w0 20187081459 A9 |1 1F Y0010 0 O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

CORRECTED VERSION
19) World Intellectual P t <
(o or Organbation | OO 00 A O R R O
International Bureau / (10) International Publication Number
(43) International Publication Date —— WO 2018/081459 A9
03 May 2018 (03.05.2018) WIPO I PCT

(51) International Patent Classification: MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
A61K 31/7088 (2006.01) A61K 39/39 (2006.01) TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

(21) International Application Number: KM, ML, MR, NE, SN, TD, TG).

PCT/US2017/058585 Published:

(22) International Filing Date: —  with international search report (Art. 21(3))

26 October 2017 (26.10.2017) (48) Date of publication of this corrected version:

(25) Filing Language: English 22 November 2018 (22.11.2018)

(26) Publication Language: English  (15) Information about Correction:
(30) Priority Data: see Notice of 22 November 2018 (22.11.2018)

62/412,933 26 October 2016 (26.10.2016)  US
62/467,034 03 March 2017 (03.03.2017) [N}
62/490,522 26 April 2017 (26.04.2017) [N}
62/558,206 13 September 2017 (13.09.2017) US

(71) Applicant: MODERNATX, INC. [US/US]; 200 Technol-
ogy Square, Cambridge, MA 02139 (US).

(72) Inventors: HUANG, Eric, Yi-Chun; 90 Wareham Street,
Unit 302, Boston, MA 02118 (US). TSE, Sze-Wah; 200
Technology Square, Cambridge, MA 02139 (US). IACOV-
ELLI, Jared; 20 Rich Street #2, Waltham, MA 02451 (US).
MCKINNEY, Kristine; 73 Highland Ave, Cambridge, MA
02139 (US). HOPSON, Kristen; 331 Appleton Street, Ar-
lington, MA 02476 (US).

(74) Agent: MANDRAGOURAS, Amy, E. et al.; Nelson
Mullins Riley & Scarborough LLP, One Post Office Square,
Boston, MA 02109-2127 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU,CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA,RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: MESSENGER RIBONUCLEIC ACIDS FOR ENHANCING IMMUNE RESPONSES AND METHODS OF USE THERE-
OF

(57) Abstract: The disclosure features isolated mRNAs encoding a polypeptide that enhances immune responses to an antigen(s) of
interest, such as polypeptides that activate Type I interferon pathway signaling or NFkB signaling, including mRNAs comprising one or
more modified nucleobase. The disclosure also features methods of using the same, for example, for enhancing immune responses when
administered with an antigen(s) of interest, such as to stimulate anti-cancer immune responses or anti-pathogen immune responses.



10

15

20

25

30

WO 2018/081459 PCT/US2017/058585

Messenger Ribonucleic Acids for Enhancing Immune Responses

and Methods of Use Thereof

Related Applications

This application claims the benefit of U.S. Provisional Patent Application
Serial No. 62/412,933 filed on October 26, 2016; U.S. Provisional Patent Application Serial
No. 62/467,034 (iled on March 3, 2017; U.S. Provisional Patent Application Serial No.
62/490,522 filed on April 26.2017; and U.S. Provisional Patent Application Serial No.
62/558.206 filed on September 13, 2017. The entire contents of the above-referenced

applications are incorporated herein by this reference.

Background of the Disclosure

The ability to modulate an immune response is beneficial in a variety of
clinical situations, including the treatment of cancer and pathogenic infections, as well as in
potentiating vaccine responses to provide protective immunity. A number of therapeutic
tools exist for modulating the (unction ol biological pathways and/or molecules that are
involved in diseases such as cancer and pathogenic infections. These tools include, for
example, small molecule inhibitors, cytokines and therapeutic antibodies. Some of these
tools function through modulating immune responses in a subject, such as cytokines that
modulate the activity of cells within the immune system or immune checkpoint inhibitor
antibodies, such as anti-CTLA-4 or anti-PD-L1 that modulate the regulation of immune
responses.

Additionally, vaccines have long been used to stimulate an immune response
against antigens of pathogens to thereby provide protective immunity against later exposure
to the pathogens. More recently, vaccines have been developed using antigens found on
tumor cells to thereby enhance anti-tumor immunoresponsiveness. In addition to the
antigen(s) used in the vaccine, other agents may be included in a vaccine preparation, or used
in combination with the vaccine preparation, to further boost the immune response to the
vaccine. Such agents that enhance vaccine responsiveness are referred to in the art as
adjuvants. Examples of commonly used vaccine adjuvants include aluminum gels and salts,
monophosphoryl lipid A, MF59 oil-in-water emulsion, Freund’s complete adjuvant, Freund’s

incomplete adjuvant, detergents and plant saponins. These adjuvants typically are used with
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protein or peptide based vaccines. Alternative types of vaccines, such as RNA based
vaccines, are now being developed.
There exists a need in the art for additional effective agents that enhance

immune responses to an antigen of interest.

Summary of the Disclosure

This disclosure provides messenger RNAs (mRNAs) encoding a polypeptide
that enhances an immune response to an antigen(s) of interest, referred to herein as immune
potentiator constructs. In certain embodiments, the messenger RNAs (mRNAs) are
chemically modified, referred to herein as a modified mRNA (mmRNA), wherein the
mmRNA comprises one or more modified nucleobases. Alternatively, the mRNA can
entirely comprise unmodified nucleobases. In one embodiment, an immune potentiator
construct pertains to a messenger RNA (mRNA) encoding a polypeptide that enhances an
immune response to an antigen of interest in a subject (optionally wherein said mRNA
comprises one or more modified nucleobases), and wherein the immune response comprises a
cellular or humoral immune response characterized by:

(i) stimulating Type I interferon pathway signaling;

(ii) stimulating NFkB pathway signaling;

(ii1) stimulating an inflammatory response;

(iv) stimulating cytokine production; or

(v) stimulating dendritic cell development, activity or mobilization; and
(vi) a combination of any of (i)-(vi).

In certain embodiments, the immune potentiator mRNA construct (or
combination of immune potentiator mRNA constructs) enhances an immune response to an
antigen of interest by a fold magnitude, e.g., relative to the immune response to the antigen in
the absence of the immune potentiator, or relative to a small molecular agonist that enhances
an immune response to the antigen. For example, in various embodiments, the immune
potentiator mRNA construct enhances an immune response to an antigen of interest by 0.3-
1000 fold, 1-750 fold, 5-500 fold, 7-250 fold, or 10-100 fold as compared to, for example, the
immune response to the antigen in the absence of the immune potentiator mRNA construct or
as compared to, for example, the immune response to the antigen in the presence of a small

molecular agonist of an immune response to the antigen. In some embodiments, the immune
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potentiator mRNA construct enhances an immune response to an antigen of interest by at
least 2-fold, 3-fold, 4-fold, 5-fold, 7.5- fold, 10-fold, 20-fold, 30-fold, 40-fold, 50-fold, 75-
fold, or greater, as compared to, for example, the immune response to the antigen in the
absence of the immune potentiator mRNA construct or as compared to, for example, the
immune response to the antigen in the presence of a small molecular agonist of an immune
response to the antigen.

The antigen of interest can be an endogenous antigen in a subject (e.g., an
endogenous tumor antigen) or an exogenous antigen that is provided to the subject with the
immune potentiator construct (e.g., an exogenous tumor antigen or pathogen antigen,
including vaccine antigens). Thus, the immune potentiator mRNAs of the disclosure are
useful to stimulate or potentiate an immune response in vivo against antigens of interest, such
as tumor antigens in the treatment of cancer or pathogen antigens in the treatment of or
vaccination against pathogenic diseases.

In one embodiment, the antigen of interest is an endogenous antigen, such as a
tumor antigen and the mRNA immune potentiator construct is provided to a subject in need
thereof to stimulate or potentiate an immune response against the tumor antigen. In certain
embodiments, the mRNA immune potentiator construct is administered in combination with
one or more additional agents, e.g., mRNA constructs, to promote the release of endogenous
antigens, for example by inducing immunogenic cell death, such as by necroptosis or
pyroptosis. Accordingly, in another aspect, the invention provides mRNA constructs (e.g.,
mmRNAs) that encode a polypeptide that induces immunogenic cell death, such as
necroptosis or pyroptosis. In some aspects, the immunogenic cell death induced by the
mRNASs results in release of cytosolic components from the cell (e.g., a tumor cell) such that
an immune response against cellular antigens (e.g., endogenous tumor antigens) is stimulated
in vivo.

In other embodiments, the antigen of interest is an exogenous antigen that is
encoded by an mRNA, such as a chemically modified mRNA (mmRNA), provided on the
same mRNA as the immune potentiator construct or provided on a different mRNA construct
as the immune potentiator. The immune potentiator and antigen mRNAs are formulated (or
coformulated) and administered (simultaneously or sequentially) to a subject in need thereof

to stimulate an immune response against the antigen in the subject.
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In some aspects, the disclosure provides an immune potentiator mRNA (e.g.,
mmRNA construct) which encodes a polypeptide that enhances an immune response by, for
example, stimulating Type I interferon pathway signaling, stimulating NFkB pathway
signaling, stimulating an inflammatory response, stimulating cytokine production or
stimulating dendritic cell development, activity or mobilization. Enhancement of an immune
response to an antigen of interest by an immune potentiator mRNA results in, for example,
stimulation of cytokine production, stimulation of cellular immunity (T cell responses), such
as antigen-specific CD8* or CD4* T cell responses and/or stimulation of humoral immunity
(B cell responses), such as antigen-specific antibody responses, or any combination of the
foregoing responses.

In some aspects, the disclosure provides an immune potentiator mRNA (e.g.,
mmRNA) encoding a polypeptide that functions downstream of at least one Toll-like receptor
(TLR) to thereby enhance an immune response, examples of which are provided herein. In
some aspects, the disclosure provides an immune potentiator mRNA (e.g., mmRNA)
encoding a polypeptide that stimulates a Type I interferon response, examples of which are
provided herein. In some aspects, the disclosure provides an immune potentiator mRNA
(e.g., mmRNA) encoding a polypeptide that stimulates an NFkB-mediated proinflammatory
response, examples of which are provided herein. In some aspects, the disclosure provides an
immune potentiator mRNA (e.g., mmRNA) encoding a polypeptide that is an intracellular
adaptor protein, examples of which are provided herein. In some aspects, the disclosure
provides an immune potentiator mRNA (e.g., mmRNA) encoding a polypeptide that is an
intracellular signaling protein, examples of which are provided herein. In some aspects, the
disclosure provides an immune potentiator mRNA (e.g., mmRNA) encoding a polypeptide
that is a transcription factor, examples of which are provided herein. In some aspects, the
disclosure provides an immune potentiator mRNA (e.g., mmRNA) encoding a polypeptide
that is involved in necroptosis or necroptosome formation, examples of which are provided
herein. In some aspects, the disclosure provides an immune potentiator mRNA (e.g.,
mmRNA) encoding a polypeptide that is involved in pyroptosis or inflammasome formation,
examples of which are provided herein. Compositions that comprise combinations of two or
more immune potentiator mRNAs (of the same class type or of different class types) are also

provided.



