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Abstract

Cardiovascular diseases are the leading cause of death worldwide. Although there have been substantial advances over the
last decades, recurrent adverse cardiovascular events after myocardial infarction are still frequent, particularly during the
first year of the index event. For decades, high-density lipoprotein (HDL) has been among the therapeutic targets for long-
term prevention after an ischemic event. However, early trials focusing on increasing HDL circulating levels showed no
improvement in clinical outcomes. Recently, the paradigm has shifted to increasing the functionality of HDL rather than
its circulating plasma levels. For this purpose, apolipoprotein-Al-based infusion therapies have been developed, including
reconstituted HDL, such as CSL112. During the last decade, CSL112 has been extensively studied in Phase 1 and 2 trials and
has shown promising results. In particular, CSL112 has been studied in the Phase 2b AEGIS trial exhibiting good safety and
tolerability profiles, which has led to the ongoing large-scale Phase 3 AEGIS-II trial. This systematic overview will provide
a comprehensive summary of the CSL112 drug development program focusing on its pharmacodynamic, pharmacokinetic,

and safety profiles.
Key Points

Post-myocardial infarction (MI) patients are at high
risk of recurrent major adverse cardiac events (MACE),
particularly 90 days after the index event.

1 Introduction

Over the last decades, we assisted in landmark medical
advances in reducing the cardiovascular (CV) risk associ-
ated with therapeutics affecting the lipid, inflammatory,
and thrombotic pathways [1]. Despite these advances,
patients who have suffered from a myocardial infarction
(M) are still at high risk of recurrent CV events during the
first year (10.9-18.9%), with most events occurring within
the first 90 days [2-5]. The burden of recurrent adverse

Early trials focused on increasing circulating levels of
high-density lipoprotein (HDL) failed to show a clinical
benefit. Therefore, the focus has shifted towards increas-
ing HDL function as assessed by means of cholesterol
efflux capacity.

CSL112 is a reconstituted HDL that effectively enhances
cholesterol efflux capacity with optimal safety, tolerabil-
ity, and pharmacokinetic/pharmacodynamic profiles.

AEGIS-I trial, a Phase 2b trial, showed that CSL112 was
not associated with renal or hepatic toxicity in patients
with a recent MI [i.e., within 7 days of the index event].
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The ongoing large-scale Phase 3 AEGIS-II trial will
evaluate the safety and efficacy of CSL112 for the
prevention of recurrent MACE in over 18,000 high-risk
post-MI patients at 90 days’ follow-up.
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events (AEs) directly impact long-term patient prognosis
with significant financial impact [6, 7]. Therefore, tack-
ling recurrent CV events in post-MI patients represents an
urgent unmet clinical need.

Among potential therapeutic targets to reduce recurrent
CV events, it is the high-density lipoprotein cholesterol
(HDL-C). High-density lipoprotein cholesterol is incor-
porated in high-density lipoprotein (HDL) particles, one
of the five major groups of lipoproteins that perform an
essential role in reverse cholesterol transport [8]. Since the
early 1960s, a consistent inverse relation between HDL-C
levels and coronary artery disease (CAD), the so-called
“HDL hypothesis” has been described [9]. The quest for a
better understanding of this association led to the discov-
ery of the reverse cholesterol transport (RCT) pathway.
Reverse cholesterol transport is the multistep process by
which cholesterol is removed from cells in peripheral tis-
sues (including lipid-laden macrophages in atherosclerotic
plaques), enters the circulation, and is excreted in the feces
(Fig. 1).
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Fig.1 High-density lipoprotein (HDL) structure and metabolism.
Simplified HDL physiology and CSL112 mechanism of action.
Reverse cholesterol transfer (RCT) is a process mediated by HDL
through which cholesterol is picked up from lipid-laden macrophages
in peripheral cells/tissues and is delivered to the liver or intestine for
its removal. Cholesterol efflux is the first step of RCT and consists of
free-cholesterol (F-Ch) transfer from cells to HDL. Cholesterol efflux
pathway can occur in different ways. A Via the interaction between
ATP binding cassette Al receptor (ABCA1) and ApoA-I (i.e., main
component of HDL). This interaction mostly involves smaller subsets
of HDL such as pre-p1-HDL (i.e., poor lipidated poA-I and discoid
HDL). B Pre-p1-HDL mature into bigger and spherical HDL (i.e.,
a-HDL) by the action of the lecithin—cholesterol acyltransferase
(LCAT), that transform F-Ch into esterified cholesterol (E-Ch).
E-CH then migrates to the particle’s core while F-Ch maintains on
the membrane. C ATP binding cassette G1 receptor (ABCG1), scav-
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Several drugs have targeted different steps of the RCT
pathway for raising HDL-C levels by either increasing its
production (e.g., niacin) or decreasing its degradation (e.g.,
cholesteryl ester transfer protein [CETP] inhibitors). How-
ever, Phase 3 randomized trials failed to provide strong evi-
dence to support the role of these drugs in clinical practice
[10]. Among these, anacetrapib (a CETP inhibitor) was
associated with a significant increase in HDL-C, reduced
low-density lipoprotein cholesterol (LDL-C), and major
adverse cardiovascular events (MACE) [11]. Nevertheless,
since anacetrapib was associated with LDL-C reduction, it is
unclear if the clinical benefit can be entirely associated with
an increase in HDL-C. Overall, the most accepted explana-
tion of why these therapies failed is that simply raising HDL
concentrations does not translate into reducing MACE.

To date, there is evidence that increasing HDL's function
may provide better outcomes than increasing its circulating
levels [12]. Cholesterol efflux capacity (CEC) is an ex vivo
methodology to assess HDL function, a predictor of CAD
independent of HDL-C levels [13]. A high CEC is associated
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enger receptor class B type 1 (SR-BI) receptor, and passive choles-
terol transport pathways are other cholesterol efflux modalities mostly
employed by mature HDL. D E-Ch can be transferred from mature
HDL by cholesteryl ester transferase protein (CETP) to ApoB lipo-
proteins in exchange for triglycerides (TG). E E-Ch delivery by
mature HDL to the hepatic cells can occur either directly, via SR-BI
receptor-mediated or indirectly, through hepatocytes- LDL-receptor
mediated-uptake of ApoB containing lipoproteins (i.e., very-low-den-
sity lipoprotein [VDL], lipoprotein(a) [Lp(a)], intermediate-density
lipoprotein [IDL], and low-density lipoprotein [LDL]). (4b) The liver
can excrete F-Ch into the bile as F-Ch or bile salt. F In a pathway
known as transintestinal cholesterol efflux (TICE), F-cholesterol can
be directly transferred to enterocytes and ultimately poured into the
intestinal lumen. PL phospholipid, rHDL reconstituted high-density
lipoprotein (rHDL)
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with a reduction of adverse CV events [14, 15]. Cholesterol
efflux capacity impairment is frequently encountered in
patients with MI, contributing to lipid accumulation, inflam-
mation, and endothelial dysfunction [15, 16]. This paradigm
change represents the shift from the “HDL hypothesis” to
the “CEC hypothesis.”

