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Abstract

Carbon monoxide (CO) at low, non-toxic concentrations has been previously demonstrated
to exert anti-inflammatory protection in murine models of sickle cell disease (SCD). However
CO delivery by inhalation, CO-hemoglobin infusion or CO-releasing molecules presents
problems for daily CO administration. Oral administration of a CO-saturated liquid avoids
many of these issues and potentially provides a platform for self-administration to SCD
patients. To test if orally-delivered CO could modulate SCD vaso-occlusion and inflamma-
tion, a liquid CO formulation (HBI-002) was administered by gavage (10 ml/kg) once-daily

to NY1DD and Townes-SS transgenic mouse models of SCD. Baseline CO-hemoglobin
(CO-Hb) levels were 1.6% and 1.8% in NY1DD and Townes-SS sickle mice and 0.6% in
Townes-AS control mice. CO-Hb levels reached 5.4%, 4.7% and 3.0% within 5 minutes in
NY1DD, SS and AS mice respectively after gavage with HBI-002. After ten treatments, each
once-daily, hemoglobin levels rose from 5.3g/dL in vehicle-treated Townes-SS mice to 6.3g/
dL in HBI-002-treated. Similarly, red blood cell (RBC) counts rose from 2.36 x 10%/uL in vehi-
cle-treated SS mice to 2.89 x 10%/uL in HBI-002-treated mice. In concordance with these
findings, hematocrits rose from 26.3% in vehicle-treated mice to 30.0% in HBI-002-treated
mice. Reticulocyte counts were not significantly different between vehicle and HBI-002-
treated SS mice implying less hemolysis and not an increase in RBC production. White
blood cell counts decreased from 29.1 x 10%/uL in vehicle-treated versus 20.3 x 10%/uL in
HBI-002-treated SS mice. Townes-SS mice treated with HBI-002 had markedly increased
Nrf2 and HO-1 expression and decreased NF-kB activation compared to vehicle-treated
mice. These anti-inflammatory effects were examined for the ability of HBI-002 (adminis-
tered orally once-daily for up to 5 days) to inhibit vaso-occlusion induced by hypoxia-reoxy-
genation. In NY1DD and Townes-SS sickle mice, HBI-002 decreased microvascular stasis
in a duration-dependent manner. Collectively, these findings support HBI-002 as a useful
anti-inflammatory agent to treat SCD and warrants further development as a therapeutic.
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Introduction

Carbon monoxide (CO) at low, non-toxic concentrations exerts key physiological functions in
various models of tissue inflammation and injury, providing potent cytoprotection in models
of inflammation including SCD [1-3], organ transplantation [4], and acute lung injury [5],
among others [6-8]. The protection observed, both prophylactically and therapeutically, is
associated with an inhibition in the inflammatory response and restoration of tissue function,
including abrogating ischemia reperfusion injury [9, 10]. CO may also inhibit polymerization
of hemoglobin (Hb) S and increase RBC life span [11, 12]. However, delivery systems that
include inhaled CO, metallic CO-releasing molecules (CORMSs) and CO conjugated to a
PEGylated Hb, may not be suitable for the chronic administration of CO in humans that will
be necessary to prevent vaso-occlusive crises. Inhaled CO is challenging to precisely dose given
the variability in patient ventilation and has environmental safety concerns for patients and
bystanders, as it requires the presence of large amounts of compressed CO gas in cylinders.
Metal-containing CORMs present potential long-term health concerns [13]. PEGylated
CO-Hb is also not appropriate for chronic home use as it would require daily intravenous infu-
sions and could present toxicology challenges [14, 15]. Oral administration of CO avoids
many of the challenges associated with inhaled CO, CORMs and PEGylated CO-Hb and addi-
tionally provides a platform for outpatient administration and compliance. An oral drug prod-
uct that would deliver a predictable low, non-toxic dose of CO, might be a better alternative
for treating SCD patients. To test the efficacy of oral administration of CO and its anti-inflam-
matory, anti-vaso-occlusive properties, a liquid CO formulation (HBI-002) was administered
by gavage to NY1DD and Townes-SS transgenic mouse models of SCD.

Materials and methods

Reagents

HBI-002 is a novel oral drug product consisting of a formulation containing CO as well as
FDA-defined Generally Recognized as Safe (GRAS) components and manufactured using a
controlled, reproducible process to achieve the targeted CO concentration. Vehicle was the
same formulation without CO. Aliquots of HBI-002 and vehicle were supplied by Hillhurst
Biopharmaceuticals. HBI-002 and vehicle were administered to mice by gavage.

Mice

All animal experiments were approved by the University of Minnesota’s Institutional Animal
Care and Use Committees. These studies utilized approximately equal numbers of male and
female anemic Townes-SS sickle mice and non-anemic Townes-AS control mice on a 129/B6
mixed genetic background [16] and NY1DD sickle mice on a B6 genetic background [17].
Mice were aged 8-12 weeks. The hemoglobin levels in the NY1DD mice are the same as in
normal control mice [17] and the hemoglobin levels in the Townes-SS mice are on average
66% of Townes-AS control mice [16].

