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SUMMARY
In preclinical models, a-difluoromethylornithine (DFMO), an ornithine decarboxylase (ODC) inhibitor, delays
the onset of type 1 diabetes (T1D) by reducing b cell stress. However, the mechanism of DFMO action and its
human tolerability remain unclear. In this study, we show that mice with b cell ODC deletion are protected
against toxin-induced diabetes, suggesting a cell-autonomous role of ODC during b cell stress. In a random-
ized controlled trial (ClinicalTrials.gov: NCT02384889) involving 41 recent-onset T1D subjects (3:1 drug:pla-
cebo) over a 3-month treatment period with a 3-month follow-up, DFMO (125–1,000mg/m2) is shown tomeet
its primary outcome of safety and tolerability. DFMO dose-dependently reduces urinary putrescine levels
and, at higher doses, preserves C-peptide area under the curve without apparent immunomodulation. Tran-
scriptomics and proteomics of DFMO-treated human islets exposed to cytokine stress reveal alterations in
mRNA translation, nascent protein transport, and protein secretion. These findings suggest that DFMO may
preserve b cell function in T1D through islet cell-autonomous effects.
INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disorder that de-

stroys insulin-producing pancreatic b cells.1 Although therapy

has greatly improved over the past century,2 morbidity and

mortality as well as costs and impacts on quality of life remain

burdensome for affected individuals.3–6 There is a clear need

for safe, effective disease-modifying therapies that address

underlying pathologic etiologies. Such therapies might

not only improve residual endogenous insulin secretion,

which is associated with improved disease outcomes,7 but

also, when given early enough in the disease process, have

the potential to delay T1D onset and the need for exogenous

insulin.8
Cell Repor
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A growing body of work suggests that activation of stress-

responsive pathways within the b cell contributes to or exacer-

bates autoimmune-associated b cell dysfunction and death in

T1D.9 One such pathway is the tightly regulated polycationic

aliphatic amine (polyamine) biosynthesis pathway, implicated

in a variety of cellular functions, including inflammatory re-

sponses and autoimmune disease, including T1D (Figure 1A).10

Polyamines generated in b cells promote cytokine-induced in-

flammatory responses, in part through posttranslational activa-

tion of the proinflammatory translational factor eukaryotic trans-

lation initiation factor 5A (eIF5A).11–13 In addition, high polyamine

concentrations are present in B and T cells, suggesting that poly-

amines themselves and/or eIF5A contribute to progression of

autoimmune diseases.14–17 Notably, in the non-obese diabetic
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Figure 1. The polyamine biosynthetic pathway and the glycemic response of Odc1Db mice to multiple low doses of STZ
(A) The polyamine metabolic pathway in mammals. Polyamine production is governed by the biosynthetic enzymes ornithine decarboxylase (ODC), spermidine

synthase (SPS), and spermine synthase (SMS) and the catabolic enzymes spermidine/spermine N1-acetyltransferase (SSAT), the flavin-dependent polyamine

oxidase (PAOX), and spermine oxidase (SMOX). Spermidine is used as a substrate in the enzymatic modification of Lys50 in the protein eIF5A to generate the

hypusine modification. Difluoromethylornithine (DFMO) is an irreversible inhibitor of ODC.

(B) A schematic showing themultiple low-dose streptozotocin (STZ) experiments. MaleOdc1Dbmice and control Cre+ littermates were injected with STZ daily for

5 days. Subsequently, glucose levels and glucose tolerance were monitored.

(C) Glucose tolerance test and corresponding AUC analysis on day 10 after the start of STZ injections.

(D) Diabetes incidence; mice were considered to have diabetes after two consecutive blood glucose values of 250 mg/dL.

(E) Non-fasting blood glucose values over time.

(F) Representative immunohistochemistry images of pancreata showing b cells (insulin, brown) and hematoxylin (nuclei, blue) and corresponding b cell mass;

scale bar, 200 mm.

(G) Representative immunofluorescence images of islets showingODC (magenta), insulin (green), and nuclei (DAPI, blue) and corresponding percentage of b cells

positive for ODC; scale bar, 50 mm.

n = 6–8 biological replicates. Data are presented as mean ± SEM. *p < 0.05 as indicated.
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(NOD) mouse, a model of autoimmune T1D, administration of

a-difluoromethylornithine (DFMO, an irreversible inhibitor of

the polyamine biosynthetic enzyme ornithine decarboxylase

[ODC]) delayed diabetes onset,11 whereas administration of

the polyamine spermidine increased the incidence of diabetes.18

Moreover, in zebrafish, DFMO enhances b cell regeneration,19

suggesting that depletion of polyamines might contribute to

new b cell growth in some species.

Polyamines and their downstream modification of eIF5A also

promote the production of proteins involved in cellular prolifera-

tion and growth.20 For this reason, intravenous DFMO (also

known clinically as eflornithine) has been approved by the

US Food andDrug Administration (FDA) for treatment of trypano-

somiasis,21 and topical DFMO has been approved for an indica-

tion of hair removal,22 with orphan drug designations for oral

DFMO in multiple cancer types, including neuroblastoma, colon,

gastric, and pancreatic cancers.23–25 Although no oral indica-

tions are currently FDA approved, oral dosing has been investi-

gated in recent clinical trials to prevent cancer relapse or treat

cancers in adults and children, with a relatively favorable safety

profile.26–29 Based on preclinical data suggesting a role of poly-

amines in autoimmunity and cytokine-induced inflammation and

an effect of DFMO in vivo to delay diabetes in NOD mice, we

sought to clarify a direct role of ODC as a mechanism of disease

in b cell stress and, as a clinical proof of principle, to examine

whether oral DFMO treatment would safely improve b cell health

in human T1D. We studied mice containing a b cell-specific

knockout of the gene encoding ODC (Odc1), and examined

safety, tolerability, and b cell outcomes of a dose-ranging, ran-

domized controlled study of oral DFMO administration in pediat-

ric and adult participants with recent-onset T1D. To identify

mechanisms of action on human b cells, we also analyzed the

transcriptomic and proteomic responses of stressed human

islets treated with DFMO. Our findings suggest that ODC in b

cells contributes to cell stress and that its inhibition in human

islets promotes cell survival. In our initial human study, DFMO

administration is safe and well tolerated at all doses tested,

with evidence of efficacy to preserve C-peptide secretion at

the highest tested doses.

RESULTS

Generation and analysis of b cell-specific Odc1-
deficient mice
To study the role of Odc1 in the postnatal b cells, we generated

mice in which exons 2–12 of the Odc1 allele were flanked by Cre

recombinase recognition sequences (loxP) (Figure S1A). These

mice were backcrossed for 10 generations onto the C57BL6/J

background and then crossed to C57BL6/J mice harboring a

transgene encoding the Cre recombinase-modified estrogen re-

ceptor fusion protein under control of the mouse Ins1 promoter

(MIP1-CreERT).30 Mouse genotypes were confirmed by polymer-

ase chain reaction (PCR) genotyping (Figures S1B and S1C).

Administration of tamoxifen to Odc1loxP/loxP;MIP1-CreERT mice

at 8 weeks of age resulted in the generation of b cell-specific

Odc1 knockout mice (Odc1Db). One week following tamoxifen in-

jections, no alterations in glucose tolerance (by intraperitoneal

glucose tolerance test) were observed inOdc1Db mice compared
with littermate controls (Figure S1D), a finding suggesting that the

acute loss of ODC in adult b cells does not affect glucose homeo-

stasis at this age and under these experimental conditions.

To interrogate the role of ODC in b cell stress, we next

subjected Odc1Db mice and littermate controls (a combination

of MIP1-CreERT+ and Odc1loxP/loxP controls) to multiple low-

dose streptozotocin (STZ) injections (see scheme in Figure 1B).

