Review Article
Volume 11:11, 2020

DOI: 10.37421/jar.2020.11.824

Journal of AIDS & Clinical Research

ISSN: 2155-6113 Open Access

A 35-Year Review of Pre-Clinical HIV Therapeutics Research
Reported by NIH ChemDB: Influences of Target Discoveries,
Drug Approvals and Research Funding

Shawn S. Jackson?, Louise E. Sumner’, Mikaela A. Finnegan?, Emily A. Billings?, Danna L. Huffman? and Margaret A.

Rush*

1Gryphon Scientific, LLC, Takoma Park, MD, USA
2GDIT, Falls Church, VA, USA

Abstract

\We present a retrospective analysis of trends in human immunodeficiency virus (HIV) small molecule drug development over the last thirty-five
years based on data captured by ChemDB, a United States (US) National Institutes of Health (NIH) database of chemical and hiological HIV
testing data. These data are analyzed alongside NIH funding levels, US Food and Drug Administration (FDA) drug approvals, and new target
identifications to explore the influences of these factors on anti-HIV drug discovery research. The NIH's ChemDB database collects chemical
and hiological testing data describing published and patented pre-clinical compounds in development as potential HIV therapeutics. These data
were used as a proxy for estimating overall levels of HIV therapeutics research activities in order to assess research trends. Data extracted from
ChemDB were compared with records of drug approvals from the FDA, NIH funding levels, and drug target discoveries to elucidate the influences
that these factors have on levels of HIV therapeutics research activities. Despite the increasingly wide suite of HIV therapeutic options that have
accumulated during decades of research, interest in HIV therapeutics research activities remains strong. While decreases in research activity
levels have followed cuts in research funding, FDA-approved HIV therapeutics have continued to accumulate. The comparisons presented here
indicate that HIV drug research activity levels have historically been more responsive to changes in funding levels and the identification of new drug
targets, than they have been to drug approvals. Continued interest in HIV therapeutics research may reflect that fact that of the 55 drugs approved
for HIV treatment as of 2018, only seven inhibitory targets are represented. Moreover, drug resistance presents substantial clinical challenges.
Sustained research interest despite drug approvals and fluctuations in available funding likely reflects the clinical need for safer, more palatable
and more efficacious therapeutics; robust attention to both novel therapeutics and inhibitory targets is necessary given the speed of development
of drug-resistant HIV strains. Only with such continued interest will we reduce the burden of acquired immunodeficiency syndrome (AIDS) disease

and control the AIDS epidemic.
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Introduction

Thirty-five years have passed since the identification of human
immunodeficiency virus (HIV) as the etiological agent of acquired
immunodeficiency syndrome (AIDS) [1,2]. Over that time, billions of dollars
have been spent on the development of HIV therapeutics in the hopes of
reducing HIV-related morbidity and mortality, and someday achieving a cure.
While the first therapeutic for the treatment of HIV-infected individuals was
approved by the US Food and Drug Administration (FDA) in 1987 [3], the highly
mutable biology of HIV quickly led to the emergence of drug-resistant strains
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[4,5], and additional drugs were soon needed to control the epidemic. Since
1987, dozens of HIV therapeutics have been developed (Figure 1) [3].

With the advent of effective antiretroviral treatment regimens including
highly active antiretroviral therapy (HAART) [6], lifespans have increased
dramatically for patients infected with HIV, and HIV infection has come to be
viewed as a chronic disease state [7-9]. Therefore, maximizing the safety
and tolerability of HIV treatment regimens has become of utmost importance.
However, resistant viral strains appear quickly following the introduction of each
new antiretroviral drug class, and so the need for antiretroviral therapies that
reduce the likelihood of drug resistance is of equal, if not greater, importance.
A recent World Health Organization (WHO) survey found that resistance is
on the rise, with over 10% of people starting antiretroviral therapy in 6 of 11
African, Asian, and Latin American countries already having a drug-resistant
strain of HIV. With pre-treatment drug resistance levels currently topping 10%,
global targets to end AIDS as a public health threat by 2030 are unlikely to be
met without rapid advances in antiretroviral therapy [10].

