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Safety and Tolerability of GalNAc3-Conjugated Antisense
Drugs Compared to the Same-Sequence
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The triantennary N-acetylgalactosamine (GalNAc3) cluster has demonstrated the utility of receptor-mediated uptake
of ligand-conjugated antisense drugs targeting RNA expressed by hepatocytes. GalNAc3-conjugated 2¢-O-
methoxyethyl (2¢MOE) modified antisense oligonucleotides (ASOs) have demonstrated a higher potency than the
unconjugated form to support lower doses for an equivalent pharmacological effect. We utilized the Ionis integrated
safety database to compare four GalNAc3-conjugated and four same-sequence unconjugated 2¢MOE ASOs. This
assessment evaluated data from eight randomized placebo-controlled dose-ranging phase 1 studies involving 195
healthy volunteers (79 GalNAc3 ASO, 24 placebo; 71 ASO, 21 placebo). No safety signals were identified by the
incidence of abnormal threshold values in clinical laboratory tests for either ASO group. However, there was a
significant increase in mean alanine transaminase levels compared with placebo in the upper dose range of the
unconjugated 2¢MOE ASO group. The mean percentage of subcutaneous injections leading to local cutaneous
reaction was 30-fold lower in the GalNAc3-conjugated ASO group compared with the unconjugated ASO group
(0.9% vs. 28.6%), with no incidence of flu-like reactions (0.0% vs. 0.7%). Three subjects (4.2%) in the uncon-
jugated ASO group discontinued dosing. An improvement in the overall safety and tolerability profile of GalNAc3-
conjugated 2¢MOE ASOs is evident in this comparison of short-term clinical data in healthy volunteers.
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Introduction

Targeted delivery of antisense drugs to specific tissues
and cell types by conjugation of ligands that are recog-

nized and assimilated by cell surface receptors has created the
opportunity for an increase in the therapeutic index as well as
a broader range of therapeutic applications. The triantennary
N-acetylgalactosamine (GalNAc3) ligand is the first to dem-
onstrate this advancement in the antisense technology by
enhancing delivery to hepatocytes through the asialoglyco-
protein receptor (ASGPR) [1]. ASGPR is abundantly

expressed by hepatocytes and enhances uptake of GalNAc3-
conjugated antisense oligonucleotides (ASOs) through the
major subunit ASGR1 [2,3].

The ASO is liberated from the GalNAc3 ligand upon
receptor-mediated intracellular uptake and released from the
endosomal compartment for productive delivery to the target
RNA [1,4]. This ligand-conjugated antisense (LICA) tech-
nology provides the opportunity to treat pathologies and
conditions that stem from proteins and RNAs expressed by the
liver [5–9]. GalNAc3-conjugated 2¢-O-methoxyethyl (2¢MOE)
modified ASOs are currently in all phases of clinical
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development [9–13]. This integrated assessment presents a
comparison of the safety and tolerability data of investiga-
tional GalNAc3-conjugated ASOs compared with the less
potent unconjugated ASOs of same sequence [7,9,14,15].

Integrated assessment of clinical data across an ASO
chemical class allows for identification and characterization
of class effects, including clinically relevant safety signals.
Our integrated safety assessments focus on markers of injury
or function of organs, tissues, and cells that are considered as
potential sites for antisense drug toxicity in humans. Markers
are selected based on the generic disposition of ASOs (ab-
sorption, distribution, metabolism, and excretion), and prior
observations from individual clinical trials and nonhuman
primate studies [16–19].

Fifteen GalNAc3-conjugated 2¢MOE-modified ASOs are
in clinical development today. Integrated assessment of
placebo-controlled phase 1 data for this chemical class
demonstrated an up to 30-fold increase in potency relative to
the unconjugated 2¢MOE ASO, with no indication of a class
effect upon analysis of standard safety laboratory tests across
all doses tested [19].

The recent integrated assessment of placebo-controlled
phase 2 data extended these results, finding no evidence of a
class effect with up to 1 year of treatment in all monthly doses
tested [20]. In this analysis, we compare the safety and tol-
erability profiles of a set of GalNAc3-conjugated 2¢MOE
ASOs and unconjugated 2¢MOE ASOs at their respective
dose ranges using placebo-controlled data from phase 1 dose-
ranging trials in healthy volunteers.

Materials and Methods

Study design and population

The Integrated Safety Database (ISDB) consists of avail-
able clinical trial data from evaluation of Ionis investigational
antisense drugs [21]. Individual study data sets were harmo-
nized and imported into one Statistical Analysis System (SAS)
data set for each laboratory test for analyses utilizing the SAS
v9.4 program [21]. This ISDB analysis included data from a
total of eight phase 1 dose-ranging trials in healthy volunteers.

