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Abstract: Human immunodeficiency virus (HIV) is a global health problem. Early diagnosis, rapid
antiretroviral therapy (ART) initiation and monitoring of viral load are the key strategies for effective
HIV management. Many people in resource limited settings where timely access to medical care is
a challenge and healthcare infrastructure is poor have no access to laboratory facilities and diagnosis
is dependent on the presence of point of care (POC) devices. POC instruments have shown to be
easy to operate, maintain and transport and can easily be operated by less skilled health workers.
Additionally, POC tests do not require laboratory technicians to operate. POC devices have resulted
in a growing number of people testing for HIV and thereby receiving treatment early. In recent
years, there has been great improvement in the development of POC technologies for early HIV
diagnosis, HIV viral load and cluster of differentiation 4 (CD4) measurement. This review discusses
POC technologies that are currently available and in the pipeline for diagnosing and monitoring
HIV. We also give an overview of the technical and commercialization challenges in POC diagnostics
for HIV.
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1. Introduction

The human immunodeficiency virus type 1 (HIV-1) is responsible for causing acquired immune
deficiency syndrome (AIDS) and was first recognised in 1983 [1]. The devastating effect of HIV
infection is known throughout the world and can be considered among the greatest pandemics in
human history. Globally, at the end of 2014, an estimated 36.9 million (34.3 to 41.4 million) people were
living with HIV and 2 million (1.9 to 2.2 million) people became newly infected with HIV (UNAIDS).
As from June 2015, 15.8 million people infected with HIV had access antiretroviral therapy (ART),
compared to 13.6 million in June 2014, and 1.2 million people died from AIDS related illnesses at the
end of 2014 [2]. Sub-Saharan Africa is the most widely affected region, with approximately 70% of HIV
all infection. New infections of HIV have declined by 35% globally since 2000 and this can be attributed
to the massive progress in diagnostics and treatment. In order for the United States 2020 National
HIV/AIDS Strategy to be achieved, a massive increase in the HIV testing capacity is required [3].

Testing for HIV plays an essential role in the disease control and prevention because knowledge
of the patient’s status is beneficial to the individual and for public health. Accurate and early HIV
detection is of essence as HIV transmissibility and infectiousness are high during early infection [4].
If infected but not on ARTs, CD4 levels decline thereby causing the immune system to weaken and
resulting in progression to AIDS and death from AIDS related diseases [5]. The benefits of diagnosing
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HIV early include accessing HIV treatment and care promptly. Accessibility of ART to all people living
with HIV is still a challenge in low- to mid-income countries and this can be addressed by improving
the access to HIV testing and ensuring that those that require treatment are placed on treatment. South
Africa has the highest percentage of HIV infected people, however only 29% of people in low income
townships are virologically suppressed showing that more work is required in diagnosing, treating
and monitoring HIV infected people in these communities [6].

There is a growing demand to improve and simplify the effectiveness of HIV diagnostics without
compromising the quality of patient care. To increase the accessibility of treatment for HIV infected
patients residing in resource limited settings of developing countries, a lot of work has been directed to
developing point of care (POC) that meet the “ASSURED” characteristics set out by the World Health
Organization (WHO), which outline standards for evaluating POC diagnostics. These are diagnostics
that are Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and can
be Deliverable to the users [7]. The majority of testing platforms are centralised, laboratory based
and require trained laboratory staff unlike POC instruments that do not require trained laboratory
personnel and facilities to obtain a diagnostic result. In the case of HIV, the analytical targets can
include human cells, proteins as well as nucleic acids and the samples can be blood, saliva and urine [8].
Irrespective of where these POC tests are used, they allow a sample with little or no preparation and
the results can be obtained in seconds to a few hours [8].

Currently, CD4 testing is being used as a determining factor for eligibility of individuals infected
with HIV to treatment and care. The treatment eligibility threshold levels were set at 200 cells/mm?
from the year 2002 which was later changed to 350 cells/mm? from 2010 onwards [9]. The antiretroviral
guidelines from the WHO for 2013 recommends initiating ART in HIV infected adults having a CD4
count of 500 cells/mm? or below [10]. The test and treat strategy is currently being evaluated and
debated in many countries with some already practising it. In South Africa, a country with the world’s
largest programme for ART, the “test and treat” strategy was implemented from September 2016
onwards. Unlike CD4 count, HIV viral load is used when assessing response of HIV infected people to
ART and success to the treatment is indicated by an undetectable viral load result. Many studies have
shown that people with HIV that are receiving ART can have an undetectable viral load, however the
CD4 count does not decrease over time [11]. A study by Rutherford et al. showed that in cases where
viral load is performed routinely, the rate of CD4 testing can be reduced or completely ceased [12].

