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Background and Purpose: Acute intermittent porphyria (AIP) is a rare disease caused

by a genetic mutation in the hepatic activity of the porphobilinogen-deaminase. We

aimed to develop a mechanistic model of the enzymatic restoration effects of a novel

therapy based on the administration of different formulations of recombinant

human-PBGD (rhPBGD) linked to the ApoAI lipoprotein. This fusion protein circu-

lates in blood, incorporating into HDL and penetrating hepatocytes.

Experimental Approach: Single i.v. dose of different formulations of rhPBGD linked

to ApoAI were administered to AIP mice in which a porphyric attack was triggered by

i.p. phenobarbital. Data consist on 24 h urine excreted amounts of heme precursors,

5-aminolevulinic acid (ALA), PBG and total porphyrins that were analysed using non-

linear mixed-effects analysis.

Key Results: The mechanistic model successfully characterized over time the

amounts excreted in urine of the three heme precursors for different formulations of

rhPBGD and unravelled several mechanisms in the heme pathway, such as the regu-

lation in ALA synthesis by heme. Treatment with rhPBGD formulations restored

PBGD activity, increasing up to 51 times the value of the rate of tPOR formation

estimated from baseline. Model-based simulations showed that several formulation

prototypes provided efficient protective effects when administered up to 1 week

prior to the occurrence of the AIP attack.

Conclusion and Implications: The model developed had excellent performance over

a range of doses and formulation type. This mechanistic model warrants use beyond

ApoAI-conjugates and represents a useful tool towards more efficient drug treat-

ments of other enzymopenias as well as for acute intermittent porphyria.
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1 | INTRODUCTION

Porphyrias are a group of metabolic diseases caused by genetic muta-

tions in enzymes involved in the heme biosynthesis pathway. The

heme biosynthesis metabolic route starts with the conversion of

succinyl-CoA and glycine into 5-aminolevulinic acid (ALA) by the ALA

synthase (ALAS, EC 2.3.1.37) enzyme. This step is the rate-limiting

factor of the entire pathway and it is tightly controlled by the free

heme pool inside the cell. High intracellular heme levels decrease the

transcription of the ALAS gene (ALAS1) as well as its translation and

its entrance to the mitochondria (Phillips, 2019).

More specifically, acute intermittent porphyria (AIP; MIM 17600)

(Karim et al., 2015) is caused by a loss-of-function mutation in the

porphobilinogen (PBG) deaminase (D) gene (HMBS), thus reducing the

catalytic activity of the third enzyme of the heme synthesis pathway.

AIP is characterized by disabling neurovisceral attacks and chronic dis-

ease symptoms, such as non-focal abdominal pain often accompanied

by nausea, vomiting, constipation, hyponatremia, hypertension, psy-

chological and neurological symptoms that can lead to respiratory

paralysis and death (Karim et al., 2015).

Overall PBGD gene (HMBS) mutation prevalence is 1 in 1786 indi-

viduals, although the clinical penetrance of the disease is very low

(<1% of the patients with the mutation) (Chen et al., 2016). Acute

neurovisceral attack can be triggered by factors including medication

and other chemicals, certain steroids hormones, stress, infection, calo-

ric deprivation and rapid weight loss. Those triggers mainly consist of

situations in which intracellular heme levels are decreased in the liver

(e.g. an increase in cytochrome P450 production due to drugs or hor-

mones, more heme oxygenase activity) (Thunell et al., 2007). Further-

more, hepatic ALAS gene, expression can also be directly induced by

certain chemicals, such as barbiturates (Kakizaki et al., 2003) or by

fasting (Handschin et al., 2005).

Any of the above mentioned factors could precipitate an acute

porphyric attack in patients with AIP. For example, the hepatic heme

pathway is activated by a combination of intracellular heme reduction

and ALAS direct induction. The activation of the heme pathway and

the impaired PBG deaminase catalytic activity results in an accumula-

tion of porphobilinogen (PBG) and 5-aminolevulinic acid (ALA) that

reach systemic circulation and then excreted in urine (Wang, 2021).

