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Abstract Future innovative therapies targeting cardiovascu-
lar disease (CVD) have the potential to improve health out-
comes and to contain rising healthcare costs. Unsustainable
increases in the size, cost and duration of clinical trial pro-
grams necessary for regulatory approval, however, threaten
the entire innovation enterprise. Rising costs for clinical trials
are due in large part to increasing demands for hard cardio-
vascular clinical endpoints as measures of therapeutic effica-
cy. The development and validation of predictive and
surrogate biomarkers, as laboratory or other objective mea-
sures predictive or reflective of clinical endpoints, are an
important part of the solution to this challenge. This review
will discuss insights applicable to CVD derived from the use

of predictive biomarkers in oncologic drug development, the
evolving role of high density lipoprotein (HDL) in CVD drug
development and the impact biomarkers and surrogates have
on the continued investment from multiple societal sources
critical for innovative CVD drug discovery and development.
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Introduction

Notwithstanding a number of important advances in our
understanding of molecular and biochemical mechanisms
underlying atherosclerosis and its associated risk factors,
and despite the success of certain clinically effective thera-
peutics such as the HMG-CoA reductase inhibitors (statins),
cardiovascular disease (CVD) and its associated metabolic
disorders remain the leading cause of death and disability in
the United States. CVD accounts for over one-third of all
US deaths in 2012 [1]. CVD and stroke are also the most
costly diseases in the US. They account for almost $300
billion in annual costs, or 16 % of total US health expendi-
tures [1]. By 2030, 40.5 % of the US population is projected
to have some form of CVD with a projected total annual
cost burden exceeding $800 billion [2].

The translation of basic scientific discoveries into clini-
cally effective therapeutics over the last 20 years has had a
significant, but still only a limited impact upon the preven-
tion and treatment of CVD. Large prospective clinical trials
have established that pharmacologic therapy can reduce the
risk of major cardiovascular (CV) events by 25–30 % when
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patients achieve LDL-C-lowering goals using various statins
[3]. The mechanisms underlying this residual cardiovascular
risk of 65–70 % in statin-treated patients include lipid and
non-lipid related factors [4]. While multifaceted risk reduction
approaches addressing known risk factors have been proposed
[5], the need for new and innovative approaches for the
prevention and treatment of CVD extending beyond statins,
and specifically the metabolic and vascular processes under-
lying atherosclerosis, remains in place.

The development of the next generation of cardiovascular
therapeutics to address unmet clinical needs is neither straight-
forward nor assured. The process that creates and brings to the
market new therapies to treat disease is complex, long-term,
fraught with risk (scientific, clinical, regulatory and commer-
cial) and very capital intensive. The process involves multiple
interdependent stakeholders with distinct roles and agendas,
including scientists, clinicians, patients, investors, industry,
insurers, the government and academia. Given the large an-
nual investment in overall US medical research and develop-
ment from the pharmaceutical and biotechnology industries
($44 billion in 2008) [6] and the National Institutes of Health
($31 billion in 2012) [7], a working understanding of this
stakeholder interdependence by the stakeholders themselves
is critical if cardiovascular drug discovery and development is
to be valued and funded by society.

A major threat to the enterprise of innovative cardiovas-
cular drug development is the progressive increase in time
and expense of conducting clinical trials for regulatory
approval. The costs are now estimated to exceed $1 billion
for each approved drug, with over 15 years required, on
average, to move from laboratory discovery tomarket approval
[8–10]. This cost burden derives in part from formal regulatory
hurdles and in part from societal and regulatory demands for
near certainty around the safety and clinical efficacy of new
drugs prior to approval, as well as their comparative effective-
ness. To meet these important standards, huge trials involving
thousands of patient-years are required. The costs of clinical
trials of this magnitude are unlikely to be sustainable in the face
of reduced government support for biomedical research [11]
and reductions in funding for research and development by the
biopharmaceutical industry and the public and private financial
markets [12]. The consequences threaten to affect both the
development and clinical availability of new and innovative
CV therapeutics and the resources needed to fund the basic and
clinical sciences in academia.