All clinical trial protocols were approved by the appro-
priate institutional review boards and/or independent ethics
committees; and performed in accordance with the guidelines
of Good Clinical Practice and Declaration of Helsinki. All
subjects provided written informed consent before partici-
pation in the trial. All protocols included a placebo-controlled
group. Subcutaneous injection was the route of study drug
administration for each trial protocols.

Interventions and dosing protocol

The clinical trials included in this assessment evaluated
four different GalNAc3-conjugated 2¢MOE ASOs and four
same-sequence unconjugated 2¢MOE ASOs (Supplementary
Table S1). Healthy volunteers received four to eight subcu-
taneous injections of either a GalNAc3-conjugated ASO (dose
range: 10–120 mg), an unconjugated ASO (dose range: 40–
450 mg) or corresponding placebo (0.9% saline) according to
the dosing protocol of the specific clinical trial (Supplemen-
tary Table S2). The same dose categories were applied for this
assessment of integrated clinical trial data as used in prior
ISDB assessments of each chemical class [16,19].

Safety assessments

Incidence of abnormal threshold events. Incidence of
abnormal threshold events were measured by sentinel labo-
ratory tests for liver function [alanine transaminase (ALT),
aspartate transaminase (AST), total bilirubin, alkaline phos-
phatase, and albumin], kidney function [serum creatinine,
blood urea nitrogen, estimated glomerular filtration rate
(eGFR), and urine protein] and hematology (platelets, he-
moglobin, hematocrit, absolute lymphocyte counts, and ab-
solute neutrophil count). eGFR was calculated using the
Modification of Diet in Renal Disease equation [22]. For
event criteria defined by fold change, the baseline value was
used if greater than the upper limit of normal (ULN) or lesser
than the lower limit of normal (LLN). If there was more than
one value for a laboratory test, then the worst measurement
and the corresponding ULN or LLN were used.

Abnormal laboratory values (falling outside the normal
range or reaching the specified threshold) were defined by
protocol stopping rules, standard reporting, or Grade 3 cri-
teria provided by the Food and Drug Administration in
Guidance to Industry for healthy adults and adolescents [23].
For all liver and kidney function and hematology tests, except
for ALT and AST, a confirmed event was defined as a con-
secutive abnormal laboratory value on a different day. If there
was no consecutive test to confirm, then the initial observa-
tion was presumed confirmed.

If there were multiple values on the same day but at a dif-
ferent time, the worst value was used. For ALT and AST, a
confirmed event was defined as increased levels on two con-
secutive measurements at least 7 days apart, with all values
between the initial and subsequent test also above the specified
threshold. ALT, serum creatinine, and platelet levels were
measured over time at each dose and included all study data up
to 10 days after the last dose. Baseline was defined as the last
nonmissing value before the first dose. The LLN and ULN used
in the laboratory tests have been published previously [16,19].

Tolerability. Tolerability was measured according to lo-
cal cutaneous reactions at injection site (LCRIS), flu-like
reactions (FLRs) after injection and dose discontinuation
rates. LCRIS was defined as injection site erythema, swell-
ing, pruritus, pain, or tenderness that started the day of sub-
cutaneous injection and persisted (start to stop) for 2 days or
more. Events with onset date on the day of injection and
missing resolution date were included.

FLRs were defined as either having influenza-like illness
or pyrexia (including feeling hot or an increase in body
temperature), plus at least two of the following: chills, my-
algia, and arthralgia. Symptoms must have started on the day
of the injection or the next day. The percentage of injections
leading to LCRIS or FLR was also calculated as follows for
each subject: (A/B)*100, where A = number of injections
leading to LCRIS, and B = total number of injections.

Statistical methods

Data are presented by the incidence of events and descriptive
summary statistics of laboratory test results by dose category.
The data set included all healthy volunteers who received at
least one dose of study drug (safety population) and had at least
one post-baseline value, each data point represents the mean
value from a minimum of at least six subjects and two ASOs.
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A meta-analysis using subject-level data was performed to
compare ASO dose groups with placebo group. The endpoints
evaluated were the absolute changes from baseline. The data
were compared between ASO dose groups and placebo using an
analysis of covariance model with the dose group and trial as the
fixed factors and baseline value as a covariate.

Results

Study population

This analysis included 195 healthy volunteers; 79 subjects
received GalNAc3-conjugated 2¢MOE ASOs with 24 sub-
jects receiving placebo, and 71 subjects received the 2¢MOE

ASOs with 21 subjects receiving placebo. Demographics and
baseline characteristics of the clinical study populations are
summarized in Supplementary Table S3.

