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Genetic manipulation of animal models is a fundamental
research tool in biology and medicine but is challenging in
large animals. In rodents, models can be readily developed by
knocking out genes in embryonic stem cells or by knocking
down genes through in vivo delivery of nucleic acids. Swine
are a preferred animal model for studying the cardiovascular
and immune systems, but there are limited strategies for ge-
netic manipulation. Lipid nanoparticles (LNPs) efficiently
deliver small interfering RNA (siRNA) to knock down circu-
lating proteins, but swine are sensitive to LNP-induced comple-
ment activation-related pseudoallergy (CARPA). We hypothe-
sized that appropriately administering optimized siRNA-LNPs
could knock down circulating levels of plasminogen, a blood
protein synthesized in the liver. siRNA-LNPs against plasmin-
ogen (siPLG) reduced plasma plasminogen protein and hepatic
plasminogen mRNA levels to below 5% of baseline values.
Functional assays showed that reducing plasminogen levels
modulated systemic blood coagulation. Clinical signs of
CARPA were not observed, and occasional mild and transient
hepatotoxicity was present in siPLG-treated animals at 5 h
post-infusion, which returned to baseline by 7 days. These find-
ings advance siRNA-LNPs in swine models, enabling genetic
engineering of blood and hepatic proteins, which can likely
expand to proteins in other tissues in the future.

INTRODUCTION
Genetic manipulation of animal models is a fundamental research
tool in biology and medicine.1 One potent strategy for genetically
manipulating small animals includes in vivo delivery of nucleic acids,2

but this technique is challenging in large animal models that are
necessary for clinical trials of new therapies.3,4 The FDA approved
nucleic acid therapeutics including the small interfering RNA
(siRNA) therapeutic Onpattro (Alnylam)5 for hereditary transthyre-
tin-mediated amyloidosis, and the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) messenger RNA (mRNA) vaccines
(Pfizer/BioNTech and Moderna)6 were tested in non-human pri-
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mates (NHPs), as they are the closest species to humans. Nucleic
acid therapeutics for the bleeding disorders hemophilia A and B
and von Willebrand disease are commonly tested in dogs deficient
in coagulation factor VIII/IX or vonWillebrand factor, which are sus-
ceptible to the spontaneous joint bleeds observed in humans with
these diseases.7–9 Both NHPs and dogs have a long lifespan and are
useful for performing repeated dose studies to determine long-term
toxicity of nucleic acid therapies.3 However, using these models is
costly,10,11 carries ethical issues,12 and may not be appropriate for
all diverse applications of nucleic acid delivery. An expanded reper-
toire of techniques is needed to support genetic modification and
testing of new therapies in large animals.

Swine (Sus scrofa domesticus) have similar anatomical size and struc-
ture, immunology, genome, and physiology to humans.13 Swine are
considered the gold-standard animalmodel to study thehumancardio-
vascular system and are also widely used for studying the immune, res-
piratory, musculoskeletal, reproductive, neurologic, and ophthalmo-
logic systems.13 However, there are few strategies for performing
genetic manipulation in swine.14 Lipid nanoparticles (LNPs) adminis-
tered intravenously efficiently deliver siRNA to knock down circulating
proteins synthesized in the liver,15,16 but swine are sensitive to LNP-
induced complement activation-related pseudoallergy (CARPA).17,18

CARPA occurs when the components of LNPs interact with and acti-
vate circulating complementproteins in theblood, leading to a systemic
immune response.17,18 The physicochemical characteristics of LNPs
that are associated with CARPA include the presence of polyethylene
glycol (PEG), surface charge, and the tendency of the LNP to aggre-
gate.18 Faster infusion rates also increase the risk of CARPA, which is
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mild and transient in most cases but can be life-threatening.19 An esti-
mated 30%–40% of humans develop CARPA,19 and swine display
many similar symptoms upon LNP delivery, including skin changes,
laboratory and hematological abnormalities, and cardiopulmonary
distress.18 Severe CARPA was observed in swine using previous lipo-
somal formulations at therapeutically relevant doses.18,20