10

15

20

25

30

WO 2018/081459 PCT/US2017/058585

In some aspects, the disclosure provides an immune potentiator mRNA (e.g.,
mmRNA) encoding a constitutively active human STING polypeptide. In one aspect, the
constitutively active human STING polypeptide comprises one or more mutations selected
from the group consisting of V1471, N154S, V155M, R284M, R284K, R284T, E315Q,
R375A, and combinations thereof. In some aspects, the constitutively active human STING
polypeptide comprises a V155M mutation (e.g., having the amino acid sequence shown in
SEQ ID NO: 1 or encoded by a nucleotide sequence shown in SEQ ID NO: 199, 1319 or
1320). In some aspects, the constitutively active human STING polypeptide comprises
mutations V147L/N154S/V155M. In other aspects, the constitutively active human STING
polypeptide comprises mutations R284M/V147L/N154S/V155M. In other aspects, the
constitutively active human STING polypeptide comprises an amino acid sequence set forth
in any one of SEQ ID NOs: 1-10 and 224. In another aspect, the constitutively active human
STING polypeptide is encoded by a nucleotide sequence set forth in any one of SEQ ID NOs:
199-208, 225, 1319, 1320, 1442-1450 and 1466.

In other aspects, the disclosure provides an immune potentiator mRNA (e.g.,
mmRNA) encoding a constitutively active human IRF3 polypeptide. In one aspect, the
constitutively active human IRF3 polypeptide comprises an S396D mutation. In one aspect,
the constitutively active human IRF3 polypeptide comprises an amino acid sequence set forth
in SEQ ID NO: 11 or is encoded by a nucleotide sequence set forth in SEQ ID NO: 210 or
SEQ ID NO: 1452. In one aspect, the constitutively active IRF3 polypeptide is a mouse IRF3
polypeptide, for example comprising an amino acid sequence set forth in SEQ ID NO: 12 or
encoded by the nucleotide sequence shown in SEQ ID NO: 211 or SEQ ID NO: 1453.

In yet other aspects, the disclosure provides an immune potentiator mRNA
(e.g., mmRNA) encoding a constitutively active human IRF7 polypeptide. In one aspect, the
constitutively active human IRF7 polypeptide comprises one or more mutations selected from
the group consisting of S475D, S476D, S477D, S479D, L480D, S483D, S487D, and
combinations thereof; deletion of amino acids 247-467; and combinations of the foregoing
mutations and/or deletions. In one embodiment, the constitutively active human IRF7
polypeptide comprises an amino acid sequence set forth in any one of SEQ ID NOs: 14-18.
In one embodiment, the constitutively active human IRF7 polypeptide is encoded by a

nucleotide sequence set forth in any one of SEQ ID NOs: 213-217 and 1454-1459.
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In yet other aspects, the disclosure provides an immune potentiator mRNA
(e.g., mmRNA) encoding a polypeptide selected from the group consisting of MyD88,
TRAM, IRF1, IRF8, IRF9, TBK1, IKKi, STATI, STAT2, STAT4, STAT®6, c-FLIP, IKKa,
IKK, RIPK1, TAK-TABI fusion, DIABLO, Btk, self-activating caspase-1 and FIt3.

In other aspects, the disclosure provides mRNA compositions (e.g., mmRNA
compositions) comprising one or more mRNA constructs (e.g., mmRNA constructs),
encoding an antigen(s) of interest and a polypeptide that enhances an immune response
against the antigen(s) of interest, wherein the antigen(s) and the polypeptide are encoded
either by the same mRNA (mmRNA) construct or separate mRNA (mmRNA) constructs that
can be coformulated and administered, simultaneously or sequentially to a subject in need
thereof. Any of the immune potentiator mRNAs (e.g., mmRNAs) described herein (alone or
in combination) are useful in one or more compositions for enhancing an immune response to
an antigen(s) of interest.

Accordingly, in some aspects, the disclosure provides a composition
comprising a first mRNA (e.g., mmRNA) encoding a polypeptide that enhances an immune
response and a second mRNA (e.g., mmRNA) encoding at least one antigen of interest,
optionally wherein said first and second mRNAs comprise one or more modified
nucleobases, and wherein the polypeptide enhances an immune response to the at least one
antigen of interest when the composition is administered to a subject. In one aspect, the
composition comprises a single mRNA construct (e.g., mmRNA) encoding both the at least
one antigen of interest and the polypeptide that enhances an immune response to the at least
one antigen of interest. In another aspect, the composition comprises two mRNA constructs
(e.g., mmRNAs), one encoding the at least one antigen of interest and the other encoding the
polypeptide that enhances an immune response to the at least one antigen of interest. In some
aspects, when the composition comprises two mRNA constructs, the two mRNA constructs
(e.g., mmRNAs) are coformulated in the same composition (such as, for example, a lipid
nanoparticle) and coadministered to a subject. In other aspects when two or more mRNA
constructs are provided, such mRNA constructs can be formulated in different compositions
(such as, for example, two or more lipid nanoparticles) and administered (e.g.,
simultaneously or sequentially) to a subject in need thereof.

In other aspects, the disclosure provides a composition comprising a first

mRNA (e.g., mmRNA) encoding a polypeptide that enhances an immune response and a
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second mRNA (e.g., mmRNA) encoding at least one antigen of interest, wherein the at least
one antigen of interest is at least one tumor antigen. In one aspect, the at least one tumor
antigen is at least one mutant KRAS antigen. In one aspect, the at least one mutant KRAS
antigen comprises at least one mutation selected from the group consisting of G12D, G12V,
G13D, G12C and combinations thereof. In one aspect, the at least one mutant human KRAS
antigen comprises an amino acid sequence as set forth in any one of SEQ ID NOs: 95-106
and 131-132. In other aspects, the composition comprises an mRNA construct encoding at
least one mutant human KRAS antigen and a constitutively active human STING
polypeptide, for example wherein the mRNA encodes an amino acid sequence as set forth in
any one of SEQ ID NOs: 107-130. Examplary mRNA nucleotide sequences for constructs
encoding at least one mutant human KRAS antigen and a constitutively active human STING
polypeptide are shown in SEQ ID NOs: 220-223 and 1462-1465. In other aspects, the tumor
antigen is an oncovirus antigen (e.g., a human papilloma virus (HPV) antigen, such as
HPV16 E6 or HPV E7 antigen, or combination thereof).

In other aspects of the composition of the disclosure, the at least one antigen
of interest is at least one pathogen antigen. In one aspect, the at least one pathogen antigen is
from a pathogen selected from the group consisting of viruses, bacteria, protozoa, fungi and
parasites. In one embodiment, the at least one pathogen antigen is at least one viral antigen.
In one aspect, the at least one viral antigen is at least one human papillomavirus (HPV)
antigen. In one aspect, the HPV antigen is an HPV 16 E6 or HPV E7 antigen, or combination
thereof. In one aspect, the HPV antigen comprises an amino acid sequence as set forth in in
any one of SEQ ID NOs: 36-94. In other aspects of the composition of the disclosure, the at
least one pathogen antigen is at least one bacterial antigen. In one embodiment, the at least
one bacterial antigen is a multivalent antigen.

In one embodiment, the antigen of interest is one or more antigens of an
oncogenic virus, such as human papilloma virus (HPV), Hepatitis B Virus (HBV), Hepatitis
C Virus (HCV), Epstein Barr Virus (EBV), Human T-cell Lymphotropic Virus Type I
(HTLV-I), Kaposi’s sarcoma herpesvirus (KSHV) or Merkel cell polyomavirus (MCV). In
one aspect, an antigen of interest of an oncogenic virus is encoded by an mRNA (e.g., a
chemically modified mRNA), and provided on the same mRNA as the immune potentiator
construct or provided on a different mRNA construct as the immune potentiator. In some

aspects, the immune potentiator and viral antigen(s) mRNAs are formulated (or
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coformulated) and administered (concurrently or sequentially) to a subject in need thereof to
stimulate an immune response against the oncogenic viral antigen(s) in the subject. Suitable
oncogenic viral antigens for use with the immune potentiators are described herein.

In one embodiment, the antigen of interest is one or more tumor antigens that
comprise a personalized cancer vaccine. In one aspect, the disclosure provides a vaccine
preparation that includes mRNA (e.g., mmRNA) encoding for one or more cancer antigens
specific for the cancer subject, referred to as neoepitopes, along with an immune potentiator
construct, wherein the cancer antigens and the immune potentiator are encoded by the same
or different mRNAs (e.g., mmRNAs). Methods of selecting cancer antigens specific for a
cancer subject, and designing personalized cancer vaccines based thereon, are described
herein. Accordingly, in one aspect, the disclosure provides a personalized cancer vaccine
comprising one or more tumor antigens specific for a cancer subject (e.g., one or more
neoepitopes), encoded by one or more mRNAs (e.g., chemically modified mRNAs), wherein
the cancer neoepitopes are encoded by the same mRNA or different mRNAs (e.g., each
cancer neoepitope is encoded on a separate mRNA construct). In some aspects, the cancer
neoepitope(s) are encoded on the same mRNA construct as the immune potentiator construct
or encoded on a different mRNA construct as the immune potentiator. The immune
potentiator and cancer antigen(s) mRNAs can be formulated (or coformulated) and
administered (concurrently or sequentially) to a subject in need thereof to stimulate an
immune response against the cancer antigen(s) in the subject.

In one aspect, the mRNA construct encodes a personalized cancer antigen
which is a concatemeric cancer antigen comprised of 2-100 peptide epitopes. In another
aspect, the concatemeric cancer antigen comprises one or more of: a) the 2-100 peptide
epitopes are interspersed by cleavage sensitive sites; b) the mRNA encoding each peptide
epitope is linked directly to one another without a linker; ¢) the mRNA encoding each peptide
epitope is linked to one or another with a single nucleotide linker; d) each peptide epitope
comprises 25-35 amino acids and includes a centrally located SNP mutation; e) at least 30%
of the peptide epitopes have a highest affinity for class I MHC molecules from a subject; f)
at least 30% of the peptide epitopes have a highest affinity for class II MHC molecules from
a subject; g) at least 50% of the peptide epitopes have a predicated binding affinity of IC
>500nM for HLA-A, HLA-B and/or DRB1; h) the mRNA encodes 20 peptide epitopes; 1)
50% of the peptide epitopes have a binding affinity for class I MHC and 50% of the peptide
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epitopes have a binding affinity for class II MHC; and/or j) the mRNA encoding the peptide
epitopes is arranged such that the peptide epitopes are ordered to minimize pseudo-epitopes.

In some aspects, the concatemeric cancer antigen comprises 2-100 peptide
epitopes, wherein each peptide epitope comprises 31 amino acids and includes a centrally
located SNP mutation with 15 flanking amino acids on each side of the SNP mutation. In
some aspects, the peptide epitopes are T cell epitopes, B cell epitopes or a combination of T
cell epitopes and B cell epitopes. In some aspects, the peptide epitopes comprise at least one
MHC class I epitope and at least one MHC class II epitope. In some aspects, at least 30% of
the epitopes are MHC class I epitopes or at least 30% of the epitopes are MHC class II
epitopes.