One solution that begins to address this threat to innovative
CV research and development involves the use of biomarkers
[13]. A biomarker is an objectively measured indicator, such as
a laboratory or imaging test, of a normal biological, physio-
logical or pathogenic process, or a pharmacologic response to
an intervention. A “surrogate marker” is a special type of
biomarker that, after validation arrived upon through addition-
al scientific and clinical testing, can be stipulated as a substitute

for and predictor of specific clinical endpoints. A clinical
endpoint as used in clinical trials is a characteristic or variable
that reflects how a patient feels, functions, or survives [13].

New types of biomarkers can serve as predictors of both
therapeutic and adverse clinical effects in selected patient
populations. A validated surrogate marker for CV disease
indications can reduce development time and clinical trial
duration and cost. At the same time, the surrogate marker
can build confidence in its correlation with and predictive
strengths against hard clinical endpoints such as myocardial
infarction, stroke and cardiovascular death. A validated sur-
rogate marker pathway to drug approval that offers less
expensive but reasonable and compelling, clinically equiv-
alent predictive [surrogate] endpoints may also serve to
mitigate risks for investors and may encourage investment.

This review will discuss two important examples of the
application of biomarkers to drug development and their
influence on both public and private funding of scientific
and translational research. The first example is drawn from
oncology, which has utilized an integrated and more efficient
basic science-clinical trial approach over the last 10 years to
great success. The second describes the evolution of HDL
in our understanding of basic mechanisms underlying
atherosclerosis to illustrate the opportunities and chal-
lenges surrounding the creation of validated biomarkers
and surrogates in CV drug development. Finally, this
review will discuss the role of surrogate markers in
modulating investment risk.

Biomarkers and the Development of Novel Cancer
Therapeutics: Lessons for Cardiovascular Drug
Development

Effective biomarkers and surrogate endpoints have acceler-
ated the development of novel therapeutics in oncology over
the last 10 years in ways that reflect the influence of im-
proved understanding of molecular biology and mechanisms
of disease on clinical trials design. A number of insights
from this dynamic are applicable to the current challenges
facing cardiovascular drug development.

Types of cancer that were once categorized and treated as a
single disease are now segmented from the perspective of
molecular events in their pathogenesis. Predictive biomarkers
have been identified and validated and are used to direct
therapy in a growing number of tumors, including lung, breast,
colorectal, kidney, head and neck cancer, and melanoma
[14–18]. Clinical trials that select patients based on predictive
biomarkers give rise to enriched populations that reduce the
number of patients needed to assess clinical efficacy. As a
consequence, the cost and time needed for clinical testing are
reduced. In a similar manner, improved understanding of the
heterogeneous processes that contribute to atherosclerosis
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might lead to distinct targets or biomarkers that could aid in
drug development.

Adaptive clinical trials represent another approach to
improving the efficiency of clinical development. Adaptive
trials test the predictive value of new biomarkers and help
determine whether improved outcomes are caused by spe-
cific interventions or by intrinsic differences in the rate of
progression of the different subtypes of disease. An example
of this approach is the Biomarker-integrated Approaches of
Targeted Therapy for Lung Cancer Elimination (BATTLE)
trial, in which an initial equal randomization period was
followed by an adaptive randomization scheme based on
relevant molecular biomarkers [19•, 20, 21]. Four different
treatments were evaluated for efficacy in patient groups that
differed in their molecular biomarker profiles, and specific
treatments were prospectively demonstrated to work with
specific subgroups selectively based on the molecular bio-
marker profiles. The time needed to obtain important clini-
cal information was shortened, and a smaller percentage of
patients was subjected to ineffectual treatment because of
this innovative clinical design.

While improved survival is often a gold standard for US
Food and Drug Administration (FDA) approval of new
therapies, several studies with survival as the endpoint have
been criticized on ethical grounds. In some cases, in order to
maintain clear distinctions between treatment arms, control
groups cannot cross over to the new treatment. This imped-
iment presents potential difficulties when one arm trends
clearly towards significant benefit. One instance that came
to public attention involved a comparison of B-Raf inhibi-
tors to standard chemotherapy in patients with metastatic
melanoma whose tumors had activating B-Raf mutations
[22•, 23, 24]. Rapid tumor regression and improvement in
quality of life was seen in approximately half of patients
with B-Raf mutations, in comparison to fewer than 10 % of
patients on standard chemotherapy [22•]. The trial achieved
its goal of showing a survival benefit, and B-Raf inhibitors
are now routinely used [22•, 25].

