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mary outcome that is specified in the protocol is 
critical in clinical trials, and any changes during 
the conduct of the trial must precede data un-
blinding and be well justified and well docu-
mented. In the present case, the authors followed 
these standards, but by changing the primary 
outcome to a less specific one, they may have in-
advertently reduced the probability of observing 
a true difference in event rates between the trial 
groups.

Thus, although the investigators concluded that 
antibiotic prophylaxis before miscarriage surgery 
“did not result in a significantly lower risk of pelvic 
infection, as defined by pragmatic broad criteria, 
than placebo” I would interpret the results as indi-
cating that antibiotic prophylaxis prevented pel-
vic infections as defined by international diag-
nostic criteria. Given the risks associated with 
pelvic infections in LMICs, these data provide 
reasonable support for prescribing prophylactic 
antibiotics in these settings. Antibiotic resistance, 
however, will need to be monitored.

Disclosure forms provided by the author are available with the 
full text of this editorial at NEJM.org.

From the Makerere University School of Public Health, Kampala, 
Uganda.
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Human Genetics and Drug Development
Michael V. Holmes, M.D., Ph.D.

Current tools in the field of human genetics can 
reliably estimate both the intended and the ad-
verse effects of modifying a therapeutic target to 
guide the clinical development of medicines.1 The 
distinction between an adverse effect of a drug 
that is target-mediated, and thus a characteristic 
of all drugs in the same class, and an adverse ef-
fect that is off-target, affecting typically an indi-
vidual drug (rather than a drug class), is critical 
to decision making in drug development. Although 
relevant studies of human genetics cannot char-
acterize off-target effects (Fig. 1), extrapolations 
may be feasible in certain limited circumstances.

For example, in the Investigation of Lipid 
Level Management to Understand Its Impact in 
Atherosclerotic Events (ILLUMINATE) trial, the 
addition of torcetrapib, a cholesteryl ester trans-
fer protein (CETP) inhibitor, led to a higher risk 
of cardiovascular disease than the control treat-
ment.2 In a large meta-analysis of data from in-
dividual participants, the presence of CETP vari-
ants that mimic the therapeutic inhibition of 
CETP was associated with a lower risk of cardio-
vascular disease.3 Such qualitative heterogeneity 

between genetically predicted risk of disease and 
treatment-elicited risk of disease can signal the 
presence of off-target effects that affect an indi-
vidual drug (although alternative explanations 
exist).4 Phenotypic comparisons of a drug with 
its target-encoding gene can pinpoint the mech-
anisms of such off-target effects, enabling rapid 
screening of other drugs in the same class for 
the presence of similar off-target effects. Thus, 
the selection of which drugs to take forward into 
clinical development can be guided by studies in 
human genetics.

The characterization of the associations of ge-
netic variants with multiple phenotypes (so-called 
phenomewide association studies, or PheWAS) and 
with disease end points can elucidate the reper-
toire of target-mediated effects, potentially mo-
tivating genetically informed drug repurposing 
for new indications. For example, genetic variants 
mimicking therapeutic inhibition of the inter-
leukin-6 receptor (monoclonal antibody inhibi-
tors are licensed for the treatment of rheumatoid 
arthritis) provided early support for a causal role 
of inflammation in coronary heart disease,5 find-
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ings that were subsequently validated in the 
Canakinumab Antiinflammatory Thrombosis Out-
come Study (CANTOS).6

Ray et al.7 now report in the Journal the results 
of the CLEAR (Cholesterol Lowering via Bempe-
doic Acid, an ACL-Inhibiting Regimen) Harmony 
trial, in which 2230 patients with atherosclerotic 
cardiovascular disease or heterozygous familial 
hypercholesterolemia (or both) who had a low-
density lipoprotein (LDL) cholesterol level of at 
least 70 mg per deciliter (1.8 mmol per liter) and 
were taking maximally tolerated statin therapy 
were randomly assigned in a 2:1 ratio to receive 
bempedoic acid, an ATP citrate lyase (ACL) in-
hibitor that acts upstream of 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMG-CoA) reductase 
(HMGCR) to inhibit cholesterol synthesis, or pla-
cebo for 1 year.

The primary end point of safety, assessed by 
means of the incidence of adverse events and 
changes in safety laboratory variables during the 
trial according to the Medical Dictionary for Regula-
tory Activities, did not differ meaningfully between 
the bempedoic acid group and the placebo group. 
However, patients in the bempedoic acid group 
had an excess risk of adverse events leading to 
discontinuation of the blinded trial regimen, an 
excess risk of gout, and higher blood concentra-
tions of uric acid than those in the placebo group. 
In further analyses of nonprimary and secondary 
end points, there were additional potentially trou-
bling signals, although the 95% confidence inter-
vals were wide: 0.9% of the patients treated with 
bempedoic acid died, as compared with 0.3% of 
those in the placebo group (relative risk, 3.24; 
95% confidence interval [CI], 0.73 to 14.34); 0.4% 
of the patients in the bempedoic acid group and 
0.1% of those in the placebo group died from 
adjudicated cardiovascular disease (relative risk, 
2.99; 95% CI, 0.36 to 24.82); and 0.6% and 0.1%, 
respectively, were hospitalized for heart failure 
(relative risk, 4.49; 95% CI, 0.57 to 35.38).

