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ABSTRACT

Anemia is a major societal health risk that greatly lowers quality of life in roughly a quarter of the world

population'

. However, current treatments are effective in only a subset of patients with hematological
malignancies and disorders>. We have identified dynamic surface expression of p2-adrenoceptors in erythroid
progenitors at various stages of differentiation. Here, we report that formoterol fumarate (FF), a highly selective
B2-adrenoceptor agonist, promotes erythroid differentiation in the bone marrow and spleen to enhance
hemoglobin and hematocrit levels in peripheral blood, thereby reversing anemia. FF treatment at very low doses
via multiple routes of administration confers striking survival benefits in lethal hemolytic anemia. FF also boosts
red blood cells in mouse models of myelodysplastic syndrome (MDS)/acute myeloid leukemia, chronic kidney
disease (CKD), hemolytic stress-induced anemia, and in naive mice at steady state. Furthermore, FF augments
erythropoiesis in human stem cells derived from bone marrow aspirates of MDS patients. Mechanistically, FF
promotes erythropoiesis partly via HIF-Ia and associated hypoxia-responsive genes along with induction of
mitochondrial biogenesis, thereby suggesting that the therapeutic relevance of FF may reflect its specific ability
to induce coordinated HIF-1/a and mitochondrial programs in addition to general B2 activation. Importantly, we
have developed a unique capsule formulation of FF that markedly reverses anemia when dosed orally in mice.

Our study uncovers FF-driven stimulation of B2-adrenenoceptors as a new therapeutic strategy for treatment of

anemia associated with MDS, CKD and hemolytic stress.
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INTRODUCTION

Anemia, characterized by loss of red blood cells (RBCs), is the most prevalent blood disorder worldwide®. Patients
with hematological malignancies, such as myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML),
often present with anemia as their predominant comorbidity>®. A vast majority of cancer patients undergoing
chemotherapy also develop anemia. Patients suffering from chronic kidney disease (CKD) frequently present with
anemia as a significant health risk®>. Hemolytic anemia is a serious complication in patients suffering from
infectious diseases and autoimmune disorders’. Although iron-deficiency anemia can be managed with proper
nutrition and iron supplementation®®, treatment of anemia arising from ineffective hematopoiesis in the bone
marrow (BM) is more challenging. Recently, imetelstat!’, luspatercept!! and lenalidomide'? received US Food
and Drug administration (FDA) approvals for anemia management in specific subsets of MDS patients. Also,
vadadustat received FDA-approval to treat anemia in CKD patients'>. However, inadvertent toxicities and
progressive unresponsiveness to FDA-approved medications often compel patients to discontinue such
treatment'*'’. A significant fraction of CKD patients do not respond to FDA-approved erythropoiesis-stimulating
agents (ESAs), such as epoetin-a or darbepoietin-a!®. Furthermore, MDS patients are reported to develop serious
side-effects such as neutropenia, thrombocytopenia, and hepatic adverse events in response to the available FDA-
approved drugs'®!"®. Consequently, anemia continues to lower quality of life of a staggering ~23% of the world

population®’, which emphasizes the urgent need to identify novel and improved therapeutic approaches.

B2-adrenoceptors (f2-AR) are G-protein coupled receptors for adrenaline that mediate smooth muscle relaxation
and vasodilation®*?. Although B2-AR has been previously implicated in hematopoiesis®****, the direct impact of
these receptors on erythroid progenitors (EP) in the bone marrow (BM) and peripheral blood (PB) components
remains elusive. Here, we report that formoterol fumarate (FF), a highly selective 2-adrenergic receptor agonist,

stimulates erythroid differentiation in human and murine BM stem cells, and dramatically reverses anemia in
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multiple pre-clinical mouse models of MDS and CKD. FF is FDA-approved as an inhalant for the treatment of
chronic obstructive pulmonary disorder (COPD) and asthma patients and is well-tolerated®>*%. We demonstrate
the previously unappreciated dynamic surface expression patterns of f2-AR on EP cells. Consequently, FF
directly stimulates early and late-stage EPs in the BM to promote erythropoiesis, thereby enhancing hemoglobin
(Hb) and hematocrit (HCT%) levels in PB to rescue anemia. We have developed an oral capsule formulation of
FF that strikingly reverses anemia in mice. Our findings present an innovative approach to treat anemia associated
with hemolytic stress, CKD and ineffective erythropoiesis, such as MDS, by repurposing FF (FDA-approved
inhalant) as an orally administered drug, and provides the mechanistic basis of f2-AR-driven stimulation of

erythropoiesis.

RESULTS
Formoterol fumarate (FF) promotes erythropoiesis in vitro and in patient ex vivo settings

Since a vast majority (>80%) of MDS patients present with anemia®, we first sought to identify genes that may
be linked to MDS-associated dyserythropoiesis. We focused on the del(5q) subtype of MDS, as these patients
harbor a commonly deleted region (CDR) 5q31-5q33 in their genome?”?®. Interestingly, we noted that the gene
ADRB? (encoding B2-AR) is located at human chromosome 5932, which falls within the CDR of del(5q) MDS
patients?® (Extended Data Fig. 1a). Our independent assessment of a publicly available dataset’® revealed
decreased ADRB? transcripts in the bone marrow (BM) CD34" cells of del(5q) MDS patients as compared to non
del(5q) MDS patients and healthy controls (Extended Data Fig. 1b). To define the functional involvement of
ADRB? in erythropoiesis, we depleted it in CD34" primary human hematopoietic stem and progenitor cells
(HSPCs) isolated from healthy donors. Loss of ADRB2 dampened erythroid lineage-specific cell surface marker
CD235a, while minimally affecting myelopoiesis and megakaryopoiesis markers CD11b and CD41/61,
respectively (Extended Data Fig. 1c-g). Erythroid lineage-specific genes were also downregulated upon loss of

ADRB? (Extended Data Fig. 1h). In-depth analysis of distinct stages in human CD34" erythroid differentiation in
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vitro (Extended Data Fig. 1i)*! uncovered that loss of ADRB2 significantly dampened progression of erythroid
progenitors towards later stages (late basophilic (LB), polychromatic (Poly) and orthochromatic (Ortho)
erythroblasts), while retaining blasts in the early developmental stages (early progenitors 1,2 (EP1,2), early
basophilic (EB) erythroblasts) (Extended Data Fig. 1j-1, 2a). This led us to hypothesize whether stimulation of
B2-AR augments erythropoiesis. Hence, we studied the impact of formoterol fumarate (FF), a highly selective

2333 we observed

and potent B2-AR agonist®?, in erythroid differentiation. In accordance with prior studies
appreciable surface expression of ADRB2 on primary human HSPCs, that dampened after ADRB2 knockdown
via CRISPR-Cas9 (Extended Data Fig. 2b,c). Indeed, FF significantly promoted cell surface expression of
CD235a in HSPCs in a dose-dependent manner, without affecting viability, expansion, myelopoiesis or
megakaryopoiesis (Fig. la,b and Extended Data Fig. 2d-m). Comprehensive analysis of distinct stages in
erythroid differentiation revealed that FF enhanced various progenitor stages at multiple time points, with a
consistent increase in the final stage of orthochromatic erythroblasts (ortho) (Fig. 1c and Extended Data Fig.
3a,b). Consequently, proportion of reticulocytes and enucleation% improved with FF administration (Extended
Data Fig. 3¢,d). However, cellular or nuclear morphology in these distinct stages of erythroblasts were not affected
by FF (Extended Data Fig. 3e). Additionally, FF treatment augmented the cell surface expression of CD71 and
CD235a in the late erythroid progenitor stages (Extended Data Fig. 4a-e). Our structural model of the FF-f2AR
complex predicted that FF makes more interactions with the receptor than adrenaline (Fig. 1d). This is consistent

with existing studies?!-*?

reporting stronger binding of FF than adrenaline and FF’s enhanced potency to stimulate
B2-AR. FF-driven erythropoiesis was ablated upon ADRB2 deficiency, confirming prior studies stating FF’s
specificity towards ADRB2** (Extended Data Fig. 4f,g). We examined the effect of FF in a semi-solid
methylcellulose colony-forming assay for healthy donor-derived CD34" HSPCs. Consistently, FF enhanced burst-
forming unit-erythroid (BFU-e) and colony-forming unit-erythroid (CFU-e) cells, but not colony forming unit-
granulocyte macrophage (CFU-GM) cells (Fig. 1e-g). Next, we tested our predictions in a patient ex vivo setting.

CD34" stem cells were isolated from BM aspirates of MDS patients and cultured in methylcellulose media (Fig.

1h). FF treatment significantly promoted erythroid differentiation in MDS patient-derived BM cells, as evidenced
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by increased BFU-e and CFU-e cells (Fig. 11,j). By contrast, CFU-GM cells were unaffected (Fig. 1k,1). Similarly,
FF enhanced erythropoiesis, but did not affect myelopoiesis or megakaryopoiesis, in MDS patient-derived BM
cells in an orthogonal liquid differentiation culture (Extended Data Fig. 4h-j). These findings indicate that FF may

be repurposed to overcome impaired erythropoiesis in MDS patients.

FF increases hemoglobin and reverses hemolytic stress-induced anemia in vivo

Next, we evaluated FF’s potency in a self-resolving mouse model of hemolytic stress-induced anemia upon sub-
lethal doses of phenylhydrazine (Phz), a treatment that readily lyses RBCs in peripheral blood (PB)* (Fig. 2a).
FF administered at a very low dose of 0.3 mg/kg intraperitoneally (IP) significantly revived Hb and HCT% in
PB, as compared to vehicle (Veh)-treated counterparts (Fig. 2b). FF treatment for only 2 weeks increased absolute
Hb content by ~1.7 g/dL (Extended Data Fig. 5a). Consistent with our in vitro and ex vivo studies (Fig. 1), FF
enriched EPs at various maturation stages in the BM: RI-RII-RIII-RIV (Fig. 2¢,d, Extended Data Fig. 5b) while
minimally affecting WBCs and platelets in PB, and granulocyte-macrophage progenitors (GMPs) in the BM
(Extended Data Fig. 5c,d). However, MEPs (megakaryocyte-erythroid progenitors) were boosted by FF treatment
(Extended Data Fig. 5e), suggesting FF’s selective activation of the erythroid lineage since platelets were
unaltered in PB (Extended Data Fig. 5c). Consistent with Phz-induced hemolysis that causes stress erythropoiesis

in the spleen®%’

, we noted increased spleen size after Phz treatment that normalized in 2 weeks (Extended Data
Fig. 5f,g). FF treatment led to significant increase in spleen size, weight and also enriched erythroid progenitors
in the spleen (Extended Data Fig. 5f-j). We also noted the long-term effect of FF in boosting splenic erythroid
progenitors on day 15 post Phz treatment when the spleen size and weights were comparable between vehicle and
FF-treated groups (Extended Data Fig. 5f-j). Additionally, FF enhanced erythropoiesis in both Phz-treated and
non-treated mice (Extended Data Fig. 5k). Besides stress erythropoiesis, FF induced Hb levels in naive mice dose-

dependently but did not induce WBC:s or platelets (Fig. 2e,f and Extended Data Fig. 51-n). FF also increased EPs

and MEPs in the BM of naive mice, but not GMPs (Fig. 2g and Extended Data Fig. 50,p). However, dose-
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dependent upregulation of EPs was not observed, suggesting qualitative changes in these progenitors leading to
enhanced Hb levels with increasing doses of FF. Most importantly, in a lethal hemolytic anemia model induced
by high dose of Phz (Extended Data Fig. 6a), FF treatment at 0.3 mg/kg IP for only 7 days conferred striking
survival benefits (Fig. 2h). FF-treated mice (7/10) displayed complete revival and were euthanized after 365 days,

whereas all vehicle-treated mice (10/10) succumbed to lethal hemolytic anemia by day 3 (Fig. 2h).

Since revival of anemia may not solely stem from stimulation of EPs in the BM, we analyzed other pathways that
contribute to RBC production. Erythropoietin (EPO) and hepcidin are two key proteins that induce and modulate
erythropoiesis, respectively®®*. However, FF showed no discernible impact on serum EPO or hepcidin levels
(Extended Data Fig. 6b,c), strongly suggesting that FF stimulates erythroid differentiation in the BM to increase
RBCs in PB. Concomitant with sustained erythropoietic drive that leads to low ferritin and free iron levels in
PB*-#2 we noted reduction in ferritin, free iron and transferrin saturation levels in the serum isolated from FF-
treated mice as compared to vehicle-treated controls (Extended Data Fig. 6d). Since FF is an FDA-approved
smooth muscle relaxant***, we studied the effect on cardiologic functions in vivo. FF treatment at 0.3 mg/kg
daily IP for a month neither affected systolic or diastolic blood pressure in mice nor produced detrimental impact
on heart rates, which could be a potential risk factor for tachycardia (Extended Data Fig. 6e,f). These findings
highlight the potency of low dose FF treatment in mitigating anemic burden without undue cardiovascular

toxicities.

