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Abstract
Purpose of Review  This review discusses whether patients’ genotype affects the efficacy of PCSK9 inhibitors in treating 
familial hypercholesterolemia and how this might influence clinical management.
Recent Findings  Currently, available evidence consistently demonstrates and is in good agreement that, in general, the LDL-
C-lowering effect of PCSK9 inhibitors is similar across genotypes, except for compound heterozygous and homozygous 
familial hypercholesterolemia (FH). However, it remains to be seen whether the comparable therapeutic effect in lowering 
LDL-C level also leads to a comparable degree of cardiovascular risk reduction with different genotypes.
Summary  Generally, the level of LDL-C reduction following PCSK9 inhibitor treatment is similar within different genotypes. 
Hence, genotype is a less reliable predictor for further LDL-C level reduction on PCSK9 inhibitor therapy, and attention 
should be given to other external influences, especially for heterozygous FH.

Keywords  Genotype · Familial hypercholesterolemia · Low-density lipoprotein cholesterol (LDL-C) · Proprotein 
convertase substilin/kexin 9 (PCSK9)

Introduction

Familial hypercholesterolemia (FH) is the most common 
genetic disease affecting lipid metabolism, regardless of eth-
nicity [1, 2]. In general, the prevalence of FH can be 1 case 
in every 250 individuals [1]. Despite the discovery of some 
other genetic mutations [3], the vast majority of FH cases 
are due to mutations in the low-density lipoprotein receptor 
(LDLR), apolipoprotein-B (APOB), or proprotein convertase 
substilin/kexin 9 (PCSK9) genes [4]. These gene mutations 
are responsible for a significant increase in low-density lipo-
protein (LDL) cholesterol (LDL-C) from the early years of 
life, which subsequently leads to the early onset of coronary 
heart disease (CHD) [5, 6].

However, the aforementioned gene mutations are not 
always identified in individuals clinically diagnosed with 
FH. This leads to another disease entity called polygenic 
hypercholesterolemia, secondary to multiple LDL-C-raising 
genetic variants, which can be confirmed using the polygenic 

risk score (PRS) instrument [5, 7]. A recent review has elab-
orated that FH and polygenic hypercholesterolemia have a 
significantly different response to LDL-C-lowering therapy 
and cardiovascular disease risk profile [8]. Moreover, dif-
ferent gene mutations also respond differently to therapy. 
Statins were found to be more effective on APOB mutations 
compared to LDLR mutations [9]. Different LDLR mutations 
also tend to show a different degree of LDL-C-lowering on 
statin therapy [10–12]. Generally, LDLR mutations are con-
sidered to have the worst phenotype and response to therapy 
relative to APOB and PCSK9 mutations [9]. This evidence 
indicates the significance of identifying a patient’s genotype 
in providing precise and comprehensive clinical manage-
ment in the context of hypercholesterolemia.

However, the necessity for genotype identification and 
differentiation in FH and polygenic hypercholesterolemia 
therapy with PCSK9 inhibitors remains unclear. Some evi-
dence, for example, indicated conflicting results with statin 
therapy as the therapeutic response to PCSK9 inhibitors 
seemed to be comparable in FH and polygenic hypercholes-
terolemia [1, 13]. Therefore, the purpose of this review is to 
discuss whether a patient’s genotype affects PCSK9 inhibitor 
efficacy in the treatment of familial hypercholesterolemia 
and how this might influence clinical management.
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Genetics in Familial Hypercholesterolemia

LDL Receptor (LDLR) Mutation

Approximately 80% of FH with known mutations are 
caused by LDLR mutations [14], with over 2000 rare 
mutations having been identified [2]. LDLR on target 
cells (mainly hepatocytes) binds and uptakes LDL-C, thus 
reducing plasma LDL-C following LDL-C/LDLR complex 
internalization into cells. Hence, FH secondary to LDLR 
mutations is due to a loss-of-function mutation that occurs 
through several mechanisms [15]. These include single 
nucleotide variants (SNVs) that cover missense mutations 
(cause amino acid changes) in up to 50% of cases, inser-
tions or deletions (up to 20%) that might change the read-
ing frame, nonsense mutations (around 15%) leading to 
stop codons, and splicing mutations (around 10%) which 
occur at intron–exon splicing sites that impair mature 
mRNA formation. Furthermore, copy number variants 
(CNV) such as deletion, insertion, or duplication, leading 
to large gene rearrangements, can also be the underlying 
mechanism [2, 15]. Some examples of identified LDLR 
mutations are Schlüter et al., who found a deletion of 86 
base pairs in exon 5 in first-degree-related patients [16], 
and Flores et  al., who identified a missense mutation 
(Asp360His) in a Mexican community [17].

The LDLR gene consists of 860 amino acids encoded 
by 18 exons that make up different domains (distinct 
structural and/or functional protein units regulating a 
particular function) in the LDLR protein. Mutations can 
be dispersed in different domains, resulting in different 
functional impairments [9]. The mutation effect can be 
an impaired LDLR synthesis (null mutation) or defec-
tive mutations ranging from inability to migrate from the 
endoplasmic reticulum upon synthesis, impaired binding 
with apolipoprotein-B (Apo-B), internalization impair-
ment after Apo-B binding, or defect in recycling LDLR 
[2, 9, 10]. Null mutations can be predicted to have a higher 
LDL-C level compared to defective mutations. This cor-
responds to the LDLR functional reserve, as the null allele 
has < 2% of normal LDLR function, while defective muta-
tions range from 2 to 70% [3]. LDLR mutations also have 
a gene-dosage effect. Hence, single heterozygous muta-
tions (a mutation affecting one allele) tend to have lower 
LDL-C compared to compound heterozygous (each allele 
has a different mutation), while compound heterozygous is 
lower than homozygous (the same mutation affecting both 
alleles) mutations [4].

