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Acute myeloid leukemia (AML) is a fatal disease characterized by the accumulation of undifferentiated myeloblasts, and
agents that promote differentiation have been effective in this disease but are not curative. Dihydroorotate
dehydrogenase inhibitors (DHODHi) have the ability to promote AML differentiation and target aberrant malignant
myelopoiesis. We introduce HOSU-53, a DHODHi with significant monotherapy activity, which is further enhanced when
combined with other standard-of-care therapeutics. We further discovered that DHODHi modulated surface expression of
CD38 and CD47, prompting the evaluation of HOSU-53 combined with anti-CD38 and anti-CD47 therapies, where we
identified a compelling curative potential in an aggressive AML model with CD47 targeting. Finally, we explored using
plasma dihydroorotate (DHO) levels to monitor HOSU-53 safety and found that the level of DHO accumulation could
predict HOSU-53 intolerability, suggesting the clinical use of plasma DHO to determine safe DHODHi doses. Collectively,
our data support the clinical translation of HOSU-53 in AML, particularly to augment immune therapies. Potent DHODHi
to date have been limited by their therapeutic index; however, we introduce pharmacodynamic monitoring to predict
tolerability while preserving antitumor activity. We additionally suggest that DHODHi is effective at lower doses with select
immune therapies, widening the therapeutic index.
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Acute myeloid leukemia (AML) is a fatal disease characterized by the accumulation of
undifferentiated myeloblasts, and agents that promote differentiation have been effective in this
disease but are not curative. Dihydroorotate dehydrogenase inhibitors (DHODHi) have the ability to
promote AML differentiation and target aberrant malignant myelopoiesis. We introduce HOSU-
53, a DHODHi with significant monotherapy activity, which is further enhanced when combined
with other standard-of-care therapeutics. We further discovered that DHODHi modulated surface
expression of CD38 and CD47, prompting the evaluation of HOSU-53 combined with anti-CD38
and anti-CD47 therapies, where we identified a compelling curative potential in an aggressive
AML model with CD47 targeting. Finally, we explored using plasma dihydroorotate (DHO) levels
to monitor HOSU-53 safety and found that the level of DHO accumulation could predict HOSU-

53 intolerability, suggesting the clinical use of plasma DHO to determine safe DHODHi doses.
Collectively, our data support the clinical translation of HOSU-53 in AML, particularly to augment
immune therapies. Potent DHODHi to date have been limited by their therapeutic index; however,
we introduce pharmacodynamic monitoring to predict tolerability while preserving antitumor
activity. We additionally suggest that DHODHi is effective at lower doses with selectimmune
therapies, widening the therapeutic index.

Introduction

Drug development in hematologic cancers historically consisted of broad DNA-damaging therapeu-
tics that often mediate genotoxic damage and have a narrow therapeutic window but has recently
migrated toward targeted and immune therapeutics with improved safety profiles. In adults, this is
exemplified best in chronic myeloid leukemia, chronic lymphocytic leukemia, non-Hodgkin’s lympho-
ma, Hodgkin’s disease, and multiple myeloma, where several new targeted or immune therapies have
significantly impacted outcome. For all these diseases, the frequency of initial and salvage allogeneic
stem cell transplant has decreased, reflective of development of more effective and tolerable therapies
that have improved survival.
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Acute myeloid leukemia (AML) represents the most commonly diagnosed and lethal adult leu-
kemia, with a 5-year survival of less than 15% in patients over the age of 60 (1, 2). AML originates
from a leukemia-initiating hematopoietic stem cell and is characterized by uncontrolled proliferation of
dysfunctional, immature hematopoietic myeloid cells (blasts). AML-initiating cells have features that
resemble normal hematopoietic stem cells and are highly immune suppressive, making it quite challeng-
ing to treat with either targeted or immune-based therapies (outside of allogeneic stem cell transplant).
Until recently, effective therapies for AML were limited to intensive chemotherapy followed by alloge-
neic stem cell transplant, which provided curative potential for a minority of patients. More recently,
several therapies targeting select mutations, including IDH1 (ivosidenib) (3), IDH2 (enasidenib) (4),
and FLT3 (gilteritinib) (5), have been approved for AML treatment and demonstrate a unique differen-
tiating phenotype. By differentiating early AML progenitor cells, these therapies may further separate
their phenotype from normal hematopoietic cells and in some cases can promote durable remissions.
However, these targeted therapeutics are limited to AML patients with IDH1, IDH2, or FLT3 muta-
tions, and resistance mechanisms have been reported (6, 7). Another example of mutation-specific, tar-
geted differentiation therapy is all-trans retinoic acid (ATRA) for acute promyelocytic leukemia (APL)
AML subtype. Despite the high response rate, there is a lack of durable response in most patients in
the absence of combination therapy (8—10). This collective experience suggests that successful therapy
will involve differentiation agents that can be used in a broader AML population and identifying com-
bination strategies likely to result in durable remissions. The need for combination strategies is support-
ed by murine model data of AML, where a combination of differentiation and targeted therapies is
required to eliminate clonal AML stem cells (11). Broadly affecting AML with differentiation therapy
will require a therapeutic target that is effective in AML subtypes independent of mutation subtype.

One such target for broad differentiation of AML cells demonstrated by Sykes and Scadden et al.
(12) and later corroborated by others is dihydroorotate dehydrogenase (DHODH) (13-15). DHODH is
a mitochondrial membrane flavoprotein that catalyzes the rate-limiting step of the de novo pyrimidine
nucleotide biosynthesis pathway (16, 17). DHODH catalyzes the oxidation of dihydroorotate (DHO) to
orotate, which is further converted downstream by uridine monophosphate synthetase to uridine mono-
phosphate (18, 19), the biosynthetic precursor of thymidine and cytidine (20). Rapidly proliferating cells
and most cancer cells rely predominantly on this de novo synthesis pathway (20) as opposed to the salvage
pathway, which re-cycles degraded intracellular nucleic acids (17) or shuttles extracellular nucleosides
using nucleoside transporters (12, 17, 20). Thus, inhibiting de novo pyrimidine synthesis would interfere
with numerous metabolic and anabolic cell survival processes, explaining the cytotoxic response of tumor
cells to DHODH inhibitors (DHODHIi). In AML, the differentiating effect of DHODHI has recently been
attributed to inducing replicative stress, an expected response of pyrimidine depletion (21-24).

The earlier clinical application of a relatively potent DHODHI, such as brequinar (BRQ), in solid tumor
malignancies was halted because of lack of efficacy and significant dose-limiting stomatitis, gastrointestinal
toxicity, and hematologic toxicity (25, 26). This contrasts with less potent DHODHI, such as leflunomide
and teriflunomide, that are used to treat rheumatoid arthritis and multiple sclerosis and lack these toxic-
ities associated with BRQ. Notably, in a phase I clinical study, leflunomide showed significant activity in
multiple myeloma, achieving stable disease in 9/11 patients (27), corroborating a high translational impact
for novel and more potent DHODHi. While BRQ and other potent DHODHi have advanced as monother-
apies in early clinical trials targeting hematological malignancies, including AML (13, 14, 28), we hypoth-
esized that effective use of a potent DHODHi would require mechanistic combination therapies, which
build upon the features of differentiation and strategies to predict tolerable doses. Herein, we describe the
preclinical characterization of a selective and potent DHODHi, HOSU-53, for AML treatment and the use
of pharmacodynamic monitoring of plasma DHO levels as a method to determine safe HOSU-53 doses.
We also identify multiple combination strategies with HOSU-53, including a mechanistically unrecognized
pathway of enhancing innate immune checkpoint inhibitor therapy in myeloid malignancies.

Results

HOSU-53 is a potent and selective inhibitor of DHODH enzyme. We generated a series of chemically distinct, selec-
tive DHODHi (Hendrix College-Ohio State University [HOSU-number] compounds) and identified HOSU-
53 as our lead clinical candidate molecule (Figure 1A; synthesis details provided in Supplemental Methods;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.173646DS1).
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HOSU-53 has subnanomolar potency against human DHODH (hDHODH) comparable or superior to oth-
er potent clinical DHODHi candidates in cell-free enzyme assays (Table 1). We also compared the poten-
cy of HOSU-53 against mouse, rat, and dog DHODH enzyme and observed relatively similar inhibitory
potency across the tested species (Supplemental Table 1). The synthesis of HOSU-53 is quite simple using
the Suzuki reaction (29), making the generation of therapeutically relevant quantities of HOSU-53 feasible.

We confirmed HOSU-53 selectivity to the de novo pyrimidine synthesis pathway via supplementing
exogenous uridine (12), demonstrating the on-target emergence of metabolic resistance to HOSU-53 activ-
ity by increasing uridine concentration above 25 pM (Figure 1B). This is well above the uridine concentra-
tion in AML patient bone marrow and blood plasma, which ranged from 0.35 to 2.16 uM (average 1.14
uM) in bone marrow and 0.3 to 1.04 uM (average 0.67 uM) in blood plasma (Table 2). This suggests that
uridine levels observed in patients would be insufficient to overcome the activity of HOSU-53. We addi-
tionally verified lack of alternative-target activity at 10 uM against a panel of approximately 450 human
kinases (Supplemental Figure 1).

