2a. LAMP primer targets. Schematic representation of  loop-mediated isothermal amplification 

(LAMP) primers showing; inner primers FIP (F1c and F2) and BIP (B1c and B2) and the outer primers, 

designed at the region of F3 and B3. The loop primers Loop F and Loop B are designed to target between 

the regions F1c - F2c and B1c – B2c respectively (adapted from Mori and Notomi, 2009). 

With these high costs, long time consumption and other disadvantages associated with the currently 

available nucleic acid techniques and viral load assays, it is important to develop more cost effective 

and easy to use assays for use in detecting HIV and monitoring viral load in patients undergoing 

treatment in resource limited settings. This is one way to ensure that the achievements made so far in 

the fight against HIV/AIDS in Sub-Saharan Africa will be maintained and improved. 

2.2 Loop-mediated isothermal amplification (LAMP) 

2.2.1  Test principle and LAMP primers  

The LAMP assay was developed about 14 years ago (Notomi et al., 2000) and is currently evaluated 

and established for a variety of infectious agents. LAMP exhibits characteristics that are ideal for the 

development of a rapid, cost-effective nucleic acid-based test for detection of many infectious agents 

(Mori and Notomi, 2009). It is a one step isothermal amplification reaction that amplifies a target 

nucleic acid sequence utilizing a DNA polymerase with strand displacement activity, along with two 

inner primers, forward inner primer (FIP) and backward inner primer (BIP), and two outer primers 

forward 3 (F3) and Backward 3 (B3). These primers are specially designed for six specific regions 

within the target sequence. Two additional primers, loop forward (LF) and loop backward (LB) have 

been developed for enhanced specificity and reaction efficiency (Nagamine et al., 2002) and to 

accelerate LAMP reaction. A scheme of the primer targets in the DNA is shown in Figure 2a.  

 

 

 

 

 

 

 

 

 

 

Isothermal reaction in LAMP starts with the displacement of the double strands of DNA by the 

polymerase enzyme and undergoes 8 important steps to form a “dumb-bell” structure which then 

undergoes a cyclic amplification process (Refer. http://loopamp.eiken.co.jp/e/lamp/principle.html). 
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Figure 2b. Schematic representation of the cyclic step in the LAMP amplification process. Steps 9-11 start 

from the dumb-bell shaped stem loop generated in step 8, then undergo exponential amplification using 

inner primers (FIP and BIP); this leads to the formation of differently sized structures consisting of 

alternately inverted repeats of the target sequence on the same strand, resulting in cauliflower-like 

(shown at the upper left and lower right corners) structures. (Copyright ©, 2005, Einken Chemical Co. ltd, 

Japan). 

The cyclic amplification is a complex (Figure 2b) process involving an exponential amplification of 

the original dumb-bell shaped stem-loop DNA by use of the inner primers (FIP and BIP). As a result 

of this process, various sized structures consisting of alternately inverted repeats of the target 

sequence on the same strand are formed. 

 

 

 

 

 

 

 

 

 

2.2.2 Advantages of LAMP assay and its adaptation to detection of viruses 

The LAMP technology has also been adapted for the detection of RNA viruses using reverse 

transcription loop-mediated isothermal amplification (rt-LAMP), simply through the addition of a 

heat stable reverse transcriptase enzyme (Hong et al., 2004; Kurosaki et al., 2007; Soliman and El-

Matbouli, 2006; Yoshida et al., 2007), making it an ideal assay for HIV nucleic acid detection. A 

major asset of this procedure is that it is carried out under isothermal conditions. Operation and 

control of this assay does neither require sophisticated machinery nor highly equipped laboratory 

facilities, as the amplification reaction can be carried out in a heating block or a water bath, obviating 

the need for a thermal cycler. The whole procedure is also very simple and rapid. The amplification 

can be completed in less than one hour by incubating all the reagents in a single tube. Gene 

amplification products can be detected by agarose gel electrophoresis as well as by real-time 

monitoring in an inexpensive turbidimeter measuring the amount of magnesium pyrophosphate 

deposits. Gene copy number can also be quantified with the help of a standard curve generated from 

different concentrations of gene copy numbers plotted against time to positive signal with the help of 

a real-time turbidimeter (Parida et al., 2008). 



20 

 

This technology has been developed into commercially available detection kits for a variety of 

pathogens including bacteria and viruses (Mori and Notomi, 2009). In comparison to rt-PCR which is 

currently used for genome amplification of infectious agents in the developed world, this procedure 

has shown great similarities, giving a concordance of 85% on Japanese encephalitis virus detection 

(Parida et al., 2006). Different studies have successfully evaluated this assay for its adaptation in 

nucleic acid detection of HIV-1 group M viruses (Curtis et al., 2008; Hosaka et al., 2009). However, 

not until recently has rt-LAMP been shown to have potential for semi-quantitative analysis of Loa loa 

samples (Drame et al., 2014). Promising results have been published by rt-LAMP for quantification 

of HIV-1 strains circulating within a Chinese population (Zeng et al., 2014) and in HIV-2 viruses 

(Curtis et al., 2014). 

Considering the advantages of rapid amplification, simple operation and easy detection, LAMP has 

potential applications for clinical diagnosis and management of HIV infection in developing countries 

without requiring sophisticated equipment or personnel with special training. Thus there is confidence 

that this assay, once established in a robust form, will work for detection of HIV-RNA and for the 

determination of viral load in HIV-1 patients in Africa, and further lend itself as a refined parameter 

for the proper monitoring of ART treated patients in the sub-urban regions of African countries. 
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Chapter 3 

3 Materials and methods 

3.1 Sample materials 

3.1.1 Cell culture supernatants 

Purified RNA from HIV-1 propagated in cell cultures at the Max von Pettenkofer-Institute was used 

during the optimization of the LAMP assay. Serial dilutions of IIIB and MVP899-87, representing 

HIV-1 group M subtype B, formed a panel that was initially used for the optimization process of the 

primers and the assay system. Other cell culture supernatants representing various HIV types, groups 

and subtypes included: 2 HIV-2 samples MVP11971-87 and MVP438-01; and 6 HIV-1 group O 

samples, MVP2000-01, MVP2901-94, MVP2549-95, MVP5267-95, FLI5066-03 and MVP 5180-91. 

HIV-1 group M non-B subtypes included: MVP8268A-98 (HIV M: A), V0715163B (HIV-1 M: A1), 

3 samples MVP3777-97, MVP5739-98 and FLI810B2-07 (HIV M: C), MVP9619-94 (HIV-1 M:D), 

FLI4334A-99 (HIV M:CRF01_AE), V0634505 (HIV-1 M: F1), MVP7854F-94 (HIV-1 M:F2) and 

V1216136B (HIV-1 M:G). The HIV-1 groups N and P were not represented since these viruses are 

very rare and samples of the two groups were not available.  

3.1.2 Clinical samples 

Clinical samples were obtained either from HIV infected patients who were undergoing treatment at 

the time of the study or from HIV positive plasma samples archived in Nairobi and in Munich. 

Samples were categorized into whole blood samples, plasma samples and dry blood/plasma spot 

(DBS/DPS) samples. Part of the samples obtained from Kenyan patients in Nairobi was transported to 

the Max von Pettenkofer-Institute for further analysis. 

Using a standard formula recommended by WHO/TDR (Banoo et al., 2010) a minimum total of 140 

samples had been calculated to be sufficient for the study. However for a statistically suitable data set 

a total of 467 samples, including both HIV positive and negative were analyzed during the study. 

These samples included 234 HIV positive plasma samples from Kenya of which 87 were analyzed in 

Nairobi while 99 were analyzed in Munich. Others from Kenya included 121 HIV positive dry blood 

spot samples which were shipped to and analyzed in Munich and 48 HIV antibody negative samples 

obtained and analyzed in Nairobi. The HIV antibody negative samples were obtained from healthy 

patients attending or whose blood samples were sent to the Kenya Medical Research Institute 

(KEMRI) for routine medical checks for food borne infections. The final group of samples was a 

panel of 112 plasmas including HIV positive and negative samples obtained from patients undergoing 
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treatment and from persons undergoing routine testing in Munich. The permission to use these 

samples was obtained from the respective institutions.  

3.2 Laboratory procedures   

3.2.1 Optimization of LAMP assay using cell culture supernatants 

3.2.1.1 Viral strains and reagents 

Cell culture supernatant in-house positive controls (IIIB and MVP899-87) for HIV-1 group M 

subtype B, and MVP5180-91 representing HIV-1 group O formed a panel that was initially used for 

the optimization process of the primers and the assay system. Cell culture supernatants MVP11971-

87 and MVP438-01 representing HIV-2 were used to test the specificity of the assay, whereas ultra 

pure water (H2O) and 0.9% sodium chloride (NaCl) were used as negative controls. Total RNA was 

extracted from these cell culture supernatants using an automated system, Roche MagNAPure 

(Roche Diagnostics, Mannheim, Germany), according to manufacturer’s instructions. Ten fold 

dilutions were made from the extracted RNA materials which formed a quantification panel ranging 

from 2.1x101 to 2.1 x 106 copies/mL. Loopamp® RNA Amplification kit and Loopamp® 

fluorescence detection dye (Eiken Chemical Co., Ltd, Tochigi, Japan) and MAST Isoplex™ RNA 

Amplification kit (Mast Diagnostica, Reinfeld, Germany) were used for LAMP amplifications and 

detections. Restriction enzymes (New England Biolabs Inc. Frankfurt, Germany), Biozym LE 

agarose (Biozym Scientific, Oldendorf, Germany) and DNA marker VIII (Roche Diagnostics, 

Mannheim, Germany) were used for amplification product characterization. 

3.2.1.2 Design and synthesis of LAMP primers 

Four sets of primers required for the LAMP reaction were designed recognizing six arbitrary regions 

of the target sequences of the gag-p24 gene of HIV-1 BaL sequence, Gene Bank accession number 

AY713409 (Curtis et al., 2008) and the pol-integrase gene, accession number K02013 (Hosaka et al., 

2009), further the U3 start sequence of the LTR and the N-terminal of gp-41 of the env gene both 

from the HXB2 reference genome sequence. Loop primers (LF and LB) were included to accelerate 

the LAMP reaction. The new primers were designed using PrimerExplorer V3 software (Eiken 

Chemical Co. Ltd. website (http://primerexplorer.jp/e/)) and LAMP designer (Premier biosoft.com). 

All primers were synthesized by Ella Biotech, Munich, Germany. 
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Table 1. List of primers and their target positions within the HIV genome. Hip set of primers are designed to 

target the protein (p24) of the gag gene. HiInteg primers target the integrase of the pol gene. HiLtr is 

designed from the U3 start region of the long terminal repeat (LTR) and HiGp was designed to target the N-

terminal part of the glycoprotein (gp41) of the env gene. Reverse complement primers (RC -in red color). 

FIP and BIP sequences combine 2 sequences (F1c+F2 and B2+B1c). F3 – Forward primer; B3 – Backward 

primer; FIP – Forward Inner Primer; BIP – Backward Inner Primer; LF – Loop Forward; LB – Loop Backward. 

Primer set Primer name                   Sequence (5´to 3´) 

HiP  F3    (1311-1329) ATTATCAGAAGGAGCCACC      

 
B3   (1515   1535)

RC 
CATCCTATTTGTTCCTGAAGG  

    
 FIP 

                 (1340   1361)
RC                      

                                  (1393-1417) 
CAGCTTCCTCATTGATGGTTTCTTT - TTAACACCATGCTAAACACAGT  

 
BIP 

                  (1455-1478)                                                 (1494   1514)
RC 

TGTTGCACCAGGCCAGATAATTTT - GTACTGGTAGTTCCTGCTATG  

 

LF (1370   1394)
RC TTTAACATTTGCATGGCTGCTTGAT  

   

 
LB (1475-1493) GAGATCCAAGGGGAAGTGA 

    HiInteg  F3  (4721-4743) GGTAAGAGATCAGGCTGAACATC  

    B3 (4926   4945)
RC GCTGGTCCTTTCCAAAGTGG  

    
 

FIP              (4747   4766)
RC                      

                               (4787-4806) 
CCCCAATCCCCCCTTTTCTT -  AGACAGCAGTACAAATGGCA 

 
BIP 

                  (4812-4835)                                         (4900   4921)
RC 

AGTGCAGGGGAAAGAATAGTAGAC - CTGCTGTCCCTGTAATAAACCC  

 
LF TTAAAATTGTGGATGAAT  

    

 
LB GCAACAGACATACAAACTAAAG 

   HiLtr F3     (29-50) ACAAGATATCCTTGATCTGTGG  

   

 

B3   (319   337)
RC CGATGTCAGCAGTTCTTGT  

    

 
FIP 

               (158   179)
RC                      

                               (106-126) 
GGCTTCTTCTAACTTCTCTGGC – GGATCAGATATCCACTGACCT 

 
BIP 

                  (190-210)                                     (245   264)
RC 

AGAACACCAGCTTGTTACACCA - CCTCCACTCTAACACTTCT  

 

 

LF   (127   147)
RC CTAGCTTGAAGCACCATCCAA  

    

 
LB  (215-232) GAGCCTGCATGGAATGGA  

    HiGp F3   (8740-8755) GAG CTA TTC GCC ACA TAC C  

     B3  (8964   8979)
RC CTC TTG TGC TTC TAG CCA G  

    
 FIP 

      (8846    8866)
RC                      

                         (8786-8805) 

CAGCTCGTCTCATTCTTTCCC – TTTGCTATAAGATGGGTGGC 

 

 
BIP 

            (8874-8891)                                     (8920   8941)
RC 

AGCAGATAGGGTGGGAGC – CTGTATTGCTACTTGTGATTGC 

 

 

LF  (8819    8835)
RC AGG CCA TCC AAT CAC ACT AC  

   

 
LB  (8895-8909) AGC ATC TCG AGA CCT GGA 

       

 

 

 

 

3.2.1.3 Testing of primers 

Binding stringency of LAMP primers was tested on both normal rt-PCR using F3 and B3 primers 

and rt-LAMP assay.   
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3.2.1.3.1 rt-PCR 

Reverse transcription of HIV template RNA was done before PCR amplification using 2 µL B3 

primers (10 µM each), 4 µL 5x buffer (100 µM Tris-HCL, 250 µM KCL, pH 8.4), 2 µL dithiothreitol 

(DTT) (0.1 M), 2 µL desoxynucleotide triphosphates (dNTP) (5 mM) and 40U reverse transcriptase 

enzyme (cat. no. 18064-014, Life Technologies, Germany). 10 µL of the mix was incubated with 10 

µL of the samples at 45ºC for one hour. PCR was performed with 2U Taq polymerase enzyme (cat. 

no. N 808-0152, Life Technologies, Germany) in a master mix of dH2O, dNTP (5 mM), 10x buffer 

(200 mM Tris-HCL (pH 8.4), 500 µL KCL), Primer 1 (F3) and Primer 2 (B3) each 10 µM. 43 µL of 

the master mix was incubated with 7 µL of cDNA template and run in the first PCR amplification. 

The second PCR was performed with 2U Taq polymerase enzyme (cat. no. 10342-020, Life 

technologies, Darmstadt, Germany) in a master mix containing dH2O, dNTP (5 mM), 10x Taq 

polymerase buffer (200 mM Tris-HCl pH 8.4, 500 mM KCl), Primer 3 (FIP) and Primer 4 (BIP). A 

total of 48 µL of the master mix was incubated and run in the second PCR amplification after 2 µL of 

the amplification product (amplicon) of the first PCR was added. 

3.2.1.3.2 rt-LAMP amplification 

The rt-LAMP reaction was carried out using the MAST Isoplex™ RNA Amplification kit (Mast 

Diagnostica, Reinfeld, Germany) containing 8 U/µL Bst polymerase and 20 U/µL reverse 

transcriptase enzymes, 3 mM hydroxynaphthol blue (HNB) dye, a fluorescence dye (V13), water and 

an already constituted 2x  reaction mix (RM). The reaction mix contained dNTPs (2.8 mM), KCl (20 

mM), (NH4)2SO4 (20 mM), Tris buffer (40 mM, pH 8.8), betaine (1600 mM) and MgSO4 (16 mM). 

Briefly, 12.5 µL of the reaction mix, 1 µL of the fluorescence or colour detection dye, 1 µL of Bst 

polymerase enzyme, 0.5 µL reverse transcriptase, water and different concentrations and volumes of 

primers were mixed together in a 25 µL reaction. This was then set at an optimal temperature of 63°C 

for 1 hour. For visualization under UV light, 1 µL of SYBR green fluorescence detection dye (Eiken 

Chemical Co., Ltd, Tochigi, Japan) was used instead of the detection dyes supplied in the 

amplification kit. Sample volume added was dependent on the concentration and the volumes of the 

primers during this initial stage. 

3.2.1.4 Optimization of rt-LAMP reaction conditions 

Primers were first evaluated and tested for selection of the best suitable primers. Varying 

concentrations and volumes of the primers and templates of the cell culture dilution panels were 

tested and time to detection recorded. The primer concentrations included; FIP (40 pmol and 50 

pmol), BIP (40 pmol and 50 pmol), F3 (5 pmol), B3 (5 pmol), LF (20 pmol and 25 pmol), LB (20 

pmol and 25 pmol). The primer volumes also varied between 2 μL and 3 μL. The amount of the target 
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RNA template ranged between 3 μL to 5 μL. The reaction mixture was incubated at 63°C for 60 min 

in a LoopAmp real-time turbidimeter (LA-200m; Teramecs, Kyoto, Japan). The turbidimeter 

measures the amount of turbidity as a result of magnesium pyrophosphate (Mg2P2O7) deposits 

generated during the amplification process. With the aid of a special fluorescence dye (V13) a real 

time measurement was obtained, where a threshold value (Abs) equivalent of an optical density above 

0.1 indicated a positive detection (Figure 3 (3e)). To assess the specificity of non specific products, 

the amplicons from rt-LAMP were run on a 2% agarose gel electrophoresis (Biozym Scientific, 

Oldendorf, Germany). The visual inspection of the processed amplification was also ascertained using 

HNB detection dye, through inspection of visual turbidity due to magnesium pyrophosphate 

(Mg2P2O7) deposits or under UV light using a fluorescent detection SYBR green intercalating dye 

(Eiken Chemical Co., Ltd, Tochigi, Japan). 

3.2.1.5 Analytical sensitivity and specificity of the rt-LAMP 

3.2.1.5.1 Sensitivity 

Serial dilutions of cell culture supernatant panels of IIIB and MVP899-87 viruses ranging from 

0.12x101 to 2.9x106 copies/mL (Figure 12) were tested between 4 to 18 times for individual samples 

in the assay and the results recorded. An in-house software (CERES) developed by the Virus 

Diagnostic Department of the Max von Pettenkofer-Institute was used to calculate the lower limit of 

detection (LLOD) and the lower limit of quantification for the LAMP assay. Viral loads were 

compared to those of an established Abbott Real Time HIV-1 commercial assay (Abbott m2000rt 

system) for HIV-1 nucleic acid amplification and quantification.  

3.2.1.5.2 Specificity 

Purified RNA templates from cell culture supernatants, MVP11971-87 and MVP438-01 representing 

HIV-2 were each tested 14 times and the results recorded. LAMP amplicons that showed unspecific 

amplification (“smear”) by gel electrophoresis were digested in a Restriction Fragment Length 

Polymorphism (RFLP) assay using a set of restriction enzymes. Based on sequence alignment of 

HXB2 (IIIB virus), restriction enzymes were designed by online restriction tools (RestrictionMapper 

version 3.0; http://www.restrictionmapper.org/  and NEBcutter Version 2.0; New England Biolabs 

Inc.). The following restriction enzymes were selected and tested. 
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Figure 3.  Summary scheme of laboratory  procedures. In (A) the samples were processed for nucleic acid 

extraction  (1) directly from whole blood samples and incubated for amplification. In (B) plasma was 

obtained from whole blood then either nucleic acid extracted before amplification (Bi) or the plasma was 

amplified directly after pre-heating at 100°C for 5 minutes or treatment with lysis buffer (Bii). In (C) whole 

blood was spotted on FTA cards (Ci) then dried (Cii) and packaged in special envelopes with desiccants (Ciii) 

and stored either at ambient temperature or at -80°C for 4 to 6 months before shipment. The time duration 

from  extraction to final results was estimated at 2 hours and the results were read as shown in 3a, 3b, 3c, 

3d and 3e. 

Table 2.  Restriction enzymes and their target primer sets. The list shows restriction enzymes for 

amplicons of p24 (HiP) – BsmAI and integrase (HiInteg) – BsrGI target primers and lengths for their target 

products.  

Enzyme          Restriction sequence 

Restriction 

product length 

LAMP 

product length  

Catalogue 

number 

Primer 

set 

BsmAI 5’... G T  C T C  N  NNNN…..3’        205 bp  225 bp R 0529S HiP 

 

3’… C  A G A G N  NNNN  .....5’      

BsrGI 5’…. T  G T A C  A.…..3’        193 bp  203 bp R0575 HiInteg 

 3’…. A  C A T G  T…...5’    

  

  

 

3.2.2 Processing and testing of clinical samples by LAMP assay 

Clinical samples were received either as whole blood in EDTA or as plasma samples (mainly for 

archived samples) and processed as described in Figure 3. Upon reception, nucleic acid was either 

extracted directly from whole blood (A) or whole blood was centrifuged to separate plasma (B) from 

which the nucleic acid was extracted before the LAMP analysis (Bi). Non-processed samples were 

also analyzed directly by the LAMP assay after pre-heating at 100°C for 5 minutes or after treatment 

with lysis buffer (Bii). Dry blood or dry plasma spots were  processed and stored at -80°C (C).   
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3.2.2.1  Preparation of dry blood spot or dry plasma samples 

As shown in C (Figure 3) DBS samples were prepared by spotting 70 µL of whole blood or plasma 

onto each of the 5 half-inch circles on the Whatman 903 neonatal blood FTA collection cards (Lot. 

6273207/51, GE Healthcare Europe, Freiburg Germany). The blood spots were then left to dry on a 

Whatman card drying rack overnight, before the cards were packed into gas impermeable bags with 

desiccant packs and humidity indicator cards. The dry spots were stored at ambient temperature or at 

-80°C if long storage of more than 6 months was anticipated. 

3.2.2.2 Procedures for sample manipulation 

The following steps as already shown in Figure 3 were applied during the laboratory procedures. 

3.2.2.2.1 Manual extraction of nucleic acid  

3.2.2.2.1.1 Extraction from whole blood and plasma 

Manual extraction (Figure 3, step 1) was done on all samples using the High Pure Viral Nucleic Acid 

Kit (cat. no. 11858874001) from Roche Diagnostics (Roche Diagnostics, Mannheim, Germany) 

according to the instructions of the manufacturer. Briefly, a volume of 200 µL of each sample was 

mixed with 200 µL binding buffer supplemented with poly (A) and 50 µL (50 mg/µL) of proteinase 

K and incubated at 72°C for 10 minutes. After incubation, a further volume of 100 µL of the binding 

buffer was added to each sample, mixed, and the sample pipetted to High Pure Filter tubes, connected 

to the connection tube. This complex was then centrifuged at 8,000g for 1 minute, before a volume of 

500 µL of the inhibitor removal buffer was added to the filter tubes and centrifuged for 1 minute at 

8,000g. Two steps of washing were done using 450 µL wash buffer in each case followed by 

centrifugations at 8,000g and 13,500g for 1 minute and 30 seconds respectively in the first and second 

washing steps. This procedure was then followed by an elution step, where RNA was eluted in 50 µL 

elution buffer. 

3.2.2.2.1.2 Extraction from dry blood spots 

One spot was punched out from the cards and incubated in 1,000 µL lysis buffer obtained from the 

Abbott sample preparation system kit (Promega, Madison, U.S.A). The incubation was done at 55°C 

for 10 minutes shaking at 550 rpm in a thermomixer heating block. The sample material was 

centrifuged at 8,000g for 3 minutes, before the supernatant was transferred into a new tube. Nucleic 

acid extraction was performed using the High Pure Viral Nucleic Acid extraction kit as described 

above. 
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3.2.2.2.2 RNA linearization 

Before amplification HIV RNA was linearized by heating the isolated RNA suspension to 72°C for 

10 minutes. This process was followed by immediate cooling on ice for at least 5 minutes before the 

samples were processed for amplification. Alternatively, the linearized RNA was stored at -20°C if 

delayed nucleic acid amplification process was anticipated. 

3.2.2.2.3 Treatment of samples of various categories 

i. Nucleic acid extracted plasmas: Samples were treated as described in chapter 3.2.2.2.1.1 

and then used for comparisons during evaluations in steps iii and iv. 

ii. Nucleic acid extracted DBS: Samples were treated as described in chapter 3.2.2.2.1.2 and 

used for comparisons during evaluations in steps iii and iv. 

iii. Heated non-extracted plasma samples: These samples were first mixed with RNAse free 

water in the ratio of 1:3 to avoid clotting and then subjected to 99°C for 7 minutes on a heating block, 

thereafter 5.5 µL and 9.5 µL were separately used in the LAMP reaction. 

iv. non-extracted plasma samples treated with a lysis buffer: These samples were first diluted 

in a lysis buffer supplied for extraction in the ratio 1:3 to make a starting volume of 200 µL. 

Subsequently a volume of  5.5 µL of the mixture was used in LAMP assay evaluation. 

3.2.2.2.4 rt-LAMP amplification process 

As shown in step 2 (Figure 3), amplification of the linearized products was done using the MAST 

Isoplex™ RNA Amplification kit (Mast Diagnostica, Reinfeld, Germany). Briefly, the final reaction 

volume of 25 µL contained: a primer solution of 0.2 µM of F3 and B3, 1.6 µM FIP and BIP and 0.8 

µM of LF and LB primers; 12.5 µL reaction mix containing dNTPs (2.8 mM), KCl (20 mM), 

(NH4)2SO4 (20 mM), Tris buffer (40 mM, pH 8.8), betaine (1600 mM) and MgSO4 (16 mM); 1 µL of 

3 mM HNB or fluorescent (V13) detection dyes; 8 U of Bst polymerase; 10 U of reverse transcriptase 

and 2.5 µL of water. These components were mixed with 5 µL of the templates, incubated at 63°C for 

1 hour in a real time turbidimeter (LA-200m; Teramecs, Kyoto, Japan) and the time to threshold 

detection recorded. The time to threshold detection was later used to calculate the estimation 

algorithm for viral load. Incubation was also done on a heating block set at 63°C for 1 hour and 

results observed visually by turbidity or visual colour change. 

3.2.2.2.5 Detection of LAMP products and generation of results 

The products generated after rt-LAMP amplification process were detected as desribed in step 3 

(Figure 3) by visual examination of turbidity (3a), colour change due to HNB dye (3b), fluorescence 
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detection by SYBR green dye (3c), gel electrophoresis (3d), and real time detection using the LAMP 

turbidimeter (3e). 

3.2.3 Automated extraction and quantification of viral load by Abbott Real Time HIV-1 assay  

Processing and quantification of samples was first done by the Abbott Real Time HIV-1 assay as 

described by the manufacturer http://www.abbottmolecular.com/static/cms_workspace/pdfs/US/51-

602146R6.pdf. Abbott Real Time HIV-1 is a complete assay which utilizes an automatic extraction of 

samples by use of Abbott (m2000sp) systems followed by amplification and quantification using 

Abbott (m2000rt).  The starting sample volume for automatic nucleic acid extraction was 1,000 µL 

and where the appropriate volume could not be attained, samples were first diluted in 0.9% NaCl and 

then used for analysis. 

3.2.4 Nucleic acid sequencing 

The sequencing process involved 3 main phases and was performed according to manufacturer´s 

protocol.https://www.beckmancoulter.com/wsrportal/bibliography?docname=Protocol_000387v001.pd

f.  (Agencourt Bioscience Corporation, Beverly, MA, United States). This sequencing method is 

based on the technique developed by Sanger (Sanger et al., 1977), also known as Sanger sequencing. 

It mainly involves selective incorporation of chain-terminating di-deoxynucleotides by DNA 

polymerase enzyme during in vitro DNA replication. The di-deoxynucleotide-triphosphates (ddNTPs) 

are responsible for terminating the strand synthesis. 

3.2.4.1 Purification of PCR products 

This phase was performed using the Agencourt® AMPure® XP PCR purification system which 

utilizes a solid-phase paramagnetic bead technology for high-throughput purification of PCR 

amplicons. By using an optimized buffer, PCR amplification products of 100 bp or larger are 

selectively bound to paramagnetic beads. Excess primers, nucleotides, salts, and enzymes are then 

removed through a washing step, resulting in purified PCR products.  

 

In summary, products of PCR amplification were bound to magnetic beads by adding and mixing 72 

µL of AMPure and 40 µL PCR reaction products followed by incubation for 7 minutes, and separated 

on a magnetic plate (SPRIPlate 96R). The beads were then washed  using 200 µL of freshly prepared 

70% ethanol to remove excess primers, nucleotides, salts, enzymes other contaminants before the 

products were finally eluted in 40 µL elution solution (dH2O). 

Quantity of recovered products was estimated reading the optical signals generated by the DNA using 

PicoGreen® intercalating dye (Cat.P11496, Life Technologies, Darmstadt, Germany) 
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3.2.4.2 Pre-sequencing product preparation and sequencing  

Before product preparation and sequencing, a sequence reaction mixture was prepared in which 

eluted DNA aliquots were diluted in dH2O to set up 5.5 µL of the mixture. A sequence reaction 

consisting of 5.5 µL reaction mixture, 0.5 µL of 10 pmol/µL primer (targeting the integrase gene) and 

4.0 µL of Quick Start Master was then set to a 30 cycle sequence reaction PCR.   

Pre-sequencing product preparation and sequencing was then performed using the CleanSEQ® Dye-

Terminator Removal method as described by Agencourt®. This is a 3-step Solid Phase Reversible 

Immobilization (SPRI) magnetic bead-based sequencing purification system which is flexible, simple 

and can be performed directly in the thermal cycling plate without centrifugation or filtration. 

In the first step 10 µL of CleanSEQ and 45 µL of  85% freshly prepared ethanol were added to the 

sequencing extension products generated during the cycle sequencing, mixed and incubated on a 

magnetic plate in order to bind the products to the magnetic beads. The bound products were then 

washed using 100 µL of 70% ethanol to remove unincorporated dyes, nucleotides, salts, and other 

contaminants. The products were then eluted in 40 µL aqueous SLS elution buffer, before a drop of 

oil was added to the wells and the plate loaded into a CEQ 8,800 Beckman device for sequencing.  