Treatment profiles

The mean number of doses received was 5.5 for the
GalNAc3-conjugated 2¢MOE ASOs and 6.5 for the uncon-
jugated 2¢MOE ASOs. The average treatment duration was
similar between GalNAc3-conjugated 2¢MOE ASOs and
unconjugated 2¢MOE ASOs (28.2 and 25.7 days, respec-
tively). For the GalNAc3-conjugated 2¢MOE ASOs, the mean
exposure was approximately eightfold lower at 187 mg

Table 1. Incidence of Confirmed Abnormal Laboratory Tests

Incidence of confirmed events, n (%)

Unconjugated GalNAc3-conjugated

Placebo
(N = 21)

Total ASO
(N = 71)

Placebo
(N = 24)

Total ASO
(N = 79)

Liver
ALT (U/L)

>3 · ULN, or BL if BL > ULN 0 0 0 0
>5 · ULN, or BL if BL > ULN 0 0 0 0

AST (U/L)
>3 · ULN, or BL if BL > ULN 0 0 0 0
>5 · ULN, or BL if BL > ULN 0 0 0 0

Total bilirubin (mg/dL)
>2 · ULN, or BL if BL > ULN 0 0 0 0
>2 · ULN, or BL if BL > ULN AND ALT >3 · ULN,

or BL if BL > ULN
0 0 0 0

Alkaline phosphatase (U/L)
>3 · ULN, or BL if BL > ULN 0 0 0 0

Albumin (g/dL)
<2.5 g/dL 0 0 0 0

Kidney
Serum creatinine (mg/dL)

‡0.3 mg/dL (26.5 mmol/L) increase from BL AND ‡1.4 · BL 0 0 0 0
>2.1 mg/dL 0 0 0 0

Blood urea nitrogen (mg/dL)
>31 mg/dL 0 0 0 0

eGFR (mL/min per 1.73 m2)
<60 mL/min per 1.73 m2 0 1 (1.4) 0 0
<30 mL/min per 1.73 m2 0 0 0 0

Urine protein
‡2+ (100 mg/dL) 0 0 0 0
‡3+ (200 mg/dL) 0 0 0 0

Hematology
Platelets (K/mm3)

<100 K/mm3 0 0 0 0
<75 K/mm3 0 0 0 0

Hemoglobin (g/dL)
M < 10.5 g/dL; F < 9.5 g/dL 0 0 0 1 (1.3)

Hematocrit (%)
<0.85 · BL 0 1 (1.4) 0 0
<30% (absolute value) 0 0 0 0

Absolute lymphocyte count (K/mm3)
<0.5 K/mm3 0 0 0 0

Absolute neutrophil count (K/mm3)
<1.0 K/mm3 0 1 (1.4) 0 0

F: female; M: male.
2¢MOE, 2¢-O-methoxyethyl; ALT, alanine transaminase; ASO, antisense oligonucleotide; AST, aspartate transaminase; BL, baseline;

eGFR, estimated glomerular filtration rate; GalNAc3-conjugated 2¢MOE ASOs, triantennary N-acetylgalactosamine-conjugated PS 2¢MOE
chimeric antisense oligonucleotides; ULN, upper limit of normal.
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relative to the unconjugated 2¢MOE ASOs, with a mean ex-
posure of 1,495 mg. See Supplementary Fig. S1.

Safety laboratory tests

Liver. There were no incidences of abnormal liver
function associated with measurements of ALT, AST, total
bilirubin, and alkaline phosphatase (Table 1). Mean ALT
levels, when analyzed by dose number, were all within nor-
mal range for both classes of ASOs (Fig. 1).

The mean ALT change from baseline level in the uncon-
jugated 2¢MOE ASOs, however, indicated a small incremen-
tal, yet statistically significant, increase in the >275–375 mg
and >375–475 mg dose groups when compared with placebo
starting at Dose 4 with a maximum difference in LSM of
10.6 U/L in the highest dose group at Dose 6 (Fig. 2 and
Supplementary Table S4). No significant changes in ALT
levels from baseline were observed across dose groups or dose
numbers for the GalNAc3-conjugated 2¢MOE ASOs compared
with placebo (Fig. 2 and Supplementary Table S5).

Kidney. For kidney function, there was a single incidence
of an abnormal threshold event in the unconjugated 2¢MOE
ASO group (Table 1). An eGFR value of <60 mL/min per
1.73 m2 was observed in a female, who was <90 mL/min per
1.73 m2 at baseline with a value of 68 mL/min per 1.73 m2.
Mean serum creatinine levels were consistently within the
range of normal in both ASO classes by dose number (Fig. 1).
Mean change from baseline in serum creatinine levels did not
indicate any dose-dependent effects (Fig. 2 and Supplemen-
tary Tables S6 and S7).