Researchers globally are working on platforms and tests to address the gap of POC devices that
fully satisfy the ASSURED characteristic and can be used in resource limited settings. In this review,
we begin our discussion with the different stages involved in HIV infection as different diagnostic
tests are used in these stages. We then go into the HIV diagnostics where we provide detail on HIV
rapid tests, viral load monitoring and CD4 counting with specific reference to POC technologies.
Lastly, we provide the technical challenges involved in the development and commercialisation of
POC devices and then give the future perspective.

2. Stages of HIV Infection

Since HIV infection has three distinct stages, the acute (primary), chronic (asymptomatic) and
AIDS (final) stages, different techniques/test types are utilised to detect the presence of an infection
at each stage [13]. Acute phase is the earliest phase which generally develops within two weeks
after a person is infected with HIV and at this stage many infected individuals experience flu-like
symptoms, with reduction of CD4 positive cells as the virus multiplies rapidly (Figure 1) [13,14]. In the
acute phase, infected individuals are highly infectious and the virus transmission rate is high [15].
When the immune system starts to recover, it fights to reduce viral levels, but CD4 counts do not
usually recover to levels similar to pre-infection levels. The HIV antibodies are detectable after two
weeks post infection, however prior to the presence of antibodies, infection is detected by p24 test and
nucleic acid tests [16].
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Figure 1. An illustration of the different stages of HIV infection.

The next phase is the chronic (asymptomatic phase) in which HIV continues to multiply and CD4
cells are reduced at slower rate compared to the acute phase; the virus is still transmittable. Without
anti-retroviral therapy, the infection progresses to AIDS in 10 years, however progressions can occur
faster in some individuals. During this phase the diagnosis is mainly done using antibody detecting
immunoassays [17]. The final phase is AIDS, which is highly symptomatic as the CD4 is reduced to less
than 200 cells/mm? [18]. The immune system of a healthy individual has CD4 counts between 500 and
1600 cells/ mm?3 (aidsinfonet.org). In the AIDS stage, infected individuals are prone to opportunistic
infections and in the absence of therapy, death occurs [5].

3. HIV Diagnostic Tests

HIV diagnostic tests can either detect virus molecules (HIV RNA and p24 antigen) or antibodies
to the virus [19]. Detecting the p24 antigen and antibodies involves immunoassays, whereas the HIV
RNA is detected using nucleic acid tests [20]. The standard method of testing for HIV such as Enzyme
Linked Immunosorbent Assay (ELISA) as well as the western blot technique and confirmation test (p24
antigen or viral nucleic acid test) usually takes numerous days before a diagnostic result is ready [21].
Along with time delays, tests such as the nucleic acid tests are expensive, complex and require skilled
laboratory staff and laboratory settings and therefore are not suitable for resource limited settings [22].
Such delays result may result in the failure of following up of patients in resource limited settings
therefore POC testing can be useful in addressing the delay in detection by providing preliminary
antibody results.

3.1. HIV Rapid Tests

A variety of rapid tests for diagnosing HIV in resource limited settings are commercially available.
Nonetheless, not all rapid tests can be applied at the POC (e.g., some may require serum separation
prior to using) [21]. All the approved HIV POC tests should have a sensitivity and specificity matching
the ELISA Kkits that are used in laboratories. The most frequently used rapid tests are the lateral flows
that require few or no reagents and are generally cheap and results are obtained within 30 min [23].
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Rapid tests can detect antibodies to HIV from a minute volume of whole blood, serum, plasma, urine
or saliva. For example, the OraQuick Rapid HIV-1/2 antibody test is a POC test that can detect
both HIV-1 and HIV-2 in whole blood or plasma and oral fluid specimens at low concentrations.
The OraQuick In-home HIV test is the first FDA approved over the counter rapid test for detection
of HIV antibodies [21]. Rapid tests for HIV have evolved to detect a combination of tests such as the
p24 antigen and the HIV antibody, as well as tests for early infant diagnosis. Fourth generation HIV
rapid test can detect both the antigen and antibodies (e.g., ARCHITECT HIV Ag/Ab combo and Alere
Determine HIV 1/2 Ag/Ab combo). The latter was the first rapid POC test capable of detecting both
the HIV 1/2 antibodies and the antigen.

