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Abstract

Background

Tuberculosis (TB), human immunodeficiency virus (HIV), and hepatitis C virus (HCV) share
a global presence and propensity to disproportionately affect marginalized populations.
However, over recent decades, many fewer drugs have been brought to market for TB than
for the others. Although three new anti-TB drugs have been approved in the US or Europe in
the last 10 years, uptake of these drugs has been limited. Using case examples of drugs
developed recently for TB, HIV, and HCV, we explore possible reasons. We examine the
use and effect of regulatory pathways intended to address weak economic incentives in the
face of urgent, unmet needs; evaluate the extent of data underpinning authorizations for
these indications; document development timelines and evidence available at the time of
each approval; consider explanations for observed differences; and discuss the implications
for clinical guidelines and use.

Methods and findings

For each indication, we selected two drugs: one recently approved and one approved
between 2012 and 2014, when the first new anti-TB drug from a novel class in more than 40
years received marketing authorization. We calculated time from first published peer-
reviewed evidence of activity to date of approval; the number of phase 1, 2, and 3 trials; the
number of trial participants randomized to treatment arms containing the drug; and the total
number of participants in each trial from the individual drug approval packages. We found
that the two TB drugs took longer to gain approval (8.0 and 19.2 years for bedaquiline and
pretomanid, respectively) despite availing of special regulatory pathways meant to expedite
approval, when compared to the HIV (2.6 years for dolutegravir and 4.7 years for doravirine)
and HCV drugs (3.2 and 1.6 years for sofosbuvir and glecaprevir/pibrentasvir, respectively).
Moreover, fewer participants were studied prior to TB drug approvals (380 and 879) than
prior to approvals for HIV (1598 and 979) and for HCV (2291 and 2448) drugs.
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Conclusions

The dramatic disparities observed in TB drug development reaffirm the importance of sev-
eral actions. Increased investment in TB research and development is necessary to rapidly
advance drugs through the pipeline. Development plans and partnerships must provide
safety and efficacy evidence on combinations and durations that are relevant to real-world
use in heterogeneous populations. Reliable, validated surrogate markers of relapse-free
cure are essential to decrease the duration and cost of TB treatment trials and increase the
confidence and speed with which new regimens can advance. Lastly, regulators and norma-
tive bodies must maintain high evidentiary standards for authorization while ensuring timely
and broad approval for TB drugs and regimens.

Introduction

Tuberculosis (TB), human immunodeficiency virus (HIV), and hepatitis C virus (HCV) share
some similarities, including their widespread distribution and propensity to disproportion-
ately affect marginalized populations. The research and development landscapes for treatment
of TB, HIV, and HCV, however, differ dramatically. Since 1987, when zidovudine (AZT)
became the first treatment for HIV to gain the approval of the United States Food and Drug
Administration (US FDA), 33 new chemical entities (NCEs) have been developed and
approved for HIV [1]. These innovations have driven profound progress in the efficacy and
safety of antiretroviral therapy (ART). The first decade following the approval of AZT and
advent of highly active combination therapy saw the introduction of single-pill combination
daily regimens. In the second decade, improved safety and efficacy of drug agents enabled the
recommendation for universal ART (eliminating previous restrictions on treatment initiation
based on CD4 cell count thresholds) [2]. The Joint United Nations Programme on HIV/AIDS
credits improvements in treatment effectiveness and access to treatment for the important
increase in the percentage of people living with HIV who experience viral suppression: up
from 41% in 2015 to 59% in 2019 [3]. The access gap has also closed: of the 38 million people
living with HIV in 2019, an estimated 25.4 million (67%) were receiving ART. This is more
than triple the number of people receiving ART in 2010. Mortality has declined from over 1.2
million acquired immunodeficiency syndrome (AIDS)-related deaths in 2010 to 690,000 in
2019 [3].

With hepatitis C, change has been similarly pronounced on a more compressed timeline.
Since 1989, when HCV was first isolated, 20 NCEs have been granted regulatory approval for
the treatment of HCV. Before the 2011 introduction of boceprevir, the first direct-acting anti-
viral (DAA) approved for HCV, treatment was generally limited to long-term use of interfer-
ons, sometimes in combination with ribavirin. Outcomes were poor, with cure rates of only
50% [4]. With current HCV treatments, over 90% of people with chronic HCV can achieve
cure in 2-3 months. Today, there is little to no new activity in the drug development pipeline
of DAAs for HCV in light of the excellent profile of existing treatments: short duration, limited
side effects, and 95% cure [5]. However, in contrast to HIV, the access gap is substantial; by the
end of 2017, it was estimated that, of the 71 million people globally who had chronic HCV
infection, only 5 million (7%) received treatment with DAAs [6]. Only nine countries are cur-
rently on track to reach World Health Organization (WHO) HCV elimination targets [7].