The multiple low-dose STZ injections (55 mg/kg body weight

STZ 3 5 days) mimic the inflammatory milieu of T1D, in which

animals develop local islet inflammation and resultant hypergly-

cemia over time.31,32 10 days following the start of STZ injec-

tions, Odc1Db mice exhibited improved glucose tolerance

compared with controls (Figure 1C), and glucose tolerance

remained improved 20 days following the start of STZ injection

(Figure S1E). As glucose levels were followed over the course

of 25 days post STZ injections, Odc1Db mice exhibited delayed

development of diabetes (as defined by glucose levels

>250 mg/dL) (Figure 1D) and significantly lower blood glucose

levels (Figure 1E) compared with control littermates. We

measured proinsulin:insulin ratios (with higher ratios reflecting

more b cell stress)33 at the end of the study but did not observe

any significant difference between control and Odc1Db animals

(Figure S1F). bCell mass at the end of the study was significantly

(2-fold) higher in Odc1Db mice compared with controls (Fig-

ure 1F). Collectively, these data are consistent with those

reported previously for animals that received the oral ODC inhib-

itor DFMO.11 To verify the deletion of Odc1 in Odc1Db mice, we

performed immunostaining for ODC in islets. As shown in Fig-

ure 1G, there was an �65% reduction in the number of b cells

exhibiting ODC production in Odc1Db mice compared with con-

trols. This reduction is consistent with our previously reported

recombination efficiency of the MIP1-CreERT transgene.34

Collectively, the data in Figures 1 and S1 indicate that ODC con-

tributes to a pathway in b cells that impedes their function and

survival in the setting of cellular stress.

Clinical trial of DFMO in persons with T1D
The aforementioned findings of b cell ODC deletion in mice and

the previous studies of ODC inhibition with DFMO in NOD mice

ledus to assess the safety andpotentialb cell preservation effects

of DFMO in persons with T1D. We enrolled 41 participants in an

interventional study between May 4, 2015 and June 25, 2019,

with 31 individuals treated at one of 5 doses of DFMO orally and

10 treated with placebo (see the schematic in Figure 2A, the

CONSORT diagram in Figure S2, and the schedule of events in

Table S1). The last visit for the final participant was on October

7, 2019. The primary endpoint was safety, with prespecified sec-

ondary analyses including measurement of mixed-meal stimu-

lated b cell function (C-peptide area under the curve [AUC]) and

b cell stress (proinsulin:C-peptide ratio), and urinary polyamines.

Baseline characteristics of study participants, including demo-

graphics, autoantibody positivity, duration of diabetes, andmeta-

bolic measurements at the time of randomization, are shown in

Table 1. Of 41 total participants, 31 (83%) were children under

18 years of age. Two participants withdrew from the study. The

first participant (in the 750 mg/m2 active drug group) withdrew

because of development of a diffuseurticarial rash andsymptoms

of anaphylaxis that developed slightly over 2 weeks after drug
Cell Reports Medicine 4, 101261, November 21, 2023 3



Figure 2. Key features of study design and findings

(A) CONSORT diagram for participants in this trial.

(B) Scatterplot showing significant correlation (Pearson r =�0.385; p = 0.02) between DFMOdose (x axis) vs. change in urinary putrescine, the direct downstream

product of ODC (y axis).

(C and D) Least square means, modeled with ANCOVA using baseline values as a covariate, for (C) mixed-meal C-peptide AUC and (D) fasting proinsulin:C-

peptide ratios (PI:C) for participants in the placebo and 1,000 mg/m2/day dosing groups at baseline, after 3 months of treatment, and at the 6-month follow-up

visit.

Data are presented as least square means ± 95% confidence interval. Sample size for each group was as follows: placebo, n = 10; 125 mg/m2, n = 6; 250 mg/m2,

n = 6; 500 mg/m2, n = 6; 750 mg/m2, n = 7; 1,000 mg/m2, n = 6.
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administration. The second participant was randomized to the

placebo group and withdrew during the 3-month end-of-treat-

mentmixedmeal tolerance test (MMTT) becauseof issuesobtain-

ing intravenous access for MMTT blood collection.

Safety of DFMO in persons with T1D
No a priori defined dose-limiting toxicities or serious (>grade 2)

adverse events (AEs) were observed in any study participants at

any of the drug doses. No participants exhibited hearing loss on

audiogram testing (>25-dB increase in threshold). All AEs reported

are shown in Table 2, and AEs judged bymasked investigators as

having a possible or probable relationship to the study drug are

shown in Table S2. Grouped AEs occurring on the same day (for

example, congestion, cough, and report of an upper respiratory

infection (URI)) were counted individually and as part of an AE

episode. A total of 57 AE episodes were reported by participants

in the active drug group (31 total participants; 1.8 AEs/participant)

comparedwith12 total episodes in theplacebogroup (10 total par-

ticipants, 1.2 AEs/participant). AEs occurredmore commonlywith

higher doses of drug; for the 750 mg/m2 group, 2.8 episodes/
4 Cell Reports Medicine 4, 101261, November 21, 2023
participant were reported, and for the 1,000 mg/m2 group, 2.7

episodes/participant were reported. These most commonly

includedmild gastrointestinal symptoms, mild anemia, mild-mod-

erate headache, and mild-moderate symptoms associated with a

viral infection or URI. As noted above, one participant had an urti-

carial reaction to the drug. Eight othermoderateAE episodeswere

reported in participants on the drug, including a head injury while

skiing; a migraine with associated dizziness and anxiety; an

isolatedheadache; a pumpsite infection; nasal congestion; an up-

per respiratory illness; an upper respiratory illness with associated

congestion, cough, sore throat, and headache; a viral illness with

headache, nausea, and hot flashes; and a rash related to poison

ivy. No unexpected AEs judged to be possibly related to drug

therapy occurred.

Eleven individuals reported gastrointestinal symptom epi-

sodes during the study. These included 2 participants in the

placebo group, 1 participant in the 100 mg/m2 dosing group, 2

participants in the 250 mg/m2 dosing group, 3 participants in

the 750 mg/m2 dosing group, and 3 participants in the

1,000 mg/m2 dosing group. These were all rated as mild and



Table 1. Baseline study participant characteristics

Variable

Placebo

(n = 10)

125 mg/m2

(n = 6)

250 mg/m2

(n = 6)

500 mg/m2

(n = 6)

750 mg/m2

(n = 7)

1,000 mg/m2

(n = 6)

Age (years) 16.5 (6.5) 17.0 (6.3) 15.0 (2.7) 15.5 (2.6) 16.2 (5.3) 15.7 (2.3)

Race (%)

Black 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (14.3%) 0 (0.0%)

Multiple 1 (10.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (14.3%) 0 (0.0%)

White 9 (90.0%) 6 (100%) 6 (100%) 6 (100%) 5 (71.4%) 6 (100%)

Number female (%) 5 (50.0%) 1 (16.7%) 3 (50.0%) 1 (16.7%) 4 (57.1%) 3 (50.0%)

BMI (kg/m2) 22.8 (2.9) 21.4 (2.8) 22.1 (4.6) 27.0 (7.2) 23.9 (4.4) 21.1 (3.2)

HbA1c % [mmol/mol] 7.9 (1.4) [63] 7.4 (1.5) [57] 6.7 (1.3) [50] 6.0 (0.3)* [42] 6.2 (0.7)* [44] 7.2 (1.8) [55]

Days since T1D diagnosis 156.3 (63.5) 166.7 (71.4) 125.7 (58.0) 148.0 (68.4) 128.6 (50.0) 86.8 (29.4)*

Insulin regimen (%)

1–2 injections/day 1 (10.0%) 0 (0.0%) 0 (0.0%) 1 (16.7%) 1 (14.3%) 1 (16.7%)