3.2.4.3 Editing of sequences and HIV subtyping 

The nucleic acid sequence results generated were edited and finally aligned using a Bioedit software 

(Hall, 1999) (Ibis Biosciences -  Carlsbad, CA,USA). Sequences were  subtyped and assigned using 

Context based modelling for expeditious typing (COMET HIV-1), an online subtyping tool 

(http://comet.retrovirology.lu/).   
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Gel 1b shows amplification product by rt-PCR 

at position 186 bp for HiGP set of primers on 

culture supernatant of MVP899-87 M: 

molecular weight marker, 1: positive sample, 

2: negative control (water)  
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Gel 1a shows amplification products by rt-PCR for HiP, 

HiLtr and HiInteg sets of primers respectively using culture 

supernatants of MVP899-87 viruses. M: molecular weight 

marker VIII, 1: HiP primers, 2: HiLtr 3: HiInteg primers, 4: 

In-house (integrase target primer) positive control.  

Figure 4. Products of rt-PCR amplification generated by LAMP designed primers as detected by agarose 

gel electrophoresis in the presence of ethidium bromide. Results show clear bands at the calculated 

fragment legnths for each primer set. There was no background band formation despite intensive 

staining which indicates high efficiency with the primers. The primers were selected to target 4 

conserved regions of the HIV genome, namely the LTR, gag, pol, and the env. The results show that the 

primers were suitable for use in rt-PCR. 

Chapter 4 

4 Results 

4.1 Testing efficacy of primers 

4.1.1 rt-PCR 

4.1.1.1 Testing primers by rt-PCR 

The four sets (HiP, HiLtr, HiInteg and HiGp) of primers designed, as described in chapter 3, were 

first subjected to conventional rt-PCR using F3, B3, FIP and BIP pairs in each case. The results 

obtained showed amplification of the expected targets at the calculated fragment lengths of 225 bp 

(HiP), 175 bp (HiLtr), 203 bp (HiInteg) and 186 bp (HiGp) as shown in gel electrophoresis photos of 

analyzed PCR products (Figure 4).  

 

 

 

 

 

 

 

 

 

  

 

 

4.1.2 rT-LAMP 

4.1.2.1 Optimization of primers and reaction conditions 

Optimization of primers and reaction conditions was performed for three (HiP, HiInteg and HiLtr) of 

the total four sets of primers. Variations in concentrations and volumes were done to compare and 

select favorable attributes of performance of the LAMP assay. Incubations were done on a real time 
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turbidimeter and a manual heating block  and  detections were performed using detection dyes, 

(fluorochrome dye (FD) – for turbidimetry and HNB for visual colour change) both supplied by Mast 

diagnostics (Mast Diagnostica, Reinfeld, Germany).  

Real-time monitoring of LAMP amplification is mainly achieved through spectrophotometric signals 

measured by real-time turbidimetry. The turbidimeter records the turbidity in the form of optical 

density (OD) values recorded every 6 seconds at 400 nm (Parida et al., 2008). LAMP reaction results 

in the production of large amounts of pyrophosphate by-products which react with magnesium ions 

leading to the formation of a white precipitate of magnesium pyrophosphate. 

The effect of variation of volumes from a stock solution comprising of 0.2 μM F3 and B3, 1.6 μM 

FIP and BIP, 0.8 μM LF and LB primer concentrations was evaluated. When a volume of 2 μL of 

primer was used in a 25 μL total reaction volume, 2 samples of high virus concentrations were not 

detected by HiP set of primers either by turbidimetry, visual turbidity or visual colour change, 

whereas HiInteg and HiLtr detected these 2 samples using the same primer volume by all the 

mentioned detection methods (Table 3). Gel electrophoresis results however showed “smears” for the 

2 samples tested by HiP set of primers (Figure not shown).  

When a volume of 2.5 μL was used, HiP set of primers showed positive detection (27 – 35 minutes) 

by turbidimetry, for the viral load of 2.1x105 copies/mL. Viral concentration approximately 2.1x102 

copies/mL recorded late detection (> 45 minutes) by the same set of primers. The HiInteg primer set 

recorded early detections (26 - 33 minutes), with the same primer volume, while the HiLtr primer set 

showed late detections (34 - 39 minutes) for virus concentration of 2.1x105 copies/mL tested in 

triplicates. The lowest virus concentration detected by the HiInteg set of primers was 2.1x102 

copies/mL compared to that detected by HiLtr (2.1x104 copies/mL).  

There was however lack of consistency in results generated by the HiInteg and HiLtr sets of primers 

when the volume of primers was increased to 3 μL as shown in test 3  and 4 (Table 3). An increased 

concentration of the inner primers (FIP and BIP) and the loop primers (LF and LB) did not yield any 

significant improvement of detection for HiP and HiInteg set of primers as shown in test 4 (dotted 

square) in Table 3.  Although the results shown in Table 3 were each generated with a sample volume 

of 5 µL in a 25 µL total reaction, it was realized that similar results were obtained when 3 µL of the 

samples were used. However, when 3 µL was used, only samples of viral loads >2.1x103 copies/mL 

were easily detected by the HiP set of primers whereas HiInteg produced inconsistent results which 

were considered unreliable. 
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Table 3. Optimization of the primer concentration for LAMP analysis. The table shows a summary of the effects of variation of primer volume from a 

stock of 0.2 μM (F3 and B3), 1.6 μM (FIP and BIP), 0.8 μM (LF and LB) primer concentrations on different concentrations of a dilution panel of HIV-

1 M:B IIIB virus. The optimum primer volume of 2.5 µL in a total reaction volume of 25 µL (shown in the square box) was achieved for LAMP assay (Test 

2). An increase in the primer concentrations for the inner primers (FIP/BIP) and the loop primers (LF/LB) as shown in the square dotted box, did not yield 

any improved detection compared to when 2.5 µL from the concentration of primer stock solution was used. Indeterminate results (±) shown in the table 

as (+/-) was indicated by a “smear” by  gel electrophoresis and “no Tt value” for real time turbidimeter, Tt value: Time to threshold detection (given in 

minutes), Vis Turb: visual turbidity, NC : Negative control. Positive detections are shown by a plus (+) sign, whereas negative results are shown by a dash 

(-). 

 

 

 

 

 

 

 

 

 

 

   

 

 

 Virus 

concentration 

Test 1 (2 µL primers) 
Test 2 (2.5 µL primers) Test 3 (3 µL primers) Test 4 (2 µM FIP/BIP & 1 µM  LF/LB) 

Primer 

set Tt value 

Vis. 

Turb 

Gel 

results 

Colour 

change Tt value 

Vis. 

Turb 

Gel 

results 

Colour 

change Tt value 

Vis. 

Turb 

Gel 

results 

Colour 

change Tt value 

Vis. 

Turb 

Gel 

results 

Colour 

change 

HiP 2.1x10
5
      -      - (+/-)      - 27.24- 35.42    +    +    + 26.48- 28.48    +    +    + 31.24    +    +    + 

 

2.1x10
4
      -      - (+/-)      - 33.06- 38.12    +    +    + 30.24- 31.24    +    +    + 41.54    +    +    + 

 

2.1x10
3
      -      -      -      - 35.24- 40.54    +    +    +  48    +    +    + 28.36    +    +    + 

 

2.1x10
2
      -      -      -      - 45.54- 49.04    +    +    +      -      -      -      - 55.54- 56.06    +    +    + 

 

2.1x10
1
      -      -      -      -      -      -      -      -      -      -      -      -      -      -      -      - 

 

2.1      -      -      -      -  39    +    +    +      -      -      -      -      -      -      -      - 

 

NC      -      -      -      -      -      -      -      -      -      -      -      -      -      -      -      - 

HiInteg 2.1x10
5
 23.32- 32.06    +    +    + 26.42- 33.36    +    +    +      -      -      -      - 39.30- 41.00    +    +    + 

 

2.1x10
4
 26.06- 32.24    +    +    + 33.12- 39.24    +    +    + 38.14- 48.06    +    +    +   (+/-)    +    +    + 

 

2.1x10
3
 39.54-43.12    +    +    + 39.42- 50.02    +    +    +      -      -      -      - 48.32-50.54    +    +    + 

 

2.1x10
2
 49.06-53.06    +    +    + 41.54    +    +    +      -      -      -      -      -      -      -      - 

 

2.1x10
1
      -      -      -      -      -      -      -      -      -      -      -      -      -      -      -      - 

 

2.1      -      -      -      -      -      -      -      -      -      -      -      -      -      -      -      - 

 

NC      -      -      -      -      -      -      -      -      -      -      -      -      -      -      -      - 

HiLtr 2.1x10
5
 34.12- 52.12    +    +    + 34.06- 39.42    +    +    + 45.02- 49.06        

 2.1x10
4
 47.32- 59.24    +    +    + 40.54- 48.00    +    +    +      -   

      2.1x10
3
      -      -      -      -      -      -      -      -      -   

      2.1x10
2
      -      -      -      -      -      -      -      -      -   

      2.1x10
1
      -      -      -      -      -      -      -      -      -   

      2.1      -      -      -      -      -      -      -      -      -   

      NC      -      -      -      -      -      -      -      -      -   
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Figure 6a. Tubes 1 and 2 show positive 

results by turbidity. Tube 3 shows negative 

non-turbid result  

                       1                2                3          

Figure  6b. Results by visual color detection. 

Tubes 1 purple negative result. Tubes 2 and 

3 pale blue positive results by HNB color 

detection dye.  

Figure 5. Restriction digestion of rt-LAMP amplicons generated by LAMP designed primers. Agerose gel 

photo A shows a single restriction band at 193 bp generated by BsrGI enzyme for amplicons of HiInteg 

set of primers. Agarose gel photo B shows a single restriction band generated by BsmAI enzyme at 205 

bp for amplicons of HiP set of primers. Agarose gel photo A: M - DNA marker VIII, track 1 and 2 – LAMP 

amplicon,  track 3 -restriction band, track 4 and 5 – Negative control. Agarose gel photo B: M – DNA  

molecular weight marker VIII, track 1 – LAMP amplicon, track 2 – restriction band, track 3 – negative 

control. Restriction bands generated at expected fragment lengths (Table 2). 

4.1.2.2 Restriction enzyme digestion of rt-LAMP products 

In order to confirm the specificity of the LAMP products shown by the ladder like bands generated by 

gel electrophoresis, these amplicons which had been generated by HiP and HiInteg sets of primers 

were digested using the set of restriction enzymes described in chapter 3 (Table 2). The aim was to 

generate single bands of the expected sizes. The results obtained showed single bands of the 

calculated sizes for the different enzymes (Figure 5) an indication of specificity of  primer binding to 

their targets. 

 

                                                        

                                         

 

 

 

 

                                                                                                

 

 

 

4.1.2.3 Testing and detection of LAMP products with cell culture supernatants 

Testing of LAMP after optimization was done on cell culture supernatants of IIIB and MVP899-87 

viruses. Figure 6 shows detection methods used for interpreting the results, mainly visual turbidity, 

visual colour change, fluorescence detection, gel electrophoresis and real time turbidimetry. 
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                    1         2        3         4        5 

                 

Figure 6c. Tubes 1 and 2 show positive 

results by SYBR green detection dye. Tube 3 

shows  a negative result.   

Figure 6d. Tracks 1 to 4 show ladder-like 

bands of LAMP amplification on agarose gel. 

Track 5 shows a negative control result.   

Figure 6. Detection methods used during LAMP evaluation. The figure shows various detection methods 

that were used for LAMP. 6a: turbidity due to presence of magnesium pyrophosphate. 6b and 6c: visual 

colour change by hydroxynaphthol blue (HNB) and fluorescent (SYBR green) dyes.  6d:  gel 

electrophoresis showing ladder-like bands which are  typical for LAMP amplificons. 6e:  turbidimetric 

detection using real time  turbidimeter  
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Figure 6e.  Read outs of real time turbidimetry results.  Wells 1 to 3 in 

figure A show blue bars with red origins indicating positive results, while 

wells 4 and 5 remain green indicating negative results. Figure B shows real 

time amplification results. In both figures, vertical line represents the 

threshold value (Abs) generated as a result of optical density (OD) signals 

while in figure B, the horizontal line represents time to threshold detection 

in minutes. The threshold value (optical density) of 0.1 was the value above 

which the positive signals were generated by LAMP turbidimeter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2.4 Prevention of sample cross contamination 

During the first stages of this study, cross contamination with amplified products was realized, when 

a series of negative samples also tested positive. Source of contamination was traced to some of the 

tube racks which were returned to the lab after opening the LAMP amplification tubes for analysis by 

gel electrophoresis. Apart from changing the rooms and replacing all the racks, pipettes and other 

containers, a series of precautions were introduced for subsequent analysis. These included the 

recommended 3 room strategy: extraction was done in the first room, master-mix was prepared in the 

second room in one clean bench and a second bench was used during sample loading and a third room 

was used for real time amplification. Upon completion of LAMP reaction, all tubes were discarded 

without opening.  
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Figure 7.  Evaluation of analytical sensitivity and rate of detection of LAMP primers for the cell culture 

supernatant dilution panel. Results show the percentage detection rate (n=7) of a dilution panel of the 

MVP899-87 virus for different primer sets detected by real time turbidimetry and confirmed by gel 

electrophoresis. Best performance within this range of virus concentrations is exhibited by  HiInteg and HiP 

sets of primers which detected ≥ 2.9x10
1
 and 2.9x10

2
 copies/mL respectively. Primer sets HiLtr and HiGp 

both showed lower sensitivities for these samples.  

4.1.2.5 Testing  and evaluation of analytical parameters of LAMP primer sets. 

4.1.2.5.1 Sensitivity across a dilution panel 

Different dilutions of MVP899-87 virus ranging from 2.9  to 2.9x108 copies/mL were tested 7 times 

and the results recorded either as positive or negative. Comparisons in primer performance showed 

that the HiInteg set exhibited the highest sensitivity among the panel of HIV-1 M subtype B (Figure 

7). This set of primers detected up to 14% of samples with a concentration of 2.9x101 copies/mL. 

Primer set HiP also exhibited a high sensitivity presenting a detection limit of 2.9x102 copies/mL. All 

primer sets, except for primers HiGp detected all samples ≥2.9x105 copies/mL as quantified by 

Abbott m2000rt system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2.5.2 Linearity across the primer sets 

Analysis of the linearity of the amplification reaction was performed with decreasing concentrations 

of the MVP899-87 sample. The results in Figure 8 depict an inverse positive linear correlation 

between concentration and time for all primer sets. Samples with higher viral loads tested with the 

HiGp set of primers showed the earliest time to threshold detection at 13 minutes followed by HiInteg 

and HiP both at 20 minutes, while the earliest time to detection realized with HiLtr set of primers was 

30 minutes for the same high viral concentrations. 
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Figure 8. Results of a dilution panel of MVP899-87 virus. Inverse positive correlation between 

the virus concentration and time to detection was observed. Sample dilutions not detected 

were assigned arbitrary 0 (zero) values and appear on the figure as 0. A general increase in time 

is observed from a higher concentration (2.9x10
8
) to a lower virus concentration (2.9x10

1
). A 

sample with 2.9 copies/mL and the negative controls poly A and water were not detected (The 

horizontal axis is labelled from the highest virus concentration to the lowest). 
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4.1.2.5.3 Determination of precision for primers based on time to detection  

Both intra- and inter-assay precisions were tested for all 4 sets of primers. A comparison of real 

time turbidimetry and visual colour detection (HND dye) methods was also performed based 

on time to detection. Statistical analyses were performed and results reported as recommended 

for medical statistics (Lang and Secic, 2006). 

4.1.2.5.3.1 Intra-assay precision 

The highest intra-assay precision was observed with primer sets HiLtr (mean = 38.52; CV = 1.44%) 

and HiGp (mean = 21.49; CV = 2.2%) when tested by turbidimetry (Figure 9). However the two 

exhibited lower precisions, mean = 47.33; CV = 6.5% and mean = 27; CV = 11.6% for HiLtr and 

HiGp respectively, when tested by the HNB dye detection method. HiInteg and HiP exhibited high 

precision for both detection methods. These results showed that HiInteg and HiP were potentially 

more stable and robust compared to HiLtr and HiGp. 
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Real time turbidimetry 

HNB dye detection 

Figure  9.  Results of intra-assay precision for HiInteg , HiP, HiGp and HiLtr sets 

of primers.  The results show mean and standard deviation of time to detection 

for the sets of primers tested. HiLtr and HiGp exhibited the highest precisions by 

real time turbidimetry, but showed a reduced precision for HNB dye detection.  

HiInteg and HiP exhibited stability in precision for both detection methods.  

 

 

 
 

 

 

 

 

 

 

 

 

4.1.2.5.3.2 Inter-assay precision 

Cell culture supernatants of IIIB virus were used to test inter-assay precision and also to compare the 

findings based on the detection method used (real-time turbidimetry versus HNB dye detection). A 

higher precision was observed for real time turbidimetry when compared to the HNB detection 

method. Comparisons in performance between heating block and real time turbidimetry is reported in 

Figure 10. Within each primer set, HiGp recorded the highest precision by real time turbidimetry 

(mean = 21; CV = 2%) but exhibited the lowest precision by HNB dye detection (mean = 26; CV = 

22%). Precisions with accepted ranges were realized for HiInteg (mean = 30; CV = 3%) and HiP 

(mean = 30; CV = 7%) sets of primers by real time turbidimetry and for HNB dye detection (mean = 

33; CV = 9%) for HiInteg and (mean = 33; CV = 0%) for HiP sets of primers. The lowest precision 

was shown for HiLtr by real time detection (mean = 50; CV = 12%) and by HNB dye detection (mean 

= 46; CV = 17%). All CVs calculated for HiLtr were outside the variation range of 10%, which is 

generally established for an acceptable precision (Lang and Secic, 2006). 

4.1.2.5.3.3 Inter-assay precision across subtypes 

Testing was done over a period of 3 days using HIV-1 group M:B and non-B samples of known viral 

loads quantified by the Abbott m2000rt system, using the 4 sets of primers. The highest precision was 

found with HiInteg primers (Table 4) for all subtypes except for subtype F1 which, just like HiLtr 

primer, showed a dismal performance. Viral load estimation for this F1 subtype sample showed a low 
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 Subtype     Viral   

    load 

HiInteg HiP HiLtr HiGp 

  HIV-1  

     M 

  Abbott  

 m2000rt 

 

Mean 

 time  

 SD CV  

(%) 

Mean 

 time 

 SD CV 

(%) 

Mean 

 time 

 

SD 

CV  

(%) 

Mean 

 time 

SD CV 

 (%) 

     A1 6.9x10
5
 32.3 0.9 2.8 27.3 0.9 4.2 29.0 1.4 6.5   ND   -   - 

     B 2.9x10
6
 30.0 0.8 3.2 26.0 1.6 7.6 28.5 1.1 4.6 41.0 3.9 9.5 

     D 2.4x10
6
 32.0 0.8 2.5 29 1.7 7.3 29.0 0.3 1.1   ND   -   - 

     F1 2.5x10
2
 45.1 7.1 19.3 31.0 2.9 1.2 31.0 3.4 13.7   ND   -   - 

     F2 6.5x10
5
 30.0 0.7 2.4 27.0 0.7 2.7 28.5 4.7 1.8   ND   -   - 

     G 1.1x10
5
 33.0 0.6 2.0 27.0 0.5 2.1 28.0 2.7 11.8   ND   -   - 

  HIV-1 O 6.2x10
4
  ND - - 28.2 2.3 10 30.0 1.6 6.7   ND   -   - 

 HIV 2 5.0x10
5
  ND - - 32 1.3 4.9   ND   -    -   ND   -   - 

 Table 4. Inter- assay precision for the 4 sets of primers among HIV-1 M:B and non B subtypes. Overall 

HiInteg primers exhibited higher precision (with the lowest % coefficient of variation (CV)) across all 

subtypes except for HIV-1 M:F1 compared to HiP and HiLtr sets of primers. The lower precision among F1 

subtype by HiInteg was attributed to potentially low viral load. The HiGp set of primers only detected 

subtype B. Samples not detected are indicated as (ND) followed by dashes (-) 

viral load of 250 copies/mL with the Abbott m2000rt assay. Although the detection threshold for 

LAMP assay was not yet determined, it was highly suspected that the low viral load could have been 

responsible for the reduced precision as opposed to its genotype. This observation of non-genetic 

influence was supported by the observation that subtype F2 (which is closely related to F1 in nucleic 

acid sequence pattern), with a higher viral load exhibited a higher precision for all primer sets. 

Observations for the HiP set of primers could not be explained as this set of primers recorded high 

precisions with lower standard deviation for all samples including HIV-1 group O and HIV-2 

samples, despite the fact that all primers were designed to target only HIV-1 group M viruses. The 

HiGp set detected only subtype B virus presenting the lowest precision compared to the other sets of 

primers. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

4.1.2.6 Real time turbidimetry versus HNB dye detection  

An independent T-test was performed to compare the time to threshold (Tt) values obtained by 

turbidimetry and HNB dye detections. No significant difference in the results of turbidimetry 

detection (mean = 33, SD = 11) compared to HNB dye detection (mean = 35, SD = 9); t (22) = -0.49 
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Figure 10. Comparison of 2 detection methods (real time turbidimetry and HNB dye 

detection) for cell culture supernatant from HIV-1 IIIB sample. An earlier detection time by 

real time turbidimetry was observed for all primer sets except for HiLtr compared to HNB dye 

detection.  

was observed.  It was also observed that in each case except for HiLtr, time to threshold detection was 

achieved earlier by turbidimetry compared to HNB dye detection (Figure 10). 

 

 

 

 

 

 

 

 

 

  

 

4.1.2.7 Evaluation of primer mismatches  

Following the discrepancies by the 4 primer sets on analytical sensitivity and inter-assay precision, 

testing for sequence variations within subtypes (using HXB2 as reference strain) was done by 

aligning primer specific targets (F3, B3, FIP, BIP, LF and LB) employing an online  HIV sequence 

alignment tool (http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGN/QuickAlign.html) from 

the Los Alamos National Laboratory.   

HiInteg primer set recorded the minimum average number of mismatches among non-B (A, C, D) 

subtypes, and at the same time showed the highest number (25) of mismatches with HIV-1 group O 

strains (Table 5). Among subtype B strains within which all the primers had been designed to target, 

the number of mismatches was as follows: HiInteg set = 1, HiP = 9, HiLtr and HiGp sets each = 14. 

The highest number of mismatches were mainly observed within the inner primers (FIP and BIP), 

whereas the least number of mismatches were observed within the outer (F3 and B3) and the loop (LF 

and LB) primers. 
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Table 5. Mismatches within primer targets for the 4 LAMP primer sets. Results show the average number 

of mismatches for the target sequences of different primer sets when aligned by an online alignment 

tool obtained from the HIV sequence database from Los Alamos National Library 

(http://www.hiv.lanl.gov/content/sequence/QUICK_ALIGN/QuickAlign.html). The least average 

number of sequence mismatches was shown by HiInteg set, whereas the highest numbers were shown 

by HiLtr and HiGP primer sets. Among HIV-1 M subtype B (in blue dotted boxes) HiInteg recorded a single 

mismatch, whereas HiLtr and HiGp recorded the highest numbers of mismatches of 14. Sequence 

alignments were based on a reference strain (HXB2) of HIV-1 group M subtype B.  

Primer  

Set 

HIV-1 group  

M 

Subtype 

Number of mismatches at targets Total No. 

   F3         B3 

       FIP 

(F1c+F2) 

      BIP 

(B2+B1c)     LF    LB Mismatches 

HiP A 2 3 4 4 3 1 17 

 

B 1 2 1 3 1 1 9 

 

C 1 2 2 3 0 2 10 

 

D 1 2 2 5 0 1 11 

 

O 1 2 5 6 4 2 20 

HiInteg A 3 1 1 1 1 0 7 

 

B 1 0 0 0 0 0 1 

 

C 3 2 0 1      1 0 7 

 

D 1 1 0 0 0 0 2 

 

O 7 3 1 6 3 5 25 

HiLtr A 1 3 5 4 0 3 16 

 

B 1 3 3 4 1 2 14 

 

C 3 4 4 6 1 2 20 

 

D 2 5 4 5 0 3 19 

 

O 3 5 7 6      0 3 24 

HiGp A 5 3 4 7 5 3 27 

 

B 4 1 2 3 3 1 14 

 

C 4 3 4 7 4 3 25 

 

D 4 1 3 2 3 1 14 

 

O 1 2 5 8 4 3 23 

 

  

 

 

 

 

4.1.2.8 Selection of primers for further evaluation 

Based on the results of analytical sensitivity and precision, HiInteg and HiP targeting the integrase 

and the p24 genes respectively were selected for further evaluations and comparisons in the LAMP 

assay. The aim was to select the most appropriate primer set which could later be used for 

quantification of clinical samples by the LAMP assay. 
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4.1.2.9 Evaluation of the sample condition 

4.1.2.9.1 Testing the matrix effect of plasma and aqueous solution 

Plasma samples were spiked with virus from cell culture supernatants and analyzed by real time 

turbidimetry. The means of values for spiked plasma and diluted cell culture supernatants (of 

identical virus concentrations) were compared in order to test whether the type of matrix tested 

influenced the rate of detection by LAMP assay. The rationale for testing matrix was due to the fact 

that under limited logistical conditions, it is sometimes not possible to obtain the required amount of 

plasma for analysis. In such a scenario it would therefore be prudent to dilute the samples in negative 

plasma or diluent in order to obtain the required volume for analysis. The findings on the matrix 

effect would therefore be very instrumental in establishing LAMP under limited logistical conditions.  

An independent T-test was performed to compare the time to threshold (Tt) values for plasma spiked 

samples and RPMI 1640 culture medium samples. There was no significant difference for plasma 

spiked samples (mean = 27, SD = 14) and RPMI 1640 medium samples (mean = 28, SD = 12); t (48) 

= 0.09. The finding thus indicated that there was no significant influence of the matrix when negative 

plasmas were spiked with viruses from cell culture supernatants. Independent testing of the samples 

by the different primer sets also showed no significant difference between HiP primers (mean = 29, 

SD = 7) and HiInteg primers (mean = 26, SD = 17); t (48) = 0.9.  Results therefore confirmed that 

regardless of the primer set used no significant influence of the matrix could be observed for the 

results generated by the LAMP assay.  

4.1.2.9.2 Specificity for HiInteg and HiP primers with negative clinical samples 

HiInteg and HiP primers were tested with HIV negative fresh plasma samples obtained from in-house 

volunteers. 70 µL of whole blood from these volunteers was also used to process DBS before they 

were tested together with their corresponding plasmas. The 5 HIV negative plasmas and their 

corresponding DBS were tested 7 times resulting in a total of 35 tests for each category. 3 HIV 

positive plasmas together with their corresponding DBS were tested 5 times resulting in a total of 15 

tests in each category. The positive controls were samples with low viral loads selected with the aim 

of minimizing the probability of cross contamination. HiInteg primers exhibited 100% specificity 

(Table 6) for each category. HiP exhibited reduced specificities ≥89% for plasma and ≥91% for DBS 

due to false positive detections (Table 7). Although not being the main focus, the lower sensitivity 

realized for HiInteg primers was expected since previous findings on analytical sensitivity and 

precision analysis had shown reduced sensitivity for lower viral loads.  
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Table 6. Specificity analysis of HiInteg and HiP sets of primers for selected clinical samples. HiP set 

showed a reduced specificity and predictive values as a result of false positive detections. The low 

sensitivity by HiInteg set was expected since the 3 positive clinical samples with low viral loads were 

selected to reduce the risk of cross contamination. Specificity results were calculated within 95% 

confidence interval (CI) 

Table 7. False positive results obtained by the HiP primer set for HIV negative plasma and DBS. False 

positive results (in square red boxes) by HiP were realized for 4 samples, while 1 positive sample was not 

detected  in each sample category.  False positive results occurred only with Tt values >30 minutes. In 

the previous analysis HiP showed high sensitivity with a detection time ≤30 minutes for positive samples. 

These results prove that weak positive results by HiP primers with Tt values >30 minutes should be 

interpreted with caution. Tt – time to threshold detection, Tt >60 meant no signal was obtained within 

60 minutes. Viral load (VL) was quantified by Abbott m2000rt system. 

 

                                                       Primer set 

Test parameter   HiInteg                            HiP 

       Plasma    DBS    Plasma DBS 

Sensitivity %  (CI): n =15 40%    (16 - 68) 7%      (1 - 32)  60% (32 - 84) 67% (38 - 88) 

Specificity % (CI) : n =35 100% (90 - 100) 100% (90 - 100)  89%  (73 - 97) 91%  (77 - 98) 

PPV % 100% (54 - 100) 100% (17 - 100)  69% (39 - 91) 77% (46 - 95) 

NPV % 80%   (65 -  90) 71%   (57 -  83)  84%   (68 -  94) 86%   (71 -  95) 

 

 

 

HiP set of primers showed earlier positive results compared to HiInteg set, for all detected samples 

(Table 7), and in 2 cases HiP set detected even samples <1,000 copies/mL. Although previously false 

positive results had been observed due to contamination, contamination was ruled out for these results 

shown by HiP, since not all negative samples including negative controls were falsely detected by the 

set. False negative detections were also random within the 3-day period of analysis. Furthermore 

positive controls of low viral loads had been carefully selected to minimize the risks of 

contamination. The finding of a potential low specificity with HiP primers provided a preference for 

HiInteg primers for the detailed analysis of clinical samples. 

Sample ID Patient details Plasma Dry Blood Spot 

 

VL (Abbott) Sex Time to detection(mins) Time to detection (mins) 

  Copies/mL          HiInteg        HiP      HiInteg          HiP 

N001C      0 Male >60 >60 >60 39 

N002C        0 Male >60 37.06 >60 39 

N003C      0 Male >60 37.24 >60 33.54 

N004C      0 Female >60 43.06 >60 34.24 

N005C      0 Female >60 >60 >60 >60 

W001C      0 Female >60 >60 >60 >60 

P001C   2418 

 

48.18 30.18 50.3 26.12 

P002C     753 

 

>60 >60 >60 36.48 

P003C     612   >60 31 >60 >60 
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4.1.3 Evaluation of HiInteg primers for potential use in analysis of clinical samples 

After pre-analysis of the HiInteg set of primers was selected for eventual use in semi-quantitative 

detection of HIV-1 M:B and non-B subtypes, due to the qualities it showed compared to the other 3 

sets of primers. 

