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(57) Abstract: Disclosed herein are methods of treating a complication of a hemoiysis and/or an inflammasome activation-associated
disease comprising administering to a patient in need thereof quinine, or a derivative or sait thereof, or the combination of quinine
and hemin. Also disclosed is a method of reducing alloimmunization in chronically transfused subjects, comprising administering to
a patient in need thereof a therapeutically effective dose of quinine.
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COMPOUNDS FOR TREATMENT OF HEMOLYSIS- AND INFLAMMASOME-
ASSOCIATED DISEASES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority under 35 U.S.C. §119(e) to U.S. Provisional
Applications 83/091,140 filed Cclober 13, 2021 and 63/160,351 filed March 12, 2021, Each

of these applications is incorporated herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY-SPONSORED RESEARCH

f6002] This invention was made with government support under Grant Nos,
ROMHL130132, PO1HL148626, and RO1HL 145451 awarded by the National Instifutes of
Health. The government has certain rights in the invention.

BACKGROUND

{0001} Hemolysis is a2 hallmark of sickle cell disease (SCD). When deoxygenated, sickie
hemogiobin polymerizes, causing changes in RBC membrane shape and function that
increase #s fragiity and ultimately lead o RBC destruction and hemogiobin release,
Increasing evidence suggest that hemogiobin and its oxidized form of free heme, a lipophilic
bicactive molecule, play a key role in the initiation and progression of hemobytic complications
due {o their ability to trigger oxidative stress, sterile inflammation, cell death and tissue injury.

f0002] The nflammasome signaling pathway is a key host inflammatory response that
promotes HL-18 production by processing pro-iL-18 into cleaved mature IL-1B. It is activated
in numerous inflammatory diseases and upreguiate in 8CD. inflammasome activation are
critical for the initiaion, development, treatment, and prognosis of mulliple disease which
include infectious diseases, autoimmune diseasss, cancer, and metabelic disorder and other
diseass including SCD, and pharmacological inhibition of inflammasome pathway are
considered as a promising therapeutic strategy in several inflammatory disease models (Guo
H et al. Nat Med. 21:677-87, 2015; Mangan MSJ, st al. Nat Rev Drug Discov. 17:588-6086,
2018).

[0003] Quinine can bind with cell-free heme/hemin released by hemolysis and inhibit
muitiple immune effecior cell funclion including secretion of antibodies by B cells and release

of inflammatory cytokines by innate immune calis.
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SUMMARY

{0004} Disclosed herein are methods of treating a complication of a hemolysis and/or
inflammasome activation-associated disease comprising administering to a patient in need
thereof a therapeutically effective dose of quinineg alone or a combination of quinine and hemin.
In some embodiments, the complication is induction of a humoral immune response o

fransfused red biood cells, inflammalory cyickine production, or pain,

{0005] Also disclosed is a method of reducing alloimmunization in chronically transfused
subjects, comprising administering to a patient in need thereof a therapeutically effective dose
of quinine. In some embodiments, the subject has a hemolysis-associated disease.

fG006] In some embodiments, the hemolysis-associated disease is sickle cell disease. In
some embodiments, the inflammasome-associated diseasse i an infectious disease,
autoimmune disease, cancer, metabolic disorder, or sickis cell disease. in some
embodiments, the patient exhibits hemolysis. In some embodiments, the quinine alone or the
combination of guining and hemin inhibits the maturation of B cslls into antibody-secreting
cells.

{0007} in some embodiments, the method comprises administration of a therapsutically
effective dose of guinine. In some embodiments, the method comprises administration of a
therapeutically effective dose of a combination of quinine and hemin. In some embodiments,
exogenous hemin is not administered.

{0008] In some embodiments, the quinine plus hemin inhibits inflammasome activation in
innate immune celis leading to decreased inflammatory cytoking production.  In some
embodiments, the inhibition by guinine alone occurs in the presence of hemolysis or free heme
in the blood. In some embodiments, the inhibition by guinine alone does not ococur in the
absence of hemolysis or free heme in the blood. In some embodiments, the inhibition by the
combination of guinine and hemin does not depend on the presence of endogenous free hems
in the blood. in some embodiments, the patient exhibils low or no in vive hemolysis.

[0008] In some embodiments, the disease is an inflammasome-associate disease and the

administration comprises guinine alone and exogenous hemin is not administrated.

{0010} in some embodiments, the guinine is g guinine salt. in some embodiments, the
quinine is quinine free base. In some smbodiments, the quinine is a quinine derivative
selected from guinacrine, biguinoione, chioroguine, hvdroxychioroquineg,

amodiaguine, quinine, quinidine, mefloquine, primaquine, lumefantrine, and halofantrine.
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BRIEF DESCRIPTION OF THE DRAWINGS

{8011} FIG. 1A-G. Heme inhibits B cell activation. Purified naive B cealls from healthy
donors (HD) were CFSE labeled and stimulated with B cell activation cockiall for 7 days. FiG.
1A Using the gating strategy for analysis of profiferated B cells and CD38+ plasmablasts, FIG.
18: Frequency of proliferated B cells in total B cells and of CD38+ plasmablasts in the absence
or presence of 2.5uM heme is shown. FIG. 1C: Fold change in proliferated B cell and CD38+
plasmablast frequencies in the presence of increasing doses of heme relative to no hems
tregiment. FIG. 1D Fold change in CD38+ plasmablast frequencies in the presence of
different doses of RBC lysate or heme (left) or a given RBC lysafe dose or 2.5uM heme
preincubatad or not with 2.5uM hemopexin (ight). FIG. 1E: Celi-free heme levels just befors
fransfusion or within 4 hours posttransfusion in plasma from Allo(+) and Allo(-) sickle cell
diseass (SCD) patients. FIG. 1F: C38+ plasmablast frequencies in stimulated naive B cells
from HD, Alio(+) and Allel-y SCD patients, FiG, 1G: Fold change in CD38+ plasmablast
frequencies in the presence of 2.5uM and 5uM heme. p-values are labeled as * (p<0.05y or ™
{p<0.01). HPX: Hemopexin.

(0012} FIG. 2A-G. Inhibition of B cell activation by heme is through DOCKS/STATI
signaling pathway. FIG. 2A; Purified HD naive B cells were stimulated with B csll activation
cockiail, and phosphorylation of Pyk2, Syk, SRC and STAT3 were analyzed by intraceliular
flow cyiomeiry afier 15 mins. Histogram overlays depict the extent of phosphorylation without
(ight grey} or with stimulation {dark grey) with the phosphorylated signal gate placed by
reference to the bassline, pre-stimulation histogram. FIG. 2B: Purified HD naive B cells wers
stimulated for the same length of time as in A in the absence or presence of heme (10uM) and
the frequency of celis positive for p-Pyk2, p-Svk, p-8RC and p-8TAT3 is shown. FIG. 2C.
Purified HD naive B cells were stimulated with B cell activation cocktail for 7 days. Contour
piots depict gating strategy for DOCKSE LOW, DOCKS HIGH in profiferated B cells as well as
plasma B celis (CD27"Blimp1* celis) within DOCKS® or DOCKSE" ceils. FIG. 2D: Fold change
in plasma B cell frequencies in 7-day purified HD naive B cell stimulated cultures in the
presence of 2.5uM or S5uM heme refative {0 no hems stimulated B calls. FIG. 28 DOCKEM
{lefty and DOCKSB" (middle) cell numbers in stimulated B cell cultures treatsd with 2.5uM or
SuM heme. Fold change (right) in DOCKEY or DOCKSE® cell numbers with heme freatment
refative {0 no treatment. FIG, 2F: Representative histogram (left) overlay showing DOCKS
expression (dark grey) in peripheral B cells relative {0 isctype control (light grey). Relative
DOCKS expression {mean fluorescence intensity; right) in circulating B cells from HD, Allo(-)
and Alio(+) patients are shown. FIG. 2G: Fold change in DOCKE" B cell (left) and CD27"
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piasma celf {right) frequency in 7-day heme-treated cultures of stimulated naive B cells from
Allo{~) and Allo{+) patients.

[0013] FIG 3A-F. Role of HO-1 enzyme aclivity in heme-mediated B cell activation. FIG
3A HO-1 analysis of HD unstimulated peripheral biood B cells (left) and following 7-day
stimulation of purified naive B cells in proliferaied B celis {gate showing CD38+ plasmablasts).
FiG 3B Fold change in HO-1 expression in plasma cells in 7-day stimulaled purified HD B
cells treated 2.5uM or UM heme relative {0 no heme treatment. FIC 3C-D: Absolute and fold
change of frequency of B cell proliferation (FIG 3C) and CD38+ plasmablasts (FIG 3D) in the
prasence of SnPPIX 2.5uM) without or with heme (2.5uM). FIG 3k Fold change in B cell
profiferation and plasma B cells 7-day stimulated naive B celis from Allo(+) and Allo(-) SCD
patients in the absence or presence of SnPPE (2.5uM) and heme (2.5uM) relative to
untreated media control. FIG 3F: Fold change in B cell proliferation and plasma B csils 7-day
stimulated HD naive B cells in the presence of different doses of heme dsgradation
byproducts, CORM-3 (carbon monoxide releasing molecule 3) and biliverdin relative to

unireated cultures.

(0014} FiG. 4A-E: Quinine increases heme-mediated inhibition of B cell activation. Fold
change in plasma cell frequency in 7-day stimulated purified naive HD B cells in the presence
of (FIG. 4A) 2.5ulM quinine (QA), amodiaquine (AQ), chioroguine CQ, and dilwdroartemisinin
{(DHAD without or with 5uM heme relative to unireated but stimulated cultures, or (FIG. 4B)
different doses of quinine plus 2.5uM or 5uM hems. FIG. 4C: Levels of HO-1 expression (mean
fluorescent intensity, MFD in proliferated B cells of 7 day stimulated B cells treated with
differant doses of quinine without or with 5uM heme. FIG. 4D Fold change in HO-1 expression
in stimuiated B celis in the presence of 2.5uM QA AQ, CQ and DHA without or with 5uM free
heme relative to untreated but stimulated cultures. FIG. 4E: Fold change in plasma cell
frequency in stimulated purified naive B cells from Allo{+) and Allo{-) patients in the presence
of different doses of quining plus 2.5uM or 5uM heme. ™ p<0.05 vs control group; ** p<0.001

vs conirol group.

