
The single biggest contributor to the cost of drug 
research and development (R&D) is the high pro-
ject attrition rate. Attrition is due to various reasons, 
including insufficient efficacy, toxicity and strategic 
reasons, which have been analysed in various previous 
studies from a range of perspectives1–14. The pharma-
ceutical industry has responded by identifying areas for 
improvement, with success in some cases. For example, 
attrition due to poor pharmacokinetics and bioavailabil-
ity was reduced from ~40% to ~10% between 1991 and 
2000 (REF. 1), which can be attributed to improvements 
in in vitro absorption, distribution, metabolism and 
excretion (ADME) assays15,16, in silico ADME predic-
tion models17 and the increased translatability of both 
to human pharmacokinetics18,19. More recently, com-
panies have moved investigative toxicology activities 
into the discovery phase, and there are early signs that 
this has led to lower toxicity-related attrition in clinical 
development20–22.

However, there does not seem to have been a sub-
stantial reduction in attrition due to insufficient effi-
cacy. Various groups have reported attrition rates due 
to lack of efficacy in the past two decades over different 
periods1,3,4,6,9,10,13,14,23, and although direct comparison is 
difficult (in part owing to differences in the data sets), a 
series of studies using the same database have reported 
that failure rates in phase II or III trials due to efficacy 
were consistently ~50–60% between 2008 and 2015 

(REFS 6,9,14). This finding indicates that more effective 
target selection continues to be the major challenge in 
improving the productivity of drug R&D24.

This observation has prompted us to evaluate industry 
productivity from a different angle. Instead of dissect-
ing attrition through R&D milestones or as a function 
of the physiochemical properties of drug candidates, as 
has been done in some previous studies (for example, 
REFS 1,2,4,10,12), we focused on two key characteristics 
of drug development projects — the therapeutic mech-
anism of action and the intended indication of the drug 
candidate — for projects across the industry over the past 
20 years. The selection of a given mechanism– indication 
pair to pursue is based on integrating the understand-
ing of multiple factors, including disease biology, 
pharmaco logical tractability of the target, safety risk and 
commercial opportunities, and we hope that choices 
that have been made in the past could shed further light 
on reasons for success or failure and potentially inform 
future projects.

Data collection and definitions
Data were collected on drug programmes (defined 
as all indications pursued for a given drug) from the 
Cortellis database (produced by Clarivate Analytics), 
a pharmaceutical pipeline database, from 1996 to 2016 
(BOX 1). Specifically, we parsed and analysed the pro-
gramme information, which includes the identity of 
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Abstract | The productivity of the pharmaceutical industry has been widely discussed in recent 
years, particularly with regard to concerns that substantial expenditures on research and 
development have failed to translate into approved drugs. Various analyses of this productivity 
challenge have focused on aspects such as attrition rates at particular clinical phases or the 
physicochemical properties of drug candidates, but relatively little attention has been paid to 
how the industry has performed from the standpoint of the choice of therapeutic mechanisms 
and their intended indications. This article examines what the pharmaceutical industry has 
achieved in this respect by analysing comprehensive industry-wide data on the mechanism–
indication pairs that have been investigated during the past 20 years. Our findings indicate 
several points and trends that we hope will be useful in understanding and improving the 
productivity of the industry, including areas in which the industry has had substantial success  
or failure and the relative extent of novelty in completed and ongoing projects.
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Box 1 | Sources and process for creation of the data set

We parsed data for drug projects from the Cortellis pharmaceutical 
pipeline database as of April 2016 and included project data from across 
the world (not limited to the United States). The data included the drug 
names, therapeutic mechanisms, indications, highest phases and the 
developmental phase of each indication. We organized the data by each 
drug’s therapeutic mechanism, its indications and the developmental 
phases for the enlisted indications.

To ensure the data quality and enable its use for our purposes, we 
manually removed selected data in several steps and checked the 
assignments for drug mechanisms and indications with other databases. 
First, we eliminated vaccines, imaging agents and combination 
therapies, while keeping small-molecule, antibody, protein and nucleic 
acid therapies. Second, we kept only one project for the same active 
pharmaceutical ingredient related to a given mechanism–indication 
pair. If more than one formulation was identified, we kept the most 
advanced project. We also eliminated biosimilars. Third, we verified 
approved drug mechanisms based on published curated data78. Fourth, 
in cases of drugs with known polypharmacology, we tried to assign the 
most relevant therapeutic mechanism to the indication (for example, 
targeting KIT for gastrointestinal stromal tumours and ABL for chronic 
myeloid leukaemia in the case of imatinib). If multiple mechanisms of a 
drug are likely to be responsible for therapeutic efficacy in the indication, 
we assigned multiple mechanisms of this drug to the indication. In cases 
where the mechanism of the drug appears to be unknown or 
promiscuous, we eliminated those drugs (for example, doxepin). Fifth, we 
checked the accuracy of drug information for early discovery projects. 
For some projects, we were able to confirm or correct the data. However, 
many early discovery projects have limited preclinical information against 
which to verify the drug mechanisms. In those cases, we relied on curation 
from Cortellis, with an understanding that insufficient information and 
curation quality may potentially serve as a limitation for this data set. It is 
also worth noting that the classification of drug mechanisms or 
indications defined by the data source may not always agree with other 
data sources. We reconciled some inconsistencies in indication and 
therapeutic mechanism terminology.

Following this data scrubbing, we transformed the data on the basis of 
mechanism–indication pairs (see figure, panel a). For each mechanism–
indication pair, there could be one or more associated drugs in various 
R&D phases. And for a given drug, there could be multiple associated 
mechanism–indication pairs if it has been pursued for multiple indications, 
as is often the case in areas such as cancer and bacterial infection, or if 
more than one mechanism was assigned for a drug in a given indication.

Overall, at the time when we extracted data for our analysis in April 
2016, there were 2,441 therapeutic mechanisms, 1,453 indications and 
10,107 unique drugs in various developmental phases recorded in the 
Cortellis database. In our analysis, a total of 15,101 mechanism–
indication pairs were represented by 22,587 projects (defined as a 
particular drug being pursued for a particular indication).

For our analysis, we further grouped projects into three categories 
based on their development status: successful (pre-registration, 
registered and launched projects), discontinued (projects classified as 
discontinued, withdrawn or suspended) and ongoing (projects classified 
as in discovery or phase I, II or III trials). Finally, we categorized the 
mechanism–indication pairs into three non-overlapping groups: 
validated, unvalidated and emerging, as shown in the figure (panel b).

We would also like to point out the limitations in our analysis due to the 
nature of the data set. First, the indication ontology is not standardized 
— some indications are broad whereas others may be highly specific. 
Another issue is related to the temporal progress of drug projects. 
Discovery-stage projects tend to be evaluated for and assigned to 
broader indications, while clinical projects focus on more specific 
indications based on early-stage findings and company strategy.  
For example, many mechanisms, such as matrix metalloproteinases in 
oncology, were for projects that mostly did not reach the stage of being 
linked to specific cancer indications. The annotations in antibacterial 

indications tend to be very specific, leading to higher counts. Another 
issue may stem from the assignment of similar indication terms (for 
example, hypercholesterolaemia and hyperlipidaemia). Other indication 
ontology issues may be related to a certain amount of inconsistency 
between the database and regulatory agencies. Overall, we are 
convinced that the totality of the data outweighs the aforementioned 
limitations. To reduce the impact of the ontology issues, we manually 
excluded some problematic pairs when selecting those for the display 
items, and also split human-targeted and pathogen-targeted 
mechanisms.

a

b
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Indication X → Phase III
Indication Y → Discontinued
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Pharmaceutical pipeline 
database
A pharmaceutical pipeline 
database contains extensive 
information on drug 
development projects from 
discovery through to launch, 
including molecular structures, 
origins, therapeutic rationales, 
biological targets, drug 
properties, indications, 
licensing details, development 
history, trial outcomes and 
scientific references. The 
information comes from a 
variety of sources, including 
press releases, newsletters, 
conferences, scientific literature 
and other databases such as 
clinical data and patents.

the therapeutic mechanism, the highest clinical phase 
reached and the development status for each specific 
indication pursued. In total, we collected data for over 
10,000 unique drugs with their therapeutic mechanisms 
and the R&D phases of the intended indications, which 
corresponded to 22,587 projects (defined as a particular 
drug being pursued for a particular indication).

