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Heme is a potent inducer of vascular 
inflammation (2,5–8). Heme derived 
from sickle red blood cells (RBCs) acts 
as a damage-associated molecular pat-
tern (DAMP) that can activate toll-like 
receptor 4 (TLR4) of the innate immune 
system, independent of its cognate ligand 
lipopolysaccharide (LPS) (9), leading to  
oxidant production, inflammation,  
vaso-occlusion (VO) ischemia and  
tissue injury, including acute chest syn-
drome (2,4,10). In SCD mice, the combi-
nation of heme-induced oxidative stress, 
inflammation and adhesion of circulating 
blood cells to vascular endothelium is a 
key driver of the proinflammatory and 
prothrombogenic vasculature that pro-
motes sludging and stasis of blood flow 
in the postcapillary venules (11–17).  
Cells defend or adapt to heme-mediated 

erythrocytes and promotes intravascular 
and extravascular hemolysis. When eryth-
rocytes are lysed, extracellular hemoglo-
bin is released into plasma and easily 
oxidized from ferrous (Fe2+) to ferric 
(Fe3+) hemoglobin (methemoglobin), from 
which heme readily dissociates into the 
vasculature (1–3). Furthermore, plasma 
red cell microparticles are increased and 
laden with heme in SCD patients (4).

iNtrODUctiON
Sickle cell disease (SCD) is an unrelent-

ing hemolytic disease caused by a single 
base pair mutation in the β-globin chain 
of hemoglobin. SCD is characterized by 
recurring episodes of painful vasooc-
clusion, leading to ischemia-reperfusion 
injury and organ damage. Polymerization 
of hemoglobin-S in the deoxy confor-
mation shortens the lifespan of sickle 
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post-transplant, globin phenotype was 
determined by Hb isoelectric focusing. 
Chimeric mice were implanted with a 
DSFC 12–14 wks after transplant.

Plasmids
Plasmid pT2/CAGGS-Luc con-

taining a T2 SB transposon encoding 
firefly  luciferase downstream of a 
CAGGS promoter (42), and plasmid 
pKCMV-SB100X encoding hyperactive 
SB100X transposase (43), were a gift 
from Dr. Scott McIvor (University of 
Minnesota). The transposon plasmid 
containing wild-type (wt) rat Hpx 
(wt-Hpx) pT2/CAGGS-wt-Hpx was 
constructed by removing Luc from 
pT2/CAGGS-Luc via NotI and ClaI 
digestion and ligating the resulting 
vector with the coding region of rat 
Hpx cDNA, which was amplified 
from pExpress-rat Hpx using prim-
ers with NotI and ClaI sites on the 5′ 
and 3′ end, respectively. The Hpx His 
sites coordinating heme iron (H149, 
H235 and H291 in rat Hpx) and the 
core (Arg-Gly-Glu) of JEN14 epitope 
recognized by Hpx-heme receptor as 
defined previously (44) were chosen 
to make Hpx mutants. The trans-
poson plasmids containing missense 
(ms) rat Hpx-heme binding mutant 
H149A/H235A/H291 (ms-HpxHM) 
pT2/CAGGS-ms-HpxHM and ms-Hpx- 
receptor-binding mutant R150A/E152A 
(ms-HpxRM) pT2/CAGGS-ms-HpxRM 
were generated using QuickChange 
II XLSite-Directed Mutagenesis kit 
( Agilent  Technologies). To facilitate pu-
rification of the recombinant rat Hpx in 
mammalian cell culture, Flag tag was 
added to the C terminal of rat Hpx in 
pT2/CAGGS-wt-Hpx, pT2/CAGGS-
ms-HpxHM and pT2/CAGGS-ms-HpxRM 
using a  3′ primer containing the cod-
ing sequence of Flag (DYKDDDDK): 
5′TGACTTGC GGCCGCTCATTACT
TGTCGTCATCGTCTTTGTAGTCAC
CTCCTTGACTGCAGCCAAG3′. The 
sequences of the constructed plasmids 
were confirmed by Sanger sequenc-
ing in the University of Minnesota 
 Genomic Center.

Mice
All animal experiments were approved 

by the University of Minnesota’s Institu-
tional Animal Care and Use Committee. 
These studies utilized male and female 
NY1DD (38) and HbSS-Townes (39) 
transgenic sickle mice, ages 8–20 wks, 
with weights between 20 g and 30 g, 
housed in SPF cages on a 12 h light/
dark cycle at 21°C. Hydrodynamic in-
fusions for the gene transfer studies 
used NY1DD and HbSS-Townes mice 
8–12 wks of age. All animals were mon-
itored daily, including weekends and 
holidays, for health problems, food and 
water levels, and cage conditions. The 
NY1DD and Townes-SS mice were gen-
erated from C57BL/6 and 129/B6 genetic 
backgrounds, respectively. The NY1DD 
mice were homozygous for deletion of 
the mouse βmaj°r globin and expressed a 
human α and βS globin transgene. The 
Townes-SS mice were created by knock-
ing human α and AγβS globins into the 
deletion sites for murine α and β globins. 
Townes-SS mice have severe anemia and 
an RBC half-life of 2.5 d (40). NY1DD 
mice were used for most of these studies, 
and Townes-SS mice were used to con-
firm hepatic and plasma Hpx expression 
and the effects of Hpx on stasis. The 
Hpx-/- mice were a generous gift from 
Dr. Raymond Regan at Thomas Jefferson 
University, Philadelphia,  
Pennsylvania (41).

