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Introduction
Sickle cell disease (SCD) is an inherited rbc disorder caused by a point mutation (Glu6→Val) in the β-globin 
gene leading to expression of  the βS-globin subunit of  hemoglobin S (HbS). HbS polymerizes in low-oxygen 
conditions, deforming rbc into sickle-shaped cells that trigger a complex pathophysiology such as recurrent, 
painful vaso-occlusive crises (VOC) and chronic hemolytic anemia (1). VOC in SCD results from multi-
ple pathological mechanisms triggered by chronic hemolysis, vascular inflammation, cellular adhesion, and 
thromboinflammatory processes. This pathology is exacerbated by activation of  the vascular endothelium 
by TNF-α and other inflammatory cytokines (2) and products of  hemolysis, including free Hb, heme, and 
iron. Free heme and hemin can activate vascular endothelium and leukocytes (3) and has been demonstrated 
to induce acute chest syndrome in SCD mouse models (4). Heme mediates these pathophysiological events 
by a mechanism shown to depend on the TLR4 signaling pathway in a mouse model of  SCD (4, 5). Scaven-
gers of  free Hb including haptoglobin and hemopexin mediate a positive effect on vascular function in both 
a preclinical model of  hemolytic injury in guinea pigs (6) and in a mouse model of  SCD (7). In addition, 
sickle rbc are more adherent to the vascular endothelium than normal rbc (8), which may further contribute 
to VOC and hemolysis. Adhesive interactions lead to formation of  heterocellular aggregates that obstruct 
blood flow to induce ischemic tissue damage, which leads to the prolonged exposure of  rbc to deoxygenated 
conditions, promoting further HbS polymerization and hemolysis (9).

Fetal Hb (HbF) is the major Hb produced throughout fetal development; during the first year of  life, 
γ-globin expression is replaced by adult β-globin expression: a process known as Hb switching. As HbF levels 

Sickle cell disease (SCD) results from a point mutation in the β-globin gene forming hemoglobin S 
(HbS), which polymerizes in deoxygenated erythrocytes, triggering recurrent painful vaso-occlusive 
crises and chronic hemolytic anemia. Reactivation of fetal Hb (HbF) expression ameliorates these 
symptoms of SCD. Nuclear factor (erythroid derived-2)–like 2 (Nrf2) is a transcription factor that 
triggers cytoprotective and antioxidant pathways to limit oxidative damage and inflammation 
and increases HbF synthesis in CD34+ stem cell–derived erythroid progenitors. We investigated 
the ability of dimethyl fumarate (DMF), a small-molecule Nrf2 agonist, to activate γ-globin 
transcription and enhance HbF in tissue culture and in murine and primate models. DMF recruited 
Nrf2 to the γ-globin promoters and the locus control region of the β-globin locus in erythroleukemia 
cells, elevated HbF in SCD donor–derived erythroid progenitors, and reduced hypoxia-induced 
sickling. Chronic DMF administration in SCD mice induced HbF and increased Nrf2-dependent 
genes to detoxify heme and limit inflammation. This improved hematological parameters, reduced 
plasma-free Hb, and attenuated inflammatory markers. Chronic DMF administration to nonanemic 
primates increased γ-globin mRNA in BM and HbF protein in rbc. DMF represents a potential 
therapy for SCD to induce HbF and augment vasoprotection and heme detoxification.
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decrease and HbS increases, the symptoms of  SCD begin to manifest clinically. HbF induction in adult SCD 
patients is beneficial in ameliorating clinical symptoms and complications (10). HbF is composed of  γ-globin 
chains encoded by the duplicated HBG1 (Aγ-globin) and HBG2 (Gγ-globin) genes on chromosome 11. The nor-
mal contribution of  Gγ-globin or Aγ-globin to total HbF varies between individuals (11), with the average new-
born ratio of  3:1 in favor of  Gγ-globin dropping to 2:3 in adults (12). Individuals with hereditary persistence of  
fetal Hb (HPFH) overexpress one or both of  the γ-globin genes as adults. HPFH promoter mutants exhibit ele-
vated expression of  Aγ-globin or Gγ-globin (13–15). Inheritance of  HPFH with the βS-globin mutation results 
in a milder clinical course and fewer disease complications due to the high circulating levels of  HbF (16). 
Also, sickle cell mouse models with elevated levels of  HbF resulted in amelioration of  intravascular sickling 
and a concomitant reduction in hemolysis, oxidative stress, and systemic inflammation (17).

Strategies to reactivate γ-globin expression have been used successfully in mouse models of  SCD to 
ameliorate the disease phenotype (18). Increasing HbF is the major mechanism of  action of  hydroxyurea 
(HU), the first FDA-approved drug for treating SCD. HU treatment increases HbF-positive rbc (F-cells) and 
total Hb, ameliorates the symptoms of  SCD, and improves long-term survival (10, 19, 20). Thus, there is 
ongoing research efforts to develop strategies of  HbF induction by pharmacologic or genetic manipulation 
of  transcription activators and repressors of  the γ-globin genes. In addition to HU, several other experi-
mental drugs are under investigation for inducing HbF, such as pomalidomide, DNA methyl transferase 
inhibitors, HDAC inhibitors, and several others (21, 22).

Nuclear factor (erythroid derived-2)–like 2 (Nrf2) is a basic leucine zipper transcription factor well 
established for its role in cellular cytoprotective and antioxidant actions. Nrf2 is sequestered in the cyto-
plasm under steady-state conditions by Keap1, a Kelch-domain protein that targets Nrf2 for proteasomal 
degradation. Modification of  Keap1 by oxidant stress or small-molecule inhibitors decreases the interac-
tion of  Keap1 and Nrf2, allowing nuclear translocation and activation of  Nrf2 target genes that harbor 
the antioxidant response element (ARE) where Nrf2 binds and activates transcription (23). The proximal 
promoters of  the HBG1 and HBG2 genes are conserved (24) and contain consensus ARE sites. Drug-medi-
ated Nrf2 activation leads to induction of  HbF at both transcript and protein levels in cultured CD34+ stem 
cell–derived erythroid cells (25).