To simplify our analysis, the development stage of each 
project was sorted into three categories: successful, dis-
continued and ongoing. Successful projects have reached 
pre-registration status and beyond. Discontinued pro-
jects are no longer active and may have been suspended 
or terminated before reaching the pre-registration phase 
for various reasons, including (but not limited to) lack of 
efficacy, clinical safety, developability and strategic con-
siderations12. Both successful and discontinued projects 
are considered completed (see Supplementary informa-
tion S1 (table) for a list of the projects analysed in this 
article). Finally, ongoing projects include currently run-
ning projects from discovery to phase III clinical trials.

The projects we evaluated have targeted over 2,400 
therapeutic mechanisms for more than 1,400 indica-
tions in the past 20 years, accounting for a total of 15,101 

unique mechanism–indication pairs (BOX 1). To evaluate 
the performance of mechanism–indication pairs, we 
sorted them into three categories based on the progress 
of associated drug projects: validated, unvalidated and 
emerging (BOX 1). A validated mechanism– indication 
pair can be characterized as being represented by at least 
one drug project at or beyond pre-registration status. 
Conversely, an unvalidated mechanism–indication pair 
has at least one discontinued project, without any pro-
jects yet reaching pre-registration status. Both validated 
and unvalidated pairs are considered as completed pairs, 
as opposed to emerging mechanism–indication pairs, 
for which all of the projects are ongoing and none have 
reached beyond phase III or have been discontinued. 
In this study, the 15,101 unique mechanism– indication 
pairs include 2,414 validated, 8,066 unvalidated and 4,621 
emerging pairs (FIG. 1). Unvalidated pairs can be further 
categorized into two subgroups: active and inactive 
unvalidated pairs. Active unvalidated pairs (n = 752) have 
at least one ongoing project, in addition to any number of 
discontinued projects; they constitute <10% of the unvali-
dated pair space. Inactive unvalidated pairs (n = 7,314), on 
the other hand, have no currently ongoing projects; these 
pairs constitute the vast majority of unvalidated pairs.

Validated mechanism–indication pairs
We first explored the industry activity for validated 
mechanism– indication pairs (FIG. 2a,b). The validated  
pairs constitute just 16% of all mechanism–indication pairs. 
Among these validated mechanism–indication pairs, a  
large majority (74%, n = 1,782) correspond to single-
ton successful projects — that is, a single drug with a 
particular mechanism for a particular indication has 
reached pre-registration or beyond (FIG. 2a). Conversely, 
most of the successful projects correspond to a rela-
tively small fraction of mechanism–indication pairs; of 
the successful projects (n = 3,927), more than half (55%, 
n = 2,145) account for roughly a quarter of the validated 
mechanism–indication pairs (26%, n = 632).

Pairs for which there are ≥5 successful projects  
(5% of the pairs, n = 128) account for 22% (n = 880) of the 
total successful projects overall. Some of these repeat-
edly validated mechanism–indication pairs represent 
areas of intense competition, with a number of compa-
nies advancing their drugs to the market over a fairly 
brief period of time (that is, the projects to develop the 
drugs were probably progressing roughly simultane-
ously, with similar uncertainty about the likelihood of 
success). For example, four HIV-1 protease inhibitors 
— saquinavir, ritonavir, indinavir and nelfinavir — were 
developed and approved within months of each other25. 
Others are the result of ‘me-too’ or second-generation 
or third- generation drug projects (progressing into 
clinical development after the mechanism–indication 
pair is considered sufficiently validated; for example, 
by the approval of a drug) that are pursued due to the 
lower R&D risk, often with the aim of improving effi-
cacy, safety or pharmaceutical properties or for other 
commercial reasons. For example, the H+/K+-ATPase 
inhibitor esomeprazole demonstrated better efficacy 
over its predecessor omeprazole in disorders associated 
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2,414 validated pairs
(≥1 project beyond 
pre-registration)

8,066 unvalidated pairs
(≥1 discontinued project with no
project beyond pre-registration)

752 active 
unvalidated pairs 
with ongoing 
projects

7,314 inactive 
unvalidated pairs 
without ongoing 
projects

Total: 15,101 unique mechanism–indication pairs

4,621 emerging pairs
(projects only in
discovery or
development phases)

10,480 completed pairs
(≥1 project either
beyond pre-registration
or discontinued)

Figure 1 | Categorization of mechanism–indication 
pairs. The 15,101 mechanism–indication pairs in the data 
set for drug projects from the past two decades (see BOX 1 
for details) were classified into three non-overlapping 
categories: validated, unvalidated and emerging pairs.  
A validated mechanism–indication pair is one that is 
represented by at least one drug project at or beyond 
pre-registration status. Conversely, an unvalidated 
mechanism–indication pair has at least one discontinued 
project, without any projects yet reaching pre-registration 
status. Unvalidated pairs were further classified as active 
if represented by ongoing projects or inactive for cases 
where all of the underlying projects have been 
discontinued. Both validated and unvalidated pairs are 
considered as completed pairs, whereas emerging 
mechanism–indication pairs are those for which all of the 
projects are ongoing and none have reached beyond 
phase III or have been discontinued.
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with gastric acid26, and the second generation of hista-
mine H1 receptor antagonists improved the safety profile 
for allergy- related indications27. Regardless, this fraction 
indicates that a significant proportion of the pharma-
ceutical industry’s output in terms of new drugs (and 
probably also revenues) in the period studied has come 
from a small fraction of repeatedly validated pairs, 

indicating the challenge of identifying truly attrac-
tive pairs for which scientific possibility overlaps with 
clinical need and commercial potential.

As illustrated in FIG. 2a, there have nevertheless been 
a considerable number of failures seen for projects that 
pursued validated pairs, with 37% (n = 2,335) having been 
discontinued. In fact, 11% (n = 263) of the validated pairs 

Figure 2 | Overview of completed projects. a,b | Successful and discontinued projects for the validated mechanism–
indication pairs. The majority (74%, n = 1,782) of the 2,414 validated pairs correspond to successful singleton projects, and 
successful projects disproportionately correspond to a small fraction of mechanism–indication pairs. Over a third of 
projects (n = 2,335) for validated pairs were discontinued, and 11% (n = 263) of the validated pairs had more discontinued 
than successful projects. Part a shows the distribution of the number of successful and discontinued drug projects for the 
2,414 validated pairs. Both successful (green) and discontinued (red) projects are shown, with projects ordered along the 
x axis based on the number of projects that were successful. This highlights various mechanism–indication pairs where 
many projects have failed relative to the number that have succeeded (red spikes). Angiotensin II receptor inhibition for 
hypertension (spike 1), hepatitis C virus (HCV) NS5B polymerase inhibition for HCV (spike 2), and 5‑lipoxygenase inhibition for 
asthma (spike 3) are highlighted. The numbers of successful and discontinued projects for the top 50 validated pairs are shown 
in the insert. Part b shows the therapeutic area of indications for repeatedly validated therapeutic mechanism–indication 
pairs, defined as pairs with ≥5 projects reaching pre‑registration status or higher. c,d | Overview of discontinued projects for 
the unvalidated mechanism–indication pairs. The majority (83%; n = 6,671) of the 8,066 unvalidated pairs correspond to 
singleton projects, and discontinued projects are disproportionately allocated to a small fraction of unvalidated mechanism–
indication pairs. Part c shows the distribution of the number of discontinued drug projects for the 8,066 unvalidated pairs. 
Part d shows the therapeutic area of indications for unvalidated mechanism–indication pairs with ≥5 discontinued projects.
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had more discontinued than successful projects; the 
examples of the angiotensin II receptor for hypertension, 
hepatitis C virus (HCV) NS5B polymerase for HCV 
infection and 5-lipoxygenase for asthma are indicated in 
FIG. 2a. This highlights the importance of other factors in 
addition to the target biology, including project- specific 
R&D issues (such as toxicity of a chemical class) or com-
mercial reasons12. It is also apparent that the number of 
discontinued projects is not correlated with the number 
of successful projects within the validated pairs (FIG. 2a), 
implying that the nature of the R&D issues for each com-
bination of indication and therapeutic mechanism can 
vary widely.