For TB, in contrast, over the last 40 years, only five NCEs (rifabutin, rifapentine, bedaqui-
line, delamanid, pretomanid) have been approved [8]. Improvements in the standard of care
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have been incremental. Treatment for drug-susceptible TB (DS-TB) still comprises four
drugs administered for six months. Only recently, a phase 3 trial of a four-month regimen
reported robust results establishing non-inferiority against the existing six-month standard
of care [9]. Treatment for drug-resistant forms of TB (DR-TB) can last from 6 to 20 months;
regimens comprise three to seven drugs, many of which have toxic side effects. Enormous
access gaps remain: although TB is estimated to occur newly in more than 10 million people
each year globally, less than 7 million are diagnosed and treated annually. Among patients
newly affected by DR-TB that does not respond to first-line therapy, roughly 500,000 annu-
ally, only 35% receive appropriate diagnosis and treatment [10]. Tremendous variability

is observed in TB treatment outcomes. While DS-TB is successfully treated in 85%globally;
success is reported in only 76% of cases in Europe and the Americas. HIV coinfection

also reduces probability of treatment success to below 60% in the Americas, Eastern Medi-
terranean, and Europe. Multidrug-resistant and rifampicin-resistant TB (MDR/RR-TB)
treatment is successful in only 57% globally and as few as 52% of patients in Southeast

Asia [10].

In view of the limited progress in the presence of overwhelming need for improvements in
TB treatment, we interrogate the relative disparity between need and advances in therapeutics.
Using case examples of drugs developed recently for TB, HIV, and HCV we explore possible
reasons, including: 1) the use and effect of regulatory pathways intended to address weak eco-
nomic incentives in the face of urgent unmet needs [11]; 2) the extent of data underpinning
new United States Food and Drug Administration (FDA) and European Medicines Agency
(EMA) drug approvals for these indications; 3) development timelines and extent of evidence
available at the time of each approval. We consider explanations for observed differences and
discuss the implications for clinical guidelines and use.

Methods

For each of the three indications (TB, HIV, HCV), two drugs were systematically selected
based on timing of approval by the FDA or EMA. We selected the NCEs that received approval
most recently: pretomanid [12] for TB, glecaprevir/pibrentasvir [13] for HCV, and doravirine
[14] for HIV. The second selection was timed to be contemporaneous with the FDA approval
of bedaquiline [15] in 2012, the first new anti-TB drug from a novel class in more than 40
years. Contemporaneous selection was used to avoid bias resulting from different standards
for drug approval in place at different times. For HIV, the NCE was dolutegravir [16] and for
HCYV, sofosbuvir [17]. For each drug, we collected the approval date; the number of phase 1, 2,
and 3 trials; the number of trial participants randomized to treatment arms containing the
NCE; the total number of participants in each trial; features of pivotal trials; postmarketing
expectations; and regulatory pathways used for approval. Sources were the regulatory approval
packages (medical and clinical review documents from Drugs@FDA database [18] and the
European Public Assessment Report [EPAR] from the EMA marketing authorization database
[19]). We confirmed phase 1 sample sizes in clinicaltrials.gov and, as necessary, we emailed the
sponsor directly for participant numbers.

Time to first regulatory approval by the EMA or the FDA was calculated as the interval
between the earliest peer-reviewed PubMed-indexed publication [20-25] reporting in vitro or
clinical evidence of activity of the NCE against the relevant pathogen until the date of first
approval by the US FDA or the EMA. Data were independently gathered and cross- checked
by two reviewers (ANL, RR). The discrepancies noted were discussed with a third author
(CDM) and resolved by consensus. Data were entered into MS Excel (v. 16.45). The figure was
generated using RStudio, PBC (v. 1.3.1056, Vienna, Austria).
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Results

Selected drugs were bedaquiline (BDQ) and pretomanid (Pa, approved within a 3-drug regi-
men) for TB, dolutegravir (DTG) and doravirine (DOR) for HIV, and sofosbuvir (SOF) and
glecaprevir/pibrentasvir (GLE/PIB) for HCV. Bedaquiline, dolutegravir, and sofosbuvir were
first approved in 2012 or 2013. Pretomanid, doravirine, and glecaprevir/pibrentasvir were first
approved for their respective indications between 2017 and 2019. Time from first peer-
reviewed publication of demonstrated activity against the pathogen to first approval, number
of phase 2/3 trials that informed authorization, and numbers of participants randomized to
treatment arms containing the NCE before authorization are summarized in Fig 1 and detailed
in S1 Table.

