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ABSTRACT

At the time of writing, although siRNA therapeutics
are approved for human use, no official regulatory
guidance specific to this modality is available. In
the absence of guidance, preclinical development for
siRNA followed a hybrid of the small molecule and
biologics guidance documents. However, siRNA dif-
fers significantly from small molecules and protein-
based biologics in its physicochemical, absorption,
distribution, metabolism and excretion properties,
and its mechanism of action. Consequently, cer-
tain reports typically included in filing packages for
small molecule or biologics may benefit from adap-
tion, or even omission, from an siRNA filing. In
this white paper, members of the ‘siRNA working
group’ in the IQ Consortium compile a list of re-
ports included in approved siRNA filing packages
and discuss the relevance of two in vitro reports––the
plasma protein binding evaluation and the drug–
drug interaction risk assessment––to support siRNA
regulatory filings. Publicly available siRNA approval
packages and the literature were systematically re-
viewed to examine the role of siRNA plasma pro-
tein binding and drug–drug interactions in under-

standing pharmacokinetic/pharmacodynamic rela-
tionships, safety and translation. The findings are
summarized into two decision trees to help guide in-
dustry decide when in vitro siRNA plasma protein
binding and drug–drug interaction studies are war-
ranted.

INTRODUCTION

Scope

This perspective was prepared by industry members of
the Translational ADME Leadership Group siRNA Work-
ing Group of the International Consortium for Innovation
and Quality in Pharmaceutical Development (IQ; https:
//iqconsortium.org/). IQ is a not-for-profit organization of
pharmaceutical and biotechnology companies with a mis-
sion of advancing science and technology to augment the
capability of member companies to develop transforma-
tional solutions that benefit patients, regulators and the
broader research and development community. The pur-
pose of the work is to review published regulatory approval
documents and literature to evaluate the relevance, and pro-
vide industry recommendations and decision trees regard-
ing inclusion of in vitro PPB evaluation and DDI assess-
ments in regulatory packages for siRNA-containing thera-
peutic candidates.
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As of May 2021, there are four approved siRNA
therapies: patisiran, givosiran, lumasiran and in-
clisiran (patisiran European Medicines Agency
(EMA) Assessment Report (EMA/554262/2018; https:
//www.ema.europa.eu/en/documents/assessment-report/
onpattro-epar-public-assessment-report .pdf, patisiran
Food and Drug Administration (FDA) Multi-discipline
Review (NDA 210922; https://www.accessdata.fda.gov/
drugsatfda docs/nda/2018/210922Orig1s000MultiR.pdf,
givosiran FDA Multi-discipline Review (NDA 212194;

https://www.accessdata.fda.gov/drugsatfda docs/nda/
2019/212194Orig1s000MultidisciplineR.pdf), givosiran
EMA Assessment Report (EMA/CHMP/70703/2020;
https://www.ema.europa.eu/en/documents/assessment-
report/givlaari-epar-public-assessment-report en.pdf,
lumasiran FDA Integrated Review (NDA 21410;
https://www.accessdata.fda.gov/drugsatfda docs/nda/
2020/214103Orig1s000IntegratedR.pdf, lumasiran
EMA Assessment Report (EMA/568312/2020;
https://www.ema.europa.eu/documents/assessment-
report/oxlumo-epar-public-assessment-report en.pdf,
inclisiran EMA Assessment Report (EMA/696912/2020;
https://www.ema.europa.eu/documents/assessment-report/
leqvio-epar-public-assessment-report en.pdf).

Patisiran is formulated as a lipid nanoparticle (LNP),
and the other three are N-acetyl galactosamine (GalNAc)
conjugates. Consequently, the data and discussion in this
manuscript are heavily weighted towards these platforms.
However, recognizing that the siRNA field is rapidly evolv-
ing, we also consider other siRNA-containing platforms
that lead to systemic exposure, including but not limited to,
siRNA–peptide conjugates, siRNA–antibody conjugates,
siRNA–lipid conjugates, and siRNA formulated in novel
excipients.

While we acknowledge that siRNA share some sim-
ilarities with other oligonucleotide therapeutics (ONTs)
such as antisense oligonucleotides (ASOs), different ONT
modalities have diverse physicochemical properties, mecha-
nisms of action, and absorption, distribution, metabolism,
and excretion (ADME) properties. Consequently, non-
siRNA ONTs are considered outside the scope of this
document. Data comparisons with other ONT modali-
ties are only included where they are deemed relevant to
siRNA.

siRNA mechanism of action

The use of RNA interference as a mechanism for gene si-
lencing has evolved over the last 20 years from a novel re-
search tool to a promising new class of therapeutics for
the treatment of a wide array of human diseases. RNA in-
terference describes the process where gene expression is
regulated through inhibition of mRNA with small non-
coding molecules of RNA. siRNA is a 19–25-mer double-
stranded RNA molecule consisting of a pharmacologically
inactive sense strand and a pharmacologically active an-
tisense strand. The antisense strand is activated via selec-
tive removal of the sense strand by Argonaute 2 (Ago2),
an RNA-induced silencing complex (RISC) endonucle-
ase. Antisense-associated Ago2 causes RNA silencing by
catalyzing the destruction of and/or selectively inhibiting

translation of complementary RNA transcript (Figure 1)
(1–3).

siRNA properties compared to small molecules and protein
therapeutics

siRNA is a unique class of therapeutics distinct from small
molecule and protein-based therapeutics in both its mech-
anism of action and physicochemical properties (Table 1).
Although it is active intracellularly, cellular uptake of un-
modified double-stranded siRNA is limited due to its high
molecular weight (∼10–15 kDa) and hydrophilic nature. To
enhance uptake, siRNA is often complexed within LNPs
or conjugated to a cell-specific targeting ligand, such as
GalNAc, which binds to the asialoglycoprotein receptor
(ASGPR) predominantly expressed on the cell surface of
hepatocytes (4,5).

ADME and pharmacokinetics/pharmacodynamics of siRNA

All four siRNA therapeutics approved as of May 2021 are
administered parenterally and target the liver. Targeted de-
livery strategies such as GalNAc-conjugation and LNP en-
capsulation promote rapid tissue distribution and accumu-
lation, resulting in a relatively short plasma elimination
half-life of typically minutes to several hours with a much
longer tissue half-life of typically days to months (6–9). The
major route of clearance from circulation is through tissue
uptake, with renal clearance representing a minor clearance
pathway. Once in the tissue, the major elimination route
has been reported to be nuclease-mediated metabolism (10).
Nucleases responsible for metabolism of siRNA are ex-
pressed ubiquitously in tissues as well as in systemic cir-
culation. In vitro studies suggest metabolism can occur in
plasma, serum, liver homogenate, liver microsomes, S9 frac-
tions, and lysosomes, and in vivo metabolite formation has
been described in mice, rats, monkeys, and humans (11–
18). The onset of action of siRNA is typically delayed rel-
ative to the time of administration. Since plasma concen-
trations are transient, the long-lasting duration of phar-
macological effect is reflective of target tissue concentra-
tion (9). This unique pharmacokinetic/pharmacodynamic
(PK/PD) characteristic enables monthly, quarterly, and
possibly yearly administration of siRNA to achieve thera-
peutic efficacy, a dosing frequency not typically achievable
for small molecule drugs (10).

siRNA regulatory and safety considerations as of May 2021

There is no official regulatory and safety guidance specif-
ically for siRNA or ONTs. While nonclinical safety stud-
ies for siRNA mainly follow the small molecule guidance,
ICH M3(R2), preclinical development follows a hybrid of
ICH M3(R2) and the biologics guidance, ICH S6(R1). Al-
though siRNA have been associated with infusion-related
and injection-site reactions, they are generally well toler-
ated. Safety concerns specific to LNP formulated siRNA
including cytokine release, renal and hepatic toxicities, are
shared with other LNP-formulated ONTs such as ASOs
and mRNA (19–21). Recommendations for safety assess-
ment and drug disposition of formulated oligonucleotides

https://www.ema.europa.eu/en/documents/assessment-report/onpattro-epar-public-assessment-report_.pdf
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Figure 1. Mechanism of short-interfering (siRNA) uptake and pharmacologic action. Ligand-conjugated siRNA or lipid nanoparticle (LNP)-formulated
siRNA is taken up into cells via endosomal pathway. When introduced into cells, siRNA reaches cytoplasm through endosomal release, and then loads
into RNA-induced silencing complex (RISC). The antisense strand of siRNA is activated via selective removal of the sense strand by Argonaute 2 (Ago2)
and directs recognition of its complementary target mRNA. Ago2 in this enzyme complex cleaves the target mRNA sequence and subsequently suppresses
the target protein encoded by it via a catalytic mechanism.

have been proposed by the Drug Information Association
affiliated Oligonucleotide Safety Working Group (22–27)
and these papers provide helpful information on industry
best practices, although they are not considered a ‘guidance’
by regulatory authorities.

Table 2 summarizes the approval packages of all siRNA
therapeutics approved to date. The timeline illustrates how
approval packages are evolving as experience is gained
with this modality. For example, neither the patisiran nor
givosiran filing packages mention bioanalytical measure-
ment or ADME properties of the sense strand. Further-
more, for givosiran radiolabeled ADME studies were con-
ducted with [3H]-siRNA, whereas the corresponding stud-
ies for lumasiran and inclisiran utilized [14C]-siRNA; while
for patisiran [14C]-LNPs were used. In general, there ap-
pears to be emphasis on understanding the safety implica-
tions of parent drug accumulation, off-target liabilities, and
formulation toxicities. PPB and DDI reports were included
in all four approval packages albeit variable in design as will
be discussed in this review article.

PPB and DDI assessment in regulatory filing

Although PPB and DDI assessments have typically been
included in siRNA regulatory filing packages in a similar
manner and in line with small molecule filing, the field
lacks clarity on whether such evaluations are relevant or
necessary for this modality. In this publication, we compre-

hensively review publicly available siRNA PPB and DDI
data (Parts 1 and 2, respectively). We systematically address
the findings and critically question how the data may help to
inform safety and efficacy to aid in human dose prediction,
clinical development planning, and labeling. This informa-
tion is summarized into two decision trees (Figures 3 and 4),
which we propose as future recommendations to guide the
discovery and development of siRNA therapeutics
(Part 3).

PART 1: siRNA PLASMA PROTEIN BINDING

Plasma protein binding is defined as the fraction of drug
bound to proteins in plasma at equilibrium (Figure 2).
From a modality perspective, while small molecule drugs
exhibit a wide range of PPB that is closely linked to
their ADME and PK/PD properties and therapeutic in-
dex (28–31), large molecule biologics, such as mAbs, are
not routinely screened for PPB, as it is not anticipated to
drive disposition and/or efficacy. Although it is less well-
characterized, siRNA PPB is somewhat intermediary to
these two extremes. Published studies addressing the extent
and variability of siRNA PPB binding, and its role in PK
are limited (32–34). In this section, we address the bioan-
alytical challenges of measuring siRNA PPB, review PPB
data in regulatory approval documents, discuss the effects
of PPB in ADME and PK/PD, and summarize safety con-
cerns relating to PPB.
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Table 1. Comparison of small molecule, siRNA and mAb therapeutic properties

Property Small molecule siRNA mAb

Molecular weight ∼0.5 kDa ∼10–15 kDa ∼150 kDa

Manufacturing chemical synthesis chemical synthesis cell line production

API heterogeneity low medium to high high

Physicochemical properties typically hydrophobic;
neutral, basic, acidic
subgroups

hydrophilic; negatively
charged at physiological pH

hydrophilic; positive,
negative, and neutral sites at
physiological pH

Molecular target protein mRNA protein

Selectivity lower than the others high high

Site of action intracellular and extracellular intracellular extracellular (ADCs can be
intracellular)

Cellular uptake passive and/or active formulation-facilitated or
receptor-mediated active

via endosomal pathway and
recycled or degraded

Route of administration oral or parenteral parenteral parenteral

Dosing frequency daily every three weeks
to > monthly

weekly to monthly

Absorption orally bioavailable, fast
absorption

not orally bioavailable, s.c.
absorption rate fast

not orally bioavailable, s.c.
absorption rate slow

Distribution extensive tissue distribution select tissue distribution limited to extracellular fluid

Metabolism phase I and II drug
metabolizing enzymes
mediated

nuclease mediated protease mediated

Renal or bile excretion frequently low no

Immunogenicity risk no low; minimal impact on
PK/PD or safety

yes; and likely to impact
PK/PD or safety

PK/PD usually direct correlation
between blood PK and PD
profile

indirect correlation between
blood PK and PD profile;
direct correlation between
tissue PK and PD profile

direct correlation between
blood PK and PD profile

Onset of action fast delayed fast

PD duration relatively short long; could support up to
yearly dosing interval

relatively long; weekly to
monthly

DDI risk high low low

PPB variable; high impact on
PK/PD

variable; low impact on
PK/PD

low

Off-target toxicity moderate probability low probability by design low probability

Volume of distribution variable extensive distribution to liver small

Clearance high rapid plasma clearance, slow
tissue clearance

low

Serum half-life short short long

Abbreviations: DDI, drug–drug interactions; PD, pharmacodynamics; PK, pharmacokinetics; PPB, plasma protein binding; s.c., subcutaneous; ADC,
antibody-drug conjugate.

siRNA PPB methodology

In vitro small molecule PPB is routinely measured during
drug discovery and translation using various techniques in-
cluding equilibrium dialysis, ultracentrifugation and ultra-
filtration (28). The physicochemical properties of siRNA
deviate significantly from small molecule, notably in terms
of molecular weight, shape, and surface charge. Conse-
quently, direct application of small molecule PPB meth-
ods for determination of siRNA PPB result in recovery is-

sues (33,34). Instead, quantification of the unbound frac-
tion of siRNA in plasma has required adaption of existing
methods, such as the ultrafiltration method developed by
Humphreys et al. (33), or development of alternative ap-
proaches, such as the electrophoretic mobility shift assay
(EMSA) developed by Rocca et al. (34). The ultrafiltration
method uses a plate-based hybridization immunoassay for
bioanalytical quantitation with a lower limit of detection
in the picomolar range (35). The EMSA method quanti-



6024 Nucleic Acids Research, 2022, Vol. 50, No. 11

T
ab

le
2.