The standard-of-care therapy for AIP is hemin (Stein et al., 2013),

an analogue of heme that is administered during the acute attacks to

replenish the heme deposits in the liver, thus inhibiting the heme bio-

synthesis pathway. However, hemin requires hospitalization has it has

to be given intravenously. Patients with chronic acute attacks develop

side effects as a consequence of frequent hemin administrations such

as central vein damage and iron overload, which can lead to chronic

inflammatory response (Schmitt et al., 2018) and hepatic damage

(Zhao et al., 2020). Indeed, hemin administration induces the activity

of the key enzyme of heme catabolism, the heme oxygenase, resulting

in the reduction of the regulatory heme concentration in the cell. This

situation induces a feedback mechanism to restore regulatory heme in

the cells through the activation of ALAS, which reduced the therapeu-

tic efficacy of hemin administration (Dover et al., 1993).

As an alternative to hemin treatment, several innovative therapies

are currently being developed including a small interference RNA

targeting the ALAS1 mRNA (Syed, 2021), as well as an mRNA

encoding human PBGD (Jiang et al., 2018). Another innovative thera-

peutic approach is based on a recombinant fusion protein comprised

of the human PBGD (hPBGD) enzyme and the apolipoprotein AI

(ApoAI), where the addition of the ApoAI protein helps to direct

PBGD to the liver in order to increase hepatic PBGD activity and resi-

dence time (C�ordoba et al., 2022).

The fact that AIP is a rare disease hampers the development of

new therapeutics due to limited knowledge of the disease pathophysi-

ology and lack of eligible patients for clinical trials (Gopal-Srivastava &

Kaufmann, 2017). In that particular context, the building of computa-

tional multiscale models which merge treatment and disease features

mechanistically through the integration of data from multiple sources

represents an appealing approach to increase disease understanding

and to accelerate discovery and development (Huang et al., 2013) of

new therapeutics.

To the best of our knowledge, modelling efforts focused on AIP

are still very scarce. Vera-Yunca et al. (2019) developed recently a

semi-mechanistic model capturing the dynamics of the changes in the

heme pathway as the result of the AIP attacks triggered by the

porphyrinogenic drug phenobarbital through the time profiles of ALA,

PBG and total porphyrins (tPOR) excreted in urine. In that model,

some of the main regulatory mechanisms in the heme pathway could

not be identified as the experimental system perturbation was limited.

Still, it constituted the disease model platform leveraging multiscale

data gathered during the preclinical development of mRNA therapies

(Parra-Guillen et al., 2020). This allowed the extrapolation of hPBGD

What is already known

• Recombinant human PBGD is a potential alternative to

hemin for treatment of acute intermittent porphyria.

What does this study add

• In vivo mechanistic characterization of the enzymatic res-

toration effects based on recombinant human

ApoAI-PBGD proteins.

• A tool to explore in silico scenarios involving different

dosing regimens of the ApoAI-conjugated molecule.

What is the clinical significance

• This framework can used to develop treatments for acute

intermittent porphyria and other enzymopenias.
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effect to humans by simulating different dose levels and single or mul-

tiple dose administrations.

In this study, the previous disease model has been expanded,

increasing its mechanistic structure by including data under treatment

with different recombinant fusion proteins composed of the hPBGD

linked to ApoAI administered at several i.v. dose levels (C�ordoba

et al., 2022). The integration of all the available experimental data

warranted quantitative characterization of main regulatory mecha-

nisms of the heme pathway and allowed to establish a robust tool to

be considered within the model-based drug discovery and develop-

ment (MID3) paradigm (Marshall et al., 2016). As a corollary, the

model was externally validated in an experimental setting where the

treatment was given as a subcutaneous (s.c.) injection, which supports

its usefulness.

2 | METHODS

2.1 | Experimental protocol

2.1.1 | Available data and animal model

Data used to build the heme pathway mechanistic computational

model were provided by the Center for Applied Medical Research

(CIMA), University of Navarra. Two kinds of longitudinal measure-

ments were obtained, PBGD enzymatic activity from in vitro experi-

ments and heme precursor (ALA, PBG and total porphyrins [tPOR])

amounts in urine of either control or treated animals.