Limited reports of the in vivo delivery of nucleic acids to knock down
protein expression in swine have been published, mainly focusing on
alternative carriers to LNPs and adeno-associated vectors (AAVs).
Recently, intravenous delivery of biomimetic peptide-polymer nano-
complexes21 containing siRNA against the Hippo signaling pathway
protein Sav1 improved cardiac function and promoted myocardium
regeneration in a swine model of ischemia/reperfusion-induced
myocardial infarction. In swinemodels of Huntington’s disease, the de-
liveryofAAVscontaining theCRISPR-Cas9 systemreduced the expres-
sion of mutant huntingtin (HTT), with modest replacement of wild-
type HTT.22 Moreover, AAV-mediated delivery of CRISPR-Cas9 in a
swine model of Duchenne’s muscular dystrophy produced a shortened
dystrophin protein and ameliorated pathology.23 However, testing
AAVs in large animalmodels is limited by their immunogenicity, which
makes repeated systemic dosing difficult,24 as well as the high costs and
technical challenges associated with scaled-up manufacturing.25

Significant advances in engineering and optimizing LNP chemistry
have generated clinically approved LNPs with excellent safety profiles
and efficacy at low doses; only transient CARPA was observed in
swine that received the Pfizer/BioNTech COVID-19 mRNA-LNP
vaccine.26 Our previous work demonstrated that siRNA-LNPs con-
taining the ionizable cationic lipid ALC-0315, a component of the
Pfizer/BioNTech vaccine,27,28 exhibited increased potency in mice29

compared to formulations containing another ionizable cationic lipid,
DLin-MC3-DMA (MC3), which is used in Onpattro.30,31 We also
showed that intravenously delivering siRNA-LNPs targeting the
expression of the circulating blood protein plasminogen resulted in
safe and effective protein knockdown in mice and in dogs.9 Plasmin-
ogen is synthesized in the liver where LNPs naturally accumulate, and
decreasing plasminogen levels is not associated with major adverse ef-
fects.32 Here, we tested if potent LNPs carrying siRNA would safely
knock down the expression of plasminogen in swine, which would
be the first demonstration of using siRNA-LNPs to genetically manip-
ulate the levels of circulating proteins in this animal species. We hy-
pothesized that delivering these siRNA-LNPs combined with a care-
fully designed infusion protocol would be well tolerated without
clinical signs of CARPA and effectively knock down circulating levels
of plasminogen. We demonstrate a safe and effective approach for
genetically manipulating swine models in vivo and creating a tran-
sient model of a protein deficiency.

RESULTS
siRNA-LNP-mediated knockdown of a circulating protein in

swine

We examined whether protein knockdown occurs following an intra-
venous injection of siRNA-LNPs in vivo in swine. Initially, we
2 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
screened three siRNA sequences targeting porcine plasminogen
in vitro (siPLG1–3). Plasminogen is a protein we have knocked
down previously with siRNA-LNPs in mice and dogs because it is a
therapeutic target for bleeding disorders.9 siRNA sequences were
encapsulated in LNPs and then incubated for 24 h in porcine hepato-
cyte cell culture at a dose of 3 mg/mL. All three siPLG sequences
significantly knocked down plasminogen mRNA levels (32% ± 8%,
56% ± 11%, and 26% ± 6%, respectively, p < 0.05) standardized to he-
patocytes treated with scramble siRNA (scRNA) (100% ± 20%) (Fig-
ure 1A). Selected siPLG sequences from the in vitro screen were
encapsulated in LNPs, and swine were treated with either siPLG or
scRNA at 0.3 mg per kg of body weight (mg/kg) or phosphate-buff-
ered saline (PBS). Plasminogen protein and mRNA levels were
measured in the plasma and hepatic tissue. At 7 days post-infusion,
swine treated with siPLG had significantly lower circulating plasmin-
ogen levels in plasma (7 ± 5 mg/mL, p < 0.05) compared to baseline
values and compared to swine treated with PBS or scRNA (176 ± 5,
184 ± 4, and 161 ± 9 mg/mL, respectively) (Figure 1B) as measured
by ELISA. Plasma plasminogen levels were also analyzed through
western blot (Figure 1C), which showed a similar level of protein
knockdown in siPLG-treated swine between baseline and 7 days
(0.9 ± 0.2 and 0.06 ± 0.01, respectively, p < 0.05) (Figure 1D). There
seemed to be an increase in band density in the PBS group between
days 0 and 7, which is likely due to experimental variability; the dif-
ference was not statistically significant. The data from the ELISA,
which is a more quantitative measurement, confirms that plasmin-
ogen concentrations were similar at both time points in the PBS
group. Plasminogen mRNA levels in the hepatic tissue of siPLG-
treated swine were significantly decreased (3% ± 0.5%, p < 0.05) at
7 days standardized to swine treated with PBS (100% ± 18%) (Fig-
ure 1E). To determine if siRNA-LNP knockdown is dose dependent,
swine were administered siPLG at two additional doses of 0.1 (N = 3
animals) and 0.03 mg/kg (N = 3 animals), and circulating plasmin-
ogen levels were measured using ELISA. At 7 days post-infusion,
plasma levels of plasminogen in the 0.1 mg/kg group were signifi-
cantly lower compared to baseline (83 ± 27 and 172 ± 18 mg/mL,
respectively, p < 0.05). Swine that received 0.03 mg/kg siPLG had
lower plasminogen levels compared to baseline (134 ± 8 and 172 ±