A
pp

ro
va

lp
ac

ka
ge

s
fo

r
si

R
N

A
ap

pr
ov

ed
fo

r
hu

m
an

us
e

as
of

M
ay

20
21

Se
ct

io
n

Su
b-

se
ct

io
n

In
vi

tr
o/

in
vi

vo
P

at
is

ir
an

(2
01

8)
a

G
iv

os
ir

an
(2

01
9)

b
L

um
as

ir
an

(2
02

0)
c

In
cl

is
ir

an
(2

02
0)

d

Si
R

N
A

fo
rm

at
an

d
ch

em
ic

al
m

od
ifi

ca
ti

on
s

L
N

P
2′

O
-m

et
hy

l
R

N
A

m
od

ifi
ca

ti
on

s,
D

N
A

(d
T

)
an

d
D

L
in

-M
C

3-
D

M
A

,
P

E
G

20
00

-C
-D

M
G

,D
SP

C
an

d
ch

ol
es

te
ro

l

G
al

N
A

c–
si

R
N

A
2′

O
-m

et
hy

l
2′

-fl
uo

ro
an

d
ph

os
ph

or
ot

hi
oa

te
R

N
A

m
od

ifi
ca

ti
on

s

G
al

N
A

c–
si

R
N

A
2′

O
-m

et
hy

l
2′

-fl
uo

ro
an

d
ph

os
ph

or
ot

hi
oa

te
R

N
A

m
od

ifi
ca

ti
on

s

G
al

N
A

c–
si

R
N

A
2′

O
-m

et
hy

l
2′

-fl
uo

ro
an

d
ph

os
ph

or
ot

hi
oa

te
R

N
A

m
od

ifi
ca

ti
on

s,
D

N
A

(d
T

)

D
is

ea
se

in
di

ca
ti

on
po

ly
ne

ur
op

at
hy

of
he

re
di

ta
ry

tr
an

st
hy

re
ti

n-
m

ed
ia

te
d

am
yl

oi
do

si
s

ac
ut

e
he

pa
ti

c
po

rp
hy

ri
a

pr
im

ar
y

hy
pe

ro
xa

lu
ri

a
ty

pe
I

pr
im

ar
y

hy
pe

rc
ho

le
st

er
ol

ae
m

ia
(h

et
er

oz
yg

ou
s

fa
m

ili
al

an
d

no
n-

fa
m

ili
al

)
or

m
ix

ed
dy

sl
ip

id
ae

m
ia

N
on

-c
lin

ic
al

ph
ar

m
ac

ol
og

y
P

ri
m

ar
y

ph
ar

m
ac

ol
og

y
in

vi
tr

o
•

ta
rg

et
an

d
of

f-
ta

rg
et

bi
nd

in
g

•
he

pa
to

cy
te

ef
fic

ac
y

(h
um

an
an

d
m

on
ke

y)

•
he

p3
B

ef
fic

ac
y

(h
um

an
)

•
SN

P
po

pu
la

ti
on

pr
ofi

le
of

m
R

N
A

ta
rg

et
(i

n
si

lic
o)

•
A

S
3′

(N
–

1)
m

et
ab

ol
it

e
he

p3
B

•
he

pa
to

cy
te

ef
fic

ac
y

(m
on

ke
y)

•
SN

P
po

pu
la

ti
on

pr
ofi

le
of

m
R

N
A

ta
rg

et
(i

n
si

lic
o)

in
vi

vo
•

ef
fic

ac
y

an
d

du
ra

ti
on

(t
ra

ns
ge

ni
c

m
ou

se
,m

on
ke

y)
•

ef
fic

ac
y

an
d

du
ra

ti
on

in
W

T
(r

at
,

m
on

ke
y)

•
ef

fic
ac

y
an

d
du

ra
ti

on
in

di
se

as
e

m
od

el
s

(m
ou

se
,r

at
)

•
ef

fic
ac

y
an

d
du

ra
ti

on
in

W
T

(m
ou

se
,r

at
,m

on
ke

y)
•

ef
fic

ac
y

an
d

du
ra

ti
on

in
di

se
as

e
m

od
el

s
(m

ou
se

,r
at

)

•
ef

fic
ac

y
an

d
du

ra
ti

on
(t

ra
ns

ge
ni

c
m

ic
e,

ra
t,

m
on

ke
y)

Se
co

nd
ar

y
P

ha
rm

ac
ol

og
y

in
vi

tr
o

no
ne

•
ac

ti
vi

ty
w

it
h

of
f-

ta
rg

et
R

N
A

•
ac

ti
vi

ty
w

it
h

of
f-

ta
rg

et
R

N
A

•
ac

ti
vi

ty
w

it
h

of
f-

ta
rg

et
R

N
A

in
vi

vo
•

of
f-

ta
rg

et
ac

ti
vi

ty
(s

er
um

re
ti

no
l

bi
nd

in
g

pr
ot

ei
n)

•
no

t
in

cl
ud

ed
•

no
t

in
cl

ud
ed

•
no

t
in

cl
ud

ed

Sa
fe

ty
ph

ar
m

ac
ol

og
y

in
vi

tr
o

•
hE

R
G

co
nd

uc
ti

vi
ty

(L
N

P
)

•
no

t
in

cl
ud

ed
•

no
t

in
cl

ud
ed

•
no

t
in

cl
ud

ed

in
vi

vo
•

ca
rd

io
va

sc
ul

ar
,r

es
pi

ra
to

ry
,C

N
S

(m
on

ke
y)

•
ca

rd
io

va
sc

ul
ar

,r
es

pi
ra

to
ry

,C
N

S
(m

on
ke

y)
•

ca
rd

io
va

sc
ul

ar
,r

es
pi

ra
to

ry
,C

N
S

(m
on

ke
y)

•
ca

rd
io

va
sc

ul
ar

,r
es

pi
ra

to
ry

,
ne

ur
ol

og
ic

al
(m

on
ke

y)

P
ha

rm
ac

od
yn

am
ic

D
D

I
in

vi
vo

•
no

t
in

cl
ud

ed
•

no
t

in
cl

ud
ed

•
no

t
in

cl
ud

ed
•

co
-a

dm
in

is
tr

at
io

n
w

it
h

at
or

va
st

at
in

(m
on

ke
y)

N
on

-c
lin

ic
al

A
D

M
E

/
P

K
A

bs
or

pt
io

n/
P

K
in

vi
vo

•
pl

as
m

a,
sp

le
en

an
d

liv
er

P
K

(r
at

,
m

on
ke

y)
•

pl
as

m
a,

liv
er

an
d

ki
dn

ey
P

K
of

pa
re

nt
.P

la
sm

a
P

K
of

A
S

3′
(N

-1
)

m
et

ab
ol

it
e

(r
at

,m
on

ke
y)

•
pl

as
m

a
an

d
liv

er
P

K
of

pa
re

nt
(r

at
an

d
m

on
ke

y)
s.

c.
bi

oa
va

ila
bi

lit
y

(r
at

,m
on

ke
y)

•
pl

as
m

a
an

d
liv

er
P

K
of

pa
re

nt
(r

at
an

d
m

on
ke

y)
s.

c.
bi

oa
va

ila
bi

lit
y

(r
at

,m
on

ke
y)

D
is

tr
ib

ut
io

n
in

vi
tr

o
•

al
bu

m
in

,�
1-

ac
id

gl
yc

op
ro

te
in

bi
nd

in
g

(r
at

,h
um

an
)

•
P

P
B

(m
ou

se
,r

at
,m

on
ke

y,
hu

m
an

)
•

bi
oa

va
ila

bi
lit

y
(r

at
,m

on
ke

y)

•
P

P
B

(r
at

,m
on

ke
y

an
d

hu
m

an
)

•
P

P
B

(m
ou

se
,r

at
,m

on
ke

y
an

d
hu

m
an

)

in
vi

vo
•

14
C

Q
W

B
A

(r
at

),
14

C
A

D
M

E
(l

ab
el

ed
on

L
N

P
co

m
po

ne
nt

;
ra

t,
m

on
ke

y)
•

P
K

(r
at

,m
on

ke
y)

•
ti

ss
ue

di
st

ri
bu

ti
on

pa
re

nt
(r

at
)

pa
re

nt
an

d
A

S
3′

(N
-1

)
m

et
ab

ol
it

e
(m

ou
se

)
•

ti
ss

ue
di

st
ri

bu
ti

on
(p

re
gn

an
t

ra
ts

,p
re

gn
an

t
ra

bb
it

s)
•

3
H

Q
W

B
A

(r
at

)
•

P
K

(m
ou

se
,r

at
,m

on
ke

y)
•

bi
oa

va
ila

bi
lit

y
(r

at
)

•
14

C
Q

W
B

A
(r

at
)

•
P

K
(r

at
,m

on
ke

y)
•

14
C

Q
W

B
A

(r
at

,m
on

ke
y)

•
ti

ss
ue

di
st

ri
bu

ti
on

(r
at

,m
on

ke
y)

•
P

K
(r

at
,m

on
ke

y)



Nucleic Acids Research, 2022, Vol. 50, No. 11 6025

T
ab

le
2.

C
on

ti
nu

ed

Se
ct

io
n

Su
b-

se
ct

io
n

In
vi

tr
o/

in
vi

vo
P

at
is

ir
an

(2
01

8)
a

G
iv

os
ir

an
(2

01
9)

b
L

um
as

ir
an

(2
02

0)
c

In
cl

is
ir

an
(2

02
0)

d

M
et

ab
ol

is
m

in
vi

tr
o

•
m

et
ID

)
se

ru
m

an
d

liv
er

S9
,

fr
ac

ti
on

(m
ou

se
,r

at
,m

on
ke

y,
hu

m
an

)
•

m
et

ID
re

co
m

bi
na

nt
C

Y
P

(h
um

an
)

•
in

hi
bi

ti
on

/
in

du
ct

io
n:

C
Y

P
s,

U
G

T
1A

1,
tr

an
sp

or
te

rs

•
m

et
ID

se
ru

m
an

d
liv

er
S9

fr
ac

ti
on

(m
ou

se
,r

at
,m

on
ke

y,
hu

m
an

)
•

la
ck

of
N

A
D

P
H

de
pe

nd
en

cy
in

hu
m

an
liv

er
S9

fr
ac

ti
on

s
•

D
D

I
(t

ra
ns

po
rt

er
su

bs
tr

at
e/

in
hi

bi
ti

on
,C

Y
P

su
bs

tr
at

e/
in

hi
bi

ti
on

/
in

du
ct

io
n)

•
se

ru
m

st
ab

ili
ty

(m
ou

se
,r

at
,

m
on

ke
y,

hu
m

an
)

+
/
hu

m
an

liv
er

S9
fr

ac
ti

on
•

m
et

ID
pl

as
m

a
an

d
liv

er
S9

fr
ac

ti
on

(m
ou

se
,r

at
,m

on
ke

y,
hu

m
an

)
•

m
et

ID
hu

m
an

he
pa

to
cy

te
s

•
D

D
I

(C
Y

P
su

bs
tr

at
e/

in
hi

bi
ti

on
/
T

D
I)

•
se

ru
m

st
ab

ili
ty

(m
ou

se
,r

at
,

m
on

ke
y,

hu
m

an
)

•
m

et
ID

se
ru

m
an

d
liv

er
S9

fr
ac

ti
on

(m
ou

se
,r

at
,m

on
ke

y,
hu

m
an

)
•

D
D

I
(t

ra
ns

po
rt

er
su

bs
tr

at
e/

in
hi

bi
ti

on
,C

Y
P

in
hi

bi
ti

on
/
in

du
ct

io
n/

T
D

I)

in
vi

vo
•

m
et

ID
(r

at
,m

on
ke

y,
hu

m
an

)
•

un
la

be
le

d
an

d
3
H

m
et

ID
in

in
ta

ct
an

d
B

D
C

an
im

al
s

(r
at

)
•

m
et

ID
in

pl
as

m
a

an
d

ur
in

e
(m

on
ke

y,
hu

m
an

)

