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HIGHLIGHTS

� Targeting AGT is a novel approach to

inhibit the RAAS pathway.

� AGT is primarily synthesized in the liver.

� IONIS-AGT-LRx is an ASO directed to

hepatocyte-derived AGT.

� In 2 phase 2 trials as monotherapy and as

an add-on to 2 to 3 medications for hy-

pertension, IONIS-AGT-LRx was well

tolerated with a significant reduction in

plasma AGT levels.

� IONIS-AGT-LRx is being developed for

hypertension and heart failure

indications.
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ABBR EV I A T I ON S

AND ACRONYMS

ACEi/ARB = angiotensin-

converting enzyme inhibitor/

angiotensin receptor blocker

AGT = angiotensinogen

ASO = antisense

oligonucleotide

CI = confidence interval

DBP = diastolic blood pressure

EDTA =

ethylenediaminetetraacetic

acid

GalNAc3 = triantennary N-

acetyl galactosamine

Kþ = potassium

PS = phosphorothioate

RAAS = renin-angiotensin-

aldosterone system

SBP = systolic blood pressure
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SUMMARY
Targeting angiotensinogen (AGT) may provide a novel approach to more optimally inhibit the renin-angiotensin-

aldosterone system pathway. Double-blind, placebo-controlled clinical trials were performed in subjects with

hypertension as monotherapy or as an add-on to angiotensin-converting enzyme inhibitors/angiotensin receptor

blockers with IONIS-AGT-LRx versus placebo up to 2 months. IONIS-AGT-LRx was well tolerated with no sig-

nificant changes in platelet count, potassium levels, or liver and renal function. IONIS-AGT-LRx significantly

reduced AGT levels compared with placebo in all 3 studies. Although not powered for this endpoint, trends were

noted in blood pressure reduction. In conclusion, IONIS-AGT-LRx significantly reduces AGT with a favorable

safety, tolerability, and on-target profile. (A Study to Assess the Safety, Tolerability and Efficacy of IONIS-AGT-

LRx; NCT04083222; A Study to Assess the Safety, Tolerability and Efficacy of IONIS-AGT-LRx, an Antisense

Inhibitor Administered Subcutaneously to Hypertensive Subjects With Controlled Blood Pressure; NCT03714776;

Safety, Tolerability, Pharmacokinetics, and Pharmacodynamics of Ionis AGT-LRx in Healthy Volunteers;

NCT03101878) (J Am Coll Cardiol Basic Trans Science 2021;6:485–96) © 2021 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
C hronic overactivity of the renin-
angiotensin-aldosterone system
(RAAS) pathway is considered a ma-
jor contributor to the pathogenesis of cardiovascular
disorders, including hypertension and heart failure
(1,2). Although inhibition of the RAAS pathway by
angiotensin-converting enzyme inhibitors (ACEis) or
type I angiotensin receptor blockers (ARBs) repre-
sents one of the most effective treatments for hyper-
tension and heart failure with reduced ejection
fraction (3–7), a limitation of this approach is the
higher risk of on-target toxicity manifested primarily
by hyperkalemia and renal dysfunction, which neces-
sitates lower clinical doses and limits more optimal
inhibition of these pathways and clinical benefits
(8). The downstream inhibition of the RAAS pathway
can also result in upstream compensatory pathways
that further limit their therapeutic efficacy (9–11).

Targeting the top of the RAAS pathway by silencing
liver-derived angiotensinogen (AGT) (12) is a novel
mechanism for RAAS inhibition. This approach has 2
potential advantages compared with current RAAS
inhibitors. First, by inhibiting AGT production in the
liver and minimizing inhibition of RAAS in the
kidney, it may exhibit a better safety profile by
allowing renal homeostasis and tubuloglomerular
feedback to remain intact, thereby mitigating in-
creases in potassium (Kþ) and renal dysfunction.
Second, it may minimize escape mechanisms that act
to restore angiotensin II levels or maintain angio-
tensin II signaling. More complete inhibition of
locally generated angiotensin II in the vasculature or
cardiac tissues may be advantageous in patients with
resistant hypertension or heart failure (13,14).
IONIS-AGT-LRx (Ionis Pharmaceuticals, Carlsbad,
California) is a hepatocyte-directed antisense oligo-
nucleotide (ASO) drug designed target to AGT mRNA
and reduce the synthesis of AGT protein in the liver,
and consequently, reduce AGT levels in plasma. In
this paper, we describe the safety profile, tolerability,
and AGT reduction of IONIS-AGT-LRx in a phase 1 trial
in healthy volunteers (Safety, Tolerability, Pharma-
cokinetics, and Pharmacodynamics of Ionis AGT-LRx
in Healthy Volunteers; NCT03101878) and 2 phase 2
trials: 1) in patients with mild hypertension after
washout of antihypertensive medications (A Study to
Assess the Safety, Tolerability and Efficacy of IONIS-
AGT-LRx, an Antisense Inhibitor Administered Sub-
cutaneously to Hypertensive Subjects With
Controlled Blood Pressure; NCT03714776); and 2) in
patients with uncontrolled blood pressure who
received antihypertensive background therapy with 2
to 3 antihypertensive medications (A Study to Assess
the Safety, Tolerability and Efficacy of IONIS-AGT-
LRx; NCT04083222).