3+ injections daily 8 (80.0%) 5 (83.3%) 4 (66.7%) 5 (83.3%) 4 (57.1%) 4 (66.7%)

Pump 1 (10.0%) 1 (16.7%) 2 (33.3%) 0 (0.0%) 2 (28.6%) 1 (16.7%)

Number using CGMs (%) 2 (20.0%) 1 (16.7%) 1 (16.7%) 2 (33.3%) 3 (42.9%) 2 (33.3%)

C-peptide AUC (pmol/L) 90,357.2

(45,452.3)

78,396.0

(49,915.9)

90,189.2

(34,964.4)

116,417

(28,123.8)

125,869

(70,919.1)

99,902.7

(35,720.9)

Glucose AUC (mg/dL) 34,045.5

(8,800.2)

28,032.8

(10,928.9)

27,076.7

(8,006.3)

23,844.6*

(2,033.7)

23,217.6*

(4,205.7)

26,990.1

(6,748.8)

Fasting PI:C (%) 0.8 (0.7) 0.8 (0.6) 1.2 (0.8) 1.0 (1.1) 0.3 (0.2) 1.5 (1.0)

GADA positive (%) 8 (80.0%) 6 (100%) 4 (66.7%) 6 (100%) 7 (100%) 5 (83.3%)

IA-2 positive (%) 5 (50.0%) 5 (83.3%) 6 (100%) 4 (66.7%) 6 (85.7%) 3 (50.0%)

IAA positive (%) 7 (70.0%) 4 (66.7%) 5 (83.3%) 5 (83.3%) 7 (100%) 5 (83.3%)

ZnT8A positive (%) 5 (50.0%) 2 (33.3%) 6 (100%) 4 (66.7%) 4 (57.1%) 2 (33.3%)

N1,12-diacetylspermine

(mmol/g Cr)

0.3 (0.3) 0.2 (0.1) 0.3 (0.2) 0.2 (0.1) 0.3 (0.1) 0.1 (0.1)

N1-acetylspermidine

(mmol/g Cr)

4.7 (2.9) 3.6 (1.0) 4.6 (2.4) 3.5 (1.6) 4.3 (2.9) 3.9 (2.2)

N8-acetylspermidine

(mmol/g Cr)

3.5 (1.2) 3.6 (1.1) 4.2 (1.5) 3.7 (1.6) 3.7 (0.7) 3.8 (1.1)

Putrescine (mmol/g Cr) 1.2 (1.1) 1.1 (1.2) 1.6 (2.4) 1.1 (0.8) 0.9 (0.7) 3.1 (3.0)

DcAdoMet (mmol/g Cr) 0.2 (0.0) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1)

Data are shown as mean (standard deviation) for continuous variables or absolute number (%) for categorical variables. BMI, body mass index; CGM,

continous glucose monitoring; GADA, glutamic acid decarboxylase 65 antibody; IA-2, islet antigen 2 autoantibody; IAA, insulin autoantibody; ZnT8A,

zinc transporter 8 autoantibody; Cr, creatinine. *p < 0.05 compared with values for the placebo group.
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were typically self-limited. No episodes led to discontinuation of

the drug.

Because hematopoietic suppression was considered a poten-

tial dose-limiting toxicity of concern, we further examined cases

of anemia among study participants (Table S3). Episodes of mild

anemia occurred in 7 participants over the course of the study: 2

in the placebo group, 2 in the 250 mg/m2 dosing group, 1 in the

750 mg/m2 dosing group, and 2 in the 1,000 mg/m2 dosing

group. Among participants on active drug, 4 of 5 exhibited the

lowest hemoglobin values at the randomization visit, with

improved or stable values at the next blood draw, suggesting

that anemia was not causally related to DFMO dosing. One

participant, in the 750 mg/m2 dosing group, exhibited a hemo-

globin value in the normal range throughout the study but did

have a hematocrit value below the reference range at the first

safety assessment on treatment. This value normalized by the

end of the 3-month treatment period.
Target engagement of DFMO in persons with T1D
Toverify thatDFMOadministration inhibitedODCasexpected, the

effect of each dosing regimen on urinary polyamines was as-

sessed. Levelsat the3-month timepointweremodeledusinganal-

ysis of covariance (ANCOVA) with adjustment for baseline values

(all values are provided in Table 3). Here, compared with placebo,

we observed absolute decreases in average urinary putrescine,

the direct product of ODC (Figure 1A), with DFMO treatment for

all treatmentgroups,withsignificantornear-significantdifferences

in the 500 (p = 0.03) and 1,000 mg/m2 (p = 0.05) dosing groups.

Overall, higher doses of DFMO correlated with larger reductions

in urinary putrescine (Pearson r = �0.385, p = 0.02) (Figure 2B).

With higher doses in the 750 mg/m2 and 1,000 mg/m2 groups,

we also observed trends (p = 0.09) toward increased values of de-

carboxylated S-adenosylmethionine (DcAdoMet), a necessary

substrate of spermidine that would be expected to increase in

the context of reduced putrescine. No significant differences
Cell Reports Medicine 4, 101261, November 21, 2023 5



Table 2. All adverse events (AEs)

AE

Placebo

(n = 10)

Cohort 1,

125 mg/m2

(n = 6)

Cohort 2,

250 mg/m2

(n = 6)

Cohort 3,

500 mg/m2

(n = 6)

Cohort 4,

750 mg/m2

(n = 7)

Cohort 5,

1,000 mg/m2

(n = 6)

Gastrointestinal 2 2 3 0 5 3

Nausea 2 0 0 0 3 0

Vomiting 1 2 0 0 0 1

Diarrhea 0 0 2 0 0 1

Abdominal pain 1 1 2 0 2 1

Nausea with IV placement 0 0 0 0 1 0

Constipation 0 0 0 0 1 0

Decreased appetite 0 0 1 0 0 0

Hematologic

ANC In CTCAE 1 2 1 0 0 0 0

Anemia 2 0 2 0 1 2

Neurologic 0 1 0 0 2 2

Headache 0 1 0 0 1 2

Dizziness 0 0 0 0 2 0

Viral illness 3 0 6 0 5 6

Congestion 3 0 0 0 2 2

Cough 3 0 0 0 0 1

Headache 2 0 1 0 1 2

Sore throat 0 0 0 0 0 1

Fever 0 0 3 0 0 1

Dizziness 0 0 0 0 3 0

Fatigue 0 0 1 0 0 0

Hot flashes associated with

viral illness

0 0 0 0 0 1

Upper respiratory illness 2 0 3 0 2 3

Other viral illness 0 0 0 0 1 2

Other infectious/immune

Pump site infection 0 0 0 0 1 1

Paronychia of digit 0 0 0 0 3 0

Enlarged lymph node 0 0 0 0 0 1

Other

Hypoglycemia 1 0 0 1 0 0

Hyperglycemia 0 0 1 0 0 0

Increased thirst 0 0 0 1 0 0

Polyuria 0 0 0 1 0 0

Urticaria with systemic reaction 0 0 0 0 1 0

Wisdom tooth extraction 1 0 0 0 0 0

Cut finger 1 0 0 0 0 0

Anxiety 0 0 0 0 1 0

Ankle fracture 0 0 1 0 1 0

Poison ivy 0 0 0 0 0 1

Shoulder injury 0 0 1 0 0 0

Head injury skiing 0 0 1 0 0 0

Syncope after taking marijuana 0 1 0 0 0 0

Loss of appetite attributed to

personal problems

0 0 1 0 0 0

(Continued on next page)
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Table 2. Continued

AE

Placebo

(n = 10)

Cohort 1,

125 mg/m2

(n = 6)

Cohort 2,

250 mg/m2

(n = 6)

Cohort 3,

500 mg/m2

(n = 6)

Cohort 4,

750 mg/m2

(n = 7)

Cohort 5,

1,000 mg/m2

(n = 6)

Total episodes 12 5 14 2 20 16

Total episodes/participant 1.2 0.8 2.3 0.3 2.9 2.7

Number of participants reporting AEs 7 3 4 1 7 5

ANC, absolute neutrophil count;

CTCAE, common terminology criteria for AEs.
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withDFMO treatmentwere observed in urinary levels ofN1- orN8-

acetylspermidine, or N1,12-diacetylspermine.

