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ABSTRACT 

Target engagement pharmacodynamic (PD) biomarkers are valuable tools in the prioritization of 

drug candidates, especially for novel, first-in-class mechanisms where robustness to alter 

disease outcome is unknown. Methionine aminopeptidase 2 (MetAP2) is a cytosolic 

metalloenzyme that cleaves the N-terminal methionine off of nascent proteins. Inhibition of 

MetAP2 leads to weight loss in obese rodents, dogs and humans. However, there is a need to 

develop efficacious compounds that specifically inhibit MetAP2 with an improved safety profile. 

The objective of this study was to identify a PD biomarker for selecting potent, efficacious 

compounds and for predicting clinical efficacy that results from inhibition of MetAP2. Here we 

report the use of NMet14-3-3g for this purpose. Treatment of primary human cells with MetAP2 

inhibitors resulted in a ~10-fold increase in NMet14-3-3g levels. Furthermore, treatment of diet 

induced obese mice with these compounds reduced body weight (~20%) and increased 

NMet14-3-3g (~15-fold) in adipose tissues. The effects on target engagement and body weight 

increased over time and were dependent on dose and administration frequency of compound. 

The relationship between compound concentration in plasma, NMet14-3-3g in tissue and 

reduction of body weight in obese mice was used to generate a pharmacokinetic-

pharmacodynamic-efficacy model for predicting efficacy of MetAP2 inhibitors in mice. We also 

developed a model for predicting weight loss in humans using a target engagement PD assay 

that measures inhibitor-bound MetAP2 in blood. In summary, MetAP2 target engagement 

biomarkers can be utilized to select efficacious compounds and predict weight loss in humans. 
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SIGNIFICANCE STATEMENT: 

The application of target engagement pharmacodynamic biomarkers during drug development 

provides a means to determine the dose required to fully engage the intended target and an 

approach to connect the drug target to physiological effects. This work exemplifies the process 

of using target engagement biomarkers during preclinical research to select new drug 

candidates and predict clinical efficacy. We determine concentration of MetAP2 anti-obesity 

compounds needed to produce pharmacological activity in primary human cells and in target 

tissues from an appropriate animal model and establish key relationships between 

pharmacokinetics, pharmacodynamics and efficacy, including the duration of effects after drug 

administration. The biomarkers described here can aid decision-making in early clinical trials of 

MetAP2 inhibitors for the treatment of obesity. 
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INTRODUCTION 

Obesity is a major risk factor for diabetes, heart disease, stroke, hepatic steatosis, cancer and 

numerous other medical conditions. Although the health issues associated with obesity are well 

established, the obesity rate continues to rise with prevalence at 36% of U.S. adults and 17% of 

U.S. children (Ogden et al., 2015). Pharmacological treatment options for obesity are limited 

and exhibit modest efficacy with the top drugs producing 5% weight loss over 3 months 

(Yanovski and Yanovski, 2014). This moderate effect as well as lack of sustained long-term 

response falls far short of patient expectations (Foster et al., 1997). While bariatric surgery is a 

more effective option for weight loss, many patients do not qualify or do not prefer surgical 

intervention. Hence, there is a need for more robust and safe anti-obesity medications.  

  Development of novel drugs requires use of biomarker strategy in order to make 

important go/no go decisions. Pharmacodynamic biomarkers are often used to assess the 

efficacy of novel compounds but determining whether a drug interacts with its specific target is 

very difficult using distal biomarkers, as converging signals can influence biomarker response. 

Target engagement biomarkers that are proximal to the drug target can be used to determine 

the dose required to fully engage the intended target and connect the drug target to 

physiological effects. For example, a target engagement biomarker that directly measures drug 

occupancy on the drug target can be used to understand if partial target occupancy could cause 

sufficient response in patients. Target engagement biomarkers can also be used to understand 

the level of occupancy that causes saturation of a desired downstream effect. This information 

can then be used to determine the appropriate dose schedule, and is especially helpful in 

making go/no go decisions for drugs that have a novel or unknown mechanism. 

The MetAP2 inhibitor class of drugs has shown anti-obesity efficacy in clinical trials with up 

to 10.6% weight loss over 3 months reported for beloranib (Hughes et al., 2013; Kim et al., 

2015). MetAP2 expression is increased 1.2- to 1.95-fold (p < 0.03) in adipocytes from obese 
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humans and obese mice (Baranova et al., 2005; Hageman et al., 2010; Klimcakova et al., 2011; 

Rosell et al., 2014). While the details of the molecular mechanism are not well defined, inhibitors 

of MetAP2 act on fat metabolism pathways, stimulating lipolysis and reducing fatty acid 

synthesis (Lijnen et al., 2010; Rupnick et al., 2002). Several studies have demonstrated positive 

association between weight loss by MetAP2 inhibition and reduction in adipose mass in pre-

clinical models of obesity (Lijnen et al., 2010; Rupnick et al., 2002; Brakenhielm et al., 2004; 

Kim et al., 2007; White et al., 2012). Furthermore, loss of adipose mass has been demonstrated 

in clinical trials with first generation MetAP2 inhibitors (Hughes et al., 2013; Kim et al., 2015) 

supporting the adipose mechanism. However, subcutaneous route of administration and dose-

limiting adverse effects have hindered the development and progression of these first 

generation compounds (Zafgen, 2016). 