To verify in vivo bioavailability and on-target activity, we conducted a pharmacokinetic (PK) and phar-
macodynamic (PD) study administering a single intravenous (i.v.) or oral (p.o.) dose of HOSU-53 in male
C57BL/6 mice. This study demonstrated favorable oral bioavailability (85%) and a terminal half-life of
29 hours. We noted accumulation of DHO, the upstream substrate of DHODH, in the plasma, verifying
on-target activity and illustrating DHO as a clinically practical plasma pharmacodynamic biomarker (Fig-
ure 1C and Table 3), as recently reported by others (14). We also verified favorable pharmaceutical proper-
ties, including in vitro absorption, distribution, metabolism, and excretion, as well as impressive PK in rats
and dogs (Supplemental Table 2). Together, our data support the selectivity and potency of HOSU-53 as a
DHODHi, prompting further preclinical evaluation of HOSU-53 in AML.

HOSU-53 exhibits potent in vitro antileukemic activity. We first evaluated the in vitro potency of HOSU-
53 in multiple AML cell lines and observed superiority to BRQ (Supplemental Table 3). We next sought
to characterize the effect of HOSU-53 on primary AML patient samples (sample characteristics provided
in Supplemental Table 4). HOSU-53 exhibited an antileukemic profile with nanomolar potency across
multiple AML samples with a median IC,; of 120.5 nM (Figure 2A) and reduced cell viability (Supple-
mental Figure 2A). Furthermore, HOSU-53 induced a differentiated morphology (Figure 2B and Sup-
plemental Figure 2B) and increased CD11b"CD14* cells (Supplemental Figure 2C), suggesting these cells
could resume innate immune cell function. In addition to morphology changes, another surrogate marker
of differentiation is restoration of phagocytic immune function typical of mature macrophages (30). We
found that HOSU-53-treated THP-1 cells exhibited enhanced ability to phagocytose E. coli (Figure 2C),
suggesting that HOSU-53 promotes in vitro innate phagocytic function.

HOSU-53 demonstrates in vivo single-agent antileukemic activity. To evaluate the efficacy of HOSU-53 in
AML, we first determined the maximum tolerated dose (MTD) using the MOLM-13 cell line—derived
xenograft (CDX) disseminated AML model (31). After treating mice with escalating doses of daily oral
HOSU-53 ranging from 0.1 to 100 mg/kg, we determined that as low as daily 1 mg/kg achieved a modest
yet significant survival advantage (Figure 3A; P value < 0.05). However, 10 mg/kg was well tolerated and
had improved prolonged survival (P value < 0.0001). Daily 30 mg/kg induced dose-limiting weight loss
after 13 days of treatment. A brief dosing holiday allowed the mice to recover, and dosing was reinitiated at
20 mg/kg in the remaining mice and was tolerated for more than 50 additional days. We found that daily
administration of 100 mg/kg was toxic, resulting in rapid weight loss, discontinuation of dosing at day 6,
and mice meeting early removal criteria (ERC) by day 10. These data suggest that the MTD in mice is a
daily dose between 10 and 20 mg/kg.

DHO plasma level correlates with in vivo tolerability and toxicity. Next, we performed a follow-up
MOLM-13 study to determine the correlation between efficacy and the plasma levels of HOSU-53
and DHO following daily oral administration of 4, 10, and 20 mg/kg HOSU-53 compared with twice
weekly 30 mg/kg. The 20 mg/kg dose was intolerable in approximately half the mice yet was toler-
ated well by the other half (Figure 3B), reinforcing that the MTD is between 10 and 20 mg/kg daily.
Nonetheless, 30 mg/kg twice weekly was well tolerated and provided a similar survival advantage as
daily 10 mg/kg (median survival of 48 days versus 55 days, respectively; adjusted FDR P value 0.39),
suggesting that intermittent dosing of DHODHI can still be efficacious. We measured the plasma con-
centrations of HOSU-53 and DHO at day 1 and day 14 of cumulative treatment and observed a linear
exposure-response relationship between HOSU-53 plasma area under the 24-hour concentration-time
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Figure 1. HOSU-53 is a selective DHODHi. (A) Chemical structure of HOSU-53. (B) In vitro uridine rescue assay using
MOLM-13 AML cell line. Combenefit software was used to evaluate highest single agent synergy and antagonism
between increasing concentrations of HOSU-53 and exogenous uridine (n = 3). (C) In vivo pharmacokinetics (PK) and
pharmacodynamics (PD) modeling after single-dose administration of intravenous (i.v.) or oral (p.0.) HOSU-53 in wild-
type male mice (n = 3/group). Data shown as mean and error SD.

curve (AUC,,,) and DHO AUC_,, (Figure 3C). Collectively, our efficacy study paired with PK/PD
analysis indicate that 10 mg/kg is an efficacious and tolerable daily regimen, higher doses can be safely
administered intermittently, and DHO accumulation serves as an important biomarker to identify in
vivo therapeutic responses and toxicity.

HOSU-53 demonstrates superior preclinical in vivo activity. There are several DHODHI candidates that have
been pursued for AML whose chemical structures are available, including ASLANO003 (13) and the most
potent inhibitor reported to date, BAY (14). BAY had a median IC,; of 6.5 nM in primary AML patient
samples (Supplemental Figure 3). Thus, we evaluated the efficacy of HOSU-53 and BAY using matching
dose levels for both agents and observed that though 4 mg/kg BAY was better than 4 mg/kg HOSU-53,
BAY was not tolerated at 10 mg/kg while HOSU-53 at 10 mg/kg significantly improved survival and was
still below the identified MTD for HOSU-53 (Figure 4, A and B). Therefore, using a direct comparison of
the highest achievable daily dose of HOSU-53 at 10 mg/kg (median survival 55 days) and BAY at 4 mg/kg
(median survival 52 days), our study underscores the prominent single-agent in vivo efficacy of HOSU-53.

HOSU-53 demonstrates in vivo synergy with approved targeted AML therapies. A previous report using
CRISPR/Cas9 screening suggested synergy between DHODH and FLT3 inhibition (32). Using these
same CRISPR/Cas9 data, another study demonstrated that a switch from glycolysis to oxidative phos-
phorylation may represent a metabolic adaptation that could mediate gilteritinib (gilt) resistance (33).
Therefore, we investigated the synergy between HOSU-53 and gilt using a modified, more aggressive
MOLM-13 model in which treatment started 10 days postengraftment (versus 4 days in all other MOLM-
13 CDX studies). Although 30 mg/kg gilt was superior to 4 mg/kg HOSU-53 dose, 10 mg/kg HOSU-53
provided a similar median survival (47 versus 48 days). Importantly, 4 mg/kg HOSU-53 in combination
with 30 mg/kg gilt demonstrated an enhanced effect, resulting in greater survival (dosing was stopped on
day 79; median survival was 84 days), highlighting the advantage offered by the concomitant administra-
tion of low-dose HOSU-53 with an FLT3 inhibitor (Figure 5A).

Even with the impressive single-agent activity of HOSU-53, monotherapy strategies are seldom cura-
tive owing to the heterogeneity of AML. AMLs with TP53 mutations or deletion are the most challenging
to treat (34), and 5 or 10 days of the hypomethylating agent (HMA) decitabine represents one of the stan-
dard therapies for TP53-mutated AML (35). However, HMAs like decitabine or azacitidine alone or in
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Table 1. Cell-free human DHODH enzyme inhibition assay to identify the IC_ of HOSU-53 and other clinical
DHODHi candidates, with HOSU-53, BAY, and BRQ IC50 averaged from 6, 10, and 4 replicates, respectively

Compound hDHODH IC, (nM)
HOSU-53 0.95
BAY 0.97
AG-636 3.38
BRQ 3.72
ASLANOO3 3.91
Teriflunomide 26.45
Leflunomide 208.5
PTC299 686.5

IC. ., 50% inhibitory concentration; BAY, BAY-2402234; BRQ, brequinar.

50’

combination with the B-cell lymphoma 2 inhibitor venetoclax fail to achieve a long-term response (36, 37).
Therefore, we evaluated the efficacy of HOSU-53 alone or in combination with decitabine using a TP53-
null HL-60 CDX model. We found that HOSU-53 monotherapy was superior to decitabine, and when
combined, these 2 agents were well tolerated and significantly prolonged survival (Figure 5B, decitabine
versus combination adjusted FDR P value < 0.0001), despite a previous report suggesting a dependence on
functional TP53 for DHODHi efficacy (38).