HCV and HIV drugs received regulatory approval faster than TB drugs. The range for HIV
& HCV drugs was 1.6 to 4.7 years. Time to approval for bedaquiline was 8 years and for preto-
manid almost 20 years. Approval packages for HCV drugs referenced the largest number of
individual phase 2 and 3 clinical trials: 9 for sofosbuvir and 12 for glecaprevir/pibrentasvir.
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Fig 1. Number of participants, clinical trials, and time to first regulatory approval for each drug. Notes: The x-axis represents years
from time to first published in vitro or clinical evidence of activity to approval. The y-axis illustrates the number of distinct phase 2 and
phase 3 trials reported in the regulatory approval packages. [12-17] The bubbles are color coded by indication: blue for TB, green for HIV,
and red for HCV. Their size (radius) is proportional to the total number of participants randomized (to receive the new chemical entity)
across all phase 2 and phase 3 trials, as reported in the approval packages.

https://doi.org/10.1371/journal.pone.0271102.9001
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The HIV drug approval packages for doravirine and dolutegravir referenced 3 and 7 clinical
trials, respectively. TB packages referenced 3 and 9 trials for bedaquiline and pretomanid,
respectively. HCV drug (sofosbuvir and glecaprevir/pibrentasvir) trials referenced in the dos-
siers also included the most participants randomized to treatment arms containing the NCE:
2291 and 2448 participants randomized respectively. Referenced trials for HIV drugs (dolute-
gravir and doravirine) included 1598 and 979 participants. The TB drugs (bedaquiline and
pretomanid) had the smallest number of participants randomized to treatment arms contain-
ing the NCE: 380 and 879 respectively across referenced trials. Similarly, fewer phase 1 trials
with smaller numbers of participants were recorded for the TB drugs compared to HIV and
HCV drugs (S2 Table).

The regulatory pathway to approval for each drug is described in Table 1. For the five drugs
that were approved first by the FDA, three different pathways were used: accelerated approval,
limited population for antibacterial and antifungal drugs (LPAD), and the traditional New
Drug Application (NDA) approval. Bedaquiline qualified for accelerated FDA approval in
combination with other effective (but unspecified) anti-TB drugs because the indication pur-
sued, MDR-TB, was considered a serious condition and bedaquiline was deemed to fill an
unmet medical need [26]. FDA accelerated approval of bedaquiline relied on a surrogate end-
point and required confirmatory phase 3 trials (Table 1). Pretomanid availed of the LPAD
Pathway, which is reserved for serious or life-threatening infections in a limited population of
patients with unmet needs. The approved indication is for the use of pretomanid only in com-
bination with bedaquiline and linezolid in patients with extensively drug resistant (XDR) or
treatment-nonresponsive or -intolerant MDR-TB [27]. The LPAD pathway permits subse-
quent applications, containing more evidence of safety and efficacy, to expand the indication
or population. The third FDA pathway featured in Table 1, NDA approval (505(b)1 and 505
(b)2), is the standard pathway; this mechanism requires substantial evidence of safety and effi-
cacy before the FDA grants approval for U.S. commercialization. It was used for dolutegravir,
doravirine, and sofosbuvir as single NCEs used in regimens with unspecified companion
drugs. Glecaprevir/pibrentasvir was the only one of the NCEs examined here that was first
approved by the EMA; its approval came through the EMA’s accelerated assessment pathway,
which is distinct from the FDA’s accelerated approval. While the FDA “accelerates” by using a
surrogate endpoint, the EMA expedites review: duration of evaluation is reduced from 210 to
150 days. EMA accelerated assessment is reserved for drugs that are of major public health
interest [28].

Discussion

Here, we show that approvals for the two selected TB drugs took more time, despite having a
foundation of fewer phase 2 and 3 clinical trials and participants, when compared to the HIV
and HCV drugs. Although both TB NCEs availed of special regulatory pathways that are
meant to expedite marketing authorization in case of important unmet health needs, 8 years
elapsed for bedaquiline and 20 years for pretomanid between the first publication demonstrat-
ing anti-TB activity and the first marketing authorization by the US FDA or the EMA. This
suggests that other barriers remain throughout the TB NCE development cycle which delay
time to registration.

