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Abstract

Objective: HIV prevention and treatment studies demonstrate that pharmacologic adherence
metrics are more accurate than self-report. Currently-available metrics use liquid-chromatography/
tandem-mass-spectrometry (LC-MS/MS), which is expensive and laboratory-based. We developed
a specific and sensitive antibody against tenofovir, the backbone of treatment and prevention, but
conversion to a lateral flow assay (LFA) —analogous to a urine pregnancy test- is required for
point-of-care testing. We describe the development of the first LFA to measure antiretroviral
adherence in real-time.

Methods: Previous work in a directly-observed therapy study of providing tenofovir-disoproxil
fumarate (TDF) to HIV-noninfected volunteers at various simulated adherence patterns defined the
appropriate cut-off for the LFA (1500ng tenofovir/ml urine). We developed the LFA using a
sample pad for urine; a conjugate pad coated with TFV-specific antibodies conjugated to colloidal
gold nanoparticles; a nitrocellulose membrane striped with tenofovir-antigen (test line) and a
control line; with an absorbent pad to draw urine across the reaction membrane.

Results: We tested 300 urine samples collected from the directly-observed therapy study by this
LFA and the gold-standard method of LC-MS/MS. The LFA demonstrated 97% specificity (95%
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Cl: 93% to 99%) and 99% sensitivity (94% to 100%) compared to LC-MS/MS. The LFA
accurately classified 98% of patients who took a dose within 24 hours as adherent.

Conclusion: We describe the development and validation of the first point-of-care assay to
measure short-term adherence to HIV prevention and treatment in routine settings. The assay is
low-cost, easy-to-perform and measures the breakdown product (tenofovir) of both TDF and
tenofovir alafenamide (TAF). This assay has the potential to improve HIV and PrEP outcomes
worldwide by triggering differentiated service delivery with further study merited.

Keywords
Antiretroviral treatment; PrEP; adherence; tenofovir; lateral flow assay; point-of-care; urine

INTRODUCTION

The pre-exposure prophylaxis (PrEP) trials revealed the profound limitations of self-reported
adherence for PrEP.12 Indeed, pharmacologic adherence metrics (where drug levels were
measured in a biomatrix such as plasma) were critical to the interpretation of all the major
PrEP trials.1~3 PrEP implementation and roll-out programs, when possible, are now
incorporating objective metrics of adherence.# In the context of antiretroviral treatment
(ART), there is increasing interest in objective adherence monitoring using drug levels to
avert both virologic resistance and the need for second or third-line regimens.> For instance,
virologic failure with a low drug level would be indicative of adherence challenges, whereas
virologic failure with adequate adherence could trigger resistance testing.6 However, for
objective adherence monitoring to be scaled up for both HIV prevention and treatment, a
real-time, inexpensive, easy-to-perform adherence monitoring tool will be needed.

The currently-available pharmacologic adherence metrics, where antiretroviral drug levels
are measured in a biomatrix such as plasma,’ urine,8 dried blood spots (DBS),? or hair?,
require expensive spectrometry-based technology and skilled laboratory-based personnel.
For pragmatic reasons, therefore, these metrics have been restricted mainly to the research
setting. Antibody-based tests, if converted into a point-of-care assay platform, allow for
immediate and low-cost detection of the compound of interest in the clinical setting, similar
to the technology used for the urine-based pregnancy test.11

Tenofovir-based compounds - tenofovir disoproxil fumarate (TDF) or tenofovir alafenamide
(TAF) - are the backbone of most ART regimens worldwide. TDF/emtricitabine (FTC) is the
only approved agent for PrEP, with TAF/FTC under consideration at the Food and Drug
Administration as another option for oral PrEP.12 Both TDF and TAF are broken down into
tenofovir, the metabolite found in both plasma and urine. Urine collection is noninvasive
compared to blood sampling. Therefore, a urine-based point-of-care assay to objectively
confirm tenofovir drug-taking in routine clinical settings could have broad applications.

Our group has recently developed an antibody-based immunoassay to measure tenofovir in
urine.8:13.14 Tenofovir levels by the ELISA-immunoassay showed high sensitivity,
specificity and accuracy when compared to concentrations measured by the gold-standard
method of liquid chromatography tandem mass spectrometry (LC-MS/MS) among
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participants provided TDF/FTC in a large directly-observed therapy (DOT) study.13 Since
ELISA-immunoassays are cumbersome, the translation of an antibody-based test to a lateral
flow assay (LFA) format,1® similar to an over-the-counter urine pregnancy test, will allow
for implementation at the clinical point-of-care. This paper describes the development of an
LFA from our tenofovir-based immunoassay and its validation by comparing the LFA’s
performance characteristics to the gold standard of LC-MS/MS.