Hematology. For hematologic parameters, there were a
few incidences of abnormal measurements, which differed
between GalNAc3-conjugated and unconjugated 2¢MOE
ASOs (Table 1). In the GalNAc3-conjugated 2¢MOE ASO
group, one male subject experienced a hemoglobin level
<10.5 g/dL; and there was one incident of a hematocrit per-
centage <0.85 · baseline and one incident of an absolute
neutrophil count <1.0 K/mm3 in the unconjugated 2¢MOE

A B

C D

E F

FIG. 1. Sentinel laboratory tests results from healthy volunteers treated with multiple doses up to 6 weeks by dose category.
Mean levels by dose number for unconjugated 2¢MOE ASO and GalNAc3-conjugated 2¢MOE ASO groups in ALT (A, B), serum
creatinine (C, D), and platelet counts (E, F). Error bars represent the SEM. SCR was defined as average of all values measured
before BL. Each data point represents at least six subjects and two ASOs. Numbers in columns represent number of subjects for
each data point by dose category. Dashed lines indicate the laboratory test reference range values (LLN and ULN) or abnormal
laboratory criteria value. 2¢MOE, 2¢-O-methoxyethyl; ALT, alanine transaminase; ASO, antisense oligonucleotide; BL, base-
line; GalNAc3-conjugated 2¢MOE ASOs, triantennary N-acetylgalactosamine-conjugated PS 2¢MOE chimeric antisense oli-
gonucleotides; LLN, lower limit of normal; SCR, screening; SEM, standard error of the mean; ULN, upper limit of normal.
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ASO group. Mean platelet levels were all within normal
range by dose number, with no dose-dependent changes
(Fig. 1).

Mean change from baseline in platelet counts for the un-
conjugated 2¢MOE ASOs indicated a small incremental, yet
statistically significant, decrease in the >275–375 mg and
>375–475 mg dose groups when compared with placebo after
the initial doses with a maximum difference in LSM of
-21 K/mm3 in the highest dose group at Dose 2 and 3 (Fig. 2
and Supplementary Table S8). No dose-dependent change in
platelet levels were observed in the GalNAc3-conjugated
2¢MOE ASOs (Fig. 2 and Supplementary Table S9).

Tolerability. The mean percentage of injections leading
to LCRIS was 0.9% in the GalNAc3-conjugated 2¢MOE ASO
group versus 28.6% in the unconjugated 2¢MOE ASO group,
an *30-fold reduction (Table 2). Comparison between un-
conjugated and GalNAc3-conjugated ASOs demonstrated a
higher incidence of injection site reactions in the unconju-
gated ASO group than in the conjugated group owing to the
lower doses administered of the GalNAc3 conjugates (Fig. 3).
FLRs only occurred in the unconjugated 2¢MOE ASO group,

with the mean percentage of injections leading to FLR being
0.7% (Table 2).

The incidence of LCRIS was limited to three subjects
(3.8%) in the GalNAc3-conjugated 2¢MOE ASO group with
all events reported mild in severity. The unconjugated
2¢MOE ASO group exhibited an incidence of 47.9%
(34 subjects) for LCRIS events of mild severity and 14.1%
(10 subjects) incidence in LCRIS of moderate severity. No-
tably, there was no incidence of a severe LCRIS or FLR event
in either ASO group. There were no dose discontinuations in
the GalNAc3-conjugated 2¢MOE ASO group. However, three
subjects (4.2%) discontinued dosing in the unconjugated
2¢MOE ASO group due to LCRIS or FLR.

Discussion

An improvement in the safety and tolerability profile of the
GalNAc3-conjugated 2¢MOE ASOs is evident in this head-to-
head comparison with the unconjugated 2¢MOE ASOs from
short-term clinical studies in healthy volunteers. Although no
safety signals were identified for either ASO class in this data
set, as measured by the incidence of confirmed abnormal

A B
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FIG. 2. Sentinel laboratory tests results from healthy volunteers treated with multiple doses up to 6 weeks by dose
category. Mean change from baseline by dose number for unconjugated 2¢MOE ASO and GalNAc3-conjugated 2¢MOE
ASO groups in ALT (A, B), serum creatinine (C, D), and platelet counts (E, F). Error bars represent the SEM. SCR was
defined as average of all values measured before BL. Each data point represents at least six subjects and two ASOs.
Numbers in columns represent number of subjects for each data point by dose category.
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threshold values in sentinel laboratory tests for liver and
kidney function, and hematology, there was a dose-dependent
increase from baseline in the mean ALT level at the upper
dose range of only the unconjugated 2¢MOE ASOs [16].

The equivalence in pharmacological effect achieved by
GalNAc3-conjugated 2¢MOE ASOs at hepatocyte concen-
trations that are two- to threefold lower than that of the un-
conjugated form is likely one reason of for this differential
effect over the dose ranges tested [19].

Although the fraction of dose distributed to the liver of
GalNAc3-conjugated 2¢MOE ASOs is about the same as the
unconjugated 2¢MOE ASOs, *80% of the total drug in the
liver distributes to hepatocytes for the GalNAc3 conjugates in
contrast to *12% with the unconjugated ASOs. This dif-
ferential distribution to hepatocytes (vs. nonparenchymal
cells) has been demonstrated by cellular fractionation studies
in mice [24], and is also visualized by immunolocalization of
unconjugated and GalNAc3-conjugated 2¢MOE ASOs in
monkey liver (Supplementary Fig. S2).