Efficacy of DFMO in persons with T1D
Toassess the treatmentefficacyofDFMO,weevaluatedhemoglo-

binA1c (HbA1c) valuesasaglycemicmeasureat thecompletionof

treatment (Table S4) as well as glucose AUC on MMTT and mea-

sures of b cell function (C-peptide AUC onMMTT) at the random-

ization, 3-month, and 6-month study time points (Table 4). At the

end of treatment (3 months), no significant differences in HbA1c

values were noted in any of the treatment groups relative to pla-

cebo. MMTT-derived adjusted means for C-peptide AUC and

glucose AUC values are shown for each dosing group at both

time points in Table 4. Here, no significant differences between

placebo-treated and DFMO-treated participants were observed

at the 3-month time point. However, by the 6-month time point af-

ter randomization, comparedwithplacebo,MMTTC-peptideAUC

values were significantly higher in the 125 mg/m2 (p = 0.02),

750 mg/m2 (p = 0.03), and 1,000 mg/m2 DFMO dosing groups

(p = 0.02; longitudinal data in Figure 2C). MMTT glucose AUC

values were not significantly different between any of the groups

at the 3-month time point and were only significantly lower in the

125 mg/m2 (p = 0.03) and 750 mg/m2 (p = 0.02) treatment groups

compared with placebo at the 6-month time point.

We also obtained fasting proinsulin-to-C-peptide ratios (PI:C),

a biomarker of b cell stress,35,36 at the randomization, 3-month,

and 6-month study time points (Table 4). Similar to C-peptide

AUC and glucose AUC, no significant differences in fasting

PI:C were noted between placebo-treated and DFMO-treated

groups at the 3-month time point. 6 months after randomization,

although absolute PI:C values progressively decreased with

increasing DFMO dosing, only the 1,000 mg/m2 group exhibited

a decrease in the PI:C compared with placebo (p = 0.04; longitu-

dinal data in Figure 2D).

Given the potential role of polyamines in immune cell activation,

we also performed peripheral blood mononuclear cell (PBMC)

immunophenotyping before and after treatment. No significant

treatment-mediated changes in immune cell subsets or pheno-

types, including Treg, Th17, or other CD4+ or CD8+ T cells were

noted. Changes were equivalent between percent coefficient of

variation (CV) at baseline and on treatment (Figure S3).

Inhibition of ODC in human islets alters the molecular
response to inflammation
To interrogate the molecular effects by which ODC inhibition

might result in human b cell protection, we next performed unbi-
ased RNA sequencing analysis of human islets from 5 donors

(see donor characteristics in Table S5). Human islets were either

treated with vehicle or the ODC inhibitor DFMO or treated with

vehicle or DFMO in the presence of proinflammatory cytokines

(interleukin-1b [IL-1b] + interferon g [IFN-g]) (to ascertain the ef-

fect of DFMO under conditions of T1D inflammation) (Figure 3A).

Hierarchical clustering analysis of the RNA sequencing outputs

(see Table S6 for the complete RNA sequencing dataset) indi-

cated that replicates clustered largely by cytokine treatment

with little effect of DFMO (Figure 3B). When using a fold change

(FC) greater than 2 and false discovery rate (FDR) less than 0.05,

only 15 genes (of 25,382 identified) reached the differential

expression threshold (volcano plot, Figure 3C) uponDFMO treat-

ment of human islets, and none of these genes clustered in

functional Gene Ontology (GO) pathway terms that reached sta-

tistical significance. Similarly, only 55 genes reached the differ-

ential expression threshold upon DFMO treatment of cytokine-

exposed human islets (volcano plot, Figure 3D), also with no

significant clustering by GO pathway terms. By contrast, when

the significance threshold was lowered to p < 0.05 (with

FC > 2), 622 genes were altered by DFMO treatment alone,

and 785 genes were altered by DFMO in the presence of cyto-

kines. GO terms that correlated with the effect of DFMO in the

presence of cytokines included processes related to protein

and nucleic acid metabolism, posttranscriptional gene regula-

tion, and mRNA translation (Figure S1E)—processes in which

polyamines are known to participate.37

Given the minimal changes observed in transcriptomics and

the suggestion that these changes might relate to mRNA

translation, we next performed unbiased data-independent

acquisition mass spectrometry-based proteomics of human

islets. Human islets from 6 donors were treated in groups

identical to those used for RNA sequencing (Table S5). Prin-

cipal-component analysis demonstrated that samples largely

clustered by donor, with the effect of cytokines on both di-

mensions of principal components and the effect of DFMO

primarily on the vertical dimension (principal component 2)

of the plot (Figure 3E). A total of 616 proteins (of 8751 identi-

fied) were significantly altered (FDR < 0.05) in the presence of

DFMO, and 701 proteins were altered in the presence of cyto-

kines and DFMO (Figures 3F and 3G, volcano plots) (see

Table S6 for the complete proteomics dataset). GO terms

linked to the altered proteins under non-cytokine conditions

included regulation of cellular apoptosis and proliferation,

posttranscriptional regulation of gene expression, protein

maturation and modification, and regulation of hormone levels
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Table 3. Urinary polyamines

Measure

3-month time point

Drug dose

(mg/m2)

Least square

means (95% CI) p Value

N1-acetylspermidine

(mmol/g Cr)

0 3.37 (2.53, 4.20) –

125 3.43 (2.38, 4.48) 0.93

250 3.30 (2.34, 4.25) 0.91

500 2.87 (1.91, 3.82) 0.43

750 1.94 (0.99, 2.89) 0.03

1,000 2.89 (1.85, 3.93) 0.47

N8-acetylspermidine

(mmol/g Cr)

0 3.46 (3.01, 3.90) –

125 3.60 (3.03, 4.16) 0.69

250 3.58 (3.06, 4.10) 0.72

500 3.27 (2.76, 3.79) 0.59

750 2.84 (2.33, 3.35) 0.07

1,000 2.88 (2.32, 3.45) 0.11

N1,12-diacetylspermine

(mmol/g Cr)

0 0.17 (0.12, 0.22) –

125 0.16 (0.10, 0.23) 0.91

250 0.21 (0.15, 0.27) 0.33

500 0.18 (0.12, 0.24) 0.78

750 0.23 (0.17, 0.29) 0.13

1,000 0.21 (0.14, 0.28) 0.33

Putrescine (mmol/g Cr) 0 1.64 (0.87, 2.42) –

125 1.19 (0.19, 2.19) 0.47

250 0.88 (�0.02, 1.78) 0.20

500 0.29 (�0.61, 1.19) 0.03

750 1.01 (0.10, 1.91) 0.28

1,000 0.31 (�0.75, 1.38) 0.05

DcAdoMet (mmol/g Cr) 0 0.22 (0.15, 0.30) –

125 0.25 (0.16, 0.34) 0.60

250 0.23 (0.15, 0.31) 0.92

500 0.22 (0.14, 0.31) 0.99

750 0.32 (0.24, 0.40) 0.09

1,000 0.33 (0.23, 0.42) 0.09

Least square means adjusted for baseline value.
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(Figure 3H). GO terms under conditions of proinflammatory

