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Lipid Nanoparticle (LNP) COVID-19 mRNA Vaccines
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Lipid Nanoparticle (LNP) COVID-19 mRNA Vaccines
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And Many Others!
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Lipid Nanoparticle (LNP) COVID-19 mRNA Vaccines
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And Many Others!

Can mRNA LNP tech revolutionize pharmaceuticals? Key bottleneck: materials for delivery
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Mitchell Lab: LNPs that Deliver Genes into Target Cells and
Tissues In Vivo, Ex Vivo, In Utero

Delivery Technologies

Y. Beyond Vaccines to
Target:

* Immune cells

« Stem cells

Cancer
Immunotherapy F

Lipid Nanoparticles * Brain
(LNPs) * Heart

« Kidney
Genetic * Lung

* Liver Tumors

* Bone, bone marrow
 Fetus

 Placenta

Engineering of
Immune Cells in
Body
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Mitchell Lab: LNP Toolbox for Nucleic Acid Delivery

Combinatorial Chemistry
Synthesize lonizable Lipids
and Polymers

Microfluidics for
Controlled LNP
Formulation

Molecular Barcoding and DOE
for High-Throughput In Vivo
Screening and Analysis
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R.S. Riley et al. Science Advances (2021)

S.J. Shepherd et al. Nano Letters (2021)
M.M. Billingsley et al. Nano Letters (2020)

P.P.G. Guimaraes et al. J Control Release (2019)
S.J. Shepherd et al. Biomaterials (2021)

R. EI-Mayta et al. Biomaterials Science (2021)

Accelerate the design and identification of LNPs for unlocking

delivery to new cell and tissue types
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LNPs for In Utero Therapy — Treating Disease Before Birth

Bill Peranteau (CHOP)

Can we use genome editing to
edit out deadly mutations in
utero before a baby is born?

@P@Dﬂ Eng]'neering https://mitchell-lab.seas.upenn.edu Palanki, Pereanteau, Mitchell. Adv Drug Deliv Rev (2021) 7



LNPs for In Utero Therapy — Treating Disease Before Birth

Bill Peranteau (CHOP)

Can we use genome editing to
edit out deadly mutations in

utero before a baby is born?

Benefits of in utero delivery:

» Uptake into progenitor cells during rapid cell division
« Circumvents adverse immune responses due to the immature immune system
« Allows for treatment prior to the onset of irreversible pathology

%P@Dﬂ Eng]'neering https://mitchell-lab.seas.upenn.edu Palanki, Pereanteau, Mitchell. Adv Drug Deliv Rev (2021) 8



In Utero CRISPR-Mediated Therapeutic Editing of
Metabolic Genes

Adenoviral vectors transfect hepatocytes in
utero on embryonic day 16 (E16)

Vitelline
vein

» Hereditary tyrosinemia 1: results in mutated Fah
gene, lethal liver failure upon birth

* Introducing nonsense mutation in Hpd gene in utero
permanently knocks out gene function, rescues
lethal liver failure

* In utero editing can potentially prevent death of
newborns with deadly mutations

Eﬁpenn Engineering https:/mitchell-lab.seas.upenn.edu Rossidis, Musunuru, Peranteau et al. Nature Medicine (2018) 9



In Utero CRISPR-Mediated Therapeutic Editing of
Metabolic Genes

Adenoviral vectors transfect hepatocytes in ~ Newborn mice exhibit editing of Pcsk9,
utero on embryonic day 16 (E16) reduced cholesterol levels
BE3-Pcsk9 ctrl
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* In utero editing can potentially prevent death of £ o : . ” o %
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In Utero CRISPR-Mediated Therapeutic Editing of
Metabolic Genes

Adenoviral vectors transfect hepatocytes in ~ Newborn mice exhibit editing of Pcsk9,

utero on embryonic day 16 (E16) reduced cholesterol levels
BE3-Pcsk9 ctrl
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Challenges:

» Base editing constructs are large (~5.1kb) cannot be delivered using AAVs (~4.7kb
capacity)

« Adenoviral (Ad) vectors are used as POC

« Ad vectors are limited for clinical translation, due to potential adverse host

iImmune responses, systemic toxicity

Rossidis, Musunuru, Peranteau et al. Nature Medicine (2018) 11
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MRNA LNPs for Treating Disease Before Birth (In Utero)

LNP Library R
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Dr. Rachel Riley
NIH Postdoctoral Fellow, Penn BE
Now: Assistant Professor of BME, Rowan U

Can we engineer mRNA
LNPs to edit out deadly
mutations in utero before a

Dr. Bill Peranteau
child is born?

