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Author summary
o Human immunodeficiency virus (HIV) drug resistance has implications for anti-

retroviral treatment strategies and for containing the HIV pandemic because the develop-
ment of HIV drug resistance leads to the requirement for antiretroviral drugs that may be
less effective, less well-tolerated, and more expensive than those used in first-line

regimens.
o HIV drug resistance studies are designed to determine which HIV mutations are

selected by antiretroviral drugs and, in turn, how these mutations affect antiretroviral

drug susceptibility and response to future antiretroviral treatment regimens.
o Such studies collectively form a vital knowledge base essential for monitoring

global HIV drug resistance trends, interpreting HIV genotypic tests, and updating HIV

treatment guidelines.
o Although HIV drug resistance data are collected in many studies, such data are

often not publicly shared, prompting the need to recommend best practices to encourage

and standardize HIV drug resistance data sharing.
« In contrast to other viruses, sharing HIV sequences from phylogenetic studies of

transmission dynamics requires additional precautions as HIV transmission is criminal-

ized in many countries and regions.
o Our recommendations are designed to ensure that the data that contribute to HIV

drug resistance knowledge will be available without undue hardship to those publishing
HIV drug resistance studies and without risk to people living with HIV.

Introduction

Data sharing can be beneficial to many stakeholders in biomedical research, including research-
ers, regulatory and funding agencies, and the public. It enables the reproduction and validation
of studies and facilitates the consolidation of data from multiple studies to address common
questions unanswerable by a single study. Many scientific organizations and funding agencies
mandate that scientists incorporate data-sharing plans in their funding applications, protocols,
and manuscripts. In 2014, the National Institutes Genomic Data Sharing Policy recommended
that investigators generating genomic data seek consent from participants for the broadest pos-
sible sharing of research data [1]. In 2020, the US National Institutes of Health (NIH) drafted
new guidelines for data management and sharing, which took effect in January 2023 [2]. In
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Control and Prevention; DRM, drug-resistance
mutation; HIV, human immunodeficiency virus;
HIVDR, human immunodeficiency virus drug
resistance; NGS, next-generation sequencing; NIH,
National Institutes of Health; PLWH, people living
with HIV; PrEP, preexposure prophylaxis; SARS-
CoV-2, Severe Acute Respiratory Syndrome
Coronavirus 2; WHO, World Health Organization.

2022, the World Health Organization (WHO) issued a policy promoting data sharing as a global
public good, drawing on lessons learned from the COVID-19 pandemic [3].

Viral sequences and their associated metadata (e.g., the time the sequenced virus was iso-
lated, the location of the individual from whom the virus was isolated) play a vital role in anti-
viral drug and vaccine development, drug resistance surveillance, and clinical management. In
this manuscript, we review areas where sharing viral sequences and their metadata can further
human immunodeficiency virus (HIV) drug resistance (HIVDR) research, impact HIV treat-
ment guidelines, and enhance the clinical management of people living with HIV (PLWH).

Despite its benefits, public sharing of research data continues to be limited in numerous
fields [4-8]. Given the extensive variety of data generated from research, funding agencies and
journal editors often face uncertainty regarding types of data that should be shared for maxi-
mum public health benefit [9,10]. Consequently, it is crucial for key stakeholders to establish
practical and domain-specific data-sharing standards. Experts in particular research fields are
best suited to identify the most valuable, reusable, and shareable data in their domains without
causing unnecessary burdens on researchers or posing risks to study participants. This project
was initiated by the senior author in collaboration with frequent attendees of annual HIV drug
resistance workshops who suggested soliciting input from additional global researchers
involved in HIV antiretroviral (ARV) clinical trials and HIVDR surveillance.

Several reviews have outlined potential challenges to the sharing of published research data
including legal issues related to ownership, incentives for researchers, technical issues (i.e., the
types of data that should be shared and how they should be shared), and ethical challenges
related to privacy [1,9-11]. This Policy Forum does not address the intricacy of legal issues as
they may vary across regions and depend on the source of research funding. It instead focuses
initially on the incentives for researchers indicating that HIVDR studies collectively form a
vital knowledge base essential for interpreting HIVDR genotypic tests and monitoring global
HIVDR trends, and then addresses the technical aspects of data sharing in HIVDR research
and the unique ethical challenges associated with maintaining privacy in this context.