cytokine treatment (Figure 3I) similarly reflected molecular

events related to mRNA processing and translation initiation,

endoplasmic reticulum and Golgi transport, protein modifica-

tion, vesicle transport, and exocytosis. Collectively, these

findings implicate mRNA translation, protein transport, and

posttranslational modifications as effects induced by DFMO

treatment (Figure 3J). These posttranscriptional events have

been implicated as processes promoting b cell dysfunction

and immunogenicity in T1D.38

DISCUSSION

Polyamines are ubiquitous bioactive amines that participate in

numerous cellular functions, including cellular differentiation,

replication, and mRNA translation.10,20 It has long been known

that polyamine concentrations are elevated in the pancreas,
8 Cell Reports Medicine 4, 101261, November 21, 2023
particularly in b cells, where they may support the production of

proteins in highly secretory cell types,39,40 but their participation

in diabetes pathogenesis has not been fully explored. The

enzymeODC isoneof the key enzymes thatparticipate in thepro-

duction of polyamines and is the enzyme that directly regulates

the production of the polyamine putrescine (Figure 1A). Genetic

deletion of Odc1 in mice is embryonically lethal,41 thereby pre-

cluding study of its role in developing tissues. Conditional dele-

tion of Odc1 in macrophages of mice demonstrated its role in

the regulation of M1-like, proinflammatory macrophage function

in amodel ofHelicobacter pylori inflammation.42 Similarly, condi-

tional knockout ofOdc1 suggested a role of the enzyme in thepo-

larization of T cells toward specified functional subsets.17

The aforementioned studies indicate a role of ODC in immune

cell types and might provide an explanation for the reduced inci-

dence of autoimmune diabetes seen in mice administered the

ODC inhibitor DFMO.11 Nevertheless, our prior studies11,12,19,34

suggest a possible b cell-autonomous mechanism of action for

polyamines, particularly through their downstream effects on

eIF5A hypusination, in b cell proteome maintenance during dia-

betes development. In this study, the b cell-specific deletion of

Odc1 in mice resulted in no glycemic phenotype in young,

healthy mice, but these results do not preclude a role (positive

or negative) under conditions of stress. Therefore, we observed

thatOdc1Dbmice exhibit relative preservation of b cell mass and

delay in diabetes development in animals receiving multiple

low-dose STZ, a DNA alkylating agent known to generate islet

inflammation.12,31,32 Our studies of ODC inhibition with DFMO

in humans provide further clinical proof of principle of b cell

autonomous effects of ODC in the setting of inflammation and

demonstrate the largely proteome-driven response (as opposed

to transcriptome response). Most notably, the proteomic

response clusters along pathways beginning at mRNA transla-

tion to the transport and posttranslational modification of pro-

teins in the endoplasmic reticulum and Golgi complex and

ending with the formation and docking of secretory vesicles.

These pathways are crucial for the synthesis and release of insu-

lin and have also been implicated in antigen andmajor histocom-

patibility complex (MHC) class I production during the initiation

or propagation of b-cell autoimmunity.38,43

To test the safety, tolerability, and potential efficacy of DFMO

in T1D, we conducted a multicenter, randomized, placebo-

controlled trial in pediatric (age 12 and over) and adult individuals

with recent-onset T1D (diagnosed within the past 240 days). Our

study showed that oral administration of DFMO to inhibit poly-

amine biosynthesis over a 3-month period is safe and well toler-

ated. Urinary polyamine data showed that active drug treatment

engaged its target to inhibit ODC activity effectively, as reflected

by dose-dependent reductions in urinary putrescine levels.

Furthermore, although not powered to detect metabolic efficacy,

participants on higher DFMO dose regimens (750 mg/m2 and

1,000 mg/m2/day) exhibited higher C-peptide AUC 6 months af-

ter treatment compared with placebo-treated participants.

These findings suggest that, at the higher dosing regimens

tested, DFMO may provide metabolic benefits to preserve b

cell function and health in T1D.

A benefit of DMFO as a repurposed potential therapeutic in

T1D is that safety and side effect profiles of multiple dose



Table 4. Efficacy measures

Measure

3-month time point 6-month time point

Drug dose

(mg/m2) Least square means (95% CI) p Value

Drug dose

(mg/m2) Least square means (95% CI) p Value

C-peptide AUC (ng/mL) 0 77,779.4 (63,857.3, 91,701.5) – 0 68,459.5 (53742.1, 83,176.9) –

125 86,367.7 (69,073.5, 103,662) 0.43 125 97,850.1 (78,138.8, 117,561) 0.02

250 86,172.6 (69,109.2, 103,236) 0.44 250 74,006.9 (55,971.6, 92,042.2) 0.63

500 64,785.5 (47,546.9, 82,024.0) 0.24 500 66,049.5 (47,911.3, 84,187.6) 0.84

750 94,202.8 (76,970.0, 111,436) 0.14 750 95,403.0 (77,270.5, 113,535) 0.03

1,000 85,819.7 (68,802.7, 102,837) 0.46 1,000 95,669.7 (77,723.8, 113,616) 0.02

Glucose AUC (mg/dL) 0 29,942.2 (25,244.9, 34,639.5) – 0 33,248.8 (29,487.0, 37,010.6) –

125 26,897.6 (21,497.9, 32,297.3) 0.39 125 26,620.4 (21,881.8, 31,359.0) 0.03

250 35,420.3 (30,027.0, 40,813.7) 0.13 250 34,989.6 (30,670.3, 39,309.0) 0.54

500 30,169.9 (24,667.5, 35,672.2) 0.95 500 31,412.8 (27,006.0, 35,819.6) 0.54

750 28,057.8 (22,456.2, 33,659.5) 0.62 750 25,814.6 (21,328.1, 30,301.0) 0.02

1,000 29,841.5 (24,447.8, 35,235.1) 0.98 1,000 30,633.3 (26,313.8, 34,952.9) 0.36

Fasting PI:C ratio (%) 0 1.2 (�2.3, 4.7) – 0 1.3 (0.8, 1.8) –

125 6.1 (1.8, 10.3) 0.08 125 1.2 (0.6, 1.8) 0.69

250 1.8 (�2.9, 6.5) 0.84 250 1.8 (1.1, 2.5) 0.30

500 1.5 (�2.8, 5.7) 0.93 500 1.0 (0.4, 1.6) 0.43

750 0.2 (�4.3, 4.7) 0.70 750 0.9 (0.2, 1.5) 0.26

1,000 1.6 (�2.9, 6.1) 0.90 1000 0.4 (�0.2, 1.1) 0.04

Least square means adjusted for baseline value.

AUC, area under the curve; PI:C, proinsulin:C-peptide.
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levels and regimens are available, including in children. Com-

mon anticipated risks of taking DFMO included gastrointes-

tinal side effects, such as nausea, vomiting, abdominal pain,

and diarrhea. Mild gastrointestinal symptoms were noted in

some participants in our study. However, these episodes

were typically self-limited and did not result in study with-

drawal for any participants. Another previously noted but

less likely side effect is myelosuppression; however, our find-

ings suggest that white blood cell counts were similar be-

tween the placebo and active drug groups. Rash (diffuse urti-

caria) was noted in one participant. Other less likely possible

side effects that were not reported in our cohort include hair

loss, reversible hearing loss (%20%), and seizures (<2–3%).

Side effects may have been less common in our cohort

because prior reports have been primarily based on experi-

ence in children with cancer treated at higher doses (>3

g/m2/day) who had other comorbidities and concomitant

medication use and aberrant baseline blood counts.44

Although higher dosing regimens of DFMO were associated

with higher C-peptide AUC compared with placebo at the end-

of-study follow-up, we only noted significant changes in the

PI:C (a marker of b cell stress) in the 1,000 mg/m2 dosing group.