METHODS

DESIGN OF THE ASO IONIS-AGT-LRx. IONIS-AGT-LRx

is a second-generation, ligand-conjugated ASO. The
ASO is covalently linked to triantennary N-acetyl
galactosamine (GalNAc3), a high-affinity ligand for
the hepatocyte-specific asialoglycoprotein receptor,
to form an GalNAc3-ASO conjugate (15).The GalNAc3
ligand enhances ASO delivery to hepatocytes,
resulting in 10- to 30-fold potency increases in pre-
clinical and clinical studies (16,17). The oligonucle-
otide portion of the drug consists of 20 nucleotides

https://clinicaltrials.gov/ct2/show/NCT04083222
https://clinicaltrials.gov/ct2/show/NCT03714776
https://clinicaltrials.gov/ct2/show/NCT03101878
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that are connected sequentially by phosphorothioate
(PS) linkages. The nucleotide sequence of IONIS-
AGT-LRx is complementary to a 20-nucleotide stretch
within the 3ʹ UTR of human AGT and binds to the
mRNA by Watson-Crick base pairing. IONIS-AGT-LRx

is designed to serve as a substrate for RNase H1,
which is achieved by a chimeric design, so that a 10
PS deoxynucleotide center is flanked by 5 PS nucle-
otides modified with 20-O-(2-methoxyethyl). Thus,
the resulting “20-O-(2-methoxyethyl) gapmer” has a
5-10-5 design, giving it enhanced affinity for its
cognate RNA sequence and increased nuclease
resistance relative to a non-chimeric PS deoxy-
nucleotide. The hybridization of IONIS-AGT-LRx to
AGT mRNA results in RNase H1-dependent cleavage
of the mRNA, thus preventing production of the AGT
protein. Reduction in AGT mRNA correlates directly
with a subsequent reduction in AGT protein levels
in blood.

PRE-CLINICAL ASSESSMENT OF IONIS-AGT-LRx IN

HUMAN AGT-TRANSGENIC MICE. The results of the
pre-clinical studies and phase 1 study are shown in
the Supplemental Appendix and in Supplemental
Figures 1 and 2.

PHASE 1: IONIS-AGT-LRx IN HEALTHY VOLUNTEERS.

The methods for this trial are presented in the
Supplemental Appendix.

PHASE 2: IONIS-AGT-LRx MONOTHERAPY STUDY.The
phase 2 monotherapy study was a randomized,
double-blind, placebo-controlled trial that evaluated
IONIS-AGT-LRx at 6 sites in the United States. Patients
aged 18 to 72 years, inclusive, with controlled hyper-
tension on 2 antihypertensive medications (confirmed
during a 1-week run-in period), 1 of which was an ACEi
or an ARB and the other was a beta-blocker, calcium
channel blocker, or diuretic, were enrolled
(Supplemental Figure 3). Patients with a screening
plasma AGT level <20 mg/ml or with Kþ >4.85 and
urine protein/creatinine ratio $0.3 mg/mg were
excluded. All antihypertensive medications were
stopped for 14 days (washout). Patients who met the
inclusion criteria of a systolic blood pressure (SBP)
>140 to #165 mm Hg after washout were randomized
2:1 to 80 mg IONIS-AGT-LRx or placebo. Patients were
also stratified by screening plasma AGT level
(#30 mg/ml vs. >30 mg/ml). All patients received
weekly, in-clinic, subcutaneous injections for 6 weeks
with a loading dose administered on day 3, then were
followed for 12 weeks in the post-treatment period.
The primary efficacy endpoint was the comparison of
percent change in plasma AGT from baseline to
study week 7 (day 43) between 80 mg IONIS-AGT-LRx

and placebo. Exploratory endpoints included
post-baseline changes in SBP, diastolic blood pressure
(DBP), percentage of patients who reached the goals of
in-clinic SBP #140 mm Hg, DBP #90 mm Hg, and both
over time. Blood pressure was measured by study
personnel at every in-clinic visit in a quiet room after
5 min of resting in a chair with feet on the floor. Three
consecutive blood pressure measurements were
averaged to obtain an average blood pressure. When
the dosing period was completed, the study in-
vestigators were allowed to re-initiate antihyperten-
sive medications per clinical judgment. The CONSORT
Diagram is shown in Supplemental Figure 3.