Some reasons that have previously been used to explain the long timelines observed for the
development of TB treatments [29, 30] are not unique to TB. First, the high efficacy of the stan-
dard-of-care TB treatment is often cited as a cause for the lengthy development period. Dem-
onstrating superiority over a highly effective treatment requires a very large sample size,
which, in turn, requires extended recruitment periods and/or large numbers of trial sites. This

PLOS ONE | https://doi.org/10.1371/journal.pone.0271102  July 25, 2022 5/15


https://doi.org/10.1371/journal.pone.0271102

PLOS ONE

Comparing timelines and evidence available to support new TB, HIV, and HCV drug approvals

Table 1. Regulatory pathways, study characteristics of pivotal clinical trials, and postmarketing expectations for selected TB, HIV, and HCV NCEs.

Drug First FDA or | Regulatory Pivotal trial characteristics | Indication on label Postmarketing expectations®
EMA approval | pathway/
(year) licensing strategy
bedaquiline FDA (2012) Accelerated Phase 2 (NCT00449644) Adult pulmonary MDR-TB, for use when an 1. Conduct phase 3 RCT to assess relapse-free cure
[15] Approval Randomized, placebo effective regimen cannot otherwise be 2. Establish patient registry to capture safety
Orphan Drug comparator provided information
Designation Ul:_’ 1096 weeks.treatment 3. Conduct in vitro studies to determine MIC
Primary endpoints L X
4. Conduct in vitro study to determine effects on
(surrogate) assessed at ificd
Weeks 8 and 24 specific drug transporters

5. Conduct DDI study with efavirenz

6. Submit final report for phase 2 study, C208

7. Submit final report for phase 2 study, C209

*No pediatric study requirements (orphan drug

designation).

pretomanid FDA (2019) Limited Phase 3 Adult pulmonary XDR-TB or TI/ 1. Conduct human semen study
[12] Population (NCT02333799) NR-MDR-TB, for use in limited and specific 2. Establish global surveillance study to monitor for
Orphan Drug Single group assignment, population, and only in combination with resistance
Designation no internal control bedaquiline and linezolid 3. Conduct PK and safety studies in people with renal
?;9 month;trefltm(ex;t ) impairment
rimary endpoint (clinical Lo .
assessed 6 months after end 4. Eond}lcF PK ?nd safety studies in people with
of treatment epatic impairment

5. Conduct rat carcinogenicity study

6. Complete phase 3 ZeNix trial to optimize dose and
duration of linezolid (when in combination with
pretomanid and bedaquiline)

7. Complete phase 3 SimpliciTB trial to determine
safety and efficacy when used in combination with
bedaquiline, moxifloxacin, and pyrazinamide to
treat drug-sensitive TB

“No pediatric study requirements (orphan drug

designation).

dolutegravir FDA (2013) NDA approval Phase 3* HIV-1 infection in adults and children aged 12 | 1. Conduct a PK, safety, and antiviral activity trial in
[16] (NCT01231516) years and older and weighing at least 40 kg, for children 4 weeks to 12 years of age with HIV-1
(NCT01227824) use in combination with other antiretroviral infection that are integrase strand transfer inhibitor-
(NCT01263015) agents naive
Randomized, active 2. Conduct a PK, safety, and antiviral activity trial in
comparator children 2 years to 18 years of age with HIV-1
48-96 weeks treatment infection that are integrase strand transfer inhibitor
Primary endpoint (INSTI) experienced with certain INSTT associated
(surrogate) assessed at resistance substitutions or that have clinically
Week 48 suspected INSTT resistance

3. Submit final report from phase 3 trial in treatment
experienced integrase strand transfer inhibitor-
naive PLHIV, ING111762

4. Submit final report from phase 3 trial in integrase
strand transfer inhibitor-experienced PLHIV,
ING112574

5. Submit final report from phase 3 trial in integrase
strand transfer inhibitor-experienced PLHIV,
ING116529

6. Conduct requested testing to evaluate drug
substance and drug product impurities methods

doravirine [14] | FDA (2018) NDA approval Phase 3 HIV-1 infection in adult patients with no prior | 1. Conduct PK, safety and antiviral activity studies in
(NCT02275780) antiretroviral treatment history, for use in HIV-1 infected children:
(NCT02403674) combination with other antiretroviral agents 2. <18 years old and >35kg
Randomized, active 3. >2 years old and <35 kg
comparator 4. 4 weeks to 23 months old
96 weeks treatment - A weeks 1o 25 months o
Primary endpoint 5. Assess the phenotypic susceptibility in cell culture of