18 mg/mL, respectively), but this effect did not reach statistical signif-
icance (Figure 1F). To account for possible sex differences affecting
the knockdown, an additional group of male (N = 3) swine was
administered the 0.1 mg/kg siPLG dose and compared to female
(N = 3) swine receiving the same dose. There were no differences be-
tween groups at baseline. At 7 days, circulating plasminogen levels be-
tween male and female animals were similar (61% ± 8% and
48% ± 9% of baseline levels, respectively) (Figure 1G).

Knockdown of plasminogen can be detected with a functional

assay for fibrinolysis

We examined whether plasminogen knockdown in swine could be
functionally detected as a change in systemic blood coagulation
via rotational thromboelastometry (ROTEM) analysis. Baseline
ROTEM analysis parameters were similar between groups. ROTEM
analysis on plasma samples at 7 days post-infusion showed significant
4



Figure 1. A circulating blood protein can be knocked down by intravenously injecting siRNA-LNPs in swine

(A) Three siRNA sequences against plasminogen were encapsulated in LNPs and screened for their potency at knocking down plasminogen mRNA in swine hepatocytes

in vitro (N = 1well of cells/sequence). (B) Plasma levels of circulating plasminogen following siPLG, scRNA, and PBS control infusion measured using ELISA. (C) Plasma levels

of circulating plasminogen following siPLG, scRNA, and PBS control infusion measured using western blot. (D) Densitometry analysis of western blot gel for quantifying

protein concentrations. (E) Relative differences in plasminogen mRNA expression from harvested liver samples and analyzed using qPCR. (F) Plasma levels of circulating

plasminogen at 7 days following siPLG administration at three different doses, measured using ELISA. (G) Plasma levels of circulating plasminogen at 7 days in male and

female swine, which received 0.1 mg/kg siPLG. N = 3–4, *p < 0.05, ns, not significant. Error bars represent mean ± SEM. Red markers denote data from siPLG3

administration.
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differences in fibrinolysis of swine treated with siPLG or PBS
(Figures 2A and 2B). Swine treated with siPLG had significantly in-
hibited fibrinolysis after 30 min (LI30 [percentage of clot remaining
at 30 min]) (100% ± 0% of clot remaining, p < 0.05) compared to
PBS-treated swine (1% ± 1%, p < 0.05) in the presence of tissue plas-
minogen activator (tPA), a fibrinolytic protein (Figure 2C). The time
Molec
to form a clot (clotting time [CT]) and the rate of clotting (alpha angle
[a angle]), measured in both the presence and absence of tPA, were
similar for siPLG- or PBS-treated swine (Figures 2D and 2E). The
maximum clot firmness (MCF) in swine treated with siPLG was
not significantly different in the presence and absence of tPA (20 ±

3 and 20 ± 3 mm, respectively). In swine treated with PBS, the
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Figure 2. Knockdown of plasminogen can be detected functionally

(A) Representative ROTEM analysis curve at 7 days post-infusion showing normal blood clot formation and inhibited fibrinolysis in the presence of tPA in siPLG animals only.

(B) Representative ROTEM analysis curve showing normal blood clot formation and no fibrinolysis within 60 min in both siPLG and PBS groups in the absence of tPA. (C) The

percentage of clot remaining at 30 min (also known as the clot lysis index, LI30) in the presence (light brown) or absence (blue) of tPA. (D) The rate of clot formation (a angle) of

both groups in the presence and absence of tPA. (E) Clotting time values of both groups in the presence and absence of tPA. (F) Maximum clot firmness values indicating

mechanical clot stiffness of both groups in the presence and absence of tPA. (G) Clot lysis index values in the presence of tPA in swine administered siPLG at two different