Among the 128 repeatedly validated pairs (those 
with ≥5 successful projects), the top three therapeutic 
areas (which account for half of the total) are infectious 
diseases (31%), immune diseases (10%) and haematol-
ogy (10%) (FIG. 2b). Owing to the level of granularity with 
which infectious disease indications are defined in our 
data set (BOX 1), anti-infectives would top a list ranked by 
the number of successful projects, as antimicrobial mech-
anisms such as targeting penicillin-binding protein and 
DNA gyrase have proven highly successful in tackling a 
broad swathe of infectious pathogens, and thus pathogen- 
targeted pairs are separated from human-targeted pairs in 
TABLE 1, which lists the pairs with the highest numbers of 
successful projects and no failures. In some cases, the same 
mechanisms can be well translated into different indications 
based on the disease biology — for example, DNA gyrase 

inhibition is an effective mechanism for many indications 
associated with bacterial infection. Notably, the most suc-
cessful human-targeted validated pairs listed in TABLE 1, 
such as H+/K+-ATPase inhibitors in gastrointestinal indi-
cations, represent the alignment of clear target biology, 
druggability and broad commercial opportunity.

Evidence of intense competition and overcrowding 
in the validated mechanism–indication pair space ech-
oes earlier findings by Agarwal et al.28, who in addition 
found that competition steadily increases by clinical 
development phase. It is worth pointing out the differ-
ences between our current study and that of Agarwal and 
colleagues. The underlying data used in the studies came 
from two different databases, and Agarwal et al. excluded 
non-human targets and targets with polypharmacology, 
whereas we included them (see BOX 1). Agarwal et al. 
analysed active projects with respect to targets as of 2013, 
whereas we evaluated both active and inactive projects for 
mechanism–indication pairs over the past 20 years. They 
found that the vast majority (88%) of clinically proven 
targets (analogous to a validated mechanism in our 
study) were being pursued by more than one company, 
with 64% being pursued by ≥5 companies, whereas our 
analysis showed that a portion of validated mechanisms 
had a disproportionately high number of successful pro-
jects. Despite the differences in data sets and methodol-
ogy, both studies highlight a heavy distribution of drug 
discovery activities in the validated mechanism– indication 
pair space towards a small fraction of mechanisms.

Table 1 | Validated mechanism–indication pairs with the highest number of successful projects and no failed projects

Indication Mechanism Example drug

Pathogen-targeted pairs

Streptococcus infection Penicillin-binding protein inhibitor Ertapenem

Haemophilus influenzae infection DNA gyrase inhibitor Ciprofloxacin

Moraxella catarrhalis infection DNA gyrase inhibitor Ciprofloxacin

Streptococcus infection Topoisomerase IV inhibitor Levofloxacin

Escherichia coli infection Penicillin-binding protein inhibitor Cefepime

Escherichia coli infection DNA gyrase inhibitor Moxifloxacin 

Enterobacteriaceae infection DNA gyrase inhibitor Moxifloxacin

Haemophilus influenzae infection Penicillin-binding protein inhibitor Cefditoren

Haemophilus influenzae infection Topoisomerase IV inhibitor Levofloxacin

Moraxella catarrhalis infection Topoisomerase IV inhibitor Ciprofloxacin

Human-targeted pairs

Duodenal ulcer H
+
/K

+
-ATPase inhibitor Omeprazole

Female infertility FSH receptor agonist Follitropin-α
Allergic conjunctivitis H1 receptor antagonist Cetirizine

Angina L-type calcium channel inhibitor Nicardipine

Congenital afibrinogenaemia Factor I stimulator Fibrinogen

Ocular inflammation COX inhibitor Diclofenac

Bipolar I disorder D2 receptor antagonist Olanzapine

Bipolar I disorder 5-HT2A receptor antagonist Olanzapine

Renal cell carcinoma VEGFR inhibitor Lenvatinib

Breast cancer GnRH agonist Goserelin

5-HT2A, 5‑hydroxytryptamine 2A; COX, cyclooxygenase; D2 receptor, dopamine receptor type 2; FSH, follicle‑stimulating hormone; GnRH, gonadotropin‑releasing 
hormone; H1 receptor, histamine receptor type 1; VEGFR, vascular endothelial growth factor receptor.
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Unvalidated mechanism–indication pairs
Next, we explored the unvalidated mechanism– 
indication pairs; that is, pairs for which there were no 
drugs beyond pre-registration in the study period. Drug 
development projects may be discontinued for various 
reasons, including lack of efficacy, poor safety profile, 
regulatory issues, insufficient commercial opportunities 
and competition. Indeed, previous studies have reported 
that efficacy, safety and commercial and strategic reasons 
are responsible for varying fractions of the discontinued 
projects in different therapeutic areas6,9,14. Ultimately, 
regardless of the specific reasons behind project termi-
nations, the resources invested in those projects did not 
realize a return on investment.

Most of the unvalidated pairs (83%, n = 6,671) are 
represented by a single discontinued project (FIG. 2c). 
Although we do not have enough information to dis-
cern whether these single discontinued projects were 
primarily terminated in the preclinical phase, some of 
the pairs may have been explored transiently without a 
strong scientific rationale. It is possible that others may 
benefit from further investigation. However, there are no 
ongoing projects at present for the vast majority of these 
singly unvalidated pairs (93%, n = 6,235).

Just 2% (n = 193) of the unvalidated pairs have ≥5 
discontinued projects (FIG. 2c). However, similar to 
what we observed for validated pairs, we found that a 

disproportionate 14% (n = 1,580) of the total of 11,153 
discontinued projects corresponded to these 193 con-
tinually unvalidated mechanism–indication pairs. 
This observation suggests that the pharmaceutical 
industry overall has tended to overcommit to certain 
mechanism– indication pairs, continuing efforts in the 
face of mounting evidence against the original rationale 
for the project. This may be because multiple companies 
have independently initiated projects pursuing the same 
therapeutic hypotheses based on the same information, 
which later turns out to be invalid, or because companies 
have initiated projects similar to their competitors.