Among strategies for increasing HDL functionality,
apolipoprotein A-I (apoA-I)-based infusion therapies have
been the most promising. Reconstituted high-density lipo-
proteins (rHDL) are new compounds synthesized by com-
bining apoA-I and phospholipids (PL), which can increase
cholesterol efflux [17]. Among the different prototypes
that have undergone clinical investigation, CSL111 was
the most promising, showing positive effects on athero-
sclerotic plaques [18]. However, the CSL111 human study
was stopped because of potential hepatic toxicity and was
replaced by CSL112, which has thus far shown an improved
liver safety profile [18].

In this review, we provide a systematic overview of the
clinical pharmacokinetics (PK) and pharmacodynamics
(PD) of CSL112, its safety profile, current clinical develop-
ment status, and future perspective. Methods of the overview
are reported in the Supplementary Information.

2 Structure and Mechanism of Action
2.1 Structure

CSL112 particles consist of purified human pooled plasma
apoA-I molecules reconstituted into disc-shaped units (i.e.,
suitable for intravenous administration) by adding phos-
phatidylcholine (PC) and stabilizing with sucrose, which
has a high batch-to-batch consistency [19]. Each moiety of

Fig.2 CSL112 plaque stabiliza-
tion mechanism. *In humans,
plaque volume assessments with
intravascular ultrasound were
evaluated with CSL111. Over-
all, CSL111/CSL112 has been
associated with improvement in

markers related to atheroscle-
rotic plaque stabilization char-
acteristics such as inflammatory
parameters, reduces plaque lipid
content and necrotic core, and
increases the collagen con-

tent of the plaque fibrous cap,
without a significant change in
plaque volume

Unstable Plaque

CSL112, according to chemical cross-linking studies, con-
sists of 2 apoA-I units combined with ~ 110 PC molecules
(molar ratio of 55 PC per 1 apoA-I), with a molecular size
of 144 kDa. The product is lyophilized and dissolved into
sterile water for injection. Of note, CSL112 dosing is based
on apoA-I protein content [20]. Lower PC and residual cho-
late levels, as compared to its prototype CSL111, confer an
overall greater particle uniformity, and avoid the elevations
in serum transaminase [21].

2.2 Mechanism of Action

The main mechanism of action of CSL112 is increasing
CEC, modulating plaque cholesterol content and inflam-
mation, and providing an overall atheroprotective effect
(Fig. 2). CSL112 is a reconstituted HDL that joins the
endogenous HDL physiological pathway enhancing its func-
tionality. Therefore, in some stages, it is challenging to dif-
ferentiate the CSL112 mechanism of action from the physi-
ologic function of native HDL. Once infused intravenously
over 2 h, CSL112 particles undergo a process of fusion-and-
fission with endogenous HDL yielding enlarged HDL and a
great amount of lipid-poor apoA-I HDL (i.e., pre-f1-HDL)
[22]. Pre-p1-HDL acquire cholesterol from lipid-rich mac-
rophages in the arterial wall via an apoA-I-ATP binding cas-
sette subfamily A member 1 (ABCA1) receptor interaction,
becoming charged of unesterified cholesterol (HDL-UC).
Lecithin—cholesterol acyltransferase (LCAT) subsequently
esterifies cholesterol into cholesteryl esters (HDL EC),
which are accumulated into the HDL core, forming a mature
HDL that will continue to uptake cholesterol, preferentially
via different pathways such as ATP binding cassette sub-
family G member 1 (ABCG1), Scavenger receptor class B
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type I (SR-BI), and passive diffusion. From here, cholesterol
may be delivered to and excreted by the liver or intestine or
passed to other lipoproteins (Fig. 1).

2.2.1 Plaque Stabilization

Reducing cholesterol content in atherosclerotic plaque pro-
motes plaque stabilization and reduces cholesterol deposit-
mediated macrophage inflammation [16]. Furthermore,
cholesterol depletion from plasma membranes and lipid
rafts can reduce the activation of monocytes, neutrophils,
and other inflammatory cell responses [23]. Studies in
apolipoprotein E-deficient mice (i.e., atherosclerosis-prone
with hypercholesterolemia) treated with CSL111 showed a
significant reduction in lipid content, an increase in plaque
collagen levels, and a reduction in macrophage number and
its inflammatory phenotype [24].

In patients with non-ST-segment elevation MI (NSTEMI),
although CSL111 did not significantly reduce atheroma
volume compared to placebo, assessed by means of intra-
vascular ultrasound, significant improvement in the plaque
characterization index and coronary score was observed on
quantitative coronary angiography, suggesting plaque stabili-
zation (Fig. 2) [18]. Moreover, in patients with carotid artery
disease that underwent carotid endarterectomy, CSL111 did
not reduce vascular cell adhesion protein-1 expression in
smooth muscle cells and endothelial cells within endarter-
ectomy sections but modulated inflammatory and fibrosis
biomarkers [25]. In patients with peripheral artery disease
(PAD) who underwent superficial femoral artery revascu-
larization and atherectomy (i.e., plaque excision), compared
to placebo, a single dose of CSL111 was associated with
acute changes in plaque characteristics with a reduction in
lipid content, macrophage size, and measures of inflamma-
tion [26]. To date, CSL112 effects on atherosclerotic plaque
burden have not been evaluated in imaging or histologic
studies in humans.