doses or PBS. N = 3–4 animals, 1 blood sample/time point/animal *p < 0.05, ns, not significant. Error bars represent mean ± SEM.
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MCF was significantly decreased in the presence of tPA compared to
the absence of tPA (15 ± 1 and 18 ± 0.5 mm, respectively, p < 0.05)
(Figure 2F). These data show the complete inhibition of fibrinolysis
and no effect on clot formation in siPLG-treated swine, which is
consistent with reduced circulating levels of plasminogen. To deter-
mine if there was a dose-dependent effect of siPLG on fibrinolysis,
ROTEM analysis was performed on blood samples from animals
that received lower doses of siPLG of 0.1 and 0.03 mg/kg. There
were no differences in CT, MCF, or a angle ROTEM values across
all groups at any time point. At 7 days, the LI30 in the presence of
tPA was significantly higher in both the 0.1 and 0.03 mg/kg groups
compared to the PBS group (96% ± 1.5%, 67% ± 16%, and 21% ±

16%, respectively, p < 0.05) (Figure 2G). The LI30 data for the 0.1
and 0.03 mg/kg doses of siPLG could not be displayed on the same
4 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
graph and directly compared to the 0.3 mg/kg group (Figure 2C),
as ROTEM analysis was performed using whole blood rather than
plasma and required a different concentration of tPA. However,
examining the LI30 values achieved by all three doses of siPLG dem-
onstrates the dose-dependent functional inhibition of fibrinolysis.

siRNA-LNPs displayed a low risk of CARPA and other toxicities

Similar to the FDA-approved siRNA-LNP therapy Onpattro,33 swine
received dexamethasone, diphenhydramine, and famotidine 30 min
prior to infusion of either PBS, siPLG, or scRNA. Swine were closely
monitored for signs of CARPA at the time of infusion and for the
following 2 h. The importance of the slow infusion protocol and
the premedication regimen used in this study was highlighted by
one animal that erroneously did not receive premedication and
4



Figure 3. siRNA-LNPs produce mild transient hepatotoxicity without signs of CARPA

(A) Thromboxane B2 levels in siPLG and PBS groups at baseline and 5 h post-injection. (B) White blood cell count in siPLG group at 7 days compared to untreated

(anesthesia-only) control swine. (C–I) Serum levels of ALT, ALP, AST, albumin, total protein, creatine kinase, and BUN at baseline, 5 h post-injection, and 7 days in siPLG and

PBS groups. N = 3–4 animals, 1 sample/animal/time point, *p < 0.05, ns, not significant. Where N = 3, blood samples for analysis could not be recovered from one animal in

the experimental group because not enough blood was available. Blue zones represent previously published normal ranges for the specific marker.

www.moleculartherapy.org
received a bolus injection of siRNA-LNPs rather than slow infusion.
This animal showed symptoms consistent with CARPA and was hu-
manely euthanized. However, we did not perform a necropsy or
collect blood samples from this animal to confirm markers of
CARPA in the blood, and this experimental protocol was not repeated
for ethical reasons. There were no observed clinical signs of toxicity
and no significant changes in skin discoloration, temperature, or
heart rate. At 5 h and 7 days post-infusion, blood draws were per-
formed to assess toxicity. Thromboxane B2 levels, a known marker
of CARPA, were comparable to baseline levels in siPLG- and PBS-
treated swine at 5 h (Figure 3A). To monitor for potential signs of
inflammation, white blood cell (WBC) count was analyzed, and levels
were within a normal range34 and comparable to untreated swine
(Figure 3B). Untreated swine underwent anesthesia but did not
receive any further injections; this control group was included in spe-
cific analyses when blood samples in the PBS group were not avail-
Molec
able. Serum levels of alanine aminotransferase (ALT) and alkaline
phosphatase (ALP) were assessed to determine liver toxicity; no sig-
nificant changes were observed between levels at baseline, 5 h, and
7 days in both siPLG- and PBS-treated swine (Figures 3C and 3D).
Serum levels of aspartate aminotransferase (AST) transiently
increased at 5 h post-infusion from baseline in the siPLG-treated
swine (84 ± 23 and 34 ± 4 U/L, respectively, p < 0.05); however,
they were similar to baseline by 7 days (35 ± 3 U/L) (Figure 3E).
Furthermore, two of the four swine administered siPLG had AST
levels within the normal range.35 A drop in total protein levels at
5 h post-injection was observed in both treatment groups; however,
this drop was only significant for siPLG-treated swine (Figure 3G).
For both PBS and siPLG treatment groups, there was a significant in-
crease in creatine kinase and blood urea nitrogen (BUN) levels at 5 h
post-injection, which returned to baseline levels by 7 days. This in-
crease was within normal ranges36 and was likely due to the
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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Figure 4. Plasminogen can be specifically knocked down without affecting other components of blood coagulation