3.2. HIV Viral Load Measurement

HIV viral load is the most effective method to evaluate the response of ART on HIV infected
patients and is seen as the gold standard to monitor clinical prognosis of patients on ART. The threshold
used to detect the failure to ART was reduced from 5000 to 1000 virus copies/mL in South Africa in
April 2010, and in June 2013 the WHO updated their guidelines to match that of South Africa [24]. HIV
viral load assays can be classified as nucleic acid based tests or non-nucleic acid based tests. The nucleic
acid based tests detect and measure viral RNA, while the non-nucleic acid tests detect and quantify
viral enzymes and proteins that have a direct correlation with amount of viral RNA. The majority of
commercially available instruments are nucleic acid tests and examples include: Versant HIV-1 RNA 3.0
Assay, NucliSens HIV-1 Assay, LCx HIV RNA quantitative assay, RealTime HIV-1 (m2000rt), and Cobas
Tagman HIV-1 test. These tests utilize varying amplification principles such as branched DNA (bDNA),
polymerase chain reaction (PCR) and nucleic acid sequence based amplification to quantify the viral
RNA [25]. An example of non-nucleic acid based assay is the ExaVir load assay which measures the
HIV reverse transcriptase activity in plasma to determine the HIV viral load [4]. The above mentioned
nucleic acid based and non-nucleic acid based tests are centralised and require skilled laboratory
technician to operate the instruments. Several POC devices for viral load are currently available and in
the pipeline, and will be discussed below (Table 1).

Table 1. Point of care technologies for viral load measurement.

Viral Load Tool POC Analyte Detection Method Time to Result samli};l};i;f: and Additional Information
Isothermic amplification 920 n:}l\r;(flsll ;Llsirtnple sgg;gglegzgé\ée;
SAMBA Yes RNA and Hapten-based shput, Plasma: 200 uL ; :
sional detection 24-48 tests/day), copies/mL Regulatory
en (SII 4 tests a day) status: CE marked
Qualitative and
. quantitative Detection
EOSCAPE HIV Yes RNA  Amplification/Detection 50 min Whole blood: 100, threshold: 1000
plasma: 100 uL. .
copies/mL Regulatory
status: NA
Quantitative Detection
. Multiplex Real-Time PCR . Whole blood: 75 uL, threshold: 1000
Liatanalyser Yes RNA Amplification/Detection 30-85 min plasma: 150 uL copies/mL Regulatory
status: In development
. . Quantitative Detection
Al I Yo RNA Real time 52 min (8 h throughput, Wthle bl-(););l ‘ is HL; threshold: 1000
€re q analyser s PCR/microprobe array 8 tests) plasma: 25 pL. or copies/mL Regulatory
500 uL.
status: CE marked
Multiplex Real-Time Quantitative Detection
Near . . range: 40-10,000,000
GeneXpert POC RNA PCRNA 90 min Plasma: 1 mL copies/mL Regulatory

Amplification/Detection

status: CE marked

CE: Conformite Europeene; NA: not available.

3.2.1. Simple Amplification Based Assay (SAMBA)

The SAMBA (Diagnostics for the real world) was developed at the Diagnostics Development Unit
(DDU) in the University of Cambridge, by a team lead by Dr Helen Lee. SAMBA is an innovative
nucleic acid based rapid test suitable for acute HIV infection, early infant diagnosis and viral load
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monitoring. This bench-top analyser integrates the extraction, amplification and detection with the
detection of the amplified products occurring in a closed cartridge [2]. The instrument utilizes 100 nL
whole blood or 200 puL of plasma and the preparation of sample involves cell lysis and nucleic acid
extraction. A target sequence is captured by a capture probe and a detector probe labelled with
multiple hapten moieties is subsequently bound to the target sequence allowing amplification of the
signal. The detection of the DNA or RNA can be read off visually within 25 min in a dipstick format
on the nitrocellulose membrane [4]. The instrument can differentiate between HIV infected patients
having a viral load of below or above 1000 copies/mL. An evaluation of SAMBA in Malawi, London
and Uganda showed that SAMBA has sufficient correlation with the standard measurement techniques
for HIV viral load [26].