The unvalidated pairs with the highest number of 
discontinued projects (TABLE 2) are split nearly equally 
between active and inactive unvalidated pairs. The 
inactive unvalidated pairs represent a group of ther-
apeutic hypotheses for which the industry appears to 
have reached a negative conclusion based on the fail-
ures so far. Notable examples include acetyl-CoA acetyl-
transferase 1 (ACAT1) inhibitors in cardio vascular 
indications29,30, NMDA (N-methyl-d-aspartate) recep-
tor antagonists in cerebrovascular disease31 and p38 
mitogen- activated protein (MAP) kinase inhibitors 
in rheumatoid arthritis32 (TABLE 2). Multiple trials for 
such pairs have been conducted without positive out-
comes33–39, representing a vast amount of resources 
that did not deliver a return on investment. In these 

Table 2 | Unvalidated mechanism–indication pairs with the most discontinued projects

Indication Mechanism Number of discontinuations 
for pair

Example drug

Inactive unvalidated pairs with no ongoing projects

Atherosclerosis ACAT inhibitor 28 Pactimibe

Hypertension K
+
 channel stimulator 20 Emakalim

Cerebrovascular disease NMDA receptor antagonist 19 Selfotel

Asthma PAF receptor antagonist 17 Lexipafant

Obesity β3-adrenoceptor agonist 16 Talibegron

Alzheimer disease M1 receptor agonist 15 Alvameline

Hypertension ETA receptor antagonist 14 Darusentan

Rheumatoid arthritis p38 MAP kinase inhibitor 14 Pamapimod

Asthma NK1 receptor antagonist 13 Nolpitantium

Psoriasis 5‑LOX inhibitor 11 Lonapalene

Active unvalidated pairs with ongoing projects

Alzheimer disease Amyloid-β synthesis inhibitor 26 Semagacestat

Alzheimer disease Amyloid-β deposition inhibitor 25 Tramiprosate

Alzheimer disease Amyloid-β antagonist 24 Ponezumab

Non-insulin-dependent diabetes PPAR α agonist 22 Aleglitazar

Alzheimer disease Amyloid-β modulator 18 Lovastatin

Asthma K
+
 channel stimulator 15 Rilmakalim

Depression 5-HT1A receptor agonist 14 Naluzotan

Breast cancer EGFR inhibitor 12 Vandetanib

Non-insulin-dependent diabetes Glucokinase stimulator 11 Piragliatin

Pain TRPV1 antagonist 11 MK-2295

General indications such as cancer and inflammatory disease were not included. 5-HT1A, 5‑hydroxytryptamine 1A; 5‑LOX, 5‑lipoxygenase; ACAT, acetyl‑CoA 
acetyltransferase 1; EGFR, epidermal growth factor receptor; ETA, endothelin A; NK1, neurokinin 1; NMDA, N-methyl-d‑aspartate; PAF, platelet-activating factor; 
PPAR, peroxisome proliferator-activated receptor; TRPV1, transient receptor potential cation channel subfamily V member 1.
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cases, the major reason for failure may have been the 
lack of translatability from strong therapeutic evidence 
in animal models into human disease therapeutics40–42, 
suggesting the need to carefully evaluate the predictive 
power of such animal models43.

By contrast, there are still ongoing projects for the 
active unvalidated pairs shown in TABLE 2, despite a high 
number of previously discontinued projects. Of note, 
several therapeutic approaches based on the amyloid 
hypothesis44,45 in Alzheimer disease have failed, such 
as solanezumab recently46, suggesting that the industry 
needs to rethink its strategies in this area47.

Overall, despite the large body of scientific literature 
supporting the top unvalidated pairs, their performance 
in the context of pharmaceutical R&D has been disap-
pointing, mainly due to lack of efficacy and side effects 
(for example, see REFS 48–51). The huge amount of 
resources invested in these pairs by the industry overall, 
with no return on investment in terms of new drugs, also 
suggests that challenging ‘groupthink’ and more critically 
questioning whether a given project really has a mean-
ingful chance of success when multiple previous projects 
have failed could help reduce costly late-stage attrition.

Looking at the subset of unvalidated pairs with ≥5 
discontinued projects, the largest proportions are in 
oncology (30%) and neurology/psychiatric-related ther-
apeutic areas (19%) (FIG. 2d). This is unsurprising, given 
that both areas historically have had widely acknowl-
edged challenges related to a lack of understanding of 
the disease biology and poorly predictive preclinical 
models52–57. However, at least for cancer, there have 
been substantial advances in more recent years that 
may lead to higher success rates if similar analyses were 
to be conducted in the future.

Success and failure for popular pairs
To gain an overview of the performance of mechanism–
indication pairs for the most tested indications and 
mechanisms, we identified the indications (n = 196) for 
which ≥10 mechanisms have been tested and the mech-
anisms (n = 297) tested for ≥10 indications from the 
completed pairs. We constructed a combined heatmap to 
visualize these mechanism–indication pairs based on the 
success rate (that is, the ratio of the number of successful 
projects to the sum of successful and discontinued pro-
jects) for validated pairs and the number of discontinued 
projects for unvalidated pairs (FIG. 3 and Supplementary 
information S2 (figure)).

In total, there are 719 validated and 2,573 unvalidated 
mechanism–indication pairs in this group; that is, quite 
a small proportion have led to a successful drug so far. 
FIGURE 3 illustrates that there are several mechanism–
indication pair clusters by indication, reflecting that the 
pharmaceutical industry has tested certain mechanisms 
over sets of related indications in the same disease area 
(FIG. 3a,b, inflammatory diseases; FIG. 3c, central nervous 
system diseases and FIG. 3d,e, oncology). The likely reason 
is the view that a drug that shows success for a particu-
lar indication in such areas could be expanded to related 
indications in the same disease area or that a drug that 
targets a mechanism that could be relevant to multiple 

indications in a broad area is often tested at an early stage 
in several indications, before the most promising one 
is selected to progress first towards the market (a com-
mon strategy in cancer indications). In some cases, this 
strategy has been hugely successful, such as for tumour 
necrosis factor (TNF) signalling blockers in inflamma-
tory diseases58 (FIG. 3a) and a number of receptor tyrosine 
kinases (RTKs) in oncology59–61 (FIG. 3d). However, there 
are also notable examples of cases where the strategy 
has failed, such as 5-lipoxygenase and the leukotriene 
B4 (BLT) receptor in inflammatory diseases62,63 (FIG. 3b), 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptor (AMPA) receptor in neurology64 (FIG. 3c) 
and insulin-like growth factor 1 receptor (IGF1R) signal-
ling in oncology65 (FIG. 3e). Overall, our interpretation of 
the historical data is that pursuing the same mechanism 
across multiple related indications has not generally 
been successful, except in those cases where there is a 
clear understanding of the underlying disease biology 
and the key role of the targeted mechanism. In addition 
to the examples of TNF blockers and some RTKs in can-
cer, this is also often the case for infectious diseases (for 
example, antibiotics in bacterial infections and interferon 
in viral infections).

Success variation for mechanism–indication pairs
Although validated target biology is critical to the like-
lihood of success for a drug development project, the 
importance of other factors such as druggability should 
not be underestimated. To explore this further, we iden-
tified indications (n = 31) corresponding to ≥10 different 
validated mechanisms. Data for a selected set of indi-
cations shown in FIG. 4 indicate a wide range of success 
rates observed for different mechanisms of action within 
a given indication.

In the case of HCV infection, both NS3 protease inhi-
bition (for example, with simeprevir) and NS5B polymer-
ase inhibition (for example, with sofosbuvir) are validated 
mechanisms. Developers of NS3 protease inhibitors, the 
first class of oral direct-acting antiviral drugs to make 
it to market for HCV, had to contend with poor active 
site druggability, leading to larger, less drug-like com-
pounds66, but nevertheless, a third of the completed pro-
jects (6 out of 19 in the study period) have resulted in 
marketed drugs (FIG. 4). NS5B polymerase inhibitors have 
been a game changer for HCV treatment, increasing cure 
rates, shortening treatment time and enhancing treatment 
safety, but this has been an even more difficult target due 
to toxicity and resistance issues67, with a mere 2 out of a 
total of 49 completed projects having been successful in 
the study period (FIG. 4; TABLE 3).

Hypertension has been successfully targeted by multi-
ple mechanisms over the years68, such as L-type calcium 
channel inhibitors and angiotensin-converting enzyme 
inhibitors (FIG. 4), and multiple projects targeting these 
two mechanisms have been successful. By contrast, renin 
inhibition is an interesting and stark example of a vali-
dated mechanism corresponding to the approved drug 
aliskiren, where all but one (23 of 24) project failed (FIG. 4; 
TABLE 3), principally as a result of poor pharmacokinetic 
properties of the candidate drugs68,69.

