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SUMMARY
Experimental fibroblast growth factor 21 (FGF21) analogs can improve lipid profiles in patientswithmetabolic
diseases. However, their effects onmarkers of insulin sensitivity appear to beminimal, potentially because of
insufficient exposure. Systemic drug levels vary from sub-pharmacological to demonstrating pharmacody-
namic effects but with dose-limiting adverse events. Here we report results from a phase 1 multiple
ascending dose study of AKR-001, an Fc-FGF21 fusion protein engineered for sustained systemic pharma-
cologic exposure, in individuals with type 2 diabetes. With a half-life of 3–3.5 days, the peak-to-trough ratio
under steady-state conditions is approximately 2 following QW dosing. AKR-001 appears to demonstrate
pharmacodynamic effects on serum markers of insulin sensitivity and acceptable tolerability up to and
including 70 mg QW. Positive trends in lipoprotein profile, including triglycerides, non-high-density lipopro-
tein (non-HDL) cholesterol, HDL-C, and apolipoproteins B and C3 are consistent with other FGF21 analogs.
AKR-001’s clinical profile supports further evaluation as a treatment for metabolic diseases.
INTRODUCTION

Cardiovascular, kidney, and hepatic diseases are frequent co-

morbidities of type 2 diabetes mellitus.1 Current treatment ap-

proaches for diabetes and other manifestations of metabolic

syndrome utilize multiple agents to address each symptom or

risk factor. FGF21 is an endogenous protein that regulates meta-

bolism2 and has been studied as a treatment for metabolic dis-

orders, with several agents tested in clinical studies and none

yet approved by the US Food and Drug Administration (FDA).

FGF21 activates a cell membrane co-receptor complex consist-

ing of b-Klotho and the canonical FGF receptors (FGFRs) for

FGF21—FGFR1c, FGFR2c, and FGFR3c—whose expression

is tissue dependent; e.g., FGFR1c is the predominant receptor

in adipose tissue.3,4 Endogenous FGF21 concentrations in

healthy humans are approximately 100 pg/mL5 and are elevated

as much as 10-fold in patients with obesity, nonalcoholic fatty

liver disease (NAFLD), or non-alcoholic steatohepatitis

(NASH),6,7 leading to the hypothesis that these may represent

an FGF21-resistant state.8 Dietary changes in humans also

affect circulating FGF21 levels; acute fructose or alcohol con-

sumption robustly increases plasma FGF21,9,10 and prolonged

protein restriction or carbohydrate excess similarly increase

FGF21 levels.11

Exogenous administration of FGF21 and analogs of FGF21 has

been shown to improve hyperglycemia and lipid profiles and
Cell R
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reduce insulin levels and body weight in obese diabetic ro-

dents12–14 and monkeys.15–17 Nevertheless, the promise of

multi-factor improvement in metabolic disease (improved glyce-

mic control and insulin sensitivity, weight loss, and lipid and lipo-

protein effects) has not fully materialized in clinical studies of

FGF21 analogs. The prototypical FGF21 analog LY2405319

improved dyslipidemia in obese patients with type 2 diabetes to

a similar extent as that observed in diabetic monkeys. However,

markers of insulin sensitivity were unchanged except at the high-

est dose levels, where the magnitude and significance of re-

sponses were variable.18 Furthermore, in placebo-controlled

studies of three other FGF21analogs (PF-05231023,19,20 pegbel-

fermin,21 and the FGFR1c/b-Klotho bispecific antibody

BFKB8488A; C. Wong et al., 2019, AASLD, poster #2310),

markers of insulin sensitivity were not significantly or consistently

improved, and lipoprotein responses were variable.

A limitation of all FGF21 analogs tested in clinical studies to

date has been their sub-optimal pharmacokinetic (PK) profiles.

Recombinant human FGF21 has a half-life of 2 h or less when in-

jected into monkeys or mice,14,15,22 prompting multiple ap-

proaches to engineer FGF21 to extend its duration of action.

LY2405319 required daily subcutaneous (s.c.) injection, indi-

cating a limited extension of half-life.18 Although once-weekly

s.c. administration of pegbelfermin has been evaluated, daily in-

jection appears to be required to achieve clinically meaningful

improvements in high-density lipoprotein (HDL) cholesterol
eports Medicine 1, 100057, July 21, 2020 ª 2020 The Author(s). 1
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and triglycerides,21 consistent with an apparent half-life of 36–48

h.23 Another analog, PF-05231023, was administered intrave-

nously twice or once weekly, respectively, in two clinical studies.

However, although twice-weekly dosing wasmore effective than

weekly dosing in reducing plasma triglyceride levels, consistent

with the reported half-life of 6.5–10.3 h, more frequent dosing

was associated with diarrhea, reported by 29% of patients,

and one subject discontinued dosing because of ongoing diar-

rhea and vomiting.20,24 Diarrhea was also one of the most

frequently observed adverse events (AEs) with pegbelfermin

treatment.21,25

Preclinical and clinical studies have also demonstrated incon-

sistent effects of FGF21 analogs on bone growth, blood pressure,

and heart rate. In diet-induced obese mice, administration of

exogenous FGF21 led to a decrease in bone mass.26 However,

a more recent preclinical study did not find evidence of bone

loss indiet-inducedobesemiceadministered recombinanthuman

FGF21 (rhFGF21).27 Twice-weekly administration of pharmaco-

logically effective doses of PF-05231023 in subjects with type 2

diabetes for 4 weeks was associated with increased markers of

bone turnover,19 but this may have been due to the concurrent

weight loss. No change in mean bone mineral density was

observed following 12 weeks21 or 16 weeks25 of pegbelfermin

treatment. Weekly administration of PF-05231023 increased

blood pressure and heart rate over baseline compared with pla-

cebo treatment inobesepeoplewithhypertriglyceridemia.20How-

ever, cardiovascular changes were not reported with twice-

weekly administrationofPF-05231023orwith theotherFGF21an-

alogs tested. In addition, loss of FGF21 function in humans car-

rying a rare truncation mutant appears to be associated with

increased blood pressure.28

The clinical evidence suggests that the PK characteristics of

FGF21 analogs to date have prevented delivery of an acceptable

balance between therapeutic benefit and mechanism-related

toxicity because of high peak-to-trough exposures and inade-

quately sustained exposure across the inter-dose interval.

Indeed, the pattern of dose-response in preclinical studies indi-

cates that sustained exposure to FGF21 agonismwill be required

to demonstrate the full range of metabolic improvements. For

example, in diet-induced obese mice, higher doses of FGF21

are required to reduce body weight and adiposity compared

with improvements in insulin sensitivity and glucose meta-

bolism.13 Thus, an FGF21 analog that minimizes the peak-to-

trough range and maintains stable, pharmacologically active

concentrations could enable delivery of the full therapeutic po-

tential of FGF21 agonism while minimizing adverse effects.

AKR-001 (formerly Fc-FGF21(RGE), AMG 876) is a long-acting

human immunoglobulin 1 (IgG1) Fc-FGF21 fusion protein that

has demonstrated enhanced pharmacology across numerous

preclinical animal models.29 Its C-terminal region has been

modified with two amino acid substitutions (P171G and

A180E). These targeted mutations substantially reduce proteo-

lytic degradation and increase affinity of binding to b-Klotho,

the obligate co-receptor of FGF21, enhancing FGFR-mediated

signaling activity, functional potency, and duration of action of

AKR-001 in vivo.29 The pharmaceutical stability of AKR-001 is

improved by an additional substitution (L98R) to minimize aggre-

gation when formulated as an aqueous injection. The prolonged
2 Cell Reports Medicine 1, 100057, July 21, 2020
PK and pharmacodynamics (PD) characteristics of AKR-001

may enable it to achieve the full therapeutic potential of FGF21

agonism in metabolic disease while minimizing mechanism-

related unwanted side effects.

The aim of the present study was to assess the safety, tolera-

bility, PK, and PD of AKR-001 dosed once weekly (QW) and once

every 2 weeks (Q2W) in patients with type 2 diabetes over

4 weeks of treatment. PK–PDmodeling of metabolic and cardio-

vascular endpoints was performed to understand the exposure-

effect relationship and to inform dose levels and dosing

frequency for future clinical studies. Post hoc exploration of bio-

markers relevant to deposition and metabolism of lipids by the

liver and adipose tissue was performed to determine the poten-

tial utility of AKR-001 for treatment of NASH, ametabolic disease

characterized by dyslipidemia, particularly hypertriglyceridemia,

as well as liver-related morbidity and mortality driven by in-

creases in hepatic de novo lipogenesis and adipose tissue

lipolysis.30

RESULTS AND DISCUSSION

Clinical Trial Design
This was a multicenter, randomized, double-blind, placebo-

controlled, ascending multiple-dose study in adult patients

with type 2 diabetes (registered on https://www.clinicaltrials.

gov/ as NCT01856881). The trial was conducted in full compli-

ance with the International Council for Harmonisation (ICH) E6

Guideline for Good Clinical Practice and the principles of the

Declaration of Helsinki. A total of eight cohorts were randomized

to receive AKR-001 or a placebo at a ratio of 3:1. AKR-001 (7, 21,

70, or 140 mg) was administered s.c. Q2W or QW for 4 weeks

(Figure 1).