3.2.2. EOSCAPE HIV

The EOSCAPE-HIV (Wave 80 Biosciences, San Francisco, CA, USA) is a nucleic acid based
technology designed for usage in resource limited settings to detect HIV-1 RNA. This assay uses
100 pL of whole blood or plasma to quantitate HIV RNA within 50 min [27]. Each phase towards
a result, including DNA /RNA extraction, takes place inside the EOSCAPE cartridge containing all
the necessary reagents to perform the test. The unit is battery powered which can last for up to 8 h
and has a small portable touchscreen for displaying the results [28]. The EOSCAPE is capable of either
providing quantitative or qualitative HIV-RNA with a limit of detection of a 1000 copies/mL.

3.2.3. Liat™ Analyser

The Liat™ Analyser (IQuum, Inc, Marlborough, MA, USA) is an easy to use, fully automated,
rapid and sensitive test for quantifying HIV RNA in plasma or whole blood. This analyser integrates
sample processing and detection, including extraction of nucleic acid, purification, reverse transcription
and real time PCR takes place in the in a closed tube format [29]. When performing the test, the Liat
tube which is inserted into the analyser has sample metering capabilities to confirm that the sample
is the accurate volume [28]. The Liat tube also contains an internal control which is analysed with
the sample to ensure that all the necessary steps are performed. All the reagents are pre packed
inside the Liat tube segments in their desired volumes partitioned by peelable seals following a logical
sequence [29]. The Liat analyser allows automation of the nucleic acid test from sample collection to
result in less than an hour. A laboratory evaluation of the Liat analyser showed that the instrument
can be interchanged with available viral load technologies in South Africa [30].

3.2.4. Alere™ q Analyser

The Alere™ q analyser (Alere Inc, Waltham, MA, USA) is an automated cartridge based nucleic
acid testing platform which enables POC testing and could be used for early infant diagnosis.
This system uses 25 pL of whole blood or plasma and has the ability to distinguish between HIV-1
groups O and M/N and HIV-2 [31]. The sample is loaded into the cartridge and the cartridge cap is
snapped into place to avoid any chance of spillage and contamination. All the reagents are contained
within the cartridge which is single use. The instrument then automatically performs the isolation
of RNA, reverse transcription and amplification, and finally the detection of PCR products [31].
This battery powered instrument was designed for using in resource limited settings. Jani et al.
showed that Alere™ q can adequately predict ART failure, having a threshold of 1000 copies/mL
with a sensitivity of 84% and specificity of 90.3% [32]. An evaluation study comparing Alere™ q
analyser with a traditionally used Roche CAP/CTM HIV PCR for early infant diagnosis in South
Africa indicated that Alere™ q analyser performs well for early infant diagnosis and showed high
specificity [33].
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3.2.5. GeneXpert® System

The GeneXpert® System (Cepheid, Sunnyvale, CA, USA) is an automated qualitative test used
for detecting HIV-1 total RNA in blood spots and whole blood. This system integrates and automates
preparation of the sample, extraction of nucleic acid and amplification, and the detection of the
sequence of interest with real time reverse transcription PCR (RT-PCR) [34]. It uses a single use
disposable cartridge containing all the reagents necessary for the RT-PCR procedure. This cartridge
minimises cross contamination between samples as it is self-contained. An internal control is
included in the reagents to ensure adequate processing of the target and to monitor the PCR process.
An evaluation of the GeneXpert for HIV-1 in Israel showed a sensitivity and specificity of 100% in
samples of patients with a known HIV-1 status [35].

3.3. Early Infant Diagnosis of HIV

Diagnosing HIV infection in infants early can be of great benefit in reducing the mortality of
infants due to the HIV infection. The maternal antibodies presence in the system of infants makes the
antibody test undesirable for diagnosing HIV in infants less than the age of 18 months. This therefore
means that technologies that detect viral components are required for early infant diagnosis and this
can include assays that detect: viral capsid p24 antigen, cell free RNA or viral DNA incorporated
into the host [36,37]. Nucleic acid amplification based tests use viral RNA as a template, which gets
converted to cDNA and they are more sensitive than p24 based assays [38]. There are commercially
available lab based tests used for qualitative HIV-1 viral DNA, e.g., HIV Proviral DNA PCR Kit (Norgen
Biotek Corp, Thorold, ON, Canada), HIV-1 DNA, Qualitative, PCR (Quest Diagnostics, Secaucus, NJ,
USA), Real Time HIV-1 Qualitative HIV-1 PCR (Arluplab, Salt Lake City, UT, USA), and Qualitative
(Abbott, Chicago, IL, USA). The current p24 immunoassays show more sensitivity than the previously
used p24 tests because of the incorporation of a denaturing step that separates the p24 antibody
complexes which interferes with the sensitivity of the assay [4]. However, similar to nucleic acid
amplification based assays, p24 immunoassays require specialized equipment and skilled technicians
to perform the test. In order to perform these tests in resource limited settings, early infant diagnosis
rapid tests are required.