The magnitude of the mutation effect is in line with 
the degree of gene rearrangement. Large structural rear-
rangements secondary to CNVs, splicing variants affect-
ing promoter regions (starting point of gene transcription), 

and nonsense mutations that prematurely terminate protein 
synthesis resulting in a shorter amino acid sequence can 
lead to a null mutation and higher LDL-C, while mis-
sense mutations tend to show a lower LDL-C level as they 
change only a single amino acid [2, 14, 15].

Apolipoprotein‑B (APOB) Mutation

Five percent of FH cases are caused by the APOB gene muta-
tion [14]. APOB in LDL molecules functions as a ligand that 
facilitates LDL-LDLR binding on the target cells (mainly 
hepatocytes) and maintains LDL structural integrity [2, 6, 
15]. Hence, APOB loss-of-function mutations impair the 
LDL-LDLR binding process, leading to defective LDL-C 
plasma clearance [15]. Several mutations have been identi-
fied in the APOB gene. However, the p.Arg3527Gln muta-
tion is the most commonly found APOB mutation (2–5% 
of FH in the European population) [9, 15, 18]. A different 
missense mutation at the same location (Arg3527Trp) is pre-
dominant in the Chinese population [9].

Proprotein Convertase Subtilisin/Kexin Type 9 
(PCSK9) Mutation

PCSK9 mutations account for < 1% of FH with known muta-
tions [2]. Once the LDL-C/LDLR complex is internalized, 
LDL-C will be degraded into cholesterol and amino acids, 
while LDLR is recycled for another LDL-C uptake cycle on 
the cell surface [19]. However, when PCSK9 binds to LDLR 
in the extracellular space, the LDLR/PCSK9 complex will 
be degraded in the lysosome after internalization (LDLR 
is not recycled) [20]. Hence, FH from PCSK9 mutations is 
the result of a gain-of-function mutation that reduces LDLR 
availability [2, 21].

Considerable evidence demonstrates that missense muta-
tions are responsible for the PCSK9 gain-of-function muta-
tion. For example, in 2003, Abifadel et al. found two mis-
sense mutations in the PCSK9 gene (S127R and F216L) [22]. 
Later in 2010, the PCSK9 E32K mutation was confirmed to 
be another FH-causing mutation in the Japanese population 
[23]. The Asp374Tyr mutation is associated with premature 
CHD and is common in Norway and the UK [21, 24].

For clarity, a summary of different patient genotypes and 
terminology is provided in Table 1.

PCSK9 Inhibitor Overview

Abifadel et al. first discovered in 2003 that gain-of-func-
tion mutations in the PCSK9 gene were responsible for FH 
[22]. This further provided a rationale for the development 
of PCSK9 inhibitors (PCSK9i), which, as indicated by the 
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name, inhibit PCSK9 that promotes LDLR degradation. 
Increased LDLR degradation reduces LDL-C cellular uptake 
from circulation, leaving LDL-C high in plasma. Thus, the 
inhibition of PCSK9 with PCSK9i preserves LDLR func-
tion, leading to preserved or increased LDL-C plasma 
uptake into cells, thereby reducing the amount of LDL-C in 
the circulation [25].

Currently, there are several available PCSK9 inhibition 
approaches. The earliest PCSK9 inhibitors are in the form 
of monoclonal antibodies (mAb). PCSK9i monoclonal anti-
bodies competitively bind with PCSK9, which eventually 
prevents the binding of PCSK9 and LDLR on the cell sur-
face, rendering PCSK9 unable to degrade LDLR on the cell 
surface [26]. There are only 2 monoclonal antibody PCSK9 
inhibitors that have been approved for clinical use by the 
Food and Drug Administration (FDA) and European Medi-
cines Agency (EMA), alirocumab and evolocumab [25]. 
The ODYSSEY OUTCOME trial on alirocumab showed 
54.7–62.7% of LDL-C reductions at 3-time points (4, 12, 
and 48 months since randomization) compared to placebo 
in individuals optimally treated with statins. These results 
were accompanied by a reduction in ischemic cardiovascu-
lar events [27]. Similar results were also documented with 
evolocumab in the FOURIER trial that demonstrated a 59% 
LDL-C reduction with a significant cardiovascular event 
reduction after 48 weeks [28]. A significant LDL-C reduc-
tion from baseline was also documented with alirocumab in 
HoFH patients. The ODYSSEY HoFH trial showed a 35.6% 
mean LDL-C reduction difference between alirocumab and 
placebo at 12 weeks of therapy (p value =  < 0.0001) [29]. 
In the RUTHERFORD-2 trial carried out on 331 HeFH 

patients, evolocumab demonstrated 59.2% and 61.3% 
LDL-C reductions with biweekly and monthly dosing, 
respectively [30].

Another PCSK9 inhibition approach is through gene 
silencing using small interfering ribonucleic acid (siRNA), 
inclisiran. Inclisiran works intracellularly in hepatocytes by 
binding to the RNA-induced silencing complex (RISC). The 
inclisiran-RISC complex subsequently cleaves the mRNA 
that encodes PCSK9. This results in reduced PCSK9 protein 
synthesis and increased LDLR and LDL-C uptake [31]. The 
ORION-9, ORION-10, and ORION-11 trials on inclisiran 
demonstrated approximately 50% LDL-C reduction as com-
pared to placebo [32, 33]. It is also worth mentioning that 
PCSK9 inhibition can also be done through an antisense 
oligonucleotide that is complementary to the sense strand 
of PCSK9 mRNA, which inhibits PCSK9 protein synthe-
sis [19]. This drug has shown a 43% LDL-C reduction in a 
mouse study [34].

Importantly, as already reviewed elsewhere [35], in the 
ODYSSEY Outcome study, alirocumab also pronouncedly 
reduced the risk of major adverse cardiovascular events 
(MACE) and deaths in patients with concomitant coronary 
and peripheral artery disease (PAD) involvement [36]. This 
result is similar to the FOURIER cohort in that the addi-
tion of evolocumab to statin in PAD patients significantly 
reduced MACE and major adverse limb events such as acute 
limb ischemia, urgent revascularization, and major amputa-
tion. The lower the LDL-C level attained, the lower the risk 
of lower limb events without increasing safety concern [37].