In one embodiment, the antigen of interest is at least one bacterial antigen, for
example a bacterial vaccine that comprises at least one bacterial antigen and an immune
potentiator construct, encoded on the same or separate mRNAs (e.g., mmRNAs). In one
aspect, the disclosure provides a bacterial vaccine that includes mRNA encoding for one or
more bacterial antigens along with an immune potentiator construct, wherein the bacterial
antigens and the immune potentiator are encoded by the same or different mRNAs.
Accordingly, in one aspect, the disclosure provides a bacterial vaccine comprising one or
more bacterial antigens (e.g., a multivalent vaccine), (e.g., encoded by one or more
chemically modified mRNAs), wherein the bacterial antigens are encoded by the same
mRNA or different mRNAs (e.g., each bacterial antigen is encoded on a separate mRNA
construct). In some aspects, the bacterial antigens are encoded on the same mRNA construct
as the immune potentiator construct or encoded on a different mRNA construct as the
immune potentiator. The immune potentiator and bacterial antigen(s) mRNAs can be
formulated (or coformulated) and administered (concurrently or sequentially) to a subject in
need thereof to stimulate an immune response against the bacterial antigen(s) in the subject

In some embodiments, the bacterial vaccine is administered to a subject to
provide prophylactic treatment (i.e., prevents infection). In some embodiments, the bacterial
vaccine is administered to a subject to provide therapeutic treatment (i.e., treats infection). In
some embodiments, the bacterial vaccine induces a humoral immune response in the subject
(i.e., production of antibodies specific for the bacterial antigen of interest). In some
embodiments, the bacterial vaccine induces an adaptive immune response in the subject.

Non-limiting examples of suitable bacteria include Staphylococcus aureus.
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In one embodiment, the antigen of interest is a multivalent antigen, (i.e., the
antigen comprises multiple antigenic epitopes, such as multiple antigenic peptides comprising
the same or different epitopes) to thereby enhance an immune response against the
multivalent antigen. In one aspect, the multivalent antigen is a concatemeric antigen. In
some embodiments, the mRNA vaccines described herein comprise an mRNA having an
open reading frame encoding a concatemeric antigen comprised of 2-100 peptide epitopes
(e.g., the same or different epitopes). In one embodiment, the multivalent antigen is a cancer
antigen. In another embodiment, the multivalent antigen is a bacterial antigen. Non-limiting
examples of multivalent antigens are described herein.

An mRNA (e.g., mmRNA) construct of the disclosure (e.g., an immune
potentiator mRNA, antigen-encoding mRNA, or combination thereof) can comprise, for
example, a 5' UTR, a codon optimized open reading frame encoding the polypeptide, a 3'
UTR and a 3' tailing region of linked nucleosides. In one embodiment, the mRNA further
comprises one or more microRNA (miRNA) binding sites.

In one embodiment, a modified mRNA construct of the disclosure is fully
modified. For example, in one embodiment, the mmRNA comprises pseudouridine (),
pseudouridine (y) and 5-methyl-cytidine (m>C), 1-methyl-pseudouridine (m'y), 1-methyl-
pseudouridine (ml\u) and 5-methyl-cytidine (m°C), 2-thiouridine (s*U), 2-thiouridine and 5-
methyl-cytidine (m°C), S-methoxy-uridine (mo°U), S-methoxy-uridine (mo°U) and S-methyl-
cytidine (m°C), 2’-O-methyl uridine, 2’-O-methyl uridine and 5-methyl-cytidine (m°C), N6-
methyl-adenosine (mC®A) or N6-methyl-adenosine (m®A) and S-methyl-cytidine (m°C). In
another embodiment, the mmRNA comprises pseudouridine (), N1-methylpseudouridine
(ml\u), 2-thiouridine, 4’-thiouridine, 5-methylcytosine, 2-thio-1-methyl-1-deaza-
pseudouridine, 2-thio-1-methyl-pseudouridine, 2-thio-5-aza-uridine, 2-thio-
dihydropseudouridine, 2-thio-dihydrouridine, 2-thio-pseudouridine, 4-methoxy-2-thio-
pseudouridine, 4-methoxy-pseudouridine, 4-thio-1-methyl-pseudouridine, 4-thio-
pseudouridine, 5-aza-uridine, dihydropseudouridine, 5-methoxyuridine, or 2’-O-methyl
uridine, or combinations thereof. In yet another embodiment, the mmRNA comprises 1-
methyl-pseudouridine (m'y), 5-methoxy-uridine (mo°U), 5-methyl-cytidine (m°C),
pseudouridine (), a-thio-guanosine, or a-thio-adenosine, or combinations thereof.

In another aspect, the disclosure pertains to a lipid nanoparticle comprising an

mRNA (e.g., modified mRNA) of the disclosure. In one embodiment, the lipid nanoparticle
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1s a liposome. In another embodiment, the lipid nanoparticle comprises a cationic and/or
ionizable lipid. In one embodiment, the cationic and/or ionizable lipid is 2,2-dilinoleyl-4-
methylaminoethyl-[1,3]-dioxolane (DLin-KC2-DMA) or dilinoleyl-methyl-4-
dimethylaminobutyrate (DLin-MC3-DMA). In one embodiment, the lipid nanoparticle
further comprises a targeting moiety conjugated to the outer surface of the lipid nanoparticle.

In another aspect, the disclosure pertains to a pharmaceutical composition
comprising an mRNA (e.g., mmRNA) of the disclosure or a lipid nanoparticle of the
disclosure, and a pharmaceutically acceptable carrier, diluent or excipient.

In some aspects, the disclosure provides an immunomodulatory therapeutic
composition of any one of the foregoing or related embodiments, wherein each mRNA is
formulated in the same or different lipid nanoparticle carrier. In some aspects, each mRNA
encoding an antigen(s) of interest (e.g., cancer antigen, viral antigen, bacterial antigen) is
formulated in the same or different lipid nanoparticle carrier. In some aspects, each mRNA
encoding the immune potentiator that enhances an immune response to the antigen(s) of
interest 1s formulated in the same or different lipid nanoparticle carrier. In some aspects,
each mRNA encoding an antigen(s) of interest is formulated in the same lipid nanoparticle
carrier and each mRNA encoding an immune potentiator is formulated in a different lipid
nanoparticle carrier. In some aspects, each mRNA encoding the antigen(s) of interest is
formulated in the same lipid nanoparticle carrier and each mRNA encoding an immune
potentiator is formulated in the same lipid nanoparticle carrier as each mRNA encoding the
antigen(s) of interest. In some aspects, each mRNA encoding an antigen(s) of interest is
formulated in a different lipid nanoparticle carrier and each mRNA encoding immune
potentiator is formulated in the same lipid nanoparticle carrier as each mRNA encoding each
antigen(s) of interest (e.g., cancer antigen, viral antigen, bacterial antigen).

In some aspects, the disclosure provides an immunomodulatory therapeutic
composition of any one of the foregoing embodiments, wherein the immunomodulatory
therapeutic composition is formulated in a lipid nanoparticle, wherein the lipid nanoparticle
comprises a molar ratio of about 20-60% ionizable amino lipid: 5-25% phospholipid: 25-55%
sterol; and 0.5-15% PEG-modified lipid. In some aspects, the ionizable amino lipid is
selected from the group consisting of for example, 2,2-dilinoleyl-4-dimethylaminoethyl-

[1,3]-dioxolane (DLin-KC2-DMA), dilinoleyl-methyl-4-dimethylaminobutyrate (DLin-MC3-
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DMA), and di((Z)-non-2-en-1-yl) 9-((4-(dimethylamino)butanoyl)oxy)heptadecanedioate
(L319).

In some aspects, the disclosure provides an immunomodulatory therapeutic
composition of any one of the foregoing or related embodiments, wherein each mRNA
includes at least one chemical modification. In some aspects, the chemical modification is
selected from the group consisting of pseudouridine, N1-methylpseudouridine, 2-thiouridine,
4’-thiouridine, 5-methylcytosine, 2-thio-1-methyl-1-deaza-pseudouridine, 2-thio-1-methyl-
pseudouridine, 2-thio-5-aza-uridine, 2-thio-dihydropseudouridine, 2-thio-dihydrouridine, 2-
thio-pseudouridine, 4-methoxy-2-thio-pseudouridine, 4-methoxy-pseudouridine, 4-thio-1-
methyl-pseudouridine, 4-thio-pseudouridine, 5-aza-uridine, dihydropseudouridine, 5-
methyluridine, 5-methyluridine, 5-methoxyuridine, and 2’-O-methyl uridine.

In other aspects, the disclosure provides a lipid nanoparticle carrier comprising
a pharmaceutical composition, wherein the pharmaceutical composition comprises:

(1) an mRNA having an open reading frame encoding an HPV antigen; or

an mRNA having an open reading frame encoding an HPV 16 antigen; or

an mRNA having an open reading frame encoding an HPV 18 antigen; or

an mRNA having an open reading frame encoding at least one HPV E6 antigen; or

an mRNA having an open reading frame encoding at least one HPV E7 antigen; or

an mRNA having an open reading frame encoding at least one HPV E6 antigen and at
least one HPV E7 antigen; and

(i1) an mRNA having an open reading frame encoding a constitutively active human
STING polypeptide; and

a pharmaceutically acceptable carrier or excipient.

In some aspects of the foregoing lipid nanoparticle carrier, the constitutively
active human STING polypeptide comprises mutation VI155M. In some aspects, the
constitutively active human STING polypeptide comprises the amino acid sequence shown in
SEQ ID NO: 1. In some aspects, the mRNA encoding the constitutively active human
STING polypeptide comprises a 3' UTR comprising at least one miR-122 microRNA binding
site. In some aspects, the mRNA encoding the constitutively active human STING
polypeptide comprises the nucleotide sequence shown in SEQ ID NO: 199, 1319 or 1320.

In some aspects, the disclosure provides a lipid nanoparticle of any one of the

foregoing embodiments, wherein the lipid nanoparticle comprises a molar ratio of about 20-
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60% 1onizable amino lipid: 5-25% phospholipid: 25-55% sterol; and 0.5-15% PEG-modified
lipid. In some aspects, the ionizable amino lipid is selected from the group consisting of for
example, 2,2-dilinoleyl-4-dimethylaminoethyl-[1,3]-dioxolane (DLin-KC2-DMA),
dilinoleyl-methyl-4-dimethylaminobutyrate (DLin-MC3-DMA), and di((Z)-non-2-en-1-yl) 9-
((4-(dimethylamino)butanoyl)oxy)heptadecanedioate (L319). In certain embodiments, the
lipid nanoparticle comprises Compound 25 (as the ionizable amino lipid), DSPC (as the
phospholipid), cholesterol (as the sterol) and PEG-DMG (as the PEG-modified lipid). In
certain embodiments, the lipid nanoparticle comprises a molar ratio of about 20-60%
Compound 25:5-25% DSPC:25-55% cholesterol; and 0.5-15% PEG-DMG. In one
embodiment, the lipid nanoparticle comprises a molar ratio of about 50% Compound 25:
about 10% DSPC: about 38.5% cholesterol: about 1.5% PEG-DMG (i.e., Compound
25:DSPC:cholesterol:PEG-DMG at about a 50:10:38.5:1.5 ratio). In one embodiment, the
lipid nanoparticle comprises a molar ratio of 50% Compound 25:10% DSPC:38.5%
cholesterol:1.5% PEG-DMG (i.e., Compound 25:DSPC:cholesterol: PEG-DMG at a
50:10:38.5:1.5 ratio).

In some aspects, the disclosure provides a drug product, such as a vaccine,
comprising any of the foregoing or related lipid nanoparticle carriers for use in therapy, for
example, prophylactic or therapeutic treatment (e.g., cancer therapy), optionally with
instructions for use in such therapy.