4.1.3.1 Plasma, dry blood spots and dry plasma spots 

Studies have reported potential usability of LAMP technology with non-extracted plasma and whole 

blood samples (Curtis et al., 2008; Curtis et al., 2009). A total of 18 positive plasma samples, 2 

negative samples and their corresponding dried blood spot samples were selected for testing. These 

samples were then categorized as (i) nucleic acid extracted plasma samples (ii) heated non-extracted 

plasma samples (iii) non-extracted plasma samples treated with a lysis buffer and (iv) dry blood spot 

samples, based on their mode of treatment before analysis with LAMP assay. 

i. Nucleic acid extracted plasmas: Samples were treated as described in chapter 3.2.2.2.1.1 

under materials and methods and then used for comparisons during evaluations in steps iii and 

iv. 

ii. Nucleic acid extracted dry DBS: Samples were treated as described in chapter 3.2.2.2.1.2 

under materials and methods and used for comparisons during evaluations in steps iii and iv. 

iii. Heated non-extracted plasma samples: A total of 8 HIV positive plasmas (which included 5 

samples detected by the Abbott m2000rt system and 3 samples below detection threshold) and 

2 negative plasmas were heat-treated and tested by real time turbidimetry together with their 

corresponding extracted plasma and dry blood spot. All (5/5) the samples above detection 

threshold, none (0/3) below detectable threshold and none (0/2) of the negative samples were 

detected by LAMP among extracted plasmas.  Similarly all (5/5) the samples above detection 

threshold, none (0/3) below detectable threshold and none (0/2) of the negative DBS samples 

were detected among the extracted DBS. In contrast none (0/8) of the heat-treated non-

extracted plasmas using either 5.5 µL or 9.5 µL could be detected by LAMP assay. 

iv. non-extracted plasma samples treated with a lysis buffer: A total of 9 HIV positive 

samples and their corresponding extracted plasma and DBS were analyzed. In total, 6/8 

extracted plasmas, 5/8 DBS and none (0/8) of the non-extracted plasmas were detected by 

LAMP assay.  

Although LAMP assay showed the potential for use by both extracted plasma and dry blood spot 

samples, it did not display this ability with non-extracted plasma samples. 
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4.1.3.2 Nucleic acid sequence analysis of primer target regions 

Using different sequences generated in-house and from the HIV database, sequences of various HIV-

1 group M:B and non-B, HIV-1 group O and HIV-2 were selected and aligned with the primer 

binding sites to check for anticipated primer mismatches. Sequences for HIV-1 group O and HIV-2 

were selected purposely for comparisons and due to the fact that these samples had not been detected 

by HiInteg primers. The results show an average of 3 mismatches for HIV-1 M:B and non-B subtypes 

at the outer forward (F3) region, 1 mismatch on outer reverse (B3) and an average of 1 mismatch for 

the inner primers (FIP and BIP) across all the subtypes (Figure 11a and Figure 11b). Loop target 

primers show an average of 1 mismatch. Contrary to findings for HIV-1 group M, group O (Figure 

11c) and HIV-2 (Figure 11d) show in average ≥22 mismatches  indicating that this set of primers is 

not suitable for detecting the RNA of these viruses (see also page 61).  
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Figure 11a. Nucleic acid sequence alignment patterns of HIV-1 M subtypes B and D viruses. HiInteg primers show an average of 1 mismatch per 

subtype within B and D subtypes. Molecular characterization has shown subtypes B and D to be sub-subtypes (Los Alamos, 2008).  Epidemiologically 

subtype D is found in Kenya. This primer set was designed according to the IIIB virus sequence. Incomplete sequences are shown by dashes (non 

dots) at the primer targets. 

10 20 30 40 50 60 70 80 90 100

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....

LAMP primer targets GGTAAGAGATCAGGCTGAACATC------AGACAGCAGTACAAATGGCA-----ATTCATCCACAATTTTAA-----AAGAAAAGGGGGGATTGGGG--

B.FR.83.HXB2_LAI_IIIB_BRU.K034 .......................------....................-----..................-----....................--

B.DE. MVP899-87 .A.....................------....................-----..................-----....................--

B.GA.88-OYI A......................------....................-----...T..............-----....................--

B.NL.00.671_00T36.AY423387 .........G.............------....................-----...T..............-----....................--

B.TH.90.BK132.AY173951 .......................------.A..................-----...T..............-----....................--

B.US.98.1058_11.AY331295 .......................------....................-----..................-----.....G..............--

D.CD.83.ELI.K03454 ............A..........------....................-----..................-----.....G.A............--

D.CM.01.01CM_4412HAL.AY371157 ............A..........------....................-----......T...........-----....................--

D.TZ.01.A280.AY253311 ............A........C.------....................-----...T..............-----....................--

D.CD.85.2226.M ............A.....G....------.......T............-----..................-----....................--

D.UG.94.94UG114.U88824 .........A..A..........------....................-----..................-----....................--

D.ZA.86.R482 .........C..A..........------....................-----..................-----....................--

110 120 130 140 150 160 170 180 190

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....

LAMP primer targets --AGTGCAGGGGAAAGAATAGTAGAC------GCAACAGACATACAAACTAAAG---------------GGGTTTATTACAGGGACAGCAG---

B.FR.83.HXB2_LAI_IIIB_BRU.K034 --........................------......................---------------....................-----

B.DE. MVP899-87 --..................A....T------......................---------------.............A........---

B.GA.88-OYI --.......................T------..T...................---------------......................---

B.NL.00.671_00T36.AY423387 --..................A.....------......................---------------....................-----

B.TH.90.BK132.AY173951 --........................------..............G.......---------------....................-----

B.US.98.1058_11.AY331295 --...........G......A.....------.................C....---------------....C...............-----

D.CD.83.ELI.K03454 --..................A.....------......................---------------.............A......-----

D.CM.01.01CM_4412HAL.AY371157 --..................A.....------......................---------------....................-----

D.TZ.01.A280.AY253311 --........A.........A.....------...T.....T.........C..---------------....................-----

D.CD.85.2226.M --...........G......A.....------......................---------------......................---

D.UG.94.94UG114.U88824 --..................A....T------....................G.---------------....................-----

D.ZA.86.R482 --..................C..C..------T.....................---------------......................---

....|....|....|....|....|..

LAMP primer targets -----CCACTTTGGAAAGGACCAGC  

B.FR.83.HXB2_LAI_IIIB_BRU.K034 -------------------------  

B.DE. MVP899-87 -----..................----

B.GA.88-OYI -----....................  

B.NL.00.671_00T36.AY423387 -------------------------  

B.TH.90.BK132.AY173951 -------------------------  

B.US.98.1058_11.AY331295 -------------------------  

D.CD.83.ELI.K03454 -------------------------  

D.CM.01.01CM_4412HAL.AY371157 -------------------------  

D.TZ.01.A280.AY253311 -------------------------  

D.CD.85.2226.M -----...A................  

D.UG.94.94UG114.U88824 -------------------------  

D.ZA.86.R482 -----...A................  

                                                                         F3 (4721      4743)                            F2 (4747      4766)                    LF  (4769      4786)               F1c  (4787      4806) 

 

 

 

 

 

                                                                            B1c  (4812      4835)                                  LB  (4842      4863)                                                       B2  (4900      4921) 

 

 

 

 

 

                                                                                B3  (4926      4945)  

 

 

 

....|....|....|....|..

--AAAAAAAAAAAAGAAAAAAAAGGGGGGAATTGGGG

.|....|....|....|..

-AATTTCAATCCAACAAAATTTTAAAA-

.|....|....|....|....|..

-AAGAACAAGCAAGTAACAAAAAATGGCAAAA----

....|....|....|....|....|.

GGTAAAAGAAGAATCAAGGCTGAAAACAATCCCCC---

..|....|....|....|....|..

GGGTTTATTACAGGGACAGCAG

              B2  (4900      4921)
...|....|....|....|....|..

-GCAACAGACATACAAACTAAAG---

      LB  (4842      4863)                  
...|....|....|....|....|..

AGTGCAGGGGAAAGAATAGTAGAC

   B1c  (4812      4835)                  

..|....|....|....|....|.

----CCCCCCCAAACCTTTGGAAAAAAAAAGGAAACCCCAAAGCC

     B3  (4926      4945)

 



47 

 

10 20 30 40 50 60 70 80 90 100

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....

LAMP primer  targets GGTAAGAGATCAGGCTGAACATC------AGACAGCAGTACAAATGGCA-----ATTCATCCACAATTTTAA-----AAGAAAAGGGGGGATTGGGG--

HXB2 .......................------....................-----..................-----....................--

A1.UG92.037 ......G..G..A..........------....................-----G.....T...........-----....................--

A1.SE.95.UGSE8131 .........G..A........C.------G...................-----......T...........-----....................--

A.CD.97.9 KCC ......G..G..A..G.......------.A..................-----......T...........-----....................--

C.Et.86.E.TH2220 .........A..A.....G..C.------....................-----......T...........-----.....G..............--

C.ES.06.E S. ............A.....G..C.------....................-----......T...........-----....................--

C.ZA.001.176MB ............A.....G..C.------....................-----......T...........-----....................--

F1.BE.93.VI850 ............A..........------....................-----..................-----....................--

F2.CM.95.MP257 A...........A..........------..........G.........-----......T...........-----....................--

G.PT.x.PT2695 ...C..G.....A........C.------.............G......-----......T...........-----....................--

H.CF.90.056 .........C..A..A.....C.------....................-----......T...........-----....................--

J.SE.93.SE7887 .........A..A........C.------....................-----......A...........-----....................--

U.NL.95H10 986 ............A..........------....................-----......T...........-----....................--

AE.JP.DR2594 .........G..A........C.------....................-----......T..T........-----....................--

110 120 130 140 150 160 170 180 190

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|...

LAMP primer  targets --AGTGCAGGGGAAAGAATAGTAGAC------GCAACAGACATACAAACTAAAG-------------GGGTTTATTACAGGGACAGCAG----

HXB2 --........................------......................-------------......................----

A1.UG92.037 --..................A.....------...T.....T............-------------......................----

A1.SE.95.UGSE8131 --..................A.....------......................-------------......................----

A.CD.97.9 KCC --........................------.........T............-------------......................----

C.Et.86.E.TH2220 --..................A....T------...T..........G.......-------------.............A........----

C.ES.06.E S. --..................A.....------........T.............-------------.............A........----

C.ZA.001.176MB --..................A.....------......................-------------.............A........----

F1.BE.93.VI850 --..................A.....------T..................G..-------------......................----

F2.CM.95.MP257 --..................A.....------......................-------------.........T............----

G.PT.x.PT2695 --..................A.....------...T....T.............-------------.........T..........C.----

H.CF.90.056 --..................A.....------......................-------------......................----

J.SE.93.SE7887 --..................A.....------...................G..-------------......................----

U.NL.95H10 986 --..................A.....------...................C..-------------......................----

AE.JP.DR2594 --..................A.....------......................-------------......................----

210 220

....|....|....|....|.

LAMP primer  targets -CCACTTTGGAAAGGACCAGC

HXB2 -....................

A1.UG92.037 -...A................

A1.SE.95.UGSE8131 -...A................

A.CD.97.9 KCC -...A................

C.Et.86.E.TH2220 -..TA................

C.ES.06.E S. -..TA................

C.ZA.001.176MB -..TA................

F1.BE.93.VI850 -...G................

F2.CM.95.MP257 -...G................

G.PT.x.PT2695 -...A................

H.CF.90.056 -...A................

J.SE.93.SE7887 -...A................

U.NL.95H10 986 -...A................

AE.JP.DR2594 -...A................

                                                          F3 (4721      4743)                                    F2  (4747      4766)                 LF  (4769      4786)                       F1c  (4787      4806) 

 

 

 

 

 

                                                           B1c  (4812      4835)                            LB  (4842      4863)                                         B2  (4900      4921) 

 

 

 

 

 

                                                       B3  (4926      4945) 

 

 

 

...|....|....|....|....

GGTAAGAGATCAGGCTGAACATC--

      F3 (4721      4743)                  
|....|....|....|....|.

AGACAGCAGTACAAATGGCA--

       F2  (4747      4766)          
..|....|....|....|..

--ATTCATCCACAATTTTAA

     LF  (4769      4786)        
.|....|....|....|....|...

----AAGAAAAGGGGGGATTGGGG-

           F1c  (4787      4806)

....|....|....|....|....|....

--AGTGCAGGGGAAAGAATAGTAGAC---

           B1c  (4812      4835)                
...|....|....|....|....|.

-GCAACAGACATACAAACTAAAG--

     LB  (4842      4863)              
|....|....|....|....|....|

---GGGTTTATTACAGGGACAGCAG-

           B2  (4900      4921)

....|....|....|....|.

-CCACTTTGGAAAGGACCAGC

         B3 (4926      4945)

Figure 11b. Nucleic  acid sequence alignment of selected HIV-1 M: non B, non D isolates with HiInteg LAMP primers. An average of 3 mismatches was 

detected for the F3 forward primer. F3: Forward primer, F2: Forward inner primer, LF: Loop forward, F1c: Forward inner reverse complementary primer, 

B1c: Backward inner reverse complementary primer, LB: Loop backward, B2: Backward inner primer, B3: Backward primer. FIP (F1c+ F2), BIP (B2 + B1c). 

Subtype A and C are prevalent in Kenya. 
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....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

LAMP Primer sets GGTAAGAGATCAGGCTGAACATC-----AGACAGCAGTACAAATGGCA------ATTCATCCACAATTTTAA-------AAGAAAAGGGGGGATTGGGG-

HXB2 .......................-----....................------..................-------....................-

MVP2549-95 A..G..G..C..A..A......T-----GA..................------......T...........-------....................-

MVP5180-91 ...G..G..C..A..A..G...T-----.A..................------C..TG.T...........-------....................-

MVP2171-94 ......G..C..A..A.....CT-----GA..................------...TG.T...........-------....................-

MVP2901-94 ...G..G..C..A..A..G..CT-----.A..................------...TG.T...........-------....................-

MVP5267-95 ...G..G..C..A..A.....CT-----GA..................------...TG.T...........-------....................-

FLI2000-00 ...G..G..C..A..A..G..CT-----....................------...TG.T..T........-------...................A-

FLI5066-03 ...G..G..C..A..A.....CT-----.A..................------...TG.T...........-------....................-

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....

LAMP Primer sets --------AGTGCAGGGGAAAGAATAGTAGAC------GCAACAGACATACAAACTAAAG-----------GGGTTTATTACAGGGACAGCAG------

HXB2 --------........................------......................-----------......................------

MVP2549-95 --------.C......A......T..A.....------...T..C.A........A.C..-----------....C........A........------

MVP5180-91 --------.C.........G...C..A.....------...T..C.A........A.C..-----------....C........A..T.....------

MVP2171-94 --------.C......A..C......A.....------...T..C..........A.C..-----------....C........A........------

MVP2901-94 --------.C......A..G...T..A.....------...T..C.A........A.C..-----------......................------

MVP5267-95 --------.C......A.....G...A.....------...T..C.A........A.C..----------------........A........------

FLI2000-00 --------.C......A......T..A.....------...T..C.A........A.C..-----------.TC.A.TAC.G..AC.GCAG..------

FLI5066-03 --------.C......A..G..G...A.....------...T..C..........A.C..-----------....C........A........------

....|....|....|....|....|...

LAMP Primer sets --------CCACTTTGGAAAGGACCAGC

HXB2 --------....................

MVP2549-95 --------..TA.............G..

MVP5180-91 --------..TA.............G..

MVP2171-94 --------..TA.............G..

MVP2901-94 --------..TA.............G..

MVP5267-95 --------..TA.............G..

FLI2000-00 --------..TA.............G..

FLI5066-03 --------..TA.............G..

                                                      F3 (4721      4743)                                F2  (4747      4766)                   LF  (4769      4786)                  F1c  (4787      4806) 

 

 

 

 

 

                                                              B1c  (4812      4835)                               LB  (4842      4863)                                              B2  (4900      4921 

 

 

 

 

 

                                                                 B3  (4926      4945)  

 

 

 

 

...|....|....|....|....

AAGAAAAGGGGGGATTGGGG

(4 6)
...|....|....|....|....|

GGTAAGAGATCAGGCTGAACATC

F3 (4721      4743)
.|....|....|....|....

AGACAGCAGTACAAATGGCA

F2  (4747      4766)  
..|....|....|....|..

ATTCATCCACAATTTTAA

           LF  (4769      4786)

..|....| | |....|...

-AGTGCAGGGGAAAGAATAGTAGAAC--

      B1c  (4812      4835)||....|......|                     ...| | | .|....|.

--GCAACAGACATACAAACTAAAG--

   LB  (4842      4863)|.....|....|....                    .|... | | | ...|..

----GGGTTTATTACAGGGACAGCA

           B2  (4900      4921.|......||....|.

....| | | .|...

---CCACTTTGGAAAGGACCAGC

         B3  (4926      4945)||......||....|.....

Figure 11c. Nucleic acid sequence alignment of HIV-1 group O sequences with HiInteg primers. The results show mismatches at the outer primers F3 and B3 

and the inner primers (FIP and BIP). Mismatches at these 2 positions were considered as the reasons for insufficient binding of HiInteg primers among 

group O viruses. F3: Forward primer, F2: Forward inner primer, LF: Loop forward, F1c: Forward inner reverse complementary primer, B1c: Backward inner 

reverse complementary primer, LB: Loop backward, B2: Backward inner primer,  B3: Backward primer. FIP (F1c + F2), BIP (B2 + B1c). Until now HIV-1 group 

O has not been detected in Kenya. 
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Figure  11d.  Nucleic acid sequence alignment of HIV-2 with HiInteg set of primers. Results show an average mismatch of ≥5 per primer target.  The 

high number of mismatches shows insufficient primer binding and thus the failure to detect HIV-2 virus RNA. F3: Forward primer, F2: Forward inner 

primer, LF: Loop forward, F1c: Forward inner reverse complement primer, B1c: Backward inner reverse complement primer, LB: Loop backward, B2: 

Backward inner primer,  B3: Backward primer. FIP (F1c + F2), BIP (B2 + B1c). HIV-2 is not prevalent in Kenya 

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . .

LAMP primer  targets GG T A A GA GA T C A GGC T GA A C A T C - - - - - - A GA C A GC A G T A C A A A T GGC A - - - - - A T T C A T C - C A C - A A T T T T A A - - -

B.FR.1983.HXB2_copy_LAI.AF0338 . . . . . . . . . . . . . . . . . . . . . . . - - - - - - . . . . . . . . . . . . . . . . . . . . - - - - - . . . . . . . - . . . - . . . . . . . . - - -

MVP11971 A A . T . . . . . A . . A . . - A . . T . C A - - - - - - . A . . . A T . . . . . T . . . . . . . - - - - - G . . . . . T G . . T G . . . . . . . . - - -

MAC.US.x.239.M33262 A A . C . . G . . A . . A . . - A . . T T C A - - - - - - . A . . C A T . . . . T T . . . . . . . - - - - - G . . . . . T G . . T G . . . . . . . . - - -

H2A.GW.87.CAM2CG.D00835 A A . T . . . . . A . . . . . - A . . T . C A - - - - - - . A . . . A T . . . . . T . . . . . . . - - - - - G . . . . . T G . . T G . . . . . . . . - - -

H2B.GH.86.D205.X61240 A C . C . . . . . C . . A . . - A G T A T C A - - - - - - . . . . . . T T . . . . T . . . . . . . - - - - - . C . . . C T G . . T G . . . . . . . . - - -

H2AB.CI.90.7312A.L36874 . A . C . . . . . . . . . . . - A G T A T C A - - - - - - . A . . . . T T . . G . T . . . . . . . - - - - - GC . . . . T G . . T G . . . . . . . . - - -

H2A.DE.x.PEI2.U22047 A A . T . . . . . G . . . . . - A . . T . C A - - - - - - . A . . . A T . . . . T T . . . . . . . - - - - - G . . . . . T G . . T G . . . . . . . . - - -

H2A.CI.88.UC2.U38293 A A . T . . . . . A . . . . . - T . . T . C A - - - - - - . A . . . A T . . . . . T . . . . . . . - - - - - G . . . . . T G . . T G . . . . . . . . - - -

MAC.US.x.17EC1.AY033233 A A . C . . G . . A . . A . . - A . . T T C A - - - - - - . A . . C A T . . . . T T . . . . . . . - - - - - G . . . . . T G . . T G . . . . . . . . - - -

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

LAMP primer  targets - A A GA A A A GGGGGGA T T GGGG - - - - - A G T GC A GGGGA A A GA A T A G T A GA C - - - - - - GC A A C A GA C A T A C A A A C T A A A G - -

B.FR.1983.HXB2_copy_LAI.AF0338 - . . . . . . . . . . . . . . . . . . . . - - - - - . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - . . . . . . . . . . . . . . . . . . . . . . - -

MVP11971 - . . . . . GG . . A . . A . . A . . . . - - - - - . C C C . . . C A . . . . . . C . . A . C A . T - - - - - - A . C . . . . . A C A . G . . . T A C . . T - -

MAC.US.x.239.M33262 - . . . . . GG . . A . . A . . A . . . . - - - - - . C . C . . . C A . . . . . . T . . A . T A . . - - - - - - A . T . . . . . A C A . G . G . T A C . . T - -

H2A.GW.87.CAM2CG.D00835 - . . . . . GG . . A . . A . . A . . . . - - - - - . C . C . . T C A . . . . . . C . . A . C A . T - - - - - - A . C . . . . . A C A . G . G . T A C . . T - -

H2B.GH.86.D205.X61240 - . . . . . GG . . A . . A . . A . . . . - - - - - . C C C . T . C A . . . . . . C . . . . T A . . - - - - - - A . C . . . . . GC A . G . . . T A C . G T - -

H2AB.CI.90.7312A.L36874 - . . . . . GG . . A . . A . . A . . . . - - - - - . C C C . T . C A . . G . . . C . . . . T A . . - - - - - - A . C . . . . . A C A . G . . . T A C . . T - -

H2A.DE.x.PEI2.U22047 - . . . . . GG . . A . . A . . A . . . . - - - - - . C C C . . . C A . . . . . . C . . A . C A . T - - - - - - A . C . . . . . A C A . G . . . T A C . . T - -

H2A.CI.88.UC2.U38293 - . . . . . GG . . A . . A . . A . . . . - - - - - . C C C . G . C A . . . . . . C . . A . C A . . - - - - - - A . C . . . . . A C A . G . . . T A C . . T - -

MAC.US.x.17EC1.AY033233 - . . . . . GG . . A . . A . . A . . . . - - - - - . C . C . . . C A . . . . . . T . . A . T A . . - - - - - - A . T . . . . . A C A . G . G . T A C . . T - -

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . .

LAMP primer  targets - - - - - - - GGG T T T A T T A C A GGGA C A GC A G - - - - - - - - - - - - - - - - - - C C A C T T T GGA A A GGA C C A GC

B.FR.1983.HXB2_copy_LAI.AF0338 - - - - - - - . . . . . . . . . . . . . . . . . . . . . . - - - - - - - - - - - - - - - - - - . . . . . . . . . . . . . . . . . . . .

MVP11971 - - - - - - - T C C . C C . A A GA . A A A . T T C A . A - - - - - - - - - - - - - - - - - - . T . T . A C A . . G . A . G . A GA G

MAC.US.x.239.M33262 - - - - - - - . . . . C . . . . . . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A . . . G . . . . . G . . . . . C . G

H2A.GW.87.CAM2CG.D00835 - - - - - - - . . . . C . . . . T . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A G T . G . . . . . . . . . . . T . G

H2B.GH.86.D205.X61240 - - - - - - - A . . . C . . . . . . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A . . . C . . . . . G . . . . . T . G

H2AB.CI.90.7312A.L36874 - - - - - - - A . . . C . . . . . . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A . . . C . . . . . G . . . . . T . G

H2A.DE.x.PEI2.U22047 - - - - - - - . . . . C . . . . T . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A G . . G . . . . . . . . . . . T . G

H2A.CI.88.UC2.U38293 - - - - - - - A . . . C . . . . . . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A G . . G . . . . . . . . C . . T . G

MAC.US.x.17EC1.AY033233 - - - - - - - . . . . C . . . . . . . . A . . A G . . . . - - - - - - - - - - - - - - - - - - . A . . . G . . . . . G . . . . . C . G

  F1c (4787    4806)  B1c (4812    4835) LB (4842     4863) 

    B2 (4900    4921) B3 (4926     4945) 

 

 

 

 

 

 

 

                                                                                                     

 

 

  

 

 

 

 

 

. . . . | . . . . | . . . . | . . . . | . . . .

GG T A A GA GA T C A GGC T GA A C A T C -

. | . . . . | . . . . | . . . . | . . . . |

- A GA C A GC A G T A C A A A T GGC A -

. . | . . . . | . . . . | . . . . | . . . .

- - A T T C A T C - C A C - A A T T T T A A

F3 (4721    4743)     F2 (4747     4766) LF (4769     4786)   

. . . .

- AAA AA GAA AA AA AA GGGGGGAA T T GGGG

  F1c (4787  4806) . . . . | . . | .

- A G T GC A GGGGA A A GA A T A G T A GAA C -

B1c (4812  4835)
| . . . . | | | | . . . |

- - GC A A C A GA C A T A C A A A C T A A A G - -

LB (4842   4863)

. . . . | | | | . .

- - GGG T T T A T T A C A GGGA C A GC A G

    B2 (4900  4921)
. . . . | | | | .

C C A C T T T GGA A A GGA C C A GC

B3 (4926   4945)
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4.2 Analytical sensitivity and estimation of lower threshold limits 

4.2.1 Analytical sensitivity 

Analytical sensitivity (ASe) refers to the minimum number of copies in a sample that can be 

measured accurately with an assay. The standard performance parameters of diagnostic quantitative 

assays are the lower limit of detection (LLOD) and the lower limit of quantification (LLOQ). The 

LLOD is the lowest amount of the analyte detectable by an assay in a single reaction with a certain 

degree of certainty, whereas the LLOQ refers to the lowest amount of the analyte which can be 

reproducibly quantified. Methods for determining LLOD and LLOQ in a chemical reaction have 

previously been defined (Haeckel et al., 1998; Mikkelsen and Cortón, 2004), however they have been 

found unsuitable for quantitative assays. Guidelines from the World Organization of Animal Health 

recommend that LLOD be determined as the end point dilution at which 50% of the tested samples 

are positive (World Organization for Animal Health (OIE), 2013). 

Using an in-house software (Ceres) developed by the Virus Diagnostic Department of the Max von 

Pettenkofer-Institute, half maximal effective concentration (EC 50) of viral load panels of (0.2x101 to 

2.9x106 copies/mL) of IIIB and MVP899-87 viruses (tested by Abbott m2000rt system) was 

determined in the LAMP assay. The EC 50 was used as an estimator for LLOD, whereas the LLOQ 

was estimated at a viral load in which ≥95% detection by LAMP was achieved. Samples were tested 

between 10 to 18 times by the LAMP assay and the percentage of positive detections calculated. 

The LLOD was attained at 1.2x103 copies/mL (Figure 12) whereas LLOQ was attained at a 

concentration of 9.8x103 copies/mL. It was also observed that viral loads of above 3x103 copies/mL 

were detected at the rate of more than 70%. These results are consistent with those already obtained 

earlier where samples with low viral loads presented a reduced precision, with only a few detected or 

detection obtained after a repeat test. 
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                              Viral load (Log10 copies/mL)  by Abbott m2000rt 
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LLOD= 1,200 

LLOQ= 9,800 

Figure 12.  Estimation curve for lower limit of detection (LLOD) and lower limit of 

quantification (LLOQ) for LAMP compared to the Abbott m2000rt system.   LAMP response 

rate (vertical axis) was tested using HiInteg set of primers for cell culture supernatants of IIIB 

and MVP899-87 representing HIV-1 M subtype B virus. The figure shows half maximal 

concentration (EC 50) for detection, which estimates LLOD by LAMP, detected at 1,200 

copies/mL. The lower limit of quantification (LLOQ) estimated at 95% detection rate (red 

dotted lines) was reached at 9,800 copies/mL. 

 

 

 

 

  

 

 

 

 

 

 

 

4.2.2 Generation of a mathematical model for estimation of viral load by LAMP assay 

A major feature used in the evaluation of the results by LAMP technology is the generation of large 

amounts of magnesium pyrophosphate deposits as a visible white precipitate (Mori et al., 2001), 

which is produced in proportion to the amount of amplified products. Real time turbidimetry of the 

by-product can be measured and the results estimated based on the time to threshold (Tt) detection.  

Since linearity of the assay based on time had been realized across a dilution panel from HIV cell 

culture supernatant of IIIB sample, the next part of this study was then to test for a linear relationship 

between the known viral load and time to detection. Viral loads for IIIB and MVP899-87 were first 

quantified by the Abbott m2000rt system and 10-fold dilutions for each sample material made from 

higher dilutions of 2.9x106 and 1.2x106
 copies/mL. Virus concentrations therefore ranged from 

0.12x101 to 2.9x106 copies/mL. Testing was done 4 times by LAMP turbidimetry and the results 

obtained were used to test for correlation between time and viral load and eventually to generate a 

regression equation for estimation of corresponding viral loads in LAMP. Calculations for estimation 

parameters were done using MS-Excel version 14 (a computer package from Microsoft) 

http://www.microsoft.com/en-us/download/details.aspx?id =5829. 
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Figure 13. Estimation curves for viral load quantification by LAMP assay. Results show a 

linear estimation curve (straight line) and a non-linear estimation curve (dotted line) both 

generated by HiInteg primer sets using HIV cell culture supernatant of IIIB virus.  A high 

regression coefficient of 0.99 was generated for both curves indicating a negligible 

dispersion from the regression line between viral load measured by Abbott m2000rt system 

and time to detection by LAMP assay. An average of 3 minutes was found as the difference 

between a 1log10 difference. Testing was done within a span of 4 days. Tests 1, 2, 3 and 4 

represent the results generated for each day. 