A N A LY S I S

NATURE REVIEWS | DRUG DISCOVERY  VOLUME 17 | JANUARY 2018 | 25

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

http://www.nature.com/nrd/journal/vaop/ncurrent/full/nrd.2017.194.html#supplementary-information
http://www.nature.com/nrd/journal/vaop/ncurrent/full/nrd.2017.194.html#supplementary-information


Nature Reviews | Drug Discovery

Ps
or

ia
si

s

In
fla

m
m

at
or

y 
bo

w
el

 d
is

ea
se

Al
le

rg
ic

 rh
in

iti
s

At
op

ic
 d

er
m

at
iti

s
As

th
m

a
D

er
m

at
iti

s
Pr

ur
itu

s
Rh

in
iti

s
C

ro
hn

 d
is

ea
se

U
lc

er
at

iv
e 

co
lit

is
U

ve
iti

s

Rh
eu

m
at

oi
d 

ar
th

rit
is

Ar
th

rit
is

Ps
or

ia
tic

 a
rt

hr
iti

s

An
ky

lo
si

ng
 sp

on
dy

lit
is

Ju
ve

ni
le

 rh
eu

m
at

oi
d 

ar
th

rit
is

H
yp

er
se

ns
iti

vi
ty

 re
ac

tio
n 

ty
pe

 I 
di

se
as

e

H
ep

at
oc

el
lu

la
r c

ar
ci

no
m

a

Re
na

l c
el

l c
ar

ci
no

m
a

Th
yr

oi
d 

tu
m

ou
r

N
eu

ro
en

do
cr

in
e 

tu
m

ou
r

Id
io

pa
th

ic
 p

ul
m

on
ar

y 
fib

ro
si

s

M
et

as
ta

tic
 n

on
-s

m
al

l-c
el

l l
un

g 
ca

nc
er

G
as

tr
oi

nt
es

tin
al

 tu
m

ou
r

M
es

ot
he

lio
m

a

H
ea

d 
an

d 
ne

ck
 tu

m
ou

r

Pa
nc

re
at

ic
 tu

m
ou

r

M
al

ig
na

nt
 g

lio
m

a

Eo
so

ph
ag

us
 tu

m
ou

r

N
on

-s
m

al
l-c

el
l l

un
g 

ca
nc

er

M
et

as
ta

tic
 st

om
ac

h 
ca

nc
er

Sm
al

l-c
el

l l
un

g 
ca

nc
er

Cyclooxygenase inhibitora

b

c

d e

Glucocorticoid agonist
IL-2 antagonist

Retinoic acid receptor agonist
Vitamin D receptor agonist

IL-8 antagonist

Inducible nitric oxide synthase inhibitor
Membrane copper amine oxidase inhibitor

Adenosine A
3
 receptor agonist

5-lipoxygenase inhibitor
Leukotriene BLT receptor antagonist

p38 MAP kinase inhibitor

Lymphocyte function antigen 3 receptor antagonist
Dihydroorotate dehydrogenase inhibitor

JAK1 tyrosine kinase inhibitor
PDE4 inhibitor

Adrenocorticotropic hormone ligand
TNF ligand inhibitor

IL-17 antagonist
TNF antagonist

Pa
rk

in
so

n 
di

se
as

e
M

ig
ra

in
e

Pa
in

D
em

en
tia

N
ic

ot
in

e 
de

pe
nd

en
ce

N
eu

ro
pa

th
ic

 p
ai

n
D

ia
be

tic
 n

eu
ro

pa
th

y

Ep
ile

ps
y 

sy
nd

ro
m

e
Fi

br
om

ya
lg

ia

Po
st

he
rp

et
ic

 n
eu

ra
lg

ia

An
xi

et
y 

di
so

rd
er

Al
zh

ei
m

er
 d

is
ea

se
D

ep
re

ss
io

n

C
an

ce
r p

ai
n

Metabotropic glutamate receptor 5 antagonist
Opioid δ receptor agonist

AMPA receptor antagonist
MAO-A inhibitor

NMDA receptor antagonist

Programmed cell death  1 inhibitor
Cytotoxic T-lymphocyte antigen 4 inhibitor

MEK 1 protein kinase inhibitor
MEK 2 protein kinase inhibitor

FGF receptor antagonist
PDGF receptor antagonist
VEGF receptor antagonist

RAF B protein kinase inhibitor
KIT tyrosine kinase inhibitor

FGF1 receptor antagonist
RAF 1 protein kinase inhibitor

Sm
al

l-c
el

l l
un

g 
ca

nc
er

G
as

tr
oi

nt
es

tin
al

 tu
m

ou
r

M
es

ot
he

lio
m

a

H
ea

d 
an

d 
ne

ck
 tu

m
ou

r

Pa
nc

re
at

ic
 tu

m
ou

r

M
al

ig
na

nt
 g

lio
m

a

N
on

-s
m

al
l-c

el
l l

un
g 

ca
nc

er

M
et

as
ta

tic
 st

om
ac

h 
ca

nc
er

St
om

ac
h 

tu
m

ou
r

So
lid

 tu
m

ou
r

D
ia

be
tic

 m
ac

ul
ar

 o
ed

em
a

D
ia

be
tic

 re
tin

op
at

hy

C
ol

or
ec

ta
l t

um
ou

r

O
es

op
ha

gu
s t

um
ou

r

p53 tumour suppressor protein modulator
TP53 gene modulator

AKT protein kinase inhibitor
Hedgehog protein inhibitor

MEK protein kinase inhibitor
Insulin-like growth factor 1 antagonist

Insulin receptor antagonist
Kinesin-like protein KIF11 inhibitor

Hepatocyte growth factor antagonist
RAS GTPase inhibitor

TRAIL 2 receptor agonist

Indications

a

b

c

d

e

Th
er

ap
eu

ti
c 

m
ec

ha
ni

sm
s

Fatty acid amide hydrolase inhibitor

Figure 3 | Combined drug discovery effectiveness heatmap for the most 
tested mechanism–indication pairs. Validated pairs are shown in blue; 
darker shading reflects a higher success rate as measured by the ratio of the 
number of successful projects over the sum of the successful and discontinued 
projects. Unvalidated pairs are shown in red; darker shading represents a higher 
number of discontinued projects. Only those mechanisms tested in ≥10 
indications and the indications tested by ≥10 mechanisms are included. There 
are 719 validated pairs (blue) and 2,573 unvalidated pairs (red). The transformed 

data were organized by hierarchical clustering of mechanisms and diseases 
based on cosine similarity. The insets detail pair clusters in inflammatory 
diseases (parts a and b), central nervous system diseases (part c) and oncology 
(parts d and e). FGF, fibroblast growth factor; JAK, Janus kinase; IL, interleukin; 
MAO‑A, monoamine oxidase type A; MAP, mitogen‑activated protein; NMDA, 
N- methyl-d‑aspartate; PDE, phosphodiesterase; PDGF, platelet-derived growth 
factor; TNF, tumour necrosis factor; TRAIL, tumour necrosis factor‑related 
apoptosis-inducing ligand; VEGF, vascular endothelial growth factor.
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Mechanisms with extremely low success rates, such 
as targeting renin or NS5B, frequently have mechanism- 
specific R&D issues and are largely responsible for driv-
ing down the overall R&D effectiveness for the validated 
pairs (TABLE 3). In other words, validated mechanisms 
are not all equal, with the success rate being a character-
istic of the mechanism–indication pair rather than the 
indication per se (FIG. 4). There are cases when this latter 
distinction is blurred, such as in therapeutic areas like 
Alzheimer disease, for which projects have been unsuc-
cessful for nearly all the mechanisms investigated47,70. 

However, the mechanism–indication pair perspective 
adds a useful granularity to the average therapeutic area 
success rate that is typically analysed (for example, as 
in REF. 10).