The Townes-SS mice were created by knocking in human o and “yp® globins into the dele-
tion sites for murine o- and B-globins. The hyperhemolytic Townes-SS mice have anemia and
an SS-RBC half-life of 2.5 days (d) [18]. Heterozygous Townes-AS control mice express nor-
mal human o globin and one copy each of human *yp* and “yp® globins. The non-anemic AS
mice have an 11.5 d RBC half-life [18]. NY1DD sickle mice have linked human o and p° trans-
genes on a murine B-major thal (del/del) background. NY1DD sickle mice have an RBC half-
life of 7 d [18]. Mice were housed in standard size rodent cages with bedding on a 12 hour (h)
light/dark cycle at 21°C. All animals were monitored daily including weekends and holidays
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for health problems, food and water levels and cage conditions. Littermates were randomly
assigned to different treatment groups. All animals were included in each endpoint analysis
and there were no unexpected adverse events that required modification of the protocol. At
the end of the experiments, mice were sacrificed by placing them in a CO, atmosphere.

Administration of HBI-002

HBI-002 or vehicle was administered once-daily for 1 to 10 d by gavage at a dose of 10 ml/kg.
This is equivalent to 0.25 ml in a 25 g mouse.

Measurement of CO-Hb

Townes-SS and AS mice and NY1DD mice were anesthetized with 10% urethane and 2% o
cholalose (5 ml/kg, ip). EDTA blood samples were collected from the inferior vena cava at the
indicated times. Sealed syringes were delivered to the University of Minnesota Hospital clinical
lab and CO-Hb was measured within 30 minutes (min) of blood collection using a clinical co-
oximeter (Radiometer).

Measurement of vaso-occlusion (microvascular stasis)

Townes-SS and NY1DD sickle mice were implanted with dorsal skin-fold chambers (DSFCs)
as previously described [19]. The same day, mice with DSFCs were anesthetized with keta-
mine/xylaxine, placed on an intravital microscopy stage, and 20-24 flowing subcutaneous
venules were selected and mapped. After baseline selection of venules, mice were challenged
with hypoxia-reoxygenation (H/R, 7% O,/93% N, for 1h followed by room air). The same ves-
sels selected at baseline were re-examined for stasis (no flow) after 1 h of reoxygenation and
percent stasis was calculated.

Immunoblots

Livers were collected from sickle mice with DSFCs after 4 h of reoxygenation. The livers were
flash-frozen in liquid N, and stored at -85°C until use. Microsomes and nuclear extracts were
isolated from the livers of mice as previously described [20]. Immunoblots of cellular subfrac-
tions were immunostained with primary antibodies to Nrf2 (Proteintech #16396-1-AP), HO-1
(Enzo #ADI-OSA-111), NF-xB phospho-p65 (Ser536, Cell Signaling #3031), total p65 (Cell
Signaling #3034), VCAM-1 (Abcam #ab174279) and GAPDH (Sigma Aldrich #G9545). Pri-
mary antibodies were labeled with the appropriate secondary antibodies conjugated to alkaline
phosphatase and visualized with ECF substrate (GE Healthcare) and a Typhoon FLA 9500
scanner (GE Healthcare). Immunoreactive bands on images were quantitated using Image]
software (NIH). Mean relative expression of protein bands from animals treated with vehicle
or HBI-002 groups were calculated.

Hematology

EDTA blood was collected from the inferior vena cava of Townes-SS mice after 10 days

of once-daily gavage with HBI-002 or vehicle. Hb was measured in whole blood in the Univer-
sity of Minnesota Hospital clinical lab. Hematocrit was measured using a micro-capillary
reader (IEC) after centrifugation in a micro-capillary centrifuge (IEC). Reticulocytes were
counted using blood smears stained with methylene blue. Reticulocytes and total RBC were
counted in 4 separate microscopic fields per mouse. Reticulocytes are expressed as a percent-
age of total RBC. The total white blood cell and RBC counts were counted manually using a
hemocytometer.
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Statistics

Analyses were performed with SigmaStat 3.5 for Windows (Systat Software, San Jose, CA).
Comparisons of multiple treatment groups were made using one-way analysis of variance
(ANOVA) (Holm-Sidak method) or the Student’s t-test as indicated. A Pearson Product
Moment Correlation analysis was performed on the number of treatment days versus stasis.