Since the task was to compare and relate an assay for semi-quantitative detection to a purely 

quantitative, two estimation curves, a linear curve y = -2.263 ln(x) + 59.309 and a non-linear curve y 

= 63.526x-0.067 (Figure 13) were generated and used for viral load estimations. From the results it was 

realized that the average time for 1log10 difference was 3 minutes. The 3 minute interval however was 

found to increase as the viral load decreased.  

 

 

 

 

 

 

 

 

 

 

  

 

No significant difference was found for the viral loads estimated from time by the two curves when 

20 different samples with known viral loads were tested by LAMP and the estimated viral loads 

compared with those of the Abbott m2000rt system.  In each case a correlation Rs (20) = 0.8 and a 

linear regression R2 (20) = 0.99 were achieved between Abbott m2000rt and the LAMP assay. These 

results therefore showed that regardless of the estimation model used between the two estimation 

curves no major difference would be realized, and if any, it would be insignificant to alter the results 

by a wider margin of estimation. The linear estimation curve was thus preferred for subsequent 

estimations, mainly due to its ease of use. 
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Figure 14. Quality control tests for assessment of linearity. Results show a linear 

correlation between LAMP and Abbott m2000rt assay for cell culture 

supernatants of  IIIB, R
2  

(11)= 0.99 and MVP899-87, R
2
 (11) = 0.98 viruses.  

4.2.3 Quality control 

A quality control test was performed to check the linearity of the LAMP viral load values in 

comparison to the viral loads determined by the Abbott m2000rt system using the linear estimation 

curve. Cell culture supernatants of IIIB and MVP899-87 samples with viral loads of approximately 

10 to 2.1x107 copies/mL were used. The results obtained showed again a linear correlation (as had 

previously been shown in Figure 13) between the two groups of LAMP viral loads and the viral loads 

of the Abbott m2000rt system (R2 (11) = 0.99 for IIIB and R2 (11) = 0.98 for MVP899-87) as shown 

in Figure 14. The results further confirmed the reliability of the LAMP assay for samples with high 

viral loads which also showed high concordance between the two assays. 

 

 

 

 

 

 

 

 

 

4.2.3.1 Precision tests based on estimated viral loads generated by linear estimation curve 

4.2.3.1.1 Intra- and inter-assay precision testing based on viral load 

A total of 58 tests of cell culture supernatants of varying viral load measurements by Abbott m2000rt 

were tested in different frequencies during the same runs by LAMP assay, and the viral loads 

obtained used to evaluate the intra-assay precision. Similarly, 21 tests of cell culture supernatants of 

varying viral loads were tested on 3 different days and the LAMP viral loads used to evaluate inter-

assay precision. All the viral load values obtained by LAMP were first transformed into a log scale 

for ease of precision analysis. The precision was evaluated based on standard deviations and not 

based on coefficient of variations as recommended for viral load test assays (Bustin et al., 2009).  
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Table 8.  Inter- and intra-assay precision test results showing log standard deviations between Abbott 

m2000rt system and LAMP assay. Results showed an increase in precision (shown by lower standard 

deviations) with higher viral loads. N/A refers to sample viral loads which were not tested, mainly due to 

viral loads below the threshold of detection established for LAMP assay. 

Apart from 12 samples within the viral load range of 3log10 and 9 samples within the range of 4log10 

which presented 1.3log10 and 1.2log10 deviations for intra-assay and inter-assay respectively, all other 

viral load samples were within the accepted 1log10 standard deviation range. In both cases the lowest 

standard deviations were recorded within viral loads of 5log10 copies/mL indicating a strong 

correlation between LAMP and Abbott m2000rt system within this margin. The results realized for 

samples with 3log10 viral load values were in concordance with those realized during the precision 

analysis where lower viral loads presented lower precision in detection. Further the LLOQ for this 

assay was calculated at 9.8x103 copies/mL whereas the LLOD was calculated at 1.2x103 copies/mL, 

results which could also explain the log difference realized for this group of samples, since detection 

of a sample would not necessarily mean precise quantification.  As shown in Table 8 and Table 9 

there was a general decrease in the variations (hence increased correlation) between Abbott m2000rt 

system and LAMP assay as the viral load increased, suggesting a higher precision and increased rate 

of viral detection at higher viral loads. 

Test Statistic                                                                           Results 

 

Viral load  

log10(cop/mL) 

Frequency  of 

testing 

Mean 

log10 

standard 

deviation x log10 

Coefficient of 

variation (%) 

      

Intra-assay precision 1  N/A   -          -       - 

        (n  = 58) 2     4 2.1        0.5       23 

 

3    12 2.9        1.3       46 

 

4    14 4        1       24 

 

5    16 5.4        0.5         9 

 

6    12 4.73        0.7       15 

Inter-assay precision 

                (n  = 21) 1    N/A    -          -         - 

 

2    N/A    -          -         - 

 

3       3  1.12         1        87 

 

4       9  3.2         1.2        37 

 

5       6   5          0.4         9 

 

6       3   5.4          0.4         7 

 

 

 

4.2.3.1.2 Inter-investigator variation 

A panel of HIV cell culture supernatants of various viral loads was analyzed by 2 independent 

investigators within a duration span of 7 days. Results were analyzed independently by the two 
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Table 9.  Inter-investigator precision between two independent investigators in the same laboratory. The 

results showed a higher precision (lower standard deviation) between the investigators for samples with 

high viral loads, and a reduced precision (standard deviation 1.7log10) for samples in the 3log10 viral load 

category. The findings were consistent with previous findings which have shown that the precision 

increases with higher viral loads. 

investigators and tested for precision and correlation. Samples with high viral loads recorded higher 

precisions and lower standard deviations (Table 9). A strong correlation R2 (11) = 0.75 was also 

calculated for results of both investigators. Lower precisions with low viral loads as observed for the 

3log10 group of samples have already been discussed. The findings show that the accuracy of this 

assay is investigator independent. The results however cannot be interpolated to different 

environmental conditions as the laboratory conditions in which the tests were done were identical for 

both investigators. 

Test Statistic                                                                           Results 

 

Viral load  
Frequency 

Mean      

log10 

standard deviation  

x log10 

Coefficient of 

variation (%) log10(cop/mL) 

Inter-investigator 

Precision 

1         N/A        -                   -              - 

2         N/A        -                   -              - 

 

3 6 1.5 1.7 110 

 

4 6 3.3 0.4 11.6 

 

5 6 4.6 0.3 6.8 

 

6 6       5.0                   0.2 4.8 

 

 

 

4.2.4 Analysis of HIV-1 subtypes from cell culture supernatants 

A total of 166 HIV-1 containing cell culture supernatants were tested by LAMP and Abbott m2000rt 

system and the results of their viral loads compared. The cell culture supernatants included subtypes 

A1 (n = 2), B (n = 144), C (n = 5), D (n = 5), E (n = 2), F1 (n = 2), F2 (n = 3) and G (n = 5). A 

positive linear correlation Rs (166) = 0.7 was obtained with a slope R2 (166) = 0.6 for the two assay 

platforms (Figure 14). Generally 60% (R2 (166) = 0.6) of the results by LAMP assay were within 

≤1log10 of those results obtained by Abbott m2000rt system. The results also showed that viral load 

values obtained by the LAMP assay were lower compared to those obtained by the Abbott m2000rt 

system. The results also showed that >1log10 difference between the two assays was realized mainly 

by HIV-1 non-B subtypes. As part of the calibration process for the LAMP assay, a standard cell 

culture supernatant sample of MVP899-87 virus with a viral load of 2.1x106 copies/mL was used as 

an internal positive control. The expected time to threshold detection of this internal control by 

LAMP was between 28.30 to 30.0 minutes. 
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Figure 15. Correlation analysis for cell culture supernatant samples of 

various HIV-1 subtypes. A direct linear correlation Rs= 0.7 between LAMP 

assay and Abbott m2000rt was observed. The results showed 60% of the 

viral load measurements within the regression slope (±log10 copies/mL). 

These results also indicated potential challenges with subtype specificity for 

LAMP assay with HiInteg primers.  

 

 

 

 

 

 

 

 

 

4.3 Testing and analysis of clinical patient samples with LAMP assay 

Clinical samples tested in this study were categorized into four main categories namely, 

i. Kenyan plasma samples analyzed in Nairobi 

ii. Kenyan plasma samples analyzed in Munich 

iii. Kenyan Dry Blood Spot samples analyzed in Munich 

iv. Munich plasma samples analyzed in Munich. 

i. Kenyan plasma samples analyzed in Nairobi: This panel consisted of 135 samples (87 HIV 

positive and 48 HIV negative) with viral loads between 0 (undetectable) to 106 copies/mL 

tested by Abbott m2000rt system. HIV negative samples were first tested by rapid diagnostic 

kits (Determine ®) routinely used in Kenya for HIV 1/2 antibody detection. Anti-HIV 

negative plasmas and those undetected by Abbott m2000rt system were used to test the 

specificity of the LAMP assay. 

ii. Kenyan plasma samples analyzed in Munich: This panel included 99 HIV-RNA positive 

plasmas obtained in Nairobi and shipped to Munich within a period of 6 months after 

collection. In Nairobi, the samples were stored at -80°C prior to shipment. Upon arrival in 

Munich, the samples were stored at -20°C and tested within 3 months. Prior to testing by 

LAMP assay, the viral loads of these samples were retested in Munich by Abbott m2000rt 

system which was used as “gold standard” for evaluating LAMP assay. 23 samples from this 

group had undetectable viral load when retested in Munich despite having been positive in 
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Table 10. Sensitivity, specificity and predictive values of LAMP for plasma and dry blood spot (DBS) 

samples. Results show a high sensitivity (82 and 93%) for plasma samples and a reduced sensitivity and 

specificity (76% and 77% respectively)  for DBS samples. The low specificity for DBS samples was 

attributed to a high number of false positive results. The evaluations were carried out at 95% confidence 

interval (CI). PPV – positive predictive value; NPV – Negative predictive value; n – number of samples. 

Nairobi, whereas 77 samples were detected by the Abbott m2000rt system. The 23 undetected 

samples were used to test specificity of the LAMP assay within this category. 

iii. Kenyan Dry Blood Spot samples analyzed in Munich: The panel included 121 dry blood 

spot (DBS) samples which had previously been processed in Kenya and stored at -20°C 

before shipment to Munich. Extracts from these samples were first tested by Abbott m2000rt 

system and afterwards analyzed using the LAMP assay. 

iv. Munich plasma samples analyzed in Munich: This was the last panel and included 112 

samples (92 HIV positive and 20 negative samples) obtained from the local population. 27 

samples of the 92 HIV positive plasmas were dilutions of HIV positive plasma in negative 

plasma. The negative samples were used to estimate the overall specificity of the LAMP 

assay within this category of samples. 

4.3.1 Sensitivity and specificity of LAMP assay with clinical samples 

4.3.1.1 Overall sensitivity and specificity of LAMP assay within sample categories 

Values generated by LAMP assay were used to calculate sensitivity, specificity and predictive values 

for LAMP assay. Sensitivity values realized ranged between 82 and 93% (Table 10) for plasma 

samples while a lower sensitivity of 76% was realized for DBS. A high rate of false positive results 

was also obtained with DBS reducing the specificity of LAMP to 77% within this category. In 

general, a higher specificity (99-100%) was realized for plasma samples compared to DBS. 

Sample category   N Tests 

  

 

Sensitivity (%) Specificity (%)   PPV   NPV 

Kenya in Nairobi     

 

    

       (plasma) n =135 82  (51/62 ) 99 (72/73)     98       87 

                      CI 

 

  70  -  91    93  -  100  90 - 100     78 -  93 

Kenya in Munich  

            (plasma) n =99 86 (66/77) 100 (22/22)     100       67 

                      CI 

 

  76 – 93     84 – 100  95 -  100    48 – 82 

          DBS n =121 76 (45/59)  77 (48/62)       76      77 

                      CI 

 

    63  -  86      65 -  87   63 -  86    65 – 87 

Munich in Munich 

           (plasma) n = 112  93 (86/92) 100 (20/20)     100    77 

                       CI 

 

     86  -  98      83 – 100    96  -  100     56  - 91 
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Table 11. Sensitivity for samples with viral loads ≥ 5000 copies/mL. Results show an increase in 

sensitivity mainly for all plasma samples (red rectangular box). CI- 95% confidence interval, PPV – 

positive predictive value, NPV –Negative predictive value, n – number of samples. 

4.3.1.1.1 Sensitivity and specificity for samples of viral loads above 5,000 copies/mL 

Success for HIV treatment in limited resource settings is indicated by viral loads ≤1,000 copies/mL, 

while treatment failure is considered for viral loads ≥5,000 copies/mL within 3 consecutive tests after 

start of treatment (World Health Organization, 2010a). Results of this study also showed >70% 

detection rate of LAMP for viral loads ≥3,000 copies/mL. Sensitivity analysis was performed 

focusing on samples whose viral loads would indicate treatment failure. This would be important 

mainly to target this group of patients potentially failing treatment. Calculation of the modified results 

showed an improved sensitivity of 95-100% for plasma samples (Table 11). There was also a slight 

improvement in sensitivity for DBS samples. 

Sample category        N            Calculated  at   95% CI 

  

 

Sensitivity (%)       PPV    NPV 

Kenya in Nairobi         

       (plasma)        n =41 100  (41/41)     98       100 

         CI 

 

  91  -  100  90 - 100     95 -  100 

Kenya in Munich  

           (plasma)        n =43 95 (41/43)     100       92 

         CI 

 

  84 – 99  95 -  100    73 – 99 

          DBS        n =20 80 (16/20)       84      76 

          CI 

 

55  -  83   68 -  94   50 – 93 

Munich in Munich 

          (plasma)        n = 61  98 (60/61)     100    96 

         CI 

 

91  -  100 96  -  100 78  - 99 

  

 

4.3.2 Analysis of correlation between Abbott m2000rt and LAMP assay 

Results generated for the different categories of clinical samples by the LAMP assay were further 

subjected to correlation analysis to compare the two quantification assay parameters. The following 

correlation results were obtained; Kenyan plasma samples analyzed in Nairobi Rs (62) = 0.9 (Figure 

16); Kenyan plasma samples analyzed in Munich Rs (77) = 0.84 (Figure 17); Kenyan DBS samples 

analyzed in Munich Rs (59) = 0.2 (Figure 18); Munich samples analyzed in Munich Rs (92) = 0.8 

(Figure 19). One Kenyan sample (NYK73163) analyzed in Munich (Figure 17) could not repeatedly 

be quantified despite showing viral loads of 1x106; while one Munich sample (V1221944) of viral 

load of 1x105 copies/mL (Figure 19) was sub-optimally quantified by the LAMP assay. The 2 

samples were sequenced at the integrase (IN) region to determine their subtypes and evaluate their 
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Figure 17. Correlation analysis for Kenyan plasma samples analyzed in Munich. Results 

showed a direct linear correlation (Rs (77) = 0.84) between the viral loads obtained by Abbott 

m2000rt system and LAMP assays. A regression analysis resulted in R
2
 = 0.63 showing that 

≥63% of the LAMP assay results fitted within the results obtained by the Abbott m2000rt 

system. Sample NYK73163 (shown in red; pointed by an arrow) could not effectively be 

quantified by LAMP despite a viral load ≥1x10
6
 copies/mL by Abbott m2000rt system.  

Figure  16. Correlation analysis for Kenyan plasma samples analyzed in Nairobi. 

Results showed a strong linear correlation (Rs (62) = 0.9) between the viral loads 

obtained by Abbott m2000rt system and LAMP assay. Similarly a regression 

analysis resulted in R
2
 = 0.8 showing that ≥80% of the LAMP assay results fitted 

within the results obtained by the Abbott m2000rt system. 

sequence patterns for any mutations in order to yield parameters for explanation of reduction in 

sensitivity and a possible improvement of the LAMP assay. 
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Figure  18. Correlation analysis for Kenyan dry blood spot (DBS) samples analyzed in 

Munich. Results showed no correlation (Rs (59) = 0.2) between the viral loads 

obtained by Abbott m2000rt and LAMP assays. Similarly a regression analysis resulted 

only in R
2
 = 0.02 showing that only 2% of the LAMP assay results fitted within the 

results obtained by the Abbott m2000rt system. 

Figure 19. Correlation analysis for Munich samples analyzed in Munich. Results 

showed a direct linear correlation (Rs (92) = 0.8) between the viral loads obtained 

by Abbott m2000rt and LAMP assay. A regression analysis resulted in R
2
 = 0.73 

showing that ≥73% of the LAMP assay results fitted within the results obtained by 

the Abbott m2000rt assay. A sub-optimal quantification by LAMP assay (blue 

point shown by an arrow) was realized for sample V1221944. 
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4.3.3 Nucleic acid sequencing and primer modification. 

4.3.3.1 Nucleic acid sequence analysis of primer binding sites of patient samples 

Sequencing of samples with discrepant results between the LAMP and Abbott m2000rt systems was 

performed to check for any mutations or mismatches within the primer regions. A selected number of 

patient samples presenting more than 1log10 deviation between the 2 assays, together with 2 more 

samples (NYK73501 and NYK73461) whose viral loads were within 1log10 were selected and 

sequenced in the integrase gene region. The sequences generated were aligned with primer target 

sequences and analyzed for any base-pair mismatches. Results showed an average of 3 base-pair 

mismatches (Table 12) at the Forward outer primer (F3) target for all these samples. Within this F3 

target, general mismatches of thymine (T) with guanine (G) at position 4730; guanine (G) and 

adenine (A) at position 4733 and thymine with cytosine (C) at position 4742, a second last position at 

the 3’end (Figure 20) were observed. The results further showed that the two samples (NYK73163 

and V1221944), which despite very high viral loads obtained by Abbott m2000rt system assay 

recorded poor sensitivity in quantification by the LAMP assay, showed a high number of mismatches. 

It was further observed that these 2 samples had mismatches at every target of the essential outer and 

inner primers (except for B3 primer target which was not analyzed) which are necessary for the start 

of the amplification process.  A further mismatch was recorded for sample NYK73163 at the last 

position of the 3’end of the inner primer (BIP) (Figure 20).  

Although the sequence pattern for the reverse outer primer (B3) could not be generated due to sub-

optimal amplification in the sequence reaction, a possibility of mismatches also at the B3 target for 

samples NYK73163 and V1221944 was suspected. This finding points towards the fact that 

mismatches in these two specific primers, mainly the F3 and B3 outer targets could be crucial in 

achieving a higher sensitivity for LAMP assay; in fact a mismatch at an outer target followed by 

another at an inner target has a potential to even reduce further the sensitivity of LAMP assay as seen 

with sample NYK73163. On the other hand, mismatches for NYK73501 and NYK73461 were 

located mainly in the middle part (thymine (T) and guanine (G) at position 4730 and guanine (G) and 

adenine (A) at position 4733). The only extra mismatch for sample NYK73501 was at the first 

position in the 5’end. Although sample V1221944 belonged to subtype C virus, there was a variation 

in its sequence patterns at B2 and B3 primer targets, where it showed several mismatches compared 

to other C subtypes sequenced. Sample NYK73163 on the other hand belonged to HIV-1 group M 

subtype A1. Although useful in speeding up the amplification process, the loop target primers, have 

not been found (by design) to be very important in the amplification of LAMP products. However, for 

the sake of a quantitative detection which estimates the viral load based on time, the importance of 
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Table 12. Number of mismatches for clinical samples showing >1log10 discrepant results between  Abbott 

m2000rt and LAMP assays. Results showed samples NYK73163 and V1221944 (outliers shown in figure 

17 and 19) to have the highest number of mismatches both for outer (B3) and inner (FIP and (or) BIP) 

primers. Samples NYK73528 and KEM6507 which had shown sub-optimal amplification also recorded a 

high number of mismatches at F3 outer region. The number of mismatches at outer B3 primer was not 

included in the analysis due to sub-optimal amplification at the B3 region. It was however suspected that 

the mismatches at B3 would not significantly alter the results obtained in the table.  

these primers cannot be underestimated. In this study however, only a single mismatch was found for 

one LF target. Based on the position within LF, this single mismatch was deemed not to have any 

major effect on the sensitivity of LAMP, and as such may not have contributed much to the poor 

sensitivity shown for sample NYK73163. Based on the 10 samples analyzed, these results did not 

show a single pattern of mismatches among subtypes A1 and C identified (Table 12). 

Sample Number Subtype 

Outer 

primer          Inner primers 

    Loop      

Primers 

Total number 

of mismatches  

  

    F3  

     FIP 

(F1c+F2) 

    BIP 

(B2+B1c)     LF 

     

LB 

NYK73163     A1 3 3 4 1 0 11 

NYK73528     A1 4 0 1 1 0 6 

NYK73575     A1 3 1 1 1 0 6 

NYK73621     A1 3 0            2 1 0 6 

KEM6507     A1 4 1            2 1 0 8 

RT2225     A1 3 1 3 1 0 8 

NYK73501     C 3 1 2 1 0 7 

NYK73461     C 2 1            2 1 0 6 

KEM 6444     C 3 0            2 1 0 6 

V1221944     C  3 0 15 1 0 19 

 

 

  

 

4.3.3.2 Design of modified primers 

Primer target F3 was modified to remove mismatches at positions 4730, 4733 and 4742 (Figure 20; 

F3 shown in red). The modified and the standard sets of primers were then used in re-analysis of 

samples and the results compared. Samples IIIB and MVP899-87 which had been used as standard 

subtype B samples, together with single samples each representing subtypes D, F and G were 

included in the analysis. The results obtained for the modified set showed a drastic reduction in the 

viral load quantification for the two subtype B viruses (Table 13), with sample MVP899-87 recording 

approximately 9.8x104 copies/mL by standard primer set against 1.3x101 copies/mL for modified 

primer set, while sample IIIB recorded approximately 8.8x104 copies/mL by the standard primer set 

against 1.3x102 copies/mL by the modified primer set. On the other hand, an improved sensitivity 

with the modified primers on samples NYK73528 and KEM6507, which had shown poor sensitivity 
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Table 13.  Comparison of viral load results for LAMP obtained by the standard and the F3-

modified sets of primers. Results showed a drastic reduction in viral loads for subtype B samples 

(IIIB and MVP899-87) by the F3-modified primers compared to standard primers (red square 

box). A  trend of improved sensitivity by F3-modified primers among 3 samples representing 

non-B viruses is also shown (blue square boxes). 

 

with the standard primer set, was obtained.  Sample NYK73501 was still within the 1log10 range 

between the two primer sets which was a reproducible result from the initial analysis during the viral 

load quantification (Table 13). In general, the modified primer set showed an improved sensitivity 

among some HIV-1 M non-B subtypes as compared to the B subtypes where it had poor sensitivity. 

The drastic reduction in the viral loads of the two B subtypes with the modified primers points 

towards the effects of mismatches at the target primers on the sensitivity of LAMP assay. 

With the modification of F3 outer primer target additional mismatches were introduced into the 

primer sequence of subtype B at the 3 positions (Figure 20). Since F3 target is important for initiating 

amplification, there was a possibility of non-optimal amplification initiation which may have been 

reproduced in the subsequent reactions. This observation is also supported by an improvement in the 

sensitivity of the assay for the 3 non-B subtype samples, albeit with a small margin. Since only the F3 

outer target was modified, poor sensitivity still shown with sample NYK73163 may be as well 

attributed to further mismatches in other targets, namely the FIP and the B3. It is worth noting that 

FIP target had a similar number of mismatches as the F3 and the BIP targets, with BIP even having a 

mismatch at the last position on the 3’end, which could influence the efficiency of amplification. 

Although the nucleic acid sequence of B3 target was not completely achieved, it is possible that this 

target too had a similar number of mismatches as F3 for this sample. The increased number of 

mismatches at these sites among other factors is deemed to have influenced the sensitivity of LAMP 

assay on this sample, even with the modified set of primers. 

 

 

 

 

 

 

 

 

Sample number 

Viral load (copies/mL) 

- Abbott (m2000rt) 

     Viral load (copies/mL) 

LAMP 

 

                 Viral Load      Standard primers       Modified primers 

NYK 73163 1,300,000 0 0 

NYK 73528 300,000 0 560 

NYK 73501 60,000 21,000 9,000 

KEM 6507 11,000 40 900 

V1116227 22,000 25,000 800 

V1216136B  110,000 50 2,600 

V0634505  2,500 150 140 

MVP899 - 87  2,900,000 98,000 10 

HTLV-IIIB 2,100,000 88,000 130 
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F3 (4721       4743) F3 – Modified  (4721       4743)       F2 (4747       4766) 

    LF  (4769       4786)    B1c (4812       4835) 

     LB (4842       4863) 

   F1c (4787       4806) 

    B2 (4900       4921)     B3 (4926       4945) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F3 (4721       4743) F3 – Modified  (4721       4743)       F2 (4747      4766)

   B1c (4812      4835)

     LB (4842      4863)     B2 (4900      4921)     B3 (4926      4945)

   F1c (4787      4806)    LF (4769      4786)

Figure 20. Nucleic acid sequence alignments of sequenced samples with HiInteg standard and F-3 modified primers. Results show the sequence 

patterns of both standard and F3-modified (red title) primers with modifications at positions; 4721, 4730 and 4742. A high number of mismatches is 

shown for samples NYK73163 and V1221944 which had shown poor sensitivity during amplification. The primers were re-tested with sequenced 

Kenyan samples including sample NYK73163 which had shown sup-optimal amplification by LAMP assay. F3: Forward primer, F2: Forward inner 

primer 2, LF: Loop forward, F1c: Forward inner reverse complement primer, B1c: Backward inner reverse complement primer, LB: Loop backward, 

B2: Backward inner primer, B3: Backward primer. FIP (F1c+ F2), BIP (B2 + B1c). Partial or no sequences at the outer prime B3 were obtained for 

some samples. 
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Chapter 5 

5 Discussion 

With the rising HIV drug resistance due to ART treatment in Sub-Saharan Africa and the possible 

transmission of ART resistant strains, a global threat to the success already achieved in HIV/AIDS 

control is eminent. Measures to curb this spread of resistant strains including an improvement in 

laboratory capacities and introduction of simple, affordable and rapid viral load measurement 

technologies should be put in place within these countries with limited resources. This study showed 

that using integrase primers, LAMP assay exhibits a potential for semi-quantitative detection of viral 

load of HIV-1 group M viruses in blood and plasma for treatment monitoring of HIV infected 

patients. The results in this study are considered not sufficient to allow quantitative measurement of 

viral load as recently reported using p24 primers (Zeng et al., 2014). Semi-quantitative detection has 

also been recently reported for microfilaria detection by LAMP (Drame et al., 2014) used to prevent 

serious adverse events before exposure to treatment. 

5.1 Evaluation and testing of primers and assay conditions 

5.1.1 Preliminary assessment of primers and assay conditions 

In the first part of this study it was shown that the first four (outer and inner) primers designed for 

LAMP amplification to amplify HIV-1 templates in normal rt-PCR using Taq polymerase enzyme 

effectively worked for HIV-1 subtype B. Taq polymerase enzyme is important in PCR reaction due to 

its ability to withstand high temperatures in thermo-cyclic reactions. On the other hand Bst 

polymerase enzyme is important in isothermal reaction due to its ability to displace DNA strands 

under a thermo-stable condition. For this reason Bst polymerase remains an important enzyme to 

initiate amplifications in isothermal reactions such as LAMP. The specificity of these primers was 

ascertained by restriction digestion of LAMP amplicons which yielded the expected restriction 

products from the specific endonucleases. The finding that the selected primers were able to amplify 

cDNA templates at defined laboratory conditions for rt-PCR showed the possibility of using these 

primers not only for LAMP amplification, but also in rt-PCR. The findings thus depict rt-PCR as an 

alternative quality control assay for LAMP primers and would therefore be important as a 

troubleshooting tool in the event of challenges experienced during LAMP analysis. 

As described and shown in previous studies (Mori et al., 2001; Parida et al., 2008; Tomita et al., 

2008) this study revealed that all detection methods including, real time monitoring of turbidity, 

visualization of fluorescence under UV light and gel electrophoresis of LAMP amplification products 
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were equally reproducible. Additionally use of a HNB colour detection dye that neither requires real 

time monitoring nor UV lamp for detection was also effective and reproducible in qualitatively 

detecting the LAMP products (Figure 6). Use of HNB dye not only guarantees simplicity of the assay 

thereby reducing costs but also eliminates post amplification procedures which are time consuming 

and a risk to laboratory contamination by amplified products. Although T-test results comparing real 

time detection to HNB dye detection showed no significant differences in the means, results however 

showed a general lateness in time to threshold detection by visual colour change compared to real 

time detection by a turbidimeter. In their study Bista and colleagues (Bista et al., 2007) observed that 

the colour change for samples with high viral loads (>107 copies/ml) were detected earlier (i.e. <30 

minutes), whereas those samples with viral loads between 104 and 105 copies/mL were detected after 

long (i.e. >60 minutes) incubation periods. The finding of late detections by visual colour change 

presents a negative implication if the visual detection method is to be used for a quantitative 

detection.. Indeed it was realized during this study that the colour change at the visual level indicated 

an all-or-none phenomenon implying a “yes” or “no” result and as such did not exhibit a quality for 

quantitative analysis. This finding thus presents a limitation of this assay, if visual detection is to be 

used as a quantification method since the HNB colour intensities between different viral loads would 

not be discriminated. 

5.1.2 Stringency of primer binding 

The second part of this study evaluated the primers designed for targets of 4 major conserved regions 

in the HIV genome: LTR (HiLtr), p24 (HiP) in the gag, integrase (HiInteg) in the pol and gp41 

(HiGp) in the env gene. Selection of the most suitable primer set was important if it was to be used in 

testing samples from different HIV-1 group M subtypes. Indeed various studies have demonstrated 

that HIV genetic diversity pose a major problem in PCR quantification, especially among the non-B 

subtypes (Damond et al., 1999; Gueudin et al., 2007; Scott et al., 2009; Wirden et al., 2009). The first 

finding in this study demonstrated that the 4 sets of LAMP primers ably amplified HIV-RNA from 

cell culture supernatants samples belonging to subtype B. This finding offered the possibility of 

having a variety of options in the conserved regions of the HIV genome for selection and designing 

LAMP primers (Figure 7). Previous studies have also demonstrated that improved quantification 

results were achieved by use of dual-target assays (Pas et al., 2010), nevertheless in this study only 

one target was used.  

