PCSK9 Inhibition:

John Chapman BSc, Ph.D., D.Sc., FESC
Research Professor, University of Pierre and Marie Curie

Director Emeritus, INSERM Dyslipidemia and Atherosclerosis Research Unit,
Past-President, European Atherosclerosis Society

Pitié-Salpetriere University Hospital, Paris, France

* & PCSKOFORUM



CV EVENTS (%)

Unmet clinical needs in CVD:

100

Focus on lipids

Statins / LDL-C

LDL-C not at goal
Familial hypercholesterolaemia
Elevated Lp(a)

Elevated TG-rich LPs, remnants
Low HDL-C

]
® 4 PCSK9 EDUCATION AND RESEARCH FORUM

65%


Presenter
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Unmet needs in CVD: Focus on Lipids

Statins represent the cornerstone for lowering low-density lipoprotein cholesterol (LDL-C) to prevent cardiovascular disease (CVD), supported by an extensive evidence-base.1,2 However, it is also clear that even with potent statin therapy,  a high risk of CV events persists.

 Numerous factors contribute to this risk. It is recognised that a high proportion of individuals at high risk of CV events, including those with familial hypercholesterolaemia (FH), fail to attain LDL-C targets.3,4 Additionally, other lipid factors are implicated, including elevated lipoprotein(a), a recognised CV risk factor, and elevated triglyceride-rich lipoproteins (and their remnants).5,6 A low plasma level  of high-density lipoprotein cholesterol (HDL-C) is also a CV risk factor, independent of circulating LDL-C levels.7

References
1. Baigent C, Keech A, Kearney PM et al. Lancet 2005;366:1267-78.
2. Cholesterol Treatment Trialists’ (CTT) Collaboration, Baigent C, Blackwell L, Emberson J et al. Lancet 2010;376:1670-81.
3. Nordestgaard BG, Chapman MJ, Humphries SE et al. Eur Heart J 2013 Sep 12. [Epub ahead of print].
4. Gitt AK, Drexel H, Feely J et al. Eur J Prev Cardiol 2012;19:221-30.
5. Nordestgaard BG, Chapman MJ, Ray K et al. Eur Heart J 2010;31:2844-53.
6. Chapman MJ, Ginsberg HN, Amarenco P et al. Eur Heart J 2011;32:1345-61.
7. The Emerging Risk Factors Collaboration. JAMA 2009;302:1993-2000.


What are the principal factors which
regulate circulating LDL-C levels?

Can such mechanistic understanding
identify new therapeutic targets ?
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Improving attainment of LDL-C goals

LDL-C is indisputably the priority for management of dyslipidaemia. Therefore, could further understanding of the factors regulating circulating LDL-C levels lead to new therapeutic approaches to improve attainment of LDL-C goals? 



Regulation of plasma LDL-C levels
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Regulation of plasma LDL-C levels

Plasma LDL-C levels are primarily determined by the rates of multiple metabolic pathways influencing lipoprotein synthesis and catabolism.
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Regulation of plasma LDL-C levels

The LDL receptor (LDL-R), which is abundantly expressed in the liver, plays a key role in regulation of  circulating levels of LDL-C. 
Low intracellular cholesterol levels activate the sterol regulatory element binding protein-2 (SREBP-2), leading to increased LDL-R gene expression, which in turn enhances  clearance of LDL-C from the circulation.

Reference
Dietschy JM, Turley SD, Spady DK. J Lipid Res 1993;34:1637-59.




Catabolism of LDL by the hepatic LDL-R
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Catabolism of LDL by the hepatic LDL receptor (LDL-R)

LDL is bound to the LDL-R , and is then internalised by endocytosis within clathrin-coated vesicles where it  subsequently undergoes lysosomal degradation. The LDL-R is then recycled back to the plasma membrane where it can bind more LDL. 
Internalisation and recycling of the receptor toward the plasma membrane is a continuous process, which is regulated by the sterol regulatory element binding protein (SREBP). 

Reference
Dietschy JM, Turley SD, Spady DK. J Lipid Res 1993;34:1637-59.
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PCSK9: Key regulator of LDL-R
expressmn and LDL degradation
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PCSK9: Key regulator of LDL-R expression and LDL-C degradation

PCSK9 (Proprotein convertase subtilisin/kexin type 9), a post-translational regulator of LDL-R activity,  plays a pivotal role in controlling circulating LDL-C levels. 
PCSK9 binds to the LDL-R on the surface of the hepatocytes, leading to conformational changes, and thus re-directing the receptor to the lysosome for degradation. The LDLR–PCSK9 complex is then internalised within endosomes.  Thus, PCSK9 prevents the recycling of the LDL-R from the endosome back to the cell  surface. As a consequence of the reduction in numbers of LDL-R on the cell surface there is an increase in circulating LDL-C levels.
Levels of LDLR and PCSK9 are co-regulated by SREBP.

