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ENGINEERED DNASE ENZYMES AND USE IN THERAPY
PRIOCRITY

This Application claims the benefit of, and prionty to, US Apphication Nos.
62/611,166 filed December 28, 2017 and 62/547 220 filed August 18, 2017, ¢ach of

which is hereby meorporated by reference mn its cntirety.
BACKGROUND OF THE INVENTIORN

Inflammation is an essential host response to control invading microbes and
heal damaged tissues. Uncontrolled and persistent inflammation causes tissue injury in a
plethora of mflammatory disorders. Neutrophils are the predominant leukocyies in acute
mflammation. During mnfections neutrophils generate neutrophil extracellular traps
(NETs), lattices of DNA-filaments decorated with toxic histones and enzymes that
mmobilize and neatralize bacteria. The relevance of NETs in host defense is illustrated
by the fact that extracellular DNases serve as virulence factors in several pathogenic
bacteria. However, inappropriately released NETs may harm host cclis due to their
cvtotoxic, pronflammatory, and prothrombotic activity. Indeed, NETs are frequently
associated with nflammatory or ischemic organ damage and the therapeutic infusion of

DNases himits host injury in various animal models.

Extracellular trap (ET} formation is not hmited to neutrophils as other
feukocytes, namely monocytes, macrophages, basophils, eosinophils, and mast cells
release ETs as well. Furthermore, cancer cells, including acute promyelocytic leukemia
(APL) cells, and injured endothehial cells can expose DNA-filaments, which have ET-
like features.

How the host degrades NETs in vivo to limit tissue damage during episodes of
wmflammation is poorly understood. DNasel (B1) in serum has been shown to digest the
DNA-backbone of NETs in vitro. Other extracellular DNases have been identified,
mcluding DNascl-like 3 (DIL3) mn circulation, which can digest extracchiular
microparticle-associated chromatin,

D1l and DIL3 form along with DNasel-like 1 (D1L1) and DNasel-like 2
(D11.2) the DNasc 1-protein faratly, a group of homologous secreted DNase enzymes that
are expressed in homans and provide drag candidates for NET-associated diseases.
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However, the physical, enzymatic, and pharmacokinetic properties of these enzymes arg

not ideal for therapy.

The present invention provides engincercd DNases, including DNasel-like 3
and DNasel, for therapy, inclading for preventing or treating vascualar occlusions that

can result from release of NETs during acute mflammatory episodes.
SUMMARY OF THE INVENTION

The present mvention provides cnginecred DNase proteins (including DNasel-
like 3 and DNasel) that are useful for treating conditions characterized by neutrophil
extracellular trap (NET} accumulation and/or release. In some aspects, the mvention
provides compositions and methods for preventing or treating vascular occlusion
mvolving NETs. As demonstrated herein, NETs participate m a2 non-canonical

mechamsm for vascular occlusion, which is not dependent on fibrin and platelets.

In some aspects, the invention provides DNasel-like 3 (D1L3) vanands
engineered to have physical, pharmacodynamic, and/or enzymatic properties more
suitable for therapy, for example, to reduce or prevent NET accumulation in a subject. In
some embodiments, the D1L3 enzyme has advantages in manufacturing, providing for
production of the recombinant enzyme switable for use in therapy. In various
embodiments, the invention provides a recombinant THML3 variant comprising ong or
more amino acid alterations resulting in one or more glycosvlations, tnactivation of a

ouclear localization signal, and/or deletion of all or part of a C-terminal tail.

In various embodiments, the D3 protein variant has increased protein stability,
increased resistance towards inhibition by proteases, increased bicavailability, and
substantially the samc or better DNA and/or chromatin and/or NET-degrading activity
(in vitro or m vivo) as corapared to wild-type D1L3 protein. In various embodiments, the
DI1L3 vanant comprises one or more of the following properties relative to wild type
DIL3 {c.g., SEQ 1D NG:2): the same or substantiallv the same {or higher) protein-free
DNA (naked DNA} degradation activity, the same or substantially the same {or higher)
chromosomal DNA (chromatin} degradation activity, protease resistance, an increased
circulatory half-life, and higher production levels with in vitro expression systems {e.g.

Chinese hamster ovary cells and/or Pichia pastoris).

PCT/US2018/047084



WO 2019/036719

[V,
(]

e
e

30

In some embodiments, the DIL3 varant inchides one or a plurality of block
substitutions from human DNasel {SEQ 1D NO:1), described herein as building block

substitutions,

In some aspects, the invention provides DNasel (D) variants engineered to have
physical, pharmacodynamic, and/or enzymatic propertics more suitable for therapy, for
example, to reduce or prevent NET accunwidation m a subject. In some embodunents, the
D1 enzyme has advantages in manufacturmg, providing for production of the
recombinant enzyme suitable for use in therapy. in vanous embodiments, the engineered
31 variant comprises an amino acid sequence that is at least 80% identical to the mature
enzyme of amuno acid sequence of SEQ ID NO:1, with one or more amino acid
substitutions, additions (including insertions}, or deletions resulting in one or more of a
mutated DMNA binding site, a mutated chromatin binding site, a mutated actin binding

site, a mutated glycosylation site, addition of a nuclear localization signal {e.g., having

or identical o the C-termunal tail of DIL3.

In various embodiments, the D1 vanant is engineered to comprise one or more of
the following characteristics relative to the wild type enzyme: the same or higher protein-
free DNA (naked BNA) degradation activity, higher chromosomal DNA (chromating
degradation activity, similar or improved protease resistance, actin resistance, similar or
mmproved penetration from blood into urine and/or bile, and higher production levels in

vitro expression systems (e.g. Chinese hamster ovary cells and/or Pichia pastoris).

D1 wvariants described herein may have a combmation of point mutations,
including addition of cationic residues, and/or may comprise one or more block
substitutions from DIL3 (SEQ ID NG:2). Such block substitutions are described herein,

and termed “building block substitutions.”

In some aspeets, the imvention provides pharmaceutical composttions comprising
the B1L3 and/or D1 variants, or polynuclestides or vectors encoding the same, and a
pharmaccutically acceptable camier. In various cmbodiments, the composition is
formulated for parenteral or pulmonary admimstration. In some embodiments, the
composition is formulated for mtravencus, intraarterial, intraperitoneal, intraarticular,
mtramuscular, topical, or subcutancous admunistration. In some embodiments, the

composition comprises both B1L.3 and D1, which are each optionally engineered variants

3
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described herein. In some embodiments, the composition comprises a chimeric protein
containing block sequences from both D1 and D1L3. Exemplary block substitutions

between D1 and D113 are shown m FIG 31,

In still other aspects, the invention provides a process for DNase enzyme
engineering, by producing chimeric sequences. For example, in these aspects the method
comprises providing a protein-protein alignment of donor and recipient DNase enzymes;
identifving variable amino acid sequences for transfer (“building block™). The vanable
amino acid or amino acids are flanked by one or more conserved amino acids in the donor
and recipient DNase enzviaes (upstream and downstream of the building block). These
building blocks can be swapped between receipient and donor proteins. The chimenc

enzyme is then produced recombimantly.

In still other aspects, the nvention provides a method of making a pharmaccutical
composition for reducing or preventing neutrophil extraceliular trap (NET)
accummulation. In these embodiments, the mvention employs a genctically modified
mouse deficient in D1 and DIL3 activity, and heterologous expression of G-CSF
polynucleotide {(e.g., in hepatocyte cells) or inducing a sustained endogenous G-CSF
expression {e.g. via repetifive administration of microbial compounds}). This moase
model accumulates NETs and rapidly develops NET-related vascular occlusions. In these
cmbodiments, the invention comprises administering a candidatc NET inhibitor or
candidate DNase enzyme {ncludimg a DIL3 or D1 vanant in accordance with this
disclosure) to the genetically-modified mouse, and selecting a NET inhibitor or DNase
enzyme that reduces the accumulation of NETs. The selected inhibitor or enzyme is
formulated for administration to a human patient.

In some aspects, the invention provides a method for treating a subject in need of
neutrophil extraceliular trap (NET) degradation. The method comprises administering a
therapeutically effective amownt of a DIL3 and/or D1, and/or vanants thercot according
to this disclosure. The D1L3 or D1 variant may be administered as pharmaccutical
compositions comprising the recombinant proteim, or in some embodiments the encoding
DNA or RNA, or in some embodiments, vectors comprising the same.

In vanous embodiments, the present mvention pertams to the treatment of

diseascs or conditions characterized by the presence or accumulation of NETs. Such

diseases or conditions include, but are not linuted to, discases associated with chronic

PCT/US2018/047084
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neutrophilia {e.g., an increase in the number of neutrophils), neutrophil aggregation and
leukostasis, thrombosis and vascular ccclusion (e.g. sickle cell disease), ischemia-
reperfusion imjury {¢.g. midgut volvulus, testicular torsion, limb ischemia reperfusion,
vital organ ischemia-reperfusion, organ transplantation), surgical and traumatic tissue
mjury, an acute or chronic inflammatory reaction or discase, an autoimmune disease {e.g.
systemic lupus erythematosus {(SLE}, lupus nephritis, rheomatoid arthritis, vasculitis,
svstenuc  sclerosis), cardiovascular discase (c.g.. myocardial infarction, stroke,
atherosclerosis, venous thromboembolism, meluding thrombolytic therapy), metabolic
disease {e.g.

P

diabetes), systemic inflammation {g.g., systemic inflammatory response
syndrome (SIRS), sepsis, septic shock, disseminated mtravascular coagulation (DIC),
and thrombotic microangiopathy (TMA)), mflammatory diseases of the respiratory tract
(e.g. cystic fibrosis, chronic obstructive pulmonary discase (COPD), acute hung myjury
(ALID}), smoke mduced lung mjury, transfusion indeced lung iojury {TRALL), acute
respiratory distress syndrome (ARDS), and asthma, atclectasis, bronchitis, empvema),
renal intflammatory diseases (acute and chronic kidney diseases, including acute kidney
mjury (AKI) and chronic kidney disease (CKD), inflammatory diseases related to
transplated tissue (c.g. grafti-versus-host discase) and cancer {¢.g. leukemia, tumor

metastasis, and sobid tumors}.

in some cmbodiments, the subject has or is at nisk of a ductal occlusion in a ductal
system. MNon-luniting examples of a ductal system or an organ or tissue coniaining a
ductal system include bile duct, tear duct, lactiferous duct, cvstic duct, hepatic duct,
ciaculatory duct, parotid duct, submandicular duct, major sublingual duct, bartholin’s
duct, cerebral agueduct, pancreas, mammary gland, vas deferens, ureter, uninary bladder,
gallbladder, and liver. As such, the present mvention is useful for treating a subject who
has pancreatitis, cholangitis, conjunctivitis, mastitis, dry eve disease, an obstruction of

the vas deferens, or renal discase.

In other embodiments, the subject has or is at nisk of NETs accumulating on

endothehal surfaces (e.g.

P

surgical adhesions), the skin {e.g., wounds/scarring, uclers}, or
in synovial joints {e.g., gout, arthritis). For 1nstance, NETs may contribute to surgical
adhesions, e.g., afier an invasive medical procedure. The present invention can be
admimistered during surgery to prevent or inhibit the formation of surgical adhesions. In
some nstances, D1, B1L3 (incloding vanants thereof), or the combination of D and

D1L3 {or vanants thercof) as outlined herein can be admnistered topically to the skin to

PCT/US2018/047084
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prevent or treat wounds and/or scarring. In other instances, D1, D1L3, or variants, or the
combinations thercof as outlined herein can be administered to synovial joints to prevent

or treat gout and arthritis.

In some embodiments, the subject has or 1s at nisk of a vascular occlusion

5 comprising NETs.

In various embodiments, the present imvention pertains to the treatment of
diseases that arc treatable with DNase enzyme, imcluding D1 and streptodornase. Such
diseases or conditions mclude thrombosis, stroke, sepsis, lung injury, atherosclerosis,
viral mfection, sickle cell disease, mvocardial infarction, ear nfection, wound healing,

10 liver mjury, endocarditis, fiver mmfection, pancreatitis, primary graft dysfunction, limb
ischemia reperfusion, kideey injury, blood clotting, alem-induced inflammation,
hepatorenal mjury, pleural exudations, hemotorax, intrabiliary blood clots, post
pneumatic anemia, ulcers, otolaryngological conditions, oral mfections, munor mjuries,
sinusitis, post-operative rhinoplasties, mfertility, bladder catheter, wound cleaning, skin

15 reaction test, puneumococcal meningitis, gout, leg ulcers, cvstic fibrosis, Kartegener's
syndrome, asthma, lobar atelectasis, chronic bronchitis, bronchiectasis, lupus, primary
cithiary dyskinesia, bronchiolitis, empyema, pleural infections, cancer, dry eves disease,
lower respiratory tract infections, chronic hematomas, Alzheimer’s disease, and

obstructive pulmonary discase.

20 In still other embodiments, the invention provides a method for recombinant
production of D1 or D113, or vanants thereof, using a non-mammlbian expression system,
such as Pichia pastoris. In some embodiments, the Pichia pasioris encodes the DNase

enzyme with the native signal peptide allowing for secretion from host cells.

Other objects, embodiments and advantages of the present invention are apparent

e
W

in the Detailed Description below.
BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1A - FIG. IF illustrate that DNase! and DNaseli3 in circulation degrade
NETs in vitro, and characterize DNA-degrading activity of sera from W, DNasel-/-
(D1+/-), DNaseli3-/~ (D1L3-/-), DNasel/DNasell3~/- (DU/D1L3-/-) mice. FIG. 1A
30 provides detection of DNasel (1), DNasel13 (B1L3), and total DNase activity by the
zvmographic assays DPZ and SRED. FIG. 1B provide images and FIG. 1C provide

quantification of DNA-stainings of NETs generated in vitro after incobation with sera

6
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from mdicated genotypes (N=6). Scale bar: 50 um. FIG. 1C shows DPZ and SRED
analysis of sera from DI/DIL3-/- mice stably expressing a plasmid with DNasel (B1},
DNase1i3 (D1L3), or a control plasmud (Ctrd). FIG. 1E shows images and FIG. 1F shows
quantification of DNA-staining of NETs generated m vitro after incubation with bufter
or sera from DI/DE3-/- mice expressing D1, DIL3, or Crl {(N=5). Scale bar: 50 pm.
Images are representative of two or more independent experiments. Statistics: (FIG. 1C
and FIG. 1F) one-way ANOV A followed by Bontferroni’s multiple comparisons post test;

§ P <0.001 vs. all other groups.

FiG. 2A-FIG. 21 dlustrate that DNasel or DNasell3 is required to tolerate
chronic neutrophilia. Chronic neutrophilia was induced by injection of a G-CSF-
expression plasmid (CSF3). Controls received an empty plasmid (Curl). FIG. 2A shows
blood neutrophul count of W'T mice and controls after 2 weeks (N=3-6). FIG. 2B shows
NET-like structures (arrow) in DMNA-stainings of blood smears from WT mice after |
week (N=3). Scale bar: 20 pm. FIG. 2C shows survival of WT (N=73, DNasel-/- (D1-/-
, N=6}, DNase 113+/- (D1L3+/-, N=6}, DiNase 1/DNase 113+/- muce (D 1/D1L3+/-, N=6) and
controls {Curl, N=4), FIG. 2D shows swrvival of D1/D1L3+/- mice co-expressing CSF3
with DMNasel (CSF3/D1, N=3), DNasel13 (CSF3/D1L3, N=6), and controls (CSF3/Ctxrl,

shows change in peripheral body temperature. FI1G. 2F provides photographs of plasma
and urine. FIG. 20 provides concentration of hemoglobin i blood. FIG. 2H provides
images of blood smears. Arrows point to schistocyies. Scale bar: 20 wm. FIG. 21 shows
LEH concentration in plasma. UT: untreated mice (N==5-6). Images are representative of
three or more mice. Stabistics: (FIGS. 2A, 2H, 26} ong-way and (FIG. 2E) two-way
ANOVA foliowed by Bonferroni’s multiple comparisons post test, (Fi(z. 2B) student’s
t-test, (FIGS. 2C, 2D) Log-rank test; # P < 0.01, § P < 0.001 vs. all other groups or
baschine (BL).

FIG. 3A-FIG. 3G diustrate that DNasel and DNaseli3 prevent vascular
occlusion by NET-clots during chronic neutrophilia. Histological analysis of
DNase1/BNase 3/~ mice {BV/D1L3-/-) co-expressing CSF3 with DNasel (CSF3/D1.
N=4), DNasc1i3 (CSF3/D1L3, N=4), or a control plasnud (CSF3/Curl, N=4). FIG. 3A
provides hematoxylin and cosin staimings (H&E) of lungs. Scale bars: 500 um
{overview), 23 wm (detail). FIG. 3B shows quantification of blood vessels 1 lungs

occluded by hematoxylin-positive clots per ficld of view (FOV). Untreated WT mice

PCT/US2018/047084
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(UTWT, N=4}, untreated DU/DIL3-/~ mice (UT, N=4). FIG. 3C shows mmunostaining
of occluded blood vessels for the neutrophil-marker myeloperoxidase (MPQO) and
chromatin. FIGS. 3D and 3E show immunostaining for von Willebrand factor (vWF),
fibrm, and DNA. Three types of NET-clots were detected (o, vWF+/fibrin-; J,
vWE+/fibrint;

NET-clots. Data shown as mean£SD, n = 108, FIG. 3G shows survival of D1/D1L3-/-

v, vWE-/fibrin-}. FIG. 3F provides guantification of vWF and fibrin in

mice expressing CSF3 treated with 1gG (N=4), anti-platelet-IgG (N=3), and dabigatran
{N=3}. Scale bars: 50 um. Images are representative of three or more mice. (FIGS. 3C,
3D, 3E) dotted line indicates vessel wall. Stanstics: (FIG. 3B) one-way ANOVA
followed by Bonferroni’s multiple comparisons post test; § P <0.001 vs. all other groups,

(FI1G. 30G) Log-rank test; P> 0.05 Anu-Platelet-IgG or Dabigatran vs. IgG.

FIG, 4A-FIG. 41 dlustrate that DNasel and PNasell3 protect against host
mjury i septicenua. WT mice (N=3) and mice with a combined deficiency in DNascl
and DNase 113 (D1/D1L3-/~) expressimg DNasel (B, N=7), DNase 113 (BI1L3, N=8), or
a control plasmid {Cirl, N=11) were treated with Lipopolysaccharide and heat-killed £
coli to induce septicermia. FIG. 4A shows survival time of septic mice. FIG. 4B shows
concentration of hemoglobin in blood. FIG. 4C shows photographs of plasma and unine.
FIG. 4D provides EDH concentration in plasma. FIG. 4E shows quantification of
schistocytes in blood per field of view (FOV). FIG. 4F shows quantification of occluded
blood vessels in lungs per FOV. FIG. 4G shows hematoxylin and cosin stammings (H&E)
of lungs. Arrowheads point to occluded blood vessels. Scale bars: 500 pm. FIGS. 4H and
41 show H&E staining of partially and fully occluded blood vessel. Arrows pomnt to NETs
covenng the intercellular space. Inserts are overviews. Scale bars: 50 pm. Statistics:
(FIG. 4A) Log-rank test; # P <0.01 vs. all other groups, (FIGS. 4B-4F) onc-way ANOVA

followed by Bonferroni’s multiple comparisons post test; § P <0.001, # P <0.0L

F1G. SA-FIG. 5K show a murine model of chronic neutrophilia. Four-week old
W mice were ingected with a CSF3-expression plasmid (CSEF3) or with an empty control
plasaud (Cirl). FIG. SA shows G-CSF levels in plasma (N==3-6}. BL: baseling, before
injection; Cul: mice expressing the control plasmid without CSF3 for 2 weeks (N=4-5}.
FiG. 5B shows mmmunostaining for neutrophd clastase of hungs, kidneys, and livers.
Scale bars: 200 um. FIG. 5C shows photographs and weights of spleens (N=5-6}. Scale
bar: 1 cm. FIG. 5D shows body weight of mice at indicated times (N=3-3). FIG. 3E

shows peutrophil counts in whole blood and plasma levels of ALT, AST, BUN, and

PCT/US2018/047084
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creatimine 2 weeks after the injection. Images are representative of three or more mice.
Statistics: {FIGS. 3A, 5C) one-way and (FIG. 53D} two-way ANOVA followed by
Bonferroni’s multiple comparisons post test, and (FIG. 5E) Student’s t-test; # P < 0.01,
§ P<0.001 vs. (FIG. 5A) BL, or (FIG. 3C) UT.

FIG. 6A-FIG. 6D show that DNasel and DNase 113 prevent the formation of
NET-clots and organ injury in liver and kideeys during chronic neutrophilia. Analvsis of
DNasel/DNasc 13-/~ mice (DI/DIL3-/~) co-expressing CSF3 a control plasnud
{CSF3/Ctrl, N=4), with DNase 1 (CSF3/D1, N=4}, or with DNase 113 (CSF3/D1L3, N=4}.
Controls include untreated WT mice (UTWT, N=4) and untreated D1/D1L3~/- mice (UT;
N=4}. FIG. 6A shows plasma levels of alanine and aspartate aminotransferases (ALT,
AST). FIG. 6B shows plasma levels of blood area nitrogen (BUN) and creatinine. FIG.
6C provides quantification of intravascular hematoxviin-rich clots in livers per section
and 10 kidnevs per ficld of view (FOV). FI1G. 6D provides H&E stainings of hivers and
kidneys. Scale bars: 500 um {(overviews), 50 um (detail). Images are representative of
three or more mice. Statistics: (FIGS. 6A, 6B, 6C) one-way ANQOVA followed by

Bonferroni’s multiple comparisons post test; # P < 0.01, § P <0.001 vs. ali other groups.

FIG, TA-FIG, 7C show hematoxyviin-positive clots are composed of NETs.
Analvsis of lhungs from DNasel/DNaseli3-/- mice (D1/D1L3-/-) with chronic
neutrophilia (DI/D1L3-/- + CSF3/Cirl) shown i FIGS. 3A-3G. FIG. 7A provides
staining with hematoxylin and eosin (H&E), for DNA, and for chromatin of consecutive
tung sections. Scale bars: 200 pm. FIG. 7B provides immunostaining of occluded blood
vessel for chromatin, CRAMP {cathelin-related antimicrobial peptide}, and DNA . Scale
bars: 50 wm. FIG. 7C provides immunostaining of occluded blood vessel for chromatin,
citrullinated histone 3 (citH3), and DNA. Scale bars: 50 um. Images are representative

of three or more mice.

FIG. 8A and FIG. 8B show that human NETs form clots n vitro, FIG. 8A
provides a photograph of NET-clot (arrow} generated by PMA-activated human
neutrophils in vitro. Untreated neutrophils (UT) or neutrophils activated in the presence
of recombinant human DNasel (PMA + D1} served as controls. Scale bars: 5 mum. FIG.
8B provides hematoxylin and eosin stainings (H&E) and immunostaining for chromatin
and the neutrophil-marker myeloperoxidase {MPO) of 1n vitro genecrated NET-clots.

Scale bars: 200 um. Images are representative of three or more independent experiments.
: o
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FIG. 9A and FIG. 9B show NET-degradation correlates with disease activity
in STEC-HUS. FIG. 9A shows images and FIG. 9B shows quantification of DNA-
staining of NETs generated in vitro after incubation with buffer, plasma from normal
healthy donors {N=7), or plasma collected in the acute discase state (Acuie) and in
remission {Rem.) of 11 patients with STEC-HUS. Scale bar: 50 um. Statistics: ong-way
ANOVA followed by Bonferroni’s multiple comparisons post test; § P < 0.001 vs. all

other groups.

FIG. 18 provides a table of descriptions of human tissue from various patienis
examined, such as patient number, cause of death as indicated m the auvtopsy report
{ARDS, acute respiratory distress syndrome). Sex and age of the patient. Type of
analyzed tissue. The tissues was analvzed n a three step procedure: first, identification
of hematoxylin-rich clots / aggregates in hematoxvlin & cosin stainings; second,
identification of NETs in hematoxylin-rich clots by immunostaining for chromatin &
myveloperoxidase (MPO); third, identification of the localization of the NET-clots within

the ung architecture.

FIG. 11A-FIG, 11D show human NETs form clots in situ. Lung tissue
collected at avtopsy from two patients with sepsis (Patient #6 and #7 m FIG. 10). FIG.
11A shows H&E staining of two hematoxylin-rich intravascular clots in lung tissae from
patient #6. FI1G. 11B shows mmmunostaining of consecutive section for chromatin and
myeloperoxidase (MPO) of lett blood vessel shown m panel A, FIG. 11C shows H&E
staining blood vessel in hung tissue from patient #7 shows hematoxylin-rich intravascular
clots. FIG. 11D shows immunostaining of consg¢cutive section for chromatin and MPQO,
Arrows pomt to clots of NETs. Scale bar: 30 um.

FIG., 12 shows NET-clots occlude blood vessels i septic mice.
Immunostaining of fully occluded blood vessel 1n septic DNasel/DNaseli3-/- mice for
DNA, chromatin and myeloperoxidase (MPO). DNA and chromatin stamings of NETs
{arrows) appear dimmer than nuclear stainings (astenisks) and cover the ntercelular
space. Scale bars: 10 pm.

FIG. 13A-FIG. 13F shows that DNasel and DNasell3 degrade NETs by
distinct mechanisms. FIG. 13A provides DNA-stainings of PFA-fixed NETSs generated
i vitro after incubation with sera from WT, DNasel-/- (Di-/-), DNasel{3~/~- (D1L3+/-),

DNase1/BNasc 13-/~ mice (D1/DIL3-/-). Data are representative of 23 independent
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expenments. Scale bar: 50 um. FIG. 13B shows the concentration of cell-free DNA
fragments released from PFA-fixed NETs afier incubation with sera from WT, Di-/-
DIL3-/~, and DUDIL3-/- nuce. FIG. 13C shows DNA-stainings of non-fixed NETs
generated in vitro atter incubation with vehicle, recombinant murine DPNasel (D), or
recombinant murine DNase 113 (imB1L3). FIG. 13D shows the concentration of cell-free
DNA fragments released from non-fixed NETs generated in vitro after incubation with
vehicle, D1, or maDIL3. FIG. 13E shows DNA-stainings of PFA-fixed NETs
generated n vitro after incubation with vehicle, rmD1, or smDIL3. FIG. 13F shows the
concentration of cell-free DNA fragments released from PFA-fixed NETs generated in
vitro after meubation with vehicle, D1, or tmDIL3. Statistics by one-way ANOVA

followed by Bonferroni’s muitiple comparnisons post test; § P <0.0001.

FIG. 14A-FIG. 14G provide DNasel and DNasel13 activity in the circulation
of humans and mice. FIG. 14A-FIG. 14E show DNase activity in human and munne
plasma guantified by SRED. FIG. 14A illustrates supplementation of plasma from
normal healthy donors (NHD) with polyclonal antibodies against human DNasel {o-
hDNasel), but not with Ig(G, blocks the DNA degrading activity in a concentration-
dependent manner (¥: p < 0.05 vs. 1gG). FIG. 14B shows plasma supplemented with 200
ug/ml ¢-hDBNasel and heparin, an inhibitor of DNase113, blocks residual DNase activity
in plasma supplemented with 2060 pg/ml e-hDNasel {*: p <0.05 vs. NHD}. FIG. 14C-
FI1G. 14E provide a comparison of DNase activity in serial dilutions of plasma from mice
and NHD. FIG. 14C illustrates that total DNasc activity of WT mice is approximately
10-times higher than in NHD. FIG. 14D shows DNasel activity in plasma from
DNasell3-/- mice s approximately 10-foid higher than homan plasma supplemented
with 300 pg/md hepann. (E DNasell3 activity in plasma fromm DNasel-/~ mice is
approximately 10-fold higher than human plasma supplemented with 200 pg/ml a-
hDNasel (F, G In vitro NET-degradation is ithustrated in FIG. 14F and FIG. 14G. FIG
14F shows activated weutrophils mcubated with plasma from NHD alone or
supplemented with 200 pg/mi a-hDNasel, plasma from TMA patients, and plasma from
WT, DNagel-/-, and BKO mice (Scale bars: 200 um). FIG. 14G shows cell-free DNA in
supernatants of activated nevtrophils incubated with plasma from indicated sources (& p
< (0.001 vs. NHID). In vitro NET-degradation by human plasma is dependent on DNasel

as DNase 13 in human plasma is not sufficient to degrade NETSs,
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FIG. 1S5A-FIG. 15C show a lethal course of chrome neotrophilia in an
alternative stram of DNasel/DNasel3-/- mice. An alternative strain of DNasel-/- mice
(see Methods of Example 1) was crossed with DNase113-/- mice to generate mice with a
combined deficiency. FIG. 15A provides survival curves of neutrophihia in WT (N=9),
DiNasei~/- (D1-/-, N=35), and DNasel/DNasc 13-/~ muce (B 1/D1L3+/-, N=3). Chromc
neutrophilia was induced by injection of a CSF3-expression plasmid {C5F3}. FIG. 158
provides hematoxylin and ecosin stainings (H&E) of lung sections. Arrow points to
hematoxylin positive clots in D1/DIL3-/- mice. Scale bar: 500 um. FIG. 15C provides
survival of DI/DIL3+/- mice coexpressing CSF3 with a control plasmid (CSF3/Cud,
N=6}, with DNasel (CSF3/D1, N=5), or with DNase 113 (CSF3/D1L3, N=6). Statistics:
Log-rank test; § P <0.001.

FIG, 16A-FIG, 168 show the screeming approach to identify hyperactive
variants of DNasel and DNase 153 in vitro. FIG. 16A shows a library of DNases included
wild-type DNaselL.3 (I, B1L3), wild-type DNasel (11, D1}, and vanants thereof. D1 and
D1L3 variants were designed by transferring amino acids from DIL3 to D1 ({IL, D1Y)
and D1 to DIL3 (IV, D1L3Y). DNase activity was tested using the degradation of high-
molecular weight (HMW) DNA, dsDNA and chromatin, as a substrate. In FIG. 16B,
zymography showed dsDNA degrading activity as dark circles. The dsDNA degrading
activity correlates with the diameter. Samples without activity show the loading well as
small black spot {¢.g. D1, 6.0005 ng). D1 degrades dsDDNA approximately 100-fold more
ctficiently than DIL3. Agarose gel electrophoresis (AGE) of DNA 1solated from digested
chromatin shows a shift from high-molecular weight DNA to lower or low-molecular
weight DNA that correlates with chromatin degrading activity. D1L3 degrades chromatin
approximately 100~-fold more efficiently than B1. Ataratiootf 10:1 or 1'1 (m/m), D1 and
D1L3 show synergistic effects m the degradation of chromatin.

F1G. 17 shows an amino acid sequence alignment of human DNasel (SEQ 1D
NO: 1) and human DNaselL3 (SEQ 1D NO: 2). The signal peptide, conserved amino
acids, additional argining- and lysine-residuegs in variable regions of D1L3, and the C-

terminal tail of D113 are highlighted. Sequence rulers mdicate the amino acid position.

FIG. 18 shows a hst of arginine- and lysine-residucs that are present in
DMNasell.3 only. The corresponding amino acid in DNasel and amino acid substitution

in PNasel are indicated. Numbers in brackets are the amino acid position in the mature
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protein without signal peptide. Arginine- and lvsine-residues that are located in the C-
terminal tail of B1L3 are shown in lanes 29-37. This application tested 22 of the 37

possible DNasel variants.

FIG. 19 shows the characterization of DNasel variants with single argining and

5 lysine amino acid substitutions kisted m FIG. 18, Zymography showed dsDNA degrading
activity as dark circles. The dsDNA degrading activity correlates with the diameter.
Agarose gel electrophoresis (AGE) of DNA 1solated from digested chromatin shows a

shift from high-molecular weight DNA to lower or low-molecular weight DNA that
corrclates with chromatin degrading activity. Amine acid substitutions that cause an

10 increase in chromatin degrading activity are highlighted in blue. Samples without such

effect are shown in light blue.

F1G. 20 shows the amino acid sequence alignment of human DNascl (SEQ 1D

NG 1), mouse DNasel (SEQ ID NG 33, rat DNasel (SEQ ID NG 43, and human

DNase1L3 (K8EQ ID NO: 2). Sequence rulers indicate the aming acid position. The signal

15 peptides are highlighted in grey. Cationic ammo acid residucs {arginine: K, lvsine: K)

that are present in mouse/rat DNase i and buman DNase1L3, but not 1in human DNased,

are highlighted. Four such R/K-residues are shown m mouse DNasel (Q31R, Q49K
Q79R, W209R). Rat DNasel contains two additional R/K-residues (177K, G262K).

FIG. 21A-FIG. 21 B shows a comparison between murine and human DNasel.

20 (FIG. 21A) Zyvmography show dsDNA degrading activity as dark circles. The dsDNA
degrading activity correlates with the diameter. Samples without activity show the
loading well as small black spot {(¢.g. Ctrl}. Murine DNasel (mD1) and human DNasel

(D1} show similar levels of dsDNA degrading activity. Agarose gel clectrophoresis
{AGE) of BNA isolated from digested chromatin shows a shift from high-molecular

25 weight DNA to lower or low-molecular weight DNA that correlates with chromatin
degrading activity. Murme DNasel (mD1) shows more chromatin degrading activity

than haman DNasel (B1}). (FIG. 21B) Gene therapy with lman DNasel provides only
partial protection from lethal vascular occlusion by NETs. Chronic neutrophilia with
concomitant intravascular NET-formation was induced as by hepatic expression of Csf3,

30 which encodes with G-CSF. The data show the survival curve of Csf3-expressing
Drase " Dnase 1137 mice. Animals were injected with Csf3 and an empty control vector

(Ctrl, N o= 6), with a mixture of Cs/3 and human DMasel (hDnase/, N = 12}, and with
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Csf3 and murine DNasel {(mDnase!, N = 5}, P-values were calculated using log-rank

test.