5.1.3 Influence of mismatches 

Even with the ability of the 4 primer sets to detect samples of subtype B virus, there was a variation 

in analytical sensitivity among them. HiInteg and HiP primers, targeting the integrase in the pol and 
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p24 in the gag gene respectively, showed higher analytical sensitivities compared to the remaining 2 

primer sets, as was shown in Figure 7. The discrepancies among these primers could mainly be 

attributed to the number of mismatches within these primer sets with the subtype B virus upon which 

they were tested during quantification (Table 5). During the mismatch analysis of the various group 

M subtypes, the least average number of mismatches was realized with HiInteg primers followed by 

HiP primers. The two previously published primer sets had recorded the highest analytical 

sensitivities, detecting a virus concentration as low as 2.1x101 and 2.9x102 copies/mL respectively 

within a subtype B virus sample panel.  

Detrimental effects of mismatches on nucleic acid amplification by PCR assays have been well 

elucidated (Klein et al., 2001; Whiley and Sloots, 2005) and although scarce, available publications 

have also shown that these mismatches have the potential to affect quantification of amplification 

products in real time PCR (Stadhouders et al., 2010; Whiley and Sloots, 2005). However it is worth 

noting that even with the high number of mismatches two sets of primers, HiP and HiLtr, not only 

detected all HIV-1 group M subtypes, but also group O while HiInteg detected only HIV-1 group M 

subtypes (Table 4). On the other hand HiGp only detected group M subtype B. The finding of 

detection of group O viruses by HiP and HiLtr despite the high number of mismatches may not be 

explained conclusively in this study. However it can be hypothesized that there is a probability that 

the detrimental effect of mismatches in LAMP primers are dependent on the 8 arbitrary regions (F3, 

B3, F2, F1c, B1c, B2, LF, LB) within the 6 targets and the positions of the mismatches within these 

regions (5’end or 3’end). Indeed several studies (Bru et al., 2008; Christopherson et al., 1997; Klein 

et al., 2001; Kwok et al., 1990; Stadhouders et al., 2010; Whiley and Sloots, 2005) have shown that 

mismatches at the 3’ end region of a primer are known to exceptionally be detrimental to the 

efficiency of PCR amplification, which may not only lead to underestimation of the initial copy 

numbers but even to a complete abolishment of the amplification (Stadhouders et al., 2010). This 

assertion of position dependence was well elucidated in this study, when different nucleic acid 

sequences of subtypes of HIV-1 group M, O and HIV-2 were aligned with HiInteg primers.  

As shown in Figure 11 (a and b) mismatches were realized at different positions of different targets 

within B and non-B subtypes. Mismatches within MVP899-87 which was a standard sample were 

realized at the second base from the 5’end within F3 with no mismatch at the B3 outer primer 

sequence targets. On the same sample, another mismatch was observed at the last base at the 3’end of 

B1c target and no mismatch at the B2 and the 2 FIP sequence targets of the primers. MVP899-87 had 

been quantified and was demonstrated to have the highest analytical sensitivity with HiInteg primer 
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set. The HiInteg primer set showed an average of 7 mismatches (Figure 11c) within the F3 target at 

different positions including the last position at the 3’end among the group O viruses, which it failed 

to detect. This finding is possibly a predictor of the importance of F3 and B3 sequence targets in the 

initiation of amplification and any mismatches at the 3’end of these targets are likely to affect the 

amplification process.  

Detrimental effect of mismatches at F3 and B3 sequence targets could be supported by the 

observation that despite a mismatch at the 3’end of the B1c sequence target, the amplification and 

quantification was not affected for the MVP899-87 sample. Indeed F3 and B3 are also known as 

strand displacement primers and as such have their major role during strand displacement at the 

initiation of the isothermal reaction, whereas FIP and BIP have their major role in loop formation 

(Parida et al., 2008). It therefore means that a mismatch at the 3’ end of F3 or B3 and also a mismatch 

at the 3’end of F2 and B2 are likely to be detrimental by lowering sensitivity and even leading to non-

amplification in the LAMP assay.  

The results obtained by other sets of primers as well show the possibility that mismatches at the 5’ 

end and the internal region of LAMP primers at F3, B3, F2 and B2 may not have a major influence in 

LAMP amplification process, since all these primers were still able to amplify the templates. Results 

by these primers also showed that mismatches at the 3’end of F1c and B1c seemed not to have 

detrimental effects on the amplification process of the tested samples. Apart from the outer and the 

inner primers, studies have shown that loop primers although not very necessary in the initial LAMP 

amplification process, accelerate the reaction process by one third to one half of the reaction time 

(Nagamine et al., 2002; Parida et al., 2008). This added benefit of acceleration of the LAMP process 

by these primers underscores the need to ensure that only limited or no mismatches exist within the 

LF and LB primer sequences and if present they should be avoided at the 3’end. For the purposes of 

this study, loop primers are particularly essential since the estimation of viral load for HIV positive 

samples was based on the time to threshold detection. 

Two primer sets HiInteg and HiP were therefore selected for further evaluation and refinement for 

analysis of clinical samples. Within these two sets of primers it was realized that HiP set of primers 

was very sensitive among the clinical samples but was associated with a low specificity.   

5.1.4 False positive reactions in LAMP assay 

The low specificity due to false positive results realized for the selected HIV negative plasma by HiP 

set of primers was an important finding in this study. Furthermore this primer set not only amplified 
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HIV-1 group O viruses but also HIV-2 viruses, despite the fact that HIV-1 and HIV-2 viruses have a 

restricted sequence homology in the p24 region. For a long time this sequence diversity has hindered 

the development of a viral load assay able to reliably quantify all subtypes of both viruses (Pas et al., 

2010). Since false positive results were obtained for 4 HIV negative samples during analysis of 

plasma and dry blood spot, there was a high possibility that the results obtained for HIV-2 by the HiP 

set of primers were false positive. Some of the possible major reasons for false positive results would 

include sample contamination, cross-reactivity, mis-priming and primer dimerization. .  

5.1.4.1 Sample contamination 

One of the major draw backs in LAMP, just as in PCR, is the problem of carry over contamination 

which is mainly contributed to by the high sensitivity of the assay. Previous publications (Bai et al., 

2011) have suggested that the products of LAMP amplification are very stable and as such not easily 

degraded, posing a risk of carry over contamination. In this study however, although at the initial 

stages contamination was a major setback, precautions were put in place which included not opening 

the tubes after amplification, apart from using different rooms, clean benches and gloves. In some 

experiments viral load samples (<5,000 copies/mL) were used to minimize the possibility of carry 

over contamination. During the analysis negative controls were used which comprised of water, Tris-

buffer, poly A or 0.9% NaCl.  The negative controls continuously tested negative. Therefore the false 

positive results realized by HiP primers during the study could not fairly be attributed to sample 

contamination. 1 

5.1.4.2 Cross-reactivity 

The positive amplification of HIV-2 by HiP primers could alternatively have resulted from cross-

reactivity, which in such a case in patient care would lead to misdiagnosis and inappropriate patient 

management. Cross-reactivity has previously been reported (Pas et al., 2010) for some viral load 

commercial assays. During this analysis, HiP primers were designed only for single targets within the 

HIV-1 M:B genome. Many commercial assays have currently introduced the concept of dual targets 

in an attempt to reduce the possibility of cross-reactivity with primers (Damond et al., 2010; Pas et 

al., 2010). The fact that only single target for HiP primers were available could be hypothesized for 

the false positive results, a matter that invites further evaluation.  

                                                           
1
 To further rule out sample contamination, repeat tests were performed with HiP primers after 6 months using 

fresh aliquots of cell culture supernatant samples. False positive results were still generated. HIV-1 group O and 

HIV-2 showed false positive results in the presence or absence of reverse transcriptase enzyme. With these latest 

results a possibility of master-mix or carry over contamination was ruled out.  
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Further reasons for false positive results in nucleic acid amplification systems include the presence of 

primer-dimer formations as a result of extensions of self-annealed primers. Not many publications 

have dwelt on the effect of primer-dimer formation on LAMP and since the subject was not part of 

the study, it was not possible to elaborate the effects of primer-dimer formation. Although at the 

primer level, a possibility of primer-primer binding within FIP and BIP primers of HiInteg (Table 1) 

leading to primer-dimer formation would have been anticipated, the results generated by HiInteg set 

did not, however, show the challenge of false positive results.  

5.1.4.3 Mis-priming 

Mis-priming is another possible reason for false positive results in PCR amplification. Since within 

the human genome also exist retroviral elements, these elements have the potential to bind to     

primers designed to detect retroviruses. Briefly, as already mentioned in the literature review, HIV 

belongs to the family Retroviridae and during co-evolution between viruses and humans, many 

retroviruses tend to “capture” bits of the human genome and likewise “deposit” bits of their genomes 

in the human genome. Therefore primers designed to detect HIV could in some cases share 

significant homology within the human genome structure and lead to false positive results. The 

argument of existing homology between the human and HIV genomes would thus seem plausible in 

respect to the results obtained in this study where false positive results mainly occurred after 30 

minutes and were only seen with negative plasma samples and not in saline used as negative controls. 

The argument may further be strengthened by the high number of primers used during LAMP 

amplification assay which increases the risk of binding to non specific targets as opposed to normal or 

quantitative PCR. Furthermore, HIV-1 group O and HIV-2 detected by HiP set of primers had been 

cultivated in the human H9 cell line and as such the potential of traces of human DNA within the cell 

line supernatant can not be ruled out.  

The finding in this study of false positive results for HiP primers occurring after 30 minutes, would 

point towards a possibility of specific binding of LAMP primers to unspecific target sequences in the 

sample. One reason may be due to the complex cycling process of LAMP (Figure 2b), since 

amplification mainly depends on loop formation and amplification of these loops leading to rapid 

formation of pyrophosphate deposits. The latter observation would therefore imply that an extension 

of reaction time would potentially lead to unspecific amplifications. As was also realized in this 

study, analysis of LAMP products by gel electrophoresis was shown to be highly sensitive and 

specific and as such could be used to clarify the reason for unspecific amplification. However this 

study also realized occasional atypical banding patterns for HIV negative samples following 
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amplification (Figure not shown). These banding patterns in the absence of nucleic acids have 

previously been reported in different studies (Inacio et al., 2008; Kuboki et al., 2003; Teng et al., 

2007; Yeh et al., 2005). The challenges of atypical banding as well as potential high risk of 

contamination pose a significant hurdle in using gel electrophoresis. Furthermore gel electrophoresis 

would increase the amount of time for LAMP by an extra 1½ hours and requires highly sophisticated 

equipment in laboratories.   

In their study, Curtis and colleagues (Curtis et al., 2009) also showed the presence of false positive 

results by a similar set of p24 target primers in a LAMP reaction. Zeng and colleagues, however, in 

their recent publication showed quantitative detection of HIV-1 virus by LAMP assay using the p24 

target primers (Zeng et al., 2014) without reporting any false positive results in their evaluation. The 

primers used by Zeng´s group and those used in this study mainly differed in their positions within 

the gag-p24 target of HXB2 genome (1224 – 1441 for Zeng´ versus 1311 – 1515 used in this study). 

Alignment of the two sets of primers with HIV-1 group M (A to F) subtypes (Appendix 1 and 2) 

however showed that the p24 (HiP) target primers used in this study (Appendix 2) exhibited a high 

specificity among the different non B subtypes compared to those of  Zeng´s group (Appendix 1). It is 

however worth noting that the primers designed by Zeng´s group mainly targeted HIV-1 group M 

subtypes B, C and BC circulating in China. 

5.1.5 Visual detection of LAMP amplification products 

One of the advantages cited for LAMP assay is the ability to visually detect amplification products by 

colour change due to the presence of intercalating dyes and by turbidity due to accumulation of 

magnesium pyrophosphate deposits. The dyes however are not sequence-specific and as such bind to 

DNA indiscriminately including non-specific amplifications. On the other hand, use of turbidity may 

not be reliable as magnesium pyrophosphate will also accumulate during non-target specific 

amplifications. This challenge would possibly be overcome by including fluorescence labeled primers 

and quencher probes into the reactions. Fluorescence labeled primers would then incorporate only 

into target specific amplicons and the quencher probes quench any unincorporated labeled primer 

allowing the detection of only specific amplification products. The final result would therefore lead to 

visual distinction between target specific and non-specific amplifications, since fluorescent signals 

would only be generated for the specific targets. Replacement of turbidity as the final amplification 

signal by using fluorescence labelled primers has successfully been used in sequence specific 

detection by LAMP assay (Curtis et al., 2009). In a recent publication for real time detection of a 
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HIV-2 integrase target by LAMP, a Hex fluorescent label and Black Hole Quencher were effectively 

used to quantify HIV-2 group A and B virus (Curtis et al., 2014).   

5.1.6 Sensitivity of LAMP assay and establishment of detection limits 

5.1.6.1 Sensitivity of LAMP using HIV cell culture supernatants 

Analysis of HIV cell culture supernatants of various subtypes showed a general lower sensitivity of 

LAMP assay compared to the Abbott m2000rt system, since only 60% of the samples fitted within 

1log10 difference (Figure 15). Some of the samples presenting ≥1log10 were dilutions obtained from 

samples with higher viral loads measured by the Abbott m2000rt system. These samples were 

measured in triplicate in the LAMP assay. There is thus a theoretical possibility that inconsistencies 

could have occurred during the dilutions. In general it has been established that errors including 

pipetting errors, freeze thawing cycles and handling steps could detrimentally affect a test thus 

leading to lower quantifications. It is therefore possible that diluting samples before testing on LAMP 

assay could lower the analytical sensitivity of this assay. However the fact that a correlation of 70% 

was realized between LAMP assays (established as semi-quantitative) and Abbott m2000rt system 

(purely quantitative assay) presented a promising potential use of the LAMP assay in the estimation 

of viral load for undiluted clinical samples. 

5.1.6.2 Establishment of LAMP detection limits 

Two fundamental achievements of this study were the establishment of lower threshold limits and the 

generation of a mathematical model for estimation of the viral load by LAMP assay. The achievement 

of LLOQ 9.8x103 (approximately 10,000) copies/mL basically means that the LAMP assay should 

detect all HIV-1 group M positive samples ≥10,000 copies/mL within the first run. LAMP assay was 

further able to detect >70% of samples with viral loads >3,000 copies/mL, apart from the LLOD 

which was established at a 50% detection rate at a viral load of 1.2x103 copies/mL.  

Although samples >1,000 copies/mL were theoretically meant to be detected within the first 45 

minutes within the first run, the majority of samples with viral loads <2,500 copies/mL were only 

detected within 2 runs, especially as the viral loads approached 1,000 copies/mL. This finding was a 

useful indication of a potential limitation of LAMP assay in testing viral load especially in patients on 

treatment with viral load levels close to or below 1,000 copies/mL. 

The current WHO guidelines (World Health Organization, 2013a) recommend the detection of viral 

load ≥1,000 copies/mL after 2 consecutive tests in order to identify a treatment success or failure. 

This new recommendation is a lower threshold compared to the recommendation made in 2010 which 
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had put the treatment failure at viral load measurement ≥5,000 copies/mL (World Health 

Organization, 2010a; World Health Organization, 2010b). Therefore when using an optimized LAMP 

assay to meet the new WHO threshold, samples without a signal (undetected) within the first 45 

minutes in the first run should be retested and in case of discordant results a 3rd test would be 

necessary. Some studies (Curtis et al., 2008) have also realized that doubling the reaction mix and the 

template volume increases the sensitivity of the LAMP assay within samples of low viral loads. This 

assertion however needs further investigation for HIV clinical samples between 1,000 and 10,000 

copies/mL for non-B subtypes. An earlier attempt during this study to improve the sensitivity of the 

assay by increasing the buffer concentration of the master mix did not yield any improvement.  

During this study it was also realized that LAMP would cost approximately € 8.00 (US $ 11) per test 

as compared to € 38.00 (US $ 52) per test for Abbott Real Time HIV-1 assay. This calculated cost 

would therefore mean that any 2 extra tests performed by LAMP assay would still be cost effective 

compared to the price of commercial viral load assays currently available. 

5.2 Analysis of clinical samples 

5.2.1 Optimization of sample material for LAMP analysis 

Another objective of this study was to analyze various categories of samples by the LAMP assay to 

identify the most appropriate sample material that would be simple, cost effective and stable for viral 

load quantification by the LAMP assay. As revealed in this study, extracted nucleic acid provided the 

most reliable results, with extracted whole blood and plasma providing optimal results. Results with 

dry blood spot extracts could not reliably be interpreted quantitatively as the results obtained with 

these extracts showed overestimations and underestimations compared to established viral load 

measurements by the Abbott m2000rt system (Figure 18). 

5.2.1.1 Dried blood spot samples  

Dried blood spots have currently been used for HIV-1 RNA quantification, DNA genotyping and 

other diagnostic assays. They have particularly been used as an alternative to peripheral blood plasma 

for periodic viral load testing (Alvarez-Munoz et al., 2005; Bertagnolio et al., 2010; Bertagnolio et 

al., 2007; Garrido et al., 2009)  especially in resource limited countries where they have been found to 

perform equally well as plasma (Johannessen et al., 2009). The advantages of using DBS are: (i) easy 

collection and storage as they neither require special collection equipment nor refrigeration (ii) 

requirement of a small volume of blood thus have been used in infants (iii) ease of transportation 

since they can be shipped as non-dangerous goods and (iv) the possibility of having extra samples for 

future analysis as each card takes about 5 to 6 spots (Bertagnolio et al., 2007; Brambilla et al., 2003; 
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Johannessen et al., 2009). All these qualities make DBS ideal for resource limited countries, and if 

used together with the LAMP assay the cost of viral load testing would significantly be reduced. 

Indeed some studies have estimated a cost reduction of U.S $ 2.67 per test (Neogi et al., 2012) when 

DBS are used instead of direct plasma for viral load testing. The results in this study however showed 

that there is a further need for improvement and optimization of LAMP assay if DBS samples are to 

be used.   

5.2.1.1.1 Viral load analysis for LAMP using DBS samples 

5.2.1.1.1.1 Sensitivity, specificity and correlation analysis 

Although lower compared to those generated for plasma samples, the sensitivity of 76% and 

specificity of 77% reached for DBS samples offered a potential for improvement of LAMP for use 

with such samples. Even with promising results on sensitivity and specificity, no correlation between 

LAMP and Abbott m2000rt systems was achieved for DBS samples analyzed. The Spearman’s 

correlation coefficient of 0.2 achieved within this group of samples was considered far too low to be 

reliable (Figure 18). This finding has the implication that LAMP as it is designed in this study cannot 

be used with DBS samples for determination of viral load. 

5.2.1.1.1.2 False negative results 

A closer look at the false negative results showed that although the majority of samples had viral 

loads <5,000 copies/mL by Abbott m2000rt system, 3 samples were >10,000 copies/mL. The 

corresponding plasmas for the 3 latter samples had been detected by the LAMP assay. This study had 

established a LLOQ of approximately 10,000 copies/mL and as such it was expected that the 3 

samples would easily be detected by LAMP assay. The reason for failing to detect the 3 samples 

cannot conclusively be explained. One prominent reason might be insuffient extraction of HIV-RNA. 

Viral loads for the remaining LAMP assay negative samples were <3,000 copies/mL, which points 

towards the need to optimize the extraction criteria for DBS samples. During extraction of these 

samples, one spot (70 µL), compared to 200 µL for plasma, was diluted in 1,000 µL extraction buffer, 

from which only 200 µL was used for extraction of the nucleic acid giving a reduction in the amount 

of viral load by >75%. The nucleic acid was eluted in 50 µL of elution buffer from which only 5 µL 

of the extract was finally used in LAMP analysis. Therefore only about 2% of the original sample 

viral load in the DBS was recovered for quantification by the LAMP assay. Other studies have also 

shown low sensitivity of DBS samples among patients with viral loads <5,000 copies/mL (Barin et 

al., 2005; Hamers et al., 2009; Scott et al., 2009; Uttayamakul et al., 2005). Perhaps evaluating the 

performance of LAMP assay by extracting DBS in 500 µL or 200 µL would yield better results.  
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5.2.1.1.1.3 False positive results 

Specificity of LAMP for DBS samples was reduced (Table 10) by the presence of false positive 

detections.  Furthermore some samples showed unreliably high viral load estimations compared to the 

results obtained by the Abbott m2000rt system. Even with the advantages of DBS cross- 

contamination is still a potential risk mainly during punching of the spots. Extraction of the DBS to 

generate maximum possible DNA or RNA material is also laborious and time consuming, potentially 

increasing the risk of contamination. Despite the precautions put in place, this study as well cannot 

rule out contamination as one possible contribution towards false positive results generated, since 

extraction and processing of these samples was performed manually. Even with avoidance of 

contamination, the presence of proviral DNA among DBS samples might be a major hindrance in 

correctly quantifying viral load values (Johannessen et al., 2009) and as such could have contributed 

to extremely high values as well as some false positive results. DBS consists of whole blood and cell 

associated HIV-1 DNA, which is present in the peripheral blood mononuclear cells. As a result, the 

cell associated HIV-1 DNA is frequently found in the extracted nucleic acid (Bruisten et al., 1993). 

Other studies have also reported abnormally high viral load measurements and false positive results 

attributed to the possible influence of proviral DNA (Johannessen et al., 2009; Waters et al., 2007). 

Although the presence of proviral DNA is beneficial in routine qualitative diagnosis (Curtis et al., 

2008), its presence might become detrimental in viral load quantification.  

Proviral DNA has been found to remain stable even with the fluctuation and reduction of plasma 

RNA below the detection limit (Lillo et al., 2004). This stability of proviral DNA would not be 

beneficial to the viral load quantification of patients, since constant detection of proviral DNA would 

mean that recovering patients would unnecessarily be switched to second line treatment thereby 

putting pressure on the available drug regimen. Further evaluation of DBS and their possible use with 

the LAMP assay should therefore be undertaken to address the challenges of unreliable results. In 

evaluating DBS for use in the LAMP assay, it would also be prudent to evaluate the performance of 

LAMP on DPS as well as dry serum spots since other groups have found these to be efficient in 

quantitative analysis and genotyping (Dachraoui et al., 2008; Plantier et al., 2005)..  

5.2.1.2 Unprocessed whole blood and plasma 

Although some studies have reported success with LAMP assay for unprocessed samples simply by 

heating plasma or whole blood (Bista et al., 2007; Curtis et al., 2008) or by directly using lysis buffer 

hence avoiding the heating step (Curtis et al., 2009), experiments in this study did not succeed in 

generating plausible results for samples treated by any of the two methods. However when the same 
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samples were processed and nucleic acid extracted from them, positive detections were made by the 

LAMP assay.  

5.2.2 Performance characteristics of LAMP assay for HIV-1 virus positive plasmas 

5.2.2.1 Sensitivity and specificity 

This study depicts LAMP as a potential tool for use in quantifying viral load among patients of HIV-1 

group M subtype B and non-B subtype infections circulating in Kenya. Analysis among German 

samples showed a sensitivity of 93% and specificity of 100%, whereas sensitivity between 82% and 

86%, with specificity between 99% and 100% was achieved for Kenyan samples. The high 

sensitivities and specificities depict this assay to have a high property of detecting HIV-1 in clinical 

plasma samples, with low false positive results. Increased sensitivity of 95% and 100% which were 

achieved by this assay for samples with viral loads >5,000 copies/mL (Table 11) showed an increased 

chance of using LAMP to detect patients either failing treatment or those with putative HIV 

resistance during ART treatment. This would be in line with the earlier WHO recommendation (for 

resource limited countries) that continuous detection of values ≥5,000 after 3 consecutive tests 

following treatment initiation would indicate treatment failure  (World Health Organization, 2010a).  

Upon improvement, LAMP assay would be able to identify patients with continuous viral load 

measurements >1,000 copies/mL as currently recommended by WHO for confirming treatment 

failure (World Health Organization, 2013a). 

5.2.2.2 Correlation analysis 

High correlation ≥0.8 achieved for all plasma sample categories between LAMP and Abbott m2000rt 

systems are an indication that the LAMP assay could potentially be optimized and used for estimation 

of viral loads in resource limited settings with limited deviations from the current commercial assays 

in use. Indeed average differences in viral load quantifications were calculated at 0.4log10 for samples 

from Kenya and 0.3log10 for samples from Germany (Table 8). In most cases the Abbott m2000rt 

system recorded higher viral load values compared to LAMP assay. The difference in log10 values 

was however within 1log10 range hence indicating a higher correlation between the two assays. The 

findings thus show that although there is a wide difference in the limits of detection (≥50 copies/mL 

versus ≥10,000) owing to the differences in their test sensitivities, the two assays would potentially 

show minimal differences in detecting samples with higher viral loads. A closer look at individual 

log10 differences showed that samples with lower viral loads and those samples of non-B subtypes 

showed higher log differences between the Abbott m2000rt system and the LAMP assay, indicating 

that the sensitivity of LAMP, apart from viral load, is also subtype dependent  (Figure 15). The 
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assertion of subtype dependence was also exhibited by a Kenyan sample (NYK73163) which could 

not be quantified by LAMP assay, despite the fact that a viral titer of >106 copies/mL was detected 

with the Abbott m2000rt system (Figure 17) and additionally a German sample (V1221944) which 

showed sub-optimal quantification (Figure 19). 

5.2.2.3 Subtype specificity of RNA quantification by LAMP 

Subtype dependence on the sensitivity of quantitative assays has been described previously and is not 

only restricted to the LAMP assay. Reported failures by commercial assays to monitor viral loads in 

patients infected by non-B subtypes have been documented (Alaeus et al., 1997; Damond et al., 1999; 

Gueudin et al., 2007), yet even others have reported under-quantification of viral loads among 

different commercial assays (Foulongne et al., 2006; Sloma et al., 2009; Wolff and Gerritzen, 2007). 

In their evaluation of three commercial assays Katsoulidou and colleagues (Katsoulidou et al., 2011) 

showed that log10 differences in viral loads were dependent on a specific HIV-1 group M subtype. 

Their observation could be partly attributed to the fact that the current commercial assays are 

predominantly designed based on highly specific primers targeting selected regions of the HIV-1 M:B 

genome and hence any mismatches within primer or probe binding sites would potentially have a 

significant influence on detection and accuracy of the particular test system.  

The two samples that were under-quantified (Figure 17 (in red) and Figure 19 (in blue, pointed to by 

an arrow)) originated from Kenya and Germany. Contrary to expectation of a subtype B virus, the 

German sample was identified to belong to subtype C, whereas the Kenyan sample belonged to 

subtype A1. As already discussed on primer-target mismatches, a number of mismatches were found 

for these samples mainly at the primer 3’end. The Kenyan sample (NYK73163) for example, was 

found to have mismatches at or around the 3’end on the outer and the inner LAMP primers (Figure 

20) an indication that mismatches at these positions within these primer regions would drastically 

affect efficiency of LAMP quantification. These samples were however amplified by the Abbott 

m2000rt system, probably due to the fact that the reagents, cycling conditions and primer/probe 

design have been optimized for mismatch tolerance (Scott et al., 2009; Swanson et al., 2006; Tang et 

al., 2007) even though the primers for the Abbott system (Tang et al., 2007) just like for LAMP assay 

were designed from the highly conserved integrase (IN) region. However, even with the high 

optimization, the Abbott m2000rt system has been reported even to miss a non-B sample from Greece 

(Katsoulidou et al., 2011). 
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5.2.2.4 Optimization of primers for improvement in LAMP quantification 

With the finding of a possible detrimental effect of mismatches, designing primers for HIV-1 group 

M non-B subtypes remains crucial if LAMP assay is to be used for monitoring patients in Africa and 

other resource limited settings. Due to genomic strain variability of different subtypes of HIV-1 

(Foley B. et al., 2013; Wain-Hobson, 1992) it is still not possible to develop universal primers and 

probes. Further, most of the available sequences in the sequence banks for primer and probe selection 

have mainly been for subtype B with non-B representing a minority, hence the risk of mismatches at 

the primer target sites are higher with non-B subtypes (Katsoulidou et al., 2011). In order to reduce 

the risks and effects of mismatches if LAMP assay is to be used for quantification, knowledge of all 

circulating subtypes would therefore be necessary, and perhaps designing a mixture of LAMP primers 

from consensus sequences of the circulating non-B subtypes would improve sensitivity of the assay. 

5.3 Conclusion 

The benefits of viral load testing for monitoring efficacy of HIV treatment, adherence of patients or 

early detection of resistance have been well documented in various studies. The high costs and 

limited use of the currently available commercial viral load tests expose the global community to a 

potential threat of circulation and spread of HIV resistant strains. If this potential threat is not 

controlled, a complete reversal of the gains realized so far in the fight against HIV/AIDS, especially 

in Africa is eminent. This study has managed to evaluate and establish a LAMP assay as a semi-

quantitative procedure to measure HIV-1 group M viral load. The assay is thus shown as a potential 

alternative to monitor success of ART treatment especially in resource limited settings where low 

costs and short time to provide results are a necessity. Patients showing viral loads >5,000 copies/mL 

would easily be detected within 3 consecutive tests. With improved sensitivity detection of a majority 

of samples within the recommended >1,000 copies/mL range would be achieved. Present challenges 

realized in this assay which include potential primer mismatch, the problem of false positive results, 

sub-optimal analytical sensitivity for viral loads <5,000 copies/mL, insufficient detection from DBS 

and low subtype specificity need further improvement and evaluation. 

5.4 Recommendations for improvement 

Apart from the recently published studies for HIV-1 subtype quantification within a Chinese 

population (Zeng et al., 2014) and HIV-2 (Curtis et al., 2014), this is the first study attempting to 

establish LAMP for semi-quantification of HIV-1 in a limited resource country, where challenges of 

circulation of several HIV-1 non-B subtypes are expected.  In order to address the challenges 

identified during the investigations, it is recommended designing LAMP primers from consensus 

sequences of most of the circulating subtypes, use of fluorescent labeled primers and quencher probes 
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to improve the specificity of LAMP detection, and parallel testing of samples or doubling the reaction 

mix to capture low viral load samples (<3,000 copies/mL).  Further research is needed on the possible 

use of dry blood spots, plasma spots or serum spots. There is also need for future adaptation of the 

LAMP assay for detection of HIV-1 group O virus. 

Finally, for the past decade African and other resource limited countries have focused their attention 

exclusively on scaling up HIV treatment and on prevention strategies. Little attention has been paid to 

monitor the success of treatment which in some cases has led to unnecessary switch to a second line 

treatment, drastically increasing the cost of treatment. Currently, the risk of exposure to resistant HIV 

strains is eminent due to a possibility of spread of resistant strains within these regions. Both factors 

strengthen the need to introduce a viral load monitoring tool which would be effective and efficient in 

HIV quantification as well as cost effective. LAMP assay upon improvement presents an opportunity 

as a cost-effective, rapid to run and user friendly viral load monitoring tool and thereby supporting 

optimal treatment of HIV patients in resource limited countries. 

