UCSF
UC San Francisco Previously Published Works

Title

Improving Assessment of Drug Safety Through Proteomics

Permalink

Ihttps://escholarship.org/uc/item/6593b5zh|

Journal

Circulation, 137(10)

ISSN
0009-7322

Authors

Williams, Stephen A
Murthy, Ashwin C
DeLisle, Robert K

Publication Date
2018-03-06

DOI
10.1161/circulationaha.117.028213

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6593b5zh
https://escholarship.org/uc/item/6593b5zh#author
https://escholarship.org
http://www.cdlib.org/

Circulation

ORIGINAL RESEARCH ARTICLE ©

Improving Assessment of Drug Safety

Through Proteomics

Early Detection and Mechanistic Characterization of the Unforeseen

Harmful Effects of Torcetrapib

Editorial, see p 1011

BACKGROUND: Early detection of adverse effects of novel therapies and
understanding of their mechanisms could improve the safety and efficiency
of drug development. We have retrospectively applied large-scale proteomics
to blood samples from ILLUMINATE (Investigation of Lipid Level Management
to Understand its Impact in Atherosclerotic Events), a trial of torcetrapib (a

cholesterol ester transfer protein inhibitor), that involved 15067 participants at

high cardiovascular risk. ILLUMINATE was terminated at a median of 550 days
because of significant absolute increases of 1.2% in cardiovascular events and

0.4% in mortality with torcetrapib. The aims of our analysis were to determine

whether a proteomic analysis might reveal biological mechanisms responsible

for these harmful effects and whether harmful effects of torcetrapib could have

been detected early in the ILLUMINATE trial with proteomics.

METHODS: A nested case-control analysis of paired plasma samples at baseline

and at 3 months was performed in 249 participants assigned to torcetrapib plus

atorvastatin and 223 participants assigned to atorvastatin only. Within each

treatment arm, cases with events were matched to controls 1:1. Main outcomes

were a survey of 1129 proteins for discovery of biological pathways altered by

torcetrapib and a 9-protein risk score validated to predict myocardial infarction,

stroke, heart failure, or death.

RESULTS: Plasma concentrations of 200 proteins changed significantly with

torcetrapib. Their pathway analysis revealed unexpected and widespread changes
in immune and inflammatory functions, as well as changes in endocrine systems,

including in aldosterone function and glycemic control. At baseline, 9-protein
risk scores were similar in the 2 treatment arms and higher in participants with

subsequent events. At 3 months, the absolute 9-protein derived risk increased in
the torcetrapib plus atorvastatin arm compared with the atorvastatin-only arm by

1.08% (P=0.0004). Thirty-seven proteins changed in the direction of increased
risk of 49 proteins previously associated with cardiovascular and mortality risk.

CONCLUSIONS: Heretofore unknown effects of torcetrapib were revealed
in immune and inflammatory functions. A protein-based risk score predicted
harm from torcetrapib within just 3 months. A protein-based risk assessment
embedded within a large proteomic survey may prove to be useful in the
evaluation of therapies to prevent harm to patients.

CLINICAL TRIAL REGISTRATION: URL: https://www.clinicaltrials.gov. Unique
identifier: NCT00134264.
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Clinical Perspective
What Is New?

Early detection of harmful effects of novel drug

treatments and their mechanistic understanding

could improve the safety of drug development.

¢ |ILLUMINATE (Investigation of Lipid Level Manage-
ment to Understand its Impact in Atherosclerotic
Events) was a trial of torcetrapib, a cholesterol ester
transfer protein inhibitor, which raised high-density
lipoprotein cholesterol and lowered low-density
lipoprotein cholesterol. The trial was terminated
because of increases in cardiovascular events and
mortality.

® In a retrospective analysis of baseline and on-
treatment blood samples from ILLUMINATE, a
large-scale proteomic analysis detected harm from
torcetrapib at 3 months of treatment, before it
became apparent clinically.

e Proteomic analysis revealed unexpected alterations

in inflammation and immunity by torcetrapib and

explained the previously reported activation of

aldosterone.

What Are the Clinical Implications?

¢ A longitudinal survey of the proteome in blood
samples can provide an early warning of unex-
pected harm from drug therapies and inform
responsible mechanisms.

¢ Proteomics, a tool of precision medicine, may prove
to be useful in improving the safety and efficiency
of drug development.

NATE trial (Investigation of Lipid Level Management

to Understand its Impact in Atherosclerotic Events)’
were described as a “nightmare created by unintended
pharmacological effects” of torcetrapib.? Torcetrapib, a
cholesteryl ester transfer protein inhibitor, given along-
side atorvastatin, raised high-density lipoprotein (HDL)
cholesterol by a remarkable 72% and reduced low-
density lipoprotein (LDL) cholesterol by 25%. Despite
these favorable changes in lipid profile, the trial was
terminated after a median follow-up of 550 days be-
cause of significant absolute increases of 1.2% in car-
diovascular events and 0.4% in all-cause deaths in the
torcetrapib plus atorvastatin arm compared with the
atorvastatin-only arm." Aside from the harm to patients
and the reported $1 billion cost of the failed torcetrapib
development program,® the misleading results from the
previously trusted cardiovascular risk biomarkers LDL
and HDL cholesterol have led to a view that these (and
possibly other) biomarkers are not reliable surrogates
for meaningful clinical outcomes.*> The consequences
of this view are clinical drug development programs

I n 2006, the results of the 15067—patient ILLUMI-
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that are potentially harmful to patients, slow to com-
plete, and expensive. Indeed, the absence of reliable
biomarkers to predict adverse drug effects in a timely
manner and before harm to study participants accrues
is currently regarded by the US Food and Drug Admin-
istration as a key obstacle to the pace of innovation in
drug development across all diseases.®

Proteins are key regulators of biological processes
and relate to the risk of diseases and their clinical out-
comes.”® The field of proteomics has matured over the
past 20 years, and it is now poised to have a transfor-
mative impact on cardiovascular health and disease.’
Technologies have been developed that can readily
measure the levels of hundreds or even thousands of
proteins in a small sample of blood.®° The objectives of
this study were to use one such technology, modified
aptamers,®'%-13 to measure plasma proteins in a nested
case-control subset of patients from ILLUMINATE to de-
termine whether mechanistic insights into the harmful
effects of torcetrapib could be discerned from an analy-
sis of 1129 plasma proteins with the tools of pathway
analysis and to determine whether a previously validat-
ed 9-protein cardiovascular risk score® could have de-
tected changes in cardiovascular and all-cause mortality
risk over the first 3 months of assigned treatment with
torcetrapib plus atorvastatin compared with atorvas-
tatin only.