FIG. 22A-FIG. 22B shows the charactenization of rodent-like human DNasel-
variants i vivo and in vitro, (FIG. 20A) Gene therapy with rodent-like DNase1-variants
provides full protection from lethal vascular occlusion by NETs. Chronic neutrophilia
with concomitant intravascular NET-formation was induced as by hepatic expression of
Csf3, which encodes with G-CSF. The data show the survival curve of Csf3-expressing
Dnasel”Dnasell3" mice. Animals were injected with Cs/3 and an empty control vector
(Ctrl, N = 6}, with a nuxture of Usf3 and human DNascl (hDnasel, N = 12) as shown in
FIG. 21 A third group of Drase /7 Drase /137 mice received an injection with Cs/3 and
the gene encoding with maorine-like PNasel-variant, which contains 4 amino acid
mutations Q31R/Q4OK/QTIR/W209R (U3IR/Q4IK/Q7IRW209R, N = 6). A fourth
group of Dnase I Dnase 1137 mice received an injection with Csf3 and the gene encoding
with rat-like DNasel-variant, which contains 6 amuno acid mutations Q31K, Q49K
Q79R, Q177K, W209R, and G262K (Q3IR/QHLIK/Q7IR/QITTK/ W209R/G262K, N =
63. P-values were calculated using log-rank test. (FIG. 22B) Zymography showed
dsDNA degrading activity as dark circles. The dsDNA degrading activity correlates with
the diameter. Samples without activity show the loading well as small black spot {e.g.
Cirl}. Agarose gel clecirophoresis {AGE} of DNA isolated from digested chromatin
shows a shift from high-molecular weight DNA to lower or low-molecular weight DNA
that correlates with chromatin degrading activity. The murine-like vanant of human
DNasel (Q31R/Q49K/Q79R/W209R), and the rat-like varant of human DNasel
{Q3TR/BAOK/QTOR/QITTK/W209R/G262K) show similar dsDNA but more chromatin

degrading activity than wild-type human DNascl.

FI1G, 23 shows the amino acid sequence alignment of human DNase 1 (B1, SEQ
1D NG: 1) and human DNagelL3 (DIL3, SEQ ID NO: 2). Sequence rulers demark the
amino acid posttions. Anuno acids of D1 with published mutations are lighhighted.
Homan DI1L3 contains three mutations that are associated with a gain-of-function in
human DNasel (Q31R/T227K/A136F) and four mutations that are not linked to
mcreased activity,

FIG. 24A-24B show the characterization of DNasel variants (D1Y) with the
mutations Q31R, T227K, and/or A136F (FIG. 24 A} Culture supernatants of transfocted
HEKZ?93 cells were analyzed. HEK cells transfected with wild type DNasel (D1} and
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DNase1L3 (B1L3) served as controls. Zymography showed dsDNA degrading activity
as dark circles. The dsDNMNA degrading activity correlates with the diameter. Samples
without activity show the loading well as small black spot (c.g. Ctil). Agarose gel
clectrophoresis (AGE) of DNA 1solated from digested chromatin shows a shift from
high-molecular weight DNA to lower or low-molecular weight DNA that correlates with
chromatin degrading activity. The D1V that features three amino acid mutations
Q31R/T227K/A136F has similar dsDNA degrading activity, but a greater capacity to
degrade chromatin than D1 and D1V featuring Q31R, T227K, A136F, or Q31R/T227K.
{FIG. 24B} Gene therapy with a hyperactive D1V provides full partial protection from
lethal vascular occlusion by NETs. Chronic neutrophilia with concomitant mtravascular
NET-formation was induced as by hepatic expression of Csf3, which encodes with G-
CSF. The data show the survival curve of Csf3-expressing Dnase ™ Dnase 1137 mice.
Animals were injected with Cs/3 and an empty conirol vector {Crf, N = 6}, with a
mixture of Cgf3 and human DNasel (hDnasel, N = 12} as shown in FIG. 21, In addition,
a group of DnaselDnasell3” mice received an injection with Csf3 and the gene
encoding with a human DNasel-variant, which contains the triple amino acid mutation
Q3IR/M2Z2TK/ANZEF (U3 RT227K/A136F, N = 6). P-values were calculated using log-

rank test.

FIG, 25 shows a comparison of wild-type DNasel (D1} and the DNasel-
variants (D1Y) featuring the mutations Q31R/T227K/A136F. Purified proteins were
analvzed at mdicated amounts. Zymography showed dsDNA degrading activity as dark
circles. The dsDNA degrading activity correlates with the diameter. Samples without
activity show the loading well as small black spot {o.g. 0 ng}. Agarcse gel electrophoresis
(AGE) of DNA isolated from digested chromatin shows a shift from high-molecular
weight BNA to lower or low-molecular weight DNA that correlates with chromatin
degrading activity. The DNasel-variant featuring the mutations Q3 IR/T227K/A136F

degrades chromatin approximately 10-20-fold more efficientlv than wild~type DNasel.

FIG. 26 shows a comparison of DNasel varants (D1Y with the amino acid
mutations A1641, A136F, and A164K/AI36F with wild-type DNasel (B1) and wild-
type (D1L3). Culture supematants of transfocted HEK cells were analyzed. Zymography
showed dsDNA degrading activity as dark cireles. The dsDNA degrading activity
correlates with the diameter. Samples without activity show the loading well as small

black spot {e.g. Ctrl). Agarose gel clectrophoresis (AGE) of DNA isolated from digested
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chromatin shows a shift from high-molecular weight DNA to lower or low-molecular
weight DNA that correlates with chromatin degrading activity. DNasel-variants

featuring A136F/A164K degrades chromatin most efficiently.

FIG. 27A-FIG. 278 shows development of a DNase1 variant with the mutation

5 AZ26 T227msK. (FIG. 26A) Amino acid sequence alignment of human DNasel (SEQ
1D NG: 1) and human DNase1L3 (SEQ 1D NO: 2). Sequence rulers demark the anuno

acid positions. Critical arginine residues m DNaselL3 are highlighted. Shared amuno
acids between DNasel and DNaselL3 are highlighted and serve as anchors to replace

the amino acids sequence ATP of DNasel with VKKS of DNasell3. (FIG. 26B)

10 Zymography showed dsDNA degrading activity as dark circles. The dsDNA degrading
activity correlates with the diameter. Samples without activity show the loading well as
small black spot {c.g. Ctrl}. The gel was loaded with wild-type DNasel {D1), DNasel
variants {1V} that feature the mutations A226 T227msK, T227K, and

A226 P228delinsVKKS. A226 T227msK, but not A226 P228delinsVKKS, is

[V,
(]

associated with a reduced dsDNA degrading activity.

FIG. 28 shows the structure of human DNasel [4AWN]. Highlighted are the
N-terminal beta-sheet and the C-termunal beta~sheet and the motive 8272/D273/HZ74,

which is conserved among B1-protein family members.

FIG. 29 shows the concept of building block enginecring of homologous
20 proteins. The technology transfers single or multiple variable amino acids, which are
flanked by conserved single or multiple variable amino acids, between a donor and

recipient protein.

FIG. 30 shows an amino acid sequence alignment of DNasel and DNaselL3

of mouse {SEQ [ NOS: 3 and 34), rat (SEQ 1D NOS: 4 and 35), chimpanzee (SEQ 1D

25 NOS: 36 and 37), and human (SEQ ID NOS: 1 and 2}. The N-terminal signal peptide and

conserved aming acids are highlighted. Variable amino acids arg not highlighted and

serve as Bulding Blocks that can be transferred from DNasel to DNas¢lL3 and vice
versa. Abbreviations: AA, anuno acid.

FIG, 31 A-FIG. 31 B show lists of Building Blocks in human DNasel (D1} and

30 human DNaselL3 (D1L3). FIG. 31A shows amino acids that are conserved in D1 and

D1L3, which serve as N- and C-anchors, respectively. Building blocks are variable

amino acids in D1 and DIL3. Mutations that transfer Building Blocks from DIL3 to D1
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are shown. FIG. 31B shows N- and C-anchors in B1L3. Mutations that transfer Building

Blocks from D1 to D1L3 are listed. AA: amino acid.

FIG. 32 shows an application of the building block engineering of homologous

proteins. The application uses as an initial screening step, the transfer of clusters of

5 building blocks between a homologous donor and recipient protein. Additional optional
steps are the transfer of individual building blocks, followed by the transfer of individual
amino acids. In a final step {(not shown), multiple amino acids, building blocks, and

butiding block clusters may be combined to degencrate a chimeric enzyme.

FIG. 33 shows characterization of DNasel variants (D1V) featuring building

10 blocks from DNaselE.3 (B1L3). Zyvmography showed dsDINA degrading activity as dark
circles. The dsDNA degrading activity correlates with the diameter. Samples without
activity show the loading well as small black spot (e.g. Ctrl). Agarose gel electrophoresis
{AGE) of DNA isolated from digested chromatin shows a shift from high-molecular
weight DNA to lower or low-molecular weight BNA that correlates with chromatin

15 degrading activity. Building block substitutions that cause an increase m chromatin
degrading activity are highlighted in dark shade. Samples without such effect are shown

in Jight shade. A DNasel variant featuring the combination of building blocks 11, 12-14,

26, 41-48, and 49 shows similar chromatin degrading activity than wild-type DNase1L3.

FIG. 34A-FIG. 34B shows the development of a DNase1L.3 variant without

20 the C-terminal tail of wild-type DNaselL3. FIG. 34A shows an amino acid sequence
alignment of human DNasel {(SEQ 1D NG: 1) and human DNasel13 (SEQ 1D NG 23,
Sequence rulers demark the amino acid positions. The C-terminal tail of DNaselL.3 is
highlighted and its nuclear localization signal is boxed. Shared amino acids between
DiNasel and DNaselL3 are indicated. Amino acids located afier the conserved SDH

25 motive were exchanged the bulding block cluster 60-62 between DNasel and
DNaselL3. FIG. 34B shows zvmography showing dsDNA degrading activity as dark
circles. The dsDNA degrading activity correlates with the diameter. Samples without
activity show the loading well as small black spot (e.g. Ctrl}. Agarose gel electrophoresis
{AGE) of DNA isolated from digested chromatin shows a shift from high-molecular

30 weight BNA to lower or low-molecular weight DNA that correlates with chromatin
degrading activity. The gels were loaded with wild-type DNasel (1), DNasel variant
(B1Y) that features the BB cluster 60-62 from D1, DNasell3 varant (BIL3Y) that
features the BB cluster 60-62 from D1, and a DIL3Y with two mutations {K3014,
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K303A) were made to inactivate the NLS2. DI1L3V with BB cluster 60-62 from D1

showed increased chromatin degrading activity compared to wild-type D103,

FIG. 353A-FIG. 35B shows the development of glyveosylated DNasell3
variants (D1L3Y). FIG. 35A shows the amino acid sequence alignment of human DNasel
(SEQ ID NG 1) and buman DNase1L3 {(SEQ 1D NO: 2}, Sequence rulers demark the
amino acid positions. The glvcosylation motives N40-X-T42 and N128-X-T130 of
DNasel are highlighted. The sttes are part of building block (BB) 4 and buwilding block
cluster {BB) 23-25. Relevant shared aming acids between DNasel and DNase1L3 are
highlighted. (FIG. 35B) Zymography showed dsDNA degrading activity as dark circles.
The dsDNA degrading activity correlates with the diameter. Sampies without activity
show the loading well as small black spot (e.g. Ctrly. Agarose gel electrophoresis (AGE)
of DNA isolated from digested chromatin shows a shift from high-molecolar weight
DNA to lower or low-molecular weight DNA that corrclates with chromatin degrading
activity. The gels were loaded with wild-type DNaselL3 (D1L3), DNaselL3 vanant
(D1L3Y) that features BB 4 from D1, and DNase1L3 variant (D1L3Y) that features the
BB cluster 23-25 from D1, A Western Blot (WB) with antibodics against D113 detected
that D1L3Y showed increased amounts of larger proteins. Both glycosvlated DNase 113

variants (D1L3V) retained their capacity to degrade chromatin,

FI1G. 36A-FI1G. 36F shows the therapeutic effect of DNase L3 (SEQ D NO:
2) and a varant thereof (SEQ ID NO: [7) agamst NETs in vivo, FIG. 36A shows an H&EE
staining of a mouse heart with a hematoxyvhin-rich and dense clot of NETs within a
cardiac chamber. FIG. 36B shows a time hine starting with the induction of NETs, leading
to vascular occlusion by NETs and death. Hematuna and hvpothermia are external signs
for m vivo NET-clots. (FIG. 360} Qutline of the expenimental design: Csf3 was
expressed in Duase! " Duaseli3" to induce vascular clots of NETs. Mice that showed
hematuria and hypothermia were randomized by an mjection of vehicle (N = 3), dormase
alpha (D1, N = 3), purified DNase1L3 (D1L3, N = 3), or a punified DNasell3 vanant
(SEQ ID NO: 17, DIL3Y, N = 3}, After 30 minutes lungs and serum were collected. The
therapy with DI1L3 or DIL3Y, but not saline or D1, significantly reduced vascular
occlusion by NETs in lungs (F1G. 36D} and increased the levels of DNA 1o serum (FIG.
36E). FIG. 36F shows oligo-nucleosomes in the serum from mice receiving the D1L3

therapy. Mice recetving DIL3Y showed smaller mono- and di-nucleosomes. DNA
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solates from serum of mice receiving B therapy showed faint DNA smears of varioas

sizes, whereas no BNA could be isolated from serum of mice injected with vehicle.

FIG. 37A-FIG. 37C shows the therapeutic effect of a DNase 113 vanant (SEQ
1D NG: 17) 1n a rat model of ischenua-reperfusion (IR} injury. {FIG: 37A) Qutline of the
experimental design: One testicle of male wild-type rats was subjected to testicular
torsion. The procedure causes an ischemic tissue injury. Mice were randomized. A de-
torsion of the testicle was performed, followed by an injection of vehicle (N = 6}, dornase
alpha (D1, N = 6}, or a purified DNasel1L3 variant (SEQ ID NO: 17, DIL3Y, N = 6). The
untreated and the ischemic testicle were collected after 7 days. FIG. 378 shows that the
therapy with the DI1L3Y, but not saline or D1, significantly reduced atrophy in the
ischemic testicle.  FIG. 37C quantified the macroscopic tissue mjury. Al untreated
testicles are brownish and vascularized, indicating healthy tissoe (Ctd, Score: )
Testicular torsion followed by reperfusion damaged tissue, which appeared whitish (IR,
Score: 4). Therapy with the D1L3VY, but not saline or D1, substantially reduced the tissue

mjury and 4/6 testicles showed no signs of inpury. Scale bar: Tom.

FIG. 38A-FIG. 38C shows the expression levels of DNasel, DNase1L3, and
variants thereof. (FIG. 38A) Stable pools of CHO cells producing wild-type DNasel
(D1), a varant thereof (D1Y, SEQ 1D NO: 7), wild-tvpe D1L3, and a variant thereof
(BIL3Y, SEQ ID NGO: 17) were cultured in bioreactors. Samples were collected
periodically and analvzed by Western Blot. Expression of D1 and DY was detected, but
only fow levels of D113 and DIL3Y. (FIG. 38B) Robust expression of D1L3 and D1L3V
was achieved in Pichia pastoris. {FIG. 38C) Zymography showed dsDNA degrading
activity as dark circles. The dsDNA degrading activity correlates with the diameter.
Samples without activity show the loading well as small black spot (e.g. L3, 6.0005
ng}. Agarose gel clectrophoresis {AGE) of DNA isolated from digested chromatin shows
a shift from high-molecular weight DNA to lower or low-molecular weight DNA that
correlates with chromatin degrading activity, DIL3V degrades chromatin approximately

10-fold more efficiently than DIL3.

FIG. 39 illustrates certain DNase variants in accordance with this disclosure.
The amino acid mutations in DNase! and DNaselL3 with signal peptide as well as the
matare proteins without signal peptide are histed. Mutations that were generated using
Building Block Enginecring are marked with *+7 and the Building Blocks are indicated

in brackets.
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DETAILED DESCRIPTION OF THE INVENTION

The present invention provides engincered DNase proteins, members of the
DNasel-protemn family (including DNase | -like 3 and DNasel) that are usefud for treating
conditions characterized by neutrophil extracelbdar trap (NET) accumulation and/or

5 release. In some aspects, the invention provides compositions and methods for
preventing or treating vascular occlusion involving NETs. As demonstrated herein, NETs
participate in a non-canonical mechanism for vascular occlusion, which is not dependent

on fibrin and platelets.

As used herein, the term “neutrophil extraceltular trap”™ or “NET” refers to any

10 extracellolar trap ("ET7) comprising extracellular DNA formed by cells such as, but not
fimited to, neutrophils, monooytes, macrophages, basophils, cosinophils, mast cellg,
cancer cells, myured cells (e.g., iyured endothelial cells), and the like. Unless the context

mndicates otherwise, the terms NET and ET are used interchangeably herein.

There are two extracellular DNase enzymes found in the circulation of humans

15 and nuce, DNasel (1) and DNascl-like 3 (D1L3). These enzymes can be deficient i
their ability and mechanism to degrade NETs in vitro and in vivo, and are found at
relatively low concentrations in humans and mice. The natural enzymes do not have ideal
physical, enzvmatic, and/or pharmacodynamic propertics for recombinant therapy, and

particularly for systenmuc therapy.

20 D1 and D1L3 belong, along with DNasel-like 1 {(D1L1} and DNasel-like 2
(D112}, to the DNase L-protein family. B1 and D1L3 are expressed in a vanety of specics
mcluding, humans, primates, and rodents. In humans and mice, D1 and D1L3 show a
protein similarity of 49-52%. However, despite their homology, D1 and D1L3 differ in

cellular origin, sensitivity towards inhibitors, and substrate affinity. D1 preferentially

e
W

cleaves protein-free DNA (o.g. bacterial DNA, plasnud DNA), whereas D1L3 targets
chromatin, the complex of DNA and histones, which is commonly found in the mucleas
of cukaryotic cells. D1 activity is inhibited upon binding to monomeric actin and
sensitive to phvsiological sali concendrations. In addition, D1 s glycosylated at N40
(corresponds to NI8 in the matare enzyme without signal peptide} and N128 (N106),
30 which makes the enzyime resistant to inactivation by scrum proteases. In contrast, D1L3
lacks glyecosviation and actin-binding sites, which causcs its susceptibility towards

several proteases and resistance towards actin, respectively.
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In some aspects, the invention provides DIL3 vanants engineered to have
physical, pharmacodynamic, and/or enzymatic propertics more suitable for therapy, for
cxample, to reduce or prevent NET accumulation n a subject. In various crmbodiments,
the mvention provides a recombinant D113 protein variant comprising: one or more
glycosylations, one or more amino acid alterations resulting in mereased substrate
affinity, inactivation of a nuclear localization signal, deletion of all or part of a C-terminal
tail, pegylation, and fusion to a carrier protein or moicty. In various embodiments, the
D1L3 vanant has mcreased protein stability, increased protease-resistance, mereased
bioavailability, mereased half-hife in circnlation, and/or substantially the same or better
DNA and/or chromatin and/or NET-degrading activity, bigher production levels with in
vitro expression svstems {¢.g. Chinese hamster ovary cells and/or Pichia pastorisy as

compared to wild-type D1IL3 protemn of SEQ 1B NG:2.

In various embodiments, the DIL3 variant comprises an amino acid sequence
with at feast 80% sequence identity to the enzvme defined by the amino acid sequence
of SEQ ID NO:2, with ong or more aming acid modifications with respect to SEQ 1D
NG:2 as described herein. In some embodiments, D113 variant comprises an amino acid
sequence with at least 90%, or at least 95%, or at least 97%, or at lcast 98% sequence

identity with with the DNase enzyme defined by SEQ ID NG:2.

As used herein, when referring to sequence identity with wild~tvpe DNase
enzymes, and unless stated otherwise, sequences refer to mature enzymes lacking the
signal peptide. Further, unless stated otherwise, aminoe acid positions are numbered with
respect to the full translated DNase sequence, including signal peptide, for clanty.
Accordingly, for example, reference to sequence identity to the enzyme of SEQ IDNO:2
refers to a percent identity with the matare cnzyme having M21 at the N-terminus.
Simlarly. reference to sequence identity to the enzyme of SEQ 1D NO:1 (human D1}

refers to a percent identity with the mature enzyme having 123 at the N-terminus.

The similarity of nuclectide and amino acid sequences, . the percentage of
sequence identity, can be determined via sequence alignments as known in the art. Such
ahignments can be camed out with several art-known algonthms, such as with the
mathematical algorithm of Karlin and Altschul (Karlin & Altschul (1993} Proc. Natl
Acad.  Sci. USA 96 5873-5877), with  hmmalign  (HMMER  package,

&

http://homer.wusth.edu/y or with the CLUSTAL algorithm (Thompson, I. D., Higgins,
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B. G. & Gibson, T. 1. (1994) Nucleic Acids Res. 22, 4673-80). Exemplary algorithms
are incorporated into the BLASTN and BLASTR programs of Altschul et al {1990} J.
Mol Biol. 215 403-410. When utilizing BLAST programs, the default parameters of the

respective programs are used.

In some embodiments, the recombinant D1L3 protein vanant comprises ong of
more glycosylation consensus sequences, e.g., NX{T/5). The human wild type enzyne
(SEQ 1D NO:2) does not contain a consensus glycosylation sequence. However,
enginecring a glycosylation consensus sequence into B1L3 can provide for giycosylation
{and protcase resistance} without substantial impact on the enzyme activity. In some
embodiments, the glycosyiation consensus sequence includes a D38N substitution and
an N4O0T or N40S sobstitution, and/or an A127N substitution and a V1297 or V1295
substitution from the wild type sequence {e.g., SEQ 12 NO:2}. In some embodiments,
the recombinant DIL3 enzyme has one, two, three, or four glycosviation sites. The
consensus sequence can be mtroduced into the protein at a location that does not affect
its enzymatic activity, and in some embodiments is located near portions of the enzyme
that are important for maintaining steucture of the enzyme {e.g., such as within amino

acids 25 to 289, and in some embodiments, within anuno acids 24 to 150).

In some embodiments, the invention provides a DNase enzyme comprising an
amino acid sequence that is at least 80% identical to the amino acid sequence of the
enzyme defined by SEQ 1D NO:2, wherein the enzyme has a substitution of asparagine
at the position corresponding to position 38 and/or position 127 of SEQ ID NO:2, and
the N38 and/or N127 is glycosylated. In some embodiments, the substitution at position
38 and/or 127 is made via a building block substitution from SEQ ID NG:1 as described

herein.

In various embodiments, D1L3 varianis having one or more glyvcosylations
exhibit increased resistance {o serum protease degradation and/or an increased serum

half-life compared to wild-type B1L3 protein (SEQ [ NO:2).

In some cuibodiments, D113 protein variant comprises an inactivation of a
nuciear localization signal (NLS). D1L3 features two nuclear localization sites (NLSI,
NLSZ), which both target the enzyme to the nucleus during apoptosis. Indeed, BIL3 is
required for fragmentation of nuclear DNA in apoptotic and necrotic cells in vivo. NLS1

is Jocated near the N-terminus (about amino acid positions 80 {o 96 with respect to SEQ
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IB NO: 2). NLS2 {amino acid positions 291 to 304 with respect to SEQ ID NO: 23 15
cmbedded within a C-terminal tail {amino acid positions 283 to 303 with respect to SEQ
1D NG: 23 that 15 unique to D1L3 and not present in 1. The C-terminal tail is thought
to be required for B1L3 1o degrade different substrates of extracellular DNA, namely
lipid-encapsulated DNA and chromatin within apoptotic bodigs. Lipids encapsulate DNA
during transfections. in brief, ¢DNA, protein-free DNA, and cationic hipids form a
complex that penetrates through the plasma membrane of target cells. D1L3 interferes
with transfections and the C-termmal tail is cntical for this function. Physiological
substrates of D1L3 are apoptotic bodies, extracelluvlar lipid vesicles filled with chromatin
from apoptotic cells. The C-terminal tail enables DIL3 to penetrate through lipid
membranes of apoptotic bodies and degrade the chromatin load. The C-terminal tail s
also thought to be required for degradation of hpid-free, extracellular chromatin by
D1L3. Thus, the C-terminal tail, a molecular feature unique to BIL3, appears to be

responsible for the distinct substrate affinities of D1 and D1L3.

Inactivation of one or more NLSs enhances the availability and/or activity of the
enzyme in the circulation. In some embodiments, the NLS inactivation is by deletion of
all or part of NLS1 and/or NLS2. In some cmbodiments, the NLS is mnactivated by
substitution and/or deletion of amimo acids within NLS1 and/or NLS2. In some
embodiments, NLSZ is deleted, entirely or partially. In some embodiments, the D1L3
protein variant comprises a deletion of all or part of the C+ermunal tail, and/or

substitution of one or more amine acids in the C-termunal tail.

In certain embodiments, the D1L3 vanant contains one or more, ¢.g., 1, 2, 3, 4,
5, or more amino acid substitutions, additions {¢.g., msertions}, or deletions 1n the NLS1
domain. The NLSZ domain or a portion thergof may be deleted. In certain embodiments,
the B1L3 protein variant contains one or more, e.g., |, 2, 3, 4, 5, or more amino acid
substitutions, additions, or deletions in the C-termunal tail domamin. The C-termunal tail
domain or a portion thereof may be deleted. In vanous embodiments, the D1L3 proten

s}

variant contains ong or more, eg., 1, 2, 3, 4, 5, or more amino acid substitutions,

additions, or deletions in the NLS2 domain which is located in the C-terminal tail
domain. The NLS2 domain or a portion thereof can be deleted in the D1L3 protein

varant.

In various aspects, the nvention provides a protein engincering technology that

is based on a transfer of a single amino acid or multiple-adjacent amino acids, termed
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“building block™, between two members of a protein family, such as DNasel-protein
family members to generate cnzymatically active variants of PNasel-protein famuly
members (including variant of D1 and D1L3). A “building block” 1s defined by amino
acids that are vanable between two or more members of the DNasel-protein family,
These variable amino acids are flanked by amino acids that are conserved between two
or more members of the DNasel-protein family ("anchors™}. The vanable single amino
acid or multiple contiguous amino acids (“building blocks™) arc exchanged between
members of the DNasel-protein family by troplanting them between conserved single

amino acid or multiple contiguous amine acids (“anchors™).

This approach is referred o herein as “building-block protein engimecring.”
Where three or more amino acids are transferred, up to 1/3 of the aming acids may be
further substituted. For example, where where three or six amino acids are transferred as
a building block, one or up to two resides may be further substituted, respectively. In
some embodiments, four or more amino acids are transferred as a building block
substitution, and up to 25% of the transferred amino acids are further substituted, e.g.,
with conservative or non-conservative amino acid modifications. For example, where
four, eight, or twelve amino acids are transferred, one, two, or three amino acids

(respectively) may be further substituted in the bunlding block substitution.

In various aspects (including in connection with cmbodiments described above),
the B1L3 variant comprises at least one building block substitution from D1, FIG. 31

thustrates 62 building block substitutions between D1 and DIES.
Exemplary building block substitutions from D1 include one or more of:

substitution of 1-20 (MSRELAPLLLLLLSIHSALA) of SEQ 1D NO:2 with 1-22
(MRGMKLLGALLALAALLQGAVS) from SEQ ID NO:1. substitution of 21-25
{(MRICS) of SEQ ID NG:2 with 23-27 (LKIAA) from SEQ 1D NO: 1; substitution of 28~
30 (VRS) of SEQ ID NG:2 with 30-32 (QT) from SEQ ID NQG:1; substitution of 33-34
(ES) of SEQ 1D NO:2 with 35-36 (ET) from SEQ ID NO:1; substitution of 36-43
(QEDKNAMDVI) of SEQ D NG:2 with 38-47 (MSNATLVSYT) from SEQ 1D NO: |,
substitution of 47-51 (KVIK)} of SEQ 1D NG:Z with 49-53 (QILS) from SEQ [D NG 1,
substitution of 32 () of SEQ ID NG:2 with 54 (Y} from SEQ 1D NO:1; sabstitution of
54-38 (HLVM) of SEQ 1D NO:2 with 56-60 (JALVQ) from SEQ 1D NO: 1, substitution
of 60-61 (IK) of SEQ 1D NGO 2 with 62-63 (VR) from SEQ ID NG: 1 substitution of 63~
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70 (SNNRICPD) of SEQ ID NO:2 with 65-72 (SHLTAVGK) from SEQ 1D NO:1;
substitution of 72-74 (MEK) of SEQ 1D NG:2 with 74-76 (LDN) from SEQ 1D NG 1,

substitution of 77-84 (RNSRRGIT) of SEQ ID NO:2 with 79-84 (GDAPDT)
from SEQ 1D NO:1; substitution of 86 (N) of SEQ 1D NO:2 with 86 (H) from SEQ D
N1 substitution of 88-89 (V1) of SEQ ID NQO:2 with 88-89 {(VV) from SEQ ID NG 1;
substitution of 91-92 (SR} of SEQ 1D NG:2 with 91-92 (EP) from SEQ ID NO:L;
substitution of 96-97 (NT) of SEQ 1D NG:2 with 96-97 (NS} from SEQ ID NO:1;
substitution of 101 () of SEQ ID NG:2 with 101 (R) from SEQ ID NG:1; substitution
of 103 (A} of SEQ 1D NO:2 with 103 (L) from SEQ ID NO:1; substitution of 105 (L} of
SEQ ID NO:2 with 105 (V) from SEQ 1D NO:1; substitution of 107-110 (KEKL) of SEQ
1D NO:2 with 107-110 (RPDQ) from SEQ [D NO:1; substitution of 113-116 (VKRS) of
SEQ D NQO:2 with 113-116 (AVDS) from SEQ 1D NG:1; substitution of 118 (H} of SEQ
12 NQO:2 with TI8 (Y} from SEG 1D NO:1; substitution of 120 (H) of SEQ D NO:2 with
120 (D) from SEQ D NO:1; substitution of 122-127 (YQDGDA) of SEQ ID NO:2 with
122-128 (GCEPCGN) from SEQ 1D NG: | subsutution of 129 (V) of SEQ ID NO:2 with
130 {T) from SEQ ID NO: 1, substitution of 131 (5) of SEQ 1D NG:2 with 132 (N} from
SEQ 1D NO:1; substitution of 135-136 (FV) of SEQ ID NO:Z with 136-137 (AIV) from
SEQ ID NO:1; substitution of 138 (W) of SEQ ID NO:2 with 139 (R} from SEQ 1D
N1 substitution of 140-143 (QSPH) of SEQ 1D NO:2 with 141-144 (FSRF) from SEQ
12 NQO:1; substitution of 145-148 (AVKD) of SEQ 1D NGO 2 with 146-149 (EVRE) from
SEQ I3 NO:1; substitution of 150 (V) of SEQ ID NO: 2 with 151 {(A) from SEQ D NO: 1,
substitution of 152 (1) of SEQ ID NO:2 with 153 (V) from SEQ 1D NO: 1, substitution of
156-137 (TT) of SEQ 1D NO:2 with 157-158 {AA) from SEQ 1D NO:1; substitution of
159-161 (ETS) of SEQ 1D NG:2 with 160-162 (GDA) from SEQ ID NO: 1; substitution
of 163 (K) of SEQ ID NG:Z with 164 (A) from SEQ ID NG I; substitution of 167 (E) of
SEQ ID NG:2 with 168 (A) from SEQ ID NO:1; substitution of 169-170 (VE} of SEQ
1D NOG:2 with 170-171 (YD) from SEQ 1D NO:1; sebstitution of 173 (1) of SEQ ID
NO:2 with 174 (L) from SEQ 1D NG 1 substitution of 176-178 (KHR) of SEQ 1D
NO:2 with 177-179 (QEK) from SEQ D NO:1; substifution of 180~181 (KA} of SEQ ID
NO:2 with 181-182 (GL) from SEQ 1D NO: 1; substitution of 183-186 (NFIF} of SEQ ID
NG:2 with 184-187 (DYML) from SEQ 1D NG, substitution of 198-201 (PKKA} of
SEQ 1D NO:2 with 199-202 (RPSQ) from SEQ 1D NO:1; substitution of 203-204 (KN)
of SEQ 1D NO:2 with 204-205 (88) from SEQ ID NO:1; substitution of 208 (R} of SEQ
1D NG 2 with 209 (W) from SEQ 1D NO:1; substitution of 210 (D) of SEQ 1D NG:2
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with 211 (8) from S5EQ ID NO:1; substitution of 212 (R) of SEQ 1D NG:2 with 213 (T)
from SEQ 1D NO:1; substitution of 214 (V) of SEQ ID NG:2 with 215 (Q) from SEQ ID
NG:1; substitution of 218 (G) of SEQ 1D NO:2Z with 219 (P) from SEQ 1D NO:;
substitution of 220-221 {(QE) of SEQ 1D NG:2 with 221-222 (5A) from SEQ [D NO:1;
substitution of 225-228 (VKKS) of SEQ 1D NG:2 with 226-228 (ATP) from SEQ (D
NO:1; substitution of 230 (N} of SEQ ID NGO:2 with 230 {(H) from SEQ ID NO:L;
substitution of 238-240 (LRG) of SEQ 1D NO:2 with 238-240 (VAG) from SEQ 1D
NO: 1, substitution of 241-246 (QEIVSS) of SEQ 1D NG:2 with 241-246 (MLLRGA)
from SEQ 1D NQO: 1; substitution of 230 (i) of SEQ 1D NO:2 with 250 (D) from SEQ ID
NO:1; substitution of 252-254 (NSV) of SEQ 1D NG:2 with 252-254 (ALP) from SEQ
1D NO:1; substitution of 256 (D) of SEQ ID NOG:2 with 256 (N} from SEQ 1D NGO,
substitution of 259-260 (KA) of SEQ ID NO:2 with 259-260 (AA) from SEQ ID NG:1;
substitution of 262 (K) of SEQ 1D NO:2 with 262 () from SEQ 1D NO:1; substitution
of 264-267 {(TEEE)} of SEQ 1D NGO:2 with 264-267 (SDQL) from SEQ ID NO:1;
substitution of 269-271 (LDV) of SEQ ID N(G:2 with 269-271 (QAT from SEQ ID NO: 1,
sabstitution of 275 (F) from SEQ 1D NG:2 with 273 (Y) from SEQ 1D N1, substitution
of 279-280 (FK} of SEQ I NO:2 with 279-280 (VM) from SEQ ID NO:I; and

substitution of 282-305 (QSSRAFTNSKKSVTLREKTKSKRS) of SEQ ID
N2 with 282 (K) from SEQ 1D NQO: 1.