Although azacitidine and venetoclax (aza/ven) is the standard of care for older patients with AML,
most patients still relapse and succumb to their disease. Mechanisms of resistance appear to occur via
adaptation in fatty acid metabolism and alternative metabolic changes rendering these cells susceptible to
mitochondria targeting therapies, such as inhibitors of NADPH, pyruvate dehydrogenase inhibitors, and
ClIpP protease agonists, that are either effective in this area or add to the therapeutic benefit of this combi-
nation (39-41). Given the influence HOSU-53 and other DHODHi may have on mitochondrial function,
we compared HOSU-53 efficacy with aza/ven and investigated the benefit of their combination, which we
hypothesized would both be tolerable and improve the efficacy of the currently used aza/ven approach.
Using the MOLM-13 CDX model, we compared the effect of adding HOSU-53 to either aza or ven versus
the aza/ven double approach and explored the outcome of the triple aza/ven/HOSU-53 regimen. In the
MOLM-13 CDX model, 25 mg/kg ven monotherapy achieved a modest survival advantage, and efficacy
was slightly enhanced when combined with aza (Supplemental Figure 4). HOSU-53 at 4 mg/kg, how-
ever, showed superior efficacy to the aza/ven regimen (Figure 5C and Supplemental Figure 4). Adding
ven to HOSU-53 did not appear to further enhance survival, though adding aza to HOSU-53 did provide
additional benefit (Figure 5C and Supplemental Figure 4). Together, this study indicates the advantage of
HOSU-53 monotherapy over the aza/ven regimen and demonstrates the superiority of aza + HOSU-53.

We further validated HOSU-53 efficacy and synergy with aza in an additional in vivo study using
a primary patient-derived xenograft (PDX) model and observed a significant survival advantage
with HOSU-53 treatment (Figure 6A). We collected interim bone marrow aspirates (BMAs; 27 days
postengraftment and 14 days of treatment) and found a marked reduction in tumor burden indicated
by reduced human CD45 (hCD45) percentage in HOSU-53 arms (Figure 6B). Interestingly, we also
observed increased CD45 MFTI (Figure 6B), suggesting a more mature phenotype (42). Wright-Giemsa
staining demonstrated an abundance of mature cells in HOSU-53 cohorts, corroborating the differentia-
tion properties of DHODHIi (Figure 6C and Supplemental Figure 5).

HOSU-53 enhances the efficacy of CD38-directed antibody immunotherapy. Our initial characterization
of HOSU-53 involved the immunophenotyping of treated primary AML samples, including CD38 as a
marker to gate leukemia stem cells (43). Interestingly, we observed a variable increase in CD38 surface
expression across AML samples treated with HOSU-53 (Supplemental Figure 6, A and B). To validate
this observation, we investigated CD38 modulation in the MOLM-13 AML cell line and verified that
CD38 was upregulated by DHODHi. This was inhibited by uridine supplementation, suggesting specific-
ity of this modulation to target the de novo pyrimidine synthesis pathway (Figure 7A). We hypothesized
that enhanced surface expression of CD38 mediated by DHODHi could promote enhanced activity with
anti-CD38-targeted immunotherapy. These findings bear similarity to Buteyn and colleagues, in which
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Table 2. Liquid chromatography/mass spectrometry analysis to measure the physiological levels of uridine using primary AML patient
bone marrow (n = 12) and blood plasma (n = 6) samples

Sample ID
Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7
Patient 8
Patient 9
Patient 10
Patient 11
Patient 12

Bone marrow plasma Blood plasma
Uridine concentration (uM) Sample ID Uridine concentration (uM)
144 Patient 13 0.3
1.32 Patient 14 04
0.99 Patient 15 1.04
149 Patient 16 1.03
147 Patient 17 0.54
114 Patient 18 0.71
2.16
0.64
0.55
0.35
1.32
0.79

where ATRA-induced CD38 upregulation led to a synergistic response with dara, an anti-CD38 mono-
clonal antibody therapy (44). Therefore, we used the MOLM-13 CDX model to investigate if HOSU-53
(or BAY) provided synergy with the FDA-approved anti-CD38 therapies, dara and isa. These studies
verified that although neither anti-CD38 antibody demonstrated single-agent therapeutic in vivo activity
in this model, combination with DHODHi (HOSU-53 or BAY) prolonged overall survival, with the com-
bination of HOSU-53 and isa offering the greatest overall efficacy with 72 days of median survival (Fig-
ure 7, B and C, and Supplemental Figure 7, A and B). Our data provide support for future investigation
of this combination regimen as part of AML trials and preliminary evidence for the potential synergy
between DHODHi and immunotherapy.

HOSU-53 accentuates the efficacy of CD47-directed antibody immunotherapy. We observed that CD47
expression was also increased with DHODHi treatment, using both the MV4-11 AML cell line and
primary patient AML cells. As higher expression of CD47 on AML leukemia stem cells promotes
AML immune evasion from phagocytes and correlates with worse overall survival (45), this increase in
CD47 suggests an intrinsic protective response to DHODHi. This CD47 upregulation was DHODHIi
dependent, as suggested by reversal with uridine treatment (Supplemental Figure 8). Therefore, we
determined if these DHODHi-treated cells were more prone to phagocytosis with blockade of the
CD47/SIRP-a interaction. Generation of murine bone marrow—derived macrophages coincubated with
DMSO-treated AML cells demonstrated minimal phagocytosis with isotype control (Supplemental Fig-
ure 9). There was an increase in phagocytosis with CD47 blockade alone using the CD47-blocking
antibody B6H12. However, 72-hour HOSU-53 treatment of AML cells greatly enhanced phagocytosis
in the presence of the B6H12 antibody, with evidence of multiple target cells being phagocytosed by a
single macrophage (Supplemental Figure 9B). To determine if a similar observation occurred in vivo,
we utilized the MOLM-13 CDX model to investigate the outcome of HOSU-53 combination with anti-
CD47, B6H12. The 4 mg/kg HOSU-53 and B6H12 anti-CD47 monotherapy arms achieved modest but
significant survival benefit while 10 mg/kg HOSU-53 performed well as in previous studies. However,
the combination arms resulted in impressive, prolonged survival, which we have not observed with
our prior combination regimens with this aggressive xenograft model (Figure 8, A and B). Whereas all
mice in the vehicle and single agent groups had met ERC between 22 and 55 days, all animals in the
combination groups remained on the study at day 80. Therefore, we stopped treatment and sacrificed
4-5 mice per combination arm for bone marrow isolation and kept the remaining mice for an additional
~25 days (without treatment) to determine if any residual disease would relapse. At day 80, hCD45
was not detected in the harvested bone marrow cells (Figure 8C). Similarly, at the end of the study (day
106), hCD45 was not detected in the bone marrow cells harvested from the surviving mice (Figure 8D),
verifying lack of detectable disease when therapy was stopped till end of the study.
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Table 3. HOSU-53 PK properties at 10 mg/kg, p.o.

Plasma AUC,_ . 7,961 uM x h
” 29h
C. 210 uM
Bioavailability (F) 85%

Discussion

To date, outside of bone marrow transplant, curative strategies in AML are rare, with the exception of the
transformative use of ATRA differentiation therapy—based regimens in APL, which cures a large majority
of APL cases. The success of this approach indicates the impact differentiation therapies can have in AML
treatment. The identification that pyrimidine depletion promotes differentiation independent of a certain
AML mutation prompted us to focus on developing a clinically viable inhibitor of this pathway.

Herein, we describe HOSU-53, a potent DHODHI with in vivo efficacy superior to other DHODH
inhibitors and exceptional pharmaceutical properties for clinical advancement. HOSU-53 was gener-
ated through detailed analysis of structure/activity relationship of more than 150 analogs. It demon-
strates potent in vivo antileukemic activity in AML as monotherapy and in combination with other
approved AML therapeutics, including the FLT3 inhibitor, gilt, and HMAs, decitabine and aza. Nota-
bly, HOSU-53 with decitabine has superior activity in a TP53-deficient AML model, suggesting activity
in the most difficult-to-treat subtype, TP53-mutant AML.

We provide evidence for several translational opportunities to develop this class of therapeutics,
including the identification of the biomarker (DHO) that distinguishes therapeutic efficacy from pro-
hibitive toxicity. Unlike many other biomarkers used in drug development, plasma DHO is easy to
measure and quantify and could be incorporated into early human trials exploring dose optimization.
The development of potent DHODHIi has been limited by expected on-target toxicities of hematopoi-
etic cell suppression and gastrointestinal symptoms, such as diarrhea and stomatitis (25, 26). We have
demonstrated how the accumulation of DHO correlates with the survival advantage in our in vivo
work, and higher levels of DHO are predictive of toxicity when increased concentrations of HOSU-53
are given. We hypothesize that this directly measurable pharmacodynamic biomarker that correlates
with both efficacy and toxicity will facilitate development of HOSU-53 by enabling us to select the
optimal dose of this therapeutic and in real time predict individuals who may require a dose reduction.
This assay can be performed in relatively real time, offering the opportunity to effectively navigate the
therapeutic index of HOSU-53.

In our PDX study, in addition to corroborating enhanced benefit with aza combination, when we fur-
ther assessed the morphology of cells in the HOSU-53 mice, we found an abundance in mature myeloid
cells, suggesting the reprograming of AML cells toward functional cells. Antibody-mediated effector
mechanisms offer a great avenue for applying immunotherapies in AML, particularly if combined with
agents that could mediate immune function. While combining HOSU-53 with other traditional AML
therapeutics is attractive, combination with therapeutic antibodies represents an unexplored path to avoid
the potential overlap of toxicity. Treatment with HOSU-53 enhanced E. coli phagocytosis, corroborating
an activation in innate immune function. We believe this to be, in part, a result of the differentiation prop-
erties of HOSU-53, prompting us to explore synergy with antibody therapies.