METHODS
Study Population

ILLUMINATE was a prospective, multicenter, placebo-con-
trolled trial that randomized a total of 15067 patients between
August 23, 2004, and December 28, 2005." Men and women
between the ages of 45 and 75 years were eligible to partici-
pate if they had a history of cardiovascular disease (myocardial
infarction, stroke, acute coronary syndrome, unstable angina,
peripheral vascular disease, and cardiac revascularization) or
type 2 diabetes mellitus without overt cardiovascular disease.
During a run-in period of 4 to 10 weeks, patients underwent
lifestyle counseling and uptitration of atorvastatin, as needed,
at 2-week intervals to achieve an LDL cholesterol level <100
mg/dL. The trial was terminated prematurely on December 2,
2006, because of significant absolute increases of 1.2% in
cardiovascular events and 0.4% in mortality in patients receiv-
ing torcetrapib, with a median follow-up of 550 days and the
longest follow-up of 880 days." An institutional review board
at each ILLUMINATE center approved the study protocol, and
patients provided written informed consent."

Plasma Samples and Study Design

Plasma (EDTA) samples from the study participants were bio-
banked by the ILLUMINATE study sponsor (Pfizer Inc.). We
used a nested case-control design' to maximize the power to
detect an effect by including all the participants with outcome
events and available plasma samples. Paired plasma samples
obtained at baseline and at 3 months from a total of 494

Circulation. 2018;137:999-1010. DOI: 10.1161/CIRCULATIONAHA.117.028213
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study participants were used to determine within-participant
changes in plasma proteins during the first 3 months of ran-
domized treatment. All individuals selected as cases had a first
event after the 3-month sample. Cases in this analysis were
selected with the same definition of events used previously
to derive and validate the 9-protein risk model (myocardial
infarction, stroke/transient ischemic attack, hospitalization for
heart failure, or all-cause death).® Although not identical to
the primary outcome of ILLUMINATE, each of the end points
reported in the present analysis was adjudicated by a com-
mittee of ILLUMINATE as a primary or a secondary end-point
of the trial.’ For each case, a matched control participant was
selected within each treatment arm on the basis of the fol-
lowing baseline characteristics: atorvastatin dose (after the
run-in uptitration period), presence of known coronary heart
disease, diabetes status, age, sex, and censoring time. The
baseline plasma samples were obtained before the participant
was assigned treatment, after the run-in atorvastatin uptitra-
tion. The study flowchart is shown in Figure 1.

Quantification of Proteins in Human

Plasma

In total, 988 plasma samples were analyzed by a modified
aptamer assay.? In brief, each of the 1129 individual proteins
measured has its binding reagent made of chemically modi-
fied DNA, referred to as a modified aptamer. The assay ver-
sion was nearly identical to that described previously to derive
a 9-protein cardiovascular risk score.® Each sample of plasma
was incubated with the mixture of modified aptamers to gen-
erate modified aptamer-protein complexes under equilibrium
conditions. Unbound modified aptamers and unbound or
nonspecifically bound proteins were eliminated by 2 bead-
based immobilization steps. After elution of the modified

Case selection: Baseline and 3 months plasma samples available; an
outcome event after 3 months

Cases: 131 on torcertrapib plus atorvastatin and 116 on atorvastatin only.

i

Control selection: Baseline and 3 months plasma samples available; no
outcome events; matched 1:1 with cases in each arm for atorvastatin dose
(after the run-in titration period), presence of known coronary heart disease,
diabetes status, age, sex and censoring time.

Controls: 131 on torcetrapib plus atorvastatin and 116 on atorvastatin only.

1

Proteins measured: Modified aptamer assay of 1129 proteins applied to all
988 plasma samples in one batch, placed randomly on 96-well plates.

]

Quality control for samples and proteins: 472 of 494 paired samples and 986
of 1129 proteins passed quality control and outlier analysis, leaving 122
cases (torcetrapib plus atorvastatin), 127 controls (torcetrapib plus
atorvastatin), 114 cases (atorvastatin only), 109 controls (atorvastatin only)

|

Mechanistic insights into torcetrapib’s actions: Analysis of baseline to 3-
months changes in all proteins to survey pharmacological effects of
torcetrapib (Objective 1)

Proteomic risk prediction: 9-protein risk score calculated for each sample;
550-day risk prediction.

Evaluation of baseline and 3-month changes in risk score within and
across treatment arms (Objective 2)

Figure 1. Flowchart of samples, study participants, and
analytic processes for the evaluation of torcetrapib.

Circulation. 2018;137:999-1010. DOI: 10.1161/CIRCULATIONAHA.117.028213

Assessment of Drug Safety Through Proteomics

aptamers from the target protein, the fluorescently labeled
modified aptamers were directly quantified on a hybridiza-
tion array (Agilent Technologies). Calibrators were included
so that the degree of fluorescence was a consistent reflection
of protein concentration. The median intra-assay, interassay,
and total coefficients of variation for the 1129 proteins are all
<4%. The distribution of coefficients of variation across the
1129 proteins measured and coefficients of variation for each
of the proteins within the 9-protein prognostic model® are
provided in Table I in the online-only Data Supplement. All of
the 1129 protein targets are above the limit of detection as
defined by the Clinical and Laboratory Standards Institute.
Of the 1129 proteins measured, 143 did not pass the interrun
calibration quality control metrics in at least 1 of the thirteen
96-well plates that were run and were thus excluded from
further analysis (detailed information on exclusion of proteins
is provided in Method I in the online-only Data Supplement).
One sample of the 988 samples was not analyzed because
of an error. Twenty-two samples did not pass the intrarun
normalization quality control metrics and were excluded from
analysis. In 2 samples, 10% of the protein measurements
exceeded an outlier threshold defined as the median protein
signal level=6 median absolute deviations and 5 times higher
or lower than the median protein signal level. A further 19
samples were removed from the analysis because their pair
was not run, did not pass the quality control threshold, or
exceeded the aforementioned outlier threshold. Overall, the
exclusions from the protein assay and sample quality control
metrics resulted in an assessment of 986 of the 1129 assayed
proteins, 249 pairs of samples in the torcetrapib plus atorv-
astatin arm, and 223 pairs in the atorvastatin-only arm. The
flow diagram is shown in Figure 1.