Despite both mAb and siRNA PCSK9 inhibitor LDL-
C-lowering efficacy and tolerability tend to be comparable, 

Table 1   Definition of genetic terminology in familial hypercholesterolemia [3, 4, 8, 9]

Genotype Definition

Monogenic familial hypercholesterolemia (FH) Hypercholesterolemia due to mutations in a candidate gene known to cause FH (mainly LDLR, 
APOB, and PCSK9)

Polygenic hypercholesterolemia Hypercholesterolemia due to LDL-C-raising variants and not caused by a single gene mutation 
known to cause FH

Homozygous FH (HoFH) FH due to the same mutation on both alleles in one of the known causative genes (bialleleic 
mutation)

Heterozygous FH (HeFH) FH due to a mutation in one allele only; the other allele is unaffected
Compound heterozygous FH Two different mutations in the same or different genes are known to cause FH
Null LDLR mutation LDLR mutation leading to < 2% LDLR normal function left
Defective LDLR mutation LDLR mutation leading to 2–70% LDLR normal function left
HoFH LDLR null (LDLR null/null HoFH) Null LDLR mutation in which the same mutation affecting both alleles
HoFH LDLR defective Defective LDLR mutation where the same mutation affecting both alleles
HeFH LDLR null Null LDLR mutation affecting a single allele in one of the genes known to cause FH
HeFH LDLR defective Defective LDLR mutation affecting a single allele in one of the genes known to cause FH
Homozygous APOB The same mutation affecting both alleles of APOB gene
Heterozygous APOB An APOB gene mutation in one allele
Homozygous PCSK9 Both alleles of PCSK9 gene are impaired with the same mutation
Heterozygous PCSK9 A mutation impairs an allele of PCSK9 gene
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there are some distinct differences between the 2 groups. 
Compared to mAb PCSK9 inhibitors, inclisiran has a higher 
durability, can be administered twice a year, and might 
reduce PCSK9 level intracellularly and extracellularly [38, 
39]. However, inclisran’s effect on reducing cardiovascular 
events and its long-term safety are yet to be confirmed [40].

However, currently approved PCSK9 inhibitors are 
administered with injection that may lead to convenience 
or tolerability concerns. Thus, an orally administered 
PCSK9 is now under development, that in a phase 2b 
clinical study, was found to be well-tolerated and capable 
of reducing up to 60% LDL-C from baseline in a dose-
dependent manner. These results, despite excluding HoFH 
patients, were observed in study participants with varying 
demographic status, cardiovascular risks, and statin back-
ground therapy [41].

The Impact of Genotype on LDL‑C Level 
Following PCSK9 Inhibitor Therapy

A study done by D’Erasmo et al. [1] studied 370 patients 
divided into monogenic FH (209), polygenic hypercholester-
olemia (89), and genetically undetermined (72). All patients 
were initially treated with lipid-lowering therapy (LLT) of 
different intensities, and during follow-up, 37 individuals 
received PCSK9i (evolocumab or alirocumab). Despite the 
fact that monogenic FH had the poorest therapeutic response 
compared to the other groups, the desired LDL-C level was 
only achieved after PCSK9i was administered. More impor-
tantly, the LDL-C-lowering effect of PCSK9i seemed to be 
independent of genotype. Furthermore, at the last visit, in 
those receiving low-moderate intensity LLT with PCSK9i 
(n = 7), monogenic FH had a significantly higher median 
LDL-C level compared to the polygenic and undetermined 
groups combined (125 mg/dl vs. 53 mg/dl). In contrast, 
among individuals receiving high-intensity LLT in combi-
nation with PCSK9i (n = 30), the monogenic group attained 
a lower median LDL-C level (50 mg/dl) as compared to the 
polygenic and undetermined groups (82 mg/dl) [1]. Hence, 
there was no consistent bias as to which genotype group 
tended to have a lower or higher therapeutic response upon 
PCSK9i administration with regard to LDL-C level.

Lee et al. demonstrated a similar result in which the 
monogenic FH and polygenic hypercholesterolemia 
responses to alirocumab were not different. In this study, 
the mean reduction of LDL-C was slightly higher in the 
polygenic group (3.15 mmol/l (121.8 mg/dl)) compared to 
monogenic FH (2.94 mmol (113.7 mg/dl)) but not statis-
tically significant (p value = 0.62). The percentage reduc-
tions in LDL-C in the polygenic and monogenic groups 
were 67.7% and 63.9%, respectively (p = 0.66) [13]. How-
ever, the study only involved 39 participants, with a huge 

discrepancy between the monogenic (n = 32) and polygenic 
(n = 7) groups. Thus, this study is arguably underpowered to 
detect the difference between both groups, and further well-
powered studies are necessary. Nevertheless, the result is in 
support of the previous study [1], indicating that the LDL-
C-lowering response to PCSK9i is independent of genotype 
(monogenic vs. polygenic).

A recent study by Iannuzzo et al. recruited 80 partici-
pants with different LDLR mutations in a study with either 
alirocumab or evolocumab. Thirty-nine individuals (48.75%) 
had defective LDLR mutations, while 30 subjects (37.5%) 
had null LDLR mutations, and 11 others (13.75%) were 
either compound heterozygous or homozygous. The thera-
peutic response of PCSK9i was evaluated at 2 time points 
(12 weeks and 36 weeks). At 12 weeks, the percentage of 
LDL-C level reduction from baseline for defective and null 
LDLR mutations was − 59.8% and − 60.1%, respectively 
(p value = 1.00). At 36 weeks, the percentage reductions 
were − 58.2% and − 48.65% for defective and null mutations, 
respectively (p value = 0.54). However, in the compound 
heterozygous/homozygous group, the LDL-C reduction 
was less significant relative to defective and null mutations 
combined, with only − 19.4% and − 23.9% reductions at 12 
(p value =  < 0.001) and 36 weeks (p value = 0.006), respec-
tively [42].

