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A major hurdle for harnessing small interfering RNA (siRNA) 
for therapeutic application is an effective and safe delivery 
of siRNA to target tissues and cells via systemic admin-
istration. While lipid nanoparticles (LNPs) composed of 
a cationic lipid, poly-(ethylene glycol) lipid and choles-
terol, are effective in delivering siRNA to hepatocytes via 
systemic administration, they may induce multi-faceted 
toxicities in a dose-dependent manner, independently of 
target silencing. To understand the underlying mecha-
nism of toxicities, pharmacological probes including 
anti-inflammation drugs and specific inhibitors blocking 
different pathways of innate immunity were evaluated 
for their abilities to mitigate LNP-siRNA-induced toxici-
ties in rodents. Three categories of rescue effects were 
observed: (i) pretreatment with a Janus kinase (Jak) inhibi-
tor or  dexamethasone abrogated LNP-siRNA-mediated 
lethality and toxicities including cytokine induction, organ 
impairments, thrombocytopenia and coagulopathy with-
out affecting siRNA-mediated gene silencing; (ii) inhibi-
tors of PI3K, mammalian target of rapamycin (mTOR), 
p38 and IκB kinase (IKK)1/2 exhibited a partial alleviative 
effect; (iii) FK506 and etoricoxib displayed no protection. 
Furthermore, knockout of Jak3, tumor necrosis factor 
receptors (Tnfr)p55/p75, interleukin 6 (IL-6) or interferon 
(IFN )-γ alone was insufficient to alleviate LNP-siRNA-asso-
ciated toxicities in mice. These indicate that activation of 
innate immune response is a primary trigger of systemic 
toxicities and that multiple innate immune pathways and 
cytokines can mediate toxic responses. Jak inhibitors are 
effective in mitigating LNP-siRNA-induced toxicities.
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Introduction
Small interfering RNAs (siRNAs) hold a great promise to become 
a new therapeutic entity as they are able to silence gene expres-
sion specifically by triggering RNA interference, an evolutionarily 

conserved cellular process for repressing gene expression.1 Since 
naked siRNAs, even with selected sequences and chemical modi-
fications, lack drug-like pharmacokinetic properties, tissue bio-
availability and the ability of entering cells, a major hurdle for 
harnessing siRNA for broad therapeutic use is an effective and safe 
delivery of siRNA to diseased tissues and cells via systemic admin-
istration.2,3 Many platforms, such as liposomes, lipoplexes, cationic 
polymers, and antibody-, peptide- or cholesterol-conjugates, have 
been developed for systemic delivery of siRNA.2,4 Among these, 
cationic lipid-based vehicles are the most widely validated means 
for liver delivery and have shown superior activities in delivering 
siRNA to hepatocytes in rodents and nonhuman primates, result-
ing in a robust target knockdown and mechanism-based phar-
macological sequela.5–7 Recently several lipid-assembled siRNA 
reagents entered clinical trials for an evaluation of pharmacoki-
netic and pharmacodynamic properties and safety profiles.

One major concern about using cationic lipid-based carriers for 
systemic delivery of siRNA is the potential to trigger an inflamma-
tion-like response, anaphylactic reaction and organ damages,3,8,9 as 
cationic lipid-assembled DNA constructs or antisense oligonucle-
otides elicit such toxicities.10,11 It has been shown that intravenous 
(IV) administration of some lipid-encapsulated siRNA nanopar-
ticles can cause induction of proinflammatory cytokines and ele-
vation of serum transaminases in mice and nonhuman primates 
at high doses.5,9,12,13 This resembles the toxicity induced by lipo-
somal DNA assemblies.10 While the scope and magnitude of toxic 
responses may vary depending on lipid nanoparticle (LNP) compo-
sitions, the nature of payloads, and doses, cytokine induction and 
hepatotoxicity are commonly seen among lipid-siRNA nanoparti-
cle-triggered reactions.3,8,9,14 Recently, significant progress has been 
made in enhancing target-silencing potency of LNP-siRNA assem-
blies through empirical screening of LNPs,15,16 which might increase 
the therapeutic index. However, the mechanism underlying LNP-
siRNA-associated toxicities remains unclear, which hinders the 
rational development of lipid-based vehicles with improved safety 
profiles, including the identification of biomarkers and the design 
of assays for screening LNP formulations, as well as the develop-
ment of strategies to ameliorate LNP-siRNA toxicities. LNP-siRNA 
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assemblies might over-stimulate the innate immune system, thereby 
causing organ damages and systemic toxicities. Alternatively, cat-
ionic lipid-mediated cellular interactions and cytotoxicity may 
directly inflict cells, resulting in a secondary inflammation.

The innate immune system consists of membrane-associated 
toll-like receptors (TLRs), cytoplasmic immunoreceptors and 
receptor-linked intracellular signaling pathways.17–19 While TLRs 
located at the plasma membrane, such as TLRs-2,4, recognize lipid 
components of pathogen membranes, TLRs residing at endosomal 
membrane including TLRs-3, −7/8, and −9 as well as cytoplasmic 
immunoreceptors, such as retinoid inducible gene-1, are respon-
sible for detecting foreign nucleic acids with specific molecular 
patterns. Ligand-stimulated TLRs and cytoplasmic sensors elicit 
cytokine expression via activating IκB kinase (IKK)/NFkB, p38/
AP1, interferon regulatory factor3/5/7, and PI3K pathways.17,20–22 
Induced cytokines further stimulate the production of cytokines/
chemokines and drive inflammation/immune response by engaging 
the Janus kinase (Jak)/signal transducers and activators and NFkB 
pathways.20,23,24 The Jak/signal transducers and activators pathway 
associated with receptors of multiple cytokines is essential for exe-
cuting inflammation/immune responses.23,25 Overstimulation of 
innate immune system is pathologic.8,26,27 Lipid-formulated siRNA 
has the potential to stimulate both lipid- and RNA-sensing TLRs 
and cytoplasmic immunoreceptors, whereas sequence selection 
and chemical modifications of siRNA can greatly reduce siRNA-
mediated immunostimulatory activity.8,13,28,29

