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Aims Elevated lipoprotein(a) [Lp(a)] is strongly associated with an increased cardiovascular disease (CVD) risk. We pre-
viously reported that pro-inflammatory activation of circulating monocytes is a potential mechanism by which Lp(a)
mediates CVD. Since potent Lp(a)-lowering therapies are emerging, it is of interest whether patients with elevated
Lp(a) experience beneficial anti-inflammatory effects following large reductions in Lp(a).

Methods Using transcriptome analysis, we show that circulating monocytes of healthy individuals with elevated Lp(a), as well

and results as CVD patients with increased Lp(a) levels, both have a pro-inflammatory gene expression profile. The effect of
Lp(a)-lowering on gene expression and function of monocytes was addressed in two local sub-studies, including 14
CVD patients with elevated Lp(a) who received apolipoprotein(a) [apo(a)] antisense (AKCEA-APO(a)-LRx)
(NCT03070782), as well as 18 patients with elevated Lp(a) who received proprotein convertase subtilisin/kexin
type 9 antibody (PCSK9ab) treatment (NCT02729025). AKCEA-APO(a)-LRx lowered Lp(a) by 47% and reduced
the pro-inflammatory gene expression in monocytes of CVD patients with elevated Lp(a), which coincided with a
functional reduction in transendothelial migration capacity of monocytes ex vivo (-17%, P<0.001). In contrast,
PCSK9ab treatment lowered Lp(a) by 16% and did not alter transcriptome nor functional properties of monocytes,
despite an additional reduction of 65% in low-density lipoprotein cholesterol (LDL-C).

Conclusion Potent Lp(a)-lowering following AKCEA-APO(a)-LRx, but not modest Lp(a)-lowering combined with LDL-C re-
duction following PCSK9ab treatment, reduced the pro-inflammatory state of circulating monocytes in patients
with elevated Lp(a). These ex vivo data support a beneficial effect of large Lp(a) reductions in patients with elevated

Lp(a).
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Introduction

Lipoprotein(a) [Lp(a)] is a lipoprotein consisting of a low-density lipo-
protein (LDL)-like particle, covalently bound to apolipoprotein(a)
[apo(a)] and is associated with cardiovascular disease (CVD) risk.”
Epidemiological and Mendelian randomization studies suggest an in-
dependent and causal relationship between elevated Lp(a) levels
(above 50mg/dL or ~125nmol/L) and CVD risk.*> Previously, we
demonstrated that healthy subjects with elevated Lp(a) have an acti-
vated innate immune system, characterized by pro-inflammatory cir-
culating monocytes. These findings coincided with an increased white
blood cell influx in the arterial wall and a concomitant increase in ar-
terial wall inflammation assessed by positron emission tomography/
computed tomography (PET/CT).* We identified oxidized phospho-
lipids (OxPL), predominantly carried by Lp(a) in the plasma, as key
intermediates in inducing the pro-inflammatory activation of mono-
cytes.* However, the mechanisms underlying monocyte activation in
individuals with elevated Lp(a), as well as reversibility of this inflam-
matory state remains to be established.

Recently, we reported that a 14% reduction in Lp(a) following pro-
protein convertase subtilisin/kexin type 9 antibody (PCSK%ab) was
not associated with a reduction of arterial wall inflammation on PET/
CT in subjects with elevated Lp(a).” The absence of an anti-
inflammatory effect of modest Lp(a)-lowering concurs with negative
results of modest Lp(a) reduction on CVD risk in both randomized
clinical trials®” and Mendelian randomization studies.? In the advent
of antisense strategies targeting apo(a), with the potential to reduce
Lp(a) by more than 90%,” it provides an opportunity to test whether
a greater absolute reduction in Lp(a) exerts a favourable biological ef-
fect in patients with elevated Lp(a). We hypothesize that potent
Lp(a)-lowering conveys an anti-inflammatory effect as opposed to
moderate Lp(a)-reducing strategies.

To test this hypothesis, we assessed the gene expression profile of
circulating monocytes of healthy individuals and CVD patients, both
with elevated Lp(a). Reversibility of an Lp(a) effect on monocyte acti-
vation was evaluated by comparing monocyte gene expression and
function before and after treatment with either potent Lp(a)-
lowering [antisense (AKCEA-APO(a)-Lr,)] or moderate Lp(a)-
lowering [PCSK9ab (evolocumab)] in two separate clinical interven-
tion trials (NCT03070782 and NCT02729025, respectively).