Public health and clinical significance of HIVDR

In 2022, an estimated 29.8 million PLWH were receiving ARV treatment (ART) [12,13].
Approximately 10% to 15% of newly diagnosed PLWH have drug-resistant viruses [14], and
an additional 2 million PLWH have likely experienced treatment failure, many of whom have
also developed ARV drug-resistant viruses [14]. HIVDR has implications for ART strategies
and for containing the HIV pandemic because the development of HIVDR leads to the
requirement for ARV drugs that may be less effective, less well-tolerated, and more expensive
than those used in first-line regimens. Transmitted HIVDR may also reduce the effectiveness
of preexposure prophylaxis (PrEP), which is a critical component of global strategies for con-
taining the spread of HIV [15,16].

HIVDR assessment for surveillance and for clinical purposes relies on genotypic sequenc-
ing and algorithms for predicting ARV drug susceptibility. However, interpreting genotypic
HIVDR tests is challenging because there are many mutations associated with reduced ARV
drug susceptibility, referred to as drug-resistance mutations (DRMs), and they differ in their
effects on different drugs and often occur in complex patterns. Moreover, due to cross-resis-
tance between drugs within the same ARV class, HIVDR interpretation should ideally be
quantitative, to estimate the extent to which the mutations in a sequenced virus will compro-
mise the virological response to an ARV drug or drug combination.

As new ARV drugs and data emerge, it is crucial to continuously update the approach for
interpreting genotypic HIVDR profiles. Doing so ensures the optimization of individual
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patient care and enables the application of new HIVDR knowledge to the analysis of popula-
tion-based surveys and clinical studies [17]. Such analyses also play a role in the updating of
HIV treatment guidelines, including in regions where genotypic HIVDR tests are not routinely
employed in clinical practice.

HIVDR research data

HIV pol gene sequences obtained from ART-naive persons offer insights into which positions
in RT, protease, and integrase are conserved or polymorphic in the absence of selective ARV
drug pressure. Sequences from ART-naive individuals in regions with widespread ART utiliza-
tion, when sampled appropriately, also help estimate the prevalence of transmitted HIVDR
within a population. In such studies, transmitted HIVDR is defined as the presence of one or
more nonpolymorphic DRM:s that do not naturally arise in ART-naive individuals [18].

Sequences from ART-experienced individuals yield important data on the viral genetic
mutations responsible for resistance to specific ARV drugs and on the prevalence of acquired
HIVDR associated with specific ART regimens. While data from population-based HIVDR
surveillance are necessary to determine the prevalence of overall HIVDR and of specific DRMs
in ART-experienced populations, data from case reports and case series are often necessary to
identify DRMs that emerge less commonly or that are associated with newly approved ARVs
for which the incidence of emerging HIVDR in any single clinical trial or cohort is low. Impor-
tantly, it is also essential to analyze data from broad geographic regions, because viruses of dif-
ferent HIV subtypes differ in their propensity to develop specific DRMs under the influence of
ARV drug selection pressure [17].

Once a comprehensive list of potential DRMs is identified, their biological and clinical sig-
nificance must be assessed. Evaluating biological significance involves in vitro susceptibility
testing of both site-directed mutants and clinical isolates containing 1 or more HIVDR muta-
tions. For clinical isolates, susceptibility testing often requires examining multiple isolates with
the same DRMs because the susceptibility associated with many DRMs can be influenced by
background mutations present in clinical isolates. Evaluating clinical significance involves
quantifying the impact of DRMs on the virological response to subsequent ART regimens.

Gaps in HIVDR data sharing

Most journals mandate that sequences described in a published study should be submitted to
the joint databases of GenBank, the DNA Data Bank of Japan, or the European Nucleotide
Archive, which we refer to collectively as “GenBank” [19]. However, there has been less recog-
nition of the importance of sequence metadata, which in the field of HIVDR also includes the
ART history of the individual from whom the sequenced virus was obtained and, if available,
in vitro susceptibility data and the virological response to subsequent ART regimens.

A recent meta-analysis of HIVDR data sharing examined 934 studies published between
2010 and 2019 [20]. Sequences were submitted to GenBank for 60% of HIVDR studies: 69% of
ART-naive studies, 47% of the ART-experienced studies, and 68% of the studies of children.
Among the journals publishing more than 10 studies, sequence availability ranged from 8% to
87%. Sequences with linked ART histories were shared for only 20% of the studies of ART-
experienced persons including from 37% of studies from sub-Saharan Africa, 22% from North
America, and 8% from Europe [20].