We further tested FF’s efficacy via an alternate route of drug administration: oral gavage (OG) (Fig. 21).
Consistently, FF administered via OG enhanced Hb and HCT% in response to sub-lethal Phz doses that generate
hemolytic anemia (Fig. 2j and Extended Data Fig. 6g). Also, naive mice treated with FF via OG showed increased
HCT% and Hb levels at steady state (Extended Data Fig. 6h-j). FF via OG led to increased EPs and MEPs in the
BM, but not GMPs (Fig. 2k, Extended Data Fig. 6k-m). Again, FF administration via OG led to a dramatic
increase in survival benefits upon lethal hemolytic anemia (Fig. 21). We also examined cytotoxic responses due
to systemic FF administration but did not observe signs of organ toxicities in response to prolonged FF treatment

for a month (Extended Data Fig. 6n). These findings demonstrate the safety and efficacy of low dose FF treatment,
7
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via multiple routes of systemic administration, in stimulating erythropoiesis and reversing hemolytic anemia in

Vivo.

FF rescues anemia in a variety of pre-clinical mouse models of MDS and CKD

Since Phz treatment results in a chemically induced mouse model of hemolytic anemia, we next evaluated the
efficacy of FF in pre-clinical mouse models of anemia with ineffective erythropoiesis. We employed a transgenic
MDS model where translocation of HOXD13 to the NUP9Y8 locus in the hematopoietic compartment recapitulates
characteristic features of MDS patients, such as development of anemia at an older age of ~6-8 months, BM
dysplasia and progression to AML*. Notably, FF IP treatment at 0.3 mg/kg 5 times weekly was sufficient to
stabilize RBC parameters (HCT% and Hb) and rescue anemia in these MDS mice (Fig. 3a,b, Extended Data Fig.
7a). This was reflected in the paw redness of FF-treated MDS mice displaying a near-complete rescue as compared
to the littermate controls treated with vehicle (Control+ Veh) (Fig. 3c, Extended Data Fig. 7b). FF significantly
enriched EPs in the BM and spleen of MDS mice (Fig. 3d and Extended Data Fig. 7c), thus explaining the reversal
of anemia. Again, FF’s impact was restricted to the erythroid lineage since GMPs and MkPs (megakaryocytic
progenitors) were unaffected by FF treatment (Fig. 3e,f). Blast cell percentages in the BM and spleen of MDS
mice were not significantly affected upon FF treatment, thus indicating that leukemic progression is not impacted
by FF treatment (Extended Data Fig. 7e). Next, we created a model of anemia secondary to chronic kidney disease
(CKD) in response to low-dose chemotherapy treatment (Fig. 3g). In accordance with previous studies*®*’, low
dose cisplatin treatment led to CKD and resultant anemia in mice (Fig. 3g-i, Extended Data Fig. 57f,g). Indeed,
FF 1P treatment at 0.3 mg/kg 3 times weekly for only 2 weeks markedly rescued anemia in CKD mice (Fig. 31,
Extended Data Fig. 7h,1). Similarly, EPs, but not GMPs or MkPs, were increased in CKD mice upon FF treatment
(Fig. 3j, k, Extended Data Fig. 7j,k). On the other hand, haploinsufticiency of APC (Adenomatous Polyposis Coli)
leads to aggressive anemia in mice at ~3 months and makes them susceptible to spontaneous formation of multiple

intestinal neoplasia (min)*. 4APC targeted (4pc™™) mice are a useful model of MDS*®. Notably, FF 0.3 mg/kg 3
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times weekly IP treatment significantly stabilized HCT% and Hb in Apc™" mice, which was also reflected in the

revival of their paw redness (Fig. 31, m, Extended Data Fig. 71,m).

Management of anemia is a primary goal of current intervention strategies in MDS and CKD patients!”*.

Daprodustat (Dap) had received FDA-approval for treating anemia in CKD patients®>! but has been withdrawn
in the USA. Nevertheless, we compared low dose FF (0.3 mg/kg) with the highest recommended dose of
Daprodustat (~0.3 mg/kg) administered via oral gavage in a mouse model of CKD that is induced by prolonged
treatments with aristolochic acid (AA), a nephrotoxic agent®>>. FF efficaciously revived HCT% and Hb in PB,
as compared to Daprodustat or vehicle treatments in this CKD mouse model (Extended Data Fig. 7n-q). On the
other hand, ESAs such as epoetin a and darbepoetin o, are frequently prescribed to MDS patients for treating
anemia>*. However, a significant fraction of these patients become unresponsive or refractory to these ESAs™.
Recently, Reblozyl (Luspatercept: SMAD2/3 signaling inhibitor) was FDA-approved for a small fraction of low-
risk MDS patients*. Although Reblozyl was administered at 10mg/kg or higher doses in murine models to achieve
efficacy in rescuing anemia®’%, the FDA-approved dose for MDS patients is set at 1-1.7 mg once every 3 weeks
owing to toxicities, such as hypertension, peripheral edema, diarrhea, and dyspnea®>®. In contrast, FF is
administrated as an inhalant at daily doses of ~9-40 ug to COPD and asthma patients®'-®>, Hence, to stringently
test FF’s efficacy against FDA-approved drugs for treating anemia in MDS patients, we compared very low dose
FF treatment (0.3 mg/kg: ~6 pg; 5x weekly) vs high doses of epoetin a (EPO: 100 IU/kg 3x weekly) or Reblozyl
(REB: 10 mg/kg 2x weekly) in the Hoxd13-Nup98 transgenic MDS mouse model. Low-dose FF treatment was
as efficacious as high doses of epoetin o (EPO) and Reblozyl (REB) in stabilizing Hb levels in MDS mice (Fig
3n,0 and Extended Data Fig. 8a). Also, FF administration as a single agent showed comparable potency with
combination therapies in the revival of MDS-associated anemia (Extended Data Fig. 8b,c). Combination
treatment of FF and EPO displayed mild improvement in splenomegaly- a complication in several MDS
patients®>** (Extended Data Fig. 8d,e). However, combination treatment of FF with Reblozyl seemed to

exacerbate splenomegaly in MDS mice (Extended Data Fig. 8d,e), likely due to unfavorable drug-drug
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interactions. Taken together, our study underscores the potency of low dose FF treatment in alleviating anemia

associated with a variety of hematological malignancies and disorders, such as MDS, CKD and hemolytic stress.

ADRB?2 is expressed on the surface of erythroid progenitors

Given the striking effects of FF in boosting EPs, we investigated whether FF directly impacts erythropoiesis in
the BM. To this end, we first investigated the dynamics of ADRB2 cell surface expression at each stage of human
erythroid differentiation in vitro. Indeed, cell surface staining via 2 different antibodies of ADRB2 revealed that
the later erythroid progenitor stages exhibit increased extracellular surface expression of ADRB2 (Extended Data
Fig. f,g). Next, we evaluated surface expression patterns of ADRB2 on murine EPs across various stages of

differentiation in the BM® (Fig. 4a). In congruence with prior studies?*-?

, we observed surface expression of
ADRB2 on stem and progenitor cells, also known as multipotent progenitors (Fig. 4b, Extended Data Fig. 8h).
However, hematopoietic stem cells , the earliest progenitors in the BM, showed negligible surface expression of
ADRB2. Consistent with human EPs, murine EPs also displayed dynamic surface expression of ADRB2 across
various stages of erythroid differentiation (Fig. 4b, extended data fig. 8h). The presence of ADRB2 on early (CFU-
E, RI) as well as late (RII-RIII-RIV) EPs strongly indicates that FF not only promotes progression of the erythroid
lineage from multi-potent progenitors but also stimulates maturation of erythroid progenitors towards the terminal
stages. By contrast, GMPs and MkPs in the BM did not show detectable surface expression of ADRB2, thus
explaining the specificity of FF in selectively augmenting erythroid differentiation, but not myelopoiesis or

megakaryopoiesis (Fig. 4c). Consistently, EPs in the spleen also exhibited surface expression of ADRB2

(Extended Data Fig. 81).

Although B2-AR is reported to be involved in hematopoietic development and CD34" HSPC proliferation®**33,

its direct roles in erythropoiesis remain poorly understood thus far. While some studies suggest that ADRB2 may

be linked to promoting erythropoiesis via enhancement of EPO production®®®’

, others implicated antagonism of
B2-AR in the stimulation of erythropoiesis®®®°. Also, constitutive deletion of Adrb2 in mice does not affect

10
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erythropoiesis at steady state’. Hence, to directly investigate the relevance of p2-AR in response to hemolytic
stress-driven anemia, we generated mice with selective deletion of Adrb2 in the hematopoietic compartment by
crossing Adrb2 floxed (Adrb2™') mice with the Vav“’® strain. Mice with complete deletion of Adrb2
(Adrb2™Vav) were not born at mendelian frequency (5 out of 126 littermates over 2 years), hence we further
characterized Adrb2-haploinsufficient mice (Adrb2"""Vav¢) (Fig. 4d). Consistent with previous reports,
depletion of Adrb2 in hematopoietic cells did not alter basal RBC parameters of mice (Extended Data Fig. 9a,b).
However, Adrb2"""Vav*" mice exhibited delayed revival from anemia in response to Phz-driven hemolytic stress
as compared to their wild-type counterparts (Adrb2"""Vav®), whereas platelets and WBCs were not impacted
significantly (Fig. 4e, Extended Data Fig. 9c,d). Administration of FF did not improve HCT% in Adrb2-deficient
mice (Fig. 4f), thus confirming FF’s specificity to Adrb2 in promoting erythropoiesis. Furthermore, to validate
Adrb2’s roles in the EPs, we generated conditional deletion of Adrb2 in the erythroid lineage by crossing Adrb2
floxed (4drb2™") mice with EpoR“ strain (Fig. 4g, Extended Data Fig. 9e, f). Complete deletion of Adrb2 could
not be achieved in erythroid cells likely due to incomplete penetrance of this Cre-strain, as previously reported’!
(Extended Data Fig. 9e, ). Again, basal Hb and HCT% were unaltered in Adrb2"""EpoR¢"® and Adrb2""EpoR‘"
mice (Extended Data Fig. 9g). Notably, Adrb2 depletion in the erythroid lineage markedly dampened revival from
Phz-induced hemolytic anemia (Fig. 4h, Extended Data Fig. 9h,1), thus highlighting the key roles of Adrb2 in
promoting erythropoiesis and overcoming anemia upon hemolytic stress. Deficiency of Adrb2 in EPs also
rendered FF ineffective in augmenting erythropoiesis (Fig. 41). These findings further verify our observation that

FF boosts RBC production by directly stimulating f2-AR present on the surface of EPs.

Oral capsule formulation of FF potently reverses hemolytic anemia

Since FF is FDA-approved as an inhalant>-*

, we synthesized a novel capsule formulation of FF for oral dosing
in mice to simulate capsule dosing in humans. To improve the absorption of low dose FF into the bloodstream,

we coated inert microbeads with United States Pharmacopeia (USP)-grade FF and applied a lipophilic excipient
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layer on the surface to slow the release of FF, thus protecting it from enteric degradation (Fig. 5a, b). FF-coated
beads containing a modified release layer substantially extended the dissolution of FF in comparison to beads that
contained no release modification layer, and allowed immediate release of FF, as captured by liquid
chromatography (Fig. 5¢). Next, we filled FF-modified release beads in gelatin capsules that allow dosing in mice
via oral gavage (Fig. 5d, Supplementary Video 1). The release profile of gelatin-encapsulated FF beads aligned
well with gastrointestinal transit time in mice (Fig. 5e), where stomach emptying takes place in ~0.5-1 hr and
passage through the small intestine ranges from ~1-2 hrs for maximal absorption of nutrients/drugs into the
bloodstream’?. Furthermore, aligning with the total gastrointestinal transit time of ~6-8 hrs in mice, the dissolution
of FF from capsules reached completion by 6-8 hrs (Fig. 5e). Next, we tested these FF capsules in Phz-driven
hemolytic anemia model (Fig. 5f). Consistent with FF treatment via IP and oral gavage in mice (Fig. 2), daily
administration of FF capsules at ~0.25 mg/kg dose significantly improved recovery from hemolytic anemia and
enhanced both RBCs and Hb as compared to placebo controls (Fig. 5g, h). FF capsules markedly increased the
redness of paws in mice undergoing hemolytic stress, further confirming reversal of anemia (Fig. 51, j). Also, FF
capsules substantially enriched terminal erythroid progenitors in the BM and spleen (Fig. 5k, 1). These findings
demonstrate the efficacy of low dose FF capsules in reversing anemia, thus representing a promising approach

for synthesizing FF capsules to administer in anemic patients.