Bone Marrow transplants
Chimeric mice were generated by har-

vesting sickle bone marrow (BM) from 
NY1DD mice (βS+/+) and transplanting 
the BM into lethally irradiated Hpx-/- or 
Hpx+/+ C57BL/6 non-sickle mice. Recip-
ients (8–10 wks of age) were irradiated 
with two doses of 5 Gy (X-RAD 320 Bio-
logical Irradiator) 3 h apart. During the 
3 h interval, BM donors were euthanized 
and BM was collected from both femurs. 
Ten million BM cells were injected via 
tail vein into each irradiated recipient. 
Drinking water containing 0.2% neomy-
cin sulfate (Sigma-Aldrich) was given to 
transplanted mice for 3 wks immediately 
after transplantation. Twelve weeks 

oxidative stress by inducing heme 
oxygenase-1 (HO-1) and heavy chain 
ferritin (18–22). Haptoglobin and Hpx 
sequester plasma hemoglobin and 
heme, respectively, transporting them 
efficiently to macrophages and hepato-
cytes, respectively, for catabolism and 
detoxification of the heme via induction 
of HO-1 (23–26). Nearly 50 years ago, 
Muller-Eberhard showed that SCD 
patients have subnormal plasma con-
centrations of both haptoglobin and 
Hpx as well as increased heme-albumin 
(27). Over the past 10 years, numerous 
studies have shown in animal models 
that supplementation with haptoglobin 
or Hpx can prevent organ toxicity due 
to plasma hemoglobin or heme (28–34). 
Conversely, Hpx gene null mice (Hpx-/-) 
are especially prone to oxidative stress 
and inflammation (32,35).

Thus, several lines of evidence support 
Hpx playing a vital role in the inhibition 
of inflammation and vasoocclusion in 
sickle mice. In this study we treated the 
NY1DD and Townes-SS sickle mouse 
models with Hpx gene transfer targeted 
to the liver and evaluated the effects on 
cytoprotective pathways and Hb- and 
heme-induced vasoocclusion in a dor-
sal skin-fold chamber (DSFC) model. 
Our results suggest that hepatic overex-
pression of Hpx in sickle mice inhibits 
inflammation and microvascular stasis in 
the DSFC model by delivering heme to 
CD91/LRP1 on the liver and increasing 
nuclear Nrf2 activation and HO-1  
expression in the liver (24,36,37).

MAtEriALS AND MEtHODS

Heme
The term “heme” is used generically 

to refer to both heme and hemin. These 
studies used hematin that was prepared 
immediately before use by mixing 10 mg 
hemin chloride (Frontier Scientific, 98.6% 
purity), 10 mg D-sorbitol (Sigma- 
Aldrich) and 6.9 mg sodium carbonate 
(Sigma-Aldrich) in 5.7 mL sterile saline 
(Baxter) for 30 min in the dark. All 
heme preparations, appropriately diluted 
in saline, were filtered at 0.22 μm.
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with a BSA standard 1–10 μg loaded in 
the same gel to estimate its concentration 
by comparing the band intensities. The 
recombinant wt-Hpx and the ms mu-
tants were confirmed by western blots 
with a primary antibody against wt-Hpx 
(Abcam #ab150401).

Heme-binding Assay
A standard Hpx-heme–binding assay 

as described previously (49) was per-
formed to determine heme-binding 
activity of the recombinant Hpx pro-
teins wt-Hpx-Flag, ms-HpxHM-Flag and 
ms-HpxRM-Flag, by UV/Vis absorption 
spectrometry (250–600 nm) using Nano-
photometer P330 (Implen) with an opti-
cal path length of 10 mm. Rat serum Hpx 
(Athens Research and Technology) was 
used as a positive control.

cD91/LrP1 receptor Binding
HepG2 human hepatocytes were 

cultured to confluence on glass-bottom 
24-well plates coated with rat tail col-
lagen type I in 10% FBS growth media. 
Cells were incubated in 1% FBS media 
with wt-Hpx-Flag, ms-HpxHM-Flag, or 
ms-HpxRM-Flag (1 μM) with or without 
hemin (1 μM) for 1 h. To assess spe-
cific binding of Hpx-Flag (wt or ms) to 
CD91/LRP1, HepG2 cells were treated 
with a 20-fold excess of purified human 
Hpx (20 μM) + Hpx-Flag (wt or ms) + 
hemin (1 μM). Post-incubation, cells 
were fixed with cold 4% paraformalde-
hyde for 5 m. Fixed cells were incubated 
with mouse anti-Flag IgG (Sigma- 
Aldrich, # F1804) and rabbit anti-human 
CD91/LRP1 (Abcam, #ab92544) to assess 
co-localization of Hpx-Flag (wt or ms) 
and CD91/LRP1. Primary antibodies to 
Flag and CD91/LRP1 were visualized 
with Cy3 anti-mouse and FITC anti- 
rabbit secondary antibodies, respectively 
(Jackson Immunoresearch, #715-165-150 
and #711-095-152), followed by nuclear 
DAPI stain (Life Technologies, #D1306). 
All photo images were taken at 100 × 
with Nikon A1Rsi confocal w/SIM 
Super Resolution microscope and pro-
cessed with NIS/element version 4.40 
and Adobe Photoshop.

Healthcare) and a Storm™ Reader (GE 
Healthcare). Plasma samples were run 
on SDS-PAGE for western blots using 
1 μL of each plasma sample per lane. 
The blots were immunostained for Hpx 
(BioVision, #3899-200). The primary 
antibodies were visualized as described 
above. Immunoreactive bands on images 
were quantitated using ImageJ software 
(NIH). Enrichment of bands was mea-
sured by calculating the ratios of sickle 
mice to C57BL/6 or Townes-AA mice.