A LNP (LNP05), composed of cholesterol-linolyl dimethyl 
amine, cholesterol, and polyethylene glycol-dimethylglycerol has 
been developed for systemic delivery of siRNA to hepatocytes. 
While LNP05-formulated siRNA nanoparticles exhibited robust 
efficacy in silencing multiple liver targets, including apolipopro-
tein B (ApoB) and La antigen (SSB), a ubiquitously expressed gene 
involved in tRNA maturation,30 they triggered multi-systemic tox-
icities and lethality in a dose-dependent manner. This is despite the 
fact that these siRNA payloads are sequence-optimized and chemi-
cally-modified for minimizing siRNA-dependent immunostimula-
tion as described before.9,28 Using LNP05-encapsulated SSB siRNA 
(LNP05-SSB) or ApoB siRNA (LNP05-ApoB), we investigated the 
etiology of LNP05-siRNA-triggered pathologies by determining 
the activity of three classes of pharmacological probes in mitigating 
LNP05-siRNA-induced lethality and toxicities in rodents: (i) antago-
nists of Jak, p38, IKK1/2, PI3K and mammalian target of rapamycin 
(mTOR) which block different pathways of innate immune response, 
respectively, (ii) dexamethasone, a multifunctional suppressor of 
inflammation/immune response,31,32 and FK506, an immunosup-
pressant inhibiting the nuclear factor of activated T cells-mediated 
response33 and (iii) Etoricoxib, an inhibitor of cyclooxygenase-2.34 
Moreover, we evaluated LNP05-siRNA toxicities in Jak3−/−, tumor 
necrosis factor receptor (Tnfr)p55/p75−/−, interleukin 6 (IL-6−/−) 
and interferon (IFN )-γ−/− mice to further probe the role of these 
molecules in mediating LNP05-siRNA toxicities.

Results
LNP05-siRNA nanoparticles are efficacious  
but toxic in rodents
LNP05 consists of cholesterol-linolyl dimethyl amine, a cationic lipid 
(pKa = 8.9), cholesterol and polyethylene glycol-dimethylglycerol at 

a molar ratio of 60:38:2 (Figure 1a). When assembled with either 
SSB or ApoB siRNA, the mean nanoparticle size was 110 ± 1.8 nm 
in diameter with +16 mV surface charge and siRNA encapsulation 
efficiency was 91–93% with total lipid:siRNA mass ratio  =  12:1. 
Both SSB and ApoB siRNAs were sequence-selected and chemi-
cally modified as previously described to increase stability and to 
mitigate immunostimulatory activity.9,28 All lipid-siRNA nanopar-
ticles were made from endotoxin-free material and all final products 
were examined for potential endotoxin contamination using a US 
Food and Drug Administration-approved method to ensure that 
the endotoxin levels, if any, were well below the endotoxin release 
limit defined for humans by US Food and Drug Administration as 
described in Materials and Methods. Both LNP05-SSB and LNP05-
ApoB were potent in silencing target expression, with IC50 values 
of 0.52 nmol/l and 0.76 nmol/l toward SSB and ApoB respectively 
in cultured HepG2 cells. In rats, a single IV dose of LNP05-SSB or 
LNP05-ApoB at 1 mg/kg (siRNA dose) caused >70% reduction in 
liver SSB or ApoB mRNA levels specifically (Figure  1b), without 
inducing overt toxicities. To characterize LNP05-siRNA-linked tox-
icities, rats were IV dosed with 3 or 9 mg/kg of LNP05-SSB or PBS 
and then monitored for adverse responses, including plasma cytokine 
levels at 3 hours, an optimal time for monitoring induction of major 
proinflammatory cytokines identified from former kinetics studies, 
complete blood counts, serum chemistry and coagulation param-
eters at 24-hour postdosing. In addition, urine was collected over 
the course of 24 hours for visual examination of red urine and mor-
tality was monitored as well. Multifaceted toxicities were detected, 
including (i) lethality (all animals receiving 9 mg/kg of LNP05-SSB 
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Figure 1 L ipid composition and in vivo target silencing activities of 
LNP05-SSB and LNP05-ApoB nanoparticles. (a) Lipid structures and 
composition of LNP05.(b) LNP05-SSB and LNP05-ApoB silenced target 
gene specifically. Rats (four per group) were dosed with vehicle (PBS), 
LNP05-SSB or LNP05-ApoB at 1 mg/kg via tail vein injection. Twenty four 
hours post dosing, mRNA levels of SSB, ApoB and Ppib (a housekeep-
ing gene) in liver medial lobe were determined by quantitative reverse 
transcriptase-polymerase chain reaction. The quantities of SSB and ApoB 
mRNA relative to Ppib levels are presented. Bars indicate SEM. PEG-
DMG, polyethylene glycol-dimethylglycerol.
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died by 24 hours), (ii) elevation of cytokines in plasma, among 
which IL-6, IFN-γ, tumor necrosis factor (TNF)-α and MCP-1 were 
consistently and markedly induced, (iii) elevation of serum alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST), (iv) 
thrombocytopenia, (v) coagulopathy, manifested by an elongation of 
activated partial thromboplastin time, and (vi) red urine, indicative 
of hematuria (Table 1). No alterations in erythrocyte counts, hemo-
globin levels, hematocrit levels or prothrombin time were detected. 
LNP05-formulated with an ApoB siRNA (LNP05-ApoB) caused 
comparable toxic responses (Supplementary Table S1), indicating 
that the observed toxicities are independent of siRNA sequences 
or target repression. Similar toxicities with LNP05-SSB were also 
observed in mice (Supplementary Figure S1).