These building block substitutions trom D1 result in variants of D1L3 which

feature one or more of the following mutations:
M1 A20dehnsMRGMKLLGALLALAALLQGAVS, M21 S25delinsLKIAA,
V28 S30delinsi3T, E33 S34delinsET, 336 145delinsMSNATLYSYE

K47 K50delinsQILS,  C52Y. 154 _M58delinsIALVQ, 160 K6ldelinsVE.
863 170delinsSHLTAVGK, M72 K74delinsLDN, R77 T84delinsQDAPDT, N86H,
V88 189delinsVV. 891 R92delinsEP, N96 T97delinsNS, QIOIR, A103L, L105V,

K107 L110delinsRPDQ, V113 SH16delinsAVDS, H1I8Y, H120D,
Y122 A127delinsGCEPCGN,  VI29T. SI3IN,  135F_136VdelinsAl,  WI38R,
Q140 H143delinsFSRF, Al45 D148delinsAVKD, V1504, 11524,

T156_T157delinsAA. E159 S161delinsGDA, K163A, E167A, V169 E170delinsYD,
T173L, K176 _R178declinsQEK, K180 Al81delinsGL, N183 FI86delinsDVML,
P98 _A201delinsRPSQ, K203 N204delinsSS, RIOSW, D210S, R2I2T, V214Q,
G218P, Q220 E221delinsSA, V225 $228delinsATP, N230H, L238 R239delinsVA,
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Q241 $246delinsMLLRGA, K250D, N252 V254delinsALP, D256N,
K259 A260delinsAA, K262G. T264 E267delinsSDQL. L2659 V271delinsQAL
F275Y, F279_K280delins VM, Q282_S305delinsK.

The term “delins” refers to a deletion between and including two indicated amino

5 acids, with an mnsertion of an amine acid or sequence of amino acids at the site of the
deletion. For example, the notation E91 _P92delinsSR means that the anuno acids from

E91 to P92 are deleted and the amino acids SR arc inserted at the site of the deletion

{c.g., the resulting amino acid sequence will have 591 and R92).

The term “ins” refers to an msertion of amino acids between two indicated amino
10 acids. For example, the notation E91 P92ins5R means that the amino acids SR are

inserted between E91 and PY2, resulting in the sequence E91, 5§92, R93, and P94,

Multiple mutations in one envzme are separared bv /7 e.g., T227K/A136F or
R199 03202delinsPKKA/S204 S203delinsKN/W200R/S211D/T213R/Q215V/P219G/
S$221 AZ22dchnsQE.

15 In some embodiments, the D1L3 variant comprises one or more adjacent building
block sobstitutions. For example, the DI1L3 variant may comprise with respect to SEQ
1D NO:2 the mutation F275Y/F279 K280delinsVM/(Q282 S303delinsK (SEQ 1D NO:
17). In some embodiments, the D1L3 varant may comprise with respect o SEQ ID NG:2
the mutation (336 145delinsMSNATLVSY (SEQ ID NO: 19). In some embodiments,

20 the DIL3 vanant may compiise with respect to SEQ 1D NGO:2 the mutation
Y122 A127delnsGCEPCGN/VIZOT/SIZIN (SEQ 1D NO: 20).

in an exemplary embodiment, the D1L3 variant comprises 2 or 3 substitutions
selected fromm the  mwtations  with  respect  to  SEQ 1D NOZ
(036 145delinsMSNATLVSYL, Y122 A127delinsGCEPCON/VIZO9T/SI3IN,
F275Y/F279 K280delinsVM/(Q282 5305dehnsk.

[\
(]

Thus, in some embodiments, the invention provides a DNase enzyme comprising
an amino acid sequence that 1s at least 80% 1dentical to the amuno acid sequence of the
enzyme defined by SEQ ID NO:2, and comprises at teast ong building block substitution
from the amino acid sequence of SEQ 1D NGO 1. Building block substitutions between

30 SEG ID NOS: 1 and 2 are illustrated and numbered m FIG, 31, For example, in some
cmbodiments, the enzyme comprises the mutation F275Y/F279 K280delinsVM/

(3282 S303delinsK, and which optionally comprises the amino acid sequence of SE(}
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IB NG 17 In some embodiments, the enzyme compnses the mutations
336 _145dehinsMSNATLYSYE Y122 A127delinsGUCEPCGN, VI29T, or 8131IN, and
optionally has the amino acid sequence of SEQ 1D NGO: 19 or SEQ 1D NG: 20,

Exemplary D1L3 vanants inchide those comprising the amino acid sequence of

5 SEQID Nos: 17 to 20, The invention in some embodiments, includes derivatives having
from 1to 10 {e.g., 1 to 5) amino acid insertions, deletions, or substitutions with respect

to any one of SEQ ID NOS: 17 to 20. In some embodiments, the DIL3 vaniant comprises

one or more additional block aming acid substitutions from a homoclogous DNase (e.g.,

from D1). Such block substitutions may replace at least 2, at least 3, at least 4, or at least

10 5 amuno acids. In some embodiments, the block substitutions replace from 2 to 20 amino
acids, such as from 3 to 15 aming acids, or from 3 to 10 amino acids, with the comparable

building block from the homologous DNase.

The engineered varianis of D1L3 protein mayv comprise one or more additional
amino acid sebstitutions, additions (insertions), delctions, or truncations in the amino
15 acid sequence of human D1L3 (SEQ 1D NO: 2). Amuno acid substitutions may include

conservative and/or non-conservative substitutions.

For example, “conservative substitutions” may be made, for instance, on the basis
of similarty in polarity, charge, size, solubility, hydrophobicity, hydrophilicitv, and/or
the amphipathic nature of the amino acid residues mvolved. The 20 naturally occurring

28 amine acids can be grouped mto the following six standard amino acid groups: (1)
hydrophobic: Met, Ala, Val, Ley, He; (2) neutral hydrophilic: Cys, Ser, Thr; Asn, Gln;
(3) acudic: Asp, Glu; (4) basic: His, Lvs. Arg; (5) residues that influence chain
origntation: Gly, Pro; and (6} aromatic: Trp, Tyr, Phe. “Conservative substitutions™ are

defined as exchanges of an amino acid by ancther amino acid listed within the same

)
A

group of the six standard amune acid groups shown above. For example, the exchange of
Asp by Glu retains one negative charge in the so modified polvpeptide. In addition,
glveine and proline may be substituted for one another based on their ability to disrapt
g-helices. As used herein, “non-conservative substitutions” are defined as exchanges of
an amino acid by another amino acid listed in a different group of the six standard amino

30 acid groups (1} to (6) shown above.

In some embodiments, the DIL3 protein variant comprises an N-terminal or C-

terminal fusion o a half-life extending moiety, such as albumin, transfernin, an Fe, or
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clastin-like protein. See US 9,438,218, which is hercby meorporated by reference in ifs
entirety. In some embodiments, the DI1L3 s dimerized by an mmmunoglobulin hinge
region. For example, the enginecred enzymes described herein may also include an Fe-
fusion domam (e.g. a hinge and CH?2 domams and CH3 domains of an immunoglobulin).
In other cases, the engineered D1L3 protem s fused to albumin, ¢.g., human albumin or
a fragment thereof. See WO 2015/066550; US 9,221 896, which are hereby incorporated
by reference in its entirety. Albunun can be joined to at the N-terminus or the C-terminus
of the engineered D protein, and may optionally comprise an amino acid linker. In some
embodiments, D1L3 and D1 are together dimerized by an Fe hinge region, creating a

dimeric molecule with svnergistic functional properties for degrading NETs.

In some embodiments, the recombimant D113 protemn variant comprises one or
more polyethylene glveol (PEG) motetics, which may be conjugated at one or more of
positions or the C-terminus. fn some embodiments, the native amino acid at that position
is substituted with an anminoe acid having a side chan suitable for crosslinking with
hydrophilic moieties, to facilitate linkage of the hydrophilic moiety to the peptide. In
other embodiments, an amino acid modified to comprise a hydrophilic group is added to
the peptide at the C-termimus. The PEG chain{s) may bave a molecular weight in the
range of about 300 to about 40,000 Daltons. In some embodiments, the PEG chain(s)
have a molecular weight in the range of about 500 to about 3,000 Daltons. In some
embodiments, the PEG chainds) have a molecular weight of about 10,000 to about 20,000

Dalions.

In various embodiments, the D1L3 protein variant has increased protein stability,
increased serum availability, and substantially the same or betier NET-degrading activity
(as determuned tn vitro or i vive) as compared to wild-type DIL3 protein. In various
embodiments, the DI1L3 variant comprises one or more of the following properties
relative to wild tvpe D1L3: higher protein-free DNA {(naked DNA) degradation activity,
the same or substantially the same (e.g., at least 509%) chromosomal DNA degradation
activity, protease resistance, an increased half-life, and higher production levels with in
vitro expression systems (e.g. Chinese harster ovary cells and/or Pichia pastoris).

DNA fragmentation can be measured using methods known to those skilled in
the art such as gel electrophoresis and DNase activity assays. Methods for quantifving
NETs, NET degradation, and DNA fragmentation activity arc described in, for example,
Hakkim et al., Proc. Notl Acod Sci US4, 2010, 107(213:9813-9818; Napirei et al.
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Riochem J, 2005, 389: 355-364. Fuchs et al., J Cell Biol, 2007, 176{(23:231-241, Sisirak
et al. Cell, 2016, 166:88-101, and Jiménez-Alcazar et al. J Thromb Haemost, 2015, 13,

732-742.

In some aspects, the invention provides DNasel (D) variants engineered to have
physical, pharmacodynamic, and/or enzymatic propertics more suitable for therapy, for
example, to reduce or prevent NET accunwidation m a subject. In some embodunents, the
variant is more amenable to recombinant expression, thereby providing considerable
manufacturing advantages. In various embodiments, the cngincered D1 vanamt
comprises an amino acid sequence that is at least 80% identical to the mature enzyme
defined by the ammo acid sequence of SEQ ID NG:1, with one or more ammo acid
substitutions, additions, or deletions resulting 1n one or more of a mutated DNA binding
site, addition of a chromatin binding site, a mutated actin binding site, mutation of a
glycosylation site, addition of a nuclear localization signal (¢.g., having similarity or
identity to NLESI or NLSZ of DIL3), and/or a C~terminal domaim similar to the C-
terminal tail of D1L3. The B1 variant comprises an amino acid sequence with at least
80% identity to the amino acid sequence of the enzyme defined by SEQ 1D NO: 1, with
ong or more amino acid modifications with respect to SEQ D NO:1 as described herein.
In some embodiments, B1L3 variant comprises an amino acid sequence with at least
90%, or at least 95%, or at least 97%, or at least 98% identity with the enzyme of SEQ

B NGO

In various embodiments, the D1 varant comprises one or more amine acid
substitutions, additions, deletions, or truncations in the amino acid sequence of human
D1 (8EQ ID NO: 1), In some embodiments, the amino acid substitutions, and may
mclude conservative and/or non-conservative substitutions as described. For example,
the D1 variant may have from | to 20 {or from 1 to 10, or from 1 to 5} amino acid

substitutions, deletions, or insertions with respect to the enzyme of SEQ 1D NO: 1.

In some embodiments, the D1 variant comprises ong or more additional block
amino acid substitutions from a homologous DNase {(e.g., from DIL3} Such block
substitutions may cach replace from 1 to 24 amino acids, such as from 3 to 15 amino
acids, or from 3 to 10 amino acids, from the homologous DNase. In some embodiments,
the D1 variant comprises from 2 to 5 block substitutions from the homologous DNase

(c.g., DIL3). In some embodiments 2 or 3 contiguous building block substitutions are

transferred.
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In various embodiments, the D1 vanant is engineered to comprise one or morg of
the following characteristics relative to the wild type enzyme: the substantially the same
or higher protein-free DNA (naked DNA) degradation activity (¢.g., at least 30% or
better), higher chromosomal DNA degradation activity, similar or mmproved protease

5 resistance, actin resistance, an increased serum half-life, improved penetetration from

blood into urine or bile, or a combination of such properties.

In some embodiments, the engineered D1 enzyme comprises an amino acid
sequence comprising at least 50% {or at least 70%, 80%. 90%) sequence identity to the
C-terminal domain of wild-type D1L3 protemn {e.g., amino acids 283 to 303 of SEQ D

10 NO:2).

in some embodiments, the D1 enzyme comprises an amino acid sequence having
at lcast 50% or at least 75% sequence identity to the NLS1 of wild-type D1L3 (amino
acids 35 to 51 of SEQ 1D NO:2), a nuclear localization signal 2 (NLS2Z} having
substantial sequence identity to the NLS2 of wild-type B1L3 protein {amino acids 296

15 to 304 of SEQ ID NO:2).

In various aspects, the recombinant D] variant comprises one or more building

block substitutions selected from: substitution of 1-22
(MRGMKLLGALLALAALLQGAVS) from SEQ ID NOG: 1 with 1-20 (MSRELAPLLL
LLLSIHSALA) from SEQ 1D NG:2; substitution of 23-27 {LKIAA) from SEQG ID NG

20 with 21-25 (MRICS) from SEQ 1D NO:2; substitution of 30-32 (IQT) from SEQ ID NG:1
with 28-30 {(VRS) from SEQ ID NO:2; substitution of 35-36 (ET) from SEQ 1D NGO

with 33-34 (ES) from SEQ D NO:Z; substitution of 38-47 (MSNATLVSY]) from SEQ

ID NO:1 with 36-45 (QEDKNAMDVI) from SEQ ID NG:2; substitution of 49-52
(QILS) from SEQ ID NO:T with 47-30 (KVIK) from SEQ 1D NG 2; substitution of 54

25 (Y} from SEQ ID NO:1 with 52 (C) from SEQ 1D NG:Z; substitution of 56-60 ({ALV(Q)
from SEQ 1D NO: 1 with 54-58 (HLVM) from SEQ 1D NO:2;substitution of 62-63 (VR)

from SEQ ID NO:1 with 60-61 (IK) from SEQ ID NQO:2; substitation of 65-72
(SHLTAVGK) from SEQ 1D NO:1 with 63-70 {SNNRICPD) from SEQ ID NO:2;
substitution of 74-76 (LDN) from SEQ 1D NO: 1 with 72-74 (MEK) from SEQ 1D NO:2;

30 substitubion of 79-84 (QDAPDT) from SEQ ID NO: 1 with 77-84 (RNSRRGIT) from
SEQ 1D NO:2; substitution of 86 (H) from SEQ ID NO:1 with 86 (N} from SEQ 1D
NO:Z; substitution of 88-89 (VV) from SEQ ID NO:1 with 838-89 (V1) from SEQ ID
NO:Z; substitution of 91-92 (EP) from SEQ 1D NO:1 with 91-92 (SR) from SEQ ID
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NO:2; substitation of 96-97 (N§) from SEQ 1D NO:1 with 96-97 (NT) from SEQ ID
NG:2; substitution of 101 (R} from SEQ 1D NO:1 with 101 {QQ) from SEQ ID NG:Z;
substitution of 103 (L) from SEQ 1D NO: 1 with 103 (A) from SEQ D3 NG:2; substitution
of 103 (V) from SEQ ID NO: 1 with 105 (L} from SEQ 1D NG:2; substitution of 107-110
(RPDQ) from SEQ ID NO:1 with 107-110 (KEKL) from SEQ [D NO:2; substitution of
113-116 {AVDS) from SEQ ID NGO with 113-116 (VKRS) from SEQ 1D NO:2Z;
substitution of 118 (YY) from SEQ D NO: 1 with 118 (H) from SEQ 1D NO:2, substifution
of 120 (D} from SEQ 1D NG: 1 with 120 (H) from SEQ 1D NG:2; substitution of 122-
128 (GCEPCGN) from SEQ ID NO:T with 122-127 (YQDGDA) from SEQ ID NO:2,
substitution of 130 (TF) from SEQ ID NO:I with 129 (V) from SEQ 1D NO:2Z;
substitution of 132 (N} from SEQ ID NG 1 with 131 (8) from SEQ 1D NG:2; substitution
of 136-137 (AD from SEQ 1D NG: 1 with 135-136 (FV) from SEQ ID NG:2; substitution
of 139 (R} from SEQ ID NO:1 with 138 (W) from SEQ 1D NO:2; substitution of 141-
144 (FSRF) from SEQ 1D NO: 1 with 140-143 (Q5PH) from SEQ 1D NO:2; substitution
of 146-149 (EVRE) from SE( D NO:1 with 145-148 (AVKD) from SEQ 1D NO:2;
sabstitution of 151 (A) from SEQ 1D NO: 1 with 150 (V) from SEQ ID NO:2; substitution
of 153 (V) from SEQ ID NO: 1 with 152 (I} from SEQ 1D NO:2; substitution of 157-158
(AA) from SEQ 1D NGO with 156-157 {TT) from SEQ ID NO:2; substitution of 160-
162 (GBA) from SEQ 1D NO: 1 with 159-161 (ETS) from SEQ ID NO:2; substitution of
164 (A} from SEQ 1D NO:1 with 163 {K) from SEQ 1D NG.2; substitution of 168 {A)
from SEQ 1D NG 1 with 167 (E) from SEQ D NO:2; substitution of 170-171 (YD) from
SEQ D NGO with 169-171 (VE) from SEQ 1D NO:2; substitution of 174 (L) from SEQ
1D NG 1 with 173 (T) from SEQ ID N(G:2; substitution of 177-179 (QEK) from SEQ ID
NO:1 with 176-178 (KHR) from SEQ 1D NO:2; substitution of 181-182 (GL) from SEQ
1D NG with 180-181 (KA} from SEQ 1D NG:2; substitution of 184-187 {DVML) from
SEQ D NO: 1 with 183-187 (NFIF) from SEQ D NO:2; substitution of 199-202 (RPS(})
from SEQ 1D NO: 1 with 198-201 {(PKKA) from SEQ ID NO:2; substitotion of 204-205
(55) from SEQ 1D NO:1 with 203-204 (KN) from SEQ 1D NG:2; substitution of 209
{W) from SEQ 1D NO: T with 208 (R} from SEQ ID NG:2; substitution of 211 (5) from
SEQ ID NO:1 with 210 (B) from SEQ D NO:2; substitution of 213 (T) from SEQ ID
NO:1 with 212 (R) from SEQ ID NG:2; substitution of 215 () from SEG 1D NO:1 with
214 (V) from SEQ 1> NO:2; substitution of 219 (P) from SEQ 1D NOG:1 with 218 ()
from SEQ 1D NO:2; substitution of 221-222 (SA) from SEQ D NO:1 with 220-221 (QE)
from SEQ 1D NO:2; substitution of 226-228 {(ATP} from SEQ 1D NO:1 with 225-228
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(VKKS) from SEQ ID NO:2; substitotion of 230 (H) from SEQ 1D NOG: 1 with 230(N)
from SEQ ID NO:2; substitution of 238-239 (VA) from SEQ ID NO:1 with 238-239
(LR) from SEQ 1D NG:2; substitution of 241-246 (MLLRGA) from SEQ 1D NO:1 with
241-246 (QEIVSS) from SEQ D NG:2; substitution of 250-251 (D) from SEQ D NG
with 250-251 (K} from SEQ 1D N(O:2; substitution of 252-254 (ALP) from SEQ ID NG 1
with 232-254 (NSV} from SEQ ID NO:2; substitation of 256 (N} from SEQ 1D NG|
with 256 (D) from SEQ 1D NO:2; substitution of 259-260 (AA) from SEQ 1D NG 1 with
259260 (KA) from SEQ ID NO:2; substitution of 262 {(G) from SEQ 1D NO: T with 262
(K} from SEQ ID NO:2; substitution of 264-267 (5DQ) from SEQ 1D NO:1 with 264-
267 (TEEE) from SEQ 1D NG:2; substitution of 269-271 (QAIL) from SEQ 1D NG 1
with 269-271 (LDV} from SEQ ID NG:2; substitution of 275 {¥) from SEQ ID NG
with 275 (F} from SEQ 1D NO:2; substitution of 279-280 (VM) from SEQ 1D NO: 1 with
279-28G {(FK) from SEQ 1D NO:2; and substitetion of 282 (K} from SEQ ID NO: 1 with
282-305 (QSSRAFTNSKKSVTLRKKTKSKRE) from SEQ ID NO:2,

These building block substitations from D1L3 results in variants of D1, which

feature one or MOre of the followmg mutations:
IM S22delinsMSRELAPLLLLLLSIHSALA, L23 A27dclinsMRICS,
130 T32delins VRS, E35 T36delinsES, M38 147delinsQGEDKNAMDVI,

049 S52delinsKVIK,  YS4C, 156 _Q60delinsIILVM, V62 R63delinsIK,
865 K72delinsSNNRICPL L74 N76delinsMEK, Q79 T84delinsRNSRRGIT, HS6N,
V88 V89delinsVl, E9)_P92delinsSR, N96 S$97delinsNT. R101Q, L1034, VI05L,

R107 Q110delinsKEKL, A113_S116delins VKRS, Y118H, D120H,
G122 _N128delinsYQDGDA, TI30S, NI132S, AI36 1137delinsFV, RI39W,
F141 Fl44delinsQSPH, E146 E149delinsAVKD, AlSTV, V1531,

A157 A158delinsTT, G160 A162delinsETS, A164K, A168E. Y170 D171delinsVE,
L174T, Q177 K179delinsKHR, G181 L182delinsKA, D184 L187delinsNFIF,
R199 Q202delinsPKKA, S204 S205delinsKN, W209R, S211D, TZI3R. Q215V,
P219G, $221_A222delinsQE, A226 P228delinsVKKS, H2Z30N, V235 A239delinsLR,
M241 A246delinsQEIVSS, D250K, A252 P254delinsNSV, N256D,
A259 A260delinsKA, G262K. 8264 L267delinsTEEE, Q269 127 1delinsLDV, Y275F.
V279 M280delinsFK, K282delinsQSSRAFTNSKKSVTLRKKTKSKRS.

in some embodiments, a recombinant D1 variant comprises the following

modifications with respect to SEQ 1D NO:1: Y275F, V279 M280dehnsFK, and
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K282delinsQSSRAFTNSKKSVTLRKKTKSKRS (SEQ ID NO: 16). Such varants

comprise a C-terminal tail, and display higher affinity for DNA-lipid complexes.

In some embodiments, a recombinant D1 vanant comprises the followmg amino

acid modifications with respect to SEQ ID NG:1: 379 _T84delinsRNSRRGIT (e.g., SEQ

5 1B NO: 10); H86N, and/or, V88 V89delinsVi, and/or E91 P92dehnsSR {c.g. SEQ 1D
NO: 11, which includes all three), A136 [137delinsFV {c.g., SEQ ID NO: 12);
R199 Q202delinsPRKKA, and/or S204 5205delinskN, and/or W209R, and/or 82111,
and/or T213R, and/or Q215V, and/or P219G, and/or 8221 A222delinsQE {c.g., SEQID

NG: 13, which includes all eight); and A226 P228delinsVKKS (e.g., SEQ ID NO: 14).

10 In some embodiments, where the D1 variant comprises the substitution HE6N,
the variant comprises at least one addition modification, such as a building block
substitution or other point mutation described herein (such as the addition of a cationic

anuno acid or substitution that results in resistance to actin}.

In some embodiments, the D1 variant comprises at least two adjacent, contigucus,

15 building block substitutions that result in mutations with respect to SEQ 1D NG:i of

HE6N/VEE V89dehnsVi {eg., SEQ 1D NO: 11);
R199 Q202delinsPKKA/S204 5205dchnsKN/W2O0R/S2T1D/TZ13R/Q2I5V/R219G/
8221 A222dehinsQE {cg., SEQ 1)) NG 13);

Y2T75F/V279 M280delinsFR/K282delinsQSSRAFTNSKKSVTLREKTKSKRS (SEQ
20 ID NG 16).

In some embodiments, the mvention provides a DNase enzyme comprising an
amino acid sequence that is at least 80% identical to the amino acid sequence of the
enzyme defined by SEQ 1D NGO 1, and comprising at least one building block substitution
from the anuno acid sequence of SEQ 1D N(O:2, where the DNase enzyme has mcreased

25 chromatin-degrading activity as compared to the DNase enzvme of SEQ ID NO:1L In
some embodiments, the enzyvme comprises at least two adjacent building block
substitutions from SEQ ID NO:2. Building block substitutions between D1 (SEQ ID
NG:1) and DIL3 (S8EQ 1D NG:2) are illustrated in FIG, 31.

In some embodiments, the enzyme comprises the following modification with
30 respect to SEQ 1D NO:1: Q79 T84delinsRNSRRGIT, and optionally compnses the
amino acid sequence of SEQ 1D NG: 10,
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In some embodiments, the enzyme comprises the following modification with
respect to SEQ ID NGO 1. H86N/VEE VESdelinsVI/ES] P92deiinsSR. and optionally
cormprises the amino acid sequence of SEQ 1D NO: 11

In some embodiments, the enzyme compriscs the following modifications with
5 respectto SEQ ID NO:1: A136 [137dehinsFV, and optionally comprises the amino acid
sequence of SEQ 1D NO: 12

In some embodiments, the enzyme comprises two or more of the following
modifications with respect to SEQ 1D NO:b: R199 Q202dclinsPKKA, and/or
S204 S205delinskN, and/or W209R, and/or 52110, and/or T2ZI3R, and/or Q213V,

10 and/or P219G, and/or 5221 A222dehnsQE, and optionally comprises the amino acid

sequence of SEQ 1D NO: 13 {which comprises all cight}.

In some embodiments, the enzvme comprises the followng modifications with
respect to SEQ ID NO:1: A226 P228delinsVKKS, and optionally comprises the amino
actd sequence of SEQ ID NG: 14,

15 In some embodiments, the enzyme comprises two or more of the following
modifications with respect ic SEQ 1D NO:1: Q79 _T84delinsRNSRRGIT, and/or HEON,
and/or V&8 V89delinsV1, and/or 91 P92dclnsSR, and/or A136 1137delinsFV, and/or
R199 Q202delinsPKKA, and/or 8204 §205dehnskN, and/or W200R, and/or 82110,
and/or T213R, and/or Q215V, and/or P219G, and/or 5221 A222delinsQE, and/or

20 A226 P228delinsVKKS, and optionally comprises the amino acid sequence of SEQ D
NG: 15.

In some cmbodiments, the ¢nzyme comprises two or more the following
modification with respect to SEQ ID NO:1.Y275F, and/or V279 _M280dehinsFK, and/or
K282dehnsQSSRAFTNSKKSVTLRKKTKSKRS, and optionally comprises the amino
acid sequence of SEQ ID NO: 16,

[\
(]

Exemplary D31 vanants include those comprising the amino acid sequence of SE(

D NGS5, SEQ ID NO6, SEQ ID NG 7, SEQ 1D NOG:8, SEQ ID NG9, SEQ ID NO: 19,

SEQ ID NO:11, SEQ 1D NG:12, SEQ ID NO:13, SEQ 1D NO: 14, SEQ 1D NO: 15, and

SEQ 1D NO:16. The mvention in some embodiments, includes dertvatives having from

30 1to10({e.g., 1 to3)amino acid msertions, deletions, or substitutions with respect to any
one of SEQ ID NOS: 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, or 16. In some emboduments,

the D1 vanant comprises one or more additional block amino acid substitutions from a
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homologous DBNase {e.g., from B1L3). Such block substitutions may replace from 2 to
20 amino acids, such as from 3 to 15 amino acids, or from 3 to 10 amino acids of the D1
variant, with butlding block amino acids from the homologous DNase {c.g., DIL3, SEQ
1D NO:2). Building block substitutions between D1 and D1L3 are llustrated in FIG. 31
5 In some embodiments, the DPNase enzyvme comprises an amino actd sequence that is at

least 95% or at least 97% identical to SEQ ID NO: 15,

In various embodiments, the enzyvme exhubits one or more properties selected

from: similar or higher atfinity for protein-free BDNA compared to the enzvme of SEQ

1D NO:1, a higher chromatin degradation activity compared to the enzyvme of SEQ D

10 NO:1, an enzymatic activity that is resistant to inhibition by actin compared to the

enzyme of SEQ ID N1, and a combination thereof.

In some cmbodiments, the D1 variant comprises an N-terminal or C-terminal
fusion to a half-life extending moiety, such as albumin, transferrin, an Fe, or elastin-iike
protein, as described for DIL3. In some embodiments, the D1 enzyme 1s dimerized by

15 an immunoglobulin hinge region.

In various embodiments, the P1 variant exhibits one or more propertics selected
from: the same or higher protein-free DNA (naked DNAY degradation activity, higher
chromosomal DNA (chromatin) degradation activity, similar or improved protease
resistance, actin resistance, similar or improved penetration from blood into urine and/or

20 bile, and higher production levels in vitro expression systems {g.g. Chinese hamster
ovary cells and/or Pichia pastoris), and a combination thercof.

In various embodiments, the DNase enzyme comprises an amino acid seguence
that is at feast 809% identical to the amino acid sequence of the enzyme defined by SEQ

1D NG 1, and comprises the substitution, insertion, or addition of one or more arginine

e
W

and/or lysine residues, wherein the DPNase enzyme has mcreased chromatin-degrading
activity as compared to the enzvme of SEQ ID NO:1. In some embodiments, the one or
more arginine and/or lysine residues arc amino acid substitutions selected from
substitutions at positions corresponding to positions 31, 41, 49, 52, 68, 76, 79, 81, 92,
109, 114, 115, 164, 177, 181, 200, 201, 204, 209, 213, 227, 239, 250, 259, 262, and 280
30 of SEQ 1D NO:1. Exemplary modifications at these positions include Q31R, A41K,
Q49R, S32ZK, To8R. N76K, Q79R, D80 ARlinsR, A81R. PI2R. DIO9K, V14K,
D1ISR, Al6dK, QI77K, GISIK, P200K, S201K, S204R, W209R, T2I3R,
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A226 T22TinsK, T227K, A239R, D250K, A239K, G262K, and K2Z80M. In various
cmbodiments. the enzyme comprises substitution and/or msertion of at least two, or at
least three, or at least four, or at least five, or at least six arginine and/or lysine residues.
In some embodiments, DNase enzyme comprises an argining or lysine at one or more
positions corresponding to positions 31, 49, 76, 79, 92, 109, 164, 177, 200, 201, 204,
269, 213, and 262 of SEQ 1D NO: 1, which are optionally selected from Q31R, (49R,
NT6K, Q79R, PO2R, DIOYK, Al6dK, Q177K PZOOK, S201K, S204R, W209R, T213R,
W209R, and 262K, These positions/substitutions can independently provide better

activity, including activity for degrading chromatin.

In various embodiments, 1f the enzyme compnses a substitution of Q3IR or
T227K, the enzyme comprises at least two amine acid modifications selected from
Q31R, A41IK, Q49R, 852K, T68R, N76IK, Q79R, D8O _ABlinsR, ARIR, POZR, DI10SK,
V114K, DIISR, Al6d4K, Q177K GISIK, P200K, S201K, S204R, W209R, T213R,
A226 T227TmsK, T227K, A239R, D23CK, A239K, G262K, and K280M. In some
embodiments, the amino acid substitutions nclude Q31R and T227K with respect to

SEQ ID NO:1.

In some embodiments, the DNase enzyvme has an arginine or lysine at positions
corrgsponding to positions 31, 49, 79, and 209 of SEQ ID NGO 1, and may optionally
comprise the following amino acid substitutions: Q31R, Q49K, Q79R, and W209R.
These positions harbor an arginine or lvsine n murine D1, but not wild-tvpe human D1,

and can transfer chromatin-degrading activity to human D1,

In some embodiments, the DNase enzvme has an arginine ot fysine at positions
corresponding to positions 31, 49, 79, 177, 209, and 262 of SEQ ID NO:1, and may
optionally comprise the amine acid substitutions Q31R, Q49K Q79R, A136F, Q177K
W200R, G262K. Four of these positions harbor an arginine or lysine in rat D1, but not
wild-type human D1, and together can transfor chromatin degrading activity to human

D1

In some embodiments, the DNase enzyme has a lysine or arginine residue at

positions corresponding to positions 31 and 227 of SEQ 1D NO: 1

In some embodiments, the DNasc enzyvme has a lysine or arginine at the position

corresponding to position 164 of SEQ 1D NO: 1, which 1s optionally lvsine (A164K).
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In various embodiments, the engineered D1 protein contains one of more amino
acid modifications {¢.g., substitutions, additions, and deletions) in the actin binding site
{c.g. substitution of A136, such as A136F), and thereby hindering or preventing actin
binding. As such, the engincered D1 protein can be actin-resistant or substantially actin-
resistant. See Ulmer et al,, PNAS US4 Vol. 93, pp 8225-8229 (1996). Thus, i various
embodiments, the DNase enzyme comprises an amino acid substitution at position 136
with respect to SEQ 1D NO: 1, and which 1s optionally A136F. Mutations to D1 providing
for actin resistance, such as mutations at position 136 {e.g., A136F, or substitution of
another bulky, hydrophobic, cvclic or aromatic ammo acid at this position}, may be
combined with anv other mutation described herein, including addition of cationic

residues or building block substitutions.