FF stimulates erythropoiesis partly via HIF-1o/EPAS1 pathway

To gain an unbiased overview of FF-driven impact on EPs and other BM progenitor populations, we performed
single-cell RNA-sequencing (scRNA-seq) analysis of BM cells isolated from naive mice treated with FF (0.3
mg/kg IP 5x weekly) or vehicle (Veh) for a month. Following batch-correction and unsupervised clustering, cell
clusters were annotated based on expression patterns of canonical marker genes, which enabled identification of
distinct BM progenitors, including EPs”>7° (Fig. 6a, Extended Data Fig. 9j,k). Corroborating our in vivo analyses

(Fig. 2,3), EPs showed the most substantial enrichment with FF administration (highest odds ratio of 1.85)
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amongst all other BM progenitors (Fig. 6b). Moreover, FF significantly increased the absolute cell counts of EPs
(p=2.93e-05, Fig. 6¢,d), orthogonally verifying that FF enriches precursors of the erythroid lineage in the BM for
improved anemia outcomes. We further investigated molecular signatures in FF-treated EPs to gain deeper
mechanistic insights. FF is reported to induce mitochondrial biogenesis in vitro and in vivo murine models of
spinal cord and traumatic brain injury>*’678. Consistently, mitochondrial biogenesis was upregulated in FF-treated
EPs, suggesting increased metabolic fitness of EPs that likely supports their expansion (Fig. 6e, Extended Data
Fig. 10a). To further validate this pathway, we compared the impact of FF with Clenbuterol, an ADRB2 agonist
that does not lead to mitochondrial biogenesis’*’. Clenbuterol displayed a mild impact on erythropoiesis as
compared to FF in primary human HSPCs (Extended Data Fig. 10b). Since Clenbuterol is reported to be less
potent than FF7#4% this may have also contributed to Clenbuterol’s insufficiency in augmenting mitochondrial
biogenesis and promoting erythroid differentiation. We also found marked enrichment of the cell proliferation
pathway in FF-treated EPs, congruent with our observation that FF promotes expansion of EPs in the BM (Fig.
6f, Extended Data Fig. 10a). Intriguingly, gene signatures associated with the hypoxia pathway were also
significantly enriched in FF-treated EPs (Fig. 6g), indicating that FF triggers alternate pathways in EPs to boost

erythropoiesis.

We noted that FF IP treatment at 0.3 mg/kg thrice weekly for a month substantially increased HCT% and Hb in
PB of naive mice (Extended Data Fig. 10c). To validate our findings from scRNA-seq analyses and investigate
the mechanistic underpinnings of FF-driven erythropoiesis, we performed bulk RNA sequencing (RNA-seq) of
EPs isolated from the BM of naive mice treated with vehicle or FF at 0.3 mg/kg thrice weekly IP for a month.
Consistently, our gene-ontology analysis revealed a hypoxia-inducible factor-driven gene expression signature as
the top upregulated pathway in FF-treated EPs (Fig. 6h). Of note, transcript levels of hypoxia-inducible
transcription factors HIF-Io and EPASI (encoding HIF-2a) were significantly upregulated in EPs upon FF
treatment (Fig. 61 and Extended Data Fig. 10d). This HIF-1o gene signature was consistently upregulated in
human erythroid progenitors upon FF treatment (Extended Data Fig. 10e). Although protein levels of HIF-1a and

HIF-2a were upregulated upon FF administration in human HSPCs (Extended Data Fig. 10f,g), post-translational
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protein stabilization of HIF-1a was not observed via analysis of its prolyl hydroxylation status (Extended Data
Fig. 10h). This indicates that transcriptional upregulation of HIF-lo/ EPASI upon FF treatment leads to
enhancement of its protein levels. To directly test HIF-1a’s involvement in FF-driven erythropoiesis, we silenced
it in primary human HSPCs (Fig. 6j,k), followed by differentiation towards erythroid lineage in the presence and
absence of FF. Deficiency of HIF-1a substantially blunted FF-induced erythroid differentiation in HSPCs, as
compared to control cells treated with FF (Fig. 61,m and Extended Data Fig. 101). Similarly, depletion of EPAS1
also abrogated FF-driven upregulation of erythroid differentiation in HSPCs (Extended Data Fig. 10j-m). These
findings reveal that the transcription factors HIF-lo and EPASI (encoding HIF-2A) contribute to FF-driven
stimulation of erythropoiesis and reversal of anemia. Thus, our data uncover an alternate mechanistic pathway

employed by FF in EPs that can overcome anemia.

DISCUSSION

B2 adrenergic receptors (f2-AR) have been extensively studied in smooth muscle relaxation. Although f2-AR’s

function in CD34" HSPC mobilization and proliferation are reported®*?

, its direct roles in erythroid
differentiation are poorly defined. Some studies reported that administration of serum from salbutamol (a short-
acting $2-AR agonist)-treated hypoxic rabbits to polycythemic mice increased CFU-E colonies from murine BM
cells in vitro, implicating salbutamol-driven induction of EPO in promoting erythropoiesis®®®’. However, inherent
limitations of this experimental strategy confound further interpretation. For example, serum from salbutamol-
treated rabbits may have causal proteins/cytokines other than EPO that might have driven erythropoiesis. Also,
the cells used for in vitro colony forming assays in these studies were not purified CD34" HSPCs but a mixture
of all viable murine BM cells. Conversely, selective f2-AR inhibitors were reported to stimulate erythropoiesis
in mouse models of burn injury®®®. Thus, our study addresses this long-standing conundrum and establishes

direct roles of B2-AR agonism in promoting erythropoiesis and reversing anemia. This is consistent with a prior

study where administration of albuterol, a selective short-acting B2-AR agonist, induced erythropoiesis in
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busulfan-treated mice®!. Our findings demonstrate that FF directly stimulates ADRB2 expressed on the surface
of HSPCs and EPs to drive erythropoiesis, without discernible impact on serum EPO levels in murine models.
We have also provided direct evidence to show that FF treatment at low doses via multiple routes of administration
markedly increases HCT% and Hb levels to reverse anemia in various pre-clinical murine models of MDS, CKD
and hemolytic stress. Since it is reported that defective erythroid differentiation in MDS can occur at any of the
different stages of erythropoiesis®?, our in vitro, patient ex vivo and in vivo analyses identify FF as a beneficial
therapy in reversing MDS-associated anemia. There are significant site-specific differences between human and
murine erythropoiesis- BM is the primary site for erythroid differentiation in humans whereas stress
erythropoiesis largely occurs in the spleen of mice*®*’. Our findings in murine models reveal that FF not only
triggers erythroid differentiation in the BM but also promotes splenic erythropoiesis in response to hemolytic
stress. However, FF is not expected to yield beneficial effects in sickle cell disease or B-thalassemia since FF will
not correct the sickling of RBCs in sickle cell anemia or fix globin mutations in B-thalassemia to mitigate the
imbalance of hemoglobin subunit production. Nevertheless, we have shown that FF stimulates erythropoiesis in
BM stem cells derived from both adult healthy donors and MDS patients, thus offering a promising therapeutic

strategy to reverse anemia associated with these disorders.

Although B2-AR agonism is classically known to upregulate the cyclic adenosine monophosphate (cAMP)
pathway for smooth muscle relaxation and vasodilation®, we did not observe enrichment of gene signatures
associated with this pathway in FF-treated EPs. This suggests that FF upregulates alternate pathways in EPs to
promote erythropoiesis, such as HIF-1a/EPASI and mitochondrial biogenesis. In our studies, Clenbuterol, an
ADRB?2 agonist that does not lead to mitochondrial biogenesis, displayed only a mild impact on improving
erythropoiesis as compared to FF. However, FF is reported to be a more potent . adrenoceptor agonist than
Clenbuterol”*%% which may have contributed to Clenbuterol’s insufficiency in activating ADRB2, inducing
mitochondrial biogenesis and in its inability to improve anemia. Taken together, the therapeutic efficacy of FF
may be attributable to its potency to coordinately induce HIF-1o and mitochondrial programs that extend beyond

canonical P2-adrenergic receptor signaling. While some studies have shown that f2-AR agonism increases HIF-
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la protein levels®®®’, we have demonstrated that FF stimulates transcription of HIF-1a/EPASI in EPs under
normoxia and that deficiency of HIF-Ia or EPAS] diminishes FF-mediated induction of erythropoiesis, thus
identifying an alternative pathway employed by FF to drive erythroid differentiation. Although cAMP-PKA-
CREB pathway is known to transcriptionally regulate HIF-1a%, this signaling cascade was not identified in our
RNA sequencing analyses from vehicle vs. FF-treated erythroid progenitors. On the other hand, NF-«B is reported
to directly promote HIF-la transcription®° and we have observed that NF-xB signaling is one of the top
upregulated pathways in FF-treated murine erythroid progenitors (Main Fig. 6h). Future investigation will

characterize the molecular mechanisms underlying FF-driven transcriptional regulation of HIF-1a/EPASI in EPs.

Since FF is FDA-approved as an inhalant for COPD and asthma patients>

, we have developed a unique capsule
formulation of FF for oral dosing in mice that shows marked potency in alleviating hemolytic stress-driven
anemia. This provides a strong foundation for designing a humanized version of FF capsules to treat anemia in
patients. Our goal is to synthesize oral capsule formulations of FF for human dosing that could be administered

to anemic patients in phase I clinical trials. Taken together, our identification of FF as a potential medication for

boosting RBCs may shift paradigms in the treatment of anemia associated with MDS, CKD and hemolytic stress.

METHODS

Primary human stem cell culture

CD34" primary human hematopoietic stem and progenitor cells (HSPCs) were obtained from Fred-Hutchinson
Cancer Research center, Seattle, USA (commercially available). CD34" cells were isolated by magnetic sorting
from peripheral blood of adult healthy donors upon G-CSF-mobilization and were cryopreserved until further
usage. The cells were thawed and washed with 1x PBS containing 1% human AB serum, and revived in expansion
medium constituting StemSpan SFEM II medium supplemented with 1X CC100 (STEMCELL Technologies),
1% penicillin-streptomycin (P/S), 1% Glutamine and 10ng/ml TPO. After 3-5 days of proliferation/gene editing

in the expansion phase, the cells were placed in differentiation medium comprising of IMDM reconstituted with
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3% human AB serum, 2% human AB plasma, 1% P/S, 0.06% heparin solution (STEMCELL Technologies), 1
ng/ml IL-3 (Peprotech, Inc.), 10 ng/ml SCF (Peprotech, Inc.), 200 ug/ml holo-transferrin (Sigma-Aldrich) and
3U/ml erythropoietin (DFCI pharmacy). Cells were cultured at a density of 0.1-0.2 x 10° cells/ml and incubated
at 37°C with 5% CO.. Media were changed every alternate day, as required. These protocols have been previously
described’!.

Frozen bone marrow (BM) aspirates from de-identified and coded MDS patients were obtained from the Ted and
Eileen Pasquarello Tissue Bank in Hematologic Malignancies at Dana-Farber Cancer Institute, Boston under
Institutional Review Board (IRB)-approved protocol 21-632. Informed consent was obtained from all recipients
by the tissue bank. The BM cells were thawed, washed with 1xPBS, and allowed to revive in StemSpan SFEM II
medium containing 1x CC100 (STEMCELL Technologies) and 1% penicillin—streptomycin (P/S). This was
followed by surface staining and flow sorting viable CD34" stem cells, that were counted and placed in
methylcellulose (semi-solid) colony forming assay or differentiation media as described above. Cells were
incubated at 37°C with 5% COz. Media in liquid culture were changed every alternate day, as required.
Methylcellulose colony forming assay

After CRISPR-based gene editing, primary human HSPCs were washed twice with 1x PBS and mixed with semi-
solid methylcellulose medium (H4034, StemCell Technologies) along with indicated drugs/vehicle by brief
vortex. Cells were plated at a density of 1000 per well in a 6-well plate followed by incubation in a humidified
chamber at 37°C for 14 days. For MDS patient-derived samples, 500-1000 CD34" stem cells isolated from each
patient were mixed with either FF (1 uM) or vehicle, placed in separate wells of a 6-well plate, and incubated in
a humidified chamber at 37°C for 14 days. Imaging of the colonies was performed using EVOS M5000 Imaging
system (ThermoFisher Scientific). The colony-forming cells were then collected by triturating the wells using
staining buffer and multi-color flow cytometry was performed, as previously described®!+2.