(surrogate) assessed at
Week 48

doravirine and approved non-nucleoside reverse
transcriptase inhibitors (NNRTTs) against Y318F
alone and in combination with other substitutions

(=2}

. Conduct a DDI study of doravirine and rifabutin

(Continued)
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Table 1. (Continued)

Drug First FDA or | Regulatory Pivotal trial characteristics | Indication on label Postmarketing expectations®
EMA approval | pathway/
(year) licensing strategy
sofosbuvir [17] | FDA (2013) NDA approval Phase 3° Chronic hepatitis C infection in adults and 1. Conduct PK, safety, and treatment response trial in
(NCT01497366) children 12 years or older and weighing at children and adolescents 3-17 years old with
(NCT01542788) least 35 kg, for use as a component of a chronic HCV
(NCT01604850) combination of antiviral treatment regimen 2. Collect and analyze long-term safety data for
(NCT01682720) children and adolescents enrolled in above study

Randomized, active
comparator OR placebo
comparator

12-24 weeks treatment
Primary endpoints
(surrogate) assessed 12
weeks after end of
treatment

o v o ow

~

=]

o

10

Submit final report for mouse carcinogenicity study
Submit final report for rat carcinogenicity study

Conduct short duration rat toxicology study

. Determine phenotypic susceptibility of sofosbuvir

against various HCV genotypes with NS5B
substitutions

. Submit final report and datasets including next

generation sequencing for phase 2 trial, P7977-2025,
to identify treatment-emergent substitutions and to
obtain additional safety and efficacy data in people
with hepatocellular carcinoma / awaiting liver
transplantation

. Submit final report and datasets for phase 2b trial,

GS-US-334-0154 (SOF + RBV), to provide dosing
recommendations for HCV patients with impaired
renal function and for HCV patients with ESRD

. Submit the final report and datasets for phase 3 trial,

GS-US-334-0133 (SOF + RBV), in treatment naive

and experienced people with chronic genotype 2 or

3 HCV infection

. Submit the final report and datasets for phase 3
trial, GS-US-334-0123 (SOF + RBV), in people
with chronic genotype 1, 2 and 3 HCV infection
and HIV

. Submit the final report and datasets for phase 3
trial, GS-US-334-0109 (SOF + RBV +/- PEG), in
people who participated in prior Gilead HCV
studies

. Submit final report and datasets for phase 3b trial,
GS-US-334-0153 (SOF + RBV +/- PEG), in people
with genotype 2 or 3 chronic HCV infection

. Submit final report and datasets for phase 2 trial,
GS-US-334-0126 (SOF + RBV), in people with
recurrent chronic HCV post liver transplant

. Submit final report and datasets for phase 2 trial,
GS-US-334-0125 (SOF + RBV), in people with
cirrhosis and portal hypertension with or without
liver decompensation

. Submit interim report from long-term
observational study among people who achieve a
sustained virologic response to treatment in
Gilead-sponsored trials, GS-US-248-0122

(Continued)
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Table 1. (Continued)

Drug First FDA or | Regulatory Pivotal trial characteristics | Indication on label Postmarketing expectations®
EMA approval | pathway/
(year) licensing strategy
glecaprevir/ EMA (2017) Authorized after | Phase 3¢ Chronic hepatitis C infection in adults and 1. Submit periodic safety update reports
pibrentasvir accelerated (NCT02640157) children aged 12 years or older 2. Submit a Risk Management Plan (RMP) and
[13] assessment (NCT02640482) perform the required pharmacovigilance activities
Randomized, active and interventions detailed therein
comparator OR placebo 3. Conduct a non-interventional post-authorization
comparator safety study (PASS) to evaluate the recurrence of
8-12 weeks treatment hepatocellular carcinoma associated with
Primary endpoints

(surrogate) assessed 12 glecaprevir/pibrentasvir

weeks after end of
treatment

*One phase 3 trial (NCT01328041) was a non-randomized, uncontrolled single group assignment.

"Other phase 3 trials were non-randomized, uncontrolled (NCT01667731) and single group assignment (NCT01641640).