Identification of Jak inhibitors  
and dexamethasone as suppressors  
of LNP05-siRNA-induced lethality in rats
Since LNP05-siRNA nanoparticles provoked lethality and multi-
factorial toxicities involving different systems in rats, this offers 

an in vivo model for pharmacologically probing the mechanism 
underlying LNP05-siRNA toxicities. We first evaluated the sup-
pression of LNP05-SSB-induced lethality and visible hematuria by 
anti-inflammation drugs and pathway-specific inhibitors of innate 
immunity as shown in Table 2. The in vivo pharmacological activ-
ities of these reagents were reported and their target inhibitory 
activities and pharmacodynamic-effective dosing regimens iden-
tified from former rodent studies were summarized in Table 2.9,33–

41 Rats were predosed with either PBS or one of these inhibitors 
using the dosing regimen shown in Table  2, followed by an IV 
dose of LNP05-SSB at 9 mg/kg 1 hour later. Animals were moni-
tored for lethality for 96 hours postadministration of LNP05-SSB. 
In addition, urine was collected over a course of 24 hours for visual 
examination of hematuria. As shown in Table 2, CP-690,550 (CP), 
a Jak2/3 inhibitor,40,42 and dexamethasone abrogated LNP05-SSB-
induced lethality and red urine whereas inhibitors of PI3K, p38, 
IKK1/2 and mTOR exhibited partial rescue effect by reducing 
mortality and/or the cases of visible hematuria. On the contrary, 
FK506 and etoricoxib showed no protection (Table  2). We also 

Table 1 S ummary of LNP05-SSB-induced toxicities in rats

 Death Red urine AST (U/l) ALT (U/l)
Platelets 

(K/µl)
aPTT  

(second)

Cytokines (pg/ml)

IFN-γ IL-6 MCP-1 TNF-α

PBS 0 0 268 ± 97 59 ± 16 1,382 ± 79 14.1 ± 0.4 <30 <24 287 ± 78 <24

LNP-SSB (3 mg/kg) 0 3 642 ± 67 329 ± 83 233 ± 44 23.8 ± 0.6 10,423 ± 1,952 1,759 ± 503 3,804 ± 486 86 ± 12

LNP-SSB (9 mg/kg) 5 5 ND 24,323 ± 8,125 5,898 ± 608 6,912 ± 1,718 83 ± 11

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; IFN-γ, interferon-γ; IL-6, interleukin 6; ND, not done; TNF-α, tumor necrosis factor-α.
After an intravenous dose of PBS or LNP05-SSB, rats (n = 5) were monitored for lethality and red urine. Animals died or produced red urine were scored. Blood samples 
were collected at 3 hours for cytokine assessment and at 24 hours for complete blood count and serum chemistry analyses. Data are presented as mean ± SEM. All 
animals receiving 9 mg/kg of LNP05-SSB survived through 3 hours but died by 24 hours and only 3 hours cytokine data were available from these animals.

Table 2 S uppression of LNP05-SSB-induced lethality and visible hematuria by different inhibitors

Inhibitors Biological activity Dosing regimen

Rescue effect + inhibitor /− inhibitor

Death Red urine

Dexamethasone Pan-inhibitor of immune response 6 mg/kg, 
i.p.

0/5(n = 5) 0/5 (n = 5)

CP-690550 Jak2/3 inhibitor
Jak1 IC50 = 112 nmol/l
Jak2 IC50 = 20 nmol/l
Jak3 IC50 = 1 nmol/l

15 mg/kg 
s.c. two doses with 6 hours apart

0/4 (n = 5) 0/4 (n = 5)

Wortmannin Pan-inhibitor of PI3K
PI3K IC50 < 5 nmol/l

1.5 mg/kg 
i.p.

2/4 (n = 5) 1/4 (n = 5)

SB-203580 (p38-I) Inhibitor of p38
p38α IC50 = 48 nmol/l

100 mg/kg 
p.o.

2/5 (n = 5) 2/5 (n = 5)

PDTC (IKK2-I) Pan-inhibitor of IKK
IKK1 IC50= 400 nmol/l
IKK2 IC50= 20 nmol/l

100 mg/kg 
i.p.

4/5 (n = 5) 3/5 (n = 5)

Rapamycin Inhibitor of mTOR 10 mg/kg 
p.o.

4/5 (n = 5) 4/5 (n = 5)

FK506 Inhibitor of NFAT activation 5 mg/kg 
i.p.

5/4 (n = 5) 4/4 (n = 5)

Etoricoxib (COX2-I) COX2 inhibitor 20 mg/kg 
p.o.