Children’s Hospital of Philadelphia (CHOP)
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MRNA LNPs for Treating Disease Before Birth (In Utero)

Benefits of in utero delivery
Uptake into progenitor cells during rapid cell division
* Immature immune system
« Circumvent adverse immune responses
* Allows for treatment prior to the onset of irreversible pathology

Amniotic
Sac Vein

Routes of administration

+ Vitelline vein injection: liver, kidney, spleen, heart
* Intra-amniotic injection: lungs, Gl system

. « Intraventricular injection: CNS delivery

-

N

s\é
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MRNA LNPs for Treating Disease Before Birth (In Utero)

lonizable Lipid Combinatorial Library
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High-Throughput Synthesis of lonizable Lipid-Like
Materials to Engineer LNPs

R

Example Reaction: CR + 4 ‘}\‘ lﬁ
0 HO
0 (NN }\‘ " '
L—\/R ¥ H, N’\\/O\f" /\JN\) HO N\/\NL\/N‘/\O \}\\
H v -
7 eq 1eq "o

Synthesis of ionizable lipid-like biomaterials

« Facile Michael addition chemistry — high heat, stir

« Reactions done in absence of solvents, catalysts

« Eliminates need for chemical protection/deprotection steps
« Minimal purification, concentration

« Therefore - enables high-throughput synthesis

o . . L Billingsley, Singh, Ravikumar, June, Mitchell, Nano Letters, 2020 15
@)Penn Enggneermg hitps://mitchell-lab.seas.upenn.edu Billingsley, Hamilton, June, Mitchell, Nano Letters, 2021



High-Throughput Synthesis of lonizable Lipid-Like

Materials to Engineer LNPs
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Generation of large libraries of materials
« Addition of amines with alkyl-acrylates or alkyl-acrylamides
* Lipid-like materials can be formed with 1-7 alkyl tails

« Structurally diverse

Eﬁ Penn Engineerjng https://mitchell-lab.seas.upenn.edu

Billingsley, Singh, Ravikumar, June, Mitchell, Nano Letters, 2020
Billingsley, Hamilton, June, Mitchell, Nano Letters, 2021
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Microfluidics for Controlled LNP Formulation

( Microfluidic formulation | ( Bulk formulation )

;’"’éﬁ%&i’i’{éi’ﬁﬁﬁrﬁf"@ Large {>1 DDnm}
’ i and variable LNF-‘s

sl Pee®

F'otent activity Vanable
in vivo activity in vivo

g" AP

Advantages

* Rapid (seconds) assembly and formulation of RNA and lipids into LNPs

« Smaller (~60-90 nm), low PDI LNPs

« PDMS or silicon and glass-based devices ﬁ - Sarah "Scaleup” Shepherd
) . Penn BE PhD Student

« Small and large-scale (> 1L/hr) production of LNPs Ry

- | &

L
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MRNA LNPs for Treating Disease Before Birth (In Utero)
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MRNA LNPs for Treating Disease Before Birth (In Utero)

lonizable Lipid Combinatorial Library A - i
\ S Max.
Amine cores: | -
PA core 1 HZN\Q*N/\‘N\/\NQ Amioitelli;u;%
L H (\N/\/Owo/\,NHz Sac Vein Min.

PAcore2 HNo~g~ O~y ~N
H

PAcore3 ) (N0
AOJ\/N\)

1000 *
o = 500] ;T
(NSO, § 500 .
PA core 4 HzN’\’o\/\u’\’N‘) ,9@250; |§|-I-
Q5100
PA core 5 HZN’\/\o’\/"\/‘o’\/\ﬁ’\f”(:)N ° ° " 10 EE 57 .
05 5 507
Alkyl tails: e © 2 .
sec/cm?/sr, 0- T
C12(A)L°\/\/W\/ (p/sec/cm?/sr) @b ,\0,'\?%fboﬂ,v_ﬁb@boibv%%kv?)@%c%%@
LNP Formulation ¢¢°
CU®A . . .
Identification of new LNPs for in utero mRNA
O delivery that outperform gold-standard LNPs

Eﬁpenn Eng]'neering https:/mitchell-lab.seas.upenn.edu Riley, Billingsley, Peranteau, Mitchell et al. Science Advances (2021) 19



MRNA LNPs Primarily Deliver to Fetal Liver
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In Utero mRNA LNP Delivery to Fetal Lung and Intestine

A Fetal Lung Bioluminescence
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In Utero mRNA LNP Delivery to Fetal Lung and Intestine
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LNPs Deliver Erythropoietin mRNA In Utero as a Model
Therapeutic
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LNPs Well Tolerated by Fetus and Dam
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LNPs Well Tolerated by Fetus and Dam
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Intra-amniotic In Utero mRNA Delivery and Gene Editing