A study involving 1191 patients (898 had identifiable 
mutations) from 6 clinical trials by Defesche et al. studied 
the spectrum of genetic mutations of known FH causative 
genes on alirocumab treatment (758 received alirocumab, 
433 were controls). Of all patients with identified mutations, 
387 (43%) individuals had defective LDLR mutations, 437 
(49%) individuals had heterozygous LDLR null mutations, 
10 (1.1%) subjects had compound LDLR mutations, and 
1 had a homozygous LDLR mutation. Moreover, 46 (5%) 
patients had APOB mutations, 8 (0.9%) patients were with 
PCSK9 mutations, two (0.2%) other patients had homozy-
gous mutations in the LDLR adaptor protein 1 (LDLRAP1) 
gene, 6 (0.7%) patients were with double heterozygous in the 
APOB and LDLR genes, and 1 (0.1%) patient was double het-
erozygous in the LDLR and PCSK9 genes. After 24 weeks, 
the LDL-C reductions (in percentage from baseline) were 
similar across genotypes and in those without identifiable 
mutations. In the three major genes (LDLR, APOB, and 
PCSK9), there was no significant difference in the percent-
age of LDL-C reduction at 12 weeks (p value = 0.65), even 
after adjusting for statin and alirocumab dose [43].

In the ORION-9 trial on inclisiran, genetic testing was 
carried out on 432 patients, of whom 256 (80.8%) individu-
als had one LDLR causative variant, 23 (5.3%) others had 
APOB variants, and 1 patient had a PCSK9 gain-of-function 
variant. Thirty-seven others (8.6%) either were double het-
erozygous, compound heterozygous, or true homozygous. 
Of all individuals with single LDLR variants, 231 (90.2%) 
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were pathogenic, 17 (6.6%) were probably pathogenic, and 
8 (3.1%) were variants of uncertain significance (VUS). The 
mean values of LDLC reduction between pathogenic, prob-
ably pathogenic, and VUS were similar [44].

A summary of available studies on the effect of genotype 
in the treatment of PCSK9 inhibitors is provided in Table 2.

Clinical Implications

The current available evidence seems to be in agreement that 
PCSK9i’s efficacy in reducing LDL-C levels is independent 
of genetic background. Hence, apart from its favorable and 
proven efficacy, PCSK9i provides more flexibility to be used 
in the context of severe hypercholesterolemia, regardless of 
genotype status (monogenic vs. polygenic vs. unidentified 
mutation or LDLR vs. APOB vs. PCSK9 mutation). This is 
in contrast with statins as the first-line therapy for hypercho-
lesterolemia, whose degree of therapeutic response is more 
affected by patients’ genetic background or type of mutation 
[9–12]. Hence, the genetic diagnosis might be more neces-
sary when PCSK9i therapy is not available, not indicated, 
or in the initial phase of therapy after establishing a diag-
nosis to formulate therapeutic options to start with, drug 
dosing, or LLT intensity based on available genetic infor-
mation. Afterwards, when PCSK9i is indicated, patients’ 
genotype is no longer a reliable predictor for LDL-C reduc-
tion. Therefore, clinicians should be aware of other vari-
ables as predictors of therapeutic response. This was the 
case in Defesche et al.’s study, in which 92.3% of patients 
attained ≥ 15% LDL-C reduction at 14 weeks and 96.6% of 
patients achieved LDL-C reduction of ≥ 15% at least once 
at 12, 24, and 52 weeks from treatment initiation, regardless 
of genotype. Among all patients who never achieved ≥ 15% 
LDL-C reduction, 50% of cases were found to be due to 
noncompliance and early alirocumab discontinuation before 
12 weeks. The majority of those without a clear explanation 
had identified mutations that were also found in those who 
managed to achieve ≥ 15% LDL-C reduction in at least one-
time point [43]. This supports the notion that genotype is 
less relevant in predicting the degree of LDL-C reduction 
on PCSK9i therapy. Moreover, this is also in line with the 
National Institute for Health and Care Excellence (NICE) 
guideline, in which non-FH patients are also eligible for 
PCSK9i therapy when they have known cardiovascular risk 
factors and persistent hypercholesterolemia (> 4 mmol/l if 
at high risk for CVD or > 3.5 mmol/l if at very high risk for 
CVD) [25].

However, this is not without exception. As demon-
strated by Iannuzzo et al., a similar response to PCSK9i 
therapy was observed in heterozygous FH (HeFH) patients, 
while homozygous FH (HoFH) and compound heterozy-
gous patients demonstrated a lower reduction in LDL-C 

percentage from baseline [42]. D’Erasmo et al. [1] and Lee 
et al. [13], who documented similar PCSK9i responses in 
monogenic FH and polygenic hypercholesterolemia, car-
ried out their studies without any single HoFH patient being 
included. Hence, these results might only be applicable to 
HeFH patients. These findings might be exclusively attrib-
uted to patients’ genotypes as those with homozygous and 
compound heterozygous have severely impaired LDLR 
function and expression [43, 46]. HoFH patients can only 
have ≤ 2% LDLR function preserved [47]. Defesche et al. 
also found that > 90% of individuals with compound het-
erozygous/HoFH receiving alirocumab or evolocumab 
were also receiving statins and ezetimibe [43]. Therefore, 
the reduced PCSK9i efficacy in that case was not related to 
pre-existing background therapy and was most likely due to 
a severe loss of LDLR function. This is in accordance with 
a study with evolocumab, concluding that the LDL-C level 
in HoFH is primarily determined by the residual expression 
and function of LDLR [48]. Therefore, with HoFH/com-
pound HeFH as an exception, PCSK9i efficacy is likely to be 
independent of genotype. This notion is, arguably, relevant 
in the clinical setting as HeFH prevalence is much more 
common (1:250–500) compared to HoFH (1:1.000.000) [1, 
6, 8, 49]. Therefore, in treating HeFH, clinicians need to 
be aware of other variables as therapeutic success is more 
dependent on external influences (such as lifestyle, patient 
compliance, diet, age, or therapeutic dosing) as compared 
to HoFH, which is heavily dependent on residual LDLR 
expression and functional reserve [47, 48].