As many challenges face antiretroviral therapeutics development,
an examination of historical influences and indicators that helps us better
understand past developmental trends and milestones is warranted. We
undertook a focused study of influences on the direction and pace of the HIV
drug development field, analyzing the relationships between the quantities
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Figure 1. Timeline of HIV therapeutics target discoveries, first-in-class drug approvals, and major advances in treatment approaches.

of therapeutic targets identified and potential HIV therapeutics tested in pre-
clinical studies, levels of funding for such research, and the achieving of HIV
drug approvals by the FDA. For this analysis, we leveraged the ChemDB HIV,
Opportunistic Infection and Tuberculosis Therapeutics Database (ChemDB;
chemdb.niaid.nih.gov) maintained by the National Institute of Allergy and
Infectious Diseases (NIAID) of the National Institutes of Health (NIH). ChemDB
contains information extracted from the scientific literature and patents on the
structure and activity of pre-clinical compounds with potential therapeutic
activity against HIV. In addition to their utility for a variety of drug discovery
purposes, from virtual screening and structure-activity relationship (SAR)
studies to building drug discovery models based on machine learning [11],
ChemDB data are also useful for tracking HIV drug discovery activities more
broadly. By querying the database, annual counts of compounds tested for
anti-HIV activity were gathered, along with information on their novelty, source
publications and potential viral and host targets of inhibition. Taken together,
these data can serve as proxies for the relative levels of HIV therapeutic
“research activities” taking place each year. As such, they can be used to draw
inferences regarding the influences of factors such as funding levels and drug
approvals on the extent and focus of therapeutics research activities. With
this knowledge, we may better predict the combinations of factors that will
support robust HIV drug discovery and development research in the future; this
knowledge could be leveraged in future policy decisions, possibly leading to a
faster attainment of antiretroviral therapeutics goals.

Materials and Methods

ChemDB

Data for 1984-June 2018 were obtained from the ChemDB HIV,
Opportunistic Infection and Tuberculosis Therapeutics Database. (Data for
July-December 2018 were not available at the time of this writing.) Since the
database is continually updated with information extracted from published
literature and patents, including the structure and activity of compounds that
have been tested against HIV, HIV enzymes or opportunistic pathogens, it was
considered to be a comprehensive data source. See the Appendix for literature
surveillance methodology. The following data were extracted for each year:
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(1) the total number of putative HIV-inhibitory compounds described, including
both those previously existing in and novel to ChemDB; (2) the number of
unique viral or host cellular components investigated as targets for HIV
inhibition (e.g., reverse transcriptase (RT), protease, integrase, CCR5, CD4,
etc.); (3) the number of publications (or patents) describing a compound(s) with
putative activity against HIV; and (4) the total number of references to targets
(“target references”) for HIV inhibition within the publications (or patents). Note
that a single publication/patent could describe multiple potential inhibitory
compounds and reference multiple targets. Testing data that did not specify
an inhibitory target and studies for which latent HIV reactivation was the goal
were excluded from analyses.

Budget

Past years’ budget information for HIV/AIDS-related research activities
throughout the NIH was obtained from NIH budgetary and reporting archives
(details provided in the Appendix). Note that a change in programmatic funding
reporting led to a substantial reduction in funds reported for HIV therapeutics
development from 2017 onward [12,13]. Annual discerned funding values were
adjusted to 2017 US dollars based on the consumer price index [14] and are
provided in the Appendix (Table Al).

Approved drugs

Antiretroviral drugs approved by the FDA through 2018 for the treatment of
HIV infection were included in this analysis [3].

Statistical analysis

A series of multiple linear regression models was constructed to test the
relationship between funding and ChemDB-based HIV therapeutics research
metrics; hypothesis tests on the estimated regression coefficients determined
whether the slope of each predictor variable was significantly different from
zero. For each regression model, the estimated slope values represent the
individual effect of the predictor variable on the response variable of interest
when holding the other predictor variables constant. Slope estimates, p-values,
and 95% confidence intervals for results reported in the text are provided in the
Appendix (Table A5).
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Results

Therapeutics funding

Much of HIV-related research in the US is funded through the NIH [15].
NIH monies fund a range of activities, including programs for HIV treatment,
advocacy, prevention, and research. In 1983, the year HIV was identified,
just over $53 million (in 2017 dollars) was budgeted by the NIH for HIV/AIDS
research. At its peak in 2004, this budget was over $3.5 billion (Tables 1 and
Al). Therapeutics research consumed a large proportion of the NIH's total
HIV/AIDS funding resources early in the epidemic, peaking at 47% of the
total budget in 1987 and at a value of over $960M in 2003 (Tables 1 and Al).
Therapeutics research funding has remained robust at between one-fitth and
one-quarter of the NIH HIV/AIDS budget for the past 13 years (2004-2017,
after which programmatic reporting was changed; Table Al), indicating that
therapeutics research remains a significant priority.