Expression and Purification of  
c-Flag–tagged recombinant rat  
wt-Hpx, Heme-binding Mutant  
(ms-HpxHM) and receptor-binding 
Mutant (ms-HpxrM)

Expression plasmids pT2/CAGGS-wt-
Hpx-Flag, pT2/CAGGS-ms-HpxHM-Flag 
and pT2/CAGGS-ms-HpxRM-Flag were 
used to produce wt-Hpx-Flag, HpxHM-
Flag and ms-HpxRM-Flag, respectively, 
in Chinese hamster ovary (CHO) cells, 
as described previously (47,48). CHO 
cells were maintained in RPMI-1640 
with L-glutamine (Gibco) supplemented 
with 10% fetal bovine serum in 5% CO2 
at 37°C. Cells in T225 cm2 culture flask 
with RPMI-1640 free of serum were 
transiently transfected with polyeth-
ylenimine (PEI, linear, MW 2,500) (Poly-
sciences) using a 3:1 ratio of PEI to DNA 
(w/w). After 18 h of incubation, the 
cells were changed to protein-free media 
ProCHO-AT (Lonza). Four days post-in-
cubation of CHO cells in ProCHO-AT, 
the conditioned media was collected, and 
cleared by centrifugation at 600 × g for 30 
m at 4°C and filtration using a 0.22 μm 
stercup vacuum filter apparatus (Corn-
ing). Subsequently, the recombinant Hpx-
Flag in the cleared conditioned medium 
was purified by anti-Flag M2 affinity gel 
(Sigma-Aldrich) column chromatography 
following the manufacturer’s instruc-
tions. The bound Flag fusion protein was 
eluted by competition with Flag peptide, 
and further concentrated using a 30k 
centrifugal filter unit (Amicon). The 
purity and concentration of the protein 
was determined by a 4–15% SDS-PAGE 
and Coomassie R-250 stain (Bio-Rad), 

transgene Delivery to Sickle Mice
The hydrodynamic delivery procedure 

for the SB transposon system allows effi-
cient delivery of transposons to the livers 
of mice (45). The procedure involves 
rapid, high-pressure injection of a DNA 
solution into the tail vein. A wt-Hpx 
plasmid (pT2/CAGGS-Hpx) or ms-Hpx 
plasmids (pT2/CAGGS-ms-HpxHM or 
pT2/CAGGS-ms-HpxRM) were delivered 
with an SB100X transposase plasmid 
(pK/CMV-SB100X) and Luc plasmid 
(pT2/CAGGS-Luc, as tracer) in trans 
into NY1DD or Townes-SS SCD mice 
by hydrodynamic tail vein injections of 
plasmid DNA (10% body weight, up to 
2.5 mL) in sterile LRS (45). Control SCD 
mice were infused with the same volume 
of LRS alone or the Luc plasmid with 
SB100X transposase plasmid in trans.

Bioluminescence imaging In Vivo
Expression of Luc in living mice was 

monitored one week after hydrodynamic 
infusions by bioluminescence imaging, 
using Xenogen′s IVIS Imaging System with 
Living Imaging program, as previously de-
scribed (45). Briefly, mice were anesthetized 
with isoflurane mixed with pure oxygen, 
and 0.1 ml of D-luciferin (28.5 mg/mL, 
Promega) was injected intraperitoneally. 
Five minutes after injection of the luciferin 
substrate, mice were imaged according 
to the manufacturer’s instructions. Luc 
expression determined by the biolumi-
nescence imaging is expressed as photons 
emitted per second per square centimeter.

Western Blots
Microsomes and nuclear extracts were 

isolated as previously described from the 
mouse (46). Blots of cellular subfractions 
were immunostained with primary an-
tibodies to Hpx (BioVision #3899-200 or 
Abcam ab 150401), Nrf2 (Cell Signaling 
#8882), HO-1 (Enzo #ADI-OSA-111), 
phospho (Ser536, Cell Signaling #3031) 
and total (Cell Signaling #3034) NF-κB 
p65, CD91/LRP1 (Abcam #ab92544). 
Primary antibodies were labeled with 
secondary antibodies conjugated to alka-
line phosphatase (Santa Cruz, #SC-2007) 
and visualized with ECF™ substrate (GE 
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Statistics
Analyses were performed with 

SigmaStat 3.5 for Windows (Systat 
Software). Comparisons of multiple 
treatment groups were made using one-
way analysis of variance (Holm-Sidak 
method). For comparing two groups, an 
unpaired t-test was used for groups with 
normal distributions and a Mann- 
Whitney rank sum test was used for 
groups that failed the normality test.

All supplementary materials are available 
online at www.molmed.org.

rESULtS
Plasma Hpx levels were assessed 

by western blot in C57BL/6, NY1DD, 
Townes-AA and Townes-SS mice. 
NY1DD and Townes-SS sickle mice 
that were hemolyzing had significantly 
lower plasma Hpx levels than control 
C57BL/6 or Townes-AA mice (Figure 1, 
p < 0.01). Plasma Hpx levels in NY1DD 
and Townes-SS mice were 33% and 23% of 
the levels seen in normal C57BL/6 mice, 
respectively.

Hpx avidly binds heme (Kd ~ 10-13 M) 
and heme readily transfers to Hpx from 

40 mM-1 cm-1 for bilirubin). HO activ-
ity is expressed as pmol of bilirubin 
formed/mg  microsomal protein/h.

Measurement of Vasoocclusion 
(Stasis) and tissue collection

Sickle mice were implanted with 
DSFCs as previously described (51). 
Three days later, these mice with were 
anesthetized with a mixture of ketamine 
(106 mg/kg) and xylaxine (7.2 mg/kg) 
and placed on a special intravital micros-
copy stage, and 20–25 flowing subcuta-
neous venules in the DSFC window were 
selected and mapped. After baseline 
selection of flowing venules, mice were 
challenged with hemin (1.6 μmols/kg, 
i.v.) via the tail (2). The same vessels that 
were selected and mapped at baseline 
were reexamined for stasis (no flow) at 
1 h and 4 h after hemin infusion. Per-
centage of stasis was calculated at each 
time point. After the  4 h stasis mea-
surement, the mice were euthanized in 
a CO2 chamber. Heparinized blood was 
collected from the heart and placed on 
ice for collection of plasma, livers were 
flash-frozen in liquid N2 and all samples 
were stored at –85°C.