Patient Disposition and Baseline Characteristics
Adults 18–65 years old at the time of randomization and with a

BMI of 25.0–40.0 kg/m2 at screening, a diagnosis of type 2 dia-

betes, glycated hemoglobin (HbA1c) level of 6.5%–10% or less,

and a fasting C-peptide value of 0.8 ng/mL ormore were enrolled

in the study. All anti-diabetes medications were discontinued at

least 14 days prior to administration of the first dose of AKR-001.

Female subjects were required to be of documented non-repro-

ductive potential. Female subjects or male subjects with female

partners who were lactating or breastfeeding, pregnant, or plan-

ning to become pregnant through 4weeks after receiving the last

dose of study drug were excluded. Subjects with evidence or

history of diabetic complications with significant end-organ

damage, significant cardiac disease, uncontrolled hypertension

(systolic blood pressure [SBP] R 150 mmHg or diastolic blood

pressure [DBP] R 90 mmHg) on or off therapy, or an unstable

medical condition (hospitalization within 28 days before study

day �1, major surgery within 6 months before study day �1, or

otherwise unstable as judged by a study investigator) were

excluded. Subjects with triglyceride levels of 500 mg/dL or

higher, hepatic liver enzymes (ALT, AST, ALP, and TBIL) 1.5

times the upper limit of normal or higher, or fasting blood glucose

levels of 270 mg/dL or higher were excluded, as were patients

who tested positive for HIV or hepatitis C antibodies or hepatitis

B surface antigen.

https://www.clinicaltrials.gov/
https://www.clinicaltrials.gov/


Figure 1. Summary of the Trial Design

See also Figure S1.
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Of a total of 239 screened patients, 69 were randomized to

treatment, and 64 completed the study (Figure S1). Four subjects

discontinued because of AEs, and one subject was lost to follow-

up (Figure S1). The demographic and baseline characteristics of

the 69 randomized patients are provided in Table 1.
PK of AKR-001
AKR-001 exhibited dose-proportional exposure across the

tested doses for both dosing intervals (Figure 2). Variability in

exposure was moderate, with an approximately 50% coefficient

of variation for the steady-state maximum observed concentra-

tion (Cmax) and the area under the curve during an inter-dose in-

terval (AUC0–t) across doses (Figure 2; Table 2). The median

time to maximum serum concentration (Tmax) ranged from 2

to 3.5 days, depending on dose. Approximately 2-fold accumu-

lation was observed after four AKR-001 QW doses, with steady

state achieved following the third QW dose (Figure 2; Table 2).

The median peak-to-trough concentration ratio following QW

dosing was 2 for all tested QW doses compared with a range

of 6–11 following Q2W dosing, indicating that the steady-state

concentration was more effectively maintained within a narrow

range following QW compared with Q2W dosing.

In contrast to the approximately 2-h half-life of native human

FGF21, the C-terminal modifications and the Fc scaffold of

AKR-001 extend the half-life of intact C terminus AKR-001 to

3–3.5 days in humans. In comparison, the intact unmodified

C-terminal domains of PF-05231023 and pegbelfermin have a

reported half-life in humans of 6.5–10.3 h19 and 19–24 h,31

respectively, whereas LY2405319 appears to have a relatively

short half-life given its daily administration regimen.18
Anti-drug antibodies (ADAs) were detected in 7 of 52 subjects

(13.5%) who received AKR-001, but the PK of AKR-001 was un-

affected by the presence of ADAs. Neutralizing antibodies were

not detected in any of the ADA-positive samples.
PD Endpoints
PD endpoint data from the placebo, 21 mg, and 70 mg QW dose

cohorts are plotted for all measured time points (Figure 3). The

magnitude of changes in PD endpoints at 70 mg QW appeared

to be maximal, with little additional effect at 140 mg QW. Tabu-

lated data from multiple time point mixed models for repeated

measures (STAR Methods) are provided for all QW cohorts on

day 25, 3 days after the fourth (final) QW dose, and for all Q2W

cohorts on day 18, 3 days after the second (final) Q2W dose

(Table 3). The planned cohort size of 8 was selected to evaluate

safety and PK, as is typical for early-phase trials. The study was

not powered to demonstrate statistical significance in PD end-

points. These endpoints are presented with descriptive statistics

that informed ongoing clinical development of AKR-001.

C-terminal cleavage by the prolyl endopeptidase fibroblast

activation protein (FAP) inactivates FGF21, underscoring the

need to measure the concentration of C terminus ‘‘intact’’

FGF21 to interpret physiology and pharmacology. Although

endogenous intact FGF21 concentrations typically range from

100–1,000 pg/mL or approximately 5–50 pM,5–7 effective AKR-

001 concentrations at doses of 21 mg QW or more appear to

be much higher—around 1–2 mg/mL, which correspond to

approximately 20–40 nM FGF21(RGE), accounting for two mole-

cules of FGF21(RGE) per molecule of AKR-001. Previous work

demonstrated a half-maximal effective concentration (EC50) for
Cell Reports Medicine 1, 100057, July 21, 2020 3



Table 1. Participant Demographics and Baseline Characteristics for All Treatment Groups

Treatment Group

Placebo AKR-001 QW AKR-001 Q2W

QW

(N = 8–9)

Q2W

(N = 6–8)

7 mg

(N = 5–7)

21 mg

(N = 6)

70 mg

(N = 6)

140mg

(N = 6–9)

7 mg

(N = 5–7)

21 mg

(N = 5–6)

70 mg

(N = 5–6)

140 mg

(N = 5–9)

Mean age, years (SD) 51 (8) 58 (6) 60 (3) 46 (10) 59 (5) 57 (6) 58 (4) 58 (4) 54 (9) 54 (7)

Male, N (%) 6 (67) 6 (75) 3 (43) 3 (50) 2 (33) 5 (56) 3 (50) 2 (33) 5 (83) 4 (67)

Mean weight, kg (SD) 84 (16) 81 (9) 98 (18) 83 (16) 89 (11) 93 (13) 98 (18) 73 (8) 92 (20) 88 (9)

Mean BMI, kg/m2 (SD) 30 (3) 29 (3) 35 (3) 31 (3) 36 (3) 32 (5) 34 (3) 29 (2) 33 (6) 32 (3)

Geo mean fasting glucose, mmol/L (% CV) 9.0 (28) 10.9 (16) 10.7 (32) 9.4 (26) 10.5 (16) 10.8 (20) 10.6 (15) 9.8 (15) 10.2 (18) 10.0 (31)

Geo mean fasting insulin, pmol/L (% CV) 61 (84) 58 (45) 72 (44) 56 (27) 93 (47) 68 (68) 63 (87) 64 (36) 63 (42) 63 (88)

Geomean fasting C-peptide, nmol/L (%CV) 0.8 (36) 0.8 (25) 0.8 (25) 0.7 (31) 0.9 (18) 0.8 (37) 0.7 (60) 0.9 (13) 0.8 (53) 0.8 (36)

HOMA-IR (% CV) 3.5 (70) 4.0 (43) 4.9 (40) 3.4 (44) 6.3 (42) 4.7 (76) 4.3 (97) 4.0 (46) 4.1 (59) 4.0 (81)

Geo mean fasting glucagon, ng/L (% CV) 88 (19) 93 (18) 99 (35) 85 (32) 93 (30) 89 (38) 83 (26) 93 (22) 97 (12) 93 (27)

Geo mean fasting TGs, mmol/L (% CV) 1.6 (20) 1.7 (25) 1.4 (36) 2.1 (27) 2.0 (30) 1.5 (48) 2.1 (28) 1.9 (30) 1.7 (33) 1.6 (55)

Geo mean fasting TC, mmol/L (% CV) 5.2 (17) 4.7 (19) 5.4 (20) 5.9 (13) 5.1 (20) 4.5 (25) 5.5 (23) 5.8 (19) 4.3 (18) 4.8 (19)

Geo mean fasting HDL-C, mmol/L (% CV) 1.2 (21) 1.1 (30) 1.2 (18) 1.3 (16) 1.1 (32) 1.2 (24) 1.0 (18) 1.3 (17) 1.0 (30) 1.2 (28)

Geo mean fasting non-HDL-C, mmol/L (%

CV)

4.0 (25) 3.6 (23) 4.2 (28) 4.5 (21) 3.9 (27) 3.2 (38) 4.5 (25) 4.5 (22) 3.3 (20) 3.5 (29)

Geo mean fasting FFA, mmol/L (% CV) 440 (35) 468 (39) 645 (21) 432 (24) 541 (40) 703 (25) 865 (17) 360 (23) 539 (41) 430 (34)

Geo mean fasting 3-hydoxybutyrate, mmol/

L (% CV)

