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(57) Abstract: The present disclosure provides a novel [KK2 inhibitor that does not target the kinase domain of IKK2 molecule. The
novel IKK?2 inhibitor is a cell penetrating NEMOA®®P comprising a small segment (residues 384-389) of human NEMO to mediate

interaction with and promote activation loop phosphorylation of IKK2. The NEMO?°P®P is derived from the second interaction inter-
face of NEMO:IKK?2 that is dependent upon NEMO binding to linear polyubiquitin. Methods of use the novel IKK?2 inhibitor, and
composition thereof, for preventing and/or treating inflammation in various diseases involving IKK-NF-kB signaling pathways are

also provided.
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ANTIHNFLAMMATORY PEPTIDE AND METHOD OF USE THEREOQF
CROSS-REFERENCE

This application claims the benefit of U.S. Provisional Application No.
63/170,068, filed April 2, 2021 and U.S. Provisional Application No. 63/230,235,
filed August 8, 2021, the entire conients of each application are incorporated

herein by reference.
SEQUENCE LISTING

The instant application conlains a Sequence Listing which has been
submitied electronically in ASCH format and is hereby incorporated by reference
in its entirety. Said ASCH copy, created on March 29, 2022, is named 842103
2080 _Sh.ixt and is 4,798 bytes in size.

FIELD AND BACKGROUND

The present disclosure relates generally to IKK inhibitor that interfere with
the IKK-NF-kB signaling pathways, and method of use thereof, for preventing
andfor trealing inflammation in various diseases and/or numerous inflammatory

disease syndromes, including but not imited to, inflammation-induced cancers.

Mobilization of transcription factor NF-kB to the nucleus in response lo
diverse pro-inflammatory stimull requires phosphorylation of aclivation loop
serines 177 and 181 within the IKK2AKK subunit of the kB Kinase (IKK) complex
{1}, The I[KK complex also contains catalytic IKK1Y/IKKa and accessory
NEMO/IKKY subunits (hereafter referred {o as IKKZ, IKK1, and NEMO) (2-4).
Upon activation, the catalylic IKK2 subunit directs site-specific phosphorylation of
the kBa inhibifor prolein, leading o ifs ubiguilin-dependent degradation via the
265 proteasome and release of the classical NF-«B p50:RelA heterodimer, which
migrates info the nucleus to direct response gene expression (5,6). As illusirated
by gene knockout studies, the NEMO subunit of the IKK complex is required for
induction of NF-kB (7.8). Moreover, before the IKK complex had even been
identified unambiguously it was shown that induction of IKK catalytic activity from

partially purified cell lysates requires both ubiquitin and ATP (8).  Ubiguitin
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assembles into KB63- and M1-linked linear polyubiquitin chains in response o early
NF-kB signaling events (10,11). Linear polyubiquilin chains associate both
covalently and noncovalently with NEMO, however the noncovalent interaction has
been proven o be sufficient for induction of NF-«B transcriplional activity through

the canonical signaling pathway (12,13},

Three-dimensional structures of free IKK2 and IKK1 have revealed that they
adopt similar structural folds (14-17). Both catalytic domain-containing KK
subunits assemble in solution as homodimers. Interestingly, both IKK2 and IKK1
exhibit a strong propensity for higher degree cligomerization through ordered self-
association, although the precise nature of the oligomerization differs significantly
between the two proleins (15,17}, Despite their 50% amino acid sequence identity
and 80% seguence homology, IKK2 and IKK1 rely upon unigue surface exposed
regions o mediate different higher order assemblies in order o render their
activation loops accessible for frans phosphoryiation. In light of these observations,
we previously proposed a modsl for induction of KK catalylic potential via
activation loop phosphorylation as a consequence of stabilizing catalytic KK
subunit dimers in their “open” conformation (4,15). Under such a mechanism, it is
unclear whether the necessary role of NEMQ is that of an adaplor that simply co-
localizes catalylic subunits with polyubiquitin chains 1o siles where homeo-
oligomerization can  promote  activation loop  phosphorylation  or i
NEMGQO:polyubiguitin complexes play a more direct role in facilitating 1KKZ2 subunit

phosphorylation and consequent catalylic activity.
SUMMARY

The present disclosure provides compositions, and method of use thereof,
o requiate canonical nuclear fact (NF}-«B signaling, particularly via interaction
between NEMO/IKKy and IKK2/IKKE, so as to act as effective inhibitors of IKKZ2
activation o prevent and/or treat inflammations in various diseases and/or
numercus  inflammalory  disease syndromes including  inflammation-induced

cancers.,

in certain embodiments, the present disclosure provides thal, upon
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noncovalent binding o linear polyubiquitin, NEMO directly promoles activation
toop phosphorylation of the catalytic IKKZ subunil. A second interaction belween
NEMQO and IKKZ2 was ideniified that is dependent upon NEMO binding to linear
polyubiquitin, This newly identified NEMOIKKZ inleraction interface was mapped
o a stretch of six conserved amino acids immediately N-terminal to the Zn-finger
domain al the C-terminus of human NEMO and an exposed region of the IKK2
scaffold-dimerization domain (SDD) proximal {o its kinase domain (KD} and
ubiquitindike domain (ULD). In certain embodiments, the six conserved aming
acids are QRRSPP (SEQ D NO: 1), corresponding to amino acid residues 384-
389 of human NEMO.

A peplide NEMOMPeP comprising the six conserved amingo acids is also
provided. The present disclosure provides that this peptide NEMOAYY® mediates
the linear polyubiquitin-dependent second interaction between NEMO and IKK2Z.
In certain embodimenis, the present disclosure provides that this peptide
NEMQAPer sarves to inhibit frans phosphorylation of the IKK2 subunit in vifro and
blocks canonical NF-xB signaling in cell culture. Therefore, this peptide
NEMQA e functions as a highly specific and effective inhibitor of the IKK2
activation pathway. The present disclosure further provides that this peptide
NEMQAPer does not block MAP kinase phosphorylation or IKK1 via the non-

canonical NF-xB activation pathway.

Accordingly, disclosed hersin is a method of trealing and/or preventing
inflammation in various disease, by targeting the NEMO:KKZ interaction interface
comprising the six conserved amino acids of QRRSPP (SEQ 1D NG: 13,
corresponding o amino acid residues 384-389 of human NEMO, o effectively
inhibit IKK2 activation pathway, but does not block MAP kinase phosphorylation or
IKK1 via the non-canonical NF-KB activation pathway. In certain embodiments,
provided herein is a method of treating and/or preventing inflammation in g patient
in need thereof, comprising adminisiering to the patient a therapeutically effective
amount of a composition comprising a peptide derived from the second interaction

region of NEMGO/KKy that effectively inhibit 1KK2Z aclivation. In ceriain
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embodiments, the peptide comprises the peptide NEMOAYPer comprising the six
conserved amino acids of QRRSPP (SEQ 1D NO: 1), corresponding to amino acid
residues 384-389 of human NEMO. In certain other embodiments, the
composition comprising a small molecule and/or a compound that derives from the
peptide NEMOAYTee comprising the six conserved amino acids of QRRSPP (SEQ
1D NO: 1), corresponding (o amine acid residues 384-389 of human NEMO. Such
smatl molecules and/or compounds can be derived via peplidomimetic chemical

approaches or any other suitable conversional approaches.

in the methods provided herein, the composition that targets the
NEMOIKKZ interaction interface can be a single and/or a combination with at least
another IKKZ inhibitor. In cerlain embodiments, the composition of the present
disclosure can be administered in a single composition, or separately in more than
one composition. Accordingly, also provided herein is a composition comprising a
therapseutically effective amount of single and/or a combination of at least one
peplide of the present disclosure, and/or small molecule compounds derived
therefrom, that targets the NEMO:IKKZ interaction interface and funclions as an

gffective and specific IKKZ inhibitor.

Additional aspecis and advantages of the present disclosure will become
readily apparent to those skilled in this art from the following detailed description,
wherein only lllustrative embodiments of the present disclosure are shown and
described. As will be realized, the present disclosure is capable of other and
different embodiments, and its several details are capable of modifications in
varicus obvicus respects, all without departing from the disclosure. Accordingly,
the drawings and description are {0 be regarded as illustrative in nature, and not

as restrictive.
INCORPORATION BY REFERENCE

All publications, patents, and pateni applications mentioned in this
specification are hersin incorporated by reference {o the same extent as if sach
individual publication, patent, or patent application was specifically and individually

indicated o be incorporated by reference. To the extent publications and patenis
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or patent applications incorporated by reference contradict the disclosure
contained in the specification, the specification is intended to supersede andfor

lake precedence over any such contradictory malerial.
BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with particularity in the
appended claims. A beller understanding of the features and advantages of the
present invention will be obtained by reference (o the following detailed description
that sets forth illustrative embodiments, in which the principles of the invention are

utilized, and the accompanying drawings {also “Figure” and “FIG.” herein), of which:

Figs. 1A-1C. NEMO primes IKKZ2 for {rans phosphorylation on its aclivation
loop in the presence of linear polyubiquitin, Fig. 1A, Schematics of domains for
human IKKVIKKa, IKK2/AKKE, and NEMUO/AKKY protein subuniis. KK1 and 1KK2
both contain a well defined kinase domain (KD) as well as a ubiguitin-like domain
(LH.D)}, a scaffold dimerization domain (SDD), and a NEMO binding domain (NBD).
Structurally and/or funclionally defined domains of NEMO include a kinase binding
domain (KBD), intervening domain {IVD), colled-coll domainsg 1 and 2 (CC1T and
CC2}, and a zinc finger domain (ZF). Fig. 1B. Alternative possible modes of NEMO
and polyubiguitin control over IKK2 subunit phosphoryiation within the canonical
NF-xB signaling pathway. In the first {depicted symbolically on the left fork labeled
“17), polyubiguitin chains generated as a resull of pro-inflammatory cylokine
engagement with receptors serve o localize KK subunits on account of their
affinity for NEMQ adaptor proteins. A second possibility (right forld labeled “27) is
that polyubiguitin binding enables NEMO to directly influence the structural
conformation of IKKZ. In sither case, the resull is stabilization of the KK complex
in a conformation that permits frans phosphorylation of the IKK2 subunit activation
loop and KK activity. Fig. 1C. Western biot analysis of in vitro frans
phosphorylation of a catalytically inactive form of IKKZ (K44M) by a constitutively
active IKK2Z (11-868EE). Inclusion of NEMQG and linear tetraubiguitin (Ub4)
improves efficiency of phosphorylation {lanes 7-9) relative ¢ either Ub4 {lanes 5
and 8} or NEMO {(lanes 10-12) alone.

(83
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Figs. 2A-20. NEMO mediates a secondary interaction with [KK2 upon
interaction with linear polyubiquitin, Fig. 2A. Western analysis of inn vitro GST-pull-
down with purified recombinant IKK2 and NEMO. Primary antibodies are lisled on
the left of each panel and the presence of each protein is indicaled above each
tlane. Full length NEMO binds full length IKK2 {lanes 7 and 8) while removal of the
NBD results in NEMO:KKZ binding that is dependent upon the presence of linear
polyubiguitin (Ub4) (lanes §-12). Fig. 2B. The C-terminal CC2-ZF (NEMO#1419) ig
sufficient to bind IKK2 in the presence of Ubd {lanes 9-12) but interacts only very
weakly with IKK1 {(lanes 7 and 8). Fig. 2C. Removal of the C-terminal ZF
(NEMO241-3%) does not affect Ub4-dependent binding to IKK2 {lanes 9 and 10}
while further deletion of NEMO residues 384-380 (NEMQ*38%) disrupts the
interaction (lanes 3-8). Fig. 2D, Mutation of NEMQO residues 384-389 (lanes 5 and
6) or 384-386 (lanes 3 and 4) is sufficient to disrupt the Ubd-dependent secondary
binding of NEMQO 1o IKK2. Asterisks in the bottom panels of Fig. 24, 2C, and 2D
indicate proteins from the GST-NEMQO preparations that, on account of the
relatively high amount of GEST-NEMO reguired to puli-down IKKZ via secondary

interaction, react nonspecifically with the anti-His primary antibody.

Figs. 3A-3C. NEMO residues 384-389 are required for full IKKZ2 activation
in celis and the peplide in isolation competitively inhibits secondary sile binding.
Fig. 3A. Western blot analysis of lysates from HEKZ293T cells transfected with full
length human HA-IKKZ and full length human Myc-NEMO of either native
sequence or with residues 384-386 (3G) or 384-388 {6G) mutated to glycines.
IKKZ activation loop hyperphosphorylation is observed when both [KK2 and NEMO
are overexprassed (top panel, lane 3). Mutant NEMO protsins do not support

robust IKK2 activation loop hyperphosphorylation (fop panel, lanes 4 and 5)

3 Fig.
3B, Amino acid sequences for peptides consisting of HIV-1 TAT fused flexibly o
human NEMO amino acids 375-381 (TAT-NEMOAer) as well as a variant with
residues 384-389 muiated to glycine {TAT-NEMOAPer 65) Fig. 3B discloses SEQ
1D NOS 2-3, respectively, in order of appearance. Fig. 3C. Western blot analysis
of GST-pull-downs {top panel) from HA-IKKZ-transfected 293 cell lysales in the

presence of linear tetraubiquitin and NEMOAPeP and treated with decreasing (200-
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25 uM) TAT-NEMOA9Per or TAT-NEMOAPer 8¢ The inpuis containing lysates

augmented with purified proteins and peplides are shown below.

Figs. 4A-4D. Identification of a docking site for NEMOAPer Fig 4A. A
ribbon diagram representation of the human IKKZ2 homodimer with one subunif in
grey with semitransparent surface rendered and the other colored by domain. On
the right is an individual IKK2 monomer with domains labeled and Cu positions of
gach mulated residus indicated by a red sphere. Fig. 4B. Waestern blot analysis of
tysates from 293 cells transfected with native and mutant full length human HA-
IKK2. Mutation of residues Gludd1, Lysd4Z, or Asnddd to alanine weakens the
polyubiquitin-dependent asscciation of NEMO with IKK2 (lanes 6-13). Fig. 4C.
Weslern blot analysis of GST-puli-downs {top panel} from native and mutant HA-
KK2-transfected 283 cell lysates in the presence of linear isiraubiguitin and
NEMQ*4'® Inputs containing lysates augmenied with purified proteins are
shown below. Fig. 4D. A close-up view of the locations of Lys441, Glud42, and
Asndds as well as nearby acidic Aspb61, Aspb62, Glubb4, and GlubB5 residues
that constitute proposed docking site on IKK2 for NEMOAYPer, IKK2 domains are

labeled and the kinase aclivation loop is depicted/labeled.