In some embodiments, the D1 vanant is resistant to actin-inhibition and capable
of degrading chromatin. For example, the D1 variant may comprise the following amino
acid substitutions: Q31R, T227K, and A136F with respect to SEQ ID NO:1. In some
embodiments, the DNase enzyme comprises the following aming acid substitutions:
A164K and A136F.

In some embodiments, the DNase enzyme comprises a glveosylation consensus
sequence that comprises a N40S substitidion and/or an N1285 substitution with respect
to SEQ D NO:1. For example, in some embodiments the enzyme comprises the amino
acid substitutions: Q31R, N40S, A136F, Ni285, and T227K with respect to SEQ 1D
NO:1.

In varnous embodiments, the D1 vanant contamns one or more anuno acid
modifications {g.g., substitutions, additions, msertions, and deletions) in the
glycosylation sites, and thereby increasing affinity towards lipid encapsulated DNA. As
such, the enginecred D1 protein can degrade lipid encapsulated DNA in transfection
reactions. See Wilber et al., Mol Ther 6, 35-42 (2002},

In various embodiments, the D1 vanant is glycosylated, or may be non-
glvcosylated particularly where long circulating half-life is not needed. The amino acid
alterations described hercin can be made in the context of glyeosviated or non-
glycosylated variants.

In some embodiments, D1 variant 1s resistant to actin-inlubition and capable of

degrading chromatin within lipid vesciles. Exemplary D1 vanants comprise one or more
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amino acid modifications selected from: Q31R, T227K, A136F, N40D or N40OA, and
N1281 or N1288S, with amino acids numbered according to SEQ [D NO: 1. Such varianis

may lack glveosylation sites, which are beneficial from a manufacturing persepctive.

In some embodiments, the D1 vanant is resistant to actin-inhibition and capable
5  of degrading chromatin within lipid vesicles, and comprises amino acid modifications

Q31R, 227K, A136F, N40D, and N128D with respect to SEQ 1D NGO L.

Other modifications to D1 can be as described in Pan et al. J Biol Chem, 1998,
273, 11701-11708 and in US 2014/0199329, the entire disclosure of which is hereby

incorporated by reference m iis entirety.

10 The engincered D1 variant can bave an increased or extended serum half-hife
compared to the wild-type DI protem (SEQ 1D NO:1). In some cmbodiments, the
engingered D1 comprises an Fe-fusion domain {(¢.g. a hinge region, and/or and CH2
domains and CH3 domains of an immunoglobulin}. In some embodiments, the
engimeered D1 is fused to albumin, e.g.. human albumin or a fragmeut thereof. Albumin

15 can be joined to at the MN-terminus or the C-terminus of the engineered D enzvme,

optionally through an aming acid a linker.

In some aspects, the imvention provides pharmaceutical compositions comprising
the recombinant D113 and/or D1 variants, or polvnucleotides or vectors encoding the
same, and a pharmaceutically acceptable camer. In various embodiments, the

28 recombinant DIL3 protein vanant is formulated for parenteral or pulmonary
admimstration. In some embodiments, the composition 1s formulated for mtravenous,
mtraarterial, intraperitoneal, intraarticular, intramuscular, topical, or subcutancous
adnunistration, or other route described herein. In some embodiments, the composition

comprises both D1L3 and D1, which are cach optionally engincered variants described

e
W

herem, In some embodiments, the recombinant D1L3 vanant and the recombinant D1

variant are formulated for parenteral or pulmonary administration.

The term “pharmaceutically aceeptable carrier” includes, but is not limited to,
any carrier that does not interfere with the effectiveness of the biclogical activity of the
mgredients and that is not toxic to the patient to whom i i1s administered. Examples of

30 suitable pharmaccutical carriers are well known in the art and include phosphate buffered
saling solutions, water, emuisions, such as oil/water emulsions, various types of wetting

agents, sterile solutions ete. Such camers can be formulated by conventional methods
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and can be administered to the subject at a suitable dose. Preferably, the compositions
are sterile. These compositions may also contain adjuvants such as preservative,
croulsifying agents and dispersing agents. Prevention of the action of microorganisms

may be ensured by the inclusion of various antibactenial and antifungal agents.

Routes of administration inclode, for example: intradermal, intramuscular,
mtraperitoncal, intraarticular, intravenous, subcutancous, intraarterial, oral, sublingual,
pulmonary, or transdermal. In some embodiments, the administering is effected orally or
by parenteral injection or infusion. In some embodiments, the route of adnunistration is

topical, including as eye drops or mouth wash.

In still other aspects, the invention provides a method of making a pharmaceutical
composition for reducing or preventing newtrophil  extraceliular trap (NET)

accumulation. In these embodiments, the invention cmploys a genctically modified

polynucleotide {e.g., in hepatocyte cells} or induction of a sustained endogenous G-CSF
cxpression {e.g., via repetitive adnunistration of microbial compounds). This mouse
model accumulates NETs and rapidly develops NET-related vascular occlusions. In these
embodiments, the invention comprises administering a candidate NET inhibitor or
candidate DNase enzyme (including a D1L3 or D1 vanant in accordance with this
disclosure} to the genctically-modified mouse, and sclecting a NET inhibitor or [3Nase
enzyme that reduces the accumulation of NETs. The selected inlubitor or enzyme 1s
formulated (as descnbed) for administration to a human patient,

One skilled in the art recognizes standard methods for generating double
knockout Drasel " Dnasell3" mice. Detailed descriptions can be found in, for example,

Furopean Application No. EP 17152528.0.

In some aspects, the invention provides a method for treating a subject in need of
neutrophil extracelhular trap (NET) degradation. The method compnises administering a
therapeutically effective amount of DIL3 and/or D1 (which may mclude varants
described herein, or in some embodiments one or more wild type enzyvmes, mcluding for
DIL3 and D1 combnation therapy) according to this disclosure. The D1L3 or DI may
be adminisiered as pharmaceutical compositions comprising the recombinant protein, or
10 somae embodiments comprising the encoding DNA or RNA or vectors comprising the

Same.
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In some embodiments, the method comprises admimstering a therapeutically
effective amount of g D1L3 or vanant thereof and a D1 or variant thereof. The DIL3 or
variant thercof, and the D1 or variant thereof, mayv be adoumistered in a single
pharmaceutical composition or separate pharmaceutical compositions. In  some
embodiments, the ratio of D1L3 or vartant thersof to D1 or variant thereof 1s in the range

of 100:1 to 1:100 by mass, or 10:1 to 1:10 by mass, and is optionally about 1:1.

In some embodiments, the subject exhibits impaired NET degradation and/or
exhibits pathological NET accummitlation. In some embodiments, the subject has a chronic
or acuic inflammatory disorder. In some embodiments, the subject has an acute or chronic

mfection.

In vanous embodiments, the present mvention pertams to the treatment of
diseases or conditions characterized by the presence or accumulation of NETs. Such
diseases or conditions include, but are not linuted to, discases associated with chronic
neutrophilia {e.g., an increase in the number of neutrophils), neutrophil aggregation and
leukostasis, thrombosis and vascular occlusion (e.g. sickle cell discase), ischemia-
reperfusion injury {¢.g. mudgut volvulus, testicular torsion, imb ischemia reperfusion,
vital organ ischemia-reperfision, organ transplantation), surgical and traumatic tissue
mjury, an acete or chronic inflammatory reaction or discase, an awtoimmune disease {e.g.
svstemic lupus erythematosus (SLE), lupus nephritis, rtheumatoid arthritis, vasculitis,
svstemic  sclerosis), cardiovascular disease (e.g.. myocardial infarction, stroke,
atherosclerosis, venous thromboembolism, meluding thrombolytic therapy), metabolic
disease (e.g.. diabetes), systemic inflammation {e.g., systemic inflammatory response
syndrome (SIRS), sepsis, septic shock, disseminated mtravascular coagulation (DIC),
and thrombotic microangiopathy (TMA)), mflammatory diseases of the respiratory tract
{c.g. cvstic fibrosis, chronic obstructive pulmonary discase (COPD), acute hung mjury
(AL, smoke mduced lung injury, transfusion induced lung mjury (TRALL), acuie
resprratory distress syndrome (ARDS), and asthma, atelectasis, bronchifis, empvema},
renal inflammatory diseases (acute and chronic kidney diseases, including acuote kidoney
injury (AKI} and chronic kidney disease (CKD), inflammatory diseases related to
transplated tissue (c.g. graft-versus-host discase) and cancer {c.g. leukemia, tumor

metastasis, and solid tumors}.

In some embodiments, the subject has or is at risk of NETs occluding ductural

systems. The present invention can be adnunistered to a subject to treat pancreatitis,
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cholangitis, conjunctivitis, mastitis, dry eye disease, obstructions of vas defergns, or renal
diseases. In such embodiments, the method compnses administering a therapeutically
cffective amount of a D1L.3 or vanant thereof, and/or a therapeutically effective amount
of Bl or a vanant thereof. For example, the subject may be admunistered an enzyme
5 comprising an aming acid sequence having 80% or more sequence identity with the
enzyme defined by SEQ 1D NG:2, and an enzyme comprising an aming acid sequence
having 80% or more sequence identity with the enzyme defined by SEQ 1D NG In
some embodiments, the enzymes comprise the amino acid sequence of the enzyme
defined by SEQ 1D NQO:2 and the amino actd sequence of the enzyme defined by SEQ
10 IDNO:1L

In some embodiments, the ductal systen s hile duct, tear duct, lactiferous duct,
cystic duct, hepatic duct, cjaculatory duct, parctid doct, submandicalar duct, major
sublingual duct, bartholin’s duct, cerebral aqueduct, pancreas, mammary gland, vas
deferens, ureter, urinary bladder, gallbladder, and liver. For example, the subject may

15 have pancreatitis, cholangitis {¢.g., pnmary sclerosing cholangitis), conjunctivitis,
mastitis, dry eye disecase, an obstruction of the vas deferens, or renal discase. In some
embodiments, the DNase enzyme is admunistered by intravenous, mtraartenal, or
mtraperitoncal administration. In various embodiments, the DNase when applied, for
example, mtravencusly, will be present in enzymatically active form in various ductal

20 svstems, such as o hile fluid.

in some embodiments, the subject has or is at risk of NETs accumulating on

endothelial surfaces (¢.g. surgical adhesions), the skin {¢.g. wounds/scarring), or n
synovial joints {e.g. gout and arthritig). The present mvention can be administered o a
subject to treat a condition characterized by an accumulation of NETs on an endothelial

25 surface such as, but not luntted to, a surgical adhesion. In varous embodiments, the
present invention can be administered to a subject to treat a condition characterized by

an accumulation of NETs on skin such as, but not limited to, wounds and scars. In certain
embodiments, the present invention can be administered to 3 subject to treat a condition
characterized by an accumulation of NETs in a synovial joint such as, but not limuited to,

30 gout and arthritis.

In some embodiments, the subject bas or is at risk of a vascular occlusion

comprising NETs. Io such embodiuments, the method comprises admuustering a
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therapeutically effective amount of a DIL3 or vartant thereof, and/or a therapeatically
effective amount of D1 or a variant thereof For example, the subject may be
administered an enzyme comprising an anuno acid sequence having 80% or more
sequence 1dentity with the enzyme defined by SEQ 1D NO:2. In some embodiments, the
5 enzyme comprises the amino acid sequence of the enzyme defined by SEQ ID NO:2. In
some embodiments, the subject is further administered an cnzyme comprising an aming
acid sequence having 80% or more scquence identity with the enzyme defined by SEQ

1D NG: 1, such as the enzyvme defined by SEQ 1D NG:1.

In some embodiments, the subject has a condition relating to NETs as described
10 WO 2016/118476 and US 9,642,822, which are hereby incorporated by reference in
its entirety.

In various embodiments, the subject has a disease that is or has been treated with
wild-type DNases, including D1 and streptodornase. Such diseases or conditions include
thrombosis, stroke, sepsis, tung injory, atheroaclerosis, viral infection, sickie cell discase,

15 myocardial mfarction, car infection, wound healing, liver injury, endocarditis, liver
wifoction, pancreatitis, primary grafl dvstunction, hmb tschemia reperfusion. kidoey
wmjury, blood clofting, alum-mduced milammation, hepatorenal  injury, pleural
exudations, hemotorax, ntrabiliary blood clots, post pneumatic ancomia, ulcers,
otolaryngological conditions, oral infections, vunor mjuries, sipusHis, post-operative

20 rhunoplasties, wdornlity, bladder catheter, wound cleaning, skin reaction  iosi,
mncumococeal yoemngitis, gout, log ulcers, ovstic fibroms, Karlegener's svndrome,
asthma, lobar atclectasis, chronic bronchitis, brouchicctasis, fupus, primary cilliary
dyskinesia, bronchuohiis, empyema. plevral wfections, cancer, dry eyes disease, lower
respiratory tract infections, chronic hematomas, Alcheimer’s disease, and obstructive

25 pulmonary disease.

In certain cmbodiments, the present invention pertains to the treatment of discases

or conditions characterized by deficiency of D1, deficiency of D1L3, and deficiency of

D1 and DIL3. In some cases, the subject has a mutation m the Daase/ and/or the
Dnase 13 gene. Such subjects can also have an autcimmune disease (e.g., SLE, systemic

30 sclerosis) or an flammatory discase. In some cases, the subject has an acquired
mhibitor of Dl{e.g,

anti-DNase L-antibody and actin) andfor the DIL3 (e.g., anti-

DNase 113-antibody). Such subjects can also have an autoimmune disease {e.g., SLE,
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systemic sclerosis) or an mflammatory disease {e.g., sepsis and ischemia-reperfusion
mjury ).
In some embodiments, the subject has cvstic fibrosis, and the DNase composition

is administered by pulmonary delivery,

In various embodiments, for example, where the subject is at risk of, or exhibits
symptoms of, NET-related vascular occlusion, the protem or composition {eg.,

comprising D113, DI, or a vartant of D113 or D1, including variants described herein)

may be administercd mtravenously, intramuscularly, subcutancously, or intraarterially.

In varigus embodiments, the subject is monitored for the NET-degrading activity
of blood, plasma, or serum. For gxample, the subject may be monitored for about one
week to about four weeks, to reduce the risk of vascular or ductal occlusion by NETs, or
MNET-related damage o organs. In some embodiments, the subject may receive from one
to four admimistrations over the course of from one week to one month {or 1-2 weeks),
as needed to prevent or reduce intravascular NET accumulation (including NET-related
itravascular occlusions} during an acute infection or mflammatory event.  In other
embodiments, the subject may receive continuous mnfusion over the course of from one
hour to one month {or 1-2 weeks). In some cases, the subject may receive at least ong,
c.g., k. 2,3, 4 or more infusions daily, for example (without limitation), in the case of

critical illness such as sepsis, stroke, or myocardial infarction.

The treatment of disease or conditions relating to NETs may mvolve
administration of a D1 vanant, a L3 vanant, or a combination compnising a D1 vanant
and a DI1L3 vanant. In some embodiments, two or more of vartants of the D1 protein
described herein are administered. In some embodiments, two or more of variants of the

D1L3 protein described herein are administered.

The present D1 protein variants and D1L3 protein variants can be administered
as a prophvlactic therapy, such as before the onset of one or more symptoms of the

disease or condition.

As used herein, “treatment” or “treating” or “treated” refers to therapeutic
treatment wherein the object is to slow (lessen) an undesired physiological condition,
disorder or disease, or to obtain beneficial or desired clinical results. Beneficial or desired
clinical resuits mclade, but are not limited to, alleviation of symptoms; diminishment of
the extent of the condition, disorder or disease; stabilization {7.e., not worsening) of the
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state of the condition, disorder or disease; delay tn onset or slowing of the progression of
the condition, disorder or discase; amelioration of the condition, disorder or discase state;
and remission {(whether partial or total), whether detectable or undetectable, or
enhancement or improvement of the condition, disorder or disease. Treatment includes
5  ehciting a clinically significant response without exeessive levels of side effects. In other
embodiments, “treatment” or “treating” or “treated” refers to prophvlactic measures,
wherein the object is to delay onsct of or reduce severity of an undesired physiological
condition, disorder or discase, such as, for example is a person who is predisposed to a

disease {¢.g., an individual who carries a genetic marker for a disease such as lupus).

10 In the methods of the mvention, therapy 1s used to provide a positive therapeutic
response with respect to a disease or condition. By “positive therapeutic response” is
mtended an mmprovement in the disease or condition, and/or an improvement in the
symptoms associated with the disease or condition. For example, a positive therapeutic
response would refer to one or more of the following improvements in the disease: (1) a

15 reduction in neutrophil extraceliular traps; (2} a reduction in mitravascular clots; (3} a
reduction n ductural clots; (4) a reduction of accumulation of NETs in synovial joints;
(3) an mcrease in the degradation of neutrophil extracellular traps; (6} an increase in
degradation of extracellular protein-free DNA; (7} an merease in degradation of
extracellular chromosomal DNA or protein-bound DNA; (8) an increase in the

20 degradation of neutrophil extracellular traps in the presence of autoantibodics; (9} a
reduction wn fissue/organ inflammation; {10) a reduction m tissuc/organ mjury; {(11) a
reduction in tissue/organ atrophy; (12) an increased patient survival rate; and (13} some

relief from one or more symptoms associated with the disease or condition.

Positive thorapeutic responses in any given disease or condition can be

25 deternuned by standardized response criteria specific to that discasc or condition.
Clinical response can be assessed for changes in vascular occlusion and the presence of
NETs using screening techniques such as magnetic resonance mmaging (MR scan,
alirasound scan, histology, and counting of NETs in the circulation. In addition to these
positive therapeutic responses, the subject undergoing therapy may oxperience the

30 beneficial effect of an improvement 1n the symptoms associated with the disease.

Dosage regimens are adjusted to provide the optimum desired response (e.g., a

therapeutic response). For example, a single bolus may be administered, several divided
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doses may be administered over time or the dose may be proportionally reduced or
increased as indicated by the exigencies of the therapeutic situation. Parenteral
compositions may be formulated in dosage wnit form for case of administration and
uniformity of dosage. Dosage untt form as used herein refers to physically discrete units
5 suited as umitary dosages for the subjects to be treated; each unit contains a predetermined
quantity of active compound calculated to produce the desired therapeutic effect

association with the required pharmaceutical carrier.

In various embodiments, the present invention provides an €xpression vector,

comprising a nucleic acid encoding a wild type or D113 or D1 vanant described herein,

10 which can find usc for genetic therapy. Genetic therapy can be useful for chronic illness
such as a genetic deficiency of DIL3 and/or D1 (such as a deleterious mutation}. In
various embodiments, the expression vector comprises DNA or RNA. In various

cmbodiments, the cxpression vector is a mammalian expression vector.

In some embodiments, expression vectors comprise a pucleic acid encoding the

15 protem variants operably linked to an expression control region, or complement thereof,
that is functional in a host cell {(e.g., prokaryotic, eukarvotic, or mammahian cell). The
expression control region 13 capable of driving expression of the operably linked blocking
and/or stimulating agent encoding nucleic acid such that the blocking and/or stimulating

agent is produced in a human cell transformed with the expression vecior.

24 Expression control regions are regulatory polynucleotides (sometimes referred to
herein as elements), such as promoters and enhancers, that influence expression of an
operably hinked nucleic acid. Ao expression control region of an expression vector of the
mvention is capable of expressing operably linked encoding nucleic acid in a haman cell.
In an embodiment, the expression control region confers regulatable expression to an

25 operably linked nucleic acid. A signal {sometimes referred 1o as a stimulus) can increase
or decrease expression of a nucleic acid operably linked to such an expression control
region. Such expression control regions that increase expression in response 1o a signal
are often referred fo as inducible. Such expression comtrol regions that decrease
expression in response to a signal are often reforred to as repressible. Tyvpically, the

30 amount of increase or decrease conterred by such elements is proportional to the amount
of signal present; the greater the amount of signal, the greater the increase or decrease in

CXPICSSIon.
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Expression systems functional in human cells are well known in the art, and
include viral systems. Generally, a promoter functional in a buman cell is any DNA
sequence capable of binding manwvmalian RNA polymerase and initiating the downstream
(3" transcription of a coding sequence into mRNA. A promoter will have a transcription
mitiating region, which is usually placed proximal to the 5' end of the coding sequence,
and typically a TATA box located 25-30 base pairs upstream of the transcription
mitiation site. The TATA box is thought to direct RNA polymerase U to begin RNA
synthesis at the correct site. A promoter will also typically contain an upstream promoter
clement (enhancer element), tvpically located within 100 to 200 base pairs upstream of
the TATA box. An upstream promoter clement determines the rate at which transcription
is mitiated and can act in either onentation. OFf particular use as promoters are the
promoters from mammabian viral genes, since the viral genes are often highly expressed
and have a broad host range. Examples include the SV40 carly promoter, mouse
mammary fumor virus LTR promoter, adenovirus major late promaoter, herpes simplex

virus promoter, and the CMV promoter.

Where appropnate, gene delivery agents such as, e. g, integration sequenaccs can
also be emploved. Numerous integration sequences are known in the art (see, e.g., Nungs-
Dby ef of , Nucleic Acids Res. 26:391-406, 1998; Sadwosky, J. Bacteriol , 165:341.357,
1986; Bestor, Cell, 122(3):322-325, 2005; Plasterk ef af., TIG 15:326-332, 1999;
Kootstra ef of., Ann. Rev. Pharm. Toxicol, 43:413-439, 2003). These include
recombinases and transposases. Examples mclude Cre (Sternberg and Hamilton, J. Mol
Biol,, 150:467-486, 1981}, lambda (Nash, Naturg, 247, 543-545, 1974), Fip (Broach, ef
al., Cell, 29:227-234, 1982), R (Matsuzaki, er /., J. Bacteriology, 172:610-618, 1990},
cpC31 (see, eg, Groth ef al, J. Mol. Biol 335:667-678, 2004), slecping beauty,
transposases of the mariner family (Plasterk ef ol | supra), and components for mtegrating
viruses such as AAV, retroviruses, and antiviruses having components that provide for
vitus integration such as the LTR sequences of retroviruses or lentivirus and the ITR
sequences of AAV (Kootstra et al., Ann. Rev. Pharm. Toxicol., 43:413-439, 2003}, In
addition, direct and targeted genetic integration strategies may be used to insert nucleic
acid sequences encoding the chimeric fusion proteins including CRISPR/CASS, zinc

finger, TALEN, and meganuclease gene-editing technologics.

Al cried references are herein expressly mcorporated by reference in their

cntirety.
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EXAMPLES

Example 1: Host DNases prevent vascular occlusion by neutrophil extraceliniar

traps

Platelet and fibrin clots occlude blood vessels in hemostasis and thrombosis. Here

o

we report a non-canonical mechanism for vascular occlusion based on neutrophil
extracellular traps (NETs), antimicrobial DNA-fibers released by activated neutrophils,
We show that two DNases, DNasel and DNasel-like 3, degrade NETs in circulation
during episodes of munne inflammation. In the absence of both DNases, mtravascular
NETs form clots that obstruct blood vessels and cause organ damage. Vascular
10 occlusions in patients with severe bacterial infections are associated with a defect to
degrade NETs ex vivo and the formation of imfravascular NET-clots. DNasel and
DNasel-like 3 are independently expressed and thus provide dual host protection against

deleterious effects of NETs in inflammation.

Inflammation is an essential host response to control mvading microbes and heal

15 damaged tissues {1). Uncontrolled and persistent inflammation causes tissue mjury in a
plethora of inflammatory disorders. Newutrophils are the predominant leukocyies in acute
mflammation. During mfections nentrophils generate extracellular traps (NETs), lattices

of DNA-filaments decorated with toxic hisiones and enzymes that immobilize and
neutralize bacteria (23, The relevance of NETs in host defense is ilhustrated by the fact

28 that extracellular DNases serve ag viralence factors in several pathogenic bacteria (3, 4).
However, inappropriately released NETs may harm host cells due to thewr eytotoxic,
promflammatory, and prothrombotic activity (5-7). Indeed, NETs are frequently
associated with mflammatory or 1schemic organ damage and the therapeutic infusion of

DNases limits host injury m various animal models (8, 93

[\
(]

How the host degrades NETs m vivo to limit fissue damage during episodes of
inflaramation is poorly understood. Eardier work has shown that DNase] in serum digests
the DNA-backbone of NETs in vitro {10). We analyzed scrum from wild type mice by
zymography and detected two enzvmatically active DNases, DNasel and DNase-like 3
[{(DNase1i3) (FIG. 1A). Both enzymes are members of the DNasel protein family, but
30 differ in their origin and substrate affinity. DNasel is expressed by non-hematopoietic
tissues and preferentially cleaves protein-free DNA (11,12). DNaseli3, also known as

DNase v, is secreted by immune cells and targets DNA-protem-complexes, such as
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nucleosomes (11,133 We generated mice that lacked DNA-degrading activity i serum
due to a combined deficiency of DBNasel and DNasell3 (FIG. 1A). In vitro generated
NETs remained intact afier exposure to DNase1/DNase 13-/~ sera, whereas sera from
wild type, DNasel-/-, and DNasel13- /- mice degraded NETs (F1G. 1B and FIG. 1),
We used a hepatocvte-specific expression plasmid in conjunction with hvdrodynamic
gene delivery to stably express the ¢DBNA of DNasel or DNasell3 m the liver of
DNase 1/DNase 13-/~ mice. Given that both enzymes contain a secretory protein signal
sequence (11}, this approach restored the activity of DNasel or DNase 113 in circulation
(FIG. 1B and the capacity of sera from DNase1/DNasel13-/- mice to degrade NETs
(FIG. 1E and F1G. 1F). Taken together, these data show that two independently expressed

host enzymes, DNasel and DNase 113, degrade NETs n vitro.

To test the requirement of DNase1 and DNase 113 for NET-degradation in vivo,
we aimed to chronically stimulate wild type, DNasel-/~, DNasell3-/-, and
DNase 1/DNase 13-/~ mice with the granulocyvie~-colony stimulating factor {G-C8F). G-
CSF triggers neutrophilia, a hallmark of acute wflammation, and stimulates a
subpopulation of neatrophils to spontancously release NETs ex vivo (14}, We cloned the
cDNA of CSF3, which encodes G-CSF, uito the hepatocyte-specific expression plasmid.
Hydrodynamic injection of wild type mice with the C5F3-plasmid resulted in chronically
clevated levels of G-C8F in plasma (FIG. 5A}. Consequently, the neutrophil blood count
steadily increased and spontancously formed NETs were detected i blood smears (FIG.
2A and FIG. 2B). We furthermore observed an increased number of resident neutrophils
i vital organs and splenomegaly (FIG. 3B and FIG. 5C). Importantly, CS5F3-injected
wiid type mice grew normmally, did not develop organ injury, and did not show
macroscopic signs of distress or abnormal behavior (F1G. 5D and FiG. 5E). Collectively,
these data suggest that chronic neutrophilia with concomitant NET formation 1s well

tolerated 1 wild type mice.

Next, we stably expressed CSF3 in the hiver of DNasel-/-, DNasell3-/-, and
DNase1/DNase 13-/~ miuce. Mice with a single deficiency in DNasel or DNasell3 did
not show signs of distress {(not shown), whereas all mice with a combined deficiency died
within & days afier CSF3-injection (FIG. 2C). DNasel/DNasc1i3-/- mice receiving the
control plasmid lacking CSF3 survived without showing any abnormalities (FIG. 2C, not
shown). We co-expressed DNasel or DNase 13 with C5F3 in DNase1/DNasell3-/- mice

to induce newtrophilia and NETs and simultancously restore DNasel or DNasell3 m
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circulation. Expression of either DNase was sufficient for DNase 1/BNase 13-/ mice to
survive without showing any signs of distress (FIG. 2D} DNase1/DNase 113-/- mice co-
cxpressing CSF3 with a control plasmid lacking DNase/ and DNase 13 died within 5
days after gene delivery (FIG. 2). The mortality m these mice was preceded by a rapidly
progressing hypothermia, which was evidenced as a strong decrease in peripheral body
ternperature within 8 hours before exitus (FIG. ZE). Hypothermia was accompanied with
hemolytic ancmia shown by reddish plasma and urine and reduced blood hemoglobin
(FIG. 2F and FIG. 2G). Abundant schistocvies in blood smears indicated that the
hemolytic anemia was caused by ervthrocyte fragmentation (FIG. 2H). Furthermore, we
detected clevated plasma levels of lactate dehydrogenase (LDH), hiver transaminases,
and the renal mjury markers blood urea nitrogen and creatinine, which indicated multiple
organ damage (FIG. 21 FIG. 6A, and FIG. 6B). Coexpression of DNasel or DNasell3
with CSF3 maintained the body temperatire and integrity of ervthrocytes and organs
(FIG. 2E to FIG. 21, FIG. 6A and FIG. 6B). In conclusion, these data indicate that either

DNasel or DNase 113 1s requured to prevent host injury during chronic neutrophilia.

The histological analysis of DNase1/DNase113-/- mice with chronic neutrophilia
showed miravascular hematoxylin-positive clots with entrapped crythrocyies that fully
or partially occluded blood vessels m lungs, hiver, and kidneys (FIG. 3A and B; FIG. 6C
and FIG. 603}, Expression of DNase1 or DNase 113 in circulation prevented these vascular
occlusions. The hematoxviin-positive clots showed an abundant light-violet staining
pattern that was sporadically speckied with a dark-violet staining of individual leukocyie
muclel, suggesting that decondensed DNA is a main clot component (FIG. 3A). Given
that nuclear breakdown and vofolding of tightly packed chromatin is a hallimark of NET-
formation (/J5), we stained the hematoxyhn-positive clots for NET-markers. We
observed a robust staming with fleorescent double-stranded DNA-intercalating dves and
antibodies against chromatin (FIG. 7A). The co-localization of decondensed chromatin
with the neutrophil granule-denived enzyme myeloperoxidase, antinucrobial cathelicidin
pepudes, and the NET-surrogate marker citrullinated histones confirmed that the clots
were composed of NETs (FIG. 3C, FIG. 7B and FIG. 70}, To identify components of
canonical thrombi, we stained NET-clots for fibrin and von Willebrand factor (vWF), a
protein stored in the secretory vesicles of platelets and the vascular endothelium. NET-
clots were very heterogeneous in thewr vWF and fibrin content (FIG. 3D and FIG. 3E).

Cross-sections of NET-clots were covered on average with 46% of vWF, while 99 of

Ln
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NET-clots did not stain for vWF (FIG. 3E and FIG. 3F}. Fibrin was largely absent and
detected in fess than 23% of the occluded vessels (FIG. 3E). These data are in line with
findings that NETs serve as a fibrin-independent scaffold to tmmobilize platelets and
erythrocvies in vifro (0). The absence of vWF and fibrin in some clots suggests that NETs
may be sufficient for vascular occlusion. To corroborate this notion, we aimed to generate
NET-clots from pure neutrophils in vifro. We isolated neutrophils from blood and
mduced NET-formation, while exposing the cells to shear forces to mimic blood flow.
In this setup, we observed macroscopically visible and DNase-sensitive clots (FIG. 8A},
which resembled the appearance of NET-clots within the murine vasculature (FIG. 8B).
Now, we depleted platelets from the circulation and pharmacologically inhubited
thrombin to block fibrin formation in CSF3-expressing DNase 1/DNase 13-/~ mice.
Unlike DNasel- or DNasell3- expression, neither anti-thrombotic treatment could
prevent mortality in these animals (FIG. 3H}. Collectively, the data suggest that clots of
NETs are sufficient to obstruct blood wvessels during chronic neutrophilia in

DNase 1/DNase 113-/- mice.

The formation of NET-clots in DNasel/DNaseli3-/- mice is associated with
features of nfection-induced thrombotic microangiopathics (TMAs) and dissenunated
mtravascular coagulation m patients, mcluding schistocytes, hemolvtic anemia, and
organ fathure due to vascular occlusions. We analyzed plasma from TMA patients with
hemolvitic-uremic syndrome duc to an infection with Shiga toxin-producing Fscherichia
coli [STEC-HUS, {(/6)]. Sepsis and septic shock was a frequent complication n these
patients (/7). NETs generated in vitro remained ntact after exposure to patient plasma
collected in the acute disease state, whereas plasma from patients in remission degraded
NETs (FIG. 9A and FiG. 9B). The data indicate an acquired and temporary defect in
NET-degradation, thus estending previous reports (/8,793 Of note, the STEC-HUS
patients were effectively treated with a regimen that inchided wfusion of plasma from

healthy donors (/7), a source of DNascs, which potentially restored NET-degradation.

Large aggregates of NETs are reportedly formed in the svnovial thud and
pancreatic ducts of patients (27,22}, but have not vet been described in other tissues.
Therefore, we atmed to wdentify mtravascular aggregates of NETs in patients with severe
nflammatory diseases. We screened lung tissue collected at autopsy from patients with
acute respiratory distress syndrome and/or sepsis (FIG. 103, We detected hematoxylin-

positive clots i blood vessels of two septic patients (F1G. 11A and FIG. 11C). In both
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cases, clots were comprised of chromatim and MPO (FIG. 11B and FIG. 11D}, indicating

that NETs can form mtravascular ¢lots in human sepsis.