114 (50) 106 (65) 127 (42) 97 (39) 97 (29) 129 (41) 126 (26) 93 (8) 142 (87) 121 (63)

Geo mean fasting apoA-1, mg/dL (% CV) 130 (18) 120 (25) 130 (11) 139 (7) 136 (28) 138 (16) 118 (9) 135 (14) 109 (24) 138 (13)

Geo mean fasting apoB, mg/dL (% CV) 100 (24) 91 (19) 99 (24) 108 (20) 101 (20) 84 (34) 103 (28) 106 (20) 85 (18) 88 (29)

Geo mean fasting Adiponectin, mg/mL (%

CV)

3.3 (64) 4.0 (55) 4.2 (52) 3.4 (109) 5.2 (28) 3.5 (52) 4.2 (66) 5.4 (63) 5.2 (52) 5.0 (63)

Geo mean HbA1C, % (% CV) 8.0 (10) 7.8 (10) 8.0 (12) 8.4 (13) 8.1 (10) 7.4 (11) 7.6 (10) 8.2 (9) 7.7 (7) 8.1 (14)

Geo mean fasting IGF-1, ng/mL (% CV) 135 (47) 155 (29) 114 (29) 156 (20) 113 (33) 147 (32) 164 (38) 129 (47) 112 (53) 183 (36)

Geo mean fasting C4, ng/mL (% CV) 36 (89) 30 (86) 29 (162) 59 (88) 51 (52) 22 (112) 19 (323) 52 (51) 18 (96) 22 (232)

Mean HR, bpm (SD) 66 (6) 62 (12) 65 (10) 70 (10) 69 (7) 63 (7) 65 (7) 62 (6) 67 (9) 63 (16)

Mean SBP, mmHg (SD) 125 (12) 118 (11) 126 (16) 119 (14) 125 (13) 121 (18) 129 (12) 120 (17) 132 (19) 126 (18)

Mean DBP, mmHg (SD) 77 (5) 74 (8) 74 (6) 77 (6) 80 (7) 73 (8) 75 (5) 72 (10) 81 (6) 75 (12)

QW, once weekly; Q2W, once every 2 weeks; N, number of subjects per group; SD, standard deviation; BMI, body mass index; Geo, geometric; TG, triglyceride; CV, coefficient of variation; TC,

total cholesterol; HDL-C, high-density lipoprotein cholesterol; FFA, free fatty acid; HOMA-IR, homeostatic model assessment of insulin resistance; apoA-1, Apolipoprotein A-1; apoB, Apolipo-

protein B; HbA1c, glycated hemoglobin; IGF-1, insulin growth factor 1; C4, 7a-hydroxy-4-cholesten-3-one; HR, heart rate, SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Figure 2. PK Profile of AKR-001 in Type 2

Diabetic Patients

(A and B) Median serum concentration of intact

AKR-001 following (A) weekly (QW) and (B) once

every 2 weeks (Q2W) dose regimens.
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AKR-001 of 0.5–1 nMacrossmultiple cell-based assays,29 about

10- to 100-fold higher than the systemic levels of native human

FGF21 and about 20- to 80-fold lower than the effective concen-

tration of AKR-001 in humans, presented here.

In part, the difference between AKR-001’s in vitro EC50 and

observed systemic levels of native FGF21 in humans may be

explained by AKR-001’s slightly lower in vitro potency than

native human FGF21. In addition, C-terminal cleavage and

inactivation by FAP may lead to a substantial concentration

gradient for intact native FGF21 between its cell-surface site

of action and the systemic circulation, attributable to the close

proximity of membrane-bound FAP to the co-receptors medi-

ating FGF21 signaling.32 The difference between AKR-001’s

in vitro EC50 and its effective human concentration remains to

be explored but may, at least in part, reflect plasma protein

binding of AKR-001, a relatively hydrophobic and slightly acidic

molecule.

AKR-001 Induced Dose-Dependent Effects on
Metabolic Markers
Markers of Insulin Sensitivity

Measures of insulin sensitivity, such as insulin, C-peptide, and

homeostatic model assessment of insulin resistance (HOMA-

IR), evaluated in the fasted state at the point of maximal

steady-state AKR-001 serum concentration following QW

administration (3 days after the final dose, day 25), showed nu-

merical improvement at 70 and 140mgQW (Table 3). In contrast,

there appeared to be little change in markers associated with

glycemic control in Q2W cohorts, including the top dose, at the

point corresponding to maximal steady-state AKR-001 serum

concentration (3 days after the final dose, day 18; Table 3; Fig-

ure S2A). Comparing the 70 mg QW and 140 mg Q2W dose

groups is of particular value in determining the more effective

dosing regimen because the total dose and AUC0–t were similar

for these groups, but the trough and average concentrations

were higher following 70 mg QW than 140 mg Q2W (Table 2).

The extended half-life (3–3.5 days) combined with 2–3.5 days

to reachCmax after QWdosing appeared to result inmaintenance

of systemic exposure to AKR-001 above a pharmacologically

effective concentration during the inter-dose interval while

limiting the peak-to-trough ratio to approximately 2 under steady

state conditions. In contrast, an effective concentration did not

appear to be maintained with Q2W dosing of 140 mg because
Cell Re
markers of insulin sensitivity did not

appear to be improved despite similar

exposure (AUC0–t) to 70 mg QW.

Figures 3A–3E show the change from

baseline in concentration of markers of

glycemic control in the 21 and 70 mg

QW AKR-001 and placebo cohorts at
all study time points, demonstrating a trend toward dose-

dependent improvement. Following the fourth QW dose, only

fasting C-peptide levels appeared to be reduced at 21 mg,

whereas C-peptide, insulin, HOMA-IR, and glucose were lower

at 70 mg. QW doses of 21 and 70 mg were also well tolerated

(Table 4), suggesting therapeutic potential across this range.

From day 18, the placebo-corrected change from baseline of

fasting glucose following administration of 70 mg AKR-001

QW ranged from�20% to�35% (Table 3; Figure 3A). This con-

trasts with the general lack of reduction for obese patients with

type 2 diabetes following daily dosing of LY240531918 and peg-

belfermin21 for 4 and 12 weeks, respectively, twice weekly

dosing of PF-05231023,19 and weekly dosing of BFKB8488A

for 12 weeks (C. Wong et al., 2019, AASLD, poster #2310). Sur-

prisingly, a trend toward increases in fasting glucose was

observed following Q2W dosing (Figure S2A), possibly because

of increased hepatic glucose output, consistent with observa-

tions of elevated glucagon in the higher-dose Q2W cohorts

(Table 3). The indication that AKR-001 may increase glucagon

levels in humans contrasts with the unchanged glucagon levels

reported for mice treated with FGF2113,14 and reduced levels

for non-human primates treated with rhFGF21 or FGF21 ana-

logs.15,29 Increasing insulin sensitivity with higher doses of

AKR-001 may account for the trend of higher fasting glucose

at 21 mg QW reversing to lower fasting glucose at doses of

70 mg QW or less (Table 3). Improved insulin sensitivity should

increase peripheral extraction of circulating glucose, potentially

offsetting any increase in glucose output by the liver in

response to raised glucagon levels. Insulin has also been

demonstrated to suppress the acute glucagon response to

arginine in humans.33

Progressive numerical reductions in fasting insulin were

observed following 70 mg AKR-001 QW repeat dosing (Fig-

ure 3B; Table 3). In contrast, insulin levels appeared to be un-

changed after Q2Wdosing (Figure S2B; Table 3). The substantial

sustained dose-related numerical decrease in C-peptide upon

weekly AKR-001 administration corroborates the observed trend

toward dose-dependent reductions in circulating insulin (Fig-

ure 3C; Table 3). In contrast, the only Q2W cohort with apparent

reductions in C-peptide was the 140 mg dose group (Table 3;

Figure S2C). Previous reports for FGF21 analogs in placebo-

controlled trials showed that only the highest daily dose of

LY2405319 reduced fasting insulin,18 whereas the levels of
ports Medicine 1, 100057, July 21, 2020 5



Table 2. Descriptive Statistics of PK Parameter Estimates after QW and Q2W Administration of AKR-001

PK Parameter

AKR-001 QW AKR-001 Q2W

7 mg 21 mg 70 mg 140mg 7 mg 21 mg 70 mg 140 mg

Day 1 n 7 6 6 9 6 6 6 6

mean Cmax,

ng/mL (% CV)

297 (71.6) 806 (76.8) 2,600 (67.4) 7,590 (43.7) 193 (16.6) 1,010 (37.1) 2,110 (76.6) 6,810 (33.4)

mean AUC0–t,

day$ng/mL

(% CV)

1,450 (72.5) 4,060 (73.6) 13,300 (67.8) 36,700 (36.2) 1,490 (17.4) 7,170 (21.4) 17,500 (80.1) 50,600 (35.4)

Day 15

(Q2W)

or day 22

(QW)

n 6 6 6 5 6 6 6 6

mean Cmax,

ng/mL (% CV)