In the present study, we investigated the role of  dimethyl fumarate (DMF), a small-molecule Nrf2 
agonist, as an activator of  γ-globin transcription to enhance levels of  HbF in SCD donor–derived erythroid 
progenitor cells, SCD transgenic mice, and nonanemic cynomolgus monkeys. DMF is currently marketed 
as Tecfidera, an orally active, gastroresistant pharmaceutical formulation of  DMF, approved for the treat-
ment of  multiple sclerosis (26). In vivo DMF is readily converted to the bioactive metabolite monomethyl 
fumarate (MMF). The Townes SCD mice used in the study express one of  the two human γ-globin genes 
that contribute to the production of  human HbF (27). We used these SCD mice to study the ability of  
DMF to induce HbF and to induce cytoprotective genes, which are able to limit vascular inflammation and 
directly protect against the circulating toxic products of  rbc hemolysis (5). Reduction of  Keap1 activity in 
SCD mice by genetic mutation results in Nrf2 activation, decreased inflammation, and tissue damage and 
demonstrates that cytoprotection by Nrf2 is beneficial in SCD (28). In the present study, we further inves-
tigated the expression of  cytoprotective proteins controlled by Nrf2, including heme oxygenase-1 (HO-1), 
ferritin, haptoglobin, and hemopexin, all of  which are directly relevant to mitigation of  the toxic effects of  
intravascular hemolysis observed in SCD by metabolizing free Hb, hemin, and iron.

Results
DMF and MMF induce HbF in erythroid progenitors generated from SCD blood peripheral blood mononuclear cells 
(PBMC). Previously in studies by our group, DMF and its bioactive metabolite MMF were shown to increase 
HbF in erythroid progenitors derived from non-SCD subjects generated from normal BM CD34+ stem cells 
similarly to treatment with HU (29). In the present study, PBMC from adult and pediatric SCD subjects were 
tested for HbF induction in the presence of varying concentrations of MMF, DMF with or without HU. Sig-
nificant increases in the level of γ-globin mRNA, the ratio of γ/β-globin mRNA, and the percentage of F-cells 
were observed with all treatments (Figure 1, A–C). The greatest average increase in γ/β-globin mRNA was 
observed for SCD erythroid progenitors treated with a combination of DMF and HU, suggesting that treat-
ment with HU does not interfere with the ability of DMF to induce HbF. Treatment with DMF (30 μM) 
resulted in a 2.9- ± 0.30-fold increase, treatment with MMF (30 μM) resulted in a 4.8- ± 3.3-fold increase, and 
treatment with HU (10 μM) resulted in a 7.9- ± 3.2-fold increase in γ-globin mRNA above controls (Figure 1A).
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Using UPLC, significant increases in both the Gγ-globin and Aγ-globin chains were observed (Figure 
2A), indicating that DMF is capable of  increasing expression of  both the HBG1 and the HBG2 genes. In 
addition, significant increases in HbF as a percentage of  total Hb were calculated from the total increase in 
the individual γ-globin chains as 1.83- ± 0.40-fold for DMF, 2.06- ± 0.48-fold for MMF, and 2.8- ± 1.12-fold 
for HU compared with DMSO control (Figure 2B).

Inhibition of  sickling in DMF-treated SCD erythroid cells. Erythroid cells differentiated from SCD PBMC in 
the presence of  DMF or MMF (30 μM) or DMSO control were incubated under hypoxic conditions to induce 
the phenotypic shape change of  cell sickling for the same 3 donors used for the analysis shown in Figure 1A.  

Figure 1. DMF and MMF induce γ-globin mRNA and increase HbF-positive cells (F-cells) in erythroid progenitor cells derived from SCD donor blood PBMC. 
Erythroid progenitor cells were cultured and differentiated from the peripheral blood mononuclear (PBMC) fraction of sickle cell disease (SCD) donor blood 
(see Supplemental Table 1) and exposed to test compounds as described in Methods with untreated cells used as controls. (A) Levels of γ-globin and GAPDH 
mRNA were determined between day 13 and 15 by ddPCR analysis and normalized to DMSO-treated control cells (n = 3–4 donors) (B) Levels of γ-globin, 
β-globin, and GAPDH mRNA were determined on day 11 by real-time PCR analysis, and the ratio of γ/β-globin mRNA was normalized to control cells (n = 4–6 
donors). (C) F-cells were quantified by flow cytometry between day 11 and 15, and the % F-cells was normalized to untreated cells (n = 4–7 donors). Results 
are presented as mean ± SEM. All P values calculated with student t test, 2-tailed (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). One-way ANOVA 
testing showed significant differences among means (P < 0.05 for all 3 panels). In addition, P values determined by Bonferroni’s multiple comparison test is 
also indicated († refers to adjusted P < 0.05 when compared with vehicle group). 1SCD donors from Biogen site, 2SCD donors from Augusta University site.

Figure 2. Analysis of Aγ-globin and Gγ-globin chains and hemoglobin levels by UPLC in SCD donor–derived erythroid cells. Variant analysis of γ-globin 
protein chains expressed in erythroid cells differentiated from the PBMC fraction of SCD donor blood was carried out using reverse-phase UPLC column chro-
matography. (A) Fold changes in individual γ-globin peptide chains for each donor calculated over vehicle control (n = 5–6 donors). (B) Total HbF percentages 
were calculated from the individual γ-globin variant chains (n = 5–6 donors). Results are presented as mean ± SEM. All P values calculated with student t 
test, 2-tailed (**P < 0.01, ***P < 0.001). One-way ANOVA testing showed significant differences among means (P < 0.05 for both the panels). In addition, P 
values determined by Bonferroni’s multiple comparison test is also indicated († refers to adjusted P < 0.05 when compared with vehicle group).
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Representative images of  the mixture of  cells under hypoxia (Figure 3A), the normal cell gate (Figure 
3B), and the abnormal sickle cell gate (Figure 3C) are shown. DMSO control samples under hypoxic and 
normoxic treatments were used as vehicle controls. Under normoxia, the percentage of  abnormally shaped 
cells were 7.3% ± 1.2%, which was elevated to 22% ± 9.6% under hypoxia. DMF-treated samples under 
hypoxia showed a decreased level of  abnormal cells of  13% ± 4.1% for all 3 donors, which amounts to a > 
80% reduction in sickling (Figure 3D). Incubations with MMF also demonstrated reduction in sickling in 
the 2 donors in whom it was tested.