Septicenua is a potent and rapid trnigger of intravascular NET-formation m mice
(7). We thercfore hypothesized that a defect in NET-degradation may aggravate the
disease. Indeed, we observed that mice with a combined deficiency of DNasel and
DNasel13, but not wild type mice, were highly susceptible to low doses
hipopolysacchanide and heat-killed £ coff (FIG. 44). Similar to neutrophilic
DNasel/BNase113+/- mice, blood analvsis of septic DNasel/DNasei3-/- mice showed
hemolvtic anemia and hematuria (F1G. 48 and FIG. 4C), along with increased levels of
plasma LDH and schistocytes in blood smears (FIG. 4D and FIG. 4E). Furthermore, we
detected abondant partially or fully occluded blood vessels in the hing (FIG. 4F and FIG.
4(z). Detailed analysis of partially occluded vessels revealed clots of NETs within the
vascular lumen (FIG. 4H). In fully occluded vessels the NET-clots were congested with
entrapped ervthrocvies and leukocvies (FIG. 41 FIG. 124 and FIG. 12B). Importantly,
hepatic expression of DNasel or DNaseli3 in DNase1/DNase 13-/~ mice prevenied
vascular occlusion and restored the wild type phenotype. Taken together, these data
indicate that circulating DNasel or DNasell3 provent the formation of NET-clots and

host injury in septicenia.

In summary, while platelets and fibrin form hemostatic clots and pathological
thrombt (23}, our data mtroduces NET-clots as a non-canonical mechanism for vascular
occlusion in mflammatory states. Similar to fibrin strands, NETs are ultra-large and
stable molecules (6). At high concentrations, such as found in chronic neutrophilia or
septicemia, intravascular NETs may form clots, which are sufficient in size to obstruct
blood vessels and thus cause damage to erythrocyies and organs. To maintain blood and
tissue imtegrity during inflaramation, the host independently expresses DNasel and
DMNasel13 as a dual protection system against intravascular NETs. However, acquired
and genetic defects in these host factors may delay the degradation of NETs and thus
precipitate disease. Acquired defects may involve DNasel-mhibition by monomeric
actin extemalized from damaged tissue and inactivation of DNase 113 by serum proteases
(17}, Mutations in DNasel and DNascll3 have been identified in patients and are
associated with systemic lupus ervthematosus (SLE), a systemic autoimmnmne discase
(24,25). Interestingly, DNasel and DNasell3-deficient mice spontancously develop

SLE-~ike discase with age (/3,26). NETs are composed of prominent autoantigens and
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neutrophils from SLE patients have an increased capacity to release NETs (27). A
reduced clearance capacity may increase the halftlife NETs and thus promote the
autoimmune disease {(/0,27). In conclusion, defects in host DNases may bring forward

the deleterious effects of NETs in a plethora of mflammatory diseases.

Consequently, DNasei- and DNasell3-mediated NET-degradation provides
attractive therapeutic opportunity for patients suffering from inflammatory conditions.
To test whether DNasel and DNasell3 degrade NETs by the same or via distinct
mechanisms, we cross-linked proteins in NETs using fixative. Fixed NETs were
cfficiently degraded by DINasc113-/- sera, but were resistant to degradation by DNasel-
/- sera (FIG. 13A and FIG. 13B). In hine with these results, exposure of NETs to
recombinant DNasel or DNase 113 showed that both DNases degrade naive NETs (FIG.
13C and FIG. 13D), whereas fixed NETs are resistant to DNasel13 activity (FIG. 13E
and FIG. 13F). Collectively, these in vitro data suggest that DNascl and DNasell3

degrade NETs via distinct mechanisms.

Finally, we compared the activity of DNascl and DNase 113 m the circulation of
mice to humans. To discnnunate DNasel and DNasell3 activity, we generated
antibodies against human DNasel (a-hDBNasel), which block DNase1 activity in plasma
from normal healthy donors (NHD) (FIG. 14A). Heparmn is a known iohibitor of
DMNasel13 and was used to block the DNA-degrading activity by DNase 113 (FIG. 14B).
Murine plasma showed approximately 10-fold higher total DBNase activity (FIG. 140,
DNasel activity (FIG. 14D, and DNasell3 activity (FIG. 14E) than human plasma,
Furthermore, DNaseli3 m murine plasma, but not n human plasma, degrades NETs
efficiently (FIG. 14F and FIG. 14G). The data suggest that the concentration of DNase 113
in human circulation 1s not sufficient to degrade NETs. Therefore, enabling DNase113-
mediated NET-degradation in patients a novel and promosing therapeutic strategy for

inflammatory diseases.
Materials and Methods
Patient plasma

Citrated plasma samples were obtained from patients during the STEC-HUS

outbreak 2011 in Germany ({/6). The criteria for inclusion in our study were positive

identification of STEC/enterohemorrhagic &. cofi or bloody diarrhea, platelet count <
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150 x 109 /L or decreased by 223% m 1 week, evidence of hemolysis (LDH above the
normal bimit, haptoglobin below the normal limit, or the presence of schistocytes) and

acute kidney injury stage 2 1.

Human tissue

Human tissues were fixed at room temperature overnight 1n 5% phosphate-
buffered formalin. All tissues were collected at autopsy and originally submitted for
diagnostic purposes to us and studied in accordance with national cthical prnciples. The

cause of death of the patients is indicated in FIG. 10,
Rice

All mice were on a C57BL/6 genetic background. We crossed previously
described DNasel-/- and DNasel-like 3-/- mice (26, 28) to generate DNase V/DNase113-
/- mice. This strain of DNasel-/- mice has been recently reported to contain an off-target
mutation in the DNase ! overlapping gene Trap! /Hsp73, which encodes a mitochondrial
chaperone (29). We therefore included an alternative DNase1-/- strain (30) to generate

DNase 1/DNase113+/- mice for control experiments (FIG. I5A-FIG. 150)

Betection of DNasel by denaturing polyacrylamide gel electrophoresis

zymography (DPZ)

We performed DPZ, as previously described with modifications (/9). In briet,
sodium dodecyl sulfate (§8DS)-polvacrylamide gels were prepared with 4% (v/v) stacking
gels without DNA and 10% (v/v) resolving gels containing 200 ug/mi of salmon testes
DNA (Sigma- Aldnich, Germanv). For the detection of DNasel, 0.5 yl of murine serum
were mixed with 14.5 pl of water and 5 gl SDS gel-loading buffer (BicRad, Germany}.
The mixture was boiled for 53 minutes and loaded onto the gels. Electrophoresis was
carried out at 120 V using Trnis/glvcine clectrophoresis butfer (25 mM Tus, 192 mM
glyeine, 0.1% (w/vy SDS, pH 8.7). After electrophoresis, protemns were refolded by
mcubating the gels overnight at 37°C in a refolding buffer containing 3% (w/v) milk
powder, 10 mM Tris/HCE pH 7.8, 3 mM CaClz, 3 mM MgCla, 100 U/mL peniciliin, and
100 pg/ml streptomycin. The gels were transferred to a refolding buffer without milk
powder and incubated for additional 24 hours at 37°C. DNA was labeled fluorescently
with 1x SYBR Safe (Thermo Scientific, Germany} and fluorescent images of gels were
recorded using a fluorescence scanner (Molecular Imager FX, BioRad, Germany).

4
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Betection of DNasell3 by DPZ

For the detection of DNase 113, 2 ul of scrum were mixed with 12 pl of water, 5

il SDS gelloading buffer, and 1 upl of beta-mercaptocthancl (BME, Sigma-Aldrich).

BME reduces the disulfide bridges of DBNasel, which causes #ts inactivation (/7). The

5 mixture was botled for 5 minutes and loaded onto the gels. Electrophoresis was carried

out as described for DNasel, SDS was removed by washing the gels with 10 mM

Tris/HCE pH 7.8 for 30 minutes at 30°C twice. The proteins were refolded by incubating

the gels for 48 hours at 37°C in a refolding buffer containing 10 mM Tns/HClpH 7.5, 1

oM BME, 100 U/mL peniciiin and 100 ug/mb streptomyein. The gels were then

10 incubated for additional 48 hours at 37°C n refolding buffer supplemented with 3 mM

CaCl2 and 3 mM MnC12. The addition of Mn®" is required to enable efficient degradation

of protein-free DNA by DNasell3 (/7). DNA was labeled and 1maged as described for
DNasel.

Betection of total DNase activity by single radial enzyme diffusion (SRED)

15  assay

To measure total DNase activity, we dissolved 55 pg/mil DNA from salmon testes
in a buffer containing Mn®" (20 mM Tris-HCl pH 7.8, 10 mM Mn(lh, 2 mM CaCly, and
2x SYBR Safe}. The DNA solution was heated at 50°C for 10 minutes and mixed with
an equal volume of 2% ultra-pure agarose { Thermo Scientific). The mixture was poured

20 into plastic trays and stored at room temperature untd solidification. Two pl of mwrine
serum were loaded nto wells of 1.0 mun diamcter. Gels were incubated for 4 hours at

37°C m a hunud chamber. The DNA fluorescence of the gels was recorded with a

fluorescence scanner.
In vitro NET-degradation assay

25 NET-degradation was analvzed as previously described (/%). Purified human
oeutrophils in serum-free DMEM were sceded to sterile 96-well plates (Falcon, BD
Technologies, Germany) coated with 0.001% polvivsine (Sigma) at a concentration of §
x 10% cells per well. To induce NET-formation, ncutrophils were activated with 100 nM
phorbol 12-mvristate 13- acctate (PMA; Sigma-Aldrich) for 4 b at 37°C with 5% COq

30 and huidity. We added phosphate buffered saline (PBS) and stored the 96-well plates
overnight at 4 °C. NETs were washed with PBS, treated for 5 minutes with PBS

containing 0.5% Triton X-100, and washed with PBS again. NETs were incubated with

W

5



WO 2019/036719 PCT/US2018/047084

10% muurine serum or 10% citrated human plasma supplemented with 10 uM PPACK
(Santa Cruz, Heidelberg, Germany) in HBSS with divalent cations {HBSS+; Thermo
Scientificy. NETs were allowed to be degraded for 3 hours at 37°C with 3% CO2 and
hunudity. We discarded supernatants and stopped NET-degradation by adding 2% PFA

5 inPBS for | hour at room temperature. PFA was discarded and non-degraded NETs were
labeled fluorescently by adding 2 uM of the fluorescent DNA dye SytoxGreen {(Thermo
Scientific) in PBS. Images of fluorescently stained NE'Ts were acquired with an inverted
fluorescence microscope (Axiovert 200M, Zeiss, Germany). We quantified nondegraded
NETSs by recording the fluorescence intensity with a plate reader (Excitation: 485 nmy

10 Emission: 535 nm) or by measuring the arca coverage of NETs in microscopy pictures

using Imagel software (NIH, USA).
Preparation of in vive expression vectors

We used the pLIVE plasmid (Mirus Bio, USA) to express proteins in mice. The

vector enables a long-lasting and hepatocyie-specific expression of proteins. We

15 gencrated pLIVE plasmids with murine DNasel, DNasell3, and CSF3. For murine
DiNasel, a PCR of the ¢cDNA (Genbank Accession Number NMG10061) was performed
using the pair of primers DNagel-F 5~ GTCGACATGCGGTACACAGG (SEQ ID
NG:27) and DNase1-R 53°- CTCGAGTCAGATTTTTCTGAGTGTCA (SEQ D NO:28)
containing Sall and Xhol restriction sites. For DNasel/3, a PCR of the cDNA (Genbank

20 Accession Number AF047355) was performed using the pair of primers BNasel3-F 5°-
GAAGTCCCAGGAATTCAAAGATGT (SEQ ID NO:29) and DNasell3-R 5-
GCGTGATACCCGGGAGCGATIG (SEQ 1D NO:30) containing BamBl and Sacl
restriction sites. Both ¢DNAs were cloned using the T4 ligase (New England Biolabs,
Germany ) into the multi-cloning site (MCS) of the pLIVE vector, which was predigested

25 with the appropriate enzymes. The pLIVE vector containing DMase 113 was subjected to
site-directed  mutagenesis  with  the pair of primers mutDNasell3-F  57-
AGTCGACTCCCGGCCACCATGTCCCTGCA  (SEQ ID NO3L  and  its
complementary mutDNasel H3-R 5~ TGCAGGGACATGGTGGUCCGGGAGTCGACT

(SEQ ID NO:32) in order to match the consensus Kozak sequence and optimize protein

30 expression. The gencration of the pLIVE vector containing the cDNA of C5F3 was
outsourced (Eurcfing Genomics, Germany). The ¢cDNA of CSF3 (Genbank Accession
Number BC120761} was aserted in the MCS between restriction sites Sall and Xhaol.

Sequence of all the generated wvectors was confirmed by double stranded DNA
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sequencing. As a control we used the parental pLIVE plasmid without additional inserts,
All plasmids were purified using PureLink HiPure Plasmid Maxiprep Kit and potential
contaminations of endotoxin were removed using High Capacity Endotoxin Removal
Spin Columns (both Thermo Scientific).

In vitro expression of murine DNasel and DNasell3

Plasmids contamning the ¢cDNA for DNasel or DNasell3, described elsewhere
were transfected into Human Embrvonie Kidrey (HEK) eclls with Lipofectamime 3000
(Thermo Scientific) m serum-free conditions with DMEM media (Thermo Scientific)
supplemented with 10% KnockQOut serum replacement (Theomo Scientific). After 72
hours, supernatants were collected, centrifuged at 5300 xg for 10 minutes, sterile filtered,
and concentrated by wltracentrifugation with 3K columns (Amicon Ultra, Millipore,

Darmstadt, Germany}.
In vivo gene expression

The pLIVE-plasmuds containing DNasel, DNasell3, CSF3, or empty control
plasmids were administered to mice via hydrodynamic tail vein injection. In briet, 50 pg
of plasmid were diluted in 0.9% saline in a volume equivalent to 10% of the body mass
of the mouse. Mice were anaesthetized with isoflurane and the plasmid solution was then
ijected intravenously over 3 to 8 seconds via the tail vein. In rare cases, mice did not
fully recover from the mjection within the first 24 hours and these animals were exchuded
from the study. For coexpression studics, 50 pg of the CUSF3-plasmid were mixed with
50 pg of the empty control plasmid, or the plasmids containing DNase/ and DNasel!3.
The solution containing both plasmuds was adounistered via hvdrodvnamic tail vein

mjection.
Chronic neutrophilia

Female mice at 4 weeks or 8-12 weeks of age were mjected with 50 pg of the
pLIVE-plasmid containing CSF3 to mduce G-CSF overexpression and neutrophilia.
Mice werg monitored every 8 hours during the first week after imjection, and daily
afterwards. Temperature was measured in the perianal area by a contactiess infrared-
thermometer (Etekeity, Germany). For survival studies, mice were euthanized and scored
as “non-surviving” 1f the animals showed signs of distress (no spontancous movement,
closed eves, oceasional gasping). In all cases these signs of distress were accompanied

with a rapidly progressing and severe hypothermia, defined as decrcase in body

W

7
/

PCT/US2018/047084



WO 2019/036719 PCT/US2018/047084

temperature of 24°C compared to the body temperature before the plasnid injection, and

with hematuria. Non-hvpothermic mice did not show any signs of distress and were
cuthanized at the end of the cxperunent. For organ, blood, and urine collection, we
analyzed four groups of three D1/DIL3-/- mice. Mice in each group were njected with
5 anuxtare of C8F3 with empty plasma, DNasel, or DNasell3. Each group of mice was
cuthanized for biosampie collection, when the first animal of the group showed signs of
distress, severe hypothermia, and hematuria. This time point was defined as “exitus” and

occurred within 3 to 6 days after the mjection.
Platelet depletion

10 Mice received an intraperitoneal injection of 2 ug/g platelet-depleting antibody
or 1sotype control antibody (both Emfret, Germany). This treatment depletes > 95% of
platelets from circulation. The treatment was started 24 hours afier the injection of CSF3

and repeated every 48 hours until completion of the experiment.
Thrombin inhibition

15 Powdered dabigatran etexilate (Pradaxa, Bochringer Ingelheim, Germany) was
mixed with normal chow powder {Altromin, Germany) at a dose of 40 mg/g. Pellets were
prepared by mixing the powder with distilled water and allowed to dryv at room
temperature. The fecding of dabigtran was started 24 hours after the injection of CSF3.
WT mice fed with the dabigratan diet for 1 day showed a 6.48+1.19-fold (Meant 5D,

20 N=4) increased activated partial thromboplastin tine when compared to mice recciving
normal chow without dabigratan (Student t-test; 2 <0.001}.

Preparation of bacteria for septicemia
Fscherichio cofi (XEN 14, Perkin Elmer} was grown overnight in lyscgeny broth
media containing 50 pg/ml kanamyein. Bacteria were pelleted by centrifuging at 4000 x

25 gfor 10 minutes, washed with and resuspended in PBS. Aliquots of 1.5 x 107 bacteria/ml

were tncubated at 70°C for 15 minutes to heat-kill the bacteria. Ahiguots stored at -20°C

until further use.
Septicemia

Male mice at 8-15 weeks of age received three daily intraperitoneal injections of

30 1 ugle of LPS from Salmonella enterica serotype thyphimurivm (Sigma-Aldoch)y in 0.9%
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saline. Along with the third LPS injection, mice received an intravenous mjection of 1.5
x 107 heat-killed &.coli/g. The shown survival time indicates the time after the injection
of F.coli. Blood and organs were collected at the time of cuthanasia. Insutficient
biosamples were obtamed from two animals (Ix DI/DIL3~/- + Cird, Ix DY/DIL3-/- +
5 DIL3)toperform the complete analvsis shown in FIG. 4A-FIG 41, Mice were cuthanized
and scored as “non-surviving” f the amimals showed signs of severe distress
(irresponsiveness to touch). All non-surviving mice showed hematuria and palencss of
extremities. All surviving mice were cuthanized and scored as “surviving” 24 hours after

the intravenous mnjection of heat-killed #.coli.
10 Murine blood, plasma, and tissue collection

Blood was collected by submandibular puncture or by the retroorbital sinus.
Biood was collected into 200 ul serum tubes (Monovette; Sarstedt, Germany ) and 200 ul
EDTA tubes (GK 150, KABE labortechnik, Germany). Plasma was obtained by
collecting the sopernatant of blood after cenirifugation at 3000 x g for 15 minutes. Serum
15 was obtained by allowing the blood to clot for 1 hour at room temperature followed by a
centrifugation for 15 minutes at 3000 x g. Serum and plasma samples were stored in
aliquots at -20°C until further use. For organ analysis, mice were perfused by intracardiac
mfusion of PBS. Organs were collected and fixed for 24 hours 1n 4% PFA a1 4°C. Fixed
organs were embedded i paraffin,
24 Analysis of bloed and plasma
LDH, AST, ALT, creatinine and BUN in plasma were guantified by using
standardized kits (Biotron Dhagnostics, CA, USA) following the manofacturer
mstructions. Mouse G-CSF was quantified with a Quantikine ELISA Kit (R&D, United

Kingdom}. Hemoglobin in EDTA biood was quantified by an automated hemocytometer

[\
(]

(Idexx ProCyte Dx Hematology Analyzer, Netherlands) To quantify neutrophils by
FALS, whole blocd was meubated on ice for 15 munutes with 0.2 pg of phycoerythrineg-
labelled anti-mouse CD11b (M1/70, Blolegend, Gemmany) and 0.5 pg of Alexa Fluor 483
anti~-mouse LyoG (1AB, Biolegend, Germany}. The blood was then diluted with 0.5 ml
PBS and analyzed with a FACSCalibur {BD Bioscience, USA). Blood smears of EDTA-
30 anticoagulated blood were prepared on polvlyvsme-coated slides (Hecht Assistant,

Germany). After air-drving were incubated for 1 minute in methano! supplemented with
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1uM SvtoxGreen on dry ice or stained with Giemsa using commercial kit (In Vitro

Diagnostikum, Germany).
Inmunofivorescence stainings

Paratfin-embedded sections were de-waxed, rehydrated, and subjected to antigen

Y

retrieval for 25 munutes at 100°C m citrate buffer (10 mM sodium citrate, 0.1% Tween,
pH 6). Thereafter, sections were blocked for 30 minutes with 2.5% normal goat serum
{(Vector, United Kingdom) followed by incubation with a mouse-on-mouse blocking kit
{(Vector) for one hour. The sections were then incubated over night at 4°C with 2 pg/mi
of the primary antibody agamst MPO (AG393, Agilent, Germany), CRAMP (PA-CRLP-
10 100, Innovagen, Sweden), citrullinated histone 3 (ab5103, Abcam, United Kingdom),

fibrin [clone 39D8}, or the complex of histone H2A, H2B, and DNA to detect chromatin

{2). Sections were incubated with anti-rabbif and anti-mouse Ig(G antibodies conjugated

with AlexaFluord&8 or AlexaFluor555 (all Thermo Scientific) for 1 hour. Afier washing,

DNA was labeled with 1 pg/ml DAP] for 2 minutes. Autofiuorescence was quenched by
15 a 25-minute mcubation with Sudan Black (0.1% in 70% ethanol), and sections were
mounted with Fluoromount G (Southern Biotech, USA). Images of fluorescently labeled
sections were acquired with an mverted fluorescence microscope {Axiovert 200M, Zeiss,
Germany) or a confocal microscope {TCS SP3, Leica, Germany). Images of NET-clots
were quantified using software (fmagel). A vWF or fibnn staining area of less than 3%

20 of NET-clots was considered negative.
Immunohistochemistry

After antigen retrieval, deparaffinized sections were blocked for 30 minutes with

2.5% normal horse serum (Vector). The sections were incubated over night at 4°C with

s

2 pg/ml of the primary antibody agamst neutrophi! elastase (ab68672, Abcam). Afier

[\
(]

washing, sections were stained using the anti-rabbit IgG-AP kit (ImmPRESS, Vector)
according to manufacturer’s mstruction. Sections were counterstained with hemalum
{(Merck, Germany) and mounted with Neo-Mount media (Merck). Images of stained

sections were acquired with an inverted microscope {Axiovert 200M, Zeiss).
Generation of NET-clots in vitro
30 Purificd human neutrophils were seeded to tissue culture plates at 3 x 107 celis /
md in DMEM supplemented with 2% BSA. The cells were activated with 0.1 uM PMA
for 4 howrs at 37°C, 5% COz with humidity and rotating conditions (300 rpm). We used
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unstimulated neutrophils and neutrophils activated with PMA m the presence 10 U/ml
recombinant human DNasel (domase alpha, Roche, Germany) as controls. NET-clots

were fixed with 2% PFA overmight at 4°C. Fixed NET-clots were embedded in paraffin

and sections were stained for NETs as described above.
Statistical evaluation

Data are shown as mean + standard deviation. Statistical analysis was performed
asing Prism Software (GraphPad, USA) and included Student’s t-test, one-way and two-
wav ANOVA followed by Bonferroni’s multiple comparison test, and Log-rank test

Results were considered significant at 7 < 0.05.
RMovies

Chronic neutrophilia s tolerated i wild type mice. A movie generated shows the
wiid type mice one week after the mjection of a CSF3-expression plasmid (CSF3jora
control plasmud facking CSF3 (Cirly. Both animals show normal behavior and no signs
of distress.

Chronic neutrophilia canses distress in mice Jacking DNasel and DNaseli3. The
movie shows DNasel/DNasell3~/- mice co-expressing CSF3 with a control plasnmid
{(CSF3/Curl), with DNasel (CSF3/D1,), or with DNasell3 (CSF3/DL3). Mice
expressing circulatory DNases, DiNasel or DBNasell3, show nommal behavior. Mice
lacking cuculatory DNases (CSF3/Cirl) show signs of distress (no spontaneous

movement, closed eves, occasional gasping).
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Example 2: Development and use of BNaselL3 and variants for therapy

Introduction

Uncontrolled mflammation causes a plethora of conditions (/). Neutrophi
extracellular traps (NETs) are DNA filaments decorated with toxic proteins (2). NETs
protect against microbial infection, bui cxcessive NET formation triggers and
cxacerbates mflammatory and awtoimmune discases (35). DNasel (D1), a DNA-
degrading enzyme found i biood, has been widely used to disarm NETSs m vitro and in
vivo. Indeed, infasion of recombinant human D1, an FDA-approved drug {domase alpha)
for cystic fibrosis (CF), prevents the pathological cffects of NETs in various discase

models (35}, supporting the use of D1 for prophyiactic therapy.

DNasel-like 3 is novel drug candidate for NET-associated diseases

In Example 1, we found that in addition to D1, DNascl-like 3 {(D1L3) also
degrades NETs. Both enzymes maintain blood and tissue homeostasis during
mflammatory responses. In brief, we showed that NETs are generated within blood
vessels during neutrophilia, a hallmark of wnflammation, under stenle as well as
infectious conditions. D1 and DI1L3 cleave NETs and thus prevent the aggregation of
DNA-fiaments of NETs to vascular clots. In the absence of B and DIL3, clots of NETs
obstruct blood flow and cause organ damage and death. NET-¢lots are formed
mdependently of platelets or fibrin and are thercfore resistant to conventional anti-
thrombotic therapy. Thus, we uncovered clots of NETs as a novel mechamism for
vascular occlusion and BI1L3 a new prophylactic therapy against NETs (see Example
1}.

D1 and DIL3 belong, along with DNasel-like 1 (D1L1) and DNasel-like 2
(D112}, to the DNasel-protem family (4). D1 and D1L3 are expressed in a variety of
species including, humans, primates, and rodents. D1 is predominantly expressed in the
gastrointestinal tract and cxocrine glands (5), whereas hematopoictic cells, namely
macrophages and dendritic cells produce DIL3 (6, 7). We found both DNases at low
concentrations in serum of nuce and humans (Example |, FIG. 14), but the ongim of DI
and B1L3 in circulation is unknown (7, &}. D1 preferentially cleaves protein-free DNA
{c.g. bacterial DNA, plasmud DNA), whercas D1L3 targets chromatin, the complex of
DNA and histones, which 1s commonly found in the nucleus of cukaryotic cells (7, 9,
{0). D1 activity is mhibited upon binding to monomeric actin and scnsitive o
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physiological salt concentrations (/7-73). In addition, Dl s glycosylated at N40
{corresponds to N18 in the mature enzyme without signal peptide} and N128 (N106).
which makes the enzyme resistant 1o inactivation by serum proteases (9). In contrast,
DIL3 lacks glyeosylation and actin-binding sites, which causes its susceptibility towards
several proteases and resistance towards actin, respectively (9).

D1 was first discovered 1o body fhnds of the gastromtestinal tract and wuring,
taking part in the digestion of DNA from food mtake. We observed in the course of this
disclosure that systemically admimstered DNasel {e.g. through intraperiioneal or
mitravenous injection) has a relatively short half-life i circulation and is secreted in an
enzymatically active form into the urine and, unexpectedly into bile. fts scerction into
the bile fhuid opens up the opportuntity to target extracellular DNA and/or NETs in the
biliary duct via systemic DNasel therapy.

D1L3 was first described in the context of programmed cell death (/4). B1L3
features two nuclear localization sites (NLS1, NLS2). NLS2 s embedded within a C-
terminal tail that is unique to D1L3 and not present n D1, Both NLS target the enzvme
to the nucleus duning apoptosis (/4). Indeed, mtracellular DIL3 13 required for
fragmentation of nuclear DNA within apoptotic and necrotic celis 7 vive (15} DIL3
requires its C-terminal tail to degrade extracellular DNA, namely lipid-encapsulated
DNA, sach as found in transfections, and chromatin within apoptotic bodies (7, 70} In
transfections, ¢DNA and cationic hpids form a complex that penctrates through the
plasma membrane of target cells. D1L3 interferes with transfections and the C-terminal
tail is critical for this function (/0}. Apoptotic bodies, lipid vesicles filled with chromatin
from apoptotic cells, are physiclogical substrates of B1L3 (7). Here, the C-terminal tail
enables D1L3 to penetrate through lipid membranes of apopiotic bodies and degrade the
chromatin load. Importantly, the C-termunal tail is also required for the degradation of
lipid-free extracellular chromatin by D1L3 (7). The C-erminal tail 15 believed to be
critical for the functions of D1L3 in the extracellular space.

While bD 1 is effectively targeting NETS in animal models, maindv mice, it has
shown limited or no therapeutic effect in clinical tnals of CF {(J6) and emphyvsema (/7),
respectively. NETs are formed in CF (/8), indicating that wild-type hD1 is not optimal
for targeting NETs in patients. Hyperactive vanants have been generated to circumvent
the therapeutic Hmitations of D1, but their clinical manufacturiog 1s challenging (/7).

Notably, NET-DNA contains histones and 1s structurally organized like chromatin (2).
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Thus, we speculated that the efficient degradation of chromatin s required for an optimal
therapy against NETs.

A combinational therapy of hD1 and tissuc plasminogen activator (tPA,
alteplase) of emphysema patients has been described (/7). The data are in line with our
hypothesis because tPA enables D1 to degrade chromatin in vitro (19}, US 9,642 822,
which is hereby incorporated by reference, further discloses combination therapy with
tPA and D1 for therapeutic targeting of NETs (20). However, treatment with tPA is
commonly associated with an increased risk of bleeding due to 1ts fibrmolytic activity
(/7). D1L3 may provide a safer strategy for targeting NETs without putting patients at

risk for blecding, but a therapy with D113 protein has not been explored.

Fngineering of DNase ! and DNase [-like 3 variants through amino acid transfer

In this Example we gencrated variants of D1 and D1L3 that are engineered for
therapy against cxtracclinlar chromatin (including NETs). To design vanants, we
hypothesized that the capacity of human DIL3 to degrade chromatin is encoded by
mdivideal aming acids and/or aming acid sequences, which are absent in human D1
Furthemmore, we speculated that transferring these individual amino acids and/or an
amino acid sequence from human D113 to D1 generates hyperactive D1 variants with
mcreased chromatin-degrading  activity,  Similarly, enzymatic propertics {e.g.
glycosylation) can be transferred from D1 to D1L3. Fo test our hypothesis, we emploved
conventional amino acid mutations and developed a novel building-block (BB)
technology to engineer variants of DNases from the DNasel-protein family.

To produce vartants of D and DIL3, we used in vitro expression systems [e.g.
Chinese hamster ovary ({CHO) cells, buman embrvonic kidney (HEK) cells, Pichia
pastoris]. Enzyvmatic activity was characterized using the degradation of high-molecular
weight (HMW)-DNA as a readout (FI1G, 16). We chose two types of HMW-DNA: (a)
double-stranded DNA (dsDNA} that was isolated from salmon testes. The degradation
of HMW-dsDNA was analvzed by zvmography; (b} chromatin of purified nuclei from
HERK?93 cells. To analyse its degradation, HMW ~chromatin was first incubated with the
DNasec vanants, followed by DNA isolation and visualization via agarose gel
clectrophoresis (AGE). Chromatin degradation was detected by low molecular weight
(LMW-DNA. In this sctup, wild-type human D1 (SEQ D NO: 1) has approximately
100-fold higher activity to degrade dsDNA than wild-type DIL3 (8EQ 1D NO: 2),
whereas wild-tvpe D1L3 degrades chromatin with approximately 100-fold more
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cfficiently than wild-type B1 (FIG. 16). We found synergistic effects of DI and D1L3
in degrading chromatin, but not dsDNA. If DBl and D1L3 arc mixed at a ratio of 16:1 or
1:1, we obscrved increased chromatin degradation, compared to each D1 or D113 alone
{(FIG. 16). Thus, we screened for D1 and/or DIL3 vanants, which show immcreased
chromatin and/or dsDNA degrading activity.

Selected D1 and DIL3 variants were further tested to degrade mtravascular
NETs, using an in vivo-cxpression system for members of the Dl-protein family. Sec
PCT/EP2018/051444, wiuch is hereby incorporated by reference in ifs entirety. The
system is based on two components, (a) an expression plasmid that enables the stable in
vivo transfection of hepatocyvies with ¢DNA of D1, DIL3, and vanants thereof in
recipient mice, and (b} Drase ! Dnasel!3” deficient mice, which are characterized by
the absence of DNase activity 1n serum. In brief, the ¢cDNA of candidate D'Nases 15 cloned
into the hepatic expression vector. Next, the vector is co~expressed in Dnase " Dnase 13"
 deficient mice along with the cDNA of murine Csf3, which encodes for the granulocyie
colony-stimulating factor (G-CSF}. The expression of Csf3 mduces neutrophilia with
concomitant ntravascular NET-formation, which m bem causes the aggregation of
undigested NETs within blood vessels and death in Dnasel/” Dnasel!3” mice. To
identify drug candidates, we scroened for D1, D1L3, and variants thereof that efficiently

degrade NETs and thus prevent morbidity and mortality in this model.

Results
Engineering DNase I variants through conventional amino acid substitutions

Our central hypothesis 1s that the capacity of human D113 to degrade chromatin
is mediated by amino acids that are not present in D1, Sequence alignment showed that
44% of the amino acids 1 human D1 and human DIL3 are identical (FIG. 17). We
exclusively mutated only variable amino acids (56% non-shared amino acids) to generate
D1 and DL3 variants.

D113 is a cationic protein with an isoclectric point of 9 35, whereas D1 and the
other members are more basic proteins. We therefore speculated that the cationic nature
of DIL3 enables the enzyvme to degrade chromatin, Through sequence alignment, we
identified 37 argining or lysine residues in the variable amino acids, which are absent in
D1 {FIG. 17). These amino acid residues are located at the amino acid positions 29
{position 9 with the signal peptide), 39 (9), 47 (7), 50 (30}, 66 (463, 74 (54), 77 (57}, 80
(60), 81 (61), 92 (72}, 109 (89}, 114 (94), 115 (93), 163 (143), 176 (156), 180 (160), 199
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{179), 200 (1803, 203 (183), 208 (188), 212 (192), 226 (206), 227 (207}, 239 (219), 250
{230), 259 (239), 262 (242), 280 (260}, 285 (2633, 291 (271), 292 (272), 297 (277). 298
(278), 299 (279), 301 (281). 303 (283), 304 (284) with respect to SEQ ID NG: 2.