Quantitative rt-Pcr
Total RNA was extracted from tissues 

(~ 30 mg) using RNeasy Mini kit (Qia-
gen). RNA was digested with RNase-free 
DNase I (Roche) to remove any con-
taminating DNA, and the DNase I was 
heat-inactivated by incubation at 75°C 
for 10 m. cDNA was generated from  
500 ng RNA using qScript cDNA Su-
permix (Quanta BioSciences). qPCR for 
mouse and rat Hpx mRNA was mea-
sured in triplicate once or twice on a 
LightCycler 480 (Roche) using FastStart 
Universal SYBR Green Master (Roche). 
The mouse and rat primers were verified 
to be specific for mouse and rat Hpx. The 
primer sequences were as follows:

rat Hpx forward primer 5′CAAG 
CCAGACTCAGATGTAATCG3′,

rat Hpx reverse primer 5′GGGA 
TTCTTCCACCTCTCTGA3′,

mouse Hpx forward primer 5′CA 
GCAGTGGCGCTAAATATCC3′,

mouse Hpx reverse primer 5′ 
ACTCTCCCGTTGGCAGTAGG3′.

Plasma Hemoglobin and Heme
Plasma hemoglobin was measured 

spectrophotometrically by the Fairbanks 
AII method (50). Total plasma heme lev-
els were measured colorimetrically at  
400 nm using a QuantiChromTM Heme 
Assay Kit (BioAssay Systems). This 
method measures total plasma heme.

Measurement of HO Enzyme Activity 
in Liver Microsomes

Heme oxygenase (HO) activity was 
measured as previously described (20) 
in freshly isolated liver microsomes 
sonicated once for 10 s. Microsomes 
(2 mg) in 2 mM MgCl2, 0.1 M K2HPO4 
buffer, pH 7.4 were added to the reac-
tion mixture (400 μL, final) containing 
2.5 μg recombinant biliverdin reductase 
(Assay Designs), 2 mM glucose-6- 
phosphate, 0.2 U glucose-6- phosphate 
dehydrogenase, 50 μM hemin chloride 
and 0.8 mM NADPH (Calbiochem) 
for 1 h in the dark. Bilirubin that was 
formed was extracted into chloro-
form and measured by the delta OD 
at 464–530 nm (extinction coefficient, 

Figure 1. Plasma hemopexin is decreased in sickle mice. Plasma was collected from the 
abdominal aortae of C57BL/6, NY1DD, Townes-AA and Townes-SS mice (n = 4/group). 
Plasma (1 μL) was run on western blots and immunostained for murine hemopexin (68 kDa) 
or IgG (155 kDa). Bar graph represents relative hemopexin band intensities (mean + SD) rel-
ative to C57BL/6. *p < 0.01 NY1DD versus C57BL/6 and Townes-SS versus Townes-AA.
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were approximately 34% and 23% of 
Hpx levels in the plasma of untreated 
Townes-AA mice, respectively (p < 0.01).

As shown in Figure 4A, wt-Hpx gene 
transfer–treated NY1DD mice at 1 h 
had significantly less heme-induced 
microvascular stasis (8.9 ± 3.4%) than 
Luc- (34.9 ± 3.4%) or LRS- (32.6 ± 1.9%) 
treated mice, supporting a cytoprotective 
role for Hpx in SCD (p < 0.05). Similar 
responses (Figure 4B) were found in the 

Hpx levels in untreated C57BL/6 mice 
(D, p < 0.01). The relative Hpx levels in 
the plasma of Townes-SS mice receiv-
ing wt-Hpx was approximately 70% 
of the plasma Hpx levels in untreated 
Townes-AA mice (F), although the rela-
tive Hpx levels were not significantly dif-
ferent between Townes-SS-wt-Hpx and 
untreated Townes-AA mice. The relative 
Hpx levels in the plasma of Townes- 
SS-LRS and Townes-SS-Luc mice 

methemalbumin (52). Albumin has  
70-fold greater molarity in plasma rela-
tive to Hpx, and some have suggested 
that albumin may protect the vascu-
lature against free heme toxicity. Yet, 
we and others have shown that Hpx 
supplementation in Hpx-deficient sickle 
mice, which have a large molar excess of 
albumin, can blunt toxicity due to free 
heme (2). To test whether Hpx is indeed 
protective in SCD against heme toxicity, 
we transplanted NY1DD BM into Hpx+/+ 
or Hpx-/- C57BL/6 mice. After 12 wks, 
hemoglobin electrophoresis confirmed 
hemoglobin S in the transplanted mice 
(data not shown) and a DSFC was im-
planted for assessment of microvascular 
stasis. As expected, there was no de-
tectable plasma Hpx in the Hpx-/- sickle 
mice (Figure 2A), while there was detect-
able Hpx in the Hpx+/+ sickle mice, sug-
gesting that these mice, despite having 
sickle red cells, were not briskly hemo-
lyzing post-transplant. Hpx-/- sickle mice 
were more sensitive to the pathological 
effects of infused heme (3.2 μmol/kg), 
developing 33 ± 3% static vessels at 1 h 
compared with 21 ± 5% in Hpx+/+ sickle 
mice (p < 0.025, Figure 2B).

To further investigate the protective 
role of Hpx in SCD, we utilized gene 
transfer to augment Hpx production in 
SCD mice. We hydrodynamically infused 
SB100X transposase (SB100X) driven by 
a robust CMV promoter in trans with 
a rat wt-Hpx transposon driven by a 
constitutive CAGGS promoter into the 
tail veins of NY1DD and Townes-SS 
sickle mice. A Luc transposon or equal 
volume of LRS was infused as control 
for the hydrodynamic infusion. One 
week after hydrodynamic infusion, Luc 
gene expression was predominantly 
localized to the liver, as determined 
by whole-body imaging of Luc activity 
(Supplemental Figure 1). Four weeks 
after hydrodynamic infusion, there was 
a marked increase in Hpx levels in the livers 
(Figures 3A and B) and plasma (Figures 3C–F) 
of  wt-Hpx–treated mice, but not the Luc- or 
LRS-treated mice. The relative Hpx levels 
in the plasma of NY1DD mice receiving 
wt-Hpx was almost double the plasma 