In both AML cell lines and primary AML cells, we demonstrate HOSU-53 increases CD38 expres-
sion on the cellular surface. To date, activity of CD38 antibodies as monotherapy or as adjuvant to donor
lymphocyte infusion has been explored in AML (NCT03067571, NCT03537599) (46), though final results
have not yet been published. Our in vivo data with anti-CD38 therapies would support the combination of
HOSU-53 and CD38-directed immunotherapies, providing a superior survival advantage in vivo, verifying
translational relevance for the combination of DHODHi with anti-CD38 therapies. Other groups have
demonstrated that ATRA can promote synergy with CD38 antibodies by promoting AML blast fratricide
(i.e., AML cells targeting one another). Given the diminished functionality of macrophages in the in vivo
immunocompromised system examined, it is assumed this fratricide mechanism underlies the HOSU-53
and CD38-targeted antibody synergy.
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Figure 2. HOSU-53 demonstrates in vitro potency and differentiation properties in AML. (A) MTS proliferation assay using primary AML samples (n = 8)
to determine the 50% inhibitory concentration (IC, ) of HOSU-53 after 96-hour treatment. Data shown as mean and error SD. GraphPad Prism was used to
analyze, visualize, and calculate IC,  values. (B) Representative hema 3 differential staining (Thermo Fisher Scientific) of cytospin preparation slides fora
primary AML sample treated with HOSU-53 in vitro for 7 days (long-term culture, LTC) to determine morphology changes. Images were taken using BioTek
Cytation 5 Cell Imaging Multimode Reader at 20x original magnification. (C) Representative flow cytometry histogram plot for in vitro E. coli phagocytosis
assay using THP-1 cells treated with HOSU-53 for 6 days. Cytochalasin D (Cyto. D), an actin polymerization inhibitor was used as an inhibitor of phagocyto-
sis. Phagocytosis assay experiments were done 3 independent times.

In addition to modulating CD38 expression on AML cells, we demonstrated that HOSU-53 also pro-
motes surface upregulation of CD47. CDA47 is an antiphagocytosis immune checkpoint molecule, which
mediates tumor evasion via the CD47/SIRP-a interaction, resulting in a “do not eat me” signal (45, 47).
To determine if this represents an adaptive response suggesting vulnerability to phagocytosis, we examined
untreated and HOSU-53—treated AML cells together with the B6H12 antibody that interferes with binding
of SIRP-a on murine macrophages with tumor CD47. Notably, we observed increased murine macrophage
phagocytosis with HOSU-53—treated cells. This prompted an in vivo study with HOSU-53 together with
B6H12 where we saw compelling survival prolongation in an AML xenograft model with cure of a large
subset of animals. Similar to that observed with CD38 therapeutic antibodies, but more potent with CD47
blockade, we hypothesize that the mechanism of clearance is fratricide. These results suggest considerable
promise for combination of HOSU-53 or other DHODHI together with CD47 antibodies. In vivo stud-
ies using both alternative xenograft models and immunocompetent murine models are planned to further
investigate the outcome of this combination in the presence of a functional immune system.

In summary, our preclinical assessment for HOSU-53 provides strong rationale for clinical develop-
ment in AML both as monotherapy and in combination with other targeted small molecule therapy and
immune-based therapies, particularly with CD47 blockade, resulting in compelling curative potential in the
AML disease model. For the success of DHODHIi in the clinic as a monotherapy and learning from past
BRQ clinical trials, we believe that pharmacodynamic monitoring of plasma DHO levels can be used to
predict tolerable versus toxic doses, which is an important factor as this class of drugs is developed in AML.

JCl Insight 2024;9(8):e173646 https://doi.org/10.1172/jci.insight.173646 8


https://doi.org/10.1172/jci.insight.173646

RESEARCH ARTICLE

\/ 4 mglkg po qd
V¥V 10 mg/kg po qd
V 20 mg/kg po qd

V 30 mg/kg biwk

A MOLM-13 CDX Model
' —1— Vehicle l
. ns
= 1 1— 0.1 mg/kg *
; E - -1 mglkg *rk
a ' —1— 10 mg/kg
‘§ ' —1— 30/20 mg/kg @
]
® ' . ==+ 100 mg/kg P
]
i
1 1 1 1
20 40 60 80
Day of treatment
B MOLM-13 CDX Model
100 N —i— Vehicle
_(_g —— 4 mg/kg po qd Kokk
>
@ 50 —+— 10 mg/kg po qd
§ - == 20 mg/kg po qd ns
[0
o = <= 30 mg/kg biwk
0 T
0 20
Day of treatment
(&
10000 Day 1 10000 - Day 14
£ £
s b s T ..
2 1000 31000 4 TN
§ 3 § ] Tolerability
g v oA \
< 100 < 100 A y
(@] E (@] ]
I ] I 3
a W o)
10 ey ) 10 T )
100 1000 10000 100 1000 10000

HOSU-53 AUC, 4, (uM*hr)

HOSU-53 AUC_y,, (uM*hr)

Figure 3. The use of DHO plasma concentration to gauge HOSU-53 tolerability and toxicity. (A) Multiple ascending dose study to determine the maximum
in vivo daily tolerated oral dose of HOSU-53. Using the FLT3-mutant MOLM-13 CDX tumor-bearing model, 4 days after i.v. engraftment, NCG mice (n = 10/
group) were enrolled to receive increasing HOSU-53 daily p.o. doses. *Mice in the 30 mg/kg group showed weight loss by day 13 of treatment. Thus, a dosing
holiday was instituted followed by resuming treatment on day 18 at 20 mg/kg reduced dosage. "Mice in the 100 mg/kg groups showed weight loss institut-
ing a dosing halt on day 6 of treatment. Acceptable tolerability was defined as a group mean body weight (BW) loss of less than 20% during the study. Any
dosing regimen resulting in greater BW loss was considered above the maximum tolerated dose (MTD). Adjusted FDR P value *<0.05, ***<0.0001. (B and C)
Correlative efficacy and PK/PD in vivo analysis of HOSU-53. Using the FLT3-mutant MOLM-13 CDX tumor-bearing model, 4 days after i.v. engraftment, NCG
mice (n = 10/group for survival study, n = 3/group for PK/PD analysis) were enrolled to receive increasing HOSU-53 oral doses to correlate efficacy (B) with the
plasma concentration of HOSU-53 (PK) and on-target metabolite, DHO accumulation (PD) at day 1and cumulative day 14 (C). Green dotted line represents
the hypothesized threshold of tolerability. Data represent individual values of each mouse. Adjusted FDR P value ***<0.0001. qd, daily; biwk, twice weekly.

Methods

Sex as a biological variable

Male and female mice have been used, and each study description below states the sex of mice used.

Enzyme inhibition of human DHODH
Cell-free hDHODH (amino acid residues 31-395) enzyme inhibition assays were performed at Reaction
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Figure 4. HOSU-53 results in superior in vivo outcome using AML disseminated xenograft model. (A) Using the
FLT3-mutant MOLM-13 CDX tumor-bearing model, 4 days after i.v. engraftment, NCG mice (n = 10/group) were enrolled
to receive daily p.o. 4 mg/kg of HOSU-53 or BAY to compare with (B) daily p.o. 10 mg/kg of HOSU-53 or BAY and deter-
mine using dose-matched regimens the overall survival after HOSU-53 versus BAY, a potent clinical DHODHi candidate.
In the 4 mg/kg and 10 mg/kg BAY groups, 1/10 mice were excluded from analysis because of non-treatment-related
accidents: gavage error and animal not found in cage, respectively. Figure 3B and A and B share the same vehicle and
HOSU-53 arms. Adjusted FDR P value **<0.001, ***<0.0001.

Biology. Details are described in the Supplemental Methods.

Single-dose HOSU-53 PK and PD modeling HOSU-53 was prepared in 40% (w/v) 2-hydroxypropyl
B-cyclodextrin (HPBCD) in water and administered either as a single dose of 3 mg/kg (dose concentration
= 0.6 mg/mL, dose volume = 5 mL/kg) via i.v. injection or as 10 mg/kg p.o. (dose concentration = 1 mg/
mL, dose volume = 10 mL/kg) using male C57BL/6 mice (n = 3/arm) (Charles River Laboratories). In the
i.v. cohort, serial blood samples were collected in tubes containing K2EDTA at 0.083, 0.25, 0.5, 1, 2, 6, 24,
48, and 72 hours postdose while in the oral gavage cohort, serial blood samples were collected at 0.25, 0.5,
1,2,4,8, 24, 48, and 72 hours postdose. Blood samples were processed to plasma to analyze for HOSU-53
and L-dihydroorotic acid (DHO) concentrations using liquid chromatography-tandem mass spectrometry.

Cell lines and culture media

MOLM-13, OCI-AML3, and MV4-11 cells were purchased from the Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures. THP-1, U937, and Kasumi-1 cell lines were purchased
from the American Type Culture Collection. Cells were cultured in RPMI 1640 with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 56 U/mL penicillin, and 56 ng/mL streptomycin (Thermo Fisher Scien-
tific) and incubated at 37°C and 5% CO,. Cell lines were routinely tested for mycoplasma. Short tandem
repeat testing was routinely performed for authentication.