Figs. 5A-50. NEMOAYer gpacifically inhibits canonical NF-xB signaling. Fig.
5A. Autoradiography of electrophoretic mobility shift assay (EMSA) with nuclear
extracis from Hela cells treated with TNF-a after pre-incubation with increasing
concentrations {10-50 uM) of either TAT-NEMOAPe? or TAT-NEMOAGPe 86 TAT.
NEMOAer disrupts NF-kB-dependent shift of radiolabeled probe (lanes 8-12,
upper panel) in a dose-dependent manner while control TAT-NEMOA®Per 88 doag
not {lanes 3-7). Lower panel shows that binding of the constitutive nuclear
transcription factor Oct1 to its probe is not affected by TAT-NEMQOAPer Fig, 58,
Western blot analysis of cytoplasmic {upper four panels) and nuclear sxiracts
(lower two paneis) from TNF-a-treated Hela cells after pre-incubation with
increasing concentrations of either TAT-NEMOAYPeP or TAT-NEMQACPer 65 IKK?
activation loop phosphoryiation and consequent IkBa degradation and NF-«B RelA
subunit nuclear iocalization are significantly diminished in the presence of TAT-

NEMOARP (lanes 9-12). Fig. 5C. Western blot analysis indicates no change in
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ihe extent of p10C processing in response to aclivation of the non-canonical NF-
kB pathway in Hela cells with lymphotoxin B receplor (LTER) after pre-treatment
with increasing concenirations of TAT-NEMOAYY® {lanes 3-7) and TAT-
NEMOAPeP 86 (lanes 8-12). Fig. 5D. Western blot analyses reveal that pre-
incubation with either TAT-NEMOAPer or TAT-NEMOAe0 66 has no effect upon

tevels of MAR kinase phosphorylation in TNF-a-ireated Hela celis.

Figs. BA-6D. NEMOAYPer does not display the foxicity profile associated with
ATP-competitive IKK2 inhibitor compound MLN120B. Fig. 6A. Autoradiography of
EMSA with nuclear extracts from BMDM cells treated with LPS after pre-incubation
with 50 pM of either TAT-NEMOACe or TAT-NEMOACPer 56 TAT.NEMOACPer
disrupts NF-kB-dependent shift of the radiolabeled probe {lane 3} while control
TAT-NEMQA°"er 85 doas not (lane 4). Fig. 88. The effect of TAT-NEMOAY® prg.
ireatment on relative mRNA levels of select NF-xB larget genes as measured by
RT-qPCR of BMDM cells induced by LPS. Dala were compared by unpaired f-lest.
0 < (.05 7p < 0.01; "p < 0.001. Figs. 6C-6D. Proiein levels of cytokines IL~15
and TNF-q in the supernatant of culiured BMDM cells pre-incubated with or without
100 uM TAT-NEMOAY e or MLN120B prior to TNF-a stimulation.

Fig. 7. Schematic repraesentation of IKK2 subunit stabilization in response
o lingar polyubiguitin binding to NEMO subunits within the IKK complex. The two
NEMO subuniis of the KK complex helerctetramer associale via paraliel
homotypic coiled-coil interactions upon binding of linsar polybuiquitin, This alters
NEMO structure and dynamics and promotes second sile interaction with [KK2
stabilizing the complex in an open conformation that is primed for activation via

frans phosphoryiation of its activation segment.

Fig. 8A. Coomassie-stained SDS PAGE analysis of purified recombinant
proteins emploved in in vifro IKK2Z frans auto-phosphorylation kinase assay: full
length IKK2 (lane 2), IKK2X¥ (lanes 3-8), IKK2'-9595E {lane @), full length NEMO
{lane 10} and linear tetraubiquitin (lane 11}. Figs. 8B-8C. Coomassie-stained S05
PAGE (Fig. 8B) and chromatogram of size exclusion chromatography {Fig. 8C) of
a mixture of purified full length human NEMO and linear tetraubiguitin (Ub4). The
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complex elutes as peak 1 and free Ub4 is peak 2.

Fig. 9A. Coomassie-stained SDS PAGE of purified recombinant IKK2 and
GST-NEMO protein deletion constructs employed in mapping the secondary
binding site on o residues 384-389 of human NEMO. Figs. 98-8C. Coomassie-
stained SD& PAGE (Fig. 9B) and chromatogram of size exclusion chromatography
{Fig. 9C) of a mixture of purified NEMO?*™ and linear tetraubiquitin (Ub4). The
complex elutes as peak 1 and free Ubd is peak 2. Figs.9D-9F. Coomassie-stained
SDS PAGE (Fig. 9D} and chromatograms of size exclusion chromatography of a
mixture of purified NEMO?™3% and linear tetraubiguitin {Ub4) (Fig. 8E) and free
Ubd (Fig. 9F). The complex elutes as peak 1 and free Ub4d is peak 2. Fig. 9G.
Comparison of primary amino acid sequences from the C-terminal ends of
mammalian NEMO proteins. The proposed second binding site (labeled) is a
conserved ssquence of six amino acids corresponding to human NEMO residues
384-388 within a proline-rich region linking the CC2 and ZF {(both labeled).
ldentical residues are present in mousse, bovine, and rat NEMO proteins. The
Drosophifa IKKy homolog, which has not been shown conclusively to be reguired
for Drosophila IKKE activation in responss {0 linear polyubiquiting lacks this motif,
Fig. 96 discloses SEQ 1D NOS 4-8, respectively, in order of appearance.

Fig. 10A-10D. Western blots for pull-down experiments in Figs. 2A-2D. Figs.
10A-10D correspond fo the respective panels in Figs 2A-2D. Purified proteins
used in the sxperiment are detecled prior to GST-~pull-down {(an “Inpuis”} in lanes
-7 through 0. Lanes 1-12 are the same as in Figs. 2A-2D but the entire blots are
shown, Excess GST proteins both in the input and puli-down lanes appear as non-

specific “ghost” bands in anti-His blots in panels Figs. 108 and 10D,

Fig. 11A. A summary table of all mutant IKK2 proteins employed in mapping
the second site of linear polyubiqutin-dependent intsraction with NEMQ including
their observed sxpraession levels and degree of activation loop phosphorylation
upon co-transfection with NEMO. Fig. 11B. Western blot analysis moniforing
expression of native (WT) and mutant human IKKZ proteins in transfecied

HEKZ283T celis. Fig. 11C. Weslern blot analysis monitoring the extent of tKK2
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activation loop phosphorylation in HEK283T cells fransfected with WT or mutant
KK2 in the absence (-} or presence (+) of co-transfecled NEMOG. Fig. 11D
Weslern blot analysis indicates that mutation of aspartic acid residues 383 and
385 io alanine does not interfers with the ability of IKK2 to become fully active
when co-transfected with NEMO into HEK293T celis (lanes 31-34).

Fig. 12 A. Densitomelry analysis of Ig-xB DNA binding by Hela cell nuclear
lysates as detecled by EMSA (Fig. 5A). Data were compared by unpaired Hest
v < 0.05; "p < 0.01. Fig. 12B. Western blot analysis of cyloplasmic (upper four
panels) and nuclear extracts (lower two panels) from LPS-reated RAW 264.7 cells
after pre-incubation with increasing concentirations of sither TAT-NEMOA¢Per or
TAT-NEMQAePer 66 Figg, 12C-12D. Autoradiography (Fig. 12C) of EMSA with
nuclear exiracts from RAW 264.7 celis freated with LPS afier pre-incubation with
increasing concentrations (5-55 uM) of either TAT-NEMOASe or TAT-NEMOA e
85, Densitornetry analysis of Ig-kB DNA binding by RAW 264.7 cell nuclear lysates
as detected by EMSA (Fig. 12D). Data were compared by unpaired flest. "p <
G.05; ™'p < 0.01. Fig. 12E. Autoradiography of EMSA with nuclear extracts from
MEF celis treated with TNF-a after pre-incubation with increasing concentrations
(10-50 uM) of either TAT-NEMQAe or TAT-NEMQAFe 86

Figs. 13A~13B. Gel shift assays of KB DNA binding activity in purified nuclei
from Helba cells induced with either LPS (Fig. 13A) or TNF-a {(Fig. 13B}. In both
experiments, cells were treated with versions of NEMOATer gnd NEMOAPep 86
lacking the N-terminal HIV-1 TAT cell permsabilization peptlide sequence. Rather,
the peptides were introduced {o cells in combination with the indicated amounts {(in
uM) of K16Apek synthetic transport peptide. This shows that the inhibitor effect
on NF-kB activity of NEMOAYP0 |5 not reliant upon the HIV-1 TAT peptide. EMSA
of ig-kB DNA binding by Hela cell nuclear lysates and aulodradiography was

performed as described in Figs. SA-50.
DETAILED DESCRIPTION

The present disclosure provides IKKZ specific and effeclive inhibitors, and

method of use therecof, for trealing and/or preventing inflammation in various
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diseases and/or numerous inflammatory disease syndromaes, including but not

limited to, inflammation-induced cancers.

While various embodimenis of the invention have been shown and
described herein, twill be obvious to those skilled in the art that such embodiments
are provided by way of example only. Numerous variations, changes, and
substitutions may occur to those skilied in the art without departing from the
invention. it should be understood that varicus allernatives o the embodiments of
the invention described herein may be employed.

Definitions

Many modifications and other embodiments disclosed herein will come to
mind to one skilled in the art to which the disclosed compositions and methods
pertain having the benefil of the teachings presented in the foregoing descriptions
and the associaled drawings. Therefore, itis to be understood that the disclosures
are not {¢ be limited to the specific embodiments disclosed and that modifications
and other embodimenis are intended to be included within the scope of the
appended claims. The skilled artisan will recognize many varianis and adaptations
of the aspects described hersin. These variants and adaptations are intended to
be included in the teachings of this disclosure and to be encompassed by the

claims herein.

Although specific terms are employed herein, they are used in a generic

and descriptive sense only and not for purposes of imitation.

As will be apparent to those of skill in the art upon reading this disclosure,
gach of the individual embodiments described and illustraled herein has discrete
componenis and features which may be readily separated from or combined with
the features of any of the other several embodiments without depariting from the

scope or spirit of the present disciosure.

Any recited method can be carried out in the order of events reciied or in
any other order that is logically possible. That s, unless otherwise expressly stated,

it is in no way intended that any method or aspect set forth herein be construed as
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requiring that its steps be performed in a specific order.  Accordingly, where a
method claim does not specifically state in the claims or descriptions that the steps
are to be limited to a specific order, it is no way intended that an order be inferred,
in any respect. This holds for any possible non-express basis for interpretation,
including maiters of logic with respect (o arrangement of steps or operational flow,
plain meaning derived from grammatical organization or punctuation, or the

number or type of aspects described in the specification.

All publications and patents ciled in this specification are cited o disclose
and describe the methods and/or malerials in connection with which the
publications are cited. All such publications and patenis are herein incorporated by
references as if each individual publication or patent were specifically and
individually indicated 1o be incorporaied by reference. Such incorporation by
reference is expressly limited to the methods andior materials described in the
cited publications and patents and does not extend to any lexicographical
definitions from the cited publications and patents. Any lexicographical definition
in the publications and palents ciled that is not also expressly repeated in the
instant application should not be freated as such and shouid not be read as
defining any lerms appearing in the accompanying claims. The cilation of any
publication is for iis disclosure prior {0 the filing date and should not be construed
as an admission that the present disclosure is not entitled {0 antedate such
publication by virtue of prior disclosurs. Further, the dates of publication provided
could be different from the actual publication dales that may need io be

indepsndently confirmed.

While aspects of the present disclosure can be described and claimed in a
particular statutory class, such as the system statulory class, this is for
convenience only and one of skill in the art will understand that sach aspect of the

present disclosure can be described and claimed in any statutory class.

it is also to be undersicod that the terminclogy used hersin is for the
purpose of describing particular aspects only and is not intended o be limiting.

Unless defined otherwise, all technical and scientific terms used herein have the

12
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same meaning as commonly understood by one of ordinary skill in the art to which
the disclosed compositions and methods belong. it will be further understood that
lerms, such as those defined in commonly used dictionaries, should be interpreled
as having a meaning that is consistent with their meaning in the conlext of the
specification and relevant art and should not be interpreted in an idealized or overly

formal sense unless expressly defined herein.

Aspects of the present disclosure will employ, unless otherwise indicated,
techniques of molecular biology, microbiclogy, organic chemistry, biochemistry,
physiclogy, cell biclogy, blood vessel biclogy, and the like, which are within the

skill of the art. Such techniques are explained fully in the literature.

Frior to describing the varicus aspects of the present disclosure, the
following definitions are provided and should be used unless otherwise indicated.

Additional terms may be defined elsewhere in the present disclosure.

As used herein, “comprising” is {o be interpreted as specifying the presence
of the siated features, integers, steps, or components as referred to, but does not
preclude the presence or addilion of one or more feaiures, integers, sieps, or
components, or groups thereof. Morgover, each of the terms “by”, “comprising,”
‘comprises”, “comprised of” ‘“including,” “includes,” “included,” “involving,”
‘involves,” “involved,” and “such as” are used in their open, non-limiting sense and
may be used interchangeably. Further, the term “comprising” is intended to include
gxamples and aspects encompassed by the terms “consisting essentially of” and
“‘consisting of.” Similarly, the term “consisting essentially of’ is intended {0 include

examples encompassed by the term “consisting of.

As used herein, the term “and/or” includes any and all combinations of one
or more of the associated lisied items. Expressions such as “at least one of” when
preceding a list of elements, modify the entire list of elements and do not modify
the individual elementis of the list.

As used in the specification and the appended claims, the singular forms

a,” "an” and “the” include plural referents unless the context clearly dictates

otherwise. Thus, for example, reference 1o “a therapseutic agent,” “a therapeutic

13
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agent that largels the AMPK/caspase-6 axis,” or “a capase-6 inhibitor,” including,
but not limiled to, two or more such therapeutic agents, therapeutic agents that
largel the AMPK/caspase-6 axis, or capase-& inhibitors, including combinations of
therapeutic agents, therapeutic agents that target the AMPK/caspase-6 axis, or

capase-g inhibitors, and the like.

Reference to "a/an” chemical compound, therapeutic ageni, and
pharmaceutical composition each refers to one or more molecules of the chemical
compound, therapeutic agent, and pharmacsutical composition rather than being
imited to a chemical compound, therapeutic agent, and pharmaceutical
composition, the one or more molecules may or may not be identical, s long as
they fall under the category of the chemical compound, therapeutic agent, and

LY

pharmaceutical composition. Thus, for example, "8" therapsutic ageni is
interpreted o include one or more molecules of the therapeutic agent, where the
therapseutic agent molecules may or may not be identical (e.g., comprising different
isotope abundances and/or different degrees of hydration or in equilibrium with

different conjugate base or conjugate acid forms).

i should be noted that ratios, concentrations, amounts, and other numerical
data can be expressed herein in a range format. I{ will be further understood that
the endpoints of each of the ranges are significant both in relation to the other
endpoint, and independently of the other endpoint. it is also undersiocd that there
are a number of valuss disclosed herein, and that each valug is also herein
disclosed as "about” that particular value in addition {o the value itself. For
example, if the valug "(0" is disclosed, then "about 10" is also disclosed. Ranges
can be expressed herein as from "aboutl” one particular value, and/or to "about”
another particular value. Similarly, when values are expressed as approximations,
by use of the antecedent "about,” it will be understood that the particular value
forms a further aspect. For example, if the value "about 10" is disciosed, then "10"

is also disclosed.