Methods and materials

Study population and design

This monocentre study comprises four study groups in total: healthy
individuals with normal Lp(a), healthy individuals with elevated Lp(a),
and two groups of patients with elevated Lp(a) who participated
in the AKCEA-APO(a)-Lg, study (NCTO03070782) and the
ANITSCHKOW study (NCT02729025). An Lp(a) plasma level of
>50 mg/dL or 125 nmol/L was defined as elevated. The healthy indi-
viduals with elevated Lp(a) were matched for age, sex, and body
mass index (BMI) to healthy individuals with normal Lp(a). Inclusion
and exclusion criteria and study design of the AKCEA-APO(a)-Lgy
and the ANITSCHKOW study have been published previously.>° In
these intervention trials, blood sampling for the purpose of this
monocyte study was performed at baseline and after 26 weeks of

AKCEA-APO(a)-Lrx or 16 weeks of PCSK9ab treatment, respective-
ly. The protocol for the current sub-study was approved by the eth-
ics committee of the Amsterdam UMC (location Academic Medical
Center) and was conducted according to the principles of the
Declaration of Helsinki. All participants provided written informed
consent prior to enrolment.

Biochemical measurements

Blood sampling was obtained in a fasting state (>9 h). The lipid pro-
files of the healthy individuals were measured in the local clinical la-
boratory. Plasma total cholesterol, high-density lipoprotein
cholesterol, triglycerides, and apolipoprotein B (apoB) were meas-
ured with commercially available enzymatic assays. Low-density lipo-
protein cholesterol was calculated using the Friedewald formula.
Lipoprotein(a) was measured by an isoform-independent immuno-
turbidometric assay (QUANTIA Lp(a) 7K00-01, Abbott, Wiesbaden,
Germany). In the AKCEA-APO(a)-Lg, study, lipid profiles were
measured with commercially available kits at Medpace Reference
Laboratories (Medpace Reference Laboratories, Leuven, Belgium),
and Lp(a) levels were measured by an isoform-independent assay
(Northwest Lipid Metabolism and Diabetes Research Laboratories,
University of Washington, USA). In the ANITSCHKOW study, lipid
profiles were assessed at the Medpace core lab (Medpace Reference
Laboratories, Leuven, Belgium), and Lp(a) levels were measured using
an isoform-independent immunoturbidometric assay (Polymedco,
Cortlandt Manor, NY, USA).

Ex vivo monocyte experiments

All the laboratory experiments and statistical analyses regarding
the monocyte characterization are available in detail in the
Supplementary material online.

Statistical analyses

All data were analysed using GraphPad Prism 8 (La Jolla, CA, USA),
SPSS version 25 (SPSS Inc., Chicago, IL, USA), and R version 3.5.3 (R
Core Team, Vienna, Austria). Data are presented as mean * standard
deviation (SD) for normally distributed data, median [interquartile
range (IQR)] for non-normally distributed data, or as a number (n)
with percentage from total (%) for categorical variables. Since this
study was not specifically designed to evaluate the effects of both
AKCEA-APO(a)-Lrx and PCSK9ab on biochemical measurements,
P-values are not provided for the differences in lipid and inflammatory
plasma markers but are stated as mean (SD), or median (IQR), abso-
lute and/or percent change from baseline at Week 26 or 16,
respectively.