In vitro proliferation assay
A total of 10,000-20,000 cells from different AML lines or 50,000-75,000 cells of primary AML
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Figure 5. HOSU-53 significantly enhances the outcome of select FDA-approved AML therapies. (A) Using the FLT3-mutant
MOLM-13 CDX tumor-bearing model, 10 days after iv. engraftment, NCG mice (n = 10/group) were enrolled to receive daily
p.o. 4 mg/kg or 10 mg/kg HOSU-53 to compare their efficacy with daily p.o. 30 mg/kg gilteritinib (gilt) FLT3 inhibitor or the
combination of 4 mg/kg HOSU-53 with gilt. In the gilt combination cohort, 4 mice were euthanized for tissue harvest to
determine disease burden, and the remaining 6 mice were kept on study for survival analysis. Black arrow indicates treat-
ment was stopped at day 79. Adjusted FDR P value ***<0.0001. Vehicle and HOSU-53 arms in this study are shared with
Figure 8, A and B. (B) Using the P53-null HL-60 CDX tumor-bearing model, 14 days after iv. engraftment, NCG mice (n =10/
group) were enrolled to receive 0.4 mg/kg decitabine (Dec) hypomethylating agent (HMA) i.p. as 4 days on/10 days off cycles
or daily p.o. 10 mg/kg HOSU-53 or combination of both agents. Dotted black line indicates treatment was stopped and end of
study at day 82. P value *<0.05, ***<0.0001. (C) Using the FLT3-mutant MOLM-13 CDX tumor-bearing model, 4 days after i.v.
engraftment, NCG mice (n = 10/group) were enrolled to receive daily p.o. 4 mg/kg HOSU-53 to compare its monotherapy effi-
cacy with 1.5 mg/kg azacitidine (aza) HMA i.p. for 5 days every 16 day cycles monotherapy or in combination with daily p.o. 25
mg/kg venetoclax (aza/ven) or daily p.o. 4 mg/kg HOSU-53 (aza/HOSU-53). Adjusted FDR P value ***<0.0001. Supplemental
Figure 4 shows all 9 groups done in this study; herein we show the most significant regimens for clarity.

blasts were treated in a 96-well plate for 72 hours or 96 hours at 37°C, 5% CO,. CellTiter 96 Aqueous
MTS reagent (Promega) was added to cells followed by a 3-hour incubation at 37°C, 5% CO,. The
absorbance was measured at 490 nm using DTX 880 plate reader, and the IC,, was calculated using
GraphPad Prism.
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Figure 6. HOSU-53 significantly prolongs survival in a PDX in vivo tumor model. (A) Using a relapsed or refractory (r/r) MLL/AF10 rearranged, therapy-re-
lated AML passaged PDX sample (CCHMC-2017-14), NRGS mice (n = 9-10/group) were intravenously engrafted with 5 x 10° cells/mouse. At 13 days after
engraftment, mice were enrolled to receive vehicle, 10 mg/kg HOSU-53 orally 5 days each week, 0.5 mg/kg azacitidine (aza) i.p. 4 days each week for 4
weeks, or combination of aza and HOSU-53. Mice were continually monitored till end removal criteria. (B) On day 27 after engraftment (D27), a bone mar-
row aspirate (BMA) was performed to assess disease burden by measuring the surface expression of human CD45 on live cells (7-AAD-negative cells) using
flow cytometry. Data shown as scatter dot plot mean with SD. Adjusted FDR P value *<0.05, ***<0.0001. (C) Representative Wright-Giemsa differential
staining (Thermo Fisher Scientific) for the D27 BMA cells cytospin preparation slides. Images were taken using BioTek Cytation 5 Cell Imaging Multimode
Reader at 40x original magnification.

In vitro uridine rescue assay

In vitro analysis of the antagonistic activity of uridine to HOSU-53 efficacy on MOLM-13 cells was done
using MTS proliferation assay with increasing concentrations of uridine, HOSU-53, or the combination.
Three biological replicates were analyzed using Combenefit software with mathematical models for highest
single agent (48).

Primary AML in vitro culture

Cells were thawed in 50% FBS RPMI and then cultured in StemSpan (StemCell Technologies) media
supplemented with human FLT3L, SCF, GM-CSF, G-CSF, IL-3, IL-6, TPO, and EPO cytokines for 7
days (LTC).

E. coli phagocytosis assay

The THP-1 AML cell line was treated for 6 days, then washed and cocultured with pHrodo Deep Red E. coli
BioParticles (P35360, Invitrogen) per the manufacturer’s protocol. Ten-minute pretreatment with 10 pM of cyto-
chalasin D (actin polymerization inhibitor) was used as a negative control for phagocytosis. After 90 minutes of
incubation with E. coli, cells were washed and run on the Cytek Aurora spectral flow cytometer. This assay has
been demonstrated to represent an exceptional pharmacodynamic model of differentiation in AML (30).

Uridine plasma concentration quantification
Plasma from blood and bone marrow samples was obtained following appropriate dosing administration

and saved in the —80°C freezer till the time of analysis. Details are described in the Supplemental Methods.

JCl Insight 2024;9(8):e173646 https://doi.org/10.1172/jci.insight.173646 12


https://doi.org/10.1172/jci.insight.173646
https://insight.jci.org/articles/view/173646#sd

. RESEARCH ARTICLE

A

152

Count

B MOLM-13 CDX Model
MOLM-13 (72h) 100 —— Vehicle
S -=~=. Dara 1 mg/kg
>
5 —— HOSU-53 10 mg/kg
DMSO @
- £ 50 —+— HOSU-53 + Dara
. DMSO+U o
[0]
o
250nM BRQ ns
N o—
BRQ+U - . .
ol Ak 0 20 40 60 80
B \\ 10nM HOSU-53 Day of treatment
50nM HOSU-53 c MOLM-13 CDX Model
100 Vehicle
100nM HOSU-53 —
S + Isa 2.5 mg/kg
>
HOSU-53+U E HOSU-53 10 mg/kg
105 108 *5 50+ HOSU-53 + Isa
@
o
0 = T T
0 20 40 60

Day of treatment

Figure 7. DHODHi mediate the modulation of CD38 surface expression, resulting in synergy with anti-CD38 therapies. (A) Representative flow cytometry
overlay histogram plot for CD38 surface expression in MOLM-13 cell line following a 72-hour treatment with BRQ or increasing concentrations of HOSU-53
in the presence or absence of 0.1 mM uridine (U) supplementation (experiment was done 3 independent times). (B and C) Using the FLT3-mutant MOLM-13
CDX tumor-bearing model, 4 days after i.v. engraftment, NCG mice (n = 8/group) were enrolled to receive daily p.o. 10 mg/kg HOSU-53 or biwk 1 mg/kg

i.p. daratumumab (Dara) (B) or biwk 2.5 mg/kg i.p. isatuximab (Isa) (C) anti-CD38 antibodies or a combination of HOSU-53 and Dara (B) or combination of
HOSU-53 and Isa (C). B and C share same vehicle and HOSU-53 monotherapy arms, with data split into 2 figures for clarity. Adjusted FDR P value *<0.05.

Flow cytometry

After 72 hours or 7 days of treatment of DHODH]I, cells were collected and washed with PBS, blocked
with human Fc block (BioLegend), and stained with antibodies for 30 minutes on ice. Antibodies were
washed off and cells resuspended in FACS buffer (2% FBS, 2 mM NaN,, Dulbecco’s PBS) for analysis
using BD LSRFortessa or Cytek Aurora spectral flow cytometer. Live/dead exclusion was done using
LIVE/DEAD Fixable Near-IR (Invitrogen). All antibodies were purchased from BioLegend except CD47,
which was purchased from BD Biosciences: CD11b clone M1/70, CD38 clone HIT2, CD14 clone M5E?2,
CDA47 clone B6H12, CD33 clone WM53, CD3 clone UCHT1, CD19 clone HIB19, and CD45 clone HI30.

In vivo murine studies

Several disseminated AML CDX studies were performed with validated cell lines using IACUC-compliant
methods for engraftment and overall survival. GraphPad Prism was used for graphical presentations, and
statistical analyses are described in detail in Statistics.

MOLM-13 disseminated CDX model
Multiple ascending dose study. Male 8- to 12-week-old NCG mice (NOD-Prkdcem26Cd52[[2rgem26Cd22/NjuCrl,
Charles River) were engrafted with 1 x 10° cells via tail vein i.v. injection. Four days after engraftment (day
1 of treatment), mice (n = 10/arm) were randomized to receive p.o. qd vehicle (40% HPBCD) or ascending
doses of oral HOSU-53. The 0.1, 1, and 10 mg/kg arms received p.o. qd HOSU-53 while the 30 mg/kg arm
was given for 13 days where weight loss was observed and subsequently subjected to a dosing holiday till
day 18, when treatment was resumed with daily 20 mg/kg till moribundity or end of study, day 74. The 100
mg/kg cohort received treatment for 6 days, then showed dose-limiting toxicities, and treatment was halted.
Efficacy and PK/PD correlative study in MOLM-13 tumor—bearing mice. Male 8- to 12-week-old NCG mice
were engrafted with 1 X 10° cells via tail vein i.v. injection. Four days after engraftment (day 1 of treatment),
mice (n = 9-10/arm) were randomized to receive p.o. qd vehicle (40% HPBCD) or p.o. qd HOSU-53 at
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Figure 8. HOSU-53 in combination with anti-CD47 therapy results in long-term disease-free survival in the MOLM-13 CDX AML in vivo model. (A) Using
the FLT3-mutant MOLM-13 CDX tumor-bearing model, 4 days after i.v. engraftment, NCG mice (n = 10/group) were enrolled to receive vehicle, daily p.o.