Quantitative RT-PCR

RNA was isolated from cells using the RNeasy Plus Micro kit (Qiagen) using manufacturer’s protocols. Genomic

DNA (gDNA) was removed using gDNA eliminator spin columns and total RNA was isolated using phenol-free
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RNeasy MinElute spin columns. Reverse transcription was performed using qScript cDNA Synthesis kit
(QuantaBio). Quantitative real-time polymerase chain reaction (RT-PCR) was performed using Quantstudio6 RT-
PCR system (Applied Biosciences) and PerfeCTa SYBR Green FastMix Reaction Mixes (QuantaBio).
Comparative Ct method has been used for all quantifications using corresponding ACTB mRNA levels for
normalization. The primers used for qRT-PCR are listed in Supplementary Table 1.

Western blotting

For collection of whole cell lysates, cells were washed twice with ice cold 1x PBS after removal of medium, then
resuspended in RIPA lysis buffer (Life Technologies) supplemented with 1x complete protease inhibitor cocktail
and 1x phosphatase inhibitor cocktail (Thermo Scientific). Lysis was carried out on ice for 15-30 minutes followed
by removal of cellular debris by centrifugation at 13,000 rpm for 20 minutes. The supernatant was collected in a
fresh tube, mixed with Laemmli buffer and incubated at 95°C for 10 minutes. Equal amounts of proteins were
resolved by SDS-PAGE method using Novex Tris-Glycine minigels submerged in Tris-Glycine-SDS buffer in a
mini gel tank (Life Technologies). The proteins were then transferred onto PVDF membranes (Thermo Fisher
Scientific) using Tris-Glycine buffer followed by blocking in 5% skimmed milk solution/5% BSA in 1x TBST
buffer at RT for 1 hour. The membranes were then probed with the required primary antibodies diluted in fresh
blocking buffer at 4°C for overnight (O/N): beta-Actin rabbit polyclonal antibody at 1:1000 (3967S, Cell
Signaling Technology), ADRB2 (BS-0947R, Life Technologies), HIF-1a rabbit monoclonal antibody at 1:1000
(14179T, 36169T- Cell Signaling Technology), HIF-2a rabbit monoclonal antibody at 1:1000 (7096T- Cell
Signaling Technology), Hydroxy-HIF-1a (Pro564) rabbit monoclonal antibody at 1:1000 (3434T- Cell Signaling
Technology). After O/N incubation, membranes were washed four times with 1x TBST buffer for 5 minutes each
on a rocker at RT, followed by incubation with HRP-linked anti-rabbit IgG (7076S, Cell Signaling Technology)
at 1:3000 dilution in fresh blocking buffer for 1 hour at RT. After incubation with secondary antibodies,
membranes were washed four times with 1x TBST buffer for 5 minutes each on a rocker at RT, followed by
incubation with Pierce Western blotting substrates (Thermo Scientific, Supersignal) mixed at 1:1 ratio for 2-5

mins at RT. The protein bands were then visualized using the ChemiDoc Touch Imaging system (Bio-Rad).
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CRISPR/Cas9 gene editing

Primary human HSPCs were electroporated using Lonza-Amaxa 4D nucleofector unit as per the manufacturer’s
instructions. For ribonucleoprotein (RNP) formation, tracer RNAs (IDT) and crRNAs (IDT) were incubated at
95°C for 5 mins at equimolar ratios, brought to room temperature (RT) and mixed with equal molar concentration
of Cas9 peptide (IDT Technologies). This mixture was incubated at 37°C for 15 minutes and the RNP mix was
kept at 4°C until use within the next 2 hours. Cells were mixed with the RNP mix at a density of 0.1-0.2 x10°
cells per well of a 16-well electroporation-strip and subsequently electroporated using 4D-Nucleofector core unit
(Lonza). Immediately after electroporation, fresh medium was added to the cells and incubated at RT for 10 mins
before transferring the cells to 37°C. Genome editing efficiency was analyzed 48-72 hours post electroporation
by nucleotide sequencing, and quantitative RT-PCR. The following crRNAs were used for knockdown (KD) of
ADRB2: GCGATAACATTGATTCACAAGGG and CAAGACGTTAGGCATCATCATGG; HIFla:
TATCCAGGCTGTGTCGACTGAGG and GGTTTCTTATACCCACACTGAGG; EPASI:
CGGATGCTCGCAAAGCATGGGGG and TGTTCTCGGAGTCTAGCGCATGG. For non-targeting controls,

Alt-R™ Cas9 Negative Control crRNA #1 and crRNA #2 from IDT were used.
TIDE Analysis

Cells were lysed in Buffer RLT (Qiagen, 79216), vortexed, and stored in -80°C. Genomic DNA was isolated from
cell lysates using Quick-DNA Microprep Kit (Zymo Research, ZD3020) and quantified using Nanodrop. PCR
reactions were performed in 15 pL volumes containing ~4 ng of gDNA, Azura 2x Taq Red Mix (Azura Genomics,
AZ-1325), 0.5 uM of each primer, and nuclease-free water. PCR products were resolved on 1% agarose gel
(Sigma-Aldrich, A6013-500G) at a constant voltage of 180 V for 1 hour containing SYBR Safe DNA Gel Stain
(Invitrogen, S33102), along with PureView 100 bp DNA Ladder (Azura Genomics, AZ-1135). For gel extraction,
DNA bands were visualized using a blue-light LED transilluminator, and gel slices were excised with clean
scalpels, followed by extraction and purification using the QIAquick Gel Extraction Kit (Qiagen, 28704). Purified

PCR products (quantified via Nanodrop) were premixed with corresponding primer and submitted for Sanger
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sequencing (GENEWIZ). The results were analyzed online using TIDE software (tide.nki.nl). The primers
sequences are listed in Supplementary Table 1.

Mice

C57BL/6] (JAX 000664), C57BL/6J-Apc™™/] (JAX 002020), Vav<" (B6.Cg-Commd](™8(avi-icrod2Kiory - JAX
008610), and EpoR" (B6.C-Epor™!-1ECIPicdUkNdf], Jax 035702) mice were purchased from Jackson
laboratories. Breeding pairs of transgenic mice to model MDS (C57BL/6-Tg(VavI-NUP98/HOXD13)G2Apla/J)
were a kind gift from Dr. Peter D. Aplan at National Cancer Institute and were later purchased from Jackson
laboratories (JAX 010505) to maintain colonies. MDS mice were generated by breeding (C57BL/6-Tg(Vavi-
NUP98/HOXD13)G2Apla/J) with C57BL/6J mice. Adrb2™" mice on C57BL/6] background were a gift from Dr.
Gerard Karsenty at Columbia University. Adrb2"" Vay" mice were generated by crossing Adrb2™" mice to
Vav© mice at Dana-Farber Cancer Institute, Boston. Adrb2""TEpoR¢"® and Adrb2""EpoR¢’* mice were generated
by crossing Adrb2™" mice to EpoR“" mice at the mouse vivarium of Dana-Farber Cancer Institute, Boston. Both
male and female mice aging 6-12 weeks were used in experiments unless specified otherwise. MDS male and

min

female mice aging 6-8 months were used in experiments when they showed signs of anemia. Apc™" mice aging
3-4 months were used in experiments when they showed signs of anemia. Age and sex-matched mice were
randomly assigned in all experimental set ups. The procedures on mice required prior knowledge of experimental
conditions by the operators to ensure correct dosing was administered. Sample sizes were not pre-determined by
statistical methods. All mice were housed in the animal research facility of Dana-Farber Cancer Institute under
pathogen-free conditions with a cycle of 6:00—18:00 light and 18:00—6:00 dark, ambient room temperature and
humidity. All animal studies were approved and performed in accordance with guidelines and regulations

implemented by the Institutional Animal Care and Use Committee (IACUC) at Dana-Farber Cancer Institute,

Boston.

Genotyping
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Mice were ear-tagged and tail snips were collected using aseptic methods. Next, tissue samples were lysed at
56°C overnight in DirectPCR Lysis Reagent Tail buffer (Viagen Biotech, 102-T) supplemented with Proteinase
K solution (Viagen Biotech, 501-PK), followed by enzyme inactivation at 85 °C for 2 hours. PCR reactions
were performed in 15 puLL volumes containing 2 uL of tail lysate, Azura 2x Taq Red Mix (Azura Genomics, AZ-
1325), 0.5 uM of each primer, and nuclease-free water. Primer sequences are listed in the Supplementary Table
1. PCR products were resolved on 3% agarose gels to analyze Adrb2-floxed status, and 2% gels for all other
targets, containing SYBR Safe Gel Stain. Electrophoresis was performed at a constant voltage of 180 V for 30-

60 mins and gels were imaged using the ChemiDoc MP Imaging System (Bio-Rad).

Drug treatments in mice

Formoterol fumarate (FF) was purchased from Selleckchem (S2020) and Sigma Aldrich (F9552) and were dosed
as indicated in the respective figures and their legends. For vehicle control, ~0.3% DMSO in 1x PBS/saline was
administered in mice. For oral gavage treatments, only 1x PBS was administered to control groups, since FF was
dissolved in sterile H2O at 0.4 mg/ml followed by dilution in 1x PBS before dosing in mice. Phenylhydrazine
(Phz) was purchased from Sigma Aldrich (P26252) and was administered intraperitoneally (IP) on days 0 and 1
at 30 mg/kg for sub-lethal model of hemolytic stress-induced anemia. For modeling lethal hemolytic anemia in
mice, Phz was administered once at 120 mg/kg dose. Cisplatin was purchased from Selleckchem (S1166) and
dosed once weekly for 2-3 weeks at 5 mg/kg. Aristolochic acid was purchased from Sigma Aldrich (A5512) and

was dosed once weekly for 5 months at Smg/kg.

Hemavet for complete blood count (CBC) analyses

For collection of blood, mice were bled from their cheeks by puncturing their facial submandibular vein with a
sterile lancet (size 4 mm) to drain ~50-100 pl blood each time into BD-Microtainer EDTA-coated tubes (BD-
365974) during serial bleeding procedure. The bleeding was then stopped by applying a sterile gauge pad on the

poked facial area followed by application of triple antibiotic to prevent infection. The freshly collected blood
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samples were placed on a rocker at RT for ~10-15 minutes before analyzing their complete blood counts using

the Hemavet CBC analyzer (Drew Scientific-950FS).

Blood pressure measurement

Systolic and diastolic blood pressure along with heart rates of mice were measured from their tail vein using the
BP-2000 Blood Pressure Analysis System from Visitech Systems according to the manufacturer’s instructions.
Briefly, mice were placed inside a sterile holder and their tails were taped to restrict vigorous movements.
Transmission photoplethysmography was used by the instrument whereby variations in the amount of light

transmitted through the tail vein is analyzed to determine the blood pressure and pulse rates of mice.

Enzyme-linked immunosorbent assay (ELISA)

Erythropoietin was measured from mouse serum using mouse erythropoietin ELISA kit from Abcam (ab270893),
according to the manufacturer’s instructions. Similarly, Hepcidin was measured from mouse serum using Intrinsic
Life Sciences Hepcidin murine complete assay kit from Fisher Scientific (NC0807369). Ferritin was measured
from mouse serum using mouse ferritin ELISA kit from Fisher Scientific (89028656), according to the
manufacturer’s instructions. Transferrin saturation and free iron levels in mouse serum were measured using Total
Iron-Binding Capacity (TIBC) and serum Iron assay kit from Cayman chemicals (702230), as per manufacturer’s
instructions. Mouse blood was collected into BD-Microtainer tubes with clot-activator (365978), allowed to clot
for 1-2 hours at RT, and centrifuged at 2000 g for 15 minutes at 4°C. The serum was immediately collected into
fresh Eppendorf tubes and stored at -80°C until further use. Absorbance was captured using BioTek Epoch

Microplate Spectrophotometer from Agilent.