Results

Clinical characteristics

Thirteen healthy individuals with normal Lp(a) [median Lp(a) 7 mg/dL
(18 nmol/L)] and 12 age-, sex-, and BMI-matched healthy individuals
with elevated Lp(a) [median Lp(a) 87 mg/dL (218 nmol/L)] were
included (Table 1, Supplementary material online, Table S7). In the
phase-2b AKCEA-APO(a)-Lg,-trial, informed consent was obtained
in 14 sequential patients who were randomized at the Amsterdam
UMC site and were included in this site-specific sub-study (Table 7).
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Table I Baseline characteristics in healthy control and patient cohorts
Healthy individuals Healthy individuals AKCEA-APO(a)-Lgrx PCSK9ab subjects
normal Lp(a) elevated Lp(a) subjects elevated elevated Lp(a)
(n=13) (n=12) Lp(a) (n=14) (n=18)
Age (years) 44.4 (16.8) 44.3 (13.1) 53.0 (7.5) 60.6 (7.4)
Sex male, n (%) 6 (46) 6 (50) 12 (86) 9 (50)
BMI (kg/m?) 23.6 (2.8) 254 (3.3) 29.0 (54) 258 (3.3)
Smoking active, n (%) 0 (0) 0 (0) 1(7) 2 (11)
SBP (mmHg) 122 (16) 135 (15) 132 (15) 135 (16)
DBP (mmHg) 79 (10) 83 (7) 82 (7) 82 (9)
CVD, n (%) 0(0) 0(0) 14 (100) 4(22)
Coronary artery disease 0 (0) 0 (0) 12 (86) 3(17)
Stroke 0(0) 0(0) 1@7) 1(6)
Peripheral artery disease 0 (0) 0 (0) 1(7) 0(0)
Medication use, n (%) 0 (0) 0 (0) 14 (100) 14 (78)
Antihypertensives 0 (0) 0 (0) 11(79) 7 (39)
Antidiabetics 0(0) 0(0) 1@7) 0(0)
Statins 0(0) 0(0) 12 (86) 13 (72)
Ezetimibe 0(0) 0(0) 9 (64) 4(22)
PCSK9ab 0(0) 0(0) 2 (14) 0 (0)
Total cholesterol (mmol/L)? 5.1 (0.9) 5.5(0.8) 3.8(0.7) 5.4 (0.9)
LDL-cholesterol (mmol/L)? 3.0 (0.8) 3.4 (0.8) 1.9 (0.6) 3.3(0.7)
HDL-cholesterol (mmol/L)? 1.8 (0.4) 1.6 (0.4) 1.2(0.3) 1.4 (0.4)
Triglycerides (mmol/L)® 0.8 (0.3) 1.1(0.5) 1.3 (0.5) 1.4 (0.3)
ApoB (g/L) 0.9 (0.2) 1.0 (0.2) 0.8 (0.2) 1.0 (0.1)
Lipoprotein(a) (mg/dL) 7 (3-17) 87 (79-114) 82 (62-121) 102 (64-121)
Leucocytes (10°/L) 5.09 (1.41) 5.55 (0.86) 6.60 (2.19) 5.66 (1.63)
Neutrophils (10%/L) 2.56 (1.25) 3.00 (0.44) 3.81 (1.44) 3.38 (1.20)
Lymphocytes (107/L) 1.92 (0.60) 1.91 (0.48) 1.96 (0.65) 1.66 (0.39)
Monocytes (10°/L) 0.39 (0.13) 0.43 (0.12) 0.52 (0.187 0.40 (0.15)
hs-CRP (mg/L) 0.5 (0.3-1.8) 1.0 (0.5-1.3) 0.5 (0.4-2.3) 0.9 (0.5-1.3)

Data are represented as mean (SD), median (interquartile range), or n (%).

ApoB, apolipoprotein B; BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive
protein; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); PCSK9ab, proprotein convertase subtilisin/kexin type 9 antibody; SBP, systolic blood pressure.

*To convert to mg/dL, multiply by 38.7.
®To convert to mg/dL, multiply by 88.6.
“To convert to nmol/L, multiply by 2.5.

According to study protocol, all patients had established CVD, in the
vast majority based on coronary artery disease (86%). All patients
received standard-of-care preventive therapy, including lipid-
lowering therapy (86% statin therapy, 64% ezetimibe, and 14%
PCSK9ab). Median Lp(a) at baseline was 82 mg/dL (205 nmol/L), and
mean LDL-C 1.9 mmol/L. In the phase-3b ANITSCHKOW trial,
informed consent was obtained in 18 patients who were randomized
at the Amsterdam UMC site to evolocumab 420 mg once every 4
weeks (Q4W) and were included in this sub-study (Table 7). Four
patients had established CVD based on coronary artery disease
(three subjects) and stroke (one subject). Nine patients received
lipid-lowering therapy in primary prevention setting, of which five
patients had the diagnosis of familial hypercholesterolaemia. Seventy-
two percent of the subjects used statins at baseline, and 22% ezeti-
mibe. Median Lp(a) at baseline was 102 mg/dL (255 nmol/L), with a
mean LDL-C of 3.3 mmol/L.

Effect of AKCEA-APO(a)-Lg, and
PCSK9ab treatment on lipid levels and

inflammatory plasma markers

The 14 CVD patients participating in the AKCEA-APO(a)-Lry trial
were randomized to one of the five dose regimens with the investiga-
tional product AKCEA-APO(a)-Lg, [three subjects (21%) in 20 mg/
Q4W group, two subjects (14%) in 40 mg/Q4W group, two subjects
(14%) in 20mg/Q2W group, four subjects (29%) in 60 mg/Q4W
group, and three subjects (21%) in 20 mg/QW group]. Compared to
baseline, a pooled mean absolute reduction of 51 (53) mg/dL [or 128
(132) nmol/L] and a pooled mean percent reduction of 47 (18) %
was achieved after a treatment duration of 26 weeks (Table 2).
Minute reductions in apoB and LDL-C were seen [mean percent
change of -6.7% (14.4), and -7.1% (20.4), respectively] after AKCEA-
APO(a)-Lg, treatment, as well as small absolute changes in C-react-
ive protein (CRP) [-0.1 (-0.2 to 0.5) mg/L] and monocyte count
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Table2 Effect of AKCEA-APO(a)-Lg, and PCSK9ab
treatment on lipid levels and inflammatory plasma
markers