Results and discussion

In preliminary studies to examine HBI-002 bioavailability, after a single gavage (10 ml/kg),
CO-Hb was cleared from circulation in approximately 3 h in outbred CD-1 mice and peaked
between 0-10 min after gavage in Townes-AS mice. Subsequent blood samples were collected
5 min after gavage. In NY1DD sickle mice, CO-Hb levels were 1.6 + 0.2% (mean + SD) after
treatment with vehicle and increased significantly to 5.4 + 0.8% after treatment with HBI-002
(p<0.01) (Fig 1). In Townes-AS mice, CO-Hb levels were 0.6 + 0.2% after gavage with vehicle
and increased significantly to 3.0 + 0.6% after gavage with HBI-002 (p<0.01). Similarly, in
Townes-SS mice, CO-Hb levels were 1.8 + 0.2% (mean + SD) after treatment with vehicle and
increased significantly to 4.7 + 0.4% after treatment with HBI-002 (p<0.01). Vehicle-treated
Townes-AS mice had significantly lower CO-Hb than vehicle-treated Townes-SS mice
(p<0.05), likely because of a markedly reduced hemolytic rate in AS mice. This is reflected in
significantly shorter RBC half-lives and 6-fold higher expired CO levels in SS versus AS mice
[18]. These data document that following oral administration of HBI-002, CO is rapidly
absorbed from the gut into the vasculature and is bioavailable in the circulation as measurable
CO-HD within minutes.
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Fig 1. Circulating CO-Hb levels in mice after gavage with HBI-002. NY1DD and Townes-AS and SS mice (n = 3/group) were gavaged once
with HBI-002 or vehicle (10 ml/kg) and venous blood was collected 5 min after gavage from the inferior vena cava for measurement of CO-Hb.
Bar values represent means + SD. **P<0.01 for vehicle versus HBI-002 and *p<0.05 for Townes-AS versus SS. Differences between groups were
analyzed using One Way ANOVA (Holm-Sidak method).

https://doi.org/10.1371/journal.pone.0205194.9001
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Fig 2. HBI-002 inhibits microvascular stasis. Microvascular stasis was measured in NY1DD and Townes-SS sickle mice (n = 3/bar) with
implanted dorsal skin-fold chambers after gavage (10 ml/kg) with CO (HBI-002) or vehicle at 1 h or 24 h before hypoxia (7% O,) or once-daily
for 3 or 5 days with the last CO treatment 1 h before hypoxia. NY1DD vehicle data from 1, 3 and 5 days were pooled (n = 9 mice). One h prior
to hypoxia, flowing venules (20-25 venules/mouse) were selected in the chamber window using intravital microscopy and mapped. After
selection of flowing venules, mice were placed in hypoxia for 1 h, and then returned to room air for 1 h (H/R). After H/R the same venules were
re-examined for stasis (no flow) and % stasis was calculated. Bar values represent means + SD. *P<0.01. Differences between NY1DD groups

were analyzed by One Way ANOVA (Holm-Sidak method). Differences between Townes-SS treatment groups were analyzed by the Student’s
t-test.

https://doi.org/10.1371/journal.pone.0205194.9002

Microvascular stasis (vaso-occlusion) was measured in sickle mice after exposure to 1 h of
hypoxia (7% O,) followed by 1 h of reoxygenation in room air (H/R). HBI-002 administered
once-daily for 1, 3 or 5 days inhibited H/R-induced microvascular stasis in NY1DD mice ver-
sus vehicle control in a duration-dependent manner. Stasis was 27% in vehicle-treated
NY1DD mice, 21% when HBI-002 was administered 1 h before H/R and 16% when adminis-
tered 24 h before H/R. Stasis was 10% after 3 once-daily treatments, and 6% after 5 once-daily
treatments (Fig 2) with the last CO treatment 1 h before H/R. In Townes-SS mice, H/R-
induced stasis was 33% in vehicle-treated mice and 10% after 5 once-daily HBI-002 treatment.
A Pearson Product Moment Correlation analysis was performed on the number of treatment
days versus stasis. Number of treatment days and stasis had a negative correlation of -0.87
(p<0.001).

The effects of HBI-002 on blood counts were examined in Townes-SS mice treated with
HBI-002 (n = 4) or vehicle (n = 3, 10 ml/kg, once-daily X 10 days). Hemoglobin levels
increased from 5.3 g/dL in vehicle-treated SS mice to 6.3 g/dL in CO-treated SS mice (p < .05)
(Table 1). Similarly, RBC counts increased from 2.36 X 10%/uL in vehicle-treated SS mice to
2.89 X 10°/uL in CO-treated SS mice (p < .05). In concordance with these findings, hemato-
crits increased from 26.3% in vehicle-treated SS mice to 30.0% in CO-treated SS mice (p <
.05). The absolute reticulocyte count was not significantly different in vehicle-treated versus

PLOS ONE | https://doi.org/10.1371/journal.pone.0205194 October 11, 2018 5/11


https://doi.org/10.1371/journal.pone.0205194.g002
https://doi.org/10.1371/journal.pone.0205194

®PLOS | one

Oral CO in sickle cell disease

Table 1. HBI-002 increases hemoglobin, hematocrit and red blood cells and decreases white blood cells in Townes-SS mice.

Treatment Hemoglobin Hematocrit Red Blood Cells Reticulocytes White Blood Cells
(g/dL) (%) (X 10°/uL) (X 10%/uL) (X 10%/uL)
Vehicle 5.30 + 0.40 26.3+0.8 2.36+0.23 1.32+0.44 292+2.4
HBI-002 6.34 + 0.53* 30.0 £ 1.5 2.89 +0.15* 1.42 +0.34 20.3 + 1.7**

Townes-SS mice (n = 4/group) were treated with HBI-002 or vehicle (10ml/kg) 1x/day x 10 days. After 10 days of treatment, venous blood was collected and complete
blood counts were measured. Bar values represent means + SD.