•
un

la
be

le
d

an
d

14
C

m
et

ID
in

in
ta

ct
an

d
B

D
C

an
im

al
s

(r
at

,
m

on
ke

y)
•

m
et

ID
pl

as
m

a
an

d
ur

in
e

(h
um

an
)

•
un

la
be

le
d

an
d

14
C

(r
at

,m
on

ke
y)

•
m

et
ID

(h
um

an
)

E
xc

re
ti

on
in

vi
vo

•
14

C
ex

cr
et

io
n

m
as

s
ba

la
nc

e
(r

at
,

m
on

ke
y)

•
3
H

ex
cr

et
io

n
m

as
s

ba
la

nc
e

in
in

ta
ct

an
d

B
D

C
an

im
al

s
(r

at
)

•
se

m
in

al
flu

id
(r

ab
bi

t)
•

m
ilk

(r
at

)

•
-14

C
ex

cr
et

io
n

m
as

s
ba

la
nc

e
(r

at
,m

on
ke

y)
•

se
m

in
al

flu
id

(r
ab

bi
t)

•
14

C
ex

cr
et

io
n

m
as

s
ba

la
nc

e
(r

at
,

m
on

ke
y)

•
m

ilk
(r

at
)

N
on

-c
lin

ic
al

to
xi

co
lo

gy
To

xi
co

ki
ne

ti
cs

sp
ec

ie
s

•
ra

t,
m

on
ke

y
•

m
ou

se
,r

at
,m

on
ke

y
•

ra
t,

m
on

ke
y

•
m

ou
se

,r
at

,r
ab

bi
t,

m
on

ke
y

G
en

ot
ox

ic
it

y
in

vi
tr

o
•

ba
ct

er
ia

lr
ev

er
se

m
ut

at
io

n
•

A
m

es
te

st
•

ch
ro

m
os

om
e

ab
er

ra
ti

on

•
ba

ct
er

ia
lr

ev
er

se
m

ut
at

io
n

•
A

m
es

te
st

•
ch

ro
m

os
om

e
ab

er
ra

ti
on

•
ba

ct
er

ia
lr

ev
er

se
m

ut
at

io
n

•
A

m
es

te
st

•
ch

ro
m

os
om

e
ab

er
ra

ti
on

•
A

m
es

te
st

•
ch

ro
m

os
om

e
ab

er
ra

ti
on

in
vi

vo
•

m
ic

ro
nu

cl
eu

s
te

st
(m

ou
se

)
•

m
ic

ro
nu

cl
eu

s
te

st
(r

at
)

•
m

ic
ro

nu
cl

eu
s

te
st

(r
at

)
•

m
ic

ro
nu

cl
eu

s
te

st
(r

at
)

C
ar

ci
no

ge
ni

ci
ty

•
lo

ng
te

rm
st

ud
ie

s
(t

ra
ns

ge
ni

c
m

ou
se

)
•

lo
ng

te
rm

st
ud

ie
s

(t
ra

ns
ge

ni
c

m
ou

se
)

•
lo

ng
an

d
sh

or
t-

te
rm

st
ud

ie
s

(t
ra

ns
ge

ni
c

m
ou

se
,r

at
)

•
lo

ng
an

d
sh

or
t-

te
rm

st
ud

ie
s

(t
ra

ns
ge

ni
c

m
ou

se
,r

at
)

R
ep

ro
du

ct
iv

e
an

d
de

ve
lo

pm
en

ta
l

to
xi

co
lo

gy

in
vi

vo
•

fe
rt

ili
ty

(r
at

)
an

d
em

br
yo

de
ve

lo
pm

en
t

(r
at

,r
ab

bi
t)

•
pr

en
at

al
an

d
po

st
na

ta
l

de
ve

lo
pm

en
t

(r
at

)

•
fe

rt
ili

ty
an

d
em

br
yo

de
ve

lo
pm

en
t(

ra
t,

ra
bb

it
)

•
pr

en
at

al
an

d
po

st
na

ta
l

de
ve

lo
pm

en
t(

ra
t)

•
fe

rt
ili

ty
an

d
em

br
yo

de
ve

lo
pm

en
t

(r
at

,r
ab

bi
t)

•
pr

en
at

al
an

d
po

st
na

ta
l

de
ve

lo
pm

en
t

(r
at

)
•

pl
ac

en
ta

lt
ra

ns
fe

r
•

ju
ve

ni
le

to
xi

ci
ty

(r
at

)

•
fe

rt
ili

ty
an

d
em

br
yo

de
ve

lo
pm

en
t

(r
at

)
•

pr
en

at
al

an
d

po
st

na
ta

l
de

ve
lo

pm
en

t
(r

at
)

O
th

er
•

hu
m

an
bl

oo
d

he
m

ol
ys

is
(i

n
vi

tr
o)

•
im

m
un

og
en

ic
it

y
an

d
st

im
ul

at
io

n
(r

at
,m

on
ke

y)

•
A

D
A

(r
at

,m
on

ke
y)

•
re

na
li

m
pa

ir
m

en
t

(r
at

)
•

A
D

A
(r

at
,m

on
ke

y)
•

im
pu

ri
ty

to
xi

co
lo

gy
(r

at
)

•
no

ne

C
lin

ic
al

O
th

er
in

vi
vo

•
C

Y
P

pe
rp

et
ra

to
r

D
D

I
•

he
pa

ti
c

an
d

re
na

li
m

pa
ir

m
en

t
•

he
pa

ti
c

an
d

re
na

li
m

pa
ir

m
en

t

A
bb

re
vi

at
io

ns
:A

D
A

,a
nt

i-
dr

ug
an

ti
bo

di
es

;A
S,

an
ti

se
ns

e
st

ra
nd

;B
D

C
,b

ile
du

ct
ca

nn
ul

at
io

n;
C

N
S,

ce
nt

ra
ln

er
vo

us
sy

st
em

;C
Y

P,
cy

to
ch

ro
m

e
P

45
0;

D
D

I,
dr

ug
–d

ru
g

in
te

ra
ct

io
n;

D
SP

C
,1

,2
-d

is
te

ar
oy

l-
sn

-g
ly

ce
ro

-3
-p

ho
sp

ho
ch

ol
in

e;
E

M
A

,E
ur

op
ea

n
M

ed
ic

in
e

A
ge

nc
y;

F
D

A
,F

oo
d

an
d

D
ru

g
A

dm
in

is
tr

at
io

n;
hE

R
G

,h
um

an
E

th
er

-a
-g

o-
go

;H
SP

C
, L

-�
-p

ho
sp

ha
ti

dy
lc

ho
lin

e;
L

N
P,

lip
id

na
no

pa
rt

ic
le

;M
et

ID
,m

et
ab

ol
it

e
id

en
ti

fic
at

io
n;

P
E

G
-D

M
G

,1
,2

-d
im

yr
is

to
yl

-r
ac

-g
ly

ce
ro

-3
m

et
ho

xy
po

ly
et

he
le

ne
gl

yc
ol

;P
K

,p
ha

rm
ac

ok
in

et
ic

s;
P

P
B

,
pl

as
m

a
pr

ot
ei

n
bi

nd
in

g;
Q

W
B

A
,q

ua
nt

it
at

iv
e

w
ho

le
bo

dy
au

to
ra

di
at

io
n;

s.
c.

,s
ub

cu
ta

ne
ou

s;
SN

P,
si

ng
le

nu
cl

eo
ti

de
po

ly
m

or
ph

is
m

;T
D

I,
ti

m
e-

de
pe

nd
en

t
in

hi
bi

ti
on

.
a
P

at
is

ir
an

F
D

A
an

d
E

M
A

fil
in

gs
.

b
G

iv
os

ir
an

F
D

A
an

d
E

M
A

fil
in

gs
.

c L
um

as
ir

an
F

D
A

an
d

E
M

A
fil

in
gs

.
d

In
cl

is
ir

an
E

M
A

fil
in

g.



6026 Nucleic Acids Research, 2022, Vol. 50, No. 11

Figure 2. siRNA plasma protein binding is defined as the separation of the
plasma protein bound fraction from the unbound fraction at equilibrium.
Percent PPB is calculated as the bound concentration divided by the total
concentration multiplied by one hundred.

fies binding by comparing the fluorescence intensity of the
free siRNA band in the presence and absence of plasma
in a 2D polyacrylamide gel stained with an intercalating
dye; the lower limit of detection is not reported. To date,
only EMSA-derived PPB has been reported for approved
GalNac–siRNA molecules.

Challenges exist with both the ultrafiltration and EMSA
approaches to measure the siRNA PPB at equilibrium, and
a head-to-head evaluation is needed to establish best prac-
tices. The ultrafiltration method requires a 50 kDa molecu-
lar weight cut-off filter to enable adequate recovery and sep-
aration of the free fraction from the bound since the hydro-
dynamic radius of the siRNA polymer is slightly less than a
globular 50 kDa protein. Consequently, if siRNA is bound
to plasma proteins smaller than ∼35 kDa, this complex
may be reported as part of the free fraction. This method
also encounters recovery issues that can be addressed via
pre-treatment of surfaces with detergent such as Tween-20
or CHAPS at low concentration (0.1% (w/v)), which may
modify protein binding. Furthermore, while this method
has been applied to GalNAc-conjugated siRNA, it may re-
quire further empirical development for use with other con-
jugates with respect to recovery. Due to the large hydrody-
namic radius of LNPs (>>50 kDa globular protein equiv-
alent), PPB by ultrafiltration is not compatible with that
siRNA delivery format (33). The EMSA approach requires
dilution steps into PBS and EMSA gel loading solution,
both of which represent a perturbation of the equilibrium
prior to measurement. In addition, given that separation by
EMSA occurs over minutes, this too, could alter the parti-
tioning of siRNA between bound and free states. PPB for
LNPs was not reported using the EMSA method and full
bioanalytical method validation for the ultrafiltration and
EMSA methods are not publicly available.

Other approaches employed to qualitatively assess bind-
ing of siRNA to plasma include surface plasmon resonance
(34), biolayer interferometry (33), and fast protein liquid
chromatography followed by SDS-PAGE (EMA Assess-
ment Report (EMA/554262/2018)). Of these methods, bi-

olayer interferometry has also been used to assess binding
to specific individual plasma proteins, including albumin,
alpha-2-macroglobulin, fibrinogen and thrombin (33).

siRNA PPB in regulatory filings

In the absence of a PPB guidance for siRNA, nonclini-
cal safety studies typically follow the guidance for small
molecule (ICH M3(R2)) however, specific studies can be
omitted or added on a case-by-case basis. All approved
siRNA as of May 2021 reported PPB in their filings, as
summarized in Table 3. It should be noted that patisiran is
the only approved siRNA formulated as an LNP, and that,
regarding PPB, the European Public Assessment Report
states that ‘the accuracy of the results was difficult to deter-
mine due to the assay used’ (EMA/554262/2018). Patisiran
was a first in class therapeutic and the standard assays for
small molecule PPB were not applicable, highlighting the
fact that measuring PPB of the parent drug can be techni-
cally challenging.

To date, GalNAc–siRNA PPB values, where reported, ex-
hibit concentration dependence across species with higher
PPB at lower concentrations (givosiran and lumasiran).
There does not appear to be a significant difference be-
tween species (33). At therapeutically relevant concentra-
tions (Cmax at the human therapeutic dose), PPB ranges
from approximately 77% to 92% (FDA Multi-discipline
Review (NDA 212194), FDA Integrated Review (NDA
21410)).