METHODS:

Development of the lateral flow assay:

Using urine samples collected from a DOT study (TARGET, ) in which 30 HIV-noninfected
volunteers from Thailand received directly-observed TDF 300mg/FTC 200mg at 7, 4 and 2
doses per week (to simulate high, moderate and low adherence levels, respectively), we
modeled an appropriate adherence benchmark for the lateral flow assay. As previously
described, we found that a urine concentration of 1500 nanograms (ng)/milliliter (mL) of
tenofovir in the urine balanced high specificity for adherence with good sensitivity for non-
adherence.13

We then developed the lateral flow assay (LFA) for tenofovir using previously-described
methods.® The LFA test strip components include a sample pad onto which the test sample
(e.g. urine) is applied; a conjugate pad coated with tenofovir specific antibodies conjugated
to colloidal gold nanoparticles; a nitrocellulose membrane striped with a test line consisting
of a tenofovir antigen and a control line consisting of anti-rabbit antibody; and an absorbent
pad designed to draw the sample across the reaction membrane by capillary action. These
components are all affixed to inert backing material and packaged within a plastic casing.

Validating the LFA results against LC-MS/MS-determined concentrations:

Laboratory methods: To evaluate the performance of the LFA, urine samples are
aliquoted for measurement by both LC-MS/MS and the LFA. For the LC-MS/MS-based
method, as previously described,8 tenofovir is separated from one thousand-times diluted
urine via reverse-phase high-performance LC and quantified by MS/MS using electrospray
positive ionization in multiple reaction monitoring mode (TFV, 287.9/175.9 m/z (Q1/Q3)).
The lower limit of quantification (LLOQ) of the LC-MS/MS-based assay is 500 ng/mL. For
the LFA, 2-3 drops of urine are applied from the urine sample on to the LFA and, after
approximately two minutes, the lines on the LFA window are read.

Statistical analysis: We calculated the sensitivity, specificity and accuracy of the LFA
compared to LC-MS/MS by cross-tabulating values above/below the 1500ng/mL threshold
by the two different assays. Because misclassification was very rare, we present confidence
intervals based on exact calculations using the binomial distribution.16
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RESULTS:

LFA development

A photograph of the fully-developed LFA is shown in Figure 1. The urine first encounters
the colored particles labeled with tenofovir antibody, so free tenofovir in the urine sample
will bind the antibodies, preventing them from binding to the antigen line (test line)
containing the tenofovir antigen. The presence of tenofovir in the urine, therefore, results in
no color signal on the test line. Absence of tenofovir in the urine causes the antibodies to
migrate to the antigen pad and bind strongly to the tenofovir antigen, resulting in a dark test
line. This competitive assay, therefore, demonstrates a colored line in samples negative for
tenofovir and no line in samples positive for tenofovir.

This LFA requires 2-3 drops of urine to be dropped into the divot indicated on Figure 1 and
takes <2 minutes to yield results. The test on the left shows a urine sample without tenofovir
present. The test on the right shows a urine sample taken 8 hours after an HIV-noninfected
volunteer was administered TDF/FTC 300mg/200mg.

Accuracy, sensitivity and specificity of the LFA:

Of 637 urine samples collected among the participants in the TARGET DOT study,2 300
were randomly selected to be tested by both the LFA and the gold standard method of LC-
MS/MS for validation. Figure 2 shows the 2 x 2 table of tenofovir in the urine via the LFA
versus LC-MS/MS with the established cut-off of 1500ng/mL. The accuracy of the LFA
compared to LC-MS/MS was 97% (95% confidence interval (CI): 95% to 99%). Among the
213 tenofovir-negative samples by LC-MS/MS (<1500ng/mL), 206 were also negative by
the LFA, indicating 97% specificity (95% CI: 93% to 99%). Of the 87 tenofovir-positive
samples by LC-MS/MS (>1500ng/ml), 86 were also positive by the LFA, indicating 99%
sensitivity (95% CI: 94% to 100%).