AKCEA- PCSK9ab
APO(a)-Lgrx
Lipoprotein(a)
Mean absolute change Lp(a) -50.6 (52.6) -18.9 (19.5)
(mg/dL), (SD)*
Mean percent change Lp(a)  -46.6 (18.3) -16.1 (18.7)

(%), (SD)
Median post-treatment Lp(a) 35.0 (26.1-84.6) 83.3 (59.1-105.4)
(mg/dL), (IQR)’

Change in other lipid levels®

Total cholesterol -22(134) -40.5 (8.9)
LDL-cholesterol -7.1(20.4) -64.5 (14.4)
HDL-cholesterol 8.8 (13.8) 11.2 (10.6)
Triglycerides -9.3 (-14.4) -29.7 (14.1)
ApoB -6.7 (14.4) -53.1(9.8)

Change in inflammatory
markers*
hs-CRP (mg/L)
Leucocytes (*10°/L)
Monocytes (¥10°/L)

-0.1 (-0.2t0 05) -0.2 (-1.3t0 0.5)
-0.19 (1.35) -0.17 (1.05)
-0.02 (0.07) -0.00 (0.15)

ApoB, apolipoprotein B; HDL, high-density lipoprotein; hs-CRP, high-sensitivity
C-reactive protein; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); PCSK9ab,
proprotein convertase subtilisin/kexin type 9 antibody.

“To convert to nmol/L, multiply by 2.5.

®Change in other lipid levels is defined as mean percent change (SD) from baseline.
“Change in inflammatory markers is defined as median (IQR) or mean absolute
change (SD) from baseline for non-normally and normally distributed data,
respectively.

[-0.02 (0.07) *10°/L] (Table 2). These results were generally compar-
able with the main phase-2b trial."

The 18 subjects participating in the ANITSCHKOW trial received
monthly subcutaneous injections of evolocumab 420 mg, reaching a
mean absolute reduction in Lp(a) of 19 (20) mg/dL [or 48 (49) nmol/
L] and a mean percent reduction of 16 (19) % (Table 2) after 16 weeks
of treatment. Low-density lipoprotein cholesterol was reduced by 65
(14) %. Almost no effect on both CRP and monocyte count was seen
[-0.2 (1.3 to 0.5) mg/L, and -0.00 (0.15) *10°/L, respectively].

Inflammatory gene expression profile in
monocytes of healthy individuals with
elevated lipoprotein(a)

To get more insight into the molecular pathways underlying mono-
cyte activation in subjects with elevated Lp(a), we first compared the
gene expression profile of circulating monocytes from healthy indi-
viduals with normal Lp(a) and healthy individuals with elevated Lp(a).
Transcriptome analysis revealed 95 significantly differentially
expressed genes (DEGs), of which 43 genes were up-regulated and
52 genes were down-regulated in the healthy individuals with ele-
vated Lp(a) (Figure 1A). Canonical pathway and Hallmark (CP&H)
pathway enrichment analysis showed a significant increase in several
pathways related to the innate immune response (Figure 1B). The

interferon alpha (IFNo) and interferon gamma (IFNYy) pathways were
the most pronounced amongst the significantly up-regulated pathways.

Monocytes of cardiovascular disease
patients with elevated lipoprotein(a)
show a robust pro-inflammatory

transcriptome profile

Next, we compared the gene expression profile of monocytes of
CVD patients with elevated Lp(a) and healthy individuals with normal
Lp(a). Whereas healthy individuals with elevated Lp(a) show a mod-
est number of DEG (95), CVD patients with Lp(a) elevation display a
larger number of DEG (1286), of which 769 genes are significantly
up-regulated (Figure 1C). CP&H pathway enrichment analysis
revealed a pronounced up-regulation of multiple immune response-
related pathways including the TNFA signalling pathway and, similar
to the transcriptome profile of healthy individuals with Lp(a) eleva-
tion, IFNa, and IFNYy response pathways (Figure 1D). Collectively, this
data implies that elevated Lp(a) contributes to a pro-inflammatory
gene expression signature in monocytes of both healthy individuals
and CVD patients.