At near equivalent number of doses and treatment dura-
tion, there is an approximate eightfold reduction in total
systemic exposure with the lower doses of the GalNAc3-
conjugated 2¢MOE ASOs included in the current phase 1
assessment (Supplementary Table S2). Lower doses also
present with lower plasma drug concentrations at peak (Cmax)
and over time (area-under-curve) that are approximately two
orders of magnitude lower at doses of equivalent hepatocyte
target reduction for unconjugated 2¢MOE ASOs, or the re-
spective ED50 [1,19].

Effective target reduction and an acceptable safety and
tolerability profile with weekly dosing over the dose ranges
tested in the initial phase 1 trials, along with the long liver
half-life observed in nonhuman primates [25], supported
evaluation of a less frequent monthly dose schedule in the
next phase 1 trials of GalNAc3-conjugated 2¢MOE modified
ASOs [5,6]. Phase 2 trials with up to 1 year of treatment have
now provided further evidence of the improved safety profile
of this chemical class with the less frequent monthly dose
intervals [5,10,12,20].

Measures of tolerability also differentiated the GalNAc3-
conjugated 2¢MOE ASOs from the unconjugated ASOs with an
*30-fold reduction in the mean percentage of injections lead-
ing to LCRIS, and no incidence of FLR or dose discontinuation
due these events. Since the sequence and overall chemical
composition of the ASOs classes are the same, the increased
potency of the GalNAc3 conjugate means a lower dose for an
equivalent pharmacological effect and a 10-fold reduction in
injection volume at a similar concentration for the GalNAc3-
conjugated versus unconjugated ASOs. The reduced amount of
ASO administered by subcutaneous injection is considered the
primary basis of the consequent reduction in LCRIS.

Notably, early clinical research on 2¢MOE modified ASOs
discovered that the degree of histological changes within skin
biopsy sites correlated directly with the amount of drug
present 24–48 h post-SC injection [26]. Injection site reac-
tions have been widely reported for ASOs and are often the
most common treatment-emergent adverse event [14,27–31].
As tolerability issues such as injection site reactions can lead
to treatment discontinuations, a reduction in occurrence is a
significant improvement for ASO therapy and especially
important for diseases requiring long-term treatment.

FIG. 3. Incidence of injection site reactions by dose number and dose level in the unconjugated 2¢MOE ASO group (A),
and GalNAc3-conjugated 2¢MOE ASO group (B).

Table 2. Tolerability of GalNAc3-conjugated

and Unconjugated 2¢MOE Antisense Drugs

Unconjugated
GalNAc3-

conjugated

Placebo
(N = 21)

ASO
(N = 71)

Placebo
(N = 24)

ASO
(N = 79)

LCRIS
Number of subjects

with event, n (%)
0 (0) 44 (62.0) 0 (0) 3 (3.8)

Percentage of injections leading to LCRIS
Mean, % 0.0 28.6 0.0 0.9
Median, % 0.0 25.0 0.0 0.0

FLR
Number of subjects

with event, n (%)
0 (0) 3 (4.2) 0 (0) 0 (0)

Percentage injections leading to FLR
Mean, % 0.0 0.7 0.0 0.0
Median, % 0.0 0.0 0.0 0.0

FLR, flu-like reaction; LCRIS, local cutaneous reactions at
injection site.
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Advances in preclinical ASO research, including assay
development, have allowed for better understanding and
identification of ASO structures and sequences with the po-
tential to induce an inflammatory response, such as LCRIS
and FLR [32]. Analyses of ISDB data from the unconjugated
2¢MOE ASOs has found a parallel between these advance-
ments and improvement in the tolerability profile of this class
of ASOs [31,33], with the most recent analysis finding a
strong correlation between FLR adverse events and the
ranking of ASOs in a preclinical screening assay developed
for identification of minimally inflammatory ASO sequences
[33]. Accordingly, improvements in screening assays, paired
with the LICA technology [34,35], could potentially lead to
further improvements in the safety and tolerability profiles of
ASOs.

The results presented from the current integrated data as-
sessment are overall comparable with those reported on phase
1 studies of individual GalNAc3-conjugated 2¢MOE ASOs in
healthy volunteers with treatments up to 6 weeks [7–9] and in
studies of the unconjugated 2¢MOE ASOs in healthy volun-
teers with treatments up to 4 weeks [14,36].

A limitation of this analysis includes the relatively short
treatment period (4–6 weeks), as it is possible that other
tolerability and safety issues may present with longer ASO
exposure. The number of subjects within each ASO group
and dose categories was also small. The low incidence of
FLRs in subjects treated with the unconjugated 2¢MOE
ASOs, and lack of incidence in subjects treated with the
GalNAc3 conjugates may be based in this limitation. In ad-
dition, the studies were conducted in healthy volunteers, a
population that is not necessarily reflective of the intended
treatment population for a given RNA target.