3.4. CD4 Tests

Similar to HIV viral load, CD4 count monitors disease progression in individuals infected with
HIV as it is a critical indicator of immune function. In instances where “test and treat” is used, CD4
count will still be critical in the baseline evaluation of patients to inform initial clinical management
decisions, especially those presenting late for treatment and those that are on ART where virological
failure or clinical deterioration is present or suspected [39]. CD4 count still remains the best option for
determining the patient’s immunological status, prioritization of patients for testing of opportunistic
infections such as Cryptococcus and for prioritizing patients for ART in places where test and treat is
not yet used. Although HIV viral load is an excellent tool for determining viral suppression, it cannot
replace CD4 count; however, the two techniques are complementary.

HIV targets the key cells of the immune system, the CD4+ T cells which are required to fight
infection [40]. Their depletion results in immune system failure and vulnerability to any form of
infection. The levels of CD4+ cells can be expressed as an absolute count for specified volume,
as a percentage of the total lymphocyte population or as a ratio with another subset of lymphocyte [41].
CD4 absolute counts are suitable for evaluating the status in adults while for children it is ideal to
measure the percentage of the CD4 in the total population of lymphocytes or the ratio of CD4/CD8
lymphocytes because lymphocytes population such as CD4+ are greater in children [41]. Most methods
that are used to assess CD4+ cells make use antibodies specific to human CD4 for cell labelling,
strategies to capture cells or both for subsequent detection. Fluorescence activated cell sorting (FACS)
using flow cytometry has been the golden standard for CD4 measurement. Flow cytometry instruments
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can either be a single platform or a dual platform. Single platform based instruments can measure the
absolute CD4 in a precise volume of sample or measure the absolute number of CD4 cells from a ratio
of known concentration of beads to CD4+ cells [42]. Examples of single platform laboratory based
instruments include; FACSCalibur (Becton Dickinson, NJ, USA), FACSCount, Partec CyFlow Counter
(Partec, Miinster, Germany) and Apogee Auto40 (Apogee systems, Cape Canaveral, FL, USA). In dual
platforms, a flow cytometer is combined with a haematological analyser to measure the absolute CD4
count that is the fraction of CD4 in a small percentage of leukocytes derived from FACS multiplied by
the total leukocyte population established with the haematological analyser [40]. Below, we discuss
in detail the CD4 POC instruments that are commercially available and some which are still in the
pipeline. These CD4 POC devices are shown in Table 2.

Table 2. Point of care CD4 technologies.

Time to Result

CD4 Tool Analyte Detection Method Technology or Tests Additional Information
C]1324 blcol(j)i e, CD4 monoclonal Measures blood, fully automated,
PointCare NOW™ arameters antibody labelled with Flow cytometry 8 min portable, table top Regulatory
P . colloidal gold status: FDA approved CE marked
haemoglobin
Ij"low C)_/tometry Blood samples can be run one at
including laser a time or in batches, portable,
CyFlow® miniPOC CD4, T cell, CD4% Antibodies modules, Optics, 250 tests per day ' P i
1 compact Regulatory status:
fluidics and
. CE marked
electronics
. Microfluidic cell
Daktari™ CD4 AnF 1body{ label freej chromatography and . Portable, robust Regulatory
CD4 functions without optics, ) 14 min
Counter 1 lysate impedance status: NA
enses or cameras
spectroscopy
— : - — A
MBio™Diagnostics CD4 and CD3 Labelled antibodies Irpagmg cytgmetry +/—20 min Robust, uses low cost lasers
CD4 System immunostaining per sample Regulatory status: NA
Semi-quantitative CD4 > 350,
Visitect CD4 CD4 on T cells Antibodies, colloidal gold Lateral flow 40 min CD4 > 500 Regulatory status:
CE marked
o Cartridge contains dried reagents
BD FACSPresto CE4’ /OC?4b€,lnd I?luo:o;hrog}\; 4 Ir;mge; b;ifdl 60 tests in 8 h Regulatory status: CE marked
aemoglobin conjugated antibody counting technology WHO prequalification
Mechanical
Zyomyx CD4 Test CD4 Antibodies mixer/spinner, 6 min Instrument free Regulatory
X status: CE marked
capillary tube
III;;%;E;ZEd Good technical support, no
Pima™ Analyser CD4, CD3 Antibodies 20 min routine maintenance Regulatory

haematology test,
fluorescence

status: WHO prequalification

FDA, Food and Drug Administration; CE, Conformite Europeene; NA, not available; WHO, World Health Organisation.