The animal model used in this work was obtained from male

C57BL (RRID:MGI:5657800) mice, by crossbreeding T1(C57BL/6
pbgdtm1(neo)Uam) and T2 (C57BL/6 pbgdtm2(neo)Uam) mouse strains as

described elsewhere (Parra-Guillen et al., 2020). The result is a mouse

strain with only 30% of its original normal PBGD activity (AIP mice)

that reproduced phenotypical and biochemical features of patients

with AIP. Animal studies are reported in compliance with the ARRIVE

guidelines (Percie du Sert et al., 2020) and with the recommendations

made by the British Journal of Pharmacology (Lilley et al., 2020).

To evaluate the therapeutic efficacy of recombinant human

PBGD (rhPBGD) proteins conjugated to ApoAI, we designed pharma-

cokinetic studies with the recombinant ApoAI conjugated proteins

after i.v. or s.c. administration in female AIP mice (10–20 weeks old).

We determined serum PBGD activity at different time points. For

pharmacodynamic studies, male AIP mice (10–16 weeks old) chal-

lenged with phenobarbital were i.v. or s.c. injected with, rhPBGD-

ApoAI, rhApoAI-PBGD and human PBGD-I129M/N340S variant con-

jugated to ApoAI (rhApoAI-PBGDMS) to compare their short- and

long-term efficacy in preventing acute porphyria attacks. For this pur-

pose, ALA, PBG and tPOR urinary excretion were measured daily dur-

ing the phenobarbital challenge. Experimental protocols were

approved by the Ethics Committee of the University of Navarra

(CEEA009-11 and CEEA048-15), according to European Council

Guidelines. Figure S1 shows the experimental design for both kinds of

studies.

2.1.2 | Synthesis of the rhPBGD molecules linked
to the ApoAI lipoprotein

The rhPBGD molecules linked to the ApoAI lipoprotein were used to

deliver the enzyme to the liver of AIP mice. Moreover, the link position

in the rhPBGD protein (in either the amino or the carboxy terminus) was

investigated to determine if it caused any differences in rhPBGD hepatic

bioavailability, resulting in the rhPBGD-ApoAI and rhApoAI-PBGD

fusion proteins. Besides, the substitution of two amino acids of the

rhPBGD protein (rhPBGDMS) improved the catalytic function of the

enzyme (Serrano-Mendioroz et al., 2018). This change, combined with

the ApoAI lipoprotein, led to the rhApoAI-PBGDMS protein. The meth-

odology used for the synthesis and the characterization of the three

above ApoAI based formulations are described in detail elsewhere

(C�ordoba et al., 2022). The synthesis method of rhPBGD-ApoAI,

rhApoAI-PBGD and rhApoAI-PBGDMS has changed over time and

because of a significant percentage of protein aggregation that had to

be reduced/abolished, which reduced the overall reaction efficiency.

Further, the purification process that removed bacterial traces (such as

LPSs) hampered the protein yield. The variable protein production made

the final number of experimental animals used vary for each experiment.

2.1.3 | Serum PBGD enzymatic activity over time
after a single PBGD intravenous dose

A total of 44 AIP mice received 60 nmol�kg�1 of either rhPBGD-

ApoAI (n = 27), rhApoAI-PBGD (n = 9) or rhApoAI-PBGDMS (n = 8)