Effect of siRNA PPB on ADME and PK/PD

The significance of PPB for small molecules is closely re-
lated to the widely accepted free drug hypothesis, which is
comprised of two parts: (i) free drug concentration at the
site of action is what drives pharmacological effects and (ii)
at steady state, the free drug concentration is the same at
both sides of any biological membranes for compounds that
are not substrates for uptake or efflux transporters (29,36).
The second part is particularly important for PK/PD un-
derstanding of small molecule drugs modulating intracellu-
lar targets. Therefore, PPB is a critical parameter that is rou-
tinely measured for small molecule drugs for determination
of PK/PD relationships, cross-species translation, and ther-
apeutic index calculations. In contrast, it is widely accepted
that PPB studies or data are not needed for antibody ther-
apeutics as free drug is typically directly measured and the
second part of the free drug hypothesis does not apply since
mAb targets are extracellular. For siRNA, given that dosing
frequency is monthly or longer, it is not membrane perme-
able, and it is in circulation only transiently (a few hours)
yet it is sustained in tissue––plasma and target tissue steady-
state levels are disconnected, so the second part of the free
drug hypothesis does not apply. Consequently, PPB has lit-
tle to no impact on characterizing PK/PD relationships.
Here we review the current body of data from regulatory
filings pertaining to the role of siRNA PPB on its PK and
PK/PD properties, shedding additional light on the lack of
utility of this measurement. Given their divergent physico-
chemical properties, LNP siRNA and GalNAc-conjugated
siRNA are discussed separately.
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Table 3. siRNA plasma protein binding reported in regulatory filings up until 2020

Patisirana Givosirana Lumasirana Inclisirana

Species tested unknown mouse, rat, monkey,
human

mouse, rat, monkey,
human

mouse, rat, monkey,
human

Cmax (human
therapeutic dose)

7050 ng/ml (0.3 mg for
patients < 100 kg, 30
mg for patients > 100
kg by i.v. infusion)

321 ng/ml (2.5 mg/kg
by s.c. injection)

701 ng/ml (3–6 mg/kg
(based on body weight)
with loading doses by
s.c. injection)

507 ng/ml (284 mg
initially, at 3 months,
then every 6 months
thereafter)

Delivery vehicle LNP GalNAc conjugate GalNAc conjugate GalNAc conjugate
Concentration tested unknown 0.5–50 �g/ml (EMA)

1–50 �g /ml (FDA)
0.5–50 �g/ml (EMA)
5–100 �g/ml (FDA)

0.5 �g/ml (human
Cmax)

PPB (across
concentrations tested)

∼97%b 10–91% (mouse)
28–93% (rat)
26–90% (monkey)
21–92% (human)

35–96% (rat)
37–86% (monkey)
20–85% (human)
(EMA)
FDAd

87% (human) <

(mouse, monkey) <

93% (rat)

Human PPB at
clinically relevant
concentrations

92% at 1 �g/ml 77–85% at 0.5–1 �g/ml 87% at 0.5 �g/ml

Specific siRNA-plasma
protein interactions

Rat serum albumin –
0.89%c

Human serum albumin
– 0.46%c

Human
a1-acid-glycoprotein –
2.1%c

Method PPB – not reported
Specific plasma protein
interactions – FPLC
followed by
SDS-PAGE

EMSA EMSA Not reported

Abbreviations: Cmax, maximum concentration in plasma; EMA, European Medicine Agency; EMSA, electrophoretic mobility shift assay; FDA, Food
and Drug Administration; GalNAc, N-acetylgalactosamine; LNP, lipid nanoparticle; PPB, plasma protein binding.
aPatisiran, givosiran and lumasiran data are from combined FDA and EMA approval documents. Inclisiran data is from EMA approval document. All
PPB values reported here have been rounded to two significant figures.
bReflects binding of the lipid excipient only (no siRNA) to human plasma.
cReflects binding of intact LNP to rat serum albumin, human serum albumin and human alpha-1-acid glycoprotein separately.
dEMA results should be used for this assay after discussion with Alnylam.

Effect of PPB on pharmacokinetics of LNP formulated
siRNA. Patisiran was the first and only approved siRNA
therapeutic that is formulated as an LNP (as of May 2021).
It was approved for treatment of patients with hereditary
transthyretin-mediated amyloidosis and consists of a 21-
mer double-stranded siRNA (ALN-18328) encapsulated in
four lipid excipients. Patisiran is administered at 0.3 mg/kg
every 3 weeks by intravenous (i.v.) infusion. The plasma PK
profile of the ALN-18328 component is characterized by an
initial steep distribution phase with an estimated t1/2� of ∼1
h, then a minor second peak, followed by a relatively long
terminal phase with an estimated t1/2� of ∼3 days. ALN-
18328 remains encapsulated within the LNP in circulation
and is cleared through LNP-mediated liver uptake. Once
in the liver, a fraction of ALN-18328 dissociates from the
nanoparticle and binds to RISC to exert its pharmacologi-
cal effect; the rest remains encapsulated and is redistributed
back into circulation, likely through exocytosis. Once ALN-
18328 is released from the nanoparticle it is rapidly cleared,
likely through metabolism by serum and tissue exonucle-
ases. Less than 1% of the parent ALN-18328 is excreted in
the urine (37).

For patisiran (ALN-18328 + LNP’s PEG excipients),
binding to plasma proteins was reported in two different
ways. Binding of patisiran was assessed in rat serum albu-

min, human serum albumin and human alpha-1-acid gly-
coprotein, and was found to be 0.89%, 0.46% and 2.07%,
respectively. In addition, binding to total human plasma
was measured for the PEG2000-C-DMG alone and deter-
mined to be ∼97% (FDA Multi-discipline Review (NDA
210922)). Although these data were included in the New
Drug Application filing, they were not used for any ADME
or PK/PD interpretation or cross-species translation. Free
non-encapsulated ALN-18328 accounted for <5% of cir-
culating ALN-18328 and no PPB values were reported for
ALN-18328 itself. The lack of observable impact of PPB
on the disposition of patisiran may or may not be applica-
ble to other siRNA therapeutics that are formulated as sta-
ble nanoparticles to facilitate tissue uptake. However, the
impact will depend on the nature of the nanoparticle (if
highly protein bound then more likely to have an impact)
and whether PPB impacts downstream tissue uptake.

Effect of PPB on pharmacokinetics of GalNAc-conjugated
siRNA. Three out of the four approved siRNA therapeu-
tics are GalNAc-conjugated siRNA (givosiran, lumasiran,
and inclisiran) delivered via subcutaneous (s.c.) injection.
Similar to the strong class effect of GalNAc-conjugated
ASOs on pharmacokinetics (38,39), the pharmacokinetics
of GalNAc-conjugated siRNA therapeutics also appear to
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be similar between molecules and are highly predictable and
scalable across species (10). In humans, GalNAc–siRNA
exhibit a plasma Tmax of ∼4–6 h, elimination half-lives of
∼5–10 h, and apparent systemic clearance of ∼27–38 L/h
in healthy subjects. The majority of the administered dose
is taken up by the parenchymal liver cells and metabolized
by tissue-localized endo- and exonucleases. Renal excretion
(parent and metabolites combined) accounts for 15–20% of
systemic clearance at doses administered clinically.

Within the therapeutic dose range, PPB was measured to
be >90% for givosiran, 77–85% for lumasiran and ∼87% for
inclisiran (FDA Multi-discipline Review (NDA 212194),
EMA Assessment Report (EMA/CHMP/70703/202),
Integrated Review (NDA 21410), EMA Assessment Re-
port (EMA/568312/2020), EMA Assessment Report
(EMA/696912/2020)). While these values were included
in regulatory application packages, they were not utilized
to increase understanding of ADME characteristics and
PK/PD relationships due to lack of any observable impact
of PPB on the ASGPR-mediated hepatocellular uptake,
disposition or PK/PD properties of these GalNAc–siRNA
(32).

From a pharmacokinetics perspective, the systemic clear-
ance of these molecules is mediated by ASGPR-mediated
liver uptake, accounting for a majority of total clearance
(EMA Assessment Report (EMA/696912/2020), (10,40)).
Therefore, it is reasonable to postulate that the GalNAc lig-
and is the primary driver of liver uptake efficiency. This
hypothesis is supported by data demonstrating that the
dose-normalized plasma area-under-the-curve (AUC) are
similar between GalNAc-conjugated siRNA and GalNAc-
conjugated ASOs, which tend to be substantially more
protein bound than siRNA (D. Ramsden, 22nd Annual
Drug Metabolism and Applied Pharmacokinetics Confer-
ence, ‘Leveraging the unique ADME properties of GalNAc–
siRNA: Not a small or large molecule.’ Madison, Wiscon-
sin, USA (2019)). Furthermore, Agarwal et al. (32) recently
demonstrated that serum proteins have minimal impact on
GalNAc–siRNA and GalNAc–ASO uptake and activity in
human hepatocytes.

Renal clearance is a relatively minor pathway for elimina-
tion of GalNAc-conjugated siRNA, accounting for < 15%
of human systemic clearance for givosiran, ∼16% for in-
clisiran and ∼20% for lumasiran (EMA Assessment Re-
port (EMA/CHMP/70703/2020), EMA Assessment Re-
port (EMA/568312/2020)). For these three GalNAc–
siRNA the rate of renal clearance is close to the total
glomerular filtration rate without accounting for the un-
bound fraction in plasma. For inclisiran a 2.3-fold increase
in plasma exposure has been observed in patients with se-
vere renal impairment. The renal clearance without correc-
tion for PPB of inclisiran was on average 5.6, 3.7, 1.5 and
0.5 L/h in subjects with normal renal function, mild, mod-
erate and severe renal impairment, respectively, which is in
line with the glomerular filtration rate in these subjects (41).
Overall, these results suggest that PPB does not effectively
protect GalNAc-conjugated siRNAs from glomerular fil-
tration. For unconjugated ASOs, chemical modifications
(e.g. phosphorothioate backbone) designed to increase PPB
(primarily through albumin binding) have been shown to
effectively protect ASOs from renal filtration (42). Two

recent studies investigating PPB of siRNA demonstrated
that GalNAc-conjugated siRNAs do not bind to albumin
(28,29) but can bind to �-2-macroglobulin (720 kDa), �-
thrombin (37 kDa), fibrinogen (340 kDa), and fibronectin
(500 kDa), all of which do not undergo glomerular filtra-
tion. This suggests that binding between GalNAc–siRNAs
and these proteins may not be tight enough to prevent renal
filtration.

Effect of PPB on PK/PD understanding of siRNA therapeu-
tics. A prominent feature of the PK/PD relationship for
siRNA therapeutics is the apparent disconnect between the
transient plasma exposure and the prolonged pharmacolog-
ical effects. For all approved siRNA therapeutics, whether
LNP-formulated or GalNAc-conjugated, plasma exposure
typically declines below detection limits within days while
the pharmacological effect endures for weeks to months. In
fact, inclisiran remains active >6 months post dose. This
extended pharmacodynamic (PD) durability is driven in
part by sequestration in hepatocyte endosomes, enhanced
metabolic stability, slow endosomal release resulting in pro-
longed RISC loading, and the autocatalytic nature of RNA
silencing in tissues resulting in improved liver exposure and
prolonged tissue half-lives (43).

Similar to small molecule drugs, the pharmacological ef-
fect of siRNA is driven by the free drug at the site of ac-
tion, which is the RISC complex in the cytosol of the tar-
geted cells. The pharmacological effect of current genera-
tion liver-targeting siRNA therapeutics starts with hepatic
uptake via LNP (i.e. patisiran) or GalNAc-mediated path-
ways, neither of which appear to be affected by PPB. Once in
the liver, the free drug concentration in the cytosol depends
on endo-lysosomal drug stability and escape efficiency, liver
metabolic stability, and cytosolic protein binding, not PPB.
Since siRNA are only present transiently in the plasma, they
are not membrane permeable, and they are drawn into the
cell via active uptake, an equilibrium will not be established
across the hepatocyte membrane. Therefore, PPB data has
no appreciable value for PK/PD understanding, for either
LNP or GalNAc-delivered siRNA.

Although no lipid-conjugated siRNA have been ap-
proved for human use, they have been studied extensively
in the preclinical space. Lipid–siRNA conjugates can have
extensive protein binding that may lead to significant dif-
ferences in the biodistribution and PK of these molecules
(44–47). While it is conceivable that lipid-siRNA conjugates
or other conjugates with a high affinity for plasma proteins
may have an extended plasma half-life, to our knowledge,
the extent of PPB at therapeutically relevant concentrations
has not been reported for these molecules, and the role of
the plasma as a depot to drive PD effects is not well under-
stood.

siRNA PPB safety considerations

Severe thrombocytopenia was observed in the clinic for two
ASOs (Ionis-TTRRx and Ionis-ApoCIIIRx) and periph-
eral neuropathy was observed for one siRNA (revusiran;
discontinued). While the mechanisms for these adverse
events have not yet been fully explained, it is plausible that
they could be Cmax driven or associated with protein bind-
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ing (48). An Oligonucleotide Safety Working Group white
paper by Henry et al. (27) documents the role of oligonu-
cleotides in activation of complement in plasma by the al-
ternative pathway in a concentration-dependent manner in
monkeys. Early generations of ASOs encountered acute,
transient, alternative activation of complement that was
largely attributed to non-specific protein binding driven by
the high phosphorothioate content (49–51). However, the
effect may be less prominent in humans (52). Compared
to ASOs, siRNA typically have minimal phosphorothioate
content and lower PPB (33). In cases where complement ac-
tivation by siRNA have been observed, it was purportedly
related to the delivery of cationic lipid-containing formu-
lation excipients, rather than the oligonucleotide itself, and
occurring via the classical pathway rather than the alterna-
tive pathway (27).

PART 2: siRNA DRUG–DRUG INTERACTIONS

Drug–drug interactions are caused by a mutual physiologi-
cal interaction between at least two co-administered drugs.
In this context, co-administered drugs are considered as
xenobiotics that have the potential to affect the ADME
and/or efficacy of one another. While dietary compound-
drug interactions and drug-endogenous compound interac-
tions are discussed in the literature, the current section will
focus on siRNA interactions with other therapeutics. Al-
though FDA guidance does not specifically mention siRNA
or ONTs, it emphasizes evaluating DDIs both preclinically
and clinically.