3.4.1. PointCare NOW™

PointCare NOW™ (PointCare Technologies Inc, Marlborough, MA, USA) is a portable flow
cytometry based diagnostic instrument which is specifically designed for HIV/AIDS POC use in
decentralized settings [43]. This instrument is the only POC instrument with FDA clearance and
generates a test result in 8 min [41]. Single cells flow through the focal point of a light emitting
diode (LED) and the instrument detects light scatter and light blockage by the cells. The instrument
uses the principle found in modern haematological analysers to distinguish and counts all the classes
of white blood cells using the light scatter [43]. CD4 lymphocyte counting using the light scatter
is accomplished with a CD4 monoclonal antibody labelled with colloidal gold which binds to the
surface of CD4 lymphocytes. The CD4 lymphocytes bound to the antibody scatter generate more light
because they are covered with gold nanoparticles and can be easily identified by the systems and
counted. The evaluation of PointCare NOW™ in South Africa, Mozambique and Canada showed that
the instrument performed inadequately in absolute and percentage CD4 enumeration and was not
effective in the clinical management of HIV in adults [44]. A similar study in children using a small
sample size was not adequate to draw a conclusion. The major drawback of this device is that it
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is not compatible with commonly used external quality controls, as quality evaluation is of critical
importance in implementing decentralized testing [45].

3.4.2. CyFlow® miniPOC

CyFlow® miniPOC (Partec GmbH, Miinster, Germany) is also a portable flow cytometry
based diagnostic instrument for monitoring HIV/AIDS in remote areas and health care centres.
This instrument can analyse a maximum of 250 CD4/CD4% tests daily and the detection range of CD4
is from 0 to 5000 uL~! [28]. Since this instrument can detect both absolute CD4 and CD4 percentage it
can be used in both adults and infants. The CD4+ detection reagents are stored dry thereby eliminating
the need for cold storage. To perform the test, 20 uL of whole blood is introduced into the tube
filled with Partec reagent and incubated for 15 min before the buffer is added and loading sampling
device into the instrument. An evaluation of the instrument on HIV infected patients attending
university hospital in Dakar showed that the CyFlow miniPOC CD4 results correlated with that of
FACSCount and FACSCalibur CD4 [46]. The CyFlow® miniPOC showed reliable results in both the
CD4 percentages and absolute CD4 counts even when it was used in field conditions and could be
used in resource limited settings for monitoring patients with HIV. The limitations of this instrument
are that it requires expensive equipment, instrument maintenance and adequate operation training
thereby limiting the widespread of this instrument in resource limited settings [47].

3.4.3. Daktari™ CD4 Counter

Daktari™ CD4 counter (Daktari Diagnosis, Inc, Cambridge, MA, USA) is label free and functions
without optics, lenses or cameras, hence it is very portable and robust. Daktari utilizes affinity
chromatography where CD4+ cells are specifically captured from whole blood in a controlled shear
stress microfluidic system [48]. The test has a reader and a disposable blister cassette which contains
all the reagents in blister packs. As the blood flows through the system, the CD4+ cells are captured by
the surface immobilized anti-CD4 antibodies while large sized monocytes fail to be captured because
of the large shear forces. Cell lysis and the release of cellular components occur after two reagents have
been released into the cell binding chamber and this is then measured by impedance spectroscopy [42].

3.4.4. MBio™Diagnostics CD4 System

This imaging cytometry technology utilizes disposable single use cartridges and a simple reader
with immunostaining of whole blood taking place in the cartridge [41]. Capillary or venepuncture
whole blood is delivered into the cartridge containing all the necessary reagents. The lyophilized
reagents incorporated in the cartridge eliminate the need for cold storage and facilitates a single step
test process. The lyophilized reagents are stored dry thereby eliminating the need for cold storage.
The lyophilized reagents have two fluorescently labelled antibodies to perform a two-colour analysis
of the image of the stained whole blood resulting in the absolute count of CD3+ and CD4+ cells [42].
MBio system (Boulder, CO, USA) has a multirack-cartridge rack that allows parallel processing; this is
possible because sample processing of the blood takes place the disposable cartridge and not in the
reader. The system has a turnaround time of approximately 20 min per sample and the throughput
capacity is 15 samples per hour and 100 samples per day [28]. A validation study conducted by Logan
et al. using a conventional flow cytometer and the MBio system showed close correlation in the results
from the same participants when tested with the two systems in different locations using different
operators [48]. The results obtained suggested that the MBio system possesses great potential as a POC
device for quantification of CD4 cells in resource limited settings [49].