Regulatory pathways that depend upon hard endpoints
such as survival can be onerous. They often take many years
to prove and can be criticized if they deny patients quality of
life improvements that become evident more rapidly. Thus,
it is important to move towards clinical trial designs and
approval mechanisms that adapt to patient needs in a safe
and ethical manner.

Validation of surrogates and predictive biomarkers re-
quires access to outcome data from multiple clinical trials.
Prospective randomized trial design remains the gold stan-
dard. The burdens of cost, duration and availability have
limited both the number of trials available to validate bio-
markers and the tools available for patient management.
One expedient that has proven successful in oncology is to
use archived serum and tissue samples from blinded

randomized studies. This method could also accelerate the
validation of new biomarkers for cardiovascular disease.

The validation of Oncotype Dx for estrogen receptor
(ER) positive breast cancer relied on archived samples and
clinical data from completed randomized clinical trials for
much of its validation [26, 27]. ER positive tumors evince a
spectrum of possible clinical behavior. One cannot be cer-
tain that estrogen blockade alone will suffice to prevent
recurrence in any given case, even though it is statistically
effective in the ER positive population overall. The conse-
quence of recurrence can be death due to metastatic disease.
Clinical guidelines thus recommended cytotoxic chemother-
apy for most ER positive patients with tumors greater than
1 cm in size, even though the vast majority of patients on
estrogen blockade alone were not likely to recur.

Laboratory studies suggested that gene profiles could
help identify patients with low risk of recurrence compared
to those at high risk who might benefit from chemotherapy.
Oncotype Dx utilized gene expression from a panel of
21genes to develop a predictive recurrence score (RS). It
focused initially on ER positive breast cancers.

Withholding cytotoxic chemotherapy from a group of pa-
tients in order to determine the predictive value of the test
would have violated the standard of care and increased the risk
of metastatic disease in some patients, raising important eth-
ical concerns. Instead, initial testing was accomplished with-
out putting patients at risk by obtaining and blindly analyzing
tissue samples collected from 1982 through 1988 from the
randomized National Surgical Adjuvant Breast Cancer Project
B-14 trial, where clinical outcomes were tracked over time.
The data demonstrated that the recurrence score accurately
classified patients into low and high risk, with the low-risk
group showing no benefit from cytotoxic chemotherapy and
the high-risk group showing reduced rates of recurrence when
cytotoxic chemotherapy was used. The use of archived sam-
ples not only saved time and money, but also decreased risk to
patients with breast cancer.

Recent additional data also derived from archived sam-
ples from a distinct randomized clinical trial suggest that
Oncotype DX is equally prognostic for hormone receptor–
positive, postmenopausal, tamoxifen-treated patients with
positive nodes. Chemotherapy provides little, if any, benefit
for patients with low RS, despite the presence of positive
nodes [28]. The National Comprehensive Cancer Network
guidelines include Oncotype Dx for decision-making for
early-stage ER positive breast cancer patients, and addition-
al prospective trials are underway to determine whether
Oncotype Dx can guide management of additional sub-
groups of breast cancer [29, 30]. Cost-benefit analyses have
shown that Oncotype Dx decreases overall cost of treating
breast cancer and improves quality of life in patients who
are at low risk for recurrence, and who otherwise would
have received cytotoxic chemotherapy [31•, 32].
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These studies illustrate the effectiveness of using archived
samples linked to randomized clinical trials. Their outcomes
can accelerate the development of tools that are useful in drug
development and patient management. In oncology, the fed-
eral government supported the clinical trials whose samples
and data were used for the validation of these tools through
clinical cooperative groups. In the cardiovascular arena, in
contrast, most trials are funded through the private sector.
New policies and protections are needed to provide incentives
for the owners of pertinent samples and datasets to make them
available for biomarker development and validation.