Because MetAP2 inhibitors have shown potential for adipose weight reduction in obese 

individuals, we pursued studies to develop potent chemical classes of these compounds with 

improved drug profile. To select candidate drugs we developed a translational strategy for 

predicting body weight loss (BWL) caused by MetAP2 inhibitors. We performed in vitro and in 

vivo experiments to evaluate the extent and duration of MetAP2 target engagement that 

correlates with BWL efficacy. Our studies reveal that changes in NMet14-3-3g, a MetAP2 

substrate, or change in level of MetAP2 occupied by inhibitor can be used to predict the final 

BWL efficacy of MetAP2 drug candidates. The NMet14-3-3g PD biomarker and MetAP2 

occupancy results are used to establish pharmacokinetic-pharmacodynamic-efficacy (PK-PD-E) 

relationships for MetAP2 inhibitors and develop translational models for predicting efficacy in 

clinical studies. This work exemplifies the process of using target engagement biomarkers 

during preclinical research to select new drug candidates, predict efficacy and ultimately 

determine a dosage regimen for clinical trials. 
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MATERIALS and METHODS 

Reagents 

Small molecule compounds were synthesized at Takeda California, San Diego, CA, USA as 

described in (Cheruvallath et al., 2016; McBride et al., 2016). For in vitro studies, compounds 

were solvated in dimethyl sulfoxide (DMSO) and for in vivo studies Compound 1 was formulated 

in 0.5% methylcellulose; beloranib was formulated in 2% captisol/0.3% citric acid and A357300 

was formulated in 0.2% hydroxypropylmethyl cellulose. Met-AMC, a fluorescent MetAP2 

substrate was purchased at Enzo Life Sciences. CoCl2 and MnCl2 solutions were purchased at 

Sigma-Aldrich. The following antibodies were purchased from the indicated vendors: NMet14-3-

3g (Novus), total 14-3-3g antibody (Cell Signaling), beta-actin (Sigma), glyceraldehyde 3-

phosphate dehydrogenase (GAPDH; US Biological) and MetAP2 (Santa Cruz Biotechnology). 

Enzyme activity  

Each recombinant human MetAP enzyme was expressed in Sf9 cells and purified in the 

presence of Mn+2 or Co+2. For the determination of IC50, the MetAP2 enzyme activity was 

measured using a fluorogenic substrate, Met-AMC, in an assay buffer containing 50 mM Hepes, 

100 mM NaCl, 0.005% Brij35, 1 mM TCEP, 0.1 mg/ml BSA, and 10 µM MnCl2 or 10 µM CoCl2 

and 1% DMSO at pH 7.5. Each assay was conducted by adding a serial dilution of inhibitor to a 

solution containing 20 nM of enzyme and 100 µM or 30 µM of Met-AMC substrate in the 

presence of Mn+2 or Co+2, respectively. MetAP1 assays were conducted similarly, except using 

100 nM enzyme and 100 µM of Met-AMC substrate. For determination of kinact/Ki, a mixture 

containing inhibitor (serial dilution), and substrate (200 µM) was prepared in the assay buffer. To 

initiate the reaction MetAP2 was added to a final concentration of 20 nM. Reaction progress 

curves showing time-dependent onset of inhibition were monitored by recording the product 

appearance with time, and experimental data were curve-fitted to determine the pseudo first-

order rate constant, kobs, for each inhibitor concentration (Morrison, 1982).   
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The selectivity of compounds was evaluated against a panel 26 proteases at compound 

concentration range of 5 nM – 10 µM by Reaction Biology Corporation (Malvern, PA, USA). 

Proteases tested included: ADAM9, ADAM17, caspase1, cathepsin C, cathepsin D, cathepsin 

G, cathepsin S, DPP4, factor10a, granzyme B, MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, 

MMP10, MMP12, MMP13, MMP14, papain, proteinase K, TACE, thrombin, tryptaseg 1, trypsin. 

The assay conditions were according to the vendor specifications. 

MetAP2 target engagement in primary human cells  

HUVEC cells (Lonza) were seeded in 96-well tissue culture microplates and cultured for 24 

hours prior to addition of compounds. Cells were incubated with compound for 24 hours then 

media was removed and cell extracts were prepared by adding 50 µL of cell lysis buffer (Cell 

Signaling). Insoluble material was removed by centrifugation then samples were boiled for 5 

minutes in gel loading buffer. Positive and negative control samples were included in each study 

for quality control. These included cells treated with DMSO vehicle for the negative control, cells 

treated with saturating concentrations of MetAP2 inhibitor (e.g. 10 µM A357300 or 100 nM 

beloranib) for the positive control and HeLa cells, which have significant levels of endogenous 

NMet14-3-3g. Proteins were resolved by SDS-PAGE and transferred to PVDF membrane. 

Membranes were blocked with Odyssey buffer (LI-COR Biotechnology) then incubated with the 

NMet14-3-3g antibody and control antibodies (beta-actin or GAPDH or 14-3-3g, as indicated in 

Figures), followed by incubation with the appropriate secondary antibodies, IR-Dye 680CW- or 

800CW-conjugated antibodies (LI-COR Biotechnology). To increase sensitivity in the HUVEC 

assay, we diluted primary antibodies in Can Get Solution 1 (Toyobo). Membranes were scanned 

and integrated band intensities corresponding to each protein were quantified using LI-COR 

Biotechnology software. Compound IC50’s were obtained by curve-fitting the ratio of NMet14-3-

3g protein signal to control protein (see above and Y-axis of graphs in Figures) divided by the 

ratio determined for the DMSO vehicle control. Similar western blotting procedure was used for 
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human peripheral blood mononuclear cells (PBMCs), which were isolated from donors 

immediately after blood was drawn.  