Twenty-six of these additional arginine or lvsine residues in D113 cormrespond
to the following amino acid positions m D1 (SEQ ID NO: 1) 31 {(position 9 with the
signal peptide), 41 (19}, 49 (40), 52 (30}, 6% (46), 76 (34), T9(57), 81 (539}, 92 (70), 109
(87), 114 (92}, 115 (93), 164 (142}, 177 (155), 181 {(159), 200 (178), 201 (179), 204
{182), 209 (187), 213 (191), 227 (205), 239 (217}, 250 (228), 259 (2373, 262 (240}, and
280 (260). In addition, D1L3 features 3 sites of mnsertions of arginine or lysing residues:
R80, K226 and a C-terminal tail {afier ammo acid position 282 m SEQ [D NO: 2), which
features 3 arginine and 6 lysine residues.

We aimed to transfer the arginine and lvsine residues that are part of the core
body of B1L3 to D1 by introducing the following mutations into wild-type D1 (FIG.
18): Q31R, A41K, Q49R, 852K, T68R, N76k, Q79R, D80 _A8ImsR, A81IR, POZR,
DI109K, V4K, DIISR, Al64K, Q177K, GI8IK, P200K, S201K, S204R, W209R,
T213R, A226 T227insK, T227K, AZ39R, D250K, A259K, G262K, and K280M with
respect to SEQ 1D NO: 1, thus generating 28 vanants of D1,

In this Example, we were able to generate D1 vanants that contain 23 of the 28
amino acid substitutions. We expressed the ¢DNA of these D 1-vanants in HEK293 cells
and analvzed the dsDNA and chromatin degrading activity in the culture supernatants.
We obscrved that the following amino acid modifications partially increased the
chromatin degrading activity, while no major differences mn dsDNA degradation were
observed (FIG. 19) Q31R, Q49K, N76K, Q79R, PO2R, DIOOK, Al164K, Q177K
P200K, SZ01K, S204R, T213R. Interestingly, mouse and rat D1 {(SEQ ID NO: 4), which
share 79% and 78% of the anmuino acids of human D1, respectively, feature several of the
analyzed amino acid substitutions, including Q31R, Q49K, and Q79K (FIG. 28).
Analvsis of supematants from HEK293 cells expressing murine D1 and human DI
showed that murine D1 has an increased activity to degrade chromatin, when compared
to human D1 (FIG. 21). We injected Dnase 7 Dnase 1137 mice with a mixture of Csf3
and muorine Bl (mDnasel, SEGQ ID NQ: 33, human D1 (#Dnasel, SEQID NG: 1}, oran
erapty control plasnud (Crrfy. Mice receiving the control plasmid died within 7 days,
whereas the expression of murine 131 provided a full protection for at least 28 days (FIG.
21). Unexpectedly, the expression of human D1 showed only a partial protection from
death and more than half of the animals died within 14 days (FI1G. 21), mdicating that
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himan D1 is less efficient 1n degrading mtravascalar NETs than murine D1, We now
mutated Q31R, Q49K, Q79R, and W209R in human D1 o generate a murimg-hke Bl
variant (SEQ ID NO: 5). A total of six mutations (Q3 1R, Q49K, Q79R, Q177K, W209R,
262K were made to generate a rat-like D -varant (SEQ ID NO: 6}. Both rodent-like
D] variants were cloned info the hepatocvie expression vector and delivered along with
Csf3 mto Dnase! ™ Dnasel{3” mice. We observed that gene therapy with the murine- and
rat-like variant of D1 provided a full protection against NET-mediated vascular
occlusions and death (FIG. 22}, Importantly, in vitro expression of the rodent-like human
Di-vartants showed an increased activity to degrade chromatin (FIG, 22}, Collectively,
the data illustrate that (a) human D1 has a imited capacity to degrade NETs in vivo; (b)
transferring multiple cationic amino acids from human DIL3 to human D1 generates
hyperactive variants.

Several attempts have been made to generate hyperactive variants of D1 (5, 72,
{3, 21-29). We found 184 mutations, which altered 82 of the 282 amino acids of wild-
type human D1 (FIG. 23). Alignment of amino acid sequences of wild-type human DI
and haman D113 revealed three gam-of-function mutations in human D1 that are already
prescut in wild-type human D113 (FI1G. 23y Q3 1R (corresponds to Q9K in 31 withowt
signal peptide), T227K (T205K}, and A136F (A114F). While the mutations Q3 1R and
T227K may alter the PNA-binding properties of hB1 and thus cause hyperactivity,
A136F confers resistance to inhibition by monomeric actin (27-24, 26, 29},

We  designed a new Dl-vanant that cames the combination of
Q3IR/T227K/A136F (SEQ 1D NO: 7) and compared its enzymatic activity to wild-type
D1 SEQIDNO: 13, as well as to Dl-vanants carrving single mutations in Q31R, T227K,
A136F, or a combined mutation in Q31R and T227K (SE(Q 1D NO: 8). We characterized
the dsDNA and chromatin-degrading activity m the culture supematants of transfected
HEK?293 cells. We observed no major differences in dsDNA-degrading activity with D1-
variants carrving single or combinational mutations of 331R and T227K (FIG. 24).
Interestingly, chromatin was parfially and fullv degraded in A136F mutants and the
combinational mutation of Q3 1R/T22TK/A136F, respectively (FIG. 24). Next, we tested
whether the Q3 1R/T227K/A136F varniant of D1 18 capable of preventing NET-mediated
lethal vascular occlusions in neutrophilic Dnasel""Dnasell3". All mice receiving a
control plasmid without DNases died. whereas all mice expressing the D 1-varant (SEQ
1D NG: 7} survived until the end of the experiment without showing signs of distress
(FIG. 24). Using purified proteins, we obscerved that the triple amino acid substifution
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mereases the chromatin degrading activity approximaiely 10-20 fold compared to wild-
tvpe D1 withowt detectable differences wnn dsDNA degrading activity (Fifz. 23}
Chromatin from muclet and NETs contamns actin {30, 3/). The data suggest that chromatin
degradation bv D1 varianis requires cationic amuno acid substitutions as well as
mutations that confer actin resistance - two features which are present in wild-type
D1L3. To further corroborate this notion, we generated a D1 variant which features the
combination of the mutations A164K and A136F (SEQ 1D NG: 9). Indeed, we observed
a strong increase in chromatin degrading activity in the D1 vanant with both mutations

(FI1G. 26), supporting our hypothesis.

Development of building block engineering of DNasel-protein family members

D1E3 features three sites that contain additional amino acids: the C-terminal tail
starting  after Q282 (NH2-SSRAFTBSKKSVTLRKKTKSKRS-COOH) (SEQ 1D
NO:33), and at two sites within the enzyvme at 879/R80 and at K226 (FIG, 17). The 23
amino acids of the C-terminal tail of D1L3 have been attached to the C-ternunus of DI
{10, 28}. We observed that the insertion of an argining-residue at position 226 of DNasel
{A226 T227insK) generated a D 1-varnant with reduced enzymatic activity to degrade
dsDNA, while no such effect was observed with the substitution T227K {(FIG. 27} Thus,
an mnsertion of a K/R-residue goes along with a risk of reducing D1 function. The
insertion of a charged amino acid may influence the local proten structure. Given that
D1 is a globular enzyme that comprises one amino acid chain [FIG. 28, (273, it s
conceivable that such local alteration may render the whole enzyme mactive. Indeed,
MUMCTous non-conservative mutations throughout the D1 amino acid sequence mnactivate
the enzyme ({2, 25, 26). We hypothesized that the transfer of local protein structures by
implanting not only single arginine and lvsine remidues but also the neighboring amino
acids sequences reduces the risk of inactivation. We searched within D1 and D1L3 for
conserved amino acids i the vicinity of A226 T227msK that can be used as anchors for
the insertion. We wdentified a D223/T224/T225 motif and a conserved T229 in D1 as N-
terminal and C-ternunal anchors, respectively (FIG. 27). We replaced 3 amino acids
within D1 (ATP) with 4 amino acids, meluding K226, from DIL3 (VKKS) in silico.
Expression of the ¢DNA of the new D1-variant (A226 P228dehinsVKKS}) in HEK239
cells revealed a functionally active enzyvme with a stmilar dsDNA-degrading activity,
when compared to wild-type D1 (FIG. 27). The data suggest that the vanable amino
acids between conserved amino acids are inferchangeable between D1 and D1L3.
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We conceptualized a botlding block-technology to transfer enzymatic properties
from one member of the Dl-protein family to another. The following cardinal steps

characterize the technology (FIG. 28):

(1} Provide protem-protein alignment of donor and recipient DNase

(2} Identify variable amuno acid or aming acid sequence for transfer
(building block)

(3) Identify conserved amino acids in donor and recipient DNase that are located
up and downstream of bulding block (anchors), respectively.

{4) Replace cDNA encoding for building block between C- and N-anchors i recipient
DNase. with ¢DNA between the anchors in donor DNase.

(5) Svnthesize cDNA of chumeric DNagse, followed by in vitro/in vivo expression into
a recipient organism that is preferably deficient in both donor and recipient DNase

{(c.g. CHO cells or Drase /" Dnasel!37 mice).

Engineering DNase I varianis through building block technology

A multiple-species alignment of B1 and DIL3 from human, mouse, rat, and
chimpanzee (FIG. 30), showed that N- and C-terminal anchors are conserved among
these species. These anchor aming acids or amino acid sequences flank 62 building
blocks of variable amine acids and amino acid sequences, which inclade the amino acid
sequence i D1 {ATP) and DIL3 (VKKS) from the above-mentioned expeniments as
butlding blocks #49 (FIG. 31).

The transfer of these building blocks from D1L3 mnto D1 generates D-vanants

with the following mutations (FIG. 313 1M _522debnsMSRELAPLLLLLLSIHSALA,

L23 A27delinsMRICS, 130_T32delinsVRS, 235 T36delinsES.
M38_147delinsQEDKNAMDVI, Q49 S52detinsKVIK, Y34C, 136 _Q60detinslILVM,
V62 R63delinsiK, 565 K72delinsSNNRICPL, L74 N76delinsMEK,

(79 T84delinsRNSRRGIT,  HS86N, V88 V89delinsVL,  E91 P92delinsSR,
N96 897delinsNT,  RI01Q,  LI03A,  VI0SL,  R107_Q1i10delinsKEKL,
A113_S116delinsVKRS, Y118H, DI20H, G122 N128delinsYQDGDA, Ti308,
N1328, A136 T137delinsFV, RIZOW. F141 Fl44delinsQSPH,
B146 E149delinsAVKD, A151V, V1531 A157 _A158delinsTT, G160_A162delinsETS,
Al64K,  AI6RE. Y170 D171delinsVE,  LI174T. Q177 K179elinsKHR,
G181 _Li82delinsKA, D184 L187delinsNFIF, R199 Q202delinsPKKA,
8204 S205delinsKN, W209R, S211D, T213R, Q215V, P219G, §221 A222delinsQE,
73

PCT/US2018/047084



WO 2019/036719

10

15

A226 P228delinsVKKS, H230N, V238 A239dclinsLR, M241 AZ46delinsQEIVSS,
D230K,  A252 P254delinsNSV,  N236D,  A259 A260delinsKA,  G262K,
$264 L267delins TEEE, Q269 1271delinsLDV, Y275F, V279 M280dehinsFK, and
K282delinsQSSRAFTNSKESVTLRKKTRSKRS.

The following B1L3-vanants are generated if the building blocks are transferred

from D1 to DIL3 (FIG. 31) M1 AZ204chinsMROGMEKLLGALLALAALLQGAVS,

M21 S25delinsLKIAA, V28 S30dehinsiQT, E33 S34delinsET,
Q36 _145dehnsMSNATLVSYE K47 K50delmsQILS, C52Y, 154 MS38dehnsALV(,
160 Ko6ldelinaVR, $63 170delinsSHLTAVGK, M72 K74delinsLDN,

R77_T84dechnsQGDAPDT, NE6H, V88 189delinsVV, 891 R9ZdclinsEP,
N6 T97delinsNS, QIO1R, AT03L, LI0SV, K107 L110delinsRPDQ,
V113 StisdelinsAVDS, HII8Y, HI20DB, Y122 A127delinsGCEPCGN, V1297,

S131N, 135F_136VdelinsAL W138R. 0140 _H143delinsFSRF,
A145 D 148delinsAVKD, V1504, 11524, T156 T157delinsAA,
E159 S161delinsGDA,  KI163A, EI67A, V169 El70delinsYD,  T173L,
K176 R178delinsQEK, K180 Al181delinsGL, N183 Fl186delinsDVML,

P198 A201delinsRPSQ, K203 N204dehinsSS, RIO8W, D2I0S, R2I12T, V214Q,
G2I8P, Q220 E221delinsSA, V225 S228delinsATP, N230H, L1238 R239delinsVA,
Q241 S246delinsMLLRGA, K250, N252 V254delinsALP, D2356N,
K259 A260delinsAA, K262G, T264 E267dehnsSDQOL, L269 V271delinsQAL
F275Y, F279 K280delinsVM, and Q282 S305delinsk.

Next, we conceptualized a sequential approach to engineer Di-vanants with
D1L3 activity that starts with the transfer of multiple adjacent building blocks (clustersy,
continucs with the transfer of individual building blocks, and ends with a transfer of
individual amuno acids or the combmmation of multipie building blocks into new chimeric
enzymes {FEG, 32}, This approach reduces the number of D1-B1L3-chimera in the inital
screening.

To test our method, we designed a total of 19 Di-vanants comprising either
mndividual building blocks or clusters of building block cluster from DIL3 (FIG. 31).
These  Dl-variants  feature  the  following amino  acid  mutations:
IM S22delinsMSRELAPLLLLLLSIHSALA,

23 A27delinsMRICS/I30_T32dclinsVRS/E3S T3o6dehinsES,
M38 147delmsQEDKNAMDVE Q49 S52delinsKVIK/YS4C/IS6 Qo0delns{ILVM,
V62 R63dehnsti/S65 K72delinsSNNRICPIL74 N76delinsMEK,
74
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Q79 T84declinsRNSRRGIT, HBON/VEE V&9delinsVI/ES] P92delinsSR,
N6 597delinsNT/RI0IQ/LI03A/VIOSL,
R107 Q110delinsKEKI/AT13 S116dclinsVKRS/Y HISH/DI20H,
G122 N128dehnsYQDGDA/TI308/N132S, A136 [137delinsFV,
RIZOW/Fi41 F144delinsQSPH/EL46 E149delinsAVKD/ATSIV/VIS3VAIST A158d
clinsTT/G160 A162delinsETS/A164K, AT68E/Y 170 D171delinsVE/L1747T,
Q177 K179%dchnsKHR/G181 L182delinsKA/MD184 L187delinsNFIF,
R199 Q202delinsPKKA/S204 S203delinsKN/W200R/S21TD/TZI3R/Q215V/P219G/
S§221 A222delinsQE, A226 P228delinsVKKS,
H230N/V238 A239delins LR/M241 A246delinsQEIVSS/D250K/A252 P254delinsNS
V,
N236D/A259 A260delinsKA/G262K/85264 1.267delinsTEEE/(Q269 127 1delinsLDV,
and  Y275F/V279 M280delinsFK/K282delinsQSSRAFTNSKKSVTLREKKTKSKRS.
Mext, we cloned the ¢DNA mto an expression vector, which was transfected into
HEKZ93 cells. Analysis of the cell supematants showed dsDNA degradation by all
samples (FIG. 33). Furthermore, we observed that the transfer of building blocks (BB)
i1 {sce SEQ ID NG: 10), BB 12-14 (sec SEQ 1D NO: 11}, BB 26 (sce SEQ ID NO: 123,
BB 41-48 (see SEQ ID NO: 13), and BB 49 (see SEQ ID NO: 14) from D1L3 to Dl
resolied in enzyvmes with increased chromatin degrading activity. All these chimence
enzymes exhibited the same or more activity to degrade dsDNA substrates than wild-
tvpe D1, The building blocks 11 (RNSRRGI in SEQ 13 NO: 2) and 49 (VEKKS in SEQ
1D NG: 2) from D113 contam R8O/RET and K227, respectively, which are not present in
D1. The DIL3-BB cluster 41-48 (PKKAWKNIRLRTDPRFVWLIGDQE from SEQ ID
NG:2) features 5 additional argining and lysine residues than its counterpart in D1
(RPSQWSSIRLWTSPTFQWLIPDSA of SEQ ID NO:1). These additional catiomic
amino acids may be responsible for the hyperactivity. The D1-batlding blocks 12-14 and
26 contain the amino acid sequences H86 to R95 and A136 to V133 in SEQ 1D NG: 1,
which includes amino acid residues that arc required for binding of the D ~-inhibitor actin.
Thus. replacement of these amino acid sequences with the respective building blocks
from DML3, which do not interact with actin, likely generates actin-resistant variants of
D1 We now combined BB 11, 14, 26, 41-19 1n one novel Dl-variant (SEQ 1D NO: 15},
We observed that the combination of these gain-of-function BBs increased the chromatin
degrading of the DI vanant to levels of wild-type DIL3 (FIG. 33). Thus, the BB
technology provides a robust method to generate hyperactive B variants.

73
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Engineering DNase l-like 3 variants through building block technology

The BB cluster 60 to 62 of D1L3 mcludes the anino acid from its C-terminal
tail (FIG. 33). The tail starts after L281 (FIG, 34) and comprises the anuno acid sequence
QSSRAFTBSKKSVTLRKKTKSKRS (SEQ ID NO:33), which includes a bi-partite
NLS. BIL3 requires the C-terminal tail to degrade DNA within lipid vesicles including
transfection reagents and apopiotic bodies (7, 10, 28). Furthermore, the C-terminal tail is
required for degradation of ipid- and cell-free chromatin by D1L3 (7). Both findings are
based on a D1L3-vanant that lacks the aminoe acids after Q282 and is thus mactive in
degrading these substrates. Wilbert ef al. attached the C-ternunal extension of DIL3 to
the C-ternunus of D1 and thus transferred the capacity to degrade DNA within Iipid
vesicles to D1 (J8, 28). Here, we employed our BB technology to transfer the C-terminus
from D1L3 to D1 and vice versa. We used the conserved 5272/D273/H274 motif, which
is located in front of the terminal beta~sheet i D1 (FIG. 28), as a N-anchor and
exchanged the terminal 3 building blocks between D1 and DI1L3 (FIG. 343 This
approach generated a D-vanant that features the C-terminal extension of DI1L3 due to
the mutations
Y275F/V279 M280delinsFK/K282delinsQSSRAFTNSKKSVTLRKKTKSKRS {(SEQ
ID NGO 16) and a truncated DlE3-vamant due o  the ondations
F275Y/F279 K280delinsVM/Q282 S305delinsK (SEQ ID NO: 17). We expressed both
variants and the wild-type enzymes m HEK293 cells and charactenized the DNase
activity in the supematant. Unexpectedly, we observed that the Dl-variant with the C-
terminus of DI1L3 did not degrade chromatin, while the B1L3-vanant lacking the C-
terminus of the wild-type enzyme was still able to cleave chromatin (FIG, 34} In fact,
we observed an increased chromatin degrading activity with this DIL3 vanant. To
corrpborate this finding, we tested whether the truncated varant of DIL3 m vive and
observed that its expression of protected from NET-mediated mortality of neutrophilic
Drasel™Dnase {37 mice (FIG. 34). In conclusion, the deletion of the C-terminal does
not imhibit, but rather increases the function of D1L3 to degrade Uipid-free and cell-free
chromatin.

Serum proteases, 10 particular plasmin, degrade DB1L3, but not D1 (9} The
sensitivity of D1L3 towards protease activity would linit its use in clinical practice.
Glveosyiated proteins display an increased protection agamnst proteases (37}, Using
software analysis, we could not identify a koown consensus sequence for glycosylation
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i human and murine D113, Software analysis of human D1 revealed 2 glycosylation
sites, as observed both in silice and in vitro (7). We hypothesized that glycosylated
variants of D113 may increase the halt-lite in circulation due to an improved resistance
towards scrum proteases. A glveosvlation site requires a minimal consensus sequence of
N-X-T/5. Dl contain two known N-glycosylation sites, N4C (N18 without signal
peptide) and N128 [{N106 without signal peptide, (¥}]. The amino acids of the D1-
glycosylation sites N40-X-T42 and N128-X-T130 correspond to the D38-X-N40 and
A127-X-V1291in D1L3. Thus, a glycosylated version of D1L3 needs to feature the amino
acids mutations D38N, N40T, A127N, and V129T (sce SEQ ID NO: 18). Instead of using
conventional point mutations to insert these amino acid substitutions, we used BB
technology to transfer the Dli-glysviation sites N40-X-T42, which lies within BB4
(MSNATLVSY 1n SEQ ID NO: 1), and N128-X-T130, which hies within the BB cluster
23-25 (GCEPCGNDTFN in SEQ ID NO: 1), from D1 to D1L3 (FIG. 35). Thus, we
generated  two  new  DML3 vanants, which featwre the  mmtations
(036 145delinsMSNATLVSYI (SEQ 18] NO: 19) and
Y122 A127delinsGCEPCGN/VI2OT/SIZIN (SEQ ID NO: 20), respectively. We
cxpressed these D3 varants along with the WT enzyme in HEK293 cclis. Next, we
analyzed the supematant by Western Blot using a polvelonal antibody targeting an
epitope in the C-terminal tail of the WT enzyme to detect the WT enzyme as well as the
D1L3 variants. As expected the DIL3 vanants showed bands of a higher molecular
weight presumably to glycosylation, when compared to the WT enzyme (FIG. 35). D1L3
variant with glvcosylation at N40 or N128 retained their chromatin degrading activity
(FIG. 35). In conclusion, the data suggest that BB technology can be used to transfer the
glveosylation sites from B1 to BIL3, which may generate D113 variants with increased

protease-resistance and half-life 1 patients.

Therapy with DNasel-like 3 and a variant ithereof

Finally, we tested the therapentic effects of D1L3 in vivo. Histological analysis
of vascular clots of NETs show dense aggregates of chromatin (FIG. 36A), indicating
that histone-free cleavage sites for D1 are rare 1n vivo. Thus, we hypothesized that an
acute therapy with wild-type BIL3 is more effective in degrading intravascular NETs
than wild-type D1, To test our hypothesis, we expressed Csf3 m Dnasel Dnasell3"
deficient mice to induce vascular clots of NETs. Importantly, preceding exatus, mice with

vascular occlusions by NETs develop hematuria and hypothermia, which can be detected
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non-invasively. Therefore, the amimal model allows identifying and hence sclecting
mice, which have formed NETs, to test drug candidates for an acute therapy against
NETs (FIG. 36B). Here, we tosted purified wild-type human D1 {domase alpha; SEQ ID
NGO 1), wild-type human DIL3 (8EQ ID NOG: 2), and a hyperactive D1L3 vanant
[DIL3Y: (SEQ ID NO: 17y} for an acute therapy against NETs. We injected (sf3 inio
DnaselDnaseil3" deficient mice. After 72 hours, the first individual animals started
to develop hypothermia and bematuria. We used a drop in body temperature of 4°C or
more and the presence of red unne as mclasion criteria. Mice, which developed these
phenotypes, were randomized into the different treatment groups. Animals received a
single dose, intravenous injection via the tail vein of 1 mg/kg of D1, DIL3, or vehicle.
After 30 minutes, the amimals were cuthanized o collect biosamples (blood and organs).
Cuantification of clots of NETs in the vasculature of hungs showed that NETs occluded
blood vessels i mice receiving vehicle or D1 therapy (FIG. 3618}, Importantly, mice
injected with DIL3 and D1L3VY showed no or few clot of NETs (FIG. 361}, In patients,
circulating DNA has the size of DNA in mono-nucleosomes [180 base pairs, (53},
mdicating that it is a degradation product of high-molecular weight DNA 1 chromatin.
Circulating DNA is commonly used as a surrogate marker of intravascolar NET
formation, but can also denive from damaged and necrotic tissue (34). We quantified
DINA in seram using a fluorescent DNA probe. We observed that the mjection of D1L3
and DIL3Y, but not D1 or vehicle, caused a strong increase in levels of circulating DNA
(F1G. 36E). Isolation and visualization of circulating DNA showed multimers 180 base
pair fragments, indicating the presence of mono- and oligo-nucleosomes in serum from
in mice receiving the DIL3 therapy (FIG. 36F). Mice receiving DI1L3Y showed only
mono- and di-nuclecsomes. The data confirm the hyperactivity of D1L3Y in vivo. DNA
isolates from scrom of mice receiving D1 therapy showed famt DNA smears of vanous
sizes, whereas no DNA could be 1solated from serum of mice injected with vehicle (FIG.
36F). Thas, D113 may be used, not only for prophylaxis, but also for acute therapy of
diseascs that associated with NETs.

We further explored the therapeutic application of DIL3Y in a model of
ischemia-reperfusion injury (FI1G. 37A). In brief, one testicle of male wild-type rats was
subjected to testicular torsion as previously described by us {35). The procedure causes
an ischemic tissuc injury. Aficr randomization and de-torsion of the testicle, the rats
received three daily injections of vehicle domnase alpha (D1, Img/kg), or a purfied
DNaselL3 variant (SEQ ID NO: 17, D1L3V, Img/ke). After 7 days the ischemic testicle
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and untreated testicle were collected. The therapy with the D1L3V, but not saline or D1,
significantly reduced the testicolar atrophy (FIG, 37B). Morcover, therapy with the
DI1L3Y, but not saline or DI, substantially reduced the tissue injury and majority of
amimals no signs of injury (FIG. 37C). Collectively, the data identify DIL3 as a potent
therapy against ischemia~-reperfusion imjury,
Drug development of DNasel varianrs, DNasel-like 5 and varianits

Nearly 70% of all protein therapeutics are produced usmg Chinese Hamster
Ovary (CHO) (36). Indeed, wild-type DNasel {domase alpha) is produced in CHO cells,
Despite significant advantages, cell line development and large-scale production in CHO
still remains a huge challenge due a considerable degree of vanability and no rehable
methods for predicting or modeling ccll growth characteristics (36). Importantly, CHO
cells were not able to stably produce hyperactive vanants of D1, which prevented their
clinical manufactunng (/ 2). The manufacturing propertics of D113 are unknown. Thus,
we developed stable CHO cell lines producing wild-tvpe D1 (SEQ ID NO: 1), a
hyperactive D1 variant (SEQ ID NG: 7}, wild-type L3 (SEQ ID NO: 2} and a
hyperactive D1L3 variant (S5EQ 1D NG: 17). We cultured the cell lines in bioreactors and
observed a stable protein expression with wild-tvpe D1 and the D1 variant, with the latter
having strongly increased expression levels (FIG. 38), illustrating the feasibility of
producing a hyperactive D1 varant in CHO. Unexpectedly, we observed only minor
protein fevels of wild~type DI1L3 and the D1L3 variant (FIG. 38), pointing towards a
major challenge for chimical manufacturing D1L3 and variants thereof.

Bue to high cell densities in large-scale bioreactors, cells compete for resources
and undergo celivlar stress leading to increased cell death called apoptosis, a cell death
program used by multi-cellular organisms, including mammals (37). D1L3 targets DNA
in apoptotic bodies (7). We speculated that the low levels of DIL3 are due to scavenging
of the enzyme by these apoptotic vesicles. To overcome these Himitations, we tested the
production of D1, 3113 and their variants using the microbial expression system, Fichia
pastoris, an established, FDA approved and Generally Recognized As Safe (GRAS)
organism with protein secretory abilities (38, 39} A kev limitation of this approach is
that proteins produced by . pastoris are often hyperglvcosylated and may result in
enhanced immunogenicity (403, The composition of DIL3 and #ts variant are non-
glycosvlated and optimal for expression in P. pasroris. We mutated the glycosylation
sites 1 D1 and its variant at N40S and N1285 regpectively to generate deglvcosylated
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proteins (SEQ ID NG: 21, 23). Protein expression in P. pasforis is generally achieved by
coupling proteins of wnterest to secretory signal peptides of various origing. We omitted
this step to avoid the generation of immunogenic chimeric proteins. We speculated that
the native signal peptide of D1 and/or DIL3 1s recognized by £. pastoris. Afier codon-
optimization was performed, we expressed the ¢BDNA in P pastoris (SEQ ID NO: 22,
24-263 We achieved expression of P1 and the D1 vanant (not shown}. Importantly, this
approach furthermore enabled the expression of D1L3 and the D1L3 vanant, with the
latter showing increased expression levels (FIG. 38). We punfied the proteins and
confirmed that the D113 has increased activity (FIG, 38). In conclusion, the data suggest
that using non-mammalian expression svstems, such as £. pastoris, enables clinical

manufacturing of DI1L3 and variants thereof.

Biscussion

Two DMA-degrading cnzvmes have beon widely used themapeutically in
expenimental models and pationts. Stroptodomase, a secrcted PMNase from Srepiocoocus
spp., has been icsted in discase models of skin homograft. bladder clots, wound
debridement, memngiiis. DNasel {(including pancreatic BNasely has been used
therapentically 1 expenimontal models of cancer, cystic fibwosis, hipus, thrombosis,
stroke, sepsis, long wmjury | atherosclerosts, viralh infection, sickle cell diseass, myocardial
mfarction, car infection, wound healing, lver ingury, endocarditis, liver infoction,
pancroatis, pnmary graf dyvstunction, mb tschemia reperfusion, kidoey myury. blood
clotting, asthma, alyn-mduced nflammation, hopatorenal impury, Mreptodormase has
also been used (o treal patients with pleural exudations, hemotorax, mtrabiliary blood
clots, post preumatic aneuua, eleers. otolaryngological conditions, oral infections, minor
wyurics, smusiis, post-operative rhunoplastics, trfortility, bladder catheter, wound
cleaming, skin reaction test. Importantly, DNasel has been tested therapoutically in

>

patiends with pnoumococcal meningitis, gowd, log ulcors, cvstic fibrosis, Kartegoner's
syrdrome, asthma, lobar atelectasis, chronic bronchutis, bronchioctasis, lupus, primary
ciltiary dvskinesia, bronchiohiis, ompvems, pleural infoctions, cancer, drv eves discase,
lower respiratory  tract mfoctions, chronic hematomas, Alzheimer’s disease, and
obstructive pulmonary disease. io this example, we identified DBIL3, variands thereof as

wek as 3 vanants as novel candidatos for a {¥Nase therapy (FiG, 398}
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Methods

Dietection of chromaiin degrading activity

To measure chromatin degradmg activity, we mixed samples with nucler isolated from

HEK293 (1,500,000 — 3,000,000 per reaction), 20 mM Tris-HCI pH 7.4, 2 mM MgCh,

2 mM Callz, 50 mM NaCl and protease mhibitors. After incubating the samples for |

hour at 37°C, they were heated up to 63°C for 10 mmutes. We proceeded with DNA

isolation vsing the QlAamp DNA Blood Mini Kit (Qiagen) according to the

manufacturer’s protocol. The eluent was then loaded onto an agarose gel and the DNA

fragments were separated by gel electrophoresis. The DNA fluorescence of the gels was

recorded with a fluorescence scanner.