In some aspects related to the foregoing drug product or vaccine, the
disclosure provides a first lipid nanoparticle carrier comprising a pharmaceutical
composition, wherein the pharmaceutical composition comprises: an mRNA having an open
reading frame encoding at least one first antigen of interest (e.g., at least one cancer antigen,
viral antigen, bacterial antigen); an mRNA having an open reading frame encoding a
constitutively active human STING polypeptide; and a pharmaceutically acceptable carrier or

excipient.
In some aspects, the disclosure provides a second lipid nanoparticle carrier

comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNA having an open reading frame encoding at least one second antigen of
interest (e.g., at least one cancer antigen, viral antigen, bacterial antigen); an mRNA having
an open reading frame encoding a constitutively active human STING polypeptide; and a

pharmaceutically acceptable carrier or excipient.
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In some aspects, the disclosure provides a third lipid nanoparticle carrier
comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNAs having an open reading frame encoding at least one third antigen of
interest (e.g., at least one cancer antigen, viral antigen, bacterial antigen); an mRNA having
an open reading frame encoding a constitutively active human STING polypeptide; and a
pharmaceutically acceptable carrier or excipient.

In some aspects, the disclosure provides a fourth lipid nanoparticle carrier
comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNAs having an open reading frame encoding at least one fourth antigen of
interest (e.g., at least one (e.g., cancer antigen, viral antigen, bacterial antigen); an mRNA
having an open reading frame encoding a constitutively active human STING polypeptide;
and a pharmaceutically acceptable carrier or excipient.

In other aspects, the disclosure provides a first lipid nanoparticle carrier
comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNA having an open reading frame encoding at least one HPV antigen (e.g.,
at least one E6 antigen and/or at least one E7 antigen); an mRNA having an open reading
frame encoding a constitutively active human STING polypeptide; and a pharmaceutically
acceptable carrier or excipient.

In some aspects, the disclosure provides a second lipid nanoparticle carrier
comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNA having an open reading frame encoding at least one second HPV
antigen (e.g., at least one E6 antigen and/or at least one E7 antigen); an mRNA having an
open reading frame encoding a constitutively active human STING polypeptide; and a
pharmaceutically acceptable carrier or excipient.

In some aspects, the disclosure provides a third lipid nanoparticle carrier
comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNAs having an open reading frame encoding at least one third HPV antigen
(e.g., at least one E6 antigen and/or at least one E7 antigen); an mRNA having an open
reading frame encoding a constitutively active human STING polypeptide; and a
pharmaceutically acceptable carrier or excipient.

In some aspects, the disclosure provides a fourth lipid nanoparticle carrier
comprising a pharmaceutical composition, wherein the pharmaceutical composition
comprises: an mRNAs having an open reading frame encoding at least one fourth HPV

antigen (e.g., at least one E6 antigen and/or at least one E7 antigen); an mRNA having an
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open reading frame encoding a constitutively active human STING polypeptide; and a
pharmaceutically acceptable carrier or excipient.

In some aspects of the foregoing drug product or vaccine, each of the first,
second, third and fourth lipid nanoparticle carriers, comprises a peptide antigen comprising
20, 21, 22, 23, 24, or 25 amino acids in length. In some aspects, each peptide antigen
comprises 25 amino acids in length.

In some aspects of the foregoing first, second, third and fourth lipid
nanoparticle carriers, wherein the HPV antigen(s) comprises one or more of the amino acid
sequences set forth in SEQ ID NOs: 36-72. In some aspects, the HPV antigen(s) comprises
one or more of the amino acid sequences set forth in SEQ ID NOs: 73-94.

In some aspects of the foregoing first, second, third and fourth lipid
nanoparticle carriers, the constitutively active human STING polypeptide comprises mutation
VI155M. In some aspects, the constitutively active human STING polypeptide comprises the
amino acid sequence shown in SEQ ID NO: 1. In some aspects, the constitutively active
human STING polypeptide comprises a 3' UTR comprising at least one miR-122 microRNA
binding site. In some aspects, the mRNA encoding the constitutively active human STING
polypeptide comprises the nucleotide sequence shown in SEQ ID NO: 199, 1319 or 1320.

In some aspects, the disclosure provides a drug product, such as a vaccine,
comprising any of the foregoing or related lipid nanoparticle carriers for use in prophylactic
or therapeutic treatment (e.g., cancer therapy), optionally with instructions for use in therapy.
In some aspects, the disclosure provides a drug product, such as a vaccine, comprising any of
the foregoing first, second, third and fourth lipid nanoparticle carriers, for use in cancer
therapy, optionally with instructions for use in cancer therapy.

In some aspects, the disclosure provides a drug product, such as a vaccine,
comprising a first, second, third and fourth lipid nanoparticle carriers, for use in prophylactic
or therapeutic treatment (e.g., cancer therapy), optionally with instructions for use in therapy,
wherein:

(1) the first lipid nanoparticle carrier comprises a pharmaceutical composition,
wherein the pharmaceutical composition comprises: an mRNA having an open reading frame
encoding at least one first antigen of interest (e.g., at least one cancer antigen, viral antigen,
bacterial antigen, for example, at least one E6 antigen and/or at least one E7 antigen); an
mRNA having an open reading frame encoding a constitutively active human STING

polypeptide; and a pharmaceutically acceptable carrier or excipient;
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(11) the second lipid nanoparticle carrier comprises a pharmaceutical
composition, wherein the pharmaceutical composition comprises: an mRNA having an open
reading frame encoding at least one second antigen of interest (e.g., cancer antigen, viral
antigen, bacterial antigen, for example, at least one E6 antigen and/or at least one E7
antigen); an mRNA having an open reading frame encoding a constitutively active human
STING polypeptide; and a pharmaceutically acceptable carrier or excipient;

(111) the third lipid nanoparticle carrier comprises a pharmaceutical
composition, wherein the pharmaceutical composition comprises: an mRNA having an open
reading frame encoding at least one third antigen of interest (e.g., cancer antigen, viral
antigen, bacterial antigen, for example, at least one E6 antigen and/or at least one E7
antigen); an mRNA having an open reading frame encoding a constitutively active human
STING polypeptide; and a pharmaceutically acceptable carrier or excipient; and

(iv) the fourth lipid nanoparticle carrier comprises a pharmaceutical
composition, wherein the pharmaceutical composition comprises: an mRNA having an open
reading frame encoding at least one fourth antigen of interest (e.g., cancer antigen, viral
antigen, bacterial antigen, for example, at least one E6 antigen and/or at least one E7
antigen); an mRNA having an open reading frame encoding a constitutively active human
STING polypeptide; and a pharmaceutically acceptable carrier or excipient.

In any of the foregoing or related aspects, the disclosure provides a method for
treating a subject, comprising: administering to a subject in need thereof any of the foregoing
or related immunomodulatory therapeutic compositions or any of the foregoing or related
lipid nanoparticle carriers. In some aspects, the immunomodulatory therapeutic composition
or lipid nanoparticle carrier is administered in combination with another therapeutic agent
(e.g., a cancer therapeutic agent). In some aspects, the immunomodulatory therapeutic
composition or lipid nanoparticle carrier is administered in combination with an inhibitory
checkpoint polypeptide. In some aspects, the inhibitory checkpoint polypeptide is an
antibody or fragment thereof that specifically binds to a molecule selected from the group
consisting of PD-1, PD-L1, TIM-3, VISTA, A2AR, B7-H3, B7-H4, BTLA, CTLA-4, IDO,
KIR and LAG3.

In some aspects, the disclosure provides a composition (e.g., a vaccine)
comprising an mRNA encoding an antigen of interest and an mRNA encoding a polypeptide
that enhances an immune response to the antigen of interest (e.g., immune potentiator, e.g.,
STING polypeptide) wherein the mRNA encoding the antigen of interest (Ag) and the

mRNA encoding the polypeptide that enhances an immune response to the antigen of interest
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(e.g., immune potentiator (IP), e.g., STING polypeptide) are formulated at an Ag:IP mass
ratio of 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1, 10:1 or 20:1. Alternatively, the IP:Ag mass
ratio can be, for example: 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, 1:10 or 1:20. In some
aspects, the composition is formulated at a mass ratio of 5:1 of mRNA encoding the antigen
of interest to the mRNA encoding the polypeptide that enhances an immune to the antigen of
interest (e.g., immune potentiator, e.g., STING polypeptide) (i.e., Ag:IP ratio of 5:1 or,
alternatively, IP:Ag ratio of 1:5). In some aspects, the composition is formulated at a mass
ratio of 10:1 of mRNA encoding the antigen of interest to the mRNA encoding the
polypeptide that enhances an immune to the antigen of interest (e.g., immune potentiator,
e.g., STING polypeptide) (i.e., Ag:IP ratio of 10:1 or, alternatively, IP:Ag ratio of 1:10).

In another aspect, the disclosure pertains to a method for enhancing an
immune response to an antigen(s) of interest, the method comprising administering to a
subject in need thereof a mmRNA composition of disclosure encoding an antigen(s) of
interest and a polypeptide that enhances an immune response to the antigen(s) of interest, or
lipid nanoparticle thereof, or pharmaceutical composition therof, such that an immune
response to the antigen of interest is enhanced in the subject. In one aspect, enhancing an
immune response in a subject comprises stimulating cytokine production (e.g., IFN-y or TNF-
a). In another aspect, enhancing an immune response in a subject comprises stimulating
antigen-specific CD8" T cell activity, e.g., priming, proliferation and/or survival (e.g.,
increasing the effector/memory T cell population). In one aspect, enhancing an immune
response in a subject comprises stimulating antigen-specific CD4* T cell activity (e.g.,
increasing helper T cell activity). In other aspects, enhancing an immune response in a
subject comprises stimulating B cell responses (e.g., increasing antibody production).

In some aspects, enhancing an immune response in a subject comprises
stimulating cytokine production, stimulating antigen-specific CD8" T cell responses,
stimulating antigen-specific CD4" helper cell responses, increasing the effector memory
CD62L"° T cell population, stimulating B cell activity or stimulating antigen-specific
antibody production, or any combination of the foregoing responses.

In some aspects, the enhanced immune response comprises stimulating
cytokine production, wherein the cytokine is IFN-y or TNF-q., or both. In some aspects, the
enhanced immune response comprises stimulating antigen-specific CD8* T cell responses,
wherein the antigen-specific CD8* T cell response comprises CD8* T cell proliferation or

CD8* T cell cytokine production or both. In some aspects, CD8* T cell cytokine production
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increases by at least 5% or at least 10% or at least 15% or at least 20% or at least 25% or at
least 30% or at least 35% or at least 40% or at least 45% or at least 50%.

In some aspects, the enhanced immune response comprises an antigen-specific
CD8* T cell response, wherein the CD8* T cell response comprises CD8" T cell proliferation,
and wherein the percentage of CD8* T cells among the total T cell population increases by at
least 5% or at least 10% or at least 15% or at least 20% or at least 25% or at least 30% or at
least 35% or at least 40% or at least 45% or at least 50%.

In some aspects, the enhanced immune response comprises an antigen-specific
CD8* T cell response, wherein the CD8* T cell response comprises an increase in the
percentage of effector memory CD62L!° T cells among CD8* T cells.

In another aspect, the disclosure pertains to a method for enhancing an
immune response to an antigen(s) of interest, the method comprising administering to a
subject in need thereof an mRNA composition of disclosure encoding an antigen(s) of
interest and a polypeptide that enhances an immune response to the antigen(s) of interest, or
lipid nanoparticle thereof, or pharmaceutical composition therof, such that an immune
response to the antigen of interest is enhanced in the subject, wherein the immune response to
the antigen of interest is maintained for greater than 10 days, for greater than 15 days, for
greater than 20 days, for greater than 25 days, for greater than 30 days, for greater than 40
days, for greater than 50 days, for greater than 60 days, for greater than 70 days, for greater
than 80 days, for greater than 90 days, greater than 100, 120, 150, 200, 250, 300 days or 1
year or more.