[0015] FIG. 5. Mechanism of hemolysis mediated regulation of SCD alloimmunization
through inhibition of B celi differentiation. In Allo{~) SCD patients, hemolysis can inhibit B cell
differentiation and subsequent alloimmunization through DOCKS and HG-1 enzyme aclivity.
in contrast, B cells from Allo{+) SCD patients are insensitive to inhibilory effects of hemolysis
due {o altersd DOCKS and HO-1 signaling pathways. Heme plus guinine can inhibit B cell
activation in both Allo(+) and Allo{-) patients by fargeting HG-1. BCR: B cell recepior; CO:
carbon monoxide.
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f0016] FIG. 8A-G. Effect of heme on memory plasmablast differentiation and IgG class-
switch B cell development, FIG. 6A: Gating strategy for single live B cell analysis after culiure.
FiG. 8B: Fold change in CD38+ plasmablast cells in V-day stimulated HD purified CD27+
memaory B celis (a5 described for naive B celi cultures in FIG. 1) in the presence of different
doses of hemin relative 1o no hemin treatment. FIG. 86C: Histogram showing 1gG expression
levels in CD38+ plasmablasts from naive B cell stimulated cultures. FIG. 80 Fold change of
lgG+ cell frequency in CD38+ plasmablasts in the presence of 2.5uM or 5uM hemin relative
{0 no hemin treatment in stimulated nalve B ceils from HD, Allo{} and Alio{+) SCD patients,
FiG, 6E: Naive B cells from HD were cultured with 20% SCD patients’ sera from Allo{s) or
Allo{+) patienis and stimulated with B cell activation cockiall for 7 days as describsd.
Frequency of CD38+ plasmablasts is shown. FIG. 6F: Fold change of proliferated B cell
frequency (within total, live B celis) in the presence of 2.5uM or 5uM hemin relative to no hemin
treatment in stimulated naive B cells from HD, Allof-} and Alio(+) SCD patients. FIG. 8G: The
change and fold change of live cell frequency in {otal 7-day stimulated HD B cell in the

presence of different concentrations of hemin.

{0017} FIG. 7A-C. Effect of heme on B cell STAT3 phosphoryiation pathway. FIG. 7A
Frequency of p-Pyk2, p-SRC, and p-SYK positive cells following stimulation of naive HD B
cells for 15, 30, 60 mins as described in FIG. 2A. FIG. 7B-lsft. Representative histogram
overlays of p-STAT3 (light gray: isolype control, medium gray: without heme; dark gray: with
heme) in overnight stimulated naive HD B celis in the absence or presence of heme (10ubf).
FIG. 7-right: Adjusted mean fluorescence intensity (MF1) to measure p-STAT levels withouwt or
with hemin. FIG. 7C. Relative DOCKS levels (MF1) in circulaling CD4+ T celis and monocyies
from HD, Alled) and Alla{+) patients.

[0018] FIG. 8A-B. Effect of iron chelation in the presence of heme on plasmablast
differentigtion. FIG. 8A: Frequency of CD38+ plasmablasts in 7-day stimulated HD naive B
cells (as in FIG. 1A) treated without and with 5uM iron chelator deferoxamine (DFO) in the
absence or presence of hemin (2.5uM). FIG. 8B Purifisd HD naive B cells were stimulated
with B celi aclivation cocktail for 7 days. Contour plots showed higher HO-1 expression in
DOCKShi B celis (left) and CD27hi expressing B cells ({right).

{0019] FIG. 8A-B: Effect of quinine on B cell DOCKE expression. FIG. 8A: Fold difference
in DOCKE expression relative to no treatment in proliferated B cells {as in FIG. 2C) following
stimulation of purified HD naive B cells for 7 days treated with different doses of quinine in the
presence of 2.5uM and S5uM hemin. FIG. 9B: The frequency of ive cells in the entire 7 day
cultures in the presance of different doses of hamin and quinins.
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00207 FIG. 10A-C. Effects of heme and quinine on mouse B cell differentiation in vifro:
Splenic B cells were purified from C57BL/BJ mice (n=3), stained with CFSE and cultured
(5X104/well) for 7 days in the presence of anti-mouse IghM, 1gG Flaby: (10ug/mb), anti-mouse
CD40 antibody (Tpog/mi) and CpG {(ODN1828) {(1ug/miy without or with different doses of
guinine and in the absence or praesence of 2.5uM or 5uM concentration of hemin. Fold
gifference in proliferated B cells (FIG. 10A) and CD138+ plasma B celis (FIG. 10B8) are shown.
FiG. 100 Representative experiment in SCD mice following transfusion of RBCs expressing
human GPA (huGPA RBCs) collected from mice transgenic for human GRA in the absence or
presence of quinine {QA). Briefly, mice were transfused twice with 100mi of huGPA RBCs,
each transfusion given one week apart. Mice were treated intraperiioneally twice per day with
QA (1Zmg/kg, reported {o maintain ssrum quinine levels at 0.5~1uM) or the same volume
PBS. Levels of anti-GPA antibody in plasma were measured 7 days after the last transfusion
by flow cytometry.

[0021] FIG. 11. DOCKS/STAT3 signaling pathway blockade and HO-1 expression: Fold
change in in HO-1 expression in proliferated B cells from 7-day stimulated HD naive B cslls
tregted with SYK inhibitor, Syk Inhibitor i, relative 1o no SYK inhibilor.

{0022} FIG. 12 depicts a diagram of inflammasome signaling pathway.

f6023) FIG. 13A-D depicts human monocyles isolated from peripheral blood were cultured
with LPS for 3 hours o prime pro-iL-18 production followed by addition of various NLRPF3
pathway agonists o trigger IL-18 secrstion without or with therapeutic reagents including
hemin, quining or hemin plus quinine (all at 2.5uM concentration for all experiments except
the dose response studies in FiGs. 138 and C). Leveis of IL-18, IL-6 and TNF-a in the culture
supematanis was analyzed 30min (for ATR treatment) or 2 hours (for nigericin and imiguimod)
after addition of NLRP3 agonists. FIG. 13A; The effect of hemin, quining and hemin plus
guinine on HL-18 secretion triggered by various NLRP3 agonists, FIG. 13B: The dose
dependent effect of hemin, quinineg and hemin plus quinine, FIG. 13C: The effect of QA, CQ,
AQ, and DHA in the presence/absence of hemin. FiG. 13D: The effect of hemin, quinine, or

hemin plus guinine on IL-8 and TNF-q.

f0024] FIG. 14 depicts human monocytes isclated from peripheral blood was cultured with
LPS for 3 hours to prime pro-ll-18 production followed by addilion of ATP {o trigger 118
cleavage without or with 2.5uM hemin plus qguinine. After 30 min, cells were harvested and

leveis of pro-iL-18 and cieaved L-15 analyzed by western blot,

[0025] FIG. 15 depicts human monocyles isolated from peripheral blood cultured with LPS
for 3 hours to prime pro-lL-15 production followed by addition of NLRC4, NLRP1, AIMZ and
non-canonical nflammasome pathway agonists to induce IL-15 secretion together with hemin,
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guinine or hemin plus guinine. Levels of IL-15 level in the culture medium at 3 hours post

addition of agonists are shown,

[0026] FIG. 16A-B: Mice were LP. injected with alum (700ug/mice) along with D-PES as
control or quining + heme (Q+H) as treatment. Levels of {L-1B, IL-6 (F1G. 16A) as well as
numbers of white blood cells, including neutrophil, monocyte T and B cells (FIG. 16B) in the

periioneal cavity at 16 hours post injection are shown.

[0027] FIG. 17A-B. FIG. 17A SCD mice were |P. injected with alum (700ug/mice) along
with D-PBS as control, hemin, quining, or Q+H. Mice survival were monitored for 24 hours,
FIiG. 11B: The effects of hemin, quinine, G+H on IL-18 were tested in monocytes from SCD

patients treated with NLRP3 inflammasome agonists nigericin and imiguimod.

DETAILED DESCRIPTION

{0028} This disclosure is focused on hemolysis and inflammasome associaled
complications in sickie cell disease (SCD) and other diseases with inflammasome activation,
Disclosed herein is that cell-free hemefhemin released by hemolysis may modulate the risk,
intiation and development of these complications including humoral immune responses {o
fransfused red biood cell and pain crisis. By scereening muiltiple heme-binding small molecules,
it was determined that quinine showed sirong biologic activities including inhibiting B cells
maturating into antibody secreting cell {(plasma cells) and innate immune cells secreting
inflarmmatory cytokines in the presence of free heme or hemolysis but not in the absence of
heme or hemolysis, These data indicate that through its ability {0 bind {0 heme, during
hemaohytic crises when there are high in vive free heme levels, guinine alone could be used io
inhibit defrimental antibody production, such as delayed hemolytic reactions after red cell
fransfusions, and prevent inflammalory cvickine secrefion, such as during pain orisis. Quinine
may also inhibit complications in other hemoltic diseases with overt intravascular hemuolysis,
Furthermore, a dose of an in vitro mikdure of quinine plus heme is useful to inhibit detrimental
antibodies and inflammatory cytokines production in the case of low or no in vivo hemolysis,

{0029] Hemolysis-associated diseases include any condition which causes lysis of red
biood celis. Hemolysis inside the body can be caused by a large number of medical
conditions, including infection by many Gram-positive bacteria {(e.g., Sirepfococcus,
Enterococcus, and Staphviococcus), infection by some parasites (e.g., Plasmodiunm, some
autoimmune disorders (e.g., drug-induced hemolytic anemia, atypical hemoiytic uremic
syndrome (aHUS)), and some genetic disorders {e.¢., sickle-cell disease or GERD deficiency).
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f0030] inflammasome-associated  diseases are inflammatory  diseases in which
inflammasome activation is critical for disease initigtion, development, treatment, and/or
prognosis. These dissases include infectious diseases, autoimmune diseasss, cancer,
metabolic disorder, and other diseases including SCD.