Mouse models and in vivo procedures 

All animal studies were in accordance with Institutional Animal Care and Use Committee. 

C57BL/6 male mice were obtained from Jackson Laboratories and fed a 60% fat diet (HFD, 

Research Diets D12492) to obtain diet induced obese (DIO) mice (see Supplemental Methods). 

At the end of study tissues were dissected, immediately frozen and stored at -80°C in tissue 

lysis tubes with matrix A (MP Biomedicals). For detection of NMet14-3-3g in tissues, the fast 

prep bead beater (Biospec Products, Inc.) was used to homogenize tissue in 2% SDS lysis 

buffer and 15 µg protein was loaded per lane for gel electrophoresis followed by immunoblotting 

as outlined above.  

For PK analysis, plasma was collected via centrifugation of blood then stored at -80°C. 

Plasma compound level was analyzed using a research grade LC/MS/MS assay. PK 

parameters (maximum concentration (Cmax), terminal half-life (t1/2), systemic clearance (CL), 

area under the concentration-time curve extrapolated to infinity (AUCextrap) or to latest time drug 

is detected (AUC0-t)) were determined with the Phoenix WinNonlin software (Pharsight, CA). 

Unbound (free) drug was estimated using the species-specific percent protein binding, 

determined by equilibrium dialysis.  

For the occupancy assay, which detects ‘free’ unbound MetAP2 (as opposed to ‘occupied’ 

inhibitor-bound MetAP2), we quantified free MetAP2 in blood from mice treated with beloranib. 

MetAP2 in the blood from these mice can exist in two states: beloranib-bound MetAP2 or free 

MetAP2. Because beloranib covalently binds to MetAP2, the beloranib-bound MetAP2 remains 

stable throughout blood collection and lysis, and the free MetAP2 can be captured by adding a 

fumagillin analog probe to the lysate. This previously described probe (Vath, 2010; Zhou et al. 

2013) was designed to covalently bind to MetAP2 at the same site as beloranib and also 
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contains a biotin tag. As such, the probe-bound MetAP2, which represents free MetAP2, can be 

isolated on streptavidin plates and subsequently quantified as follows. To perform the 

occupancy analysis, 200 µL of blood from treated mice was dispensed into lithium heparinized 

collection tubes. Red blood cells were lysed by adding 800 µL ammonium chloride solution. 

Samples were then vortexed, centrifuged, washed and cell pellets kept frozen at -80°C. Each 

pellet was dissolved in 100 µL of lysis buffer (MesoScale Discovery, MSD) containing 30 nM of 

a biotinylated fumagillin analog probe (Vath, 2010; Zhou et al., 2013) and incubated on an 

orbital shaker for 1h. Samples were centrifuged to remove insoluble material and 50 µL of 

supernatant was transferred to a blocked strepavidin gold ELISA plate (MSD). Subsequently, 50 

µL of 4 µg/mL MetAP2 antibody solution was added to all wells followed by 50 µL of 10 µg/mL 

sulfo-tag secondary antibody (MSD). Plates were washed then scanned immediately after the 

addition of read buffer (MSD). The following control samples were included in triplicate with 

each assay: naïve blood treated ex vivo with vehicle or 30 nM beloranib. Control samples were 

incubated for 30 min with shaking, and the occupancy assay performed as described above. 

These controls were used to calculate percentage of free unbound MetAP2 versus inhibitor-

bound MetAP2 in blood from treated mice. To determine the beloranib concentration to use for 

the 100% inhibitor-bound MetAP2, we performed the occupancy assay using samples of various 

concentrations of beloranib added ex vivo to naïve blood. 

PK-PD-E modeling 

The details of the PK-PD-E modeling of Compound 1 and beloranib can be found in the 

Supplemental Methods. Supplementary Tables and Figures showing the models for Compound 

1 include Table S1 and Figures S1, S2 and for beloranib include Table S1 and Figures S3 and 

S4. Briefly, the PK model for each compound in DIO mice was built using the plasma 

concentrations at several doses. The models were fit simultaneously to all dose groups 

(Supplemental Tables S1 and Figures S1, S3) using the appropriate built-in function in Phoenix 
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WinNonlin (Certara USA, Princeton, NJ). The PK-PD model for Compound 1 and NMet14-3-3g 

response in DIO mice was built using the Compound 1 PK model and NMet14-3-3g levels in 

PBMCs following a single dose. Similarly, the PK-PD model for beloranib was built using the 

beloranib PK model and fraction of unbound MetAP2 in blood following a single dose. For each 

PK-PD model the response data were fit simultaneously across all dose groups using a naïve-

pooled approach and additive error model in Phoenix WinNonlin (Supplemental, Table S1 and 

Figures S2, S4). The PK-PD model for Compound 1 was then used to simulate NMet14-3-3g 

levels through 28 days to predict peak biomarker accumulation following daily Compound 1 

treatment. The PK-E model for beloranib in DIO mice was built using the total plasma 

concentrations and the fraction of body weight change in mice after daily or biweekly dosing for 

28 days. The response data were fit simultaneously across all dose groups using a naïve-

pooled approach in Phoenix WinNonlin (Supplemental Figure S3). 

