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Abstract
Significant advances have been made in the molecular assays used for the detection of human immunodeficiency virus (HIV),
which are crucial in preventing HIV transmission and monitoring disease progression. Molecular assays for HIV diagnosis have
now reached a high degree of specificity, sensitivity and reproducibility, and have less operator involvement to minimize risk of
contamination. Furthermore, analyses have been developed for the characterization of host gene polymorphisms and host
responses to better identify and monitor HIV-1 infections in the clinic. Currently, molecular technologies including HIV quan-
titative and qualitative assays are mainly based on the polymerase chain reaction (PCR), transcription-mediated amplification
(TMA), nucleic acid sequence-based amplification (NASBA), and branched chain (b) DNA methods and widely used for HIV
detection and characterization, such as blood screening, point-of-care testing (POCT), pediatric diagnosis, acute HIV infection
(AHI), HIV drug resistance testing, antiretroviral (AR) susceptibility testing, host genome polymorphism testing, and host
response analysis. This review summarizes the development and the potential utility of molecular assays used to detect and
characterize HIV infections.
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Characterization

Introduction

HIV mainly invades the human immune system and causes
immunodeficiency syndrome (AIDS), followed by high risk
of opportunistic infections and tumors [1]. In 2016, the total
number of global infections reached 36.7 million, and 1 mil-
lion people died of AIDS-related diseases [2]. Detection and
treatment are critical in preventing a large-scale epidemic of
AIDS. Laboratory and clinical microbiologists perform vari-
ous tests to determine HIV infection status of a patient, eval-
uate the progression of disease, and monitor the effectiveness
of antiretroviral therapy (ART). HIV infection can be tested by
visualization of virions through electron microscopy in cell

culture, measurement of HIV-specific antibody and viral
antigens, and detection of viral nucleic acids [3–5].
Molecular assays based on polymerase chain reaction
(PCR) or alternative target amplification assays were first
demonstrated in the late 1980 as homebrew methods in the
clinical virology laboratory by amplifying HIV-1 genomic
DNA [6]. Molecular methods have improved significantly
and, along with serologic assays, are now routinely used to
detect and characterize HIV-1 infections. With the intro-
duction of the laboratory-based antigen/antibody combo
assays allowing the detection of p24 antigen and IgG-
IgM antibodies, the window period has been narrowed
from approximately 3–4 to 2–3 weeks [7–11]. AHI phase
represents the interval between the appearance of the first
detection of antibodies and detectable HIV RNA [12].
During the acute infection, HIV viruses rapidly replicate
and HIV RNA is the first and only detectable virus-specific
marker, followed by HIV p24 antigen. According to the
comparative analysis of Food and Drug Administration
(FDA)-approved HIV assays used for screening, HIV-1
nucleic acid laboratory-based test is the most sensitive test
available for HIV diagnostic use during AHI [11]. The
number of viral RNA molecules can increase to several
million copies per ml of plasma and allowing for rapid
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detection by molecular assays, shortening the initial analysis
window from 3 to 4 weeks to about 2 weeks [8, 13–15].

At present, molecular assays are being used for clinical
companion diagnosis, blood screening, POCT, pediatric diag-
nosis, AHI, HIV drug resistance testing, antiretroviral suscep-
tibility testing, host genome polymorphism testing, and host
response analysis. This review summarizes the development
and the potential utility of molecular assays currently used to
detect and characterize HIV infections. The following items
will be developed: (i) presentation of the variety of molecular
tools used for HIV detection or diagnosis; (ii) applications of
HIV molecular technologies (Table 1); and (iii) future
prospects.

The variety of molecular tools used for HIV
detection or diagnosis

The common properties needed for molecular tools aimed to
HIV detection or diagnosis are the availability of results in a
relative short period of time and a good standardization of the
extraction and amplification steps [41]. The detection of the
amplification products is performed by probes, which bind to
the target DNA or RNA at one or more different genomic
regions. Thus, nucleic acid testing (NAT) used for HIV detec-
tion or diagnosis requires a high level of automation. Two
molecular tools can be used for HIV detection and/or HIV
diagnosis: HIV quantitative nucleic assays and qualitative
nucleic acid assays (Tables 1 and 2). HIV quantitative nucleic
assays can be used for the clinical progress of HIV infection
and evaluation of ARToutcomes through the detection of viral
load, while qualitative nucleic acid assays can be conducted as
diagnostic tools of HIV infection [42, 43].