*P<0.05 and

**p<0.01, HBI-002 vs. vehicle.

Differences between vehicle and HBI-002 were analyzed using the Student’s t-test.

https://doi.org/10.1371/journal.pone.0205194.t001

CO-treated SS mice. The percentage of stained F-cells was similar (16%) in both treatment
groups. White blood cell counts decreased from 29.1 X 10°/uL in vehicle-treated SS mice to
20.3X 107/ pL in CO-treated SS mice (p < .01). The increase in Hb levels, hematocrits and
RBC counts without a significant change in the absolute reticulocyte counts (Table 1) suggests
that CO may have decreased the destruction rate of RBC in SS mice without increasing the
production rate of RBC.

Vehicle HBI-002

Nrf2

HO-1 32 kDa

GAPDH 36 kDa

Fig 3. HBI-002 increases hepatic Nrf2 and HO-1 expression. Townes-SS mice (n = 3/group) were gavaged once-

daily with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were removed and frozen. Nrf2 and HO-1
expression was examined on immunoblots of hepatic nuclear extracts and microsomes respectively.

https://doi.org/10.1371/journal.pone.0205194.9003
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Vehicle HBI-002
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Total-p65
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Fig 4. HBI-002 decreases hepatic NF-kB activation and VCAM-1 expression. Townes-SS mice (n = 3/group) were gavaged once-daily
with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were removed and frozen. NF-xB phospho-p65 and VCAM-1
expression was examined on immunoblots of hepatic nuclear extracts and microsomes, respectively.

https://doi.org/10.1371/journal.pone.0205194.9004

Is an increased hematocrit beneficial? Some published reports indicate a higher hemoglo-
bin/hematocrit level is associated with higher rates of pain in SCD. For example in the Cooper-
ative Study of Sickle Cell Disease, concurrent o thalassemia decreases hemolysis, but was
associated with a viscosity phenotype of acute vaso-occlusive painful episodes [21]. Another
study of the same cohort reported a higher baseline hematocrit was associated with 1 or more
painful crises [22]. However, a detailed study of biomarker clusters in this cohort found
patients with less intravascular hemolysis had a reduction in pain and acute chest syndrome in
addition to a trend to reduced mortality and stroke [23]. High hemoglobin F levels have also
been associated with reduced incidence of acute painful episodes [21]. In addition,
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hyperhemolysis occurs during uncomplicated acute painful episodes in some patients with
SCD [24]. Finally, there are multiple publications indicating that a lower hemoglobin/hemato-
crit is associated with greater severity of SCD [25-28]. Thus, the link between hematocrit and
morbidity in SCD is not always clear and may be associated with subphenotypes of the disease.

Livers were removed from Townes-SS mice treated once-daily for 10 days with HBI-002 or
vehicle (10 ml/kg) and examined for Nrf2 and HO-1 expression by immunoblot. Hepatic Nrf2
and HO-1 were markedly increased in SS mice treated with HBI-002 compared to vehicle (Fig
3). Nrf2 and HO-1 were increased 4.9-fold (p<0.01) and 12.2-fold (p<0.01) respectively (S1
Table), which is consistent with earlier studies showing activation of Nrf2 signaling and HO-1
induction in response to pegylated CO-Hb and CO gas [3, 29].

Since Nrf2 and HO-1 are known to be anti-inflammatory, we also examined NF-«B activa-
tion and VCAM-1 expression in the same livers of Townes-SS mice after 10 d of gavage with
HBI-002 or vehicle. Nuclear expression of NF-kB phospho-p65 is a marker of NF-kB activa-
tion [30]. Nuclear NF-kB phospho-p65 and VCAM-1 levels were decreased in the livers of SS
mice treated with HBI-002 compared to vehicle-treated SS mice (Fig 4). NF-xB phospho-p65
and VCAM-1 were decreased to 10% (p<0.001) and 50% (p = 0.6) respectively (S1 Table), of
protein expression levels seen in vehicle-treated SS mice. Total NF-«xB p65 levels were similar
in both treatment groups. VCAM-1 is an adhesion molecule with NF-kB binding sites in its
promotor. These results are consistent with CO having anti-inflammatory effects in sickle
mice.

These data demonstrate that CO administered orally via HBI-002 has similar anti-vaso-
occlusive and anti-inflammatory effects in SCD mice as inhaled CO and CO conjugated to
PEGylated Hb [1-3]. In addition, these data suggest that HBI-002 may reduce anemia in
hyperhemolytic Townes-SS mice. Additional studies with HBI-002 are needed to examine
potential mechanisms relating to these anti-inflammatory effects and improvement in hemo-
lytic parameters. We speculate that CO may have pleotropic effects on cellular mitochondria
[31-33] as well as Hb S polymerization [11, 12] and RBC glutathione production [34].