5.5 Summary 

 The study established loop-mediated isothermal amplification (LAMP) assay for semi-

quantitative detection of HIV-1 group M viruses using integrase gene target primers. There is 

need for further optimization among HIV-1 group M non-B subtypes. 

 The assay as established is not able to detect HIV-1 group O or HIV-2 virus. 

 Reliable quantification of LAMP assay is reduced for HIV-1 samples of viral loads <5,000 

copies/mL 

 Refinement of the assay is needed for dry blood spots in order to avoid a high rate of false 

positive and false negative results. 

 Advantages of LAMP include, isothermal amplification hence it can be used in the field, short 

time to get results and cost-effectiveness making it suitable for resource limited settings. 

 

 

 

 

 



80 

 

References 

Aghokeng, AF, Kouanfack, C, Laurent, C, Ebong, E, Atem-Tambe, A, Butel, C, Montavon, C, 
Mpoudi-Ngole, E, Delaporte, E, and Peeters, M (2011): Scale-up of antiretroviral treatment in 
sub-Saharan Africa is accompanied by increasing HIV-1 drug resistance mutations in drug-
naive patients. AIDS 25, 2183-8. 

Alaeus, A, Lidman, K, Sonnerborg, A, and Albert, J (1997): Subtype-specific problems with 
quantification of plasma HIV-1 RNA. AIDS 11, 859-65. 

Alvarez-Munoz, MT, Zaragoza-Rodriguez, S, Rojas-Montes, O, Palacios-Saucedo, G, Vazquez-
Rosales, G, Gomez-Delgado, A, Torres, J, and Munoz, O (2005): High correlation of human 
immunodeficiency virus type-1 viral load measured in dried-blood spot samples and in 
plasma under different storage conditions. Arch Med Res 36, 382-6. 

Baeten, JM, Chohan, B, Lavreys, L, Chohan, V, McClelland, RS, Certain, L, Mandaliya, K, Jaoko, 
W, and Overbaugh, J (2007): HIV-1 subtype D infection is associated with faster disease 
progression than subtype A in spite of similar plasma HIV-1 loads. J Infect Dis 195, 1177-80. 

Bai, Z, Shi, L, Hu, C, Chen, X, Qi, J, Bi, X, Peng, Q, Chen, Y, Chen, H, and Guo, A (2011): 
Development of a loop-mediated isothermal amplification assay for sensitive and rapid 
detection of Mycoplasma bovis. AJB 10, 12333-12338. 

Banoo, S, Bell, D, Bossuyt, P, Herring, A, Mabey, D, Poole, F, Smith, PG, Sriram, N, 
Wongsrichanalai, C, Linke, R, O'Brien, R, Perkins, M, Cunningham, J, Matsoso, P, 
Nathanson, CM, Olliaro, P, Peeling, RW, Ramsay, A, and TDR Diagnostics Evaluation 
Expert Panel (2010): Evaluation of diagnostic tests for infectious diseases: general principles. 
Nat Rev Microbiol 8, S17-29. 

Barin, F, Meyer, L, Lancar, R, Deveau, C, Gharib, M, Laporte, A, Desenclos, JC, and Costagliola, D 
(2005): Development and validation of an immunoassay for identification of recent human 
immunodeficiency virus type 1 infections and its use on dried serum spots. J Clin Microbiol 
43, 4441-7. 

Barre-Sinoussi, F, Chermann, JC, Rey, F, Nugeyre, MT, Chamaret, S, Gruest, J, Dauguet, C, Axler-
Blin, C, Vezinet-Brun, F, Rouzioux, C, Rozenbaum, W, and Montagnier, L (1983): Isolation 
of a T-lymphotropic retrovirus from a patient at risk for acquired immune deficiency 
syndrome (AIDS). Science 220, 868-71. 

Barth, RE, van der Loeff, MF, Schuurman, R, Hoepelman, AI, and Wensing, AM (2010): Virological 
follow-up of adult patients in antiretroviral treatment programmes in sub-Saharan Africa: a 
systematic review. Lancet Infect Dis 10, 155-66. 

Basavapathruni, A, and Anderson, KS (2007): Reverse transcription of the HIV-1 pandemic. FASEB 

J 21, 3795-808. 

Bertagnolio, S, Parkin, NT, Jordan, M, Brooks, J, and Garcia-Lerma, JG (2010): Dried blood spots 
for HIV-1 drug resistance and viral load testing: A review of current knowledge and WHO 
efforts for global HIV drug resistance surveillance. AIDS Rev 12, 195-208. 

Bertagnolio, S, Soto-Ramirez, L, Pilon, R, Rodriguez, R, Viveros, M, Fuentes, L, Harrigan, PR, Mo, 
T, Sutherland, D, and Sandstrom, P (2007): HIV-1 drug resistance surveillance using dried 
whole blood spots. Antivir Ther 12, 107-13. 



81 

 

Bhoopat, L, Eiangleng, L, Rugpao, S, Frankel, SS, Weissman, D, Lekawanvijit, S, Petchjom, S, 
Thorner, P, and Bhoopat, T (2001): In vivo identification of Langerhans and related dendritic 
cells infected with HIV-1 subtype E in vaginal mucosa of asymptomatic patients. Mod Pathol 
14, 1263-9. 

Bista, BR, Ishwad, C, Wadowsky, RM, Manna, P, Randhawa, PS, Gupta, G, Adhikari, M, Tyagi, R, 
Gasper, G, and Vats, A (2007): Development of a loop-mediated isothermal amplification 
assay for rapid detection of BK virus. J Clin Microbiol 45, 1581-7. 

Blackard, JT, Renjifo, B, Fawzi, W, Hertzmark, E, Msamanga, G, Mwakagile, D, Hunter, D, 
Spiegelman, D, Sharghi, N, Kagoma, C, and Essex, M (2001): HIV-1 LTR subtype and 
perinatal transmission. Virology 287, 261-5. 

Boulle, A, Van Cutsem, G, Cohen, K, Hilderbrand, K, Mathee, S, Abrahams, M, Goemaere, E, 
Coetzee, D, and Maartens, G (2008): Outcomes of nevirapine- and efavirenz-based 
antiretroviral therapy when coadministered with rifampicin-based antitubercular therapy. 
JAMA 300, 530-9. 

Boyer, PL, and Hughes, SH (2000): Effects of amino acid substitutions at position 115 on the fidelity 
of human immunodeficiency virus type 1 reverse transcriptase. J Virol 74, 6494-500. 

Brambilla, D, Jennings, C, Aldrovandi, G, Bremer, J, Comeau, AM, Cassol, SA, Dickover, R, 
Jackson, JB, Pitt, J, Sullivan, JL, Butcher, A, Grosso, L, Reichelderfer, P, and Fiscus, SA 
(2003): Multicenter evaluation of use of dried blood and plasma spot specimens in 
quantitative assays for human immunodeficiency virus RNA: measurement, precision, and 
RNA stability. J Clin Microbiol 41, 1888-93. 

Brenner, BG (2007): Resistance and viral subtypes: how important are the differences and why do 
they occur? Curr Opin HIV AIDS 2, 94-102. 

Brenner, BG, Oliveira, M, Doualla-Bell, F, Moisi, DD, Ntemgwa, M, Frankel, F, Essex, M, and 
Wainberg, MA (2006): HIV-1 subtype C viruses rapidly develop K65R resistance to tenofovir 
in cell culture. AIDS 20, F9-13. 

Broder, S, and Gallo, RC (1984): A pathogenic retrovirus (HTLV-III) linked to AIDS. N Engl J Med 
311, 1292-7. 

Bru, D, Martin-Laurent, F, and Philippot, L (2008): Quantification of the detrimental effect of a 
single primer-template mismatch by real-time PCR using the 16S rRNA gene as an example. 
Appl Environ Microbiol 74, 1660-3. 

Bruisten, S, van Gemen, B, Koppelman, M, Rasch, M, van Strijp, D, Schukkink, R, Beyer, R, Weigel, 
H, Lens, P, and Huisman, H (1993): Detection of HIV-1 distribution in different blood 
fractions by two nucleic acid amplification assays. AIDS Res Hum Retroviruses 9, 259-65. 

Burke, DS (1997): Recombination in HIV: an important viral evolutionary strategy. Emerg Infect Dis 
3, 253-9. 

Bustin, SA, Benes, V, Garson, JA, Hellemans, J, Huggett, J, Kubista, M, Mueller, R, Nolan, T, Pfaffl, 
MW, Shipley, GL, Vandesompele, J, and Wittwer, CT (2009): The MIQE guidelines: 
minimum information for publication of quantitative real-time PCR experiments. Clin Chem 
55, 611-22. 



82 

 

Carr, JK, Salminen, MO, Koch, C, Gotte, D, Artenstein, AW, Hegerich, PA, St Louis, D, Burke, DS, 
and McCutchan, FE (1996): Full-length sequence and mosaic structure of a human 
immunodeficiency virus type 1 isolate from Thailand. J Virol 70, 5935-43. 

Chaix, ML, Ekouevi, DK, Rouet, F, Tonwe-Gold, B, Viho, I, Bequet, L, Peytavin, G, Toure, H, 
Menan, H, Leroy, V, Dabis, F, Rouzioux, C, and Agence Nationale de Recherches sur le, 
SDPSG (2006): Low risk of nevirapine resistance mutations in the prevention of mother-to-
child transmission of HIV-1: Agence Nationale de Recherches sur le SIDA Ditrame Plus, 
Abidjan, Cote d'Ivoire. J Infect Dis 193, 482-7. 

Charneau, P, Borman, AM, Quillent, C, Guetard, D, Chamaret, S, Cohen, J, Remy, G, Montagnier, L, 
and Clavel, F (1994): Isolation and envelope sequence of a highly divergent HIV-1 isolate: 
definition of a new HIV-1 group. Virology 205, 247-53. 

Christopherson, C, Sninsky, J, and Kwok, S (1997): The effects of internal primer-template 
mismatches on RT-PCR: HIV-1 model studies. Nucleic Acids Res 25, 654-8. 

Clinton HIV AIDS Initiative (2009): Q&A on New Pricing agreements. Clinton Foundation. 
http://www.clintonfoundation.org/main/news-and-media/press-releases-and-statements/qa-on-
new-pricing-agreements.html. 

Coffin, J, Haase, A, Levy, JA, Montagnier, L, Oroszlan, S, Teich, N, Temin, H, Toyoshima, K, 
Varmus, H, Vogt, P, and Weiss, R (1986): Human immunodeficiency viruses. Science 232, 
697. 

Cohen, MS, Chen, YQ, McCauley, M, Gamble, T, Hosseinipour, MC, Kumarasamy, N, Hakim, JG, 
Kumwenda, J, Grinsztejn, B, Pilotto, JH, Godbole, SV, Mehendale, S, Chariyalertsak, S, 
Santos, BR, Mayer, KH, Hoffman, IF, Eshleman, SH, Piwowar-Manning, E, Wang, L, 
Makhema, J, Mills, LA, de Bruyn, G, Sanne, I, Eron, J, Gallant, J, Havlir, D, Swindells, S, 
Ribaudo, H, Elharrar, V, Burns, D, Taha, TE, Nielsen-Saines, K, Celentano, D, Essex, M, 
Fleming, TR, and Team, HS (2011): Prevention of HIV-1 infection with early antiretroviral 
therapy. N Engl J Med 365, 493-505. 

Curtis, KA, Niedzwiedz, P, Youngpairoj, AS, Rudolph, DL, and Owen, SM (2014): Real-Time 
Detection of HIV-2 by Reverse Transcription, Loop-Mediated Isothermal Amplification. J 

Clin Microbiol. 

Curtis, KA, Rudolph, DL, and Owen, SM (2008): Rapid detection of HIV-1 by reverse-transcription, 
loop-mediated isothermal amplification (RT-LAMP). J Virol Methods 151, 264-70. 

Curtis, KA, Rudolph, DL, and Owen, SM (2009): Sequence-specific detection method for reverse 
transcription, loop-mediated isothermal amplification of HIV-1. J Med Virol 81, 966-72. 

Dachraoui, R, Depatureaux, A, Chakroun, M, Fodha, I, Letaief, A, Trabelsi, A, Simon, F, and 
Plantier, JC (2008): Monitoring of HIV-1 resistance in Tunisia (North Africa) with a dried 
plasma spot strategy. J Acquir Immune Defic Syndr 47, 522-5. 

Damond, F, Apetrei, C, Descamps, D, Brun-Vezinet, F, and Simon, F (1999): HIV-1 subtypes and 
plasma RNA quantification. AIDS 13, 286-8. 

Damond, F, Avettand-Fenoel, V, Collin, G, Roquebert, B, Plantier, JC, Ganon, A, Sizmann, D, 
Babiel, R, Glaubitz, J, Chaix, ML, Brun-Vezinet, F, Descamps, D, and Rouzioux, C (2010): 



83 

 

Evaluation of an upgraded version of the Roche Cobas AmpliPrep/Cobas TaqMan HIV-1 test 
for HIV-1 load quantification. J Clin Microbiol 48, 1413-6. 

De Leys, R, Vanderborght, B, Vanden Haesevelde, M, Heyndrickx, L, van Geel, A, Wauters, C, 
Bernaerts, R, Saman, E, Nijs, P, Willems, B, Taelman, H, van de Groen, G, Piot, P, 
Tersmette, T, Huisman, J, and Van Heuverswyn, H (1990): Isolation and partial 
characterization of an unusual human immunodeficiency retrovirus from two persons of west-
central African origin. J Virol 64, 1207-16. 

Delaugerre, C, De Oliveira, F, Lascoux-Combe, C, Plantier, JC, and Simon, F (2011): HIV-1 group 
N: travelling beyond Cameroon. Lancet 378, 1894. 

Department for Health and Human Services (2011): Panel on antiretroviral guidelines for adults and 
adolescents. Guidelines for the use of antiretroviral agents in HIV-1 infected adults and 
adolescents., Vol. . Department for Health and Human Services. , Washington, D.C. USA. 
http://aidsinfo.nih.gov/contentfiles/lvguidelines/AdultandAdolescentGL.pdf. 

Dineva, MA, MahiLum-Tapay, L, and Lee, H (2007): Sample preparation: a challenge in the 
development of point-of-care nucleic acid-based assays for resource-limited settings. Analyst 
132, 1193-9. 

Dittmar, MT, Simmons, G, Hibbitts, S, O'Hare, M, Louisirirotchanakul, S, Beddows, S, Weber, J, 
Clapham, PR, and Weiss, RA (1997): Langerhans cell tropism of human immunodeficiency 
virus type 1 subtype A through F isolates derived from different transmission groups. J Virol 
71, 8008-13. 

Domingo, E, Menendez-Arias, L, and Holland, JJ (1997): RNA virus fitness. Rev Med Virol 7, 87-96. 

Doualla-Bell, F, Avalos, A, Gaolathe, T, Mine, M, Gaseitsiwe, S, Ndwapi, N, Novitsky, VA, 
Brenner, B, Oliveira, M, Moisi, D, Moffat, H, Thior, I, Essex, M, and Wainberg, MA (2006): 
Impact of human immunodeficiency virus type 1 subtype C on drug resistance mutations in 
patients from Botswana failing a nelfinavir-containing regimen. Antimicrob Agents 

Chemother 50, 2210-3. 

Drame, PM, Fink, DL, Kamgno, J, Herrick, JA, and Nutman, TB (2014): Loop-Mediated Isothermal 
Amplification for Rapid and Semiquantitative Detection of Loa loa Infection. J Clin 

Microbiol 52, 2071-7. 

Eshleman, SH, Hoover, DR, Chen, S, Hudelson, SE, Guay, LA, Mwatha, A, Fiscus, SA, Mmiro, F, 
Musoke, P, Jackson, JB, Kumwenda, N, and Taha, T (2005): Nevirapine (NVP) resistance in 
women with HIV-1 subtype C, compared with subtypes A and D, after the administration of 
single-dose NVP. J Infect Dis 192, 30-6. 

Espeseth, AS, Felock, P, Wolfe, A, Witmer, M, Grobler, J, Anthony, N, Egbertson, M, Melamed, JY, 
Young, S, Hamill, T, Cole, JL, and Hazuda, DJ (2000): HIV-1 integrase inhibitors that 
compete with the target DNA substrate define a unique strand transfer conformation for 
integrase. Proc Natl Acad Sci U S A 97, 11244-9. 

Essex, M (1996): Retroviral vaccines: challenges for the developing world. AIDS Res Hum 

Retroviruses 12, 361-3. 



84 

 

Fauquet, CM, and Fargette, D (2005): International Committee on Taxonomy of Viruses and the 
3,142 unassigned species. Virol J 2, 64. 

Fiscus, SA, Cheng, B, Crowe, SM, Demeter, L, Jennings, C, Miller, V, Respess, R, Stevens, W, and 
Forum for Collaborative, HIVRAVLAWG (2006): HIV-1 viral load assays for resource-
limited settings. PLoS Med 3, e417. 

Foley B., Leitner T., Apetrei C., Hahn B., Mizrachi I., Mullins J., Rambaut A., Wolinsky S., and 
Korber B. (2013): HIV Sequence Compendium Theoretical Biology and Biophysics Group, 
Los Alamos National Laboratory, New Mexico. 

Food and Drug Administration (FDA) (2013): Antiretroviral drugs used in the treatment of HIV 
infection U.S. Department of Health & Human Services. Maryland, USA 
http://www.fda.gov/ForConsumers/byAudience/ForPatientAdvocates/HIVandAIDSActivities
/ucm118915.htm. 

Foulongne, V, Montes, B, Didelot-Rousseau, MN, and Segondy, M (2006): Comparison of the LCx 
human immunodeficiency virus (HIV) RNA quantitative, RealTime HIV, and COBAS 
AmpliPrep-COBAS TaqMan assays for quantitation of HIV type 1 RNA in plasma. J Clin 

Microbiol 44, 2963-6. 

Frater, AJ, Dunn, DT, Beardall, AJ, Ariyoshi, K, Clarke, JR, McClure, MO, and Weber, JN (2002): 
Comparative response of African HIV-1-infected individuals to highly active antiretroviral 
therapy. AIDS 16, 1139-46. 

Freeman, S, and J. C. Herron, (2007): Evolutionary Analysis. Pearson Benjamin Cummings, San 
Francisco, CA. 

Gallo, RC, and Montagnier, L (2003): The discovery of HIV as the cause of AIDS. N Engl J Med 
349, 2283-5. 

Gallo, RC, Sarin, PS, Gelmann, EP, Robert-Guroff, M, Richardson, E, Kalyanaraman, VS, Mann, D, 
Sidhu, GD, Stahl, RE, Zolla-Pazner, S, Leibowitch, J, and Popovic, M (1983): Isolation of 
human T-cell leukemia virus in acquired immune deficiency syndrome (AIDS). Science 220, 
865-7. 

Gao, F, Robertson, DL, Morrison, SG, Hui, H, Craig, S, Decker, J, Fultz, PN, Girard, M, Shaw, GM, 
Hahn, BH, and Sharp, PM (1996): The heterosexual human immunodeficiency virus type 1 
epidemic in Thailand is caused by an intersubtype (A/E) recombinant of African origin. J 

Virol 70, 7013-29. 

Garrido, C, Zahonero, N, Corral, A, Arredondo, M, Soriano, V, and de Mendoza, C (2009): 
Correlation between human immunodeficiency virus type 1 (HIV-1) RNA measurements 
obtained with dried blood spots and those obtained with plasma by use of Nuclisens EasyQ 
HIV-1 and Abbott RealTime HIV load tests. J Clin Microbiol 47, 1031-6. 

Gibson, UE, Heid, CA, and Williams, PM (1996): A novel method for real time quantitative RT-
PCR. Genome Res 6, 995-1001. 

Gilks, CF, Crowley, S, Ekpini, R, Gove, S, Perriens, J, Souteyrand, Y, Sutherland, D, Vitoria, M, 
Guerma, T, and De Cock, K (2006): The WHO public-health approach to antiretroviral 
treatment against HIV in resource-limited settings. Lancet 368, 505-10. 



85 

 

Gonda, MA, Wong-Staal, F, Gallo, RC, Clements, JE, Narayan, O, and Gilden, RV (1985): Sequence 
homology and morphologic similarity of HTLV-III and visna virus, a pathogenic lentivirus. 
Science 227, 173-7. 

Goodenow, M, Huet, T, Saurin, W, Kwok, S, Sninsky, J, and Wain-Hobson, S (1989): HIV-1 isolates 
are rapidly evolving quasispecies: evidence for viral mixtures and preferred nucleotide 
substitutions. J Acquir Immune Defic Syndr 2, 344-52. 

Greene, WC (1991): The molecular biology of human immunodeficiency virus type 1 infection. N 

Engl J Med 324, 308-17. 

Gueudin, M, Plantier, JC, Lemee, V, Schmitt, MP, Chartier, L, Bourlet, T, Ruffault, A, Damond, F, 
Vray, M, and Simon, F (2007): Evaluation of the Roche Cobas TaqMan and Abbott RealTime 
extraction-quantification systems for HIV-1 subtypes. J Acquir Immune Defic Syndr 44, 500-
5. 

Gurtler, LG, Hauser, PH, Eberle, J, von Brunn, A, Knapp, S, Zekeng, L, Tsague, JM, and Kaptue, L 
(1994): A new subtype of human immunodeficiency virus type 1 (MVP-5180) from 
Cameroon. J Virol 68, 1581-5. 

Gurtler, LG, Zekeng, L, Tsague, JM, van Brunn, A, Afane Ze, E, Eberle, J, and Kaptue, L (1996): 
HIV-1 subtype O: epidemiology, pathogenesis, diagnosis, and perspectives of the evolution of 
HIV. Arch Virol Suppl 11, 195-202. 

Haase, AT (1986): Pathogenesis of lentivirus infections. Nature 322, 130-6. 

Haase, AT, Retzel, EF, and Staskus, KA (1990): Amplification and detection of lentiviral DNA inside 
cells. Proc Natl Acad Sci U S A 87, 4971-5. 

Haeckel, R, Hanecke, P, Hanecke, M, and Haeckel, H (1998): Experience with the Application of the 
German Standard DIN 32645 for the Determination of the Detection Limit. J Lab Clin Med 
22, 273-280. 

Hall, TA (1999): BioEdit: a user-friendly biological sequence alignment editor and analysis program 
for Windows 95/98/NT. Nucleic Acids Symposium  Series 41, 95-98. 

Hamers, RL, Kityo, C, Lange, JM, de Wit, TF, and Mugyenyi, P (2012a): Global threat from drug 
resistant HIV in sub-Saharan Africa. BMJ 344, e4159. 

Hamers, RL, Sawyer, AW, Tuohy, M, Stevens, WS, Rinke de Wit, TF, Hill, AM, and Consortium, A-
A (2012b): Cost-effectiveness of laboratory monitoring for management of HIV treatment in 
sub-Saharan Africa: a model-based analysis. AIDS 26, 1663-72. 

Hamers, RL, Schuurman, R, Sigaloff, KC, Wallis, CL, Kityo, C, Siwale, M, Mandaliya, K, Ive, P, 
Botes, ME, Wellington, M, Osibogun, A, Wit, FW, van Vugt, M, Stevens, WS, de Wit, TF, 
and PharmAccess African Studies to Evaluate Resistance Investigators (2012c): Effect of 
pretreatment HIV-1 drug resistance on immunological, virological, and drug-resistance 
outcomes of first-line antiretroviral treatment in sub-Saharan Africa: a multicentre cohort 
study. Lancet Infect Dis 12, 307-17. 



86 

 

Hamers, RL, Smit, PW, Stevens, W, Schuurman, R, and Rinke de Wit, TF (2009): Dried fluid spots 
for HIV type-1 viral load and resistance genotyping: a systematic review. Antivir Ther 14, 
619-29. 

Hamers, RL, Wallis, CL, Kityo, C, Siwale, M, Mandaliya, K, Conradie, F, Botes, ME, Wellington, 
M, Osibogun, A, Sigaloff, KC, Nankya, I, Schuurman, R, Wit, FW, Stevens, WS, van Vugt, 
M, de Wit, TF, and PharmAccess African Studies to Evaluate Resistance Investigators 
(2011): HIV-1 drug resistance in antiretroviral-naive individuals in sub-Saharan Africa after 
rollout of antiretroviral therapy: a multicentre observational study. Lancet Infect Dis 11, 750-
9. 

Hazuda, DJ, Young, SD, Guare, JP, Anthony, NJ, Gomez, RP, Wai, JS, Vacca, JP, Handt, L, Motzel, 
SL, Klein, HJ, Dornadula, G, Danovich, RM, Witmer, MV, Wilson, KA, Tussey, L, Schleif, 
WA, Gabryelski, LS, Jin, L, Miller, MD, Casimiro, DR, Emini, EA, and Shiver, JW (2004): 
Integrase inhibitors and cellular immunity suppress retroviral replication in rhesus macaques. 
Science 305, 528-32. 

Heid, CA, Stevens, J, Livak, KJ, and Williams, PM (1996): Real time quantitative PCR. Genome Res 
6, 986-94. 

Hemelaar, J, Gouws, E, Ghys, PD, and Osmanov, S (2006): Global and regional distribution of HIV-1 
genetic subtypes and recombinants in 2004. AIDS 20, W13-23. 

Ho, DD, Schooley, RT, Rota, TR, Kaplan, JC, Flynn, T, Salahuddin, SZ, Gonda, MA, and Hirsch, 
MS (1984): HTLV-III in the semen and blood of a healthy homosexual man. Science 226, 
451-3. 

Hong, TC, Mai, QL, Cuong, DV, Parida, M, Minekawa, H, Notomi, T, Hasebe, F, and Morita, K 
(2004): Development and evaluation of a novel loop-mediated isothermal amplification 
method for rapid detection of severe acute respiratory syndrome coronavirus. J Clin 

Microbiol 42, 1956-61. 

Hosaka, N, Ndembi, N, Ishizaki, A, Kageyama, S, Numazaki, K, and Ichimura, H (2009): Rapid 
detection of human immunodeficiency virus type 1 group M by a reverse transcription-loop-
mediated isothermal amplification assay. J Virol Methods 157, 195-9. 

Hosseinipour, MC, van Oosterhout, JJ, Weigel, R, Phiri, S, Kamwendo, D, Parkin, N, Fiscus, SA, 
Nelson, JA, Eron, JJ, and Kumwenda, J (2009): The public health approach to identify 
antiretroviral therapy failure: high-level nucleoside reverse transcriptase inhibitor resistance 
among Malawians failing first-line antiretroviral therapy. AIDS 23, 1127-34. 

Inacio, J, Flores, O, and Spencer-Martins, I (2008): Efficient identification of clinically relevant 
Candida yeast species by use of an assay combining panfungal loop-mediated isothermal 
DNA amplification with hybridization to species-specific oligonucleotide probes. J Clin 

Microbiol 46, 713-20. 

Janssens, W, Heyndrickx, L, Fransen, K, Motte, J, Peeters, M, Nkengasong, JN, Ndumbe, PM, 
Delaporte, E, Perret, JL, Atende, C, Piot, P, and Van der Groen, G (1994a): Genetic and 
phylogenetic analysis of env subtypes G and H in central Africa. AIDS Res Hum Retroviruses 
10, 877-9. 



87 

 

Janssens, W, Heyndrickx, L, Fransen, K, Temmerman, M, Leonaers, A, Ivens, T, Motte, J, Piot, P, 
and Van der Groen, G (1994b): Genetic variability of HIV type 1 in Kenya. AIDS Res Hum 

Retroviruses 10, 1577-9. 

Janssens, W, Heyndrickx, L, Van de Peer, Y, Bouckaert, A, Fransen, K, Motte, J, Gershy-Damet, 
GM, Peeters, M, Piot, P, and van der Groen, G (1994c): Molecular phylogeny of part of the 
env gene of HIV-1 strains isolated in Cote d'Ivoire. AIDS 8, 21-6. 

Janssens, W, Nkengasong, JN, Heyndrickx, L, Fransen, K, Ndumbe, PM, Delaporte, E, Peeters, M, 
Perret, JL, Ndoumou, A, Atende, C, Piot, P, and Van der Groen, G (1994d): Further evidence 
of the presence of genetically aberrant HIV-1 strains in Cameroon and Gabon. AIDS 8, 1012-
3. 

Johannessen, A, Garrido, C, Zahonero, N, Sandvik, L, Naman, E, Kivuyo, SL, Kasubi, MJ, 
Gundersen, SG, Bruun, JN, and de Mendoza, C (2009): Dried blood spots perform well in 
viral load monitoring of patients who receive antiretroviral treatment in rural Tanzania. Clin 

Infect Dis 49, 976-81. 

Johnson, LF, Mossong, J, Dorrington, RE, Schomaker, M, Hoffmann, CJ, Keiser, O, Fox, MP, Wood, 
R, Prozesky, H, Giddy, J, Garone, DB, Cornell, M, Egger, M, Boulle, A, and International 
Epidemiologic Databases to Evaluate, ASAC (2013): Life expectancies of South African 
adults starting antiretroviral treatment: collaborative analysis of cohort studies. PLoS Med 10, 
e1001418. 

Jones, DS, Byers, RH, Bush, TJ, Oxtoby, MJ, and Rogers, MF (1992): Epidemiology of transfusion-
associated acquired immunodeficiency syndrome in children in the United States, 1981 
through 1989. Pediatrics 89, 123-7. 

Kanki, PJ, Hamel, DJ, Sankale, JL, Hsieh, C, Thior, I, Barin, F, Woodcock, SA, Gueye-Ndiaye, A, 
Zhang, E, Montano, M, Siby, T, Marlink, R, I, ND, Essex, ME, and S, MB (1999): Human 
immunodeficiency virus type 1 subtypes differ in disease progression. J Infect Dis 179, 68-73. 

Kantor, R (2006): Impact of HIV-1 pol diversity on drug resistance and its clinical implications. Curr 

Opin Infect Dis 19, 594-606. 