Where a range is expressed, a further aspect includes from the one

particular value and/or to the other particular value. Where a range of values is

14
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provided, it is understood that each inlervening value, to the lenth of the unit of the
fower limit unless the context clearly dictales otherwise, between the upper and
lower limil of that range and any other stated or intervening value in that stated
range, is encompassed within the disclosure. The upper and lower limits of these
smatler ranges may independently be included in the smaller ranges and are also
encompassed within the disclosure, subject (o any specifically excluded limitin the
stated range. Where the slaled range includes one or both of the limits, ranges
excluding either or both of those included limils are also included in the disclosure.
For example, where the staled range includes one or both of the limits, ranges
excluding sither or both of those included limits are also included in the disclosure,
e.g. the phrase "x o v" includes the range from X' to 'y’ as well as the range greater
than X' and less than 'y, The range can also be expressed as an upper limit, e.g.
‘about X, v, Z, or less’ and should be interpreted {o include the specific ranges of
‘about ¥, about v, and ‘about Z' as well as the ranges of 'less than i, less than y',
and ‘less than z'. Likewise, the phrase 'about x, v, z, or greater’ should be
interpreted to include the specific ranges of 'about X', "about ¥, and 'about 2’ as
well as the ranges of ‘greater than ¥, greater than v, and 'greater than z\. In

Ry M

addition, the phrase "about X' o V", where X' and 'y are numerical values,

Ry P

includes "about X' to about 'y™.

it is to be undersiood that such a range format is used for convenience and
bravity, and thus, should be interpreted in a flexible manner o include not only the
numerical values explicitly recited as the limits of the range, but also {0 include all
the individual numerical values or sub-ranges encompassed within that range as
if each numerical value and sub-range is expilicitly recited. To illusirats, a numerical
range of "about (.1% o 5%" should be interpreted o include not only the explicitly
recited values of about 0.1% 1o about 5%, but also include individual values {e.q.,
about 1%, about 2%, about 3%, and about 4%) and the sub-ranges {e.g., about
0.5% to about 1.1%; about 5% to about 2.4%,; about 0.5% to about 3.2%, and
about 0.5% to about 4.4%, and cther possible sub-ranges) within the indicated

range.

As used herein, "about,” "approximately,” "substantially,” and the like, when
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used in connection with a numerical variable, can generally refers {o the value of
the variable and to all values of the variable that are within the experimental error
(e.g., within the 95% confidence interval for the mean) or within +/- 10% of the
indicated value, whichever is greater. As used hergin, the terms "about”
"approximate,” "at or about,” and "substantially” can mean that the amount or value
in guestion can be the exact value or a value thal provides squivalent resulls or
gffects as recited in the claims or taught herein, That is, it is undersiood thal
amounts, sizes, formulations, paramelers, and other guantities and characterisiics
are not and need not be exact, but may be approximate and/or larger or smaller,
as desired, refleciing tolerances, conversion factors, rounding off, measurement
grror and the like, and other factors known to those of skill in the art such that
equivalent results or effects are oblained. in some circumstances, the value that
provides equivalent results or effects cannot be reasonably determined. in general,
an amount, size, formulation, parameter or other quantity or characteristic is
"about,” "approximais,” or "at or about” whether or not expressiy stated to be such.
it is understood that where "about,” "approximate,” or "at or about” is used before
a quantitative value, the parameter also includes the specific quantitative value

itself, unless specifically stated otherwise.

As used herein, the terms Toptional” or "optionally” means that the
subsequently described event or circumstance can or cannot occur, and that the
description includes instances where said event or circumstance occurs and

instances where it does not.

As used herein, "administering” can refer o an administration that is oral,
iopical, intfravenous, subcutaneous, transcutaneous, transdermal, inframuscular,
intra-joint, parenteral, intra-artericle, intradermal, intraventricular, intracsssous,
intraocular, intracranial, intraperifoneal, intralesional, intranasal, intracardiac,
intraarticular, intracavernous, intrathecal, infravireal, intracerebral, and
intracerebroventricular, intratympanic, infracochiear, rectal, vaginal, by inhalation,
by catheters, stents or via an implanted reservoir or other device that administers,
either actively or passively {e.g. by diffusion)} a compasition the perivascular space

and adventilia. For example, a madical device such as a slent can contain a
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composition or formulation disposed on ils surface, which can then dissolve or be
otherwise distributed t¢ the surrounding tissue and cells. The term "parenteral” can
include subcutaneous, infravenous, intramuscular, infra-articular, infra-synovial,
intrasternal, intrathecal, intrahepatic, iniralesional, and intracranial injections or
infusion lechnigues. Administration can be continuous or inlermitient. In various
aspects, a preparation can be administered therapeutically; that is, administered
o treat an existing disease or condilion. In further various aspects, a preparation
can be administered prophylactically; that is, administered for prevention of a

dissase or condilion.

As used herein, "therapeutic agent” can refer to any substance, compound,
molecule, and the like, which can be biologically aclive or otherwise can induce a
pharmacologic, immunogenic, biologic andfor physiclogic effect on a subject o
which it is administered {o by local and/or systemic action. A therapeutic agent can
be a primary aclive agent, or in other words, the componenti(s} of a composition io
which the whole or part of the seffect of the compaosition is attribuied. A therapeutic
agent can be a secondary therapeutic ageni, or in other words, the componeni(s)
of a composition {0 which an additional part and/or other effect of the compaosition
is attributed. The term therefore encompasses those compounds or chemicals
iraditionally regarded as drugs, vaccines, and biopharmaceuticals including
molecules such as proteins, peplides, hormones, nucleic acids, gene constructs
and the like. Examples of therapeutic agents are described in well-known literature
references such as the Merck index (14th edition), the Physicians’ Desk Reference
{64th edition), and The Pharmacological Basis of Therapeutics {12th edition), and
they include, without limitation, medicaments; vitamins;, mineral supplements;
substances used for the treatment, prevention, diagnosis, cure or mitigation of a
disease or iliness; substances that affect the structure or function of the body, or
pro-drugs, which become biclogically active or more active after they have been
placed in a physiological environment., For example, the term "therapeutic agent”
includes compounds or compositions for use in all of the major therapeulic areas
including, but not limited to, adjuvants; anti-infectives such as antibiotics and

antiviral agents; analgesics and analgesic combinations, anorexics, anti-
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inflammatory agents, anti-epileptics, local and general anesthetics, hypnotlics,
sedatives, antipsycholic agents, neurcleptic agents, antidepressants, anxiolytics,
antagonists, neuron blocking agents, anticholinergic and cholinomimetic agents,
antimuscarinic  and  muscarinic  agents, antiadrenergics, anfiarrhyihmics,
antihyperiensive agenis, hormones, and nutrients, antiarthritics, antiasthmatic
agenis, anticonvuisants, antihistamines, anlinauseants, anlineoplastics,
antipruritics, antipyretics; antispasmaodics, cardiovascuiar preparations {(including
calcium channel blockers, beta-blockers, bela-agonists and antiarrythmics),
antihypertensives, diuretics, vasodilators; central nervous system stimulants;
cough and cold preparations; decongestiants; diagnostics; hormones; bone growth
stimulants and bone resorption inhibitors; immunosupprassives; muscle relaxants;
psychostimulants; sedalives; tranguilizers; proleins, peplides, and fragments
thereof (whether naturally occurring, chemically synthesized or recombinantly
produced); and nucleic acid molecules {polymeric forms of two or more nuclectides,
gither ribonucleotides (RNA) or deoxyribonucieotides (DNA) including both double-
and single-stranded molecules, gene constructs, expression veclors, antisense
molecules and the like), small molecules (e.g., doxorubicin} and other biologically
active macromolecules such as, for example, proteins and enzymes. The agent
may be a biclogically active agent used in medical, including wveterinary,
applications and in agriculiure, such as with plants, as well as other areas. The
term therapeutic agent also includes without limitation, medicamenis; vitamins;
mineral supplements; substances used for the treatment, prevention, diagnosis,
cure or mitigation of disease or illness; or substances which affect the structure or
function of the body; or pro- drugs, which become biclogically active or more active

after they have been placed in a predetermined physiological environment.

As used herein, "Kit" means a collection of at least two componenis
constituting the Kit. Together, the components constiluie a functional unit for a
given purpose. individual member components may be physically packaged
together or separately. For example, a kit comprising an instruction for using the
kit may or may not physically include the instruction with other individual member

componeants. instead, the instruction can be supplied as a separate member
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component, either in a paper form or an electronic form which may be supplied on
computer readable memory device or downloaded from an internet website, or as

recorded presentation.

As used herein, "instruction{s)” means documenis describing relevant
materials or methodologies perfaining to a kil. These malerials may include any
combination of the following: background information, list of components and their
availability information {purchase information, elc.}, brief or detailed protocols for
using the kit, trouble-shooting, references, lechnical supporl, and any other related
documenis. instructions can be supplied with the kit or as a separate member
component, sither as a paper form or an elecironic form which may be supplied on
computer readable memory device or downloaded from an inlernet website, or as
recorded presentation. Instructions can comprise one or multiple documents and

are meant {0 include future updates.

As used interchangeably herein, "subject,” "individual,” or "patient” can refer
o a vertebrate organism, such as a mammal (e.g. human). "Subject” can also refer
o a cell, a population of cells, a tissue, an organ, or an organism, preferably to

human and constituents therecf,

As used herein, the terms "ireating” and "treaiment” can refer generally to
obhtaining a desired pharmacological and/or physiclogical effect. The effect can be,
but does not necessarily have to be, prophylactic in terms of preventing or partially
preventing a disease, symptom or condition therecf. The effect can be therapeutic
in terms of a partial or complete cure of a disease, condition, symptom or adverse
gffect attributed to the disease, disorder, or condition. The lerm "lreatment” as
used herein can include any treatment of inflammation associated with any disease
in a subject, particularly a human and can include any one or more of the following:
{(a) preventing the diseass from occurring in a subjsct which may be predisposed
o the dissase but has not yel been diagnosed as having it; (b} inhibiting the
disease, iL.e., amesting its development; and (¢) relisving the disease, ie.,
mitigating or amsliorating the dissase and/or its symptoms or conditions. The term

reatment” as used herein can refer to both therapeulic treatment alone,
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prophylactic freatment alone, or both therapeutic and prophylactic trealment.
Those in need of reatment (subjects in need thereof) can include those already
with the disorder and/or those in which the disorder is to be prevenied. As used
herein, the term "lreating”, can include inhibiting the disease, disorder or condition,
e.g., impeding its progress; and relieving the disease, disorder, or condition, e.g.,
causing regression of the disease, disorder and/or condition. Treating the disease,
disorder, or condition can include ameliorating at least one symptom of the
particular disease, disorder, or condition, even if the underlying pathophysiology is
not affected, e.g., such as treating the pain of a subject by administration of an

analgesic agent even though such agent does not treat the cause of the pain.

As used herein, the term "therapeutically effective amount” refers o an
amouni that is sufficient to achieve the desired therapeutic resull or 1o have an
gffect on undesired symptoms, but is generally insufficient to cause adverse side
effects. The specific therapeutically effective dose level for any particular patient
wiil depend upon a variety of factors including the disorder being treated and the
severity of the disorder; the spedcific composition employed; the age, body weight,
general health, sex and diet of the patient; the time of administration; the route of
administration; the rate of excretion of the specific compound employed; the
duration of the treaiment; drugs used in combination or coincidental with the
specific compound smployed and like factors within the knowledge and expertise
of the health practitioner and which may be well known in the medical arts. In the
case of treating a particular disease or condition, in some instances, the desired
response can be inhibiting the progression of the disease or condition. This may
involve only slowing the progression of the disease temporarily. However, in other
instances, it may be desirable to halt the progression of the disease permanently.
This can be monitored by routine diagnostic methods known to one of ordinary skill
in the art for any particular disease. The desired response {o ireatment of the
disease or condition also can be delaying the onset or even preventing the onset

of the diseases or condition.

For example, it is well within the skill of the ari to start doses of a compound

at ievels lower than those required o achieve the desired therapeutic effect and 1o
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gradually increase the dosage until the desired effect is achieved. If desired, the
effective daily dose can be divided into multiple doses for purposes of
administration.  Consequently, single dose compositions can contain such
amounts or submulliples thereof {0 make up the daily dose. The dosage can be
adiusted by the individual physician in the event of any contraindicalions. It is
generally preferred that a maximum dose of the pharmacological agenis of the
invention (alone or in combination with other therapeutic agents) be used, that is,
the highest safe dose according to sound medical judgment. it will be understood
by those of ordinary skill in the arf however, that a patient may insist upon a lower
dose or folerable dose for medical reasons, psychological reasons or for virtually

any other reasons.

A response 0 a therapeutically effective dose of a disclosed compound
and/or pharmaceutical composition, for example, can be measured by determining
the physiological sffects of the ireatment or medication, such as the decrease or
lack of disease sympioms following adminisiration of the treatment or
pharmacological agent. Other assays will be known 1o one of ordinary skill in the
art and can be employed for measuring the level of the response. The amount of
a treaiment may be varied for example by increasing or decreasing the amount of
a disclosed compound and/or pharmaceutical compaosition, by changing the
disclosed compound and/or pharmaceutical composition administered, by
changing the route of administration, by changing the dosage timing and so on.
Dosage can vary, and can be administered in one or more dose administrations
daily, for one or several days. Guidance can be found in the literature for

appropriate dosages for given classes of pharmacsutical products.

As used herein, the term "prophylactically effective amount” refers to an

amount effective for preventing onset or initiation of a dissase or condition.

As used hersin, the term "prevent” or "preventing” refers to preciuding,
averting, obviating, forestalling, stopping, or hindering something from happening,
especially by advance action. it is undersiood that where reduce, inhibit or prevent

are used herein, unless specifically indicated otherwise, the use of the other two
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words is also expressiy disclosed.

The term "pharmaceutically acceptable” describes a malerial that is not
biologically or otherwise undesirable, i.e., withoul causing an unacceptable level

of undesirable biological effects or inferacting in a deleterious manner.