Is There a Place for PCSK9 Inhibitors 
for HoFH/Compound Heterozygous FH?

As PCSK9 inhibitors reduce LDLR degradation [19, 50], they 
require some functional LDLR to work. Consequently, LLTs 
that increase LDLR upregulation (e.g., statins and PCSK9 
inhibitors) tend to have poor lipid-lowering effects in HoFH 
as the efficacy is highly dependent on residual LDLR func-
tion [51]. However, patients’ genotype must not delay therapy, 
especially in HoFH/compound heterozygous that has the high-
est atherosclerotic cardiovascular risks from extremely high 
LDL-C. Statins, with ezetimibe addition, can still be the first-
line therapy as they are widely available, more affordable, 
well-tolerated, might still reduce LDL-C by approximately 
25%, and are still capable of improving mortality in HoFH 
patients [52, 53]. Despite the variability in LDL-C reduc-
tion, PCSK9 inhibitors can be given as a second-line therapy 
after statins [53]. Some studies revealed that around 25% 
LDL-C reduction might still be attained following PCSK9 
inhibitor administration in patients who are already on other 
background LLTs [29, 54]. Unfortunately, LDLR null/null 
genotype HoFH has virtually no residual LDLR function, 
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hence totally unresponsive to PCSK9 inhibitors [55, 56]. This 
suggests that generally, PCSK9 inhibitors, with or without 
statins, might still be beneficial but rarely sufficient for the 
treatment of HoFH [57], as it requires another therapy that 
is independent of residual LDLR function. One example is 
the angioprotein-like 3 (ANGPTL3) inhibitor, evinacumab, 
that enhances lipoprotein lipase activity to increase VLDL-C 
degradation. Evinacumab has been shown to reduce LDL-C 
by almost 50% from baseline [55]. However, as evinacumab 
is more expensive than PCSK9 inhibitors, PCSK9 inhibitors 
can be given prior to evinacumab but should be stopped once 
it is found to be ineffective [53, 56]. However, when cost is 
not a problem, PCSK9 inhibitor might be skipped, especially 
when the genotype is null/null HoFH. A new algorithm for the 
treatment of HoFH has recently been published [56].

Future Direction

As different genotypes have been shown to have different 
cardiovascular risk profiles [8], it is necessary to study 
whether the comparable LDL-C reduction following 
PCSK9i therapy translates into a similar cardiovascular risk 
reduction across genotypes. Alirocumab in the ODYSSEY 
OUTCOME trial involving 18.924 patients (2.8 years of 
median follow-up) has demonstrated that patients with previ-
ous history of acute coronary syndrome (ACS) treated with 
high-intensity statins demonstrated a significant reduction in 
the recurrence of ischemic cardiovascular events compared 
to placebo (9.5% occurrence in alirocumab vs. 11.1% in 
the placebo group; hazard ratio 0.85; p value < 0.001) [27]. 
Evolocumab was studied in the FOURIER trial, involving 
27.564 patients with a documented history of atherosclerotic 
cardiovascular disease and being evaluated for 2.2 years 
of median follow-up. The trial demonstrated a significant 
reduction in cardiovascular risk with evolocumab therapy 
(with statin as background therapy) as compared to placebo 
[28]. However, none of these trials stratified the patients 
based on genotype. Hence, despite evidence suggesting that 
LDL-C reduction and cardiovascular risk tend to be linear 
[58], it is still unknown whether the documented cardiovas-
cular risk reduction following PCSK9i treatment will actu-
ally be similar or different between genotypes.

Another concern is that all published studies comparing 
PCSK9i efficacy and cardiovascular risk reduction are either 
using alirocumab or evolocumab. Judging from disease 
pathophysiology and inclisiran’s mechanism of action that 
reduces PCSK9 synthesis to further improve LDLR activity, 
the efficacy might arguably be similar to that of alirocumab 
and evolocumab, with exceptions for compound HeFH and 
HoFH patients. However, further studies on inclisiran are 
still necessary to prove this notion.

Conclusion

This review concludes that PCSK9i efficacy in reducing 
LDL-C levels is, generally, comparable across genotypes, 
with compound heterozygous and HoFH patients as excep-
tions. These exceptional findings can be explained by the 
nature of the genotypes that lead to severe LDLR function 
loss. Clinically, the comparable PCSK9i efficacy across 
genotypes makes genotype a less reliable predictor for the 
degree of LDL-C reduction once PCSK9i is initiated, and 
attention to other external influences should be paid. How-
ever, future work needs to robustly study whether the gener-
ally comparable LDL-C-lowering effect across genotypes 
upon PCSK9i administration leads to similar cardiovascu-
lar risk reduction in different genotypes. Also, considering 
drug availability, cost-effectiveness, safety, tolerability, and 
genotype, current therapeutic guidelines [56, 59, 60] for 
hypercholesterolemia that start with statins with additions 
of other LLTs and are followed by PCSK9 inhibitors are 
still relevant, including for those with HoFH or compound 
heterozygous.

Author Contribution  The author (FJT) conducted literature research, 
provided concept and article outlines, as well as wrote, edited, and 
reviewed the manuscript prior to submission.

Funding  This study is supported by University College London (UCL) 
Open Access Library.

Data and Material Availability  Not applicable for this study.

Code Availability  Not applicable for this study.

Declarations 

Ethics Approval  This article does not contain any studies involving 
human or animal subjects.

Consent to Participate  No informed consent is required for this study.

Consent for Publication  The author gives the consent for publication 
of identifiable details.

Conflict of Interest  The author declares no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

http://creativecommons.org/licenses/by/4.0/


	 Cardiovascular Drugs and Therapy

1 3

References

	 1.	 D’erasmo L, Minicocci I, Di Costanzo A, Pigna G, Commodari D, 
Ceci F, et al. Clinical implications of monogenic versus polygenic 
hypercholesterolemia: long-term response to treatment, coronary 
atherosclerosis burden, and cardiovascular events. J Am Heart 
Assoc. 2021;10(9):e018932.