SM in vitro DDI workflows focus on major known
drug metabolizing enzymes and transporters primarily
expressed in the liver and kidney. Thorough reaction
phenotyping is recommended to identify metabolic con-
tributors among the phase I and phase II enzymes, as
well as transporters. In addition to phenotyping, studies
to assess the DDI potential of the small molecule as a
victim (substrate), perpetrator (inhibitor) and inducer
are also required. Regulatory guidance from the EMA,
FDA, and Japanese Pharmaceutical Medicines Device
Agency require standardized in vitro assays to deter-
mine whether clinical DDI studies are needed (https:
//www.ema.europa.eu/en/documents/scientific-guideline/
guideline-investigation-drug-interactions-revision-1 en.
pdf; https://www.fda.gov/media/134581/download;
https://www.fda.gov/media/134582/download; https:
//www.pmda.go.jp/files/000228122.pdf; (53)). For ther-
apeutic proteins, DDI regulatory guidance is mainly
concerned with the pharmacological impact of the drug.
Cytokine modulating therapies, for example, may up- or
down-regulate cytochrome P450s (CYPs) and cause DDIs
indirectly. However, DDIs with therapeutic proteins are
rare and typically weak if observed (54).

At the time of writing there is no literature precedent
suggesting that siRNA will compete with co-administered
drugs for drug metabolizing enzyme or transporter active
sites at therapeutically relevant concentrations. Therefore,
the potential DDI landscape for siRNA is likely to include
mechanism-based effects or disease drug interactions. In
this section, we discuss siRNA DDI study design, direct
inhibition and induction interactions of CYPs and trans-

porters, mechanism-based interactions, drug disease inter-
actions, and review the regulatory filings concerning siRNA
DDI evaluations.

siRNA DDI study design considerations

Differences in size, physicochemical and ADME proper-
ties between siRNA and small molecules mean that siRNA
DDI study protocols cannot be directly adapted from
SM. Practical experimental design considerations such as
siRNA concentration, protein matrices, incubation times,
and special considerations for alternative siRNA formats
are necessary for thorough preclinical testing.

Selecting an siRNA concentration range for in vitro DDI
studies is complicated by factors such as rapid systemic
clearance and non-oral delivery routes. Since siRNA clears
rapidly from the blood, the small molecule rationale of us-
ing plasma Cmax at therapeutically relevant concentrations
as a benchmark for experimental design is not relevant
as it would likely overestimate in vivo DDI potency. The
hepatocyte-targeting behavior of GalNAc–siRNA and
certain LNPs including patisiran results in significant
distribution of the drug to the liver compared to the
plasma. Furthermore, intracellular compartmentalization
due to the mechanism of uptake may decrease the free drug
available to interact. To account for a ‘worst case scenario,’
although cumbersome, the EMA recommends using the
predicted human liver concentration from preclinical
species for DDI assessment (Guideline on the investigation
of drug interactions (CPMP/EWP/560/95/Rev. 1 Corr.
2; https://www.ema.europa.eu/en/documents/scientific-
guideline/guideline-investigation-drug-interactions-
revision-1 en.pdf)). In silico simulation tools, such as PK
simulations and allometric scaling of liver concentrations
from preclinical species to humans as described by Rams-
den et al. (55), are necessary to estimate the appropriate
concentration of siRNA for in vitro study design. Although
typically considered negligible, direct measurement of
fraction unbound in common in vitro matrices such as
microsomes or hepatocytes may be useful for in vitro–in
vivo correlations (33,55).

Since therapeutic GalNAc–siRNA are relatively stable
in liver in vivo, these compounds are anticipated to un-
dergo minimal nucleolytic cleavage in vitro (17). The incu-
bation timing aspect of in vitro DDI assays should there-
fore be modified from typical small molecule methods. Ex-
periments to evaluate metabolism over longer incubations
(such as for testing time-dependent inhibition) need to be
designed with an understanding of the stability of the spe-
cific siRNA(s) being tested and the half-life of the enzyme
affected.

Although it is common to compare DDI readouts for
small molecule drugs in different in vitro assay systems such
as primary hepatocytes and microsomes to enable differ-
entiation between activities of cytosolic and membrane-
associated drug metabolizing enzymes, such an approach is
not feasible or relevant for GalNAc–siRNA, for example,
Brown et al. (9) use cellular distribution studies to demon-
strate that GalNAc–siRNA is taken up into primary hep-
atocytes very slowly via free uptake by ASGPR-mediated
endocytosis over 7–24 h, compared to transfection at <7 h.

https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-drug-interactions-revision-1_en.pdf
https://www.fda.gov/media/134581/download
https://www.fda.gov/media/134582/download
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-drug-interactions-revision-1_en.pdf
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The GalNAc–siRNA that is absorbed via free uptake is pri-
marily localized in acidic compartments such as endosomes
and lysosomes. Since transfection is physiologically irrele-
vant from a drug delivery perspective, and most drug me-
tabolizing enzymes such as CYPs are found in the cytosol
and in cytosol-facing membranes, siRNA DDI measure-
ments (i.e. enzyme activity and mRNA level changes) by
free uptake in hepatocytes are likely hindered by the siRNA
cellular distribution profile. As such, hepatocyte assays (at
least using conventional small molecule assay conditions)
are not an appropriate in vitro system for siRNA evaluation.
Furthermore, this highlights that any DDIs identified with
siRNAs using microsomes may be overestimating the effect
since siRNA is found in low abundance in the endoplasmic
reticulum-facing compartment.

Despite efforts to optimize methods to evaluate di-
rect DDIs between siRNA and SM driven by siRNA inter-
actions with drug metabolizing enzymes and transporters,
there is little evidence to suggest such DDIs are antici-
pated. With the current generation of siRNA, the greatest
DDI risk is likely to arise from the PD response. Additional
care should be taken to examine down-stream effects of the
intended behavior of any siRNA therapeutic, and design
specific in vitro DDI studies with PD endpoints in mind
where in vitro studies are relevant.

Direct CYP inhibition and induction siRNA DDIs

The major breakdown or catabolic pathways of unconju-
gated siRNA are via nuclease-mediated hydrolysis. Thus,
siRNA are not anticipated to be CYP substrates. To date,
no CYP-mediated metabolites have been reported for any of
the approved siRNA. Further, comprehensive in vitro phe-
notyping using cDNA-expressed isozymes indicated that
GalNAc–siRNA are not substrates of CYP1A2, 2B6, 2C8,
2C9, 2C19, 2D6, 3A4 or 3A5 mediated clearance (EMA As-
sessment Report (EMA/696912/2020)). The lack of CYP
involvement in the metabolism of siRNA is consistent with
the physicochemical properties of siRNA, such as high
molecular weight, hydrophilicity, and polyanionic nature.
Due to their lack of affinity toward CYP enzymes, siRNA
do not result in DDIs with other SMs which are CYP sub-
strates.

Ramsden et al. (55) published an overview of in vitro DDI
studies conducted for multiple GalNAc–siRNAs including
givosiran, lumasiran, and inclisiran. CYP inhibition (re-
versible and time-dependent) evaluations were performed
using pooled human liver microsomes as the test system.
The 12 siRNA molecules evaluated showed no reversible or
time-dependent inhibition of CYP1A2, 2C9, 2C19, 2D6 or
3A4/5. Three of the 12 siRNA showed direct inhibition of
CYP2C8 at high concentrations with IC50 values of 224,
56 and 416 �M, which is >510-fold higher than the clin-
ically relevant plasma Cmax. Cemdisiran also caused con-
centration dependent inhibition of CYP2B6 with an IC50
value of 583 �M, >12 000-fold higher than the observed
clinical plasma Cmax. No time-dependent inhibition was ob-
served for CYP2C8 or CYP2B6 by any of the GalNAc–
siRNA molecules. An assessment of CYP induction poten-
tial of five GalNAc–siRNA molecules was performed using
cryopreserved human hepatocytes from three different hu-

man donors as the test system. The results demonstrated no
concentration-dependent or statistically significant increase
in CYP metabolic activity or mRNA levels by any of the
GalNAc–siRNAs evaluated. It was concluded that the to-
tality of data supports that direct inhibition or induction
of CYP enzymes by GalNAc–siRNA is highly unlikely at
clinically relevant concentrations.

Of note, Ramsden et al. (55) did project that the clinical
liver Cmax for nine of the twelve GalNAc–siRNA ranged
from 1.9–29 �M, which is 1.9–220-fold lower than the IC50
values observed for CYP2C8 inhibition. For the three ap-
proved GalNAc–siRNA, the projected clinical liver Cmax is
3.2–58-fold lower. However, as stated by that group, there is
no current guidance for establishing cut-offs in non-plasma
matrices and the projections were based on exceedingly lim-
ited data.

Direct transporter inhibition and induction siRNA DDIs

Drug transporters are a class of membrane-bound proteins
that are expressed in various tissues and organs through-
out the body. They often exhibit broad substrate specificity,
and are involved in small molecule drug disposition. Both
transporter substrates and inhibitors may affect PK/PD
relationships when drugs are co-administered. Whether a
drug binds to a drug transporter directly, or otherwise al-
ters transporter activity or expression, a clinically relevant
DDI may result. Transporter abundance and characteriza-
tion at the molecular level have been established for a lim-
ited number of transporters for small molecule drugs; trans-
porters specific to siRNA have not been described in the lit-
erature. Physiologically-based pharmacokinetic modeling
of transporter-mediated DDIs may have utility to predict
in vivo transporter-drug interactions, however, more work
is needed (56). Regardless, these in vitro transporter assays
were established for small molecule drugs, and their applica-
tion to other modalities such as siRNA , is not appropriate
and needs to be evaluated.

Ramsden et al. (55) also investigated the role of
transporter interactions for 4 of the 12 GalNAc–siRNA
molecules (including givosiran and inclisiran) using in
vitro uptake (OAT1, OAT3, OATP1B1, OATP1B3, OCT1,
OCT2) and efflux (BCRP, BSEP, MATE1, MATE2-K, P-
gp) assays. Of the four siRNAs tested, none were substrates
for transporters, while one (givosiran) caused inhibition
of P-glycoprotein at concentrations that were well above
clinically relevant levels. This implies that GalNAc–siRNA
molecules are unlikely to be substrates for known small
molecule drug transporters with low potential for inhibi-
tion. One likely explanation is that due to their large size,
siRNA does not fit into the transporter binding sites. Al-
though it is theoretically feasible that siRNA could block
the entrance of the transporter binding sites or act as an
allosteric inhibitor, in vitro transporter assays for siRNA
molecules have not shown any interaction with transporter
substrates.

Direct mechanism-based interactions and indirect disease-
drug interactions

While CYP and transporter inhibition and induction inter-
actions are not anticipated for siRNAs, direct mechanism-
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based effects, indirect disease drug interactions, and di-
rect inhibition and induction of siRNA-related proteins
such as ASPGR and Ago2 should be considered. Di-
rect mechanism-based effects are possible when an siRNA
causes a PD effect that results in modulation of biochemi-
cal pathways regulating the expression of drug metabolizing
enzymes such as CYPs and transporters.

Givosiran is an example of an approved siRNA that high-
lights the potential for PD driven DDIs. Givosiran mod-
ulates ALAS-1 mRNA transcript levels, and the ALAS-
1 protein is the rate-limiting enzyme for heme biosyn-
thesis in the liver. Consequently, givosiran decreases lev-
els of the heme intermediates aminolevulinic acid and
porphobilinogen in the liver. Decrease of these inter-
mediates leads to reduction of hepatic heme content,
and consequently to reduction in CYP enzyme lev-
els and activities. Clinically meaningful DDIs were ob-
served with givosiran and substrates of CYP1A2 and
CYP2D6 resulting in a warning on the drug label stat-
ing that givosiran should not be used concomitantly with
CYP1A2 or CYP2D6 substrates for which minimal con-
centration changes may lead to serious or life-threatening
toxicities (FDA Multi-discipline Review (NDA 212194),
EMA Assessment Report (EMA/CHMP/70703/2020),
Prescribing Information (https://www.accessdata.fda.gov/
drugsatfda docs/label/2019/0212194s000lbl.pdf)).

Notably, any siRNA effects resulting in modulation of
drug metabolizing enzyme expression and/or activity could
potentially be prolonged due to the long duration of PD
effect of siRNAs. This is especially important for co-
administered drugs that have a low therapeutic index and
are substrates for CYPs or drug transporters. The potential
for DDIs mediated by mechanism-based effects should be
evaluated for each siRNA on a case-by-case basis by un-
derstanding the upstream and downstream effects of target
gene knockdown and/or predicted off-target silencing ef-
fects.