4/3 (n = 5) 4/4 (n = 5)

Abbreviations: COX2, cyclooxygenase-2; i.p., intraperitoneally; mTOR, mammalian target of rapamycin; p.o., per os (orally); s.c., subcutaneously.
Rats were dosed with PBS or one of these inhibitors 1 hour prior to IV administration of PBS or LNP05-SSB at 9 mg/kg. Urine samples were collected over a course of 
24 hours for visual examination of hematuria (red urine). Animals were monitored for lethality until 96-hour post LNP05-SSB dose. Unscheduled deaths and cases of 
visible hematuria in animals receiving LNP05-SSB with or without pretreatment with an inhibitor were scored and presented.
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evaluated CP for mitigating LNP05-ApoB-induced lethality and 
hematuria and found that CP abrogated LNP05-ApoB toxicities 
as well (Supplementary Table S1 and Supplementary Figure 
S2). This indicates that CP-mediated protection is independent of 
siRNA sequences. To preclude the possibility that CP-mediated 
rescue is due to an unknown property of this compound other 
than Jak2/3 inhibition, we tested another Jak1/2 inhibitor (Jak-IA) 
and found that Jak-IA also alleviated LNP05-SSB-induced lethal-
ity and visible hematuria (Supplementary Table S2), confirming 
that Jak inhibition mitigated LNP05-SSB-mediated toxicities.

Jak inhibitors and dexamethasone mitigated  
cytokine release and multi-systemic toxicities  
induced by LNP05-siRNA nanoparticles
As Jak kinases play a central role in mediating cytokine response,23 
the identification of CP as a suppressor of LNP05-siRNA-induced 
lethality suggests that Jak-mediated cytokine response is an initia-
tor of LNP05-siRNA-associated toxicities. If this is the case, CP 
should be able to block not only cytokine release but also other 
toxic responses. To test this possibility, rats were treated with vehi-
cle, CP or dexamethasone 1 hour prior to an IV administration of 
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Figure 2  Pretreatment with CP690550 (CP) or dexamethasone abrogates LNP05-SSB-induced toxicities in rats. Rats (n = 5) were dosed with 
a vehicle (Veh, PEG400 with 5% glucose), CP or dexamethasone (DEX) using the dosing regimens shown in Table 2, 1 hour prior to an intravenous 
dose of PBS or LNP05-SSB (3 mg/kg). Blood and tissue samples were collected at different times post administration of LNP05-SSB for various 
analyses as shown. No unscheduled deaths were detected. Bars indicate SEM. (a) Quantification of cytokines in plasma at 3-hour post LNP05-SSB 
treatment. *P  = 0.002 and **P  = 0.017. (b) Measurements of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in serum at 
24 hours. (c) Platelet counts at 24 hours. (d) Activated partial thromboplastin time (aPTT) measurements at 24 hours. *P = 0.003 and **P = 0.008. 
(e) Representative photos of the spleen at 24 hours. (f) Representative images of spleen sections stained with hematoxylin/eosin (H&E). Arrows indi-
cate the hemorrhagic areas in red pulps. (g) TUNEL analysis on spleen tissues. Representative images are shown. Quantification of TUNEL staining was 
performed using the Ariol System and 9 randomly chosen fields from each animal sample were imaged and analyzed. *P = 0.019 and **P = 0.002. 
(h) Quantification of SSB mRNA relative to PpiB levels in the medial lobe of rat livers. IFN-γ, interferon-γ; IL-6, interleukin 6; TNF-α, tumor necrosis 
factor-α.
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3 mg/kg LNP05-SSB. Blood was collected 3-hour postinjection of 
LNP05-SSB for cytokine assessment and animals were killed at 24 
hours for collection of blood and tissues for various analyses as 
described above. While animals treated with the vehicle followed 
by LNP05-SSB displayed multiple abnormalities (Figure  2a–g), 
pretreatment with either CP or dexamethasone suppressed all 
toxic responses including cytokine induction, ALT and AST ele-
vation, thrombocytopenia, activated partial thromboplastin time 
elongation, as well as megalosplenia, splenic hemorrhage, and cell 
death (Figure 2a–g). Importantly, pretreatment with CP or dex-
amethasone did not affect LNP05-SSB-mediated SSB knockdown 
(Figure 2h), therefore disconnecting LNP05-SSB efficacy from its 
toxicities. Like CP, Jak-IA was effective in mitigating LNP05-SSB 
toxicities (Supplementary Table S2).

Inhibitors of PI3K, mTOR, p38 and IKK1/2 partially 
mitigated LNP05-siRNA-induced toxicities
Inhibitors of PI3K, mTOR, p38 and IKK1/2 exhibited partial 
rescue of LNP05-SSB-induced lethality and visible hematuria 
(Table 2). It is interesting to examine their abilities in mitigating 
different toxic responses triggered by LNP05-SSB. As described 
above, rats were predosed with PBS or one of these inhibitors 1 
hour prior to an IV dose of LNP05-SSB at 3 mg/kg, and animals 
were monitored for various toxic responses. Whereas pretreat-
ment with these inhibitors attenuated cytokine induction and/
or ALT/AST elevation to different extents, only wortmannin, an 
inhibitor of PI3K, mitigated thrombocytopenia (Figure  3a–c) 
and none of these compounds alleviated the elongation of acti-
vated partial thromboplastin time (Figure 3d). Unlike CP, none of 
these reagents could fully rescue LNP05-SSB-induced toxicities. 
Additionally, pretreatment with these inhibitors did not interfere 
with LNP05-SSB-induced SSB knockdown (Figure 3e).