PHASE 2: IONIS-AGT-LRx ADD-ON STUDY TO STANDARD OF

CARE IN PATIENTSWITH UNCONTROLLED HYPERTENSION

ON 2OR 3 ANTIHYPERTENSIVEMEDICATIONS. This phase
2 randomized, double-blind, placebo-controlled add-
on trial evaluating IONIS-AGT-LRx was conducted at 9
sites in the United States. Patients aged 18 to 75
years, inclusive, on a stable regimen of 2 to 3 anti-
hypertensive medications, including an ACEi/ARB
and 1 or 2 additional antihypertensives in the beta-
blocker, calcium channel blocker, or non-potassium
sparing diuretic classes were eligible (Supplemental
Figure 4). The inclusion criteria also required that
patients have an average SBP within >140
and #170 mm Hg and DBP >80 mm Hg at screening
and pre-dose day 1. Subjects with a screening AGT
level <20 mg/ml or with Kþ >4.9 and urine protein/
creatinine ratio $0.3 mg/mg were excluded. Patients
were stratified by screening ACEi/ARB dose then
randomized 2:1 to 80 mg IONIS-AGT-LRx or placebo,
respectively. All patients received weekly in-clinic
subcutaneous injections for 8 weeks with a loading
dose administered on day 3, and then were followed
for 12 weeks in the post-treatment period. The pri-
mary efficacy endpoint was the comparison of
percent change from baseline to study week 9 (day
57) in plasma AGT between 80 mg IONIS-AGT-LRx and
placebo. Exploratory endpoints included post-
baseline changes in SBP, DBP, and the percentage of
patients who reached goals of SPB #140 mm Hg,
DBP #80 mm Hg, and both during the study. Blood
pressure was measured as in the monotherapy study.
The CONSORT diagram is shown in
Supplemental Figure 3.

Advarra (Columbia, Maryland), a central institu-
tional review board, approved all 3 clinical trials.

LABORATORY PARAMETERS. Chemistry and hema-
tology parameters were measured by an automatic
analyzer. AGT levels were measured in ethyl-
enediaminetetraacetic acid (EDTA) plasma by an
enzyme-linked immunoassay developed by Medpace
Reference Labs (Cincinnati, Ohio). Plates were pre-

https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
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coated with rabbit anti-human immunoglobulin
monoclonal antibody (IBL-America, Minneapolis,
Minnesota); EDTA-plasma in 1;10,000 dilution was
added and AGT was detected with horse radish
peroxidase mouse anti-human AGT monoclonal Fab’
fragment (IBL-America). Purified human AGT was
used to generate the standard curve, and linearity was
confirmed in the working range. Hemolysis (up to
1,600 mg/dl hemoglobin), lipemia (up to triglycerides
of 2,265 mg/dl), and icterus (bilirubin up to 35.7 mg/dl)
did not interfere with assay performance. Spiking and
recovery bias was acceptable at �14.8% to 16.6%. The
precisionmeasured as the coefficient of variability was
9%. The analytical measuring range was 4.7 to
300 mg/ml. Studies in healthy human adults showed
the 95% reference interval for AGT levels was 13.9 to
75.9 mg/ml. AGT levels were also measured in spot
urine using the same method. Angiotensin II levels
were measured by radioimmunoassay in EDTA plasma
(Quest Diagnostics Nichols Institute, Cincinnati,
Ohio). Plasma renin activity and renin mass were
measured on EDTA plasma by liquid chromatography
tandemmass spectrometry (Quest Diagnostics Nichols
Institute) and an immunoradiometric assay (ARUP
Laboratories, Salt Lake City, Utah), respectively.
Aldosterone was measured by chemiluminescent
immunoassay on EDTA plasma (Medpace Refer-
ence Labs).

STATISTICAL ANALYSIS. Descriptive summary sta-
tistics including number of subjects, mean � SD, or
95% confidence interval (CI) for continuous variables,
and counts and percentages for categorical variables
are presented. All statistical tests were conducted
using 2-sided tests with a 5% type I error rate. There
was no statistical rationale for the selected sample
size, and the outcomes were considered as descrip-
tive. In the phase 1 study, the placebo subjects were
pooled and analyzed as separate single- and
multiple-dose placebo groups. One-way analysis of
variance was applied to compare between individual
IONIS-AGT-LRx treatment and pooled placebo by
least-square mean (Wilcoxon rank sum test if data
were substantial from normality). In the phase 2
monotherapy study, the primary efficacy endpoint
was the comparison of percent change from baseline
to study week 7 in plasma AGT between the IONIS-
AGT-LRx 80 mg group and the placebo group, and
analyses were based on a per protocol set (at least 5
doses and no protocol deviations that affected effi-
cacy). Analysis of covariance was used with treat-
ment and a randomization stratification factor
(screening AGT concentration level) as independent
variables. In the phase 2 add-on study, the primary
efficacy endpoint was the comparison of percent
change from baseline to study week 9 in plasma AGT
between the IONIS-AGT-LRx 80 mg group and the
placebo group, and the analyses were based on the
per protocol set (at least 7 doses and no protocol
deviations that affected efficacy). Analysis of covari-
ance was used with treatment and a randomization
stratification factor (screening ACE/ARB dose level)
as independent variables. In the cases in which data
were substantial different from normality, the
nonparametric Van Elteren test was applied instead.
The Cochran-Mantel-Haenszel test was used to
compare the proportional difference between treat-
ment groups while stratifying by randomization fac-
tor. All safety analyses were conducted in the safety
population, defined as all subjects who were ran-
domized and received at least 1 dose of IONIS-AGT-
LRx or placebo. For threshold effects, the achieved
blood pressure cutoff of <140/90 mm Hg was a pre-
specified analysis. The achieved SBP and DBP cut-
offs of >5, >10, and >15 mm Hg reduction were not
pre-specified. All statistics were performed with SAS
Enterprise Guide 6.1 software (SAS Institute, Cary,
North Carolina).