(A and B) Prothrombin time and partial thromboplastin time of blood samples from siPLG and PBS groups at 7 days. (C) D-dimer measurements for thrombosis at baseline

and 7 days post-injection. (D–F) Fibrinogen levels, platelet counts, and red blood cell counts at endpoint. N = 3–4 animals, 1 sample/animal/time point, ns, not significant.

Where N = 3, blood samples for analysis could not be recovered from one animal in the experimental group because not enough blood was available. Blue zones represent

previously published normal ranges for the specific marker.
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premedication, anesthesia, or catheter placement for LNP infusion
(Figures 3H and 3I). There was no increase in other serum toxicity
markers such as albumin (Figure 3F), gamma-glutamyl transferase
(GGT), globulin, and creatinine.
siPLG was specific without off-target effects on other

components of the blood coagulation system

The blood coagulation profile of the swine, including prothrombin
time, partial thromboplastin time, fibrinogen level, platelet count,
and red blood cell (RBC) count, were analyzed to assess any potential
risk for thrombosis and altered coagulation following siPLG injection.
For the WBC, platelet, and RBC measurements, blood samples from
PBS control animals were not available, and the siPLG animals were
compared to an untreated control group (N = 4 animals). Untreated
control animals underwent anesthesia only, and were recovered and
monitored for 7 days. There were no significant differences between
siPLG pigs and the respective controls at baseline or 7 days in any
of the analyzed parameters (Figures 4A, 4B, and 4D–4F). D-dimer
levels were also analyzed, as they are a clinical standard test to assess
potential thrombosis risk and were comparable between PBS and
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
siPLG pigs (Figure 4C). The scRNA group was not included in this
analysis, as plasminogen levels in this group were similar to PBS con-
trol animals and suggested a low potential for modulating systemic
blood profiles.
DISCUSSION
Currently, there are few strategies for performing genetic manipula-
tion in swine models. In vivo strategies rely on viral vectors or alter-
native routes of administration such as direct injection into tissues for
targeting specific proteins and disease states.37–50 Breeding transgenic
swine mirrors the genetic knockout models utilized extensively in
small animal species, but this process is time consuming, costly,
and technically challenging.13,51–54 Systemically delivered LNPs natu-
rally target the liver, which produces 85%–90% of the total circulating
blood protein volume55 and thus contains numerous protein targets
important in human health and disease. Here, we demonstrated a
cost-friendly, convenient, and high-fidelity approach for in vivo ge-
netic manipulation of swine, using plasminogen as a representative
circulating protein. Plasminogen is secreted from the liver into sys-
temic circulation at a concentration of 180 mg/mL (2 mM).56 Studies
4
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investigating PLG�/� animals have demonstrated that the most com-
mon adverse effect of plasminogen deficiency is ligneous conjuncti-
vitis of the mucous membranes.57 In humans with plasminogen defi-
ciency, ligneous conjunctivitis can be treated with an infusion of
purified plasminogen protein.58,59 As an inactive zymogen, plasmin-
ogen is converted to the protease plasmin during and after fibrin
blood clot formation and degrades clots to restore flow through ves-
sels in the process known as fibrinolysis. Inhibiting fibrinolysis has a
stabilizing effect on blood clots, whereas unchecked fibrinolysis re-
sults in weak clots that are prone to rupture or embolization.56 Clin-
ically, inhibiting plasminogen by administering the antifibrinolytic
drug tranexamic acid is beneficial for decreasing bleeding in patients
with bleeding disorders; it does not cause bleeding or thrombosis in
healthy people.60 A single injection of siPLG had extensive and
dose-dependent functional effects on blood coagulation, as measured
by ROTEM, inhibiting fibrinolysis in the presence of tPA. The pres-
ence of tPA did not affect clot formation or the rate of clot formation,
but the MCF was significantly decreased in the PBS group. This
finding is consistent with increased levels of plasminogen in the
PBS group compared to the siPLG group, as fibrinolytic proteins
act to oppose blood clot formation.61,62