FK506 and etoricoxib did not rescue LNP05-SSB 
nanoparticle-mediated toxicities
Although FK506 and etoricoxib were inactive in suppressing 
LNP05-SSB lethality (Table 2), we further evaluated their activi-
ties for mitigating other toxic responses. One hour after treatment 
with one of these reagents, rats were dosed with LNP05-SSB at 
3 mg/kg and the toxicities were monitored as described above. As 
summarized in Supplementary Table S3, these agents showed no 
appreciable suppression of cytokine release, elevation of serum 
transaminases, thrombocytopenia or coagulopathy induced by 
LNP05-SSB (Supplementary Table S3), consistent with their 
incompetence in mitigating LNP05-SSB lethality (Table 2).

Genetic ablation of Jak3, Tnfr p55/p75, IL-6  
or IFN-γ could not rescue LNP05-SSB-induced 
toxicities in mice
The suppression of multifaceted toxicities by Jak inhibitors indi-
cates that Jak-dependent cytokine response is a primary trig-
ger of toxicities induced by LNP05-siRNA. As CP might inhibit 
more than one Jak kinase of the Jak family,42 it is unclear whether 
inhibition of a single Jak is sufficient to rescue LNP05-siRNA tox-
icities. While Jak1-deficient mice showed perinatal lethality and 
Jak2-deficient mice were embryonically lethal,23 Jak3-deficient 
mice were viable and showed profound defects in lymphoid 
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Figure 3 T he alleviative effects on LNP05-SSB-induced toxicities by 
wortmannin, p38-I (SB-203580), IKK1/2-I (PDTC) and rapamycin 
(Rapa) in rats. Animals (n = 5) were treated with PBS, wortmannin, p38-I,  
IKK1/2-I or rapamycin using the regimen shown in Table 2, 1 hour prior 
to the administration of PBS or LNP05-SSB (3 mg/kg). Blood and tissue 
samples were collected for various analyses as shown. One out of five ani-
mals receiving LNP05-SSB with PBS pretreatment died by 24 hours. No 
unscheduled deaths were detected in other groups. Bars indicate SEM. 
(a) Quantification of cytokines in plasma at 3 hours post LNP05-SSB 
dose. (b) Measurements of alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) in serum at 24 hours. (c) Platelet counts at 24 
hours. (d) Activated partial thromboplastin time (aPTT) measurements 
at 24 hours. (e) Quantification of SSB mRNA relative to Ppib levels in the 
medial lobe of rat livers. IFN-γ, interferon-γ; IL-6, interleukin 6; TNF-α, 
tumor necrosis factor-α.



572� www.moleculartherapy.org  vol. 19 no. 3 mar. 2011    

© The American Society of Gene & Cell Therapy
Jak Inhibitors Mitigate Lipid-siRNA Toxicities

development and function.43 Thus, we examined the role of Jak3 
in mediating LNP-siRNA toxicities by comparing LNP05-siRNA-
induced toxicities between Jak3-deficient and wild-type mice. As 
mice are less sensitive to LNP-siRNA-associated toxicities, higher 
doses (9–18 mg/kg) of LNP05-SSB have been used in mouse toxi-
cology studies. Although Jak3 deficiency caused lymphopenia 

(0.86 ± 0.12 K/µl in Jak3−/− mice versus 6.14 ± 0.82 K/µl in Jak3+/+ 
mice) as reported,43 it did not ameliorate LNP05-SSB-induced 
lethality, serum AST/ALT elevation or induction of TNF-α, IL-6 
and mKC (Figure 4a–c), suggesting that Jak3 inhibition alone is 
insufficient to block LNP05-siRNA toxicities. Rather, a greater 
elevation of TNF-α and ALT/AST was detected in Jak3−/− mice 
(Figure 4b,c). This may be related to a negative regulatory func-
tion of Jak3 in dendritic-cell survival and cytokine production.44 
Consistent with former study results,44 lipopolysaccharide caused 
greater elevation of IL-12 and IL-10 in Jak3−/− mice than in Jak3+/+ 
mice (Supplementary Figure S3).

Since proinflammatory cytokines TNF-α, IL-6, and INF-γ were 
consistently induced at an early time following treatment with 
LNP05-siRNA (Table 1, Figures 2 and 3), we further evaluated 
their roles in mediating LNP05-siRNA toxicities by using mouse 
line deficient in one of these cytokines. Compared to genetically 
matched wild-type animals, mice deficient in Tnfrp55/p75, IL-6 or 
IFN-γ  45–47 displayed no or very mild alleviation in toxic responses 
(Table 3 and Supplementary Table S4). This suggests that these 
cytokines can mediate toxicities independently and thus ablation 
of a single cytokine is not sufficient to effectively mitigate LNP05-
siRNA-induced toxicities.