as a single i.v. administration of 200 μl into the tail vein. Then, blood

samples (434 samples in total) were taken at different times (5 min,

10 min, 20 min, 40 min, 60 min, 2 h, 4 h, 8 h, 24 h, 36 h, 48 h, 3 days,

4 days, 5 days and 6 days) and centrifuged to determine serum PBGD

activity in vitro. The volume drawn at each time point was small

(approximately 40-50 microliters), total extraction in the first 8 hours

represents 16% of the total blood volume of a mouse of 25 g body

weight. At the end of the first 8 h round and also after each daily

draw, 1 ml of saline serum and a complex of vitamins and amino acids

(Duphalyte® - Zoetis, Girona, Spain) were subcutaneously adminis-

tered to replace fluids and prevent weakening of the animal. PBGD

activity in serum was quantified measuring the conversion of PBG to

uroporphyrin (URO). Briefly, 10 μl of serum were diluted with 15 μl

phosphate buffer (obtained by adding a monobasic solution,

NaH2PO4-2H2O, to a dibasic solution, Na2HPO4-2H2O, until pH 7.6

is reached), DTT, and Cl2Mg; and pre-incubated with 200 μl of Tris–

HCl 0.1 M (pH 8.1) for 3 min at 37�C. Then, the mixture was incu-

bated in the dark with 25 μl PBG substrate 1 mM for 60 min at 37�C.

The reaction was stopped with 1000 μl cold TCA 10% and the formed

uroporphyrinogen I was oxidized to uroporphyrin after light exposure.

Uroporphyrins were measured quantitatively in a PerkinElmer LS50B

spectrofluorometer (PerkinElmer España S.L., Tres Cantos, Spain) with

an excitation peak at 405 nm and window emission peak values

between 550 and 660 nm. Results were expressed in terms of pmol

uroporphyrin (URO) * μl serum�1 * h�1.
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2.1.4 | Heme precursor levels in urine after
phenobarbital-induced recurrent acute attacks

To mimic acute porphyric attacksrepeated doses of phenobarbital, a

drug that induces the heme pathway, was administered intraperitone-

ally (i.p.) to AIP mice in order to trigger the accumulation and excre-

tion of heme precursors in urine. After each dose of phenobarbital,

mice were housed in individual cages. Half of the cage was positioned

on top of a thermal blanket for 4 h to avoid hypothermia (in case an

animal is hot, it can move to the unheated area). After that time, mice

were injected with 0.5 ml of warm saline to avoid dehydration and

were placed in the metabolic cages to collect urine (from approxi-

mately 12 PM to 8 AM the next day). Four hours after the last dose,

the rotarod, pain, step length and nerve conduction studies were per-

formed. Porphyric animals showed signs of pain and motor troubles,

but not wild type animals or AIP mice treated with specific therapies.

AIP mice received four phenobarbital challenges starting at days 1, 8,

15 and 29. In each challenge, four increasing doses of phenobarbital

were administered in intervals of 24 h (75, 80, 85 and 90 mg�kg�1).

Exceptionally, a fifth dose of 90 mg�kg�1 was administered to AIP

mice to confirm the protective effect of the administered protein.

Between 10% and 15% of the animals did not conclude the study

either due to death or because their general condition made it inad-

visable to complete phenobarbital challenge protocol. Animals were

randomly allocated into control and treated groups. Control AIP

mice (n = 22) received only phenobarbital doses, whereas treated

AIP mice were also administered either rhPBGD-ApoAI, rhApoAI-

PBGD or rhApoAI-PBGDMS as a single i.v. dose at day 2. Several

dose levels were tested: 300 (n = 8) and 600 (n = 7) nmol�kg�1 for

rhPBGD-ApoAI and 300 nmol�kg�1 for rhApoAI-PBGD (n = 7) and

rhApoAI-PBGDMS (n = 6). Total volume of urine excreted was col-

lected daily during the acute attacks and the amount of heme pre-

cursors ALA (775 samples), PBG (778 samples) and tPOR

(681 samples) was quantified as described elsewhere (C�ordoba

et al., 2022).

2.2 | Data analysis

Data and statistical analysis complied with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). Three sequential steps were

followed to develop an integrated mechanistic model capable to han-

dle the data from any of the experimental conditions. First, the kinet-

ics of the PBGD enzymatic activity measured in serum were

characterized and used as a surrogate of the (unmeasured) PBGD sys-

temic exposure. Then, the time course of the biomarkers in urine

reflecting AIP triggered by phenobarbital were described based on the

24 h urinary excreted profiles of the biomarkers ALA, PBG and tPOR

in mice not receiving active treatment. Finally, the 24 h urinary

excreted profiles of the biomarkers from mice receiving both the

injection of phenobarbital and PBGD formulations contributed to

delineate the pharmacodynamic properties of exogenous PBGD.