DISCUSSION:

This study describes development and validation against the gold-standard method of LC-
MS/MS of a novel urine based lateral flow assay to detect adherence to tenofovir-based
regimens. This LFA will allow for point-of-care testing for tenofovir in routine clinic-based
settings. Given that TDF or TAF (both metabolized into tenofovir) are the backbone of most
ART regimens and of oral PrEP worldwide, this test should have wide-reaching implications
for both treatment and prevention. LFA technology allows for real-time testing and this
particular product takes <2 minutes to interpret results, allowing adherence information to be
objectively measured during a routine clinical visit. Urine collection has acceptability and
feasibility advantages to blood collection.1”-18 Moreover, the test is inexpensive (<$2 per
test), easy to use and can be readily performed and interpreted by non-trained personnel.

Our LFA, like the ELISA-based immunoassay test,2 is highly specific (97%) and sensitive

(99%) when compared to the gold-standard method. These performance characteristics will

minimize misclassification of adherence at a clinic visit. Based on qualitative data from the

VOICE study from participants who were provided feedback on plasma tenofovir levels, we
deliberately chose a cut-off for the urine assay that maximized specificity, i.e., minimizing
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the chance that an individual would be told they were non-adherent when actually taking the
drug.19 We estimate that a patient who has taken a TDF/FTC dose 24 hours ago will have a
98% probability of the LFA being positive at this cut-off and the probability of the test
remaining positive if the last dose was taken >4 days prior will be low (<17%).13

In the context of PrEP, objective adherence monitoring is helpful since self-reported
adherence has limitations, including social desirability bias,2° and there is no surrogate for
adherence (such as HIV viral loads in individuals with HIV). Moreover, the ability to
monitor adherence at the point-of-care will allow for real-time feedback on adherence,
which itself can improve adherence.1® Timely information on how a patient is adhering to
PrEP can trigger an immediate HIV test and real-time adherence interventions before
prevention effectiveness is compromised.?! Finally, since this metric provides information
on dosing within the prior 4-7 days, with minimal impact of cumulative adherence on its
assessment of recent adherence, it has the potential to confirm self-reported PrEP dosing
patterns on a weekly basis in the context of on-demand PrEP, meriting further study.

In the setting of HIV treatment, World Health Organization guidelines recommend that
patients on ART with failure to achieve virologic suppression or with new virologic failure
be enrolled into a protocol of enhanced adherence counseling with more frequent HIV viral
load monitoring until suppression is achieved.?? Providing a low-cost tool to monitor drug-
taking behavior at the clinical point-of-care can allow for enhanced adherence counseling
even before a viral load is known or the rationing of viral load testing until the urine test
improves. A low-cost point-of-care assay can also monitor for adherence between less
frequent and more expensive viral load measurements on ART. Finally, in second-line ART
failure, a point-of-care adherence metric in combination with viral load testing can
determine when costly viral drug resistance testing may be required (e.g. a low adherence
test with a high viral load suggest adherence challenges; a good adherence result with a high
viral load suggests resistance).® Of note, the adherence threshold to maintain virologic
suppression may be different than what is required to maintain the effectiveness of PrEP, so
future studies in treatment cohorts will determine if the assay cut-offs should differ by
indication.

This assay will have limitations. Urine and plasma levels of tenofovir provide information
on adherence over short periods of time (1-7 days) and a limitation of any short-term metric
is the possibility of “white coat adherence,” where adherence improves transiently before a
visit. This phenomenon has not yet been observed in PrEP, with plasma levels of tenofovir
serving as the primary adherence metric in every one of the placebo-controlled trials of
PrEP.23 However, only with deployment of a widely-used point-of-care assay for monitoring
short-term adherence can the extent of this limitation be determined. Combining short and
long-term metrics of adherence (such as tenofovir levels in urine and hair23) to define
patterns of adherence can circumvent this limitation as the transfer of the technology of
performing hair assays to laboratories in low-and-middle-income countries expands.24
Finally, although tenofovir is the metabolite of both TDF and TAF, the currently-developed
assay should be used with TDF only. The appropriate cut-off for tenofovir in the urine assay
with TAF needs to be determined and that work is underway. Regulatory approval and
acceptability, feasibility and utility studies are also underway ().
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In conclusion, we have developed and validated the first LFA for tenofovir in urine, allowing
for point-of-care objective adherence monitoring for both ART and PrEP. This test is easy to
perform, inexpensive, and rapid, allowing for immediate patient feedback, timely adherence
support and the activation of relevant laboratory testing in real-time. Further study of the
impact of this novel adherence tool on optimizing the effectiveness of HIV treatment and
prevention in diverse populations is needed.
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Figure 1:

Prototype for first lateral flow assay for tenofovir detection in urine
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Figure 2:
Test characteristics of lateral flow assay
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