440 (47.1) 2,290 (51.3) 6,260 (48.3) 11,900 (83.1) 236 (50.2) 881 (47.0) 3,140 (69.5) 7,530 (49.5)

mean AUC0–t,

day$ng/mL

(% CV)

2,260 (43.6) 10,700 (48.4) 31,900 (48.5) 57,500 (70.4) 1,750 (44.5) 6,110 (35.4) 27,800 (78.5) 55,600 (44.4)

t1/2,z, days

(% CV)

3.24 (23.5) 2.56 (12.0) 3.30 (12.7) 3.54 (13.8) 2.81a (30.2) 3.27b (13.2) 3.29 (7.1) 3.44 (11.3)

QW, once weekly; Q2W, once every 2 weeks; n, number of subjects per group; % CV, coefficient of variation expressed as percent; Cmax, maximum

observed concentration; AUC0–t, area under the concentration-time curve during the inter-dose interval, post-dose; t, inter-dose interval (QW= 7days,

Q2W = 14 days); t1/2,z, terminal half-life.
aN = 4.
bN = 5.
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insulin remained unchanged following all dosing regimens for

PF-0523102319 and pegbelfermin.21

HOMA-IR represents an estimate of insulin resistance under

fasted conditions. Following AKR-001QWdosing, trends toward

lower HOMA-IR values in the 70 mg (reduction from baseline of

54%–65% over days 23–36) and 140 mg (reduction of 32%–

57% over days 23–36) groups were sustained until AKR-001

serum concentration fell from steady state (Table 3; Figure 3E).

HOMA-IR numerical decreases from baseline in the Q2W dose

groups were observed sporadically (Figure S2E; Table 3). Gly-

cated hemoglobin appeared to be unchanged after QW and

Q2W dosing for 4 weeks, which is to be expected given its

slow turnover. There were minimal changes in body weight

(Table 3).

A mixed meal tolerance test was carried out 3 days after the

final dose for each cohort, following the reported fasting mea-

surements on days 18 and 25 for the Q2W and QW groups,

respectively. The mean placebo-corrected changes in AUC0–4h

from the baseline test (day �1) for metabolic marker responses

are provided in Table S1. Under post-prandial conditions, similar

to fasting measurements, markers of glycemic control appeared

to be improvedmore byQW thanQ2Wdosing. Therewas a trend

toward reductions in glucose, insulin, and C-peptide after QW

dosing, whereas after Q2W dosing, only insulin and C-peptide

trended lower and to a lesser magnitude. Changes in post-pran-

dial glucagon were variable and not dose related. It has been re-

ported that post-prandial glucagon concentration ranges are

greater than those in the fasted state, and that this range in-

creases with age.34 This greater variability may account for the

inconsistent increases in glucagon seen in the 7 mg QW,

140 mg QW, and 70 mg Q2W dose groups only. The effect of

other FGF21 analogs on post-prandial measurements has not

been reported.
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In summary, AKR-001 demonstrated trends toward improve-

ments in glycemic control andmarkers of insulin sensitivity under

fasting and fed conditions, comparing favorably with previously

reported clinical investigations with other FGF21 analogs

(C. Wong et al., 2019, AASLD, poster #2310).18,19,21

Markers of Lipid Metabolism

As with the glycemic markers described above, trends toward

improvements in the lipoprotein profile were numerically greater

and appeared to be longer lasting with QW than Q2W dosing

(Table 3; Figures 3F–3H; Figures S2F–S2H), confirming the

need tomaintain a threshold of AKR-001 exposure across the in-

ter-dose interval to elicit the maximal therapeutic effects of

FGF21 agonism. For example, the maximal placebo-corrected

reductions in fasting triglyceride were 69% and 55%, whereas

the increases in HDL were 61% and 37%, respectively, for QW

and Q2W. Maximal numerical differences in both of these

markers was achieved with QWdosing of 70mg or more. The ef-

fect of 70 mg and 140 mg QW AKR-001 on the lipoprotein profile

is directionally similar to that reported for other FGF21 analogs

(C.Wong et al., 2019, AASLD, poster #2310),18,19, but the effects

observed for AKR-001 appear to be quantitatively larger. For

example, the highest doses of PF-05231023 and LY2405319

reduced triglyceride by up to 50% after 4 weeks,18,19 whereas

the highest daily dose of pegbelfermin reduced triglyceride by

only 22% after 2 weeks.21,25 For HDL, the maximal increase

from baseline with other FGF21 analogs was 15%–29% (C.

Wong et al., 2019, AASLD, poster #2310).18–21 Similarly, non-

HDL cholesterol appeared to decrease in a dose-dependent

manner following AKR-001 QW administration (�34%

maximum), with a lesser effect seen with Q2W dosing (Table 3;

Figure 3G; Figure S2G). The corresponding maximal placebo-

corrected decrease in non-HDL cholesterol following treatment

with PF-05231023 was 17%.20 The maximal reduction from



Figure 3. Effect of AKR-001 on Markers of

Glycemic Control and Lipid Metabolism

(A–H) Concentration change from baseline of fas-

ted-state (A) glucose, (B) insulin, (C) C-peptide, (D)

glucagon, (E) HOMA-IR, (F) HDL cholesterol, (G)

non-HDL cholesterol, and (H) triglycerides by study

day for placebo (n = 7–9), 21 mg (n = 5–6), and

70 mg (n = 5–6) QW dose cohorts. Data are pre-

sented as least-squares mean ± 95% confidence

intervals.

See also Figure S2.

Article
ll

OPEN ACCESS
baseline in low-density lipoprotein (LDL) cholesterol with the

highest doses of pegbelfermin evaluated (20 mg daily, QD, and

20 mg QW) was 12%.21,25

Unlike previous studies with FGF analogs, fasting serum lipo-

protein levels were followed for 5–7 weeks after the last dose of

AKR-001 (Figures 3F–3H). The trend toward improvement in lipo-

protein profiles persisted so that, in the 70 mg QW cohort on day

56, when the AKR-001 serum concentration was below the limit

of quantitation (<10 ng/mL), non-HDL cholesterol and triglycer-

ides remained below pre-treatment levels and HDL-cholesterol

above. This is consistent with a model in which AKR-001
Cell R
addressed underlying dyslipidemia by

inducing durable, beneficial adaptations

in lipid homeostasis. Supporting this hy-

pothesis, a recent publication has shown

that FGF21 increases lipophagy in hepa-

tocytes by inducing demethylation of spe-

cific histone residues, leading to stable

modifications of gene expression.35

Other markers of lipid metabolism in the

fasting state, including free fatty acid (FFA)

and 3-hydroxybutyrate concentration,

were little affected by administration

of AKR-001 (Table 3). The range of 3-hy-

droxybutyrate levels following AKR-001

administration is consistent with the lack

of effects reported with PF-05231023

in cynomolgusmonkeys19 and themodest

(2-fold) increase reported with LY2405319

in humans.18 The trends toward elevated

glucagon levels following AKR-001 admin-

istration may have increased fatty acid

oxidation by the liver,36 leading to a

modest increase in 3-hydroxybutyrate.

In contrast to the lack of effect in the

fasted state, post-prandial FFA concen-

tration (AUC0–4h) trended lower in the

AKR-001 70 mg (�31%) and 140 mg

(�19%) QW groups but appeared to be

unchanged by other dosing regimens

(Table 3; Table S1). A post-prandial FFA

reduction is consistent with the apparent

insulin sensitization at the higher QW

doses of AKR-001 and with possible

suppression of adipose tissue lipolysis
by FGF21 in vivo in the fed state37 and human adipocytes

in vitro.38 The effects of pegbelfermin, BFKB8488A, PF-

05231023, and LY2405319 on human post-prandial FFA con-

centration have not been reported.

Post Hoc Exploratory Biomarkers

The inclusion of additional post hoc exploratory biomarkers

enables hypothesis generation, informing future clinical develop-

ment of AKR-001 and other FGF21 analogs. Testing such hy-

potheses requires larger cohorts than those in this study to

enable statistical inferences. Apolipoprotein A-1 (apoA-1), the

major protein component of HDL particles, was numerically
eports Medicine 1, 100057, July 21, 2020 7
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increased following AKR-001 QW treatment at 7, 21, and 140mg

but not at 70 mg (Table S2). Weekly administration of AKR-001

resulted in a progressive dose-related trend toward reduction

of apolipoprotein B (apoB), the major protein component of

very-low-density lipoprotein (VLDL) and LDL particles and an in-

dependent causal risk factor for cardiovascular disease,39 with a

maximum placebo-corrected decrease of 42% from baseline

following treatment with 70 mg QW by day 29 (Table S2). The ef-

fect of FGF21 analogs on apoB has only been reported for

LY2405319, which elicited a maximum decrease from baseline

of 21%–25%.18 The smaller quantitative decrease in apoB with

LY2405319 compared with AKR-001 is consistent with the

greater numerical reduction in non-HDL cholesterol by AKR-

001 than LY2405319. Another independent causal risk factor

for cardiovascular disease is lipoprotein(a) (Lp(a)), which forms

disulfide bridges with apoB.40 The levels of Lp(a) appeared

to be unchanged following QW administration of AKR-001

(Table S2).