HDL – Structure vs. Function in the Development
of a New CV Biomarker

The history of the evolving role of high density lipoprotein
(HDL) as a biomarker for the development of new therapeutic
approaches in cardiovascular disease illustrates the challenges
and opportunities inherent in the interplay between fundamen-
tal discovery science and clinical science. There is consider-
able evidence for HDL cholesterol (HDL-C) as a biomarker
for cardiovascular risk. In multiple, prospective population
studies, the first dating back more than 45 years [33], low
levels of HDL-C have been consistently and strongly associ-
ated with increased risk of coronary heart disease (CHD)
events [34]. The associations between low levels of HDL-C
and cardiovascular disease (CVD) risk remain statistically
significant in multivariate models that adjust for age, sex,
non-lipid risk factors and certain lipid risk markers (LDL-C
and non-HDL-C). HDL-C contains a heterogenic population
of molecules [35]. Epidemiological studies and clinical trials
that have measured HDL subclasses have shown that the
larger, cholesterol-enriched HDL subclasses [36–38] are more
predictive of cardiovascular risk than smaller, cholesterol-
depleted HDL subclasses. Based on these studies, the choles-
terol carrying capacity of HDL has evolved into a well-
established marker of CV risk [39–41].

It remains unclear whether HDL-C plays an active and
direct role in human atherosclerosis disease progression and
whether it can qualify as a valid target for therapeutic interven-
tion. Molecular genetic studies of HDL metabolism in preclin-
ical animal models have confirmed the key role of HDL as a
modulator of atherosclerotic vascular disease [42]. Neverthe-
less, clinical trials utilizing therapies that increase HDL-C as
the surrogate measure of efficacy have failed repeatedly to
demonstrate a reduction in the major cardiovascular endpoints
(MACE) that include myocardial infarction, cardiovascular
death and stroke. Recent examples of negative results include
large, well-powered randomized, prospective CVoutcome tri-
als with niacin [43–45] and CETP inhibitors [46, 47]. Similar
results were obtained in a recent well-powered, human genetic
meta-analysis that failed to demonstrate a causal relationship

between genetic mechanisms that increase the cholesterol car-
rying capacity of HDL and the risk of myocardial infarction
[48•]. These findings raise serious questions regarding a sim-
ple, causal relationship between HDL-C levels per se and
atherosclerosis disease progression.

Several lines of evidence, however, suggest that HDL-C
acts as an indirect biomarker of disease. Although HDL-C is
statistically independent of LDL-C as a CV risk factor, low
levels of HDL-C are inversely correlated with the concen-
tration of apolipoprotein B-containing lipoproteins (VLDL
and LDL particles) [49, 50]. In analyses of prospective
population and clinical trials of lipid modifying therapies
that included either LDL particle concentration (LDL-P) or
apolipoprotein B, the conventional associations between
HDL-C and CVD risk were either diminished or negated
[51–53]. These data strongly suggest that HDL-C is simply
a biomarker for excess apolipoprotein B-containing lipopro-
teins. In the aggregate, these findings raise the prospect that
HDL-C as conventionally measured is only an indirect
biomarker of cardiovascular risk with either no or only a
limited role in disease progression, and either limited or no
utility as a surrogate marker for predicting CV endpoints in
response to therapeutic intervention.

While HDL-C as conventionally measured appears to
have failed as a therapeutic surrogate predictive of clinical
outcomes so far, an evolving body of work focused on HDL
functionality raises the possibility of developing a new
generation of robust HDL biomarkers for enhanced risk
assessment, patient stratification and targeted drug develop-
ment. Nuclear magnetic resonance (NMR) spectroscopy as a
measure of HDL particle concentration (HDL-P) has pro-
vided interesting insights into cardiovascular risk. In pro-
spective population studies and clinical trials of lipid
modifying therapy, HDL-P provides added incremental in-
formation on risk prediction compared to HDL-C, even in
models that include LDL-P [51–53]. These more statistical-
ly robust studies have also challenged previously held be-
liefs that large cholesterol-enriched HDL particles were the
most cardioprotective. In the VA-HIT trial, small HDL-P
was more strongly related to reduced risk than either medi-
um or large HDL-P [52]. The importance of HDL-P as a
measure of HDL risk was further supported in a genome
wide association study (GWAS) that reported on polymor-
phisms in phospholipid transfer protein (PLTP). Polymor-
phisms in PLTP were associated higher total HDL-P and
small HDL-P rather than changes in HDL-C [54]. In in-
dividuals showing PLTP polymorphisms, small HDL-P
proved to be a significant marker of reduced CHD risk.