There are even fewer sequences available from PLWH who have received newer ARV
drugs. For example, in recent studies of PLWH receiving the recently approved ARVs doravir-
ine and cabotegravir no sequences were submitted to GenBank [21,22]. Although the authors
of these studies reported amino acid mutations they considered to be the most important
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DRMs, the absence of complete sequences (or lists of mutations) made it impossible to know
whether unrecognized or accessory DRMs were also present.

The primary challenge to the availability of in vitro phenotypic susceptibility data is the cost
of susceptibility testing. Phenotypic data sharing is typically not an issue, as authors of such
studies generally make their data available in tables or figures.

The main challenge to the accessibility of virological response data is the additional effort
involved in making such data available. This process typically requires the preparation of sepa-
rate linked files containing sequences, ART histories, and virus levels. Furthermore, it may
involve obtaining additional permissions to share this more complex data. Indeed, the individ-
ual patient-level ART history and virus load data associated with both clinical trials and cohort
studies are rarely made publicly available.

Privacy challenges associated with sharing HIV sequences and
associated metadata

The analysis and sharing of viral sequences and associated epidemiological data hold public
health value for understanding the transmission of HIV and other epidemic and pandemic
viruses such as influenza, Ebola virus, and Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) [23]. Phylogenetic analyses of viral sequences can characterize sequence diver-
sity in a region and identify factors contributing to regional outbreaks [24]. When the demo-
graphics, behavioral histories, and stage of infection of individuals in densely sampled
populations are known, it is possible to determine the characteristics and behaviors of those
most likely to transmit or become infected by HIV, thus providing insights into optimal pre-
vention measures and to identify emerging outbreaks. HIV pol sequences have often been
used for these studies because they are widely available from routinely performed genotypic
HIVDR testing.

In contrast to other viruses, sharing HIV sequences from densely sampled populations may
pose unique risks because, in many countries and regions, HIV transmission is criminalized
[25-27]. As a result, the consequences of a data breach or unintended identification of a study
participant can be more detrimental to PLWH than to individuals infected with other viruses.
In sufficiently densely sampled populations, it is likely that samples from transmission partners
will have been sequenced and found to be highly similar. Nonetheless, without contact history
data, it is not possible to determine whether individuals with highly similar sequences infected
one another or were infected by a common source.

Public health agencies, which hold the mandate and authority to identify individuals and
their contacts, have performed phylogenetic analyses to detect rapidly growing HIV clusters to
identify communities affected by rapid HIV transmission for which prevention efforts are
most needed [27,28]. In the US, the Centers for Disease Control and Prevention (CDC), which
leads this effort, does not release these sequences to GenBank or other public repositories [27].
In contrast, phylogenetic research performed outside of public health agencies involves de-
identified data and does not involve public health interventions at the individual level but may
be useful for shaping population-based preventive measures. These researchers have often
publicly shared a randomly selected subset of their sequences and offered restricted full access
to other researchers through data use agreements [27].

Although HIV pol sequences are also used in phylogenetic studies of transmission dynam-
ics, the density of sampling and types of metadata in phylogenetic studies differ from those of
HIVDR studies. We therefore recommend that the ethical questions of sharing sequences
from studies of transmission dynamics should be addressed separately by local human subjects
review panels, authors, funding agencies, and communities of PLWH.
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HIVDR data sharing recommendations

The sidebar contains recommendations for sharing HIV pol sequences, ART histories, and
virological outcome data for published HIVDR studies (Box 1). HIV pol sequences reported in
HIVDR studies should be submitted to GenBank as this is the standard repository for genetic
sequence data. Nucleotide sequences are critical for assessing sequence quality control and
indicating the presence of synonymous and nonsynonymous variants and nucleotide mixtures
[29]. For the purpose of furthering HIVDR research, nucleotide sequences also provide infor-
mation on genetic barriers to resistance (i.e., number and type of nucleotide changes responsi-
ble for an amino acid mutation) and are essential for developing PCR primers and diagnostic
reagents.

If sequencing was performed using a next-generation sequencing (NGS) technology, the
inferred consensus sequence should be submitted along with the details of the analytical proce-
dure used to determine the consensus sequence and to identify mutations detected at sub-con-
sensus levels. Submission of the NGS files to the National Center for Biotechnology
Information Sequence Read Archive is recommended for studies of intrahost evolution.