HIV RNA quantitative assays

HIV-1 infection results in lifelong viral persistence. The HIV
RNAviral load in the plasma together with CD4+ Tcell num-
bers are the two laboratory markers routinely used to guide
ART initiation, monitor treatment effectiveness, verify clinical
progression, and determine treatment regimens [44, 45].
Prospective AIDS cohort studies demonstrated that plasma
HIV RNA load was a better predictor of progression to
AIDS and death than CD4+ T cell counts [46, 47]. The first
quantitative assay for determining HIV-1 viral load in plasma
or serum was based on end point measurement of the product
of reverse transcription-polymerase chain reaction (RT-PCR)
or nucleic acid sequence-based amplification (NASBA) [48,
49]. In addition, signal amplification-based techniques such as
branched chain (b) DNA test have been developed [50]. They
are characterized by high levels of analytical sensitivity,

reproducibility and linearity, and can be performed on a large
series of samples in a few hours with limited risks of
contamination.

During the last 10 years, a number of reagents have been
available for quantifying HIV viral load, including Cobas
AmpliPrep TaqMan HIV-1 (Roche Diagnostics GmbH,
Penzberg, Germany), Abbott RealTime HIV-1 M2000rt
(Abbott Laboratories, Abbott Park, IL), NucliSens EasyQ
HIV-1 (BioMerieux, Inc., Durham, NC, USA), VERSANT
HIV-1 RNA (kPCR) (Siemens Healthcare Diagnostics,
Tarrytown, NY, USA) (Table 2). All these technologies rely
on real-time PCR that is more suitable for quantifying HIV
RNA in plasma than previous molecular methods based on
conventional PCR and ligase chain reaction.

At present, two basic assays from Roche Diagnostics
GmbH are commonly used for HIV RNA quantitation: (i)
the Amplicor HIV-1 Monitor assay, a manual test performed
in 96-microwell plates; and (ii) the Cobas AmpliPrep/Cobas
TaqMan HIV-1 assay with full automation of nucleic acid
preparation and real-time RT-PCR amplification. The new
fully automated version of the COBAS AmpliPrep/COBAS
TaqMan HIV-1 system V1.0 (CAP/CTM V1.0) targets the
HIV-1 gag gene and can quantify all group M and N viruses
and many circulating recombinant forms [51, 52]. However,
the major drawbacks for the CAP/CTMV1.0 are limited spec-
ificity owing to genetic diversity or genotype inclusivity [16].
Furthermore, low viral load and mismatches in the primer/
probe region might result in the detection failure of the NAT
[17, 18, 53]. To improve the test’s genetic diversity and geno-
type inclusivity, Roche modified the CAP/CTM V1.0 and
upgraded to the CAP/CTM V2.0, which targets the gag and
conserved long terminal repeat (LTR) regions of the viral ge-
nome and extends subtype coverage to Group O [54]. Apart
from HIV quantitative assays based on RT-PCR, the real-time
HIV-1 assay in the M2000 system from Abbott also rely on
PCR for HIV RNA quantitation. This assay offers a broad
detection range and improved sequence variation tolerance
and detects a wide coverage of HIV-1 including groups M,
circulating recombinant forms, and groups N and O viruses
[55]. For M2000 system, nucleic acid extraction and amplifi-
cation are fully automated. However, the operator must man-
ually add internal standard to “mLysis” and add anhydrous
ethanol to “mWash 1” before nucleic acid extraction. The
operator involvement should be minimized, and the amplifi-
cation and detection steps are both carried out in a closed
system in order to significantly reduce the risk of carryover
contamination. In recent years, two next-generation HIV
quantitation assays (APTIMA HIV-1 Quant Assay (Hologic
Inc., San Diego, CA) and Cobas HIV-1 (quantitative nucleic
acid test for use on the Cobas 6800/8800 systems) (Roche
Diagnostics GmbH, Penzberg, Germany)) have been available
for HIV RNA quantitation. APTIMA HIV-1 Quant Assay
performs TMA and real-time detection on Panther system
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and was proved to be of great performance in linearity and
accuracy, consistent with CAP/CTM V2.0 and Abbott
RealTime HIV-1 assay [56]. Cobas HIV-1 used on Cobas
6800/8800 has been available since 2014 as an alternative to
CAM/CTM V2.0, the analyses demonstrated lower sample
volume, improved limit of detection (LOD) and improved
throughput capability of the novel cobas HIV-1 test in com-
parison to CAM/CTM V2.0, and Cobas HIV-1 had great cor-
relation with CAM/CTMV2.0 [57]. A German study made an
evaluation in performance between the two novel HIV-1
quantitative nucleic acid assays and established Abbott
RealTime HIV-1 assay, the results showed the high agreement
of the three assays in individual clinical samples, APTIMA
HIV-1 Quant Assay and Abbott RealTime HIV-1 assay
showed higher precision than Cobas HIV-1, meeting 5σ-
criterion for most of HIV-1 isolates throughout all laboratories
and subtypes, and represented a feasible alternative for HIV-1
viral load monitoring [58].