DMF increases Nrf2 occupancy of  the γ-globin promoter. To understand mechanisms of  the HbF induction 
by DMF that was observed in SCD erythroid progenitor cells, ChIP assay was performed using KU812 
erythroleukemia cells. DMF increased Nrf2 occupancy of  the γ-globin promoter ARE about 15-fold com-
pared with chromatin enrichment with untreated cells or IgG control (Figure 4A), while the high occupan-
cy of  the TATA-binding site by transcription factor II D (TFIID) observed at steady state was not changed 
by DMF treatment (Figure 4A). As further controls, occupancy by Nrf2 or TFIID at the Gγ-globin tran-
scription initiation site (G-CRE) located at –1,222 bp from the Gγ-globin gene transcription initiation site 
was not increased in DMF-treated KU812 cells (Figure 4B). Finally, the potential for DMF to increase Nrf2 
binding to HS2 and HS3 in the β-globin locus control region (LCR) was tested. We observed an approxi-
mately 13-fold increase of  Nrf2 binding to HS2 (Figure 4C) with no significant increase in Nrf2 interaction 
at HS3 (Figure 4D).

DMF i.p. treatment produces therapeutic MMF plasma levels in SCD mice. In the clinic, DMF is rapidly con-
verted to MMF, which is its major bioactive metabolite (30). In a nonclinical study, DMF delivered to the 
small intestine of  anesthetized rats resulted in the peak plasma levels of  MMF within 9–15 minutes (31). 
In order to confirm plasma levels of  MMF in SCD mice, DMF (50 mg/kg in 0.08% hydroxypropyl methyl-
cellulose [HPMC]) was dosed by i.p. injection acutely to the Townes SCD mice (Hb SS) and heterozygous 
Hb AS and homozygous Hb AA littermate control, and to normal C57/BL/6 mice. Plasma levels of  MMF 
were determined (Supplemental Methods; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.96409DS1). As shown in Supplemental Table 2, the plasma concentrations of  
MMF in the Townes HbSS mice were 12.3 ± 2.9 μg/ml (95 ± 23 μM); plasma levels were similar in all 4 
mouse strains, ranging from 5.6–22 μg/ml (43 to 172 μM), pertinent to the 30-μM concentration used in the 
in vitro studies with CD34 cells.

DMF upregulates HbF and antioxidant genes in SCD mice. First, acute induction of  HbF and other genes 
beneficial for SCD was tested in vivo following administration of  a single 100 mg/kg dose of  DMF to Townes 
SCD mice by oral gavage (32). Expression of  Aγ-globin and other Nrf2-dependent genes was monitored at 

Figure 3. DMF/MMF-treated erythroid cells derived 
from SCD donors resist sickling triggered by hypoxia. 
Erythroid progenitor cells were isolated from the PBMC 
fraction of SCD donor blood and differentiated toward 
erythroid cells in the presence of 30 μM DMF, 30 μM 
MMF, or DMSO control and then challenged with hypoxia 
treatment to induce sickling. Cell images were acquired 
and sorted using Amnis ImageStream X Mark II, and 
shape change was quantitated using IDEAS software 
(Amnis Imagestream) following an algorithm adapted 
from van Beers et al. (49). (A) Representative images 
of the cell population under hypoxia, (B) cells gated as 
normal, and (C) cells gated as abnormal or sickled (all 
magnifications 60×). (D) Quantitation of sickling under 
normoxia and hypoxia with and without DMF or MMF 
treatment for 3 SCD subjects.
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specific time points after injection compared with untreated animals at time zero. Gene expression analysis 
by quantitative PCR (qPCR) displayed differential regulation of  several Nrf2-responsive genes in a temporal 
and tissue-specific manner (Figure 5). Of interest, DMF treatment elevated Aγ-globin mRNA levels in the 
spleen of  SCD mice at 3, 6, and 24 hours after administration (Figure 5A). In addition, DMF upregulated the 
expression of  Nrf2-responsive genes in spleen tissue, including Nqo1 (Figure 5B) and, importantly, increased 
cytoprotective and heme detoxification genes such as HO-1 and hemopexin in the spleen, liver, and whole 
blood (Figure 5, C–F). Regulation of  genes in these target tissues followed a temporal pattern. For example, 
NQO1 and HO-1 in spleen showed a marked upregulation at 3 hours, but were downregulated below baseline 
at subsequent time points (Figure 5, B and C). In liver and whole blood, maximal increases for some respon-
sive genes such as hemopexin and HO-1 were observed at 6 hours after DMF administration (Figure 5, D–F), 
and the pattern of  gene expression varied for different genes in this study.

Next, a chronic DMF dosing study was performed in Townes SCD mice by daily oral gavage to test 
whether DMF treatment can lead to sustained elevations in HbF in rbc. During chronic treatments, mice were 
administered DMF at 100 mg/kg or vehicle (0.8% HPMC, 15 ml/kg, per os [PO]) once daily by oral gavage 
6 days a week for 7 weeks. Blood samples were collected and Aγ-globin protein levels in whole blood obtained 
from DMF- and vehicle-treated mice at weeks 4 and 7 were determined by Western blotting. DMF-treated 
mice showed an increase in HbF protein levels of  1.47-fold at week 4 (P = 0.0002) and an increase of  2.22-fold 
at week 7 (P = 0.0021) compared with vehicle-treated controls (Figure 6, A and B).