In one aspect, the disclosure provides methods for enhancing an immune
response to an antigen(s) of interest, wherein the subject is administered two different
immune potentiator mRNA (e.g., mmRNA) constructs (wherein one or both constructs also
encode, or are administered with an mRNA (e.g., mmRNA) construct that encodes, the
antigen(s) of interest), either at the same time or sequentially. In one aspect, the subject is
administered an immune potentiator mRNA composition that stimulates dendritic cell
development or activity prior to administering to the subject an immune potentiator mmRNA
composition that stimulates Type I interferon pathway signaling.

In other aspects, the disclosure provides methods of stimulating an immune
response to a tumor in a subject in need thereof, wherein the method comprises administering
to the subject an effective amount of a composition comprising at least one mRNA construct
encoding a tumor antigen(s) and an mRNA construct encoding a polypeptide that enhances

an immune response to the tumor antigen(s), or a lipid nanoparticle thereof, or a
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pharmaceutical composition thereof, such that an immune response to the tumor is stimulated
in the subject. In one aspect, the tumor is a liver cancer, a colorectal cancer, a pancreatic
cancer, a non-small cell lung cancer (NSCLC), a melanoma cancer, a cervical cancer or a
head or neck cancer. In some aspects, the subject is a human.

In one embodiment, the disclosure provides a method of preventing or treating
an Human Papilloma Virus (HPV)-associated cancer in a subject in need thereof, the method
comprising administering to the subject a composition comprising at least one mRNA
construct encoding: (i) at least one HPV antigen of interest and (i1) a polypeptide that
enhances an immune response against the at least one HPV antigen of interest, such that an
immune response to the at least one HPV antigen of interest is enhanced. In one
embodiment, the polypeptide that enhances an immune response against the at least one HPV
antigen(s) of interest is a STING polypeptide. In one embodiment, the at least one HPV
antigen is at least one E6 antigen, at least one E7 antigen or a combination of at least one E6
antigen and at least one E7 antigen (e.g, soluble or intracellular forms of E6 and/or E7). In
one embodiment, the at least one HPV antigen and the polypeptide are encoded on separate
mRNAs and are coformulated in a lipid nanoparticular prior to administration to the subject.
Alternatively, the HPV antigen(s) and polypeptide can be encoded on the same mRNA. In
one embodiment, the subject is at risk for exposure to HPV and the composition is
administered prior to exposure to HPV. In another embodiment, the subject is infected with
HPYV or has an HPV-associated cancer. In one embodiment, the HPV-associated cancer is
selected from the group consisting of cervical, penile, vaginal, vulval, anal and oropharyngeal
cancers. In one erobodiment, the subject with cancer s also treated with an brunune
checkpoint inhibitor.

In another aspect, the disclosure provides methods of stimulating an immune
response to a pathogen in a subject in need thereof, wherein the method comprises
administering to the subject an effective amount of a composition comprising at least one
mRNA construct encoding a pathogen antigen(s) and an mRNA construct encoding a
polypeptide that enhances an immune response to the pathogen antigen(s), or a lipid
nanoparticle thereof, or a pharmaceutical composition thereof, such that an immune response
to the pathogen is stimulated in the subject. In one aspect, the pathogen is selected from the
group consisting of viruses, bacteria, protozoa, fungi and parasites. In one aspect, the
pathogen is a virus, such as a human papillomavirus (HPV). In one aspect, the pathogen is a

bacteria. In one aspect, the subject is a human.
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In any of the foregoing or related aspects, the disclosure provides a
pharmaceutical composition comprising the lipid nanoparticle, and a pharmaceutically
acceptable carrier. In some aspects, the pharmaceutical composition is formulated for
intramuscular delivery.

In any of the foregoing or related aspects, the disclosure provides a lipid
nanoparticle, and an optional pharmaceutically acceptable carrier, or a pharmaceutical
composition for use in enhancing an immune response in an individual (e.g., treating or
delaying progression of cancer in an individual), wherein the treatment comprises
administration of the composition in combination with a second composition, wherein the
second composition comprises a checkpoint inhibitor polypeptide and an optional
pharmaceutically acceptable carrier.

In any of the foregoing or related aspects, the disclosure provides use of a lipid
nanoparticle, and an optional pharmaceutically acceptable carrier, in the manufacture of a
medicament for enhancing an immune response in an individual (e.g., treating or delaying
progression of cancer in an individual), wherein the medicament comprises the lipid
nanoparticle and an optional pharmaceutically acceptable carrier and wherein the treatment
comprises administration of the medicament, optionally in combination with a composition
comprising a checkpoint inhibitor polypeptide and an optional pharmaceutically acceptable
carrier.

In any of the foregoing or related aspects, the disclosure provides a kit
comprising a container comprising a lipid nanoparticle, and an optional pharmaceutically
acceptable carrier, or a pharmaceutical composition, and a package insert comprising
instructions for administration of the lipid nanoparticle or pharmaceutical composition for
enhancing an immune response in an individual (e.g., treating or delaying progression of
cancer in an individual). In some aspects, the package insert further comprises instructions
for administration of the lipid nanoparticle or pharmaceutical composition alone, or in
combination with a composition comprising a checkpoint inhibitor polypeptide and an
optional pharmaceutically acceptable carrier for enhancing an immune response in an
individual (e.g., treating or delaying progression of cancer in an individual).

In any of the foregoing or related aspects, the disclosure provides a kit
comprising a medicament comprising a lipid nanoparticle, and an optional pharmaceutically
acceptable carrier, or a pharmaceutical composition, and a package insert comprising
instructions for administration of the medicament alone or in combination with a composition

comprising a checkpoint inhibitor polypeptide and an optional pharmaceutically acceptable
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carrier for enhancing an immune response in an individual (e.g., treating or delaying
progression of cancer in an individual). In some aspects, the kit further comprises a package
insert comprising instructions for administration of the first medicament prior to, current
with, or subsequent to administration of the second medicament for enhancing an immune
response in an individual (e.g., treating or delaying progression of cancer in an individual).

In any of the foregoing or related aspects, the disclosure provides a lipid
nanoparticle, a composition, or the use thereof, or a kit comprising a lipid nanoparticle or a
composition as described herein, wherein the checkpoint inhibitor polypeptide inhibits PD1,
PD-L1, CTLA4, or a combination thereof. In some aspects, the checkpoint inhibitor
polypeptide is an antibody. In some aspects, the checkpoint inhibitor polypeptide is an
antibody selected from an anti-CTLA4 antibody or antigen-binding fragment thereof that
specifically binds CTLA4, an anti-PD1 antibody or antigen-binding fragment thereof that
specifically binds PD1, an anti-PD-L1 antibody or antigen-binding fragment thereof that
specifically binds PD-L1, and a combination thereof. In some aspects, the checkpoint
inhibitor polypeptide is an anti-PD-L1 antibody selected from atezolizumab, avelumab, or
durvalumab. In some aspects, the checkpoint inhibitor polypeptide is an anti-CTLA-4
antibody selected from tremelimumab or ipilimumab. In some aspects, the checkpoint
inhibitor polypeptide is an anti-PD1 antibody selected from nivolumab or pembrolizumab.

In related aspects, the disclosure provides a method of reducing or decreasing
a size of a tumor or inhibiting a tumor growth in a subject in need thereof comprising
administering to the subject any of the foregoing or related lipid nanoparticles of the
disclosure, or any of the foregoing or related compositions of the disclosure.

In related aspects, the disclosure provides a method inducing an anti-tumor
response in a subject with cancer comprising administering to the subject any of the
foregoing or related lipid nanoparticles of the disclosure, or any of the foregoing or related
compositions of the disclosure. In some aspects, the anti-tumor response comprises a T-cell
response. In some aspects, the T-cell response comprises CD8+ T cells.

In some aspects of the foregoing methods, the composition is administered by
intramuscular injection.

In some aspects of the foregoing methods, the method further comprises
administering a second composition comprising a checkpoint inhibitor polypeptide, and an
optional pharmaceutically acceptable carrier. In some aspects, the checkpoint inhibitor
polypeptide inhibits PD1, PD-L1, CTLA4, or a combination thereof. In some aspects, the

checkpoint inhibitor polypeptide is an antibody. In some aspects, the checkpoint inhibitor
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polypeptide is an antibody selected from an anti-CTLA4 antibody or antigen-binding
fragment thereof that specifically binds CTLA4, an anti-PD1 antibody or antigen-binding
fragment thereof that specifically binds PD1, an anti-PD-L1 antibody or antigen-binding
fragment thereof that specifically binds PD-L1, and a combination thereof. In some aspects,
the checkpoint inhibitor polypeptide is an anti-PD-L1 antibody selected from atezolizumab,
avelumab, or durvalumab. In some aspects, the checkpoint inhibitor polypeptide is an anti-
CTLA-4 antibody selected from tremelimumab or ipilimumab. In some aspects, the
checkpoint inhibitor polypeptide is an anti-PD1 antibody selected from nivolumab or
pembrolizumab.

In some aspects of any of the foregoing or related methods, the composition
comprising the checkpoint inhibitor polypeptide is administered by intravenous injection. In
some aspects, the composition comprising the checkpoint inhibitor polypeptide is
administered once every 2 to 3 weeks. In some aspects, the composition comprising the
checkpoint inhibitor polypeptide is administered once every 2 weeks or once every 3 weeks.
In some aspects, the composition comprising the checkpoint inhibitor polypeptide is
administered prior to, concurrent with, or subsequent to administration of the lipid

nanoparticle or pharmaceutical composition thereof.

Brief Description of the Drawings

FIG. 1 is a bar graph showing stimulation of IFN-f production in TF1a cells
transfected with constitutively active STING mRNA constructs.

FIG. 2 is a bar graph showing activation of an interferon-sensitive response
element (ISRE) by constitutively active STING constructs. STING variants 23a and 23b
correspond to SEQ ID NO: 1, STING variant 42 corresponds to SEQ ID NO: 2, STING
variants 19, 21a and 21b correspond to SEQ ID NO: 3, STING variant 41 corresponds to
SEQ ID NO: 4, STING variant 43 corresponds to SEQ ID NO: 5, STING variant 45
corresponds to SEQ ID NO: 6, STING variant 46 corresponds to SEQ ID NO: 7, STING
variant 47 corresponds to SEQ ID NO: 8, STING variant 56 corresponds to SEQ ID NO: 9
and STING variant 57 corresponds to SEQ ID NO: 10.

FIGs. 3A-3B are bar graphs showing activation of an interferon-sensitive

response element (ISRE) by constitutively active IRF3 constructs (FIG. 3A) or constitutively
active IRF7 constructs (FIG. 3B). IRF3 variants 1, 3 and 4 correspond to SEQ ID NO: 12 and
IRF3 variants 2 and 5 correspond to SEQ ID NO: 11 (variants have different tags). IRF7
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variant 36 corresponds to SEQ ID NO: 18 and variant 31 is the murine version of SEQ ID
NO: 18. IRF7 variant 32 corresponds to SEQ ID NO: 17 and IRF7 variant 33 corresponds to
SEQ ID NO: 14.

FIG. 4 is a bar graph showing activation of an NFxB-luciferase reporter gene
by constitutively active cFLIP and IKK[3 mRNA constructs.