The term "pharmaceutically acceptable salis”, as used herein, means salls
of the active principal agents which are prepared with acids or bases that are
ivlerated by a biclogical system or tolerated by a subject or tolerated by a biclogical
system and lolerated by a subject when adminisiered in a therapeuticaily effective
amount. When compounds of the present disclosure contain relalively acidic
funclionaliies, base addition salls can be oblained by contacting the neutral form
of such compounds with a sufficient amount of the desired base, either neal or in
a suilable inert solvent. Examples of pharmaceutically acceplable base addition
salts include, but are not limited lo; sodium, polassium, calcium, ammonium,
organic amino, magnesium salt, lithium salt, strontium salt or a similar salt. When
compounds of the present disclosure contain relatively basic functionalities, acid
addition salts can be oblained by contacting the neutral form of such compounds
with a sufficient amount of the desired acid, either neat or in a suitabls inert solvent.
Examples of pharmacsutically acceplable acid addition saits include, but are not
limited to; those derived from inorganic acids like hydrochloric, hydrobromic, nitric,
carbonic, monohydrogencarbonic,  phosphoric,  monchydrogenphosphoric,
dihydrogenphosphoric, sulfuric, monohydrogensuiiuric, hydriodic, or phosphorous
acids and the like, as well as the salis derived from relatively nontoxic organic acids
like acetic, propionic, isobutyric, malsic, malonic, benzoic, succinic, suberic,
fumaric, lactic, mandelic, phthalic, benzenesuifonic, p-tolyisulfonic, citric, tartaric,
methanesulfonic, and the like. Also included are salls of amino acids such as
arginate and the like, and salls of organic acids like glucuronic or galactunoric

acids and the like.

The term "pharmaceutically acceptable ester” refers o esters of compounds
of the present disclosure which hydrolyze in vivo and include those that break

down readily in the human body {0 leave the parent compound or a salt thereof.
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Examples of pharmaceutically accepiable, non-toxic esters of the present
disclosure include C 1 -to-C 6 alkyl esters and C 5 -to-C 7 cycloalkyl esters,
although C 1 -to-C 4 alkyl esters are preferred. Esters of disclosed compounds can
be prepared according io conventional methods. Pharmaceutically acceplable
esters can be appended onfo hydroxy groups by reaction of the compound that
contains the hydroxy group with acid and an alkylcarboxylic acid such as acelic
acid, or with acid and an arylcarboxylic acid such as benzoic acid. in the case of
compounds conlaining carboxylic acid groups, the pharmaceulically acceptable
esters are prepared from compounds coniaining the carboxylic acid groups by
reaction of the compound with base such as triethylamine and an aikyl halide, for
example with methyl iodide, benzyl iodide, cyclopentyl iodide or alkyl triflate. They
also can be prepared by reaction of the compound with an acid such as

hvdrochloric acid and an alcohol such as ethanol or methanol.

The term "pharmaceutically acceplable amide” refers to non-loxic amides
of the present disclosure derived from ammonia, primary C 1 -10-C & alkyl amines
and secondary C 1 -to-C & dialkyl amines. In the case of secondary amines, the
amine can also be in the form of a 5- or 6-membered helerocycle containing one
nitrogen aiom. Amides derived from ammonia, C 1 ~to-C 3 alkyl primary amides
and C 1 -to-C 2 dialkyl secondary amides are preferred. Amides of disciosed
compounds  can  be prepared according o conventional methods.
Pharmaceutically acceptable amides can be prepared from compounds containing
primary or secondary amine groups by reaction of the compound that contains the
amino group with an alkyl anhydride, aryl anhydride, acyl halide, or aroyl halide. In
the case of compounds containing carboxylic acid groups, the pharmaceutically
acceptable amides are prepared from compounds containing the carboxylic acid
groups by reaction of the compound with base such as triethylamine, a dehydrating
agent such as dicyclchexyl carbodiimide or carbonyl dilmidazole, and an alkyl
aming, dialkylamine, for example with methylamine, disthylamine, and piperidine.
They alsc can be prepared by reaction of the compound with an acid such as
sulfuric acid and an alkylcarboxylic acid such as acetic acid, or with acid and an

arvicarboxylic acid such as benzoic acid under dehydrating conditions such as with
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molecular sieves added. The composition can contain a compound of the present

disclosure in the form of a pharmaceutically acceplable prodrug.

The term "pharmaceutically accepiable prodrug” or "prodrug” represents
those prodrugs of the compounds of the present disclosure which are, within the
scope of sound medical judgment, suilable for use in contact with the tissues of
humans and lower animals without undue toxicily, irritation, allergic response, and
the like, commensurale with a reasonable benefitfrisk ratio, and effective for their
intended use. Prodrugs of the present disclosure can be rapidly transformed in
vivo 1o a parent compound having a structure of a disclosed compound, for
example, by hydrolysis in blood. A thorough discussion is provided in T. Higuchi
and V. Stella, Pro-drugs as Novel Delivery Systems, V. 14 of the AC.S.
Symposium Series, and in Edward B. Roche, ed., Bioreversible Carriers in Drug

Design, American Pharmaceutical Association and Pergamon Press {(1987).

As used herein, the term "derivative” refers to a compound having a
structure derived from the structure of a parent compound {(e.g., a compound
disclosed herein) and whose structure is sufficiently similar to those disclosed
hersin and based upon that similarity, would be expected by one skilled in the art
to exhibit the same or similar activilies and utilities as the claimed compounds, or
o induce, as a precursor, the same or similar aclivities and utilities as the claimed
compounds. Exemplary derivalives include salis, esters, amides, salts of eslers

or amides, and N-oxides of a parent compound.

As used herein, nomenclature for compounds, including organic
compounds, can be given using common names, [UPAC, UBMB, or CAS
recommendations for nomenclature. When one or more stereocchemical features
are present, Cahn-Ingold-Prelog rules for sterecchemisiry can be employed o
designate stereochemical priorily, BE/Z specification, and the like. One of skill in the
art can readily asceriain the structure of a compound if given a name, sither by
systemic reduction of the compound siructure using naming conventions, or by
commercially available software, such as CHEMDRAW™ (Cambridgesoft
Corporation, U.S.AL}

7
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it is undersiood, that unless otherwise specified, temperatures referred to

herein are based on atmospheric pressure {i.e. one atmosphere).
Treatment and/or Frevention Method

Disclosed herein is a method of treating and/or preventing inflammation in
various disease in a patient in need thereof, comprising administering to the patient
a therapeutically effective amount of an IKK2 specific and effective inhibilor that
targets the second interaction interface betwesn NEMO/AKKy and IKKZ/IKKE. In
certain embodiments, the inhibitor is the peptide NEMOAY™® comprising six amino
acids of QRRSPP (SEQ 1D NO: 1), corresponding to amino acid residues 384-388
of human NEMO. In other embodiments, the inhibitor is a small molecule andfor
compound derived from the peptide NEMOAPe? and/or the region of NEMO/IKKy
comprising amino acids immediatsly N-terminal to the zinc finger domain in human
NEMO/KKYy.

in certain embodiments, provided herein is a method for reducing the level
of inflammation. Methods for measuring the extent of inflammation are well known
it the art. In one embodiment, the level of inflammation is reduced by about 5% o
about 100%. In one embodiment, the level of inflammation is reduced by at least
about 5%, atl least about 10%, at least about 15%, at least about 20%, at least
about 25%, at least about 30%, at least about 35%, at ieast about 40%, at least
about 45%, at least 50%, al least about 55%, at least about 60%, at least about
85%, at least about 70%, at least about 75%, at least about 80%, at least about
85%, at least about 80%, atl lsast about 95%, or about 100% in the subject.

Peplide/Small Molecule/Compound Inhibitor of IKK2 activation

As disclosed herein, in cerlain embodiments, the [KKZ inhibitor is the
peptide NEMOAY® comprising six amino acids of QRRSPP {SEQ 1D NO: 1),
corresponding {0 amino acid residues 384-389 of human NEMO. in other
embodiments, the inhibitor can be a small molecule and/or compound derived from
the peptide NEMOAYP® gnd/or the region of NEMO/IKKy comprising amino acids

immedialely N-terminal to the zinc finger domain in human NEMO/IKKy, The IKK2
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inhibitors disclosed herein, are highly effeclive and targeting IKK2 activation
pathway, but do not block MAPR kinase phosphoryiation or IKK1 via the non-
canonical NF-kB activation pathway. Therefore, the IKKZ inhibilors disciosed
herein can be developed into drugs with less or no toxicity as compared to other

inhibitors.,
Dosing and Administration

While it is possible for an active ingredient {o be administered along, it may
be preferable {o present them as pharmaceutical formulations or pharmaceutical
compositions as described below. The formulations, both for veterinary and for
human use, of the disciosure comprise at least one of the active ingredients,
iogsther with one or more acceplable carriers therefor and optionally other
therapeutic ingredients. The carriers must be “acceptable” in the sense of being
compatible with the other ingredients of the formulation and physiologically

innocuous to the recipient thergof.

Each of the aclive ingredients can be formulated with conventional carriers
and excipients, which will be selected in accord with ordinary practice. Tablets can
contain excipients, glidants, fillers, binders and the like. Aqueous formulations are
prepared in sterile form, and when intended for delivery by other than oral
administration generally will be isotonic. All formulations will optionally contain
excipients such as those set forth in the Handbook of Pharmaceutical Excipients
(1986). Excipients include ascorbic acid and other antioxidants, chelating agenis
such as EDTA, carbohydrates such as  dextrin, hydroxyalkylceliulose,
hydroxyaikylmethylceliulose, stearic acid and the like. The pH of the formulations
ranges from about 3 1o about 11, butis ordinarily about 7 to 10. The therapeutically
effective amount of active ingredient can be readily determined by a skilied
clinician using conventional dose escalation studies. Typically, the active
ingredient will be administered in a dose from .01 milligrams {o 2 grams. In one
embodiment, the dosage will be from about 10 milligrams to 450 milligrams. In

another embodiment, the dosage will be from about 25 to about 250 milligrams. In
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another embodiment, the dosage will be about 50 or 100 milligrams. In one
embodiment, the dosage will be about 100 milligrams. It is conlemplated that the
active ingredient may be adminisiered once, twice or three times a day. Also, the
aclive ingredient may be administered once or twice a week, once every two weaeks,
once every three weelks, once every four weeks, once every five weeks, or once

every six weeks.

The pharmaceutical compaosition for the active ingredient can include those
suitable for the foregoing administration routes. The formulations can conveniently
be presented in unit dosage form and may be prepared by any of the methods well
known in the art of pharmacy. Technigques and formulations generally are found
in Remington's Pharmaceutical Sciences (Mack Publishing Co., Easton, Pa.).
Such methods include the step of bringing into association the aclive ingredient
with the carrier which conslitules one or more accessory ingredients. In general,
the formulations are prepared by uniformly and intimately bringing inlo association
the active ingredient with liquid carriers or finely divided solid carriers or both, and

then, if necessary, shaping the productl.

Formulations suitable for oral administration can be presented as discrete
units such as capsules, cachels or tablets sach coniaining a predetermined
amount of the aclive ingredient; as a powder or granules; as a solution or a
suspension in an agueous or non-aqueous liguid; or as an oil-in~water liquid
emulsion or a water-in-oil liquid emulsion. The aclive ingredient may also be
administered as a bolus, electuary or paste. In certain embodiments, the aclive

ingredient may be administered as a subcutaneous injection.

A tablet can be made by compression or molding, optionally with one or
more accessory ingredients. Compressed tablets can be prepared by comprassing
in a suitable machine the aclive ingredient in a free~flowing form such as a powder
or granules, optionally mixed with a binder, lubricant, inert diluent, preservative, or
surface active agent. Molded fableis may be made by molding in a suilable

machine a mixiure of the powdered active ingredient moisiened with an inert liguid
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diluent. The tablets may oplionally be coated or scored and oplionally are
formulated so as to provide slow or controlied release of the active ingredient

therefrom.

The active ingredient can be adminisiered by any roule appropriate to the
condition. Suitable routes include oral, rectal, nasal, topical {including buccal and
sublingual), vaginal and parenieral (including subcutanecus, intramuscular,
intravenous, intradermal, intrathecal and epidural), and the like. It will be
appreciated that the preferred route may vary with for example the condition of the
recipient. In certain embodiments, the active ingredients are orally bicavailable and

can therefore be dosed orally. In one embodiment, the patient is human.

Pharmaceutical Compositions

The pharmaceutical compositions of the disclosure provide for an effective
amount of an IKKZ2 inhibilor disclosed herein. In ceriain embodiments, the IKK2
inhibitor is the peptide NEMOAP® disclosed herein. In other embodiments, the
inhibitor can be a small molecule and/or compound derived from the peplide
NEMQA“Per and/or the region of NEMO/IKKy comprising amino acids immediately

N-terminal to the zinc finger domain in human NEMO/IKKy.

When used for oral use for example, lablets, troches, lozenges, aqueous or
oil suspensions, dispersible powders or granules, emulsions, hard or soft capsules,
syrups or elixirs may be prepared. Compositions intended for oral use may be
prepared according o any method known 1o the art for the manufacture of
pharmaceutical compositions and such compositions may contain ong or more
agents including swestening agenis, flavoring agents, coloring agents and
preserving agents, in order {o provide a palatable preparation. Tablsls containing
the active ingredient in admixiure with non-loxic pharmaceutically accepiable
excipient which are suitable for manufacture of {ablels are acceptable. These
excipients may be, for example, inert diluenis, such as, for sxampie, calcium or
sodium carbonate, laciose, laciose monchydrate, croscarmeilose sodium,

povidone, calcium or sodium phosphate; granulating and disintegrating agents,
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such as, for example, maize starch, or alginic acid; binding agents, such as, for
example, cellulose, microcrysiailine cellulose, starch, gelatin or acacia; and
tubricating agents, such as, for example, magnesium siearate, stearic acid or tale.
Tablets may be uncoated or may be coaled by known techniques including
microgncapsulation to delay disinlegration and adsorption in the gastrointestinal
fract and thereby provide a sustained aclion over a longer period. For example, a
lime deiay material such as, for example, glyceryl monostearate or glyceryl

distearale alone or with a wax may be employed.

Formulations for oral use may be also presenied as hard gelatin capsules
where the active ingredient is mixed with an inert solid diluent, for example calcium
phosphate or kaolin, or as soft gelalin capsules wherein the active ingredient is
mixed with water or an oil medium, such as, for example, peanut oil, liquid paraflin

or olive oil.

Aqueocus suspensions of the disclosure contain the active materials in
admixture with excipients suilable for the manufacture of agueous suspensions.
Such excipients include a suspending agent, such as, for example, sodium
carboxymethylcelluiose, methylceliulose, hydroxypropyl methylcelluose, sodium
alginate, polyvinylpyrrolidone, gum tragacanth and gum acacia, and dispersing or
wetling agents such as, for example, a naturally occurring phosphatide {e.g.,
lecithin}, a condensation product of an alkylene oxide with a fatly acid (e.g.,
polyoxyethylene stearate), a condensation product of sthylene oxide with a long
chain aliphatic alcohol (e.g., hepladecaethyleneoxycetancl), a condensation
product of ethylene oxide with a partial ester derived from a fatty acid and a hexitol
anthydride {e.g., polyoxyethylene sorbitan monooleats). The aqueous suspension
may also contain one or more preservatives such as, for example, ethyi or n-propyt
p-hydroxy-benzoats, ons or more coloring agents, one or more flavoring agents

and one or more sweetening agents, such as, for example, sucrose or saccharin.