Supporting information

S1 Table. Quantification of Nrf2, HO-1, NF-kB and VCAM-1 immunoblots of Townes-SS
liver after 10 d treatement with Vehicle or HBI-002. Band intensities on immunoblots (Figs
3 and 4) were quantitated using Image] software. Values are means + SD of vehicle and HBI-
002-treated Townes-SS-mice. **P<0.01 and ***P<0.001 vehicle versus HBI-002. Treatment
differences were examined using the Student’s t-test.

(PDF)

S1 Fig. Nrf2 immunoblot uncropped. Townes-SS mice (n = 3/group) were gavaged once-
daily with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were removed and
frozen. Nrf2 expression was examined on an immunoblot of hepatic nuclear extracts.

(TIF)

$2 Fig. HO-1 immunoblot uncropped. Townes-SS mice (n = 3/group) were gavaged once-
daily with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were removed and
frozen. HO-1 expression was examined on an immunoblot of hepatic microsomes.

(TIF)

$3 Fig. NF-xB phospho-p65 immunoblot uncropped. Townes-SS mice (n = 3/group) were
gavaged once-daily with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were
removed and frozen. NF-kB phospho-p65 expression was examined on an immunoblot of
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hepatic nuclear extracts.
(TIF)

$4 Fig. NF-kB total p65 immunoblot uncropped. Townes-SS mice (n = 3/group) were
gavaged once-daily with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were
removed and frozen. NF-kB total p65 expression was examined on an immunoblot of hepatic
nuclear extracts.

(TIF)

S5 Fig. VCAM-1 immunoblot uncropped. Townes-SS mice (n = 3/group) were gavaged
once-daily with HBI-002 or vehicle (10 ml/kg). On day 10 of treatment the livers were
removed and frozen. VCAM-1 expression was examined on an immunoblot of hepatic micro-

somes.
(TIF)

Author Contributions

Conceptualization: John D. Belcher, Edward Gomperts, Leo E. Otterbein, Gregory M.
Vercellotti.

Data curation: John D. Belcher, Leo E. Otterbein.

Formal analysis: John D. Belcher, Julia Nguyen, Chunsheng Chen, Fuad Abdulla, Zachary M.
Kiser, David Gallo, Leo E. Otterbein.

Funding acquisition: John D. Belcher, Edward Gomperts, Howard Levy.

Investigation: John D. Belcher, Edward Gomperts, Chunsheng Chen, Fuad Abdulla, Zachary
M. Kiser, David Gallo, Howard Levy, Leo E. Otterbein, Gregory M. Vercellotti.

Methodology: John D. Belcher, Julia Nguyen, Chunsheng Chen, Fuad Abdulla, David Gallo,
Leo E. Otterbein.

Project administration: John D. Belcher, Edward Gomperts, Gregory M. Vercellotti.
Resources: Edward Gomperts, Leo E. Otterbein.

Supervision: John D. Belcher, Julia Nguyen, Leo E. Otterbein, Gregory M. Vercellotti.
Validation: John D. Belcher, Julia Nguyen.

Writing - original draft: John D. Belcher, Gregory M. Vercellotti.

Writing - review & editing: John D. Belcher, Edward Gomperts, Zachary M. Kiser, Howard
Levy, Leo E. Otterbein, Gregory M. Vercellotti.

References

1. Beckman JD, Belcher JD, Vineyard JV, Chen C, Nguyen J, Nwaneri MO, et al. Inhaled carbon monox-
ide reduces leukocytosis in a murine model of sickle cell disease. Am J Physiol Heart Circ Physiol.
2009; 297(4):H1243-53. Epub 2009/07/21. doi: 10.1152/ajpheart.00327.2009. PMID: 19617415;
PubMed Central PMCID: PMC2770753.

2. Belcher JD, Mahaseth H, Welch TE, Otterbein LE, Hebbel RP, Vercellotti GM. Heme oxygenase-1 is a
modulator of inflammation and vaso-occlusion in transgenic sickle mice. J Clin Invest. 2006; 116
(3):808—16. Epub 2006/02/18. doi: 10.1172/JCI26857. PMID: 1648504 1; PubMed Central PMCID:
PMC1366501.

3. Belcher JD, Young M, Chen C, Nguyen J, Burhop K, Tran P, et al. MP4CO, a pegylated hemoglobin sat-
urated with carbon monoxide, is a modulator of HO-1, inflammation, and vaso-occlusion in transgenic
sickle mice. Blood. 2013; 122(15):2757-64. doi: 10.1182/blood-2013-02-486282. PMID: 23908468.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205194 October 11, 2018 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205194.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205194.s006
https://doi.org/10.1152/ajpheart.00327.2009
http://www.ncbi.nlm.nih.gov/pubmed/19617415
https://doi.org/10.1172/JCI26857
http://www.ncbi.nlm.nih.gov/pubmed/16485041
https://doi.org/10.1182/blood-2013-02-486282
http://www.ncbi.nlm.nih.gov/pubmed/23908468
https://doi.org/10.1371/journal.pone.0205194

@° PLOS | ONE

Oral CO in sickle cell disease

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Sato K, Balla J, Otterbein L, Smith RN, Brouard S, Lin Y, et al. Carbon monoxide generated by heme
oxygenase-1 suppresses the rejection of mouse-to-rat cardiac transplants. J Immunol. 2001; 166
(6):4185-94. Epub 2001/03/10. PMID: 11238670.