Next, we examined the performance of mechanisms 
by evaluating their corresponding validated and unval-
idated indications, identifying the best performers 
(TABLE 4). It is not surprising that several antimicrobial 
mechanisms rank highly, in part due to the bias in the 
way indications are defined as discussed above (BOX 1; 
TABLE 1). However, we should not ignore the fact that 
better understanding of the microbiology and host–
microorganism interactions makes these mechanisms 
particularly effective. Among the human-targeted 
mechanisms, therapies aimed at the endocrine and 
immune systems have been the most effective mech-
anisms to date, probably due to our understanding of 
the diseases relative to human physiological processes. 
For example, the physiological role of interferon-α in 
immunity makes its use an effective mechanism for 
antiviral therapy71.

Lastly, we analysed the diseases for which the most 
therapeutic mechanisms have been tested (TABLE 5). It is 
reasonable to expect that diseases with complex aetio-
logies will have had a larger range of attempted mecha-
nisms and that diseases that pose a particular burden to 
patients and health care systems would attract substantial 
R&D investment. Indeed, the diseases shown in TABLE 5 
include cancers (for example, breast cancer), neurological 
diseases (for example, Alzheimer disease) and inflamma-
tory diseases (for example, rheumatoid arthritis), which 
have all seen a steady rate of investment by the industry, 
including testing a variety of mechanisms, several of which 
have been validated and highly successful. For example, 
drugs with two different mechanisms (targeting TNF and 
CD20) for rheumatoid arthritis currently constitute sev-
eral of the top-selling drugs in the US. Nevertheless, the 
majority of tested mechanisms in these diseases have been 
less fruitful, with ~10 times or more mechanisms being 
unvalidated than validated in most cases.
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Figure 4 | Success rate distribution for validated 
mechanisms in selected indications. Indications that 
correspond to ≥10 validated therapeutic mechanisms were 
selected. Each dot in the figure represents a mechanism–
indication pair. A wide range of success rates across 
different validated mechanisms illustrates how other 
factors beyond validated target biology can contribute  
to drug discovery success. Specific highlighted 
mechanisms include NS3 protease inhibitors and NS5B 
polymerase inhibitors for the treatment of hepatitis C virus 
(HCV) infection and L-type calcium channel inhibitors, 
angiotensin‑ converting enzyme (ACE) inhibitors and renin 
inhibitors for the treatment of hypertension.

Table 3 | Validated mechanism–indication pairs with the lowest success rates

Indication Mechanism Success rate* Example of successful drug

Asthma 5‑LOX inhibitor 1/30 Zileuton

Thrombosis Factor IIa antagonist 1/28 Bivalirudin

HCV infection NS5B polymerase inhibitor 2/49 Sofosbuvir

Hypertension Renin inhibitor 1/24 Aliskiren

HCV infection NS5A inhibitor 1/17 Daclatasvir

Anxiety 5-HT1A receptor agonist 1/16 Buspirone

HIV infection CCR5 antagonist 1/15 Maraviroc

Asthma PDE4 inhibitor 2/28 Doxofylline

Schizophrenia 5-HT1A receptor agonist 1/13 Brexpiprazole

Thrombosis Factor Xa antagonist 1/13 Bemiparin

Non-insulin-dependent diabetes PPARγ agonist 2/23 Rosiglitazone

Asthma Immunoglobulin E antagonist 1/11 Omalizumab

General indications such as cancer, bacterial infection and inflammatory disease were not included; pairs with a success rate <10% are shown. 5-HT1A, 5-hydroxytryptamine 
1A; 5‑LOX, 5‑lipoxygenase; CCR5, CC chemokine receptor 5; HCV, hepatitis C virus; PDE, phosphodiesterase; PPAR, peroxisome proliferator‑activated receptor. *Success 
rate is measured by the ratio of the number of the successful projects (reaching pre-registration and beyond) to the number of successful and discontinued projects.
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Success rates for orphan diseases
In recent years, owing to factors such as the exclusivity 
provisions in the US Orphan Drug Act legislation and 
a series of highly successful orphan drug launches, the 
industry has turned greater attention to rare diseases, 
which were once neglected and thought to be commer-
cially non-viable. We were interested in determining 
whether the pharmaceutical industry performed better 
in this subset of diseases in the period studied. Based on 
data from the National Organization for Rare Disorders, 
we were able to identify over 1,200 rare diseases. Of these, 
just 221 rare diseases were listed in the Cortellis database, 
and 173 of them had completed projects. For non-  rare 
diseases, we found 1,039 indications with completed 
projects (FIG. 5a). Comparing the distribution of the suc-
cess rate for mechanism–indication pairs indicates that 
the success rate for rare disease projects is slightly better 
compared with non-rare diseases, with a higher inter-
quartile range and higher mean for the success rate (26% 
versus 19%) (FIG. 5b).

One likely explanation is that many of the rare dis-
eases for which drug development has been pursued 
so far have a clear disease biology, such as well-defined 
genetic causes. Genetic evidence supporting a particular 
target and/or mechanistic hypothesis has been highlighted 
for its potential to serve as a guide in target selection72, 
and a recent study of approved drugs showed that drug 
mechanisms with genetic support have higher chances of 
success73. Another factor that could have improved the 
likelihood of success in rare diseases in the period studied 
is the lack of any existing therapies for many of the dis-
eases, which means there could be a lower bar for demon-
strating a clinically useful treatment effect, compared with 
developing a new drug for an indication for which several 
classes of therapy already exist, such as type 2 diabetes 

or hypertension. On the other hand, rare disease drug 
development also often has particular challenges, includ-
ing identifying and validating appropriate clinical end 
points if no approved therapies exist and recruiting patient 
cohorts of suitable size and homogeneity.

Characteristics of ongoing projects
We next investigated if ongoing R&D projects (that is, 
those at the discovery and phase I, II and III stages) are 
following the trend from the past 20 years, in terms of 
a bias towards either repeatedly validated mechanism– 
indication pairs (≥5 projects having reached pre- 
registration or beyond) or continually unvalidated pairs 
(≥5 discontinued projects), as seen in FIG. 2. For those 
indications with repeatedly validated mechanisms, 103 
ongoing projects are targeting the same repeatedly vali-
dated mechanisms and 128 ongoing projects are target-
ing other validated mechanisms (that is, with at least one 
project that has reached pre-registration or beyond), for 
a total of 231 out of 1,241 total projects for these indi-
cations that are targeting validated mechanisms (FIG. 6a); 
that is, ~8% of ongoing projects in these indications are 
targeting repeatedly validated mechanisms and ~18% 
are targeting validated mechanisms, with presumably a 
lower risk of failure due to lack of efficacy or safety but 
potentially challenges in achieving sufficient differentia-
tion from the existing competition. Of the 1,010 projects 
not targeting validated mechanisms, 315 target unval-
idated mechanisms (those with at least one previous 
failed project but no successful projects) and 695 target 
emerging mechanisms (those for which there have not 
yet been any successful or failed projects).