Oil suspensions may be formulated by suspending the active ingredient in
a vegetable oil, such as, for example, arachis oil, olive oil, sesams oil or coconut

oil, or in a mineral oil such as, for example, liquid paraffin. The oral suspensions
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may contain a thickening agent, such as, for example, beeswax, hard paraffin or
cetyl alcohol. Sweelening agents, such as, for example, those set forth above, and
flavoring agenis may be added {o provide g palatable oral preparation. These
compositions may be preserved by the addition of an antioxidant such as, for

example, ascorbic acid.

Dispersible powders and granules of the disclosure suilable for preparation
of an agueous suspension by the addition of water provide the active ingredient in
admixture with a dispersing or welting agent, a suspending ageni, and one or more
preservatives. Suilable dispersing or welling agents and suspending agents are
exgmplified by those disclosed above. Additional excipients, for example

sweelening, flavoring and coloring agents, may also be present.

The pharmaceutical compositions of the disclosure may also be in the form
of oil-in-water emulsions. The oily phase may be a vegelable oil, such as, for
example, olive ¢il or arachis ¢il, a mineral oil, such as, for example, liquid paraffin,
or a mixiure of these. Suilable emulsifving agents include naturally-occurring gums,
such as, for example, gum acacia and gum tragacanth, naturally occurring
phosphatides, such as, for example, soybean lecithin, esiers or partial esters
derived from fatly acids and hexilol anhydrides, such as, for example, sorbitan
monooleate, and condensation products of these partial esters with ethylene oxide,
such as, for example, polyoxyethyiene sorbitan monooleate. The emulsion may
also conlain sweetening and flavoring agents. Syrups and elixirs may be
formulated with sweetening agents, such as, for example, glycerol, sorbitol or
sucrose. Such formulations may also contain a demulcent, a preservative, a

flavoring or a coloring agent.

The pharmaceutical compositions of the disclosure may be inthe form of a
sterile injectable preparation, such as, for example, a sterile injectable agueous or
oleaginous suspension. This suspension may be formulated according to the
known art using those suilable dispersing or wetling agents and suspending
agenis which have been mentioned above. The sterile injectable preparation may

also be a sterile injectable solulion or suspension in a non-loxic parenterally
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acceptable diluent or solvent, such as, for example, a solution in 1,3-butane-diol
or prepared as a lyophilized powder. Among the acceptable vehicles and sclvents
that may be emploved are waler, Ringer's solution and isotonic sodium chioride
solution. In addition, sterile fixed oils may conventionally be employed as a solvent
or suspending medium. For this purpose any bland fixed oif may be emploved
including synthetic mono- or diglycerides. In addition, fatty acids such as, for

example, oleic acid may likewise be used in the preparation of injeclables.

The amount of active ingredient that may be combined with the carrier
material o produce a single dosage form will vary depending upon the host treated
and the particular mode of administration, such as oral administration or
subcutanecus injection. For example, a time-release formulation intended for oral
administration to humans may contain approximately 1 to 1000 mg of active
material compounded with an appropriaie and convenient amount of carrier
material which may vary from about 5 1o about 85% of the total compositions
(weight:weight). The pharmaceutical composition can be prepared o provide
easily measurable amounts for administration. For example, an aqueous solution
intended for intravenous infusion may contain from about 3 to 500 Cig of the active
ingredient per milliliter of solution in order that infusion of a suitable volume at a
rate of about 30 mb/hr can occur. When formulated for subculaneous
administration, the formulation is typicaily administered about twice a month over

a period of from about two 1o about four months.

Formulations suitable for parenteral administration include agueous and
non-agquecus sterile injection solutions which may contain anti-oxidants, buffers,
bacteriosiats and solutes which render the formulation isotonic with the blood of
the intended recipient; and aqueocus and non-aqueous sterile suspensions which

may include suspending agents and thickening agenis.

The formulations can be presented in unit-dose or muiti-dose containers,
for example sealed ampoules and vials, and may be stored in a fresze-dried
{lyophilized) condition requiring only the addition of the sterile liquid carrier, for

example waler for injection, immediately prior 1o use. bxtemporanecus injection
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solutions and suspensions are prepared from slerile powders, granules and {ablels
of the kind previously described. Preferred unil dosage formulations are those
containing a daily dose or unit daily sub-dose, as herein above reciled, or an

appropriate fraclion thereof, of the aclive ingredient.

in cerain embodiments, the inhibitor of the present disclosure may be
formulated in any suitable dosage form for an appropriale administration. in certain
embodiments, the methods provided herein comprise  administering a
pharmaceutical composition comprising the inhibitor of the present disclosure and
a pharmaceutically acceptable carrier or excipienl. Combination formulations
andfor treatment according t¢ the present disclosure comprise the inhibilor of the
present disclosure together with one or more pharmaceutically acceptable carriers
or excipients and optionally other therapeutic agenis, now known or laler
devsloped, for treating and/or preventing inflammation. Combination formulations
containing the aclive ingredient may be in any form suitable for the intended

method of administration.

Cancnical nuclear factor (NF)-«B signaling through the Inhibitor of B
Kinase (IKK) complex requires induction of IKKZ/IKKE subunit catalylic aclivity via
specific phosphoryiation within iis activation loop. This process is known o be
dependent upon the accessory ubiguitin-binding subunit NEMO/IKKyY as well as
polyubiquitin chains.  However, the mechanism through which polyubiquitin

binding serves to promote KK catalylic activity is unclear.

The present disclosure provides that binding of NEMO/IKKy to linear
polyubiguitin promotes a second interaction between NEMO/IKKy and IKK2/IKKE,
distinct from the well characterized interaction of the NEMO/IKKy N-terminus o
the “‘NEMO binding domain” at the C-terminus of IKKZ/IKKE. The location of this
second interaction was mapped {0 a stretch of roughly six amine acids immediately
N-terminal {o the zinc finger domain in human NEMO/IKKyY. The present disclosure
further provides that amino acid residues within this region of NEMQ/IKKy are
necessary for binding to IKK2/IKKP through this secondary interaction in vifro and

for full activation of IKKZ/IKKE in cultured cells. Furthermore, a docking sile was
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identified for this segment of NEMO/IKKy on IKK2/IKKE within its scaffold-
dimerization domain proximal {o the kinase domain-ubiguitin-like domain. The
present disciosure further provides that a peplide derived from this region of
NEMO/IKKY is capable of interfering specifically with canonical NF-«B signaling in
iransfected cells. The in vifro biochemical and cell cullure-based experimenis
disclosed in the present disclosure suggest that, as a consequence of s
association with linear polyubiquitin, NEMO/IKKy plays a direct role in priming
K 2AKKR for phosphorylation and that this process can be inhibited to specifically

disrupt canonical NF-«B signaling.

it is well eslablished thatl the IKK complex is the central hub of canonical
NF-«B signaling iniliated from a wide variety of diverse inducing signals. i has
also been shown that IKKZ and NEMO are the essential components of the KK
complex that are required for canonical NF-xB signaling and that K83- and
inear/M1-linked polyubiquitin chains act through NEMO as intraceliular inducers
of IKKZ catalytic activity (36). The present disclosure describes the studies that
were molivated by an interest in undersianding the mechanism through which
NEMO and linear polyubiquitin promote KKZ2 activation, which is chemically
defined by phosphorylation at two serines (Ser177 and Ser181) present within the
activation loop of IKK2. in order to appreciate how changes to KK complex
structure and dynamics are associated with its aclivation, a brief discussion on the

structural and dynamic features of both the IKK2 and NEMO subunits is important.

IKKZ has four structurally characterized functional domains. Beginning from
the N-terminal end of the protein, these are the KD, ULD, 5DD, and NBD {Fig. 1A}
The first three adopt folded structures and are connected {0 one ancther through
non-covalent contacts forming the conserved "IKK-like kinase” core structure (Fig.
4A) (14-17,37,38). The C-terminal NBD is highly dynamic and its main functlion is
io mediate stable interaction with the N-lerminal KBD of NEMO, thereby holding
the complex together. NEMQO in turn is composed of an interrupted series of alpha-
helical imperfect coiled-coil (CC) segments (Fig. 1A). Most of these CC segmenis
require binding of accessory faciors to stabilize theilr dimerization. For example,

the N-terminal KBD of NEMQO binds the KK2 NBD to form IKKzNEMO:
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heterotetramaers in solution. The central Ub-binding CC2 domain of NEMO, which
spans residues 259-360, can form homodimers on ils own, though a NEMO
fragment containing both the CC2 and contiguous regions deslabilizes CC2
homodimerization suggesting that neighboring portions of NEMO may antagonize
dimerization of one another (39,40). Located C-erminal to the CC2 domain of
NEMO is the polypeptlide sequence QRREPP (SEQ ID NO: 1) {amino acid
residues 384-388) that has been identified as mediating the linear polyubiguitin-
dependent second inleraction between NEMO and IKKZ2., The data presented
hersin sugges! thal, upon binding to Mi-linked linear polyubiquitin, the C-lerminal
portion of NEMQO undergoes structural change exposing the NEMUOAY®® sequence
for interaction with IKKZ2 (Fig. 7). Biophysical experimental evidence in support of
gross conformational change of NEMO in response to linear polyubiguitin binding

in solution has been reported previously (41).

In certain embodiments, the present disclosure provides that the portion of
NEMOQO that contains the NEMQOAY"e sgguence binds to an exposed “docking site”
on the surface of the IKK2 5DD near the KD-ULD. Although the IKK2 docking site
for NEMOAY® s vet to be fully characterized, it is clear from the in vifro
mutagenesis and binding data that the QRR tripeplide at NEMO amino geids 384-
386 contributes significantly to the overall binding energy of the interaction.
Therefore, the present disclosure describes a mechanism for linear polyubiguitin-
dependent activation of IKKZ in which free heterotetrameric IKK complexes, each
composed of two catalytic subunits as IKK1:IKKZ heterodimers in association with
one NEMO:2 homodimer, move through the cell cvioplasm as complex sensors that
remain cataivlically inactive on account of their inherent flexibility and dynamic
character that restricis access of activating protein kinases to their activation loop

serines.

Association of the NEMO subunits with linear polyubiquitin induces coiled-
coil homodimer formation through the NEMGO CCZ domains, which in tum prompts
conformational change and association of the expossed NEMO activation peptide
region with its docking site on the [KK2Z subunit. This second interaction between
NEMO and the catalylic IKK subunils stabilizes the IKK1IKKZ homodimer in an

34



(¥4

io

[
(4]

[\
L

34

WO 2022/212428 PCT/US2022/022425

open conformation that is amenabile {o activation loop frans phosphorylation and
thus promotes IKKZ kinase catalytic activity {(Fig. 7). Furthermore, interaction of
the region of NEMO bearing the NEMO*'e® sequence with the proximal SDD of
IKK2 places the C-lerminal zine finger domain of NEMO, which has been shown
previously 1o interact with the substrate IkBa protein, within close proximity of the
portion of HBUKEZ that has also been shown 1o bind kBa (14,42). Ht remains to be
determined whether this ligand-dependent kinase stabilization is a genersl
mechanism through which NEMO serves as a versatile inlegrator of diverse
cellular signals or if it is a specific consequence of s interaction with lingar

polyubiquitin.

The present disclosure further provides that an isolated NEMQAPer peptide
can function as an effective inhibitor of IKK2 activation. In certain embodiments,
the present disclosure provides that the NEMOAYe® ig a highly specific inhibitor of
the IKK2 activation pathway. Consisient with its dependence on a unigue
interaction between NEMO and IKK2Z, NEMOAY 0 does not block MAP kinase
phosphorylation or IKK1 via the non-canonical NF-xB activation pathway. As a
central process in inflammatory gene exprassion, IKK2-dependent induction of NF-
kKB transcriptional aclivity has been identified as a key contribufor to numerous
inflammatory disease syndromes including inflammation-induced cancers (43).
Therefore, the canonical NF-kB signaling pathway has long been considered an
attractive target for drug development. Howsever, several promising smail molecule
inhibitors could not be developed into drugs due to their toxicily. In those cases,
complete abrogation of IKK2 activity via ATP-competitive binding and potential off

target effects appeared o be the main cause for toxicity.

The present disclosure provides that, by the novelty of NEMQOAY® and the
specificity it displays for canonical NF-kB signaling, the NEMOAYPe could elicit
significant off target effects. Since the length of the peptide that confers inhibition
is relatively short, its conversion to small molecule via peptidomimetic chemical
approaches is a possible route for generation of novel lead compounds that
function 1o inhibit IKK allosterically by interfering with the ability of linear ubiguitin

o trigger NEMO-dependent stabilization of catalytic subunit dimers. [dentification
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of new non-ATP competitive small molecule [KK2Z inhibitor lead compounds have
been reported recently, though it remains 1o be seen whether any of these
functions through disruption of NEMO:IKKZ second site binding (44).
EXAMPLE 1
EXPERIMENTAL PROCEDURES
Recombinant plasmid and baculovirus preparation

Human [KKZ cDNA (Uniprot Accession 1D O14920) was graciously
provided by the laboratory of M. Karin (UC San Diego School of Medicine). Full
length IKKZ was amplified by PCR and cloned in pFastBacHTb {Invitrogen) vector
within BamHl and Noll sites in frame with an N-terminal hexahislidine-TEV
cleavage site tag "hexahistidine” disclosed as SEQ 1D NO: 9. Gene fragmenis
corresponding to human [KK2V99 and IKK1'9%%7 were ampilified by PCR and
subcloned into pFastBacHTb and pFasiBacHTa, respectively. For site-directed
muiagenesis, codons corresponding o 5177 and S181 were mutaled io E and
K44 to M by PCR-based introduction of deoxyolignucieotide primers harboring the
mutations according the Q5 sile-directed mutagenesis protocol (New England
Biolabs). Recombinant baculovirus production, amplification, and tiler oplimization
were carried out in 519 insect cell suspensions as praviously described {27).

Full fength human NEMQ (Uniprot Accession 1D: Q2YBKE) and deletion
mutants (NEMOZ59-585 NEMO259419 and NEMO™ 419 were subcloned individually
into the Ndel and BamH! restriction sites of the pET15b vector in frame with an N-
terminal hexahistidine tag (SEQ B NO: 8). Methionins-linked tetra ubiguitin chain
was subcloned info the BamHl and Notl restriction sites of the pET24d veclor
giving rise to an N-terminal hexahistidine tag (SEQ D NO: 9) followed by TEV
protease recognition seguence,

The glutathione-S-transferase (GST)-NEMO fusions were constructed by
subcloning the full length cDNA and deletion variants NEMO?24-350 NEMQ?41375)
NEMQO?1-283 NEMO?41-3% NEMO?*1 ) and NEMO ' % into the BamBi and Notl
sites of pGEX4T-2 (GE Healthcare Life Sciences) in frame with an N-terminal GET
iag followed by a TEV protease recognition sequence. Codons carresponding to
Q384- R386 or Q384-F388 in the N-terminal GS8T-fused NEMO*™? backbone
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were mutated to encode for G by PCR with base changes incorporated in the
oligonuclectide primers.