Figure 4. DMF increases Nrf2 occupancy at both the ARE of γ-globin and the LCR-HS2 sites. ChIP assays were performed with KU812 cells treated for 48 
hours with 200 μM DMF in Iscove modified Dulbecco buffer (IMDM) compared with IMDM-treated control cells (UT). Enrichment of chromatin DNA precipi-
tated from isolated KU812 erythroleukemia cell nuclei was detected by qPCR following precipitation with a specific anti-Nrf2 antibody (Nrf2), a nonspecific 
control antibody (IgG), or an antibody to the ubiquitous TATA-binding transcription factor TFIID. (A) Occupancy of the γ-globin promoters ARE by Nrf2 and 
TFIID in untreated and DMF-treated cells (n = 3–4). (B) Nrf2 and TFIID occupancy of a negative control region (G-CRE) located at –1,222 bp in Gγ-globin pro-
moter following either Nrf2 or TFIID precipitation (n = 3–4). Nrf2 and TFIID occupancy of the locus control region (LCR) DNase hypersensitivity sites (HS) for 
(C) LCR-HS2 and (D) LCR-HS3 (n = 3–4 for both the panels) were also analyzed (n = 3–4 for both panels). Enrichment of DNA in untreated nonspecific control 
IgG precipitated samples was used as control, and qPCR data were analyzed using the ΔΔCt method to calculate the fold chromatin enrichment for each 
site. Results in each panel are reported as mean ± SEM. All P values calculated with student t test, 2-tailed (**P < 0.01).
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Chronic administration of  DMF improves anemia and induces γ-globin mRNA in spleen. To study the ability of  
sustained DMF treatment to improve hematological parameters in Townes SCD mice, 50 mg/kg DMF or 
vehicle (0.08% HPMC, 15 ml/kg) was administered twice daily by i.p. injection for 6 weeks. After 6 weeks, 
whole blood samples collected from the mice were subjected to complete blood count (CBC) analysis, and 
significant changes in several parameters indicated improvements in anemia (Figure 7 and Supplemental 
Table 3). Notably, DMF-treated mice showed higher Hb levels (Figure 7A), higher rbc count (Figure 7B), 
increased mean corpuscular Hb (MCHC, Figure 7C), lowered red cell distribution width (RDW, Figure 
7D), and lowered Hb distribution width (HDW, Figure 7E) compared with vehicle-treated mice. Hb levels in 
DMF-treated mice were significantly increased by 1.4 g/dl compared with vehicle-treatedmice, and the rbc 
count showed a significant elevation of  1.4 × 106/μl (P < 0.05). RDW, a measure of  anisocytosis, and HDW, 
a measure that correlates with the number of  dense or irreversible sickle cells (33), showed significant reduc-
tion in DMF-treated mice compared with vehicle-treated ones (P < 0.05). Furthermore, RDW and HDW 
showed good correlation, with DMF-treated animals showing both lower RDW and HDW (Figure 7F). 
Additional hematological parameters such as hematocrit, total leukocyte count, and MCV showed a trend 
toward improvement but were not statistically significant (Supplemental Table 3). RNA-sequencing (RNA-seq) 
analysis of  spleen from Townes mice treated with DMF showed induction in the levels of  γ-globin mRNA 
(Supplemental Figure 2). Together, the results from CBC analysis illustrate improvement in anemia in SCD 
mice treated with DMF.

Antiinflammatory and heme detoxification mechanisms activated by DMF. Haptoglobin is one of  the 
downstream target genes of  Nrf2 that is critical in sequestering plasma-free Hb. Hepatic haptoglobin lev-
els were significantly improved (>2-fold, P = 0.023) in SCD mice chronically dosed with DMF compared 
with vehicle (Figure 8A). Concurrent with these findings, plasma-free Hb levels were reduced significant-
ly (P = 0.018) in DMF-treated mice compared with vehicle controls and approached levels in non-SCD 

Figure 5. DMF acutely upregulates Aγ-globin and other Nrf2-dependent genes in SCD mice. Townes SCD SS mouse (8–12 weeks old) were randomized into 
4 groups of 4 each, administered a single dose of 100 mg/kg DMF in 0.8 % HPMC by oral gavage, and euthanized at 3, 6, or 24 hours. Untreated mice at 
time zero were the controls. After euthanasia, whole blood, liver, and spleen were harvested and mRNA extracted and profiled by real-time PCR. Splenic 
expression of genes of interest in sickle cell disease including (A) Aγ-globin and (C) heme oxygenase 1 (HO-1) compared with (B) the Nrf2 responsive gene 
NAD(P)H dehydrogenase quinone 1 (NQO1). Also tested were hepatic expression of (D) HO-1 and (E) hemopexin and (F) expression of HO-1 in whole blood 
cells. The average expression normalized to GAPDH at time zero was calculated and used to calculate the relative fold change in gene expression in all mice 
and time points. Results are represented as mean ± SEM, n = 4 for all the groups. The changes observed in the levels of the mRNA of the indicated genes 
were not statistically significant compared with baseline (t = 0).
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mice (Figure 8B). Thus, DMF is able to improve heme detoxification by haptoglobin, which primarily 
acts on plasma-free Hb arising from hemolysis, in agreement with a recent study (34). Since haptoglobin 
is an acute phase protein, we wanted to investigate if  DMF treatment affected the levels of  other acute 
phase proteins or molecules that signify hepatic inflammation or injury. It was indeed identified that hap-
toglobin elevation was a specific Nrf2-dependent response, since chronic DMF administration did not 
change the levels of  other acute phase proteins in liver such as C-reactive protein (CRP), serum amyloid 
A, ceruloplasmin, and ALT (Supplemental Figure 1).

DMF treatment significantly (P < 0.05) lowered by > 50% plasma levels of  IL-6 (Figure 9A) and hepat-
ic levels of  both TNF-α (Figure 9B) and keratinocyte chemoattractant (KC, murine ortholog of  IL-8; Figure 
9C). The plasma levels of  KC were also reduced, although the values were not statistically significant (data 
not shown). Finally, there was a significant reduction in the levels of  vascular cell adhesion molecule 1 
(VCAM-1) in liver homogenates from DMF-treated mice compared with vehicle-treated mice (Figure 9D).

Chronic DMF administration elevates γ-globin mRNA levels in the BM and HbF levels in rbc of  cynomolgus 
monkeys. Cynomolgus monkeys were orally dosed with 25 mg/kg DMF quaque die (QD) for 90 days, using 
a dose derived from a previous toxicology study at Biogen, and following euthanasia at the end of  the 
treatment period, BM levels of  γ-globin mRNA were assessed using real-time PCR. Three hours after the 
last dose of  DMF administration, DMF induced a significant 6-fold upregulation of  γ-globin mRNA. At 
6 hours after the last dose of  DMF, γ-globin mRNA levels were still significantly elevated 1.5-fold (Figures 
10, A and B). Blood samples collected on day 91 of  the study demonstrated that HbF protein levels were 
upregulated by 1.4-fold (P < 0.05) in the DMF treatment group compared with the vehicle (Figure 10C).