This finding could reflect baseline differences in b cell stress,

which can greatly vary, even at the time of T1D diagnosis.36

Indeed, analysis of the entire study population showed that the

750mg/m2 dosing group had baseline PI:C values that fell below

themedian PI:C. In contrast, 6 of 6 individuals in the 1,000mg/m2

group had baseline values that were above the median of the

entire population, suggesting a high baseline level of b cell
stress. Nevertheless, the higher PI:C ratio in the highest-dose

group is consistent with the finding from our proteomics analysis

of cytokine-treated human islets that pathways related to protein

processing and translocation appear altered upon DFMO treat-

ment. In future studies, sample sizes that are large enough to

ensure randomization of individuals with high and low baseline

PI:C to active drug and placebo groups will be important to

test whether baseline PI:C values are associated with ultimate

treatment response.

In this study, DFMO treatmentwas not associatedwith changes

in peripheral blood immune cell profiles at the end of treatment.

Given the systemic administration of DFMO, this outcome may

seem unexpected based on preclinical data showing effects of

ODC inhibition or knockout on innate and adaptive immune cell

subsets17,42 and in NOD mice in which Treg cell subsets were

increased and Th17 cell subsets were reduced in the pancreatic

lymph node upon DFMO treatment.11 Examination of immune

cell effects at multiple time points in larger studies and follow up

functional testing of immune cells will be important to confirm

this finding. Taken together, this study suggests that DFMO is a

safe oral treatment option that may improve b cell function and/

or survival andmaybeagoodchoice incombinationwith immuno-

modulatoryagents toaugmentbcell functionandsurvival inT1D.A

key next step will be implementation of an ongoing larger clinical

study (ClinicalTrials.gov: NCT05594563) fully powered to detect

a DFMO treatment effect on maintenance of C-peptide either in

the recent-onset or at-risk population. Based on these results,

DFMO could potentially also be applied to T1D prevention, likely

as a combination therapy.
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Limitations of study
Some limitations to our study should be acknowledged. First,

althoughour animal studieswere specifically designed to examine

ab cell-autonomouseffect ofODC inamodel of islet inflammation,

they were performed in the context of a mouse background that

does not develop autoimmune diabetes. Therefore, it remains un-

clear whether b cell effects of the knockout would be observed in

the setting of autoimmunity. The clinical study was designed to

assess safety across a range of DFMO doses; thus, sample sizes

for each dosing group were small, and all efficacy analyses were

exploratory. Significant between-group differences in C-peptide

AUC were not observed at the 3-month time point, only 6 months

after randomization, after the placebo group had undergone

further metabolic deterioration. However, observations showing

the largest effect with the highest DFMOdoses, where urinary pu-

trescine levels were the most reduced, are reassuring for a true

dose-response relationship. Furthermore, the finding that abenefit

was detected after stopping the drug could be suggestive of a du-

rable effect of DFMO treatment (an effect that was observed in a

previous mouse study of DFMO administration).11
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Unmasking solution Vector labs H3300

Horse blocking buffer Vector labs S-2012-50

Immpress reagent kit peroxidase conjugated anti-rabbit Ig Vector labs MP-7402

Vector DAB peroxidase substrate kit Vector labs SK-4100

Hematoxilin Sigma GHS216

Permount Fisher Scientific 12-545M

DAPI Thermo Fisher Scientific D1306

DFMO Sigma D193

Recombinant IL-1b R&D Systems 201-LB-005

Recombinant IFN-g R&D Systems 285-IF-100

Complete protease inhibitor cocktail Sigma 5892791001

Endoproteinase LysC VWR 103258–578

Trypsin Promega V5111

Putrescine dihydrochloride Sigma Cat# P6505, Lot# BCBV1888

N1-N12-Diacetylspermine-n-hydrochloride TRC Cat# D367005, Lot# 1-TKN-163-2

N1-Acetylspermidine (hydrochloride) TRC Cat# A187845, Lot# 2-SRE-124-3

N8-Acetylspermidine dihydrochloride TRC Cat# A188000, Lot# 3-SNM-109-1

Decarboxylatesd-S-adenosylmethionine Sulfate salt TRC Cat# D222000, Lot# 4-PYL-169-1

Creatinine Sigma Cat# C4255, Lot# SLB4791

1,4-Butane-d8-diamine 2HCL CDN Cat# D-3980, Lot# C-193

1,12-diacetylspermine-d6 xPFPA Metabolon Lot# 211-037-3

N1-Acetylspermine-d3 xHCl Metabolon Lot# 211-032-3

N8-Acetylspermine-d3 xHCl Metabolon Lot# 211-030-8

Decarboxylated-S-adenosylmethionine-d3 xAcOH TRC Cat# D222002, Lot# 6-SUM-73-1

Creatinine-d3 (methyl-d3) CDN Cat# D-3689, Lot# BC-264

Critical commercial assays

RNAeasy Mini Kit Qiagen N/A

Deposited data

Proteomics dataset MassIVE MassIVE: MSV000091431

RNA sequencing dataset GEO GSE226888

Experimental models: Organisms/strains

Odc1loxP Raghavendra G Mirmira N/A

B6.Cg-Tg(Ins1-cre/ERT)1Lphi/J Jackson Laboratory RRID:IMSR_JAX:204709

Oligonucleotides

50- CTG AGG AGC CCA GAG AGG ACA TC -30 (forward) IDT Odc1loxP distal forward

50- GAA GCA CCC ATA CAA GCA TAC AC -30 (reverse) IDT Odc1loxP distal reverse

50- AAT GCT AGT ACT GCA TGA AAG TTC C -30 (forward) IDT Odc1loxP proximal forward

50- AAG TAG CCA GTA CAG GAA GAA CTG -30 (reverse) IDT Odc1loxP proximal reverse

Software and algorithms

Rosalind Onramp.Bio Software N/A

(Continued on next page)
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ComBat-Seq Zhang et al.45 N/A

DESeq2 Love et al.46 N/A

Ggplot2 Wickham et al.47 N/A

GraphPad Prism version 9.5 GraphPad N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Dr. Raghavendra G. Mirmira (mirmira@uchicago.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
d RNA sequencing data have been uploaded to the public repository GEO and proteomics data have been uploaded to the public

repository MassIVE. Accession numbers are listed in the key resources table. Both are publicly available at the time of publi-

cation. Microscopy data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Mice were maintained under pathogen-free conditions according to protocols approved by the University of Chicago Institutional

Animal Care and Use Committee. All mice were group housed under normal 12h:12h light:dark cycles and ad lib fed standard mouse

chow. Mice containing theOdc1 allele(s) flanked by loxP sequences were crossed toMIP1-CreERTmice30 to generate breeding col-

onies on the C57BL/6J background. Control mice included the following genotypes: Odc1loxP/loxP;MIP1-CreERTneg and Odc1+/

+;MIP1-CreERT. Odc1Db had the following genotype: Odc1loxP/loxP;MIP1-CreERT. Littermates were used in all experiments. Male

mice were used in this study owing to their sensitivity to STZ-induced diabetes. Experiments were started at 8 weeks of age.

Human islets
Human islets from non-diabetic donors were obtained from the Integrated Islet Distribution Program (IIDP) or the University of

Alberta Diabetes Institute Islet Core. Both the IIDP and the Alberta Islet Core require consent from family members of deceased

donors prior to islet procurement and distribution to qualified islet research labs. The use of primary human islets from deiden-

tified organ donors was approved by the Institutional Review Board of the University of Chicago and is not considered human

subjects research. Islets from both males and females were used in this research and characteristics of the donors are provided

in Table S4.

Human subjects
Persons with recent-onset T1D (within 240 days of diagnosis) were enrolled at 3 clinical diabetes centers within the United States:

Indiana University in Indianapolis, IN, Medical College of Wisconsin in Milwaukee, WI, and the University at Buffalo in Buffalo, NY.