Our developing understanding of HDL from a functional
perspective raises new challenges. For example, we now know
that HDL particles undergo constant remodeling and therefore
cannot be considered discrete, static, or unvarying entities from
a physiological perspective. Static measures have proven
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inadequate in characterizing HDL and defining the properties
of these anti-atherogenic lipoprotein [55]. The incomplete
understanding of macrophage cholesterol efflux has led to a
focus on the cholesterol carrying capacity of HDL particles or
the terminal measure of macrophage cholesterol efflux. This
focus has distracted the cardiovascular field from crucial phys-
iological mechanisms associated with small HDL particles. It
is the cholesterol-absent and phospholipid-depleted apo A-I
complex that interacts with the macrophage ABCA1 transport-
er. This is the essential transporter necessary for macrophage
cholesterol efflux [56]. Moreover, only 5 % of the cholesterol
content in HDL is derived from the macrophage. Thus, an
emphasis on HDL-C levels results in a misguided signal re-
garding the efficiency of the most important step in reverse
cholesterol transport.

Although small HDL particles contain less cholesterol
than large particles, they have more surface proteins con-
tributing to the anti-oxidant, anti-inflammatory and anti-
infective properties of HDL [35, 57–59]. In contrast to failed
studies that attempted to increase the cholesterol load of
mature, cholesterol-rich particles, the administration or cre-
ation of nascent apo A-I complexes (pre-beta HDL or HDL-
VS), in order to exploit their interaction with ABCA1 trans-
porter and maturation into small spherical HDL particles, is
a pathway that has succeeded in reducing coronary athero-
sclerosis progression [44, 60, 61]. Clinical studies with an
apo A-I inducer have also been initiated [61]. This illustrates
the critical role clinical testing can play on the validation
and utility of surrogate markers in general, and HDL-
functional assays in particular.

In the future, the use of HDL functionality assays can be
expected to help optimize targets for HDL modifying thera-
pies. The integration of structure-function relationships can be
expected as part of any future effort to characterize the prote-
ome of discrete subpopulations of HDL particles. However,
this transition will require high throughput, cost-effective,
validated measures of the major HDL functions as well as
coordination with and access to prospective cardiovascular
endpoint trials and stored serum and biological samples. A
new generation of validated, HDL function-based biomarker(s)
offers the potential to dramatically reduce the cost and time of
bringing innovative CV therapeutics to the clinic through
enhanced drug development decision making, smaller and
faster prospective clinical trials and ultimately, regulatory
approval based on these predictive and surrogate biomarkers.

Surrogates and Their Impact on Investment: A Primer

The commercial success of a drug is determined by its
market size, market share and price, and by the cost factors
associated with its manufacture and distribution. These vari-
ables also characterize a drug's profitability. When deciding

whether to undertake an investment, financial investors are
driven by the financial returns an investment is projected to
return. The minimum required return, sometimes called the
hurdle rate, reflects the level of risk assigned to the invest-
ment. The higher the risk profile, the higher the hurdle rate.

Risk profiles incorporate both real risks, whose probabilities
can be estimated objectively and with fair precision, and per-
ceived or imputed risks, whose contributions are assigned
subjectively and often arbitrarily, but which carry no less
influence. The risk profile is used not only to establish a hurdle
rate, but also to compare the relative attractiveness of invest-
ment opportunities. Investors have differing appetites for risk.
Risk is never eliminated, nor is the lower risk opportunity
invariably the one chosen. Irrespective of what constitutes
"acceptable" risk to any given investor, whatmatters ultimately
is whether, once an acceptable risk profile has been achieved,
the risks can be managed, and the hurdle rate achieved.

A major barrier to investment in drug development is that a
large part of the investment risk is systematic and cannot be
mitigated by diversification. Classical risks characterized as
systematic include toxicity, effectiveness as measured against
endpoints in phased clinical trials, regulatory approval, pric-
ing, reimbursement, adoption, the term, or time before the
investor will see a return on investment, and overall capital
efficiency. In the current environment, comparative effective-
ness considerations must be added to the list.