Further methods are described i Example 1.
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Sequences of wild-type DNases
SEQIDNO:1
Homan DNasel (P24855), Amino acid sequence (Signal Peptide; Mature Protein):

MRGMELLGALLALAALLQGAVSLEKIAAFNIQTEGETKMSNATLYVSYIVOILSRYDIAL

VOEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSY KERYLEVYRFPDOVSAVDS
YYYDDGCEPCGNDTFNREPAIVREESRETEVREFATVPLHAAPGDAVARTIDALYDVYL
DVQERKWGLEDVMIMGDEFNAGCSYVRPSQWSSIRLWTSPTFOWLIPDSADTTATPTHCA

YDRIVVAGMLLRGAVVPDSALPENEQAAYGLSDOLAQATSDHY PVEVMLK

SEQIDNG: 2
Human DNaselL.3 (Q13609), Amino acid sequence {Signal Peptide; Mature Protein):

MERELAPLLLLLLSTHSALAMRICSEFNVRISFGESKOQEDKNAMDVIVEVIKRCDIILVM

ETKDSNNRICPILMEKLNRNSRRGITYNYVISSRLGRNTY REQYAFLYKEKLVSVERS
YHYHDYODGDADVESREPEVVWEQSPHTAVKDEVIIPLHEHTTPETSVRKEIDELVEVYTD
VKHRWKAENFIFMGDENAGCSYVPRKEKAWKNIRLRTDPREVWLIGDOEDTTVRKSTNCA
YDRIVLRGOEIVSSVVPKSNSVEDEFQRKAYKLTEEREALDVSDHEPVEFKLOSSRAFTNS
KESVTLRKEKTKSKES

SEQIDNG: 3
Murine BNasel {P49183): Amino acid sequence (Signal Peptide; Mature Protem):

MRYTGLMGTLLTLVNLLOLAGTLRIAAFNIRTFGETKMSNATLSVY FVKILSRYDIAY

ICEVRDSHLVAVGKLLDELNEDKPDTYRYVVSEPLGRKSYKEQYLEVYRPDOVESILDS
YOYDDGCEPCOGNDTFSREPALVKEFSPY TEVOEFAIVPLHAAPTEAVSETDALYDVYL
DVWOKWGLED IMEMGDENAGCSY VT SEOWSSIRLRTSPIFQWLIPDSADTTVI STHCA

YDRIVVAGALLOAAVVPNSAVE]

[xv]
r
o
i
L)
rDJ

EYGLSNQLAEATSDHYPVEVTLRKI

SEQIDNOG: 4
Rat DNasel (P21704), Amino acid sequence (Signal Peptide; Mature Protein):
MRYTGIMGILLTLVNLLOLAATLRIAAFNIRTEPGDTRKMSNATLESSY IVKILSRYDIAY

VOEVRDTHLVAVGKLLDELNRDIPDNYRY TISEPLGRKSY KEQYLEVYREPSQVSVLDS

YHYDDGCEPCGNDTEFSREPAIVREESEPY TEVREFPATVPLHSAPTEAVSEIDALYDVYL
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W

DVROKWGLEDIMEMGDENAGCSY VISSQWSSIRLRTSPIFQWLIPDSADTTATSTHCA

YDRIVVAGATL

LOAAVVEPESAVPEDEFQAEYRLTNOMAEATSDHY PVEVTLRKT

SEQID NG: 34
Muring BNase 113 (055070): Amino acid sequence (Signal Peptide; Mature Protein):

MSLHPASPRLASLLLEFILALHDTLALRLOCSEFNVRSEFGASKKENHEAMDI TVKIIKRCD

LITLMEIRKDSENNICPMIMEKINGNSRRSTTYNYVISSRLGRNTYKEQYAFVYKEKLY

]

SVKTKYHYHDYQDGDTDVESREPEVVWEFHSPETAVKDEVIVPLHETTPETSVKEIDELY
DVYTDVRSOWKTENEIFMGDENAGCSY VPEKAWQNIRLRTDPKEVWLIGDQEDTTVKEK
STSCAYDRIVLCGOETIVNSVVPRSSGVEDFORKAYDLSEREALDVSDHFPVEEFKLOS SR

AFTNNRKSVSLEKREKGNRS

PASPYLASLLLEPILALHGALSLRLCSENVRISFGESKKENHNAMD I IVKTIKRCED

LILLMEIRKDSNNNICPMLMEKLNGNSRRSTTYNYVISSRLGRNTYKEQYAFLYKEKLY

SVKAKYLYHEDYODGDTDVESREPEVVWEFQAPFTAAKDEVIVPLEHTTPETSVKEIDELA
DVYTDVRRRWKAENEIEMGDENAGCSYVPRKRAWKNIRLRTDPNEVWLIGDOEDT TVER

STSCAYDRIVLRGOEIVNSVVPRSEGVEDEFORKAYELSEEEALDVSDHEPVEFKLOS SR

SEQ 1D NG: 36
Chimpanzee DNasel (HZQAHT): Amino acid sequence (Signal Peptide; Mature

Protein):

MRSMEKLLGALLALAALLQGAVSLRKIAAFNIQTFGETKMSNATLVSY IVOILSRYDIAL

VCEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSYKERYLEVYRPDOQVSAVDS
YYYDDGCEPCGNDTENREPAIVREFSRETEVREFATIVPLHAAPGDAVARE TDALYDVYI

DVOEKWGLEDVMLMGDENAGCSYVRPEQWSSIRLRTSPAFOQWLIPDSADTTATPTHCA

YDRIVVAGMLLOGAVVPDSALPENEFOAAYGLSDOLAQATISDHY PVEVMLK

SEQ ID NO: 37
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Chimpanzee DNase 1L3 (H2QMU7): Amino acid sequence (Signal Peptide; Matore
Protein):

MSRELTPLLLLLLSTIHSTLALRICSENVRSPGESKQEDONAMDVIVEVIKRCDIILVM

EIKDSNNRICPILMEEKLNRNSRRGITYNYVISSRLGRNTYKEQYAFLYKEKLVIVEKRS
YHYHDYQDGDADVESREPFVVWEQOSPHTAVRKDEVI IPLHTTPETSVRELDELVEVY TD

VKERWKAENFIFMGDENAGCSYVPKEKAWKNIRLRTDPREVWLIGDOQEDTTVEKSTNCA

YDRIVLRGOEIVSSVVPKENSVEDFORAYKLTEERALDVSDHEPVEFKLOSSRAETNS

KESVTLREKTEKSKRS

SEQID NG: 38
Human DNasel-hke 1 (NM_006730). Amino acid sequence (Signal Peptide;, Mature
Protcin}:

MHYPTALLELILANGAQAFRICAFNAQRLTLARVAREQVMDTLVRILARCDIMVLOEV

VDSSGSATPLLLRELNREDGSGPYSTLESPOLGRETYMETYVY EFYRSHRTQVLSSY VY
NDEDDVFAREPEVAQFSLESNVLPELVLVPLHETTPRAVEKELNALYDVEFLEVSQHWOS
KDVILLGDENADCASLTKKRLDKLELRTEPGFHWVIADGEDTTVRASTHCTYDRVVLHE
GERCRSLLHTAAAFDIPTESFQLTEREATLNISDHY PVEVELKLSQAHSVGPLSLTVLLL

LELLSPOLCPAL

SEQ ID NO: 39
Human DNasel-like 2 {NM_ 001374} Amino acid sequence (Signal Peptide; Mature
Protein);

MGGPRALLAALWALEAARGTAALRIGAFNIQSEFGDEKVSDPACGS I TAKILAGY DLALY

CEVRDPDLSAVSATMEQINSVSEHEY SEVESOQFPLGRDQYKEMY LEVY RKDAVSVVDTY

LYPDPEDVESREPFVVKESAPGTGERAPPLPSRRALTPPPLPAAAQNLVLIPLHAARPH
QAVARIDALYDVYLDVIDRWGTDDMLELGDENADCSY VRAQDWAATRLRSSEVERKWL T
PDSADTTVGNEDCAYDRIVACGARLRRSLKPOSATVHDEQEEFGLDOQTQALATSDHEP

VEVTLKFEFHR

{C-terminal tail of human DNasell3

SEQ ID NO: 33

Amino acid sequence:

SSRAFTNSKEKSVTLRKETKSKRS

PCT/US2018/047084
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Sequences of DNasel variants

SEQIDNG: 3

Y

Amino acid sequence (Signal Peptide; Mature Protem):

MRGMELLGAL

.:‘
-«
=]
e
=
i
[
Q
=
PL_L )}
'}
<
92}
A

KIAAFNIRTEPGETKMENATLVSYIVKILSRYDIAL

VOEVRDSHLTAVGKLLDNLNRDAPDTYHYVVSEPLGRNSY KERYLEVYRFPDOVSAVDS

Iy
H
VL7

YYYDDGCERC

GCEPCGD

PO

OB R

AVARTDALYDVYL
10 DVOEKWGLEDVMLMGDENAGCSYVRPEQWSSIRLRTSPTFOWLIPDSADTTATPTHCA

YDRIVVAGMLLRGAVVPDSALPENEQAAYGLSDOLAQATSDHY PVEVMLK

SEQIDNG: 6
Amino acid sequence (Signal Peptide; Mature Protem):

[V,
(]

MRGMELLGALLALAALLQGAVSLEKIAAFNIRTEGETKMSNATLYSY IVKILSRYDIAL

[

VOEVRDSHLTAVGKLLDNLNRDAPDTYHYVVSEPLGRNSY KERYLEVYRFPDOVSAVDS
YYYDDGCEPCGNDTENREPAIVREFSRETEVREFATIVPLHAAPGDAVARE TDALYDVYI
DVKEKWGLEDVMLMGDENAGCSYVRPEQWSSIRLRTSPTFOWLIPDSADTTATPTHCA

20 YDRIVVAGMLLRGAVVPDSALPENEQAAYKLSDOLAQATISDHY PVEVMLK

SEQIBNG: 7
Amino acid sequence (Signal Peptide; Mature Protem):

25 MRGMELLGALLALAATLLQGAVSLKIAAFNIRTEGETKMSNATLYVSYIVOILSRYDIAL
VOEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSY KERYLEVYRFPDOVSAVDS
YYYDDGCEPCGNDTENREPE IVREPSRETEVREFATIVPLHAAPGDAVAR TDALYDVYI
DVOEKWGLEDVMLMGDENAGCSYVRPEQWSSIRLWTSPTFOWLIPDSADTTAKPTHCA

YDRIVVAGMLLRGAVVPDSALE FOAAYGLSDOLAQATSDHY PVEVMLK

30
SEQIDNG: 8
Amino acid sequence (Signal Peptide; Mature Protem):

MRGMELLGALLALAATLLQGAVSLKIAAFNIRTEGETKMSNATLVSYIVOILSRYDIA

35 VOEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSY KERYLEVYRFPDOVSAVDS

&8
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YYYDDGCEPCOGNDTENREPATIVREFSRETEVREFATIVPLHAAPGDAVAETDALYDVYL

"J
w0

VOEKWGLEDVMIMGDENAGCSYVRPEOWSSIRLWTSPTFOQWLIPDSADTTAKPTHCA

YDRIVVAGMLLRGAVVPDEALPENFOAAYGLSDQLACAISDHYPVEVMLK

Y

SEQIDNG: 9
Amino acid sequence {Signal Peptide; Mature Protein):

MRGMEKLLGALLALAALLQGAVSLRKIAAFNIQTEFGETKMSNATLVSY IVOILSRYDIAL

VCEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSYKERYLEVYRPDOQVSAVDS

YYYDDGCEPCGNDTENREPFIVREPSRFTEVREFATVPLHAAPGDAVKE TDALYDVYL

-4

DVOEKWGLEDVMILMGDENAGCSYVREESOWSSIRLWTSPTFOQWLIPDSADTTATETHCA

YDRIVVAGMLLRGAVVPDSALFPENEFOAAYGLSDOLAQAISDHY PVEVMLK

SEQIDNG: 18
Amino acid sequence (Signal Peptide; Mature Protein):

MRGMEKLLGALLALAALLQGAVSLRKIAAFNIQTEFGETKMSNATLVSY IVOILSRYDIAL

VCEVRDSHLTAVGKLLDNLNENSRRGITYHYVVSEPLGRNSYKERYLEVYRPDOVSAV

]

JSYYYDDGCERPCGNDTENREPATVREFSRETEVREFAIVPLHAAPGDAVAETIDALY DV
YLDVOEKWGLEDVMIMGDENAGCSYVREPSOWSSIRLWT SFTEFOWLIPDSADTTATPTH

CAYDRIVVAGMLLRGAVVPDSALPENFQARYGLSDOLAQATSDHY PVEVMLK

SEQIBNG: 11
Amino acid sequence (Signal Peptide; Mature Protein):

MRGMEKLLGALLALAALLQGAVSLRKIAAFNIQTEFGETKMSNATLVSY IVOILSRYDIAL

JCEVRDSHLTAVGKLLDNLNODAPDTYNYVISSRLGRNSYKERYLEVYRPDOVSAVDS

[
)
<
<
]
O
G2
'®)

CEPCGNDTEFNREPALVREFPSRETEVREFATIVPLHAAPGDAVAR TDALYDVYL
DVOEKWGLEDVMLMGDENAGCSYVRPEQWSSIRLWTSPTFOWLIPDSADTTATPTHCA

YDRIVVAGMLLRGAVVPDSALEPENEFQAAYGLSDQLAQAISDHY PVEVMLK

SEQIBNG: 12
Amino acid sequence (Signal Peptide; Mature Protein):

MRGMEKLLGALLALAALLQGAVSLKIAAFNIQTFGETKMSNATLVSY IVOILSRA

VCEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSYKERYLEVYRPDOQVSAVDS

&%
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YYYDDGCEPCOGNDTENREPFVVREFSRETEVREFATIVPLBAAPGDAVAE TDALY DY

z
=
b
t

N

U
o

"J

VOEFKWGLEDVMIMGDENAGCSYVRPSOWSSIRLWTSPTFOQWLIPDSADTTATEPTHC

[
P

YDRIVVAGMLLRGAVVPDEALPENFOAAYGLSDQLACAISDHYPVEVMLK

Y

SEQID NG: 13
Amino acid sequence {Signal Peptide; Mature Protein):

MRGMKLLGALLALAALLQGAVILKIAAFNIOTFGETKMSNATLVSY IVOQILSRYDIAL

VOEVRDSHLTAVGKLLDNLNCDAPDTYHYVVSEFPLGENSYKERYLEVYRPDQVEAN

r__
[62]

10 YYYDDGCEPCOGNDTENREPATIVREFSRETEVREFATIVPLHAAPGDAVAETDALYDVYL

34 HCAYDRIVVAGMLLRGA

[&9]
A

"J

IQ
f‘?
H
=
w}
-
2
&
i»-\/\
)]
J
]
-
5
T
()
@]
93]
-

YVPEKRKAWKNIRLRTDPREVWLIGDQEDTTATETHCA

YDRIVVAGMLLRGAVVPDEALPENFOAAYGLSDQLACAISDHYPVEVMLK

SEQ ID NO: 14
15 Amino acid sequence {Signal Peptide: Mature Protein):

MRGMEKLLGALLALAALLQGAVSLRKIAAFNIQTEFGETKMSNATLVSY IVOILSRYDIAL
VOEVRDSHLTAVGRKLLDNLNCDAPDTYHYVVSEPLGENSY KERYLEVYRPDOQVSAVDS

YYYDDGCEPCOGNDTENREPATIVREFSRETEVREFATIVPLHAAPGDAVAETDALYDVYL

§ DVOEKWGLEDVMIMGDENAGCSYVREEOWSSIRLWT SPTFOWLIPDSADTTVKKSTHC

AYDRIVVAGMLLRGAVVPDSALPENFQAAYGLSDOLAQATSDHYPVEVMLEK

SEQ ID NG: 15
Amino acid sequence {Signal Peptide; Mature Protein):

(]

MRGMEKLLGALLALAALLQGAVSLRKIAAFNIQTEFGETKMSNATLVSY IVOILSRYDIAL

VOEVRDSHLTAVGKLLDNLNRNSRRGITYNYV

o

SSRLGENSYKERYLEVYRPDOVSAV

-1
]
(el
(€8]
=
<
<
-1
0
Y
)
,rr|
o
%
')
{2
-5
0
Z
—
A
_;]
iy
o
Z
el
e
i
i»—-|

PEVVREFSRETEVREFAIVPLHAAPGDAVARIDALY DV

23}

NAGCSYVPKKAWKNIRLRTDPREVWLIGDOEDTTVKKST

YLDVOQEKWGLEDVMIMGD
\aY

POSALPENEFQAAYGLSDOLAQATS PVEVMLEK

SEQIBNO: 16
Amino acid sequence (Signal Peptide; Mature Protein):

MRGMEKLLGALLALAALLQGAVSLRKIAAFNIQTEFGETKMSNATLVSY IVOILSRYDIAL

VCEVRDSHLTAVGKLLDNLNODAPDTYHYVVSEPLGRNSYKERYLEVYRPDOQVSAVDS
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YYYDDGCEPCOGNDTENREPATIVREFSRETEVREFATIVPLHAAPGDAVAETDALYDVYL
DVOEKWGLEDVMILMGDENAGCSYVREESOWSSIRLWTSPTEFOQWLIPDSADTTATETHCA
YDRIVVAGMLLRGAVVPDEALPENFOAAYGLSDQLACAISDHEPVEFKLOSSRAFTNS

KRSVTLREKTKSKRS

.4

Sequences of DNasel L3 variants

SEGID NG: 17

Amino acid sequence {Signal Peptide; Mature Protein):
10
MSRELAPLLLILLLSIHSALAMRICSEFNVRSEFGESKOQEDENAMDVIVKVIKRCDIILVM

EIKDSNNRICPILMEKLNRNSRRGITYNYVISSRLGRNTYKEQYAFLYREKLVSVERS

YHYHDYODGDADVESREPEVVWEQEPHTAVEDEVIIPLETTPETSVEKEIDELVEVYTD

VEHRWKAENF IFMGDENAGCSY VPRKKANKNIRLRTDPREVWLIGDQEDTTVKKSTNCA

i3 YDRIVLRGOEIVSSVVPKENSVEDEORAYKLTEEEALDVSDHYPVEVMLEK

SEQ ID NO: 18
Awmino acid sequence {Signal Peptide; Mature Protein):

20 MSRELAPLLLLLLSTHSALAMRICSENVRSEFGESKOENKTAMDVIVKVIKRCDIILVM

EIKDSNNRICPILMEKLNRNSRRGITYNYVISSRLGRNTYKEQYAFLYREKLVSVERS

YHYHDYODGDNDTESREPEVVWEQEPHTAVEDEVIIPLETTPETSVEKEIDELVEVYTD

VEHRWEKAENE I EFMC NAGCSYVPRKAWKNIRLRTDPR

FVWLIGDQEDTTVKKSTNCA

YDRIVLRGOEIVSSVVPKENSVEDEOKAYKLTEEEALDVSDHEPVEFKLOSSRAEFTNS

25 KKSVTLREKKTKSKRS

SEQ ID NG: 19
Amino acid sequence {Signal Peptide; Mature Protein:

30 MSRELAPLLLLLLSTHSALAMRICSENVRSFGESKMSNATLVSY IVRVIKRCDITLVM

ETKDSNNRICPILMEKLNRNSRRGITYNYVISSRLGRNTYKEQYAFLYKEKLVSVKRS
YHYHDYODGDADVESREPEVVWEQSEFHTAVEDEVIIPLETTPETSVKEIDELVEVYTD
VEHRWEKAENF IFMGDENAGCSYVPEKAWKNIRLRTDPREVWLIGDQEDTTVKESTNCA
YDRIVLRGOEIVSSVVPKSNSVEDFORKAYRKLTEEEALDVSDHEFPVEFKLOSSRAFTNS

35 KKSVTLREKTKSKRS
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SEQ ID NO: 20

Amino acid sequence (Signal Peptide; Mature Protein):

Y

MSRELAPLLLLLLSTHSALAMRICSENVRSFGESKOQEDKNAMDVIVKVIKRCDI ILVM

EIKDSNNRICPILMERLNRNSRRGITYNYVISSRLGENTYKEQYAFLYKERLVSEVERS
YHYHDGCEPCGNDTENREPFVVWEQSPHTAVKDEVIIPLHTTPETEVKEIDELVEVYT

DVKHRWEKAENEFT FMGDENAGCSYVPRKRAWKN IRLRTDPREVWLIGDQEDTTVRKKSTNC

AYDRIVLRGOEIVSSVVPKSENSVEDFQKAYKLTEEEALDVSDHEPVEFKLOESRAFTN

10 SKKSVTLRRKTKSKRS

Sequences used in Pichia pastoris

SEQID NO: 21
15 Amino acid sequence (Signal Peptide; Mature Protein):

MRGMKLLGALLALAALLQGAVSLKIAAFNIQTFGETKMSSATLVEYIVOILERYDIAL

VOEVRDSHLTAVGRLLDNLNQDAPDTYHYVVSEPLGRNSY KERYLEVYRPDQVSAVDS
YYYDDGCEPCGSDTENREFPAIVREESRETEVREFATVPLHAAPGDAVAEIDALYDVY L
20 PVOEKWGLEDVMIMGDEFNAGCSYVRPSOWSSIRLWISPTFOQWLIPDSADTTATPTHCA

YDRIVVAGMLLRGAVVPDSALPINFQAAYGLSDOLAQATSDHYPVEVMLK

SEQIDNG: 22
Codon-optimized ¢DNA of SEQ 1D NO: 21 (Start codon, Signal peptide

CAGTTTCTCTAAAGATTGCTGCTTTCAATATTCAARCCTT TGECGAGACTARARATGTC

CTCGGCAACATTAGTATCTTACATTGTTCAGATCCTTTCTCGTTACGACATAGCTTTG
GTCCAGGAGGTTAGAGACTCCCACT TGACTGCCGETCGGTAAGCTGCTAGACARTCTTA

30 ACCAAGACGCACCTGACACCTACCACTACGTTGTTAGT GAGCCTCTCEGETAGARACTC

CTACAAGGAGAGATACCTATTTGTCTACCGTCCAGATCAGGTGTCTGCTGTGGACTCT

TACTACTATGACGACGGTTGTGAACCTTGTGGTTCAGACACCTTCAACAGAGAACCAG

\

GTTAGATTTTTCTCCAGATTCACC

(_,'\

SAGGTCAGAGAGTTCGCCATCGTTCCATT
GCACGUTGCGCCTGGAGAT GCAGTGGCCEGARAT TGACGCTCTCTATGATGETCTACCTG

35 GACGTTCAGGAARAAATGGGGTCTAGAAGATGTTATGCTGATGGGAGACTTCAACGETG
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30

GTTGCTCTTACGTTAGGCCATCTCAATGGTCAAGCATCAGACTATGGACTTCCCCAAC

iJ’

GTTCCAATGGCTTATTCCTGACTCCGCTGATACTACCGCCACTCCCACTCATTGTGCE
TATGACAGAATTGTTGTCGCTGGTATGCTACTGCLTGGAGCTGTCGTACCAGATTCTG

CTCTCCCATTTAACTTCOL COCGUATATGEETCTTTOTGACC Miteleleliier Y -Yelele t
[ PGCCATTTAACTTCCAAGCCGCATATGGTCTTTCTGACCAACTGECTCAAGCCAT

CTCTGATCACTACCCTGTGGAAGTTATGCTTAAG

Ll

SEQ 1D NO: 23

=, Mature Protein):

MRGMELLGALLALAALLOGAVSLRIAAFNIRTFGETKMSSATLVSY IVQILSRYDIAL

g

VOEVRDSHLTAVGKLLDNLNODAPDTYHYVVEEPLGRNSY KERYLEVYRPDQVSAVDS

YYYDDGCEPCGSDTEFNREPFIVREESREFTEVREFATVPLHAAPGDAVAETDALYDVYL

RLWISPTEFQWLIPDSADTTAKPTHCA

DVOERWGLEDVMLMGDENAGCSY VRPSQWS S

r-é

YDRIVVAGCGMLLRGAVVPDSALPEFNFQAAYGLEDOLAQATSDHYPVEVMLK

SEGQ ID NO: 24
Codon-optimized cDNA of SEQ 1D NG: 23 (Start codon, Signal peptide):

K G ATCALAGO T T TG TECCCTCOCTEEC TOTCGEoTEOT Tataly i
ATGAGAGCTATGAAGCTCCTTGGTGCCCTCCTGCCTCTCGUTGCTCTCCTCCARGGAG

CAGTTTCTCTAAAGATTGCTGCTTTCAATATTACGAACCTTTGGCGAGACTARAATGTC

CTCGGCAACATTAGTATCTTACATTGTTCAGATCCTTTCTCETTACGACATAGCTTTG

TCCAGGAGGTTAGAGACTCCCACTTGACTGCCGETCGGTAAGCTGCTAGACAATCTTA

ACCAAGACGCACCTGACACCTACCACTACGTTGTTAGTGAGCCTCTCEGETAGAAACTC
CTACAAGGAGAGATACCTATTTGTCTACCGTCCAGATCAGGTGTCTGCTGTGGACTCT

TACTACTATGACGACGGTTGTGAACCTTGTGGTTCAGACACCTTCAACAGAGAACCAT

TCATCGTTAGATTTTTCTCCAGATTCACCGAGGTCAGRAGAGTTCGCCATCGTTCCATT

GCACGCTGCGCCTGGAGATGCAGTGGCCGARATTGACGCTCTCTATGATGTCTACCTG

GACGTTCAGGAARAATGGEGTCTAGAAGATGTTATGCTGATGGGAGACTTCARCGCTG

GTTGCTCTTACGTTAGGCCATCTCAATGGTCAAGCATCAGACTATGGACTTCCCCAAC

']w el XiilaslalssParal:\

GTTCCAATGGCTTATTCCTGACTCCGUTGATACTACCGCCAAGCCCACT CATTGTGC,

oy Yak: e
WCAGAAT TG

ATTCTG

GTCGCTGGET

ST

INEE

AGCTGTH

I

TR OO
ACCAC

TGO TACTGEOET

CTCTGCCATTTAACTTCCAL GCATATGGTCTTTCTGACCAACTGGCTCAAGCCAT

CPCTGATCACTACCCTETGGAAGTTATGOTT ARG

SEGQID NG: 25

93
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Codon-optimized ¢BNA of SEQ ID NO: 2 (Start codon, Sional peptide):

ATGTCTAGAGAGCTTGCTCCACTCCTCCTACTCCTTCTTAGTATCCACTCTGCACTCG

CCATGAGAATT TGTAGCTTCAATGTAAGATCCTTCGGTGAATCTAAGCAGGAGGACAL

AARMCGCTATGGACGTTATTGTGAAGCGTCATTAAGAGATGTGATATCATTCTAGT!

ATG

.4

GAGATCAAGGACTCTAACAACAGAATTTGCCCCATCCTTATGGARAAGCTGAATAGAL

ACTCTAGAAGAGGAATTACTTACAA

CCTTATCTCTTY

AGGCTGGETAGA
TTACAAGGAGCAATATGCATTTCTATACAAGGARRAGCTAGTTTCCGTTAAGCETTC

TATCATGACTACCAAGACGGCGATGCTGACGTTTTCTCCAGAGAARCCATTCG

TACCA

10 TTGTTTGGTTTCAGTCTCCTCACACCGOTGTTAAGGACTTCGTGATTATCCCACTAC
CACTACGCCAGAAACCTCTGTCAAGGAAATAGATGAACTTGTTGAAGTTTACACCGALC
GTGAAGCACAGATGGAAGGCCGAGAATTTCATTTTCATGGGTGATTTCAACGCCGGAT

TN

GCTCATATGTCCCTARARAAGGCTTGGARAALACATCCGTTTGAGARACCGATCCTAGATT

TGTCTGGECTCATCGGTGACCAAGAGGACACCACAGTCARAARAGTCTACCARACTETGCT

[V,
(]

TACGACAGAATTGTTCTGCGTGGTCAGGAGATTGTTTCATCTETTGTCCCARRGTCCA
ACTCCGTCTT TGATTTCCAARAGGUT TACARACTGACT GAGGAGGAAGCTTTAGACGT

GTCCGACCACTTCCCTGTAGAGTTTAAGCTGCAATCCTCCAGAGCATTCACTAACTCT

AAALRAGTCAGTC TAAGAGATCG

e
e

SEQIBNO: 26
Codon-optimized ¢BNA of SEQ ID NO: 17 {(Start codon, Signal peptide):

ATGTCTAGAGAGCTTGCTCCACTCCTCCTACTCCTTCTTAGTAT

Ve aluelar Yautlalal
CACTCTGCACTCG

CCATGAGAATTTGTAGCTTCAATGTAAGCGATCCTTCGGTGAATCTAAGCAGGAG

o T\ PN TR e
25 AARCGCTATGGACGTT

TTGTGAAGGTCATTAAGAGAT GTGATAT CATTCT,
GAGATCAAGGACTCTAACAACAGAATTTGCCCCATCCTTATGGARAAGCTGAATAGAL

ACTCTAGAAGAGGAATTACTTACAA

CCTTATCTCTTY

AGGCTGGGTAGRAACAC
TTACARGGAGCARTATGCATTTCTATACAAGGARAAGCTAGTTTCCGTTAAGCGTTC
TACCACTATCATGACTACCARGACGGCGATGCTGACGTTTTCTCCAGAGAACCATTCG

30 TTGITTGCTTTCAGTCTCCTCACACCGCTGTTAAGGACTTCGTGATTATCCCACTACA
CACTACGCCAGARACCTCTGTCAAGGARATAGATGAACTTGTTGARGTTTACACCGAC

GTGAAGCACAGATGGAAGGCCGAGAATT TCATTTTCATGGETGATTTCAACGCCGGAT

GCTCATATGTCCCTARARAAGGCTTGGARAALACATCCGTTTGAGARACCGATCCTAGATT

alaataisslatalns]
TETGECT

A PO TS T (O Noy:
TCGGETY CCAAGAGGACACC

AACTCTACC
\AGTCTACCHE

~ r[ fetelelus
Gl L

AGAATTGTTCTGCETGGTCAGGAGATTGTTTCATCTGTTGTCCCAAAGTCCA

3
[ ]
—
B
Q
[0
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WHAT IS CLAIMED IS:

1. A DNase 1-like 3 (D1L3) variant comprising an amino acid sequence that is at
least 80% identical to the enzyme defined by SEQ ID NO: 2, with one or more
modifications as compared to SEQ ID NO:2 selected from: a mutated DNA binding site
or mutated chromatin binding site, a glycosylation site, inactivation of a nuclear

localization signal, and deletion of all or part of a C-terminal tail.

2. The D1L3 variant of claim 1, wherein the D1L3 protein variant has increased
protein stability, increased protease-resistance, increased bioavailability, increased half-
life in circulation, higher production levels with in vitro expression systems, and/or
substantially the same or better DNA and/or chromatin and/or NET-degrading activity
as compared to wild-type D1L3 protein of SEQ ID NO:2.

3. The DIL3 variant of claim 1, wherein the variant is fused or conjugated to a

protein or carrier moiety.

4. The DIL3 variant of claim 1, wherein the variant comprises one or more

glycosylation consensus sequences of NX(T/S).

5. The DI1L3 variant of claim 4, wherein the glvcosylation consensus sequence
includes a D38N substitution and an N40T or N40S substitution, and/or an A127N
substitution and a VI129T or VI129S substitution, with amino acid positions
corresponding to SEQ ID NO:2.

6. The DIL3 variant of claim 1, wherein the variant comprises an inactivated

nuclear localization signal (NLS).

7. The D1L3 variant of claim 6, wherein an NLS is inactivated by deletion of all or
part of NLS1 and/or NLS2 of SEQ ID NO:2.

8. The DIL3 variant of claim 6, wherein an NLS is inactivated by substitution

and/or deletion of amino acids within NLS1 and/or NLS2.

9. The D1L3 variant of claim 8, wherein NLS2 of SEQ ID NO:2 is deleted.
9%
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10.  The D1L3 variant of claim 1, comprising deletion of all or part of the C-terminal
tail defined by SEQ ID NO: 33, and/or substitution of amino acids in the C-terminal tail.

I1.  The D1L3 variant of any one of claims 1 to 10, wherein the variant has at least

one building block substitution from DNasel (D1).

12 The D1L3 variant of claim 11, wherein the variant has one or more building block

substitutions  selected from: M1 A20delinsMRGMKLLGALLALAALLQGAVS,

M21 S25delinsLKIAA, V28 S30delinsIQT, E33 S34delinsET,
Q36_145delinsMSNATLVSYI, K47 K50delinsQILS, C52Y, 154_M58delinsIALVQ,
160 Ké1delinsVR, $63 170delinsSHLTAVGK, M72 K74delinsLDN,

R77 T84delinsQDAPDT, ~ N86H, V88 I89delinsVV,  S91 R92delinsEP,
N96 T97delinsNS,  QIO0IR,  AI03L,  LI0OSV. K107 L110delinsRPDQ,
V113_S116delinsAVDS, H118Y, HI120D, Y122 A127delinsGCEPCGN, V129T,

S131N, 135F_136VdelinsAL WI3SR, Q140 _H143delinsFSRF,
Al145 D148delinsAVKD, VI50A, 11524, T156_T157delinsAA,
E159 S161delinsGDA,  K163A,  EI67A, V169 E170delinsYD,  TI73L,
K176 _R178delinsQEK, K180 A181delinsGL, N183 F186delinsDVML,

P198 A201delinsRPSQ, K203 N204delinsSS, R208W, D210S, R212T, V214Q,
G218P, Q220 E221delinsSA, V225 $228delinsATP, N230H, L238 R239delinsVA,
Q241 $246delinsMLLRGA, K250D,  N252 V254delinsALP, D256N,
K259 A260delinsAA, K262G, T264 E267delinsSDQL, L1269 V271delinsQAL
F275Y, F279 K280delinsVM, and Q282_$S305delinsK in SEQ ID NO:2.

13 The D1L3 variant of claim 11, comprising the following amino acid modificatons

with respect to SEQ ID NO:2: F275Y/F279_K280delinsVM/Q282_S305delinsK.

14, The DIL3 variant of claim 11, comprising the following amino acid

modifications with respect to SEQ ID NO:2: Q36 145delinsMSNATLVSYL

15. The DIL3 variant of claim 11, comprising the following amino acid
modifications with respect to SEQ ID NO:2:
Y122 A127delinsGCEPCGN/V129T/S131N.
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16.  The DIL3 variant of claim 11, comprising 2 or 3 modifications with respect to

SEQ ID NO:2 selected from: F275Y/F279 K280delinsVM/Q282 S305delinskK,
Q36 _145delinsMSNATLVSY], and Y122 A127delinsGCEPCGN/V129T/S131N.

17. A DNase enzyme comprising an amino acid sequence that is at least 80%
identical to the enzy me of amino acid sequence of SEQ ID NO:2, and comprising at least

one building block substitution from human DNasel.

18.  The DNase enzyme of claim 17, wherein the enzyme comprises building block
substitutions F275Y/F279 K280delinsVM/Q282 $305delinsK, and which optionally
comprises the amino acid sequence of SEQ ID NO: 17.

19.  The DNase enzyme of claim 17, wherein the enzyme comprises the following
modifications with respect to SEQ ID NO:2: Q36 145delinsMSNATLVSYI/
Y122 A127delinsGCEPCGN/VI29T/S131IN, and optionally has the amino acid
sequence of SEQ ID NO: 19 or SEQ ID NO: 20.

20. A DNase enzyme comprising an amino acid sequence that is at least 80%
identical to the enzyme of SEQ ID NO:2, wherein the enzyme has a substitution of
asparagine at the position corresponding to position 38 and/or 127 of SEQ ID NO:2, and
the N38 and/or N127 asparagine is glycosylated.

21.  Anisolated polynucleotide encoding the DIL3 variant of any one of claims 1 to

20.

22. A vector comprising the polynucleotide of claim 21.

23, Ahost cell comprising the vector of claim 22.

24, A pharmaceutical composition comprising the D1L3 variant of any one of claims
1 to 20, the polynucleotide according to claim 21, or the vector according to claim 22,

and a pharmaceutically acceptable carrier.

25.  The pharmaceutical composition of claim 24, comprising the D1L3 variant
formulated for topical, parenteral, or pulmonary administration.
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26.  The pharmaceutical composition of claim 24, formulated for intradermal,
intramuscular, intraperitoneal, intraarticular, intravenous, subcutaneous, intraarterial,

oral, sublingual, pulmonary, or transdermal.

27.  The pharmaceutical composition of any one of claims 24 to 26, comprising a

DI1L3 variant produced in a non-mammalian expression system.

28.  The pharmaceutical composition of claim 24, wherein the non-mammalian

expression system is Pichia pastoris.