Translation of human clinical beloranib exposures to mouse equivalent 

Using the available clinical exposures to beloranib from Phase 1 dose escalations in cancer 

patients and obese patients (Hughes et al., 2013; Shin et al., 2010), we constructed a dose-

exposure (AUC0-24h) relationship in order to estimate the human plasma concentration AUC 

achieved for a given dose (Supplemental Figure S5). To translate a total human exposure to the 

mouse equivalent, we then corrected for species differences in plasma protein binding (81% in 

human compared to 91% in mouse) to estimate the total exposure in mouse. 

Statistics 

Evaluation of the effects of compounds on body weight and target engagement in vivo is 

expressed as mean ± SEM. Statistical significance was determined using two-way ANOVA with 

Tukey’s multiple comparisons test using GraphPad Prism software. 
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RESULTS 

Structurally diverse set of MetAP2 inhibitors 

We used a diverse set of MetAP2 inhibitors to evaluate the specific effects of MetAP2 inhibition, 

irrespective of chemical class. We selected two compounds, which have been previously 

characterized, beloranib and A357300, as well as a compound from our distinct pyrazolo-indole 

chemical series (McBride et al., 2016). Figure 1 shows the chemical structure of each of these 

inhibitors. Beloranib, a fumagillin analog, forms a covalent bond with MetAP2 whereas 

Compound 1 and A357300 bind reversibly to MetAP2. The mode of binding for each of these 

chemical classes of inhibitors to MetAP2 has been previously characterized using x-ray 

diffraction crystallography (McBride et al., 2016; Liu et al., 1998; Wang et al., 2003). Using 

purified recombinant enzymes (see Methods) we confirmed that all three compounds potently 

inhibit the enzymatic activity of MetAP2 with IC50 values within 3-fold of each other, ranging from 

8.5 nM to 26 nM (Table 1). In addition, very little to no activity was observed against MetAP1 

and 26 other proteases for the three compounds (IC50 >10,000 nM). 

Target Engagement activity of MetAP2 inhibitors in primary human cells 

We assessed MetAP2 target engagement by inhibitor in cells through measuring levels of a 

MetAP2 substrate, NMet14-3-3g. HUVECs or freshly isolated human PBMCs were seeded in 

96-well plates and treated with various concentrations of Compound 1, A357300 or beloranib. 

As shown in Figure 2, each compound caused a dose-dependent induction of cellular NMet14-

3-3g. The EC50 values in HUVECs and human PBMCs were calculated for the compounds using 

dose-response curves obtained from each cell type (Figure 2A-B). Beloranib, which binds 

covalently to MetAP2 exhibited very high potency in cells (< 1 nM) whereas A357300 and 

Compound 1, which bind reversibly to MetAP2, exhibited average cellular potency of ~10 nM 

and ~30 nM respectively. We performed two additional in vitro studies with these compounds to 

aide in our translational analyses. First for mouse to human translation we determined that 
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MetAP2 inhibitors had similar activity in cells from each species (Supplemental Table S2). 

Second, for lean to obese translation we evaluated compound potency in cells from both lean 

and obese subjects and found similar activity for individuals with BMI ranging from 19 to 44 

(Supplemental Table S3). Overall, our in vitro analysis confirmed that these three chemically 

diverse MetAP2 compounds each potently inhibit purified MetAP2 enzyme and inhibit MetAP2 in 

cells derived from a variety of sources.  

In vivo target engagement pharmacodynamics, pharmacokinetics and efficacy 

Next, we determined MetAP2 target engagement in a diet induced obesity (DIO) mouse model 

using Compound 1, a reversible inhibitor from the pyrazolo-indole chemical series. This 

compound was selected for further analysis because of its overall favorable in vitro properties, 

including potent cellular target engagement, selectivity profile across proteases, compound 

stability in microsome and CYP-P450 assays, as well as performance in a panel of in vitro 

toxicology assays (McBride et al., 2016). To determine the appropriate dose range of 

Compound 1 in vivo, we measured plasma levels of the compound after oral administration of a 

range doses to cohorts of DIO mice (Figure 3A). At 2 hours post drug administration for all three 

doses, Compound 1 was at levels expected to, at least intermittently, inhibit MetAP2 in vivo 

based on its cellular potency and non-specific protein binding (91%). Because adipose is a key 

target tissue that may mediate the efficacy of MetAP2 inhibitors (Huang et al., 2019; Lijnen et 

al., 2010; Rupnick et al., 2002; White et al., 2012; Vath, 2010), we measured levels of NMet14-

3-3g in adipose tissue from obese mice treated with Compound 1. As illustrated in Figure 3B, a 

dose-dependent increase in NMet14-3-3g levels in subcutaneous white adipose tissue (scWAT) 

and brown adipose tissue (BAT) was observed in DIO mice treated once daily for 2 weeks with 

Compound 1. The weight loss corresponding to each dose was measured prior to adipose 

collection and it was plotted versus NMet14-3-3g levels in adipose at various doses of 
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Compound 1 (Figure 3C). These initial PK-PD-E studies provided insight toward the dose 

selection for a more extensive analysis of target engagement over time. 