Otterbein LE, Mantell LL, Choi AM. Carbon monoxide provides protection against hyperoxic lung injury.
Am J Physiol. 1999; 276(4 Pt 1):L688-94. Epub 1999/04/13. PMID: 10198367.

Otterbein LE, Zuckerbraun BS, Haga M, Liu F, Song R, Usheva A, et al. Carbon monoxide suppresses
arteriosclerotic lesions associated with chronic graft rejection and with balloon injury. Nat Med. 2003; 9
(2):183-90. Epub 2003/01/23. doi: 10.1038/nm817. PMID: 12539038.

Kuramitsu K, Gallo D, Yoon M, Chin BY, Csizmadia E, Hanto DW, et al. Carbon monoxide enhances
early liver regeneration in mice after hepatectomy. Hepatology. 2011; 53(6):2016—26. Epub 2011/03/
25. doi: 10.1002/hep.24317. PMID: 21433045; PubMed Central PMCID: PMCPMC3103654.

Schallner N, Pandit R, LeBlanc R, 3rd, Thomas AJ, Ogilvy CS, Zuckerbraun BS, et al. Microglia regulate
blood clearance in subarachnoid hemorrhage by heme oxygenase-1. J Clin Invest. 2015; 125(7):2609—
25. Epub 2015/05/27. doi: 10.1172/JCI78443. PMID: 26011640; PubMed Central PMCID:
PMCPMC4563677.

Fujita T, Toda K, Karimova A, Yan SF, Naka Y, Yet SF, et al. Paradoxical rescue from ischemic lung
injury by inhaled carbon monoxide driven by derepression of fibrinolysis. Nat Med. 2001; 7(5):598-604.
Epub 2001/05/01. doi: 10.1038/87929. PMID: 11329062.

Minamoto K, Harada H, Lama VN, Fedarau MA, Pinsky DJ. Reciprocal regulation of airway rejection by
the inducible gas-forming enzymes heme oxygenase and nitric oxide synthase. J Exp Med. 2005; 202
(2):283-94. Epub 2005/07/20. doi: 10.1084/jem.20050377. PMID: 16027238; PubMed Central PMCID:
PMCPMC2213014.

Sirs JA. The use of carbon monoxide to prevent sickle-cell formation. Lancet. 1963; 1(7288):971-2.
Epub 1963/05/04. PMID: 13977754.

Beutler E. The effect of carbon monoxide on red cell life span in sickle cell disease. Blood. 1975; 46
(2):253-9. Epub 1975/08/01. PMID: 237591.

Abeyrathna N, Washington K, Bashur C, Liao Y. Nonmetallic carbon monoxide releasing molecules
(CORMs). Org Biomol Chem. 2017; 15(41):8692—9. Epub 2017/09/28. doi: 10.1039/c70b01674c.
PMID: 28948260.

Natanson C, Kern SJ, Lurie P, Banks SM, Wolfe SM. Cell-free hemoglobin-based blood substitutes and
risk of myocardial infarction and death: a meta-analysis. JAMA. 2008; 299(19):2304—12. Epub 2008/04/
30. doi: 10.1001/jama.299.19.jrv80007. PMID: 184430283.

Alayash Al. Hemoglobin-Based Blood Substitutes and the Treatment of Sickle Cell Disease: More
Harm than Help? Biomolecules. 2017; 7(1). Epub 2017/01/06. doi: 10.3390/biom7010002. PMID:
28054978; PubMed Central PMCID: PMCPMC5372714.

Wu LC, Sun CW, Ryan TM, Pawlik KM, Ren J, Townes TM. Correction of sickle cell disease by homolo-
gous recombination in embryonic stem cells. Blood. 2006; 108(4):1183-8. Epub 2006/04/28. doi: 10.
1182/blood-2006-02-004812. PMID: 16638928; PubMed Central PMCID: PMC1895869.

Fabry ME, Nagel RL, Pachnis A, Suzuka SM, Costantini F. High expression of human beta S- and
alpha-globins in transgenic mice: hemoglobin composition and hematological consequences. Proc Natl
Acad Sci U S A. 1992; 89(24):12150—4. Epub 1992/12/15. PMID: 1465454; PubMed Central PMCID:
PMC50716.