Discussion
The present report provides evidence that DMF could have beneficial actions in SCD at multiple levels 
to produce an additive effect toward ameliorating clinical symptoms and disease complications. DMF 
is a small molecule of  which the primary mechanism of  action is to increase the accumulation of  Nrf2, 
a transcription factor that is involved in activation of  downstream genes that are vital in protecting cells 
from injurious oxidative free radicals. Recently published reports have demonstrated the importance of  
the Nrf2 pathway in activating HbF in human erythroid cells differentiated from BM-derived CD34+ 
progenitor cells (25). In this study, we observed HbF induction by DMF in SCD donor PBMC–derived 
erythroid progenitors. Furthermore, DMF reduced hypoxia-induced sickling in SCD erythroid progen-
itors and activated and recruited Nrf2 to the ARE site in the γ-globin promoters. In the Townes mouse 
model of  SCD, DMF enhanced Aγ-globin expression and other Nrf2-dependent genes with beneficial 
effects in SCD, including increased heme detoxification. Chronic dosing of  DMF in Townes SCD mice 
leads to elevation of  HbF, improvement in hematological parameters, reduction in plasma-free Hb, and 
attenuation of  inflammatory cytokines and markers. More importantly, chronic dosing of  nonhuman 
primates with DMF led to significant induction of  γ-globin transcript levels in the BM and in increased 

Figure 6. Chronic DMF administration increases fetal hemoglobin in SCD mice. The ability of DMF to increase expression of HbF protein by induction of the 
single human Aγ-globin gene in Townes SCD SS mice was tested following chronic PO dosing. SCD mice were administered 100 mg/kg DMF or vehicle (per 
os [PO],quaque die [QD]) for 7 weeks. Following either 4 or 7 weeks of PO dosing, blood samples were collected and hemolysates prepared for testing for 
HbF levels by Western blotting. (A) Immunoblots costained and quantified for γ-globin and normalized to IgG at 4 weeks (n = 7–10) and (B) immunoblots for 
γ-globin normalized to β-actin at 7 weeks (n = 7–10). Results shown here are mean ± SEM, and P values were calculated with student t test, 2-tailed.
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HbF protein in circulating rbc. Thus, DMF represents a potential therapy for SCD that could induce 
HbF as well as augment vasculoprotective and heme detoxification mechanisms.

Based on clinical experience with HU, HbF induction will prevent rbc sickling and hemolysis and 
decrease the downstream consequences of  SCD, including VOC and vascular inflammation (10). Increasing 
HbF in SCD is considered to be safe and effective, as supported by data from individuals with sickle cell 
with hereditary persistence of  fetal hemoglobin (SPFH) who produce high HbF levels (16, 35). The current 
study was a preclinical evaluation of  the potential of  DMF as a treatment option to induce HbF and increase 
F-cells in order to reduce rbc sickling that leads to hemolysis and VOC in SCD. HbF induction was studied 
in human erythroid progenitors generated from PBMC isolated from SCD donors (pediatric and adult). 
Erythroid progenitors treated with DMF or MMF, the bioactive metabolite of  DMF, upregulated γ-glo-
bin mRNA and increased the percentage of  F-cells. Combined treatment with DMF and HU produced an 
additive effect on γ-globin transcription in erythroid progenitor cells and HbF synthesis, suggesting that the 
combined treatment with HU will not interfere with the ability of  DMF to induce HbF.

In a mechanistic study of  γ-globin activation by DMF, ChIP assays were used to measure occupancy by 
Nrf2 of  selected sites in the β-globin locus in cultured human KU812 erythroleukemia cells. KU812 cells are a 
human leukemia cell line expressing both fetal γ-globin and adult β-globin genes shown to increase expression 
of  HbF in response to known β-Hb switching agents, including heme and sodium butyrate (36). Our studies 
confirmed that Nrf2 activation leads to occupancy of  the ARE consensus sites in the γ-globin gene promoters, 
in agreement with published data with K562 erythroleukemia cells and erythroid progenitors generated from 
normal peripheral CD34+ cells treated with the Nrf2 activator tert-butylhydroquinone (tBHQ) (25).

HbF induction, heme detoxification, and vascular protection were studied in vivo using Townes SCD 
mice. A single-dose pharmacodynamics study was carried out to evaluate the gene expression patterns of  
Nrf2-dependent genes in SCD mouse tissues. A single oral gavage administration of  DMF induced expres-
sion of  the Aγ-globin gene in the spleens of  SCD mice. The enlarged spleen is an important hematopoietic 
organ in mice during anemic states and is the major site of  extramedullary erythropoiesis in Townes SCD 

Figure 7. Chronic DMF treatment increases total hemoglobin and improves rbc parameters in SCD mice. Whole blood samples were collected from 
Townes SCD SS mice following 6 weeks administration of 50 mg/kg DMF or vehicle (i.p., twice a day [BID]) and subjected to CBC analysis. Hematological 
parameters indicating improvement of anemia included (A) total hemoglobin levels, (B) total rbc counts, (C) mean corpuscular hemoglobin concentration 
(MCHC), (D) red cell distribution width (RDW), and (E) hemoglobin distribution width (HDW). (F) A significant R2 correlation of 0.62 was observed between 
RDW and HDW. Results are represented as mean ± SEM, n = 7 for both vehicle and DMF groups. All P values calculated with student t test, 2-tailed.
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mice. In addition, several Nrf2 target genes — including ones that aid in detoxifying products of  hemolysis, 
namely HO-1, hemopexin, and ferritin heavy chain — were upregulated acutely. These results extend proof  
of  target engagement and activation of  the Nrf2 pathway by DMF in SCD mice. These results suggest that, 
upon the administration of  a single DMF dose, Nrf2-mediated downstream gene regulation occurs in a 
tissue- and time-specific manner and, more importantly, demonstrates DMF-dependent upregulation of  
Aγ-globin and heme detoxification and vascular protective mechanisms in vivo.

Chronic dosing studies in Townes SCD mice were carried out to evaluate long-term ability of  DMF 
to increase HbF expression in blood and improve disease parameters and anemia in SCD mice. Orally 
administered DMF at 100 mg/kg, which has been shown previously to elevate Nrf2 targets in mice (32), 
resulted in a significant increase in HbF levels in rbc. A second chronic study with DMF at 50 mg/kg 
twice daily was carried out. This twice-a-day dosing regimen maintains MMF activity, since a single 
dose of  DMF showed optimal Nrf2 target gene effects for less than 12 hours, as shown in our own study 
(Figure 5) and documented in previous studies (32). DMF-treated animals presented with a reduction 
in anemia, as demonstrated by an increase in several hematological parameters such as rbc counts, total 
Hb, and MCHC, as well as a reduction in other parameters such as RDW, HDW, and MCV. RDW is 
a measure of  anisocytosis in anemia, and significant lowering of  RDW indicates normalization of  rbc 
size distribution, which points toward an improvement in the disease state. Similarly, HDW, is directly 
proportional to the percentage of  dense cells in SCD patients (33). Dense cells, also known as irrevers-
ible sickle cells, are rbc that participate in the formation of  heterocellular aggregates that are responsible 
for precipitating vaso-occlusive crisis in sickle cell patients. HDW also correlates with RDW in the 
CBC. In patients with SCD, the fraction of  dense rbc (or irreversibly sickled cells) is increased by HbS 
polymerization. Increasing HbF decreases the fraction of  dense rbc (37). An increased HDW has been 
shown to correlate with an increase in dense rbc in human SCD patients (33). In DMF-treated mice, 
both HDW and RDW showed a significant reduction compared with vehicle-treated mice, which signi-
fies both normalization of  anemia and, indirectly, a reduction in dense cells.