Certain inflammatory disease states including, but not
limited to, influenza B, HIV infection, bone marrow trans-
plant, sepsis, rheumatoid arthritis, and Crohn’s disease, can
result in clinically significant modulation of exposure of
CYP and/or transporter-sensitive substrates (57–66). In
such cases, the disease state reduces CYP and/or trans-
porter activity or expression. Disease alleviation via treat-
ment with siRNA may normalize or otherwise modulate the
activity or expression, underscoring the importance of un-
derstanding the effect of reduction of disease on CYP and
transporter function (67). As an example, this finding may
be due to the direct mechanism-based effects of givosiran
on heme biosynthesis as mentioned above, and/or by an
indirect-disease drug interaction. Acute intermittent por-
phyria patients have been shown to have increased CYP
expression and distinct CYP1A2 and CYP2D6 genotypes
(68,69). The potential for DDIs mediated by indirect drug-
disease based effects should be evaluated for each siRNA
and target disease population.

Although there are no clinical reports of siRNA as a
victim drug, in theory, if two GalNAc siRNA (or other
GalNAc-conjugated species) were administered concomi-
tantly, they could compete for ASGPR- mediated liver up-
take or Ago2 in RISC. Furthermore, although published

data is lacking, a perpetrator drug could conceivably mod-
ulate the expression or activity of ASGPR or Ago2 as a fur-
ther example of potential mechanism-based interactions.

Nonclinical and clinical investigations of CYP- and
transporter-related DDIs for approved siRNA with co-
administered drugs

Nonclinical in vitro DDI studies using liver microsomes
were performed for all four approved siRNA therapeutics
and clinical DDI studies were performed on givosiran and
inclisiran due to the specific pharmacology of those drugs.
These studies are summarized below.

Patisiran. In vitro, none of the LNP constituents induced
CYP1A2 or 3A4 in human hepatocytes. CYP 2B6 showed
a concentration dependent and >2-fold increase in mRNA
levels upon treatment with patisiran; the effect in vivo has
not been studied. CYPs 1A2, 2A6, 2B6, 2C8, 2C9, 2C19,
2D6 and 3A4/5 were not inhibited at therapeutically rele-
vant levels. Patisiran was reported to be a CYP2B6 time-
dependent inhibitor, but the in vivo effects are not estab-
lished. The LNP constituents did not inhibit or alter the
expression of human CYPs 1A1/2, 2C9, 2C19 2D6, or
3A or UGT1A1. Furthermore, the LNP constituents did
not inhibit BCRP, MDR1, BSEP, OATP1B1, OATP1B3,
OAT1, OAT3, OCT1, OCT2, MATE1 or MATE2-K.
Transporter DDI liability was concluded to be mini-
mal (EMA Assessment Report (EMA Assessment Report
(EMA/554262/2018), FDA Multi-discipline Review (NDA
210922)).

Givosiran. In vitro, ex vivo and in vivo studies were con-
ducted in the nonclinical and clinical settings. In vitro,
givosiran was not a substrate, inhibitor, or inducer of CYPs
or transporters; the CYPs and transporters evaluated were
not disclosed. Ex vivo and in vivo DDI studies in rats and
monkeys could not exclude indirect inhibition of CYPs
via PD-based reduction of hepatic heme content, so a
clinical study was warranted. The potential for a direct
mechanism-based DDI by givosiran was investigated in a
dedicated clinical DDI study to assess the interactions of
givosiran with five major CYP enzymes (CYP1A2, 2C9,
2C19, 2D6 and 3A4). Clinically meaningful DDIs were ob-
served with substrates of CYP1A2 (3× fold increase of caf-
feine AUC) and 2D6 (2.4× fold increase of dextromethor-
phan AUC). It remains an open question as to why in vitro
to in vivo correlation for CYP1A2 and CYP2D6 was not
observed for givosiran. In general complex processes such
as heme-synthesis may not be fully reflected by cellular sys-
tems on the time-scale of in vitro experiments (FDA Multi-
discipline Review (NDA 212194), EMA Assessment Report
(EMA/CHMP/70703/2020)).

Lumasiran. Lumasiran was not found to be a sub-
strate of CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4 or
3A5. Reversible and time-dependent inhibition along
with induction studies also yielded negative results, but
the CYPs tested were not disclosed. In vitro trans-
porter substrate/inhibition studies were not conducted,
as it was deemed low risk based on aggregate data

https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/0212194s000lbl.pdf
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siRNA PPB EVALUATION 
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Figure 3. Recommended decision tree for siRNA PPB evaluation. Abbreviations: siRNA, short-interfering RNA; PPB, plasma protein binding.

across similar GalNAc–siRNA conjugates (FDA Inte-
grated Review (NDA 21410), EMA Assessment Report
(EMA/568312/2020)).

Inclisiran. In vitro, inclisiran was not found to inhibit
human CYP1A2, 2B6, 2C8. 2C9, 2C19, 2D6, 3A4/5,
OAT1, OAT3, OCT1, OCT2, OCT3 OATP1B1, OATP1B3,
MATE1, MATE2-K, MDR1, BSEP or BCRP at thera-
peutically relevant concentrations. For the CYPs, no time-
dependent inhibition was observed, and inclisiran was
not investigated as a CYP substrate. Inclisiran is not a
substrate for OAT3, OCT1, OCT2, OCT3, OATP1B1,
OATP1B3, MATE1, MATE2-K, MDR1, BSEP or BCRP;
active transport of OAT1 could not be excluded. A DDI
study in monkeys was conducted to evaluate the po-
tential toxicity when inclisiran is combined with ator-
vastatin, another lipid-lowering drug that may be used
in combination with inclisiran, and no toxicity was
observed.

In two clinical studies, effect of statin on inclisiran PK
and effect of inclisiran on statin PK was investigated. Based
on data available, clinically meaningful interactions with

atorvastatin, rosuvastatin or other statins are not antici-
pated (EMA Assessment Report (EMA/696912/2020)).

PART 3: RECOMMENDATIONS FOR ASSESSMENT
OF SIRNA PPB AND SIRNA DDIS TO SUPPORT REG-
ULATORY FILING

siRNA PPB assessment recommendations

The perspective of the IQ Consortium siRNA Working
Group is that an siRNA PPB report should only be in-
cluded in regulatory filings if the siRNA contains a novel
chemical modification, linker, ligand, excipient, or formu-
lation that hasn’t been tested in clinically approved drugs
(n < 3 examples of similar approved drugs), and/or if there
is reason to believe plasma free drug concentrations drive
PK, PD and/or safety. The above examples from regula-
tory approval documents for all four siRNA approved to
date demonstrate that PPB measurements have had little
to no impact on safety margin determination. However, as
the siRNA field is rapidly evolving, we recognize that this
may not be the case for all siRNA moving forward. To this
end, we have constructed a decision tree to aid industry re-
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searchers in determining whether siRNA PPB is necessary
for their therapeutic candidates from a regulatory perspec-
tive (Figure 3).

Considering the low value of PPB to ADME and PK/PD
understanding and to therapeutic index estimation, we rec-
ommend against inclusion of a PPB report in future regula-
tory filings for the current generation of GalNAc–siRNA.
If there is clear evidence suggesting that a component or
components of an siRNA-containing therapeutic candidate
is likely to bind to plasma proteins, and that such binding
could alter the PK, PD and/or safety margins, we recom-
mend evaluating PPB of the parent drug or complex. Exam-
ples of ‘clear evidence’ might include when renal clearance
is less than the glomerular filtration rate, plasma exposure is
significantly higher than what might be expected for a typ-
ical GalNAc-siRNA, or when an siRNA is conjugated to
a ligand or linker with a known or untested binding affin-
ity for a plasma protein, i.e., lipid-conjugated siRNA bind-
ing to albumin. If PPB evaluation is not technically possi-
ble, we recommend utilizing a surrogate approach of evalu-
ating PPB of individual components of the parent such as
LNP excipients, naked siRNA, and ligands, with emphasis
on components that are anticipated to directly interact with
the plasma proteins (this may exclude naked siRNA that is
encapsulated while in the plasma, for example). If a surro-
gate approach is not technically possible, or if it does not
make scientific sense, justification is required.

Beyond the decision tree, we further recommend in cases
where siRNA PPB evaluation is deemed necessary, that
companies work towards publishing fit for purpose meth-
ods, and align on industry standard approaches where pos-
sible. Furthermore, while beyond the scope of this white pa-
per, it may be of interest for companies to investigate the
impact of protein binding on in vitro ADME assays in bi-
ological matrices that are more relevant to PK/PD for this
modality. One example of many could be investigating the
effect of protein binding using liver-derived matrices for
GalNAc–siRNA.

siRNA DDI assessment recommendations

The siRNA DDI risk assessment recommendations pro-
posed in the DDI decision tree (Figure 4), and discussed
below, are based on DDI guidance and literature for small
molecule drugs and protein therapeutics, as well as pub-
lished information on siRNA drugs approved to date by
FDA and/or EMA. In deciding which drug metabolizing
enzymes, transporters or other proteins should be included
in the DDI evaluations for siRNAs, factors that should be
taken into consideration include the chemical structure of
the siRNA and any conjugates, the chemical nature of the
excipients in the formulation, the target, the disease state
and disease alleviation strategy, and any potential upstream
or downstream effects of target gene knockdown on drug
metabolizing enzymes, transporters or siRNA-related pro-
teins (i.e. ASPGR for GalNAc–siRNA and Ago2).

In developing the proposed DDI decision tree, the pri-
mary considerations for assessing siRNA DDI potential
were divided into three categories, with each category lead-
ing to a ‘yes or no’ decision for further evaluations. In the
context of this discussion, the term ‘siRNA’ encompasses

siRNAs delivered as LNP formulations, GalNAc–siRNA
conjugates, siRNA-peptide or siRNA-protein conjugates,
small molecule-siRNA conjugates, and any other siRNA-
containing drug entities. We currently recommend in vitro
assays be performed in liver microsomes, however, recognize
that a cellular assay may have utility if free uptake can be
demonstrated. Although we have made every effort to make
these recommendations generalizable, we recognize the data
that underpin the decision tree was largely derived from two
siRNA platforms (LNP–siRNA and GalNAc–siRNA con-
jugates), and that it may need to be refined in future as new
data come to light with other platforms.

The three categories for DDI assessments, and associated
decision processes, are discussed below:

1. Direct inhibition or induction of drug metabolizing
enzymes, transporters or siRNA-related proteins. One of
the most important determinants for which drug metab-
olizing enzymes and drug transporters may be involved
in the metabolism and transport of any particular drug
is the chemical structure of the drug and/or the formu-
lation in which it is delivered. Thus, the first question to
consider for the siRNA DDI risk assessment is: Does
the siRNA contain any novel chemical modifications,
tertiary structures, or ligands, or does the siRNA
formulation contain one or more novel excipients?
Meaning classes of moieties that have been subjected to
DDI risk assessment in a regulatory setting fewer than
three times. If the answer is ‘no’, then no further DDI
assessment is warranted. If the answer is ‘yes’, then
relevant in vitro DDI studies, such as those described
by Ramsden et al. (55), should be considered. If the in
vitro data show low potential for in vivo DDIs, then in
vivo DDI studies are not warranted. However, if the in
vitro data indicate potential for in vivo DDIs based on
the calculations included in the current regulatory guid-
ance for small molecules (FDA DDI guidance 2017:
https://www.fda.gov/files/drugs/published/In-Vitro-
Metabolism--and-Transporter--Mediated-Drug-Drug-
Interaction-Studies-Guidance-for-Industry.pdf, EMA
DDI guidance 2012: https://www.ema.europa.eu/en/
documents/scientific-guideline/guideline-investigation-
drug-interactions-revision-1 en.pdf), then a clinical
DDI study may be warranted.

2. Indirect drug disease interactions. Certain disease states
have been identified where drug metabolizing enzyme or
transporter expression and/or activity is significantly al-
tered. For these diseases, when treatment results in a nor-
malization of expression or activity levels back to the
healthy range, there are implications for concomitant use
of therapeutics with narrow therapeutic ranges. The sec-
ond question to consider for siRNA DDI risk assess-
ment is: Will the siRNA be used to alleviate a disease
state that has significantly reduced drug metabolizing
enzyme, transporter or siRNA-related protein activity?
If the answer is ‘no’ then no further DDI assessment is
warranted. If the answer is ‘yes’ since assessing potential
downstream/upstream effects of siRNA in an in vitro as-
say may not be feasible, and since these effects may not
be consistent across species (thus limiting the value of an

https://www.fda.gov/files/drugs/published/In-Vitro-Metabolism--and-Transporter--Mediated-Drug-Drug-Interaction-Studies-Guidance-for-Industry.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-drug-interactions-revision-1_en.pdf
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siRNA DDI RISK ASSESSMENT 
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Figure 4. Recommended decision tree for siRNA DDI risk assessment. Abbreviations: DDI, drug–drug interaction; siRNA, short-interfering RNA.

in vivo preclinical DDI study), it is recommended that a
clinical DDI study be considered.