“Other phase 3 trials were randomized, duration controlled (NCT02604017) and non-randomized, uncontrolled single group assignment (NCT02636595,
NCT02642432, and NCT02651194).

Includes both postmarketing commitments and postmarketing requirements for FDA approved drugs.

Abbreviations: TB = tuberculosis; HIV = human immunodeficiency virus; HCV = hepatitis C virus; NCE = new chemical entity; FDA = U.S. Food & Drug
Administration; EMA = European Medicines Agency; MDR-TB = multidrug-resistant tuberculosis; RCT = randomized controlled trial; MIC = minimum inhibitory
concentration; DDI = drug-drug interaction; XDR-TB extensively drug-resistant tuberculosis; TI/NR MDR-TB = treatment intolerant/non-responsive MDR-TB;
PK = pharmacokinetic; PLHIV = people living with HIV; ESRD = end-stage renal disease; SOF = sofosbuvir; RBV = ribavirin; PEG = polyethylene glycol.

https://doi.org/10.1371/journal.pone.0271102.t001

also applies to HIV and HCV. Notably, in HCV, the current standard of care is estimated to
cure 95% of patients [31]. In trials of drug-susceptible TB, generally, more than 85% of partici-
pants in the control arm experience successful outcomes [32-34]. Because of the high efficacy,
these require large sample sizes. To avoid the time and cost consequences of such large sample
sizes, developers of bedaquiline and pretomanid ultimately chose DR-TB as the indication for
pivotal trials supporting approval of these NCEs. With historically poor efficacy [10], it was
considerably easier to demonstrate an improvement over the existing standard of care for
DR-TB than for DS-TB. Although this choice was expected to shorten the time to marketing
authorization, the interval for these anti-TB drugs still exceeded those for HIV and HCV
NCEs developed in the same era.

Second, enrollment period aside, trials of TB treatment are often noted to be long [29, 35,
36]. In part this is due to the protracted treatment required to eliminate the notoriously slow-
growing M. tuberculosis: historically 6 months for drug-susceptible (DS) TB and 18-24 months
for drug-resistant (DR) TB [37, 38]. In addition, extended follow-up is necessary to detect
relapse. In accordance with FDA and EMA guidance, at least two years of post-randomization
follow-up were required in the pivotal trials of bedaquiline and pretomanid [39, 40]. Final out-
come assessment was similarly protracted in the pivotal trials of dolutegravir and doravirine.
Only the pivotal trials of sofosbuvir and glecaprevir/pibrentasvir had shorter follow-up peri-
ods, 9 months or less for all efficacy endpoints. This may contribute to the longer timeline for
TB compared to HCV drug approvals; it does not, however, explain the difference between TB
and HIV.

A third, related reason that has previously been offered is the absence of a validated surro-
gate marker [41] for clinical endpoints in TB while viral load fulfills this function for both HIV
and HCV [42]. As noted above, this difference did not materially affect the relative expediency
of assessing final efficacy endpoints in pivotal HIV and TB trials. It may, however,
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differentially affect earlier-stage clinical testing and the interval between start of phase 2 and
phase 3 testing. A reliable marker, similar to HIV viral load, used to demonstrate efficacy
against TB in phase 2 trials, can lead to earlier and more confident initiation of phase 3 trials.
Notably, in three recent phase 3 trials of new TB treatments, early treatment response in phase
2 trials did not predict overall performance of shortened regimens [32-34].

Among these three reasons previously advanced to explain the protracted nature of TB
drug development, only the absence of a validated surrogate endpoint appears to be a likely,
important contributor to the overall longer development timeline for TB. The extended inter-
val to final outcome assessment was common among the three indications. In contrast, the
choice of drug-resistant TB as the indication logically should accelerate anti-TB NCE develop-
ment, because of the smaller required sample size to establish superiority or non-inferiority.
Although this choice did not result in timelines comparable to those for HIV and HCV, it
likely contributed to the smaller numbers of subjects involved in overall clinical development
of the anti-TB drugs. Other possible explanations exist for the combination of relatively longer
timeline and less-complete evidence characterizing TB drug development efforts. Below we
explore these and their consequences on uptake of the new drugs.