Given the rapid and numerically large reduction of triglycerides

by AKR-001, levels of proteins regulating triglyceride uptake

from VLDL and chylomicrons into peripheral tissues were

measured. Triglyceride uptake is mediated by the enzyme lipo-

protein lipase (LPL), which is activated by apolipoprotein C-2

(apoC-2) and inhibited by apolipoprotein C-3 (apoC-3) and an-

giopoietin-like 4 (ANGPTL4). Weekly administration of AKR-001

was associated with approximately 50% lower circulating

apoC-2 and apoC-3 across all doses equal to or greater than

70 mg (Table S2). ANGPTL4 levels appeared to be unchanged

(Table S2). The magnitude of reduction of apoC-3 appeared to

be greater than that reported for LY2405319, which elicited a

maximum decrease from baseline of 30%–35%, consistent

with a smaller maximal reduction of approximately 50% in

triglyceride18 compared with 60%–69% with QW AKR-001

(Table 3).

Taken together, the changes in the levels of apoC-2, apoC-3,

and ANGPTL4 may be expected to increase the activity of LPL,

thereby increasing extraction of triglyceride by peripheral tis-

sues. Heterozygous loss of function of apoC-2 in humans does

not impair LPL activity and extraction of triglyceride, unlike ho-

mozygous loss of function.41 This is consistent with little to no ef-

fect on LPL activity of AKR-001’s approximately 50% reduction

in apoC-2 alongside robust reductions in apoC-3 and triglycer-

ides. The observed numerical differences in specific apolipopro-

teins secreted by the liver as components of VLDL (apoB) or HDL

(apoA-1, apoC-2, and apoC-3)40 are consistent with a role of

AKR-001 in specifically modulating protein expression in human

hepatocytes. Further study is required to determine whether

these changes are mediated by direct action of AKR-001 on he-

patocytes, or whether they are indirect effects caused by whole-

body metabolic reprogramming induced by AKR-001.

Adiponectin, an adipocyte-derived hormone, has been re-

ported to be an insulin sensitizer that exhibits anti-diabetic,

anti-inflammatory, and anti-fibrotic effects.42–44 Similar to other

FGF21 analogs,18,19,21 AKR-001 appeared to increase adipo-

nectin levels, with larger numerical increases at higher doses

in general (Table S2). In mice, the beneficial effects of

FGF21 depend on functional adiponectin signaling, including

alleviation of obesity-associated hyperglycemia and insulin



Table 4. Treatment-Emergent AEs byPreferred TermReported in 2 orMore Subjects in the Pooled Placebo (QWandQ2W) or across All

AKR-001 Treatment Groups (7–140 mg, QW and Q2W)

Placebo Pooled

QW/Q2W AKR-001 QW AKR-001 Q2W

AKR-001 Pooled

QW/Q2W

(N = 17)

7 mg

(N = 7)

21 mg

(N = 6)

70 mg

(N = 6)

140 mg

(N = 9)

7 mg

(N = 6)

21 mg

(N = 6)

70 mg

(N = 6)

140 mg

(N = 6)

%70 mg

(N = 37)

7–140 mg

(N = 52)

Subjects reporting TEAEs,

n (%)

12 (70.6) 5 (71.4) 5 (83.3) 5 (83.3) 9 (100) 4 (66.7) 4 (66.7) 6 (100) 5 (83.3) 29 (78.4) 43 (82.7)

Serious AEs, n (%) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

AE withdrawals, n (%) 1 (5.9) 1 (14.3) 0 (0) 0 (0) 4 (44.4) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.7) 5 (9.6)

Subjects Reporting TEAEs,a at Least 2 Subjects in Pooled Placebo or across All AKR-001 Treatment Groups, n (%)

Gastrointestinal disorders 2 (11.8) 4 (57.1) 3 (50) 3 (50) 8 (88.9) 2 (33.3) 2 (33.3) 3 (50) 3 (50) 17 (45.9) 28 (53.8)

Nausea 0 (0) 2 (28.6) 3 (50) 2 (33.3) 6 (66.7) 0 (0) 2 (33.3) 2 (33.3) 3 (50) 11 (29.7) 20 (38.5)

Diarrhea 1 (5.9) 2 (28.6) 0 (0) 2 (33.3) 2 (22.2) 0 (0) 1 (16.7) 2 (33.3) 1 (16.7) 7 (18.9) 10 (19.2)

Vomiting 0 (0) 0 (0) 0 (0) 2 (33.3) 3 (33.3) 0 (0) 1 (16.7) 1 (16.7) 2 (33.3) 4 (10.8) 9 (17.3)

Dyspepsia 1 (5.9) 1 (14.3) 0 (0) 0 (0) 2 (22.2) 0 (0) 0 (0) 1 (16.7) 0 (0) 2 (5.4) 4 (7.7)

Abdominal pain, upper 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (16.7) 1 (16.7) 0 (0) 2 (5.4) 2 (3.8)

Constipation 1 (5.9) 0 (0) 0 (0) 0 (0) 1 (11.1) 1 (16.7) 0 (0) 0 (0) 0 (0) 1 (2.7) 2 (3.8)

General disorders and

administration site conditions

2 (11.8) 2 (28.8) 1 (16.7) 4 (66.7) 2 (22.2) 0 (0.0) 1 (16.7) 1 (16.7) 2 (33.3) 9 (24.3) 13 (25)

Injection site rash 0 (0) 0 (0) 1 (16.7) 2 (33.3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (8.1) 3 (5.8)

Injection site erythema 0 (0) 0 (0) 0 (0) 0 (0) 1 (11.1) 0 (0) 0 (0) 0 (0) 1 (16.7) 0 (0) 2 (3.8)

Metabolism and nutrition

disorders

1 (5.9) 2 (28.6) 2 (33.3) 2 (33.3) 5 (55.6) 0 (0) 0 (0) 2 (33.3) 0 (0) 8 (21.6) 13 (25)

Increased appetite 0 (0) 1 (14.3) 0 (0) 2 (33.3) 4 (44.4) 0 (0) 0 (0) 1 (16.7) 0 (0) 4 (10.8) 8 (15.4)

Hyperkalemia 0 (0) 0 (0) 1 (16.7) 0 (0) 0 (0) 0 (0) 0 (0) 1 (16.7) 0 (0) 2 (5.4) 2 (3.8)

Nervous system disorders 5 (29.4) 1 (14.3) 1 (16.7) 0 (0) 4 (44.4) 2 (33.3) 2 (33.3) 3 (50) 0 (0) 9 (24.3) 13 (25)

Headache 4 (23.5) 0 (0) 1 (16.7) 0 (0) 1 (11.1) 2 (33.3) 1 (16.7) 2 (33.3) 0 (0) 6 (16.2) 7 (13.5)

Tremor 0 (0) 0 (0) 0 (0) 0 (0) 4 (44.4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4 (7.7)

Dysgeusia 0 (0) 0 (0) 0 (0) 0 (0) 1 (11.1) 0 (0) 1 (16.7) 1 (16.7) 0 (0) 2 (5.4) 3 (5.8)

Musculoskeletal and

connective tissue disorders

3 (17.6) 0 (0) 1 (16.7) 1 (16.7) 1 (11.1) 2 (33.3) 1 (16.7) 0 (0) 0 (0) 5 (13.5) 6 (11.5)

Back pain 2 (11.8) 0 (0) 0 (0) 1 (16.7) 0 (0) 2 (33.3) 1 (16.7) 0 (0) 0 (0) 4 (10.8) 4 (7.7)

Muscle spasms 0 (0) 0 (0) 1 (16.7) 0 (0) 1 (11.1) 1 (16.7) 0 (0) 0 (0) 0 (0) 2 (5.4) 3 (5.8)

Infections and infestations 2 (11.8) 0 (0) 0 (0) 2 (33.3) 1 (11.1) 0 (0) 0 (0) 0 (0) 1 (16.7) 2 (5.4) 4 (7.7)

Rhinitis 0 (0) 0 (0) 0 (0) 1 (16.7) 1 (11.1) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.7) 2 (3.8)

Upper respiratory

tract infection

0 (0) 0 (0) 0 (0) 1 (16.7) 0 (0) 0 (0) 0 (0) 0 (0) 1 (16.7) 1 (2.7) 2 (3.8)

Cardiac disorders 0 (0) 0 (0) 0 (0) 2 (33.3) 1 (11.1) 0 (0) 0 (0) 0 (0) 1 (16.7) 2 (5.4) 4 (7.7)

Palpitations 0 (0) 0 (0) 0 (0) 2 (33.3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (5.4) 2 (3.8)