Inclusion criteria included: age 12–40 years at the time of randomization with a clinical diagnosis of T1D within the past 2–8 months;

random non-fasting C-peptide concentration of >0.2 pmol/mL at screening; positive titer for at least one islet autoantibody (to insulin,

glutamic acid decarboxylase 65 (GAD65), islet antigen 2 (IA-2), or zinc transporter-8 (ZnT8)); and no prior history of immunomodu-

latory therapy. Because of reported risks for reversible sensorineural hearing loss, only individuals with normal hearing, defined as

pure-tone audiometry (<20 dB [dB] baseline thresholds for frequencies 250, 500, 1000, and 2000 Hz) were included. Persons who

had other chronic diseases, were unable to swallow pills, or had hematologic abnormalities at screening based on local clinical

lab reference ranges (anemia, leukopenia, neutropenia, thrombocytopenia) were excluded.

This trial was performed in accordance with the Declaration of Helsinki under an FDA investigational new drug application num-

ber IND124781. The study was approved by the Institutional Review Boards at each of the participating sites. All participants or

their legal guardians provided written informed consent. Safety was reviewed by an independent data and safety monitoring

board (DSMB).
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METHOD DETAILS

Animal studies and pancreas immunohistochemistry
The following primers were used for genotyping mice with Odc1loxP alleles to identify: a) the remaining sequence from the

neomycin resistance gene and the distal loxP site: 50- CTG AGG AGC CCA GAG AGG ACA TC -30 (forward) and 50- GAA GCA

CCC ATA CAA GCA TAC AC -30 (reverse), and were expected to generate a 477 base pair (bp) band for the wild-type allele

and 619 bp for the loxP-containing allele; b) the proximal loxP site: 50- AAT GCT AGT ACT GCA TGA AAG TTC C -30 (forward)

and 50- AAG TAG CCA GTA CAG GAA GAA CTG -30 (reverse), and were expected to generate a 411 bp band for the wild-type

allele and 460 bp for the loxP allele. Prior to all experiments, mice were administered three daily intraperitoneal injections of

2.5 mg of tamoxifen dissolved in peanut oil at 8 weeks of age (to cause recombination of the loxP alleles). Mice were then allowed

to acclimate for 1 week before further experimentation. STZ was administered intraperitoneally at a dose of 55 mg/kg body weight

daily for 5 consecutive days. Blood glucose was monitored twice weekly using a hand-held glucometer (AlphaTrak) and a glucose

tolerance test using 1 mg/kg glucose was performed 4 days after the last STZ treatment. Diabetes incidence was determined as a

blood glucose value greater than 250 mg/dL.

Pancreata from at least 5 different mice per group were fixed in 4% paraformaldehyde, paraffin embedded, and sectioned onto

glass slides. For b-cell mass, pancreata were immunostained using rabbit anti-insulin (1:1000; 28728-1-AP, ProteinTech), Imm-

press reagent kit peroxidase conjugated anti-rabbit Ig (Vector), and DAB peroxidase substrate kit (Vector). b-cell mass was calcu-

lated by measuring insulin positive area and pancreas area using CV-X software on a Keyence fluorescent microscope system

(Keyence) as described previously.48 For ODC quantification pancreata were stained for immunofluorescence using the following

antibodies: anti-ODC (1:300; 28728-1-AP, Proteintech) and anti-insulin antibody (IR002, Dako). Alexa Fluor antibodies were used

as secondary antibodies (Invitrogen). All samples were stained with DAPI for nuclei identification (Thermo Fisher Scientific, D1306).

Immunostainings were quantified by counting the number of double ODC+ insulin+ cell. Images were acquired using an A1 (Nikon)

confocal.

Human islet incubations, RNA sequencing, and proteomics
Upon receipt, human islets were cultured in fresh human islet medium (Prodo labs) and allowed to recover for 24 h. Hand-picked

islets were distributed into culture wells for 4 conditions: Vehicle, 5 mM DFMO, proinflammatory cytokines (50 IU IL-1b + 1000 IU

IFN-g, R&D Systems), and proinflammatory cytokines +5 mM DFMO. The islets were pre-treated with 5 mM DFMO for 24 h prior

to addition of proinflammatory cytokines. Incubation proceeded for another 24 h. After the completion of the treatments, the islets

werewashed twice with PBS. The pellets were then stored at�80�C until RNA-sequencing or proteomics. For RNA sequencing, RNA

extraction was performed from the cell pellet following the RNeasy Mini kit instructions (Qiagen). Samples were submitted for library

generation and sequencing at the University of Chicago sequencing core using a NovaSeq 6000 (Illumina). Fastq files were then

initially processed with Rosalind (Onramp.Bio Software) for gene alignment and generation of raw counts matrix. Owing to high vari-

ability between human samples, raw counts were inputted into ComBat-Seq45 for batch correction utilizing default parameters. Using

the batch corrected matrix, DESeq246 was then used with the standard workflow for differential expression analysis. Subsequent

data visualization was performed with ggplot2 and Prism version 9.5 for Mac (GraphPad Software).

Quantitative proteomics analysis was performed using the data-independent acquisition approach. Islet pellets were dissolved in

lysis buffer (8 M Urea; 50 mM Tris pH 8.0; 75 mM NaCl; complete protease inhibitor cocktail (Sigma 5892791001). Disulfide bonds

were reduced by adding 250 mM dithiothreitol to a final concentration of 5 mM. Samples were alkylated by adding 500 mM iodoa-

cetamide to a final concentration of 40mM. Samples were diluted 4-fold with 50mMTris HCl (pH 8.0). Proteins were digested with an

1/50 (enzyme/protein) ratio of sequencing grade endoproteinase LysC (VWR) for 2 h at 37�C, followed by sequencing grade trypsin

(Promega) overnight at 25�C. Reactions were quenched by adding 10% trifluoroacetic acid to a final concentration of 1%. Samples

were desalted in C18 solid phase extraction plates (Phenomenex) and dried in a vacuum centrifuge. Peptide aliquots from each sam-

ple were pooled together to build a peptide library. For the peptide library, the pooled mixture was fractionated by high pH reverse

phase chromatography, spiked with a retention time calibration peptide mix (iRT, Biognosys), and analyzed by liquid chromatog-

raphy with tandem mass spectrometry (LC-MS/MS) on QExactive HF mass spectrometer (Thermo Fisher Scientific). Peptides

were separated in a C18 column (70 cm3 75 mm i.d., Phenomenex Jupiter, 3 mmparticle size, 300 Å pore size) connected to an Acq-

uity M-Class Nano UHPLC system (Waters). Full MS spectra of eluting peptides were collected on a 300–1800 m/z range and the top

12 most intense parent ions were submitted to high-energy collision dissociation (isolation window 0.7 m/z, normalized collision en-

ergy 30) before being dynamically excluded for 30 s. Individual samples were analyzed by data-independent acquisition using the

same separation gradient and mass spectrometer. Tandem mass spectra were collected from the range of 400–900 m/z with 10

m/z increment windows (10.0 m/z isolation width; 30% normalized collision energy; 70,000 resolution at 400 m/z). Post-LC-MS/

MS, a hybrid peptide library was generated withMSFragger via Fragpipe.49,50 TheMS/MS spectra were searched against the human

Swissprot database (July 31, 2021, 20,420 sequences) with an initial fragment mass tolerance of 20 ppm. Only fully tryptic peptides

were considered with up to two missed cleavages. Carbamidomethylation of cysteine was set as a fixed modification; acetylation of

protein N-terminus and oxidation of methionine residues were set as variable modifications. The final library contained peptides

filtered with 1% false discovery rate (FDR) at protein, peptide, and peptide/spectrum match levels. The raw data was processed

with DIA-NN51 matching against the generated hybrid library, using an FDR of 1%.
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Clinical trial study design
This dose-ranging study was a multicenter, double-blind, placebo-controlled, 2:1 random assigned, phase I/II clinic trial (Regis-

tered ClinicalTrials.gov number NCT02384889, no changes were made to approved trial design). Overall study design is sum-

marized in Figure 2A, with a CONSORT diagram in Figure S2 and schedule of events in Table S1. Gender, race, ethnicity and

age information are provided in Table 1. Data on ancestry and socioeconomic status were not collected. The prespecified

primary study outcome was assessment of the safety of varying doses of DFMO. Prespecified secondary efficacy measure-

ments were also obtained by analyzing b-cell function as assessed by endogenous C-peptide secretion area under the curve

(AUC) in response to mixed meal tolerance tests (MMTTs) and changes in proinsulin to C-peptide ratios, a marker of b-cell

stress.35,52,53 Other prespecified outcomes included changes in mean glycemia, urine polyamines, stimulated C-peptide values,

and changes in immune features.