	 2.	 Defesche JC, Gidding SS, Harada-Shiba M, Hegele RA, Santos 
RD, Wierzbicki AS. Familial hypercholesterolaemia. Nat Rev Dis 
Prim. 2017;3:17093.

	 3.	 Vrablik M, Tichý L, Freiberger T, Blaha V, Satny M, Hubacek JA. 
Genetics of familial hypercholesterolemia: new insights. Front 
Genet. 2020;11(October):1–10.

	 4.	 Singh S, Bittner V. Familial hypercholesterolemia—epidemiology, 
diagnosis, and screening. Curr Atheroscler Rep. 2015;17(2):1–8.

	 5.	 Sharifi M, Futema M, Nair D, Humphries SE. Polygenic hyper-
cholesterolemia and cardiovascular disease risk. Curr Cardiol Rep. 
2019;21(6):1–6.

	 6.	 Nordestgaard BG, Chapman MJ, Humphries SE, Ginsberg HN, 
Masana L, Descamps OS, et al. Familial hypercholesterolaemia is 
underdiagnosed and undertreated in the general population: guid-
ance for clinicians to prevent coronary heart disease. Eur Heart J. 
2013;34(45):3478–90.

	 7.	 Cupido AJ, Tromp TR, Hovingh GK. The clinical applicability 
of polygenic risk scores for LDL-cholesterol: considerations, 
current evidence and future perspectives. Curr Opin Lipidol. 
2021;32(2):112–6.

	 8.	 Tandirerung FJ. The clinical importance of differentiating mono-
genic familial hypercholesterolemia from polygenic hypercholes-
terolemia. Curr Cardiol Rep. 2022;24(11):1669–77.

	 9.	 Fahed AC, Nemer GM. Familial hypercholesterolemia: the lipids 
or the genes? Nutr Metab. 2011;8(1):23.  Available from: http://​
www.​nutri​tiona​ndmet​aboli​sm.​com/​conte​nt/8/​1/​23

	10.	 Santos PCJL, Morgan AC, Jannes CE, Turolla L, Krieger JE, San-
tos RD, et al. Presence and type of low density lipoprotein receptor 
(LDLR) mutation influences the lipid profile and response to lipid-
lowering therapy in Brazilian patients with heterozygous familial 
hypercholesterolemia. Atherosclerosis. 2014;233(1):206–10.

	11.	 Miltiadous G, Xenophontos S, Bairaktari E, Ganotakis M, Cari-
olou M, Elisaf MS. Genetic and environmental factors affect-
ing the response to statin therapy in patients with molecularly 
defined familial hypercholesterolaemia. Pharmacogenet Genom-
ics. 2005;15(4):219–25.

	12.	 Chaves FJ, Real JT, García-GaciáA AB, Civera M, Armengod 
ME, Ascaso JF, et al. Genetic diagnosis of familial hypercholester-
olemia in a South European outbreed population: influence of low-
density lipoprotein (LDL) receptor gene mutations on treatment 
response to simvastatin in total, LDL, and high-density lipoprotein 
cholesterol. J Clin Endocrinol Metab. 2001;86(10):4926–32.

	13.	 Lee T, Iacocca MA, Ban MR, Hegele RA. Efficacy of evolocumab 
in monogenic vs polygenic hypercholesterolemia. CJC Open. 
2019;1(3):115–8.

	14.	 Henderson R, O’Kane M, McGilligan V, Watterson S. The genetics and 
screening of familial hypercholesterolaemia. J Biomed Sci. 2016;23(1):1–12.

	15.	 Paththinige CS, Sirisena ND, Dissanayake VHW. Genetic determi-
nants of inherited susceptibility to hypercholesterolemia - a com-
prehensive literature review. Lipids Health Dis. 2017;16(1):1–22.

	16.	 Schlüter G, Wick U. An 87 bp deletion in exon 5 of the LDL 
receptor gene in a mother and her son with familial hypercholes-
terolemia. Clin Genet. 1994;45(2):84–7.

	17.	 Hernández Flores TDJ, González García JR, Sánchez López 
YJ, Vázquez Cárdenas NA, Colima Fausto AG, Rodríguez Pre-
ciado SY, et al. LDLR Gene mutation p.Asp360His and familial 
hypercholesterolemia in a Mexican community. Arch Med Res. 
2020;51(2):153–9.

	18.	 Goldberg AC, Hopkins PN, Toth PP, Ballantyne CM, Rader DJ, 
Robinson JG, et al. Familial hypercholesterolemia: screening, 
diagnosis and management of pediatric and adult patients. J Clin 
Lipidol. 2011;5(3):S1-8.

	19.	 Ogura M. PCSK9 inhibition in the management of familial hyper-
cholesterolemia. J Cardiol. 2018;71(1):1–7.

	20.	 Benito-Vicente A, Uribe KB, Jebari S, Galicia-Garcia U, Ostolaza 
H, Martin C. Familial hypercholesterolemia: the most frequent 
cholesterol metabolism disorder caused disease. Int J Mol Sci. 
2018;19(11):3426.

	21.	 Soutar AK, Naoumova RP. Mechanisms of disease: genetic 
causes of familial hypercholesterolemia. Nat Clin Pract Car-
diovasc Med. 2007;4(4):214–25.

	22.	 Abifadel M, Varret M, Rabès JP, Allard D, Ouguerram K, Devil-
lers M, et al. Mutations in PCSK9 cause autosomal dominant 
hypercholesterolemia. Nat Genet. 2003;34(2):154–6.

	23.	 Noguchi T, Katsuda S, Kawashiri MA, Tada H, Nohara A, Inazu 
A, et al. The E32K variant of PCSK9 exacerbates the pheno-
type of familial hypercholesterolaemia by increasing PCSK9 
function and concentration in the circulation. Atherosclerosis. 
2010;210(1):166–72.