System organ class AE incidence includes preferred terms that do not themselves meet the threshold for inclusion in Table 4. All remaining AEs are

reported in Table S4. Additionally, a single subject may report multiple AEs captured by multiple preferred terms. For these reasons, the sum of the

preferred term-level AEs may not equal the corresponding system organ class-level AEs in this table. QW, once weekly; Q2W, once every 2 weeks; N,

number of subjects per group; n, number of subjects reporting event; TEAE, treatment-emergent AE. See also Tables S3 and S4.
aTEAE by system organ class and preferred term, coded using the Medical Dictionary for Regulatory Activities v.17.0.
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resistance.12,45 However, despite an apparently similar magni-

tude of increase in adiponectin in the AKR-001 QW and Q2W

dose groups, larger trends toward improvements in glycemic

control and insulin sensitivity were evident with QW than with

Q2W dosing. This is consistent with clinical observations across

FGF21 analogs, where increases in adiponectin levels were not

associated with improved glycemic control.18–20 These observa-

tions call into question whether the improvements in insulin
sensitivity and glycemic control in humans are primarily driven

by increased secretion of adiponectin from adipose tissue medi-

ated by activation of FGFR1c, as has been demonstrated for

mice.46

AKR-001 administration did not appear to reduce bile acid

synthesis because the levels of 7a-hydroxy-4-cholesten-3-one

(C4) did not decrease, in contrast to the decrease in total plasma

bile acid (approximately �50%) and C4 (�70% to �80%)
Cell Reports Medicine 1, 100057, July 21, 2020 9
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reported following treatment with long-acting FGF21 analogs in

cynomolgus monkeys.47 Further supporting unchanged bile

acid metabolism upon AKR-001 administration, no discernible

trend in bile acid composition was apparent. Consistent with

the unchanged flux of cholesterol to bile acid, fasting levels of to-

tal and non-HDL cholesterol trended lower following AKR-001

treatment (Table 3). Other experimental treatments for metabolic

diseases like NASH, such as the FGF19 analog NGM28248 and

the Farnesoid XReceptor (FXR) agonist obeticholic acid,49mark-

edly suppress bile acid synthesis in humans, consequently

raising plasma LDL cholesterol. Lower bile acid secretion into

the gastrointestinal (GI) tract impairs absorption of dietary fat, re-

sulting in steatorrhea.50 Diarrhea was reported to be a frequent

(36%–41%) AE with NGM282.48 Consistent with the lack of ef-

fect on bile acid synthesis, AKR-001 either did not appear to

affect (QW dosing), or numerically reduced (Q2W dosing),

FGF19 levels (Table S2).

Reduced plasma levels of insulin growth factor 1 (IGF-1)

correlate with insulin resistance, dyslipidemia, obesity, and

metabolic syndrome.51 Although the mean change from base-

line in total IGF-1 concentration trended numerically higher in

all cohorts receiving AKR-001 compared with placebo treat-

ment, particularly with QW dosing, the increases were variable

and not dose dependent (Table S2). The levels of total IGF-1

increased 2- to 5-fold in obese hypertriglyceridemic subjects

after 4 weeks of PF-05231023 treatment, whereas free IGF-1

and the IGF binding proteins IGFBP1, IGFBP2, and IGFBP3

were reported to be unchanged.20 These observations in hu-

mans appear to be different from those in mice. Overexpres-

sion of FGF21 in the mouse liver led to 5-fold higher circulating

levels of FGF21 compared with the wild type and suppressed

secretion of IGF-1 by the liver.52

Compared with reports for other FGF21 analogs, AKR-001

70 mg QW elicited the largest numerical increases in markers of

insulin sensitivity, the largest apparent suppression of post-pran-

dial lipolysis, and the largest numerical improvements in lipopro-

tein profile (Table S5). Lipolysis is a major source of fatty acids re-

esterified into triglyceride within hepatocytes and secreted by the

liver as VLDL.53,54 The apparent differences in effect on adipose

tissue of AKR-001 compared with other FGF21 analogs may be

due to greater potency and/or intrinsic agonist activity of AKR-

001 at FGFR1c, the receptor thatmediates FGF21 signaling in ad-

ipose tissue.46 AKR-001 has a similar potency as human FGF21,

with potency balanced across the FGFR1c, FGFR2c, and

FGFR3c proteins complexed with b-Klotho.29 LY2405319 also

has similar potency as human FGF21 in a range of in vitro as-

says.55 However, it is not possible to make a comparison with

pegbelfermin or PF-05231023 because corresponding in vitro po-

tency data have not been reported. An alternative explanation for

the numerically smaller pharmacological effects of the other

FGF21 analogs on adipose tissue compared with AKR-001 is

that peripheral exposure was insufficient to maximally stimulate

FGFR1c in their clinical studies. PEGylation of FGF21, as in peg-

belfermin, may have altered its bio-distribution, reducing expo-

sure in the periphery relative to the liver, as shownwith PEGylated

insulin.56 The much shorter half-life of intact C-terminal PF-

05231023 (6.5–10.3 h) dosed twice weekly,20 compared with

AKR-001 (3–3.5 days), may have resulted in less sustained ago-
10 Cell Reports Medicine 1, 100057, July 21, 2020
nism of FGFR1c than elicited by AKR-001. Although this study

was not powered to support statistical inference regarding PD

endpoints, the hypotheses generated by these data and

described here are the subject of a recently completed clinical

study (AKR-001 phase 2a trial in histologically confirmed NASH,

ClinicalTrials.gov: NCT03976401).

Tolerability Profile

There were no serious or fatal AEs at any dose during the treat-

ment period. One unrelated serious AE occurred during washout

(before randomization to treatment). Nearly all (91%) treatment-

emergent AEs in subjects receiving active treatment were mild

(grade 1 severity) and transient. All doses up to and including

70 mg, irrespective of dose interval, demonstrated acceptable

tolerability for subsequent clinical investigation, consistent with

selection of 70 mg QW as the highest dose in the recently

completed phase 2a trial of AKR-001 in NASH patients

(NCT03976401). Treatment-emergent AEs were reported for 43

subjects receiving any dose of AKR-001 (82.7%), 29 subjects

receiving up to and including 70 mg AKR-001 (78.4%), and 12

subjects receiving a placebo (70.6%) (Table 4). The most

frequent treatment-related AEswere gastrointestinal. Consistent

with previous reports of FGF21 analogs,18–21,25 the GI events

associated with AKR-001 dosing were mild or moderate (four

grade 2 severity events) and transient in nature. There were no

treatment-related withdrawals at doses up to and including

70 mg QW and 140 mg Q2W AKR-001. One subject receiving

7mgQWand one receiving placebowithdrew because of hyper-

glycemia considered by the investigator not to be related to the

investigational product. There were four investigational product-

related withdrawals from the 140 mg QW dose group: two

because of GI AEs, one because of GI and tremor AEs, and

one because of tremor. One subject who withdrew because of

GI AEs and experienced tremor after withdrawal was adminis-

tered an anti-emetic with an FDA label that included tremor

among CNS side effects.57 No other neuromuscular AEs were

observed at any dose level.

Although one subject in the 140 mg QW cohort experienced

mild ventricular extrasystoles attributed by the investigator to

AKR-001, there was no observable trend in electrocardiography

measurements, including corrected QT interval. One subject in

the 140 mg Q2W cohort experienced mild tachycardia, and

two subjects in the 70 mg QW cohort experienced mild palpita-

tions, none of which were considered by the investigator to be

related to AKR-001. No discernible trends were observed in liver

function tests or markers of renal function, including albumin,

alkaline phosphatase, alanine aminotransferase, aspartate

aminotransferase, bilirubin, serum electrolytes, creatinine, and

blood urea nitrogen.

Of the seven subjects who developed ADAs, three were

sampled 6 weeks after the end of the study, and no ADAs

were detected.

PK-PD and Safety Endpoint Modeling

There was an imbalance across study cohorts of hypertension,

based on medical history. Therefore, the relationship between

cardiovascular measurements (heart rate, systolic and diastolic

blood pressure) and AKR-001 exposure was examined by PK-

PD modeling. The model included all data for treated and

placebo subjects from screening to the end of the study.