Figure 2. Hpx-/- sickle mice develop more stasis than Hpx+/+ sickle mice following heme 
infusion. NY1DD bone marrow (BM) was transplanted into C57BL/6 Hpx+/+ and C57BL/6 Hpx-/- 
mice (n = 3). Twelve weeks after BM transplant (BMT), plasma Hpx levels were examined 
on western blot (A) and microvascular stasis was measured in a DSFC at 1 h and 4 h after 
infusion of 3.2 μmols/kg of heme (B). Percentage of stasis (mean ± SD) was calculated at 
1 h and 4 h after heme infusion. *P < 0.025 NY1DD Hpx+/+ versus NY1DD Hpx-/-.
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Figure 3. Hemopexin gene therapy increases hemopexin expression in livers and plasma of sickle mice. NY1DD (A, C and D) and 
Townes-SS (B, E and F) mice were hydrodynamically infused with lactated Ringer’s solution (LRS), Sleeping Beauty–100X transposase 
(SB100X) + luciferase (Luc), or SB100X + wt-Hpx (n = 4). Liver and plasma samples were collected 4 wks later after measurement of 
heme-induced stasis and run on western blots. Liver microsomes from NY1DD (A) and Townes-SS (B) mice were immunostained for he-
mopexin (Hpx) (68 kDa) and GAPDH (32 kDa). Plasma samples from treated NY1DD mice and untreated C57BL/6 control mice (C) and 
treated Townes-SS mice and untreated Townes-AA control mice (E) were immunostained for Hpx and IgG (155 kDa). Relative Hpx band 
intensities are presented in (D) and (F). In (D), #p < 0.05 versus C57BL/6 and *p < 0.01 versus C57BL/6. In (F), #p < 0.05 Townes-SS-wt-Hpx 
versus Townes-SS-LRS or Townes-SS-Luc and *p < 0.01 Townes-SS-LRS or Townes-SS-Luc versus Townes-AA.
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LRP1 and HO-1 synthesis. Wt-Hpx 
induces an antiinflammatory response, 
as evidenced by a decrease in NF-κB ac-
tivation in NY1DD liver nuclear extracts 
(Supplemental Figure 2), as assessed 
by decreased NF-κB phospho-p65 in 
 wt-Hpx–treated animals relative to   
Luc- or LRS-infused sickle mice.

To test the role of heme and CD91/
LRP1 binding for protection by Hpx, 
we prepared a C-terminal Flag-tagged 
wild-type rat Hpx (wt-Hpx-c-Flag) and 
two missense (ms) rat Hpx constructs. 
In one ms-Hpx construct (ms-HpxHM-c-
Flag), we used site-directed mutagenesis 
to change three histidine residues to 
alanines (H149A, H325A, H291A). These 
residues are believed to be involved 
in heme-binding (53). In the second 
ms-Hpx construct (ms-HpxRM-Flag), 
two amino acids at the putative Hpx-
to-CD91/LRP1 receptor-binding site 
(R150A and E152A) were mutated to al-
anines (44). We expressed these proteins 
in CHO cells and purified them from the 
media by affinity chromatography using 
an anti-Flag affinity column (Supplemen-
tal Figure 3).

Next, we tested the translated wt- and 
ms-Hpx constructs for their heme-bind-
ing capability. Heme (iron-protopor-
phyrin IX) bound to Hpx has a peak in 
absorbance at 414 nm (49). As seen in 
Figure 6A, shifts of UV-Vis spectrophoto-
metric scans indicates that wt-Hpx-c-Flag 
binds heme similar to commercial rat 
Hpx purified from blood. However, the 
ms-HpxHM-c-Flag protein did not bind 
heme, while the ms-HpxRM-c-Flag bound 
heme normally (Figure 6B).

To demonstrate the binding of heme/
Hpx to CD91/LRP1 on hepatocytes, 
HepG2 human hepatocytes were cul-
tured, and binding of wt-Hpx-c-Flag, 
HpxHM-c-Flag and ms-HpxRM-c-Flag, 
with and without bound heme, was 
assessed using Cy3/red fluorescent la-
beled antibodies to Flag and FITC/green 
fluorescent labeled antibodies to CD91/
LRP1. All the hepatocyte cells expressed 
CD91/LRP1 on the cell surface regardless 
of the incubation conditions (Figure 6C). 
In the absence of heme, no Hpx-flag 

NY1DD mice had increased nuclear 
Nrf2 (Figure 5A), Hpx receptor (CD91/
LRP1, Figure 5B) and heme oxygenase-1 
(HO-1, Figure 5C) relative to a GAPDH 
loading control (Figure 5D). These data 
are consistent with heme/Hpx uptake in 
the liver and activation of signaling to in-
duce nuclear Nrf2 activation and CD91/

more severe hemolytic Townes-SS SCD 
mouse model, where wt-Hpx gene trans-
fer similarly afforded protection.

To investigate the mechanism of  
wt-Hpx cytoprotective effects, we as-
sessed the effects of Hpx gene transfer in 
the livers of NY1DD mice. Four weeks 
after wt-Hpx gene transfer, livers from 

Figure 4. Hemopexin gene therapy inhibits heme-induced microvascular stasis in sickle 
mice. NY1DD (A) and Townes-SS (B) mice were hydrodynamically infused with lactated 
Ringer’s solution (LRS), SB100X + Luc, or SB100X + wt-Hpx [NY1DD (n = 4) and Townes-SS: 
LRS and wt-Hpx (n = 3) and Luc (n = 2)]. DSFCs were implanted 4 wks later and micro-
vascular stasis was measured at 1 h and 4 h after infusion of heme (3.2 μmols/kg). Per-
centage of stasis (mean ± SD) was calculated at each time point. *P < 0.05 for wt-Hpx 
compared with LRS.
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binding to cells was detected with any 
of the recombinant Hpx-flag proteins 
(top panels). However, in the presence 
of heme, wt-Hpx-flag bound to HepG2 
cells (middle panel, second from left) and 
appeared to be colocalized (orange) with 
CD91/LRP1. However, the ms-HpxHM-
Flag that does not bind heme and ms- 
HpxRM-Flag that does not bind CD91/LRP1 
showed no binding to HepG2 cells in the 
presence of heme (middle panels, third 
and fourth from left). The binding of wt-
Hpx-Flag to HepG2 cells seems specific 
for wt-Hpx, since a 20-fold excess of 
purified human plasma Hpx inhibited 
binding of the wt-Hpx in the presence of 
heme (bottom panel, second from left).