Potent Lp(a)-lowering by AKCEA-
APO(a)-Lgry leads to down-regulation

of inflammatory gene expression in
monocytes of cardiovascular disease
patients with elevated lipoprotein(a)
Subsequently, we investigated the effect of potent Lp(a)-lowering
by AKCEA-APO(a)-Lry on the gene expression profile in mono-
cytes of CVD patients with elevated Lp(a) in a paired fashion.
Compared to baseline, transcriptome analysis showed 575 signifi-
cantly DEG, of which 359 genes were up-regulated, and 216 genes
were down-regulated following AKCEA-APO(a)-Lr, treatment
(Figure 2A). CP&H pathway enrichment analysis demonstrated a
distinct reduction of multiple pathways regulating the immune re-
sponse in monocytes, including IFNa, IFNy, and Toll-like receptor
(TLR) pathways (Figure 2B). In line with these findings, gene set en-
richment analysis showed significant enrichment of genes involved
in IFNo/B [normalized enrichment scores (NES) = 1.7, false discov-
ery rate (FDR) 0.03], IFNy (NES = 1.6, FDR = 0.03), and the TLR
signalling pathway (NES = 1.5, FDR = 0.01) in CVD patients with
elevated Lp(a) compared to healthy individuals with normal Lp(a)
(Figure 2C), which were reduced after AKCEA-APO(a)-Lgry treat-
ment (IFNa/f: NES = -1.6, FDR = 0.04; IFNy: NES = -1.4, FDR =
0.1; TLR: NES = -1.3, FDR = 0.07) (Figure 2C). Several genes of the
Interferon Regulatory Factor (IRF) family, including IRF1, IFITM2,
and GBP2 are amongst the top 15 most significantly up-regulated
genes in the IFN o/f and vy signalling pathways in CVD patients,
which were down-regulated after AKCEA-APO(a)-Lg, treatment
(Figure 2D, Supplementary material online, Figure S1A). JUN,
MYD88, TLR2, TLR4, and TLR8 were amongst the top 15 most up-
regulated genes in the TLR pathway in CVD patients before
AKCEA-APO(a)-Lrx and were down-regulated after AKCEA-
APO(a)-Lg, treatment (Figure 2D, Supplementary material online,
Figure S1B). In contrast, modest Lp(a)-lowering following PCSK9ab
did not alter gene expression in monocytes of subjects with
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Figure | Inflammatory gene expression in circulating monocytes of healthy individuals with elevated Lp(a) and cardiovascular disease patients with
elevated Lp(a). (A) Volcano plot showing the difference in gene expression between healthy individuals with normal Lp(a) vs. healthy individuals with
elevated Lp(a). (B) Canonical and Hallmark pathway analysis of top 1000 up-regulated genes. Dark red bars indicate inflammatory pathways. Blue dot-
ted line at P = 0.05. (C) Volcano plot showing the difference in gene expression between healthy individuals with normal Lp(a) vs. cardiovascular dis-
ease patients with elevated Lp(a). (D) Canonical and Hallmark pathway analysis of top 1000 up-regulated genes. Dark red bars indicate inflammatory

pathways. Blue dotted line at P = 0.05.

elevated Lp(a), despite a concomitant robust LDL-C reduction
(Figure 2E).

Down-regulation of inflammatory

gene expression following potent
lipoprotein(a)-lowering coincides with
reduced inflammatory monocyte
function

To examine whether the relatively modest effect sizes in pro-
inflammatory gene expression after potent Lp(a)-lowering resulted in
dampening of pro-inflammatory monocyte function, we performed
flow cytometry experiments to functionally assess the expression of
chemokine and TLRs on the monocyte cell surface. In line with the
down-regulation of their respective genes, the expression of C-C che-
mokine receptor type 2 (CCR2), CX3C chemokine receptor 1

(CX3CR1), and TLR2 was significantly reduced after Lp(a)-lowering
(Figure 3A, Supplementary material online, Figures S1C and S2).
Furthermore, we performed a standardized transendothelial migra-
tion (TEM) assay to assess the migratory capacity of monocytes
through a layer of arterial endothelial cells ex vivo. In accordance with
the reduction in inflammatory signature in the transcriptome and flow
cytometry data, the trans-endothelial migration activity of monocytes
was significantly reduced by 22% (P<0.0001) after potent Lp(a)-
lowering (Figure 3B). The percent reduction in TEM was positively
correlated with the absolute reduction in Lp(a) (r=0.38, P=0.02)
(Figure 3C). A trend towards a correlation was observed between per-
cent reduction in TEM and absolute reduction in OxPL-apoB
(r=0.26, P=0.07) (Supplementary material online, Figure S3). We
performed the same flow cytometry and TEM experiments in the
ANITSCHKOW subjects, and both experiments did not show signifi-
cant differences before vs. after PCSK9ab treatment (Figure 3D and E).