FIG. 5 is a graph showing activation of an NFxB-luciferase reporter gene by

constitutively active RIPK1 mRNA constructs.

FIG. 6 is a bar graph showing TNF-a induction in SKOV3 cells transfected
with DIABLO mRNA constructs.

FIG. 7 is a bar graph showing interleukin 6 (IL-6) induction in SKOV3 cells
transfected with DIABLO mRNA constructs.

FIGs. 8A-8B are graphs showing intracellular staining (ICS) of CD8*
splenocytes from mice immunized with HPV E6/E7 vaccine constructs coformulated with
either a STING, IRF3 or IRF7 immune potentiator mRNA construct on day 21 post first
immunization. FIG. 8A shows E7-specific responses for IFN-y ICS. FIG. 8B shows E7-
specific responses for TNF-a ICS.

FIGs. 9A-9B are graphs showing intracellular staining (ICS) of CD8*
splenocytes from mice immunized with HPV E6/E7 vaccine constructs coformulated with
either a STING, IRF3 or IRF7 immune potentiator mRNA construct. FIG. 9A shows E6-
specific responses for IFN-yICS. FIG. 9B shows 67-specific responses for TNF-a ICS.

FIGs. 10A-10B are graphs showing E7-specific responses for IFN-y
intracellular staining (ICS) of day 21 (FIG. 10A) or day 53 (FIG. 10B) CD8* splenocytes
from mice immunized with HPV E6/E7 vaccine constructs coformulated with either a
STING, IRF3 or IRF7 immune potentiator mRNA construct.

FIGs. 11A-11B are graphs showing intracellular staining (ICS) of CD8*
splenocytes for IFN-yon days 21 and 53 from mice immunized with HPV E6/E7 vaccine
constructs coformulated with either a STING, IRF3 or IRF7 immune potentiator mnRNA
construct. FIG. 11A shows E7-specific responses from mice immunized with intracellular
E6/E7. FIG. 11B shows E7-specific responses from mice immunized with soluble E6/E7.

FIGs. 12A-12B are graphs showing the percentage of CD8b* cells among the
live CD457 cells for day 21 (FIG. 12A) or day 53 (FIG. 12B) spleen cells from mice
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immunized with HPV E6/E7 vaccine constructs coformulated with either a STING, IRF3 or
IRF7 immune potentiator mRNA construct.

FIGs. 13A-13B are graphs showing E7-MHC 1-tetramer (specific for the
epitope RAHYNIVTF) staining of day 21 (FIG. 13A) or day 53 (FIG. 13B) CD8b*
splenocytes from mice immunized with HPV E6/E7 vaccine constructs coformulated with
either a STING, IRF3 or IRF7 immune potentiator mRNA construct.

FIGs. 14A-14D are graphs showing that the majority of E7-tetramer* CD8*
cells have an “effector memory” CD62L!° phenotype, with comparison of day 21 versus day
53 E7-tetramer* CD8 cells demonstrating that this “effector-memory” CD62L' phenotype
was maintained throughout the study. FIGs. 14A (day 21) and 14B (day 53) show increased
% of CD8 with effector memory CD62LIo phenotype. FIGs. 14C and 14D show increased
% of E7-tetramer+ CD8 are CD62L1o, when mice were immunized with HPV E6/E7 vaccine
constructs coformulated with either a STING, IRF3 or IRF7 immune potentiator mRNA
construct.

FIGs. 15A-15B are graphs showing MC38 neoantigen-specific responses by
IFN- 0 intracellular staining (ICS) of day 21 (FIG. 15A) or day 35 (FIG. 15B) CD8"*
splenocytes from mice immunized with MC38 neo-antigen vaccine construct (ADRvax)
coformulated with either a STING, IRF3 or IRF7 immune potentiator mRNA construct.

FIGs. 16A-16B are graphs showing the percentage of CD8b* cells among live
CD45* cells in spleen or PBMCs (FIG. 16A) or the percentage of CD62L!° cells among
CD8b* cell in spleen or PBMCs (FIG. 16B) from mice immunized with MC38 neoantigen
vaccine construct (ADRvax) coformulated with either a STING, IRF3 or IRF7 immune
potentiator mRNA construct.

FIG. 17 is a graph showing antibody titer comparisons from mice treated with
the indicated bacterial antigen mRNA constructs alone (at 0.2 p1g) or treated with the bacterial
peptide mRNA construct coformulated with a STING immune potentiator mRNA construct.

FIG. 18 depicts NRAS and KRAS mutation frequency in colorectal cancer as
identified using cBioPortal.

FIGs. 19A-19C are graphs showing tumor volume from mice treated
prophylactically as indicated with HPV E6/E7 construct together with a STING immune
potentiator mRNA construct (alone or in combination with anti-CTLA-4 or anti-PD1

treatment on day 6, 9, and 12), either prior to or at the time of challenge with a TC1 tumor
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that expresses HPV E7, showing inhibition of tumor growth by the HPV E6/E7 + STING
treatment. Certain mice were treated on days -14 and -7 with soluble E6/E7 + STING (FIG.
19A) or with intracellular E6/E7 + STING (FIG. 19B), with tumor challenge on day 1. Other
mice were treated on days 1 and 8 with soluble E6/E7 + STING (FIG. 19C), with tumor
challenge on day 1.

FIGs. 20A-201 are graphs showing tumor volume from mice treated
therapeutically as indicated with HPV E6/E7 construct together with a STING immune
potentiator mRNA construct (FIG. 20A), alone or in combination with anti-CTLA-4
treatment on day 13, 16 and 19 (FIG. 20B) or anti-PD1 treatment on day 13, 16 and 19 (FIG.
20C), after challenge with a TC1 tumor that expresses HPV E7, showing inhibition of tumor
growth by the HPV E6/E7 + STING treatment. FIGs. 20D-201I show treatments with murine
STING ligand DMXAA.

FIG. 21 provides graphs showing tumor volume from mice treated
therapeutically as indicated with HPV E6/E7 construct together with a STING immune
potentiator mRNA construct in mice bearing tumors of 200 mm? volume size (upper graphs)
or 300 mm? volume size (lower graphs).

FIG. 22 is a graph showing intracellular staining (ICS) of CD8* splenocytes
for IFN-y from mice immunized with an ADR vaccine construct coformulated with a STING
immune potentiator at the indicated Ag:STING ratios on day 21 post first immunization.
CD8+ cells were restimulated with either the mutant ADR antigen composition (comprising
three peptides) or the wild-type ADR composition (as a control).

FIG. 23 is a graph showing intracellular staining (ICS) of CD8* splenocytes
for TNF-a from mice immunized with an ADR vaccine construct coformulated with a
STING immune potentiator at the indicated Ag:STING ratios on day 21 post first
immunization. CD8+ cells were restimulated with either the mutant ADR antigen
composition (comprising three peptides) or the wild-type ADR composition (as a control).

FIGs. 24A-24C are graphs showing intracellular staining (ICS) of CD8*
splenocytes for IFN-y from mice immunized with an ADR vaccine construct coformulated
with a STING immune potentiator at the indicated Ag:STING ratios on day 21 post first
immunization. CD8+ cells were restimulated with either a mutant or wild-type (as a control)
peptide contained within the ADR antigen composition. FIG. 24A shows responses to the
Adpk1 peptide within the ADR composition. FIG. 24B shows the response to the Reps1



10

15

20

25

30

WO 2018/081459 PCT/US2017/058585
26

peptide within the ADR composition. FIG. 24C shows the response to the Dpagt1 peptide
within the ADR composition.

FIG. 25 is a graph showing antigen-specific T cell responses to MHC class I
epitopes within the CA-132 vaccine, as measured by ELISpot analysis for IFN-y, from mice
treated with a coformulation of CA-132 and STING immune potentiator, at the indicated
different Ag: STING ratios.

FIG. 26 is a bar graph showing antigen-specific T cell responses to MHC
class I epitopes within the CA-132 vaccine, following restimulation with the CA-87 peptide,
as measured by ELISpot analysis for IFN-y, from mice treated with a coformulation of CA-
132 and STING immune potentiator, at the indicated different Ag: STING ratios.

FIG. 27 is a graph showing intracellular staining (ICS) of CD8* splenocytes
for IFN-y from mice immunized with an HPV 16 E7 vaccine construct coformulated with a
STING immune potentiator at the indicated Ag:STING ratios on day 21 post first
immunization.

FIGs. 28A-28C are bar graphs showing TNF[ intracellular staining (ICS)
results for CD8+ T cells from cynomolgus monkeys treated with HPV vaccine + STING
constructs, followed by ex vivo stimulation with either HPV 16 E6 peptide pool (FIG. 28A),
HPV16 E7 peptide pool (FIG. 28B) or medium (negative control) (FIG. 28C).

FIGs. 29A-29C are bar graphs showing IL-2 intracellular staining (ICS)
results for CD8+ T cells from cynomolgus monkeys treated with HPV vaccine + STING
constructs, followed by ex vivo stimulation with either HPV 16 E6 peptides (FIG. 29A),
HPV16 E7 peptides (FIG. 29B) or medium (negative control) (FIG. 29C).

FIG 30 1s a graph showing ELISA results for anti-E6 IgG in serum from
cynomolgus monkeys treated with HPV vaccine + STING constructs.

FIG. 31 is a graph showing ELISA results for anti-E7 IgG in serum from
cynomolgus monkeys treated with HPV vaccine + STING constructs.

FIG. 32 is a graph showing the intracellular staining (ICS) results for CD38+
splenocytes for IFN-y from mice immunized with mutant KRAS vaccine + STING construct
followed by ex vive stimulation with KRAS-G12V peptide.

FIG. 33 1s a graph showing the intracellular staining (ICS) results for CD8+
splenocytes for IFN-y from mice immunized with mutant KRAS vaccine + STING construct

followed by ex vivo stimulation with KRAS-G12D peptide.



10

15

20

25

30

WO 2018/081459 PCT/US2017/058585
27

F1G. 34 is a graph showing the intracellular staining (ICS) results or CD8+
splenocytes for IFN-y from mice immunized with mutant KRAS vaccine + STING construct
{ollowed by ex vivo co-culture with Cos7-Al1 cells pulsed with KRAS-G12V.

FIG. 35 15 a graph showing the intracellular staining (ICS) results or CD8+
splenocytes {or IFN-y from mice immunized with mutant KRAS vaccine + STING construct
followed by ex vivo co-culture with Cos7-Al1 cells pulsed with KRAS-G12D.

FIG. 36 1s a graph showing the intracellular staining (ICS) results or CD8+
splenocytes for IFN-y from mice immunized with an A1l viral epitope concatemer with
STING or with nontransfatable mRNA control (NTFIX) constructs followed by ex vivo
stimulation with individual viral epitopes.

FIGs. 37A-37B are graphs showing intracellular staining (ICS) of CD8*
splenocytes from mice immunized with HPV vaccine constructs coformulated with either
STING, IRF3/IRF7 or IRF3/IRF7/IKKf immune potentiator mRNA constructs on day 21
post first immunization. FIG. 37A shows E7-specific responses for IFN-y ICS. FIG. 37B
shows E7-specific responses for TNF-a ICS.