http://ClinicalTrials.gov
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The PK-PD model predicted no association between blood

pressure and serum concentration of AKR-001 (Figures S3A

and S3B). The predicted lack of effect is consistent

with unchanged vital signs reported for pegbelfermin,25

LY2405319,18 and an initial studywith PF-05231023.19 However,

in a subsequent study, treatment with PF-05231023 was associ-

ated with increases in blood pressure and heart rate.20 The dif-

ference between the outcomes of the two studies with PF-

05231023 could not be explained.20

The predicted lack of effect of AKR-001 on blood pressure is

consistent with the observed blood pressure phenotypes of hu-

man carriers of FGF21 genetic variants. Of note, rare variants

encoding putative non-functional, truncated FGF21 are associ-

ated with higher blood pressure.28 In a study of 451,099 human

subjects, the minor A allele of a common variant of FGF21,

rs838133, is associated with 0.29 mmHg higher systolic blood

pressure per A allele.28 Although it has not been definitively

demonstrated, preclinical and clinical genotype-phenotype as-

sociations indicate that the A allele may be associated with loss

of FGF21 function. Congruently, preclinical studies show that

increasing levels of FGF21 (by overexpression or exogenous

administration) reduce blood pressure and vessel wall pathol-

ogy of mice rendered hypertensive by chronic administration

of fructose,58 infusion of angiotensin II,59 or induction of

vascular calcification following co-administration of vitamin D

and nicotine.60 Further evidence of FGF21’s potential protec-

tive effects on the cardiovascular system has been demon-

strated in a mouse model of deoxycorticosterone acetate

and sodium chloride hypertension-induced remodeling of the

myocardium, where decreasing systemic levels of FGF21 exac-

erbated remodeling, and restoration of FGF21 levels amelio-

rated symptoms.61

PK-PD modeling and simulations based on all QW and Q2W

doses (Figure S3C) predicted a potential increase in heart rate

of up to 2–3 beats per minute at serum concentrations of AKR-

001 corresponding to doses of 70 mg QW and higher. How-

ever, another sensitivity analysis based on all data for QW

and Q2W doses up to and including 70 mg (i.e., with data

from 140 mg dose groups excluded) predicted no effect on

heart rate (Figure S3D), implying a potential threshold exposure

effect on heart rate occurring between doses of 70 and 140 mg

AKR-001. To place a possible increase of 2–3 beats per minute

in context, administration of the glucagon-like peptide-1 recep-

tor agonist liraglutide (Victoza) at a dose of 1.8 mg to a type 2

diabetic population is associated with a similar magnitude of

increase in heart rate.62 At this dose, liraglutide has been

demonstrated to reduce the risk of cardiovascular events.63

Other PD endpoints were modeled in the same manner,

including all time points measured following AKR-001 QW and

Q2W administration (Figures S3E–S3L). These analyses allow

comparison across the overall study for each endpoint of inter-

est, examining in particular the different dose intervals. In gen-

eral, as with an increasing AKR-001 dose, increasing AKR-001

serum concentration is predicted to improve markers of insulin

sensitivity and lipid metabolism. For each endpoint examined

where AKR-001 appeared to elicit a positive effect, weekly

administration of AKR-001 is predicted to lead to greater

maximal and sustained effects than administration every 2weeks
(Figures S3E–S3L). This likely reflects the more stable and sus-

tained serum concentration of AKR-001 following QW versus

Q2W dosing.

Overall, AKR-001 demonstrated trends toward improvement

in the lipoprotein profile and in markers of insulin sensitivity in

this early-phase trial in patients with type 2 diabetes. AKR-

001 appeared to have acceptable toleration over the

course of the study, with a maximum dose of 70 mg QW

selected for future clinical development (ClinicalTrials.gov:

NCT03967401). Among existing antidiabetic medications, the

most widely used insulin sensitizers are metformin64 and so-

dium-glucose co-transporter-2 (SGLT2) inhibitors.65,66 Weight

gain and perceived safety issues associated with the other

class of insulin sensitizers, PPARg agonists, have markedly

reduced their use.67–69 AKR-001, with promising PD effects

and acceptable tolerability at doses up to 70 mg QW, has the

potential to expand the therapeutic repertoire for treating pa-

tients with metabolic syndrome-related disorders like type 2

diabetes. Notably, AKR-001 did not increase body weight,

consistent with several previous FGF21 analogs18,19,25 and in

contrast with an FGFR1c-selective analog.70 The superior PK

profile of AKR-001 and increased affinity for b-Klotho

compared with other known FGF21 analogs may result in sus-

tained agonism of FGF21’s canonical receptors (FGFR1c,

FGFR2c, or FGFR3c) and could explain the observed trend to-

ward improvement in glycemic control.

Furthermore, AKR-001’s apparent effects on a broad range of

metabolic markers after 4 weeks of administration in individuals

with type 2 diabetes support its ongoing clinical development

and suggest its potential for treating metabolic diseases.

NAFLD, themost prevalent liver disease globally,71 is a spectrum

of diseases that encapsulates progression from fatty liver

without inflammation to NASH and cirrhosis. NASH is a leading

cause of cirrhosis, hepatocellular carcinoma, and liver trans-

plants.72 However, with no current FDA-approved medication

for NASH, there is a substantial unmet need for efficacious ther-

apies. The underlying cause of NASH is a surfeit of calories

entering the liver, resulting in excessive deposition of fat within

hepatocytes, causing lipotoxicity and ultimately leading to stea-

tohepatitis.73,74 In the liver of patients with NAFLD, flux of fatty

acid from adipose tissue to the liver contributes approximately

60% of the lipid carbon in hepatocytes. Although de novo lipo-

genesis by hepatocytes is up to 3-fold higher in patients with

NASH compared with BMI-matched controls,75 it accounts for

only�25%of the lipid carbon in hepatocytes, with dietary fat ac-

counting for the remainder (�15%).30 Therefore, to maximally

reduce liver fat, inhibition of hepatic de novo lipogenesis and

suppression of the flux of fatty acids from adipose tissue to the

liver are required. As reported here, AKR-001 appeared to

reduce post-prandial lipolysis and reduced triglycerides by

more than 60%. AKR-001’s pharmacology, which mimics the

agonist profile of FGF21 at FGFR1c, FGFR2c, and FGFR3c,29

would also be expected to reduce hepatic de novo lipogenesis

and secretion of VLDL from the liver. FGF21 suppresses sterol-

regulatory element-binding transcription factor 1 (SREBP1), re-

sulting in lower expression of enzymes associated with de

novo lipogenesis and VLDL secretion.13,76 Such a profile

supports evaluating the potential of AKR-001 to reduce
Cell Reports Medicine 1, 100057, July 21, 2020 11

http://ClinicalTrials.gov


Article
ll

OPEN ACCESS
excessive levels of hepatic fat in NASH patients (ClinicalTrials.

gov: NCT03967401). Additionally, the risk of cardiovascular dis-

ease is high in subjects with metabolic syndrome, type 2 dia-

betes, and NASH, the majority of whom present with dyslipide-

mia.1,72 In this multiple-dose 4-week study with relatively small

cohorts, AKR-001 demonstrated trends toward improvements

in circulating levels of four risk factors independently causal for

cardiovascular disease: non-HDL cholesterol, apoB and

apoC3, and triglyceride.39,77,78 If these decreases are corrobo-

rated and sustained during long-term treatment in larger studies,

then AKR-001 has the potential to lower the risk of major adverse

cardiovascular events.

The descriptive PD data presented in this hypothesis-gener-

ating study, as well as preclinical studies showing that FGF21

or FGF21 analogs ameliorate diet-induced hepatic steatosis,

inflammation, and fibrosis,13,79–81 support further study of

AKR-001 in larger trials in patients with metabolic syndrome-

related disorders and, in particular, NASH. AKR-001 is currently

under investigation for treatment of histologically confirmed

NASH, with the primary endpoint of absolute reduction in liver

fat after 12 weeks of treatment. Additional endpoints under

investigation include liver histology (NAFLD activity score and

fibrosis) and markers of glycemic control and lipid metabolism,

testing the hypotheses generated in this phase 1 study.
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Mouse monoclonal anti-Fc/linker region Amgen, Inc. N/A

Rat monoclonal anti-intact C-terminal FGF21 Amgen, Inc. N/A

Biological Samples

Human plasma and serum Clinical Trial NCT01856881

Chemicals, Peptides, and Recombinant Proteins

Fc-FGF21(RGE) Stanislaus et al.29 AKR-001

Software and Algorithms

Prism 8 GraphPad https://www.graphpad.com

R versions 3.5.1, 3.6.0 R http://www.r-project.org

emmeans package R https://github.com/rvlenth/emmeans

lme4 package R https://github.com/lme4/lme4

nlme package R https://github.com/cran/nlme
RESOURCE AVAILABILITY

Lead Contact

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

Rolph (tim@akerotx.com)

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

There are restrictions to the availability of datasets analyzed in this study due to patient privacy requirements of clinical trials data.

Qualified researchers may request specific data and code from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This clinical trial was conducted at five centers in theUnited States in full conformancewith the ICHE6guideline forGoodClinical Prac-

tice and the principles of the Declaration of Helsinki. The study protocol, amendments, and informed consent received approval by the

Institutional ReviewBoard fromeach study center prior to study initiation. The study population comprised adult females of non-repro-

ductive potential andmales aged 18–65 years, with a bodymass index of 25–40 kg/m2, and a diagnosis of type 2 diabetes. Eligible par-

ticipants had an elevated level of HbA1c between 6.5% and 10%, and a fasting C-peptide value of 0.8 ng/mL or greater at screening.

Key exclusions were an evidence or history of diabetic complications, significant cardiac disease, uncontrolled hypertension, fasting

blood glucose of 270mg/dL or greater at screening, and hepatic liver enzymes ALT, AST, alkaline phosphatase or total bilirubin levels

greater than 1.5 times the upper limit of normal at screening. All anti-diabetic medications were discontinued twoweeks before dosing

with AKR-001. Subjects remained off anti-diabetic medications throughout the period of treatment and during the follow up period.