4 mg/kg of HOSU-53, i.p. 0.5 mg/

animal daily for 21 days of CD47 antibody (clone B6H12, BioXCell), or combination of both. Arrows indicate stopping

treatment on day 80 and end of study on day 106. In the combination arm, 5 of 10 mice were euthanized for bone marrow collection. On end of study, day
106, the surviving 4 mice were euthanized for bone marrow collection. Adjusted FDR P value ***<0.0001. (B) Using the FLT3-mutant MOLM-13 CDX tumor-
bearing model, 4 days after i.v. engraftment, NCG mice (n = 10/group) were enrolled to receive vehicle, daily p.o. 10 mg/kg of HOSU-53, i.p. 0.5 mg/animal

daily for 21 days of CD47 antibody
106. In the combination arm, 4 of
bone marrow collection. Adjusted

(clone B6H12, BioXCell), or combination of both. Arrows indicate stopping treatment on day 80 and end of study on day
10 mice were euthanized for bone marrow collection. On end of study, day 106, the surviving 4 mice were euthanized for
FDR P value *<0.05, ***<0.0001. A and B share the vehicle and CD47 antibody arms. (C) Representative flow cytometry

plot demonstrating the lack of residual human CD45 in bone marrow samples harvested at day 80, end of treatment. (D) Representative flow cytometry
plot demonstrating the lack of residual human CD45 in bone marrow samples harvested at day 106, end of study.
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4,10, and 20 mg/kg or 30 mg/kg biwk till moribundity or end of study, day 73. An additional study was
done for PK/PD correlation with the survival study where 9 mice per group were randomized to receive
p-o. qd vehicle (40% HPBCD) or p.o. qd HOSU-53 at 4, 10, and 20 mg/kg or 30 mg/kg biwk till day 14.
Mice were bled for plasma collection to analyze HOSU-53 and DHO concentrations 1 day after the first
dose and on day 14 for cumulative plasma concentration analysis. Figure 3B and Figure 4, A and B, share
the same vehicle group.
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HOSU-53 and BAY matched-dose comparison. Male 8- to 12-week-old NCG mice were engrafted with 1 X
105 cells via tail vein i.v. injection. Four days postengraftment (day 1 of treatment), mice (# = 9—10/arm)
were randomized to receive p.o. qd vehicle (40% HPBCD), HOSU-53, or BAY at 4 and 10 mg/kg till mor-
ibundity or end of study, day 73.

HOSU-53 synergy with aza HMA in MOLM-13 tumor—bearing mice study. Female 8- to 12-week-old NCG
mice were engrafted with 1 X 10° cells via tail vein i.v. injection. Four days postengraftment (day 1 of treat-
ment), mice (# = 10/arm) were randomized to receive p.o. qd vehicle (40% HPBCD, n = 10; or 60% Phosal
50 PG, 30% PEG 400, and 10% ethanol, » = 10), 4 mg/kg HOSU-53, 25 mg/kg ven, or i.p. 1.5 mg/kg aza
on a 5 days on/ 16 days off cycle, combinations of double regimens and triple regimens till moribundity or
end of study, day 53. The 2 vehicle groups are shown combined (n = 20 total).

HOSU-53 synergy with FLT3 inhibitor, gilt. Male 8- to 12-week-old NCG mice were engrafted with 1
x 10° cells via tail vein i.v. injection. At 10 days after engraftment (day 1 of treatment), mice (» = 10/
arm) were randomized to receive p.o. qd vehicle (50/50 mix of 20% HPBCD and 0.5% methylcellulose
+ 0.2% Tween 80), 4 mg/kg HOSU-53, 30 mg/kg gilt, or their combination till moribundity or end of
treatment, day 79. Treatment was predetermined to stop on day 79, after which any remaining mice
would be monitored until ERC.

HOSU-53 synergy with anti-CD38 immunotherapy. Male 8- to 12-week-old male NCG mice were engraft-
ed with 1 x 107 cells via tail vein i.v. injection. Four days after engraftment (day 1 of treatment), mice (nz =
8/arm) were randomized to receive p.o. qd and i.p. vehicle (p.o. qd 40% HPBCD and biwk i.p. PBS), daily
oral 4 mg/kg BAY or 10 mg/kg HOSU-53, 1 mg/kg i.p. dara biwk, or DHODHIi combination with dara,
2.5 mg/kg i.p. isa biwk, or DHODHIi combination with isa till moribundity or end of study, day 79. Figure
7, B and C, and Supplemental Figure 7, A and B, share 2 combined vehicle groups (n = 16 total).

HOSU-53 synergy with anti-CD47 immunotherapy. Male 8- to 12-week-old NCG mice were engrafted
with 1 5 10° cells via tail vein i.v. injection. Four days after engraftment (day 1 of treatment), mice (n =
10/arm) were randomized to receive p.o. qd and i.p. vehicle, daily oral 4 mg/kg or 10 mg/kg HOSU-
53, 0.5 mg/animal i.p. anti-CD47 B6H12 (BioXCell) daily for 21 days, or HOSU-53 combination with
anti-CD47. At day 80, half of the surviving mice in the combination cohorts were euthanized for bone
marrow collection, leaving the remaining mice in the group on study without receiving any treatment.
At end of study at day 106, surviving mice were euthanized for bone marrow collection to confirm the
presence or lack of hCD45 levels. Figure 8, A and B, share the same vehicle and anti-CD47 cohorts.

HL-60 disseminated CDX model: HOSU-53 synergy with decitabine HMA

Female 8- to 12-week-old female NCG mice were engrafted with 1 x 107 cells via tail vein i.v. injection. At
14 days after engraftment (day 1 of treatment), mice (» = 10/arm) were randomized to receive p.o. qd and
i.p. vehicle (p.o. qd 40% HPBCD and 4 on/10 off i.p. PBS), 10 mg/kg HOSU-53, i.p. 0.4 mg/kg decitabine
on a 4-day on/10-day off cycle, or their combination till moribundity or end of study day 82.

PDX model: HOSU-53 synergy with aza HMA

An r/r MLL/AF10 rearranged, therapy-related AML passaged PDX sample (CCHMC-2017-14) was
used. NOD.Cg-Raglm¥om [[2rgmi"i! Tg(CMV-IL3,CSF2,KITLG)1Eav/J (NRGS) mice were obtained
from The Jackson Laboratory and bred at the Cincinnati Children’s Hospital Medical Center Humanized
Mouse Resource. Male 7- to 14-week-old male NRGS mice were engrafted with 5 x 10° cells via tail vein
i.v. injection. NRGS mice (n = 9-10/arm) were randomized on day 13 after engraftment to receive vehicle,
10 mg/kg HOSU-53 p.o. 5 days/week, 0.5 mg/kg aza i.p. 4 days/week for 4 weeks, or combination of aza
and HOSU-53. On day 27 after engraftment, BMA was performed to assess disease burden by measuring
the surface expression of hCD45 on live cells (7-AAD-negative cells) using flow cytometry.

Statistics

The preclinical studies are designed using a balanced ANOVA model with 10 replicates in each combi-
nation. The normally distributed outcomes are compared using ANOVA (49) and are compared in any
2 groups using a statistical contrast. For survival data, we fit the Cox proportional hazards model and
compare any 2 groups using a contrast. The survival differences are displayed using Kaplan-Meier curves.
Because almost all individuals died in some preclinical studies, we also fit ANOVA model on the logarithm
of the survival time and compare groups using a contrast, which is efficient. The parameter estimates and
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unadjusted and adjusted (for multiple comparisons) P values are provided. We report results as significant
(symbolized by “*””) at P < 0.05, very significant (“**”) at P < 0.001, and extremely significant (“***”) at P
< 0.0001. All calculations are performed with SAS statistical software (V9).

Study approval

The approval for use of deidentified human samples was obtained from The Ohio State University Leuke-
mia Tissue Bank, which holds an Honest Broker status. Animal studies performed at Cincinnati Children’s
Hospital Medical Center (CCHMC) were performed according to CCHMC IACUC-approved protocol.
Studies performed at Charles Rivers Discovery Services are accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International, which assures compliance with accepted
standards for the care and use of laboratory animals.

Data availability
Values for the data shown are available in the Supporting Data Values Excel file.