In each of the aforementioned steps, all the available data were

analysed simultaneously by following the population approach using

NONMEM 7.4 (Beal et al., 2009) with the First Order Conditional Esti-

mation (FOCE) with interaction method. All observations were logarith-

mically transformed for the analyses. Inter-animal variability in model

parameters was modelled using an exponential model preventing nega-

tive values for the individual model parameters. The residual variability

was described with an additive model in logarithmic scale.

2.2.1 | Model selection

Selection across competing models was performed in accordance with

several criteria: (i) the log likelihood-ratio test in which a drop of 3.84

and 6.61 points in the minimum value of the objective function

[approximately equal to �2 � log likelihood (�2LL)] between two

nested model differing in one parameter is significant at the 5 and 1%

levels, respectively. For non-nested models, the Bayesian Information

Criterion was used instead; (ii) precision of the parameter estimates,

expressed as the relative standard error (RSE) and calculated as the

ratio between the standard error and the estimate of the parameter.

Models with parameters associated with a relative standard error

below 50% were considered acceptable; and (iii) visual inspection of

the goodness-of-fit plots.

2.2.2 | Model evaluation

The selected models were evaluated using simulation-based model

diagnostics such as prediction-corrected visual predictive checks

(VPCs) (Phillips, 2019). One thousand studies with the same design

characteristics as the original one were simulated. For each simulated

study and time of measurement, the 2.5th, 50th and 97.5th percen-

tiles of the simulated values were computed. Then the 95% confi-

dence interval of the median was calculated and plotted together with

the corresponding percentiles obtained from raw data. Besides,

parameter precision was further assessed by performing either a non-

parametric bootstrap (Efron, 1992) for the PBGD activity model or a

log-likelihood profiling method (Sheiner, 1986) for the heme precur-

sors model. The former technique used 1000 bootstrapped datasets

and then fitted the model to these databases to obtain 95% confi-

dence intervals (CI). The latter technique tested a range of different

parameter values to observe changes in the �2 � log likelihood value,

allowing us to compute 95% CI.

2.2.3 | Model exploration

The efficacy of different therapeutic scenarios including administration

of PBGD at different times with respect to the beginning of the acute

attack, different doses and schedules (300 nmol�kg�1 daily [o.d.] for

1 day vs. 60 nmol�kg�1 o.d. for 3 days), and two routes of injection as

well (i.v. vs. s.c.), were evaluated through deterministic model-based
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simulations. Efficacy of the treatments was expressed as the percentage

of reduction with respect the control in the amount of PBG excreted in

urine at day four from the start of the phenobarbital challenge.

2.3 | Model building

Figure 1 shows the time profiles of the observations, which together

with the current knowledge of the physiology of the heme pathway

and the mechanisms of drug action were used to establish the

underlying assumptions that support the model structure schemati-

cally represented in Figure 2.

2.3.1 | Model for kinetics of PBGD enzymatic
activity in serum

Serum profiles of PBGD enzymatic activity were described with a

two-compartment model estimating the apparent volume of distribu-

tion of the central compartment (V1), the first order rates constants of

F IGURE 1 Raw data used to build the porphobilinogen deaminase (PBGD) enzymatic activity and heme precursor models. (a) PBGD
enzymatic activity profiles over time after a single 60 nmol�kg�1 body weight intravenous administration of either recombinant human (rh)
PBGD- apolipoprotein AI (ApoAI; n = 27), rhApoAI-PBGD (n = 9) or rhApoAI-human PBGD-I129M/N340S (PBGDMS; n = 8). Points represent
the individual activity values, whereas the solid line displays the median tendency. (b) Heme precursor amounts collected in 24 h urine of acute
intermittent porphyria (AIP) mice for control (n = 22) and treated AIP mice with 300 (n = 8) or 600 (n = 7) nmol�kg�1 body weight of
rhPBGD-ApoAI, rhApoAI-PBGD (n = 7) or rhApoAI-PBGDMS (n = 6). Points show the individual amount values over time, and the dashed line
displays the median profile
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distribution between compartments (K12 and K21), and a first order

rate constant of elimination (Kel). To harmonize units between PBGD

dose (nmol) and observation (enzymatic activity, pmol URO * μl ser-

um�1 * h�1), Apparent volume of distribution of the PBGD enzymatic

activity central compartment is expressed as amount/activity.