2.2.2 Anti-inflammatory Effects

CSL112 has shown anti-inflammatory and cardioprotec-
tive effects in post-MI-animal models and ex vivo studies,
including markers of plaque instability as matrix metallopro-
teinase 9 and monocyte chemotactic factor 1 and proinflam-
matory cytokines interleukin-1p [25, 27, 28]. Furthermore,
in ex vivo models, CSL112 has been associated with the
inactivation of lipid hydroperoxides in oxidized LDL by
means of two small HDL species generated by the interac-
tion of CSL112 and native HDL [22].
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3 Pharmacokinetics, Pharmacodynamics,
and Safety

3.1 Phase 1 Studies

CSL112 has been studied in two Phase 1 trials, a single-
dose study (SAD, NCT01129661) and a multiple-ascend-
ing-dose trial (MAD, NCT01281774) (Table 1) [29, 30].
Because CSL112 is a reconstituted drug that potentiates a
physiologic mechanism such as CEC, it can be challeng-
ing to differentiate the PK and PD drug effects from the
native HDL levels and function. Therefore, to evaluate the
net effect of CSL112, PK and PD parameters were adjusted
for baseline levels (i.e., before CSL112 administration).
The PK parameters evaluated were apoA-I (via immuno-
nephelometric method run on a Roche Modular P analyzer
[31]) and PC (via choline oxidase- DAOS [N-ethyl-N-(2-
hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline] method using
the Wako Phospholipids C assay [32]), the two main compo-
nents of the drug, using previously validated assays. There
was no indication of assay interference with CSL112 [29].
On the other hand, the PD effect was assessed by quantifying
ex vivo cholesterol efflux (i.e., total CEC) and plasma lipids
level variations.

The SAD study was an adaptive, double-blinded trial that
randomized 58 volunteers (3:1 ratio) to CSL112 (5, 15, 40,
70, 105, 135 mg/kg) or placebo [30]. The MAD study was
an adaptive, unblinded trial that randomized 36 volunteers
(3:1 ratio) to CSL112 (3.4 g/once a week, 6.8 g/once a week,
and 3.4 g/twice a week) or placebo. The dosing strategies
and regimens employed were derived from PK modeling of
the previous SAD study. The minor influence of body weight
on the clearance of apoA-I and PC led to the decision to test
fixed doses. Furthermore, simulations from the SAD study
and evidence from other clinical studies containing apoA-I
products supported the once/twice weekly administration, as
it would result in minimal accumulation of apoA-I and PC
[33, 34]. The goal was to reach an exposure above 500 mg/h/
dL for the baseline-corrected apoA-I AUC,,_,,; and above
~ 30 mg/dL for the baseline-corrected apoA-I C,,,,, which
appeared to be sufficient to obtain a ~ 10% increase in CEC
[30]. Several clinical studies have shown that a higher CEC
is associated with lower adverse cardiovascular outcomes.
Every standard deviation increase of CEC is potentially
associated with a 20% risk reduction [35].

3.1.1 Pharmacokinetics

After the CSL112 infusion, there was a rapid increase in
apoA-I and PC. Apolipoprotein A-I (ApoA-I) maximal con-
centration (C,,,,) increased proportionally to the CSL112
dose in the SAD (C,,, [mean + SD] from 0.17 + 0.06 g/L

max
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for the 5 mg/kg dose and to 2.81 + 0.45 g/L in the 135 mg/
kg dose) and MAD (C,,,, [mean + SD] from 0.66 + 0.07
g/L in the first dose of the 3.4 g/1week group to 1.63 + 0.38
g/L in the first dose of 6.8 g weekly group) studies. Fur-
thermore, drug exposure was dose proportional (AUC_,
[mean + SD] 197 + 192 mg h/dL in the 5 mg/kg group to
11993 + 4055 mg h/dL in the 135 mg/kg group) [30].

In both studies, regardless of the dose, peak plasma con-
centration was reached at the end of the infusion (time to
Crax [Tmax] ~ 2 h), followed by a diphasic decline. Moreo-
ver, apoA-I levels remained 3-fold above the baseline for
> 3 days and > 5 days per dose > 70 mg/kg. The MAD
study showed no evidence of drug accumulation in the once/
week regimen (3.4 or 6.8 g/1-week). However, the bi-weekly
administration (3.4 g/2-week) was associated with some
degree of apoA-I accumulation. Similar accumulation pat-
terns were found with PC. The apoA-I and PC ratio of AUC
(RAUQC) for the 3.4g/2-week group, between the last and the
first dose, was ~ 2 [29].

In the MAD study, mean apoA-I half-life (#,,) was highly
variable in the 3.4 g dose groups (19.3 h after the first infu-
sion of 3.4 g/2-week to 92.8 h at the last infusion of the 3.4
g/1-week group). In contrast, less variability was found in
the 6.8 g/1-week group (from 39.7 to 60.8 h). These differ-
ences in #,, findings could be the consequence of endogenous
apoA-I level fluctuations, sex imbalance between groups,
and the small sample size of the studies. A previous radi-
olabeled HDL study reported an apoA-I #,, between 64.8 to
84 h [36].

Phosphatidylcholine half-life had broad variability (after
the administration of all doses), again, possibly as a conse-
quence of the limited collection of these data. Ultimately, the
mean steady-state volume of distribution for apoA-I varied
from 5.6 to 9.7 L, suggesting the movement of a small quan-
tity of drug out of the plasma.

3.1.2 Pharmacodynamics

CSL112 infusion caused an increase of total CEC by
<192 + 40%. The relationship between drug administration
and effect is supported by the correlation between the CEC
area under the effect time curve (AUEC) and apoA-I AUC.
Cholesterol efflux capacity peaked at 2 h from the infusion
and returned to baseline by 72 h. The ABCA1-dependent
efflux capacity increased < 630 + 421%. No saturation of
AUEC for cholesterol efflux was found with the apoA-I
exposure tested [30].

Pre-f1-HDL (i.e., very small HDL [HDL-VS])
increased by < 3596 + 941%, with peaks at 2 h, except
for 135 mg/kg dose, which occurred at 8 h. Very small
HDL levels increased accordingly to ascending CSL112
doses, with a linear relationship between apoA-I AUC,, ,,
and HDL-VS AUEC,,_,,. In particular, each group noted

some degree of HDL-VS accumulation in the MAD study.
Overall, there was a good correlation between HDL-VS
levels and ABCA1-mediated efflux (2 = 0.54), which was
expected as apoA-I stimulates this pathway of cholesterol
reabsorption.