https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa171#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaa171#supplementary-data

Potent Lp(a) lowering following apo(a) antisense treatment

2267

0

Enrichment mtiﬁ}o
04 08

alZNoise
-1.0 -g.g‘ﬁ.ﬂ 0510

{ES}

Enrichment
0.10.20.30.40.50.6

Ervichmeant miEadl

0.2

0.00102030.

B iy

CVD patients elevated Lp(a)
before vs. after APO(a)-L_,

HALLMARK INTERFERON GAMMA RESPONSE
REACTOME IMMUNE SYSTEM|
REACTOME CYTOKINE SIGNALING IN IMMUNE S\'STEId!

HALLMARK INTERFERDN ALPHA RESFONSE
REACTOME INTERFERON SIGNALING|

AEACTOME INTERFERON GAMMA SIGNALING
REACTOME INTERFERDN ALPHA BETA SIGNALING

LIKE RECEPT

KEGG PATHOGENIC ESCHERICHIA COLI INFECTION.
HALLMARK PI3K AKT MTOR SIGNALING

PID 1L2 STATS PRTHywoay B

REACTOME GFCR LIGAND BDiNG I

PID INTEGRIN A4B1 PATHry I
REASTOME 5 ALPHA | SISNALLING EVENTS
REACTOME ADAFTIVE IMMUNE EYSTEMI

2
E Down’ Up
34216genes 359 genes
g :
-2 ‘1 1 2
Ing,[FnldChanga)
i i
. 3
NI L] L
™
3
Cl
2a
Rari i1 orarod gona st Frank n ardsrod gen st
REACTOM

Mk in oldamu umllm

FDR: 0.0118]

Narminal p-valie: 00771
. Normalkzed ES! 15158

5000 10000 15000 20000
Rank in ardered gene list

KEGG TLR pathway

Ex
-

imental grou|

E IFN alpha!beta signalling

EnichmommaEDS

0504 02

REACTOME IFN gamma signalling

panel C and D
with normal Lp(a)

-0.5%0,0 0.5. 1.0

Rt 1o arlere e Bt

.

IFN gamma

Rank in ardered gene list

treatment with APO(a)-L,,,

|C/EVID patients with elevated Lp(a) after treatment with APO{a)-L,,,

0 5 10 15
—hog [FOR q-vals)

Expression
(RPKM)

Expression
(RPKM)

el B2M
IRF1

2 3

|
B
B uasg

;

Expression
(RPKM)

TLR

E Patients elevated Lp(a)
before vs. after PCSK9ab

-2 -1 0 1 2
log,(Fold Change)

Figure 2 Potent, but not modest, Lp(a)-lowering reduces inflammatory gene expression in circulating monocytes. (A) Volcano plot showing the
difference in gene expression between cardiovascular disease patients before AKCEA-APO(a)-Lg, treatment vs. cardiovascular disease patients after
AKCEA-APO(a)-Lgy treatment. (B) Canonical and Hallmark pathway analysis of top 1000 down-regulated genes. Dark blue bars indicate inflamma-
tory pathways. Red dotted line at P = 0.05. (C) Gene set enrichment analysis enrichment plots of interferon alpha/beta (up), interferon gamma (mid-
dle), and TLR pathway (bottom). Left: cardiovascular disease patients before AKCEA-APO(a)-Lrx (red) vs. healthy individuals with normal Lp(a)
(green). Right: cardiovascular disease patients before AKCEA-APO(a)-Lgy (red) vs. after AKCEA-APO(a)-Lrx (orange). (D) Boxplot and heatmap
showing average expression of the top 15 most expressed genes in cardiovascular disease patients before AKCEA-APO(a)-Lgy vs. healthy individuals
with normal Lp(a) for the interferon alpha/beta signalling, gamma signalling, and TLR pathways. Column colours: green, healthy individuals with nor-
mal Lp(a), red, cardiovascular disease patients before AKCEA-APO(a)-Lg, treatment, orange: cardiovascular disease patients after AKCEA-APO(a)-
Lrx treatment. (E) Volcano plot showing the difference in gene expression between patients before PCSK9ab treatment vs. patients after PCSK9ab