In addition to the beneficial effects on γ-globin expression and hematological parameters, DMF also 
induced haptoglobin in the liver, which led to reduction in extracellular Hb in plasma. Haptoglobin is an 
Nrf2-dependent gene, whose key function is to sequester extracellular Hb that is free in plasma, thus preventing 
the harmful effects of hemolysis. Free Hb can be potentially converted to heme, which is involved in exacer-
bation of vascular inflammation in SCD. Sequestering Hb via haptoglobin is an important mechanism that 
plays a key role in reducing vascular inflammation in SCD. In addition to haptoglobin, other hepatic acute 
phase proteins were tested to assess if  the response observed indicates potential activation of the acute phase 
response. However, RNA-seq study of liver clearly demonstrated that other acute phase response genes such 
as serum amyloid A, ceruloplasmin, and ALT were not regulated by DMF, indicating that the haptoglobin 
response is specific to the Nrf2 activation induced by DMF (Supplemental Figure 1).

Figure 8. Chronic DMF treatment increases liver haptoglobin and decreases cell-free hemoglobin in blood of SCD mice. Townes SCD SS mice were 
administered with 50 mg/kg DMF (IP, BID) or vehicle for 6 weeks. (A) Liver samples harvested after euthanasia were homogenized for protein isolation, 
and samples were run on Western blots and stained for both haptoglobin and β-actin simultaneously. Band intensities were determined using a chemi-
luminescence imaging system and haptoglobin values normalized to β-actin (n = 7–8). (B) Plasma samples isolated from whole blood were tested for the 
cell-free fraction of hemoglobin levels using a colorimetric hemoglobin assay (n = 7–8). Plasma-free hemoglobin levels from nonsickler Townes SCD AA 
littermates (n = 4) are shown for comparison. All P values calculated with student t test, 2-tailed.
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DMF-treated mice showed a reduction in several key cytokines that are elevated in SCD patients, such 
as IL-6 and TNF-α, as well as the vascular adhesion integrin, VCAM-1. VCAM-1 is an important marker 
of  vascular inflammation in SCD and serves as a ligand for VLA-4, a major adhesion molecule present on 
the surface of  reticulocytes and leukocytes that is responsible for adhesive interactions between cells and 
with the endothelium (38). DMF-treated mice showed about a 60% reduction in plasma IL-6 levels and 
a more than 50% reduction in liver TNF-α and VCAM-1 levels. In summary, results from chronic DMF 
treatment illustrate that DMF induces HbF, improves Hb level, and modulates the proinflammatory state in 
SCD. This beneficial reduction in proinflammatory cytokines and markers of  inflammation in SCD mice is 
in agreement with previously published studies in an SCD mouse model where Nrf2 is genetically activated 
by decreasing expression of  Keap1 (28) or chronic treatment with DMF (34).

Our present study is consistent with previous work showing that Nrf2 is a positive regulator of  
γ-globin expression (25, 29) and with the observation that both ARE sequences in the HBG1 and HBG2 
gene promoters are completely conserved (24). This suggests a biological role for Nrf2 activation of  
Aγ-globin and Gγ-globin expression during erythropoiesis. A likely site for the role of  Nrf2 may be in the 
embryonic fetal liver, where the crucial regulator of  Hb expression, GATA2/GATA-1, first switches 
on fetal liver hematopoietic stem cell activity (39). Among the many genes affected by GATA-1 are 
genes in the pathway for heme biosynthesis, including 5-aminolevulinate synthase and porphobilinogen 
deaminase (40). There is a critical need to maintain a balance between the rates of  heme biosynthesis 
and the expression of  globin genes in order to limit production of  unwanted ROS by excess free heme. 
Regulation of  this balance of  heme and globin is triggered when free heme levels are too low to bind the 
heme-binding domains of  heme-regulated eIF2α kinase (HRI), an intracellular heme sensor. By phos-
phorylating the α-subunit of  eIF2 and impairing translation, HRI is able to inhibit protein synthesis of  
globins during heme deficiency (41).

Figure 9. Chronic DMF treatment decreases inflammation and adhesion markers in SCD mice. Townes SCD SS mice administered 50 mg/kg DMF (IP, 
BID) or vehicle for 6 weeks were sacrificed, and liver homogenates and plasma samples were subjected to a multiplex cytokine assay. Cytokine levels were 
normalized to total protein levels in liver homogenates and expressed as pg/μg total protein. (A) Plasma levels of IL-6, (B) hepatic levels of TNF-α, and (C) 
hepatic levels of keratinocyte chemoattractant (KC, a murine ortholog of IL-8) were determined. (D) Hepatic levels of VCAM-1 were quantified by an ELISA, 
normalized to total protein in the homogenates, and expressed as ng/mg protein. Results are expressed as mean ± SEM and n = 7–8 for all the panels. All 
P values calculated with student t test, 2-tailed.
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As an additional control element, we suggest that increased levels of  heme production trigger the expres-
sion of  higher levels of  γ-globins by a mechanism utilizing Nrf2 and the well-characterized Maf family of  
transcription factors (42, 43). Increasing levels of  free heme bind Bach-1 to disrupt the Bach-Maf heterod-
imeric repressor complex, allowing release of  the Maf component. The free Maf, in turn, forms an active 
Nrf2-Maf transcription complex to initiate expression of  HO-1 (44, 45) and other genes, including γ-globin. 
In this model, the GATA-1–triggered increase in heme synthesis in fetal liver will be directly modulated by 
an Nrf2-driven increase in the expression of  HbF. Further studies are needed to confirm this mechanism.

Using SCD donor erythroid progenitor cells, an SCD mouse model, and nonanemic primates, we 
demonstrate that DMF can induce expression of  γ-globin and other Nrf2-dependent genes. Chronic DMF 
dosing increases HbF, with significant reduction in hemolysis. Activation of  the Nrf2 pathway in SCD, thus, 
has multiple beneficial effects, as illustrated in Figure 11. Elevated HbF levels from BM, as well as a forti-
fied heme detoxification response, can work in concert to alleviate many of  the symptoms of  the disease, 
such as reduction in sickling and decrease in hemolysis. Antiinflammatory actions, reduction in sickling, 
and removal of  heme byproducts can, thus, alleviate vascular inflammation, which is one of  the underly-
ing pathological manifestations in SCD, thereby reducing the incidence of  vaso-occlusions. Together, these 
findings suggest that the actions of  DMF may have potential to ameliorate the disease state in SCD patients.