RESULTS

PRE-CLINICAL ASSESSMENT OF IONIS-AGT-LRx IN

HUMAN AGT-TRANSGENIC MICE AND PHASE 1

HEALTHY VOLUNTEER STUDY. The results of the pre-
clinical studies and phase 1 study are shown in the
Supplemental Appendix and in Supplemental Tables 1
to 3.

PHASE 2 MONOTHERAPY STUDY. The baseline char-
acteristics of the monotherapy study are shown in
Table 1. In the monotherapy trial, 21 of 77 (27%)
screened subjects did not meet AGT criteria. At
screening, there was no difference in mean AGT
levels in the placebo group versus the IONIS-AGT-LRx

group (27.4 � 13.1 mg/ml vs. 23.5 � 3.7 mg/ml;
p ¼ 0.80). All patients had confirmed controlled SBP/
DBP on hypertension therapy at screening. The AGT
levels tended to decline following washout of anti-
hypertensive medications. An expected, a rise in
blood pressure occurred after stopping the anti-
hypertensive medications for 14 days, reaching a
mean SBP of 149 � 15 and 146 � 9 mm Hg and a mean
DBP of 88 � 10 and 86 � 7 mm Hg for the placebo and
IONIS-AGT-LRx groups, respectively. Renal function
and Kþ levels were normal at baseline.

IONIS-AGT-LRx was well tolerated with no hypo-
tensive events, hyperkalemia, or renal abnormalities
(Supplemental Table 4). One patient in the placebo
group experienced acute pancreatitis. After 6 weeks

https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004
https://doi.org/10.1016/j.jacbts.2021.04.004


TABLE 1 Baseline Characteristics of the Monotherapy Study

Placebo
(n ¼ 8)

IONIS-AGT-LRx
(n ¼ 17)

Age (yrs) 57 � 4 60 � 7

Male 2 (25) 10 (59)

Female 6 (75) 7 (41)

White 5 (63) 10 (59)

BMI (kg/m2) 29.5 � 3.8 28.6 � 2.8

Hyperlipidemia 5 (63) 12 (71)

Type 2 diabetes mellitus 1 (13) 7 (41)

AGT (mg/ml) screening 27.4 � 13.1 23.5 � 3.7

>30 mg/ml 1 (13) 1 (6)

AGT (mg/ml) baseline 26.9 � 19.1 20.7 � 4.7

SBP screening (mm Hg) 129 � 13 126 � 10

DBP screening (mm Hg) 82 � 9 78 � 6

SBP post-washout (mm Hg) 149 � 15 146 � 9

DBP post-washout (mm Hg) 88 � 10 86 � 7

High-dose ACEi/ARB* 3 (38) 10 (59)

Creatinine (mg/dl) 0.77 � 0.19 0.88 (0.24)

eGFR (ml/min/1.73 m2) 93 � 13 90 � 15

Potassium (mmol/l) 4.3 � 0.3 4.3 � 0.4

Angiotensin II (ng/l) 24 � 23 18 � 6

Aldosterone (ng/dl) 11.9 � 9.5 11.9 � 7.5

Renin mass (pg/ml) 13.7 � 20.0 15.0 � 22.5

Plasma renin activity (ng/ml/h) 1.4 � 2.1 1.5 � 1.9

Values are mean � SD or n (%). The angiotensinogen (AGT) baseline values were
defined as the averaged values collected between day �7 and before the first dose
of study drug. *High-dose angiotensin-converting enzyme inhibitor/angiotensin
receptor blocker (ACEi/ARB) was defined based on the average approved doses per
package insert.

BMI ¼ body mass index; DBP ¼ diastolic blood pressure; eGFR ¼ estimated
glomerular filtration rate; SBP ¼ systolic blood pressure.

FIGURE 1 Mean Percent Changes in AGT Over Time in IONIS-AGT-LR

The shaded area represents the dosing window, the arrowheads show th

the follow-up period. The primary endpoint was at day 43. *p < 0.05; *

specified timepoint. AGT ¼ angiotensinogen.
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of dosing at day 43, a significant mean absolute
reduction in AGT levels was noted in the IONIS-AGT-
LRx group compared with the placebo group (�11.2 �
6.0 mg/ml vs. 2.0 � 4.6; p < 0.001). Similarly, the
mean percent reduction in AGT levels was signifi-
cantly lower with IONIS-AGT-LRx compared with the
placebo group (�54 � 24.8% vs. 12.6 � 23.3%;
p < 0.001) (Figure 1). Statistically significant differ-
ences were noted by day 8 and persisted to day 78. In
the AGT-LRx group, 6 treated patients had AGT levels
below the lower level of detection of the assay and
were assigned the lower limit of detection of the AGT
assays value of 4.7 mg/ml. The reductions were sus-
tained and demonstrated reversibility in the post-
treatment period.