Colorimetric assay

Blood Urea Nitrogen (BUN) levels from mouse serum were measured using colorimetric detection kit from Life

Technologies (EIABUN), as per manufacturer’s instructions. Creatinine levels in mouse serum were measured
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using mouse creatinine assay kit from Fisher Scientific (501947694), as per manufacturer’s protocols. Absorbance

was measured using BioTek Epoch Microplate Spectrophotometer from Agilent.
Murine organ histology

Organs dissected from euthanized mice were washed twice with ice-cold 1xPBS and incubated overnight in 4%
paraformaldehyde solution in 1xPBS on rocker for fixation. The organs were removed from the fixative the
following day, washed twice with 1xPBS at RT, and placed in 70% ethanol solution until paraffin sectioning and
subsequent Hematoxylin & Eosin (H&E) staining was performed to visualize histological analyses. The
sectioning and staining of fixed murine organ paraffin blocks were performed by the Rodent Histopathology core
at Dana-Farber/Harvard Cancer Center. Images of the H&E stained tissue sections were captured using Olympus
fluorescence microscope under bright field imaging using 10-40X magnification with the built-in Cell Sens

software.

Tissue preparation and Fluorescence-Activated Cell sorting (FACS) analysis

Human: For analysis of cell surface marker expressions via flow cytometry in CD34" primary human HSPCs, in
vitro cultured cells were washed twice with FACS buffer (1x PBS +2% FBS (Atlanta Biologicals) + 0.02% EDTA
(GIBCO)) and labelled with required fluorochrome-conjugated antibodies diluted in FACS staining buffer for 30
minutes at 4°C in dark: FITC-CD34 (343604, BioLegend), BV421-CD38 (356617, BioLegend)/ PE-Cy7-CD38
(356608, BioLegend), APC-CD71 (OKT9, eBioscience), PE-Cy7-CD235a (306620, BioLegend), PE-
CD41/CD61 (359806, BioLegend), PerCP-Cy5.5-CD11b (301328, 101228, 393106, BioLegend), AF700-CD42b
(303928, BioLegend), APC-CD135 (313307, BioLegend), BV510-Human Lineage (348807, BioLegend), PE-
CD68 (333807, BioLegend), BV421-CD45RA (304129, BioLegend), BV421-CD45 (304031, 368521,
BioLegend), BV785-CD45 (368527, BioLegend), PerCP-Cy5.5-CD123 (306015, BioLegend), AF700-CD117
(313245, Biolegend), PE-CD36 (336205, BioLegend), BV421-CD105 (323219, BioLegend), AF700-CD45RA
(304120, BioLegend), APC/Fire750-CD123 (306041, BioLegend), BV605-CD117 (313217, BioLegend),

BV510-CD34 (343527, BioLegend), PerCP-Cy5.5-CD41 (303719, BioLegend), Sytol6 RNASelect Green

23



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

fluorescent stain. The stained cells were washed once with FACS buffer and then resuspended in FACS buffer
containing DAPI. For analyzing surface expression of ADRB2, CD34" primary human HSPCs/mouse bone
marrow (BM) progenitors were stained with unconjugated primary antibody for ADRB2 (BS-0947R, Life
Technologies or AAR-016, Life Technologies) for 30 mins at 4°C in dark, washed once with FACS bulffer, stained
with PE-conjugated anti-rabbit IgG antibody (406421, BioLegend) for 30 mins at 4°C in dark, washed twice with
FACS buffer, and resuspended in DAPI containing FACS buffer for further analysis by flow cytometry.

Murine: To harvest bone marrow, mice were euthanized (CO; exposure), their femur and tibia were dissected out
and scrapped to remove muscle tissues, followed by crushing them using mortar and pestle in FACS staining
buffer. The BM cells were resuspended in FACS buffer, passed through a 70um cell strainer, and RBC lysis was
performed by adding 1x BD PharmLyse (Biosciences) for 90 secs, followed by neutralization with 9-10X volume
of FACS buffer. The BM cells were spun down, filtered through 70um cell strainer again, and reconstituted in
ice-cold FACS buffer. Spleen cells were collected by mushing the spleen on a 70pm cell strainer, and RBC lysis
was performed as mentioned above. For analysis of cell surface marker expression via flow cytometry, the same
protocol was applied as described above. The following antibodies were used: APC-CD71 (113820, BioLegend),
FITC-Ter119 (116206, BioLegend)/ BV-510-Ter119 (116237, BioLegend), AF700-Lineage cocktail (133313,
BioLegend), BV605-Scal (108133, BioLegend), PerCP/Cy5.5-CD41 (133918, BioLegend), PE-Cy7-CD117
(105805, BioLegend), BV510-CD150 (115929, BioLegend), Pacific Blue-CD105 (120412, BioLegend), PE-
CD34 (128609, BioLegend), APC/Cy7- FcyRIV (149537, 101328, BioLegend), ADRB2 (BS-0947R or AAR-
016, Life Technologies).

All FACS analyses were performed using CytoFLEX Flow Cytometer (Beckman Coulter). Data were analyzed
using FlowJo 10.0.7 and plotted using GraphPad Prism.

May Griinwald Giemsa staining

Cytospins were prepared using a Thermo Shandon Cytospin 3 with FACS-sorted cells from day 7/14 of erythroid
differentiation culture and resuspended in 100 uL. PBS and centrifuged onto glass slides for 5 mins at 300 rpm.

Slides were air dried and stained with May Griinwald modified solution (MilliporeSigma, M1014240500) for 3
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mins, followed by staining with 1:20 diluted Giemsa modified solution (MilliporeSigma, 32884-250ML) for 12
mins. Slides were rinsed twice for 1 min each in buffer solution (Weise pH 6.8) and air dried at room temperature.
Images were acquired using an Olympus microscope with a 60 objective. Image processing was performed using
Imagel.

Assessment of paw redness in mice

Hind paw images were captured using a smartphone digital camera under consistent, bright lighting conditions
inside a biosafety cabinet. The camera was set to ~2x magnification to focus on the plantar surface of the hind
paws, and each image was saved in JPEG format at the device’s full resolution (3072 x 4080 pixels, ~12.5 MP)
with no compression or down sampling. Image processing and redness quantification were performed using Fiji
(Imagel) software (version 2.16.0), as previously reported”. For each paw image, a defined workflow was applied
to quantify the redness based on CIELAB color space a* values, as follows:

ROI selection: Using the polygon selection tool in Fiji, the plantar area of each hind paw was manually outlined
as a region of interest (ROI), while excluding non-relevant areas such as dark fur near the ankle and the toenails
(which do not reflect paw erythema). Both the left and right hind paw regions were outlined separately on each
image.

Color space conversion and measurement: The RGB color photograph was converted to the CIELAB color space
using Fiji’s built-in function (Image — Color — RGB to CIELAB). This conversion produced three 32-bit images
corresponding to the L*, a*, and b* channels. All subsequent analysis was carried out on the a* channel image,
which represents the green—red axis of color (with higher and more positive a* values indicating stronger red
coloration). Variations in brightness were controlled separately by the L* channel, rendering the a* measurements
largely independent of lighting differences. The mean a* pixel value within each ROI was measured using the
Analyze — Measure command in Fiji. The mean a* value provides a quantitative index of redness for that paw
region®. The surface area of respective paws were used to normalize the values. Each mouse yielded two hind
paw a* measurements (with surface area normalized), that were averaged to produce a single representative a*

value per mouse.
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Generation of FF-coated beads for oral capsule dosing in mice

Multi-particulate dosage form of formoterol fumarate (FF) was synthesized by BendbioScience, Inc. Excipients
suitable for use in multi-particulate dosage form were identified by compatibility assessment. Compatibility study
samples were prepared as binary blends of drug substance (FF) and excipient at a 1:1 ratio. Assessment of
compatibility between the drug substance and excipients was performed by differential scanning calorimetry
(DSC) and modulated DSC (MDSC). Development batches to generate immediate-release and modified-release
forms of FF beads were produced by a fluid bed Wurster coating process in which the drug was coated onto an
inert bead core using Fluid Bed Processor (ACG, 00609). Suglets® (Colorcon) were used as the inert bead particle
core (composed of sucrose and starch), that is included in FDA's approved Inactive Ingredient Database (IID)
(https://www.accessdata.fda.gov/scripts/cder/iig/index.cfm). Opadry 20A polymer was applied as seal layer along
with the drug to ensure efficient and uniform coating onto beads. The immediate release form of FF contained no
additional seal coats. The modified release form of FF contained a release modification polymer layer of Eudragit
RS 30D, that has a low composition of hydrophilic substituents making it less permeable in an aqueous
environment. Triethyl citrate and Kolliwax glycerol monostearate (GMS) II were used as plasticizer and anti-
tacking agents respectively, for efficient particulate coating. Size M gelatin capsules (appropriate dimensions for
dosing to mice) were used to encapsulate multi-particulate beads using custom capsule delivery tools for in vivo
dosing in mice (Torpac). Dissolution evaluation of the microparticulate beads and encapsulated drug product was
performed using liquid chromatography (LC). Small volume 150mL vessels were used with 100mL of USP-grade
4.5pH acetate buffer and paddles running at 50rpm were utilized for constant mixing. The placebo contained all
the excipients described above along with the inert microbeads encapsulated within size M gelatin capsules,
without the drug substance FF. Each FF-capsule contained a dose of ~6 pug FF for in vivo evaluation in mice.
Single cell RNA sequencing (scRNA-seq) and analysis

Bone marrow was harvested from Vehicle (0.3% DMSO in 1x PBS) and FF-treated (0.3 mg/kg Sxweekly IP for
4 weeks) mice (n=4 in each group) and their single-cell suspensions were freshly cryopreserved in fetal bovine

serum (FBS) with 10% DMSO in a cryotube and stored at -80°C until further processing. The following
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procedures of scRNA-seq was performed at the Center for Cancer Genomics (CCG) at Dana-Farber Cancer
Institute. The cryopreserved samples were thawed at 37°C and immediately diluted with 6 mL of DMEM cell
culture medium containing 10% FBS, followed by centrifugation at 300g for 10 minutes at room temperature
(RT). Cell pellets were washed with 4 mL of ice-cold resuspension buffer (1X PBS + 0.4% BSA), centrifuged at
300g for 5 minutes at 4°C, and then resuspended in 100 uL of resuspension buffer. Subsequently, viable cells were
further processed. Droplet-based microfluidic Chromium X (10X Genomics, Inc.) was used for generating single-
cell Gel Beads-in-emulsions (GEMs) as per the Chromium Next GEM Single-Cell 5' HT v2 - CG000425 protocol
(10X Genomics demonstrated protocol) and high throughput 10X genomics workflow was followed for all
downstream steps to produce sequencing-ready libraries.

Pre-analysis processing: Pooled samples were demultiplexed using 10x Cellranger mkfastq (cellRanger count
7.1.0). Read pairs were aligned to the mm10 reference sequence using 10x Cellranger count which utilizes
STAR™.

Quality-control for sequencing: Cellbender remove-background” was run on aligned, barcoded reads to
distinguish cell-containing droplets from empty ones and retrieve background-free gene expression profiles. The
Cellbender algorithm was run for 150 epochs per sample.

Downstream analysis: We analyzed scRNA-seq data with the standard pipeline in Scanpy (v1.10.3)7, starting
with raw count matrices from Cell Ranger. The quality control workflow first implemented Scrublet’ to identify
and remove cell doublets from each sample independently. Cells with fewer than 200 detected genes were filtered
out and cells were further removed that showed high content of mitochondrial, ribosomal, and hemoglobin genes,
that indicate poor-quality or dying cells. To prevent outlier bias, cells with unusually high gene counts and total
UMI counts were also excluded. For gene selection, only those genes were retained that were detected in at least
3 cells across the dataset. Following quality control, the integrated data of all samples was log-normalized with a
scaling factor of 10,000 counts per cell, that allowed identification of the top 2,000 highly variable genes for

downstream analysis. After this, Principal Component Analysis was performed and batch effects were corrected

across all samples using Harmony’” on the top 50 principal components. Leiden algorithm was applied to the
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batch-corrected embeddings for cell clustering. Next, cell types were assigned to each cluster based on expression
patterns of canonical marker genes, which enabled identification of distinct hematopoietic populations and
erythroid lineage cells (Extended Data Fig. 7a).

To quantify differences in cell type distribution between FF-treated and vehicle control groups, two-sided Fisher's
exact tests were conducted for each cell type. Two-sided Wilcoxon rank sum tests were employed to identify
significantly upregulated pathways in the FF-treated vs vehicle control groups. Phenotypic signatures across
conditions were further investigated by examining pathway activities in three key areas: hypoxia, mitochondrial
biogenesis, and cell proliferation. Enrichment scores for each pathway were calculated in individual cells using
established marker gene sets (hypoxia: Hifla, Ddit4, Cirbp, Rora, Otubl, Ptpmtl, Aphla, HIf; mitochondrial
biogenesis: Maip 1, Ndufal3, Ndufs6, Atp5d; cell proliferation: Brpf3, Otubl, Mis18a).