3. Direct mechanism-based interactions. Givosiran is
known to reduce the activity of CYP enzymes via
its pharmacological activity. Thus, the third question
to consider for the siRNA DDI risk assessment is:
Are there any upstream or downstream effects of
target gene knockdown that could potentially affect
drug-metabolizing enzymes or transporters, or siRNA-
related proteins such as ASGPR or Ago2? If the answer
is ‘no’ then no further DDI assessment is warranted.
However, if the answer is ‘yes’, since assessing potential
downstream/upstream effects of siRNA in an in vitro
assay may not be feasible, and since these effects may
not be consistent across species (thus limiting the value
of an in vivo preclinical DDI study), it is recommended
that a clinical DDI study be considered.

Overall, the DDI potential for siRNAs is anticipated
to be low. However, the chemical and/or pharmacological
properties of some siRNAs may warrant in vitro and/or
in vivo DDI assessments. A weight of evidence approach
for including/excluding clinical DDI investigations, depen-
dent on the properties of the siRNA, co-medications, and
the pharmacology of the target, is recommended. Covariate
analysis of co-medications using population PK modeling
of clinical data may trigger dedicated DDI studies, however
this has not yet been seen for currently approved siRNAs.
In general, based on the regulatory filings to date, and in

the absence of any pathway mediated DDI potential, it can
be concluded that GalNAc–siRNA are unlikely to be a vic-
tim or perpetrator of DDIs relating to drug metabolizing
enzymes or transporters , and in vitro or clinical investiga-
tions are not warranted.

CONCLUSION

siRNA therapeutics have emerged as a novel class of
medicines that are distinct from traditional small molecule
drugs and biologics (Table 1). As such, thoughtful consid-
eration is required to determine whether certain studies and
reports, such as PPB evaluations and DDI risk assessments,
add value to regulatory filing packages to help inform thera-
peutic index estimation, clinical development planning, and
labeling. From a thorough review of data from publicly
available regulatory filing documents and literature, along
with experience from industry representatives, recommen-
dations and decision trees intended to guide industry on In-
vestigational New Drug and New Drug Application work-
flows were established. Specifically, recommendations are:

(1) PPB evaluation is not advised when it does not aid in
therapeutic index estimation, as in the case of GalNAc–
siRNA. For other siRNA-containing therapeutic plat-
forms including but not limited to, LNPs, peptide-
siRNA conjugates, antibody-siRNA conjugates, lipid-
siRNA conjugates, we recommend generating PPB data
to set a regulatory precedence for a given class (n = 3
examples).
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(2) DDI risk assessment is not advised for GalNAc–siRNA
except when the target RNA transcript or the protein
it encodes is known or anticipated to play a role in
the regulation or expression of a drug metabolizing en-
zyme, transporter, or siRNA-related protein. In addi-
tion, a risk assessment may be warranted when the dis-
ease state of the targeted patient population has an al-
tered expression or activity profile of a drug metaboliz-
ing enzyme, transporter, or siRNA-related protein, and
treatment of the disease is anticipated to normalize or
otherwise modulate these profiles.

A major limitation of this work is that it is heavily
weighted towards four approved siRNA from a single com-
pany. We conservatively recommend that, if in doubt, PPB
evaluations and DDI risk assessments should be conducted
for siRNA containing novel ligands, linkers and/or formu-
lation excipients. In the future, once data accumulates and
these moieties are no longer considered novel, as in the case
of GalNAc–siRNA today, and if the aggregate data indi-
cate that PPB and DDI studies would not aid in therapeu-
tic index estimation or uncover DDI liabilities, respectively,
then we similarly recommend that these studies not be per-
formed.

ACKNOWLEDGEMENTS

Natalie Hosea, Takeda, San Diego, CA, USA; David
Coutant, Eli Lilly and Company, Indianapolis, IN, USA.

FUNDING

Funding for open access charge: Amgen Inc.
Conflict of interest statement. This article was developed
with the support of the International Consortium for In-
novation and Quality in Pharmaceutical Development (IQ,
www.iqconsortium.org). IQ is a not-for-profit organization
of pharmaceutical and biotechnology companies with a
mission of advancing science and technology to augment
the capability of member companies to develop transfor-
mational solutions that benefit patients, regulators and the
broader research and development community.

All authors are employees of their respective companies
and may hold shares and/or stock options in those compa-
nies.

REFERENCES
1. Humphreys,S.C., Thayer,M.B., Campbell,J., Chen,W.L.K.,

Adams,D., Lade,J.M. and Rock,B.M. (2020) Emerging siRNA
design principles and consequences for biotransformation and
disposition in drug development. J. Med. Chem., 63, 6407–6422.

2. Matranga,C., Tomari,Y., Shin,C., Bartel,D.P. and Zamore,P.D.
(2005) Passenger-strand cleavage facilitates assembly of siRNA into
Ago2-containing RNAi enzyme complexes. Cell, 123, 607–620.

3. Humphreys,S.C., Basiri,B., Abbasi,A. and Rock,B.M. (2021) Case
study 12: roadmap to quantifying ago2-mediated siRNA metabolic
activation kinetics. Methods Mol. Biol., 2342, 825–841.

4. Nair,J.K., Willoughby,J.L., Chan,A., Charisse,K., Alam,M.R.,
Wang,Q., Hoekstra,M., Kandasamy,P., Kel’in,A.V., Milstein,S. et al.
(2014) Multivalent N-acetylgalactosamine-conjugated siRNA
localizes in hepatocytes and elicits robust RNAi-mediated gene
silencing. J. Am. Chem. Soc., 136, 16958–16961.

5. Zimmermann,T.S., Lee,A.C., Akinc,A., Bramlage,B., Bumcrot,D.,
Fedoruk,M.N., Harborth,J., Heyes,J.A., Jeffs,L.B., John,M. et al.
(2006) RNAi-mediated gene silencing in non-human primates.
Nature, 441, 111–114.

6. Chernikov,I.V., Vlassov,V.V. and Chernolovskaya,E.L. (2019)
Current development of siRNA bioconjugates: from research to the
clinic. Front Pharmacol, 10, 444.

7. Huang,Y., Hong,J., Zheng,S., Ding,Y., Guo,S., Zhang,H., Zhang,X.,
Du,Q. and Liang,Z. (2011) Elimination pathways of systemically
delivered siRNA. Mol. Ther., 19, 381–385.

8. Soutschek,J., Akinc,A., Bramlage,B., Charisse,K., Constien,R.,
Donoghue,M., Elbashir,S., Geick,A., Hadwiger,P., Harborth,J. et al.
(2004) Therapeutic silencing of an endogenous gene by systemic
administration of modified siRNAs. Nature, 432, 173–178.

9. Brown,C.R., Gupta,S., Qin,J., Racie,T., He,G., Lentini,S.,
Malone,R., Yu,M., Matsuda,S., Shulga-Morskaya,S. et al. (2020)
Investigating the pharmacodynamic durability of GalNAc–siRNA
conjugates. Nucleic Acids Res., 48, 11827–11844.

10. Chong,S., Agarwal,S., Agarwal,S., Aluri,K.C., Arciprete,M.,
Brown,C., Charisse,K., Cichocki,J., Fitzgerald,K., Goel,V. et al.
(2021) The nonclinical disposition and PK/PD properties of
galnac-conjugated siRNA are highly predictable and build
confidence in translation to man. Drug Metab. Dispos., 49, 563–571.

11. Thayer,M.B., Lade,J.M., Doherty,D., Xie,F., Basiri,B.,
Barnaby,O.S., Bala,N.S. and Rock,B.M. (2019) Application of locked
nucleic acid oligonucleotides for siRNA preclinical bioanalytics. Sci.
Rep., 9, 3566.

12. Agarwal,S., Simon,A.R., Goel,V., Habtemariam,B.A., Clausen,V.A.,
Kim,J.B. and Robbie,G.J. (2020) Pharmacokinetics and
pharmacodynamics of the small interfering ribonucleic acid,
givosiran, in patients with acute hepatic porphyria. Clin. Pharmacol.
Ther., 108, 63–72.

13. Zou,Y., Tiller,P., Chen,I.W., Beverly,M. and Hochman,J. (2008)
Metabolite identification of small interfering RNA duplex by
high-resolution accurate mass spectrometry. Rapid Commun. Mass
Spectrom., 22, 1871–1881.

14. Christensen,J., Litherland,K., Faller,T., van de Kerkhof,E., Natt,F.,
Hunziker,J., Krauser,J. and Swart,P. (2013) Metabolism studies of
unformulated internally (3H)-labeled short interfering RNAs in
mice. Drug Metab. Dispos., 41, 1211–1219.

15. Christensen,J., Litherland,K., Faller,T., van de Kerkhof,E., Natt,F.,
Hunziker,J., Boos,J., Beuvink,I., Bowman,K., Baryza,J. et al. (2014)
Biodistribution and metabolism studies of lipid
nanoparticle-formulated internally (3H)-labeled siRNA in mice.
Drug Metab. Dispos., 42, 431–440.

16. Basiri,B., Xie,F., Wu,B., Humphreys,S.C., Lade,J.M., Thayer,M.B.,
Yamaguchi,P., Florio,M. and Rock,B.M. (2020) Introducing an in
vitro liver stability assay capable of predicting the in vivo
pharmacodynamic efficacy of siRNAs for IVIVC. Mol. Ther. Nucleic
Acids, 21, 725–736.

17. Nair,J.K., Attarwala,H., Sehgal,A., Wang,Q., Aluri,K., Zhang,X.,
Gao,M., Liu,J., Indrakanti,R., Schofield,S. et al. (2017) Impact of
enhanced metabolic stability on pharmacokinetics and
pharmacodynamics of GalNAc–siRNA conjugates. Nucleic Acids
Res., 45, 10969–10977.

18. Janas,M.M., Zlatev,I., Liu,J., Jiang,Y., Barros,S.A., Sutherland,J.E.,
Davis,W.P., Liu,J., Brown,C.R., Liu,X. et al. (2019) Safety evaluation
of 2′-deoxy-2′-fluoro nucleotides in GalNAc–siRNA conjugates.
Nucleic Acids Res., 47, 3306–3320.

19. Sedic,M., Senn,J.J., Lynn,A., Laska,M., Smith,M., Platz,S.J.,
Bolen,J., Hoge,S., Bulychev,A., Jacquinet,E. et al. (2018) Safety
evaluation of lipid nanoparticle-formulated modified mRNA in the
sprague-dawley rat and cynomolgus monkey. Vet. Pathol., 55,
341–354.

20. Kumar,V., Qin,J., Jiang,Y., Duncan,R.G., Brigham,B., Fishman,S.,
Nair,J.K., Akinc,A., Barros,S.A. and Kasperkovitz,P.V. (2014)
Shielding of lipid nanoparticles for siRNA delivery: impact on
physicochemical properties, cytokine induction, and efficacy. Mol.
Ther. Nucleic Acids, 3, e210.

21. Yang,L., Ma,F., Liu,F., Chen,J., Zhao,X. and Xu,Q. (2020) Efficient
delivery of antisense oligonucleotides using bioreducible lipid
nanoparticles in vitro and in vivo. Mol. Ther. Nucleic Acids, 19,
1357–1367.

http://www.iqconsortium.org


6036 Nucleic Acids Research, 2022, Vol. 50, No. 11

22. Berman,C.L., Barros,S.A., Galloway,S.M., Kasper,P., Oleson,F.B.,
Priestley,C.C., Sweder,K.S., Schlosser,M.J. and Sobol,Z. (2016)
OSWG recommendations for genotoxicity testing of novel
oligonucleotide-based therapeutics. Nucleic Acid Ther., 26, 73–85.

23. Cavagnaro,J., Berman,C., Kornbrust,D., White,T., Campion,S. and
Henry,S. (2014) Considerations for assessment of reproductive and
developmental toxicity of oligonucleotide-based therapeutics.
Nucleic Acid Ther., 24, 313–125.

24. Kornbrust,D., Cavagnaro,J., Levin,A., Foy,J., Pavco,P.,
Gamba-Vitalo,C. and Guimond,A. (2013) Oligo safety working
group exaggerated pharmacology subcommittee consensus
document. Nucleic Acid Ther., 23, 21–28.

25. Marlowe,J.L., Akopian,V., Karmali,P., Kornbrust,D., Lockridge,J.
and Semple,S. (2017) Recommendations of the oligonucleotide safety
working group’s formulated oligonucleotide subcommittee for the
safety assessment of formulated oligonucleotide-based therapeutics.
Nucleic Acid Ther., 27, 183–196.

26. Schubert,D., Levin,A.A., Kornbrust,D., Berman,C.L., Cavagnaro,J.,
Henry,S., Seguin,R., Ferrari,N. and Shrewsbury,S.B. (2012) The
oligonucleotide safety working group (OSWG). Nucleic Acid Ther.,
22, 211–212.

27. Henry,S.P., Seguin,R., Cavagnaro,J., Berman,C., Tepper,J. and
Kornbrust,D. (2016) Considerations for the characterization and
interpretation of results related to alternative complement activation
in monkeys associated with oligonucleotide-based therapeutics.
Nucleic Acid Ther., 26, 210–215.

28. Pacifici,G.M. and Viani,A. (1992) Methods of determining plasma
and tissue binding of drugs. Pharmacokinetic consequences. Clin.
Pharmacokinet., 23, 449–468.