GalNAc3-conjugated 2¢MOE ASOs have demonstrated
robust utility for targeted delivery to hepatocytes through
increased potency and improved tolerability. The improved
tolerability with GalNAc3-conjugated 2¢MOE ASO likely
reflects the usage of lower doses with the increased ASO
potency. These results suggest improvements in safety and
tolerability may be observed with other LICA drugs in de-
velopment for enhanced delivery to other tissue and cell
compartments [34,35].

Author Disclosure Statement

All authors are/were employees of Ionis Pharmaceuticals
at the time of this research.

Funding Information

This study was supported by Ionis Pharmaceuticals. Initial
writing support was provided by Parexel International and
funded by Ionis Pharmaceuticals.

Supplementary Material

Supplementary Figure S1
Supplementary Figure S2
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3
Supplementary Table S4
Supplementary Table S5
Supplementary Table S6

Supplementary Table S7
Supplementary Table S8
Supplementary Table S9

References

1. Wang Y, RZ Yu, S Henry and RS Geary. (2019). Phar-
macokinetics and clinical pharmacology considerations of
GalNAc3-conjugated antisense oligonucleotides. Expert
Opin Drug Metab Toxicol 15:475–485.

2. Tanowitz M, L Hettrick, A Revenko, GA Kinberger, TP Pra-
kash and PP Seth. (2017). Asialoglycoprotein receptor 1 me-
diates productive uptake of N-acetylgalactosamine-conjugated
and unconjugated phosphorothioate antisense oligonucleotides
into liver hepatocytes. Nucleic Acids Res 45:12388–12400.

3. Schmidt K, TP Prakash, AJ Donner, GA Kinberger, HJ
Gaus, A Low, ME Ostergaard, M Bell, EE Swayze and PP
Seth. (2017). Characterizing the effect of GalNAc and
phosphorothioate backbone on binding of antisense oligo-
nucleotides to the asialoglycoprotein receptor. Nucleic
Acids Res 45:2294–2306.

4. Shemesh CS, RZ Yu, HJ Gaus, S Greenlee, N Post, K
Schmidt, MT Migawa, PP Seth, TA Zanardi, et al. (2016).
Elucidation of the biotransformation pathways of a
Galnac3-conjugated antisense oligonucleotide in rats and
monkeys. Mol Ther Nucleic Acids 5:e319.

5. Cohn DM, NJ Viney, LM Fijen, E Schneider, VJ Alex-
ander, S Xia, GE Kaeser, C Nanavati, BF Baker, et al.
(2020). Antisense inhibition of prekallikrein to control
hereditary angioedema. N Engl J Med 383:1242–1247.

6. Viney NJ, S Guo, LJ Tai, BF Baker, M Aghajan, SW Jung,
RZ Yu, S Booten, H Murray, et al. (2021). Ligand conju-
gated antisense oligonucleotide for the treatment of trans-
thyretin amyloidosis: preclinical and phase 1 data. ESC
Heart Fail 8:652–661.

7. Viney NJ, JC van Capelleveen, RS Geary, S Xia, JA Tami,
RZ Yu, SM Marcovina, SG Hughes, MJ Graham, et al.
(2016). Antisense oligonucleotides targeting apolipopro-
tein(a) in people with raised lipoprotein(a): two rando-
mised, double-blind, placebo-controlled, dose-ranging
trials. Lancet 388:2239–2253.

8. Graham MJ, RG Lee, TA Brandt, LJ Tai, W Fu, R Peralta,
R Yu, E Hurh, E Paz, et al. (2017). Cardiovascular and
metabolic effects of ANGPTL3 antisense oligonucleotides.
N Engl J Med 377:222–232.

9. Alexander VJ, S Xia, E Hurh, SG Hughes, L O’Dea, RS
Geary, JL Witztum and S Tsimikas. (2019). N-acetyl
galactosamine-conjugated antisense drug to APOC3
mRNA, triglycerides and atherogenic lipoprotein levels.
Eur Heart J 40:2785–2796.

10. Tsimikas S, E Karwatowska-Prokopczuk, I Gouni-
Berthold, JC Tardif, SJ Baum, E Steinhagen-Thiessen, MD
Shapiro, ES Stroes, PM Moriarty, et al. (2020). Lipopro-
tein(a) reduction in persons with cardiovascular disease.
N Engl J Med 382:244–255.

11. Gaudet D, E Karwatowska-Prokopczuk, SJ Baum, E Hurh,
J Kingsbury, VJ Bartlett, AL Figueroa, P Piscitelli, W
Singleton, et al. (2020). Vupanorsen, an N-acetyl
galactosamine-conjugated antisense drug to ANGPTL3
mRNA, lowers triglycerides and atherogenic lipoproteins in
patients with diabetes, hepatic steatosis, and hyper-
triglyceridaemia. Eur Heart J 41:3936–3945.