To determine whether heme binding  
or receptor binding is critical for protec-
tion against heme-induced microvascular 
stasis, we hydrodynamically infused 

Figure 5. Hemopexin gene therapy increases Nrf2, LRP1/CD91 and heme oxygenase-1 
(HO-1) expression in the livers of NY1DD sickle mice. NY1DD mice were hydrodynamically 
infused with lactated Ringer’s solution (LRS), SB100X + Luc or SB100X + wt-Hpx (n = 4). Liv-
ers were harvested 4 wks later after measurement of heme-induced stasis and used for 
western blots. (A) Liver nuclear extracts were immunostained for (A) Nrf2 (MW 98 kDa), 
and liver microsomes were immunostained for (B) the hemopexin receptor (CD91/LRP1, 
91 kDa), (C) HO-1 (32 kDa) and (D) a GAPDH (32 kDa) loading control.

Figure 6. Characterization of heme- and receptor-binding by recombinant flagged wt-Hpx, ms-HpxHM and ms-HpxRM. Wt-Hpx-c-Flag,  
ms-HpxHM-c-Flag and ms-HpxRM-c-Flag plasmids were expressed in Chinese hamster ovary (CHO) cells and the recombinant Hpx proteins were 
purified from the CHO serum-free media 4 d after transfection by anti-flag affinity chromatography, as described in Materials and Methods. 
(A and B) Heme-binding of recombinant and purified rat Hpx was assessed by UV/Vis absorption spectrometry (250–600 nm). Heme bound to 
Hpx has a peak of absorbance at 414 nm. Wt-Hpx (A) and ms-HpxRM-Flag (B) can bind heme, but the ms-HpxHM-Flag (B) does not bind heme. 
(C) Binding of the recombinant flag Hpx proteins (1 μM) to HepG2 cells was assessed by immunofluorescence using and anti-flag IgG (Cy3/
red) in the presence and absence of heme (1 μM). A 20-fold excess of purified human Hpx (20 μM) + wt-Hpx-Flag (1 μM) + heme (1 μM) was 
used to assess the specificity of binding (C, bottom panels). To determine co-localization of wt-Hpx + heme with CD91/LRP1, HepG2 cells were 
double immunostained for flag (Cy3/red) and CD91/LRP1 (FITC/green). White bar of scale equals 20 μM.

Continued on the next page
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Figure 6. Continued.
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SB100X plus wt-Hpx, ms-HpxHM or 
ms-HpxRM plasmids without Flag tags 
into NY1DD mice. After 4 wks, rat Hpx 
mRNA was assessed in the liver, heme 
levels were measured in plasma and 
heme-induced stasis was assessed with 
DSFCs. Rat Hpx mRNA was increased 
similarly in the livers of mice treated 
with wt-Hpx, ms-HpxHM and ms-HpxRM 
compared with mice infused with LRS  
or Luc (Supplemental Figure 4).

Surprisingly, there were no significant 
differences in plasma heme or Hb levels 
between mice infused with LRS, Luc, 
wt-Hpx, ms-HpxHM or ms-HpxRM (Sup-
plemental Figures 5A and B). However, 
there was a trend toward lower plasma 
heme in mice overexpressing wt-Hpx and 
ms-HpxRM and higher plasma heme in 
the ms-HpxHM sickle mice. Plasma total 
heme and Hb heme levels were measured 
4 h after infusion of hemin to measure 
stasis. Plasma samples were collected 
from NY1DD gene therapy mice after 
stasis measurement and ~ 4 h after infu-
sion of hemin. Plasma heme levels were 
unaffected by the hemin challenge used 
to induce stasis, as similar plasma heme 
and Hb levels were seen in NY1DD gene 
therapy mice without DSFCs and not 
challenged with hemin (data not shown).

When stasis was measured in NY1DD 
mice (Figure 7A), neither ms-HpxHM 
(28.8 ± 6.6%) nor ms-HpxRM (24.1 ± 3.6%) 
protected against heme-induced stasis 
compared with mice expressing wt-Hpx 
(8.9 ± 3.4%, p < 0.05). Thus, both heme 
binding to Hpx and clearance of Hpx/
heme via CD91/LRP1 are essential for 
protection from heme-mediated stasis.

Relative HO-1 protein expression in 
NY1DD livers was markedly higher in 
mice overexpressing wt-Hpx compared 
with mice overexpressing ms-HpxHM or 
ms-HpxRM (Figure 7B). Similarly HO-1 ac-
tivity in livers was significantly increased 
in mice overexpressing wt-Hpx (p < 0.05), 
while HO-1 activity in the livers of sickle 
mice overexpressing ms-HpxHM or ms-
HpxRM was similar to that of mice treated 
with LRS or Luc (Figure 7C).

To see if HO-1 is important to Hpx- 
mediated protection, we treated NY1DD 

Figure 7. Wt-Hpx but not ms-HpxHM or ms-HpxRM decreased heme-induced stasis and in-
creased HO-1, and was not protective when HO-1 was blocked by SnPP. (A) NY1DD mice 
were hydrodynamically infused with SB100X + wt-Hpx (n = 4), SB100X + ms-HpxHM (n = 3) or 
SB100X + ms-HpxRM (n = 4) plasmids. DSFCs were implanted 4 wks later and microvascular 
stasis was measured at 1 h and 4 h after infusion of heme (3.2 μmols/kg). Percentage of 
stasis (mean ± SD) was calculated at each time point. *p < 0.05 for wt-Hpx compared 
with ms-HpxHM and ms-HpxRM. P < 0.05 for comparison of wt-Hpx to ms-HpxHM or ms-HpxRM 
(B) Liver microsomes were immunostained for HO-1 (32 kDa). (C) HO activity was mea-
sured in liver microsomes 4 wks after NY1DD mice were hydrodynamically infused with 
LRS (n = 4), SB100X + Luc (n = 4), SB100X + wt-Hpx (n = 4), SB100X + ms-HpxHM (n = 3) or 
SB100X + ms-HpxRM (n = 4). P < 0.05 for comparison of wt-Hpx to LRS, Luc, ms-HpxHM or ms-
HpxRM. (D) Treatment of NY1DD sickle mice overexpressing wt-Hpx with the HO inhibitor 
tin protoporphyrin (SnPP, 40 μmols/kg × 3 d, intraperitoneally) reversed the protection af-
forded by wt-Hpx. *P < 0.05 for comparison of wt-Hpx to wt-Hpx + SnPP. The wt-Hpx data 
(dashed line) in A and D were taken from Figure 4A.