Belcher JD, Nath KA, Vercellotti GM. Vasculotoxic and pro-inflammatory effects of plasma heme: Cell
signaling and cytoprotective responses. ISRN Oxidative Medicine. 2013;2013:Article ID 831596. Epub
2013/06/25. https://doi.org/10.1155/2013/831596 PMID: 25506596

Kalambur VS, Mahaseth H, Bischof JC, Kielbik MC, Welch TE, Vilback A, et al. Microvascular blood
flow and stasis in transgenic sickle mice: utility of a dorsal skin fold chamber for intravital microscopy.
Am J Hematol. 2004; 77(2):117-25. Epub 2004/09/25. doi: 10.1002/ajh.20143. PMID: 15389823.

Belcher JD, Vineyard JV, Bruzzone CM, Chen C, Beckman JD, Nguyen J, et al. Heme oxygenase-1
gene delivery by Sleeping Beauty inhibits vascular stasis in a murine model of sickle cell disease. J Mol
Med (Berl). 2010; 88(7):665—75. Epub 2010/03/23. doi: 10.1007/s00109-010-0613-6. PMID: 20306336;
PubMed Central PMCID: PMC2877767.

Kato GJ, Gladwin MT, Steinberg MH. Deconstructing sickle cell disease: reappraisal of the role of
hemolysis in the development of clinical subphenotypes. Blood Rev. 2007; 21(1):37—-47. Epub 2006/11/
07. doi: 10.1016/j.blre.2006.07.001. PMID: 17084951; PubMed Central PMCID: PMC2048670.

Darbari DS, Wang Z, Kwak M, Hildesheim M, Nichols J, Allen D, et al. Severe painful vaso-occlusive cri-
ses and mortality in a contemporary adult sickle cell anemia cohort study. PLoS One. 2013; 8(11):
€79923. Epub 2013/11/14. doi: 10.1371/journal.pone.0079923. PMID: 24224021; PubMed Central
PMCID: PMCPMC3818240.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205194 October 11, 2018 10/11


http://www.ncbi.nlm.nih.gov/pubmed/11238670
http://www.ncbi.nlm.nih.gov/pubmed/10198367
https://doi.org/10.1038/nm817
http://www.ncbi.nlm.nih.gov/pubmed/12539038
https://doi.org/10.1002/hep.24317
http://www.ncbi.nlm.nih.gov/pubmed/21433045
https://doi.org/10.1172/JCI78443
http://www.ncbi.nlm.nih.gov/pubmed/26011640
https://doi.org/10.1038/87929
http://www.ncbi.nlm.nih.gov/pubmed/11329062
https://doi.org/10.1084/jem.20050377
http://www.ncbi.nlm.nih.gov/pubmed/16027238
http://www.ncbi.nlm.nih.gov/pubmed/13977754
http://www.ncbi.nlm.nih.gov/pubmed/237591
https://doi.org/10.1039/c7ob01674c
http://www.ncbi.nlm.nih.gov/pubmed/28948260
https://doi.org/10.1001/jama.299.19.jrv80007
http://www.ncbi.nlm.nih.gov/pubmed/18443023
https://doi.org/10.3390/biom7010002
http://www.ncbi.nlm.nih.gov/pubmed/28054978
https://doi.org/10.1182/blood-2006-02-004812
https://doi.org/10.1182/blood-2006-02-004812
http://www.ncbi.nlm.nih.gov/pubmed/16638928
http://www.ncbi.nlm.nih.gov/pubmed/1465454
https://doi.org/10.1155/2013/831596
http://www.ncbi.nlm.nih.gov/pubmed/25506596
https://doi.org/10.1002/ajh.20143
http://www.ncbi.nlm.nih.gov/pubmed/15389823
https://doi.org/10.1007/s00109-010-0613-6
http://www.ncbi.nlm.nih.gov/pubmed/20306336
https://doi.org/10.1016/j.blre.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17084951
https://doi.org/10.1371/journal.pone.0079923
http://www.ncbi.nlm.nih.gov/pubmed/24224021
https://doi.org/10.1371/journal.pone.0205194

@° PLOS | ONE

Oral CO in sickle cell disease

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Du M, Van Ness S, Gordeuk V, Nouraie SM, Nekhai S, Gladwin M, et al. Biomarker signatures of sickle
cell disease severity. Blood Cells Mol Dis. 2018. Epub 2018/05/21. doi: 10.1016/j.bcmd.2018.05.001.
PMID: 29778312.

Ballas SK, Marcolina MJ. Hyperhemolysis during the evolution of uncomplicated acute painful episodes
in patients with sickle cell anemia. Transfusion (Paris). 2006; 46(1):105—10. Epub 2006/01/10. doi: 10.
1111/j.1537-2995.2006.00679.x. PMID: 16398738.

Dubert M, Elion J, Tolo A, Diallo DA, Diop S, Diagne |, et al. Degree of anemia, indirect markers of
hemolysis, and vascular complications of sickle cell disease in Africa. Blood. 2017; 130(20):2215-23.
Epub 2017/09/22. doi: 10.1182/blood-2016-12-755777. PMID: 28931524,

Aban |, Baddam S, Hilliard LM, Howard TH, Feig DI, Lebensburger JD. Severe anemia early in life as a
risk factor for sickle-cell kidney disease. Blood. 2017; 129(3):385-7. Epub 2016/12/07. doi: 10.1182/
blood-2016-09-738104. PMID: 27919909; PubMed Central PMCID: PMCPMC5248934.