For cellular assays, full length human IKK2 ¢DNA was subcloned with an
N-terminal HA-tag intc pRCCMV-HA (Clontech) vector. Several mutants (total 38;
28 single, 9 double, and 1 triple) of human IKKZ in which selecl residues were
changed to A, 5, or G were prepared by PCR with base changes incorporated in
the primers. Full length human NEMO was cloned as a Myc-lagged version into
pCONA-3.1 {Invilrogen). Residues 384-386 or 384-388 of the NEMO in pcDNA-
3.1 were mutated G by PCR with base substitutions incorporated into the
oligonuclectide primers.

Cell culture and reagents

Hela, HEK 293T, and RAW 264.7 cells were obtained from ATCC and MEEF
cells wereg a gift from A. Hoffmann (University of California Los Angsles).
Glutathione-agarose beads and Ni-NTA-agarose beads were purchased from
BioBharati LifeScience Pvt. Lid. Mouse anti-HA antibody was purchased from
Biclegend. Rabbit anti-NEMO, rabbit anti-IKK2, rabbit anti-His, rabbit anii-
Ubiguitin, rabbit anti-Myc, rabbit anti-y-Actin, rabbit anti-ERK2 were purchased
from BioBharati LifeScience Pvi. Ltd. Mouse anti-p84 was purchased from
GeneTex. Mouse anti-GST, rabbil anti-p65/RelA, and rabbit anti-lkBa were from
Santa Cruz Biotechnology. Rabbit anti-p100/p52 was a gift from N. Rice (National
Cancer institute, Frederick, MD). Rabbit anti-phospho-SAPKAINK (Thri83/Tyr185),
rabbit anti-SAPK/AINK, rabbit anti-phospho-p38 MAPK (Thri80/Tyr182), rabbit
anti-p38 MAPK, rabbit anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204}, and
rabbit anti-phospho-IKKa/f (Sert77/181) were purchased from Cell Signaling.
Horseradish peroxidass-conjugated  anti-rabbit and  anti-mouse  secondary
antibodies were from BioBharali LifeScience Pyt Lid. as was mouse TNF-g. LPS
was purchased from Sigma. Mouse LTBR was purchased from Abcam.

Peptides

The 17-mer NEMOAYP gligopeptide and the mutant NEMOAYPe 85 pnantide

with six 3 residues, with and without diglycine-linked N-ierminal TAT peptides,

were synthesized by Bon Opus Biosciences., Peplides were characlerized by
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matrix-assisted laser desorplion ionizalion mass spectrometlry and analytical
reverse phase high pressure liquid chromatography analysis. Peplides were
dissolved in 1x PBS to stocks of between 2 mM and 10 mM.
Frotein expression and purification

All His-lagged NEMO proteins were expressed in Rosetta (DE3) £, cofi ceils
{(MilliporeSigma). 1 L cultures in LB media with 100 yg/mL ampicillin were grown
at 37°C to ODB00 of 0.2 before induction with 0.2 mM isopropyl-g-p-1-
thicgalactopyranoside (IPTG) (BioBharatll LifeScience Pvt. Lid.) and stirring at 150
rpm for 22°C for 16 hours. Cells were harvested by centrifugation at 3,000 x g for
10 minutes (Beckman Coulier) and cell pellets were lysed by sonication (VWR
Scientific) on ice in 200 mb of lysis buffer (20 mM Tris-HCH pH 8.0, 500 mM NaCl,
10% wiv glycercl, 10 mM imidazole, 0.2% Triton X100, 1 mM PMSF, and 5 mM
B-mercaptosthanol). Lysates were clarified by centrifugation at 15,000 rpm for 45
minutes. Supernatanis containing soluble proteins were then appliedioa 1 mL Ni
NTA-agarose column that was pre-equilibrated with lysis buffer. Bound proteins
were washed with 200 mbL wash buffer (lysis buffer with 40 mM imidazole) and
gluted in 10 mbL elution buffer {lysis buffer containing 150 mM NaCl and 250 mM
imidazole).

519 insect cells from 1 L suspension cultures were harvesied by
centrifugation at 3,000 x g for 10 minutes at 4°C and lysaed by sonication in 100 mL
of iysis buffer (25 mM Tris-HCI, pH 8.0, 200 mM NaCl, 10 mM imidazole, 10% wiv
glycerol, 5 mM B-mercaptoethanol). The lysate was clarified by centrifugation
twice at 18,000 rpm Tor 45 minutes at 4°C. Pre-equilibrated Ni NTA-Agarose resin
was added at a ratio of 1 mb of resin slurry/liter of lysed cell culture and the midure
was incubated on a rotator at 4°C for 3 hours. The Ni beads were pelleted at 1,000
rpm for 2 minutes in a swinging bucket centrifuge rotor. Supernatant was carsfully
decanied and the prolein-bound resin was resuspended with wash buffer (lysis
buffer containing 30 mM imidazole) and incubated at 4°C on a rotator for 2 minutes.
The Ni beads were peileted again and decanted (wash 1). This was repeated until

ihe last wash fraction contained 0.01-0.1mg/mL of prolein (Bio-Rad Protein Assay).
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Ehution buffer (lysis buffer containing 250 mM imidazole} was added, and eluled
fractions were collected and stored at -80°C.

Recombinant N-lerminal GST-tagged NEMO proteins were expressed in
Rosetta (DE3) by growing celis {0 an Asco of 0.2 followed by induction with 0.2 mM
isopropyt B-D-1-thicgalactopyrancside (IPTG) for 16 h at 22°C. Cells were lysed in
200 mL lysis buffer (25 mM Tris (pH 8.0}, 500 mM NaCl, 0.1% (v/v) Trilon-X 100,
10% {v/v} glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA), 1.0 mM PMSF,
and & mM B-mercaplosthanol) and sonicated. The lysale was clarified by
centrifugation at 15,000 rpm for 45 minutes at 4°C. The supernalant was loaded
onto a Glutathione-agarose resin column pre-equilibrated with lysis buffer at 4°C.
After wash with 200 mb lysis buffer, protein was eluted with elution buffer (25 mM
Tris {pH 8.0}, 150 mM NaCl, 0.1% (v/v) Triton X-100, 10% {(v/v) glycerol, 5 mM B-
mercaptoethanol, and 10 mM glutathione). Eluted fractions were collected and
stored at -80°C.

Fractionation by size exclusion chromatography

Purified individual full length His-tagged IKKZ, NEMO, and Ub4 proteins as
well as NEMO:Ub4 complexes were subjecled to gel filtration with a Superosset
Increase 10/300 GL size-exclusion column (GE Healtheare) on an NGC™ Liguid
Chromatography System (Bio-Rad).
run in buffer (25 mM Tris-HCI, pH 8.0, 250 mM NaCi, 2 mM DTT, and 5% glyceraol)
at a flow rate of 0.2 ml/min at 22°C. Peak fractions were collected and analyzed
by Coomassie-stained SDS-PAGE.

Whole cell extract preparation and nuclear-cyloplasmic fractionation

The column was equilibrated and samples

HEK293T celis were cultured in BMEM supplemented with 10% {v/v) fetal
bovine serum (FBS) and 1% (v/v} penicillin/streptomycin/giutamine. At 70-80%
confluence, cells were transiently transfecied with empty, HA-IKK2WT, or HA-IKK2
mutant plasmids using polyethylenimine (PE!L PolySciences). Cells were
harvested 48 hours post-transfection. To prepare whole cell extracts, cells were
tysed in RIPA buffer (10 mM HEFPES-KOH pH 7.8, 250 mM NaCl, 1 mM EDTA pH
8.0, 0.8% (viv) NP-40, 0.2% (viv} Triton X100, 2 mM DTT, 20 mM -
glycerophosphate, 10 mM NaF, 0.1 mM NasV04, 1 mM PMSF, and 1x protease
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inhibitor cocktail} with gentle shaking for 1 hour at 4°C.  Lysed cells were
centrifuged at 13,000 rpm for 20 minutes at 4°C, and supernatants conlaining the

whole cell protein exiracts were quantified by Bic-Rad prolein assay.

To prepare nuclear and cytoplasmic protein exiracts, Hela, MEF, and RAW
284.7 cells were lysed in buffer containing 4.3 mM NazHPO4, 1.47 mM KHPO4 pH
7.4, 137 mM NaCl, 2.7 mM KCL 1 mM DTT, 0.05% (v/v) NP-40, and 1x protease
inhibitor cockiail for 10 minutes onice and spun at 3,000 rpm at 4°C for 10 minuies.
The supernatant containing the cytoplasmic fraction was guantified by Bio-Rad
protein assay (o determine the total amount of prolein. Pesllets were resuspended
in nuclear extraction buffer (25 mM Tris-HCI pH 7.5, 420 mM NaCl, 10% glycerol,
0.2mMEDTA 1 mMDTT, 0.5 mM PMSF, 1x protease inhibitor cocktail} once and
then subjected to three lysis cycles (freeze at -80°C and thaw at 37°C). Finally,
samples were centrifuged at 13,000 rpm at 4°C for 20 minules, and supernatanis
containing the soluble nuclear fraclion were measured by the Bio-Rad protein
assay o determine the total amount of protein. Nudclear and cyloplasmic extracis

were aliquoted and kept al -80°C.
Cell cufture, stimulation, and peptide freatment of celis

Hela, MEF, RAW 264.7 cells were cultured in Dulbecco’s MEM containing
10% fetal bovine and 2 mM L-glutamine serum supplemented with penicillin and
strepitomycin, at 37°C in a humidity incubator with 5% CQO2. RAW 264.7 cells wers
seeded and allowed to adhere for 24 hours then treated with NEMOAYPer or
NEMOAep 8C gt different concentrations 60 min before the LPS challenge (100
ng/mib). After 2 hours, nuclear and cytoplasmic exiracts were collected. Hela and
different concentrations 560 min before the TNF-a challenge (10 ng/mi) for 15
minutes and then nuclear and cytoplasmic exiracts were collected. MEF cells were

\\\\\

the LTER challenge (300 ng/ml). After 24 hours whole cell extracts were collected

7

and aliquoted and kept at -80 °C for further experiments.

Western blof analysis
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Equivalent amounts of protein from cell extracts was separated by SDS-
PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore,
Bedford, MA, USA). The membrane was blocked with 5% bovine serum albumin
{(BSA) for 1 hour at room temperature and then the membrane was incubated with
the primary antibodies overnight at 4°C. Antibodies for [KKZ, His, HA, Myc, GST,
Ubiquitin, IkKBa, phospho-lKKZ, pB5/RelA, p84, yv-Actin, p100/52, phospho-ERK,
phospho-JNK, phospho-p38, ERK, JNK, and p38 were used for detecting muitiple
specific protein largets. After binding of an appropriste secondary antibody
coupled o horseradish peroxidase, the immunoreactive bands were visualized by

enhanced chemiluminescence substrate.
Invitre GST pull-down assay with purified recombinant profeins

Glutathione-agarose beads equilibraled with the binding buffer (25 mM Tris-~
HCE pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP40, 0.55% Triton X100, 5%
glycerol, 1 mM DTT). Purified recombinant N-terminal GST-NEMO fusion proteins
were mixed with recombinant purified IKK2 proteins in the absence or presence of
Ubd. The mixiures were incubated in GST binding buffer on a rotating platform for
1 hour at 4°C then mixed with glutathione~-agarose beads. After 2 hours incubation
at 4°C, G&T-usion protein complexes bound to glutathione-agarose beads were
washed four times with the binding buffer. Proteins bound to the beads were
resuspended in SDS-PAGE loading huffer, resolved by SD5-PAGE, and analyzed

by western biot.
In vitro puli-down assay from whole cell extract

Proteins of HEKZ293T cells transfected with full length human IKK2Z or
muiants were exiracted using RIPA buffer. After cenirifugation at 16,000 x g for
20 minuies, the superatants were adjusied to the binding buffer {containing 1.5
miJ Hexokinase) and incubated on a rotating platform for 1 hour at 4°C. These
whole-cell exiracts were then incubated with £, coli-expressed GST-fusion NEMO
in the absence or presence of Ub4 on a rotating platform for 2 hours at 4°C. The

beads were cenirifuged at 1,000 x g for 2 minutes and washed four times in binding
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buffer. Proteins bound to beads were resuspended in SDS loading buffer, resolved
by SDS-PAGE, and analyzed by weslern blot.

For peplide in vilro pull-down assay, proteins of HEKZ93T cells expressing
full length human IKK2 were exiracted using the same lysis buffer described above.
Whale cell lysates were mixed with E. cofi-expressed GST-NEMO with or without
NEMQOAYP or mNEMOAYPer at different concentrations in the absence of presence
of Ubd and incubaled on a rotating platform for 2 hours at 4°C. The beads were
then washed four times in the binding buffer. Proteins bound to beads were
resuspended in SDS-PAGE loading buffer, separaled by SDS-PAGE, and

analyzed by western blot.
Cefl-based in vitro kinase activily assay

HEKZ293T celis were culiured in BMEM supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% {(v/v} penicillin/streptomycin/givtamine. Cells were
fransiently transfected with emply vector, wild type or mutant HA-IKKZ, or co-
fransfected with Myc-NEMO, 3G, or 6G mulant plasmids using PEI following the
manufacturer’s protocol. After being transfecied for 48 hours, cells were harvestied
and lysed in RIPA buffer for 1 hour at 4°C. Then, cells were centrifuged at 13,000
rom for 15 minutes at 4°C, and superatants confaining the whole cell protein
extracts were quaniified by Bio-rad protein assay to determine. Prolsins were
added SDES-PAGE loading buffer and heaied {0 85°C for 5 minutes. Samples were
resolved on 10% SDS-PAGE and analvzed by western blot using antibody against
phospho-Ser181 IKK2 with anti-HA and -Myc antibodies were used for loading

controls. Protein expression was normalized against native sequence [KK2.
Electrophoretic mobility shift assay

Elecirophoretic mobility shift assay (EMSA) was performed using
recombinant full length NF-«kB RelA homodimer as a positive control as previously
described (45). Brisfly, lg-xB probe was radiolabeled with *P-y-ATP (6,000
Ci/mmol; 10 yCiful) and incubated with nuclear lysates for 20 minutes at room
iemperature in binding buffer (10 mM Tris-HCi pH 7.5, 10% (v/v) glycerol, 1% (v/v)
NP-43, 1 mM EDTA, and 0.1 mg/mL salmon sperm DNA), Samples separated in

42



(¥4

io

[
(¥4

A
(4]

WO 2022/212428 PCT/US2022/022425

4% nondenaturing polyacrylamide gels in TGE buffer (24.8 mM Tris base, 190 mM
glycing, and 1 mM EDTA) at 200 V for 1 hour, and the gel was dried. The amount
of protein in lysates was quantified by Bio-Rad protein assay. EMSA analysis with
guanlitative densitfometry and signal intensity was guantifated using imaged

software. All EMSA experiments were performed in triplicate.
BMDM celfl culture

With the approval of the UCSD and Veleran Affairs San Diego Institutional
Animal Care and Use Commitlees (IACUC), bone marrow-derived macrophage
(BMDM)} cells were isolated from 6-8 weeks cld CH7BL/GJ mice (Jackson
Laboratory) followed by erythrocyle lysis with ammonium chioride, and then
seeded in 12-well plates at a concentration of 1 x 10° celis/mb. Cullured cells were
differentiated to macrophages with cullure media coniaining monccyte-colony
stimulating factor (M-CSF; 10 ng/ml). After 7 days of differentiation, BMDM celis
were treaied with TNF-a (10 ng/mbL) or LPS (100 g/mb} with or without TAT-
NEMQAPer TAT-NEMQOAPeP 65 or MLN120B.