	24.	 Naoumova RP, Tosi I, Patel D, Neuwirth C, Horswell SD, 
Marais AD, et al. Severe hypercholesterolemia in four British 
families with the D374Y mutation in the PCSK9 gene: long-
term follow-up and treatment response. Arterioscler Thromb 
Vasc Biol. 2005;25(12):2654–60.

	25.	 Iqbal Z, Dhage S, Mohamad JB, Abdel-Razik A, Donn R, Malik 
R, et al. Efficacy and safety of PCSK9 monoclonal antibodies. 
Expert Opin Drug Saf. 2019;18(12):1191–201.

	26.	 Pasta A, Cremonini AL, Pisciotta L, Buscaglia A, Porto I, Barra 
F, et al. PCSK9 inhibitors for treating hypercholesterolemia. 
Expert Opin Pharmacother. 2020;21(3):353–63.

	27.	 Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz 
R, et al. Alirocumab and cardiovascular outcomes after acute 
coronary syndrome. N Engl J Med. 2018;379(22):2097–107.

	28.	 Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wivi-
ott SD, Murphy SA, et  al. Evolocumab and clinical out-
comes in patients with cardiovascular disease. N Engl J Med. 
2017;376(18):1713–22.

	29.	 Blom DJ, Harada-Shiba M, Rubba P, Gaudet D, Kastelein JJP, 
Charng MJ, et al. Efficacy and safety of alirocumab in adults 
with homozygous familial hypercholesterolemia: the ODYSSEY 
HoFH trial. J Am Coll Cardiol. 2020;76(2):131–42.

	30.	 Raal FJ, Stein EA, Dufour R, Turner T, Civeira F, Burgess L, 
et al. PCSK9 inhibition with evolocumab ( AMG 145) in het-
erozygous familial hypercholesterolaemia ( RUTHERFORD-2): 
a randomised, double-blind, placebo-controlled trial. Lancet. 
2015;385(9965):331–40.

	31.	 Hardy J, Niman S, Pereira E, Lewis T, Reid J, Choksi R, et al. 
A critical review of the efficacy and safety of inclisiran. Am J 
Cardiovasc Drugs. 2021;21(6):629–42.

	32.	 Ray KK, Wright RS, Kallend D, Koenig W, Leiter LA, Raal FJ, 
et al. Two phase 3 trials of inclisiran in patients with elevated 
LDL cholesterol. N Engl J Med. 2020;382(16):1507–19.

	33.	 Ray KK, Phil M, Turner T, Koenig W, Wright RS, Wijngaard 
PLJ, et al. Inclisiran for the treatment of heterozygous familial 
hypercholesterolemia. 2020;382:1520–30.

	34.	 Yamamoto T, Harada-Shiba M, Nakatani M, Wada S, Yasuhara 
H, Narukawa K, et al. Cholesterol-lowering action of BNA-
based antisense oligonucleotides targeting PCSK9 in ath-
erogenic diet-induced hypercholesterolemic mice. Mol Ther 
- Nucleic Acids. 2012;1(5):e22.

	35.	 King RW, Canonico ME, Bonaca MP, Hess CN. Management of 
peripheral arterial disease: lifestyle modifications and medical 
therapies. J Soc Cardiovasc Angiogr Interv. 2022;1(6):100513.

http://www.nutritionandmetabolism.com/content/8/1/23
http://www.nutritionandmetabolism.com/content/8/1/23


Cardiovascular Drugs and Therapy	

1 3

	36.	 Jukema JW, Szarek M, Zijlstra LE, de Silva HA, Bhatt DL, 
Bittner VA, et al. Alirocumab in patients with polyvascular 
disease and recent acute coronary syndrome: ODYSSEY OUT-
COMES trial. J Am Coll Cardiol. 2019;74(9):1167–76.

	37.	 Bonaca MP, Nault P, Giugliano RP, Keech AC, Pineda AL, 
Kanevsky E, et al. Low-density lipoprotein cholesterol lower-
ing with evolocumab and outcomes in patients with peripheral 
artery disease: insights from the FOURIER trial (further cardio-
vascular outcomes research with PCSK9 inhibition in subjects 
with elevated risk). Circulation. 2018;137(4):338–50.

	38.	 Warden BA, Barton Duell P. Inclisiran: A novel agent for lowering 
apolipoprotein B–containing lipoproteins. J Cardiovasc Pharma-
col. 2021;78(2):e157–74. Available from: https://​journ​als.​lww.​
com/​cardi​ovasc​ularp​harm/​Abstr​act/​2021/​08000/​Incli​siran__A_​
Novel_​Agent_​for_​Lower​ing.1.​aspx

	39.	 Steffens D, Bramlage P, Scheeff C, Kasner M, Hassanein A, Frie-
bel J, et al. PCSK9 inhibitors and cardiovascular outcomes. Expert 
Opin Biol Ther. 2020;20(1):35–47.

	40.	 Brandts J, Ray KK. Clinical implications and outcomes of the 
ORION phase III trials. Future Cardiol. 2021;17(5):769–77.

	41.	 Ballantyne C, Banka P, Mendez G, Garcia R, Rosenstock J, Rodg-
ers A, et al. Phase 2b randomized trial of the oral PCSK9 inhibitor 
MK-0616. J Am Coll Cardiol. 2023;81(16):1553–64.

	42.	 Iannuzzo G, Buonaiuto A, Calcaterra I, Gentile M, Forte F, Tri-
paldella M, et al. Association between causative mutations and 
response to PCSK9 inhibitor therapy in subjects with familial 
hypercholesterolemia: a single center real-world study. Nutr 
Metab Cardiovasc Dis. 2022;32(3):684–91.

	43.	 Defesche JC, Stefanutti C, Langslet G, Hopkins PN, Seiz W, 
Baccara-dinet MT, et al. Efficacy of alirocumab in 1191 patients 
with a wide spectrum of mutations in genes causative for familial 
hypercholesterolemia. J Clin Lipidol. 2017;11(6):1338-1346.e7.