Statistical Methods

All samples were placed randomly on 96-well plates, runin a
single batch, and normalized against protein calibrator sam-
ples included on each plate.®'" Assay personnel were unaware
of the treatment or the clinical outcome. Because the assay
version was slightly more recent compared with that used to
derive and validate the 9-protein model,® 60 bridging samples
from the earlier analyses were used as protein standards to
align the fluorescence readouts of the same proteins in the
same samples across the different assay versions (Method Il in
the online-only Data Supplement).

For study objective 1, to discern the biological mechanisms
of torcetrapib by assessing treatment-associated changes in
plasma protein concentrations and organizing differentially
expressed proteins according to biological pathways, dif-
ferences between the baseline and 3-month samples were
expressed as log2 ratios for each of the 986 proteins mea-
sured that passed quality control. Significance values were
calculated within each treatment arm with the Wilcoxon
signed-rank test for paired comparisons corrected for a false
discovery rate in 986 measurements and across treatment
arms with the Wilcoxon signed-rank test for unpaired com-
parisons. Proteins with a false discovery rate-adjusted value
of P<0.05 were considered statistically significant for inclu-
sion in the pathway analysis.

Ingenuity Pathway Analysis (IPA) was used to cluster dif-
ferentially expressed proteins at 3 months compared with
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baseline into pathways and functional groups in the torce-
trapib plus atorvastatin treatment arm (IPA content version
28820210, release date September 24, 2016, Ingenuity
Systems Inc, Redwood City, CA; www.ingenuity.com). A path-
way analysis was not performed within the atorvastatin-only
treatment arm because only a few proteins changed over 3
months. For those modified aptamers that had multiple
Uniprot identifications associated with 1 result, only the first
listed Uniprot identification was used in the pathway analy-
sis. The Fisher right-tailed exact test was used to calculate a
P value to determine the probability that the association of
the differently expressed proteins in the measured data set,
and the pathway is explained by chance alone. Of the 986
proteins measured, 980 were recognized by IPA and used
as the background reference. The pathway analysis results
obtained by IPA, a commercial system, were confirmed by 2
open-source pathway analysis systems, Reactome Pathway
Database (http://reactome.org/) and Database for Annotation,
Visualization and Integrated Discovery (DAVID) Bioinformatics
resource (https:/david.ncifcrf.gov/).

For study objective 2, to determine whether a previously
validated 9-protein cardiovascular risk score could detect
changes in risk over the first 3 months of assigned treatment
with torcetrapib plus atorvastatin compared with atorvastatin
only, the 9-protein risk score® was calculated without recali-
bration to this study population. This 9-protein risk score was
previously constructed by a rigorous bioinformatics process,
starting from a total of 1130 plasma proteins.® The model
consists of the following 9 proteins (in rank order of their
contribution to risk calculation): ANGPT2 (angiopoietin-2),
GDF11/8 (growth differentiation factor 11/8), C7 (comple-
ment 7), SERPINF2 (a2-antiplasmin), CCL18 (chemokine [C-C
motif] ligand 18), ANGPTL4 (angiopoietin-related protein 4),
SERPINA3 (a1-antichymotrypsin complex), MMP12 (matrix
metalloproteinase-12), and TNNI3 (troponin 1).2 The prognos-
tic risk score is as follows:

. ()
risk score =1-e=€ °

where the prognostic index (Pl) combines the measure-

ments of the 9 proteins as follows:

PI=16.61-1.55x ANGPT2+1.22xGDF8/11-2.12xC7
+2.64 x SERPINF2—0.57 x CCL18-1.02x ANGPTL4
—1.43 x SERPINA3—-0.72 x MMP12-0.59 x TNNI3.

The published risk score allows the calculation of prob-
abilities of events for any specified time horizon.® For this
application, an output of 550 days, the median duration of
treatment for patients in ILLUMINATE,! was selected so that
the change in observed event rate in ILLUMINATE could be
compared with the prediction of the 9-protein risk model.

For study objective 2, the analysis combined all partici-
pants with or without events within each of the 2 treatment
arms. Changes in the 9-protein risk score between base-
line and 3 months were compared within each treatment
arm with the paired Wilcoxon signed-rank test for paired
comparisons. Changes in risk score in cases compared with
controls within each treatment arm were also evaluated
with the unpaired Wilcoxon rank-sum test. P values were
not corrected for multiple comparisons. The Ansari-Bradley
test'® was applied to discern whether torcetrapib-associated
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changes in the 9-protein risk score represented a single dis-
tribution and thus whether torcetrapib affected all individu-
als exposed.

Although most participants in the ILLUMINATE trial had
known coronary heart disease and therefore matched the
population on which the 9-protein model was derived, the
study protocol also allowed enrollment of diabetics without
known coronary heart disease, who represented 19% of the
ILLUMINATE study population.' Because no differences in distri-
butions of protein-based risk scores could be discerned between
participants with coronary heart disease and the larger group
of participants that also included diabetics without coronary
heart disease (Figure | in the online-only Data Supplement), it
was the larger group that was used in the analyses.

For comparative purposes, to clarify how reported torce-
trapib-associated increases in blood pressure in ILLUMINATE'
balance out against improvements in HDL and LDL cholesterol
levels for cardiovascular risk prediction, the Framingham sec-
ondary event risk prediction score was also calculated for the
identical time horizon." This Framingham risk score is appli-
cable to patients with established cardiovascular disease such
as those enrolled in the ILLUMINATE trial."”