Continued on the next page
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response elements (AREs) located –45 k 
to –10 k upstream from the transcription 
start site of the human LRP1/CD91 gene 
(data not shown). In addition, there are 
many transcription factor binding 
sites in the CD91/LRP1 promoter area 
(Genecard), including 2 STAT1 sites 
and 2 MYC sites; both STAT1 and MYC 
have AREs and can be upregulated by 
Nrf2 (56). Therefore, CD91/LRP1 expres-
sion might be regulated by Nrf2 directly 
or indirectly.

CD91/LRP1 is expressed on he-
patoctyes; other cell types, including 
macrophages, neurons and syncytiotro-
phoblasts, also express CD91/LRP1 (62), 
yet the majority of Hpx-heme clearance 
occurs in the liver (31). It is possible this 
is a bulk effect due to the sheer number 
of CD91/LRP1 receptors in the liver. The 
roles of other CD91/LRP1 expressing cell 
types and the possible contribution of 
alternative receptors in Hpx-heme clear-
ance remain to be studied. We demon-
strated that both heme binding to Hpx 
and clearance of Hpx/heme via CD91/
LRP1 are essential for induction of HO-1 
and protection from heme-mediated  
stasis (Figures 6 and 7).

Somewhat surprisingly, plasma heme 
levels measured 4 h after hemin chal-
lenge to induce stasis were not altered 
by Hpx gene transfer (Supplemental 
Figure 5) or by the hemin challenge 
(data not shown). The rationale for 
using 3.2 μmoles/kg hemin to induce 
stasis was that it translated to an initial 
heme concentration in blood of ~ 50 μM. 
A small sample of SCD patients were 
reported to have plasma heme levels 
up to 30.6 μg/mL, which is equivalent 
to ~ 50 μM (27). At our infused dose of 
hemin, plasma heme levels were com-
pletely normalized within 4 h, likely due 
to the rapid turnover of plasma heme 
in SCD. Plasma heme levels reflect only 
a snapshot in time and do not reflect 
the rapid throughput of heme from the 
sickle RBC to the tissues, which occurs 
continuously in SCD. Our data do not 
reveal the production and clearance rates 
of plasma heme or hemopexin. One pos-
sible explanation for unchanged plasma 

CD91/LRP1 and HO-1 expression, and 
decreased NF-κB activation.

HO-1, ferritin heavy chain, haptoglo-
bin, hemopexin and multiple other 
antioxidant genes have been previously 
identified as Nrf2-responsive in studies 
comparing gene expression in wild-type 
and Nrf2 null mice with and without 
Nrf2 agonists (56–61). The protection 
against vasoocclusion afforded by Hpx 
gene therapy appeared to be dependent 
on HO-1 activity, as SnPP, a potent in-
hibitor of HO-1 activity, reversed the 
antivasoocclusive properties of Hpx 
gene therapy. However, SnPP has many 
nonspecific effects, and it is possible that 
other cytoprotective antioxidant genes 
activated by Nrf2 could play a role in 
the antiinflammatory and antivasoocclu-
sive effects induced by Hpx. Additional 
studies in Nrf2- and HO-1–deficient 
sickle mice are needed to confirm these 
observations.

HO-1 induction in response to hemo-
pexin/heme is mediated primarily by 
Nrf2 activation (23,54). To our knowl-
edge, increased CD91/LRP1 expression 
in response to Nrf2 activation has not 
been previously reported. We have iden-
tified three putative Nrf2 antioxidant 

sickle mice overexpressing wt-Hpx with 
the HO-1 inhibitor SnPP (Figure 7D). 
This treatment reversed the protection 
(stasis = 30.8 ± 5.2%) afforded by wt-Hpx 
1 h post–heme infusion to levels similar 
to those of control mice treated with LRS, 
suggesting that delivery of heme to the 
liver via CD91/LRP1 and signaling of 
Nrf2 for HO-1 activity induction (54,55) 
are essential to the protection afforded 
by Hpx in SCD.

DiScUSSiON
We have shown that murine sickle 

mice, like patients with SCD, have 
decreased levels of plasma Hpx. This 
depletion of Hpx, due to ongoing he-
molysis in SCD, imparts a vulnerability 
to heme-mediated toxicity. Hpx-/- mice 
transplanted with NY1DD BM had 
significantly more microvascular stasis 
in response to heme challenge than 
Hpx+/+ mice transplanted with NY1DD 
BM. Gene transfer using SB100X + wt-
Hpx bolstered defenses of both NY1DD 
and Townes-SS mice against heme-me-
diated vasoocclusion. Increasing he-
patic Hpx production in SCD mice 
via gene transfer increased plasma 
Hpx levels and induced hepatic Nrf2, 

Figure 7. Continued.
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TLR4 with TAK-242 or binding heme 
with Hpx ameliorated this toxicity. This 
suggests that activation of TLR4 by hemin 
promotes the vascular injury, but Hpx 
could prevent this response. Bozza et al. 
showed that heme can activate a macro-
phage inflammasome response via TLR4 
unique from lipopolysaccharide (9,75). 
We showed that heme activates endo-
thelial TLR4 signaling and TAK-242 or 
exogenous Hpx prevents heme-induced 
microvascular stasis (2). Our studies also 
showed that hemoglobin-induced stasis in 
sickle mice could be blunted by Hpx and 
that heme dissociates from hemoglobin to 
interact with TLR4 and promote P-selectin 
and von Willebrand factor expression on 
endothelium. Free methemoglobin, which 
can be increased in the oxidative milieu 
of SCD, readily gives up heme (1–3). 
Camus et al. showed that SCD patients 
have increased red cell microparticles with 
increased methemoglobin and heme that 
can activate endothelial cells, which can be 
prevented by addition of Hpx, suggesting 
heme availability in the microparticle (4). 
Even without exogenous hemin infusion, 
Townes-SS mice spontaneously develop 
microvascular stasis, which can be blocked 
by Hpx supplementation (2).