Bulk RNA-sequencing

Mouse BM cells were harvested as described above, and erythroid progenitors were FACS-sorted from Vehicle
and FF-treated (0.3 mg/kg 3x weekly IP for 4 weeks) animals (n=5 in each group). ~0.1-0.2X10"6 cells from
each sample were processed to isolate their mRNA (following gDNA exclusion) using the RNeasy Plus Micro
kit (Qiagen), as per the manufacturer’s instructions. RNA library preparations, sequencing reactions and initial
bioinformatic analysis were conducted at GENEWIZ, LLC. (South Plainfield, NJ, USA) as follows:

Library Preparation with polyA selection and HiSeq Sequencing: RNA samples were quantified using Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked using Agilent
TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA). RNA sequencing libraries were prepared using
the NEBNext Ultra RNA Library Prep Kit for Illumina following manufacturer’s instructions (NEB, Ipswich,
MA, USA). Briefly, mRNAs were first enriched with Oligo(dT) beads. Enriched mRNAs were fragmented for
15 minutes at 94 °C. First strand and second strand cDNAs were subsequently synthesized. cDNA fragments
were end repaired and adenylated at 3’ends, and universal adapters were ligated to cDNA fragments, followed
by index addition and library enrichment by limited-cycle PCR. The sequencing libraries were validated on the

Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA), and quantified by using Qubit 2.0
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Fluorometer (Invitrogen, Carlsbad, CA) as well as by quantitative PCR (KAPA Biosystems, Wilmington, MA,
USA). The sequencing libraries were clustered on 1 lane of a flowcell. After clustering, the flowcell was loaded
on the Illumina HiSeq instrument (4000 or equivalent) according to manufacturer’s instructions. The samples
were sequenced using a 2x150bp Paired End (PE) configuration. Image analysis and base calling were conducted
by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq was
converted into fastq files and de-multiplexed using Illumina's bcl2fastq 2.17 software. One mismatch was
allowed for index sequence identification.

Data Analysis: After investigating the quality of the raw data, sequence reads were trimmed to remove possible
adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. The trimmed reads were
mapped to the Homo sapiens reference genome available on ENSEMBL 109 using the STAR aligner v.2.5.2b.
Unique gene hit counts were calculated by using feature Counts from the Subread package v.1.5.2. Only unique
reads that fell within exon regions were counted.

Gene sets were derived by accounting for the differentially regulated genes that passed the cut off of adjusted p
value <0.05 in control vs FF vs Vehicle-treated samples. Additionally, canonical pathways such as KEGG,
REACTOME and BIOCARTA were consulted. EnrichR was used to identify differentially regulated pathways
in FF vs Vehicle-treated groups.

Structural modelling of the formoterol fumarate and p2-adrenergic receptor complex

Because multiple structures of the P2-adrenergic receptor with bound ligands, including adrenaline and
formoterol, from different organisms, solved by various methods at different resolutions exist in the Protein Data
Bank (e.g., 4LDO, 61BL and 7ZB2), we employed AlphaFold 3 to construct state-of-the-art models for the human
protein with FF and adrenaline bound using all available structures to form a template family®®. The resulting
models for the adrenaline and FF complexes had excellent quality scores and were virtually identical to structures
4LDO’" and 7ZB2%, respectively. The alignment feature in PYMOL®® was used to superimpose the two models

to examine the predicted interactions between the agonists and the protein.
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Statistical tests

Data are presented as mean + SEM. Unpaired two-tailed #-test or two-tailed non-parametric Wilcoxon matched-
pairs signed rank test was used for comparing two groups. One-way Analysis of variance (ANOVA) with
Dunnett’s multiple comparisons test/Tukey’s multiple comparisons test, or non-parametric Kruskal-Wallis test
with Dunn’s multiple comparisons test or two-way ANOVA (Mixed model) with Dunnett’s multiple comparison’s
test were used for comparisons amongst multiple groups, wherever applicable as per requirements of data and
quantification. GraphPad Prism v9.0/10.0 (GraphPad Software Inc., San Diego, CA) was used to perform

statistical analyses. Sample size was not predetermined.

DATA AVAILABILITY

Raw data generated from bulk RNA-sequencing and single cell RNA-sequencing analyses are deposited in the
Gene Expression Omnibus (GEO) database and the accession numbers are GSE299098 and GSE299301
respectively. The ADRB2 mRNA levels in MDS patients have been analyzed using publicly available GEO dataset

under accession code GSE19429. The source data for all figures (Main and Extended) are provided.

CODE AVAILABILITY

This study did not generate new unique codes or software.

RESOURCE AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by Laurie

H. Glimcher (Laurie_Glimcher(@dfci.harvard.edu) with appropriate material transfer agreements (MTA).

MATERIALS AVAILABILITY
Requests for any materials should be directed to and will be fulfilled by Laurie H. Glimcher

(Laurie_Glimcher@dfci.harvard.edu).
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FIGURE TITLES AND LEGENDS

Fig 1. Formoterol Fumarate (FF) enhances erythropoiesis in vitro and patient ex vivo settings. a, Median
fluorescence intensity (MFI) plot and adjoining quantification of surface expression levels of CD235a on primary
human HSPCs with increasing doses of FF (from Selleckchem) (day 5 of differentiation). MFI plot of a
representative donor from n=4 donors. b, mRNA levels of erythroid lineage-specific genes (HBB, HBAIl, TFRC)
in primary human HSPCs with increasing doses of FF (normalized with ACTB mRNA levels). ¢, Representative
flow plots showing 9 stages of erythroid differentiation in primary human HSPCs in response to FF (5 uM) or
vehicle (Veh- DMSO) treatment (day 7 of differentiation). d, Structural modeling of FF (gray) bound to B2-
adrenergic receptors (B2-AR) and magnified view of FF (blue) and adrenaline (cyan) bound to f2-AR. e,
Representative images of burst-forming unit-erythroid (BFU-E) cells post 14 days of treating CD34" HSPCs with
FF (1 uM) or vehicle (Veh) in semi-solid methylcellulose culture media (n=7 donors). f, Quantification of BFU-
E and colony-forming unit-erythroid (CFU-E) cells after 14 days of HSPC treatment with FF (1 uM) or Veh (n=7
donors). g, Representative images and quantification of colony forming unit-granulocyte macrophage (CFU-GM)
cells after 14 days of HSPC treatment with FF (1 uM) or Veh (n=7 donors). h, Schematic of CD34" cell isolation
from the bone marrow (BM) aspirates of MDS patients and culturing in semi-solid methylcellulose differentiation
media. i, Representative images of BFU-E cells post 14 days of treating non-del(5q) MDS patient-derived CD34"
BM cells with FF (1 uM) or Veh (n=23 MDS patients). j, Quantification of BFU-E and CFU-E cells after 14 days
of treating non-del(5q) MDS patient-derived CD34" BM cells with FF (1 uM) or Veh (n=23 MDS patients). k, 1,
Representative images and quantification of CFU-GM cells after 14 days of treating non-del(5q) MDS patient-

derived CD34" BM cells with FF (1 uM) or Veh (n=23 non-del(5q) MDS patients). Data represented as mean +
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SEM. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test performed in a and b.

Two-tailed non-parametric Wilcoxon matched-pairs signed rank test performed in f, g, j, and 1.

Fig 2. FF increases Hb at steady state and rescues anemia during hemolytic stress in vivo. a, Schematic of
phenylhydrazine (Phz)-driven hemolytic stress and anemia in wild-type mice (C57BL/6J) followed by daily IP
administrations of FF at a low dose of 0.3 mg/kg. b, Hemoglobin (Hb) in peripheral blood (PB) analyzed at
indicated time points in vehicle (Veh) vs FF-treated mice upon Phz administration (n=9). ¢, Proportions of RI,
RII, RIII, RIV erythroid progenitors in the BM of Veh vs FF-treated mice. d, Total erythroid progenitors (EPs-
RI+RIIH+RIIHRIV) per 1°10° viable BM cells isolated from Veh vs FF-treated mice (n=9). e, Schematic of daily
IP administrations of FF at varying doses (0.1-0.3-0.5 mg/kg) in wild-type mice at steady state. f, Hb in PB
analyzed at indicated time points in Veh vs FF-treated mice at steady state (n=5). g, Total EPs per 1°10° viable
BM cells isolated from Veh vs FF-treated mice at steady state after 30 days of daily drug administrations via IP.
h, Survival of mice treated with a lethal dose of Phz (120 mg/kg) followed by daily IP administration of Veh or
FF (0.3 mg/kg) for 7 days (n=10). i, Schematic of FF administration via oral gavage. j, Hb and hematocrit (HCT)
in PB analyzed at indicated time points in Veh vs FF-treated mice (0.5 mg/kg) via oral gavage (OG) upon Phz
administration (n=5). Kk, Proportions of RI, RII, RIII, RIV erythroid progenitors in the BM of Veh vs FF-treated
mice via OG. 1, Survival of mice treated with a lethal dose of phenylhydrazine (120 mg/kg) followed by daily OG
of Veh or FF (0.3/0.5 mg/kg) for 7 days (n=5-10). Data represented as mean £ SEM. Two-way ANOVA (mixed
model) in b, f (Dunnett’s multiple comparisons test), j. Student’s unpaired t-test performed in d. One-way analysis
of variance (ANOVA) with Dunnett’s multiple comparisons test performed in g. Kaplan-Meier survival analysis

with Log-rank (Mantel-Cox) test performed in h and 1.

Fig. 3. FF dramatically reverses anemia in pre-clinical mouse models of MDS and CKD. a, Schematic of

experimental plan and treatment regimen in MDS transgenic mice; FF dosed at 0.3 mg/kg 5x weekly IP after
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anemia developed in MDS mice aging 6-8 months. b, Hematocrit (HCT) and hemoglobin (Hb) in peripheral blood
(PB) of MDS mice treated with vehicle (Veh) or FF; Control: littermate controls; (n=5). ¢, Representative images
of paw redness in MDS mice treated with Veh or FF vs control mice treated with Veh (n=4). d, Proportions of RI,
RII, RIII, RIV erythroid progenitors (EP) and adjoining quantification of total EPs per 1°10° viable BM cells
isolated from MDS/Control mice treated with Veh or FF. e,f, Granulocyte-macrophage progenitors (GMP) and
megakaryocyte progenitors (MkP) per 110 viable BM cells isolated from MDS mice treated with Veh or FF. g,
Schematic of anemia development post Cisplatin (Cis; chemotherapy)-induced chronic kidney disease (CKD),
followed by 3x weekly IP administration of FF (0.3 mg/kg) or Veh. h, Kidney histology (H&E staining) images
showing signs of CKD (glomerular and tubular atrophy) upon Cisplatin (Cis) treatment; Control: No Cis
treatment. i, Hb in PB analyzed at indicated time points in Cis-driven CKD mice treated with Veh or FF (n=4). j,
k. Proportions of RI, RII, RIII, RIV EPs and their quantification in the BM of Cis-treated CKD mice given Veh
or FF. 1, Representative images showing paw redness in Apc™" mice treated with Veh or FF 3x weekly IP and
control mice treated with Veh (n=5-6). m, Hb levels in Apc™" mice treated with Veh or FF and littermate controls
(control) treated with Veh (n=5-6). n, Schematic of MDS mice treated with low dose of FF (0.3 mg/kg-5x weekly)
vs high doses of epoetin o (EPO: 100 [U/kg- 3x weekly) and Reblozyl (REB: 10 mg/kg- 2x weekly). o, Hb levels
in MDS mice treated with low dose of FF vs high doses of EPO or Reb for 3 weeks (n=4-5). Data represented as
mean £ SEM. Two-way ANOVA (mixed model) with Dunnett’s multiple comparisons test in i, 0 and Tukey’s

multiple comparisons test in b, m. One-way ANOVA with Tukey’s multiple comparisons test in d, e, f, and k.

Scale bar 100 um in h.