29.  The pharmaceutical composition of claim 28, wherein the Pichia pastoris
encodes a D1L3 variant that comprises the signal peptide of wild-type human D1L3 of
SEQ ID NO:2.

30.  The pharmaceutical composition of any one of claims 24 to 29, further
comprising a DNasel protein or variant thereof, an isolated polynucleotide encoding a

DNasel protein or variant thereof, or a vector comprising said isolated polynucleotide.

31.  The pharmaceutical composition of claim 30, comprising the D1L3 variant and

the DNasel protein or variant thereof, at a ratio (m/m) of from 100:1 to 1:100.

32,  The pharmaceutical composition of claim 31, wherein the ratio is from 10:1 to

1:10, and is optionally about 1:1.

33. A DNasel (D1) variant comprising an amino acid sequence that is at least 80%
identical to the enzyme of SEQ ID NO:1, and having one or more modifications with
respect to SEQ ID NO:1 that are selected from: one or more mutated DNA binding sites
or mutated chromatin binding sites, a mutated actin binding site, a mutated glycosylation
site, addition of a nuclear localization signal, addition of a C-terminal tail having at least
50% sequence identity to the C-terminal tail of wild-type D1L3 protein of SEQ ID NO:2;

and/or an N-terminal or C-terminal fusion to a half-life extending moiety.

34, The DI variant of claim 33, comprising one or more building block substitutions
selected from; 1M S22delinsMSRELAPLLLLLLSIHSALA, L23 A27delinsMRICS,
99

RECTIFIED SHEET (RULE 91) ISA/US



WO 2019/036719 PCT/US2018/047084
130_T32delinsVRS, E35_T36delinsES, M38_147delinsQEDKNAMDVI,

Q49 _S52delinsKVIK, Y54C, I56_Q60delinsIILVM, V62 Ro63delinsIK,
S65 K72delinsSNNRICPI, L74 N76delinsMEK, Q79 T84delinsRNSRRGIT, H86N,
V88 V89delinsVI, E91 P92delinsSR, N96 S97delinsNT, R101Q, L103A, VI105L,

R107_Q110delinsKEKL, Al113_S116delins VKRS, Y118H, D120H,
G122 _N128delinsYQDGDA, TI130S, NI132S, Al136_I137delinsFV, RI39W,
F141 F144delinsQSPH, E146 E149delinsAVKD, AlS51V, V153I,

A157 A158delinsTT, G160 _A162delinsETS, A164K, A168E, Y170 D171delinsVE,
L174T, Q177 K179delinsKHR, G181 L182delinsKA, D184 L187delinsNFIF,
R199 Q202delinsPKKA, $204 8$205delinsKN, W209R, $211D, T213R, Q215V,
P219G, $221_A222delinsQE, A226 P228delinsVKKS, H230N, V238 A239delinsLR,
M241 A246delinsQEIVSS, D250K, A252 P254delinsNSV, N256D,
A259 A260delinsKA, G262K, $264 L267delinsTEEE, Q269 1271delinsLDV, Y275F,
V279 M280delinsFK, and K282delinsQSSRAFTNSKKSVTLRKKTKSKRS in SEQ
IDNO:1.

35, The DI variant of claim 34, comprising the following modifications with respect

to SEQ ID NO:1: Q79 _T84delinsRNSRRGIT.

36.  The D1 variant of claim 34, comprising the following modifications with respect

to SEQ ID NO:1: H86N/ V88 V89delinsVI/E91 P92delinsSR.

37.  The D1 variant of claim 34, comprising the following modifications with respect
to SEQ ID NO:1: A136 _1137delinsFV.

38.  The DI variant of claim 34, comprising the following modifications with respect
to SEQ ID NO:1:

R199_Q202delinsPKKA/S204 S205delinsKN/W209R/S211D/T213R/Q215V/P219G/
S221 A222delinsQE.

39.  The D1 variant of claim 34, comprising the following modifications with respect

to SEQ ID NO:1: A226 P228delinsVKKS.

40.  The D1 variant of claim 34, comprising the following modifications with respect
to SEQ ID NO:1:
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Y275F/ V279_M280delinsFK/K282delinsQSSRAFTNSKKSVTLRKKTKSKRS.

41. A DNase enzyme comprising an amino acid sequence that is at least 80%
identical to the enzyme of SEQ ID NO:1, and comprising the substitution, insertion, or
addition of one or more arginine and/or lysine residues, wherein the DNase enzyme has

increased chromatin-degrading activity as compared to the enzyme of SEQ ID NO: 1.

42, The DNase enzyme of claim 41, wherein the one or more arginine and/or lysine
residues are amino acid substitutions selected from substitutions at positions
corresponding to positions 31, 41, 49, 52, 68, 76, 79, 81, 92, 109, 114, 115, 164, 177,
181, 200, 201, 204, 209, 213, 227, 239, 250, 259, 262, and 280 of SEQ ID NO: 1.

43, The DNase enzyme of claim 41, comprising substitution and/or insertion of two

or more arginine and/or lysine residues.

44, The DNase enzyme of claim 43, comprising substitution and/or insertion of three

or more arginine and/or lysine residues.

45, The DNase enzyme of any one of claims 41 to 44, comprising an arginine or
lysine at one or more positions corresponding to positions 31, 49, 76, 92, 109, 164, 177,

201, 204, and 213 of SEQ ID NO:1.

46,  The DNase enzyme of claim 41, comprising an arginine or lysine at positions

corresponding to positions 31, 49, 79, and 209 of SEQ ID NO:1.

47.  The DNase enzyme of claim 41, comprising an arginine or lysine at positions

corresponding to positions 31, 49, 79, 177, 209, 262 of SEQ ID NO:1.

48.  The DNase enzyme of claim 41, comprising a lysine or arginine residue at

positions corresponding to positions 31 and 227 of SEQ ID NO:1.
49.  The DNase enzyme of claim 41, wherein the enzyme has a lysine or arginine at

the position corresponding to position 164 of SEQ ID NO:1.
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50.  The DNase enzyme of any one of claims 41 to 49, comprising an amino acid

substitution at position 136 with respect to SEQ ID NO: 1, and which is optionally A136F.

51. The DNase enzyme of claim 42, comprising one or more amino acid
modifications selected from Q31R, A41K, Q49R, S52K, T68R, N76K, Q79R,
D80_A8linsR, ASIR, P92R, D109K, V114K, D115R, A164K, Q177K, G181K, P200K,
S201K, S204R, W209R, T213R, A226 T227insK, T227K, A239R, D250K, A259K,
G262K, and K280M, and optionally with a modification that results in actin resistance,
wherein the modification that results in actin resistance is optionally A136F with respect

to SEQ IDNO: 1.

52.  The DNase enzyme of claim 42, wherein, if enzyme comprises a substitution of
Q31R or T227K, the enzyme comprises at least two amino acid modifications selected
from Q31R, A41K, Q49R, S52K, T68R, N76K, Q79R, D80_A8linsR, AS8IR, P92R,
D109K, V114K, D115R, A164K, Q177K, GI181K, P200K, S201K, S204R, W209R,
T213R, A226_T227insK, T227K, A239R, D250K, A259K, G262K., and K280M.

53.  The DNase enzyme of claim 52, comprising the amino acid substitutions Q31R

and T227K with respect to SEQ ID NO:1.

54.  The DNase enzyme of claim 51, comprising the amino acid substitution A164K
with respect to SEQ ID NO:1.

55.  The DNase enzyme of claim 45, comprising one or more amino acid substitutions
selected from Q31R, Q49K, N76K, Q79R, P92R, D109K, A164K, Q177K, P200K,
S201K, S204R, T213R, and G262K.

56.  The DNase enzyme of claim 55, comprising the following amino acid

substitutions: Q31R, Q49K, Q79R, A164K, and W209R.

57.  The DNase enzyme of claim 55, comprising the following amino acid

substitutions: Q31R, Q49K, Q79R, A136F, Q177K, W209R, G262K.

58.  The DNase enzyme of claim 48, comprising the following amino acid
substitutions: Q31R, T227K, and A136F.
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59.  The DNase enzyme of claim 49, comprising the following amino acid

substitutions: A164K and A136F.

60.  The DNase enzyme of any one of claims 41 to 59 wherein the enzyme comprises
a glycosylation consensus sequence that comprises a N40S substitution and/or an N128S

substitution with respect to SEQ ID NO: 1.

61.  The DNase enzyme of claim 60, comprising the amino acid substitutions Q31R,

N40S, A136F, N128S, and T227K with respect to SEQ ID NO: 1.

62.  The DNase enzyme of any one of claims 41 to 61, wherein the enzyme is at least
90% 1dentical to the enzyme of SEQ ID NO:1, or at least about 95% identical to the
enzyme of SEQ ID NO:1, or at least about 97% identical to the enzyme of SEQ ID NO:1.

63. A DNase enzyme comprising an amino acid sequence that is at least 80%
identical to the enzyme of SEQ ID NO:1, and comprising at least one building block
substitution from the amino acid sequence of SEQ ID NO:2, where the DNase enzyme
has increased chromatin-degrading activity as compared to the DNase enzyme of SEQ

IDNO:1.

64.  The DNase enzyme of claim 63, wherein the enzyme comprises at least two

adjacent building block substitutions from SEQ ID NO:2,

65.  The DNase enzyme of claim 63, wherein the enzyme comprises building block
substitution Q79 T84delinsRNSRRGIT, and optionally comprises the amino acid
sequence of SEQ ID NO: 10.

66.  The DNase enzyme of claim 64, wherein the enzyme comprises building block
substituations H86N/V88 V89delinsVI/E91 P92delinsSR, and optionally comprises the
amino acid sequence of SEQ ID NO: 11.

67.  The DNase enzyme of claim 63, wherein the enzyme comprises building block
substitution A136 1137delinsFV, and optionally comprises the amino acid sequence of
SEQ ID NO: 12.
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68.  The DNase enzyme of claim 64, wherein the enzyme comprises building block
substitutions

R199 Q202delinsPKKA/S204 S205delinsKN/W209R/S211D/T213R/Q215V/P219G/
S221_A222delinsQE, and optionally comprises the amino acid sequence of SEQ ID NO:
13.

69.  The DNase enzyme of claim 63, wherein the enzyme comprises building block
substitution A226 P228delinsVKKS, and optionally comprises the amino acid sequence

of SEQ ID NO: 14.

70.  The DNase enzyme of claim 63, comprising building block substitutions
Q79 _T84delinsRNSRRGIT, H86N/V88 V89delinsVI/E91 P92delinsSR,
A136 _1137delinsFV,

R199 Q202delinsPKKA/S204 S205delinsKN/W209R/S211D/T213R/Q215V/P219G/
S221_A222delinsQE, A226 P228delinsVKKS, and optionally comprising the amino
acid sequence of SEQ ID NO: 15.

71.  The DNase enzyme of any one of claims 41 to 70, comprising building block
substitutions

Y275F/V279_M280delinsFK/K282delinsQSSRAFTNSKKSVTLRKKTKSKRS.

72, The DNase enzyme of any one of claims 41 to 71, wherein the enzyme exhibits
one or more properties selected from: similar or higher affinity for protein-free DNA
compared to he enzyme of SEQ ID NO:1, a higher chromatin degradation activity
compared to the enzyme of SEQ ID NO:1, an enzymatic activity that is resistant to
inhibition by actin compared to the enzyme of SEQ ID NO:1, and a combination thereof.

73. A DNase enzyme comprising an amino acid sequence that is at least 95%

identical to SEQ ID NO:15.

74.  Anisolated polynucleotide encoding the DNase enzyme of any one of claims 41
to 73.

75. A vector comprising the polynucleotide according to claim 74.
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76.  Ahost cell comprising the vector according to claim 75.

77. A pharmaceutical composition comprising the enzyme of any one of claims 41 to
73, the 1solated polynucleotide according to claim 74, or the vector according to claim

75, and a pharmaceutically acceptable carrier.

78.  The pharmaceutical composition of claim 77, comprising the DNase enzyme

formulated for parenteral or pulmonary administration.

79.  The pharmaceutical composition of claim 77, formulated for intradermal,
intramuscular, intraperitoneal, intraarticular, intravenous, subcutaneous, intraarterial,

oral, sublingual, pulmonary, topical, or transdermal administration.

80.  The pharmaceutical composition of claim 77, wherein the enzyme 1s produced in

Chinese hamster ovary cells.

81.  The pharmaceutical composition of claim 77, wherein the enzyme is non-

glycosylated and produced in a non-mammalian expression system.

82.  The pharmaceutical composition of claim 81, wherein the non-mammalian

expression system is Pichia pastoris.

83.  The pharmaceutical composition of claim 82, wherein the Pichia pastoris

encodes the enzyme, along with the signal peptide of SEQ ID NO: 1.

84.  The pharmaceutical composition of any one of claims 77 to 83, further

comprising a DNase 1-like 3 protein (D1L3) or variant thereof.

85. A method for treating a subject in need of extracellular DNA degradation,

extracellular chromatin degradation, extracellular trap (ET) degradation and/or

neutrophil extracellular trap (NET) degradation, the method comprising administering a

therapeutically effective amount of the D1L3 variant according to any one of claims 1 to

16, or the DNase enzyme according to any one of claims 17 to 20, or the composition of

any one of claims 24 to 32, or the D1 variant according to any one of claims 33 to 40, or
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the DNase enzyme according to any one of claims 41 to 73, or the composition of any

one of claims 77 to 84.

86.  The method of claim 85, wherein upon treatment the subject exhibits extracellular
DNA degradation, extracellular chromatin degradation, extracellular trap (ET)
degradation and/or neutrophil extracellular trap (NET) degradation.

87.  The method of claim 85 or 86, wherein the subject has a chronic or acute

inflammatory disorder.

88.  The method of claim 85 or 86, wherein the subject has an acute or chronic

infection.

89.  The method of any one of claims 85 to 88, wherein subject has or is at risk of a

vascular occlusion comprising NETSs.

90.  The method of claim 85, wherein the subject has chronic neutrophilia (e.g., an
increase in the number of neutrophils), neutrophil aggregation and leukostasis,
thrombosis and vascular occlusion (e.g. sickle cell disease), ischemia-reperfusion injury
(e.g. midgut volvulus, testicular torsion, limb ischemia reperfusion, vital organ ischemia-
reperfusion, organ transplantation), surgical and traumatic tissue injury, an acute or
chronic inflammatory reaction or disease, an autoimmune disease (e.g. systemic lupus
erythematosus (SLE), lupus nephritis, rheumatoid arthritis, vasculitis, systemic
sclerosis), cardiovascular disease (e.g., myocardial infarction, stroke, atherosclerosis,
venous thromboembolism, including thrombolytic therapy), metabolic disease (e.g.,
diabetes), systemic inflammation (e.g., systemic inflammatory response syndrome
(SIRS), sepsis, septic shock, disseminated intravascular coagulation (DIC), and
thrombotic microangiopathy (TMA)), inflammatory diseases of the respiratory tract (e.g.
cystic fibrosis, chronic obstructive pulmonary disease (COPD), acute lung injury (ALI),
smoke induced lung injury, transfusion induced lung injury (TRALI), acute respiratory
distress syndrome (ARDS), and asthma, atelectasis, bronchitis, empyema), renal
inflammatory diseases (acute and chronic kidney diseases, including acute kidney injury
(AKI) and chronic kidney disease (CKD), inflammatory diseases related to transplated
tissue (e.g. graft-versus-host disease) and cancer (e.g. leukemia, tumor metastasis, and
solid tumors).
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91.  The method of any one of claims 85 to 90, wherein the protein or composition is
administered  intravenously,  intraarterially, intraarticular, intramuscularly,

subcutaneously, topically, or by pulmonary administration.

92.  The method of claim 85, wherein the subject has or is at risk of a ductal occlusion

in a ductal system.

93.  The method of claim 92, wherein the ductal system is bile duct, tear duct,
lactiferous duct, cystic duct, hepatic duct, ejaculatory duct, parotid duct, submandicular
duct, major sublingual duct, bartholin’s duct, cerebral aqueduct, pancreas, mammary

gland, vas deferens, ureter, urinary bladder, gallbladder, and liver.

94,  The method of claim 93, wherein the subject has pancreatitis, cholangitis,
conjunctivitis, mastitis, dry eye disease, an obstruction of the vas deferens, or renal

disease.

95.  The method of any one of claims 90 to 94, wherein the DNase enzyme is

administered by intravenous, intraarterial, or intraperitoneal administration.

96.  The method of claim 95, wherein the subject has primary sclerosing cholangitis.

97.  The method of claim 85, wherein the subject has or is at risk of NETs
accumulating on endothelial surfaces (e.g., surgical adhesions), the skin (e.g.,

wounds/scarring, uclers), or in synovial joints (e.g., gout, arthritis).

98.  The method of claim 97, wherein the subject has had or is having an invasive

medical procedure, and is at risk of surgical adhesions.

99.  The method of claim 98, wherein the DNase therapy is administered during

surgery to prevent or inhibit the formation of surgical adhesions.

100.  The method of claim 97, wherein the DNase therapy is administered topically to

the skin to prevent or treat wounds and/or scarring.
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101.  The method of claim 97, wherein the DNase therapy is administered to synovial

joints to prevent or treat gout and arthritis.

102.  The method of claim 85, wherein the subject has thrombosis, stroke, sepsis, lung
tyjury, atherosclerosis, viral mfection, sickle cell disease, myocardial nfarction, ear
infection, wound healing, liver iyury, endocarditis, liver infection, pancreatitis, primary
graft dysfunction, limb ischemia reperfusion, kidney injury, blood clotting, alum-induced
inflaromation, hepatorenal 1ojury, pleural exudations, hemotorax, intrabiliary blood clots,
post pneumatic anemua, ulcers, otolarvngological conditions, oral infections, munor
injuries, sinusitis, post-operative rhinoplasties, infertility, bladder catheter, wound
cleaning, skin reaction test, prewmococeal meningiiis, goud, leg vleers, ¢vstic fibrosis,
Kartegener's svndrome, asthma, lobar atelectasis, chromic bronchiis, bronchiectasis,
tupus, primary cilliary dyskinesia, bronchiolitis, empvema, pleural infections, cancer, dry
eves disease, lower respiratory tract infections, chronic hematomas, Alzheimer’s disease,

and obstructive pulmonary disease.

103.  The method of any one of claims 85 to 102, wherein the subject further exhibits

a coronary artery disease.

104.  The method of claim 102, wherein the subject has cystic fibrosis.

105.  The method of any one of claims 85 to 104, comprising monitoring the NET-

degrading activity of blood, plasma, or serum from the subject.

106. A method for treating a subject exhibiting or at risk of intravascular occlusion
involving NETSs, the method comprising administering a therapeutically effective amount
of a DIL3 or variant thereof, and/or a therapeutically effective amount of a D1 or a

varant thereof

107.  The method of claim 106, wherein the subject is administered an enzyme
comprising an amino acid sequence having 80% or more sequence identity with the

enzyme defined by SEQ ID NO:2.

108. The method of claim 107, wherein the enzyme comprises the amino acid
sequence of the enzyme defined by SEQ ID NO:2.
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109. A method for treating a subject that has or is at risk of a ductal occlusion in a
ductal system, comprising administering a therapeutically effective amount of a D1L3 or

variant thereof, and/or a therapeutically effective amount of D1 or a variant thereof.

110.  The method of claim 109, wherein the subject is administered an enzyme
comprising an amino acid sequence having 80% or more sequence identity with the
enzyme defined by SEQ ID NO:2, and/or an enzyme comprising an amino acid sequence

having 80% or more sequence identity with the enzyme defined by SEQ ID NO:1.

111,  The method of claim 110, wherein the enzyme comprises the amino acid
sequence of the enzyme defined by SEQ ID NO:2, and/or comprises the amino acid
sequence of the enzyme defined by SEQ ID NO:1.

112.  The method of any one of claims 109 to 111, wherein the ductal system is bile
duct, tear duct, lactiferous duct, cystic duct, hepatic duct, ejaculatory duct, parotid duct,
submandicular duct, major sublingual duct, bartholin’s duct, cerebral aqueduct, pancreas,

mammary gland, vas deferens, ureter, urinary bladder, gallbladder, and liver.

113.  The method of any one of claims 109 to 112, wherein the subject has pancreatitis,
cholangitis, conjunctivitis, mastitis, dry eye disease, an obstruction of the vas deferens,

or renal disease.

114.  The method of any one of claims 109 to 113, wherein the DNase enzyme is

administered by intravenous, intraarterial, or intraperitoneal administration.

115.  The method of claim 114, wherein the subject has primary sclerosing cholangitis.

116. A method for treating a subject in need of extracellular DNA degradation,
extracellular chromatin degradation, extracellular trap (ET) degradation and/or
neutrophil extracellular trap (NET) degradation, the method comprising administering a

therapeutically effective amount of a D1L3 or variant thereof and a D1 or variant thereof.

117.  The method of claim 116, wherein the D1L3 or variant thereof, and the D1 or
variant thereof, are administered in a single pharmaceutical composition or separate
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pharmaceutical compositions, and wherein the ratio of D1L3 or variant thereof to D1 or

variant thereof is optionally in the range of 100:1 to 1:100 by mass, 10:1 to 1:10 by mass,
and optionally about 1:1.

118.  The method of claim 117, wherein upon treatment the subject exhibits
extracellular DNA degradation, extracellular chromatin degradation, extracellular trap

(ET) degradation and/or neutrophil extracellular trap (NET) degradation.

119.  The method of any one of claims 116 to 118, wherein the subject has a chronic

or acute inflammatory disorder.

120.  The method of any one of claims 116 to 118, wherein the subject has an acute or

chronic infection.

121.  The method of any one of claims 116 to 120, wherein subject has or is at risk of

a vascular occlusion comprising NETs.

122, The method of claim 116 or 117, wherein the subject has chronic neutrophilia
(e.g., an increase in the number of neutrophils), neutrophil aggregation and leukostasis,
thrombosis and vascular occlusion (e.g. sickle cell disease), ischemia-reperfusion injury
(e.g. midgut volvulus, testicular torsion, limb ischemia reperfusion, vital organ ischemia-
reperfusion, organ transplantation), surgical and traumatic tissue injury, an acute or
chronic inflammatory reaction or disease, an autoimmune disease (e.g. systemic lupus
erythematosus (SLE), lupus nephritis, rheumatoid arthritis, vasculitis, systemic
sclerosis), cardiovascular disease (e.g., myocardial infarction, stroke, atherosclerosis,
venous thromboembolism, including thrombolytic therapy), metabolic disease (e.g..
diabetes), systemic inflammation (e.g., systemic inflammatory response syndrome
(SIRS), sepsis, septic shock, disseminated intravascular coagulation (DIC), and
thrombotic microangiopathy (TMA)), inflammatory diseases of the respiratory tract (e.g.
cystic fibrosis, chronic obstructive pulmonary disease (COPD), acute lung injury (ALI),
smoke induced lung injury, transfusion induced lung injury (TRALI), acute respiratory
distress syndrome (ARDS), and asthma, atelectasis, bronchitis, empyema), renal
inflammatory diseases (acute and chronic kidney diseases, including acute kidney injury

(AKI) and chronic kidney disease (CKD), inflammatory diseases related to transplated
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tissue (e.g. graft-versus-host disease) and cancer (e.g. leukemia, tumor metastasis, and

solid tumors).

123.  The method of any one of claims 116 to 122, wherein each of the D1L3 or variant
thereof and the D1 or variant thereof is administered by a route independently selected
from intravenously, intraarterially, intraarticular, intramuscularly, subcutaneously,

topically, and pulmonary administration.

124, The method of claim 123, wherein the subject has or is at risk of a ductal

occlusion in a ductal system.

125.  The method of claim 124, wherein the ductal system is bile duct, tear duct,
lactiferous duct, cystic duct, hepatic duct, ejaculatory duct, parotid duct, submandicular
duct, major sublingual duct, bartholin’s duct, cerebral aqueduct, pancreas, mammary

gland, vas deferens, ureter, urinary bladder, gallbladder, and liver.

126.  The method of claim 125, wherein the subject has pancreatitis, cholangitis,
conjunctivitis, mastitis, dry eye disease, an obstruction of the vas deferens, or renal

disease.

127.  The method of any one of claims 124 to 126, wherein the DNase enzymes are
administered as a single composition administered by intravenous, intraarterial,

intraperitoneal or administration.

128.  The method of claim 127, wherein the subject has primary sclerosing cholangitis.

129.  The method of any one of claims 116 to 118, wherein the subject has or is at risk

of NETs accumulating on endothelial surfaces, the skin, or in synovial joints.

130.  The method of claim 129, wherein the subject has had or is having an invasive

medical procedure, and is at risk of surgical adhesions.

131.  The method of claim 130, wherein the DNase therapy is administered during

surgery to prevent or inhibit the formation of surgical adhesions.
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132, The method of claim 129, wherein the DNase therapy is administered topically

to the skin to prevent or treat wounds and/or scarring.

133, The method of claim 129, wherein the DNase therapy is administered to synovial

joints to prevent or treat gout and arthritis.

134, The method of any one of claims 116 to 118, wherein the subject has thrombosts,
stroke, sepsis, lung mjury, atherosclerosis, viral infection, sickle cell disease, myocardial
miarction, ear infection, wound healing, liver mjury, endocarditis, Hver mfection,
pancreatitis, primary graft dvsfonction, limb ischemia reperfusion, kidney injury, blood
clotiing, alum-induced inflammation, hepatorenal igury, pleural exudations, hemotorax,
inirabihary blood clots, post pneumatic aneruia, ulcers, otolarvngologieal conditions, oral
infections, minor injuries, sinusiis, post-operative rhinoplasties, infertility, bladder
catheter, wound cleaning, skin reaction test, pneumococcal meningitis, gout, leg wlcers,
cvstic fibrosis, Kartegener’s syndrome, asthroa, lobar atelectasis, chronic bronchins,
bronchiectasis, lupus, primary clliary dyskinesia, bronchiolitis, empyema, pleural
infections, cancer, dry eves disease, lower respiratory tract mfections, chronic

hematomas, Alzheimer’s disease, and obstructive pulmonary disease.

135, The method of any one of claims 116 to 134, wherein the subject further exhibits

a coronary artery disease.

136,  The method of claim 134, wherein the subject has cystic fibrosis.

137.  The method of any one of claims 116 to 136, comprising monitoring the NET-

degrading activity of blood, plasma, or serum from the subject.

138. A method for treating a subject exhibiting or at risk of intravascular occlusion
involving NETSs, the method comprising administering a therapeutically effective amount
of a D1L3 or variant thereof, and/or a therapeutically effective amount of D1 or a variant

thereof.

139. The method of claim 138, wherein the subject is administered an enzyme
comprising an amino acid sequence having 80% or more sequence identity with the
enzyme defined by SEQ ID NO:2.

112

RECTIFIED SHEET (RULE 91) ISA/US



WO 2019/036719 PCT/US2018/047084

140. The method of claim 139, wherein the enzyme comprises the amino acid

sequence of the enzyme defined by SEQ ID NO:2.

141. A method for treating a subject that has or is at risk of a ductal occlusion in a
ductal system, comprising administering a therapeutically effective amount of a D1L3 or

variant thereof, and/or a therapeutically effective amount of D1 or a variant thereof.

142, The method of claim 141, wherein the subject is administered an enzyme
comprising an amino acid sequence having 80% or more sequence identity with the
enzyme defined by SEQ ID NO:2, and/or an enzyme comprising an amino acid sequence

having 80% or more sequence identity with the enzyme defined by SEQ ID NO:1.

143.  The method of claim 142, wherein the enzymes comprise the amino acid
sequence of the enzyme defined by SEQ ID NO:2, and/or the amino acid sequence of the
enzyme defined by SEQ ID NO:1.

144, The method of any one of claims 141 to 143, wherein the ductal system is bile
duct, tear duct, lactiferous duct, cystic duct, hepatic duct, ejaculatory duct, parotid duct,
submandicular duct, major sublingual duct, bartholin’s duct, cerebral aqueduct, pancreas,

mammary gland, vas deferens, ureter, urinary bladder, gallbladder, and liver.

145, The method of any one of claims 141 to 143, wherein the subject has pancreatitis,
cholangitis, conjunctivitis, mastitis, dry eye disease, an obstruction of the vas deferens,

or renal disease.

146. The method of any one of claims 141 to 145, wherein the DNase enzyme is

administered by intravenous, intraarterial, or intraperitoneal administration.

147.  The method of claim 146, wherein the subject has primary sclerosing cholangitis.

148. A method of making a pharmaceutical composition for reducing neutrophil
extracellular trap (NET) accumulation, comprising: providing a genetically modified
mouse deficient in DNasel and DNasel-like-3 activity, and expressing a heterologous

GCSF polynucleotide or is repetitively stimulated with microbial compounds, wherein
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said genetically modified mouse accumulates NETs; administering a candidate NET

inhibitor or candidate DNase enzyme; selecting a NET inhibitor or DNase enzyme that
reduces the accumulation of NETSs; and formulation the NET inhibitor or DNase enzyme

for administration to a human patient.

149.  The method of claim 148, wherein the composition is formulated for parenteral

or pulmonary administration.

150.  The method of claim 148, formulated for intravenous, intraarterial, intraarticular,

intramuscular, subcutaneous, topical, or pulmonary administration.

151.  The method of claim 148, wherein the genetically modified mouse expresses a

heterologous G-CSF polynucleotide in hepatocytes.

152. A method for recombinant production of a DNase enzyme selected from human
D1, human D1L3, or a variant thereof, comprising: culturing a Pichia pastoris host cell
encoding the DNase enzyme with the native signal peptide; and recovering the DNase

from the culture media.

153.  The method of claim 152, wherein the DNase enzyme is human D1L3 or a variant

thereof having at least 80% sequence identity to the enzyme of SEQ ID NO:2.

154, The method of claim 153, wherein the DNase enzyme is human D1L3.

155. A method for DNase enzyme engineering, comprising;

providing a protein-protein alignment of donor and recipient DNase enzymes;
identifying variable amino acid sequences for transfer, the variable amino acids
being flanked by one or more conserved amino acids in the donor and recipient DNase
enzymes; substituting the variable amino acids of the recipient DNase with the variable
amino acids of the donor DNase to create a chimeric DNase; recombinantly producing

the chimeric DNase.

156.  The method of claim 155, wherein the DNase enzymes are selected from human
D1, human DNasel-like 1 (D1L1) defined by SEQ ID NO: 38, human DNasel-like 2
(D1L2) defined by SEQ ID NO: 39, and human D1L3.
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157.  The method of claim 155 or 156, wherein the building block substitution has at

least two amino acids, or at least three amino acids, or at least four amino acids, or at

least five amino acids.
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FIG. 29

BUILDING BLOCK-ENGINEERING OF HOMOLOGOUS PROTEINS
L AMING ACID SEQUENDCE ALIGNMENT OF HOMOLOGOUS ENZYMES
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BLHLDING BLOCK CLUSTER-ENGINEERING
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FIG 36
A NET-clotin cardiac chamber B: NET-mediated death
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FIG. 37

A Experimental design: ischemia-reperfusion injury therapy
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FIG. 38

A

Chinese Hamster Ovary Pichia paslaris

{OHO celis

Wi
N

3 120
Z.
&

N . i
WY ¥ § §
5

N
RS :

L o Bt e KOS pri S s s p R e
Redhalos Possin Cugmssin

E v\
el $ye¥
Y 33 RERSE

i



PCT/US2018/047084

39

-
e L

43/43
FIG

WO 2019/036719

K ““:. 4 ee
WRHADEILE SRIIBA IR
5 g Wy Y Ty #
. GARRBIIPBLE w&&&ﬁ&&%%«@ xmm\@&m%ﬁxa&?ﬁ
. B Ry G e P T T Ty B LA A e
SEABBP LI D50 FEROIRGd ISRAABIIDEEA SUANOS SIS RYY L B
; G Y w&x@%&x&mw\wmﬁ I R %

4

LI I e

Tonil

TR ALY LAY
Gy A AR A
B VL VB LB SRS ORI BRSO LIRS Y

B
o

Wk AN

O 0 15AS
i

thnrainBuy
wosg gty

Wi SRS




	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 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - description
	Page 83 - description
	Page 84 - description
	Page 85 - description
	Page 86 - description
	Page 87 - description
	Page 88 - description
	Page 89 - description
	Page 90 - description
	Page 91 - description
	Page 92 - description
	Page 93 - description
	Page 94 - description
	Page 95 - description
	Page 96 - description
	Page 97 - claims
	Page 98 - claims
	Page 99 - claims
	Page 100 - claims
	Page 101 - claims
	Page 102 - claims
	Page 103 - claims
	Page 104 - claims
	Page 105 - claims
	Page 106 - claims
	Page 107 - claims
	Page 108 - claims
	Page 109 - claims
	Page 110 - claims
	Page 111 - claims
	Page 112 - claims
	Page 113 - claims
	Page 114 - claims
	Page 115 - claims
	Page 116 - claims
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - drawings
	Page 125 - drawings
	Page 126 - drawings
	Page 127 - drawings
	Page 128 - drawings
	Page 129 - drawings
	Page 130 - drawings
	Page 131 - drawings
	Page 132 - drawings
	Page 133 - drawings
	Page 134 - drawings
	Page 135 - drawings
	Page 136 - drawings
	Page 137 - drawings
	Page 138 - drawings
	Page 139 - drawings
	Page 140 - drawings
	Page 141 - drawings
	Page 142 - drawings
	Page 143 - drawings
	Page 144 - drawings
	Page 145 - drawings
	Page 146 - drawings
	Page 147 - drawings
	Page 148 - drawings
	Page 149 - drawings
	Page 150 - drawings
	Page 151 - drawings
	Page 152 - drawings
	Page 153 - drawings
	Page 154 - drawings
	Page 155 - drawings
	Page 156 - drawings
	Page 157 - drawings
	Page 158 - drawings
	Page 159 - drawings