Total cholesterol (TC) in plasma increased in a dose-
dependent manner, presenting a clear time lag with
CSL112 administration, which peaked between 4 and 24
h following the infusion. Total cholesterol elevation was
driven by a rapid and sustained elevation in HDL-C (up
to 81 + 16.5%, with a peak of HDL-C within 24-48 h
remaining elevated up to more than 72 h) with no change
in non-HDL cholesterol. There was a consistent linear
relationship between HDL-C AUEC,, ;, and apoA-I expo-
sure (AUC,,_;,). High-density lipoprotein cholesterol con-
centration progressively increased before each infusion,
suggesting an accumulation during the study.

The rapid increase in HDL-C, seen at 2 h, was mainly
due to unesterified cholesterol (HDL-UC) accumulating
into HDL particles. High-density lipoprotein cholesterol
peaked around 2—4 h from the beginning of the infusion
and remained elevated for 48 or more hours. In contrast,
HDL-esterified cholesterol (HDL-EC) peaked at 24 h and
remained elevated for 72 h or more. The data suggest that
cholesterol is rapidly displaced from cells to HDL parti-
cles (in the form of HDL UC) and subsequently undergoes
a process of esterification (HDL EC).

Ultimately, CSL112 did not appear to increase proather-
ogenic lipids, as no relevant changes in lipid markers such
as apolipoprotein B (apoB, primary apolipoprotein of
LDL-C and other particles) and triglycerides occurred.

3.1.3 Safety

In Phase 1 studies, the most frequently reported AEs were
vessel puncture site hematoma (n = 18), headache (n =
13), and infusion-site hematoma (n = 11). Overall, there
were no deaths or serious adverse events (SAEs) during the
SAD and MAD studies, and no AEs were directly related
to treatment with CSL112 [36]. In contrast to CSL111,
there was no evidence of hepatic toxicity assessed by liver
enzymes or bilirubin levels. Furthermore, there were no
significant changes in clinical or laboratory data in sub-
jects to whom CSL112 was administered. In particular, no
evidence of viral transmission or apoA-I-specific autoan-
tibodies was found.

3.1.4 Special Populations
3.1.4.1 Volunteer with Moderate Renal Impair-

ment Although most apoA-I catabolism occurs in the liver,
a small amount undergoes renal clearance [37-39]. How-
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ever, previous Phase 1 trials included only volunteers with
normal renal function. Therefore, a Phase 1 double-blind,
placebo-controlled SAD study was conducted to assess
CSL112 safety and PK/PD profile in volunteers with mod-
erate chronic kidney disease (CKD, estimated glomerular
filtration rate [eGFR] 30—-60 mL/min/1.73 m2) compared to
those without CKD [38, 39]. Patients were classified accord-
ing to baseline renal function (16 with moderate CKD and
16 without CKD) into 4 cohorts and randomized (3:1 ratio)
to 2 or 6 g of CSL112 or placebo [39].

ApolipoproteinA-I and PC plasma concentration-time
profiles were similar between groups, with a dose-depend-
ent increase in C,,, for apoA-I and independently from the
baseline renal functional status of the patients, suggesting no
difference in CSL112 exposure according to baseline renal
function. Plasma clearance of apoA-I seems unaffected by
lower eGFR, with an excreted fraction in urine during the
first 48 h < 1% across all doses and renal function.

Sucrose, a sugar compound, is a main component of
CSL112 and is excreted by the kidney. After the CSL112
infusion, a dose-dependent increase of sucrose was noted in
both plasma and urine. Concentration-time profiles indicated
that volunteers with moderate CKD have a slower elimina-
tion when compared to those without CKD. However, the
2 and 6 g groups excreted sucrose almost entirely within
24-48 h, respectively.

After the infusion of CSL112 at 6 g, regardless of the
baseline renal function, there was an intense dose-dependent
4-fold elevation of ABCA1-dependent, a 2-fold elevation of
ABCA1-independent CEC, and an increase in pre-pf-HDL
levels. Moreover, both groups presented similar AUEC,_,,
in terms of cholesterol efflux. Total cholesterol and HDL-C
increased in a dose-dependent way in both groups, with 2
h peak of HDL UC followed by 24 h peak of HDL EC.
CSL112 was not associated with changes in other lipid com-
ponents or inflammation parameters [38].

CSL112 exhibits a similar safety and tolerability profile in
patients with or without CKD. Nevertheless, 2 of 6 subjects
with moderate CKD who received the 6 g dose presented
a slight (1.5% upper limit of normal [ULN]) and transient
(< 24 h) increase in total bilirubin.

3.1.4.2 Japanese Volunteers The early CSL112 Phase 1 tri-
als were performed mostly in White males (97.2%), with a
different incidence of CAD, post-MI AEs, and lipoprotein
metabolisms compared to other ethnic groups. Therefore, a
CSL112 Phase 1 study was conducted on 34 Japanese vol-
unteers to evaluate the PK/PD profiles and safety of differ-
ent CSL112 doses (2, 4, and 6 g single dose) compared to
placebo in oriental races (Table 1) [40]. Furthermore, they
randomized White subjects to either 6 g or placebo (one
administration only) to compare the two populations (6 g in
Japanese vs 6 g in White).
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Apolipoprotein A-I levels in the Japanese population
increased in a non-linear and dose-dependent way, peak-
ing at 2 h and decreasing in a biphasic fashion. Of note,
they remained above the baseline for 72 h (in the 2 and 4
g groups) and 144 h (in the 6 g group). Apolipoprotein A-I
mean baseline-corrected AUC,,_;, went from 840 mg h/dL in
the 2 g cohort to 6490 mg/h/dL in the 6 g cohort, highlight-
ing a dose-dependent exposure of CSL112. Overall, Japa-
nese volunteers experience a similar PK profile compared to
White subjects. The geometric mean ratios (Japanese: White)
for plasma apoA-I1 AUC,_;, and C,,, were 1.08 and 0.945,
respectively.

The total cholesterol efflux increase and the ABCA1-
dependent cholesterol efflux increase in Japanese and
White subjects were similar (total CEC: 2.74-fold vs 2.92-
fold and ABCA1-dependent CEC: 7.29-fold vs 8.36-fold,
respectively), together with pre-p1-HDL, and HDL-C lev-
els. No main alterations in non-HDL-C, apoB, LDL-C, or
triglycerides occurred in any group. Ultimately, there was a
similar safety profile between Japanese and Whites, except
for the presentation of 3 hypersensitivity cases (i.e., a non-
serious rash) that resolved without treatment, but only one
was assessed as being related to the study treatment. Two
cases of non-clinically relevant electrocardiogram changes
were observed.