Exiraciion of fotal RNA and cDNA synthesis

BMDM cells were pretreated wih or without 50 uM TAT-NEMOACPe or TAT-
NEMOAer 86 then stimulated with or without LPS {100 ng/mL) overnight. Cells in
the negative control sample were ireated with 1x PBS. The tolal RNA was
extracied using TRizol Reagent (ThermoFisher} according to the manufaciurer’s
instructions.  The vield and purity of RNA were deiermined by abscrbance
spectrophotomeiry and RNA samples with optical density 260/280 ratio of 1.8-2.0
were analyzed. First-strand ¢cDNA was synthesized from 2 ug total RNA using 20
ul of Super Reverse Transcriptase MulV Kit (BioBharati LifeScience Pyt Lid.)
with random hexamer oligonucieotide primers and incubation at 42°C for 3 minutes
o protect total RNA from genomic DNA interference. Reverse transcription was
performed using Super RT enzyme at 50°C for 15 minutes. Experiments were
performed in triplicate.

Quantifative RT-PCR
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For sach reaction, 2 pl ¢DNA product was combined with SYBR Green
{New England Biclabs) in a C1000 Touch thermocycler (Bio-Rad) using murine
primers {o 1L-10, TNF-a, RANTES, p52, MiP-1a, MIP13, MIP-2, MCP-1, IP-10,
INOS, 1L-6, 1L-2, AZ0, IL-1a, IL-18, kBa, FAS, COX-2, and GAPDH. The reaction
was performed in triplicale. The amplification conditions were as follows: 44
cycles at 95°C for 15 seconds, 55°C for 30 seconds, and 0.5°C gradient increase
from 80 1o 95°C. Quantitative mRNA expression data were normalized to the
exprassion levels of GAPDH (dCt = Ct gene of interest — Ct GAPDH) and reporied

as relative mRNA expression {(ddCt = 2-dGt sampie —dlteontolly o fold change.
Quantitation of cylokines

BMDM cels were pre-incubated with or without 100 uM TAT-NEMOAFe or
MLN120B for 24 hours. Negative control cells were treated with 1x PBS or DMSO
at the same concentrations as those present in either TAT-NEMOAP® or
MILN120B, respectively. IL-18 and TNF-u levels were measured from 20 pl
supernatant of culiured BMDM cells using U-PLEX mouse cytokine assay kil
{(Meso Scale Diagnostics) following the manufacturer’s protocol.  The optical
density of samples was measured spectrophotometrically.  Experiments were

performed in triplicate.
Statistical analysis

Statistics were calculated with PRISM 8 {version 8.4.3) software
(GraphPad). Data were analvzed using unpaired two-lalled Student Hests for
comparison of 2 groups or 1- or 2-way ANOVA for >2 groups followed by Tukey
post hoc analysis if appropriate. All data are presenied as meantSEM. Pvalue

<(.05 was considered statistically significant in all analyses.
EXAMPLE 2

Linear polyubiguitin and NEMO prime IKKZ2 for trans phosphorylation in
vitro
NEMO, [KK1, and IKKZ2 associale noncovalently within the KK complex
under physiclogical conditions and both NEMO and IKK2 are required for stimulus-

dependent response gene expression through the canonical NF-kB signaling
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pathway {(Figs. 1A & 1B) {(18). The mechanism underlying the obligatory role of
NEMO in promoting IKK2 calalytic activity is unclear.  In light of previous
cbhservations that catalytic KK subunits are prone {o sponfaneous, ordered
oligomerization and thal, as a consequence of these stabilizing interactions, KK
can undergo phosphorylation-dependent activation in vitro at sven moderately
higher than cellular concentrations independent of NEMO, NEMO may play a
passive adaptor role. Under this mechanism for oligomerization-dependent frans
phosphorylation, which was first proposed by Hacker and Karin in 2006, linear
polyubiquitin could serve as an anchoring scaffold to recruit and localize
multisubunit KK complexes to  infracellular signaling assemblies (18}
Alternatively, it is plausible that NEMO may parlicipate directly in priming IKK2 for
activation loop phosphorylation and catalvlic activity in response {o binding linear
polyubiguitin (Fig. 1B). Such a mechanism has been suggested by Rahigi, ef al.
(20}

i is examined in vitro with purified recombinant proteins if accessibility of
the KKZ activation loop to protein kinase frans phosphorylation relies upon the
binding of linear polyubiquitin and NEMO. A catalytically inaclive version of human
IKK2 (IKK25%¥y was constructed that contains an otherwise native sequence,
unphosphorylated activation loop and, therefore, serves sxclusively as a substrate
for activation loop frans phosphorylation (Fig. 8A) (15). To this subsirate was
added a constitutively active version of human [KK2 with both its key aclivation
loop serines {(Ser177 and Seri81) mutated to phosphomimetic glutamic acids and
its C-terminal NEMO binding domain (NBD) deleted (IKK2VI689EE) ot 3
substraterenzyme ratio of 2 pg:30 ng. Activation loop phosphorylation was
monitored via anti-pSer181 western blot for the substrate IKK2K*™M  Linear
polyubiquitin chains bind to the coiled-coil 2 (CC2) domain, also known as the
Codi”, of NEMO (Fig. 1A} {20,21}. Therefore, {0 assess the effect of linsar
polyubiquitin binding to NEMO on IKK2 activation locop phosphorylation, a
recombinant human NEMO was added alone or in combination with linear
ietraubiquitin chains (Ub4d) generaled as four N- {o C-lerminal covalently-linked

ubiquitin moieties (M1i-linked). Recombinant Ub4 associates with NEMO in vitro
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as evidenced by size-exclusion chromaltography (Figs. 88-8C). Furthermore, Ub4
was deemed as likely sufficient o actuate an effect on IKK2 activation loop
phosphorylation since M1-linked diubiguitin is known to bind NEMO in vitro and

has been demonstrated to trigger efficient NF-«B activation in cells (22).

it was observed by western blot that the IKK2 activation loop remains largely
unphosphorylated in the presence of constitutively active kinase (Fig. 1C).
Activation loop phosphoryiation increased significantly afler reactions were
supplemented with NEMO and was enhanced o an even greater exient upon
inclusion of both NEMO and Ub4. In the absence of NEMO, Ub4 had no impact
on phosphorylation of the [KKZ activation loop. These resuits suggest that linear
polyubiguitin chain binding to NEMO serves to prime the activation loop of IKK2
such that it is amenable o phosphorylation in frans at Sert77 and Seri81.

EXAPLE 3

Linear polyubiquitin induces a novel interaction of NEMO and IKK2 through
a “second” site

i light of our observation that NEMO efficiently primes the IKKZ2 activation
loop for frans phosphoryiation in the presence of linear polyubiquilin, we
hypothesized thal, in addition o the well characterized high-affinity interaction
between the N-terminal segment of NEMO known as the kinase binding domain
(KBD) and the C-terminal NEMQO binding domain (NBD) of IKKZ2, polyubiguitin
binding might promote additional intermolecular interactions involving other
regions of NEMO and [KKZ2 (23-25). Such polvubiquitin-dependent addilional
interactions could stabilize IKK2 in s open conformation, which is known 1o
support activation loop phosphorylation in frans either via auto~phosphorylation by
IKKZ itself or by other upstream kinases such as TAK1 (26).

Muitiple variants of human NEMO lacking its N-terminal KBD {(amino acids
1-110) were produced and the abilities of these NEMO variants to interact with
human IKKZ2 variants lacking their C-terminal NBD (amino acids 670-756) were
assessed using in vifro affinity puli-down experiments both in the presence and
absence of a linear polyubiquitin (Figs. 2A-2D). Full length and truncated NEMO

were expressed in £. coli and purified (o homogeneity as GST-fusion proteins (Fig.
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8A).  Both full length and truncated {amino acids 111-419) NEMO proteins
exhibited association with Ub4, as expecied due to their intact CC2 domain (Fig.
2A, lanes 5 and 7; Figs. 10A-10C).  Full length NEMO and full length IKK2
displaved a slrong interaction, as expected on account of the well characterized
interaction of the IKKZ NBD and NEMO KBD, and the presence of Ubd did nol
result in any discernible change to this highly slable complex. Intsrestingly, the
experiment revealed an inieraction between IKK2'%%% (lacking the NBD) and
either full length NEMO or NEMO'® (lacking the KBD) that was enhanced in
presence of Ubd (Fig. 2A; lanes 9-12). This observalion is consistent with an
additional NEMO:IIKKZ interaction that is dependent upon the polyubiguitin binding
status of NEMCO. Surprisingly, puil-down of full length IKK2 by GST-NEMQ1H419
in the absence or presence of Ub4 was not observed. This suggests that the native
C-terminal NBD of IKK2 interferes with the ability of NEMO o mediate a second

intgraction in absence of its binding with the NEMO N-terminal KDB.

To define this second interaction more precisely, the region of NEMO that
mediates Ub4 binding (20,21) was investigated. GST-NEMO24"41® iacking its N-
terminal KBD, VD, and CCA1 regions, was first generated and its ability 1o bind Ub4
was validated both by size-exclusion chromatography and GST puli-down assays
{(Fig. 1A; Figs. 9B-8C). Pull-down assays with NEMO*™9 and both full length
and truncated IKK2 suggest interactions of near equal efficiency as observed with
NEMO" % in the presence of Ub4 but not in its absence (Fig. 28). The possibility
of a similar interaction of NEMO with IKK1 was also investigated. Although an
interaction of NEMO with IKKY19%7 in the presence of Ub4 was detected by GST
pull-down, it appeared significantly less robust in comparison to that of NEMO and

IKK2 (Fig. 28)

To further pinpoint the region(s) of NEMO involved in the observed second
interaction, NEMQO=4% NEMQ241-383 NEMO?1557) and NEMO?30 were
generated as GST-fusion proteins and consistent with each of the NEMO
fragments containing their linear polyubiquitin-binding CC2 region, their ability o
bind Ub4d was alsc confirmed by SEC (Fig. 1A; Figs. 8D-9F). Pull-down
experiments in the presence of Ubd indicated that both GST-NEMO*13% and
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GST-NEMO*"? are capable of interacting with IKK277-66® (Fig. 2C; lanes 8-12).
This suggests that the C-erminal Zn-finger domain {amino acids 391-419) of
NEMO is not required for the second interaction. However, the observed amount
of bound IKK21-8%° diminished drastically when GST-NEMQO*-382 GST-NEMQ?41-
S or GST-NEMO#30 were employed in the pull-down (Fig. 2C, lanes 3-8).
Therefore, a small segment encompassing human NEMO residues 383 to 390
appears to be critical for Ubd-dependent binding of IKKZ through a novel second
interaction site.

The amino acid sequences of NEMO from different mammalian species
within this region were further analyzed and it was observed a strong conservation
of a short segment of polypeptide sequence QRRSPP (SEQ 1D NO: 1} spanning
residues 384 to 389 (Fig. 9G). To confirm involvement of this small segment in
second site binding, two variants of GST-NEMO*41® were generated in which
either all six of these residues or only the first three {residues 384-386) wers
mutated to glycine (NEMO?14198C gnd NEMO24*4193C regpectively). Affinity pull-
down experiments with GST-NEMO1419 66 or GET-NEMO#M1® 3¢ mytant
proteins revealed their almost complete absence of interaction with 1KKZ2 in the
presence of Ub4 (Fig. 20} Therefore, it is concluded that NEMO amino acid
residues 384-388, which reside immediately N-terminal to the Zn-finger domain,
are required for the polyubiquitin-dependent second interaction between NEMO
and IKK2 observed in vitro.

EXAMPLE 4
Residues 384-388 of human NEMQO promote IKK2Z activation loop

phosphorylation
Having established that biding to linear polyubiguitin induces NEMO to
interact with IKKZ through a novel, second binding site, the effect of disrupting this
interaction was assessed on IKK2 activation in cells.  Expression plasmids
encoding Myc-tagged full length human NEMO with sither residues 384-389 (Myc-
NEMOSC) or 384-386 (Myc-NEMO®®) mutated to glycines were generated. These
plasmids were fransfected in to cullured HEKZ2Y93T cells and their ability io

influence the degree of IKK2 aclivation was assessed by anli-pSer181 westemn
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blol. Earlier studies have revealed that IKK2Z, when overexpressed in mammalian
cells, becomes parlially activated, likely as a conseguence of its propensity o
cligomerize in a manner that promoles its frans phosphorylation (15). The extent
of IKK2 activation is further enhanced (hvperaclivation) when NEMO is
simultaneocusly overexpressed through co-iransfection. Typical hyperactivation of
K2 was observed when it was co-transfected with full length human Myc-NEMO
of native sequence; however, activation was seversly diminished with either Myc-
NEMO®C or Mye-NEMO®® (Fig. 3A). These results strongly suggest a critical role
for the NEMO 384-389 segment in activation of B2 within the cell.
EXAMPLES
A peptide derived from NEMO residues 384-38% blocks NEMO second site
binding to IKK2

Having observed that the region of NEMO encompassing amino acids 384-
389 mediates second sile binding to 1KK2 and influences IKK2 aclivation in
fransfected celis, it was further explored if an isolated peptide derived from this
region could compete with NEMO for its polyubiguitin~dependent interaction with
IKKZ. A heptadecapeptide spanning human NEMO amino acid residues 375 and
391, dubbed “NEMO activation peptide” (NEMQAYP®®} was designed and a cell
permeable version containing an N-terminal HIV-1 TAT sequence (TAT-
NEMOAPery was prepared. A corresponding control peptide with NEMO residues
384-389 altered to glycines (NEMOA P 88) was also generated (Fig. 3B). Pull-
down experimenis were then performed from exiracts of HEKZ93T cells
transfected with plasmids encoding for HA-IKK2 using GST-NEMO#*49 gione or
in combination with Ub4 and incubaled in the absence or presence of increasing
concentrations of TAT-NEMOACPee . Ag abserved with recombinant proteins, GS8T-
NEMO?147® pylled down HA-IKK2 from transfected HEK293T cell lysates only in
the presence of Ubd (Fig. 3C, lanes 13 and 14). a loss of this interaction was
ohserved with increasing concentrations of TAT-NEMOAPe (Fig, 3C, lanes 3-7)
but not with TAT-NEMQA®Pes 8C (Fig. 3C, lanes 8-12). Neither peplide appeared
io have any effect upon Ub4 binding to NEMO. These data suggest that the TAT-
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NEMOMPer serves to inhibit the polyubiguitin-dependent second interaction
between NEMO and IKK2 through competition.