Methods
Reagents and antibodies. StemSpan SfemII (catalog 09655) and Erythroid Supplement (catalog 02692) were 
purchased from Stem Cell Technologies. DMF (catalog 242926) was obtained from MilliporeSigma, Dot-
tikon Exclusive Synthesis AG, (catalog 27081.0201), or Biogen. MMF (catalog 651419) and HU (catalog 
H8627) were purchased from MilliporeSigma. FITC-labeled HbF antibody (catalog MHFH014), Triton 
X-100 (catalog HFH10) and Hoechst 33342 (catalog R37605) were purchased from Invitrogen. Other anti-
bodies used for cell surface–marker staining and flow cytometry analysis, including anti–CD235a-PE (cata-
log 12-9987-82) and anti–CD71-APC (catalog 17-0719-42) were purchased from eBioscience.

ChIP assay. Human KU812 erythroleukemia cells were cultured using previously published procedures 
(36). ChIP assays were performed with a commercial kit (EZ-ChIP, MilliporeSigma) using a previously 
described protocol (46) with the following modifications. KU812 cells (ATCC) were cross-linked with 1% 
formaldehyde for 15 minutes and then nuclei isolated using cell lysis buffer containing protease inhibitors (1 
μg/ml leupeptin, 1 mM phenymethylsulphonyl fluoride, 1 μg/ml aprotinin). DNA was isolated using nucle-
ar lysis buffer and sonicated on ice for 9 pulses for 5 seconds each using a Sonicator 4000 machine (Misonix) 
to generate 400–500 bp fragments. Sonicated DNA was collected as the input and used to generate standard 
curves for qPCR analysis. Immunoprecipitations were performed with the remaining chromatin using an 

Figure 10. Chronic DMF treatment increases HbF mRNA and protein in nonhuman primates. BM mRNA from nonanemic cynomolgus monkeys treated 
chronically with daily oral doses of either 25 mg/kg DMF or vehicle was subjected to real-time PCR to measure γ-globin gene expression levels, which 
were normalized to GAPDH. Samples tested were obtained from 2 sets of animals at either 3 hours or 6 hours following the last dose of DMF. (A) γ-Globin 
mRNA expression levels normalized to GAPDH (n = 3–4), (B) fold change in γ-globin mRNA induction for DMF-treated group over vehicle group at 2 time 
points (n = 3–4), and (C) HbF protein levels in rbc measured by ELISA and normalized to total hemoglobin (n = 7–8). Results are reported as mean ± SEM; 
 P < 0.05, calculated using student’s t test, 2-tailed.
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antibody against TFIID or Nrf2 (catalog sc-13032x, Santa Cruz Biotechnology Inc.) and IgG served as the 
internal control. After DNA precipitation, chromatin was analyzed by qPCR using specific primers for the 
γ-globin promoter ARE, a negative control region –1,222 bp from G-CRE, and HS2 and HS3, of  the LCR. 
Enrichment of  DNA in IgG-precipitated samples were used as the internal control, and qPCR data were 
analyzed by the 2-ΔΔCt method.

Differentiation of  erythroid progenitors from SCD PBMC. PBMC isolated from the whole blood of  adult 
and pediatric SCD donors (Supplemental Methods 1 and Supplemental Table 1) were cultured and differ-
entiated prior to exposure to test compounds using a 2-phase culture system (47). Compound incubations 
were performed either beginning from day 1 of  culture or from day 8 of  the culture, and cells were harvest-
ed for HbF induction by droplet digital PCR (ddPCR), flow cytometry, and HPLC analysis.

Quantitation of  F-cells by flow cytometry. Flow cytometry was used to quantify the percentage of  F-cells 
present in erythroid progenitors generated from human CD34+ cells or SCD donor PBMC as previously 
published (29) or using a protocol from Invitrogen. HbF levels in permeabilized cells were detected using 
FITC-conjugated anti-HbF antibody (catalog MHFH014, Invitrogen). Cells were also costained with 

Figure 11. The Nrf2 activation pathway and sickle cell disease. Nrf2 activation by DMF has multiple potential beneficial effects in the setting of sickle cell 
disease, including induction of HbF by activation of the ARE site in the promoters for both the Aγ-globin and Gγ-globin genes. In addition, increasing heme 
detoxification pathways in tissues and decreasing vascular inflammation will mitigate sickle cell disease vasculopathies. 
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anti–CD235-PE (catalog 12-9987-82, eBioscience), anti–CD71-APC (catalog 17-0719-42, eBioscience), 
and Hoechst 33342, in some instances, to identify different populations.

HbF subunit analysis by reversed phase ultra-performance liquid chromatography (UPLC). HbF subunit analy-
sis by reversed-phase UPLC was performed essentially as described in ref. 48 using an ACQUITY UPLC 
system (Waters). Briefly, 5 μl of  lysate from CD34+ differentiated erythroid cells was injected into the 
UPLC system. A flow rate of  0.2 ml/minute using a linear gradient of  38%–42.5 % acetonitrile in water 
(Thermo Fisher Scientific) was used for elution. Peak areas corresponding to globin chains were quantitat-
ed using Agilent OpenLAB software.

Sickling assay. Differentiated erythoid cells were derived from erythroid progenitors generated from the 
PBMC fraction of  SCD donor blood for 17–21 days in the presence of  DMF or vehicle control (DMSO). 
Sterile PBS was deoxygenated by saturating with nitrogen gas. Differentiated cells were challenged under 
hypoxic conditions in deoxygenated PBS by suspending 5 × 106 cells in 400 μl of  buffer and incubating 
under 1% oxygen for 2 hours in a 24-well–plate format. After incubation, cells were fixed with 20% forma-
lin for 30 minutes at room temperature. Control sickle red cells were maintained under oxygenated condi-
tions and were treated similarly. Postfixation cells were washed and analyzed for shape change using the 
Amnis ImageStream X Mark II Imaging Flow Cytometer (MilliporeSigma). Shape change was quantitated 
using IDEAS application software (MilliporeSigma) using a modified protocol (SIFCA) provided by Greg-
ory J. Kato (Vascular Medical Institute, University of  Pittsburgh, Pittsburgh, Pennsylvania, USA) (49, 50).