29. Smith,D.A., Di,L. and Kerns,E.H. (2010) The effect of plasma
protein binding on in vivo efficacy: misconceptions in drug
discovery. Nat Rev Drug Discov, 9, 929–939.

30. Bohnert,T. and Gan,L.S. (2013) Plasma protein binding: from
discovery to development. J. Pharm. Sci., 102, 2953–2994.

31. Buscher,B., Laakso,S., Mascher,H., Pusecker,K., Doig,M.,
Dillen,L., Wagner-Redeker,W., Pfeifer,T., Delrat,P. and
Timmerman,P. (2014) Bioanalysis for plasma protein binding studies
in drug discovery and drug development: views and
recommendations of the european bioanalysis forum. Bioanalysis, 6,
673–682.

32. Agarwal,S., Allard,R., Darcy,J., Chigas,S., Gu,Y., Nguyen,T.,
Bond,S., Chong,S., Wu,J.T. and Janas,M.M. (2021) Impact of serum
proteins on the uptake and RNA interference activity of
N-acetylgalactosamine-conjugated small interfering RNAs. Nucleic
Acid Ther., 31, 309–315.

33. Humphreys,S.C., Thayer,M.B., Lade,J.M., Wu,B., Sham,K.,
Basiri,B., Hao,Y., Huang,X., Smith,R. and Rock,B.M. (2019) Plasma
and liver protein binding of N-Acetylgalactosamine-Conjugated
small interfering RNA. Drug Metab. Dispos., 47, 1174–1182.

34. Rocca,C., Dennin,S., Gu,Y., Kim,J., Chigas,S., Najarian,D.,
Chong,S., Gutierrez,S., Butler,J., Charisse,K. et al. (2019) Evaluation
of electrophoretic mobility shift assay as a method to determine
plasma protein binding of siRNA. Bioanalysis, 11, 1927–1939.

35. Thayer,M.B., Humphreys,S.C., Chung,K.S., Lade,J.M., Cook,K.D.
and Rock,B.M. (2020) POE immunoassay: Plate-based
oligonucleotide electro-chemiluminescent immunoassay for the
quantification of nucleic acids in biological matrices. Sci. Rep., 10,
10425.

36. Di,L., Breen,C., Chambers,R., Eckley,S.T., Fricke,R., Ghosh,A.,
Harradine,P., Kalvass,J.C., Ho,S., Lee,C.A. et al. (2017) Industry
perspective on contemporary protein-binding methodologies:
considerations for regulatory drug–drug interaction and related
guidelines on highly bound drugs. J. Pharm. Sci., 106, 3442–3452.

37. Zhang,X., Goel,V. and Robbie,G.J. (2019) Pharmacokinetics of
patisiran, the first approved RNA interference therapy in patients
with hereditary transthyretin-mediated amyloidosis. J. Clin.
Pharmacol., 60, 573–585.

38. Crooke,S.T., Witztum,J.L., Bennett,C.F. and Baker,B.F. (2019)
RNA-Targeted therapeutics. Cell Metab., 29, 501.

39. Wang,Y., Yu,R.Z., Henry,S. and Geary,R.S. (2019)
Pharmacokinetics and clinical pharmacology considerations of
galnac3-Conjugated antisense oligonucleotides. Expert Opin. Drug
Metab. Toxicol., 15, 475–485.

40. Willoughby,J.L.S., Chan,A., Sehgal,A., Butler,J.S., Nair,J.K.,
Racie,T., Shulga-Morskaya,S., Nguyen,T., Qian,K., Yucius,K. et al.
(2018) Evaluation of GalNAc–siRNA conjugate activity in
Pre-clinical animal models with reduced asialoglycoprotein receptor
expression. Mol. Ther., 26, 105–114.

41. Wright,R.S., Collins,M.G., Stoekenbroek,R.M., Robson,R.,
Wijngaard,P.L.J., Landmesser,U., Leiter,L.A., Kastelein,J.J.P.,
Ray,K.K. and Kallend,D. (2020) Effects of renal impairment on the
pharmacokinetics, efficacy, and safety of inclisiran: an analysis of the
ORION-7 and ORION-1 studies. Mayo Clin. Proc., 95, 77–89.

42. Levin,A.A.Y., R.,Z. and Geary,R.S. (2007) In: Crooke,S.T. (ed).
Antisense Drug Technology: Principles, Strategies and Applications.
CRC Press, pp. 184–215.

43. Foster,D.J., Brown,C.R., Shaikh,S., Trapp,C., Schlegel,M.K.,
Qian,K., Sehgal,A., Rajeev,K.G., Jadhav,V., Manoharan,M. et al.
(2018) Advanced siRNA designs further improve in vivo
performance of GalNAc–siRNA conjugates. Mol. Ther., 26,
708–717.

44. Biscans,A., Coles,A., Haraszti,R., Echeverria,D., Hassler,M.,
Osborn,M. and Khvorova,A. (2019) Diverse lipid conjugates for
functional extra-hepatic siRNA delivery in vivo. Nucleic Acids Res.,
47, 1082–1096.

45. Osborn,M.F., Coles,A.H., Biscans,A., Haraszti,R.A., Roux,L.,
Davis,S., Ly,S., Echeverria,D., Hassler,M.R., Godinho,B. et al.
(2019) Hydrophobicity drives the systemic distribution of
lipid-conjugated siRNAs via lipid transport pathways. Nucleic Acids
Res., 47, 1070–1081.

46. Osborn,M.F. and Khvorova,A. (2018) Improving siRNA delivery in
vivo through lipid conjugation. Nucleic Acid Ther., 28, 128–136.

47. Wolfrum,C., Shi,S., Jayaprakash,K.N., Jayaraman,M., Wang,G.,
Pandey,R.K., Rajeev,K.G., Nakayama,T., Charrise,K.,
Ndungo,E.M. et al. (2007) Mechanisms and optimization of in vivo
delivery of lipophilic siRNAs. Nat. Biotechnol., 25, 1149–1157.

48. Crooke,S.T., Baker,B.F., Kwoh,T.J., Cheng,W., Schulz,D.J., Xia,S.,
Salgado,N., Bui,H.H., Hart,C.E., Burel,S.A. 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.

49. Levin,A.A. (1999) A review of the issues in the pharmacokinetics
and toxicology of phosphorothioate antisense oligonucleotides.
Biochim. Biophys. Acta, 1489, 69–84.

50. Kleinman,M.E., Yamada,K., Takeda,A., Chandrasekaran,V.,
Nozaki,M., Baffi,J.Z., Albuquerque,R.J., Yamasaki,S., Itaya,M.,
Pan,Y. et al. (2008) Sequence- and target-independent angiogenesis
suppression by siRNA via TLR3. Nature, 452, 591–597.

51. Robbins,M., Judge,A., Liang,L., McClintock,K., Yaworski,E. and
MacLachlan,I. (2007) 2′-O-methyl-modified RNAs act as TLR7
antagonists. Mol. Ther., 15, 1663–1669.

52. Shen,L., Frazer-Abel,A., Reynolds,P.R., Giclas,P.C., Chappell,A.,
Pangburn,M.K., Younis,H. and Henry,S.P. (2014) Mechanistic
understanding for the greater sensitivity of monkeys to antisense
oligonucleotide-mediated complement activation compared with
humans. J. Pharmacol. Exp. Ther., 351, 709–717.

53. Ishiguro,A., Sato,R. and Nagai,N. (2020) Development of a new
japanese guideline on drug interaction for drug development and
appropriate provision of information. Drug Metab. Pharmacokinet.,
35, 12–17.

54. Jing,X., Ji,P., Schrieber,S.J., Fletcher,E.P. and Sahajwalla,C. (2020)
Update on therapeutic protein-drug interaction: information in
labeling. Clin. Pharmacokinet., 59, 25–36.

55. Ramsden,D., Wu,J.T., Zerler,B., Iqbal,S., Jiang,J., Clausen,V.,
Aluri,K., Gu,Y., Dennin,S., Kim,J. et al. (2019) In vitro drug–drug
interaction evaluation of galnac conjugated siRNAs against CYP450
enzymes and transporters. Drug Metab. Dispos., 47, 1183–1194.

56. Taskar,K.S., Pilla Reddy,V., Burt,H., Posada,M.M., Varma,M.,
Zheng,M., Ullah,M., Emami Riedmaier,A., Umehara,K.I.,
Snoeys,J. et al. (2020) Physiologically-Based pharmacokinetic
models for evaluating membrane transporter mediated drug–drug
interactions: current capabilities, case studies, future opportunities,
and recommendations. Clin. Pharmacol. Ther., 107, 1082–1115.

57. Kraemer,M.J., Furukawa,C.T., Koup,J.R., Shapiro,G.G.,
Pierson,W.E. and Bierman,C.W. (1982) Altered theophylline
clearance during an influenza b outbreak. Pediatrics, 69, 476–480.



Nucleic Acids Research, 2022, Vol. 50, No. 11 6037

58. Jones,A.E., Brown,K.C., Werner,R.E., Gotzkowsky,K., Gaedigk,A.,
Blake,M., Hein,D.W., van der Horst,C. and Kashuba,A.D. (2010)
Variability in drug metabolizing enzyme activity in HIV-infected
patients. Eur. J. Clin. Pharmacol., 66, 475–485.

59. Chen,Y.L., Le Vraux,V., Leneveu,A., Dreyfus,F., Stheneur,A.,
Florentin,I., De Sousa,M., Giroud,J.P., Flouvat,B. and
Chauvelot-Moachon,L. (1994) Acute-phase response, interleukin-6,
and alteration of cyclosporine pharmacokinetics. Clin. Pharmacol.
Ther., 55, 649–660.

60. Carcillo,J.A., Doughty,L., Kofos,D., Frye,R.F., Kaplan,S.S.,
Sasser,H. and Burckart,G.J. (2003) Cytochrome P450 mediated-drug
metabolism is reduced in children with sepsis-induced multiple organ
failure. Intensive Care Med., 29, 980–984.

61. Kruger,P.S., Freir,N.M., Venkatesh,B., Robertson,T.A.,
Roberts,M.S. and Jones,M. (2009) A preliminary study of
atorvastatin plasma concentrations in critically ill patients with
sepsis. Intensive Care Med., 35, 717–721.

62. Schmitt,C., Kuhn,B., Zhang,X., Kivitz,A.J. and Grange,S. (2011)
Disease-drug–drug interaction involving tocilizumab and simvastatin
in patients with rheumatoid arthritis. Clin. Pharmacol. Ther., 89,
735–740.

63. Mayo,P.R., Skeith,K., Russell,A.S. and Jamali,F. (2000) Decreased
dromotropic response to verapamil despite pronounced increased
drug concentration in rheumatoid arthritis. Br. J. Clin. Pharmacol.,
50, 605–613.

64. Adams,D., Gonzalez-Duarte,A., O’Riordan,W.D., Yang,C.C.,
Ueda,M., Kristen,A.V., Tournev,I., Schmidt,H.H., Coelho,T.,

Berk,J.L. et al. (2018) Patisiran, an RNAi therapeutic, for hereditary
transthyretin amyloidosis. N. Engl. J. Med., 379, 11–21.

65. Sanaee,F., Clements,J.D., Waugh,A.W., Fedorak,R.N.,
Lewanczuk,R. and Jamali,F. (2011) Drug-disease interaction: crohn’s
disease elevates verapamil plasma concentrations but reduces
response to the drug proportional to disease activity. Br. J. Clin.
Pharmacol., 72, 787–797.

66. Caris,J.A., Benzi,J.R.L., de Souza,F.F.L., de Oliveira,R.D.R.,
Donadi,E.A. and Lanchote,V.L. (2020) Rheumatoid arthritis
downregulates the drug transporter OATP1B1: fluvastatin as a
probe. Eur. J. Pharm. Sci., 146, 105264.

67. Cressman,A.M., Petrovic,V. and Piquette-Miller,M. (2012)
Inflammation-mediated changes in drug transporter
expression/activity: implications for therapeutic drug response.
Expert Rev. Clin. Pharmacol., 5, 69–89.

68. Barreda-Sanchez,M., Buendia-Martinez,J., Glover-Lopez,G.,
Carazo-Diaz,C., Ballesta-Martinez,M.J., Lopez-Gonzalez,V.,
Sanchez-Soler,M.J., Rodriguez-Pena,L., Serrano-Anton,A.T.,
Gil-Ferrer,R. et al. (2019) High penetrance of acute intermittent
porphyria in a Spanish founder mutation population and CYP2D6
genotype as a susceptibility factor. Orphanet. J. Rare. Dis., 14, 59.

69. Storjord,E., Dahl,J.A., Landsem,A., Fure,H., Ludviksen,J.K.,
Goldbeck-Wood,S., Karlsen,B.O., Berg,K.S., Mollnes,T.E.,
Nielsen,E.W. et al. (2017) Systemic inflammation in acute
intermittent porphyria: a case-control study. Clin. Exp. Immunol.,
187, 466–479.