{0031} Sickle cell dissase (SCD) is an inheritad group of blood disorders. The most
common type is known as sickle cell anemia. Sickle cell disease results from a mutation in
the oxygen-carrying protein hemoglobin found in red blood cells leading o the red blood cells
assuming a rigid, sickle-like shape under certain circumstances such as temperature changes,
stress, dehydration, and high altitude. Symptoms of sickle cell disease typically begin around

5 1o 6 monihs of age.

f0032] The loss of red blood cell elasticity is central {o the pathophysiclogy of sickie celi
disease. Normal red blood cells are quite elastic and have a biconcave disc shape, which
allows the cells to deform to pass through capillaries. In sickle cell disease, low oxygen
fension promotes red blood cell sickling and repeated episodes of sickling damage the cell
membrane and decrease the cell's elasticity. These cells fail to return to normal shape when
normal oxygen fension is restored. As a consequence, these rigid blood ceils are unable o
deform as they pass through narrow capillaries, leading {0 vessel scclusion and ischemia.
The actual anemia of the liness is caused by hemolysis, the destruction of the red cslls,
hecause of their shape, Although the bone marrow attempls o compensate by creating new
red cells, # does not malch the rate of destruction.  Healthy red blood cells typically function
for 80120 days, but sickied cells only last 10-20 days. A hemolytic crisis occurs when there
is an acute accelerated drop in the hemoglobin level due o the breakdown of red blood cells.

f0033] Blood, and/or red cell, transfusions are used for prevention of complications
associated with SCD by decreasing the concentration of sickle hemoglobin in the blood. Some
patients receive transfusions every two to four weeks for their entire life. However, chronic
fransfusion therapy also has side effects including alloimmunization (development of
antibodies to the donor's red blood cells) despite rigorous biood group typing and matching,
and ron overload {reated by chelation therapy). Complications of hemolysis-associated
diseases include induction of a humoral immuns response {o transfused red blood cells,

inflammatory cylokine production, and pain.

{0034} in subjects with sickle cell disease, or a related disorder, physiclogical changes in
RBCs canresult in a disease with the following signs: {1} hemobdic anemia; (2} vaso-occlusive
crisis; and (3} multiple organ damage from microinfarcts, including heari, skeleton, spleen,

and central nervous system.
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f0035] SCD is a form of hemolytic anemia, with red cell survival of around 10-20 days.
Approximately one third of the hemolysis occurs intravascularly, releasing free hemoglobin
{plasma free hemoglobin [PFH]) and arginase into plasma. PFH has been associated with
endothelial injury including scavenging nitric oxide (NQO), proinflammatory stress, and
coagulopathy, resulling in vasomotor instability and proliferative vasculopathy. A hallmark of

this proliferative vasculopathy is the development of pulmonary hypertension in adulthood.

[0036] Vaso-occlusive crisis ocours when the circulation of blood vessels is obsiructed by
sickled red blood cells, causing ischemic injuries. The most common complaint is of pain, and
recurrent episodes may cause irreversible organ damage. One of the most severe forms is
the acule chest syndrome which occurs as a result of infarction of the lung parenchyma. Vaso-
occlusive crisis can be accompanied by a pain crisis which can ocour suddenly and last

several hours to several days.

f0037] The pain can affect any body parl. i ofien involves the abdomen, bones, joints,
and soft tissue, and it may present as dactylitis (bilateral painful and swollen hands and/or fest
in chiidren}, acute joint necrosis or avascular necrosis, or acute abdomen. With repeated
episodes in the spleen, infarctions and autosplenectomy predisposing to life-threatening
infection are usual The liver aiso may infarct and progress to failure with time. Papiliary
necrosis s a common renal manifesiation of vaso-occiusion, leading 1o isosthenuria (ie,

inability to concenirate uring).

{0038} Severs deep pain is present in the exdremities, involving long bones. Abdominal
pain can he severe, resembiing acute abdomen; it may result from referred pain from other
sites or intra-abdominal solid organ or soft tissue infarction. Reactive leus leads to intestinal

distention and pain.

{0039} Bone pain and abdominal pain may be presant. The face also may be involvad,

FPain may be accompanied by fever, malaise, and leukooyiosis,

{00407 Skeletal manifestations include, but are not limited to, infarction of hane and bons
marrow, compensatory bone marrow hyperplasia, secondary osteomyelitis, secondary growth
defects, intravascular fhrombosis, osteonecrosis (avascular necrosis/aseplic necrosis),
degenerative bone and joint destruction, osteolysis (in acute infarction), articular
disintegration, myeslosclerosis, periosteal reaction (unusual in the adult), H vertebrae (steplike
endplate depression also known as the Reynold sign or codfish verisbrae), dystrophic
medullary calcification, bone-within-bone appearance, decreased density of the skulf
decreased thickness of outer table of skull due to widening of diploe, hair on-end striations of
the calvaria, osteoporosis sometimes leading to biconcave verlebrae, coarsening of
frabeculae in long and flat bones, and pathologic fractures, bone shortening (premature
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epiphyseal fusion), epiphyseal deformity with cupped metaphysis, peg-in-hole defect of distal
femur, and decreased height of vertebrae (short stature and kyphoscoliosis).

{0041} Renal manifestations include, but are not limited to, various functional
abnormalities such as hematuria, proximal tubule dysfunction, impaired potassium excretion,
and hyperkalemia; and gross anatomic alterations, for example, hypertrophied kidneys, with
a characteristic smooth, capsular surface,

{0042} Splenic manifestations include, but ars not limited to, enlargament, including rapid
and/or painful enlargement Known as splenic sequestration crisis, infarction, low pH and low
oxygen tension in the sinusoids and splenic cords, functional impairment, autosplenactomy
(fibrosis and shrinking of the spleen in advanced cases), immune deficiency and increased

risk of sepsis.

f0043] Other commuaon sympioms include lower serum immunoglobulin M (g levels,
impaired opsonization, and sluggish allemative complement pathway activation, increase
susceptibility to infection pneumonia, bronchitis, cholecysiitis, pyelonephritis, cystitis,
osteomyelitis, meningitis, and sepsis and other challenges from infectious agents including,
but not limited o, Mycoplasma pneumoniae, Salmonella typhimurium, Staphylococcus
aureus, and Escherichia coli; growth delays or maturation delays during puberly in
adolescents, hand-fool syndrome, acute chest syndrome, stroke, hemiparesis, hemosiderin
deposition in the myocardium, dilation of both ventricles and the lsft atrium, cholslithiasis,
paracrbital facial infarction, retinal vascular changes, proliferative retlinitis, loss of vision, leg
uicers, priapism, avascular necrosis, and pulmonary hypertension.

f0044] Red blood cell alloimmunization remains a barrier for safe and effective
fransfusions in SCD, but all the associated risk factors remain largely unknown. Infravascular
hemoilysis, a halimark of SCD, resulls in the release of heme with polent immunomodulatory
activity, although iis effect on SCD humoral response, specifically alloimmunization, remains
unclear. Cell-free heme suppresses human B cell plasmablast/plasma cell differentiation by
inhibiting the DOCKE/STATS signaling pathway, which is critical for B cell activation, as well
as by upregulating heme oxygenase 1 (HO-1) through its enzymatic byproducts, carbon
monoxide and biliverdin, Whereas non-alicimmunized SCD B cells are inhibited by exogenocus
heme, B celis from the alloimmunized group are non-responsive 1o heme inhibition and readily
differentiate into plasma cells. Consistent with a differential B cell response o hemolysis,
slevated B cell basal levels of DOCKSE and higher HO-1-mediated inhibition of activated B cells
s seen in non-alicimmunized compared fo alloimmunized SCD patlients, To overcome the
alloimmunized B cell heme insensitivity, we screened several heme-binding molecules and

identified quining as a polent inhibilor of B cell activity, reversing the resisiance 1o heme
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suppression in alloimmunized patients. B cell inhibition by quinine only occurs in the presence
of heme and through HO-1 induction. Thus, hemolysis can dampen the humoral B cell
response and B cell heme responsiveness may be a delerminant of allcimmunization risk in
SCD. Quinine, by restoring B celi heme sensilivity, has therapeutic potential to prevent and

inhibit alloimmunization in SCD patients.

{0045] Differential innate immune controf of T cells skews between non-alloimmunized
and alloimmunized SCD patients under hemolytic conditions, in part due {o differences in
monoeyte levels of HGC-1, an immuncreguiatory enzyme with anti-cytotoxic, and anti-
inflammatory properties. Differences in heme-mediated NF kb activation and maturation of Tw1
polarizing dendritic celis are found between alioimmunized and non-alloimmunized SCD
patients. However, direct effects of hemolysis on human humoral immune cell response and
REBC alloimmunization remain largely unknown. With respect {o the effecis on B celis, a siudy
in mice (Watanabe-Matsui M, et al. Blood. 2011:117.5438-5448) showed that heme increases
plasma B cell differentiation and g production through binding and induction of Bach2
degradation. In addition, mitochondrial-derived reactive oxygen spacies (ROS) inhibit mouss
plasma cell differentiation by reducing endogencus heme synthesis. However, the effect of
heme on human B cells has not vet been studied. Src-Syk-Stai3 activation through DOCKS,
an adaptor protein that binds to free heme, is important for B cell activation and function.
Interestingly, DOCKS8-deficiency is associated with impairment of memory B cell and margin
zone B cell devalopment. Free hems, through binding to DOCKS, may inhibit B call activation
and that differential heme signaling in B cells via STAT3 may dictale whether humoral

immunity against transfused celis is aborted (hon-alloimmunized} or induced (alicimmunized).