Two other quantitative technologies (b-DNA, NASBA)
are also widely applied to quantify HIV viral load. The
branched chain DNA-based VERSANT HIV-1 RNA 3.0
Assay is based upon a unique signal amplification technology
and provides good reproducibility at the lower end of the
detection range [59, 60]. This assay is also less affected by
the presence of inhibitors and product carry over contamina-
tion problems associated other methods. There are disadvan-
tages of branched chain DNA technique, and these include
the requirement for larger plasma volumes and more time-
consuming operation [61]. Another molecular tool, the
NucliSens HIV-1 RNA QT assay, combines three key tech-
nologies: (i) silica-based nucleic acid extraction, (ii) NASBA,
and (iii) electrochemiluminescence detection [62]. The
NASBA technology is a sensitive and rapid amplification

method that does not require a thermocycler and heat-stable
enzymes. The next-generation assay (NucliSENS EasyQ
HIV-1 V2.0) showed improved sensitivity to non-B HIV M
subtypes compared to previous versions [55]. However,
BioMerieux recalled the NucliSENS EasyQ HIV-1 V2.0
due to potential inaccurate test results when using
NucliSENS easyMAG Magnetic Silica (MagSil) for nucleic
acid extraction. The detection problem could lead to a risk of
false negative or invalid results for clinical laboratory tests,
which may cause serious adverse health consequences, to
date. NucliSENS EasyQ HIV-1 V2.0 has not been approved
by US FDA [63].

HIV qualitative nucleic acid assays

HIV qualitative nucleic acid assays are mainly designed to
screen for the presence of HIV DNA and/or RNA to confirm
the safety of blood products, early diagnose infant infection
and acute infection [43, 64, 65]. The technologies used rely
upon real-time PCR or TMA and are performed under single
or multiplex assays in individual or pooled samples.
Qualitative, highly sensitive assays with detection limits lower
than 100 copies of HIV-1 RNA per ml have been developed
for blood screening in order to enable the detection of low-
level HIV RNA at early HIV infection [66]. To date, different
commercially available qualitative nucleic acid assays can
mainly be used for blood screening. Qualitative nucleic acid
assays have become the methods of choice for diagnosis in
infants born to HIV-1-infected mothers [43]. HIV serological
testing in newborns who are below 18 months of age cannot
be performed to confirm the source of HIV infection, due to
the passage of maternal HIV antibody across the placenta to

Table 2 The current molecular assays used for HIV NAT and molecular characterization in the laboratory

Assay Manufacturer Use

Molecular POCT ALERE Q HIV-1/2 DETECT (Abbott), Liat HIV Quant
(IQuum), EOSCAPE-HIV (Wave 80 Biosciences),
SAMBA (Real World), geneXpert (Cepheid)

POC diagnosis, for rapid diagnosis, still
in scientific research

Phenotypic drug resistance
testing

Antivirogram (Janssen Diagnostics BVBA),
PhenoSense (Monogram Biosciences)

Antiretroviral drug resistance analysis,
direct analyzing HIVability to grow
in presence of drug

Host genome genetics and
host response analyses

None Analysis of host susceptibility to HIV
infection, clinical disease progression
and monitoring treatment outcome

Digital PCR for HIV viral
load quantification

QX200 Droplet Digital PCR (Bio-Rad), QuantStudio 3D
(Applied Biosystems), CONSTELLATION Digital
PCR System (Formulatrix), BioMark HD (Fluidigm),
(RainDance Technologies)

Absolute quantification of HIV viral load,
to quantitate HIV viral load for ART
initiation and disease monitoring,
future research focus

Genome editing None Treatment of HIV by inhibiting multiple
steps of HIV-1 infection, future research
focus

All the molecular assays are still in research in laboratory, not licensed by US FDA
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the infant or children. Therefore, nucleic acid tests are required
to diagnose HIV infection in children below 18 months of age
[67]. Furthermore, qualitative nucleic acid assays can be used
for the diagnosis of AHI due to nonreactive HIV antibody
immunoassay result in its duration, and help initiate ART dur-
ing early stage of HIV-1 infection can reduce HIV transmis-
sion and benefit patients [68].