All pathway analyses were performed at the University
of California, San Francisco (by A.C.M. and P.G.). All other
statistical analyses were performed initially at Somalogic,
Inc., (by S.J.W.) and replicated at University of California, San
Francisco (by M.R.S.).

All statistical computing was performed with the R
Language for Statistical Computing, version 3.3.1 at
Somalogic, Inc., and version 3.2.1 at the University of
California, San Francisco.

RESULTS

Study Population Characteristics

The baseline characteristics of the study population af-
ter the atorvastatin uptitration run-in period are shown
in Table 1. The 2 treatment arms were well matched.
Within each arm, patients with outcome events (cases)
were more likely to have lower estimated glomerular
filtration rates and higher diastolic blood pressure than
patients without events (controls). Compared with the
entire ILLUMINATE study population,’ the participants
in this analysis were older and more likely to be male
and diabetic (data not shown). These differences are
expected because they reflect the nested case-control
study design with half of the participants experiencing
outcomes events (cases) to which the control partici-
pants were matched for high-risk cardiovascular char-
acteristics, particularly age, sex, and diabetes status.

Mechanistic Insights Into the Effects on
Torcetrapib Based on a Proteomic Survey
and Pathway Analysis

In the torcetrapib plus atorvastatin arm, of the 986 pro-

teins measured, 200 proteins changed significantly in a
univariate analysis at a false discovery rate of 5% (Table

Circulation. 2018;137:999-1010. DOI: 10.1161/CIRCULATIONAHA.117.028213
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Table 1. Baseline Characteristics of the Case-Control Study Population
Torcetrapib Plus Atorvastatin Atorvastatin Only

All Without Events With Events All Without Events With Events
Participant, n 249 127 122 223 109 114
Age, y 64.3(7.7) 64.2 (7.6) 64.3(7.8) 62.9 (7) 62.6 (7) 63.2(7)
Male, % 82.3 82.3 82.0 79.8 79.8 79.8
White, % 96.8 97.6 95.9 90.6 88.1 92.3
Diabetes mellitus, % 56.2 55.1 57.4 59.6 59.6 59.6
Current smoker, % 12.0 7.1 17.2* 1.7 9.2 14.0
Time to event, d NA NA 325.9(206.3) NA NA 340.6 (193.7)
BMI, kg/m? 30.3(5.5) 30.3(5.3) 30.3(5.8) 30.6 (5.8) 30.1(4.7) 31.1(6.6)
LDL-C, mg/dL 77.6 (20.9) 76 (19.4) 80 (22.4) 78 (20.1) 77.1(19.4) 78.9 (20.8)
HDL-C, mg/dL 48.2 (11.6) 47.7 (11.3) 48.6 (11.9) 48.4(12.9) 50.3(12.6) 46.6 (12.9)*
Total cholesterol, mg/dL 154.2 (27.7) 152.1 (25.6) 156.4 (29.6) 157.7 (23.8) 157.2 (24.7) 158 (23.1)
Triglycerides, mg/dL 144 (78.7) 143.3(71.1) 144.8 (86.1) 158.1 (85.1) 150.9 (74.6) 165 (93.9)
eGFR, ml/min 73.7(17.1) 77.4 (15.5) 69.9 (17.9)% 75.7 (16.7) 79.4 (15) 72.1(17.4)%
Creatinine, mg/dL 1(0.25) 1(0.22) 1.1(0.27)% 1(0.24) 0.98(0.2) 1.1(0.27)%
Systolic blood pressure, mmHg 123.3(11.9) 123.6 (10.6) 123(13.2) 125.7 (11.6) 126.1(10.7) 125.2(12.4)
Diastolic blood pressure, mmHg 71.7 (8.7) 73.1(8.2) 70.3 (9)t 72.7 (8.7) 73.9(8.4) 73.1 (8.9t

Continuous values are summarized with mean (SD).

BMI indicates body mass index; eGFR, estimated glomerular filtration rate calculated with Chronic Kidney Disease Epidemiology Collaboration 2012'¢; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; and NA, not applicable.

*Significant difference between events and no events.
1TP<0.05.
$P<0.01.

Il in the online-only Data Supplement). Of the 986 pro-
teins entered into the IPA, Uniprot identification names
of 980 were recognized by IPA and used as the total
number of background proteins. A pathway analysis of
the 200 proteins affected by torcetrapib showed signifi-
cant enrichment for proteins involved in inflammation
and immunity (Table 2). Specifically, among the top 10
IPA canonical pathways (canonical pathways are well-
characterized metabolic and cell signaling pathways),
8 are involved in inflammation and immunity (Table 2:
B-cell receptor signaling, PPARa/RXRa. [peroxisome
proliferator-activated receptor-a/retinoid X receptor-a]
activation, RAR [retinoic acid receptor] activation, role
of NFAT [nuclear factor of activated T cells] in regula-
tion of the immune response, PI3K [phosphoinositide
3-kinase] signaling in B lymphocytes, T-cell receptor sig-
naling, sphingosine-1-phosphate signaling, and trigger-
ing receptor expressed on myeloid cells 1 signaling). All
the proteins contained within each of these top 10 IPA
canonical pathways and those affected by torcetrapib
are shown in Figures Il through XI in the online-only
Data Supplement. In addition, on the basis of IPA, a
total of 19 proteins altered by torcetrapib are associ-
ated with endocrine system development and function,
8 of which pertain to aldosterone synthesis or function,
9 to insulin sensitivity (ie, glycemic control), and 2 to
pancreatic B-cell function (ie, glycemic control; Table 3
and Figures 2 and 3).