Although the findings are potentially alarm-
ing, the imprecision that is reflected in the 95% 
confidence intervals renders the relative risk val-
ues virtually meaningless — but let us take a 
temporary foray into evidence-averse territories 
and ask ourselves, “Can these effect estimates be 
unseen?” A curiosity-driven interpretation leads 
to additional questions — for example, “Are such 
effects biologically plausible?” Bempedoic acid 
lowers the LDL cholesterol level by means of in-

hibition of ACL, an enzyme upstream of HMGCR 
(the target of statins).8 If ACL inhibition leads 
solely to reductions in HMG-CoA, the substrate 
for HMGCR, then the target-mediated disease-
risk profile (constituting both intended and un-
intended target-mediated effects) of ACL inhibi-
tion ought to mimic that of HMGCR inhibition, 
making data about HMGCR (among the most 
well-characterized drug targets) theoretically por-
table to ACL. A caveat here is that because bem-
pedoic acid is a small-molecule prodrug activated 
by hepatic enzymes, it may show specificity for 
hepatic ACL (in contrast to muscle ACL), which 
could hamper such portability.8 Given that ACL is 
upstream of HMGCR in the cholesterol synthesis 
pathway, it is, in theory, feasible that a disease-
related (pleiotropic) pathway might branch off 
from ACL, proximal to HMGCR, which would also 
limit portability, but such pleiotropic effects of 
ACL would be target-mediated and therefore ame-
nable to their reliable characterization by studies 
in human genetics (Fig. 1).9 Alternatively, bempe-
doic acid may have off-target effects (i.e., ef-
fects not mediated through ACL inhibition), 
which would not be quantifiable in studies of 
human genetics.

In the accompanying study by Ference et al.,10 
the results of which are also reported in this is-
sue of the Journal, a consistency of cardiovascular 
disease associations, including a lower risk of fatal 
coronary heart disease, with variants in ACLY was 
seen when scaled to the same lowering of the LDL 
cholesterol level as for variants in HMGCR and 
PCSK9. These genetic associations for ACLY speak 
only to target-mediated effects of ACL inhibition, 
whereas the genetic associations for HMGCR and 
PCSK9, although representing the target-mediated 
effects of statin therapy and PCSK9 inhibition, 
respectively, can also be considered to represent 
the target-mediated effects of ACL inhibition act-
ing by means of more downstream pathways. In 
comparing the disease associations of variants 
in ACLY with variants in HMGCR (Fig. 2 and Table 2 
of the article by Ference et al.), the authors are 
in effect investigating the presence of target-
mediated pleiotropy of ACL inhibition, as shown 
in Fig. 1. Of note, the association of diabetes with 
ACLY was directionally opposite to that observed 
with HMGCR (and PCSK9), a finding that was also 
seen in the CLEAR Harmony trial (relative risk 
of new-onset or worsening diabetes with bempe-
doic acid vs. placebo, 0.61; 95% CI, 0.41 to 0.92) 
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and one that potentially supports the presence of 
target-mediated pleiotropic effects.

What do the cumulative data from random-
ized treatment trials and from studies of human 
genetics say about ACL inhibition? First, for a 

given reduction in the LDL cholesterol level, drugs 
that inhibit ACL (and do not have off-target effects) 
ought to yield reductions in the risk of cardio-
vascular disease that are similar to those 
achieved with statins. Second, analysis of end 
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points in treatment trials for which there is mar-
ginal statistical power is best avoided; fortu-
nately for bempedoic acid, an ongoing phase 3, 
cardiovascular outcome trial (CLEAR Outcomes; 
ClinicalTrials.gov number, NCT02993406) will 
provide additional information. More broadly, with 

unprecedented availability of open-access biobanks 
that are linked to electronic medical records and 
genomewide genotyping and emerging pheno-
typing (e.g., proteomics and metabolomics), the 
genetic characterization of drug targets is set to 
revolutionize how we develop medicines.

Disclosure forms provided by the author are available with the 
full text of this editorial at NEJM.org.

From the Medical Research Council Population Health Research 
Unit and the Clinical Trial Service Unit and Epidemiological Stud-
ies Unit, Nuffield Department of Population Health, University 
of Oxford, Oxford, United Kingdom. 
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Figure 1 (facing page). Randomized, Controlled  
Trials, Human Genetics, and Target-Mediated  
versus Off-Target Effects.

In this figure, a conventional treatment trial involves 
randomization to bempedoic acid or placebo. Target-
mediated effects of bempedoic acid (in purple) in-
clude inhibition of ATP citrate lyase (ACL), with conse-
quential reductions in 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA), the substrate for HMG-CoA 
reductase (HMGCR). This situation leads to inhibition 
of cholesterol synthesis, up-regulation of hepatic low-
density lipoprotein (LDL) receptors, and lowering of 
blood concentrations of LDL cholesterol. A hypotheti-
cal target-mediated pleiotropic pathway branching off 
proximal to HMGCR (e.g., altering the risk of diabetes) 
is shown in blue. Together, these effects constitute 
the target-mediated effects of ACL inhibition, which 
can be reliably quantified by means of studies of natu-
rally occurring variation in the gene that encodes the 
therapeutic target (e.g., ACLY). In the absence of dis-
ease-relevant target-mediated pleiotropy (or tissue-
specific effects), existing data from genetic variants in 
HMGCR and PCSK9 (the gene encoding proprotein 
convertase subtilisin–kexin type 9) may be portable to 
ACLY, since they alter LDL cholesterol by means of the 
same mechanism (i.e., the up-regulation of hepatic 
LDL receptors). Hypothetical off-target effects cannot 
be quantified from human genetics, but in some (rare) 
circumstances, heterogeneity between the drug ef-
fects and the corresponding, target-encoding genetic 
associations can highlight the potential presence of 
off-target effects, which can be further investigated by 
means of comparisons of phenotypic associations of 
the drug with its target-encoding gene to elucidate off-
target mechanisms.
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