{0046} Thus, disclosed herein is the use of heme and heme-binding molecules in the
reduction of alloimmmunization and resultant sequelas in patients with a hemolysis-
associated disease. In some embodiments, the hemolysis-associated disease is a sickle cell
disease., Exemplary heme-binding molecules include, but are not limited {o, quinine and

quinine derivatives.

{0047} Quinine ((Ry-{(B-Methoxyquinolin-d-yl}{{1 8,28 48, 5R)-5-vinyiguinuclidin-2-yi}
methanol) is an antiprotozoal and an antimyotonic, and is known for the treatment of malaria
caused by FPlasmodium species, the treaiment and prophylaxis of nocturnal recumbency leg
muscle cramps, and the treatment of babesiosis caused by Babesia microfi, Quining is
structurally similar to quinidine, which is also an antiprotozoal, bul can function as an
antiarrhythmic. Quinidine has been associated with the prolongation of the QT inferval in a
dose-related fashion. Excessive QT prolongation has been associated with an increased risk
of ventricular arrhythmia. Although quinine is a diastersomer of quiniding, i does not cause
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QT prolongation to the same degree although # has bssn suggested that patients with a
history of cardiac arrhythmias and/for QT prolongation should carefully consider

taking gquinine as they may be at risk for arrhythmias.

f0048] ‘Pharmaceutically acceptable salts’ include derivalives of the aclive agent
{e.g. quinine), wherein the parent compound is modified by making acid or base addiiion salis
thereof. Also included are all crystalline, amorphous, and polymaorph forms., Examples of
pharmaceutically accepiable salts include, but are not limited 1o, mineral or organic acid
addition salts; and the like. The pharmaceutically acceptable salts include salis, for example,
from inorganic or organic acids. For example, acid salts include those derived from inorganic
acids such as hydrochioric, hydrobromic, sulfuric, sulfamic, phosphoric, nitric and the liks.
Fharmaceutically acceptable organic salts includes salls prepared from organic acids such as
acetic, trifluoroacetic, propionic, succinic, glycolic, stearic, lactic, malic, tartaric, ¢itric, ascorbic,
pameic, maleic, hydroxymaleic, phenylacetlic, glutamic, benzoic, salicylic, mesylic, esviic,
pesyiic, sulfaniiic, Z-aceloxybenzoie, fumarie, ioluenesulfonic, methanesulfonic, ethane
disulfonic, oxalic, issthionic, HOOC—(CH)--COOH where n is 0-4, and the like. Specific
guinine salts include quinine suifate, quinine hydrochioride, guinine dihydrochioride, and
hydrates or solvates thereof. As used herein, the term *quining” includes quinine salls. The
ferm “quinine derivative” includes any chemical derivative of quinine and includes, but is not
limited fo, guinacring, biguinclone, chioroquine, hydroxychioroquine, amodiaquing, guinine,

quiniding, mefloguine, primaquineg, lumefantrine, and halofanirine.

f0049] In some embodiments, guinine includes a pharmaceutically acceptable solvate,
inciuding hydrates of such compounds and salls thereof.

{0050] Hemin is an iron-containing porphyrin {ron(ilh) complex of protoporphyrin X} which
is administered intravenously for treatment of certain blood disorders. Hemin is also referred
{o as hematin.

[0051] The term “effective amount” or “therapeutically effective amount” means an amount
effective, when administered {0 a patient, to provide any therapeutic benefit. A therapeutic
benefit may be an amelioration of symptoms, &.g., an amount effective 1o decrease the
severity, duration, response to treatment, or incidence of one or more of the symptoms
disclosed herein.

{0052} The amount that is “effective” will vary from subject 1o subject, depending on the
age and general condition of the individual, weight of the individual, including mass or surface
area, the particular active agent, and the like. Thus, it is not always possible to specify an
exact “effective amount.” However, an appropriate “effective” amount in any individual case
may be determined by one of ordinary skill in the art using routine experimentation. In certain
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circumstances a patient may not present symptoms of a condition for which the patient is being
freated. Atherapeuticaily effective amount of an active agent may also be an amount sufficient
o provide a significant positive effect on any indicium of a disease, disorder, or condition, e.g.
an amount sufficient {o significantly reduce the severity of a SCD, or the risk or frequency of 2
pain or vaso-occiusive crisis. A significant effect on an indicium of a disease, disorder, or
condition is statistically significant in a standard parametric test of statistical significance. In
some embodiments, a therapeutically effective amount of quinine is a dose of 2-10 mglkg
twice daily. In some embuodiments, the dose of quinine is 5 mg/kg. In some embodiments,
the dose is 324 mg twice a day. In some embodiments, the patient does nothave heart failure,
myasthenia gravis, oplic neuritis, or & known hypersensitivity to quinine, mefloquine, or
guinidine,

[0053] Cuinine dosage forms existing as liguids, solutions, emulsions, or suspensions can
be packaged in & container for convenient dosing of pediatric or gerialric patients. For
example, prefilled droppers (such as eye droppers or the like), prefilled syringes, and similar
containers housing the liguid, solution, emulsion, or suspension form are contemplated.

{0054] in some embodiments, the methods disciosed herein comprises administration of
a combination or quining, or a salt or derivative thereof, and hemin. As used herein, the term
‘combination” refers 1o adminisiration of both compounds and does not limit the administration
{0 a single formulation that contains both quinine, or a salt or derivative thereof. In some
embodiments, quinine is administered orally and hemin is administered intravenously. The
wo components of the combination may be, bul are not necessarily, administered at the same
fime or on the same schedule. However, they should be adminisiered in sufficient proximity in

time that both components are present together in the body.

{0055} Also disclosed hersin are inhibiing plasma cell differentiation comprising
administration of a combination of quinine, or a derivative or salt thereof, and hemin. In
additional embodiments, disclosed hersin are methods of inducing expression of HO-1
comprising administration of a combination of quinine, or a derivative or salt thereof, and

hemin.
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EXAMPLES

Example 1. Hemolysis Inhibits Humoral B Cell Responses and Modulates
Alloimmunization Risk in Patients with Sickie Cell Disease

[0056] Materials and Methods:

fO05T] Human samples, All studies were approved by the institutional Review Boards of
the New York Blood Center (NYBC) and Montefiore Heaith Center, Qur cohort of SCD patients
(n=24, median age:i8 years, range 13-38; 33% {(n=8) females) were on a chronic red cell

fransfusion therapy (every 3-4 weeks for al least two years using leukodepleted unils,
phenotype matched for C, E and K red cell antigens), were all infectious-free at the time of
blood sampling (Table 1} and stable with no recorded inflammatory 3CD complications at the
time of the blood draw for the study. Patienis were grouped either as Allo(-) (n=12), having
had no history of antibody production or Allo{+) (n=12} with 2 history of having produced at
least one alicantibody. Of the 12 Allo{s) patients, § patients had deteclable alloantibodies atl
the time of the blood draw. The blood samples from SCD patients were processed within 18
hours after coliection. For circulating DOCKS expression studies in healthy controls, peripheral
biood samples from de-identified, race-maiched healthy donors were used. Leukocvie
enriched products from de-identified healthy donors were used for purification of B cells for in

vifro culture studies.

{6058] Antibodies and Reagenis. Antibodies were purchased from commercial sources:
anti-human CD19 (PE-Cy7, Cali#bb2854, BD Bioscience}, anti-human CD38 (BV7SE,
Cat#: 563964, BD Bioscience), anti-human CD27 (BV711, Cal#: 564893, BD Bioscience), anti-
human 1gG (BV421, Cat¥# 562581, BD Bioscience), antib-human Blimp-1 (PE, Cati 564702,
BD Bioscience), anti-Pyk2 (pY402) (AlexaBd?, Cal#bo02h6, BD Bioscience), anti-Src (pY418)
(PE, Cat#5800%4, BD Bioscience), Ant-ZAP70 (PY319)/Syk (PY352) (Alexasd?,
Cat#:557817, BD Bioscience), anti-STATI Phospho (Tyr705) (Alexa 647, Cal#ssi008,
Biclegend}, anti-human HO-1 (Cat# MA1-112, Thermo Fisher Scientific.). The anti-human
HO-1 antibody was conjugated with APC using Lightning-Link® ARPC Antibody Labeling Kit
(NOVUS Biclogicals). Other reagents purchased included hemin (Frontier Scientific), tin

protoporphyrin X (SnPRIX, Frontier Scientific), carbon monoxide releasing molecule-3
{(CORM-3, Millipore-Sigma), biliverdin (Millipore-Sigma),  quinine  {(Millipore-Bigma),
chioroguine (Milliporse-Sigma), amodiaguing (Millipore-Sigma), dihydroartemisinin (DHA,
Millipore-Sigma). Syk inhibitor I Millipore-Sigma).

[0059] Hemin and RBC lysate preparation. Hemin, dissolved in dimethy! sulfoxide

(OMSO), stock concentration 10 mM, was diluted to 100uM with serum-free RPMI 1640 culture
medium just prior to addition to B cell cultures. For short-term experiments lasting less than

14
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24 hr, a final concentration of 10uM hemin was ussd whereas for longerlerm culture up o 7
days, 2.5-5uM final heme concentration was used. RBC lysates were freshly prepared
{confaining ~80g/L hemoglobin) for same day use. Briefly, 4ml whole blood from healthy
donors was passed through Acrodise WBC syringe filter (Pall Corporation) {o remove white
biood cells followed by two washes with Dulbecco's Phosphate Buffered Saline (D-PES)
(200xg, 10 min at room temperature with no brake) for removal of platelets. The RBC pelist
was lysed with 3 times volume of distilled water for 10 min at 37°C. Cellular debris was pelleted
by centrifugation at 4000xg for 10 min at 4°C. The RBC lysate was transferred 10 2 new tube
and 1/9 volume of 10X D-PBS added. Prior {o addition to the B cell cultures, the lysate was
diluted with no serum RPMI 1640 using a final concentration of hemoglobin as ~2g/L (high

dose), the highest B celf tolerating dose that did not induce cytotoxicity, or ~1g/L. (low dose).