The advantage of gene transfer 
compared with supplementation with 
exogenous hemopexin is that with gene 
transfer, the Hpx is being continually 
produced by the liver, whereas with ex-
ogenous hemopexin supplementation, 
the hemopexin must be infused at regu-
lar intervals. Current studies are under 
way in Townes-SS mice to determine the 
optimal dosing schedule for exogenous 
hemopexin supplementation.

In the present studies, plasma Hpx 
increased upon treatment with wt-Hpx 
gene transfer. The protection afforded by 
Hpx was dependent on heme binding to 
Hpx, and the heme/Hpx complex bind-
ing to CD91/LRP1 as gene transfer with 
ms-HpxHM or ms-HpxRM proteins did not af-
ford protection. The above  studies of exog-
enous Hpx supplementation suggest that 
Hpx prevented interaction with TLR4 or 
other membrane molecules on endothe-
lial and inflammatory cells to  modulate 

higher concentration in plasma, can 
readily give up heme to Hpx (52). We 
and others have shown that in sickle 
mice with decreased Hpx, albumin is 
not sufficient to prevent heme toxicity 
(2,10,31,32). Safe clearance of heme from 
plasma rapidly occurs (within minutes) 
by receptor-mediated endocytosis prin-
cipally in the liver, in part via CD91/
LRP1 (24,37). In the absence of Hpx, 
heme can dissociate from RBC-derived 
microparticles or albumin and bind to 
cells or lipoproteins. This heme can be 
toxic, as we have previously shown, aug-
menting oxidative damage to the vas-
culature (7,64,65), but can be blocked by 
Hpx. Fortunately, adaptation to chronic 
heme exposure of the vasculature occurs 
due to induction of HO-1 and heavy 
chain ferritin, which are cytoprotective 
(22,65–68). The consequence of heme/
Hpx binding to CD91/LRP1 is activation 
of Nrf2 and the subsequent activation 
of the antioxidant response elements in-
ducing HO-1 and other cytoprotectants 
including ferritin (23,54,69–74). We have 
previously shown in murine sickle mice 
that overexpression of HO-1 either by 
gene transfer or pharmacologically has 
remarkable antiinflammatory, cytoprotec-
tive and antivasoocclusive actions.

The present studies similarly support 
a protective role for Hpx delivering 
heme to the liver and inducing HO-1. 
Exogenous supplementation of Hpx can 
prevent heme-induced endothelial toxic-
ity and improve cardiovascular function 
in mice. Vinchi et al. showed that Hpx-/- 
mice had more reactive oxygen species 
and vascular activation (31,32). Intraper-
itoneal administration of exogenous Hpx 
twice per week to sickle and thalassemic 
mice decreased markers of oxidation and 
endothelial activation (31). Furthermore, 
blood pressure decreased and cardiac 
function improved in the Hpx-treated 
mice. Recently, Vinchi et al. also showed 
that exogenous Hpx attenuated the acti-
vation of sickle mouse macrophages (30).

Ghosh et al. showed that hemin infu-
sion into sickle mice causes pulmonary 
injury similar to the acute chest syndrome 
seen in SCD patients (10). Inhibition of 

heme levels despite increased liver and 
plasma hemopexin levels is that the net 
input (hemolysis) and output (clearance) 
rates of plasma heme were unchanged 
in sickle mice receiving wt-Hpx gene 
therapy. The increased levels of plasma 
hemopexin may provide a sink or vehi-
cle to deliver plasma heme safely to the 
liver for degradation by HO-1 without 
activating inflammatory responses in 
the vessel wall (2,31,32,63) and without 
necessarily increasing the plasma heme 
clearance rate. In contrast, when plasma 
levels of hemopexin are depleted, heme 
is more oxidatively reactive and able to 
promote proinflammatory responses in 
endothelium and in monocyte/macro-
phages via TLR4 signaling (2,9,10). Thus, 
the plasma heme that was circulating in 
wt-Hpx–treated sickle mice may have 
been diverted away from vessel walls 
and rendered less reactive, but without a 
faster clearance rate from plasma.

Inflammation and vasoocclusion were 
inhibited, likely due to delivery of heme 
to the liver by Hpx/heme binding to 
CD91/LRP1. Overexpression of recom-
binant Hpx that was deficient in heme 
binding or CD91/LRP1 binding did not 
protect against heme-induced stasis. We 
conclude that in addition to redirecting 
heme from activating the vasculature 
via TLR4 and oxidative stress, the abil-
ity of Hpx to deliver heme to the liver 
for induction of HO-1 is important for 
 protection against vasoocclusion.

Nearly 50 years ago, Ursula 
Muller-Eberhard measured Hpx and 
haptoglobin levels in various hemolytic 
states, showing that SCD patients had 
the lowest levels of both proteins (27). 
Invariably, Hpx levels were lowest when 
heme concentrations were highest. The 
implications of these findings suggested 
that Hpx may be a marker for hemolysis, 
but no suggestion was made regarding 
its role in the pathophysiology of SCD.

As the structure and function of Hpx 
was made known, the clear role in heme 
clearance during intravascular hemolysis 
was determined. Hpx has an extraor-
dinary affinity for heme (Kd ~ 10-13 M), 
while albumin, which has a 60- to 70-fold 
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