Therapeutics activities

To elucidate the influences of funding on research trends, we examined
annual HIV therapeutics research activity levels in the context of the NIH's
therapeutics research budget. The research activities analyzed were: (1) the
total number of putative HIV-inhibitory compounds described; (2) the number
of unique viral or host cellular components investigated as targets for HIV
inhibition; (3) the number of publications (or patents) describing a compound(s)
with putative activity against HIV; and (4) the total number of target references
for HIV inhibition within the publications (or patents). Comprehensive research
activity data were gathered from ChemDB and here serve as proxies for
activities throughout the therapeutics development field.

On the whole, the four research activity metrics examined followed similar
trends (Figure 2 and Table Al): activities expanded through 1998, leveled off
between 1998 and 2005, and have generally declined since then. Thus, as
NIH HIV therapeutics funding increased swiftly between 1984 and 1994, so too
did research outputs; later declines in research outputs mirrored concurrent
declines in funding. In fact, funding levels are significantly correlated with the
levels of all four research metrics analyzed (all p<0.01, Table A5). Three of
the four metrics peaked in 1998, well before the peak of therapeutics funding
in 2003, including the annual number of publications/patents entered into
ChemDB (355), individual therapeutic inhibitory targets studied (50), and
targets referenced within publications (444). Between 1998 and 2002, these
proxy measures of research activity declined to approximately two-thirds
of their maxima. They increased again between 2003 and 2005, reflecting
the 2003 peak in therapeutics research funding. The remaining measure
of research activity, the annual number of potential therapeutic compounds
published, peaked in 2005 (5,868), also likely reflecting the 2003 peak in
therapeutics research funding.

After 2005, all four research activity metrics decreased, reflecting
decreases in funding. In 2017, the last full year for which data were available,
the research activity metrics lay at 53-80% of their respective maxima;
meanwhile, therapeutics funding was at 67% of its maximum. Also notable is
the 2014 spike in compounds and target references, the result of a one-year

spike in the average number of compounds described per publication — 30
— when no other year's publications averaged more than 21 (Figure 2 and
Table A1), and possibly the result of a transient increase in publications or
patents reporting large therapeutics screening efforts. Interestingly, although
target references were also high in 2016-2017, these values were not clearly
reflected in an elevation in compounds described in those years. Instead, this
reflected an uptick in the average number of targets referenced per publication
(1.35 vs. an annual average of 1.18, Table Al).

Drug approvals

First-in-class HIV drug approvals by the FDA through 2018 are indicated
in Figure 1 and Table 2 and are discussed in the Appendix; the timeline of
additional approvals is provided in Figures 2 and 4. To date, only seven
different targets (four viral and three hosts) are represented among the 55
FDA-approved drugs. Looking at the data together, we see no direct effect of
the accumulation of treatment options for HIV-infected individuals on either NIH
HIV therapeutics research funding or the four therapeutics research activity
proxies (all p>0.2, Table A5). Instead, the accumulation of FDA-approved drugs
for HIV treatment has proceeded at a slow but generally steady pace. The
approval of eight new drugs in 2018 alone is promising; however, five of these
are combination therapies composed of drugs previously approved singly. We
watch with interest to see whether this is the beginning of a new trend in drug
approvals, and whether it will impact research activity levels moving forward.

Target-specific trends in research activities

Antiviral drugs may inhibit HIV replication via interactions with viral targets
or with cellular host targets. According to the data within ChemDB, most
described potential targets for inhibition of HIV replication are host cellular
components, at 176 of 204 total targets (86%), with the remainder being
viral components. Conversely, of the nearly 100,000 anti-HIV compounds
registered in ChemDB between 1984 and the first half of 2018, 89% were
investigated for inhibitory activity via interactions with viral targets, and only
11% via interactions with host targets. Of the 204 targets identified for potential
therapeutic intervention, only 10 (8 viral and 2 host) have commanded enough
sustained research interest such that the sum of all potential inhibitory
compounds described for each meets or exceeds 1% of the total compounds
entered into ChemDB. These 10 targets are listed in Table 2 — along with
CDA4, for which an FDA-approved therapeutic exists but for which the sum of
all potential inhibitory compounds in ChemDB has reached only 0.4% of the
ChemDB total (Table AB).