{60607 Cell isolation and culiure. Peripheral blood mononuciear cells (PBMCs) wers

prepared by Ficoli (GE Heathcare) density gradient centrifugation from healthy donor leukopak
products as well as from sickle peripheral blood apheresis waste bags. Human naive and
memory B cells were isolated from PBMCs using & human memory B Cell Isolation Kit
{(Miltenyi Biotec) by collecting CD27- B cells (naive B cells) and CD27+ B cell (memory B celis)
separately. The purity of naive and memaory B calls, as measured by flow cytometry, was about
05% (93-88%). RPMI 16840 culture medium was used for all cell culiure experiments
{supplemented with 10% FBS, 100-unit peniciliin-streptomycin, 10uM HEPES, 1mM sodium
pyruvate, all from Thermo Fisher Scientific). Purified B cells were stained with CFSE {Cat#:
34554, Thermo Fisher Scientific) and cultured in U-bottom 98 well plates (2.5x10%well/200u
culiure medium} in the presence of goat anti-human IgA + IgG + IgM {(H+L) Fab'); fragment
(2. 5ug/mi, Jackson ImmunoResearch), CD1584 (10ng/mi, R&D Sysiems,) and CpG (ODN
7909, inM, Cat# Hi-2006-1) without -2 for analysis of only CD38+ plasmablast
differentiation or with IL-2 (5ng/mi, Cat# 1081-1L-020, R&D Systems) in experimenis to detact
CD27"Blimp-1+ plasma celis. In addition, heme and various inhibitors were added o the

cultures at the stari point and incubated for 7 days.

{0061} Hemopexin _neutralization, Hemopexin (stock concentration 500ubM, low
endotoxin, Athens Research) was diluted to 25uM with no serum RPMI 1640 and mixed with
RBC lysate (hemogiobin ~10g/) or free hemin (25uM) followed by incubation at 37°C for 30
min. The same concentration of RBC lysate or free hemin was also incubated at 37°C for 30
min as control. After 30 min, these were immediately added to B cells equivalent 1o 1/10
volume of the cultures for 7 days.

[0062] Plasma sample preparation and celifree heme analysis. Whole blood was

centrifuged for 10 min at 200xg at room temperature with acceleration 1 and deceleration 0
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and the separated plasma was re-centrifuged twice, first at 1200x=g for 15 min and then
2500x%g for 10 min, both times at room temperature and with no breaks on to remove platelets,
The plataist free plasma was aliguoted and kept at -80°C. Hame concentration was analyzed
using QuantiChrom™ Heme Assay Kit (BivAssay Sysiems) following the manufaciurer's
instructions.

{0063} Flow cviometric analysis

{0064} Cultured celis: stimulated B cells were transferred into U bottom 26 well plate and
washed with 200 MACS buffer (D-PRS containing 0.5% BSA and 2mM EDTA) at 300xg for
5 min at 4°C. After one wash, celis were stained for surface expression of CD19, CD33, CD27
using 25yl staining buffer (anti-CD19, CD38, CD27 antibodies, diluted 200 fold with MACS
buffer} for 30 min at 4°C. Afler one wash with 200 @ MACS buffer, cells were resuspended in
1001 D-PBS and 504 Fixable Viability Dye eFluor™ 780 (1000 fold diluted with D-PBS,
Thermo Fisher Scientific) was added for dead cell delection for & min al room {emperagture,
Cells were washed one time with MACS buffer and 100ul D-DPS was added just before flow
cytometric analysis (LSRForiessa flow cytometsr, BD Bioscience). For intraceliular staining of
IgG, Blimp-1 and HG-1, samples were first washed with 200ui MACS buffer before addition of
150Ul Fixation/Permeabilization buffer (Thermo Fisher Scientific) for 45 min at 4°C. After
fixation, samples were washed twice with 1X Permeabilizgtion buffer (Thermo Fisher
Scientific) and stained with 25yl infraceliular staining buffer (anti-human 1gG, DOCKS, Blimp-
1, HO-1 antibodies, diluted 200 fold with 1X Permeabilization buffer) for 45 min at 4°C, after
which the cells were washed twice with Permeabilization buffer and 100ul D-DPS was added

prior to flow cytometric analysis.

{0065] Frotein phosphorylafion analysis: B cells were short-term (maximum overnight)
stimulated using the same B cell activation cocktail as above in the absence or presence of
hemin (10ulM) afler which B cells were fixed with the same volume pre-warmed Phosflow Fix
huffer | (BD Bioscience) for 10 min at 37°C. After that, celis were washed twice with MACS
buffer (400xg, 4°C, 5 min} followed by addition of 0.4mi Perm buffer 11l (pre-chilled in -20°C,
BD Bioscience) for 30 min on ice. Afler two washes with MACS buffer, samples were slained
with staining buffer (antib-Pyk2{pY402}, SYK{(pY318), SRC({pY 418}, and STAT3{pY705), 100
foid diluted with MACS buffer) al 4°C for 45 min, washed and analyzed by flow cylomelry,

[0066] intraceliular DOCKS and HO-1 expression analysis in peripheral blood: peripheral
Hood samples, collected from healthy donors and SCD patients (just before RBC transfusion,
were first stained (100p) with fluorescently conjugated anti-CD19 and CD27 antibodies (1/100
volume)} for 30 min al room temperature prior {o lysis with 3mi RBC lysing buffer (BD

Bioscience) at room lemperature for 8 min. After washes with MACS buffer (300xg, 4°C, &
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mirg, the cells were foeed with 400yl Fiation/Permeabilization buffer for 45 min at 4°C, after
which the samples were washed twice with 2ml 1X Permeabilization buffer and mixed with
50u intraceliular staining buffer (anti-DOCKS antibody, 1/100 volume, and anti-HO-1 antibody,
1/200 volume, in 1X Permeabilization buffer) for 45 min al 4°C foliowed by washes and

analysis by flow cytometry (LSRFortessa flow cytometer).

{0067} Statistical analysis.  Dala are represented as mean values £ SEM. GraphPad

Prism {GraphPad Software) was used for statistical analysis and figure presentation. Two-
{ailed Student’s tlest {(paired or unpaired) was used o determinale statistical significance, and

r values <0.05 were considered as statistically significant.
{6088} Results

[0068] Hemolysis inhibits plasmablast cell differentiation. To {esi the effect of free
heme on human B cell activation, purified circulating naive (CD27) and memory B cslls
(CD277) from HDs, labeled with CFSE, were subjected o polycional activation to induce
antigen-independent differentiation into antibody secreting cells, in the absence or presence
of cell-free heme. After 7 days, the extent of proliferated (CFSEM™) CD19" B cells and
plasmabiast differentiation (CDI19OYCD38M) including [gG" isolypse switched B cells
{CD1YCD38YMgGh within live B cells (FIG. 6A) was measursd by flow cylomstry (FIG. 1A
and FIG. 6C). Based on our previous study in monocovytes, the effect of 2.5uM heme was lested
first. In contrast to a minor inhibition of B cell proliferation, exogenous heme had a robust
inhibitory effect on differentiation of naive B cells into plasmablasts (FIG. 1B, p=8.0816). The
inhibitory effect was dose-dependent, with 6.8%+1.3% inhibition of B cell proliferation and
52.7%£8.0% inhibition of plasmablast cell differentiation at the highest concentration tested
(Budhy (FIG. 10, Interestingly, heme had no effect on memory B cell prolifergtion or
differentiation (FIG. 88). Similarly, B cell class swiich recombination, measured as percent
IgG" B cells in proliferated B cells and plasmabiast cells, was not affected by hems FiG. 6C-
). The B cell analysis was restricied to live celis only and that even at the highest dose of

heme used, the percentage of viable B cells were high (FIG. 8G).

[0070] RBC lysates also induced a similar inhibition of plasmablast diffsrentiation (FIG.
1D, p=0.0017). Pre-incubation of RBC lysats (1g/L hemaglobin) or free heme (2.5ub} with
hemopexin (a8 heme scavenging protein, 2.5ulM) reversed the inhibitory effect (FIG. 10,
further confirming that inhibition was specific o heme. Allogether, these dala suggest that
plasmafree heme inhibits naive B cell activation predominantly at the plasmablast B cell

differentiation stags.
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f0071] Altered B cell heme response in alloimmunized patients with SCD.

{6072}
alloimmunization in hemaolvtic disorders such as SCD. We compared levels of intravascular

The inhibitory effect of heme on B cell activation may modulate the risk of

hemolysis, specifically total plasma heme levels, belween alloimmunized (Allo{+)) and non-
alloimmunized (Allo{-)) patients with SCD receiving iransfusions, bul did not find any
significant differences either before or afler transfusion (FIG. 1E), suggesting that
infravascular heme levels do not correlate with alleimmunized or non-alloimmunized stale of
a SCD patient. Similarly, no differences were found in any hemuaoiviic indicator such as HbS%,
reficulocyle percent, LDH, hemopexin, haptogiohin or bilirubin levels (Table 1), and
differentiation of HD naive B cells into plasmablasts was comparable in the prasence of sera
from Allo{-} or Alle{+) SCD patients (FIG. 8E). We next {ested whether B cell responses to
cell-free heme differed in these 2 groups of patients. In the absence of heme, naive B cslls
from Allo(-} and Allo{+) SCD patients differentiated comparably into plasmablasts (FIG. 1F).
However, B cells from Allo(-) patients were more sensitive to the effects of heme than Allo{+)
SCD patients (FIG. 1G) with 58.6%+7.3% inhibition of plasmablast B cell differentiation in
Allo{-y SCD patients but only 16%x8.7% in Allo(+) SCD patients at the highest heme (BulM)
concentration (Allo(-} vs Allo(+), p=0.0039). Consistent with the minor effect of heme on
heaithy donor (HD} B proliferative responses (FIG. 1B), the effect of heme on B cell
profiferation did not differ between Allo() and Allo{+) patients (FIG. 6F). These data indicate
that Allo{), but not Allo{+), SCD B cells are sensitive {0 the effects of heme, and that their
differentigtion into plasma cells is inhibiled by hemolysis, raising the possibility that this
inhibitory effect of hame may lower the risk of RBC alloimmunization, but only in the Allo(-)
SCD group.