In addition, for those indications with validated 
mechanisms (that is, at least one project that has reached 
pre-registration or beyond), we found that 642 out of 

Table 4 | Mechanisms with the highest number of validated and lowest number of unvalidated indications

Mechanisms Examples of indications

Pathogen-targeted mechanisms

DNA gyrase inhibitor Various conditions caused by bacterial infection

Topoisomerase IV inhibitor Various conditions caused by bacterial infection

PBP inhibitor Various conditions caused by bacterial infection

Lanosterol 14 α-demethylase inhibitor Various fungal infections

Bacterial RNA polymerase inhibitor Conditions caused by Escherichia coli, Mycobacterium and 
Clostridium infection

Human-targeted mechanisms

IFNα2 ligand Melanoma, hairy cell leukaemia, Kaposi sarcoma and certain 
viral infections

β1-adrenoceptor antagonist Angina, atrial fibrillation, hypertension, glaucoma and 
myocardial infarction

H
+
/K

+
-ATPase inhibitor Gastroesophageal reflux disease, duodenal and gastric ulcers, 

Helicobacter pylori infection and Zollinger–Ellison syndrome

GnRH agonist Breast cancer, prostate cancer, endometriosis, uterine fibroids 
and precocious puberty

IgG Immunodeficiency, Kawasaki disease, Guillain–Barre syndrome 
and chronic lymphocytic leukaemia

GnRH, gonodotrophin‑releasing hormone; IFNα2, interferon α2; IgG, immunoglobulin G; PBP, penicillin‑binding protein.
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a total of 5,424 ongoing projects (12%) are targeting a 
validated mechanism. Thus, 4,782 (88%) of all ongoing 
projects in such indications are exploring mechanisms 
for which no project has yet reached pre-registration or 
beyond, representing a greater risk; of these, 17% of pro-
jects are pursuing unvalidated therapeutic mechanisms 
and 71% are pursuing emerging mechanisms. This indi-
cates a strong commitment by the industry to the identi-
fication of drugs with substantially better efficacy and/or 
safety than existing therapies for these indications, with 
little emphasis on ‘me-too’ or follow-on drugs. This may 
reflect the need in the current environment to develop 
new drugs that are not just effective and safe but also 
clinically differentiated from existing therapies, in order 
to justify reimbursement when they reach the market.  

A further 1,080 projects were pursuing novel mecha-
nisms in indications that had no projects that had reached 
pre-registration or beyond (see also the discussion below 
on novel mechanism–indication pairs).

In the indications with continually unvalidated mech-
anisms, we were interested in the impact of pre-existing 
data on choices for therapeutic mechanisms to pursue. 
It would be expected that the multiple failures of pro-
jects for continually unvalidated pairs would alert the 
industry and prompt it to focus attention elsewhere. For 
example, there were 14 discontinued p38 MAP kinase 
inhibitor projects for rheumatoid arthritis in the period 
studied (TABLE 2), with no project advancing to or beyond 
pre-registration due to mediocre efficacy32, and indeed, 
there were no such ongoing projects in our data set. 

Table 5 | Diseases with most therapeutic mechanisms tested

Indication Example of mechanism (drug)

Validated Unvalidated Emerging

Breast cancer HER2 inhibitor (trastuzumab) PI3K inhibitor (apitolisib) PD1 inhibitor (nivolumab)

Rheumatoid arthritis TNF inhibitor (infliximab) p38 MAP kinase inhibitor 
(pamapimod)

CD40 inhibitor (CFZ-533)

Non-small-cell lung cancer EGFR inhibitor (gefitinib) HGFR inhibitor (tivantinib) HDAC inhibitor (entinostat)

Asthma β2-adrenoceptor agonist (formoterol) IL‑13 inhibitor (anrukinzumab) IL‑23 inhibitor (BI‑655066)

Alzheimer disease Acetylcholinesterase inhibitor (tacrine) Amyloid-β antagonist (ponezumab) FYN inhibitor (saracatinib)

Colorectal cancer VEGFA inhibitor (bevacizumab) HDAC inhibitor (vorinostat) CD49b inhibitor (E-7820)

Pancreatic cancer EGFR inhibitor (erlotinib) Thymidylate synthase inhibitor 
(plevitrexed)

FAK inhibitor (defactinib)

Psoriasis IL‑17 inhibitor (secukinumab) 5‑LOX inhibitor (lonapalene) STAT3 inhibitor (MOL‑4249)

Pain COX2 inhibitor (celecoxib) TRPV1 inhibitor (MK-2295) TRPA1 inhibitor (GRC-17536)

Multiple myeloma Proteasome inhibitor (bortezomib) CD40 inhibitor (dacetuzumab) CD19-specific CAR T cell therapy 
(tisagenlecleucel-T)

Prostate cancer GnRH agonist (leuprolide) DPYD inhibitor (eniluracil) SERCA inhibitor (mipsagargin)

Ovarian cancer PARP inhibitor (olaparib) AKT inhibitor (afuresertib) CTLA4 inhibitor (ipilimumab)

Melanoma PD1 inhibitor (nivolumab) Tubulin inhibitor (rhizoxin) PDL1 inhibitor (atezolizumab)

Multiple sclerosis S1P receptor agonist (fingolimod) IL‑12/IL‑23 inhibitor (ustekinumab) Lingo 1 inhibitor (opicinumab)

Cerebrovascular disease Plasminogen activator, tissue type 
(alteplase)

NMDA receptor (perzinfotel) MASP2 inhibitor (OMS‑721)

Acute myeloid leukaemia Aminopeptidase inhibitor (ubenimex) CSF1R inhibitor (pexidartinib) CXCR4 inhibitor (BL‑8040)

Non-insulin-dependent 
diabetes

DPP4 inhibitor (sitagliptin) β3-adrenoceptor agonist (talibegron) Apolipoprotein C3 inhibitor 
(volanesorsen)

Obesity GLP1 agonist (liraglutide) CB1 receptor antagonist (drinabant) MTTP inhibitor (Slx‑4090)

Head and neck cancer EGFR inhibitor (nimotuzumab) KIF11 inhibitor (ispinesib) BTK inhibitor (acalabrutinib)

Parkinson disease D2 receptor agonist (cabergoline) AMPA receptor antagonist 
(perampanel)

NAD(P)H oxidoreductase 
modulator (vatiquinone)

General indications such as inflammatory diseases, cancer and cardiovascular diseases were not included. 5‑LOX, 5‑lipoxygenase; AMPA, α-amino-3- 
hydroxy‑5‑methyl‑4‑isoxazolepropionic acid receptor, BTK, Bruton tyrosine kinase; CAR, chimeric antigen receptor; CB1 receptor, cannabinoid receptor type 1; 
COX, cyclooxygenase; CSF1R, colony stimulating factor 1 receptor; CXCR4, CXC chemokine receptor type 4; CTLA4, cytotoxic T lymphocyte‑associated 
protein 4; D2 receptor, dopamine receptor type 2; DPP4, dipeptidyl peptidase 4; DPYD, dihydropyrimidine dehydrogenase; EGFR, epidermal growth factor 
receptor; FAK, focal adhesion kinase; GLP1, glucagon-like peptide; GnRH, gonadotropin-releasing hormone; HDAC, histone deacetylase; HER2, human 
epidermal growth factor receptor 2; HGFR, hepatocyte growth factor receptor; IL, interleukin; KIF, kinesin family member 11; Lingo 1, leucine rich repeat and 
immunoglobin‑like domain‑containing protein 1; MAP, mitogen‑activated protein; MASP2, mannan‑binding lectin serine protease 2; MTTP, microsomal 
triglyceride transfer protein; NMDA, N-methyl-d‑aspartate; PARP, poly(ADP ribose) polymerase; PD1, programmed cell death 1; PDL1, PD1 ligand 1; PI3K, 
phosphoinositide 3‑kinase; S1P, sphingosine 1 phosphate; SERCA, sarco/endoplasmic reticulum calcium ATPase; STAT3, signal transducer and activator of 
transcription 3; TNF, tumour necrosis factor;TRPA1, transient receptor potential cation channel A1; TRPV1, transient receptor potential cation channel 
subfamily V member 1; VEGFA, vascular endothelial growth factor A.
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However, we still identified 151 (8%) ongoing projects 
corresponding to continually unvalidated mechanisms, 
compared with 1,853 projects in all mechanisms for 
the same indications (FIG. 6b). Unless these projects are 
able to adequately address the issues that plagued their 
predecessors, they probably face a higher probability of 
discontinuation later in the R&D process.

Overall, our analysis of ongoing projects suggests 
a positive trend in the industry, while leaving room for 
improvement. A strong focus on testing novel therapeutic 
hypotheses in the diseases with well-validated therapeutic 
mechanisms is a highly encouraging trend, indicating that 
the industry is trying hard to improve on current thera-
pies. Conversely, there is an indication that the industry 
could improve its success rates overall by re-evaluating 
ongoing projects in mechanisms that have already repeat-
edly failed and by reducing such investments unless there 
is a compelling rationale that the issues responsible for 
these earlier failures can be addressed.