12. Tardif JC, E Karwatowska-Prokopczuk, ES Amour, CM
Ballantyne, MD Shapiro, PM Moriarty, SJ Baum, E Hurh,
VJ Bartlett, et al. (2022). Apolipoprotein C-III reduction in

24 BAKER ET AL.



subjects with moderate hypertriglyceridaemia and at high
cardiovascular risk. Eur Heart J 43:1401–1412.

13. Coelho T, Y Ando, MD Benson, JL Berk, M Waddington-
Cruz, PJ Dyck, JD Gillmore, SL Khella, WJ Litchy, et al.
(2021). Design and rationale of the global phase 3
NEURO-TTRansform study of antisense oligonucleotide
AKCEA-TTR-L(Rx) (ION-682884-CS3) in hereditary
transthyretin-mediated amyloid polyneuropathy. Neurol
Ther 10:375–389.

14. Graham MJ, RG Lee, TA Bell 3rd, W Fu, AE Mullick, VJ
Alexander, W Singleton, N Viney, R Geary, et al. (2013).
Antisense oligonucleotide inhibition of apolipoprotein C-III
reduces plasma triglycerides in rodents, nonhuman prima-
tes, and humans. Circ Res 112:1479–1490.

15. Tsimikas S, NJ Viney, SG Hughes, W Singleton, MJ
Graham, BF Baker, JL Burkey, Q Yang, SM Marcovina,
et al. (2015). Antisense therapy targeting apolipoprotein(a):
a randomised, double-blind, placebo-controlled phase 1
study. Lancet 386:1472–1483.

16. Crooke ST, BF Baker, TJ Kwoh, W Cheng, DJ Schulz, S
Xia, N Salgado, HH Bui, CE Hart, et al. (2016). Integrated
safety assessment of 2¢-O-methoxyethyl chimeric antisense
oligonucleotides in nonHuman primates and healthy human
volunteers. Mol Ther 24:1771–1782.

17. Crooke ST, BF Baker, JL Witztum, TJ Kwoh, NC Pham, N
Salgado, BW McEvoy, W Cheng, SG Hughes, S Bhanot
and RS Geary. (2017). The effects of 2¢-O-methoxyethyl
containing antisense oligonucleotides on platelets in human
clinical trials. Nucleic Acid Ther 27:121–129.

18. Crooke ST, BF Baker, NC Pham, SG Hughes, TJ Kwoh, D
Cai, S Tsimikas, RS Geary and S Bhanot. (2018). The ef-
fects of 2¢-O-methoxyethyl oligonucleotides on renal
function in humans. Nucleic Acid Ther 28:10–22.

19. Crooke ST, BF Baker, S Xia, RZ Yu, NJ Viney, Y Wang, S
Tsimikas and RS Geary. (2019). Integrated assessment of
the clinical performance of GalNAc3-conjugated 2¢-O-
methoxyethyl chimeric antisense oligonucleotides: I. hu-
man volunteer experience. Nucleic Acid Ther 29:16–32.

20. Baker BF, S Xia, W Partridge, TJ Kwoh, S Tsimikas, S Bhanot
and RS Geary. (2023). Integrated assessment of phase 2 data
on GalNAc(3)-conjugated 2¢-O-methoxyethyl-modified anti-
sense oligonucleotides. Nucleic Acid Ther 33:72–80.

21. Smith DJ, DJ Schulz, G Kloss and W Weng. Considerations
for building an integrated safety database using SAS.
https://www.lexjansen.com/pharmasug/2010/AD/AD15
.pdf. Accessed January 3, 2024.

22. Levey AS, JP Bosch, JB Lewis, T Greene, N Rogers and D
Roth. (1999). A more accurate method to estimate glo-
merular filtration rate from serum creatinine: a new pre-
diction equation. Modification of Diet in Renal Disease
Study Group. Ann Intern Med 130:461–470.

23. US Food and Drug Administration. (2007). Guidance for in-
dustry: toxicity grading scale for healthy adult and adolescent
volunteers enrolled in preventive vaccine clinical trials, https://
www.fda.gov/regulatory-information/search-fda-guidance-
documents/toxicity-grading-scale-healthy-adult-and-
adolescent-volunteers-enrolled-preventive-vaccine-clinical.
Accessed January 3, 2024.

24. Prakash TP, MJ Graham, J Yu, R Carty, A Low, A Chap-
pell, K Schmidt, C Zhao, M Aghajan, et al. (2014). Tar-
geted delivery of antisense oligonucleotides to hepatocytes
using triantennary N-acetyl galactosamine improves po-
tency 10-fold in mice. Nucleic Acids Res 42:8796–8807.