3.4.5. Visitect CD4

Visitect CD4 (Omega Diagnostics, Alva, UK), a rapid disposable semi quantitative CD4 test, was
launched in Washington D.C. at the 2012 AIDS conference and was developed by the Burnet Institute
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in collaboration with Omega Diagnostics Group. This test measures the CD4 protein on the T cells
and not the CD4 cells directly. Visitect CD4, determines CD4+ T cells in 40 puL of whole blood and
is based on a lateral flow technology. The red blood cells and monocytes from the whole blood are
held on a sample pad where the sample was applied while other cells travel through the chip. CD4+
cells are immobilised by binding them to biotin labelled anti-CD4 antibodies, which is detected by
a colloidal gold labelled anti-biotin [41]. The result of the semi-quantitative test is easy to interpret and
provides a visual readout “treat or no treat” in less than 40 min. Treat is when the “T” line is equal or
weaker than 350 line (CD4+ T cell count is <350 uL) while no treat is when the “T” line is stronger
than 350 line (CD4+ T cell count is >350 pL).

3.4.6. BD FACSPresto

The BD FACSPresto (BD Biosciences, NJ, USA) is a near patient CD4 counter instrument which
provides absolute CD4, percentage CD4 and Haemoglobin (Hb) concentration. Whole blood is
introduced into the cartridge, which contains dried fluorochrome conjugated antibody reagents [50].
The blood reacts with the reagents and the antibodies then binds to the surface antigens on the T
lymphocytes and monocytes. The cartridge is incubated for 18 min outside the counter for staining
to occur and this can increase the throughput and an operator can run up to 60 tests in an 8 h shift.
Post incubation, the stained cartridge is inserted into the instrument and the integrated software
identifies the population of interest and counts the absolute and percentage CD4+ T lymphocytes and
calculates the Hb concentration. A comparison study between several existing technologies and the
BD FACSPresto using 264 HIV positive patients in two rural health care facilities showed that the
FACSPresto functioned better in the laboratory setting than the conventional standard technologies,
which can result in up to 20% of patients requiring treatment being missed [51].

3.4.7. Zyomyx CD4 Test

This instrument free POC was developed by Zyomyx Inc. and was funded by the Bill and
Melinda Gates foundation [52]. The test consists of a single disposable cartridge and a mechanical
mixer/spinner. Whole blood is placed into the cartridge, where the CD4 cells from the blood sample
binds to the heavy anti-CD4 antibody coated particles [2]. To enable a visual readout at the end of
the protocol, anti-CD4 antibody coated particles are optically dense. The mechanical mixer spins the
cartridge enabling only conjugated cell pass through and enter the capillary tube which has high
density medium resulting in the formation of a cell stackwidth. The height of the stacked beads
which are bound to the cells is directly proportional to the number of CD4 cells and can be read
with assistance of a magnifying lens. The capillary tube has a calibrated scale that shows the cell
concentration similar to reading a thermometer. The system also contains anti-CD14 which binds to
monocytes and this is included to reduce contamination by monocytes.

3.4.8. Pima™ Analyser

The Pima™ Analyser (Alere Inc, Waltham, MA, USA) for CD4 testing is the first commercially
available instrument that does not use the traditional flow cytometry principle and was released
in 2009. Pima CD4 is an image based immune haematology test that measure absolute count of
CD3+/CD4+ cells and comprises of the analyser and a disposable Pima test cartridge which contains
dried reagents needed to perform the test [53]. Approximately 25 uL of whole blood is inserted into
the cartridge and the blood moves by peristalsis into the incubation platform where the blood interacts
with two antibodies (anti-CD3 and anti-CD4) attached to a flourochrome. After the incubation period,
the cartridge is then loaded into the instrument, where excitation of the fluorophores by the light
emitting diodes takes place [42]. An on-board CCD camera picks up the fluorescence signals, and the
image analysis software detects and counts the T-helper lymphocytes that express both antigens
(CD3/CD4). T-helper lymphocytes express both CD3 and CD4 surface antigen while other blood cell
types can express either CD3 or CD4. A Performance Evaluation of the Pima™ Analyser in 203 HIV
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infected patients infected individuals in resource limited settings showed good reproducibility of CD4
cell count results which were in agreement with the traditional dual platform and bead based flow
cytometers [54]. However, the need for basic laboratory infrastructure in order to run this instrument
impedes it from being in resource limited settings. It was also noted that this instrument is affected by
variation in the capillary sampling.