Differences between PBGD formulations in the pharmacokinetic

profiles were tested as covariate effects on each of the model param-

eters, considering each formulation as a category and rhPBGD-ApoAI

being the reference one.

2.3.2 | Heme precursors liver model in the absence
of experimental perturbation

Heme is formed in the liver, where ALA is synthesized by ALA

synthase (ALAS, EC 2.3.1.37) and then transformed to PBG via ALA

dehydratase enzyme (ALAD, EC 4.2.1.24). Subsequently, in the pres-

ence of the PBGD enzyme, PBG is transformed to hydro-

xymethylbilane and then to uroporphyrinogen III by the

uroporphyrinogen III synthase enzyme (UROS, EC 4.2.1.75). However,

the highly reactive hydroxymethylbilane may cyclize without

rearrangement in a nonenzymatic reaction to give uroporphyrinogen

I. Uroporphyrinogen decarboxylase catalyse the stepwise decarboxyl-

ation of uroporphyrinogen I or II into coproporphyrinogen I or II

through the intermediates of hepta-, hexa, and pentacarboxylic

porphyrinogens. Isomers I are transferred to blood and excreted via

urine predominantly, whereas most of porphyrinogens III continue the

pathway until heme is formed (Puy et al., 2010; Phillips, 2019).

Although uroporphyrin, the oxidized form of uroporphyrinogen, is

mostly excreted as porphyrin, hepta-, hexa-, penta- and

coproporphyrins are also detected in urine samples at a lower per-

centage. Thus, the total porphyrinogens formed from PBG are identi-

fied as tPOR, whereas porphyrinogen 1 (POR1) and porphyrinogen

3 (POR3) correspond to porphyrinogens I and III, respectively. Heme

levels and its precursors in liver (hepatic, H) HHeme, HALA, HPBG, and

HtPOR were represented in the model by the corresponding compart-

ments with initial conditions defined in the Figure S2. The processes

just described are embedded in the set of ordinary differential equa-

tions represented by Equations 1–4:

dHALA

dt
¼Kenz�FDBKHeme�Kenz�FDBKPBG!ALA�HALA ð1Þ

dHPBG

dt
¼Kenz�FDBKPBG!ALA�HALA�MMPBGD�HPBG ð2Þ

dHtPOR

dt
¼MMPBGD�HPBG�Kenz�HtPOR ð3Þ

dHHeme

dt
¼Kenz�HtPOR� 1�FPOR1ð Þ�Kenz�HHeme ð4Þ

F IGURE 2 Schematic representation of the heme precursors model with porphobilinogen deaminase (PBGD) effects. Black solid arrows
represent amount transfers between compartments. Red dashed arrows show stimulation effects from either phenobarbital or PBGD in liver or in
the bloodstream. Blue dot-end dashed lines display inhibitory feedbacks from either hepatic heme amounts or hepatic PBG amounts. All the
model parameters have been defined in the main text and in the supporting information
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The heme synthesis pathway is a tightly controlled complex biological

system which is regulated by feedback (FDBK) and Michaelis–Menten

(MM) mechanisms represented in Equations 1–3 by the terms

FDBKHeme, FDBKPBG!ALA, and MMPBGD. Where Kenz is a rate constant

that governs the formation and degradation mechanisms. FPOR1 is the

fraction of formed porphyrinogenc1 out of the total porphyrins

formed from PBG (tPOR). A value of 0.909 (90.9%) was assumed in

the absence of any treatment due to a higher prevalence of isomer

1 porphyrins in plasma (Hindmarsh et al., 1999) and latter explored

through a sensitivity analysis.