If authors are concerned that a data breach or the unintentional identification of persons in
a study could place a person at risk of legal jeopardy because their sequence is very similar to
that of another person in a study, the authors could translate the nucleotide sequence to amino
acids before publicly sharing the sequence. Amino acid sequences contain less identifying
information than nucleotide sequences yet are nearly as useful for HIVDR research.

If the ART histories in a study are not complicated (e.g., all samples were obtained from
persons who were ART-naive or who received just 1 or 2 ART regimens), they can be shared
in the published paper and/or as a structured comment in GenBank. If the complete ART his-
tories of persons in a study are not known or are complicated, sufficient treatment history for
each individual to support the study’s findings should be shared as a supplementary data file.
Finally, with the increasing use of PrEP globally, it has become important to document
whether PLWH had received PrEP prior to HIV infection.

For clinical trials and cohort studies reporting the impact of baseline HIVDR on the viro-
logical response to an ART regimen, temporally linked sequences, ART regimens, and plasma
HIV RNA levels should be shared either in a supplementary data file or in a research data
repository that would satisfy the FAIR guiding principles for scientific data management—
findable, accessible, interoperable, and reusable [30]. Even though participant data in such
studies are de-identified, course-grained data should be provided where possible to mitigate
the risk of patient re-identification.

Given sensitivities around patient identification, it is not necessary to share data on age,
gender, ethnicity, or medical, social, and behavioral history because these factors have rarely
been shown to influence which DRMs are selected by ART or to influence the biological or
clinical effects of DRMs.

Conclusions

Data on HIVDR hold significant value for HIV researchers, public health scientists, and
PLWH. Nevertheless, while many studies collect HIVDR sequence and ART data, these data
frequently remain inaccessible, thus limiting their inherent value to key stakeholders. We pro-
pose a comprehensive set of best practices to encourage and standardize HIVDR data sharing,
which will maximize its potential in advancing HIV research, clinical care, and public health
impact as well as safeguarding privacy. Although these recommendations are intended for
authors of research studies, they will be most effective if journal editors incorporate them as
publication prerequisites and funding agencies establish them as compliance benchmarks.
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Box 1. Recommendations for sharing HIV pol sequences and their
associated metadata

1. We recommend submitting HIV pol nucleotide sequences described in published
studies to GenBank along with the following metadata:

a Unique de-identified person ID for individuals with sequences in a given publica-
tion when there are multiple sequences from the same person. For example, samples
may have been obtained at different times (e.g., before and after therapy) or from
different specimen types (e.g., plasma, peripheral blood mononuclear cells).
Sequences may also represent different clones from the same sample.

b Specimen type (e.g., plasma virus, peripheral blood mononuclear cells, dried blood
spots).

¢ Method of cloning and sequencing (e.g., direct PCR dideoxyterminator sequencing,
consensus of reads determined by a next-generation sequencing (NGS) technology,
single genome sequencing).

d Country in which the sequenced sample was obtained to enable regional estimates
of HIVDR prevalence.

e Year in which the sequenced sample was obtained to identify temporal trends in
HIVDR prevalence.

Notes: (1) If nucleotide sequences are not available or are deemed too sensitive to be
made publicly available, the complete list of amino acid changes from a reference
sequence should be made available as a supplementary data spreadsheet file attached to
the publication in which the sequences are reported; (2) if nucleotide sequences are not
available, the subtype should be provided; (3) for NGS consensus sequences, the muta-
tion-detection threshold used to identify sub-consensus nucleotides should be specified.

2. We recommend that ART history data be included in publications or submitted to
GenBank as a structured comment (https://www.ncbi.nlm.nih.gov/genbank/
structuredcomment/). If the histories are complicated, they can be included as a
supplementary data spreadsheet file. Ideally, the complete list of ART regimens
received by an individual should be made available. However, the most recent
ART regimen and all previously received ARVs would be potentially most useful.

3. Virological outcome data from clinical trials and cohort studies that provide
insight into the clinical significance of HIVDR should be made publicly available
in spreadsheets containing plasma HIV RNA levels temporally linked to HIV pol
sequences and ART regimen changes. Course-grained data may be appropriate to
reduce the risk of re-identification of de-identified data.
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