Table 1.
Aoy (n=12) Allo{+) (n=12) P value
{AveragezS.D) {AveragexsS.D)

History of Spleneciomy | 9of 12 7of12

WBC O 0®/ul) 11.0£3.8 12.6£2.2 0.22615
Neutrophil (x10%ub 74128 80415 0.50134
Lymphocyte (x10%ul) 2.2+0.8 25208 0.23106
Monooyte (x10%/ul) 0.820.3 $.8+0.1 0.11802
Platelet 0105/l 409.8+70.5 42535973 0.72271
Hgh (g/dh 911 3.6x0.9 0.35888
retic count % 11.8+4 .6 12.4%3.1 (.73628
ratic# /i 361.7¢103.5 420721037 0.21848
HghS % 38.2x11.4 37.5£7 .8 0.86117
transfusion (unit) 518.7+218.3 79124382 0.19468
Hemopexin (ug/mb 329.7+276 58914989 0.2195
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Alloy (n=12) Allo{+) (n=12) F value
{AveragexS3.0) {Averagexs.0)

Haptoglobin (ug/mb 43.5+52 4 57.8:4886 0.68313
Total heme (M) 100.7248.7 113.7£38.8 0.50682
LEH (L) 537.6x192.9 492321116 0.70605
Total Bilirubin 7.7+54 3620 0.12087
direct Bilirubin 1.742 .4 0.540.3 0.21284
ALT 352257 4281504 3.71074
AST 58123.8 50.3£47.3 0.77286
T.L: recurrent VOO 33% 50% .34 11
T.1: stroke prevention 58% 58% 0.6933
T.1.: Spleen 25% 33% 0.8077
Sequesiration

Hemolysis associated indicators in SCD patients {(n=24) receiving chronic RBC exchangs,
comparing Allo(-) (n=12) and Alio(+) (n=12) groups. VOC: vaso-occlusive crisis; T.=
fransfusion indication

[0073]

signaling pathway.

Cell-free heme inhibits plasma cell differentiation through the DOCKS

f00743
inhibit monocyte/macrophage phagoceyiosis through the DOCKS-Cde4? signaling pathway.
DOCKB/STATS signaling pathway activation, leading to phosphorylation of Pky2, SYK, SR(C,
and STAT3, has also been reporied to be critical for B cell activation, although the effect of

it has been shown that plasma free-heme can directly bind {o DOCKS protein and

heme on this gotivation pathway was not examined. To test whether DOCKE/STATS signaling
is inhibited by celi-free heme during B cell activation, we analyzed the phosphoryiation of Pyk2,
SYK, SRC, and STATS following shori-term stimulation in the presence or absence of heme
(1OuM) by intracelivlar flow oytometric analysis. In the absence of heme, stimulation of HD B
cells induced phosphorylation of Pyk2, SYK, 8S8RC, and STAT3, (FIG. 2A). Heme treatment
resuied in significant reduction in the levels of phosphoryiated (p)- Pyk2/ISYK/SRC/STATS
(FIG. 2B) {(p=0.0088, 40063, 0.0081, 0.0313, respectively). The inhibitory effect of heme on p-
STATS was confirmed in overnight samples (FIG. 7B) Levels of p-Pyk2/SRC/SYK wers
decreased by 60 min and were not analyzed afier that time point (FIG. 7A). These data indicale
heme-mediated reduction of several key phosphoproteins in the DOCKE/ETATS signaling
pathway in B cells, consistent with inhibition of B cell DOCKE/GTATS activation by heme.

{0075}
dgifferentiation. Strikingly, we found that stimulated B cells could be divided into DCCKS high
(DOCKE™ and DOCKS low (DOCKS") cell subsets based on DOCKS expression (FIG. 2C,
leff). Using CD27 and Blimp-1 as plasma cell markers, we found that CD27"Blimp-1" plasma
celis were mostly within the DOCKS" rather than the DOCKSE® subset (FIG. 2C, right). Heme

We next tested the effect of celi-free heme on DOCKE signaling during B cell
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freatment led to inhibition of CD27"Blimp-1" plasma cell differentiation (FIG. 2D, p=0.0195).
We also found a dose-dependent decraase of DOCKSE exprassing cells in stimulated B cells,
with a more robust reduction in DOCKE" than DOCKE" subsets (61.6%%6.5% vs 34.1%+5.9%
at SuM; p=0.0084, FIG. 2E), suggesting that DOCKS" cells are preferentially inhibited by heme
and that heme inhibits plasma celi differentiation by targeting DOCKE" activated B celis.

{007 6] Totest whether DOCKS expression is associaled with differential heme responses,
we measured intracellular DOCKS expression in circulating B cells, and as controls, in T cells
and monocytes, Almost all B cells were DOCKSE positive, but DOCKS levels were significantly
higher in Allo(-) as compared fo Alio(+) B cells (FIG. 3F, p<0.0001). Importantly, heme
inhibited DOCKS™Y B cells and CD27"Rlimp-17 plasma cell differentiation in Allo(-) SCD
patients but not in Alio{+) patients, suggesting thal DOCKS expression levels may be

associated with heme response in B cells and SCD alloimmunization risk,
[0077] Heme inhibits B cell activation through modulation of HO-1 enzyme activity.

[0078] The inhibitory effect of heme on B cell activation may involve other signaling
pathways than just DOCKE/STATI. HO-1 is a key enzyme for heme degradation with multiple
biologic acthvities attributed {o ils enzymatic byproducts. We analyzed HO-1 expression levels
in human B cells before and after stimulation with our polyclonal B cell activation cocklail. HO-
1 expression was low in B cells before stimulation (FIG. 3A, lefl-side), bul increased
significantly following stimulation, mostly in CD38+ plasmablasts (FIG. 3A, righi-side) and was
further induced by freatment with heme (FIG. 3B). We also found higher HO-1 levels in
DOCKS" plasma celis (FIG. 8B).

f0079] To examing the role of HO-1 enzymatic activity in heme-mediated inhibition of B
cell activation, B cells were stimulated in the presence of heme without or with SnPRIX
{2.5uM), a competilive HO-1 inhibitor which blocks iis aclivity. Preireatment with heme or
SnPRIX alone or heme+SnPRIX had little io no effect on B cell proliferation (FIG. 3C),
indicating that HO-1 was largely devoid of pro- or anti-proliferative activity. In contrast, heme-
mediated inhibition of plasmablast cell differentiation was reversed by SnPPRIX, and
heme+EnPPIX treatment led to an even higher frequency of plasmablasis compared o no
freatment (FIG. 303, suggesting that inability to degrade heme may induce plasma cell
differentiation by other, as vel unknown, pathways., SnPPIX alone had no effect on
differentiation (8.1%+3.5% vs 6.3%2.7%, p>0.3, FIG. 30}, indicating that basal intraceliular
heme levels are too low 1o provide encugh substrate for HO-1 enzymatic activity (o inhibil B
cell differentiation. We also tested the effect of SnPPIX on SCD Allo(+) and Allo(-) B cell
activation. B cell proliferative responses were comparable in the presence of SnPRIX inthe 2

groups (FIG. 3E). In contrast, SnPRIX reversed heme-mediated inhibition of plasmablast
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differentiation in Allo-) SCD patients, but had less effect in Allol+) SCD patients (FIG. 3k},
suggesting a more profound inhibitory effect of HO-1 in B celis from Allo(-) SCD patients,
Altogether, these data suggest that HO-1 enzymatic activity is involved in abetling decreased
piasmablast B cell differentiation by heme and that HO-1-medigted inhibition of activated B
cells is more pronounced in Allo(-) than Allo{+} SCD patients.

{0080] HO-1 can degrade heme into carbon monoxide (CO), iron and biliverdin. ron
chelation at high concentrations inhibited both B cell proliferation and differentiation while in
low concentrations had inconsistent effects (FIG. 8). In contrast, treatment with carbon
monoxide releasing molecule-3 (CORM-3) and exogeneous biliverdin inhibited B cell
profiferation and plasma cell differentiation in a dose-dependent manner with more robust
effects on plasma cell differentiation than B cell proliferation (FIG. 3F, CO: 81.2%%2.9% V8
38.7%%5.0%; biliverdin: 68.4%+18.6% VS 13.3%x3.5% at the highest concentrations). Thess
data are consistent with a role for the HC-1 enzymatic byproducts CO and biliverdin in the
inhibition of plasma B cell differentiation.

f0081] Quinine enhances the heme inhibilory effect on B cell activation in both
Allof{-} and Alio{+} SCD patients,

{0082} Several small molecule-based anti-malarial drugs have been developed bassd on
their ability 10 bind and aller heme bicaclivity. Some of these molecules may also aller the B
cell inhibitory properties of heme, and may, in some cases, further bolster heme’s inhibitory
effects and even reverse refractoriness to heme-medialed B cell inhibition as seen in 3CD
Allo(+) patients. To fest this, several heme binding molecules including guinine (QA),
chloroquine (CQ), amodiaguine (AQ), and dihydroartemisinin (DHA) were tested on HD B cell
responses. AQ and CG inhibited plasma cell differentiation in the absence or presence of
heme, whereas the inhibitory effect of quinine and DHA on B cells required the presence of
heme with a more robust inhibition by quinineg than DHA (FIG. 44). Quinine inhibition was
dose-dependent, and at higher doses of heme and quinine (2.5uM), we found an almost
complete inhibition of plasma cell differentiation (FIG. 4B), consistent with an additive effect
on suppression of B cell activation. Of note, although all analysis was resiricted to five cells,
viability studies indicated minimal cytotoxic effects of quinine except at the highest doses of
heme plus quinine (FiG. 8B).