In the short term, siPLG could enable long-term studies of antifibri-
nolytic therapy in swine, as well as therapeutic targeting of plasmin-
ogen in disease models where plasminogen has been implicated,
such as asthma, multiple sclerosis, and many bleeding disor-
ders.63–65 For example, siPLG reduced and sustained circulating
plasminogen levels at below 50% with minimal toxicity in healthy
dogs.9 In dogs deficient in coagulation factor VIII, which is a model
for testing new therapeutics for hemophilia A, siPLG reduced the
frequency of bleeding events over a 4 month period.9 Dogs received
an injection of siPLG every 3 weeks to maintain low plasminogen
levels, demonstrating a long period of knockdown.9 Long term,
the ability to selectively knock down circulating blood proteins
has many potential applications. For example, in cardiovascular
research, siRNA-LNPs could be applied to standard swine models
investigating the pathophysiology of trauma and coagulopathy,66

atherosclerosis,67 ventricular dysfunction,68–70 and tissue repair
and regeneration following myocardial infarction.71–74 Using juve-
nile swine allowed us to maximize the number of animals and
siRNA groups tested, as there are significant costs associated with
purchasing and formulating siRNA and lipid reagents for large an-
imals. Differences in the ages of the animals would not be expected
to change the effectiveness of the siRNA, as this has not been
observed in clinical studies testing Onpattro in humans.75 No differ-
ences in plasminogen knockdown between sexes were observed in
this study using both male and female animals. As sex is an impor-
tant biological variable, it warrants additional research when devel-
oping future gene therapies and genetic tools. Sex differences be-
tween female and male swine include an increased inflammatory
response to bacterial challenge76 and superior hemodynamics and
reduced cardiac injury during hemorrhage.77 The blood coagulation
analyses, including ROTEM, fibrinogen, and D-dimer measure-
ments, suggest that siPLG is specific for plasminogen, and there
Molec
were no off-target effects on the gene expression of other coagula-
tion or fibrinolytic factors. However, more comprehensive analyses
using tools such as RNA sequencing are needed. Lastly, we did not
monitor animals to determine the duration of siPLG knockdown;
this is important to completely characterize the siRNA-LNP
approach, as several swine models are long-term recovery models.69

It is expected that the siRNA begins to degrade plasminogen mRNA
within hours of administering siRNA-LNPs, with the effects lasting
up to 4 weeks in hepatocytes in vivo.78 The endpoint of 7 days cho-
sen in this study provides an acceptable starting period for evalu-
ating knockdown and toxicity toward future widespread applica-
tions of siRNA-LNPs in swine models.

CARPA was likely mitigated by using optimized LNPs,17,18,20,79 pro-
phylaxis with immunosuppressive drugs,33,79–84 and slow infusion
rates,79–81,83 which are factors known to influence disease severity.
Pretreatment with immunosuppressive drugs was appropriate in
this study, as it represents the standard of care that human patients
undergoing siRNA-LNP therapy with Onpattro receive.33 Throm-
boxane B2 levels18,83,85,86 and WBC counts at different time points
were similar to baseline, and there were no changes in skin tone
or other known clinical signs of CARPA. However, additional
studies are needed to measure the levels of complement protein acti-
vation in blood and blood pressure monitoring to quantitatively
determine hemodynamics following the LNP infusion. Plasminogen
can bind the complement proteins C3, C3b, and C587 and decrease
complement activation in vitro, but it is unlikely that plasminogen
levels in the blood affected the development of CARPA in this study.
siRNA begins to knock down plasminogen expression hours after
administration, while CARPA develops minutes after exposure to
LNPs. The anesthesia protocol, premedication, and intravenous
infusion protocol may have contributed to mild organ toxicity88–90

in both the siPLG and PBS groups, as transient increases were
observed in creatine kinase and BUN levels, respectively, and tran-
sient decreases were observed in total protein levels. However, gen-
eral anesthesia is commonly utilized during serial blood sampling in
swine91 and in other large animals such as NHPs.92 Albumin levels
in the siPLG group were reduced at 5 h compared to the control
groups, which could be attributed to the mild and transient liver
toxicity in these animals, as the liver is the site of albumin synthe-
sis.93 Inflammation and surgery are also known to decrease albumin
levels,94 and these may have also contributed, although no major
signs of inflammation or distress were observed during monitoring.
The transient increase in AST levels in swine after administering
siPLG is similarly observed in other animal models95,96 and human
studies97 that tested the in vivo delivery of siRNA.