Author contributions

OAE contributed to designing research studies, methodology, conducting experiments, acquiring data, analyz-
ing data, supervision, writing the original draft, and reviewing and editing subsequent drafts. SF, AM, DCV,
MLJ, BS, JRL, ES, BC, SJO, and RS contributed to the methodology, investigation, and data analysis of select
experiments and to reviewing and editing of the manuscript. SV, MA, and TEG contributed to the investiga-
tion and methodology of the chemistry and synthesis of HOSU DHODHIi analogs and to reviewing and edit-
ing of the manuscript. JT contributed to the investigation of select in vivo experiments and to reviewing and
editing of the manuscript. ASM, EC, ST, and SDB contributed to the methodology of select experiments and
to reviewing and editing of the manuscript. ZX contributed to the investigation, methodology, and data analy-
sis of the uridine level analysis and to reviewing and editing of the manuscript. MAP and CCC contributed to
the methodology, data analysis, and visualization of PK and PD experiments and to reviewing and editing of
the manuscript. CS and MW performed the PDX study. JE and J Patrick contributed to resource acquisition,
funding acquisition, project administration, and reviewing and editing of the manuscript. JR, J Pan, and SNR
contributed to the formal statistical analysis and to reviewing and editing of the manuscript. CEB, GH, EH,
and JCB contributed to designing research studies, supervision, resources, data curation, formal analysis, fund-
ing acquisition, methodology, project administration, and reviewing and editing of the manuscript.

Acknowledgments

We thank The Ohio State University Comprehensive Cancer Center (OSUCCC) Drug Development Insti-
tute (DDI) for supporting and providing HOSU-53. Development of HOSU-53 originated from a program
(Hendrix Scholar Program) from a direct collaboration between Hendrix College, OSUCCC DDI, and
later the University of Cincinnati (UC) to enhance undergraduate student exposure to large biomedical
research universities. We thank all the scientists and clinical and laboratory investigators who have devel-
oped HOSU-53 and worked with these compounds. We wish to thank Arnold Elis (President, Hendrix
College), Raphael Pollock (Cancer Center Director, The OSU), and Andrew Filak (College of Medicine
Dean, UC) for supporting this effort and Laura MacDonald and Thomas Goodwin for coordinating the
program. We wish to thank the patients who provided samples for these studies, the clinicians who enabled
collection of samples, and the many undergraduates and scientists who have developed HOSU-53 and oth-
er analogs. We thank Alex Sparreboom for thoughtful contribution in PK analysis. We thank the Founda-
tions that have supported this work, including the Harry T. Mangurian Foundation, the D. Warren Brown
Foundation, and The Paula and Rodger Riney Foundation. The Medicinal Chemistry, Pharmacoanalyt-
ical, and Leukemia Bank Shared Resources at the OSUCCC supported this effort (NIH National Cancer
Institute [NCI] P30CA016058), as did NCI R35CA197734. MW was supported by an NIH/NCI R50
grant (CA211404). Finally, we acknowledge startup funding to JCB and EH at UC and support from the
Biostatistics and Informatics Shared Resource of the University of Cincinnati Cancer Center, which sup-
ported statistical analysis put forth in the experiments described in this paper.

Address correspondence to: Erin Hertlein, University of Cincinnati College of Medicine, Room 7009, Med-
ical Science Building, 231 Albert Sabin Way, Cincinnati, Ohio 45267-0551, USA. Phone: 513.558.2183;

JCl Insight 2024;9(8):e173646 https://doi.org/10.1172/jci.insight.173646 16


https://doi.org/10.1172/jci.insight.173646
https://insight.jci.org/articles/view/173646#sd

RESEARCH ARTICLE

Email: hertleek@ucmail.uc.edu. Or to: John C. Byrd, University of Cincinnati College of Medicine, Room
6065, Medical Science Building, 231 Albert Sabin Way, Cincinnati, Ohio, 45267-0551, USA. Phone:
513.558.0858; Email: byrd2jc@ucmail.uc.edu.

N =

w

o~

o w

N

o]

\O

1

(=1

12.

1

w

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.
24.

2

W

26.

27.

28.

29.

30.

3

—_

32.

33.

.Dohner H, et al. Acute myeloid leukemia. N Engl J Med. 2015;373(12):1136-1152.

Dohner H, et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert
panel. Blood. 2016;129(4):424-2447.

. Norsworthy KJ, et al. FDA approval summary: ivosidenib for relapsed or refractory acute myeloid leukemia with an isocitrate

dehydrogenase-1 mutation. Clin Cancer Res. 2019;25(11):3205-3209.

. Pollyea DA, et al. Enasidenib, an inhibitor of mutant IDH2 proteins, induces durable remissions in older patients with newly

diagnosed acute myeloid leukemia. Leukemia. 2019;33(11):2575-2584.

Dhillon S. Gilteritinib: first global approval. Drugs. 2019;79(3):331-339.

Harding JJ, et al. Isoform switching as a mechanism of acquired resistance to mutant isocitrate dehydrogenase inhibition. Cancer
Discov. 2018;8(12):1540-1547.

. McMahon CM, et al. Clonal selection with Ras pathway activation mediates secondary clinical resistance to selective FLT3

inhibition in acute myeloid leukemia. Cancer Discov. 2019;9(8):1050-1063.

. Stein EM, et al. Ivosidenib or enasidenib combined with intensive chemotherapy in patients with newly diagnosed AML: a

phase 1 study. Blood. 2021;137(13):1792-1803.

. Dinardo CD, et al. Effect of enasidenib (ENA) plus azacitidine (AZA) on complete remission and overall response versus AZA

monotherapy in mutant-IDH2 (mIDH2) newly diagnosed acute myeloid leukemia (ND-AML). J Clin Oncol. 2020;38(suppl
15):7501.

. Venugopal S, et al. Decitabine and venetoclax for IDH1/2-mutated acute myeloid leukemia. Am J Hematol. 2021;96(5):E154.
11.

Shih AH, et al. Combination targeted therapy to disrupt aberrant oncogenic signaling and reverse epigenetic dysfunction in
IDH2- and TET2-mutant acute myeloid leukemia. Cancer Discov. 2017;7(5):494-505.

Sykes DB, et al. Inhibition of dihydroorotate dehydrogenase overcomes differentiation blockade in acute myeloid leukemia. Ce/l.
2016;167(1):171-186.

. Zhou J, et al. ASLANO003, a potent dihydroorotate dehydrogenase inhibitor for differentiation of acute myeloid leukemia.

Haematologica. 2020;105(9):2286-2297.

Christian S, et al. The novel dihydroorotate dehydrogenase (DHODH) inhibitor BAY 2402234 triggers differentiation and is
effective in the treatment of myeloid malignancies. Leukemia. 2019;33(10):2403-2415.

Cao L, et al. Targeting of hematologic malignancies with PTC299, a novel potent inhibitor of dihydroorotate dehydrogenase
with favorable pharmaceutical properties. Mol Cancer Ther. 2019;18(1):3-16.

Loffler M, et al. Dihydroorotat-ubiquinone oxidoreductase links mitochondria in the biosynthesis of pyrimidine nucleotides.
Mol Cell Biochem. 1997;174(1-2):125-129.

Deans RM, et al. Parallel shRNA and CRISPR-Cas9 screens enable antiviral drug target identification. Nat Chem Biol.
2016;12(5):361-366.

Wittmann JG, et al. Structures of the human orotidine-5’-monophosphate decarboxylase support a covalent mechanism and
provide a framework for drug design. Structure. 2008;16(1):82-92.

Okesli A, et al. Human pyrimidine nucleotide biosynthesis as a target for antiviral chemotherapy. Curr Opin Biotechnol.
2017;48:127-134.

Hayek S, et al. Cerpegin-derived furo[3,4-c]pyridine-3,4(1h,5h)-diones enhance cellular response to interferons by de novo
pyrimidine biosynthesis inhibition. Eur J Med Chem. 2020;186:111855.

. Dembitz V, et al. The ribonucleoside AICAr induces differentiation of myeloid leukemia by activating the ATR/Chk1 via

pyrimidine depletion. J Biol Chem. 2019;294(42):15257-15270.

Tomic B, et al. Cytarabine-induced differentiation of AML cells depends on Chk1 activation and shares the mechanism with
inhibitors of DHODH and pyrimidine synthesis. Sci Rep. 2022;12(1):11344.

Pal S, et al. A druggable addiction to de novo pyrimidine biosynthesis in diffuse midline glioma. Cancer Cell. 2022;40(9):957-972.
Shi DD, et al. De novo pyrimidine synthesis is a targetable vulnerability in IDH mutant glioma. Cancer Cell. 2022;40(9):939-956.

. Schwartsmann G, et al. Mucocutaneous side effects of Brequinar sodium. A new inhibitor of pyrimidine de novo biosynthesis.

Cancer. 1989;63(2):243-248.

Bork E, et al. A phase I clinical and pharmacokinetic study of Brequinar sodium, DUP 785 (NSC 368390), using a weekly and
a biweekly schedule. Eur J Cancer Clin Oncol. 1989;25(10):1403-1411.

Rosenzweig M, et al. Repurposing leflunomide for relapsed/refractory multiple myeloma: a phase 1 study. Leuk Lymphoma.
2020;61(7):1669-1677.

Pietsch C, et al. Abstract 1256: JNJ-74856665, a novel DHODH inhibitor, mediates potent anti-leukemic activity and differenti-
ation in vitro and in vivo. Cancer Res. 2021;81(suppl 13):1256.