FIGs. 38A-38C are graphs showing intracellular staining (ICS) of CD8*
splenocytes from mice immunized with OV A antigen coformulated with either STING,
TAK1, TRAM or MyD88 immune potentiator mRNA constructs on day 25 post first
immunization. FIG. 38A shows OV A-specific responses for IFN-y ICS. FIG. 38B shows
OVA-specific responses for TNF-o ICS. FIG. 38C shows OV A-specific responses for IL-2
ICS.

FIG. 39 is a bar graph showing intracellular staining (ICS) of CD8*
splenocytes for IFN-y from mice immunized with OV A antigen coformulated with either
STING, MAVS, IKKJ, Caspase 1 + Caspase 4 + IKK3, MLKL or MLKL + STING immune
potentiator mRNA constructs on day 21 post first immunization. DMXAA, a chemical
activator of STING, was used as a comparator.

FIG. 40 is a bar graph showing intracellular staining (ICS) of CD8*
splenocytes for IFN-y from mice immunized with OV A antigen coformulated with either
STING, MAVS, IKKf, Caspase 1 + Caspase 4 + IKK3, MLKL or MLKL + STING immune
potentiator mRNA constructs on day 50 post first immunization. DMXAA, a chemical

activator of STING, was used as a comparator.
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FIGs. 41A-41B are bar graphs showing intracellular staining (ICS) of CD8*
splenocytes for IFN-y from mice immunized with OVA antigen coformulated or
coadministered with the indicated constitutively active STING mutant constructs. FIG. 41A
shows day 21 post immunization. FIG. 41B shows day 90 post first immunization.

FIGs. 42A-42B are bar graphs showing intracellular staining (ICS) of CD8*
splenocytes tor IFN-y from CD4-depleted mice immunized with HPV vaccine constructs
coformulated with a STING immune potentiator mRNA construct. FIG. 42A shows day 21
post first immunization. FIG. 42B shows day 50 post first immunization.

FIG. 43 provides graphs showing tumor volume in mice bearing TC1 HPV
tumors treated with an HPV-STING vaccine either alone or in combination with anti-CD4 (to
deplete CD4 T cells) or anti-CD8 (to deplete CD8 T cells).

FIGs. 44A-44B are graphs showing the percentage of CD62L!° cells among
CD4"CD8* cells from spleens of mice immunized with MC38 antigen vaccine construct
coformulated with a STING immune potentiator mRNA construct at the indicated Ag and
STING dosages. FIG. 44A shows results for day 21 spleen cells. FIG. 44B shows the
results for day 54 spleen cells.

FIG. 45 is a bar graph showing antigen-specific IFN-y T cell responses from
mice immunized with mRNA encoding a concatemeric of 20 murine epitopes (CA-132) in
combination with a STING immunopotentiator mRNA, as compared to standard adjuvants, or
unformulated (not encapsulated in LNP). Data shown is for in vitro peptide restimulation
with Class II epitopes (CA-82 and CA-83) encoded within the concatemer.

FIG. 46 is a bar graph showing antigen-specific IFN-y T cell responses from
mice immunized with mRNA encoding a concatemeric of 20 murine epitopes (CA-132) in
combination with a STING immunopotentiator mRNA, as compared to standard adjuvants, or
unformulated (not encapsulated in LNP). Data shown is for in vitro peptide restimulation
with Class I epitopes (CA-87, CA-90 and CA-93) encoded within the concatemer.

FIG. 47 is a bar graph showing antigen-specific IFN-y T cell responses from
mice immunized with mRNA encoding a concatemeric of 20 murine epitopes (CA-132) in
combination with a STING immunopotentiator mRNA, wherein the STING construct was
administered either simultaneously with the vaccine, 24 hours later or 48 hours later. Data
shown is for in vitro peptide restimulation with either Class II epitopes (CA-82 and CA-83)
or Class I epitopes (CA-87, CA-90 and CA-93) encoded within the concatemer.
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FIG. 48 shows antigen-specific responses from mice immunized with mRNA
encoding a concatemeric of 52 murine epitopes in combination with a STING
immunopotentiator mRNA at varying Ag and STING dosages and Ag:STING ratios. Data
shown is for in vitro restimulation with the peptide sequence corresponding to the Class II
epitope CA-82, encoded within the concatemer.

FIG. 49 shows antigen-specific responses from mice immunized with mRNA
encoding a concatemeric of 52 murine epitopes in combination with a STING
immunopotentiator mRNA at varying Ag and STING dosages and Ag:STING ratios. Data
shown is for in vitro restimulation with the peptide sequence corresponding to the Class II
epitope CA-83, encoded within the concatemer.

FIG. 50 shows antigen-specific responses from mice immunized with mRNA
encoding a concatemeric of 52 murine epitopes in combination with a STING
immunopotentiator mRNA at varying Ag and STING dosages and Ag:STING ratios. Data
shown is for in vitro restimulation with the peptide sequence corresponding to Class I epitope
CA-87, encoded within the concatemer.

FIG. 51 shows antigen-specific responses from mice immunized with mRNA
encoding a concatemeric of 52 murine epitopes in combination with a STING
immunopotentiator mRNA at varying Ag and STING dosages and Ag:STING ratios. Data
shown is for in vitro restimulation with the peptide sequence corresponding to Class I epitope
CA-93, encoded within the concatemer.

FIG. 52 shows antigen-specific responses from mice immunized with mRNA
encoding a concatemeric of 52 murine epitopes in combination with a STING
immunopotentiator mRNA at varying Ag and STING dosages and Ag:STING ratios. Data
shown is for in vitro restimulation with the peptide sequence corresponding to Class I epitope
CA-113, encoded within the concatemer.

FIG. 53 shows antigen-specific responses from mice immunized with mRNA
encoding a concatemeric of 52 murine epitopes in combination with a STING
immunopotentiator mRNA at varying Ag and STING dosages and Ag:STING ratios. Data
shown is for in vitro restimulation with the peptide sequence corresponding to Class II

epitope CA-90, encoded within the concatemer.
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FIG. 54 is a bar graph showing cell viability of Hep3B cells transfected with
MLKL 1-180 mRNA constructs, as measured using the CellTiter-Glo® Luminescent Cell
Viability Assay.

FIG. 55 is a graph showing cell viability of Hep3B cells transfected with
MLKL 1-180 mRNA constructs, as measured using the YOYO-3® cell viability read-out.

FIG. 56 is a graph showing ATP release from Hep3B cells transfected with
MLKL 1-180 mRNA constructs, indicating necroptosis.

FIG. 57 is a graph showing HMGBI release from HeLa cells transfected with
MLKL 1-180 mRNA constructs, indicating necroptosis.

FIG. 58 is a graph showing cell surface staining of calreticulin on cells either
mock transfected, transfected with an apoptosis-inducing construct (“PUMA”) or transfected
with an MLKL construct, indicating necroptosis by the MLKL construct.

FIGs. 59A-59C are bar graphs showing cell viability of HeLa cells (FIG.
59A), B16F10 cells (FIG. 59B) or MC38 cells (FIG. 59C) transfected with MLKL, GSDMD
or RIP3K mRNA constructs, as measured using the CellTiter-Glo® Luminescent Cell
Viability Assay.*p<0.05; ***p<0.001 vs L2K ##p<0.01 vs HsSMLKL (1-180).

FIG. 60 is a bar graph showing induction of death in NIH3T3 cells
transfected with multimerizing RIPK3 mRNA constructs.

FIG. 61 is a bar graph showing induction of DAMP release (HMGB1
release) in BI6F10 cells transfected with a multimerizing RIPK3 construct, indicating
necroptosis.

FIG. 62 is a bar graph showing cell viability of SKOV3 cells transfected with
DIABLO mRNA constructs, as measured using the CellTiter-Glo® Luminescent Cell
Viability Assay.

FIG. 63 is a bar graph showing induction of cell death in HeLa cells
transfected with caspase-4, caspase-5 or caspase-11 mRNA constructs. Results show
mean+SEM from four independent experiments.

FIG. 64 is a bar graph showing induction of cell death in HeLa cells
transfected with NLRP3, Pyrin or ASC mmRNA constructs. Results show mean+SEM from

four independent experiments.
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FIGs. 65A-65B are bar graphs showing activation of an interferon-sensitive
response element (ISRE) by constitutively active IRF3 constructs (FIG. 65A) or IRF7
constructs (FIG. 65B).

FIG. 66 is a schematic illustration of the study design for the experimental
results shown in FIG. 67.

FIG. 67 is a bar graph showing release of IL-18 by HeLa cells primed with an
immune potentiator, as indicated, and transfected with a caspase-4, caspase-5 or caspase-11
construct, as indicated.

FIGs. 68A-68K are graphs showing the effect of treatment with the indicated
executioner mRNA constructs, alone or in combination with the indicated immune
checkpoint inhibitor, on growth of MC38 tumors in mice.

FIGs. 69A-69B are graphs showing the effect of treatment with the indicated
executioner mRNA constructs, alone or in combination with the indicated immune
potentiator and/or immune checkpoint inhibitor, on growth of MC38 tumors in mice (FIG.
69A) and on percent survival of mice (FIG. 69B).

FIGs. 70A-70B are graphs showing the effect of treatment with a STING
mRNA construct in combination with anti-PD-1, as compared to vehicle alone or NT control
+ anti-PD-1, on growth of MC38 tumors in mice (FIG. 70A) and on percent survival of mice

(FIG. 70B).

Detailed Description

The present disclosure provides compositions such as mRNAs constructs
encoding a polypeptide that enhances immune responses to an antigen of interest, referred to
herein as immune potentiator mRNA constructs or immune potentiator mRNAs, including
chemically modified mRNAs (mmRNAs). The immune potentiator mRNAs of the disclosure
enhance immune responses by, for example, activating Type I interferon pathway signaling,
stimulating NFkB pathway signaling, or both, such that antigen-specific responses to an
antigen of interest are stimulated. The immune potentiator mRNAs of the disclosure enhance
immune responses to an endogenous antigen in a subject to which the immune potentiator
mRNA is administered or enhance immune responses to an exogenous antigen that is
administered to the subject with the immune potentiator mRNA (e.g., an mRNA construct

encoding an antigen of interest that is coformulated and coadministered with the immune
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potentiator mRNA or an mRNA construct encoding an antigen of interest that is formulated
and administered separately from the immune potentiator mRNA).

Surprisingly, it has been discovered that administration of an immune
potentiator mRNA of the disclosure (e.g., an mRNA encoding a constitutively active STING
polypeptide) or combination of immune potentiator mRNAs to a subject stimulates cytokine
production (e.g., inflammatory cytokine production), stimulates antigen-specific CD8*
effector cell responses, stimulates antigen-specific CD4* helper cell responses, increases the
effector memory CD62L!° T cell population and stimulates antigen-specific antibody
production to an antigen of interest.

As described in detail in the examples, it has been found that administration of
an immune potentiator mRNA construct (or combination of immune potentiator mRNAs)
increases the percentage of CD8+ T cells that are positive by ICS for one or more cytokines
(e.g., IFN-v, TNFa and/or IL-2) in response to an antigen and increases the percentage of
CD8+ T cells among the total T cell population (e.g., Example 5 and FIGs 8-12).
Remarkably, these effects were durable, as the higher percentage of antigen-specific CD8* T
cells positive by ICS for one or more cytokines was maintained for up to 7 weeks in vivo
(FIG. 11). It was also found that administration of an immune potentiator mRNA construct
(or combination of immune potentiator mRNAs) increases the effector memory CD62L!° T
cell population (e.g., Examples 5, 6, and Example 19), and that this effect is maintained over
time (Example 19 and FIG. 44). Importantly, potentiation of antigen-specific T cell
responses and antibody responses to an mRNA vaccine was also demonstrated in non-human
primates (e.g., Example 12 and FIGs. 28-31).