Fig. 4. Adrb2 is expressed on the surface of early and late erythroid progenitors. a, Diagrammatic illustration
of various stages of erythroid differentiation in mouse bone marrow (BM). b, Surface expression level of Adrb2
on murine hematopoietic stem cells (HSC), multipotent progenitors (MPP) and erythroid progenitors at different
stages of differentiation (CFU-E, RI-E, RII-E, RIII-E, RIV-E) in the BM. ¢, Surface expression of Adrb2 on

murine granulocyte-macrophage progenitors (GMP) and megakaryocyte progenitors (MkP) in the BM. d,
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Schematic of phenylhydrazine (Phz)-induced hemolytic anemia in mice with Adrb2-haploinsufticiency in the
hematopoietic compartment (Adrb2"""Vay¢) vs littermate controls (Adrb2"""Vav). e, Peripheral blood
hemoglobin (Hb) and hematocrit (HCT) levels in Phz-treated Adrb2"""Vav"® and Adrb2"""'Vay** mice (n=5-8).
f, HCT levels in Adrb2"""Vav*" mice administered with Phz and then treated with vehicle (Veh) or FF at 0.3
mg/kg daily IP (n=7-8). g, Schematic of Phz-induced hemolytic anemia in mice with Adrb2-haploinsufficiency
in erythroid compartment (Adrb2" """ EpoR¢) vs littermate controls (Adrb2"""'EpoR"¢). h, Hb and HCT levels
in Phz-treated Adrb2" """ EpoR¢ and littermate control Adrb2"""'EpoR mice (n=4-5). i, HCT levels in
Adrb2" " EpoR" and Adrb2™"EpoR" mice administered with Phz and then treated with Veh or FF at 0.3 mg/kg
daily IP (n=4-6). Data represented as mean = SEM. Two-way ANOVA (mixed model) with Dunnett’s multiple

comparisons test in h, i, and Sidak’s multiple comparisons test in e, f.

Fig. 5. Oral capsule formulation of FF reverses hemolytic anemia. a, Schematic illustration of the structure of
FF-coated inert microbeads containing a modified release layer and FF-coated microbeads without any layer
allowing immediate release of FF. b, Image showing synthesized FF-immediate release beads and FF-modified
release beads. ¢, Release profiles of FF from modified-release beads and immediate-release beads, as measured
by liquid chromatography. d, Image of gelatin capsules containing FF-modified release beads for dosing in mice.
e, Release profile of FF from gelatin encapsulated modified release beads (FF-Cap) measured by liquid
chromatography. f, Schematic of phenylhydrazine (Phz)-driven hemolytic anemia in wild-type mice followed by
daily administrations of FF capsules (FF-Cap) at a low dose of ~0.25 mg/kg via oral cavity. g, h, RBCs and
Hemoglobin (Hb) analyzed at indicated time points in placebo vs FF-Cap treated mice upon Phz administration
(n=4-5). Placebo capsules contain microbeads and excipients without FF coating. i, j, Representative images and
adjoining quantification of paw redness in Phz-treated mice administered with placebo vs FF-Cap (n=4-5). k,
Terminal erythroid progenitors (EPs) per 1710° viable BM cells isolated from placebo vs FF-Cap treated mice

(n=4-5). 1, Terminal EPs per 1°10° viable spleen cells isolated from placebo vs FF-Cap treated mice (n=4-5). Data
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represented as mean + SEM. Two-way ANOVA (mixed model) in g and h. Student’s unpaired t-test performed in

j» Kk, and L.

Fig. 6. FF triggers erythropoiesis partly via the HIF-1a/EPAS1 pathway. a, UMAP showing unsupervised
clustering of bone marrow (BM) progenitors isolated from naive mice treated 5x weekly with vehicle (Veh) or
FF at 0.3 mg/kg IP for 4 weeks. b, Proportions of various BM progenitors via single cell RNA sequencing
(scRNA-seq) analysis; FF administration increases erythroid progenitors most significantly (p=2.93e-5)
amongst other BM progenitors (highest odds ratio 1.85); “-““ in bar plot denotes non-significant result. pDC:
plasmacytoid dendritic cells, BMCPs: Basophils and Mast cell progenitors, HSCs: Hematopoietic stem cells. c,
Magnified UMAP clustering of erythroid progenitors in the BM of Veh and FF-treated mice (overlaid). d,
Enrichment of erythroid progenitors in the BM upon FF treatment at single cell resolution. e, f, g, Enrichment of
gene signatures associated with mitochondrial biogenesis, cell proliferation and hypoxia pathways in the
erythroid progenitors of Veh vs FF-treated mice: scRNA-seq analysis. h, Gene ontology analysis of significantly
upregulated and downregulated pathways in erythroid progenitors of Veh vs FF-treated naive mice via bulk
RNA sequencing. i, Volcano plot showing differentially regulated genes from bulk RNA sequencing of Veh vs
FF-treated erythroid progenitors. j, k, mRNA and protein levels (via immunoblotting) showing knockdown
efficiency of HIF-1a in primary human HSPCs via CRISPR-Cas9 gene editing using 2 different guide RNAs
(KD#1, KD#2: ACTB normalized) (TIDE analysis indel frequencies 54.6% and 86.4% in KD#1 and KD#2
cells, respectively); protein levels are B-Actin normalized. 1, Cell surface expression of CD235a in control (Ctrl)
vs HIF-1a-deficient (KD#1, KD#2) primary human HSPCs after treatment with Veh or FF (2 uM). m, Flow
plots showing erythroblasts at distinct stages of erythroid differentiation in control (Ctrl) vs HIF-1a-deficient
(KD#1, KD#2) primary human HSPCs upon treatment with vehicle (Veh) vs FF (5 uM). Data represented as
mean = SEM. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test in j and
Tukey’s multiple comparisons test in 1. Detailed statistical analyses of scRNA-seq and bulk RNA seq datasets

are included in the Methods section. For uncropped Western blot data, see Supplementary Figure 1.
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Extended Data Figures

Extended Data Fig. 1. Loss of ADRB2 dampens erythroid differentiation. a, Genomic location of ADRB? at
5932- a commonly deleted region (CDR) in del(5q) subtype of MDS patients. b, mRNA levels of ADRB2 in
CD34" cells isolated from bone marrow (BM) aspirates of healthy individuals, del(5q) and non del(5q) MDS
patients. ¢, d, mRNA and protein levels (via western blotting) show depletion of ADRB?2 using 2 different guide
RNAs (KD#1, KD#2) via CRISPR-Cas9 gene editing in primary human CD34" hematopoietic stem and
progenitor cells (HSPCs) (TIDE analysis indel frequencies 68.8% and 37.7% in KD#1 and KD#2 cells,
respectively); protein levels are B-Actin normalized. e. Median fluorescence intensity (MFI), adjoining
quantification of CD235a surface expression and CD235a" populations in primary human HSPCs upon ADRB?2
deficiency at day 5 of erythroid differentiation. f, Myelopoiesis (CD11b" populations and surface expression of
CD11b) upon loss of ADRB?2 in primary human HSPCs at day 5 of erythroid differentiation. g, Megakaryopoiesis
(CD41/61" populations and surface expression of CD41/61) upon loss of ADRB?2 in primary human HSPCs at
day 5 of erythroid differentiation. h, mRNA levels of genes associated with erythroid differentiation (HBB, HBA I,
FECH, TFRC: ACTB normalized) in ADRB2-proficient (control) and deficient (4ADRB2 KD) primary human
HSPCs. i, Representative flow plot showing 9 stages of erythroid differentiation in primary human CD34" HSPCs
in vitro on day 7 of culture. j, k, Representative flow plots showing 9 stages of erythroid differentiation (EP1-
Orthochromatic erythroblasts) in control and ADRB2 KD primary human HSPCs at days 7 and 12 of
differentiation, respectively. 1, Quantification of various stages of erythroid differentiation in control and ADRB2
KD primary human HSPCs at days 7 and 12 of differentiation. Data represented as mean + SEM. Non-parametric
Kruskal-Wallis test with Dunn’s multiple comparisons test in b. One-way analysis of variance (ANOVA) with
Dunnett’s multiple comparisons test in ¢, e, f and g. Two-tailed unpaired t test in h and 1. Quantifications presented
in ¢, e, f, g, h from a representative donor, analyses performed in n=3 primary donors. EP1, 2, 3, 4: Erythroid

Progenitors 1, 2, 3, 4; Pro: Proerythroblasts; EB, LB: Early and Late Basophilic erythroblasts; Poly:
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Polychromatic erythroblasts; Ortho: Orthochromatic erythroblasts. For uncropped Western blot data, see

Supplementary Figure 1.

Extended Data Fig. 2. Formoterol fumarate (FF) promotes erythropoiesis, but not myelopoiesis or
megakaryopoiesis. a, Growth curves of 9 distinct stages of erythroid differentiation in ADRB2-knockdown (KD) and
control human HSPCs. b, Surface expression of ADRB2 on primary human CD34" hematopoietic stem and
progenitor cells (HSPCs); n=4 donors. ¢, ADRB2 surface expression in control and ADRB2-deficient (ADRB2
KD) primary human HSPCs, shown using BS-0947R antibody. d, e, CD235a surface expression and CD235a"
populations (denoting erythropoiesis) in primary human CD34" HSPCs in response to increasing doses of FF
(from Sigma and Selleckchem, respectively) on day 5 of differentiation. f, Viability at varying doses of FF
treatment in primary human HSPCs. g, Expansion of human HSPCs while placed in erythroid differentiation
media in the presence and absence of FF. h-j, Myelopoiesis (CD11b cell surface expression out of CD11b" cells
and CD11b" populations) at varying doses of FF treatment in primary human HSPCs on day 5 of differentiation.
k-m, Megakaryopoiesis (CD41/61 cell surface expression out of CD41/61" cells and CD41/61" populations) at
varying doses of FF treatment in primary human HSPCs on day 5 of differentiation. Data represented as mean +
SEM. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test performed in d, e, f, i,
j» 1, m. Two-way ANOVA (mixed model) with Dunnett’s multiple comparison’s test in g. Data shown from day 5
of erythroid differentiation in d-f, h-m. Quantifications presented from a representative donor, analyses performed

in n=4 donors in d, e and n=3 donors in f, i, j, I, m.

Extended Data Fig. 3. FF augments erythropoiesis at various stages of differentiation. a, b, Representative
flow plots and adjoining quantifications showing 9 stages of erythroid differentiation in primary human HSPCs
in response to FF (5 uM) or vehicle (Veh- DMSO) treatments at various time-points. ¢, d, Reticulocytes and

enucleation% during erythroid differentiation in vitro in response to FF (5 uM) or vehicle (Veh- DMSO)
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treatments. e, Representative cytospin images (60x magnification) of May-Griinwald-Giemsa (MGG)-stained
sorted erythroblasts at distinct stages from days 7-14 of erythroid differentiation of primary human CD34" HSPCs
(Veh vs FF 5 uM). EP1, 2, 3, 4: Erythroid Progenitors 1, 2, 3, 4; Pro: Proerythroblasts; EB, LB: Early and Late
Basophilic erythroblasts; Poly: Polychromatic erythroblasts; Ortho: Orthochromatic erythroblasts. Data

represented as mean = SEM. Two-tailed unpaired t test in b-d. Scale bar 20 um in e.

Extended Data Fig. 4. FF promotes cell surface expression of CD71, CD235a across various stages of
erythroid differentiation. a, Histogram showing cell surface expression patterns of CD71 across distinct stages
of human erythroid differentiation in vitro. b. Representative histograms and adjoining quantifications showing
cell surface expression of CD71 at distinct stages of human erythroid differentiation (day 7) upon vehicle (Veh)
vs FF (5 uM) treatment. ¢, Histogram showing cell surface expression patterns of CD235a across distinct stages
of human erythroid differentiation in vitro. d. Representative histograms and adjoining quantifications showing
cell surface expression of CD235a at distinct stages of human erythroid differentiation (day 7) upon vehicle (Veh)
vs FF (5 uM) treatment. Use of biexponential transformation resulted in negative MFI values for CD235a in EP1,
EP2, and EP3,4. e, Quantifications showing cell surface expression of CD235a in reticulocytes upon vehicle (Veh)
vs FF (5 uM) treatment. f, g, CD235a cell surface expression and distinct stages of erythroid differentiation (day
7) in ADRB2-deficient (ADRB2 KD) vs control HSPCs upon FF (5 uM) treatment. h-j, Erythropoiesis (CD235a),
myelopoiesis (CD11b) and megakaryopoiesis (CD41/61) after treatment of CD34" BM cells isolated from MDS
patients (n=40) with FF/vehicle treatment in liquid differentiation culture. Data represented as mean = SEM. Two-
tailed unpaired t test in b, d, e. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test

performed in f. Two-tailed non-parametric Wilcoxon matched-pairs signed rank test performed in h-j.