treatment.
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Figure 3 Potent, but not modest, Lp(a)-lowering reduces inflammatory receptor expression, with a concomitant functional improvement. (A)
Flow cytometry results of inflammatory markers on circulating monocytes before and after AKCEA-APO(a)-Lr, treatment, expressed as delta
Median Fluorescence Intensity (MFI). Data are represented as mean + standard deviation. (B) Percentage trans-endothelial migrated CD144 mono-
cytes before and after AKCEA-APO(a)-Lrx treatment. Data are represented as mean * standard deviation. (C) Correlation between absolute reduc-
tion in Lp(a) and percent reduction in trans-endothelial migration. (D) Flow cytometry results of inflammatory markers on circulating monocytes
before and after PCSK9ab treatment, expressed as delta MFI. Data are represented as mean + standard deviation. (E) Percentage trans-endothelial
migrated CD14+ monocytes before and after PCSK9ab treatment. Data are represented as mean * standard deviation and were analysed by
Wilcoxon signed rank test (P-values < 0.05 were considered statistically significant).

Discussion

Using transcriptome analysis, we show that elevated Lp(a) promotes
a distinct pro-inflammatory gene expression profile in circulating
monocytes, which is more pronounced in patients with established
CVD compared to healthy individuals. We also show that potent
Lp(a)-lowering by the apo(a) antisense AKCEA-APO(a)-Lg, marked-
ly attenuates the inflammatory changes on transcriptional as well as
functional level in monocytes of CVD patients with elevated Lp(a). In

contrast, modest Lp(a)-lowering combined with robust LDL-C low-
ering following PCSK9ab had no effect on the gene expression profile
nor on function of monocytes. Collectively, this data lends further
support to Lp(a)-mediated pro-inflammatory effects on the innate
immune system, which is reversible only following large reductions in
Lp(a) (Take home figure).

As pointed out, we observed a marked, reversible pro-
inflammatory Lp(a) signature in circulating monocytes, but we made
several other key observations as well. First, we found a more
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Take home figure Unbiased whole-genome RNA sequencing and functional analyses of circulating monocytes of individuals with elevated
Lp(a) show a strong pro-inflammatory and pro-migratory profile. Only potent Lp(a) reduction demonstrated a profound reduction in the reported
pro-inflammatory and pro-migratory profile, as opposed to modest Lp(a) reduction, indicating the promising potential of potent Lp(a)-lowering strat-

egies in reducing cardiovascular risk.

pronounced inflammatory effect in CVD patients, which likely per-
tains to the fact that CVD patients are generally hallmarked by mul-
tiple cardiovascular (CV) risk factors, potentiating the pro-
inflammatory gene expression signature.”" Equally important is the
observation that these CVD patients with elevated Lp(a) are still
characterized by an inflammatory profile of monocytes, despite the
use of medication comprising statins and platelet inhibition, both with
documented anti-inflammatory effects.">"? Yet, potent and highly se-
lective Lp(a)-lowering by AKCEA-APO(a)-Lr, reduced the aug-
mented inflammatory gene expression in circulating monocytes of
CVD patients with elevated Lp(a). This underscores a strong con-
tributory inflammatory effect mediated by Lp(a), that seems to be in-
dependent from other risk factors.™
inflammatory gene expression was modest after Lp(a) lowering, it

Although the effect size on

was associated with a marked reduction in TEM, a functional prop-
erty of circulating monocytes regulated by inflammatory stimuli.
Hence, prolonged and more potent absolute reductions of Lp(a)
using optimally dosed apo(a)-antisense is expected to be associated
with a more robust anti-inflammatory effect. A potent effect of Lp(a)
on monocyte activation is substantiated by the absence of any change
in monocyte gene expression or monocyte migratory capacity fol-
lowing PCSK9ab in patients with Lp(a) elevation. The latter concurs
with our previous observation that PCSK9ab did not attenuate arter-
ial wall inflammation in subjects with elevated Lp(a), in whom post-
treatment Lp(a) levels were still elevated.® Taken together, these
results support a causal role of Lp(a) in circulating monocyte activa-
tion in vivo.