In conclusion, a single injection of siRNA-LNPs knocked down a
circulating blood protein to <5% of physiologic levels, producing
functional effects on blood behavior, with an acceptable preliminary
safety profile. These findings open new avenues for low-cost genetic
manipulation in swine with the ability to modulate nearly all of the
systemic plasma proteome and represents a major advance in lipid-
based nucleic acid delivery in vivo. The ability of LNPs to transfect
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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extrahepatic tissues is rapidly growing,98,99 and along with this capa-
bility, the range of proteins that can be readily knocked out in large
animals will also expand.

MATERIALS AND METHODS
Formulating siRNA-LNP

siRNA (Integrated DNA Technologies, Coralville, IA, USA) targeting
plasminogen or scRNA was encapsulated in LNPs as previously
described.29 Briefly, siRNA was dissolved in sodium acetate (pH 4)
and combined with a lipid solution at an amine-to-phosphate ratio
of 3. The lipid solution consisted of ALC-0315, DSPC, cholesterol,
and PEG-DMG (Avanti Lipids, Alabaster, AL, USA) at a 50%:10%:
38.5%:1.5% molar ratio. The LNPs were dialyzed overnight against
Dulbecco’s PBS at pH 7.4 in 1,000-fold volume excess. To determine
siRNA concentration and encapsulation efficiency, the RiboGreen
assay (Quant-IT RiboGreen RNA Assay Kit, Thermo Scientific, Wal-
tham, MA, USA) was performed. Encapsulation efficiency was
analyzed by comparing the signals in LNP samples with or without
Triton X-100 detergent. Cholesterol content was measured using
the Cholesterol E Assay Kit (Wako Chemicals, Mountain View,
CA, USA). The LNPs were diluted to a final concentration of 0.03,
0.1, and 0.3 mg siRNA per mL in PBS (pH 7.4) prior to intravenous
injection.

In vitro siRNA-LNP transfection

Primary swine hepatocytes (Xenotech, Kansas City, KS, USA) were
seeded at 1� 105 cells per well and transfected following 4 h of incu-
bation at 37�C. Cells were transfected with the 3 different siRNA-LNP
(siPLG1–3) sequences at a dose of 3 mg/mL of siRNA or siRNA
against luciferase as a control (Integrated DNA Technologies). The
three sequences tested corresponded to nucleotide bases 738–763
for siPLG1, 1089–1114 for siPLG2, and 2458–2483 for siPLG3 on
the plasminogen mRNA sequence for swine (Sus scrofa domesticus)
(GenBank: DQ530369.1).100 The following day, cells were lysed,
and the RNA was extracted using the PureLink RNA Mini Kit
(Thermo Scientific) following the manufacturer’s protocol.

Quantifying plasminogen mRNA levels

Quantitative PCR (qPCR) was performed using the SYBRGreenMas-
ter Mix (Thermo Scientific) and DNA primers against plasminogen
(F: 5’-GAGAACTACTGCCGTAACC-3’; R: 50-CAGATACTCCGTG
GATGTC-30). Plasminogen expression was quantified using the
DDCt method relative to the expression of the housekeeping gene
(B-actin) (F: 50-GTCCACCTTCCAGCAGAT-3’; R: 50-CAGTCCG
CCTAGAAGCAT-30). Primers were synthesized by Integrated
DNA Technologies, and the data were collected using the
QuantStudio6.

Injecting siRNA-LNP in swine

Swine studies were approved by and performed in accordance with
the Medical College of Wisconsin Animal Care Committee protocol
#AUA00007759. Landrace-Yorkshire cross swine (Wilson’s Prairie
View Farm, North Prairie, WI, USA) aged 3–5 weeks and weighing
between 8 and 15 kg were used in the study. Swine were anesthetized
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using an intramuscular injection of tiletamine/zolazepam and xyla-
zine, followed by intubation and maintenance of anesthesia with
1%–5% isoflurane in 100% oxygen. An incision was made parallel
to the femoral vessels, and the femoral vein was circumferentially
exposed. 2-0 silk sutures were placed proximally and distally, and a
4F catheter was placed into the vein using a modified Seldinger tech-
nique. A baseline blood sample was collected followed by administra-
tion of famotidine, diphenhydramine, and dexamethasone, which is
based on clinical protocols for reducing the risk of CARPA when
administering Onpattro in human patients.33 After 30 min to estab-
lish baseline, siRNA-LNPs or PBS was slowly infused over 1 h.
Following the infusion, the catheter was removed, the silk sutures
were tied down, and the groin was closed in two layers using Vicryl
sutures. Swine were awakened from anesthesia and allowed to
recover. All animals that received siPLG in vivo received siRNA
sequence siPLG1 except for 2 of 4 animals in the 0.3 mg/kg dose
group, which received siPLG3. As 0.3 mg/kg was the first dose of
siPLG tested in vivo, two different sequences were tested to compare
the relative efficacies of each sequence, but knockdown in these ani-
mals produced similar results of reducing plasminogen levels to <5%.
siPLG1 and siPLG3 animals were pooled to produce one group
(N = 4) at 0.3 mg/kg for statistical comparisons to controls.