We investigated the PK-PD relationship over time by measuring drug levels and target 

engagement in PBMCs of obese mice treated with a single dose of Compound 1 (Figure 4A and 

4B). Compound concentration was plotted over time and AUC values were determined for each 

dose. As shown in Figure 4, the 10, 30 and 100 mg/kg doses resulted in plasma AUC levels of 

24, 103 and 353 h*µg/mL respectively (Figure 4A). For the corresponding PD analysis, we first 

measured NMet14-3-3g in PBMCs and BAT over time (Supplemental Figure S6). We selected 

BAT since MetAP2 inhibitors produce direct effects on brown adipocytes in vitro, consistent with 

their robust effects on target engagement and fatty acid metabolites in this adipose depot in vivo 

(Huang et al., 2019). Similar target engagement was observed in PBMCs and BAT over time, 

suggesting NMet14-3-3g in PBMCs could serve as a less invasive surrogate peripheral 

biomarker. Subsequently, we determined target engagement over time in PBMCs isolated from 

mice treated with various doses. As shown in Figure 4B levels of NMet14-3-3g reach peak levels 

at 36-48 hours and return to baseline at 72-84 hours after each dose. It is noteworthy that the 

NMet14-3-3g increase takes time to develop (compare time course in Figure 4A and 4B).  

Next to investigate how the PK and PD are related to body weight loss, we conducted 

efficacy studies over 2-4 weeks at several doses. Daily oral administration resulted in dose-

dependent weight reduction, which becomes apparent after 48 hours compound administration 

and continues to progress as compound is dosed daily for 4 weeks (Figure 4C). A plateau is 

reached between 2-4 weeks with lower doses reaching steady state weight loss earlier. At 2 

weeks the body weight reduction was 1 ± 1%, 5 ± 1%, 11 ± 3%, 22 ± 2% for the 3, 10, 30 and 

100 mg/kg doses respectively (Figure 4C, day 14). To compare the longer-term efficacy studies 

to target engagement PD, a PK-PD model was generated. We used the Compound 1 

concentration data shown in Figure 4A and the NMet14-3-3g data shown in Figure 4B to 
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generate a PK model and a dynamic PK-PD model (Methods, Supplemental Table S1 and 

Figures S1, S2). The PK-PD model was then used to simulate the steady state NMet14-3-3g 

over 4 weeks of daily dosing for each dose level (Figure 4D). The model shows PD reaching a 

plateau over time, similar to body weight efficacy but earlier in time.  

To further evaluate the PD-E relationship, we determined if the data from a single dose 

PD study could be used to predict longer-term efficacy, an approach that could be applied in the 

clinic. Initially, to investigate this we calculated the area under the effect curve (AUE) at several 

dose levels of Compound 1 (e.g. area under PD time course curves shown in Figure 4B) and 

plotted it versus the corresponding dose. The dose response curve (fold increase of NMet14-3-

3g AUE versus vehicle) is shown in Figure 5A. On the same graph we plotted BWL efficacy 

versus dose (Figure 5A, square symbols). The dose response curves show relationships 

between efficacy at day 14 and NMet14-3-3g levels detected on day 1 after one dose, thus 

suggesting that PD measured after a single dose could be used to predict steady state efficacy 

after daily dosing. For example, an efficacy of 5% BWL correlates with a ~5-fold increase in 

target engagement and an efficacy of 10% BWL correlates with a ~10-fold increase in target 

engagement. This analysis also allows an evaluation of minimum target engagement needed for 

BWL. For example, at 1-3 mg/kg of Compound 1, the AUE for target engagement increased 

~2.5-fold; however, this dose was not sufficient to cause BWL, suggesting a threshold for target 

engagement may be required for efficacy. Finally, to compare PD and E across the full 

treatment duration, BWL on day 14 was plotted versus the NMet14-3-3g simulated over the 

same time period. This analysis shows a strong correlation between simulated target 

engagement and efficacy in mice (Figure 5B) and provides additional evidence that MetAP2 

target engagement measurements in PBMCs can be used to predict efficacy in mice. 

To extend our findings to other chemical classes of MetAP2 inhibitors, PD-E studies 

were performed with Compound 1, A357300 and beloranib. Using 3 chemicals with substantially 
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different structures (Figure 1), binding modes and potencies increases the confidence that 

MetAP2 target engagement determines quantity of BWL. For these studies we used the dose 

that produced similar BWL for the three compounds (7-11% BWL after 7 days of repeat dosing). 

At these doses we observed a similar target engagement profile and efficacy for all three 

compounds (Supplemental Figure S6). These initial data suggest that MetAP2 target 

engagement can be used to predict efficacy for multiple chemical classes of MetAP2 inhibitors. 

Translational models and prediction of clinical efficacy 

Beloranib is a MetAP2 inhibitor that has been evaluated for body weight reduction in dose 

escalating clinical trials with obese individuals (Hughes et al., 2013; Kim et al., 2015; Zafgen, 

2016; Shin et al., 2010). To investigate if our obese mouse PK-PD-E models could predict 

human efficacy, we conducted further analyses using beloranib so that data comparisons could 

be made between mice and humans. We treated DIO mice at various doses of beloranib (Figure 

6A). Using a twice weekly dose schedule, a ~10% weight loss was observed for both 0.1 mg/kg 

and 0.3 mg/kg doses and a greater efficacy of ~17% was observed at 1 mg/kg. However, if 

given daily the 0.1 mg/kg dose produced ~25% weight loss. These body weight changes are not 

linear with respect to total weekly dose. To understand this better, we built dynamic PK and PK-

E models relating BWL to plasma concentration of beloranib over time (Methods, Supplemental 

Figures S3). From these models we simulated the average weekly beloranib exposure and BWL 

for twice weekly and daily dosing regimens over a range of doses in DIO mice (Figure 6B). The 

model predicts that efficacy saturates at each dose and that increasing the dose frequency 

yields greater reduction in body weight. 