25. Yu RZ, R Gunawan, N Post, T Zanardi, S Hall, J Burkey,
TW Kim, MJ Graham, TP Prakash, et al. (2016). Disposition

and pharmacokinetics of a GalNAc3-conjugated antisense
oligonucleotide targeting human lipoprotein (a) in monkeys.
Nucleic Acid Ther 26:372–380.

26. Crooke R, B Baker and M Wedel. (2007). Cardiovascular
therapeutic applications. In: Antisense Drug Technology:
Principles, Strategies, and Applications. Crooke ST, eds.
2nd eds. CRC Press, Boca Raton, Florida, pp. 601–639.

27. Flaim JD, JS Grundy, BF Baker, MP McGowan and JJ
Kastelein. (2014). Changes in mipomersen dosing regimen
provide similar exposure with improved tolerability in
randomized placebo-controlled study of healthy volunteers.
J Am Heart Assoc 3:e000560.

28. van Meer L, M Moerland, J Gallagher, MB van Doorn, EP
Prens, AF Cohen, R Rissmann and J Burggraaf. (2016).
Injection site reactions after subcutaneous oligonucleotide
therapy. Br J Clin Pharmacol 82:340–351.

29. Limmroth V, F Barkhof, N Desem, MP Diamond, G Tachas
and ATLS Group. (2014). CD49d antisense drug ATL1102
reduces disease activity in patients with relapsing-remitting
MS. Neurology 83:1780–1788.

30. van Dongen MG, BF Geerts, ES Morgan, TA Brandt, ML de
Kam, JA Romijn, AF Cohen,S Bhanot andJ Burggraaf. (2015).
First proof of pharmacology in humans of a novel glucagon
receptor antisense drug. J Clin Pharmacol 55:298–306.

31. Partridge W, S Xia, TJ Kwoh, S Bhanot, RS Geary and BF
Baker. (2021). Improvements in the tolerability profile of
2¢-O-methoxyethyl chimeric antisense oligonucleotides in
parallel with advances in design, screening, and other
methods. Nucleic Acid Ther 31:417–426.

32. Pollak AJ, P Cauntay, T Machemer, S Paz, S Damle, SP
Henry and SA Burel. (2022). Inflammatory non-CpG anti-
sense oligonucleotides are signaling through TLR9 in hu-
man Burkitt Lymphoma B Bjab Cells. Nucleic Acid Ther
32:473–485.

33. Partridge W, SA Burel, A Ferng, S Xia, TJ Kwoh, SP
Henry and BF Baker. (2023). Correlations between pre-
clinical BJAB assay ranking of antisense drugs and clinical
trial adverse events. Clin Transl Sci 16:575–580.

34. Knerr L, TP Prakash, R Lee, WJ Drury Iii, M Nikan, W Fu,
E Pirie, L Maria, E Valeur, et al. (2021). Glucagon like
peptide 1 receptor agonists for targeted delivery of anti-
sense oligonucleotides to pancreatic beta cell. J Am Chem
Soc 143:3416–3429.

35. Ostergaard ME, M Jackson, A Low, EC A, GL R, RQ Per-
alta, J Yu, GA Kinberger, A Dan, et al. (2019). Conjugation
of hydrophobic moieties enhances potency of antisense oli-
gonucleotides in the muscle of rodents and non-human pri-
mates. Nucleic Acids Res 47:6045–6058.

36. Ackermann EJ, S Guo, MD Benson, S Booten, S Freier, SG
Hughes, TW Kim, T Jesse Kwoh, J Matson, et al. (2016).
Suppressing transthyretin production in mice, monkeys and
humans using 2nd-Generation antisense oligonucleotides.
Amyloid 23:148–157.

Address correspondence to:
Brenda F. Baker, PhD

Ionis Pharmaceuticals, Inc.,
2855 Gazelle Court

Carlsbad, CA 92010
USA

E-mail: bbaker@ionisph.com

Received for publication June 9, 2023; accepted after revision
November 13, 2023; Published Online: January 16, 2024.

GALNAC3 CONJUGATE VS. UNCONJUGATED ASO SAFETY PROFILES 25

https://www.lexjansen.com/pharmasug/2010/AD/AD15.pdf
https://www.lexjansen.com/pharmasug/2010/AD/AD15.pdf
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/toxicity-grading-scale-healthy-adult-and-adolescent-volunteers-enrolled-preventive-vaccine-clinical
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/toxicity-grading-scale-healthy-adult-and-adolescent-volunteers-enrolled-preventive-vaccine-clinical
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/toxicity-grading-scale-healthy-adult-and-adolescent-volunteers-enrolled-preventive-vaccine-clinical
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/toxicity-grading-scale-healthy-adult-and-adolescent-volunteers-enrolled-preventive-vaccine-clinical