To develop a comprehensible view of target-specific research activities,
ChemDB-based proxy metrics were examined in five-year intervals for the 35-
year history of the field for the top 10 targets. Figure 3 presents the results of
this analysis for the quantities of potential inhibitory compounds described.
Given the similarity in results, a parallel analysis of the quantity of references to
the targets of these compounds within publications is not shown but provided
in the Appendix, along with individual years' data for both analyses (Figure Al
and Tables A2, A3, and A4).

The overall proportion of potential inhibitory compounds aimed at each
target for the entire 35-year history of the field shows that the focus of HIV

Table 1. Historical NIH funding levels for HIV/AIDS research.

Therapeutics Funding Funding Year Single-Year Peak
Metric 1984 1994 2004 2014 2018 Year Amount
Total HIV/AIDS Funding* $104M1 $2.1B $3.7B $3.1B $2.9B 2004 $3.69B
Therapeutics Funding (TF) $18M $768M $945M $762M $352M 2003 $967M
TF as a % of the Total NIH o 0 o o o o
HIV/AIDS Budget 17% 36% 26% 25% 12% 1987 46.8%
No. Drugs Approved
(Cumulative 1984-year) 0 4 2 40 5 2018 8

TAll funding presented in 2017 dollars. Note that a change in programmatic funding reporting led to a substantial reduction in funds reported for HIV therapeutics development from

2017 onward [12,13].

*Total funding includes allocations for the following research categories in addition to Therapeutics: Vaccines, HIV Microbicides, Behavioral and Social Science, Etiology and
Pathogenesis, Natural History and Epidemiology, Training, Infrastructure, and Capacity Building, and Information Dissemination.
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Figure 2. Comparison of Chem-DB-based metrics for research activities with yearly NIH HIV/AIDS therapeutics funding and FDA drug approvals.

Table 2. Inhibitory targets with FDA-approved HIV drugs through 2018.

Year Identified as Potential Year of 1! Drug Approval

Number of FDA-Approved Therapeutics (% of All

Target ViralHost Target in Class Approved)’
) ) 1987 NRTI 15 NRTI 6 multi-class combinations
Reverse transcriptase Viral 1984 1996 NNRTE 8 NNRTI (42%) (11%)
gp120 Viral 1985 None?
Protease Viral 1986 1995 13 (24%) 1 combination with RT (2%)
Tat:TARILTR Viral 1986 None
gp4l Viral 1987 2003 1(2%)
Capsid Viral 1988 None
Integrase Viral 1989 2007 4 (7T%) 4 combinations with RT (7%)
RNase H Viral 1989 None
CCR5 Host 1996 2007 1(2%)
cD4t Host 1984 2018 1(2%)
CXCR4 Host 1996 None
Other* Host Various 2014 1(2%)

T FDA-approved therapeutics for target as of 2018. Total = 55.

#NRTI = nucleoside reverse transcriptase inhibitor; NNRTI = Non-nucleoside reverse transcriptase inhibitor.

§ FDA approved first drug in class in 2020, after the period examined by this analysis (see Appendix).

TNot a top 10 target.

*Not top 10 targets. A full listing of all other targets is provided in the Appendix (Table A8). FDA-approved drug is a cytochrome P450 inhibitor.

therapeutic research activities has shifted over time, moving from RT inhibitors
in the 1980s to the inclusion of protease inhibitors in the mid- to late-1990s,
and then of integrase inhibitors post-2000 (Figure 3). Thus, while RT has
dominated therapeutics research activities since the identification of HIV
as the etiologic agent behind AIDS, activities aimed at non-RT targets have
contributed to over half of all HIV therapeutics research.