Lipid-lowering medications were not discontinued during the washout period or trial. No additional lipid lowering medications were

administered to any subjects. All participants provided both verbal and written informed consent prior to enrolling in the study.

METHOD DETAILS

Trial design
The trial was amulticenter, randomized, double-blind, placebo-controlled, ascendingmultiple-dose study in patients with type 2 dia-

betes. A total of eight cohorts were randomized to receive AKR-001 or placebo in a ratio of 3:1. AKR-001 (7, 21, 70 or 140 mg) or
e1 Cell Reports Medicine 1, 100057, July 21, 2020
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placebo was administered SC Q2W, or QW for 4 weeks. The trial, NCT01856881, evaluated the safety, pharmacokinetic (PK), and

pharmacodynamic (PD) profile of AKR-001 dosed up to 140 mg, based on an unacceptable tolerability profile of a single 210 mg

dose in the preceding single ascending dose trial (ClinicalTrials.gov: NCT01492465). The protocol outlined a ninth cohort, with 60

subjects planned to be randomized 1:1 to placebo or AKR-001 70 mg QW for 4 weeks; however, this cohort was not enrolled as

the first eight cohorts provided sufficient data relating pharmacokinetic to pharmacodynamic endpoints to inform dose selection

and dosing interval for subsequent clinical trials. A summary of the trial design is provided in Figure 1.

Trial procedures
Participants discontinued all antidiabetic medications and received lifestyle counseling from two weeks prior to dosing with AKR-001

until the end of study. Participants were admitted to the research facility on the following days: (day�2 to day 6 [all cohorts]) and after

the last dose of AKR-001 (day 14–20 [Q2W cohorts] and day 21–27 [QW cohorts]).

Primary endpoints
The primary endpoints were the incidence of treatment-emergent AEs, safety laboratory analytes, vital signs, electrocardiograms

(ECGs) and incidence of ADAs. The incidence of ADAs was measured pre-dose, day 29 and at the end of study (day 43 [Q2W] or

57 [QW]). Samples testing positive for binding antibodies were tested for FGF21-neutralizing antibodies. Blood pressure measure-

ments were taken in a supine position, following at least five minutes in a rested and calm state.

Secondary endpoints
Characterization of PK profile: For cohorts dosed Q2W, serum AKR-001 concentrations were measured pre-dose, 8 hours, day 2, 3,

4, 5, 6, 8, 11, 15 (pre-dose), 16, 17, 18, 19, 20, 22, 29, 36 and 43. Samples were also taken on Day 50 and 57 in the 140 mg Q2W

cohort. For cohorts dosed QW, serum AKR-001 concentrations were measured pre-dose, 8 hours, day 2, 3, 4, 5, 6, 8 (pre-dose),

11, 15 (pre-dose), 18, 22 (pre-dose), 23, 24, 25, 26, 27, 29, 36, 43, 50 and 57. Measurements were also taken on day 64 and 71 in

the 140mgQWcohort. SerumAKR-001 concentrations were determined using a validated sandwich ELISA, with capture by amurine

monoclonal antibody against human Fc and the linker region, and quantified using a rat monoclonal antibody which detects intact,

C-terminal AKR-001. AKR-001 serum concentration–time data was used to determine PK parameters using non-compartmental

methods.

Fasting PD parameters, concentration of fasting glucose, insulin, C-peptide, glucagon, total cholesterol, LDL-cholesterol, HDL-

cholesterol, triglycerides, free fatty acids and b-hydroxybutyrate were measured following an overnight fast of at least 8 hours. Mea-

surements were carried out on day�1, 2, 4, 6, 8, 11, 15, 16, 18, 20, 22, 29, 36, 43 in the cohorts dosed Q2W, and also on day 50 and

57 in the 140 mgQ2W cohort. Measurements were carried out on day�1, 2, 4, 6, 8, 11, 15, 18, 22, 23, 25, 29, 36, 43, 50 and 57 in the

cohorts dosed QW and also on day 64 and 71 in the 140 mg QW cohort.

Body weight was measured during screening, on day �1, 2, 3, 4, 5, 6, 8, 11, 14, 15, 16, 17, 18, 19, 20, 22, 25, 29, 36 and 43 in the

cohorts dosed Q2W, and also on day 50 and 57 in the 140 mg Q2W cohort. In the QW cohorts body weight was measured during

screening, on day �1, 2, 3, 4, 5, 6, 8, 11, 15, 18, 22, 23, 24, 25, 26, 27, 29, 36, 43, 50 and 57, with measurements also taken on

day 64 and 71 in the 140 mg QW cohort.

A mixed meal tolerance test measuring concentration-time profiles and AUC for metabolic parameters was carried out on day �1

(baseline) for all cohorts and day 18 (three days post second dose in cohorts receiving treatment Q2W), or day 25 (three days post

fourth dose in cohorts receiving treatment QW). The test was initiated between 7 and 9 am, following an overnight fast, with the meal

completed within 30 minutes of start time. The standardized meal was two bottles or cans of Ensure Plus�. Multiple blood samples

were collected for measurement of fasting and post-prandial glucose, insulin, C-peptide, free fatty acids, and glucagon: at 10 and 5

minutes pre-meal and 30, 60, 90, 120, 180, and 240 minutes post-prandial.

Exploratory outcome measures
Exploratory biomarkers, including fasting C4, apoB, apoA-1, adiponectin, FGF19 and IGF-1 levels were measured on day�1 (base-

line), day 4, 15 (pre-dose), 29 and at the end of study (day 43 or 57). Additional biomarkers, angiopoietin-like 4, apoC-2; apoC-3, and

lipoprotein(a), weremeasured from samples taken fromQWdose groups on day�1 (baseline), day 4, 15 (pre-dose), 29 and at the end

of study (day 57).

QUANTIFICATION AND STATISTICAL ANALYSIS

A computer-generated randomization schedule was prepared prior to the start of the study. The sample size of cohorts was based on

practical considerations and on typical Phase 1 study sizing when safety is the primary endpoint; however, power calculations were

performed to determine predictive power. Six subjects per cohort received active, providing a 73% chance of detecting an adverse

event with a true incidence of 20%. The sample size was not selected for statistical inference of pharmacodynamic endpoints.

In addition to evaluating tolerability and pharmacokinetics, the trial was intended as a hypothesis-generating study for estimation of

PD effect sizes. PD endpoint data are reported as placebo-corrected percentage change from baseline of least square geometric

means with 95% confidence interval and without p values. Overall, the analyses presented align with standards typically used for
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exploratory early-stage clinical trials to indicate trends in effect, rather than standards for pivotal registration studies to indicate repli-

cated statistical significance.

Analysis was performed on the safety analysis set, that is all subjects who received at least one dose of investigational product.

Cardiovascular safety endpoints are reported as least-squares mean percentage change from baseline. Descriptive statistics are

provided for demographics, baseline characteristics, safety, and PK data. Safety data from the QW and Q2W placebo groups

were combined.

Statistical modeling
Assessments presented as least-squaresmean and confidence interval were fit on the log scale with a linearmixed effectsmodel and

back-transformed to the linear scale for reporting. The models had fixed effects for treatment, time, treatment by time, and a random

effect on baseline by subject.

Statistical models were fit using R version 3.5.1 or 3.6.0 and the lme4 library, and least-squares means and confidence intervals

were calculated using the emmeans library.

PK–PD Modeling
To help determine the optimal dose level and administration frequency for future clinical evaluation of AKR-001, PK–PDmodeling and

simulations were performed to understand the predicted relationship of serum drug concentration with cardiovascular and PD end-

points across the whole study duration. The complete dataset for Q2W and QW cohorts including screening and Day�2 time points,

when scheduled assessments of PK and the PD endpoint occurred at the same nominal time, was used in the analysis. PK imputation

only occurred for predose concentrations and placebo-subject concentrations as zero; no PD imputation occurred in themodel data-

sets. Data for each subject were plotted as a function of serum concentration of AKR-001 versus each of: systolic blood pressure,

diastolic blood pressure, heart rate, triglycerides, insulin, glucose, C-peptide, total cholesterol, HDL cholesterol, non-HDL choles-

terol, and free fatty acid. The model-averaged (using Akaike information criterion weighting82), asymmetric confidence intervals

around the point estimate were determined for the predicted correlation of changes in intra-subject measures. Models included in

averaging were all twenty-one combinations of nonlinear mixed effect models for no effect, linear, Emax, and sigmoid Emax with poten-

tially different slope, Emax, and EC50 parameters by dosing frequency and all combinations of normal, power, and exponential residual

error; for each model, the random effect was on baseline when drug concentration was zero. Standard goodness-of-fit figures were

then plotted to provide a visual predictive check on predicted means compared with observations. All pharmacometric models were

fit using R version 3.5.1 and the nlme library.

ADDITIONAL RESOURCES

The trial is registered on clinicaltrials.gov with the clinical trial registry number NCT01856881: https://clinicaltrials.gov/ct2/show/

NCT01856881
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