DeBaun MR, Sarnaik SA, Rodeghier MJ, Minniti CP, Howard TH, lyer RV, et al. Associated risk factors
for silent cerebral infarcts in sickle cell anemia: low baseline hemoglobin, sex, and relative high systolic
blood pressure. Blood. 2012; 119(16):3684—90. Epub 2011/11/19. doi: 10.1182/blood-2011-05-
349621. PMID: 22096242; PubMed Central PMCID: PMCPMC3335377.

Miller ST, Sleeper LA, Pegelow CH, Enos LE, Wang WC, Weiner SJ, et al. Prediction of adverse out-
comes in children with sickle cell disease. N Engl J Med. 2000; 342(2):83—-9. Epub 2000/01/13. doi: 10.
1056/NEJM200001133420203. PMID: 10631276.

Kim KM, Pae HO, Zheng M, Park R, Kim YM, Chung HT. Carbon monoxide induces heme oxygenase-1
via activation of protein kinase R-like endoplasmic reticulum kinase and inhibits endothelial cell apopto-
sis triggered by endoplasmic reticulum stress. Circ Res. 2007; 101(9):919-27. Epub 2007/09/08. doi:
10.1161/CIRCRESAHA.107.154781. PMID: 17823375.

Carmody RJ, Chen YH. Nuclear factor-kappaB: activation and regulation during toll-like receptor signal-
ing. Cell Mol Immunol. 2007; 4(1):31-41. Epub 2007/03/14. PMID: 17349209.

Lo lacono L, Boczkowski J, Zini R, Salouage |, Berdeaux A, Motterlini R, et al. A carbon monoxide-
releasing molecule (CORM-3) uncouples mitochondrial respiration and modulates the production of
reactive oxygen species. Free Radic Biol Med. 2011; 50(11):1556—64. Epub 2011/03/09. doi: 10.1016/.
freeradbiomed.2011.02.033. PMID: 21382478.

Suliman HB, Carraway MS, Tatro LG, Piantadosi CA. A new activating role for CO in cardiac mitochon-
drial biogenesis. J Cell Sci. 2007; 120(Pt 2):299-308. Epub 2006/12/21. doi: 10.1242/jcs.03318. PMID:
17179207.

Reiter CE, Alayash Al. Effects of carbon monoxide (CO) delivery by a CO donor or hemoglobin on vas-
cular hypoxia inducible factor 1alpha and mitochondrial respiration. FEBS open bio. 2012; 2:113-8.
Epub 2012/01/01. doi: 10.1016/j.fob.2012.05.003. PMID: 23650589; PubMed Central PMCID:
PMCPMC3642129.

Metere A, lorio E, Scorza G, Camerini S, Casella M, Crescenzi M, et al. Carbon monoxide signaling in
human red blood cells: evidence for pentose phosphate pathway activation and protein deglutathionyla-
tion. Antioxidants & redox signaling. 2014; 20(3):403—16. Epub 2013/07/03. doi: 10.1089/ars.2012.
5102. PMID: 23815439; PubMed Central PMCID: PMCPMC3894680.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205194 October 11, 2018 11/11


https://doi.org/10.1016/j.bcmd.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29778312
https://doi.org/10.1111/j.1537-2995.2006.00679.x
https://doi.org/10.1111/j.1537-2995.2006.00679.x
http://www.ncbi.nlm.nih.gov/pubmed/16398738
https://doi.org/10.1182/blood-2016-12-755777
http://www.ncbi.nlm.nih.gov/pubmed/28931524
https://doi.org/10.1182/blood-2016-09-738104
https://doi.org/10.1182/blood-2016-09-738104
http://www.ncbi.nlm.nih.gov/pubmed/27919909
https://doi.org/10.1182/blood-2011-05-349621
https://doi.org/10.1182/blood-2011-05-349621
http://www.ncbi.nlm.nih.gov/pubmed/22096242
https://doi.org/10.1056/NEJM200001133420203
https://doi.org/10.1056/NEJM200001133420203
http://www.ncbi.nlm.nih.gov/pubmed/10631276
https://doi.org/10.1161/CIRCRESAHA.107.154781
http://www.ncbi.nlm.nih.gov/pubmed/17823375
http://www.ncbi.nlm.nih.gov/pubmed/17349209
https://doi.org/10.1016/j.freeradbiomed.2011.02.033
https://doi.org/10.1016/j.freeradbiomed.2011.02.033
http://www.ncbi.nlm.nih.gov/pubmed/21382478
https://doi.org/10.1242/jcs.03318
http://www.ncbi.nlm.nih.gov/pubmed/17179207
https://doi.org/10.1016/j.fob.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23650589
https://doi.org/10.1089/ars.2012.5102
https://doi.org/10.1089/ars.2012.5102
http://www.ncbi.nlm.nih.gov/pubmed/23815439
https://doi.org/10.1371/journal.pone.0205194