Reference
Horton JD, Cohen JC, Hobbs HH. J Lipid Res 2009;50 Suppl:S172-7.



What is PCSK9?

A secreted protease which is a 692 amino acid
mature protein, consisting of 3 domains:
prodomain, catalytic and C-terminal

Primarily expressed in liver, intestine and
kidney

Rapid turnover in plasma (<10 mins); plasma
removal principally via the LDL-R
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What is PCSK9?

PCSK9 (previously known as PC9 or Narc-1) is a 692-amino acid serine protease, encoded by the PCSK9 gene on chromosome 1p32.3. This protein consists of three domains, a N-terminal domain, a catalytic domain and a carboxyl-terminal domain, together with a catalytic triad (Asp, His and Ser residues) which is involved in substrate binding and catalysis. 

PCSK9 is mainly expressed in the liver,  small intestine, and kidney but is only released by the liver into the circulation.

PCSK9 is synthesized in the endoplasmic reticulum (ER) as an inactive zymogene (Pro-PCSK9) which is then transformed to its active form by autocatalytic cleavage of the prodomain. This prodomain remains associated with the catalytic domain thereby preventing protease activity, acting as a chaperone permitting the mature protein to move from the ER into the secretory pathway.
 
PCSK9 has a rapid turnover (<10 minutes) with removal from the plasma principally via the LDLR.

Reference
Horton JD, Cohen JC, Hobbs HH.. J Lipid Res 2009;50 Suppl:S172-7.
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PCSK9  binding to the LDLR

Crystal  structure showing  LDL-R bound to PCSK9. PCSK9 primarily contacts the N-terminal region of the epidermal growth factor (EGF)-A repeat; the prodomain and the C-terminal domain of PCSK9 do not contact the EGF-A domain.
Adapted from Horton JD et al  (2009).

Reference
Horton JD, Cohen JC, Hobbs HH.. J Lipid Res 2009;50 Suppl:S172-7.




Impact of PCSK9 on the hepatic LDL-R

LDL receptor numbers on the cell surface
decrease as a result of enhanced
intracellular degradation of the LDL-R

Plasma LDL levels rise
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Impact of PCSK9 on the hepatic LDL-R

As a consequence of PCSK9 binding to the LDL-R, recycling of the LDL-R from the endosome back to the cell  surface is prevented. Thus, there is a decrease in the numbers of LDL-R on the cell surface , and  in turn an increase in plasma LDL-C levels. 

Reference
Horton JD, Cohen JC, Hobbs HH.. J Lipid Res 2009;50 Suppl:S172-7.
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Does variation in the PCSK9 gene alter its function,
with impact on circulating LDL levels?

genetic hypercholesterolaemia (FH phenotype)

hypocholesterolaemia with low LDL levels
and major reduction in CHD incidence
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PCSK9 mutations and impact on LDL-C

	PCSK9 mutations represent the major source of variability in PCSK9 expression. Two types of PCSK9 mutations have been identified.

	Gain of Function mutations change the gene product such that it gains a new and abnormal function. Thus, gain of function PCSK9 mutations result in lower LDL-R levels and in turn higher levels of LDL-C. Two gain of function PCSK9 mutations (S127R and F216L) , first identified in 2003,1 were shown to be associated with autosomal dominant hypercholesterolaemia. These findings, supported by additional genetic linkage studies, established PCSK9 as a causal gene for familial autosomal-dominant hypercholesterolaemia .

	In contrast, Loss of Function mutations result in the gene product having less or no function.. Thus, loss of function PCSK9 mutations result in higher LDL-R levels and in turn a decrease in LDL-C levels. 

	Such mutations have been associated with  protection against cardiovascular disease, as well as  reduced subclinical cardiovascular burden. 2,3

References
Abifadel M,  Varret M,  Rabès JP et al. Nat Genet 2003; 34:154-6.
Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH. N Engl J Med 2006; 1264-72
Huang CC, Fornage M,  Lloyd-Jones DM et al. Circ.Cardiovasc. Genet. 2009;2:354-61.



PCSK9 GoF mutations =

Clinical characteristics and fasting lipid values (mmol/l) in patients heterozygous for
mutations N157K and D374Y in the PCSK9 gene and close relatives

Total serum HDL Triglycerides LDL Xanthomas

b --.

cholesterol

cholesterol

cholesterol

0034 FH122 Female D374Y 13.6 1.0 1.01 12.1

0034 FH 123 Male 45 6.5 Not Not Not
determined determined determined

0034 FHI121 Female 19 D374Y 13.6 0.8 2.05 11.9

0034 FH120 Female 21 D274Y 8.9 1.0 0.56 7.4

0075 FH75a Male 40 D374Y 11.6 1.4 1.4 9.6

0075 FH85¢ Female 35 6.3 Not Not Not
determined determined determined

0075 FH75d Male 7 D374Y 8.8 1.5 0.9 6.6

0075 FH75b Female 16 D374Y 8.1 1.0 0.8 6.7

0305 0481 Female 25 N 157K 11.8 Not 0.7 Not
determined determined

D374Y

HDL, high-density lipoprotein; LDL, low-density lipoprotein.
aCHD, coronary heart disease manifested as angina pectoris and myocardial infarction.