3.2 Phase 2 Studies

Three Phase 2 studies, including a Phase 2b study, have been
conducted with CSL112 (Table 2) to assess the safety and
PK/PD profile in patients with stable CAD or post-MI.

3.2.1 Patients with Stable CAD

Tricoci et al, conducted a single ascending, double-blinded,
placebo-controlled trial in patients with stable CAD [21].
A total of 45 patients were randomized first into three dose
groups and second to either CSL112 (1.7 g [n = 7], 3.4
g [n = 12], and 6.8 g [n = 14]) or placebo (n = 11) (3:1
ratio). Randomization was stratified for normal (eGFR 90
mL/min/1.73 m?) or mild (eGFR between 60 and 90 mL/
min/1.73 m?). All patients were on dual antiplatelet ther-
apy (DAPT, i.e., aspirin plus clopidogrel or prasugrel), but
patients on anticoagulant therapy were excluded. There
were no serious study-drug-related adverse but mild adverse
events, including infusion-site-related AE and vessel punc-
ture-site hematoma. There were no differences in the rate
of AEs between patients with normal compared with mild
renal dysfunction. Furthermore, no impairment of hepatic
function was observed. Still, a slight increase of serum cre-
atinine was seen in all groups (including placebo), probably
because blood sampling was performed during fasting. No
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Safety

PD findings

PK findings

Intervention

Table 2 (continued)
Studies characteristics

>
>
(="
=
»

There was a lower rate of renal SAE

CSL112 6 g was associated with

CSL112 6 g showed a 2-fold

Four consecutive weekly infusions

CSL112-2001 trial [45]

in the CSL112 group compared to

placebo (1.9 vs 14.3%; p

a 2-fold increase in total CEC,

ABCA1-independent, and
ABCA1-dependent

CEC

increase in apoA-I at the end of

of CSL112/placebo 6 g

Phase 2, double-blind, placebo-

0.048),

the 1Ist infusion and was compa-
rable between the 2 eGFR strata,

controlled RCT
Patients with recent MI (< 7 days),

without a difference in AKI (4.0 vs

14.3%; p
There were no significant differences

0.180)

returning to baseline levels after

24-48 h

DM, and moderate CKD? (n = 83)
Co-primary endpoints: renal SAE

between CSL112 and placebo group

in terms of treatment-related fatal
adverse events, adverse events, or

bleeding events

After the 4th infusion, its increase

and AKI for > 24 h during treat-

ment

was similar to the 1% infusion

ABCA1 ATP binding cassette subfamily A member 1, AKTI acute kidney injury, AUEC, ,,, area under the plasma concentration-time curve from time point zero (before dosing), CAD coronary

artery disease, CE cholesterol efflux, CEC Cholesterol efflux capacity, CKD chronic kidney disease, C,,,, maximum plasma concentration, DM diabetes mellitus, eGFR estimated glomerular

filtration rate, HDL-C high-density lipoprotein cholesterol, MACE major adverse cardiovascular events, MI myocardial infarction, NA not available, PC phosphatidylcholine, RCT randomized

controlled trial, SAE serious adverse event, t,,, terminal elimination half-life, TC total cholesterol

2Moderate renal impairment defined as an eGFR > 30 and < 60 mL/min/1.73 m? PK/PD parameters are reported as mean + SD

seroconversion to any virus or production of anti-CSL112/
apoA-I autoantibodies was reported.

Pharmacokinetic and PD profiles were similar to Phase
1 trials. Apolipoprotein A-I levels reached the maximal
concentration at 2 h, and C,,,, and AUC increased in a
dose dependent manner (Table 2). CSL112 induced a fast
dose-dependent increase in CEC (up to 3.1-fold higher than
placebo).

Total cholesterol and HDL-C increased dose dependently
after the infusion of CSL112, with a peak observed at 8 h,
without further changes in other lipids biomarkers.

3.2.2 AEGIS-ITrial

The ApoA-I Event Reducing in Ischemic Syndromes
I (AEGIS-I) trial was a Phase 2b multicenter, double-
blind, placebo-controlled, dose-ranging randomized trial,
conducted in 1258 patients with a recent MI (within 7
days from randomization), with either normal (n = 578)
or mildly (n = 680) impaired renal function (Table 2)
[41]. Co-primary endpoints were renal or hepatic toxic-
ity at 29 days’ follow-up. Renal toxicity was defined as
an increase > 1.5X in serum creatinine from baseline or
new-onset requirement for renal replacement therapy, with
a non-inferiority margin of < 5%. Hepatic toxicity was
defined as a >3 ULN increase of alanine transaminase
(ALT) or total bilirubin, with a non-inferiority margin of
< 4%. Key secondary endpoints included bleeding and
MACE (composite of CV death, nonfatal MI, ischemic
stroke, or hospitalization for unstable angina) at 1 year.
After stratification by baseline renal function, patients
were randomized (1:1:1 ratio) to either low-dose CSL112
(2 g of apoA-I/week), high-dose CSL112 (6 g of apoA-
I/week), or placebo for 4 weeks. Between 92 and 95%
of the patients were on DAPT and 8%-10% on antico-
agulants. At a median follow-up of 7.5 months, CSL112
was not inferior compared to placebo in terms of hepatic
(CSL112 2 g vs placebo: 1 vs 0%, 95% CI [— 0.1 to 2.5];
Proninferiority = 0-12 and CSL112 6 g vs placebo: 0.5 vs
0%, 95% CI [— 0.5 to 1.71; Ppopinferioriey = 0-50) or renal
toxicity (CSL112 2 g: 0 vs 0.2%, 95% CI [—- 1.4 to 0.7];
Proninferiority = 0-50 and CSL112 6 g: 0.7 vs 0.2%, 95% CI
[= 0.7 to 1.91; Proninferioriy = 0-62). At 12 months, there
were no significant differences in MACE between CSL112
and placebo groups, CSL112 2 g and placebo (6.4 vs 5.5%,
HR 1.18; 95% CI [0.67-2.05]; p = 0.57) or high dose
CSL112 6 g and placebo (5.7 vs 5.5%, HR 1.02; 95% CI
[0.57-1.80]; p = 0.97). There were no significant differ-
ences in MACE components between CSL112 2 or 6 g and
placebo, except for cardiovascular death (CSL1126 g: 1%
vs placebo: 0%; p = 0.0477). Moreover, there were no dif-
ferences in bleeding events, SAEs, drug hypersensitivity,
and infusion site reactions. A dose-dependent increase in
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Fig.3 Changes in apolipoprotein A-I and phosphatidylcholine fol-
lowing CSL112 infusion. Presented are mean + standard deviation of
baseline-corrected plasma concentration-time profiles for apolipopro-
tein A-I (apoA-I) (A) and phosphatidylcholine (PC) (B). Total study

apoA-I concentration, total CEC, and ABCA1-dependent
CEC (2.51-fold in 2 g dose and 1.78-fold in 6 g dose) were
observed (Table 2).