Pretomanid and bedaquiline both availed of regulatory measures that likely reduced their
time to approval. Both received orphan designation according to the Orphan Drug Act, which
induces development of treatments for conditions that affect fewer than 200,000 people in the
US. Both also availed of alternative FDA pathways, LPAD for pretomanid and Accelerated
Approval for bedaquiline. In exchange for addressing an urgent unmet medical need, these
pathways relax the pre-approval requirements for completeness and rigor of evidence com-
pared to standard pathways for marketing authorization. Bedaquiline, for example, received
accelerated approval based only on phase 2b data with the expectation that a phase 3 trial be
completed post-approval; the resulting phase 3 trial is expected to report in 2022, 10 years after
initial approval [43]. The LPAD pathway approval of pretomanid as part of three-drug regi-
men relied on efficacy data from just 109 patients enrolled in a single-arm study. There was no
internal, concurrent control [44]. This is distinct from the standard pathway for approval,
which normally requires at least one phase 3 randomized trial(s) with an internal, concurrent
control. This deviation from the gold standard is, however, common for alternative pathways.
A review of FDA approvals granted for novel therapeutics between 2005 and 2012 found that
accelerated approvals and approvals of orphan drugs had fewer pivotal trials and participants
than drugs approved through the standard pathway. And, the pivotal trials supporting acceler-
ated approvals and approvals of orphan drugs were less likely to have randomized, controlled,
double-blinded designs [45]. Sponsors may struggle to justify investments in expensive, high
quality RCTs that take longer to complete, especially if there is a “faster” way to market.

Another complicating factor for—but not unique to—TB is its requirement for multidrug
treatment. The efficacy and safety of new drugs must be tested in combination with other
drugs. If these are other NCEs, regimen development requires that all products in the combi-
nation are developed by the same entity or that multiple developers are willing to collaborate.
This entails deviation from the typical approach to drug development, which is generally
guided by protection of intellectual property. Initiatives such as the Project to Accelerate New
Treatments for Tuberculosis (PAN-TB), the European Regimen Accelerator for Tuberculosis
(ERA4TB), and Academia and Industry United Innovation and Treatment for Tuberculosis
(UNITE4TB) have been established to facilitate collaboration and to shorten the timeline to
TB regimen development.

Optimizing composition, dosing, and duration of drug combinations for safety and efficacy
is decidedly complex and has important implications for uptake [30, 46]. Typically, single
drugs are studied in phase 1 and early phase 2 trials. Limited combinations are studied first in
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animal models. Selection and duration of combinations are translated from animal to phase 2
and phase 3 trials of efficacy and safety. Gaps in knowledge often persist about the contribution
of individual drugs to a multidrug regimen and about variable effectiveness of regimen dura-
tions in a heterogeneous population. Against this backdrop, several large phase 3 trials have
failed to demonstrate non-inferiority of tested regimens, despite encouraging results in animal
and phase 2 studies [32-34, 47]. To avoid these outcomes, novel approaches to, and an
increased focus on, preclinical research, translational models, and phase 2 TB trials relying on
yet-to-be validated markers have been proposed [48-50]. This approach is intended to acceler-
ate development of TB regimens comprising multiple NCEs (especially if they are first in class
or have a novel mechanism of action), generate complete information on the individual com-
ponents, and increase probability of success of late-stage clinical studies.

Moreover, this comprehensive approach can facilitate uptake of new anti-TB drugs follow-
ing regulatory approval if it generates real-world evidence on the use of NCEs in regimens, at
durations, and in patients that reflect the priorities of health-care systems and the populations
they serve. Also key to adoption is sufficient numbers of individuals exposed to novel drugs
and regimens to provide confidence that important rare events have not gone undetected or
misestimated. Bedaquiline, which received marketing authorization based on the smallest
number of study participants and trials among the NCEs examined here, has faced constraints
to its use [46, 51]. It is clear from this experience, together with that on the aforementioned
limited compliance with postmarketing expectations for orphan and accelerated approvals
[52], that the pre-approval window is the optimal time to provide complete research on the
individual components, their combination, and their use in target populations [46, 52].

The limited evidence for new anti-TB treatments also undermines uptake in another way.
TB practice is highly influenced by WHO guidance, which emerges from reviews of available
evidence. Examined by the WHO Guidelines Development Group, the evidence that led to
FDA approvals of bedaquiline and the pretomanid-containing regimen was graded as “very
low certainty.” Recommendations for their use were conditional [53, 54]. Historically, weak
evidence that produces conditional recommendations has been associated with delayed policy
and practice changes by national TB programs, even for the broader populations [55]. Uptake
delays for special populations, i.e., children, pregnant people, those with comorbidities are
considerably more delayed by the absence of evidence on these populations. Ultimately, the
regulatory pathways intended to incentivize and accelerate the development of new drugs to
address an unmet need have failed to close the gap in the development timeline. Moreover,
they have inadvertently weakened the body of evidence that is necessary for policymakers and
healthcare providers to introduce the new products with confidence. This exacerbates delays
in access for patients in need.