Applications of HIV molecular technologies

HIV NAT used for blood screening

Due to the widespread application of NAT among blood do-
nations, a significant decrease was observed in residual risk
for transfusion transmitted disease (TTI) (hepatitis B virus
(HBV), hepatitis C virus (HCV), HIV) [69]. This strategy
was characterized by mini-pools (MP) or by individual dona-
tion (ID), for the HBV, HCV, and HIV screening of blood
donors [70]. Currently, four systems are mainly used around
the world for the viral screening of blood products: the
Procleix Tigris system, Procleix Panther system (GenProbe
Inc) based on TMA technology and the Cobas s 201 system
(Roche Diagnostics) based on RT-PCR technology. Tigris sys-
tem can perform Procleix Ultrio Assay (GenProbe Inc) and
Procleix Ultrio Plus Assay (GenProbe Inc) with mode of
individual-donation nucleic acid testing (ID-NAT). Panther
system can conduct Procleix Ultrio Elite Assay with lower
LOD than the former two assays (Table 2). Cobas s 201 sys-
tem can perform Cobas TaqScreen MPX test (CTS/MPX)
(Roche Diagnostics) characterized as mini-pool nucleic acid
testing (MP-NAT). All these assays can detect the majority of
HIV-1 subtypes, and the testing targets are aimed at LTR, Gag
and Pol integrase regions (Table 1), which are most conserved
region in HIV genome [71], and two different targets are sug-
gested to detect HIV RNA for mismatches in the primer/probe
region [72]. On May 30, 2018, a new multiplex PCR product,
National Genetics Institute’s (NGI) UltraQual ® Multiplex
PCR Assay was approved by US-FDA to screen source plas-
ma for HCV, HIV-1, HIV-2, and HBV, could detect a variety
of HIV-1 genotypes, HIV-1 isolates, and HIV-2 [40].

When the performance of the two assays (Procleix Ultrio
Assay and CTS/MPX version 1.0 (V1.0)) were compared for
HIV, the two kits had equivalent clinical sensitivity [73].
Another study showed that both two assays mentioned above
demonstrated acceptable operational performance, but Ultrio
Assay ID-NAT format was significantly more sensitive than
CTS/MPX V1.0 MP-NAT in detecting HIV RNA dilution
panels [74]. A French research group also found Ultrio
Assay ID-NAT detected HIV RNA 2 days earlier than CTS/
MPXV1.0MP-NAT in seroconversion panels [75]. However,
the major problem for Ultrio Assay based on Tigris system is
the higher operator involvement than CTS/MPX V1.0 based

on Cobas s 201, which could be improved to enhance au-
tomation. The next generation of Procleix Ultrio Assay,
Procleix Ultrio Plus Assay, reported to be of equal sensi-
tivity to CTS/MPX [75, 76] can only detect HIV-1, while
the new-generation assay (Ultrio Elite Assay) can detect
both HIV-1 and HIV-2, and not affected by other viruses
in sensitivity [77]. Ultrio Elite Assay reported to be rapid,
automated and specific to detect HIV-1, HIV-2, HBV, and
HCV could be feasible for blood, organ, and hematopoietic
stem cell donors [78]. Among most of blood banks in
China, HIV-1 RNA amplification is currently performed
from pooled donors as a more cost-effective alternative to
single-sample testing. A decisive factor for the sensitivity
of nucleic acid detection is the pool size and the sensitivity
of NAT, MP-NAT is less sensitive than ID-NAT for smaller
sample volume, a previous study showed that MP-NAT
detected HIV RNA 2 days later than ID-NAT in window
period [79]. As for CTS/MPX, the biggest improvement of
CTS/MPX V2.0 is that results of samples are simulta-
neously detected and discriminated for HIV, HCV, and
HBV, while the positive results detected by CTS/MPX
V1.0 cannot be simultaneously discriminated for HIV,
HCV, and HBV [34, 35]. Recently, a new multiplex assay
(cobas MPX Test ((Roche Diagnostics GmbH, Penzberg,
Germany)) used on Cobas 6800/8800 system has been ap-
plied for the detection of HIV-1, HIV-2, HBV, and HCV in
blood donations. Cobas MPX test showed high specificity
and sensitivity in blood donations tested in pools and indi-
vidually [15]. The excellent specificity and sensitivity were
achieved by cobas MPX Test for the detection of HIV-1,
HIV-2, HBV, and HCV, and accompanied by the reduction
of the turnaround time and costs of NAT for blood screen-
ing [80]. In some certain status among HIV-infected popula-
tions such as elite controls (EC) and long-term nonprogressors
(LTNP) [81, 82], serological tests are more reliable for the
detection of HIV. EC and LTNP maintain stable levels of
CD4+ T cells and HIV-1 RNA load below the LOD of NAT
without ART but are detected HIV positive for antibody [81].
Therefore, serological tests are also important for HIV blood
screening, which cannot completely replaced by NAT.