Intra-amniotic MRNA LNP Delivery
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In Utero Gene Editing
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Fetal injection
Ad-BE3-Hpd
or
Ad-BES3-Null (ctrl)

*

== Nitisinone
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Rossidis, Peranteau et al. Nature Medicine (2021)
Swingle, Billingsley, Mitchell et al. J Controlled Release (2022)
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60 90
DOL

Postnatal analysis

« Editing assessment
e Liver HPD IHC

Prenatally iver HI
injected Fah™~ « Liver injury markers
placed with « Survival
foster mother off
nitisinone

Ongoing studies in
neonatal and in utero
gene editing of liver,

lung, brain
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Intra-amniotic In Utero mRNA Delivery

Intra-amniotic
Delivery

- Kelsey
Swingle
Penn BE PhD
Student

%Penn Engjneer]'ng https://mitchell-lab.seas.upenn.edu Swingle, Billingsley, Mitchell et al. J Controlled Release (2022) 27



Intra-amniotic In Utero mRNA Delivery

Intra-amniotic
Delivery

Amniotic Fluid
LNP Injections

Swingle
Penn BE PhD
Student

%Penn Engjneer]'ng https://mitchell-lab.seas.upenn.edu

Advantages

Clinically translatable route of delivery
Minimally invasive, image guided

Protein replacement and enzyme
therapeutics

LNP ingestion by fetus

Access to lungs, stomach, Gl tract

Swingle, Billingsley, Mitchell et al. J Controlled Release (2022) 28



Intra-amniotic In Utero mRNA Delivery

Ex Utero Amniotic Fluid LNP Stability
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Intra-amniotic In Utero mRNA Delivery

Ex Utero Amniotic Fluid LNP Stability LNPs More Stable in Amniotic Fluid than Serum
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Ex Utero Assay Identifies LNPs for In Utero mRNA Delivery

TEM of mMRNA LNPs in Amniotic Fluid

A12 A1

PBS

Mouse
Amniotic
Fluid
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Ex Utero Assay Identifies LNPs for In Utero mRNA Delivery

TEM of mMRNA LNPs in Amniotic Fluid

A12 A1

PBS

Mouse
Amniotic
Fluid

@ Penn Engjneer]'ng https://mitchell-lab.seas.upenn.edu

MRNA Delivery via Amniotic
Fluid-Stabilized LNPs

Lum.
Stable 5.0
LNP A12
4.0
Unstable 3.0 x 105
LNP A4
2.0
PBS 1.0
Radiance
(p/slcm?/sr)
Swingle, Billingsley, Mitchell et al. J Controlled Release (2022) 32



LNP Base Editing of the Brain In Utero and in Neonates
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Disease Model Application

LNP Library

A1 A2 A3 A

B1 B2 B3 B4

Cl1 C2 c3 Cc4

Translational Potential

Palanki, Peranteau, Mitchell et al. Submitted
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LNP Base Editing of the Brain In Utero and in Neonates

ICV mMRNA LNP
Delivery to Brain
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LNP Base Editing of the Brain In Utero and in Neonates

ICV mMRNA LNP In Utero Base Editing in Brain
Delivery to Brain Increased IDUA Enzyme Activity
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LNP Base Editing of the Brain In Utero and in Neonates

ICV mMRNA LNP In Utero Base Editing in Brain In Utero mRNA LNP Brain
Delivery to Brain Increased IDUA Enzyme Activity Delivery in NHPs
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LNP Base Editing in Human Brain Tissue

MRNA/gRNA LNP Delivery to Human
Brain Tissue

Pediatric Patient Brain Biopsy Brain Slicing Brain Slice Culture
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LNP Base Editing in Human Brain Tissue

MRNA/gRNA LNP Delivery to Human LNP mRNA and Base Editing in
Brain Tissue Human Brain Tissue
Pediatric Patient Brain Biopsy Brain Slicing Brain Slice Culture
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Conclusions

« Many opportunities for mRNA LNP therapeutics for precision beyond
vaccines, many will require new materials

« LNPs can be engineered to deliver mRNA before birth (in utero)

* Intra-amniotic delivery: ex utero stability assays in pig, sheep, and
human amniotic fluid identify new LNPs for intra-amniotic delivery

« Gene editing: ICV injections enable potent mMRNA/gRNA LNP gene
editing in brain

« Translation: mRNA delivery in utero in NHPs, gene editing in human
tissue samples
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