Circulation. 2018;137:999-1010. DOI: 10.1161/CIRCULATIONAHA.117.028213

To validate our results derived from IPA, we analyzed
the 200 proteins changed by torcetrapib using 2 addi-
tional pathway analysis resources. Table Il in the online-
only Data Supplement shows the top 10 pathways iden-
tified by Reactome, and Table IV in the online-only Data

Table 2. Top 10 IPA Canonical Pathways of the 200
Proteins Significantly Altered by Torcetrapib

IPA Canonical Pathways P Value Ratio*
B-cell receptor signalingt 0.001 0.409 (18/44)
Calcium signaling 0.008 0.5 (8/16)
PPARa/RXRa activationt 0.010 0.378 (14/37)
RAR activationt 0.014 0.387 (12/31)
Bole of NFAT in regulation of the 0017 0.393 (11/28)
immune responset

PI3K signaling in B lymphocytest 0.022 0.379 (11/29)
T-cell receptor signalingt 0.022 0.379 (11/29)
Sphingosine-1-phosphate signalingt 0.022 0.409 (9/22)
PI3K/AKT signaling 0.022 0.409 (9/22)
TREM1 signalingt 0.028 0.421 (8/19)

AKT indicates protein kinase B; IPA, Ingenuity Pathway Analysis; NFAT, nuclear
factor of activated T cells; PI3K, phosphoinositide 3-kinase; PPARo/RXRo,
peroxisome proliferator-activated receptor-a/retinoid X receptor-a; RAR, retinoic
acid receptor; and TREM1, triggering receptor expressed on myeloid cells 1.

*The ratio indicates the number of significant proteins that map to the
canonical pathway divided by the total number of proteins measured in our
study that map to the same pathway.

tPathways identified by IPA as involved in inflammation or immunity.
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Figure 2. Proteins significantly altered by torcetrapib
associated with aldosterone synthesis or function.
Nodes represent gene symbol name, corresponding to
protein measured. Degree of intensity of the node color (red)
indicates degree of significance of the false discovery rate P
value. Dashed lines correspond to the implicated function

of the given proteins according to the Ingenuity Pathway
Analysis knowledge bank. Node shapes denote cytokine

angiopoietin-2; BMP6, bone morphometric protein 6; DKK3,
Dickkopf-related protein 3; NPPB, natriuretic peptide B;
POMC, pro-opiomelanocortin; PYY, peptide YY; and TGFBT,
transforming growth factor-31. *Given protein was repre-
sented in the modified aptamer assay more than once.

Supplement shows the top 20 KEGG and BioCarta path-
ways identified by DAVID. Notably, similar to our results
from IPA, we found significant enrichment in pathways
involving inflammatory and immune functions.

There were 18 proteins that changed significantly
in the atorvastatin-only arm (Table V in the online-only
Data Supplement), insufficient for a pathway analysis.
Twelve of these 18 proteins changed both in the torce-
trapib plus atorvastatin and in the atorvastatin-only
arm. Removing the 12 proteins shared by the 2 treat-
ment arms from the 200 proteins in the torcetrapib plus
atorvastatin arm had little effect on the IPA top canoni-
cal pathway analysis results (Table VI in the online-only
Data Supplement).

Protein Risk Scores at Baseline

At baseline, the 9-protein risk scores were similar
among the 2 treatment arms (torcetrapib plus atorvas-
tatin, 7.7%; atorvastatin only, 7.2%; P=0.16). Among
participants assigned to torcetrapib plus atorvastatin,
the baseline 9-protein risk scores were 10.5% and
6.5% for cases and controls, respectively (P=0.00046),
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Table 3. Proteins Significantly Altered by Torcetrapib
Associated With Endocrine System Development and
Function

Diseases or Functions

Annotation Proteins P Value

Quantity of adiponectin Adiponectin, protein kinase 0.002
B, GP4 CD36 platelet
glycoprotein IV, growth

hormone receptor

Synthesis of aldosterone Angiopoietin-2, bone 0.007
morphogenetic protein-6,
Dickkopf-related protein 3,

f3-endorphin

Insulin sensitivity Adiponectin, protein kinase B, 0.016
apolipoprotein E, follistatin-
like 3, growth hormone
receptor, glycogen synthase
kinase-3 a, mitogen-activated
protein kinase 8, protein
kinase CO, tumor necrosis
factor ligand superfamily
member 12

Concentration of
aldosterone

Angiopoietin-2, Dickkopf- 0.018
related protein 3, B-
endorphin, transforming
growth factor-31

Morphogenesis of islets of Matrix metalloproteinase-2, 0.042

Langerhans transforming growth factor-
B1

Release of aldosterone Brain natriuretic peptide 32, 0.042
peptide YY

Release of hydrocortisone Brain natriuretic peptide 32, 0.042
p-endorphin

Stimulation of aldosterone B-Endorphin, vasoactive 0.042

intestinal peptide

Eight proteins are related to aldosterone synthesis or function. Nine proteins
are related to insulin sensitivity and 2 proteins to pancreatic f3-cell function
(morphogenesis of islets of Langerhans).

and for participants assigned to atorvastatin only, the
baseline risk scores were 8.44% and 6.0% for cases
and controls, respectively (P=0.0066).

Changes in Protein Risk Scores With
Treatment

Table 4 and Figure 4 show that from baseline to 3
months, treatment with torcetrapib plus atorvastatin
was associated with a within-participant increase in the
absolute 9-protein risk score of 0.65% (P=0.0017) in all
participants, 1.05% (P=0.006) in the cases, and 0.23%
(P=0.10) in the controls. Compared across the 2 treat-
ment arms from baseline to 3 months, the 9-protein
risk score increased in the torcetrapib plus atorvastatin
arm compared with the atorvastatin-only arm in all
participants by 1.08% (P=0.0004), in participants with
events by 1.55% (P=0.004), and in participants with no
events by 0.52% (P=0.039).