Katsoulidou, A, Rokka, C, Issaris, C, Haida, C, Tzannis, K, Sypsa, V, Detsika, M, Paraskevis, D, and 
Hatzakis, A (2011): Comparative evaluation of the performance of the Abbott RealTime HIV-
1 assay for measurement of HIV-1 plasma viral load on genetically diverse samples from 
Greece. Virol J 8, 10. 

Kiwanuka, N, Laeyendecker, O, Robb, M, Kigozi, G, Arroyo, M, McCutchan, F, Eller, LA, Eller, M, 
Makumbi, F, Birx, D, Wabwire-Mangen, F, Serwadda, D, Sewankambo, NK, Quinn, TC, 
Wawer, M, and Gray, R (2008): Effect of human immunodeficiency virus Type 1 (HIV-1) 
subtype on disease progression in persons from Rakai, Uganda, with incident HIV-1 
infection. J Infect Dis 197, 707-13. 

Klein, D, Leutenegger, CM, Bahula, C, Gold, P, Hofmann-Lehmann, R, Salmons, B, Lutz, H, and 
Gunzburg, WH (2001): Influence of preassay and sequence variations on viral load 
determination by a multiplex real-time reverse transcriptase-polymerase chain reaction for 
feline immunodeficiency virus. J Acquir Immune Defic Syndr 26, 8-20. 



88 

 

Kluge, SF, Sauter, D, Vogl, M, Peeters, M, Li, Y, Bibollet-Ruche, F, Hahn, BH, and Kirchhoff, F 
(2013): The transmembrane domain of HIV-1 Vpu is sufficient to confer anti-tetherin activity 
to SIVcpz and SIVgor Vpu proteins: cytoplasmic determinants of Vpu function. 
Retrovirology 10, 32. 

Kohlstaedt, LA, and Steitz, TA (1992): Reverse transcriptase of human immunodeficiency virus can 
use either human tRNA(3Lys) or Escherichia coli tRNA(2Gln) as a primer in an in vitro 
primer-utilization assay. Proc Natl Acad Sci U S A 89, 9652-6. 

Kostrikis, LG, Bagdades, E, Cao, Y, Zhang, L, Dimitriou, D, and Ho, DD (1995): Genetic analysis of 
human immunodeficiency virus type 1 strains from patients in Cyprus: identification of a new 
subtype designated subtype I. J Virol 69, 6122-30. 

Kozal, MJ (2009): Drug-resistant human immunodefiency virus. Clin Microbiol Infect 15 Suppl 1, 
69-73. 

Krebs, FC, Hogan T.H., Quiterio S, Gartner S, and B, W (2001): Lentiviral LTR-directed Expression, 
Sequence Variation, and Disease Pathogenesis. In F. B. Kuiken C, Hahn B, Marx P, 
McCutchan F, Mellors JW, Wolinsky S, Korber B. (Ed.): HIV Sequence Compendium 2001. 
Theoretical Biology and Biophysics Group, Los Alamos National Laboratory, Los Alamos, 
NM, LA-UR 02-2877., pp. 29-70  

Kuboki, N, Inoue, N, Sakurai, T, Di Cello, F, Grab, DJ, Suzuki, H, Sugimoto, C, and Igarashi, I 
(2003): Loop-mediated isothermal amplification for detection of African trypanosomes. J 

Clin Microbiol 41, 5517-24. 

Kurosaki, Y, Takada, A, Ebihara, H, Grolla, A, Kamo, N, Feldmann, H, Kawaoka, Y, and Yasuda, J 
(2007): Rapid and simple detection of Ebola virus by reverse transcription-loop-mediated 
isothermal amplification. J Virol Methods 141, 78-83. 

Kwok, S, Kellogg, DE, McKinney, N, Spasic, D, Goda, L, Levenson, C, and Sninsky, JJ (1990): 
Effects of primer-template mismatches on the polymerase chain reaction: human 
immunodeficiency virus type 1 model studies. Nucleic Acids Res 18, 999-1005. 

Lang, TA, and Secic, M (2006): How to Report Statistics in Medicine: Annotated Guidelines for 

Authors, Editors, and Reviewers. American College of Physicians. 

Ledergerber, B, Lundgren, JD, Walker, AS, Sabin, C, Justice, A, Reiss, P, Mussini, C, Wit, F, 
d'Arminio Monforte, A, Weber, R, Fusco, G, Staszewski, S, Law, M, Hogg, R, Lampe, F, 
Gill, MJ, Castelli, F, Phillips, AN, and Collaboration, P (2004): Predictors of trend in CD4-
positive T-cell count and mortality among HIV-1-infected individuals with virological failure 
to all three antiretroviral-drug classes. Lancet 364, 51-62. 

Leitner, T, Alaeus, A, Marquina, S, Lilja, E, Lidman, K, and Albert, J (1995): Yet another subtype of 
HIV type 1? AIDS Res Hum Retroviruses 11, 995-7. 

Lemey, P, Rambaut, A, and Pybus, OG (2006): HIV evolutionary dynamics within and among hosts. 
AIDS Rev 8, 125-40. 

Lessells, RJ, Katzenstein, DK, and de Oliveira, T (2012): Are subtype differences important in HIV 
drug resistance? Curr Opin Virol 2, 636-43. 



89 

 

Levy, JA (1993): HIV pathogenesis and long-term survival. AIDS 7, 1401-10. 

Levy, JA, Hoffman, AD, Kramer, SM, Landis, JA, Shimabukuro, JM, and Oshiro, LS (1984): 
Isolation of lymphocytopathic retroviruses from San Francisco patients with AIDS. Science 
225, 840-2. 

Lewis, DA, Bebenek, K, Beard, WA, Wilson, SH, and Kunkel, TA (1999): Uniquely altered DNA 
replication fidelity conferred by an amino acid change in the nucleotide binding pocket of 
human immunodeficiency virus type 1 reverse transcriptase. J Biol Chem 274, 32924-30. 

Li, X, Ning, C, He, X, Yang, Y, Li, F, Xing, H, Hong, K, Yang, R, and Shao, Y (2013): Genome 
Sequences of a Novel HIV-1 Circulating Recombinant Form (CRF61_BC) Identified among 
Heterosexuals in China. Genome Announcements 1. 

Lillo, FB, Grasso, MA, Lodini, S, Bellotti, MG, and Colucci, G (2004): Few modifications of the 
Cobas Amplicor HIV Monitor 1.5 test allow reliable quantitation of HIV-1 proviral load in 
peripheral blood mononuclear cells. J Virol Methods 120, 201-5. 

Los Alamos National Laboratory (2008a): HIV Sequence Compendium 2008: Genes and gene 
products. Los Alamos National Laboratory. Los Alamos, New mexico, USA. 
http://www.hiv.lanl.gov/content/sequence/HIV/MAP/landmark.html. 

Los Alamos National Laboratory (2008b): HIV sequence database: Circulating Reccombinant Forms 
(CRFs). Los Alamos National Laboratory.  Los Alamos, New Mexico, USA. 
.http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html.  

Los Alamos National Laboratory (2013): HIV sequence database: HIV Circulating Reccombinant 
Forms (CRFs). Los Alamos National Laboratory.  Los Alamos, New Mexico, USA. 
.http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html.  

Louwagie, J, Janssens, W, Mascola, J, Heyndrickx, L, Hegerich, P, van der Groen, G, McCutchan, 
FE, and Burke, DS (1995): Genetic diversity of the envelope glycoprotein from human 
immunodeficiency virus type 1 isolates of African origin. J Virol 69, 263-71. 

Louwagie, J, McCutchan, FE, Peeters, M, Brennan, TP, Sanders-Buell, E, Eddy, GA, van der Groen, 
G, Fransen, K, Gershy-Damet, GM, Deleys, R, and et al. (1993): Phylogenetic analysis of gag 
genes from 70 international HIV-1 isolates provides evidence for multiple genotypes. AIDS 7, 
769-80. 

Mackay, IM, Arden, KE, and Nitsche, A (2002): Real-time PCR in virology. Nucleic Acids Res 30, 
1292-305. 

Mansky, LM (1996): Forward mutation rate of human immunodeficiency virus type 1 in a T 
lymphoid cell line. AIDS Res Hum Retroviruses 12, 307-14. 

Mansky, LM, and Temin, HM (1994): Lower mutation rate of bovine leukemia virus relative to that 
of spleen necrosis virus. J Virol 68, 494-9. 

Mansky, LM, and Temin, HM (1995): Lower in vivo mutation rate of human immunodeficiency virus 
type 1 than that predicted from the fidelity of purified reverse transcriptase. J Virol 69, 5087-
94. 



90 

 

Marcelin, AG, Masquelier, B, Descamps, D, Izopet, J, Charpentier, C, Alloui, C, Bouvier-Alias, M, 
Signori-Schmuck, A, Montes, B, Chaix, ML, Amiel, C, Santos, GD, Ruffault, A, Barin, F, 
Peytavin, G, Lavignon, M, Flandre, P, and Calvez, V (2008): Tipranavir-ritonavir genotypic 
resistance score in protease inhibitor-experienced patients. Antimicrob Agents Chemother 52, 
3237-43. 

Marlink, R, Kanki, P, Thior, I, Travers, K, Eisen, G, Siby, T, Traore, I, Hsieh, CC, Dia, MC, Gueye, 
EH, and et al. (1994): Reduced rate of disease development after HIV-2 infection as 
compared to HIV-1. Science 265, 1587-90. 

Martinez, AM, Hora, VP, Santos, AL, Mendoza-Sassi, R, Von Groll, A, Soares, EA, D'Avila, N, 
Silveira, J, Leal, RG, Tanuri, A, Soares, MA, and Unit, HA (2006): Determinants of HIV-1 
mother-to-child transmission in Southern Brazil. An Acad Bras Cienc 78, 113-21. 

Marx, PA, Alcabes, PG, and Drucker, E (2001): Serial human passage of simian immunodeficiency 
virus by unsterile injections and the emergence of epidemic human immunodeficiency virus 
in Africa. Philos Trans R Soc Lond B Biol Sci 356, 911-20. 

McColl, DJ, and Chen, X (2010): Strand transfer inhibitors of HIV-1 integrase: bringing IN a new era 
of antiretroviral therapy. Antiviral Res 85, 101-18. 

Messiaen, P, Wensing, AM, Fun, A, Nijhuis, M, Brusselaers, N, and Vandekerckhove, L (2013): 
Clinical use of HIV integrase inhibitors: a systematic review and meta-analysis. PLoS One 8, 
e52562. 

Mikkelsen, SR, and Cortón, E (2004): Validation of New Bioanalytical Methods: Bioanalytical 

Chemistry. John Wiley & Sons, Inc., pp. 322-345. 

Miller, MD, Margot, N, McColl, D, and Cheng, AK (2007): K65R development among subtype C 
HIV-1-infected patients in tenofovir DF clinical trials. AIDS 21, 265-6. 

Miller, V (2001): International perspectives on antiretroviral resistance. Resistance to protease 
inhibitors. J Acquir Immune Defic Syndr 26 Suppl 1, S34-50. 

Mori, Y, Nagamine, K, Tomita, N, and Notomi, T (2001): Detection of loop-mediated isothermal 
amplification reaction by turbidity derived from magnesium pyrophosphate formation. 
Biochem Biophys Res Commun 289, 150-4. 

Mori, Y, and Notomi, T (2009): Loop-mediated isothermal amplification (LAMP): a rapid, accurate, 
and cost-effective diagnostic method for infectious diseases. J Infect Chemother 15, 62-9. 

Murphy, E, Korber, B, Georges-Courbot, MC, You, B, Pinter, A, Cook, D, Kieny, MP, Georges, A, 
Mathiot, C, Barre-Sinoussi, F, and Girard, M (1993): Diversity of V3 region sequences of 
human immunodeficiency viruses type 1 from the central African Republic. AIDS Res Hum 

Retroviruses 9, 997-1006. 

Murray, MC, Embree, JE, Ramdahin, SG, Anzala, AO, Njenga, S, and Plummer, FA (2000): Effect of 
human immunodeficiency virus (HIV) type 1 viral genotype on mother-to-child transmission 
of HIV-1. J Infect Dis 181, 746-9. 

Myers, G, MacInnes, K, and Korber, B (1992): The emergence of simian/human immunodeficiency 
viruses. AIDS Res Hum Retroviruses 8, 373-86. 



91 

 

Nagamine, K, Hase, T, and Notomi, T (2002): Accelerated reaction by loop-mediated isothermal 
amplification using loop primers. Mol Cell Probes 16, 223-9. 

Nelson, KE, Costello, C, Suriyanon, V, Sennun, S, and Duerr, A (2007): Survival of blood donors 
and their spouses with HIV-1 subtype E (CRF01 A_E) infection in northern Thailand, 1992-
2007. AIDS 21 Suppl 6, S47-54. 

Neogi, U, Gupta, S, Rodridges, R, Sahoo, PN, Rao, SD, Rewari, BB, Shastri, S, Costa, AD, and Shet, 
A (2012): Dried blood spot HIV-1 RNA quantification: a useful tool for viral load monitoring 
among HIV-infected individuals in India. Indian J Med Res 136, 956-62. 

NIAD/NIH (2012): HIV Replication Cycle: Steps in the HIV Replication Cycle. National Institute of 
Allergy and Infectious Diseases. Bethesda, Maryland, USA 
http://www.niaid.nih.gov/topics/HIVAIDS/Understanding/Biology/pages/hivreplicationcycle.
aspx. 

Notomi, T, Okayama, H, Masubuchi, H, Yonekawa, T, Watanabe, K, Amino, N, and Hase, T (2000): 
Loop-mediated isothermal amplification of DNA. Nucleic Acids Res 28, E63. 

Onyedum, CC, Iroezindu, MO, Chukwuka, CJ, Anyaene, CE, Obi, FI, and Young, EE (2013): Profile 
of HIV-infected patients receiving second-line antiretroviral therapy in a resource-limited 
setting in Nigeria. Trans R Soc Trop Med Hyg 107, 608-14. 

Oyugi, JH, Byakika-Tusiime, J, Ragland, K, Laeyendecker, O, Mugerwa, R, Kityo, C, Mugyenyi, P, 
Quinn, TC, and Bangsberg, DR (2007): Treatment interruptions predict resistance in HIV-
positive individuals purchasing fixed-dose combination antiretroviral therapy in Kampala, 
Uganda. AIDS 21, 965-71. 

Palm, AA, Esbjornsson, J, Mansson, F, Kvist, A, Isberg, PE, Biague, A, da Silva, ZJ, Jansson, M, 
Norrgren, H, and Medstrand, P (2014): Faster Progression to AIDS and AIDS-Related Death 
Among Seroincident Individuals Infected With Recombinant HIV-1 A3/CRF02_AG 
Compared With Sub-subtype A3. J Infect Dis 209, 721-8. 

Parida, M, Sannarangaiah, S, Dash, PK, Rao, PV, and Morita, K (2008): Loop mediated isothermal 
amplification (LAMP): a new generation of innovative gene amplification technique; 
perspectives in clinical diagnosis of infectious diseases. Rev Med Virol 18, 407-21. 

Parida, MM, Santhosh, SR, Dash, PK, Tripathi, NK, Saxena, P, Ambuj, S, Sahni, AK, Lakshmana 
Rao, PV, and Morita, K (2006): Development and evaluation of reverse transcription-loop-
mediated isothermal amplification assay for rapid and real-time detection of Japanese 
encephalitis virus. J Clin Microbiol 44, 4172-8. 

Park, J, and Morrow, CD (1993): Mutations in the protease gene of human immunodeficiency virus 
type 1 affect release and stability of virus particles. Virology 194, 843-50. 

Parthasarathi, S, Varela-Echavarria, A, Ron, Y, Preston, BD, and Dougherty, JP (1995): Genetic 
rearrangements occurring during a single cycle of murine leukemia virus vector replication: 
characterization and implications. J Virol 69, 7991-8000. 

Pas, S, Rossen, JW, Schoener, D, Thamke, D, Pettersson, A, Babiel, R, and Schutten, M (2010): 
Performance evaluation of the new Roche Cobas AmpliPrep/Cobas TaqMan HIV-1 test 



92 

 

version 2.0 for quantification of human immunodeficiency virus type 1 RNA. J Clin 

Microbiol 48, 1195-200. 

Pasquet, A, Messou, E, Gabillard, D, Minga, A, Depoulosky, A, Deuffic-Burban, S, Losina, E, 
Freedberg, KA, Danel, C, Anglaret, X, and Yazdanpanah, Y (2010): Impact of drug stock-
outs on death and retention to care among HIV-infected patients on combination antiretroviral 
therapy in Abidjan, Cote d'Ivoire. PLoS One 5, e13414. 

Passaes, CP, and Saez-Cirion, A (2014): HIV cure research: Advances and prospects. Virology. 

Pathak, VK, and Temin, HM (1990a): Broad spectrum of in vivo forward mutations, hypermutations, 
and mutational hotspots in a retroviral shuttle vector after a single replication cycle: deletions 
and deletions with insertions. Proc Natl Acad Sci U S A 87, 6024-8. 

Pathak, VK, and Temin, HM (1990b): Broad spectrum of in vivo forward mutations, hypermutations, 
and mutational hotspots in a retroviral shuttle vector after a single replication cycle: 
substitutions, frameshifts, and hypermutations. Proc Natl Acad Sci U S A 87, 6019-23. 

Phillips, AN, Youle, M, Lampe, F, Sabin, CA, Hill, A, Ransom, D, Gumley, H, Loveday, C, Lipman, 
M, and Johnson, M (2002): CD4 cell count changes in individuals with counts above 500 
cells/mm and viral loads below 50 copies/ml on antiretroviral therapy. AIDS 16, 1073-5. 

Pillay, D, Walker, AS, Gibb, DM, de Rossi, A, Kaye, S, Ait-Khaled, M, Munoz-Fernandez, M, and 
Babiker, A (2002): Impact of human immunodeficiency virus type 1 subtypes on virologic 
response and emergence of drug resistance among children in the Paediatric European 
Network for Treatment of AIDS (PENTA) 5 trial. J Infect Dis 186, 617-25. 

Plantier, JC, Dachraoui, R, Lemee, V, Gueudin, M, Borsa-Lebas, F, Caron, F, and Simon, F (2005): 
HIV-1 resistance genotyping on dried serum spots. AIDS 19, 391-7. 

Plantier, JC, Leoz, M, Dickerson, JE, De Oliveira, F, Cordonnier, F, Lemee, V, Damond, F, 
Robertson, DL, and Simon, F (2009): A new human immunodeficiency virus derived from 
gorillas. Nat Med 15, 871-2. 

Pope, M, Frankel, SS, Mascola, JR, Trkola, A, Isdell, F, Birx, DL, Burke, DS, Ho, DD, and Moore, 
JP (1997): Human immunodeficiency virus type 1 strains of subtypes B and E replicate in 
cutaneous dendritic cell-T-cell mixtures without displaying subtype-specific tropism. J Virol 
71, 8001-7. 

Price, MA, Wallis, CL, Lakhi, S, Karita, E, Kamali, A, Anzala, O, Sanders, EJ, Bekker, LG, 
Twesigye, R, Hunter, E, Kaleebu, P, Kayitenkore, K, Allen, S, Ruzagira, E, Mwangome, M, 
Mutua, G, Amornkul, PN, Stevens, G, Pond, SL, Schaefer, M, Papathanasopoulos, MA, 
Stevens, W, Gilmour, J, and Group, IEICS (2011): Transmitted HIV type 1 drug resistance 
among individuals with recent HIV infection in East and Southern Africa. AIDS Res Hum 

Retroviruses 27, 5-12. 

Quinones-Mateu, ME, Ball, SC, Marozsan, AJ, Torre, VS, Albright, JL, Vanham, G, van Der Groen, 
G, Colebunders, RL, and Arts, EJ (2000): A dual infection/competition assay shows a 
correlation between ex vivo human immunodeficiency virus type 1 fitness and disease 
progression. J Virol 74, 9222-33. 



93 

 

Ratner, L, Gallo, RC, and Wong-Staal, F (1985): HTLV-III, LAV, ARV are variants of same AIDS 
virus. Nature 313, 636-7. 

Rayfield, MA, Sullivan, P, Bandea, CI, Britvan, L, Otten, RA, Pau, CP, Pieniazek, D, Subbarao, S, 
Simon, P, Schable, CA, Wright, AC, Ward, J, and Schochetman, G (1996): HIV-1 group O 
virus identified for the first time in the United States. Emerg Infect Dis 2, 209-12. 

Renjifo, B, Gilbert, P, Chaplin, B, Msamanga, G, Mwakagile, D, Fawzi, W, Essex, M, Tanzanian, V, 
and Group, HIVS (2004): Preferential in-utero transmission of HIV-1 subtype C as compared 
to HIV-1 subtype A or D. AIDS 18, 1629-36. 

Rezende, LF, and Prasad, VR (2004): Nucleoside-analog resistance mutations in HIV-1 reverse 
transcriptase and their influence on polymerase fidelity and viral mutation rates. Int J 

Biochem Cell Biol 36, 1716-34. 

Roberts, JD, Bebenek, K, and Kunkel, TA (1988): The accuracy of reverse transcriptase from HIV-1. 
Science 242, 1171-3. 

Robertson, DL, Anderson, JP, Bradac, JA, Carr JK., Foley, B, Funkhouser, R, Gao, F, Hahn, B, 
Kuiken, C, Learn, G, Leitner, T, McCutchan, F, Osmanov, S, Peeters, M, Pieniazek, D, 
Kalish, M, Salminen, M, Sharp, P, Wolinsky, S, and Korber, B (1999): HIV-1 Nomenclature 
Proposal: A Reference Guide to HIV-1 Classification. In C. Kuiken, B. Foley, B. Hahn, B. 
Korber, F. McCutchan, P. Marx, J. Mellors, J. Mullins, J. Sodroski, and S. Wolinsky (Eds): 
Human Retroviruses and AIDS 1999. Theoretical Biology and Biophysics Group, Los Alamos 
National Laboratory, Los Alamos, NM., pp. 492-505. 

Robertson, DL, Hahn, BH, and Sharp, PM (1995): Recombination in AIDS viruses. J Mol Evol 40, 
249-59. 

Sanchez-Pescador, R, Power, MD, Barr, PJ, Steimer, KS, Stempien, MM, Brown-Shimer, SL, Gee, 
WW, Renard, A, Randolph, A, Levy, JA, Dina, D, and Luciw, A (1985): Nucleotide sequence 
and expression of an AIDS-associated retrovirus (ARV-2). Science 227, 484-92. 

Sanger, F, Nicklen, S, and Coulson, AR (1977): DNA sequencing with chain-terminating inhibitors. 
Proc Natl Acad Sci U S A 74, 5463-7. 

Santiago, ML, Range, F, Keele, BF, Li, Y, Bailes, E, Bibollet-Ruche, F, Fruteau, C, Noe, R, Peeters, 
M, Brookfield, JF, Shaw, GM, Sharp, PM, and Hahn, BH (2005): Simian immunodeficiency 
virus infection in free-ranging sooty mangabeys (Cercocebus atys atys) from the Tai Forest, 
Cote d'Ivoire: implications for the origin of epidemic human immunodeficiency virus type 2. 
J Virol 79, 12515-27. 

Scott, LE, Noble, LD, Moloi, J, Erasmus, L, Venter, WD, and Stevens, W (2009): Evaluation of the 
Abbott m2000 RealTime human immunodeficiency virus type 1 (HIV-1) assay for HIV load 
monitoring in South Africa compared to the Roche Cobas AmpliPrep-Cobas Amplicor, Roche 
Cobas AmpliPrep-Cobas TaqMan HIV-1, and BioMerieux NucliSENS EasyQ HIV-1 assays. 
J Clin Microbiol 47, 2209-17. 

Selik, RM, Ward, JW, and Buehler, JW (1993): Trends in transfusion-associated acquired immune 
deficiency syndrome in the United States, 1982 through 1991. Transfusion 33, 890-3. 



94 

 

Sethi, AK, Celentano, DD, Gange, SJ, Moore, RD, and Gallant, JE (2003): Association between 
adherence to antiretroviral therapy and human immunodeficiency virus drug resistance. Clin 

Infect Dis 37, 1112-8. 

Sharp, PM, and Hahn, BH (2011): Origins of HIV and the AIDS pandemic. Cold Spring Harb 

Perspect Med 1, a006841. 

Shrestha, PN (1996): Transmission of HIV through blood or blood products in the Eastern 
Mediterranean Region. EMHJ 2, 283-289. 

Sigaloff, KC, Hamers, RL, Wallis, CL, Kityo, C, Siwale, M, Ive, P, Botes, ME, Mandaliya, K, 
Wellington, M, Osibogun, A, Stevens, WS, van Vugt, M, de Wit, TF, and PharmAccess 
African Studies to Evaluate Resistance  Investigators (2011): Unnecessary antiretroviral 
treatment switches and accumulation of HIV resistance mutations; two arguments for viral 
load monitoring in Africa. J Acquir Immune Defic Syndr 58, 23-31. 

Simon, F, Mauclere, P, Roques, P, Loussert-Ajaka, I, Muller-Trutwin, MC, Saragosti, S, Georges-
Courbot, MC, Barre-Sinoussi, F, and Brun-Vezinet, F (1998): Identification of a new human 
immunodeficiency virus type 1 distinct from group M and group O. Nat Med 4, 1032-7. 

Sloma, CR, Germer, JJ, Gerads, TM, Mandrekar, JN, Mitchell, PS, and Yao, JD (2009): Comparison 
of the Abbott realtime human immunodeficiency virus type 1 (HIV-1) assay to the Cobas 
AmpliPrep/Cobas TaqMan HIV-1 test: workflow, reliability, and direct costs. J Clin 

Microbiol 47, 889-95. 

Soliman, H, and El-Matbouli, M (2006): Reverse transcription loop-mediated isothermal 
amplification (RT-LAMP) for rapid detection of viral hemorrhagic septicaemia virus (VHS). 
Vet Microbiol 114, 205-13. 

Stadhouders, R, Pas, SD, Anber, J, Voermans, J, Mes, TH, and Schutten, M (2010): The effect of 
primer-template mismatches on the detection and quantification of nucleic acids using the 5' 
nuclease assay. J Mol Diagn 12, 109-17. 

Stowring, L, Haase, AT, and Charman, HP (1979): Serological definition of the lentivirus group of 
retroviruses. J Virol 29, 523-8. 

Stuke, AW, Ahmad-Omar, O, Hoefer, K, Hunsmann, G, and Jentsch, KD (1997): Mutations in the 
SIV env and the M13 lacZa gene generated in vitro by reverse transcriptases and DNA 
polymerases. Arch Virol 142, 1139-54. 

Sullivan, PS, Do, AN, Ellenberger, D, Pau, CP, Paul, S, Robbins, K, Kalish, M, Storck, C, Schable, 
CA, Wise, H, Tetteh, C, Jones, JL, McFarland, J, Yang, C, Lal, RB, and Ward, JW (2000): 
Human immunodeficiency virus (HIV) subtype surveillance of African-born persons at risk 
for group O and group N HIV infections in the United States. J Infect Dis 181, 463-9. 

Svarovskaia, ES, Cheslock, SR, Zhang, WH, Hu, WS, and Pathak, VK (2003): Retroviral mutation 
rates and reverse transcriptase fidelity. Front Biosci 8, d117-34. 

Swanson, P, Holzmayer, V, Huang, S, Hay, P, Adebiyi, A, Rice, P, Abravaya, K, Thamm, S, Devare, 
SG, and Hackett, J, Jr. (2006): Performance of the automated Abbott RealTime HIV-1 assay 
on a genetically diverse panel of specimens from London: comparison to VERSANT HIV-1 



95 

 

RNA 3.0, AMPLICOR HIV-1 MONITOR v1.5, and LCx HIV RNA Quantitative assays. J 

Virol Methods 137, 184-92. 

Tang, N, Huang, S, Salituro, J, Mak, WB, Cloherty, G, Johanson, J, Li, YH, Schneider, G, Robinson, 
J, Hackett, J, Jr., Swanson, P, and Abravaya, K (2007): A RealTime HIV-1 viral load assay 
for automated quantitation of HIV-1 RNA in genetically diverse group M subtypes A-H, 
group O and group N samples. J Virol Methods 146, 236-45. 

Tapia, N, Franco, S, Puig-Basagoiti, F, Menendez, C, Alonso, PL, Mshinda, H, Clotet, B, Saiz, JC, 
and Martinez, MA (2003): Influence of human immunodeficiency virus type 1 subtype on 
mother-to-child transmission. J Gen Virol 84, 607-13. 

Tebit, DM, Nankya, I, Arts, EJ, and Gao, Y (2007): HIV diversity, recombination and disease 
progression: how does fitness "fit" into the puzzle? AIDS Rev 9, 75-87. 

Temin, HM (1988): Mechanisms of cell killing/cytopathic effects by nonhuman retroviruses. Rev 

Infect Dis 10, 399-405. 

Temin, HM (1989): Is HIV unique or merely different? J Acquir Immune Defic Syndr 2, 1-9. 

Teng, PH, Chen, CL, Sung, PF, Lee, FC, Ou, BR, and Lee, PY (2007): Specific detection of reverse 
transcription-loop-mediated isothermal amplification amplicons for Taura syndrome virus by 
colorimetric dot-blot hybridization. J Virol Methods 146, 317-26. 

Tomita, N, Mori, Y, Kanda, H, and Notomi, T (2008): Loop-mediated isothermal amplification 
(LAMP) of gene sequences and simple visual detection of products. Nat Protoc 3, 877-82. 

Toni, TD, Masquelier, B, Lazaro, E, Dore-Mbami, M, Ba-Gomis, FO, Tea-Diop, Y, Kouakou, K, 
Diby, J, Sia, E, Soppi, S, Essien, S, Schrive, MH, Pinson, P, Chenal, H, and Fleury, HJ 
(2005): Characterization of nevirapine (NVP) resistance mutations and HIV type 1 subtype in 
women from Abidjan (Cote d'Ivoire) after NVP single-dose prophylaxis of HIV type 1 
mother-to-child transmission. AIDS Res Hum Retroviruses 21, 1031-4. 

UNAIDS (2013): Global Update on HIV Treatment 2013: Results, Impact and Opportunities. World 
Health Organization, UNICEF and UNAIDS Kuala Lumpur, Malaysia. 
http://www.who.int/hiv/data/global_treatment_report_presentation_2013.pdf. 