Used for HIV diagnosis of pediatrics and acute
infection

HIV is the major pediatric infection acquired through mother-
to-child transmission [83]. Thematernal HIV viral load is high
risk of transmission. Rates of mother-to-child transmission are
very low when viral load is at extremely low levels [84]. Early
pediatric diagnostics by NAT is crucial to prevent neonatal
infection through ART as HIV prophylaxis in pregnant wom-
an [85]. Besides, virological test for newborns who are ex-
posed to HIV is strongly recommended by the World Health
Organization (WHO) at the first postnatal visit [67].
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For many years, Roche AmpliScreen HIV-1 Test version
1.5 (Roche Diagnostics) has been a confirmatory test for early
infant diagnosis (EID) and recommended byWHO [86]; how-
ever, this assay will be discontinued by Roche in the next few
years [87]. Currently, there are many alternatives. Almost all
HIV NAT assays approved by FDA can be applied for HIV
companion diagnosis of pediatrics, but the APTIMA HIV
RNA Qualitative Assay (GenProbe Inc) based on TMA is
the only US FDA-approved nucleic acid test for HIV in vitro
diagnostic, which performed with the Procleix Tigris system
can be used for HIV diagnosis of pediatrics and acute infection
[65]. The result analyses of HIV-1 dilution panels demonstrat-
ed the improvement in sensitivity of APTIMA HIV RNA
Qualitative Assay compared with Roche Amplicor assay
[42]. APTIMA HIV-1 RNA qualitative assay was evaluated
as an alternative to confirmatory assay (WB) using HIV sero-
logical reactive samples, and the results showed that APTIMA
HIV-1 RNA qualitative assay can reduce the number of inde-
terminate results in Western blot (WB) by the detection of
HIV-1 RNA [88]. A recent study compared four commercial
virological assays (Roche CAP/CTM V2.0; CTS/MPX test
V1.0 and V2.0; Siemens VERSANT HIV-1 RNA 1.0 kPCR
assay) for infant HIV-1 diagnosis using dried blood speci-
mens. Twenty-five percent (17/68) discordant results were
observed among four assays, which were required for clear
guidelines of HIV NAT for infant diagnosis [89]. However,
another research showed the high agreement between Abbott
RealTime HIV-1 Qualitative assay and CAP/CTM HIV-1
Qual test. An American research demonstrated the great per-
formance of APTIMA HIV RNA Qualitative Assay for HIV
infant diagnosis using plasma [65]. Furthermore, a lot of POC
molecular assays have also been developed in resource-
limited areas for EID. Susanna Ceffaa et al found the Xpert
HIV-1 Qualitative assay had identical results as the Abbott
M2000 HIV-1 real-time molecular assays for EID, and both
Xpert HIV-1 qualitative and quantitative assays were promis-
ing molecular tools to diagnose HIV-exposed infants [90].
Another POC assay (ALERE Q HIV-1/2 DETECT,
ABBOTT DIAGNOSTICS) also performed well for EID
[91]. Therefore, HIV NAT is critical way to prevent HIV
spread from mother-to-child transmission.

AHI characterized as plasmas with nonreactive serological
results and reactive NAT results should be diagnosed to reduce
the risk of HIV transmission, despite its short duration, can
result in 10–50% of all new spread of HIV [12, 92, 93].
Evidence showed that 1% of outpatients with nonreactive or
discordant HIV serological tests in Durban, South Africa,
were diagnosed as AHI using COBAS AmpliScreen HIV-1
Test version 1.5 MP-NAT [94]. A similar pooled NAT re-
search of 13, 226 individuals with HIV-1 seronegative results
showed a AHI diagnosis rate of 0.12% [95]. A MP-NAT
(APTIMA HIV-1 RNA qualitative assay) was performed to
screen HIV RNA among 148, 888 samples, of which 161

were diagnosed as AHI [96]. Hence, AHI dignosis is extreme-
ly crucial in preventing the transmission of the virus and ini-
tiating ART.

Molecular POCT for HIV

POCT, which implies an analysis of clinical specimens as
close as possible to the patient, is being used more and more
in clinical microbiology [97]. Recently, NAT tests were devel-
oped for this purpose [98] (Table 2). In contrast to many other
POCT than can be used by patients or doctors, NAT tests rely
on very sophisticated technologies and require a minimum of
laboratory training. However, the role of the technician con-
sists mainly in the deposition of the clinical sample in the
apparatus, so the machines can be installed in areas distant
from central laboratories, notably when the transportation of
samples is difficult or the biological resources scarce as in
developing countries. In the field of HIV, there are currently
no FDA-approved POCT on the market, but different plat-
forms have been developed during the last few years or are
still in development for the detection of HIV nucleic acids.