4. Technical and Commercialization Challenges in POC Diagnostics for HIV

Despite the recent advances in the field of engineering, material science and nanotechnology in
developing POC diagnostics, there are no instruments that meet the ASSURED criteria. The integration
of microfluidic systems into POC technologies also remains a challenge due to difficulty in the
miniaturization of various components required for active microfluidic transport. In order for POC
instruments to be useful, they generally need to perform the following procedures: (1) sample
collection; (2) sample processing; (3) testing; (4) data analysis and interpretation of the data;
and (5) waste disposal [47]. The testing procedure exhibit great challenges in the use of POC
diagnostics in resource limited settings especially in the rural areas because of lack of trained personnel
and limited laboratory testing capability. Most resource limited settings lack electricity, cold chain
abilities and the temperature is usually higher than the room temperature. To overcome these
limitations, reagents should be stable at high temperatures, making the dry form of reagents more
favourable and analysers should operate using a battery or solar power [55].

Another challenging factor is the sample collection and preparation, although some companies
such as the Alere, Becton Dickinson and Cepheid have made significant progress in the enabling of
effective sample collection. Daktari™ CD4 counter has also eliminated the sample preparation step
but as a result of the shifting global landscape around CD4 counting, the company has discontinued
the counter cartridges. Another important aspect of POC instruments that is often neglected by POC
developers is the user-interface. Results generated by POC instruments should be simple to understand
and easily interpretable by less skilled health workers and even patients at home [47]. With respect to
transport, mechanical vibrations during transportation may damage sensitive parts of the POC device
and should also be taken into consideration during development of the device. Furthermore, user
needs, which are critical in the product development decision making, should be included in R&D and
trial phases.

Prior to the translation of POC technologies into commercially viable products, the technologies
need to demonstrate high analytical precision and reproducibility for analyte quantification in
a large number of patient’s samples without significant interference from non-specific substances.
Furthermore, the instruments need to be validated by using accredited instruments. Another factor
which determines the commercialization and wide-scale adoption of POC technologies is the economic
feasibility [56]. Generally, the commercialisation process of new diagnostic devices is lengthy and very
expensive. On average, it is estimated that the product development process can take up to 10 years
and a cost of $100 million (USD) from proof of concept to product launch [57]. Even though many
companies have managed to enter their POC technologies into the market, a number of promising
technologies have failed at market entry. We envisage that the current technical and commercialization
challenges will persist due to the barriers that have been mentioned. However, in the in the long run,
many POC devices will enter the market.

5. Future Prospects

There is a strong need for the development of HIV diagnostics that rapid, inexpensive and
simple for application in resource limited settings. POC diagnostics have been undoubtedly a dream
companion for medical professionals in resource constrained settings because of their low cost; they
do not require skilled lab technicians; and they can generate a test result rapidly. The aforementioned
mentioned POC technologies excel in certain aspects but fail to meet every aspect of the ASSURED
characteristic set out by the WHO. This therefore implies that there is a strong need to further improve
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the currently available systems. Most of these devices are benchtop sized with the cost of the analyser
ranging approximately $3000-$10,000 [58]. Integration of smartphones with microfluids and paper
based platforms hold great promise in the quest of developing POC devices. Wearable or implantable
sensors also holds great promise in the development of POC diagnostics for HIV diagnostics and
monitoring individuals on ART in resource limited settings. Researchers are collaborating towards
the development of POC device and companies are either developing new devices or investing in
improving current technology.

6. Conclusions

The advancement in technology will eventually result in the development of POC technologies
that meet the ASSURED criteria. The innovative platforms or assays mentioned in this review
use simple and inexpensive components, and are cassette based, battery powered and portable.
Furthermore, they can easily be used and in general they do not need skilled personnel and reagents
are temperature insensitive. The progress made in the development of these POC devices for HIV
expands access to testing in remote and rural settings, leading to rapid diagnosis and eventually
ART treatment.
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