ApoA-I Event Reducing in Ischemic Syndromes I trial
represents the largest trial conducted so far assessing the
safety of CSL112 in patients with an MI in the past 7 days.
Overall, safety outcomes were reassuring, suggesting no
renal and hepatic toxicity without signals of other SAEs.
Both doses of CSL112 were associated with a significant
increase in CEC. As a Phase 2b trial, the analyses of clini-
cal events were underpowered and not adjusted for multiple
comparisons. Therefore, clinical outcomes should be evalu-
ated cautiously and considered hypothesis generating. In
particular, in the difference in cardiovascular death between
CSL112 6 g dose and placebo, there was a low rate of events
with no clustering of deaths in proximity to the CSL112
infusion, and indeterminant causes of death were inputted
as cardiovascular death.

Preliminary data from ongoing AEGIS-I ex vivo sub-
studies have suggested that CSL112 infusion promotes
hepatocytes cholesterol uptake and apoA-I exchange rate
(i.e., biomarker of HDL functionality) compared to placebo
[42, 43].

r T T 1
24 48 72 96 120 144 168

Time (h)

population: 63 (placebo [n = 18], 2 g CSL112 [n = 24], 6 g CSL112
[n = 21]). Normal renal function: 36 patients; Mild renal impairment:
26; Moderate renal impairment: Reproduced with permission from
Gibson et al. [44]

3.2.3 AEGIS-ITrial PK/PD Sub-Study

A small cohort of patients (n = 63) of the AEGIS-I trial
underwent PK/PD profile analysis and several biomarker
assessments. Overall, the results confirmed the previous
PK/PD findings (Table 2). The ApoA-I exposure was 3- to
4-fold higher in the 6 g group versus the 2 g group after the
first dose and 3-fold higher after the last doses. The fact that
there were slightly higher levels after the last doses com-
pared to the first doses suggests a slight degree of accu-
mulation. Phosphatidylcholine showed a similar PK profile
but a shorter half-life, with an exposure 3-fold higher in
the 6 g group than in the 2 g group. There were no sub-
stantial differences in apoA-I and PC PK profiles among
patients with normal, mild, or moderately reduced renal
function (Fig. 3) [44]. The exposure-response relationship
after CSL112 infusion was analyzed in the AEGIS I PK/PD
sub-study [44]. A 2-fold increase in total CEC and a 3-fold
increase in ABCA1-dependent CEC with respect to base-
line was observed at 2 h in the 2 g dose group. At the same
time, a 3-fold increase in total CEC and a 6-fold increase in
ABCA1-dependent CEC with respect to baseline occurred
in the 6 g dose group.
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The 2-h time point (end of infusion) represents the 7;,,, R
(i.e., time to reach maximal response) for ABCA1-depend-
ent and ABCA1-independent CEC in the 2 g and the 6 g
CSL112 doses. In the 6 g group, ABCAl-dependent and
ABCA1-independent CEC returned to baseline after 48 h.
However, in the 2 g group, ABCA1-dependent CEC returned
to baseline after 12 h and ABCA1l-independent CEC after
24 h, suggesting an exposure-response relationship between
CEC and CSL112 dose.

There was a strong correlation between CSL112 dose and
ABCA I-independent CEC AUEC, ,, (R*=0.800) and total
CEC AUEC, ,, (R*=0.757). Notably, the R,,,, (maximal
response) of ABCAl-independent CEC was dose propor-
tional, while it appeared to be saturated for ABCA1-depend-
ent and total CEC. The cause of the saturation was deemed
to be assay saturation, noted in samples collected in 2 and
6 g groups at 2 h. Ultimately, there was a positive linear
relationship between the increasing CSL112 dose-depend-
ent apoA-I exposure and the total, ABCA1-dependent, and
ABCA-independent CEC response, consistent after the first
and last infusion (Fig. 4) [44].

High-density lipoprotein cholesterol peaked between 2 to
6 h, returning to baseline after 48 h in the 2 g group and 96 h
in the 6 g group (Fig. 5). There was a transient 24-h increase
in total cholesterol without an increase in atherogenic lipids
or lipoproteins. Among the inflammatory, metabolic, and
cardiac biomarkers evaluated, there were no significant dif-
ferences between CSL112 and placebo. The authors claimed
that the observed variability in the evaluated biomarkers
could potentially be related to the post-MI condition rather
than to a CSL112 effect.

3.2.4 CSL112-2001 Trial

The CSL112-2001 trial (A Study of CSL112 in Adults With
Moderate Renal Impairment and Acute Myocardial Infarc-
tion) was a double-blinded, placebo-controlled, parallel
group randomized trial that included 83 post-MI patients
(within 7 days of the index event) with moderate CKD
(eGFR between 45 and 60 mL/min/1.73 m?) and diabetes
(Table 2) [45]. Patients were randomized to CSL112 6 g or
placebo (2:1 ratio), stratified according to the CKD stage
(i-e., 3a and 3b stage). The co-primary safety endpoint was
renal SAE (composite of acute renal failure or renal, cor-
tical, or papillary necrosis) and treatment-emergent acute
kidney injury (AKI, sustained increase of creatinine > 0.3
mg/dL from baseline). Key secondary endpoints included
changes in hepatic status (> 3 ULN increase of ALT or total
bilirubin). There were no differences between CSL112 6 g
and placebo in AKI events (4.0 vs 14.3%, 95% CI [-0.277
to —0.025]; p = 0.180), but there was a lower rate of renal
SAEs in the CSL112 group compared to placebo (1.9 vs
14.3%, 95% CI [— 0.296 to — 0.005]; p = 0.048). There were
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no differences between groups in hepatic status and bleed-
ing events. In this cohort of patients with moderate CKD,
CSL112 6 g was associated with similar apoA-I and CEC
to the one observed in post-MI patients with normal renal
function or mild CKD.