{0083} We next {ested the effect of quinine on DOCKS and HO-1 expression in stimulated
B cells in the presence of heme. Quinine had no significant effect on DOCKE expression (FIG.
89A), but we found a dose-dependent increase in HO-1 expression in proliferated B cells in the
presence of heme and quining {(5-Told increase at the highest dose, FIG. 4C). HO-1

upreguiation only occurred in heme plus quinineg stimulated B celis, bul not with the other heme
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binding molecules AGQ, CQ or BHA (FIG. 40}, Given that HO-1 inhibits B cell activation (FIG.
3}, these data suggest that inhibition of plasma cell differentiation by heme and quinine is likely

through induction of HO-1 expression.

f0084] Finally, we examined the effect of quinine on B cells from Allo{-) and Allo(+) SCD
patients. Quinine had a wsak but significant inhibilory effect on plasma cell differentiation in
the absence of heme in both groups of SCD patients (FIG 4k, possibly due to residual heme
within SCD B cells. In Allo{-) SCD patients, quinine further increased heme-mediated
suppression of plasma celis (FIG. 4E), but more importantly, it reversed resistance to hems
suppression in Allo{+) patients, resulting in inhibition of plasma cell differentiation of heme-
treated B cells (FIG. 4E), thus underscoring its therapeutic potential for decreasing SCD

alloimmunization.
{6085] Discussion:

{0086} in the present study, we demonstrated thal hemolysis regulagtes human B cell
activation, inhibiting plasmablast/plasma cell differentiation. Mechanistically, heme targeted
DOCKS" plasma cells, inhibiting the STAT3 signaling pathway in stimulated B cells. The
inhibitory effects of heme on activated B cells were also mediated through HO-1 enzymatic
activity and specifically the HO-1 byproducts CO and biliverdin, Compared o non-
alloimmunized SCD patients, B cells from alloimmunized SCD patients expressed lower levels
of DOCKS and were less responsive to inhibition by heme and HO-1. These data support our
working model in which B cell intrinsic signals sensing heme/hemolysis control the humoral
immune response fo allogenic transfusions, and ultimately RBC alloimmunization in SCD
patients. This study has thus unraveled a novel mechanism of humoral immunity suppression
by hemoiysis, with potential for identifying new therapeutic targets as well as B cell-associated
biomarkers of alloimmunization in SCD (FIG. 5).

§0087Y Several genome-wide association studies have identified genetic varianis as
poiential risk factors for alloimmunization in SCD. Most are likely to target steps in the humoral
immune response, starting with activation of innate immune antigen presenting cells through
{0 CD4+ helper T cells and ultimately B cells. Our previous studies have identified abnormal
responses in several of these immune subsets in Allo(+) SCD patients, including CD16+
monocytes, dendritic cells, the immunosuppressive regulatory T cells (Tregs) and T follicular
heiper celis. Along with the present siudy, these data support a proposed model of a
heightened humoral immune response in Allo{+} patients leading to a higher risk of RBC
alloimmunization. It is likely that increased alloimmunization risk in Allo{+) SCD patients is dus
to cumulative impaired heme responses in more than one immune effector cell type, including

lower HO-1 expression in CD18" monocyies ieading to inefficient Treg expansion in hemolytic
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conditions, insensitivity to heme-mediated inhibition of dendritic cell maturation and altered B
cell activation in response to heme. No differences were found in hemolysis-associated indices
between alioimmunized and non-alloimmunized SCD patlients, including total plasma hems,
pilirubin or LDH levels or reticulocyle percentages, suggesting that not hemolysis level per ge,
bui rather the immune celbintrinsic response to hemolysis, is a determinant of
alloimmunization risk. RBC destruction and production, resuiting in elevated heme release,
mainly occurs in the spieen and/or bone marrow. Thus, B cell heme response is likely to play
a more important role in RBC alloimmunization, which occurs primarily in the spleen than in
other humoral responses such as vaccing responses, which mostly develop in the lymph
nodes or at sites of vaccine delivery {muscle/skin}. The differential impact of heme on B cell
development in the various lymphoid organs likely accounts for why no differences are
detected in the overall circulating B cell subset numbers and frequencies between
alloimmunized and non-alloimmunized SCOD patients. Differentiation of memory B cells into

piasma celis was not affected by heme,

{6088} Our finding that heme inhibits human plasma B cell differentiation in vifro differs
from mouse data showing increased plasma B cell differentiation through Bach2. We found
very low levels of Bach2 in human B cells before and after stimulation, with no significant
change even in the presence of heme, suggesting that BachZ response {0 heme differs
hetween human and mouse B celis. In the published studies, LPS was used 1o stimulate
mouse B cells. However, TLR4, the receptor that responds to either LPS or hems, is not
expressed on human B cells, Thus, instead of LPS, we used a cockiall of anti-igG/igM, anti-
CD40 and CpG to activate human B cells. Interestingly, similar B cell activation cockiails causs
mouse B cells to differentiate into plasma cells in vitro. However, addition of heme or heme
pius quinine did not inhibit mouse plasma cell differentiation (FIG. 10B), and treatment of SCD
mice with quinine did not lower RBC alicimmunization levels i vive (FIG. 10C). These data
indicate clear differences belween human and mouse B cell response 1o heme, irrespeclive
of the B cell activation stimuli,

f0089] We have identified an unexpected relationship between DOCKS expression levels
in aclivated B cells and response to heme. Funclionally-altered DOCKS models have been
highly informative of DOCKE's role In immunity, as have studies of DOCKS protein exprassion
levels in immune cells or disease states. For example, the reduced Treg DOCKS levels in
patients with atopic dermatitis is likely responsible for reduced Treg-derived IL-10 and TGF-
expression and low DOCKS expression can cause impaired neutrophil migration in patienis
with myesiodysplastic syndrome (MDS), whereas high DOCKS expression leads {o increased

leukemic celi survival in acute myeloid leukemia. Together with our data, these studies
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suggest that DOCKS expression can be a potential biomarker as well as therapeutic target in

various disorders.

{0030} DOCKS levels did not correlate with hemolysis levels in SCD patients, consistent
with our proposed maode! that it acls as a heme sensor within B cells. In hepaloceliular
carcinoma cells, CD147 activation induces DOCKS expression through SRC signaling and
STATS phosphoryiation. Qur data indicate that heme inhibils B cell STATS phosphorylation,
potentially leading (o a decrease in DOCKSEY B cell numbers. Another potential B cell regulator
of DOCKSE expression is miR-34a, shown o inhibit neutrophil DOCKS expression in MDS,
miR-34a reqguiates B celi development by inhibiting the transition of pro-B cells into pre-B cells

and its expression is inhibited by HO-1 enzymatic activily.

f6091} Our study has uncovered fwo signaling pathways, namely through STAT3 and HG-
1, raesponsible for heme-mediated inhibition of B cells. For exampls, STAT3 in
monocyles/macrophages and endothelial cells was shown 1o mediate HO-1 induction by -
10 and 1L-8, respectively. STAT3 was also reported to be essential for the protective effects
of HO-1 in oxidant-induced lung injury. The effect of HG-1 on STATS activily is more complex,
HO-1 inhibited STATS activation in endothelial and prostale cancer celis, In contrast, in various
disease models, HO-1 aclivated STAT3 by increasing STATS phosphorylation. Thus, the
interaction belween HO-1 and STATS lkely depends on cell type and disease stale
Interestingly, using a selective SYK inhibitor, which is expected {o inhibit the DOCKE/STATS
signaling pathway, we found induction of HO-1 in stimulated B cells (FIG. 11), suggesting that
heme may induce HGO-1 in B cells through blocking DOCKS signaling.

00921 identification of CO and biliverdin, two byproducts of HO-1 enzyme activity, as
potent inhibitors of plasma B cell differentiation is a key finding of our study and further
suppotis the role of HO-1 enzymatic activity in suppressing B cell development. CO mediates
iis anti-proliferative and anti-inflammatory effects through binding hemoproteins such as
soluble guanviate cyclase (sGCS) and P38 MAPK. In addition {0 is antioxidant activity,
biliverdin can activate anyt hydrocarbon receptor (ARR} signaling. AhR is expressed at low
levels in resting B celis but is highly upregulated following activation. AhR inhibils plasma B
cell differentiation by suppressing several key B csll transcription faciors including Blimp-1,
XBP1, and STATS phosphorylation. The B cell response to heme in SCD may be through the
biliverdin/AhR pathway and that B cell sensitivity {o biliverdin may be an alloimmunization risk
factor, opening up the prospect of using biliverdin and/or other AR agonists as therapeutic

candidates for preventing RBC alloimmunization in SCD patients,
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f0093] An exciting finding of our study is that B cell response to heme can be modulated
by heme-binding small molecules, Specifically, in the presence of quinine, B cells from
alloimmunized SCD patients were no longer resistant to the inhibitory effects of hems. This
raises the potential for therapeutic novel use of quinine for inhibition of alloimmunization in
SCD patients. These resulis also indicate thal heme-binding small molscules do not simply
neutralize free heme like the heme scavenger hemopexin, but rather exhibit potent immune-
moduiating activity, possibly through forming a compilex with heme. In the case of quinine, the
immunomodulatory mechanism is likely mediated through upregulation HO-1 since heme plus
guinine induced a 5-fold increase in HO-1 levels in stimulated B celis. In the present of study,
we focused on the effects of heme and guinine on B cell differentiation into plasma cells. Heme
piays g critical role in sickie cell pathophysiclogy and given its immunomodulatory role, altered
immune activation may further contribute to sickle complications. ldentification of heme-
binding small molecules with novel immunomodulatory properties offers the potential for their
use for prevention andfor reversion of SCD complications as well as other hemobtic
conditions.