After a <60 days run-in period, 41 individuals were randomized to 3-month treatment with either placebo or a fixed oral dose

DFMO. For DFMO dosing, participants were randomly assigned to one of five sequential dose cohorts: 125 mg/m2, 250 mg/m2,

500 mg/m2, 750 mg/m2, or 1000 mg/m2 per day. Participants randomized to DFMO treatment were first treated with the lowest

dose, then after 6–7 participants had been randomized to that group (cohort enrollment halted each time the number randomized

to DFMO reached n = 6), if no dose-limiting toxicity occurred, the next higher dosing regimen was utilized for subsequent participants

randomized to DFMO treatment. Participants who failed to complete the 3 months of treatment with assessable data were replaced.

Dose frequency was daily or twice daily depending on dosing regimen. All participants received bottles containing one hundred

250mg tablets of either placebo or active drug. Treatment assignments were double-masked at all doses except for the 6 subjects

at the 1000 mg/m2/day group, since no participants in that group were assigned to placebo.

Participants were randomly assigned in a 2:1 ratio, stratified by age (> or <18 years) to receive experimental treatment with DFMO

or placebo. A computer-based randomization plan was prepared by the study statistician at Indiana University using a random num-

ber generator (PROCPLAN in SAS). Randomization lists were kept by the Indiana University Study Coordinating Center administrator

and the study pharmacy (Eminent Services Corporation) and randomization was administered by the study pharmacy. Neither par-

ticipants nor clinical research personnel were aware of the treatment assignments.

Safety and monitoring
The full schedule of events is in Table S1. All adverse events were recorded by study personnel and graded using the National Cancer

Institute’s Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Adverse events were reviewed by an internal data

safety monitoring committee (DMC) at Indiana University after the last subject in each cohort completed 3 months of therapy, and

before each successive cohort was enrolled. The Midwest Area Research Consortium for Health (MARCH) external independent

data safety monitoring board (DSMB) also reviewed study safety data biannually (https://ctsi.mcw.edu/march/). Dose-limiting tox-

icities were defined a priori as any of the following events that were possibly, probably, or definitely attributable to DFMO therapy:

Grade 3 thrombocytopenia (platelet count <50,000/mm3), Grade 3 neutropenia (neutrophil count <1000/mm3), Grade 3 anemia (he-

moglobin%8.0 g/dL, or dropR2.0 g/dL and <10.0 g/dL), Grade 3 symptoms of nausea, abdominal pain, or diarrhea, or audiometric

impairment, defined asR25dB hearing loss from baseline at 2 thresholds on audiogram. Rules for dose escalation to the next cohort

were that less than 2 subjects in the prior cohort could report a dose-limiting toxicity judged to be related to treatment during the

treatment or follow-up periods. Subjects who did not complete the 3-month treatment period for reasons other than toxicity were

replaced by another subject in order of randomization schedule.

To assess for possible metabolic effects, 2-h mixedmeal tolerance test (MMTT) was performed at the time of randomization, at the

end of the 3-month treatment period, and after a 3-month wash-out period. For MMTTs, as previously described,54 participants were

given 6 mL/kg of Boost High Protein (Nestlé Nutrition, Vevey, Switzerland) to a maximum of 360 mL ingested within 5 min, and blood

samples were taken at �10, 0, 15, 30, 60, 90, and 120 min after start of ingestion for analysis.

Clinical assays
Diagnostic islet autoantibody testing was performed by the Barbara Davis Center for Childhood Diabetes using radioimmunobinding

assays (Aurora, Colorado). Hemoglobin A1c (HbA1c), complete blood counts (CBC) and comprehensive metabolic panels (CMP)

were tested using respective hospital clinical laboratories. The Indiana University Diabetes Research Center Translation Core

analyzed glucose using the glucose oxidase method (Randox Daytona clinical analyzer), C-peptide (TOSOH Bioscience), and intact

proinsulin by ELISA (TECO Medical). High-performance liquid chromatography was performed as previously described to detect

polyamines as their N-dansylated derivatives.55

Peripheral blood mononuclear cells (PBMCs) were collected, shipped and cryopreserved within 24 h of collection at baseline, 3-

and 6-month timepoints. Samples were thawed and processed for immunophenotyping analysis at the Benaroya Research Institute

(BRI) as previously described.52 Briefly, previously validated panels and fluorochrome-conjugated antibodies were used with hierar-

chical gating to identify broad immune subsets, including CD4+CD8+ T cells and Tregs, CD19+ B cells, monocytes/classical dendritic

cells, and NK T cells, as well as memory subsets of B cells and T cells, and phenotyping markers for cell activation or regulation,

including PDL1, CD86, HLA-DR, CD27, CD38, CCR6, TIGIT, KLRG1, PD1, EOMES, and Ki67. Immunophenotyping panels are

described in Tables S7 and S8.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For human islet proteomics, data was log2-transformed and subjected to quality control processing using a statistical outlier list

developed for proteomics data that evaluates correlation andmissing data, aswell as sample level distributional properties ofmedian

absolute deviation, skew and kurtosis.56 No outliers were identified, which was confirmed via visual inspection via Pearson correla-

tion, boxplots, and Principal Components Analysis. Data were normalized to median total abundance. Statistics were performed

using two tests to evaluate quantitative differences via a standard paired t-test and qualitative differences (presence/absence) via

a g-test.57 None of the protein groups failed a Kolmogorov-Smirnov test of normality based on the difference in abundance.

For the clinical study, sample sizes were based on the ability to detect dose-limiting toxicities. With 6 subjects per cohort in the

DMFO group, the probably of observing at least 1 DLT within a cohort is greater than 0.80 if the true DLT rate is at least 25%. The

Statistical Analysis plan included determination of DFMOdose effect of primary safety and secondary efficacy endpoints. Area under

the curve values were calculated using the trapezoidal rule.58 Fasting proinsulin:C-peptide (PI:C) ratios were calculated as equimolar

ratios x 100. Given small sample sizes, prespecified efficacy analyses were considered exploratory. Endpoints of interest were

analyzed for treatment effect using analysis of covariance (ANCOVA) models, with the change from baseline (or start of treatment)

response modeled as a function of main effects for dose level, and the corresponding baseline response as a covariate. The 3-

and 6-month time points were analyzed separately. The least squares means and associated 95% confidence intervals were

used to describe the DMFO dose versus response relationships. Given that this was a pilot dose ranging study with relatively small

samples sizes, impacts of individual participant features such as sex, gender, ancestry, race and ethnicity, socioeconomic status

were not tested. p values < 0.05 were considered statistically significant.

ADDITIONAL RESOURCES

The trial described was pre-registered at Clinical Trials.gov (Registered ClinicalTrials.gov number NCT02384889): https://classic.

clinicaltrials.gov/ct2/show/NCT02384889.
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