Collecting serum, plasma, and liver from swine

At 5 h post-injection, swine were anesthetized, and blood was
collected from the femoral vein branch. At 7 days post-injection,
blood was collected via cardiac puncture under isoflurane anesthesia,
and the liver was surgically excised. Blood was collected into a syringe
containing sodium citrate (0.32% final), and plasma samples were ob-
tained by spinning the whole blood twice at 1,500 � g for 10 min.
Blood was collected without sodium citrate and was allowed to clot
for 30 min before centrifuging as described above to obtain serum.
Animals were euthanized using a pentobarbital-based euthanasia so-
lution administered via intravenous injection followed by bilateral
pneumothorax.

mRNA extraction and quantification in tissues

Tissues were homogenized in Trizol (Thermo Scientific), and RNA
was isolated by precipitating the homogenized tissue in phenol-chlo-
roform, washing in ethanol, and diluting in water. Reverse transcrip-
tion on the extracted RNA was performed using the iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA).

Analysis of plasminogen concentration in plasma

The plasma plasminogen concentration was analyzed with a Pig Plas-
minogen ELISA Kit (ab190538, Abcam, Waltham, MA, USA)
following the manufacturer’s guidelines.

Western blotting

Plasma samples were reduced and heated, and 30 mg of protein was
separated on 4%–15% acrylamide gradient gels (Bio-Rad). Following
electrophoresis, the samples were transferred to a PVDF membrane
and blocked with 5% non-fat dried milk. The membranes were
treated with a primary antibody against plasminogen (1:1,500; sheep
4
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anti-human plasminogen, Affinity Biologicals, Ancaster, ON, Can-
ada), washed, and treated with HRP-conjugated secondary antibody
(1:2,000, anti-sheep, ab7111, Abcam). Plasminogen protein was de-
tected using ECL substrates (Bio-Rad) and imaged. Protein quantifi-
cation of the bands was performed using ImageJ software. Relative in-
tensity of plasminogen was determined using immunoglobulin G as
the control.

Toxicity analysis

Serum samples were submitted to Idexx BioAnalytics (North Grafton,
MA, USA) for a standard toxicology panel. Albumin, creatine kinase,
GGT, total bilirubin, total protein, globulin, creatinine, BUN, AST,
ALP, and ALT levels were analyzed.

Coagulation profile and ROTEM

Plasma samples were also submitted to Idexx BioAnalytics for a coag-
ulation panel. D-dimer, prothrombin time, partial thromboplastin
time, and fibrinogen were analyzed. ROTEM (Rotem Delta, Werfen
S.A., Barcelona, Spain) was performed according to the manufac-
turer’s instructions. All reagents were allowed to incubate until they
reached 37�C. Swine whole blood or plasma was mixed with 20 mL
of 0.2 M CaCl2 and 20 mL EXTEM reagent containing tissue factor.
In fibrinolysis experiments, recombinant swine tPA (ab92728, Ab-
cam) was added to the assay mixture at a final concentration of
150 ng/mL for whole blood or 300 ng/mL for plasma. Each test was
allowed to proceed for 2 h.

Statistical analysis

To ensure that a t test or analysis of variance (ANOVA) could be used
between groups, the F-test was performed to confirm the standard de-
viation (SD) between groups was not statistically significant. Compar-
isons between the mean of two groups were performed with a one-
tailed unpaired parametric t test or with Welch’s t test if the SD
between groups was significantly different. Two-way ANOVA was
used to compare 2 datasets over time or Welch’s two-way ANOVA
if the SD between groups was significantly different. Significance
was designated at p values <0.05. The statistical analysis was
completed using GraphPad Prism (v.9.2.0).
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There are no supplementary materials associated with this publica-
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upon reasonable request.
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