Example 2. Hemolysis Inhibits Inflammasome Activation in Sickie Cell Disease

{0094} The inflammasome signaling pathway I8 a Rey host inflammalory response that
promotes HL-18 production by processing pro-il-18 into cleaved mature IL-16. |t is aclivated
in numerous inflammatory diseases with pharmacological inhibition of inflammasome pathway
considered as a promising therapeutic strategy in ssveral inflammalory disease modesls (Guo
H et al. Nat Med. 21:677-87, 2015, Mangan M8J, et al. Nat Rev Drug Discov. 17:588-608,
2018, The inflammasome pathways inciude both canonical and non-canonical pathways (FiG.
12} with NLRP3 activation pathway considered the most imporiant since i can sense various
DAMP and PAMP stimuli.

§0005] Qur findings presented here demonsirate that hemin plus quinine (Q+H), but not
hemin alone or quinine alone, inhibits NLRPS inflammasome pathway in human monocyles
activated through multiple NLRPZ agonists including ATP, nigericin, and imiguimod (FIG.
13A). The effect of O+H was dose-dependent with almost complete inhibition of HL-18
production at the highest tested concentration (2.5pM) (FIG. 13B). Inhibition of inflammasome
by G+H was specific to the heme binding ability of quinine since other hemin binding small
muoleculss such as chioroquine (CQ), amodiaguine (AQ), and dihydroartemisinic (DHA) (FIG.
13C) had no inhibitory effect on the inflammasome activation pathway. In addition, Q+H did
not alter the expression of IL-6 and TNF-a (FIG. 13D}, indicating that the effect is specific {o
the inflammasome activation pathway rather than overall cell activalion. Further support for
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inhibition of inflammasome aclivation pathway was the demonstration that Q+H prevented
cleavage of pro-lL-1B into active IL-13 as shown by Westemn blotting (FIG. 14).

{0096} in addition fo NLRP3 inflammasome pathway, Q+H was able to inhibit all

inflammasome signaling pathways (FIG. 18).

f0097] Alum-induced peritonitis is classically used as an inflammasome-dependent
inflammation animal model. Alum LP. injection increases L-18 and other nflammatory
cytoking production as well as induces the migration of neutrophils and monocytes into the
peritoneum. We found that Q+H inhibited alum-mediated {L-1B secrelion (FIG. 16A) and

inflammatory cell migration in vivo (FIG. 16B).

{0098} SCD mice are mors sensitive to inflammatory stimuli than control mice, 80% of
sickle mice (but none of the control mice) died following 1P, injection with alum whereas all
survivaed if they had been treated with Q+H ({(40ug quinine + 80ug heminymouse, 1P, injection}
(FIG. 17A). Using monooytes from SCD patients, we giso found inhibition of inflammasome
activation by Q+H (FIG. 178).

f6099] Unless otherwise indicated, all numbers expressing guantities of ingredients,
properties such as molecular weight, reaction conditions, and so forth used in the specification
and claims are {o be understood as being modified in all instances by the term “about” As
used herein the terms "about” and "approximately” means within 10 to 15%, preferably within
510 10%. Accordingly, unless indicated to the contrary, the numerical parameters set forth in
the specification and atlached claims are approximations that may vary depending upon the
desired properties sought to be obtained by the present invention. Al the very least, and not
as an atitempt to imit the application of the doctrine of equivalents 1o the scope of the claims,
gach numerical parameter should at least be construed in light of the number of reported
significant digits and by applying ordinary rounding techniques. MNotwithstanding that the
numerical ranges and paramelers setling forth the broad scope of the invention are
approyimations, the numerical values sel forth in the specific examples are reporied as
precisely as possible.  Any numerical value, however, inherently contains certain errors
necessarily resulling from the standard deviation found in their respective testing

measuraments.

{0100} The terms “a,” "an,” "the” and similar referents used in the context of describing the
invention {especially in the context of the following claims} are o be construed o cover both
the singuiar and the plural, unless otherwise indicaied herein or clearly contradicted by
context. Recitation of ranges of values herein is merely intended 1o serve as a shorthand
method of referring individually 1o each separate value falling within the range. Unless
otherwise indicated herein, each individual valus is incorporaied into the specification as if it
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were individually recited herein.  All methods described herein can be performed in any
suitable order unless otherwise indicated hersin or otherwise clearly contradicted by context.
The use of any and all examples, or exemplary language (e.g., “such as”} provided herein is
intended merely 10 betler fluminale the invention and does not pose a limitalion on the scope
of the invention otherwise claimed. No language in the specification should be construed as

indicating any non-claimed element essential {0 the practice of the invention.

{0101} Groupings of alternative elements or embodimenis of the invention disclosed
herein are not to be construed as limitations. Each group member may be referred to and
claimed individually or in any combination with other members of the group or other elements
found herein. it is anticipated that one or more meambers of a group may be included in, or
deleted from, a group for reasons of convenience and/or patentability. When any such
inciusion or deletion occurs, the specification is deemed to contain the group as modified thus

fulfilling the written description of all Markush groups used in the appended claims.

[0102] Certain embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Of course, variations on these
described embodiments will become apparent to those of ordinary skill in the art upon reading
the foregoing description. The invenior expects skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention {o be practiced otherwise than
specifically described herein.  Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thersof i3 encompassed by the invention unless otherwise indicatad herein or
otherwise clearly contradicted by context,

{81903} Specific embodiments disclosed herein may be further limitaed in the claims using
consisting of or consisting essentially of language. When used in the claims, whether as filed
of added per amendment, the transition term “consisting of excludes any element, step, or
ingredient not specified in the claims. The transition term “consisting essentially of limits the
scope of g claim o the specified materials or steps and those that do not materially affect the
basic and novel characteristic{s). Embodiments of the invention so claimed are inherently or
expressly described and enabled herein.

{0104} Furthermore, numerous references have been made to palents and printed
publications throughout this specification. Each of the above-cited references and printed
publications are individually incorporated herein by reference in their entirely.
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f3105] in closing, i is t© be understood that the embodiments of the invention disclosed
herein are {llustrative of the principles of the present invention. Other modifications that may
be employed are within the scope of the invention. Thus, by way of example, but not of
fimitation, alternative configurations of the present invention may be utilized in accordance
with the teachings hersin. Accordingly, the present invention is not limited to that precisely as

shown and described.
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We claim:

1. A method of ireating a complication of a hemolysis and/or an inflammasome
activation-associated disease comprising administering to a patient in need thersof a

therapeutically effective dose of quinine alone or g combination of quinine and hemin.

2. The method of any one of claims 1-3, wherein the complication is induction of
a humoral immune response to transfused red blood cells, inflammatory cytokine production,

or pain.

3. The method of claims 1 or 2, wherein the hemolysis-associated disease is
sickle cell disease.

4. The method of claims 1 or 2, wherein the inflammasome-associated disaase
is an infectious disease, autoimmune disease, cancer, metabolic disorder, or sickle cell

disease.
5. The method of any one of claims 1-4, wherein the patient exhibits hemolysis.
8. The method of any one of claims 1-5, wherein the quinine alone or the

combination of quinine and hemin inhibits the maturation of B cells into antibody-secreting

cells.

~—

7. The method of any one of claims 1-8, wherein the method comprises
administration of a therapeutically effective dose of quinine.

8. The method of any one of claims 1-8, wherein the method comprises

administration of a therapeutically effective dose of a combination of quinine and hemin.

g The method of any one of claims 1-8 and 9, wherein the quinine plus hemin
inhibits inflammasome agctivation in nnate immune cells leading to decreased inflammatory
cytokine production.

10 The method of claim &, wherein the inhibition by quinine alone occurs in the
presence of hemolysis or free heme in the blood.

11. The method of claim 6, wherein the inhibition by quinine alone does not cccur
in the absence of hemolysis or free heme in the blood,

12. The method of claim §, wherein the inhibition by the combination of quinine
and hemin does not depend on the presence of endogenous free heme in the blood.

13. The method of claim 8, wherein the patient exhibits low or no i vivoe
hemolysis,
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14. The method of claim 13, wherein the method comprises administration of 2
combination of guinine and hamin.

15 The method of any one of claims 1-13, wherein exogenous hemin is not
administered.

16. The method of any one of claims 1-13, wherein the disease is an
inflammasome-associate disease and the administration comprises quinine alone and
exogenous hemin is not administrated.

17, The method of any one of claims 1-18, wherein the quining is a quinine sakt.

18. The method of any one of claims 1-16, wherein the guinine is quinine free
base.

19, The method of any one of claims 1-18, wherein the quinine is a quinine
derivative selected from quinacrine, biquinolone, chicroquine, hydraxychloroguine,
amodiaguine, quinine, quinidine, mefloquine, primaquine, lumefantrine, and halofantrine.

20. A method of reducing alloimmunization in chronically transfused subjects,
comprising administering to a patient in need thereof a therapeutically effective dose of

guinine.

21, The method of claim 20, wherein the subject has a hemolysis-associated
diseass.

22. The method of claim 21, wherein the hemolysis-associated disease is sickle-
cell diseass.

23 The method of any one of claims 20-22, wherein the patient exhibils

hemaolysis.

24, The method of any one of claims 20-22, wherein the quinine inhibits the
maturation of B celis into antibody-secreting cells.

25, The method of any one of claims 20-22, wherein the quinine inhibils innate
immune cell secretion of inflammatory oylokines,

26. The method of either of claims 24 or 25, wherein the inhibition occurs in the

presence of free heme or hemolysis in the blood,

27. The method of sither of claims 24 or 25, whersin the inhibition does not occur

in the absence of heme or hemolysis in the blood.

28, The method of any one of claims 20-22, wherein the patient exhibits low or no
in vivo hemolysis, and the method further includes administralion of both quinine and hemin,
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28. The method of any one of claims 20-28, wherein the quinine is a quinine salt.

30 The method of any one of claims 20-28, wherein the guinine is quinine free

base.

31. The method of any one of claims 20-28, wherein the quining is a quinine
derivative selected from quinacrine, biquinolone, chicroquine, hydraxychloroguine,

amaodiaquine, quining, quinidine, mefloguing, primaquine, lumefantrine, and halofanirine.
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