The changes in 9-protein risk with torcetrapib for
the entire population of cases and controls showed a
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Table 4. Changes in Key Parameters From Baseline to
3 Months in the 2 Treatment Arms

Torcetrapib
Plus
Atorvastatin | Atorvastatin
Event Change at | Only Change | Treatment
Parameter Status 3 mo at 3 mo Difference
9-Protein risk Event 1.05% -0.50 1.55¢
0,
score, % No event 0.23 -0.29 0.52*
Overall 0.65t -0.43 1.081
HDL-C, mg/dL Event 24+ 0 24+
No event 27t -1 28t
Overall 26t 0 26t
LDL-C, mg/dL Event -231 2 =25t
No event -23t 1 -24t
Overall -23t 1.5 —24.51
Systolic blood Event 0.25 1 -0.75
pressure, No event 4.5t 15 6.0t
mmHg
Overall 3t -0.25 3.251
Diastolic blood Event 1t 0 1
pressure, No event 2t 05 2.5t
mmHg
Overall 1.5% 0 1.5t
Glucose, mg/ Event 2 2 0
d No event 0 5t -5*
Overall 0.5 4+ -3.5*%
eGFR mL/min Event 2t 0 2
2
pert.z3m: I \o event 0.75 0 0.75
Overall 1.33t 0 1.33*

Values are expressed as medians. Changes in risk scores represent the
absolute risk score at 3 mo compared to the absolute risk score at baseline and
the significance of the median change is determined compared to no change.

Treatment difference is the difference between the change over 3 mo in
absolute risk in the torcetrapib plus atorvastatin arm compared with the
atorvastatin only arm. Protein risk score is calculated as the percent probability
of an outcome event at 550 days.

eGFR indicates estimated glomerular filtration rate calculated with Chronic
Kidney Disease Epidemiology Collaboration 2012'8; HDL-C, high-density
lipoprotein cholesterol; and LDL-C, low-density lipoprotein cholesterol.

*P<0.05.

tP<0.01.

single distribution with no discontinuity (Ansari-Bradley
test, P=0.15), suggesting that torcetrapib affected all
exposed individuals to some extent (Figure XII in the
online-only Data Supplement).

Changes in Framingham Risk Scores With
Treatment

Framingham secondary event risk scores' were bal-
anced across the 2 treatment arms at baseline (P=0.83).
From baseline to 3 months, the Framingham risk score
within participants decreased (mean [SD]) from 6.1%
(2.5%) to 4.6% (2.0%) in the torcetrapib plus atorv-
astatin arm (P=2.2e-16) and remained unchanged
from 6.1% (2.9%) t0 6.2% (2.9%) in the atorvastatin
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alone arm (P=0.16). Cross-treatment comparison of the
within-participant changes revealed a highly significant
reduction in absolute Framingham risk favoring torce-
trapib plus atorvastatin over atorvastatin alone (-=1.5%;
P=2e-16).

Survey of Changes in Proteins
Described Previously to Be Prognostic of
Cardiovascular Events

We address here 200 proteins previously found to be
prognostic of the same cardiovascular outcomes in a
population of patients with coronary heart disease
similar to that in the present study, measured by the
same modified aptamer assay.® In the present study,
49 of those 200 prognostic proteins changed signifi-
cantly within the torcetrapib arm between baseline
and 3 months (false discovery rate—corrected P<0.05;
Table VIl in the online-only Data Supplement). Among
these proteins, 37 (76%) changed in the direction of
increased risk and 12 proteins changed in the direction
of reduced risk. Within the atorvastatin-only arm, only
5 of the 200 prognostic proteins changed significantly
(Table VIl in the online-only Data Supplement).

DISCUSSION

In this retrospective proteomic analysis of the ILLUMI-
NATE trial,' a survey of 1129 proteins at baseline and at
3 months of treatment revealed heretofore unknown
and widespread effects of torcetrapib on inflammation
and immunity, with 8 of the top 10 canonical pathways
affected by torcetrapib involved in inflammatory and
immune functions. Pathway analysis also reinforced the
previous finding of increased aldosterone levels with
torcetrapib’ by pinpointing 8 plasma proteins altered by
torcetrapib that relate to aldosterone synthesis or func-
tion. Pathway analysis also provided further explanation
for the reported improvement in glycemic control with
torcetrapib in the ILLUMINATE trial’®% by identifying 9
proteins related to insulin sensitivity and 2 proteins re-
lated to pancreatic B-cell function that are affected by
torcetrapib. In addition, a previously validated 9-protein
cardiovascular risk score® predicted the harm associated
with the use of torcetrapib at just 3 months of treat-
ment that had previously been observed by adverse car-
diovascular and mortality outcomes at 550 days (=18
months) of treatment when the study was halted.” The
results of this study suggest that a protein-based risk
assessment embedded within a larger proteomic survey
may prove to be useful in the clinical and mechanistic
evaluation of therapies to prevent harm to patients.
The need for improved assessment of cardiovascular
safety reached a turning point in 2004 to 2007 with
a series of unfortunate events. First, rofecoxib (Vioxx),
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Figure 3. Proteins significantly altered by torcetrapib
associated with insulin sensitivity or pancreatic p-cell
function.

Nodes represent gene symbol name, corresponding to pro-
tein measured. Degree of intensity of the node color (red) in-
dicates degree of significance of false discovery rate P value.
Dashed lines correspond to the implicated function of the
given proteins according to the Ingenuity Pathway Analysis
knowledge bank. Node shapes denote cytokine (CJ), growth
factor (i), kinase (v), peptidase (<), transmembrane recep-
tor (0), transporter (1), and other (O). ADIPO1 indicates
adiponectin; C1Q, and collagen domain containing; APOE,
apolipoprotein E, FSTL3, follistatin-like 3; GHR, growth
hormone receptor; MAPK8, mitogen-activated protein ki-
nase-8; MMP2, matrix metalloproteinase-2; PRKCQ, protein
kinase CO type; TGFB1, transforming growth factor-p1; and
TNSFSF12, tumor necrosis factor superfamily member 12.
*Given protein was represented in the modified aptamer
assay more than once.

a cyclooxygenase-2 inhibitor, was withdrawn from the
market because of an adverse cardiovascular safety
profile missed during its development.??? Then, the
diabetes drug rosiglitazone (Avandia) was suspected
of raising the risk of myocardial infarction, which also
was not detected during its development.? Finally, the
ILLUMINATE trial results were even more concerning:
There was a clear adverse effect of torcetrapib on car-
diovascular and all-cause mortality outcomes despite a
remarkable improvement in lipid profile."