3.3 Pooled Data Analysis

Data from the Phase 1 and 2 trials have been combined in 3
different pooled data analyses to increase the study's sam-
ple size and assess the PK/PD profiles among different sub-
groups [20, 40, 46].

In 2018, Gille et al. [20] performed a pooled analysis
of the results from previous Phase 1 and 2 trials, including
healthy volunteers and patients with stable CAD, to compare
PK/PD profiles between them. A total of 137 patients were
included (Phase 1 SAD, n = 57; Phase 1 MAD, n = 36; and
Phase 2a, n = 44). Patients with stable CAD exhibited an
impaired HDL function compared to healthy individuals,
characterized by a significantly lower ABCA1-mediated
CEC at baseline (p < 0.0001) despite slightly higher apoA-
I levels. However, CSL112 infusion overcame the baseline
HDL dysfunction in patients with CAD, and no differences
were observed in apoA-I PK or pre-f1-HDL (p = 0.500)
or CEC (p = 0.100). These findings suggest that the dis-
ease processes that reduce the efflux activity of endogenous
apoA-I have a negligible effect on infused CSL112. When
CEC was analyzed based on tertiles of apoA-I-normalized
CEC (i.e., level of HDL function), there were no differences
in the elevation in CEC (p = 0.100).

In 2020, Zheng et al. [46] performed a pharmacometrics
analysis pooling data from previous Phase 1 (n = 4) and 2
(n = 3) clinical trials (including White and Japanese healthy
volunteers, stable CAD, post-MI, and post-MI patients with
moderate CKD) to characterize the population PK and
exposure-response models evaluated as total and ABCA1-
dependent CEC, and to assess the influence of covariates in
this relationships. Overall, the models did not identify any
covariate that had a clinically relevant effect. In particular,
neither the body weight, sex, nor the ethnic group interfered
with the desired CEC elevation associated with a 6 g dose
of CSL112.

In the previously mentioned Phase 1 study performed by
Zheng et al. [40], the authors performed a cross-study com-
parison to compare PK parameters of apoA-I across five
completed CSL112 clinical trials, including healthy vol-
unteers, stable CAD, and post-MI patients [20, 21, 29, 30,
41]. Overall, CSL112 exposure and CEC enhancement were
similar in Japanese and non-Japanese subjects, which further
confirmed the consistent PK/PD profiles of CSL112. The
infusion of 6 g CSL112 resulted in similar median eleva-
tions of apoA-I in Japanese and White subjects and post-MI
patients (2.08-, 2.33-, and 2.08-fold increase), total CEC
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Fig.4 Correlation between apolipoprotein A-I and CEC exposure
following infusion of CSL112. Presented are the linear relationships
between pre-dose-corrected apolipoprotein. A-I (apoA-I) exposure,
area under the curve in the first 24 h post-infusion (AUC_,,), and
pre-dose-corrected cholesterol efflux capacity (CEC), area under the

ApoA-l AUC, , (mg-h/dL)

A Placebo

effect curve in the first 24 h (AUEC,,_,,): total (A), ABCA1l-depend-
ent (B), and ABCAl-independent CEC (C), following the first and
last infusions of CSL112. Reproduced with permission from Gibson
et al. [44]
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(2.74-,2.92- and 2.55-fold increase), and ABCA1-dependent
CEC (7.29-, 8.36-, and 3.84-fold increase).

3.4 Further Investigations
3.4.1 Effects on Platelet Inhibition

In a previous study with CSL111 (predecessor compound),
infusion in patients with type 2 diabetes without concomitant

A\ Adis

ity. Total study population: 63 (placebo [n = 18], 2 g CSL112 group
[n =24], 6 g CSL112 [n = 21]). Normal renal function: 36 patients;
mild renal impairment: 26 patients; moderate renal impairment: 1
patient. Reproduced with permission from Gibson et al. [44]

antiplatelet therapy, was associated with a significant reduc-
tion in the ex vivo platelet aggregation in response to mul-
tiple agonists. This effect persisted in washed platelets [47].
Moreover, in vitro studies in platelets from healthy individu-
als revealed that the inhibitory effects of CSL111 on platelet
function were time- and dose-dependent and resulted in a
widespread attenuation of platelet function and a significant
reduction in thrombus formation under flow. The proposed
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mechanism of action was reducing cholesterol content in
platelet membranes.

In a dedicated study with CSL112, platelet reactivity and
bleeding risk were assessed in patients (n = 44) with stable
CAD receiving dual antiplatelet therapy (i.e., aspirin plus
clopidogrel [n = 37] or prasugrel [n = 7]) in a single ascend-
ing dose placebo-controlled randomized trial, comparing
CSL112 infusion (1.7, 3.4, or 6.8 g dose) versus placebo
[48]. Platelet aggregation was assessed by means of light
transmission aggregometry using arachidonic acid, adeno-
sine diphosphate, and collagen as agonists, at baseline and
up to 48 h post-dosing. Compared to placebo, CSL112 had
no meaningful time- or dose-dependent effects on maximum
platelet aggregation in response to any agonist, regardless of
the dose or renal function subgroup. There were no signifi-
cant changes in coagulation parameters, and no differences
in bleeding events were observed.

3.4.2 Interaction with Lipid-Lowering Therapies

Lipid-lowering therapies (i.e., statins and proprotein con-
vertase subtilisin/kexin type 9 [PCSK9] inhibitor) are a cor-
nerstone in preventing recurrent events in post-MI patients.
In animal models, high doses of rHDL are associated with a
transient increase of hepatic enzymes. In an animal model,
Beyerle et al. [49] performed a toxicity evaluation of the
combination of different CSL112 doses with alirocumab (a
PCSKO inhibitor) and/or atorvastatin (a statin). Although
high-dose CSL112 was associated with a non-significant
elevation of liver enzymes, there was limited evidence of
hepatic toxicity with the co-administration of CSL112 with
alirocumab and/or atorvastatin assessed by means of liver
enzymes and histology. Co-administration of the study drugs
had minimal effect on their respective exposure levels and
total cholesterol and HDL-C levels. To date, no dedicated
investigations in humans on drug-drug interaction are
available.