Heme, as the final product of the pathway, controls ALA synthe-

sis. This is the most important regulatory mechanism of the entire

pathway modelled as shown in Equation 5. Heme decreases the tran-

scription, translation and mitochondria uptake, and also reduces the

stability of the mitochondrial ALAS enzyme (Tian et al., 2011), thus

reducing ALA production.

FDBKHeme ¼ HHeme,0

HHeme

� �γHeme

ð5Þ

where HHeme ,0 is HHeme at baseline and γHeme controls the magnitude of

heme inhibition on hepatic ALA synthesis.

A second negative feedback caused by hepatic PBG levels was

included in the transit between hepatic ALA and hepatic PBG to

account for the steric hindrances on PBGD when there is an excess of

PBG (Shoolingin-Jordan & McNeill, 2003) (Equation 6).

FDBKPBG!ALA ¼ HPBG,0

HPBG

� �γPBGD

ð6Þ

where HPBG0 is HPBG at baseline and γPBGD is the parameter modulating

the effect of the ratio on the transit between hepatic ALA and

hepatic PBG.

Finally, AIP is caused by an impaired PBGD activity that limits the

formation of hepatic tPOR from hepatic PBG and represented by the

Michaelis–Menten expression shown in Equation 7.

MMPBGD ¼ Vmax

KmþHPBG
ð7Þ

where Vmax is the maximum rate of PBG conversion and Km is the

level of hepatic PBG needed to reach half the maximum conversion

rate. Km is derived from the ratio between Vmax and Kenz:

2.3.3 | Heme precursors blood model in the
absence of experimental perturbation

As it was the case for liver, systemic levels of heme precursors were

not measured. Then levels of ALA and PBG were assumed to be equal

to those in liver; thus, Bi = Hi, where i refers either to ALA or PBG.

Similarly, porphyrinogen 1 in blood, in the absence of treatment, was

assumed equal to hepatic exposure, but PBGD therapies may

represent an extra source of PBGD enzyme in the serum, resulting in

an increase of porphyrin levels in systemic circulation. This is further

described below.

2.3.4 | Model for urinary excretion of heme
precursors

The amounts of urinary heme precursors excreted in 24 h urine in AIP

mice depended on their corresponding non-measured amounts in

blood, as shown in Equation 8.

dUi

dt
¼Ku,i�Bi

γi ð8Þ

where Ui is the heme precursor amount measured in 24h urine, Ku,i is

the urinary excretion rate constant and γi is the parameter modulating

the relationship between urinary levels and systemic amounts. The ini-

tial condition for Ui is set to zero, assuming a negligible excretion at

baseline.

2.3.5 | Model for acute porphyric attacks

Acute attacks were triggered by i.p. administrations of phenobarbital.

Concentrations in plasma of phenobarbital (CPhe) were generated con-

sidering fast and complete absorption, followed by one compartment

disposition properties characterized by an apparent volume of distri-

bution and total clearance of 0.78 L * kg�1 and 7.4 � 10�2 L * h�1 *

kg�1, respectively (Iven & Feldbusch, 1983).

Phenobarbital alters the heme pathway through two different

mechanisms: by increasing the hepatic synthesis of ALA, and by

decreasing heme deposits as a result of the induced expression of

cytochrome P450 (mainly CYP2C9, 2C19 and 3A4i), which in turn

triggers the feedback mechanisms (FDBK)Heme regulation mechanism

resulting in a delayed inhibition of ALA synthesis. Both effects EPhe,ALA

(Equation 9; effect of phenobarbital on ALA synthesis) and EPhe,Heme

(Equation 10; effect of phenobarbital on heme degradation) were

incorporated in the full model represented in Figure S2.

EPhe,ALA ¼ 1þθPhe,ALA�CPheð Þ ð9Þ

EPhe,Heme ¼ 1þθPhe,Heme�CPheð Þ ð10Þ

θPhe,ALA and θPhe,Heme are the parameters accounting for the magnitude

of phenobarbital effect on ALA synthesis and heme degradation,

respectively.