Extended Data Fig. 5. FF stimulates erythropoiesis and rescues anemia in vivo. a, Absolute hemoglobin (Hb)

and hematocrit (HCT%) levels after 15 days of Phz administration in mice treated with daily IP of FF (0.3 mg/kg).
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b, Proportions of RI, RII, RIII, RIV erythroid progenitors (EP) per 1°10° viable bone marrow (BM) cells of Veh
vs FF-treated mice (n=9). ¢, White blood cells (WBCs) and platelets in peripheral blood (PB) analyzed at indicated
time points in vehicle (Veh) vs FF-treated mice upon phenylhydrazine (Phz) administration (n=9). d, e,
Granulocyte-macrophage progenitors (GMP) and megakaryocytic-erythroid progenitors (MEP) per 1710° viable
BM cells isolated from Phz-administered mice treated with Veh or FF 0.3 mg/kg (n=5). f, g, Spleen pictures and
quantifications of splenic weights in Veh vs FF-treated mice at various time-points after Phz administration. h,
Total erythroid progenitors (EPs) per 1°10° viable spleen cells of Veh vs FF 0.3 mg/kg-treated mice (n=5) at
various time-points after Phz administration (No RBC lysis). i, j, Flow plots and quantifications showing
proportions of RI, RII, RIII, RIV erythroid progenitors (EP) per 1°10° viable spleen cells of Veh vs FF-treated
mice (n=5) after 15 days of Phz administration (No RBC lysis). k, Hemoglobin (Hb) and hematocrit (HCT%) in
peripheral blood (PB) analyzed at indicated time points in vehicle (Veh) vs FF 0.3 mg/kg-treated mice with or
without Phz administration (n=5).. I-n, Hb, WBCs and platelets in Veh vs FF-treated mice (daily drug
administration via IP at varying doses of 0.1-0.3-0.5 mg/kg) at steady state. o, p, GMPs and MEPs per 1°10°
viable BM cells isolated from Veh vs FF-treated mice at steady state (n=5). Data represented as mean £ SEM.
Two-tailed unpaired t test in a, b, d, e, f, g, h, j. One-way analysis of variance (ANOVA) with Dunnett’s multiple
comparisons test performed in 1, 0, p. Two-way ANOVA (mixed model) with Dunnett’s multiple comparison’s

test in ¢, k, m, n.

Extended Data Fig. 6. FF promotes erythropoiesis without causing organ toxicities in vivo. a, Hematocrit%
(HCT%) and red blood cells (RBCs) of mice treated with a lethal dose of phz (120 mg/kg). b, ¢, Serum
erythropoietin and hepcidin levels in mice treated with Veh or FF IP daily for 30 days. d, Serum ferritin, free iron
and transferrin saturation levels in mice treated with Veh or FF (0.3 mg/kg) IP daily for 30 days. e, f, Systolic,
diastolic blood pressure (BP) and heart rates of mice treated with Veh or FF IP daily for 30 days; bmp: beats per
minute. g, Absolute hemoglobin (Hb) and hematocrit (HCT%) levels after 15 days of Phz administration in mice

treated with FF (0.5 mg/kg) via oral gavage (OG). h-j, HCT and hemoglobin (Hb) levels in PB analyzed at
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indicated time points in Veh vs FF (0.5 mg/kg)-treated mice via oral gavage (OG) at steady state (n=5). k-m, EPs,
GMPs, and MEPs per 1710° viable BM cells isolated from Veh vs FF (0.5 mg/kg)-treated mice via OG at steady
state (n=5). n, Histology (H&E staining) of organs isolated from mice treated with Vehicle (Veh) or FF (0.5
mg/kg) daily IP for 30 days, showing no signs of toxicity. Data represented as mean = SEM. Two-way ANOVA
(mixed model) with Dunnett’s multiple comparisons test in h. Student’s unpaired t-test performed in a-g, i-m.

Scale bar 200 um in n.

Extended Data Fig. 7. FF rescues anemia in pre-clinical mouse models of MDS and CKD. a, Absolute
hemoglobin (Hb) levels in 8-10 months old myelodysplastic syndrome (MDS) mice treated with Veh or FF (0.3
mg/kg 5x weekly IP) and littermate controls treated with Veh (Control+ Veh). b, Paw redness of MDS mice treated
with Veh or FF and littermate controls treated with Veh (Control+ Veh). ¢, d, Splenic erythroid progenitors (EP)
and WBCs of MDS mice treated with Veh vs FF (n=5) for 4 weeks. e, Blast percentages in the bone marrow (BM)
and spleen of MDS mice treated with Veh vs FF (n=5) for 4 weeks. f, Blood urea nitrogen (BUN) and creatinine
levels in the serum isolated from Cisplatin (Cis)-driven chronic kidney disease (CKD) mice treated with Veh or
FF (0.3 mg/kg) and Cis-untreated controls (n=4-5). g, h, Erythropoietin and Hb levels in the peripheral blood of
CKD mice treated with Veh or FF (0.3 mg/kg) and Cis-untreated controls. i, Hematocrit% (HCT%) in peripheral
blood (PB) analyzed at indicated time points in Cis-driven CKD mice treated with Veh or FF (n=4/5). j, k,
Granulocyte-macrophage progenitors (GMP) and megakaryocytic progenitors (MkP) per 1710° viable BM cells
isolated from Cis-driven CKD mice treated with Veh or FF (n=4/5). 1, m, Absolute Hb and paw redness of Apc™"
mice treated with Veh or FF and littermate controls treated with Veh (Control+ Veh). n, Kidney histology showing
signs of CKD upon 5 months of aristolochic acid (AA) treatment (5 mg/kg once weekly IP). o, p, Serum
erythropoietin, absolute Hb and HCT levels in AA-driven CKD mice treated with Veh or FF or Daprodustat (Dap)
at 0.3 mg/kg 5x weekly via oral gavage (n=5). q, HCT% and Hb in PB analyzed at indicated time points in AA-
driven CKD mice treated with Veh or FF or Daprodustat (Dap) at 0.3 mg/kg 5x weekly via oral gavage (n=5).

Data represented as mean + SEM. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons
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test performed in a-h, j-m, o, p. Two-way ANOVA (mixed model) with Dunnett’s multiple comparison’s test in

i, q. Scale bar 50 um in n.

Extended Data Fig. 8. ADRB2 is expressed on the cell surface of human and murine erythroid progenitors.
a, Absolute hemoglobin (Hb) levels in MDS mice treated with low dose of FF vs high doses of EPO or Reb for 3
weeks (n=4-5). b, ¢, % changes and absolute Hb levels in MDS mice comparing low dose of FF vs high doses of
EPO or Reb for 4 weeks as single agents vs combination treatments (FF+Epo and FF+Reb) (n=4-5) (0= Basal,
2=2 weeks after treatment, 4= 4 weeks after treatment). d, e, Spleen images showing splenic size and adjoining
quantifications showing splenic weights in MDS mice treated with low dose of FF, high doses of EPO or Reb,
and combination treatments (FF+Epo and FF+Reb) for 4 weeks (n=4-5). f, g, Histograms and adjoining
quantifications showing cell surface expression of ADRB2 at distinct stages of erythroid differentiation in primary
human HSPCs (day 7) using 2 different antibodies against ADRB2, ADRB2-I: BS-0947R and ADRB2-II: AAR-
016. h, Quantifications showing cell surface expression level of Adrb2 on murine hematopoietic stem cells (HSC),
multipotent progenitors (MPP) and erythroid progenitors at different stages of differentiation (CFU-E, RI-E, RII-
E, RII-E, RIV-E) in the BM using Adrb2 antibody: AAR-016. i, Histograms showing cell surface expression
level of Adrb2 on total murine erythroid progenitors in the spleen using Adrb2 antibody: BS-0947R. Data
represented as mean £ SEM. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test

performed in a, ¢, e. Two-way ANOVA (mixed model) with Dunnett’s multiple comparison’s test in b.

Extended Data Fig. 9. Adrb2 deficiency in the hematopoietic and erythroid compartments impairs revival
from anemia under hemolytic stress. a, mRNA levels of Adrb2 in the bone marrow cells of Adrb2-deficient
(Adrb2" " Vavre; Adrb2™"Vave) vs proficient littermate controls (Adrb2"""TVay). b, Absolute hemoglobin
(Hb) and hematocrit (HCT) levels in peripheral blood (PB) of Adrb2"™yave vs littermate controls

(Adrb2" T Yave) at steady state. ¢, d, Platelets and white blood cells (WBCs) in Phz-treated Adrb2" " Vayre
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and Adrb2" " Vg™ mice. e, mRNA levels of Adrb2 in erythroid progenitors (EP) of bone marrow isolated from
Adrb2-deficient (Adrb2"""EpoR¢; Adrb2""EpoR) vs proficient littermate controls (4drb2""" EpoR"). f,
Histogram showing cell surface expression of erythroid progenitors in Adrb2-deficient (Adrb2”""EpoR;
Adrb2"EpoR™®) vs proficient littermate control (4drb2" 7" TEpoR"®) mice using Adrb2 antibody: BS-0947R. g,
Absolute Hb and HCT% levels in PB of Adrb2-deficient (4drb2" " EpoR"¢; Adrb2™EpoR"¢) vs littermate
controls (Adrb2"""TEpoR) at steady state. h, i, Platelets and WBCs in Phz-treated Adrb2"""EpoR",
Adrb2"EpoR and Adrb2" ™ TEpoR“"¢ mice. j, Clustering of bone marrow (BM) progenitors isolated from naive
mice treated with Vehicle (Veh) or FF (0.3 mg/kg IP 5X weekly for a month). k, UMAP projections of overlaid
BM progenitors of Veh vs FF-treated mice after batch correction. Data represented as mean + SEM. One-way
analysis of variance (ANOVA) with Dunnett’s multiple comparisons test performed in a, e, g. Two-way ANOVA

(mixed model) with Dunnett’s multiple comparison’s test in ¢, d, h, i. Student’s unpaired t-test performed in b.

Extended Data Fig. 10. Analysis of bone marrow progenitors upon FF treatment. a, Enrichment of
significantly-altered genes associated with heme biosynthesis, mitochondrial biogenesis, cell proliferation and
hypoxia-responsiveness in erythroid progenitors upon FF treatment (scRNA-seq analysis). b, Quantifications
showing 9 stages of erythroid differentiation in primary human HSPCs in response to FF (5 uM), Clenbuterol
(Clen: 5 uM) or vehicle (Veh- DMSO) treatments at day 7 of differentiation in vitro. ¢, Hematocrit (HCT) and
hemoglobin (Hb) levels in naive mice treated with Veh or FF 0.3 mg/kg IP 3x weekly. d, Heat map showing
expression patterns of HIF-1a-related gene signatures from bulk RNA sequencing of erythroid progenitors sorted
from naive mice treated with Veh or FF 0.3 mg/kg IP 3x weekly for 4 weeks. e, Validation of mRNA expressions
of HIF-1a-related gene signatures identified in d in primary human HSPCs treated with FF (4CTB normalized).
f, g, Western blotting and adjoining quantifications in primary human HSPCs treated with vehicle (Veh) vs FF
showing HIF-1a and HIF-2a expression, respectively; protein levels are B-Actin normalized. h, Western blotting
and adjoining quantifications in primary human HSPCs treated with vehicle (Veh) vs FF showing hydroxylated

HIF-1a (Proline 564) expression. i, Western blotting and adjoining quantifications in HIF-1a- proficient (Control)
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and HIF-1a-deficient (KD using 2 different gRNAs: KD#1, KD#2) human HSPCs treated with vehicle (Veh) vs
FF showing HIF-1a expression. j, k, mRNA and protein levels (via immunoblotting) showing knockdown
efficiency of EPASI (encoding HIF-2a) in primary human HSPCs via CRISPR-Cas9 genome editing using 2
different guide RNAs (KD#1, KD#2) (TIDE analysis indel frequencies 52.9% and 91.4% in KD#1 and KD#2
cells, respectively); mRNA levels are ACTB normalized and protein levels are f-Actin normalized. 1, Cell surface
expression of CD235a in control (Ctrl) vs EPASI-deficient (KD#1, KD#2) primary human HSPCs upon treatment
with vehicle (Veh) vs FF (2 uM). m, Flow plots showing erythroblasts at distinct stages of erythroid differentiation
in control (Ctrl) vs EPAS1-deficient (KD#1, KD#2) primary human HSPCs upon treatment with vehicle (Veh) vs
FF (5 uM). Data represented as mean + SEM. Two-way ANOVA (mixed model) with Dunnett’s multiple
comparisons test performed in ¢. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons
test performed in b, j and Tukey’s multiple comparisons test in 1. Student’s unpaired t-test performed in e-h. For

uncropped Western blot data, see Supplementary Figure 1.
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Figure 2
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Figure 6
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Extended Figure 4
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