The Alere NAT system is a generic platform that can em-
ploy different NATassays for the quantitative measurement of
HIV-1 and HIV-2 viral load from approximately 25 μL, and
the system can detect HIV-1 groups M, N, and O and HIV-2
[99, 100]. The Liat HIV Quant, developed by IQuum, Inc., is
an automated sample-to-result NAT platform that performs
sample nucleic acid extraction, purification, reverse transcrip-
tion, polymerase chain reaction (PCR) amplification, and real-
time detection to detect and/or quantify pathogens. HIVQuant
plasma assay showed good performance, with a 2.7% similar-
ity coefficient of variation (CV) compared to the Abbott assay
(Abbott RealTimeHIV-1) and a 1.8% similarity CV compared
to the Roche test (CAP/CTM V2.0) on the verification panel,
and 100% specificity [101]. However, LIAT cartridges cur-
rently require cold storage, increasing the cost of storage and
transportation. Another new POC viral load assay,
EOSCAPE-HIV HIV Rapid RNA Assay System, is being
designed by Wave 80 Biosciences for use in resource-
limited settings. The EOSCAPE-HIV system will be capable
of providing either a qualitative or a quantitative HIV-1 RNA
test result (detection threshold of 1000 copies/mL) in less than
an hour [102]. Other molecular HIV POCT, such as SAMBA,
geneXpert from Real World, Ltd. and Cepheid Innovative
Bioscience Ltd. respectively, are also being developed for
the determination of HIV viral load. An important advantage
of all these technologies relies on their ability to be used as a
single test, which is particularly adapted for emergency use.

HIV-1 drug resistance and susceptibility testing

The global scale-up of ART has led to dramatic reductions in
HIV-1 mortality and incidence. However, HIV drug resistance
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poses a potential threat to the long-term success of ARTand is
emerging as a threat to the elimination of AIDS as a public
health problem. In high-income countries, standard genotypic
resistance testing (SGRT) is recommended in patients with
virological failure when the viral load is > 1000 copies/mL
[103]. HIV-1 drug resistance testing can be performed pheno-
typically or genotypically. HIV phenotypic antiretroviral sus-
ceptibility testing is used to investigate the growing ability of
HIV in the presence of antiretroviral drugs through clinical
cutoffs for HIV-1 phenotypic resistance estimates [103–105].
Firstly, protease and reverse transcriptase genes are amplified
by PCR after nucleic acid extraction and then inserted are into
HIV-1 vectors to produce a recombinant with ability of repli-
cation, finally the replication ability of new HIV-1 recombi-
nant will be estimated by a reporter system through 50% or
90% inhibitory concentrations (IC50 or IC90) [103]. The two
most widely used phenotypic assays (Antivirogram (Janssen
Diagnostics BVBA) and PhenoSense (Monogram
Biosciences, Inc.)) [106] identify resistance mutations associ-
ated protease (PR) and reverse transcriptase (RT) inhibitor by
amplification and sequencing of HIV-1 PR and RT region
(Table 2). Currently, drug resistance mutations associated the
HIV inhibitors of the two HIV-1 genotyping systems have
been provided a coverage of integrase and entry inhibitors
[107, 108].

In the clinical setting, genotypic resistance testing is
more usual than a phenotypic assay, which involves the
use of dideoxy terminator Sanger sequencing of protease,
reverse transcriptase and integrase to identify established
clinically significant drug resistance mutations (DRMs)
[109]. Currently, there are two FDA-approved commercial
drug resistance assays; these are Trugene HIV-1
Genotyping Kit and Open Gene DNA Sequencing assay
from Siemens Healthcare Diagnostics and the ViroSeq
HIV-1 Genotyping System from Abbott Molecular
(Table 1). Both systems contain modules for sample ex-
traction, RT-PCR, cycle sequencing, sequence assembly,
and DRM interpretation. Furthermore, two systems gener-
ate only reverse transcriptase and protease gene sequences
following RT-PCR amplification; mutations associated
with fusion inhibitors were not identified [110]. The sys-
tems use different sequencing chemistry. Resistance
genotyping was performed by using large dye terminator
chemistry provided by the ViroSeq Genotyping System, so
the ViroSeq system requires an additional purification step
to remove dye terminators, while the Trugene uses a dye prim-
er system, so it is not necessary to remove the dye primers
[111]. In addition, six sequencing reactions are needed to an-
alyze one patient for ViroSeq, whereas 12 are needed for
Trugene. Trugene system work well for the HIV-1 B subtype
[112], other studies showed the performance of the HIV-1
ViroSeq HIV-1 Genotyping System method may be influ-
enced by polymorphism between B and non-B subtypes, so

the use of these assays on non-B subtype drug resistance test-
ing requires continuous evaluation.