Exploratory analyses are shown in Table 2. There
was a nonsignificant larger reduction in SBP
(�8 mm Hg; 95% CI: �17 to 2 mm Hg) or DBP
(�1 mm Hg; 95% CI: �8 to 5 mm Hg) observed with
IONIS-AGT-LRx compared with placebo but these did
not reach statistical significance. A higher percentage
of subjects treated with IONIS-AGT-LRx compared
with placebo achieved $5, $10, and $15 mm Hg re-
ductions in SBP and DBP. Similarly, a higher per-
centage of patients treated with IONIS-AGT-LRx

compared with placebo reached SBP #140 mm Hg or
DBP #90 mm Hg. There were no significant changes
in angiotensin II, aldosterone, or renin mass or
activity.
x Versus Placebo in the Monotherapy Study

e timepoint when the dose was given, and the unshaded area shows

*p < 0.01; ***p < 0.001 IONIS-AGT-LRx versus placebo at the



TABLE 2 Exploratory Analyses in the Monotherapy Study

Results at Day 43 Placebo (n ¼ 6) IONIS-AGT-LRx (n ¼ 15)

Mean absolute change in SBP (mm Hg) �2 (�19 to 16) �8 (�17 to 2)

Median (quartile 1 to quartile 3) 0 (�4 to 3) �12 (�23 to 2)

Mean absolute change in DBP (mm Hg) 4 (�4 to 12) �1 (�8 to 5)

Median (quartile 1 to quartile 3) 4 (�3 to 6) �2 (�6 to 4)

Patients with $5 mm Hg reduction in SBP 1 (17) 8 (53)

Patients with $10 mm Hg reduction in SBP 1 (17) 8 (53)

Patients with $15 mm Hg reduction in SBP 1 (17) 5 (33)

Patients with $5 mm Hg reduction in DBP 0 (0) 4 (27)

Patients with $10 mm Hg reduction in DBP 0 (0) 3 (20)

Patients with $15 mm Hg reduction in DBP 0 (0) 3 (20)

Patients reaching SBP #140 mm Hg 3 (50) 10 (67)

Patients reaching DBP #90 mm Hg 3 (50) 11 (73)

Mean change in angiotensin II (ng/dl) 1 � 5 1 � 8

Mean change in aldosterone (ng/dl) 0.1 � 4.2 0.0 � 3.0

Mean change in renin mass (pg/ml) �1.9 � 4.2 15.7 � 33.8

Mean change in plasma renin activity (ng/ml/h) 0.66 � 2.01 �0.11 � 1.74

Values are mean (95% confidence interval), n (%), or n (%), or mean � SD unless otherwise indicated. Blood
pressure results occurred after antihypertensive medications were reinitiated and were removed from this
analysis.

Abbreviations as in Table 1.

TABLE 3 Baseline Characteristics of the Add-On Study

Placebo
(n ¼ 8)

IONIS-AGT-LRx
(n ¼ 18)

Age (yrs) 61 � 10 60 � 8

Male 2 (25) 4 (22)

Female 6 (75) 14 (78)

White 4 (50) 15 (83)

BMI (kg/m2) 29.4 � 4.2 28.1 � 4.6

Hyperlipidemia 4 (50) 13 (72)

Type 2 diabetes mellitus 3 (38) 5 (28)

AGT (mg/ml) baseline 25.5 � 4.4 25.1 � 3.3

SBP (mm Hg) 152 � 8 154 � 11

DBP (mm Hg) 87 � 8 89 � 9

Baseline diuretic used 6 (75) 11 (61)

Number of anti hypertensive meds

2 6 (75) 11 (61)

3 2 (25) 7 (39)

High-dose ACEi/ARB* 3 (38) 7 (39)

Creatinine (mg/dl) 0.87 � 0.11 0.77 � 0.19

eGFR (ml/min/1.73 m2) 84 � 15 89 � 13

Potassium (mmol/l) 4.3 � 0.5 4.2 � 0.4

Angiotensin II (ng/l) 19 � 6 32 � 35

Aldosterone (ng/dl) 13.6 � 4.5 9.7 � 5.1

Renin mass (pg/ml) 8.2 � 6.1 36.2 � 72.7

Plasma renin activity (ng/ml/h) 1.0 � 1.0 3.9 � 5.8

Values are mean � SD or n (%). *High-dose ACEi/ARB was defined based on the
average approved doses per package insert.

Abbreviations as in Table 1.
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PHASE 2 ADD-ON STUDY. The baseline characteris-
tics are shown in Table 3. In the add-on trial, 11 of 64
(17.2%) subjects did not meet AGT criteria. Most pa-
tients were women. Baseline mean AGT levels were
25.5 � 4.4 mg/ml and 25.1 � 3.3 mg/ml in the placebo
and IONIS-AGT-LRx groups, respectively. Approxi-
mately two-thirds of patients were taking 2 antihy-
pertensive medications and one-third were on 3
antihypertensive medications. Baseline mean SBP
was 152 � 8 mm Hg and DBP was 87 � 8 mm Hg in the
placebo group, and SBP was 154 � 11 mm Hg and DBP
was 89 � 9 mm Hg in the IONIS-AGT-LRx group.