Uttayamakul, S, Likanonsakul, S, Sunthornkachit, R, Kuntiranont, K, Louisirirotchanakul, S, 
Chaovavanich, A, Thiamchai, V, Tanprasertsuk, S, and Sutthent, R (2005): Usage of dried 
blood spots for molecular diagnosis and monitoring HIV-1 infection. J Virol Methods 128, 
128-34. 

Vallari, A, Holzmayer, V, Harris, B, Yamaguchi, J, Ngansop, C, Makamche, F, Mbanya, D, Kaptue, 
L, Ndembi, N, Gurtler, L, Devare, S, and Brennan, CA (2011): Confirmation of putative HIV-
1 group P in Cameroon. J Virol 85, 1403-7. 

van Harmelen, J, Wood, R, Lambrick, M, Rybicki, EP, Williamson, AL, and Williamson, C (1997): 
An association between HIV-1 subtypes and mode of transmission in Cape Town, South 
Africa. AIDS 11, 81-7. 



96 

 

Vignuzzi, M, Stone, JK, Arnold, JJ, Cameron, CE, and Andino, R (2006): Quasispecies diversity 
determines pathogenesis through cooperative interactions in a viral population. Nature 439, 
344-8. 

Wain-Hobson, S (1992): Human immunodeficiency virus type 1 quasispecies in vivo and ex vivo. 
Curr Top Microbiol Immunol 176, 181-93. 

Wain-Hobson, S, Sonigo, P, Danos, O, Cole, S, and Alizon, M (1985): Nucleotide sequence of the 
AIDS virus, LAV. Cell 40, 9-17. 

Wainberg, MA, Zaharatos, GJ, and Brenner, BG (2011): Development of antiretroviral drug 
resistance. N Engl J Med 365, 637-46. 

Waters, L, Kambugu, A, Tibenderana, H, Meya, D, John, L, Mandalia, S, Nabankema, M, Namugga, 
I, Quinn, TC, Gazzard, B, Reynolds, SJ, and Nelson, M (2007): Evaluation of filter paper 
transfer of whole-blood and plasma samples for quantifying HIV RNA in subjects on 
antiretroviral therapy in Uganda. J Acquir Immune Defic Syndr 46, 590-3. 

Wei, H, Liu, Y, Feng, Y, Hsi, J, Xing, H, He, X, Liao, L, Yutaka, T, Li, J, and Shao, Y (2014): 
Genome Sequence of a Novel HIV-1 Circulating Recombinant Form (CRF57_BC) Identified 
from Yunnan, China. AIDS Res Hum Retroviruses. 

Whiley, DM, and Sloots, TP (2005): Sequence variation in primer targets affects the accuracy of viral 
quantitative PCR. J Clin Virol 34, 104-7. 

Whittle, H, Morris, J, Todd, J, Corrah, T, Sabally, S, Bangali, J, Ngom, PT, Rolfe, M, and Wilkins, A 
(1994): HIV-2-infected patients survive longer than HIV-1-infected patients. AIDS 8, 1617-
20. 

Wilson, D, Keiluhu, AK, Kogrum, S, Reid, T, Seriratana, N, Ford, N, Kyawkyaw, M, Talangsri, P, 
and Taochalee, N (2009): HIV-1 viral load monitoring: an opportunity to reinforce treatment 
adherence in a resource-limited setting in Thailand. Trans R Soc Trop Med Hyg 103, 601-6. 

Wirden, M, Lambert-Niclot, S, Marcelin, AG, Schneider, L, Ait-Mohand, H, Brunet, C, Angleraud, 
F, Amard, S, Katlama, C, and Calvez, V (2009): Antiretroviral combinations implicated in 
emergence of the L74I and L74V resistance mutations in HIV-1-infected patients. AIDS 23, 
95-9. 

Witvrouw, M, Pannecouque, C, Van Laethem, K, Desmyter, J, De Clercq, E, and Vandamme, AM 
(1999): Activity of non-nucleoside reverse transcriptase inhibitors against HIV-2 and SIV. 
AIDS 13, 1477-83. 

Wolff, D, and Gerritzen, A (2007): Comparison of the Roche COBAS Amplicor Monitor, Roche 
COBAS Ampliprep/COBAS Taqman and Abbott RealTime Test assays for quantification of 
hepatitis C virus and HIV RNA. Clin Chem Lab Med 45, 917-22. 

Wolinsky, SM, Korber, BT, Neumann, AU, Daniels, M, Kunstman, KJ, Whetsell, AJ, Furtado, MR, 
Cao, Y, Ho, DD, and Safrit, JT (1996): Adaptive evolution of human immunodeficiency 
virus-type 1 during the natural course of infection. Science 272, 537-42. 

World Health Organization (2010a): Antiretroviral Therapy for HIV Infection in Adults and 
Adolescents: Recommendations for a Public Health Approach, 2010 Revision: WHO 



97 

 

guidelines for antiretroviral treatment and laboratory monitoring in adults and adolescents in 

resource-limited settings. World Health Organization, Geneva, Switzerland. 
http://whqlibdoc.who.int/publications/2010/9789241599764_eng.pdf?ua=1. 

World Health Organization (2010b): Antiretroviral therapy for HIV infection in infants and children: 
towards universal access. Reccommendations for Public Health Approach, 2010 Revision.: 
WHO guidelines for antiretroviral treatment and laboratory monitoring in infants and 

children in resource-limited countries. World Health Organization, Geneva, Switzerland.  
http://whqlibdoc.who.int/publications/2010/9789241599801_eng.pdf?ua=1. 

World Health Organization (2010c): Towards universal access: Scaling up priority HIV/AIDS 
interventions in the health sector, progress report 2010: Scaling up HIV services for women 

and children. World Health Organization HIV/AIDS Department, Geneva, Switzerland.  
http://www.who.int/hiv/pub/2010progressreport/ch5_en.pdf?ua=1. 

World Health Organization (2011): Global HIV/AIDS response: epidemic update and health sector 
progress towards universal access: progress report, 2011. World Health Organization,  joint 
United Nations Programme on HIV/AIDS, Geneva, Switzerland. 
http://www.unaids.org/en/media/unaids/contentassets/documents/unaidspublication/2011/201
11130_ua_report_en.pdf. 

World Health Organization (2013a): Consolidated guidelines on the use of antiretroviral drugs for 
treating and preventing HIV infection: Recommendations for public health approach. June 
2013: Clinical guidance across the continuum of care (Antiretroviral therapy): Monitoring 

the response to ART and the diagnosis of treatment failure - New recommendations. World 
Health Organization HIV/AIDS department, Geneva, Switzerland.  
http://www.who.int/hiv/pub/guidelines/arv2013/download/en/. 

World Health Organization (2013b): Global update on HIV treatment 2013: Results, impact and 
opportunities. World Health Organization, HIV/AIDS department, Geneva, Switzerland.  
http://apps.who.int/iris/bitstream/10665/85326/1/9789241505734_eng.pdf. 

World Organization for Animal Health (OIE) (2013): Principles and Methods of Validation of 
Diagnostic Assays for Infectious Diseases: Manual of Diagnostic Tests and Vaccines for 

Terrestrial Animals 2013, Vol. 1. World Organization for Animal Health, Oie, Paris, France, 
pp. 7-9. 

Yamaguchi, Y, and Gojobori, T (1997): Evolutionary mechanisms and population dynamics of the 
third variable envelope region of HIV within single hosts. Proc Natl Acad Sci U S A 94, 1264-
9. 

Yang, C, Li, M, Newman, RD, Shi, YP, Ayisi, J, van Eijk, AM, Otieno, J, Misore, AO, Steketee, RW, 
Nahlen, BL, and Lal, RB (2003): Genetic diversity of HIV-1 in western Kenya: subtype-
specific differences in mother-to-child transmission. AIDS 17, 1667-74. 

Yeh, HY, Shoemaker, CA, and Klesius, PH (2005): Evaluation of a loop-mediated isothermal 
amplification method for rapid detection of channel catfish Ictalurus punctatus important 
bacterial pathogen Edwardsiella ictaluri. J Microbiol Methods 63, 36-44. 

Yoshida, N, Fujino, M, Ota, Y, Notomi, T, and Nakayama, T (2007): Simple differentiation method 
of mumps Hoshino vaccine strain from wild strains by reverse transcription loop-mediated 
isothermal amplification (RT-LAMP). Vaccine 25, 1281-6. 



98 

 

Young, FE (1988): The role of the FDA in the effort against AIDS. Public Health Rep 103, 242-5. 

Zagury, D, Bernard, J, Leibowitch, J, Safai, B, Groopman, JE, Feldman, M, Sarngadharan, MG, and 
Gallo, RC (1984): HTLV-III in cells cultured from semen of two patients with AIDS. Science 
226, 449-51. 

Zeng, Y, Zhang, X, Nie, K, Ding, X, Ring, BZ, Xu, L, Dai, L, Li, X, Ren, W, Shi, L, and Ma, X 
(2014): Rapid quantitative detection of Human immunodeficiency virus type 1 by a reverse 
transcription-loop-mediated isothermal amplification assay. Gene 541, 123-8. 

Zhang, L, Diaz, RS, Ho, DD, Mosley, JW, Busch, MP, and Mayer, A (1997): Host-specific driving 
force in human immunodeficiency virus type 1 evolution in vivo. J Virol 71, 2555-61. 

 

 

 

 

 

 

 



99 

 

 



ci 

 

Appendix 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Zeng modif ied rev GC C C A T A T C A C C T A GA A C T T ~ ~ ~ ~ ~ ~ ~ C A T GGG T A A A A G T A G T A GA A GA GA ~ ~ ~ ~ ~ ~ GC T T T T A GC C C A GA A G T A A T A ~ ~

B.FR.1983.IIIB_LAI.A04321 . G . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . . . . . . . G . . . ~ ~

A.UG.1992.92UG031.AY187680 A G T . . C G . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . G . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . C . . . . . . . . T ~ ~

A.KE.1997.M21_ps2.AY772969 . T . . T . G . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . . . . . . . . . . . ~ ~

A1.SE.1995.SE8891.AF069673 A T . . T . . . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . G . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . G . . . C . . . . . . . . . . . . . . . ~ ~

A1.KE.2000.KSM4024.AF457077 . T . . T . G . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . . . . . . . . . . . ~ ~

A2.CY.1994.94CY017_41.AF286237 . G . T . . . . . . . . . . . G . . G . ~ ~ ~ ~ ~ ~ ~ . C . . . . . C . . . . . . . . . . . . . . A . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . . . . . . . . . . . ~ ~

A2.KE.1999.KNH1234.DQ367261 . A G . T . G . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . A . . . . . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . G . . . C . . . . . . . . . . . . . . . ~ ~

B.CN.2001.DH002.AB078704 . . . . . . T . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . C . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

B.CN.2001.DH001.AB078703 . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

C.MM.1999.mIDU101_3.AB097871 . G . . . . . . . . . . C . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . G . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . G . . . . . . ~ ~

C.BW.1996.96BW1104.AF110969 . G . . . . . . . G . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . G . . . . ~ ~ ~ ~ ~ ~ . . . . . C . . T . . . . . G . . . . . . ~ ~

D.KE.2001.NKU3006.AF457090 . G . . T . . . . . . . . . . . . . C . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . G . . . . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . . . . . . . . . . . ~ ~

D.BR.2004.patient_04BRSAP19.DQ . G . . . . . . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . . C . . C . . . . . . . . . . . . . . . ~ ~

F1.FI.1993.FIN9363.AF075703 . G . T . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . G . . GA . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . T . . . ~ ~

F1.AR.2002.ARE933.DQ189088 . T . . T . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . G . . G . . G . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

F2.JP.-.KG1270.AB453729 . . . T C . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . . . . . . ~ ~ ~ ~ ~ ~ K . . . . C . . Y . . . . . . . . . . . . ~ ~

F2.CM.2002.4463_13.EU619278 . A A T . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . C . . . . . . . . . . . G . . . ~ ~

G.GH.2003.GHNJ175.AB231893 A . . . . . . . . . . . . . . . . . C . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . A . ~ ~ ~ ~ ~ ~ . . C . . C . . T . . . . . . . . . . . . ~ ~

G.CN.2002.02CNLN35.EF122523 . G . . T . G . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . A . . . . . . . A . ~ ~ ~ ~ ~ ~ . . C . . C . . T . . . . . . . . . . . . ~ ~

O.US.2010.LTNP.JN571034 A . . . C . C . . C . . C . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . G . C . . . . . . . . . A . ~ ~ ~ ~ ~ ~ . . C . . . . A . . . T . . . A . T . . T ~ ~

O.CM.1991.MVP5180.L20571 A G . . . . C . . C . . C . . G . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . G . C . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . C . . . . A . . . T . . . A . T . . T ~ ~

F3 (1224 – 1243) F 2   (1250 – 1273) LF (1293 – 1276) 

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . |

Zeng modif ied rev ~ C C C A T G T T T T C A GC A T T A T C A G ~ ~ ~ ~ T T A A A C A C C A T GC T A A A C A C A G T GG ~ ~ ~ ~ ~ T C A A GC A GC C A T GC A A A T G T T ~ ~

B.FR.1983.IIIB_LAI.A04321 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

A.UG.1992.92UG031.AY187680 ~ . . . . . . . . C . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . T G . . . . . . . . . . T . . . . . ~ ~ ~ ~ ~ C . . G . . . . . T . . . G . . . . . . . ~ ~

A.KE.1997.M21_ps2.AY772969 ~ . . T . . . . . C . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . T G . . . . . G . . . . T . . . . . ~ ~ ~ ~ ~ C . . G . . . . . T . . . . . . . . . . . ~ ~

A1.SE.1995.SE8891.AF069673 ~ . . . . . . . . C . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . T G . . . . . G . . . . T . . . . . ~ ~ ~ ~ ~ C . . G . . . . . T . . . . . . . . . . . ~ ~

A1.KE.2000.KSM4024.AF457077 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . T G . . . . . . . . . . T . . . . . ~ ~ ~ ~ ~ C . . G . . . . . T . . . . . . . . . . . ~ ~

A2.CY.1994.94CY017_41.AF286237 ~ . . T . . . . . . A . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . . T . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . T . . . . . . . . . . . ~ ~

A2.KE.1999.KNH1234.DQ367261 ~ . . . . . . . . C A . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . . G . . . . . G . . . . T . . . A . ~ ~ ~ ~ ~ C . . G . . . . . . . . . . . . . . . . . ~ ~

B.CN.2001.DH002.AB078704 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . A . . . . . . . . . . . ~ ~

B.CN.2001.DH001.AB078703 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

C.MM.1999.mIDU101_3.AB097871 ~ . . . . . . . . . A . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . T . . . . T . . . . . A . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

C.BW.1996.96BW1104.AF110969 ~ . . . . . . . . . A . . . . . C . . . . . . ~ ~ ~ ~ C . G . . . . . . . . . T . . . C T . . . . . . . ~ ~ ~ ~ ~ C . . . . . . . . . . . . . . . . . . . . ~ ~

D.KE.2001.NKU3006.AF457090 ~ . . . . . . . . . A . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

D.BR.2004.patient_04BRSAP19.DQ ~ . . . . . . . . C . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . C . ~ ~

F1.FI.1993.FIN9363.AF075703 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . T . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

F1.AR.2002.ARE933.DQ189088 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . T . . . . T . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

F2.JP.-.KG1270.AB453729 ~ . . . . . . . . . A . . . . . . . . . . R . ~ ~ ~ ~ . . . . . . . . . . . . Y . . . . . . . . . . R . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

F2.CM.2002.4463_13.EU619278 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

G.GH.2003.GHNJ175.AB231893 ~ . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~

G.CN.2002.02CNLN35.EF122523 ~ . . . . . . . . . A . . . . . . . . . . . . ~ ~ ~ ~ . . G . . T . . . . . . . . . . . . . . T . . . . ~ ~ ~ ~ ~ . . . . . . . . . T . . . . . . . . . C . ~ ~

O.US.2010.LTNP.JN571034 ~ . . T . . . . . C A T G . . . . . G . . . . ~ ~ ~ ~ A . T . . T . . T . . . . . . . . T G . C A . A . ~ ~ ~ ~ ~ . . . . . G . . . T T . A . . . G . . C . ~ ~

O.CM.1991.MVP5180.L20571 ~ . . T . . . . . . A T G . . . . . . . . . . ~ ~ ~ ~ A . C . . T . . . . . . . . G . . T G . C A . A . ~ ~ ~ ~ ~ C . . . . GG . . T T . A . . . G . . . . ~ ~

F1c (1318 – 1294) B1c   (1339 – 1363) LB   (1371 – 1391) 
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Appendix 1: Primer alignment of sequences for the p24 target primers used in the Chinese study ( Zeng et. al., 2014). Sequence alignment shows an 

average of 4 and 3mismatches at the F3 and F2 targets respectively for the non-B subtypes. This primer set is potentially specific for HIV-1 group M 

subtype B virus. 

 

 

 

 

 

 

 

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | .

Zeng modif ied rev ~ ~ ~ ~ C C A T C A A T GA A GA A GC T GC ~ ~ ~ ~ ~ ~ GA A T GGGA T A GA T T A C A T C C A G

B.FR.1983.IIIB_LAI.A04321 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . G . G . . . . . . .

A.UG.1992.92UG031.AY187680 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . GA C . . . . . . . A

A.KE.1997.M21_ps2.AY772969 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . G . . . . . . . . . .

A1.SE.1995.SE8891.AF069673 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . G . . . . . . . . . .

A1.KE.2000.KSM4024.AF457077 ~ ~ ~ ~ . . . . . . . . . . G . . G . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . GG . . . . . . . . .

A2.CY.1994.94CY017_41.AF286237 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . GG . . . . . . . . .

A2.KE.1999.KNH1234.DQ367261 ~ ~ ~ ~ . . . . . . . C . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . A . . . C . . . . . . . . . . . . .

B.CN.2001.DH002.AB078704 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . G . . . . . . .

B.CN.2001.DH001.AB078703 ~ ~ ~ ~ . . . . . . . . . . G . . G . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . G . . . . . . .

C.MM.1999.mIDU101_3.AB097871 ~ ~ ~ ~ . . . . . . . . . . . . . G . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . .

C.BW.1996.96BW1104.AF110969 ~ ~ ~ ~ . . . . . . . . . . G . . G . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . G . . . . . . . . . .

D.KE.2001.NKU3006.AF457090 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . GC . . . . . . . . A

D.BR.2004.patient_04BRSAP19.DQ ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . GC . . . . . . . . .

F1.FI.1993.FIN9363.AF075703 ~ ~ ~ ~ . . . . T . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . . . . . . . . . . . .

F1.AR.2002.ARE933.DQ189088 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . . . . . . . . . . . .

F2.JP.-.KG1270.AB453729 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . G . . . . . . . . . .

F2.CM.2002.4463_13.EU619278 ~ ~ ~ ~ . . . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . . . . . . . C . . G . . . . . . . . . .

G.GH.2003.GHNJ175.AB231893 ~ ~ ~ ~ . T . . . . . . . . G . . . . . . . - ~ ~ ~ ~ ~ ~ . . G . . . . . C . . G . . . . . . . . . C

G.CN.2002.02CNLN35.EF122523 ~ ~ ~ ~ . T . . . . . . . . . . . . . . . . - ~ ~ ~ ~ ~ ~ . . G . . . . . . . . GC . . . . . . . . C

O.US.2010.LTNP.JN571034 ~ ~ ~ ~ T A . . . . . . . . . . . . . . A . - ~ ~ ~ ~ ~ ~ . . C . . . . . . . . . A C T . . C . . . C

O.CM.1991.MVP5180.L20571 ~ ~ ~ ~ T A . . . . . . . . G . . . . . A . - ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . A C T . . . . . . C

B2  (1418 – 1400) B3 (1441 – 1420) 



ciii 

 

10 20 30 40 50 60 70

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . .

Odari et al p24 primers A T T A T C A GA A GGA GC C A C C ~ ~ ~ ~ ~ ~ ~ A A C A C C A T GC T A A A C A C A G T ~ ~ ~ ~ ~ ~ C A A GC A GC C A T GC A A A T G T T A A A ~ ~ ~

B.US.1985.BAL_85US_Ba_L.AY7134 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

B.FR.1983.IIIB_LAI.A04321 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

A.UG.1992.92UG031.AY187680 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . T G . . . . . . . . . . T . . . ~ ~ ~ ~ ~ ~ . . G . . . . . T . . . G . . . . . . . . . . ~ ~ ~

A.KE.1997.M21_ps2.AY772969 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . T G . . . . . G . . . . T . . . ~ ~ ~ ~ ~ ~ . . G . . . . . T . . . . . . . . . . . . . . ~ ~ ~

A1.SE.1995.SE8891.AF069673 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . T G . . . . . G . . . . T . . . ~ ~ ~ ~ ~ ~ . . G . . . . . T . . . . . . . . . . . . . . ~ ~ ~

A1.KE.2000.KSM4024.AF457077 . . . . . . . . . . . . . . . T . . . ~ ~ ~ ~ ~ ~ ~ . . T . T G . . . . . . . . . . T . . . ~ ~ ~ ~ ~ ~ . . G . . . . . T . . . . . . . . . . . . . . ~ ~ ~

A2.CY.1994.94CY017_41.AF286237 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . . T . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . T . . . . . . . . . . . . . . ~ ~ ~

A2.KE.1999.KNH1234.DQ367261 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . . G . . . . . G . . . . T . . . ~ ~ ~ ~ ~ ~ . . G . . . . . . . . . . . . . . . . . . . . ~ ~ ~

B.CN.2001.DH002.AB078704 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . A . . . . . . . . . . . . . . ~ ~ ~

C.MM.1999.mIDU101_3.AB097871 . . . . . . . . . . . . . . . . . . T ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . T . . . . T . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

C.BW.1996.96BW1104.AF110969 . C . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . T . . . C T . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

D.KE.2001.NKU3006.AF457090 . . . . . . . . . . . . . . . . . . T ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

D.BR.2004.patient_04BRSAP19.DQ . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . C . . . . ~ ~ ~

F1.FI.1993.FIN9363.AF075703 . . . . . . . . . . . . G . . . . . T ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

F1.AR.2002.ARE933.DQ189088 . . . . . . . . . . . . G . . . . . T ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . T . . . . T . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

F2.JP.-.KG1270.AB453729 . . . . . . R . . . . . R . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . Y . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

F2.CM.2002.4463_13.EU619278 . . . . . . . . . . . . G . . . . . . ~ ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

G.GH.2003.GHNJ175.AB231893 . . . . . . . . . G . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~

G.CN.2002.02CNLN35.EF122523 . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ ~ . . T . . . . . . . . . . . . . . T . . ~ ~ ~ ~ ~ ~ . . . . . . . . T . . . . . . . . . C . . . . ~ ~ ~

O.US.2010.LTNP.JN571034 . . . G . . . . . G . . . . . A G T . ~ ~ ~ ~ ~ ~ ~ . . T . . T . . . . . . . . T G . C A . ~ ~ ~ ~ ~ ~ . . . . G . . . T T . A . . . G . . C . . . . ~ ~ ~

O.CM.1991.MVP5180.L20571 . . . . . . . . . . . . G . . T G T . ~ ~ ~ ~ ~ ~ ~ . . T . . . . . . . . G . . T G . C A . ~ ~ ~ ~ ~ ~ . . . . GG . . T T . A . . . G . . . . G . . ~ ~ ~

F3 (1311 – 1329) F2   (1393 – 11417) LF  (1394 – 1370) 

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | .

Odari et al p24 primers ~ A GA A A C C A T C A A T GA GGA A GC T G ~ ~ ~ ~ ~ ~ T G T T GC A C C A GGC C A GA T A A ~ ~ ~ ~ ~ GA GA T C C A A GGGGA A G T GA ~ ~

B.US.1985.BAL_85US_Ba_L.AY7134 ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . ~ ~

B.FR.1983.IIIB_LAI.A04321 ~ . . . G . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . . . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

A.UG.1992.92UG031.AY187680 ~ . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

A.KE.1997.M21_ps2.AY772969 ~ . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

A1.SE.1995.SE8891.AF069673 ~ . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . A . . C . . . . . . . . . . . ~ ~

A1.KE.2000.KSM4024.AF457077 ~ . . . T . . . . . . . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ . A . C C . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . G . . . . . . . . . . . . . . ~ ~

A2.CY.1994.94CY017_41.AF286237 ~ . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

A2.KE.1999.KNH1234.DQ367261 ~ . . . T . . . . . . . . C . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . . . . . C . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

B.CN.2001.DH002.AB078704 ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ A A . . . . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . . . . G . . . . C . . . . . . . . . ~ ~

C.MM.1999.mIDU101_3.AB097871 ~ . . . T . . . . . . . . . . . A . . G . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . A . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

C.BW.1996.96BW1104.AF110969 ~ G . . T . . . . . . . . . . . . . . G . . . . ~ ~ ~ ~ ~ ~ . . . . . . . . . . . . . . . A . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

D.KE.2001.NKU3006.AF457090 ~ . . . G . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A A . . . . . . . . . . . . A . . G . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

D.BR.2004.patient_04BRSAP19.DQ ~ . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

F1.FI.1993.FIN9363.AF075703 ~ . . . C . . . . . T . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . . . . . . . G . ~ ~ ~ ~ ~ . G . . A . . T . . . . . . . . C . . ~ ~

F1.AR.2002.ARE933.DQ189088 ~ . . . C . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . C C . . . . C . . . . . . . . G . ~ ~ ~ ~ ~ . G . . A . . T . . . . . . . . . . . ~ ~

F2.JP.-.KG1270.AB453729 ~ . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . G . . . . T . . . . . G . ~ ~ ~ ~ ~ . . . . A . . T . . A . . . . . . . . ~ ~

F2.CM.2002.4463_13.EU619278 ~ . . . T . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . T . . . . . . . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

G.GH.2003.GHNJ175.AB231893 ~ G . . T . . T . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ ~ . A . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . . . . . . C A . . . . . . . . ~ ~

G.CN.2002.02CNLN35.EF122523 ~ G . . T . . T . . . . . . . . A . . . . . . . ~ ~ ~ ~ ~ ~ . A . . C . . . . . . . . . . . . . . . ~ ~ ~ ~ ~ . . . . A . . . . . . . . . . . . . . ~ ~

O.US.2010.LTNP.JN571034 ~ G . . . G T A . . . . . . . . A . . . . . A . ~ ~ ~ ~ ~ ~ G T . GC . . . . . . . G . . . . . . . ~ ~ ~ ~ ~ . G . . A . . . . C A . . . . . . . . ~ ~

O.CM.1991.MVP5180.L20571 ~ G . . . G T A . . . . . . . . . . . . . . A . ~ ~ ~ ~ ~ ~ G T . A C . . . . . . . G . . . . . . . ~ ~ ~ ~ ~ . G . . A . . . . C A . . . . . . . . ~ ~

F1c  (1361 – 1340) B1c   (1455 – 1417) LB   (1475 – 1493) 
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Appendix 2: Primer alignment of sequences for the p24 target primers used in the current study (Curtis et al., 2008). Sequence alignment shows an 

average of 1 and 3 mismatches at the F3 and F2 targets respectively for all HIV-1 group M subtypes aligned. Although this primer set would 

potentially amplify all the subtypes aligned and potentially amplify some HIV-1 group O viruses, there is a possibility of sub-optimal amplification of 

some C and D subtypes due to the position of the mismatches. 

 

 

 

 

B2 (1514 – 1494) 
170 180 190 200

. . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . . . | . . .

~ ~ C A T A GC A GGA A C T A C C A G T A C ~ ~ ~ ~ C C T T C A GGA A C A A A T A GGA T G

B.US.1985.BAL_85US_Ba_L.AY7134 ~ ~ . . . . . . . . . . . . . . . . . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . .

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . . . .

~ ~ T . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . A . . . . . . . . . . C . . .

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . C . . . A . . . . . . . . . . . . . .

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . C . . . A . . . . . . . . . . . . . .

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . A . . . . A . . . . . . . . . . . . . .

A2.CY.1994.94CY017_41.AF286237 ~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . . T . .

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . C . . . A . . . . . . G . . . . . . A

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ T . . . . . . . . G . . . . . . . . . . .

~ ~ . . . . . . . . . . . . . . . T . . . . G ~ ~ ~ ~ . . . . . . . . . . . . . . . . . C . . .

~ ~ . . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . C . . .

~ ~ T . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . C . . .

~ ~ T . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . G . . A . . . . . . . . . A C . . .

~ ~ T . . . . . T . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . C A . . .

~ ~ T . . . . . T . . . . . . . . T . . . . . ~ ~ ~ ~ T . C . . . . . . . . . . . . . C A . . .

~ ~ T . . . . . . . . . . . . . . T . . . . A ~ ~ ~ ~ T . . . . . . . . . . . . . . . . C . . .

~ ~ T . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ . . . . . . . . . . . . . . . . . C . . .

~ ~ T . . . . . . . . . . . . . . T . . . . . ~ ~ ~ ~ A . . G . . . . . G . . . . . . A . . . .

~ ~ T . . . . . . . . . . . . . . T . . . . A ~ ~ ~ ~ . T . G . . . . . . . . . . . . . C . . .

~ ~ . . . T . . T . . . . . A . . T . . C . . ~ ~ ~ ~ . . A G . . A . . G . . . G . T C A C . .

~ ~ . . . T . . T . . . . . A . . T . . C . . ~ ~ ~ ~ A . A G . . A . . G . . . . . T A T . . .

Odari et al p24 primers

B.US.1985.BAL_85US_Ba_L.AY7134

B.FR.1983.IIIB_LAI.A04321

A.UG.1992.92UG031.AY187680

A.KE.1997.M21_ps2.AY772969

A1.SE.1995.SE8891.AF069673

A1.KE.2000.KSM4024.AF457077

A2.CY.1994.94CY017_41.AF286237

A2.KE.1999.KNH1234.DQ367261 

B.CN.2001.DH002.AB078704

C.MM.1999.mIDU101_3.AB097871

C.BW.1996.96BW1104.AF110969 

D.KE.2001.NKU3006.AF457090 

D.BR.2004.patient_04BRSAP19.DQ

F1.FI.1993.FIN9363.AF075703 

F1.AR.2002.ARE933.DQ189088

F2.JP.-.KG1270.AB453729

F2.CM.2002.4463_13.EU619278

G.GH.2003.GHNJ175.AB231893

G.CN.2002.02CNLN35.EF122523

O.US.2010.LTNP.JN571034

O.CM.1991.MVP5180.L20571

B3 (1535 – 1515) 