 We next determined the relationship between inhibitor-bound MetAP2 and BWL in mice 

treated with beloranib using an occupancy assay (see Methods). We used the occupancy assay 

not only to evaluate a second method of MetAP2 target engagement, but also to obtain 

additional quantitative data on how much MetAP2 needs to be inhibitor-bound to cause 
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downstream effects. Using this assay we determined that MetAP2 is maximally occupied with 

inhibitor (~100%) from 2h to 8h post dose in blood from DIO mice treated with 0.1 mg/kg 

beloranib (Figure 7A). Occupancy decreased to ~85% at 24 hours and approached vehicle 

levels at 48 hours post dose. We measured the level of MetAP2 occupancy and concentration 

of beloranib at various doses (Figure 7A, Supplemental Table S4 and Figure S3) so that a 

dynamic PK-PD model could be generated (Methods, Supplemental Figure S4). From this 

model we simulated the average weekly beloranib exposure and the average MetAP2 

occupancy for twice weekly and daily dosing regimens over a range of doses in DIO mice 

(Figure 7B). MetAP2 occupancy saturated at sub-maximal levels for the less frequent schedule, 

providing deeper insight into the schedule effect on efficacy. Using these data, we also 

evaluated MetAP2 occupancy versus efficacy in obese mice, and as shown in Figure 7C 

(diamonds), a correlation is observed between occupancy and efficacy with the more frequent 

dose schedule resulting in greater occupancy and efficacy.  

Finally, we back-translated the beloranib efficacy data observed in the clinic to compare 

results in humans and mice (orange circles in Figure 6B, 7B-C). First, we calculated the mouse-

equivalent exposures for the doses given to humans (0.6 mg, 1.2 mg and 2.4 mg) using the 

reported human plasma concentration, see Methods and (Hughes et al., 2013). Then we plotted 

the corresponding human weight loss achieved after 12 weeks against the mouse-equivalent 

beloranib concentrations (Figure 6B, orange circle symbols). Similarly, we simulated the 

average MetAP2 occupancy for the human regimens at the mouse-equivalent exposures 

(Figure 7B-C, orange circles). The PD-E model predicts that an average MetAP2 occupancy of 

~27% produces ~10% BWL with a twice weekly 2.4 mg dose. The relationship between MetAP2 

occupancy and BWL in mice suggests that a lower dose level given daily would yield more 

MetAP2 occupancy and more efficacy than a higher dose given twice weekly (see arrows Figure 

7C for low QD dose versus high BIW dose that produce same Cave). Thus, MetAP2 target 
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engagement may serve as a predictive biomarker of BWL efficacy as well as provide clinically 

actionable hypotheses (e.g. dose schedule for optimal efficacy) for the improvement of obesity 

treatment. 

 

DISCUSSION 

In this study we demonstrate that (1) biomarkers, such as NMet14-3-3g and inhibitor-bound 

MetAP2 can be used in a quantitative manner to determine level of MetAP2 engagement (2) 

MetAP2 target engagement biomarkers can be used to select potent compounds and predict 

BWL efficacy and (3) daily administration of MetAP2 inhibitors at lower dose levels can be more 

efficacious than higher doses on a less frequent dose schedule (e.g. Figure 6A). Our studies 

describe two biomarkers for target engagement, NMet14-3-3g and inhibitor-bound MetAP2. The 

target engagement in freshly isolated PBMCs from donors is of particular interest, as it supports 

the use of NMet14-3-3g as a biomarker in clinical studies for evaluation of obese patients 

treated with MetAP2 inhibitors. Thus, to extend our findings we investigated MetAP2 target 

engagement in PBMCs isolated from obese patients (Supplemental Table S3). The beloranib 

EC50 values were similar in PBMCs from lean and obese donors, suggesting the sensitivity of 

MetAP2 to beloranib in the peripheral compartment is not affected by obesity and confirming the 

potential for using NMet14-3-3g to evaluate level of MetAP2 target engagement in obese 

patients treated with a MetAP2 inhibitor. A consideration for clinical application is the time to 

collect samples. While compound levels can be detected in plasma within a few minutes after a 

single administration of compound, NMet14-3-3g levels were not detected until 8 hours post 

dose (Figure 4B). This slow induction may reflect the rate of new protein synthesis, because 

MetAP2 is localized to ribosomes where it cleaves off the initiator methionine on nascent 

proteins. In addition, because of the slow decline of NMet14-3-3g it could be detected at 2 hours 

post dose after multiple doses were given (Figure 3). Overall, our investigations indicated that 
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using collection time points that capture the rise and fall of biomarker and using the area under 

the PD effect curve produced the best correlation with efficacy (Figure 5). 

In our analyses we found that there is a strong schedule dependence on efficacy and that 

highest efficacy is associated with sustained low levels of unoccupied MetAP2. A lower level of 

efficacy is observed for less frequent dose schedules, e.g. twice weekly for beloranib (Figure 6). 

The efficacy observed with less frequent schedules may be explained by the relatively long half-

life of target engagement. The long half-life of the beloranib-bound MetAP2 is consistent with 

studies done in vitro to determine the half-life of fumagillin-bound MetAP2 (Datta et al., 2004). 