IONIS-AGT-LRx was well tolerated with no serious
adverse events, hypotensive events, or renal abnor-
malities (Supplemental Table 5). One patient in the
IONIS-AGT-LRx group with no history of diabetes
mellitus, screening Kþ of 4.8 mmol/l, and an esti-
mated glomerular filtration rate of 84 ml/min/1.73 m2

at day 1 developed asymptomatic hyperkalemia with
no electrocardiographic changes at day 8 after only 2
doses of study drug that peaked to 5.9 mmol/l at day
22. Study drug was discontinued, benazepril (20 mg/
day) held, and hydrochlorothiazide increased from
12.5 to 25 mg/day. The Kþ returned to 4.1 mmol/l
within 5 days. At approximately 42 days after the last
dose, the patient was re-challenged with benazepril
20 mg/day and Kþ increased to 5.7 mmol/l. Benaze-
pril was permanently withdrawn, and the hydro-
chlorothiazide was reduced to 12.5 and the Kþ
increased back to 5.8 mmol/l. The estimated glomer-
ular filtration rate was not significantly changed
throughout this period. The investigator deemed this
event unrelated to the study drug.

After 8 weeks of dosing, at day 57, a significant
absolute reduction in mean AGT levels was noted in
the IONIS-AGT-LRx group compared with the placebo
group (�17.0 � 4.1 mg/ml vs. �1.1 � 4.5 mg/ml;
p < 0.001). Similarly, the mean percent reduction in
AGT levels was significantly lower in the IONIS-AGT-
LRx group compared with the placebo group (�67 �
14.1% vs. 3.4 � 17.8%; p < 0.001 (Figure 2). Statisti-
cally significant differences were noted by day 8 and
persisted to day 92. In the IONIS-AGT-LRx group, 2
treated patients had AGT levels below the lower level
of detection and were assigned values of 4.7 mg/ml.

Exploratory analyses are shown in Table 4. There
was a numerically larger reduction in SBP
(�12 mm Hg; 95% CI: �21 to �4 mm Hg) and DBP
(�6 mm Hg; 95% CI: �11 to �1 mm Hg) observed with
IONIS-AGT-LRx compared with placebo but this did
not reach statistical significance. A higher percentage
of subjects treated with IONIS-AGT-LRx compared
with placebo achieved $5, $10, and $15 mm Hg re-
ductions in SBP and DBP. Similarly, a higher per-
centage of patients treated with IONIS-AGT-LRx

compared with placebo reached SBP #140 mm Hg or

https://doi.org/10.1016/j.jacbts.2021.04.004


FIGURE 2 Mean Percent Changes in AGT Over Time in IONIS-AGT-LRx Versus Placebo in the Add-On Study

The shaded area represents the dosing window, the arrowheads show the timepoint when the dose was given, and the unshaded area shows

the follow-up period. The primary endpoint was at day 57. *p < 0.05; **p < 0.01, ***p < 0.001 IONIS-AGT-LRx versus placebo at the

specified timepoint. Abbreviation as in Figure 1.

TABLE 4 Exploratory Analyses in the Add-On Study

Results at Day 57 Placebo (n ¼ 8) IONIS-AGT-LRx (n ¼ 16)

Mean absolute change in SBP (mm Hg) �5 (�13 to 4) �12 (�21 to �4)

Median (quartile 1 to quartile 3) �5 (�8 to 0) �10 (�19 to �2)

Mean absolute change in DBP (mm Hg) 1 (�7 to 9) �6 (�11 to �1)

Median (quartile 1 to quartile 3) �1 (�8 to 10) �7 (�9 to 2)

Patients with $5 mm Hg reduction in SBP 5 (63) 11 (69)

Patients with $10 mm Hg reduction in SBP 1 (13) 8 (50)

Patients with $15 mm Hg reduction in SBP 1 (13) 7 (44)

Patients with $5 mm Hg reduction in DBP 3 (38) 10 (63)

Mean change in angiotensin II (ng/dl) 2 � 10 �4 � 19)

Mean change in aldosterone (ng/dl) 0.2 � 2.9 �0.8 � 4.7

Mean change in renin mass (pg/ml) 16.9 � 41.7 71.9 � 248.3

Mean change in plasma renin activity (ng/ml/h) �0.2 � 0.86 �1.53 � 3.76

Patients with $10 mm Hg reduction in DBP 1 (13) 3 (19)

Patients with $15 mm Hg reduction in DBP 0 (0) 2 (13)

Patients reaching SBP #140 mm Hg 2 (25) 8 (50)

Patients reaching DBP #80 mm Hg 1 (13) 9 (56)

Values are mean (95% confidence interval), n (%), or mean � SD unless otherwise indicated.

Abbreviations as in Table 1.
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DBP #90 mm Hg. There was no significant difference
based on whether patients were on 2 or 3 antihyper-
tensive medications. There were no significant
changes in angiotensin II, aldosterone or renin mass
or activity.