	44.	 Raal FJ, Kallend D, Ray KK, Turner T, Koenig W, Wright RS, 
et al. Inclisiran for the treatment of heterozygous familial hyper-
cholesterolemia. N Engl J Med. 2020;382(16):1520–30.

	45.	 Moriarty PM, Thompson PD, Cannon CP, Guyton JR, Bergeron J, 
Zieve FJ, et al. Efficacy and safety of alirocumab vs ezetimibe in sta-
tin-intolerant patients, with a statin rechallenge arm: the ODYSSEY 
ALTERNATIVE randomized trial. J Clin Lipidol. 2015;9(6):758–69.

	46.	 Cuchel M, Bruckert E, Ginsberg HN, Raal FJ, Santos RD, Hegele 
RA, et al. Homozygous familial hypercholesterolaemia: new 
insights and guidance for clinicians to improve detection and clini-
cal management. A position paper from the Consensus Panel on 
Familial Hypercholesterolaemia of the European Atherosclerosis 
Society. Eur Heart J. 2014;35(32):2146–57.

	47.	 Rader DJ, Cohen J, Hobbs HH. Monogenic hypercholester-
olemia: new insights in pathogenesis and treatment. J Clin Invest. 
2003;111(12):1795–803.

	48.	 Thedrez A, Blom DJ, Ramin-Mangata S, Blanchard V, Croyal M, 
Chemello K, et al. Homozygous familial hypercholesterolemia 

patients with identical mutations variably express the LDLR (low-
density lipoprotein receptor): implications for the efficacy of evo-
locumab. Arterioscler Thromb Vasc Biol. 2018;38(3):592–8.

	49.	 Stein EA, Raal FJ. Polygenic familial hypercholesterolaemia: does 
it matter? Lancet. 2013;381(9874):1255–7.

	50.	 Coppinger C, Movahed MR, Azemawah V, Peyton L, Gregory J, 
Hashemzadeh M. A comprehensive review of PCSK9 inhibitors. 
J Cardiovasc Pharmacol Ther. 2022;27:1–14.

	51.	 Nohara A, Tada H, Ogura M, Okazaki S, Ono K, Shimano H, 
et al. Homozygous familial hypercholesterolemia. J Atheroscler 
Thromb. 2021;28(7):665–78.

	52.	 Raal FJ, Pilcher GJ, Panz VR, Van Deventer HE, Brice BC, Blom 
DJ, et al. Reduction in mortality in subjects with homozygous 
familial hypercholesterolemia associated with advances in lipid-
lowering therapy. Circulation. 2011;124(20):2202–7.

	53.	 Harada-shiba M, Arai H, Ishigaki Y, Ishibashi S, Okamura T. 
Guidelines for diagnosis and treatment of familial hypercholes-
terolemia 2017. J Atheroscler Thromb. 2018;25:751–70.

	54.	 Hartgers ML, Defesche JC, Langslet G, Hopkins PN, Kastelein JJP, 
Baccara-Dinet MT, et al. Alirocumab efficacy in patients with dou-
ble heterozygous, compound heterozygous, or homozygous famil-
ial hypercholesterolemia. J Clin Lipidol. 2018;12(2):390-396.e8.

	55.	 Raal FJ, Rosenson RS, Reeskamp L, Hovingh GK, Kastelein JJP, 
Rubba P, et al. Evinacumab for homozygous familial hypercho-
lesterolemia. N Engl J Med. 2020;383(8):711–20.

	56.	 Tromp TR, Cuchel M. New algorithms for treating homozy-
gous familial hypercholesterolemia. Curr Opin Lipidol. 
2022;33(6):326–35.

	57.	 Thompson GR. PCSK9 Inhibitors for homozygous familial hyper-
cholesterolemia: useful but seldom sufficient. J Am Coll Cardiol. 
2020;76(2):143–5.

	58.	 Silverman MG, Ference BA, Im K, Wiviott SD, Giugliano RP, 
Grundy SM, et al. Association between lowering LDL-C and car-
diovascular risk reduction among different therapeutic interven-
tions: a systematic review and meta-analysis. JAMA - J Am Med 
Assoc. 2016;316(12):1289–97.

	59.	 Grundy SM, Stone NJ, Bailey AL, Beam C, Birtcher KK, Blumen-
thal RS, et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/
ADA/AGS/APhA/ASPC/NLA/PCNA Guideline on the manage-
ment of blood cholesterol: a report of the American College of 
Cardiology/American Heart Association Task Force on Clinical 
Practice Guidelines. Circulation. 2019;139:1082–143.

	60.	 Mach F, Baigent C, Catapano AL, Kokinas KC, Casula M, Badi-
mon L, et al. 2019 ESC/EAS Guidelines for the management of 
dyslipidaemias: lipid modification to reduce cardiovascular risk. 
Eur Heart J. 2020;41:111–88.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://journals.lww.com/cardiovascularpharm/Abstract/2021/08000/Inclisiran__A_Novel_Agent_for_Lowering.1.aspx
https://journals.lww.com/cardiovascularpharm/Abstract/2021/08000/Inclisiran__A_Novel_Agent_for_Lowering.1.aspx
https://journals.lww.com/cardiovascularpharm/Abstract/2021/08000/Inclisiran__A_Novel_Agent_for_Lowering.1.aspx

	Does Genotype Affect the Efficacy of PCSK9 Inhibitors in the Treatment of Familial Hypercholesterolemia?
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Genetics in Familial Hypercholesterolemia
	LDL Receptor (LDLR) Mutation
	Apolipoprotein-B (APOB) Mutation
	Proprotein Convertase SubtilisinKexin Type 9 (PCSK9) Mutation

	PCSK9 Inhibitor Overview
	The Impact of Genotype on LDL-C Level Following PCSK9 Inhibitor Therapy
	Clinical Implications
	Is There a Place for PCSK9 Inhibitors for HoFHCompound Heterozygous FH?
	Future Direction
	Conclusion
	References