In vivo studies using Townes SCD mice. All animal experiments conformed to the guidelines of the appropriate 
IACUC and utilized Townes SCD mice (The Jackson Laboratory) (27). Three in vivo studies were carried out. 

In the acute single-dose study, Townes mice, 8–10 weeks old, were administered a single oral dose of  
100 mg/kg DMF in 0.8 % HPMC. At 3, 6, and 24 hours after dosing, groups of  mice were euthanized, and 
liver, spleen, whole blood, and BM were collected for mRNA analysis as described below.

In the chronic oral gavage study, Townes mice, 8–10 weeks old, were dosed with 100 mg/kg DMF or 
vehicle by PO once daily for 6 days a week for a duration of  7 weeks. Whole blood was collected during 
weeks 4 and 7 for HbF protein analysis using Western blotting.

In the chronic i.p. study, 8- to 10-week-old Townes mice were dosed with 50 mg/kg of  DMF in 0.08 % 
HPMC twice a day for 6 weeks. After euthanasia, whole blood samples were collected for performing CBC 
using an Advia 120 Hematology System (Siemens Healthcare). Plasma was collected from blood samples 
and snap frozen for cytokine and plasma-free Hb analysis. Liver and spleen samples were harvested, snap 
frozen, and stored for cytokine and protein analyses. Plasma samples and liver homogenates were assayed 
for cytokines using a multiplex proinflammatory murine cytokine assay kit (Meso Scale Devices).

RNA isolation and quantitation of  gene expression. RNA was extracted from cell pellets using the RNeasy 
kit (Qiagen) following manufacturer’s protocol. For mouse tissues such as spleen, BM, and liver, samples 
were first homogenized in RLT buffer using Tissuelyser LT, and RNA was extracted using the RNeasy 
Plus kit (all from Qiagen). Whole blood total mRNA was isolated using the QIAamp RNA blood mini kit 
(Qiagen). Reverse transcriptase reaction was performed using Vilo Mastermix (Life Technologies, Ther-
mo Fisher Scientific) to obtain cDNA. Transcripts were quantitated using either droplet ddPCR (Bio-Rad) 
or Taqman-based real-time PCR using protocol and guidelines from the manufacturer. RNA-seq was per-
formed for liver and spleen samples. A library construction was completed using TruSeq Stranded mRNA 
sample preparation kit (Illumina Inc.) according to manufacturer’s recommendations. Pooled libraries were 
clustered using HiSeq PE Cluster kit and sequenced on a HiSeq 2500 Sequencing system (Illumina Inc.) 
using 50/50 paired-end sequencing in high-output mode. The STAR RNA-Seq aligner was used to map the 
paired-end RNA sequences to the mouse genome (51). Gene and transcript abundances were determined 
using the Expectation Maximization (RSEM) algorithm (52). Differentially expressed genes were identified 
using the DESEQ2 algorithm (53). The RNA-seq results were deposited into the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus (GEO) with the accession number GSE105035.

Protein isolation, Western blotting analysis, and HbF ELISA. Frozen liver and spleen tissue samples were used for 
protein isolation using the Tissue Lyser LT system (Qiagen) based on manufacturer’s instructions. Whole blood 
was lysed with hemolysate reagent (Helena Laboratories). Protein concentration in tissue and whole blood 
lysates were determined using BCA assay. Standard Western blotting analysis methods were used to detect whole 
blood and splenic γ-globin (rabbit anti–human HbGγ; catalog PA5-29006; Thermo Fisher Scientific) and hepatic 
haptoglobin (using sheep anti–mouse haptoglobin; catalog AF4409; R&D Systems). Spleen homogenates from 
the chronic IP study were also used for measuring HbF levels using an ELISA kit (Bethyl Laboratories).
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Assays for cell-free Hb, cytokines, and VCAM-1. Plasma cell–free Hb was quantified in isolated plasma using 
a colorimetric Hb assay kit (catalog MAK115-1KT, MilliporeSigma). Plasma samples and liver protein 
homogenates from the chronic IP study were used for measuring levels of  cytokines using mouse proin-
flammatory 10-plex multiplex ELISA kit (Meso Scale Diagnostics). The plates were read and analyzed on 
a Meso Scale Sector 600 instrument (Meso Scale Diagnostics). For liver samples, the data obtained were 
normalized to total protein in the sample as measured by the BCA protein assay. Liver protein homoge-
nates were also tested for VCAM-1 using ELISA (R&D Systems).

In vivo studies in nonhuman primates. Experiments with cynomolgus monkeys were performed at Charles 
River Laboratories and conformed to the guidelines of the Institutional Animal Care and Use Committee 
(IACUC). Cynomolgus monkeys, aged 2.6–4.2 years, were orally (nasogastric) dosed with 25 mg/kg DMF 
for 92–93 consecutive days. The dose of 25 mg/kg was derived from a previous toxicology study performed by 
Biogen. Animals were euthanized in 2 cohorts — one at 3 hours and another at 6 hours after the last dose of  
DMF. BM samples were collected from animals after euthanasia, and mRNA was isolated. Real-time PCR was 
used to determine the expression levels of γ-globin normalized to GAPDH levels. Blood samples collected on 
day 91 were tested for HbF levels using a modified alphalisa-based HbF detection assay (Perkin Elmer) with a 
commercially available HbF antibody (Bethyl Laboratories) based on the manufacturer’s instructions.

Statistics. Unpaired, 2-tailed t tests were performed to determine statistically significant differences 
between groups using Prism 6.0c Software (GraphPad) or Excel (Microsoft), and P values less than 0.05 
were deemed significant. Experiments with multiple groups and vehicle controls were analyzed in addition 
with a one-way ANOVA test to determine if  the P values of  the means were significantly different from 
each other. P values from which estimates of  FDRs were extracted were calculated using the Benjamini–
Hochberg algorithm (54). Also, a Bonferroni adjusted P value was also ascertained in these results. Results 
for all the experiments are represented as mean + SEM.

Study approval. In vivo experiments with mice conformed to the guidelines of  the IACUC of  Biogen 
and Augusta University. Experiments with cynomolgus monkeys were performed at Charles River Labora-
tories following protocol guidelines from the institutional IACUC and subjected to United States Depart-
ment of  Agriculture approvals. Blood collection from sickle cell donors was performed upon informed 
consent protocols described under the IRB approval by Western Institutional Review Board (Puyallup, 
Washington, USA) and the IRB of  the Sickle Cell Clinic at Augusta University (Augusta, Georgia, USA).
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