The size and dynamics of the cardiovascular market
space make this an inherently attractive area for investment,
despite the systematic investment risks. The deployment of
appropriately validated surrogate markers in the cardiovas-
cular arena may mitigate these risks by shortening the du-
ration and shrinking the size of trials, particularly those in
which treatment effects would otherwise require huge num-
bers of patients studied over many years.

Many investors, for example, for reasons both logical and
arbitrary, are reluctant to invest before Phase II data are
available. Validated surrogate markers are able to accelerate
Phase II trials, provide useful insights into mechanisms of
action and enhance strategic assessments of trials data [13].
The impact of shorter and smaller trials can be calculated [62].
Improvement in any of these areas could reduce phased clin-
ical trials risks and improve the investment risk profile. Nev-
ertheless, it is fundamentally important to determine the
fidelity of the marker to the clinical outcome in question; the
ease with which the surrogate can be measured; the extent of
cost saving; and whether the data that emerge will suffice to
drive regulatory approval, adoption and reimbursement [63].

Summary

Predictive and surrogate biomarkers are often used to accelerate
phased clinical trials and reduce the costs of therapeutic drug
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development. They have an important role in decision making
through Phase II clinical trials, yet highly validated biomarkers
utilized for Phase III trials or for market approval decisions by
regulatory authorities in the field of cardiovascular drug devel-
opment are becoming increasingly rare. A new generation of
biomarkers are needed to delineate enriched populations in CV
disease and to reduce the duration, size and cost of a clinical
trial program leading to regulatory approval for a specific CV
disease indication. Validated biomarkers can reduce the expo-
sure of patients to clinical trials from which they are unlikely to
benefit and serve as putative companion diagnostics to identify
patients most likely to benefit.

New predictive and surrogate biomarkers may come from
many sources, including advances in our scientific under-
standing of HDL lipoprotein function [64], inflammation
and inflammatory markers such as VCAM-1 [65, 66], vas-
cular molecular imaging platforms [67•] or through systems
biology [68•]. Irrespective of their derivation, candidate
biomarkers can and should be accelerated in their develop-
ment and validation in blinded studies using archived sam-
ples from randomized clinical outcome trials, similar to the
approach that has been used for some oncologic biomarkers.

Through the Accelerated Approval Pathway, the FDA
can approve new drugs targeting serious and life-
threatening conditions using biomarkers that are “reason-
ably likely based on epidemiologic, therapeutic, pathophys-
iologic, or other evidence, to predict clinical benefit or on
the basis of an effect on a clinical endpoint other than
survival or irreversible morbidity” [69]. While not originally
intended for chronic cardiovascular and metabolic disease
indications, Accelerated Approval potentially provides a
rational, staged pathway to cardiovascular surrogate bio-
marker development when used in conjunction with a rig-
orous evaluation methodology [13].

Validated biomarkers have a major impact on assessing
the proof of concept of a new therapeutic product, thereby
affecting the willingness of financial stakeholders—non-for-
profit, governmental, philanthropic, for-profit or institution-
al—to invest. Without validated biomarkers and a staged
approach to regulatory approval to increase confidence and
mitigate risk [70•], the current model for commercial drug
development, relying on huge and expensive cardiovascular
endpoint trials, is not likely to be sustainable from a finan-
cial stakeholder standpoint. This has already had a chilling
effect on scientific innovation and its translation into clinical
trials in the fields of atherosclerosis and associated metabol-
ic diseases such as diabetes.

Conclusion

In conclusion, the use of surrogates in phased clinical drug
development through Phase II is based on the calculus that

the value of surrogate endpoints on the whole outweighs the
risks that the surrogate may not reflect ultimate hard clinical
outcomes. The challenge in the cardiovascular arena is to
improve and validate the library of available biomarkers
such that the same risk/benefit calculus can be applied
across the entire drug development process through to reg-
ulatory approval. The lack of adequate surrogates and pre-
dictive biomarkers, and with them, the lack of new,
clinically available and innovative therapeutic approaches
to cardiovascular disease, is the social cost to be paid for a
reluctance to integrate emerging scientific information into
the methodology and standards for drug development.
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