EXAMPLE S
identification of a NEMOA™™® docking site on IKK2

Truncated IKK2 proteins encompassing only the kinase domain (KD) and
ubiquitin-iike domain (ULD) are neither reguiated properly nor specific toward their
substirate IKBa in absence of the IKK2 scaffold-dimerization domain (SDD) (14,27).
The SDD resides adjacent to the KD-ULD and mediales subunil dimerizatlion as
well as providing flexibility for movement between the open and closed
conformations of the IKKZ and IKK1 homodimers (28). Thus, the possibility that
the SDD might participate in the observed linear polyubigquitin-dependent second
interaction with NEMO was tested through a structure-guided mutagenesis study
largeling multiple potential binding residues primarily located within the IKKZ SDD
abutling the KDB-ULD that has been referred to previously as the “proximal SDD.”

Thirty-eight different residues of IKKZ were altered to generate a total of 38
urique (28 single point mutants, 9 double, and 1 triple} mutant protein constructs
(Fig. 4A and Fig. 11A). Upon co-transfection with NEMO into HEKZO3T cells
followed by anti-HA western blot analysis of celiular extracts, several of the
mutanis showed protein expression defects suggesting thal those mutations
destabilized protein folding and caused them to be degraded in the cell (Fig. 11B).
The activation status of the IKK2 mutanis that displayed near normal levels of
exprassion was then assessed by anti-pSer181 western blot. Four of the mutanis,
LysddtAla/Gludd2ala, LysddiAla, GluddZAla, and Asnd4bAla, displayed
significantly reduced levels of aclivation loop phosphorylation compared to wild-
iype IKKZ indicating that the corresponding residues are critical for (K2 activation
(Fig. 4B and Fig. 11B). Expression levels of these mutants are similar to that of
wild-type IKK2 and, as the mutations are located within the exposed surface of the
proximal 50D, the observed defects in activation loop phosphorylation are not

likely due to giobal structural perfurbations.
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To test if these mulants are defective in binding to NEMO through the
second site, GST pull-down assays were performed in which £, colf expressed
GST-NEMO*? was mixed with whole cell extracts of HEK283T cells expressing
the [KKZ mutant proteins from transfected plasmids, both in the presence or
absence of Ubd. Mutation of residues Lysdd1, Glud42, and Asnd45 led to defecis
in binding (Fig. 4C; Fig. 11C). An IKK2 protein bearing mutation of a nearby
residue, Gind38Ala, displayed no defects in phosphorviation of the activation loop
and showed even sironger than native-iike binding to GST-NEMO2" in the
presence of Ub4, thus serving as a control.  The increased activalion loop

phosphorylation was observed with this mutant profein.

The proximity of Lys441, Glud42, and Asnd45 on the surface of the proximal
SDD of IKKZ could indicate thalt these residues consliiuie g sile for the
polyubiguitin~-dependent second interaction with NEMO. This surface patch the
NEMOAee “docking site” of IKK2 was dubbed (Fig. 4D). Since NEMQA®ep
contains the hasic Arg385-Arg386 motif, the likely possibility that an acidic pocket
in IKKZ2 near docking site residues 441, 442, and 445 might also be engaged in
NEMQAPer binding. Two such pockets exist, one within the ULD (Asp383 and
Asp385) and the other in the SDD (Aspb61, Aspb62, Glubt4, and Glub85). No
defects on IKKZ activation loop phosphorylation in the presence of NEMO were
cbserved upon mutation of sither Asp383 or Asp385 o alanine {Fig. 113}, The
effect of mutation of IKK2 SDD residues Glub61, Glube2, and Glubt4 to alanine

could not be assessed since these mutations resulied in loss of IKKZ expression.

EXAMPLE Y
NEMOA TP disrupts IKK2 activation in cells
it is intrigued by the ability of such a small segment {residues 384-388) of
human NEMO o mediate interaction with and promote activation loop
phosphorylation of IKKZ2. Thus, the potential of a peplids derived from this region
to function as a modulator of canonical NF-kB signaling through [KKZ in cells was
explored. Hela $3 cells were pre-treated with either TAT-NEMO e gr control
TAT-NEMQOAr 56 for one hour prior to stimulation with 10 ng TNF-a for 15 min.

NF-xB activity was measured by EMSA using nuclear extracts and radiclabeled
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kKB DNA from the immunoglobulin kappa light chain gene (Ig-«B) as the probe (Fig.
5A). At 20 uM TAT-NEMOAYPee the amount of shified probe was significantly
reduced and at 40 uM peptide concentration nuclear NF-KB DNA binding activily
was nearly abolished {(Figs 12A-12E). This reduclion was not observed in cells
ireated with the mutant peptide.

The inhibitory effects of TAT-NEMQOAYPe? were further verified on canonical
NF-xB signaling in Hela cells by assessing IKKZ aclivation loop phosphorylation,
kBa degradation, and NF-kB RelA/pBS subunit subcellular localization.
Consistent with the observations of decreased nuclear NF-«B DNA binding activity
by EMSA, treatment with TAT-NEMOAYer bhiocked IKK2 phosphorylation, kKBa
proteclysis, and nuclear translocation of RelA (Fig. 5B). Treatment with the control
peptide showed no such effects.

it was then lesied if the observed effect is universal across species and cell
types. The effect of TAT-NEMOAP® was tested in RAW 264.7 murine
macrophage cells freated with 100 ng/ml purified bacterial lipopolysaccharide
(LPS) for 2 hours. Again, NF-«kB DNA binding and RelA subunit nuclear
localization were both inhibited as were phosphoryiation of the IKKZ activation loop
and degradation of kBa. The mulated peptide did not show such effects (Fig.
12B). EMSA analysis of LPS-ireated RAW 264.7 cell nuclear lysates revealed
inhibition of NF-kB activity after pre-incubation with TAT-NEMQAe relative {o
TAT-NEMQAPer 63 14 g similar degree as that cbserved in Hela cells (Figs. 12C-
12D). The effect of TAT-NEMOAYer ony NF-kB DNA binding was also analyzed in
MEF celis by EMSA. Again, TAT-NEMOAPer bt not TAT-NEMOA9Per 88 inhibited
NF-kB activation in response to TNF-a (Fig. 12E}. Similar experiments in which a
version of NEMOAYP [acking the cell penetrating N-terminal HIV-1 TAT sequence
was applied together with K18ApokE synthelic transporter peptide vielded similar
results, confirming that the TAT peptlide is not responsible for the observed ability
of NEMQAYPer {g competitively interfere with NEMO:IKK2 second site binding and
inhibit canonical NF-kB signaling (Figs. 13A-13B8) (29).

i was also tested if TAT-NEMOA™P has any effect on non-canonical NF-

kB signaling. This alternative NF-«B signaling pathway is activated in response (o
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stimulation of specific cytokine receplors and leads {o aclivation of IKK1 and
consequent processing of the p100 precursor o the mature NF-xB subunit pb2
{30,31). il was not observed any effect of TAT-NEMOAPee g TAT-NEMQACPer 66
on processing of p100 in response to engagement of lymphotoxin-f§ receptor
(LTBR), suggesting involvement of TAT-NEMOAPe? gpecifically in canonical NF-
kB signaling (Fig. 5C). To further investigate the possible involvement of TAT-
NEMO e in other signaling pathways, the effect of the peptide on MAPK
activation was tested by moniforing the phosphorylation status of JNK, Erkd, and
p38 upon TNF-o treatment of Hela cells. As evidenced by western biot with
phospho-specific  antibodies, each of the three MAP kinases becomes
phosphorylaied in response to TNF-a treatment, as expecied. Neither TAT-
NEMOAPeP nor TAT-NEMOAPe 85 influenced these phosphorylation processes
(Fig. 50). We conclude that TAT-NEMQAYPer gpecifically inhibits IKK2 among
signaling kinases in response to TNF-g treatment of Hela cslls and disrupts
canonical signaling through ikKBa to NF-xB.
EXAMPLE S
NEMOAPe? does not display cellular toxicity common to IKK inhibitors

The major problem encountered with ATP-competitive small moleculse
inhibitors of IKKY is their toxicity (32). One such compound, MLN1208, has besn
extensively studied in mice and was shown to cause septic shock due o enhanced
tevels of pro-1L-18 processing and to promote neutrophilia (33,34). This compound
has also been observed to block B- and T-cell proliferation (35). Thess
ohservations have contributed {o the bslief that complste inhibition of IKK2 catalviic
activily via seleclive, high affinity ATP-compelitive drugs is not a beneficial
therapeutic strategy.

The toxicity of NEMOAP? in comparison to ATP-competitive inhibitors were
tested ex vivo using bone marrow-derived macrophage (BMDM) cells, a murine
primary cell line. Consistent with our previous observations, EMSA revealed
inhibition of NF-«xB activation in response to LPS by pre-treatment with TAT-
NEMOAYPer bhut not TAT-NEMQACPer 8¢ (Fig. 8A). mRNA transcript levels were
analyzed by RT-gPCR in LPS-induced BMDM celis and it was observed that
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NEMOAYer treatment results in significant inhibition of some, but not all, NF-xB-
regulated genes (Fig. 68). This unigue pallern of NF«B regulated gense
expression could be due o low level activity of residual nuclear NF-«B, which is
sufficient to aclivate genes with sirong kB sites and/or through the actions of other,
compensalory transcription factors such as AP1. These observations strongly
suggest that NEMOAYP disrupts NF-kB signaling to a milder extent and against a
select subset of NF-kB response genes.

Further, the polentially toxic effects of a high concentration (100 uM) dose
of NEMOAPer were tested on IL-18 production in BMDMs without stimulating the
cells. For comparison, BMDM cells were treaied with 100 pM MLN120B. ELISA
analysis revealed that NEMOAPer failed to induce production of IL-1B. As reported,
however, MLN120B ireatment significantly induced production of mature IL-18 in
these cells (Fig. 6C, left panel). The peplide also had no effect on TNF-u
expression, whersas MLN120B reduced basal levels of TNF-a (Fig. 6C, right
panel). These resulls suggest that disruption of canonical NF-xB signaling with
NEMOAer doas not promote toxic levels of IL-18 as opposed o one well studied
ATP-compelitive inhibitor.
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While preferred embodiments of the present invention have been shown
and described herein, it will be obvious to those skilled in the art that such
embodiments are provided by way of example only. It is not intended that the
invention be limited by the specific examples provided within the specification,
While the invention has been described with reference {o the aforementioned
specification, the descriptions and illustrations of the embodiments herein are not
meant {0 be construed in a limiting sense. Numerous variations, changes, and
substitutions will now occur to those skilled in the art without departing from the
invention. Furthermore, it shall be understood that all aspects of the invention are
not imited to the specific depictions, configurations or relative proportions set forth
herein which depend upon a variety of conditions and variables. H should be
undersiood that various alternatives to the embodimenis of the invention described
herein may be employed in praciicing the invention. L is therefore contemplated
that the invention shall also cover any such alternatives, maodifications, variations
or gquivalents. it is inlended that the following claims define the scope of the
invention and that methods and structures within the scope of these claims and

iheir equivalents be covered thereby.
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What is claimed is:

1. An IKKZ inhibilor that specifically inhibits IKK2 aclivation by targeting a
sacond interaction interface between NEMO and IKKZ that is dependent upon
NEMO binding o linear polyubiquitin, said IKK2 inhibilor does not block MAF

kinase phospharyiation or IKK1 via a non-canonical NF-KB activation pathway.

2. The IKKZ inhibitor of claim 1, wherein the second interaction interface
comprises amino acids immediately N-erminal to a Zn-finger domain at a C-
terminus of NEMO.

3. The IKKZ inhibitor of claim 1, wherein the inhibifor is a peptide derived from
the second interaction interface of NEMO.

4. The IKK2 inhibitor of claim 3, wherein the inhibitor is a peptide NEMOAYTeP
comprising six amino acids QRREPP (SEQ 1D NO: 1) corresponding to amino acid
residues 384-289 of NEMO.

5. The IKKZ inhibitor of claim 4, wherein the inhibitor is a small molecule
converted from the peptide NEMQAcPer,

8. The IKK2 inhibitor of claim 5, wherein the small molecule is converted via a

peptidomimetic chemical approach.

7. A composition for treating or preventing an inflammation comprising the

IKK2 inhibitor of any one of the claims 1-6.

8. A method of Ireating or preventing an inflammation in a patient in need
comprising administering to the patient an effective amount of the IKKZ inhibitor of

any one of the claims 1-6.

9. The method of claim 8, wherein the IKKZ inhibilor is formulated in a
pharmaceutically acceptable carrier or excipients for a proper administration, alone

or in combination with one or more agent.

10, A method of ireating or preventing an inflammation in a patlient in need
comprising administering to the patient an effective amount of the composition of

claim 7.
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11, The method of claim 10, wherein the composition is formulated in a
pharmaceutically acceptable carrier or excipients for a proper administration, alone

or in combination with one or more agent.
12, A kit comprising
a. at least one IKKZ inhibitor of any one of the claims 1-8; and

b. instructions for trealing or preventing inflammation in a patient in

need thereof.

13, The kit of claim 12, wherein the [KKZ inhibilor is formulated in a
pharmaceutically acceptable carrier or excipients for a proper adminisiration, alone

or in combination with one or more agent.
14. A Kit comprising
a. atleast one composition of claim 7; and

b. instructions for treating or preventing inflammation in a patient in

neead thereof.

15.  The kit of claim 14, wherein the composition is formulaied in a
pharmaceutically acceptable carrier or excipients for a proper administration, alone

or in combination with one or more agent.
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As the technical features were known in the art at the time of the invention, they cannot be considered specml technical features that
would otherwise unify the groups.

Therefore, Group I-lll inventions lack unity under PCT Rule 13 because they do not share the same or corresponding special technical
feature.

Form PCT/ISA/210 (extra sheet) (July 2019)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - claims
	Page 62 - claims
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - wo-search-report
	Page 83 - wo-search-report
	Page 84 - wo-search-report
	Page 85 - wo-search-report