4 Future Directions

CSL112 has been tested in seven different Phase 1 and Phase
2 trials (Tables 1 and 2), including 1060 participants who
received at least one drug dose. In contrast to its prototype,
CSL112 has shown favorable safety and tolerability profile
combined with robust PK/PD data that led to its study in a
large-scale Phase 3 trial.

4.1 AEGISII

The ApoA-I Event Reducing in Ischemic Syndromes II
(AEGIS-II) trial is an ongoing multicenter, double-blinded,

placebo-controlled, parallel group randomized controlled
trial, which targets > 18,000 post-MI patients [50]. AEGIS-
IT will be the first trial to formally determine whether
enhancing CEC by means of CSL112 infusion can reduce
the rate of recurrent MACE. The studied population will
include patients with spontaneous MI, evidence of multi-
vessel stable coronary artery disease, and the presence of
diabetes requiring pharmacotherapy, or > 2 of the following:
aged > 65 years, prior MI, or PAD. Key exclusion criteria
include ongoing hemodynamic instability, hepatobiliary
disease, severe CKD (including dialysis), scheduled bypass
surgery, and body weight below 50 kg. Patients are rand-
omized (1:1 ratio) to receive weekly infusions of CSL112 6
g or placebo for 4 weeks, initiated prior to or on the day of
discharge and within 5 days of first medical contact. All 4
infusions should be administrated 5 to 8 days apart, within
30 days. Randomization will be stratified by the type of MI
(ST-segment elevation MI vs non-ST-segment elevation MI),
management (invasive vs medical), and region. The primary
efficacy outcome is the time to first occurrence of MACE
(composite of cardiovascular death, MI, and stroke) at 90
days of follow-up. Key secondary outcomes included the
total number of hospitalizations for coronary, cerebral, or
peripheral ischemia at 90 days follow-up and time to first
occurrence of MACE from randomization through 180 and
365 days. Safety outcomes include the number of partici-
pants with AEs through 90 days, treatment-related AEs, and
SAEs through to the end of the study.

The final sample size (n = 18,231) was based on CEC-
adjudicated MACE rates and was monitored during the
enrollment phase. The sample size was calculated assuming
CSL112 will have a 20% relative risk reduction compared to
placebo MACE at 90 days’ follow-up. Assuming a 1-sided o
of 0.025, 1004 confirmed MACE events will provide at least
90% power. Sample size calculation considers 3 planned
interim analyses performed at 30, 50, and 70% of the target
number of CEC-adjudicated events. The first and second
interim analyses will assess futility, and the third interim
analysis will assess efficacy.

The study had a protocol amendment because the blinded
aggregate primary endpoint event rates were lower than
anticipated, leading to two major changes. First, the risk pro-
file of the study population was enhanced. The new protocol
requires patients to have either pharmacologically treated
diabetes mellitus or any 2 or more of the other established
risk factors (aged > 65 years, prior MI, or PAD) versus the
original requirement that subjects have only 1 risk factor.
Second, the definition of MI within the composite primary
endpoint was expanded to include all MIs and not just type
1 MlIs as originally designed. The rationale was to reduce a
potentially negative impact on sensitivity and misclassifica-
tion in accounting for MI in the primary endpoint.
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Table3 CSL122 summary

Phase 3

Indication and target population

Tertiary prevention of atherosclerotic disease in high-risk post-MI patients (i.e., within 7 days of an MI

with evidence of multivessel stable CAD, and presence of diabetes requiring pharmacotherapy, or > 2
of the following: age > 65 years, prior MI, or PAD)

Structure Reconstituted apoA-I
Mechanism of action

Route of administration and dosing

Enhances cholesterol efflux capacity (CEC)
Intravenous, 4 weekly 6 g infusions, no renal or hepatic adjustment

PK CSL112 6 g showed a 2.06-fold increase in apoA-I and 1.27-flold increase in HDL-C
PD CSL112 6 g was associated to a 2.45-fold increase of total CEC and 4.30-fold of ABCA1-dependent CEC

Pivotal trials

AEGIS-I: a randomized, double-blind, placebo-controlled trial of 1258 patients with recent myocardial

infarction showing that CSL112 was non-inferior compared to placebo in renal and hepatic safety

endpoints

AEGIS-II: an ongoing randomized, double-blind, placebo-controlled trial that enrolled 18,200 high-risk
post-MI patients and will determine the safety and efficacy of CSL112 for preventing recurrent MACE

at 90 days

ABCAI ATP binding cassette subfamily A member 1, Apo A-I apolipoprotein A-I, CAD coronary artery disease, CEC Cholesterol efflux capac-
ity, HDL-C high-density lipoprotein cholesterol, MACE major adverse cardiovascular events, MI myocardial infarction, PAD peripheral artery

disease, PD pharmacodynamics, PK pharmacokinetics

5 Regulatory Affairs

After completing Phases 1 and 2, the safety and efficacy of
CSL112 need to be proved in the ongoing Phase 3 AEGIS-II
trial before being evaluated by regulatory agencies. The trial
enrollment was interrupted during the COVID-19 pandemic
causing a delay in the trial timelines. The study enrollment
was completed on November 21st, 2022, and the estimated
primary endpoint (MACE) completion is expected for March
2023. Furthermore, the end of the study and key secondary
endpoints (components of MACE and safety) are scheduled
for late December 2023 [51].

6 Conclusion

Prevention of recurrent adverse CV events is an unmet
clinical need, representing an increasing cause of mor-
bidity and mortality, particularly during the trimester
following an MI. Among all the available targets, HDL
represents an interesting therapeutic approach because of
its strong relationship with CAD. After the failure of sev-
eral trials focused on increasing circulating HDL levels,
the target has now moved towards enhancing the func-
tion of HDL by means of reconstituted HDL. Following a
decade of investigations, CSL112 has proven to be a safe
and well-tolerated compound showing promising results
in post-MI patients in Phase 2b AEGIS-I trial. CSL112 is
being studied in the ongoing large-scale Phase 3 AEGIS-II
trial to determine its efficacy in reducing MACE in post-
MI high-risk patients (Table 3).
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