The complete turn-over of both target engagement biomarkers (NMet14-3-3g and inhibitor-

bound MetAP2) seems to require greater than 24 hours after peak levels are observed as 

shown in Figure 4B and 6A. This may explain why efficacy can be observed when drug is given 

only two times a week and why the more robust efficacy is achieved with daily dosing, which is 

associated with sustained target engagement. When the half-life of target engagement far 

outlasts the half-life of the drug (as is the case for both beloranib and Compound 1), it is 

valuable to use target engagement biomarkers in addition to drug concentration to make 

decisions about dose and dose frequency for achieving efficacy. The data and models 

presented here suggest that the greater level of unoccupied MetAP2 between doses for the 

twice weekly dosing may explain the lesser efficacy versus the daily dose that yields the same 

average beloranib exposure. Comparing the relationship between BWL and average MetAP2 

occupancy (Figure 7C) between the two dose schedules shows a clear advantage to the daily 

schedule and further verifies the value of MetAP2 engagement as a predictive efficacy 

biomarker. 

Both target engagement biomarker assays described here are compatible with human 

PBMCs. This supports their potential use in clinical trials to: assess the level of active drug in 

blood, set efficacious doses and obtain proof of mechanism. Each assay, however, has 
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limitations that should be considered in their application. For example, although we and others 

demonstrate that the LI-COR Odyssey infrared imaging system for NMet14-3-3g western blot 

can be quantitative (Morgen et al., 2016; Schutz-Geschwender et al., 2004; Towbin et al., 

2003), it does require reliable quality controls, precision and attention to detail for consistency 

from study to study. Our cellular NMet14-3-3g EC50 data for MetAP2 inhibitors indicate some 

assay-to-assay variability (Figure 2), which prompted us to obtain multiple results for confident 

decision making. The MetAP2 occupancy ELISA assay is an alternate option for quantifying 

MetAP2 target engagement; though, this assay in its current format was only used for covalent 

MetAP2 inhibitors. Despite these limitations, we have used these biomarker assays successfully 

to demonstrate the concept that MetAP2 target engagement correlates quantitatively with BWL 

efficacy. Additionally, the rise and fall of NMet14-3-3g in PBMCs from treated obese mice is 

similar to adipose (Supplemental Figure S6), the tissue that likely contributes efficacy (Huang et 

al., 2019; Lijnen et al., 2010; Rupnick et al., 2002; White et al., 2012; Vath, 2010; Rohn, 2011). 

We also found that NMet14-3-3g could be detected in PBMCs from obese patients after ex vivo 

treatment of blood and that the induction of NMet14-3-3g in vitro and in DIO mice was observed 

with multiple chemically diverse MetAP2 inhibitors. Altogether, our findings provide rationale for 

using target engagement biomarkers in blood to predict efficacy in obese patients treated with 

MetAP2 inhibitors. 

We have built two PD-E models that provide a starting point toward understanding the 

amount of target engagement needed to result in body weight reduction efficacy (Figures 5 and 

7). The PK, PD and efficacy results showed that the plasma levels of compound can predict 

target engagement, which can predict efficacy in treated obese mice. The back-translation of 

clinical beloranib data suggests that similar models may be applied to humans, however, to test 

how well these models predict human results, the evaluation of MetAP2 target engagement 

biomarkers versus disease outcome in dose escalating clinical trials is essential. 
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In summary, our analyses indicate that MetAP2 target engagement biomarkers can be 

used to select efficacious compounds and predict body weight loss in obese individuals treated 

with MetAP2 inhibitors. The pre-clinical studies showing the predictive nature of MetAP2 target 

engagement for weight loss efficacy and the comparison to back translated beloranib clinical 

data add to the biological rationale for MetAP2 inhibition mechanism as a therapy for weight 

loss. While our studies point towards future chemical design that focuses on maintaining 

MetAP2 occupancy (long residence time on MetAP2), other key factors to consider are high 

selectivity for MetAP2 in the adipose target tissue, safety and convenient route of 

administration. Though our models show that a lower dose given more frequently has 

advantages for occupancy and efficacy versus a higher dose given less frequently, it is 

important to test if this regimen results in any potential advantage for the safety profile (due to 

lower drug Cmax upon each dose) or disadvantage (due to more frequent dosing). Because each 

chemical entity is unique it will be important to demonstrate that long-term safety as well as 

efficacy in humans is achievable for the compounds that advance to clinical studies. 
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Footnotes 

^This work was supported and funded by Takeda Pharmaceuticals. 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 19, 2019 as DOI: 10.1124/jpet.119.259028

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #259028               29 

 
Figure Legends 

Figure 1. Structures of three chemically diverse MetAP2 inhibitors used in our studies. 

Compound 1 was discovered by Takeda and is described in (McBride, et al., 2016). Beloranib 

was discovered by Chong Kun Dang and later developed by Zafgen (Morgen et al., 2016). 

Beloranib is also known as CKD-732 and ZGN-433 and is described in (Hong et al., 2000). 

A357300 was discovered by Abbott and is described in (Wang et al., 2003). 

 

Figure 2. Target engagement activity of MetAP2 inhibitors in primary human endothelial cells 

and primary human PBMCs. Representative NMet14-3-3g western blots (top), dose response 

curves (middle) and EC50’s are shown for three MetAP2 inhibitors in primary human endothelial 

cells (A) and freshly isolated human PBMCs (B). For PBMCs each donor is represented by a 

different color curve. The target engagement assay was developed as a medium throughput 

assay for compound screening and EC50’s shown represent the average of all values (n ³ 3) 

obtained during the drug discovery campaign. 