Discussion
Although lipid-based vehicles are effective in delivering siRNA to 
hepatocytes,5–7,28 the toxicities associated with lipid-siRNA nano-
particles may limit the therapeutic index.3,8,9 Although many for-
mer studies focused on understanding the role of siRNA payload 
in eliciting immunotoxicity and developed strategies to mitigate 
siRNA-elicited immune response, we show in this report and for-
mer studies9 that these cationic LNPs with a positive surface charge 
at a physiologic pH, even assembled with sequence-optimized and 
chemically modified siRNAs, can induce multi-systemic toxicities 
at high doses. Of course, the physicochemical properties of LNPs 
such as particle size, surface charge and stability might contribute 
to their toxicological properties. Therefore, an in-depth under-
standing of the mechanism underlying LNP-siRNA-induced 
pathologies is useful for designing assays to select for safer for-
mulations and for identifying effective mitigation strategies. Four 
types of toxicities were observed in rats following systemic admin-
istration of LNP05-siRNA nanoparticles, namely (i) induction 
of multiple proinflammatory cytokines, (ii) hepatic, splenic and 
renal impairments, manifested by an elevation of serum ALT and 
AST, splenic cell death and hemorrhage, and visible hematuria, 
(iii) thrombocytopenia and (iv) coagulopathy (Table  1, Figures 
2 and 3, Supplementary Table S1, Supplementary Figure S2). 
Since LNP05 formulated with distinct siRNA sequences target-
ing different genes (SSB and ApoB) causes comparable toxic 
responses (Tables  1 and 2 and Supplementary Table S1), it 
is unlikely that the observed toxicities are caused by a specific 
siRNA or due to the repression of a specific gene. Recapitulation 
of similar toxic responses in mice (Supplementary Figure S1, 
Figure 4 and Table 3) suggests that LNP05-siRNA-associated tox-
icities are across species. LNP05-siRNA nanoparticles may induce 
multi-systemic toxicities in two different modes. First, they may 
trigger one initial toxic event which in turn elicits subsequent 
toxicities involving different systems. Second, they may provoke 
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Figure 4 C omparison of LNP05-siRNA-induced toxicities between 
Jak3−/− and Jak3+/+ mice. (a) Mice (n  =  5) were intravenously (IV) 
dosed with LNP05-SSB or LNP05-ApoB at 18 mg/kg and then moni-
tored for lethality for 96 hours. Unscheduled deaths were scored and 
presented, and all unscheduled deaths occurred by 48-hour post dosing. 
(b,c) Mice (n = 5) were IV dosed with LNP05-SSB at 9 mg/kg. Blood was 
collected (b) at 3 hours for cytokine assessment and (c) at 24 hours for 
evaluation of serum aspartate aminotransferase (AST) and alanine amin-
otransferase (ALT). No unscheduled deaths were detected. Bars indicate 
SEM. IL-6, interleukin 6; TNF-α, tumor necrosis factor-α.

Table 3 E valuation of LNP05-SSB toxicities in Tnfr p55/p75 −/−, IL-6 −/−, 
IFN-γ−/− and wild-type mice

Mice Death
AST fold 
change

ALT fold 
change

Platelet 
counts fold 

change

TNFR p55/p75−/− 2 7.8 9.1 0.46

TNFR p55/p75+/+ 2 5.8 4.5 0.37

IL-6−/− 2 4.1 4.2 0.39

IL-6+/+ 3 7.8 4.3 0.68

IFN-γ−/− 4 36.2 33.1 0.13

IFN-γ+/+ 1 11.3 12.8 0.45

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
IFN-γ, interferon-γ; IL-6, interleukin 6, TNFR, tumor necrosis factor receptor.
Mice (n = 5) were IV dosed with PBS or LNP05-SSB at 12 or 18 mg/kg. Animals 
receiving 18 mg/kg were monitored for lethality until 96-hour post dosing and 
unscheduled deaths were scored. Animals receiving 12 mg/kg of LNP05-SSB 
were killed at 24 hours and blood samples were collected for the assessment of 
platelet counts and serum AST/ALT levels. Data are presented as fold changes 
relative to the results (mean) from animals receiving PBS. No unscheduled deaths 
were detected in animals treated with 12 mg/kg of LNP05-SSB.
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multifaceted toxicities independently by directly afflicting cells of 
different organs such as immune cells, platelets, endothelial cells, 
hepatocytes and interacting with plasma proteins, etc. If in the 
former mode, blocking the initial toxic event can prevent second-
ary pathological responses and thus identification of the initiating 
toxic event and the underlying mechanism is crucial. Since activa-
tion of innate immune response characterized by robust induc-
tion of multiple cytokines is a commonly seen early event among 
LNP-siRNA-induced toxicities (Table 1, Figures 2a and 3a),9 we 
determined the activities of both multifunctional and pathway-
specific inhibitors of innate immunity and inflammation in sup-
pressing LNP05-siRNA toxicities. Our finding that Jak inhibitors 
can suppress LNP05-siRNA-induced lethality and multi-systemic 
toxicities indicate that LNP05-siRNA-induced toxic responses 
are sequential and interdependent and that activation of innate 
immunity is a primary trigger (Tables 1 and 2, Figures 1 and 2). 
This observation is consistent with former demonstrations that 
overproduction of cytokines could damage multiple organs, dis-
rupt hematopoietic homeostasis and cause coagulation disorders, 
thereby inducing multi-systemic toxicities.8,10,26,27,48,49