Leren TP. Clin Genet 2004; 65: 419-22
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PCSK9 Gain of Function Mutations associate with severe hypercholesterolaemia

In this study, two novel missense PCSK9 mutations (D374Y and N157K) were detected in the catalytic subdomain of the PCSK9 gene.  These were Gain of Function mutations, as individuals who were heterozygous for either mutation had severe hypercholesterolaemia, with levels up to >12 mmol/L.

Reference
Leren TP. Clin Genet 2004;65:419-22.



Population studies:
PCSK9 LoF mutations

Subjects with LoF
mutations in PCSK9

or total lack of PCSK9 LDL-C CHD
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detectable Cohen et al. ch%%xor = 88%
abnormalities NEJM 2006

(=2 safety)

Adapted from Cohen JC. N Engl J Med 2006; 354: 1264-72, Benn MJ. Am Coll Cardiol 2010; 55: 2833-42.
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PCSK9 Loss of Function Mutations

In African American populations, individuals with the Y142X or C679X Loss of Function mutation had a 28% reduction in LDL-C levels compared with those without this variant.1 Additionally, in Caucasian populations, those with the R46L Loss of Function mutation had a 12-14% reduction in circulating LDL-C levels compared with individuals without this variant.2

In both studies, these loss of function mutations were associated with substantial reduction in the prevalence of coronary heart disease with no evidence of any other detectable abnormalities. 

References
1. Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH. N Engl J Med 2006;383:1264-72.
2. Benn MJ et al. J Am Coll Cardiol 2010;55:2833-42. 


LoF PCSK9 mutations are associated with
low LDL-C and low prevalence of CHD events
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Loss of Function PCSK9 mutations and CHD

About 2-3% of African American subjects have a PCSK9 Loss of Function mutation (either Y142X or C679X), resulting in substantially lower LDL-C levels than in those without these mutations.

In the Atherosclerosis Risk in Communities study (ARIC), African Americans with either mutation had 28% lower mean LDL-C levels (p=0.008) than those without. These individuals also had an 88% reduction in coronary events (hazard ratio 0.11, 95% CI 0.02-0.81, p=0.03). 

Therefore, these cross-sectional data show that Loss of Function PCSK9 mutations are protective against cardiovascular disease. 

Reference
Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH. N Engl J Med 2006;354:1264-72.




PCSK9

Emergence as a new therapeutic target in
hypercholesterolaemia and related CHD
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PCSK9: A new therapeutic target

The preceding data relating to PCSK9 Loss of Function mutations set the scene for PCSK9 as a new therapeutic target for hypercholesterolaemia and prevention of CHD.
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Potential targets for PCSK9 pathway

PCSK9 inhibition could potentially be achieved via:

Targeting PCSK9 expression (by targeting PCSK9 mRNA or protein production)
Inhibiting PCSK9 binding to the LDL-R
Inhibiting PCSK9-mediated degradation of the LDL-R. 

Reference
Lambert G , Sjouke B , Choque B et al. J Lipid Res 2012;53:2515–24. 




Therapeutic agents targeting PCSK9

Inhibition of the binding of PCSK9 to the LDL-R
e.g. MABs, small peptides

Inhibition of PCSK9 synthesis e.g. ASOs, siRNAs

Inhibition of the intracellular processing of PCSK9
to the mature protein (small molecules)

)
® & PCSK9 EDUCATION AND RESEARCH FORUM


Presenter
Presentation Notes
Therapeutic targeting of PCSK9

Current approaches in clinical development have focused  on mimetic peptides and monoclonal antibodies that exclusively target circulating PCSK9 and therefore its extracellular function. There is also evidence from a proof of concept study for a small interfering RNA (siRNA) that inhibits PCSK9 synthesis.

Other approaches, such as orally active cell permeable small molecules that target PCSK9 processing, have not reached preclinical development. 

References
Lambert G , Sjouke B , Choque B et al. J Lipid Res 2012;53:2515–24.
Fitzgerald K, Frank-Kamenetsky M, Shulga-Morskaya S et al. Lancet 2014;383:60-8. 
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PCSK9: A new therapeutic target

The preceding data relating to PCSK9 Loss of Function mutations set the scene for PCSK9 as a new therapeutic target for hypercholesterolaemia and prevention of CHD.
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