Miyaura N, et al. The palladium-catalyzed cross-coupling reaction of phenylboronic acid with haloarenes in the presence of
bases. Synth Commun. 1981;11(7):513-519.

Brzezinka K, et al. Functional diversity of inhibitors tackling the differentiation blockage of MLL-rearranged leukemia. J Hema-
tol Oncol. 2019;12(1):66.

. Elgamal OA, et al. Preclinical efficacy for a novel tyrosine kinase inhibitor, ArQule 531 against acute myeloid leukemia. J Hematol

Oncol. 2020;13(1):8.

Sexauer AN, et al. Loss of FLT3 sensitizes myeloid cells to differentiation via DHODH inhibition. Blood. 2019;134(suppl
1):2712.

Zhang P, et al. Targeting OXPHOS de novo purine synthesis as the nexus of FLT3 inhibitor-mediated synergistic antileukemic

JCl Insight 2024;9(8):e173646 https://doi.org/10.1172/jci.insight.173646 17


https://doi.org/10.1172/jci.insight.173646
mailto://hertleek@ucmail.uc.edu
mailto://byrd2jc@ucmail.uc.edu
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1158/1078-0432.CCR-18-3749
https://doi.org/10.1158/1078-0432.CCR-18-3749
https://doi.org/10.1038/s41375-019-0472-2
https://doi.org/10.1038/s41375-019-0472-2
https://doi.org/10.1007/s40265-019-1062-3
https://doi.org/10.1158/2159-8290.CD-18-0877
https://doi.org/10.1158/2159-8290.CD-18-0877
https://doi.org/10.1158/2159-8290.CD-18-1453
https://doi.org/10.1158/2159-8290.CD-18-1453
https://doi.org/10.1182/blood.2020007233
https://doi.org/10.1182/blood.2020007233
https://doi.org/10.1200/JCO.2020.38.15_suppl.7501
https://doi.org/10.1200/JCO.2020.38.15_suppl.7501
https://doi.org/10.1200/JCO.2020.38.15_suppl.7501
https://doi.org/10.1002/ajh.26122
https://doi.org/10.1158/2159-8290.CD-16-1049
https://doi.org/10.1158/2159-8290.CD-16-1049
https://doi.org/10.1016/j.cell.2016.08.057
https://doi.org/10.1016/j.cell.2016.08.057
https://doi.org/10.3324/haematol.2019.230482
https://doi.org/10.3324/haematol.2019.230482
https://doi.org/10.1038/s41375-019-0461-5
https://doi.org/10.1038/s41375-019-0461-5
https://doi.org/10.1158/1535-7163.MCT-18-0863
https://doi.org/10.1158/1535-7163.MCT-18-0863
https://doi.org/10.1023/A:1006859115450
https://doi.org/10.1023/A:1006859115450
https://doi.org/10.1038/nchembio.2050
https://doi.org/10.1038/nchembio.2050
https://doi.org/10.1016/j.str.2007.10.020
https://doi.org/10.1016/j.str.2007.10.020
https://doi.org/10.1016/j.copbio.2017.03.010
https://doi.org/10.1016/j.copbio.2017.03.010
https://doi.org/10.1016/j.ejmech.2019.111855
https://doi.org/10.1016/j.ejmech.2019.111855
https://doi.org/10.1074/jbc.RA119.009396
https://doi.org/10.1074/jbc.RA119.009396
https://doi.org/10.1038/s41598-022-15520-z
https://doi.org/10.1038/s41598-022-15520-z
https://doi.org/10.1016/j.ccell.2022.07.012
https://doi.org/10.1016/j.ccell.2022.07.011
https://doi.org/10.1002/1097-0142(19890115)63:2<243::AID-CNCR2820630207>3.0.CO;2-7
https://doi.org/10.1002/1097-0142(19890115)63:2<243::AID-CNCR2820630207>3.0.CO;2-7
https://doi.org/10.1016/0277-5379(89)90097-7
https://doi.org/10.1016/0277-5379(89)90097-7
https://doi.org/10.1080/10428194.2020.1742900
https://doi.org/10.1080/10428194.2020.1742900
https://doi.org/10.1158/1538-7445.AM2021-1256
https://doi.org/10.1158/1538-7445.AM2021-1256
https://doi.org/10.1080/00397918108063618
https://doi.org/10.1080/00397918108063618
https://doi.org/10.1186/s13045-019-0749-y
https://doi.org/10.1186/s13045-019-0749-y
https://doi.org/10.1186/s13045-019-0821-7
https://doi.org/10.1186/s13045-019-0821-7
https://doi.org/10.1182/blood-2019-128910
https://doi.org/10.1182/blood-2019-128910
https://doi.org/10.1126/sciadv.abp9005

34.

35.

36.

3

N

3

oo

3

\O

40.

4

—_

42.

43.
44.

45.

46.

47.

4

oo

49.

RESEARCH ARTICLE

actions. Sci Adv. 2022;8(37):eabp9005.

Kadia TM, et al. TP53 mutations in newly diagnosed acute myeloid leukemia: clinicomolecular characteristics, response to ther-
apy, and outcomes. Cancer. 2016;122(22):3484-3491.

Short NJ, et al. Treatment with a 5-day versus a 10-day schedule of decitabine in older patients with newly diagnosed acute
myeloid leukaemia: a randomised phase 2 trial. Lancet Haematol. 2019;6(1):e29—e37.

Aldoss I, et al. Venetoclax and hypomethylating agents in TP53-mutated acute myeloid leukaemia. Br J Haematol.
2019;187(2):e45-e48.

.DiNardo CD, et al. Venetoclax combined with decitabine or azacitidine in treatment-naive, elderly patients with acute myeloid

leukemia. Blood. 2019;133(1):7-17.

.Ladds MJGW, et al. A DHODH inhibitor increases p53 synthesis and enhances tumor cell killing by p53 degradation blockage.

Nat Commun. 2018;9(1):1107.

. Stevens BM, et al. Fatty acid metabolism underlies venetoclax resistance in acute myeloid leukemia stem cells. Nat Cancer.

2020;1(12):1176-1187.
Bosc C, et al. Mitochondrial inhibitors circumvent adaptive resistance to venetoclax and cytarabine combination therapy in
acute myeloid leukemia. Nat Cancer. 2021;2(11):1204-1223.

. Buettner R, et al. Targeting the metabolic vulnerability of acute myeloid leukemia blasts with a combination of venetoclax and

8-chloro-adenosine. J Hematol Oncol. 2021;14(1):70.

Van Lochem EG, et al. Immunophenotypic differentiation patterns of normal hematopoiesis in human bone marrow: reference
patterns for age-related changes and disease-induced shifts. Cytometry B Clin Cytom. 2004;60(1):1-13.

Thomas D, Majeti R. Biology and relevance of human acute myeloid leukemia stem cells. Blood. 2017;129(12):1577-1585.
Buteyn NJ, et al. Anti-leukemic effects of all-trans retinoic acid in combination with Daratumumab in acute myeloid leukemia.
Int Immunol. 2018;30(8):375-383.

Majeti R, et al. CD47 is an adverse prognostic factor and therapeutic antibody target on human acute myeloid leukemia stem
cells. Cell. 2009;138(2):286-299.

Williams BA, et al. Antibody therapies for acute myeloid leukemia: unconjugated, toxin-conjugated, radio-conjugated and mul-
tivalent formats. J Clin Med. 2019;8(8):1261.

Chao MP, et al. Therapeutic targeting of the macrophage immune checkpoint CD47 in myeloid malignancies. Front Oncol.
2019;9:1380.

. Di Veroli GY, et al. Combenefit: an interactive platform for the analysis and visualization of drug combinations. Bioinformatics.

2016;32(18):2866-2868.
Scheffé H, ed. The Analysis of Variance. Wiley; 1959.

JCl Insight 2024;9(8):e173646 https://doi.org/10.1172/jci.insight.173646 18


https://doi.org/10.1172/jci.insight.173646
https://doi.org/10.1126/sciadv.abp9005
https://doi.org/10.1002/cncr.30203
https://doi.org/10.1002/cncr.30203
https://doi.org/10.1016/S2352-3026(18)30182-0
https://doi.org/10.1016/S2352-3026(18)30182-0
https://doi.org/10.1111/bjh.16166
https://doi.org/10.1111/bjh.16166
https://doi.org/10.1182/blood-2018-08-868752
https://doi.org/10.1182/blood-2018-08-868752
https://doi.org/10.1038/s41467-018-03441-3
https://doi.org/10.1038/s41467-018-03441-3
https://doi.org/10.1038/s43018-020-00126-z
https://doi.org/10.1038/s43018-020-00126-z
https://doi.org/10.1038/s43018-021-00264-y
https://doi.org/10.1038/s43018-021-00264-y
https://doi.org/10.1186/s13045-021-01076-4
https://doi.org/10.1186/s13045-021-01076-4
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1093/intimm/dxy040
https://doi.org/10.1093/intimm/dxy040
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.3390/jcm8081261
https://doi.org/10.3390/jcm8081261
https://doi.org/10.3389/fonc.2019.01380
https://doi.org/10.3389/fonc.2019.01380
https://doi.org/10.1093/bioinformatics/btw230
https://doi.org/10.1093/bioinformatics/btw230