While the suppression of LNP05-siRNA-triggered innate 
immune response by dexamethasone is not unexpected owing 
to its ability in inhibiting multiple pathways of innate immune 
response and inflammatory reactions,31,32 differential activities 
in mitigating cytokine response and multi-systemic toxicities by 
pathway-specific inhibitors are intriguing and shed light on the 
pathways responsible for mediating LNP05-siRNA immunotox-
icity. Stimulation of TLRs and/or cytoplasmic immunoreceptors, 
such as retinoid inducible gene-1, can activate multiple down-
stream pathways including NFĸB, p38/AP1, PI3K and interferon 
regulatory factor3/5/7, leading to induction of cytokines and 
chemokines.14,17,19–22,50 Partial, but not complete, mitigation of 
cytokine induction and other toxicities by wortmannin, rapamy-
cin and inhibitors of p38 and IKK1/2, which inhibit PI3K, mTOR, 
p38/AP1 and NFĸB pathways, respectively (Table  2, Figure  3), 
suggests a functional overlap of these pathways in mediating 
cytokine induction upon stimulation by LNP05-siRNA. In addi-
tion, although wortmannin and p38-I can abrogate the induc-
tion of IFN-γ and IL-6 respectively (Figure 3a), neither of these 
agents is able to fully rescue LNP05-siRNA-induced lethality 
and toxicities (Table  2 and Figure  3b–d), suggesting that sup-
pression of a single cytokine is not sufficient to block immune 
response-mediated pathologies. Consistently, knockout of IL-6, 
IFN-γ or Tnfrp55/p75 alone fails to alleviate LNP05-SSB toxicities 
(Table 3). In contrast to the role of PI3K, p38 and IKK1/2 in the 
innate immune system, the Jak family of kinases associate with 
receptors of multiple cytokines and they are required for medi-
ating the functionality of multiple cytokines in terms of ampli-
fying cytokine production, executing inflammatory responses 
and stimulating growth and differentiation of immune cells.23 
An effective blockade of LNP05-siRNA-triggered lethality and 
systemic toxicities by CP, which selectively inhibits Jak2/3, sug-
gests that Jak2/3-dependent cytokine response is responsible for 
inducing secondary toxicities. The finding that Jak3 deficiency 
fails to rescue LNP05-siRNA toxicities in mice suggests that Jak2 
may play a role in mediating LNP05-siRNA-triggered immune 
response (Figure 4). Consistently, a Jak1/2 inhibitor (Jak-IA) also 

rescues LNP05-SSB toxicities (Supplementary Table S2). Among 
the cytokines whose receptors associated with Jak2, IFN-γ and 
IL-6 belong to the most robustly induced cytokines by LNP05-
siRNA. A profound inhibition of IFN-γ, IL-6 and MCP-1 (an IFN-
γ-inducible cytokine) and a moderate suppression of TNF-α by 
CP suggest that these cytokines are key mediators of subsequent 
toxicities. cyclooxygenase-2 is a downstream effector of an inflam-
matory response regulated by cytokines,34 and nuclear factor of 
activated T cells participates in T cell activation.33 The lack of pro-
tection by etoricoxib and FK506, which inhibit cyclooxygenase-2 
and nuclear factor of activated T cells respectively, reveals that 
neither of these molecules is essential for executing toxic response 
triggered by LNP05-siRNA. Taken together, our results suggest 
that the induction of several cytokines, most likely IFN-γ, IL-6, 
MCP-1 and TNF-α, is an apical toxic event which is responsible 
for inducing systemic toxicities. Jak inhibitors can suppress not 
only the full induction of these cytokines but also the cytokine-
mediated immune response, thereby mitigating subsequent toxic 
responses. How LNP05-siRNA activates innate immunity is under 
investigation.

This study demonstrates the need to optimize lipid-based 
delivery vehicles and provides useful guidance to the development 
of LNP-formulated siRNA for therapeutics. Optimizing lipid for-
mulations to minimize immunostimulatory activity is crucial for 
improving their safety profiles. Monitoring a panel of cytokines, 
not a single one, is needed for selecting new formulations and 
evaluating their toxicities. In clinical studies, premedication to 
suppress immune response may be a viable strategy to alleviate 
lipid-siRNA-associated side effects and Jak inhibitors could be 
used to mitigate lipid-siRNA nanoparticle-induced toxicities.

Materials and Methods
Reagents. CP-690,550 (Axon MedChem, Groningen, Netherland), dex-
amethasone (American Reagent Inc., Shirley, NY), Wortmannin (EMD 
Biosciences, Inc., La Jolla, CA), SB203580 (Axon MedChem), PDTC (Sigma, 
St Louis, MO), rapamycin (EMD Biosciences, Inc.), and FK506 (Sigma) were 
formulated and administrated according to manufacturers’ recommenda-
tions or former reporters. Etoricoxib and Jak-IA (Merck & Co., Inc., Boston, 
MA) were dissolved in dimethylsulfoxide and 10% Tween-80 (vol/vol in PBS) 
respectively for oral administration. Dosing regiments for these reagents are 
listed in Table 2. Chemically modified siRNAs including ribo (r), deoxy (d), 
2′-Fluro pyrimidine (flu), O-methyl (ome) and inverted abasic end caps (iB) 
at the passenger strand as described28 were synthesized at Merck & Co., Inc. 
The SSB siRNA was described before.9 ApoB siRNAs are as follows:

Passenger strand:
�5′iB;fluC;fluU;fluU;fluU;dA;dA;fluC;dA;dA;fluU;fluU;fluC;fluC;fluU;
dG;dA;dA;dA;fluU;dT;dT;iB3′

Guide strand:
�5′rA;rU;rU;fluU;fluC;omeA;omeG;omeG;omeA;omeA;fluU;fluU; 
omeG;fluU;fluU;omeA;omeA;omeA;omeG;omeU;omeU3′

siRNAs were encapsulated into liposomes to produce LNP05-siRNA 
nanoparticles by mixing the lipid mixture in an ethanol solution with an 
aqueous solution of siRNA, followed by stepwise diafiltration as described.9 
Particle size was measured by dynamic light scattering using Zetasizer 
(Malvern Instruments, Westborough, MA) and surface charge was assessed 
by measuring Zeta potential using ZetaPlus (Brookhaven Instruments, 
Hotsville, NY). The siRNA encapsulation efficiency was determined using 
a RiboGreen assay (Invitrogen, Carlsbad, CA). The potential endotoxin 
contamination was examined using a chromogenic limulus amebocyte 
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lysate assay (Lonza, Basel, Switzerland). In all LNP-siRNA preparations 
used in our animal studies, the endotoxin levels at the highest dose of 
LNP05-siRNA were <0.25 EU/kg (body weight), significantly below the 
endotoxin release limit for humans (5 EU/kg), defined by US Food and 
Drug Administration and World Health Organization.