The harmful effects of drugs could potentially be
predicted early in clinical trials by the application of
the modern tools of precision medicine. Measurement
of proteins in particular is advantageous because they
are the key regulators of biological processes in health
and in diseases. Unlike genes, proteins can change over
time to reflect alterations in disease risk. Although ge-
netic mendelian randomization approaches can also
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predict the effects of drugs on the intended pharmaco-
logical targets,?* only proteomic analyses can pinpoint
any unsuspected drug toxicities that are related to off-
target effects of the drug molecule. Modified aptam-
ers have advanced the field of proteomics by enabling
rapid quantification of hundreds or even thousands of
proteins in a small volume of blood.8'%'3 The technique
is highly sensitive, with a median limit of detection =1
pg/mL, and precise, with median intra-assay and in-
terassay coefficients of variation <4%. The binding of
modified aptamers to their intended protein target is
highly specific and quantitative, as shown by the use of
mass spectrometry as an orthogonal technique.™

The first objective in this study, enabled by a large-
scale proteomics survey, was to derive a mechanistic
understanding of the biological effects of torcetrapib.
The aim was to identify those proteins with levels that
were significantly altered by torcetrapib and to organize
any such differentially expressed proteins into biologi-
cal pathways.?> Unexpectedly, this process revealed that
torcetrapib exerted biological effects that were wide-
spread, altering the plasma concentrations of 200 of the
986 proteins (20.3%) successfully measured (Table I in
the online-only Data Supplement). Furthermore, when
organized according to biological pathways, this ap-
proach revealed that 8 of the top 10 canonical pathways
affected by torcetrapib relate to inflammatory and im-
mune functions (Table Il and Figures II-XI in the online-
only Data Supplement), effects not previously associated
with torcetrapib. These results obtained through IPA were
reinforced with Reactome (Table Il in the online-only
Data Supplement) and DAVID (Table IV in the online-only
Data Supplement), which similarly revealed significant
enrichment in pathways involving inflammation and im-
munity. This finding not only has important implications
for increased cardiovascular risk observed with torcetra-
pib in the ILLUMINATE trial, because inflammation and
immunity are central to cardiovascular disease,?® but
also supports the possible contribution of the immune
surveillance and inflammatory axes to the excess non-
cardiovascular deaths caused by sepsis and cancer with
torcetrapib reported in the ILLUMINATE trial." Whether
these inflammatory and immune function activities of
torcetrapib are related specifically to the molecule itself
or reflect accumulation of proinflammatory HDL particles
from the inhibition of cholesterol ester transfer protein?’
can be resolved by proteomic investigation of trials that
used other agents in the same class but with a different
molecular structure. Some of the 200 proteins that were
subjected to the IPA pathway analysis in the torcetrapib
arm also changed in the atorvastatin-only arm. Excluding
all 12 such proteins from the analysis did not materially
alter our findings (Table VI in the online-only Data Sup-
plement). Because atorvastatin inhibits cholesterol ester
transfer protein to raise HDL cholesterol,?® some of these
shared proteins may relate to inhibition of the same cho-
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Figure 4. Within-participant changes in 9-protein risk score, baseline to 3 months.

A, Percent change in risk (3 months minus baseline) by treatment group. B, Percent change in risk (3 months minus baseline)
by treatment group and event status. Legend to bar charts: Bar height extends to the median change in risk, and the whiskers
represent the 95% confidence interval about the median. Labels at the top of each bar are the median risk change. P values
on the sides of the bars are from testing with a Wilcoxon signed-rank test the null hypothesis that the risk change is distribut-
ed symmetrically with a median of zero. P values in brackets are from testing with a Wilcoxon rank-sum test the null hypoth-
esis of equal medians for the 2 populations. A indicates atorvastatin; and T, torcetrapib.

lesterol ester transfer protein target by torcetrapib and
atorvastatin. Many proteins that we measured in plasma
are secretable, evidenced by their gene encoding for a
signal sequence or by meeting other established criteria
for secretion.?® Other proteins we measured are typically
considered intracellular; the mechanisms by which they
appear in plasma remain largely speculative but include
release by cell necrosis, cell apoptosis,* reversible mem-
brane permeabilization,® formation of cell membrane
blebs,?" and extracellular vesicles.?’

Our proteomic pathway analysis showed that torce-
trapib in ILLUMINATE also had major endocrine effects,
particularly on aldosterone and glycemic control. Aldo-
sterone levels had been measured in a post hoc explor-
atory analysis to explain the observed elevations in blood
pressure, reductions in potassium, and elevation in bi-
carbonate among patients who received torcetrapib.’
At the time of the original publication, the mechanisms
by which torcetrapib raised aldosterone levels were un-
known. In the present study, IPA identified significant en-
richment in 8 proteins involved in aldosterone synthesis,
concentration, release, and stimulation (angiopoietin-2,
bone morphogenetic protein 6, Dickkopf-related pro-
tein 3, p-endorphin/proopiomelanocortin, transforming
growth factor-31, natriuretic peptide [precursor] B, pep-
tide YY, and vasoactive intestinal peptide; Table 3 and
Figure 2). Furthermore, the reduction in renin and the
absence of an increase in adrenocorticotropic hormone
observed in the present proteomic analysis are also con-
sistent with a direct action of torcetrapib leading to hy-
peraldosteronism. The ILLUMINATE trial also reported
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improved glycemic control with torcetrapib, explained
predominantly by improved insulin sensitivity.'?° No-
tably, pathway analysis identified 9 proteins related to
insulin sensitivity and 2 proteins related to pancreatic -
cell function altered by torcetrapib, providing potential
mechanistic leads (Table 3 and Figure 3).