Not surprisingly, the proportion of approved drugs for each target mirrors
its overall rank in research activity, with 53% (29/55) of approved drugs
targeting RT (including 6 RT-only combination therapeutics), 24% (13/55)
targeting protease, ~7% targeting integrase (4/55), and the balance targeting
fusion, entry, or other processes, and the growing number of multi-class drugs
(Figure 3 and Table 2). However, 2018 brought the approval of a therapeutic
inhibiting CD4, a target which has historically received a smaller proportion
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of therapeutics development interest. This points to the exciting possibility of
additional future new drug approvals for more of the non-top 10 “other” targets
that have received less therapeutics research interest to date.

Figure 4 provides a different perspective on the 35-year history of HIV
therapeutics research from the data gathered from ChemDB. Here, the
number of compounds that have been tested for inhibitory activity are
viewed cumulatively within a chronology of drug approvals, focusing on the
seven targets for which drugs have been approved as of 2018 and with all
non-drugged targets now grouped as “other.” This analysis demonstrates
that, like their effects on research activities as a whole, the effects of drug
approvals for specific targets on the levels of research activities directed at
those specific targets are minor (not statistically significant, Table A5). That is,
the accumulation of target-specific studies has remained relatively steady in
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Figure 3. Relative levels of interest in potential therapeutic targets: percentages of target-specific compounds tested in 5-year increments and for all 35 years (1984-2018).
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Figure 4. Accumulation of target-specific compounds tested and hiv drug approvals over 35 years (1984-2018).

the face of the accumulation of FDA-approved HIV therapeutic options. This novel therapeutic options has been and remains high. Even so, the attention to
may be related to the fact that resistance has been observed quickly following combination therapies in recent years likely reflects the field's understanding
drug introductions, and therefore new drugs are continually needed. Given that of the individual and epidemiologic advantages of improving patient adherence
Figure 4 also displays a steady increase in the proportion of studies focusing to treatment regimens. Similar results of a parallel analysis of the cumulative
on “other” druggable targets, we conclude that interest in developing truly references to the targets of these compounds within publications, again
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including a drug approval chronology, are presented in the Appendix, along
with individual years’ data for both analyses (Figure A2 and Tables A2, A3,
and AB).

Inspection of Figures 3 and 4 together reveals that although the number of
viral component targets identified has plateaued (due to the small number of
HIV proteins available to be therapeutic targets), interest in research activities
studying viral targets remain robust. Conversely, although the number of
host component targets identified continues to increase, the sum of research
activities for those targets remains lower than for viral targets (Tables A2, A3,
and A4). This trend may be related to the cytotoxicity hurdles associated with
the inhibition of host targets.

Discussion

In this study, the 35 years of data within the ChemDB HIV, Opportunistic
Infection and Tuberculosis Therapeutics Database served as proxies for annual
levels of HIV therapeutics “research activities.” Overall, the proxy metrics
indicate that interest in developing therapeutics for HIV has remained robust
since the advent of the epidemic in the early 1980s, yet varied in response to
the availability of research funding (Figure 2).

ChemDB data underscore the difficulties of the therapeutics development
process, with the vast majority of investigated compounds failing to progress;
while ChemDB houses over 100,000 compounds that were tested for inhibition
of HIV, only 55 therapeutic options have progressed to FDA approval (as of
2018). In fact, the percentage of novel compounds published relative to the
total number of compounds described, on an annual basis, averaged 82% over
the 35-year history of the field (median, Table A2). That is, most compounds
failed to progress through multiple years of pre-clinical testing; in response,
novel compounds were continually developed for study. Moreover, of those 55
compounds that did become FDA-approved drugs, only 44 are unique — the
remainder are combinations of previously approved drugs, further attesting to
the difficulties of therapeutics development.