Rodent studies. All animal studies were conducted at Association for 
Assessment and Accreditation of Laboratory Animal Care-accredited 
Merck Research laboratories’ animal facility located at West Point, PA, 
and all study protocols were approved by Merck West Point Institutional 
Animal Care and Use Committee. Female Sprague–Dawley rats obtained 
from Charles River were used in rat studies at an age of 4–6 weeks and 
with a body weight of 120–160 gm. Anti-inflammation agents were admin-
istrated as described in Table 2, 1 hour prior to tail vein injection of lipo-
somal siRNA nanoparticles in PBS in a volume of 0.8 ml under normal 
pressure. At 3-hour post injection of liposomal siRNA, ~0.5 ml blood was 
collected by retro-orbital bleed under anesthesia and processed as plasma 
for the assessment of cytokines. At 24 hours, blood was collected for evalu-
ation of complete blood cell counts, coagulation parameters and serum 
chemistry by venipuncture under anesthesia followed by exsanguination, 
and tissues from liver, spleen and kidney were collected for determination 
of SSB and ApoB mRNA levels and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin Nick End Labeling (TUNEL) analysis. For visual 
examination of urine color, rats were housed in metabolic cages to collect 
urine over a course of 24 hours after injection of liposomal siRNA nano-
particles. Animals were examined 3 times a day for detection of lethality 
over a course of 96 hours.

Jak3−/−, IL-6 −/−, IFN-γ, and Tnfr p55/p75 double knockout mice 
as well as genetically matched wild-type mice were purchased from 
The Jackson Laboratories (Bar Harbor, ME) and were at 6–12 weeks at 
the time of studies. LNP05-siRNA was dosed via tail vein injection in a 
volume of 0.2 ml.

Analyses of rodent blood samples. Rat cytokines in plasma were quan-
tified using a microsphere bead-based, multiplexed assay, Milliplex 
RCYTO-80K-PMX23 (Millipore, St. Charles, MO) which allows simulta-
neous quantification of 23 rat cytokines including IFN-γ, IL-6, MCP-1 and 
TNF-α. Mouse plasma cytokines were assessed using a 12-plex Searchlight 
enzyme-linked immunosorbent assay (Aushon Biosystems, Billerica, MA). 
All complete blood count, coagulation, and serum chemistry parameters 
were analyzed by Merck Laboratory of Animal Resources and the Safety 
Assessment Department. Complete blood count was determined on whole 
blood placed in an EDTA-treated tube using an Advia 120 Hematology 
Analyzer (Siemens, Deerfield, IL). Coagulation parameters in citrated 
plasma were assessed with a Behring Coagulation System (Siemens) and 
serum chemistry evaluation was conducted with an Advia 1800 Clinical 
Chemistry Analyzer (Siemens).

TUNEL. TUNEL staining in tissue sections was performed using a “TACS 
TdT-Blue Label in Situ Apoptosis Detection Kit” (Trevigen, Gaithersburg, 
MD). Briefly, 5 µm paraffin embedded sections of liver tissue were deparaf-
finized, fixed, labeled, and counterstained according to the manufacturer’s 
recommendations. In Situ labeling procedure includes extension of 3′ ends 
with Biotin-dNTP (TdT Labeling Rxn), followed by additions of Strep-
horseradish peroxidase and “TACS-Blue” label or 3,3′-diaminobenzidine 
tetrahydrochloride  for color development. TUNEL signal was quantified 
using the Ariol System (Applied Imaging, San Jose, CA).

Quantification of mRNA. The quantitative reverse transcriptase-poly-
merase chain reaction assays were used to quantify SSB and ApoB mRNA 
levels relative to the housekeeping gene Ppib in lysates prepared from tis-
sues using kits from Applied Biosystems (Foster City, CA).

Statistics. Statistical significance was determined by Student’s t test 
(unpaired, one-tailed).

SUPPLEMENTARY MATERIAL
Figure  S1.  LNP05-SSB induces toxicities in mice.
Figure  S2.  Pre-treatment with CP690,550 mitigates LNP05-ApoB-
induced bloody urine.
Figure  S3.  Induction of IL-12 and IL-10 in plasma by LPS and LNP05-
SSB in Jak3–/– and Jak3+/+ mice.
Table  S1.  Systemic administration of LNP05-ApoB causes lethality 
and multifaceted toxicities in rats and pretreatment with CP690,550 
(CP) abrogates LNP05-ApoB-induced toxicities.
Table  S2.  Suppression of LNP05-SSB-induced toxicities by Jak-IA in 
rats.
Table  S3.  Activities of FK506 and Etoricoxib in suppression of LNP05-
SSB-induced toxicities.
Table  S4.  Elevation of serum ALT and AST induced by LNP05-SSB in 
Tnfr p55/p75–/–, IL-6–/–, IFN-γ  –/– mice and wild-type mice.
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