Furthermore, technologic advances have led to the devel-
opment of POCT that detect gene mutations associated with
HIV drug resistance [113]. Currently, oligonucleotide
ligation-based assay (OLA)_Simple V1.0 is being developed
for HIV drug resistance in laboratory by detecting mutant
codons to predict ART failure [113]. Allele-specific PCR
(ASPCR) can also detect HIV drug resistance mutations using
laboratory-based qPCR, which was performed to identify
K65R, K103N, Y181C, etc. in HIV-1 [114, 115]. In addition,
Multiplex allele–specific (MAS) assays and Pan-degenerate
amplification and adaptation (PANDAA) developed in recent
years have been used for the detection of HIV drug resistance
mutations [116, 117].

Nowadays, several next-generation sequencing (NGS)
technologies are currently being explored for HIV drug resis-
tance testing [118, 119]. Depending on the experimental de-
sign, the roll-out of NGS drug resistance testing at a larger
scale is feasible, providing better characterization and under-
standing of the evolving population of viral variants within a
patient and potentially improving the prognostic value of drug
resistance testing [120].

Host genome genetics and host response analyses

Some evidences showned that variability in HIV-1 suscepti-
bility was related to host genetics [121, 122]. The risk of HIV
infection and progression of AIDS may be greatly influenced
by polymorphisms in some AIDS restriction genes including
C-X-C chemokine receptor type4 (CXCR4), C-C chemokine
receptor type 5 (CCR5), and CCR2 [123–126]. CCR5
Delta32, CCR2-64I, stromal cell-derived factor-1 3’A (SDF-
1 3’A), and human leukocyte antigen-B*35 (HLA-B*35) al-
leles were described to preventing the progression to AIDS
[127–129]. Furthermore, an authoritative study demonstrated
over 300 single-nucleotide polymorphisms among the major
histocompatibility complex and suggested that the main ge-
netic determinants of HIV control is HLA–viral peptide inter-
action. Therefore, the testing of host polymorphisms among
HIV infection can help analyze the potential risk of rapid
disease progression and initiate early treatment. Currently,
with the rapid development of molecular technologies, mil-
lions of polymorphisms at high sample throughput can be
detected using Illumina or Affymetrix platforms [130].
Besides, real-time PCR assays are also applied to detect se-
quence polymorphisms [131]. However, the high costs of
these assays limit their applications among large-scale studies.
Nucleic acid sequencing remains the most accurate method to
detect the host genome polymorphisms [132]. Apart from
identifying the potential clinical progression through the de-
tection of host genome polymorphisms, host response analysis
can also be conducted to monitor the progression of AIDS
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using molecular assays [133]. The episomal double-stranded
DNA, T cell-receptor-chain rearrangement excision circles
(TREC), is produced in the thymus during T cell maturation,
which constantly present in newly matured T cells but the
TREC gradually degraded during mitosis after TREC-
bearing T cells entering the blood circulation [134]. A rapid
decrease in thymus function resulted by HIV infection may
contribute to the decrease of TREC; hence, apart from the
levels of CD4+ T cells, TREC tested through PCR has been
applied to estimate the progression of AIDS [135, 136].

Future prospects

Digital PCR for measurement of HIV infection

Digital PCR is based on isolated replicate PCRs from a sample
in multiple partitions. In the sufficiently diluted samples, the
few DNA templates in different partitions follow Poisson dis-
tribution. Therefore, the direct absolute quantification can be
performed through the measurement of ratio of negative and
positive partitions [137]. Currently, digital PCR has been con-
ducted to measure the effects of latency reversing agents [138,
139], HIV vaccination [140, 141], immunization by neutral-
izing antibodies [142, 143], hematopoietic chimerism after
allogeneic stem cell transplantation [144], structured treatment
interruptions [145], and early ART initiation [146, 147].
Besides, digital PCR can also be used as a quantitative tool
to measure HIV reservoir [148]. Nowadays, six common dig-
ital platforms are available for HIV quantification with differ-
ent production of partitions amounts of partitions. QX200
Droplet Digital PCR (Bio-Rad, USA) produce partitions
through wate-in-oil emulsion chemistry (Table 2). RainDrop
plus Digital PCR system (RainDance Technologies) is similar
to QX200 system. However, contrary to water-in-oil emulsion
chemistry based assays, other digital PCR systems are based
on arrays, such as the QuantStudio 3D (Applied Biosystems,
US) utilizes a silicon ship made up of a single array of isolated
reaction wells, CONSTELLATION Digital PCR System
(Formulatrix, USA) divides connecting channels into individ-
ual microfluidic areas through seal-compressing roller using a
microplate. Furthermore, BioMark HD can dispense the sam-
ple in a well and distribute a lot if isolated reaction through the
digital integrated fluidic circuits arrays [149]. Strain et al.
found droplet digital PCR (QX100) was more precise and
sensitive than in-house qPCR [150].