The second objective in the present study was to eval-
uate whether a previously validated 9-protein cardiovas-
cular risk score® could detect the adverse effects of torce-
trapib at 3 months of treatment. The results show that
this was achieved; despite differences in the study design
and end points used in the present analysis compared
with the larger ILLUMINATE trial, the absolute magnitude
of the increase in risk of 1.08% predicted by the 9-pro-
tein risk score is consistent with the observed absolute
1.2% increase in cardiovascular events with torcetra-
pib." This increased risk with torcetrapib likely affected
all participants exposed because torcetrapib-associated
changes in the 9-protein risk score represent a single
statistical distribution (by the Ansari-Bradley test'®). We
used the 9-protein risk score to predict the response of
torcetrapib because this risk score was mathematically
derived from 1130 protein biomarkers that we previously
tested; it is externally validated® and applies to a popu-
lation of individuals with stable coronary heart disease
similar to those in the ILLUMINATE study. We present the
9-protein score as a proof of principle, acknowledging
that other protein-based risk scores might perform well.
Furthermore, 49 of the 200 proteins that were previously
shown to be prognostic of cardiovascular and mortality
outcomes in patients with coronary heart disease® were
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affected by torcetrapib. The observation that 37 of 49
prognostic proteins moved in the direction of adverse risk
would create a significant concern for torcetrapib even in
the absence of a formal 9-protein risk score. Twelve of 49
prognostic proteins changed in the direction of reduced
risk, suggesting that torcetrapib may have had some
beneficial effects (perhaps mediated by LDL cholesterol
reduction or improved glycemic control) but that these
effects were masked by the dominant harmful effects
of the drug. Although these 37 prognostic proteins in-
cluded 2 established cardiovascular biomarkers, notably
troponin | (which is part of the 9-protein risk score) and
brain (B-type) natriuretic peptide, C-reactive protein did
not predict the harm from torcetrapib in this analysis.
The observation that treatment-associated changes in
C-reactive protein are strongly prognostic of the clini-
cal benefit derived from the cholesterol-lowering agents
statins®=> and ezetimibe® but not prognostic of the
harm from torcetrapib points to the advantages of a
large-scale proteomic screen because individual biomark-
ers cannot be reasonably expected to cover all relevant
biological systems and will inevitably miss some adverse
drug effects. The up-front choice of which biomarkers
would be affected is a guessing game that is rendered
unnecessary by measuring them all (or as many as cur-
rent technology allows).

The hypertensive effects of torcetrapib were known
early in its development,? and one might reasonably
guestion whether they should have raised greater con-
cern. However, a formal calculation of the Framingham
secondary risk score in the present study shows con-
vincingly that the benefits of torcetrapib on steeply rais-
ing HDL cholesterol and lowering LDL cholesterol would
be expected to outweigh the detriment in cardiovascu-
lar risk caused by the level of increased blood pressure
observed. The improvement in Framingham risk score
with torcetrapib clearly represents a false result and il-
lustrates how misleading risk calculation based on tra-
ditional risk factors would be in this instance, in con-
trast to the correct risk prediction based on the plasma
proteome. The likely flaw in the Framingham risk calcu-
lation is that it focuses on HDL cholesterol levels with-
out accounting for HDL particle function.®

Limitations

The atorvastatin-only treatment arm had a slight, bor-
derline significant reduction in the 9-protein risk score
at 3 months from baseline (0.43% absolute risk reduc-
tion, P=0.056), when perhaps no effect would have
been expected. This is likely a “spillover” effect from
the atorvastatin dose uptitration during the run-in
phase of the study just before treatment randomiza-
tion.! In this regard, it is known that higher doses of
atorvastatin reduce cardiovascular risk more than lower
doses.?” This potential spillover effect of atorvastatin
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uptitration would be expected to affect both treatment
arms similarly.

Another potential limitation of the study is the
nested case-control design of the present study. Avail-
able information strongly supports the use of nested
case-control designs for the evaluation of risk predic-
tion measures in cardiovascular disease.™ Our statistical
analyses focused primarily on group changes (ie, the
increased risk we predicted approximated the risk ob-
served in the trial), and we did not examine how well
our predictions may have performed in individual par-
ticipants (eg, by discrimination testing). Our results ap-
ply only to the population tested. It is not known how
our findings would translate to cohorts with other char-
acteristics.

Last, some proteins are shared among >2 biological
pathways. For the purposes of this study, we assumed
that a change in a protein concentration affects all the
pathways that contain it. The validity of that assump-
tion will be clarified by future studies.

Conclusions

The application of proteomics provides strong evidence
and potential mechanistic explanations (through immu-
nity, inflammation, and endocrine effects) for harmful
biological effects of torcetrapib that could have alerted
investigators early in the ILLUMINATE trial or could have
been useful when making the decision to proceed to
this phase Ill study. Admittedly, the results of our study
are novel and thus will need further validation. For ex-
ample, it would be interesting to compare these results
with drugs of the same class that may not share mol-
ecule-specific off-target effects of torcetrapib such as
Lilly’s evacetrapib, Roche’s dalcetrapib® (both lacked ef-
ficacy in phase Ill trials but did not cause harm), or Mer-
ck’s anacetrapib. More broadly, our proteomic study
provides evidence for the recent scientific statement
from the American Heart Association that proteomics
can have a “transformative impact for cardiovascular
health and disease.”®
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Kuang-Tien General Hospital (Taichug, Taiwan)

Kuang Tien General Hospital was founded in 1913 by Dr Tong Chong Wang. At the time, its name was Yang Zhen Hospital, and
in 1921, it hosted only 1 doctor and 2 assistants (left). The name of the hospital was changed to Kuang Tien General Hospital in
1941 during the Japanese Occupation Period (upper right). Under the direction of the founder and the following 2 presidents, Dr
Yu Ling Wang, PhD, and Dr Nai Phon Wang, PhD, Kuang Tien General Hospital has become the longest running sole proprietorship
hospital in Taiwan, with over 1300 beds and nearly 2000 employees. Kuang Tien's affiliated organizations include: Hung Kuang
University, Hung Kuang University Affiliated Aging Care Hospital, Ching Chuan Hospital, and Tong Siao Hospital (lower right).

Kuang Tien hosts an exceptional medical team covering 24 specialties and 44 subspecialties, as well as an Ear, Nose, and
Throat Center, Cancer Center, and Cardiovascular Care Center. In line with its longstanding dedication to comprehensive care,
in 2006, Kuang Tien extended its services from preventive care and acute care to chronic care with the establishment of the
long-term care facility, Chang Ching Branch, which includes a nursing home, day care center, and dementia care center.
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