The findings of the present study are likely linked to the fact that funding for TB research
consistently falls short of need. The gap between estimated funding required to achieve the
sustainable development goals for TB and actual funding is $1.1 billion [56]. Two-thirds of
funding for TB research comes from the public sector [56]. Even in the realm of philanthropic
and public-sector investment, TB receives less research funding than HIV (and commensurate
funding to HCV) relative to their respective burdens, as measured by 2017 research dollar per
disability-adjusted life-year (DALY) and death, $156/DALY for TB, $155/DALY for HCV, and
$772/DALY for HIV [57].

Despite the aforementioned incentives, and their significant financial value to developers
[58], industry contribution to TB R&D is paltry, estimated to be less than 10% of total expendi-
tures in recent years, and declining [59]. Advocates, scientists, and policymakers have called
for innovative financing models to address the challenge of limited industry investment in TB
drug development and antibiotic research more broadly [60]. One such proposed model, the
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Life Prize, sought to develop new regimens for TB by deploying a mixture of push and pull
incentives to foster collaboration among different developers, who would agree to pool com-
pounds, data, and intellectual property in exchange for push funding and pull prizes [51]. The
idea was that by delinking the costs of R&D from the sales volumes and prices of final prod-
ucts, new TB drugs could be developed together as regimens under a framework that would
reward the collaboration required to generate data on individual drugs within multi-drug
combinations, answer the research questions meaningful to TB patients and programs, and
satisfy regulatory requirements for licensure. Since governments and other donors did not
step up to support the Life Prize, the need remains for financial models that can accelerate TB
research in ways that generate high quality evidence for regulatory approval, normative guid-
ance, and public health practice.

Our study has some potential limitations. It is possible that the HIV and HCV drugs chosen
were outliers, approved more quickly and/or with more patients than other NCEs for these
indications. To minimize the risk of bias due to secular changes in drug approval standards
over time, we selected drugs approved in the same time periods as bedaquiline and pretoma-
nid. Our choice of the date of the first peer-reviewed publication reporting activity against the
pathogen as the starting point to assess time to regulatory approval could introduce bias. If, for
example, HIV or HCV (but not TB) drugs had demonstrated activity long before the first pub-
lication, then the interval to TB drug approval, relative to that of the other drugs, could be
overestimated. Since the interval for TB drugs was so much longer than for HIV and HCV (3.3
years minimum between doravirine and bedaquiline), a relative publication delay of even 2
years for HIV or HCV results would not erase the difference.

Conclusion

Existing incentives offered under the Orphan Drug Act and special regulatory pathways for
conditions of unmet medical need have been insufficient to overcome the long delays between
demonstration of anti-TB activity and licensure. Moreover, when used to obtain approval of
TB drugs, these incentives resulted in reduced quantity and rigor of clinical evidence. With 15
compounds in clinical development, including 8 that pursue 5 novel targets, the TB treatment
pipeline is fuller than it has been in decades. The great opportunities presented by the TB treat-
ment pipeline juxtaposed against the dramatic disparities described in this study reaffirm the
importance of several actions. First, the situation demands increased private and public invest-
ments in TB R&D, as well as improved collaboration among developers to produce evidence
that: 1) expedites the pace at which new drugs and regimens advance through the pipeline; 2)
ensures the availability of complete information on individual components and full regimens;
and 3) facilitates uptake of new regimens in populations that require them. This includes col-
laboration among commercial developers and non-commercial agents when necessary to
complete the portfolio of real-world evidence [46]. Second, innovation in research tools,
including validated, reliable surrogate markers of relapse-free cure, are critical to decrease
both the duration and cost of future TB treatment trials and to increase the confidence and
speed with which new regimens can advance through stages of clinical research. Finally, regu-
lators and normative bodies must maintain high evidentiary standards for new TB drugs and
regimens and their timely approval for broad use. Only with these advances can we quicken
the pace of TB drug development while also ensuring that people affected by TB receive treat-
ment backed by the highest standard of safety and efficacy data. The needs of the 10 million
people who fall sick with TB each year must guide the optimal approach to the resources in the
TB pipeline.
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