A Dutch study showed that QX100 (former generation of
QX200), QuantStudio 3D, and qPCR were able to detect the
lowest levels of 2.5 HIV DNA copies [148].The QX100 had
the highest precision, efficiency and quantitative linearity.
However, the observation of false positive signals among
QX100 and QuantStudio 3D platforms. qPCR still cannot be
replaced by digital PCR in low viral load of HIV. Furthermore,
another research found the similar false-positives [151].

Contaminations or disturbed droplets may result in false-
positive droplets [149]. Although, the concept of digital
PCR has been well-developed but automated platforms for
HIV quantification are not relatively sophisticated. Digital
PCR cannot give scientists information about the replication
competent viruses; therefore, digital PCR for detection of HIV
infections need more advancements in the future [152].

Apart from HIV nucleic acid quantification, digital PCR
system (QX200) can be used to conduct single-cell-droplets,
after HIV RNAwas quantitated by digital PCR. Furthermore,
the operators can manually pick up positive droplets for se-
quencing HIV ENVand CCR5. In the future, digital PCRmay
focus on the host genome genetics and host response analyses
through investigation of HIV integration site and viral protein
creation [152]. Digital PCR has developed to be a new mo-
lecular tool and with additional advancements in prospect,
which may be an indispensable tool for future HIV study.

Genome editing for HIV treatment

Homozygosity for a deletion of 32 base pairs in CCR5 (CCR5
Delta32) has been shown to prevent HIV [153, 154]. A study
reported by Hutter G transplanted mesenchymal stem cells
(MSCs) with CCR5 Delta32 mutation to HIV-infected popu-
lations, and no viral rebound was identified 20 months after
discontinuation of ART and transplantation [154]. Three gene
editing strategies including zinc finger nucleases (ZFN), tran-
scription activator-like effector nucleases (TALENs), and
clustered regularly interspaced short palindromic repeats
(CRISPRs/Cas9) target to CCR5 for HIV treatment.
Currently, CRISPRs/Cas9 has replaced the first two genome
editing technologies, which recruit the Cas9 endonuclease to
edit gene by hybridizing with a guide RNA and binding a
target DNA site [155]. Many evidences showed that
CRISPRs/Cas9 can inhibit multiple steps of HIV-1 infection.
Insertions and deletions of HIV DNA due to Cas9 cleavage
and blockage of pre-integrated proviral double-stranded DNA
(dsDNA) will led to marked degradation of viral DNA, and
disruption of co-receptor CCR5 brought by CRISPRs/Cas9
can prevent virus to enter the host cells, besides, CRISPRs/
Cas9 can help remove HIV infection during the ART through
reactivation of latent provirus [156, 157]. Recently, scientists
found that CRISPRs/Cas9 can induce viral escape, apart from
inhabitation of HIV replication [157, 158]. Viral escape via
CRISPR system is caused by mutations in viral DNA se-
quence targeted by sgRNA. Then, the target sequence cannot
be identified by T cells so that viral escape occurs [157, 159].

Conclusions

The development and application of molecular technologies
have ini t ia ted a revolut ion in the detec t ion and
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characterization of many infectious diseases. Molecular tech-
nologies have quickly become mainstream for the laboratory
diagnosis and assessment of HIV-1 infections, which are clas-
sified as quantitative and qualitative assays.

Molecular technologies have played important roles in ear-
ly detection, early diagnosis, and early treatment of HIV-
infected populations. Furthermore, molecular assays can be
used for the observation of therapeutic effects and drug resis-
tance monitoring in the clinical setting. In recent years, com-
mercially molecular assays for HIV detection havemade great
progress in specificity, sensitivity, reproducibility, and auto-
mation. POC nucleic acid testing is also being developed with
the potential to make rapid, evidence-based therapeutic inter-
vention at or near the site of patient care. Furthermore, the
characterization of HIV including host genome polymorphism
and host response analyses tested by molecular tools can iden-
tify the potential progression of HIV and initiate ART. Along
with the development of digital PCR, the viral load quantifi-
cation of HIV will be more precise and sensitive. In the future,
we may cure HIV infection through genome editing strategies,
though no one with HIV infection was currently cured via
molecular tools.
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