Changing target space
For the repeatedly validated or continually unvalidated 
mechanism–indication pairs discussed above, we should 
be able to learn lessons from earlier projects. But what 

about the novel cases where we do not have much prior 
knowledge, such as when a new mechanism is proposed 
for an indication or when mechanisms are explored for 
new indications? We identified such emerging mech-
anism–indication pairs that do not have any projects 
that have advanced beyond phase III or that have been 
discontinued (FIG. 1; BOX 1). These pairs constitute 
80% (n = 4,621) of total mechanism–indication pairs 
(n = 5,782) currently in development, and 75% of cur-
rently ongoing projects map to these pairs, reinforcing 
the earlier finding by Agarwal et al.28 that the majority 
of ongoing projects are testing new therapeutic ideas.

Further investigation of these emerging therapeutic 
hypotheses indicates that there has been a substantial 
shift in the target classes being pursued now versus those 
completed in the 20-year period we analysed (FIG. 7a). 
Whereas in the completed projects, G protein-coupled 
receptors (GPCRs) and non-kinase enzymes were the 
best-represented drug target classes, GPCRs account for 
a significantly lower percentage of the emerging ongoing 
projects, and there are more projects for emerging pairs 
targeting kinases and cytokine signalling. This obser-
vation suggests that the industry has been moving into 
different, sometimes less conventional, target classes. 
To gauge whether this shift might be related to success 
or failure with drugging certain target classes of targets, 
we looked at the success rate of target classes for the top 
100 mechanisms ranked by the most completed projects. 
We found that most target classes have success rates of 
~15–30%, except non-host targets, which have a much 
greater success rate of ~70% (FIG. 7b). Thinking specu-
latively, the popularity of cytokine signalling targets 
among mechanisms tested in emerging ongoing projects 
might be considered to be supported by the success of 
historical projects (35%), but conversely, the low success 
rate (16%) for historical kinase projects does not seem to 
have deterred efforts to pursue kinases in the ongoing pro-
jects. Furthermore, non-host targets are not being heav-
ily pursued compared with other target classes despite a 
high historical success rate, probably due in part to the 
challenging economics for antibacterial R&D74. Overall, 
the target class shift seen in emerging ongoing projects 
in FIG. 7a appears to be largely unrelated to historical suc-
cess rates for a given target class. Other possible reasons 
could include recent advances in human disease biology 
(for example, in immuno-oncology and cancer genomics) 
and the growing availability of a broader armamentarium 
of treatment modalities (including monoclonal anti bodies 
and other recombinant proteins, nucleic acid-based 
therapeutics and viral vectors), which have expanded 
the ‘druggable target space’ compared with traditional 
small-molecule drugs alone. Only time will tell how well 
these novel mechanistic hypotheses progress in the clinic, 
but it is encouraging that the industry is willing to invest 
substantially in innovative strategies (as also highlighted 
in REF. 28).

Discussion and summary
In summary, we analysed the past 20 years of drug pro-
ject history with the aim of understanding more about 
how the pharmaceutical industry has been performing 

Figure 5 | Comparison of success rates for rare and 
non-rare diseases. a | To analyse the relative success rates 
for rare and non-rare diseases, a subset of the data for 
completed projects was processed and compared as 
shown in the flow chart. b | The box plot shows the success 
rate distributions for 916 mechanism–indication pairs in 
173 rare diseases compared with 9,564 pairs in 1,039 
non-rare diseases. The mean values of success rate in rare 
diseases (26%) and non-rare diseases (19%) are labelled 
with a +. The success rates do not follow the normal 
distribution, and thus a non-parametric statistical analysis, 
the Kolmogorov–Smirnov test, was used to assess the 
difference, which is statistically significant (P < 0.0001).
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with regard to therapeutic mechanisms and their 
intended indications. Although restricted to a single 
database (Cortellis), the amount and breadth of data pro-
vides a good industry-wide reference point. Our analysis 
suggests that industry output in terms of successful pro-
jects in this period has come primarily from a limited set 
of well-validated therapeutic mechanisms. There is no 
doubt a place for second-generation or ‘me-too’ drugs. 
The former may bring important advances in efficacy, 
safety or ease of use, while the latter serve to increase 
competition and ultimately lower the price of drugs. 
However, our analysis indicates that current pipelines are 
increasingly focusing on more innovative mechanisms. 
This shift has presumably been catalysed by factors such 

as the growing need to demonstrate meaningful clinical 
advances over existing approaches in order to achieve 
commercial success, as well as regulatory incentives pro-
vided for projects considered to have this potential, such 
as the US Food and Drug Administration’s breakthrough 
designation programme and the European Medicine 
Agency’s PRIME programme. We confirm that the indus-
try has had slightly greater success in rare disease indi-
cations than in those for non-rare diseases (as also noted 
in REF. 13), probably owing to the clear monogenic ori-
gins of many of the rare diseases investigated so far. This 
notion, coupled with the favourable economics of orphan 
drug R&D75, has spurred a boom in drug discovery and  
development for rare diseases76,77.

Figure 6 | Ongoing projects for the repeatedly validated and continually unvalidated mechanism–indication pairs. 
a | Ongoing projects for repeatedly validated mechanisms (defined as those that have ≥5 successful projects at or beyond 
pre-registration status) constitute 8% of total ongoing projects in the same indications, with those targeting validated 
mechanisms (those that have at least one successful project) constituting ~18% of the total for these indications. So, >80% 
of projects in these indications are targeting unproven — and thus potentially riskier — mechanisms. b | Ongoing projects 
for continually unvalidated mechanisms (defined as those that have ≥5 discontinued projects) constitute 8% of total 
ongoing projects in those same indications. These projects probably have a lower chance of success later in development.

Figure 7 | Target class distribution for completed versus emerging ongoing projects. Most therapeutic mechanisms 
can be classified into target classes: enzyme (non‑kinase enzymes), G protein‑coupled receptor (GPCR), cytokine or 
cytokine receptor, kinase, non‑enzymatic protein (for example, signalling molecules, transcription factors, cell‑surface 
molecules and structural proteins), channel or transporter, and non-host targets. a | Target classes of the top 100 
mechanisms with the highest number of completed projects (successful and discontinued) and the target classes of the 
top 100 mechanisms with the most ongoing projects for the emerging mechanism–indication pairs. The target classes for 
the emerging mechanism–indication pairs are substantially different from those in the completed mechanism–indication 
pairs. b | Success rate of target classes for the top 100 mechanisms with the highest number of completed projects.
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Our analysis also highlights inefficiencies in the 
industry due to continued investment in frequently dis-
continued therapeutic mechanisms. It indicates that the 
industry could benefit from paying more attention to 
lessons learned from other projects and avoiding initi-
ating projects for previously studied failed therapeutic 
mechanisms without rigorous and independent vali-
dation. In general, we suggest that the analysis of new 
potential projects, whether internal (early research) or 
external (business development), through the prism 
of the mechanism–indication pair formalism could 
help in learning lessons from historical data. A signif-
icant shortcoming of this retrospective analysis is that 

it is not possible to identify novel fruitful therapeutic 
mechanism–indication pairs a priori, but we have started 
working on methods that would integrate existing data 
and extend knowledge to a forward-looking model for 
prioritization of novel mechanism–indication pairs.

Finally, our analysis indicates that the majority 
of ongoing projects are pursuing novel mechanism– 
indication pairs, even in the indications with existing 
therapeutics. This vigorous testing of new therapeutic 
hypotheses by the pharmaceutical industry is highly 
encouraging. It is ultimately our hope that many of them 
will turn out to be successful therapeutics, driving the 
effectiveness of future drug discovery.
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