WATERFALL PLOTS OF INDIVIDUAL BLOOD PRES-

SURE CHANGES IN BOTH TRIALS. Waterfall plots are
shown of the systolic and diastolic blood pressure
changes in individual patients in the monotherapy
(Figures 3A and 3B) and the add-on trial (Figures 3C
and 3D). More patients in the IONIS-AGT-LRx arm
had a decline in SBP and DBP, with maximum ex-
cursions of �32 in SBP and �19 mm Hg in the mono-
therapy trial and �44 mm Hg in SBP and �29 mm Hg
DBP in the add-on trial. There was no significant
correlation of the percent change of AGT from base-
line to the primary endpoint and either change in SBP
or DBP in the treatment arms of the 2 trials individ-
ually or combined (monotherapy: r ¼ 0.20;
95% CI: �0.17 to 0.52; p ¼ 0.28; add-on trial: r ¼ 0.23;
95% CI: �0.14 to 0.54; p ¼ 0.22).

COMPARISON OF URINARY VERSUS PLASMA AGT

KNOCKDOWN IN THE ADD-ON STUDY. The impact of
IONIS-AGT-LRx on renal AGT versus liver AGT may be
potentially evaluated by assessing AGT levels in
plasma, which are liver-derived, and AGT levels in
urine, which are kidney-derived. Figure 4 demon-
strates a urine/plasma gradient in AGT reduction
starting at day 8 after only 2 doses with a maintained
separation until day 50. Once IONIS-AGT-LRx has
gone through 2 to 3 half-lives, both urine and plasma
AGT levels return toward baseline and then merge.

CHANGES IN RENAL FUNCTION IN BOTH STUDIES.

Supplemental Figure 5 demonstrates the temporal
trends in Kþ and renal function in both phase 2

https://doi.org/10.1016/j.jacbts.2021.04.004


FIGURE 3 Waterfall Plots of the SBP and DBP in the Monotherapy and Add-On Trials
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studies. No significant temporal trends were noted in
both parameters.

DISCUSSION

This study described the generation and initial clin-
ical experience of a liver-targeted ASO directed to
AGT. Figure 5 demonstrates the mechanism of action
for IONIS-AGT-LRx using a receptor-mediated ASO
uptake into hepatocytes to reduce the production of
hepatic AGT and minimize the knockdown of renal
AGT. The pre-clinical and 3 short-term clinical trials
in relatively low-risk subjects demonstrated that
IONIS-AGT-LRx resulted in significant AGT reductions
and was well tolerated with no significant adverse
off-target effects. At these levels of AGT reduction
and in subjects with mostly preserved renal function,
no on-target side effects such as hypotension,
hyperkalemia, and renal dysfunction were noted.
These data provided a rationale to study AGT reduc-
tion in patients with resistant hypertension and heart
failure.

The development of specific liver-targeted ASOs
has significantly improved the clinical efficacy of
target knockdown, as well as decreasing the doses
needed by 10- to 30-fold (18,19), as well as the safety
and tolerability (20). With human-specific IONIS-
AGT-LRx, as predicted from the use of the GalNAc
moiety for hepatocyte targeting, potency for
reducing both circulating AGT levels and liver mRNA
knockdown were significantly improved compared
with the non-GalNAc version. Furthermore, in pre-
clinical studies, kidney AGT knockdown was mini-
mally affected by IONIS-AGT-LRx, whereas the non-



FIGURE 4 Impact of IONIS-AGT-LRx on UAGT Versus Plasma AGT Levels
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GalNac ASO led to significant kidney AGT knock-
down, consistent with previous studies that used
rodent-specific AGT ASOs (21). Thus, the hepatocyte-
targeted approach allowed similar liver activity
compared with the nontargeted approach but at
lower doses that reduced drug exposure and
activity in the kidney. This was suggested by the
temporal gradient noted in AGT levels in the urine
versus the plasma. Additional studies in a larger
number of subjects will be needed to confirm this
observation.

The primary objectives of all 3 clinical studies was
to demonstrate the safety and tolerability, as well as
on-target effects, at the levels of AGT knockdown
achieved. With single doses as high as 80 mg and
weekly doses at 80 mg, along with 1 loading dose that
reached a total of 400 mg/month, there was no evi-
dence of liver test elevation, renal dysfunction, or
decreases in platelet count. In particular, the lower
acute and cumulative doses of the GalNAc ASOs
compared with non-GalNAc ASOs did not result in any
cases of drug-related thrombocytopenia to date in
patients who received up to 1 year of dosing
(19,20,22,23). In this cohort of patients whose lowest
entry estimated glomerular filtration rate was
>60 ml/min/1.73 m2, 1 case of hyperkalemia without
change in estimated glomerular filtration rate was
present in the IONIS-AGT-LRx group in the add-on
trial. Larger studies in subjects with lower renal
function will be needed to ascertain whether on-
target effects will be improved compared with
ACEis/ARBs (24), concomitant aldosterone (25), and
with effects seen in previous studies of renin in-
hibitors (26–28).