The mechanisms by which Lp(a) elicits inflammation have
remained incompletely understood. The discordance of a distinct
anti-inflammatory effect of AKCEA-APO(a)-Lry, and the lack of this
effect following PCSK9ab treatment, suggests that Lp(a) and LDL-C
mediate monocyte activation via independent pathways. We

previously reported that intracellular accumulation of LDL-C in cir-
culating monocytes of patients with severe hypercholesterolaemia is
associated with monocyte activation.”® Accordingly, LDL-C lowering
following PCSK9ab reversed the observed pro-inflammatory activa-
tion of circulating monocytes in these patients, which coincided with
less intracellular lipid accumulation. Lipoprotein(a), on the other
hand, is on an equimolar basis more atherogenic than LDL-C, which
is attributed to its additional apo(a)-tail and OxPL content.'®
Lipoprotein(a)-carried OxPL, has been identified as a critical signalling
source for pro-inflammatory monocyte activation in subjects with
elevated Lp(a).* OxPL are a signalling source for danger-associated
molecular pattern-mediated monocyte activation via TLR recogni-
tion,w'18 which is in line with our observation that genes involved in
the TLR pathway are up-regulated at baseline in CVD patients with
elevated Lp(a) and are down-regulated after Lp(a) lowering by
AKCEA-APO(a)-Lgrx. Also, the observed trend in a positive correl-
ation between reduction in TEM and reduction in OxPL-apoB levels
suggests a role of OxPL in monocyte activation. Another intriguing
finding in this study is the distinct up-regulation of the IFNa/f and
IFNY pathways in both healthy subjects with elevated Lp(a) as well as
CVD patients with elevated Lp(a). Since IFNY in vivo is predominantly
produced by natural killer cells and T-lymphocytes rather than
monocytes themselves,' this finding could imply that other immune
cells such as lymphocytes may act as intermediates in Lp(a)-induced
monocyte activation in humans.

Clinical implications

The advent of potent Lp(a)-lowering strategies has ignited the debate
whether Lp(a)-lowering strategies are capable of lowering CVD risk.
In contrast to the linear relationship between LDL-C reduction and
CV benefit, the mandatory Lp(a) changes potentially mediating CVD
risk reduction remain to be established. Mendelian randomization
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studies® suggest that absolute reductions as high as 100 mg/dL may
be required in order to achieve clinically relevant CV risk reductions.
In support, randomized controlled trials with moderate Lp(a)-
lowering compounds (percent reduction ranging from 20% to 25%
following nicotinic acid derivates and cholesteryl ester transfer pro-
tein (CETP)-inhibitors, respectively®’*°) failed to convey CV benefit
that can be attributed to Lp(a) reduction. In this ex vivo study, we
showed a marked anti-inflammatory effect on circulating monocytes
only after potent Lp(a)-lowering strategies in patients, in absence of
any change in inflammatory profile following moderate Lp(a)-
lowering. In accordance with the cumulating data supporting a strong
and independent effect of inflammatory activation on CVD risk,2"*
our data support the benefit of potent Lp(a)-lowering in CVD pre-
vention strategies. Moreover, the absence of an anti-inflammatory ef-
fect following potent LDL-C lowering implies that solely targeting
other CV risk factors than Lp(a) is unlikely to fully attenuate the
increased CVD risk in patients with Lp(a) elevation. These findings re-
quire validation in the planned CV outcomes study for AKCEA-
APO(a)-Lrx (NCT04023552).

Study limitations

Several limitations merit closer attention. First, this study includes
the results of two separate intervention studies, and therefore dir-
ect comparison of the transcriptomic data between all groups was
not feasible. However, since the included studies were interven-
tion trials, patients served as their own control for the transcrip-
tome analysis. Secondly, we only focused on the inflammatory
changes in transcriptome profile and monocyte phenotype and
function. However, multiple pathways have been suggested to con-
tribute to Lp(a)’s atherogenicity, also comprising pro-coagulant
and pro-thrombotic effects, which we did not address in the cur-
rent study. Thirdly, in the AKCEA-APO(a)-Lg, trial patients were
treated for 26 weeks, whereas in the ANITSCHKOW trial subjects
were treated for 16 weeks. This may have contributed to an under-
estimation of the effect of PCSK9ab treatment. However, no trend
towards reduction of the inflammatory activity of circulating
monocytes following PCSK9ab treatment was observed, making
this an unlikely confounder-.

Conclusion

This study supports the hypothesis that Lp(a) contributes to the
pro-infllmmatory activation of circulating monocytes in both
healthy individuals and CVD patients, which is reversible only by
large absolute reductions in Lp(a). Collectively, these ex vivo find-
ings provide indirect translational evidence that treatment with
AKCEA-APO(a)-Lryx could lead to CV benefit in CVD patients
with elevated Lp(a).

Supplementary material

Supplementary material is available at European Heart Journal online.
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