In the context of a bacterial vaccine, it has been shown that administration of
an immune potentiator mRNA construct enhances humoral response to a bacterial vaccine by
increasing antigen-specific antibody responses in vivo (e.g., Example 7 and FIG. 17).

In the context of a cancer vaccine, administration of an immune potentiator
mRNA construct was shown to result in a robust and durable immune response against cancer
neoepitopes (Example 6) and was shown to potently inhibit tumor growth in prophylactic and
therapeutic vaccination with an oncogenic viral vaccine (Example 10). For example,
administration of an immune potentiator mRNA with an HPV vaccine was effective (alone or
in combination with a checkpoint inhibitor) in preventing growth of HPV-expressing tumor

cells in vivo (FIG. 19) and therapeutic vaccination (i.e., subsequent to tumor challenge) with
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the HPV vaccine together with the immune potentiator mRNA (alone or in combination with
a checkpoint inhibitor) was effective in inducing regression of HPV-expressing tumors in
vivo (FIG. 20). Notably, administration of an immune potentiator mRNA with the
therapeutic vaccine also exhibited efficacy in inhibiting large, established tumors in vivo
(FIG. 21).

In the context of a personalized cancer vaccine, it has been shown that
administration of an immune potentiator mRNA construct enhances antigen-specific T cell
responses and antibody responses to an mRNA encoding a personalized cancer vaccine (a
concatemer) inducing both Class I and Class II MCH responses (e.g., Example 20 and FIGs.
45-53). Administration of an immune potentiator mRNA was also found to potentiate
immune responses to mRNA encoding KRAS cancer antigens in various formats (monomers
and concatemer) (e.g., Example 13 and FIGs. 32-36).

It has also been demonstrated that combinations of immune potentiator
mRNAs encoding Type I interferon inducers and NFkB activators (e.g., Example 14 and
FIG. 37), as well as immune potentiator mRNAs encoding components of intracellular
signaling pathways that function downstream of TLRs (e.g., Example 15 and FIG. 38)
potentiate antigen-specific T cell responses. Additional combinations of immune potentiator
mRNAs encoding adaptor proteins (e.g., STING or MAVS), NFkB activators (e.g., IKKp),
inductors of inflammasome (e.g., caspases 1/4) and inductors of necroptosome (e.g., MLKL)
were also shown to potentiate antigen-specific T cell responses. Surprisingly, the
combination of an mRNA encoding an adaptor protein (e.g., STING) and an mRNA encoding
an inducer of necroptosome (e.g., MLKL) exhibited enhanced activity as compared to an
mRNA encoding MLKL alone (e.g., Example 16 and FIG. 39-40). The day 90 results
demonstrate the immune potentiation effect was durable (e.g., Example 18 and FIG. 41).

Unexpectedly, it was found that the addition of an mRNA encoding an
immune potentiator (e.g., STING) across a majority of antigen to immune potentiator (Ag:IP)
ratios improved antigen-specific T cell responses compared to antigen alone (e.g., Example
20). The breadth of responsiveness was unexpected. For four of six antigens (epitopes) tested,
the addition of an mRNA encoding an immune potentiator to antigen consistently produced
higher T cell responses than antigen alone. Thus, it was discovered that there is a wide bell

curve in the ratio of antigen to immune potentiator for improved immunogenicity.
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It was also discovered that the addition of an mRNA encoding an immune
potentiator (e.g., STING) across all antigens tested potentiates the immune response to the
antigen relative to antigen alone. In most situations, at least a 2-fold increase in immune
potentiation was found and, for certain antigens, an even greater enhancement of immune
potentiation resulted (e.g., more than 5-fold, more than 10-fold, more than 20-fold, more than
30-fold, more than 50-fold, or more than 75-fold enhancement) (e.g., Example 21).

Accordingly, the present disclosure provides compositions comprising one or
more mRNA constructs (e.g., one or more mmRNA constructs), wherein the one or more
mRNA constructs encode an antigen(s) of interest and, in the same or a separate mRNA
construct, encode a polypeptide that enhances an immune response to the antigen of interest.
In some aspects, the disclosure provides nanoparticles, e.g., lipid nanoparticles, which
include an immune potentiator mRNA that enhances an immune response, alone or in
combination with mRNAs that encode an antigen of interest. The disclosure also provides
pharmaceutical compositions comprising any of the mRNAs as described herein or
nanoparticles, e.g., lipid nanoparticles comprising any of the mRNAs as described herein.

In another aspect, the disclosure provides compositions comprising one or
more mRNA constructs (e.g., one or more mmRNA constructs) that encode a polypeptide
that induces immunogenic cell death, such as necroptosis or pyroptosis. Such mRNA
constructs can be used in combination with an immune potentiator mRNA construct of the
disclosure to enhance the release of endogenous antigens in vivo to thereby stimulate an
immune reponse against the endogenous antigens. In some aspects, the disclosure provides
nanoparticles, e.g., lipid nanoparticles, which include an immunogenic cell death-inducing
mRNA, alone or in combination with an immune potentiator mRNA. The disclosure also
provides pharmaceutical compositions comprising any of the mRNAs as described herein or
nanoparticles, e.g., lipid nanoparticles comprising any of the mRNAs as described herein.

In other aspects, the disclosure provides methods for enhancing an immune
response to an antigen(s) of interest by administering to a subject an immune potentiator
mRNA construct alone (for endogenous antigens) or by administering one or more mRNAs
encoding an antigen(s) of interest and a mRNA encoding a polypeptide that enhances an
immune response to the antigen(s) of interest, or lipid nanoparticle thereof, or pharmaceutical
composition therof, such that an immune response to the antigen of interest is enhanced in the

subject. The methods of enhancing an immune response can be used, for example, to



10

15

20

25

30

WO 2018/081459 PCT/US2017/058585
35

stimulate an immunogenic response to a tumor in a subject, to stimulate an immunogenic

response to a pathogen in a subject or to enhance immune responses to a vaccine in a subject.

Immune Potentiator mRNAs

One aspect of the disclosure pertains to mRNAs that encode a polypeptide that
stimulates or enhances an immune response against one or more antigens of interest. Such
mRNAs that enhance immune responses to an antigen(s) of interest are referred to herein as
immune potentiator mMRNA constructs or immune potentiator mRNAs, including chemically
modified mMRNAs (mmRNAs). An immune potentiator of the disclosure enhances an
immune response to an antigen of interest in a subject. The enhanced immune response can
be a cellular response, a humoral response or both. As used herein, a “cellular’” immune
response is intended to encompass immune responses that involve or are mediated by T cells,
whereas a “humoral” immune response is intended to encompass immune responses that
involve or are mediated by B cells. An immune potentiator may enhance an immune
response by, for example,

(1) stimulating Type I interferon pathway signaling;

(11) stimulating NFkB pathway signaling;

(111) stimulating an inflammatory response;

(iv) stimulating cytokine production; or

(v) stimulating dendritic cell development, activity or mobilization; and

(vi) a combination of any of (i)-(vi).

As used herein, “stimulating Type I interferon pathway signaling” is intended
to encompass activating one or more components of the Type I interferon signaling pathway
(e.g., modifying phosphorylation, dimerization or the like of such components to thereby
activate the pathway), stimulating transcription from an interferon-sensitive response element
(ISRE) and/or stimulating production or secretion of Type I interferon (e.g., IFN-a, IFN-f3,
IFN-¢, IFN-x and/or IFN-). As used herein, “stimulating NFkB pathway signaling” is
intended to encompass activating one or more components of the NFkB signaling pathway
(e.g., modifying phosphorylation, dimerization or the like of such components to thereby
activate the pathway), stimulating transcription from an NFkB site and/or stimulating
production of a gene product whose expression is regulated by NFkB. As used herein,

“stimulating an inflammatory response” is intended to encompass stimulating the production
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of inflammatory cytokines (including but not limited to Type I interferons, IL-6 and/or
TNFa). As used herein, “stimulating dendritic cell development, activity or mobilization™ is
intended to encompass directly or indirectly stimulating dendritic cell maturation,
proliferation and/or functional activity.

In certain embodiments, the immune potentiator mRNA construct enhances an
immune response to an antigen of interest by a fold magnitude, e.g., relative to the immune
response to the antigen in the absence of the immune potentiator, or relative to a small
molecular agonist that enhances an immune response to the antigen. For example, in various
embodiments, the immune potentiator mRNA construct enhances an immune response to an
antigen of interest at least 2-fold, 3-fold, 4-fold, 5-fold, 7.5- fold, 10-fold, 20-fold, 30-fold,
40-fold, 50-fold, 75-fold, or greater, as compared to, for example, the immune response to the
antigen in the absence of the immune potentiator mRNA construct or as compared to, for
example, the immune response to the antigen in the presence of a small molecular agonist of
an immune response to the antigen. In some embodiments, the immune potentiator mRNA
construct enhance an immune response to an antigen of antigerest by 0.3-1000 fold, 1-750
fold, 5-500 fold, 7-250 fold, or 10-100 fold, as compared to, for example, the immune
response to the antigen in the absence of the immune potentiator mRNA construct or as
compared to, for example, the immune response to the antigen in the presence of a small
molecular agonist of an immune response to the antigen. The fold magnitude enhancement
of an immune potentiator construct can be measured using standard methods known in the art
(e.g., as described in the Examples). For example, the level of antigen-specific T cells
expressing inflammatory cytokines (e.g., IFN-y and/or TNF-a) can be assessed by, e.g.,
intracellular staining (ICS) or by ELISpot analysis, as described in the Examples.

In some aspects, the disclosure provides an mRNA encoding a polypeptide
that stimulates or enhances an immune response in a subject in need thereof (e.g., potentiates
an immune response in the subject) by, for example, inducing adaptive immunity (e.g., by
stimulating Type I interferon production), stimulating an inflammatory response, stimulating
NFkB signaling and/or stimulating dendritic cell (DC) development, activity or mobilization
in the subject. In some aspects, administration of an immune potentiator mRNA to a subject
in need thereof enhances cellular immunity (e.g., T cell-mediated immunity), humoral
immunity (e.g., B cell-mediated immunity) or both cellular and humoral immunity in the

subject. In some aspects, administration of an immune potentiator mRNA stimulates
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cytokine production (e.g., inflammatory cytokine production), stimulates antigen-specific
CD8* effector cell responses, stimulates antigen-specific CD4* helper cell responses,
increases the effector memory CD62L!° T cell population, stimulates B cell activity or
stimulates antigen-specific antibody production, including combinations of the foregoing
responses. In some aspects, administration of an immune potentiator mRNA stimulates
cytokine production (e.g., inflammatory cytokine production) and stimulates antigen-specific
CD8* effector cell responses. In some aspects, administration of an immune potentiator
mRNA stimulates cytokine production (e.g., inflammatory cytokine production), and
stimulates antigen-specific CD4* helper cell responses. In some aspects, administration of an
immune potentiator mRNA stimulates cytokine production (e.g., inflammatory cytokine
production), and increases the effector memory CD62L' T cell population. In some aspects,
administration of an immune potentiator mRNA stimulates cytokine production (e.g.,
inflammatory cytokine production), and stimulates B cell activity or stimulates antigen-
specific antibody production.

In one embodiment, an immune potentiator increases antigen-specific CD8*
effector cell responses (c