IONIS-AGT-LRx resulted in robust plasma AGT
lowering in both trials in patients with hypertension
and was more pronounced in the add-on study in
patients already on at least 2 medications, 1 of which
was an ACE or an ARB. The effect occurred fairly
rapidly with one-half the reduction noted in the first
8 days. The difference in AGT reduction in the studies
might be due to differences in clinical characteristics



FIGURE 5 Ligand-Conjugated Antisense Technology

GalNAc-conjugate moiety delivers the ASO to the hepatocytes where hepatic AGT is made. Targeting the top of RAAS pathway by reducing liver-derived AGT is a novel

mechanism for RAAS inhibition. This GalNAc conjugation will minimize renal AGT reduction and thereby potentially provide a better safety profile than other RAAS

inhibitors. AGT ¼ angiotensinogen; ASGR ¼ asialoglycoprotein receptor; ASO ¼ antisense oligonucleotide; GaINAc3 ¼ triantennary N-acetyl galactosamine; mRNA ¼
messenger RNA; RAAS ¼ renin-angiotensin-aldosterone system.
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or baseline AGT levels. In the monotherapy group, the
AGT levels tended to decline when the ACEis/ARBs
were washed out, whereas in the add-on study they
were higher. This suggests the ACEs/ARBs and other
antihypertensive medications might upregulate AGT
synthesis in the liver. AGT is known to be under
control of estrogen that upregulates its synthesis, and
this might explain why more women were enrolled in
the trial than men, because the studies had an entry
criterion of AGT >20 mg/dl (29,30).

In exploratory analysis, there was a numerically
higher reduction in SBP and DBP in both trials, as
well as more patients reaching specific thresholds of
reduction (<5, <10, and <15 mm Hg) and reaching



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The RAAS

pathway is a well-accepted target for therapies for that treat

hypertension and heart failure. Targeting AGT, which is at the top

of this pathway, is a novel approach in improving efficacy of

RAAS inhibition. One potential advantage of targeting AGT is

that is it primarily synthesized in the liver, thus potentially

allowing kidney homeostasis to remain intact and improving the

therapeutic index.

TRANSLATIONAL OUTLOOK: Inhibiting hepatocyte-derived

AGT may allow more potent and safer inhibition of the RAAS

pathway. Clinical indications to test this hypothesis may include

patients with hypertension, particularly resistant hypertension,

heart failure with preserved or reduced ejection fraction, Marfan

syndrome, and kidney diseases.
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SBP #140 mm Hg and DBP #90 mm Hg. The water-
fall plots showed most subjects responded, even
those already on ACEis/ARBs. These numerical
changes were clinically significant but were not
statistically significant, and the trial size was not
powered for these endpoints. Importantly, after the
study drug was withdrawn, there was no rebound
hypertension.

Based on the preceding data, 3 clinical trials are
currently underway with IONIS-AGT-LRx; 1) A Study
to Assess the Safety, Tolerability and Efficacy of
IONIS-AGT-LRx in ASTRAAS (ASO Targeting the RAAS
System; NCT04714320) will recruit 150 participants
with uncontrolled blood pressure who are on $3
antihypertensive medications and evaluate the ef-
fect of IONIS-AGT-LRx on in-office and 24-h ambu-
latory SBP, DBP, and plasma AGT; 2) ASTRAAS-HF (A
Study to Assess the Safety, Tolerability and Efficacy
of IONIS-AGT-LRx in Participants With Chronic
Heart Failure With Reduced Ejection Fraction;
NCT04836182) will assess IONIS-AGT-LRx as an add-
on to standard of care in participants with heart
failure with reduced ejection fraction; and 3) (A
Study to Assess the Safety, Tolerability, Pharmaco-
kinetics and Pharmacodynamics of ION904
(NCT04731623) is currently recruiting subjects with a
more potent ASO to AGT using recently described
novel chemistry (31).

Additional approaches that target AGT include
siRNA and immunization approaches (32–34). The
most critical clinical needs are in subjects with
resistant hypertension and heart failure, especially
with preserved ejection fraction (35). Additional in-
dications may also include chronic kidney disease,
hepatic steatosis, and atherosclerosis (36,37). The
hypothesis that liver-targeted AGT inhibition will
provide more efficacious RAAS blockade at a similar
or improved on-target safety profile remains to be
tested as clinical development of these agents
advances.

STUDY LIMITATIONS. First, the monotherapy and
add-on studies were small in sample size and were
not powered for blood pressure endpoints. The safety
and blood pressure trends indicate larger studies with
a longer treatment duration should be conducted to
corroborate these results. Second, the analytical
measuring range of the plasma AGT assay was 4.7 to
300 mg/ml, as such several patients had AGT levels
below the lower limit of detection and were assigned
a value of 4.7 mg/ml. Thus, it is possible the mean
percent reductions in AGT were underestimated.
Future studies will require more sensitive AGT assays
with lower limits of detection to more accurately
ascertain the mean percent reduction in AGT levels.

CONCLUSIONS

IONIS-AGT-LRx showed a favorable safety, tolera-
bility, and on-target profile, significantly reduced
AGT, and provided numerically favorable reduction
in both SBP and DBP. Ongoing trials are assessing its
effect in studies in hypertension and heart failure.
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