 

Figure 3. Target engagement activity of Compound 1 in vivo. 

Panel A shows plasma levels of Compound 1 two hours after oral administration of compound 

at the indicated dose (n = 3 mice per group). Panel B illustrates the dose-dependent effect of 

Compound 1 on levels of NMet14-3-3g in adipose tissues from DIO mice after two weeks of 

daily oral treatment (n = 5 mice per group). scWAT and BAT were collected two hours after the 

15th dose and evaluated for MetAP2 target engagement (see Methods). Panel C is a PD-E plot 

showing the correlation of MetAP2 target engagement in adipose and BWL determined at the 

end of the study (day 15). PD-E curve for BAT contains circle symbols and the PD-E curve for 

WAT contains triangle symbols.  
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Figure 4. Pharmacokinetics (PK), target engagement pharmacodynamics (PD) and efficacy (E) 

for Compound 1 over time. (A) Total drug concentrations in plasma of DIO mice orally 

administered Compound 1 at the indicated dose and time (n = 5 mice per time point). Each 

colored symbol represents one mouse. The green arrow indicates drug level for 90% target 

coverage. (B) NMet14-3-3g levels over time in PBMCs isolated from DIO mice administered a 

single dose of Compound 1 at the indicated dose level. Each point represents NMet14-3-3g 

levels in PBMCs isolated from blood that was pooled from 5 mice. (C) BWL studies over time 

were conducted in DIO mice orally administered vehicle or Compound 1 at the indicated doses, 

daily for 14 or 28 days (n = 8 or 12 mice per group, respectively). Each colored symbol 

represents one mouse. (D) NMet14-3-3g levels in response to Compound 1 were simulated over 

28 days using the PK-PD model generated from panels A-B. 

 

Figure 5. Predicting efficacy of a MetAP2 inhibitor using target engagement PD. (A) Overlay of 

BWL efficacy (gray squares) determined after 14 days of oral daily dosing of Compound 1 to 

DIO mice versus MetAP2 target engagement PD (black circles) determined after one dose of 

Compound 1 in mouse PBMCs. For PD, each circle represents blood pooled from 6 mice and 

for BWL each square symbol represents the average of ³ 8 mice. (B) The PD-efficacy 

relationship for Compound 1 using the BWL from Figure 4C and simulated PD shown in Figure 

4D. 

 

Figure 6. A translational model for predicting efficacy of MetAP2 inhibitors in obese humans. (A) 

The BWL efficacy for beloranib was determined at several doses and two dose schedules in 

DIO mice (n = 8 mice per group): twice weekly for 4 weeks (BIW x4w) or daily for 28 days (QD 

x28d). Each symbol represents the average body weight change of 8 mice at the dose and 

schedule indicated in the legend. (B) BWL at day 28 is plotted against average beloranib 
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concentration (Cave) simulated from the DIO PK model. The green and red symbols represent 

the corresponding dose groups from (A) whereas the orange symbols correspond to the BWL 

reported for human subjects at the mouse-equivalent exposure (Methods). PK-E curves were 

simulated (sim) for twice weekly (BIW), daily (QD) or twice daily (BID) administration. 

 

Figure 7. Fraction of MetAP2 occupied by inhibitor in obese mice and humans. (A) The level of 

MetAP2 bound to beloranib over time in blood from DIO mice administered a single dose (0.1 

mg/kg given s.c.) was determined using an ELISA. Each point represents the average ± SEM 

for 5 mice. Two independent in vivo studies are shown (solid lines) for receptor occupancy 

(RO). Drug levels over time in plasma are shown from one study (right Y axis and dotted line). 

The 100% RO control was determined by adding saturating concentrations of Beloranib ex vivo 

to naïve mouse blood and the vehicle line represents mice dosed with vehicle. (B) Average 

simulated MetAP2 occupancy from the DIO PK-PD model plotted against the average simulated 

beloranib concentration. Lines indicate average MetAP2 occupancy simulated using the 

beloranib PK-PD model (Supplemental Table S1 and Figure S4) for a range of doses on two 

different regimens in DIO mice (twice weekly, BIW or daily, QD). The green and red symbols 

represent the simulations at the corresponding mouse dose groups from Figure 6B whereas the 

orange symbols correspond to the drug levels published from humans. (C) Back translation and 

simulated level of MetAP2 occupied in obese individuals who achieved weight loss. Using the 

data from figures 6B and 7B, we developed the beloranib Occupancy-Efficacy model shown 

here relating the PK-E and PK-PD model simulations on the same dosing regimens. Diamonds 

correspond to the dose groups in the mouse beloranib efficacy study; orange circles correspond 

to the human BWL observed clinically at the simulated MetAP2 occupancy and the red and 

green circles are simulated points based on the model. Red arrows demonstrate the predicted 

effect for switching to the more frequent daily schedule while maintaining the same average 
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beloranib exposure (Cavg). More frequent lower doses are predicted to achieve more occupancy 

and BWL than less frequent higher doses. 
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Table 1. Enzyme inhibitory activity of MetAP2 compounds. Enzyme activity was measured in the 

presence of cobalt or manganese in the active site of MetAP1 or MetAP2. Compounds were 

tested for activity on 26 other proteases. The highest concentration used in each analysis was 

10 M or 100 M. *Because beloranib binds covalently to MetAP2, the more relevant value to 

describe potency is the rate of inactivation (Kinact/Ki); nd, not determined. 
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Figure 1 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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