For the top therapeutic targets of RT, protease, and integrase, there
appears to be a link between levels of target-specific research and drug
approvals (Figures 1, 3 and 4 and Table A2). By the time HIV was identified as
a retrovirus, much of the groundwork needed to develop reverse transcriptase
inhibitors had been laid [16]. It is no surprise then, that RT was the earliest
established drug target for HIV, dominating all research metrics in the 1980s,
nor that azidothymidine (AZT) was approved as an HIV therapeutic so quickly
(in 1987). The mid- to late-1990s saw the peak of protease research activity,
with 46% of all tested compounds targeting protease in 1996 (Table A2).
This directly followed the first HIV protease inhibitor drug approval in 1995
(saquinavir) (Figure 1 and Table 2) and preceded four more approvals by
2000 (Figure 4). The rise in interest in integrase in the 2000s may reflect the
implementation of HAART in 1996; researchers would likely have been eager
to develop drugs targeting enzyme(s) other than RT or protease. Success
came in 2007 (raltegravir) not long after the 2005 peak in compounds tested
that targeted integrase. Likewise, the approval of a drug targeting CCR5
(maraviroc, 2007) came soon after the peak in CCR5-targeting compounds
tested in 2004 (Figure 1 and Table A2). Recently, studies investigating non-
top 10 “other” viral and host targets have surged, reaching 17% of published
inhibitory compounds in 2014-2018 (Figure 3 and Table A2), instilling hope that
new drug approvals are close at hand. However, not all drug approvals show
a strong link to target-specific research levels. For example, the peak number
of gp41-targeting compounds was seen in 2013, a full decade after the only
gp41-targeting drug approval (enfuvirtide, 2003). Moreover, the approval of a
drug targeting CD4 in 2018 (ibalizumab) came 15 years after the peak of CD4-
targeted compounds tested (2003) (Figure 1 and Table A2).

The approval of even several dozen drugs to date does has not negatively
influenced the expanding research interests of the field in terms of identifying
new targets for inhibition (p>0.7, Table A5). For example, while research
interest in well-established (“top 10”) targets remains strong, an average of
six new targets are defined yearly, contributing to the average 26 targets per
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year studied over the 35-year span of this analysis (Table A7). On the one
hand, the pursuit of diversification in the HIV therapeutics research field is
promising given HIV's penchant for developing drug resistance quickly — for
five of the seven targets with FDA-approved drugs, including both viral and
host targets, drug-resistant viral isolates were observed during clinical trials,
prior to final approvals [17-22]. Attaining goals of developing therapeutics that
avoid viral resistance and undesirable side effects while promoting regimen
adherence may be more successful when a wider net is cast. On the other
hand, just seven of the 204 potential targets identified to date are inhibited by
FDA-approved drugs. Only time will tell if the net has been cast wide enough
already to bear additional therapeutics fruit. Since it has taken an average
of over 15 years to successfully develop anti-HIV drugs following target
identification (Figure 1 and Table 2), and in one case (CD4), development has
taken nearly the full length of the epidemic, we cannot know now whether the
next druggable target has already been identified.

Conclusion and Future Prospects

The fact that therapeutics research funding continues to represent a
substantial proportion of the NIH HIV/AIDS budget after 35 years of research,
100,000 potential inhibitory compounds, and 55 FDA-approved drugs indicates
that investment in therapeutics research remains a significant priority for
patients, healthcare providers, and policymakers. Funding was seen to be
the factor with greatest influence on therapeutics research activity levels,
although only for RT/AZT did a druggable target move from first identification
to FDA-approved drug target quickly. Although the sample size is small and
the reasons may be myriad, we noted that the first-in-class drug approvals
that occurred after the peak of NIH HIV therapeutics funding (2003) averaged
development times that were twice as long (21 years) than those that occurred
before/at peak funding (<10 years). Looking toward the future, robust research
interest levels are likely to continue to bear fruit at a steady, albeit slow pace,
so long as adequate funding is maintained. Over time, these fruits will benefit
patients in the form of improved HIV treatment regimens in terms of safety,
tolerability, and efficacy. Whether the harvest will happen in a timeframe that
supports the UNAIDS 90-90-90 goals and eradication of AIDS by 2030 [23]
remains to be seen.

Limitations

This analysis of HIV therapeutics research activities was limited in scope
to those activities for which the data contained within ChemDB could be
used as a proxy, and is therefore focused on preclinical data only, with an
emphasis on small molecule drug discovery. Analysis of influencing factors
considered only NIH funding sources and only drugs approved by the FDA.
These choices were made to best leverage a comprehensive set of data to
investigate defined, tractable questions. Future analyses in this area might
use a broader, international lens to assess the influencing factors of funding
and drug approvals, and might be expanded to include clinical research and a
focus on drug development rather than drug discovery activities.
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presented analyses, text providing additional methods and results descriptions,
and additional data analysis Figures (A1, A2).
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