2.3.6 | Model for PBGD effects

The administration of exogenous (E) PBGD promotes the synthesis

of porphyrinogen 1 in blood from circulating PBG molecules and it
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is thought that it restores PBGD activity in liver. With respect to

the former effect, EPBGD,B, it was characterized by the following

expression (Equation 11) where θPBGD,S quantifies the efficiency of

the PBG to porphyrinogen 1 reaction process catalysed by exogenous

PBGD in serum.

EPBGD,B ¼ θPBGD,S�PBGDact,Sð Þ ð11Þ

The response to exogenous PBGD in liver follows two mechanisms

consisting of enhancing the degradation of PBG to form tPOR repre-

sented by EPBGD,L in expression 12, and shifting porphyrin production

from porphyrinogen 1 (POR1) to porphyrinogen (POR3), introducing

in the model the term FPOR1, the fraction of HtPOR corresponding to

HPOR1 (Equation 13).

EPBGD,L ¼ 1þθPBGD:L�PBGDact,Lð Þ ð12Þ

FPOR1 ¼ EPBGD,L,0
EPBGD,LþθPOR1,0

ð13Þ

θPBGD,L quantifies the efficiency of the PBG to tPOR reaction

process catalysed by exogenous PBGD in the liver, PBGDact,L represents

the PBGD activity in the liver scaled from serum as SS!L�PBGDact,S

(SS!L is a formulation-dependent parameter), EPBGD,L,0 is the PBGD

activity in liver at baseline and θPOR1,0 is a fixed parameter that allows

to obtain a fraction equal to 0.909 in the absence of PBGD treatment.

The full model integrating the processes described in

Equations 1–13 is mathematically presented in Figure S2.

2.4 | Software list

Dataset pre-processing and figures were performed with R 4.0.2

(R Foundation for Statistical Computing, 2017) (RRID:SCR_001905)

and RStudio 1.3.1073 (RStudio Team, 2020) (RRID:SCR_000432).

Berkeley-Madonna 9.1.19 (Park, 2017) was used to test the basic

model structure and the different feedback mechanisms. Population

approach models were run in NONMEM 7.4 (Beal et al., 2009) (RRID:

SCR_016986), and model management and simulations were carried

out using Pirana 2.9.9 and PsN 4.9 (Keizer et al., 2013).

2.5 | Materials

Pentobarbital was obtained from. NaH2PO4-2H2O, DTT, Cl2Mg,

Tris–HCl (pH 8.1) and TCA from. Duphalyte® was obtained from

-Zoetis, Girona, Spain.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to

PHARMACOLOGY http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos, et al., 2021; Alexander, Kelly,

et al., 2021).

3 | RESULTS

3.1 | Data description

The profiles of PBGD enzymatic activity in serum shown in Figure 1a

suggested similar kinetics across the different recombinant fusion pro-

teins. Figure 1b shows the time course of the heme precursors for

control and treated AIP mice. A reduction of ALA and PBG accumula-

tion in urine is observed after PBGD administration. Urinary ALA and

PBG amounts decreased 78–91% and 98%, respectively, with respect

to the control group at day 4 (a day after recombinant fusion PBGD

dosing). tPOR amounts were reduced as well at day 4 but to a lower

percentage (48%–83%) after administering either rhApoAI-PBGD or

rhApoAI-PBGDMS, whereas AIP mice in the rhPBGD-ApoAI groups

displayed a large tPOR burst during the first phenobarbital challenge

(321%–377% increase at day 4 with respect to control group).

3.2 | PBGD enzymatic activity model

The profiles of the systemic PBGD enzymatic activity were best

described with a two-compartment model compared with one-

compartment kinetics and the use of a three-compartment model

did not describe the data significantly better. Including inter-animal

variability on the parameters first order rate constant of elimination

(Kel), apparent volume of distribution of the PBGD enzymatic activity

central compartment (V1) and K21 improved the description of the

data significantly. The type of formulation showed a significant

impact in first order rate constant of elimination, resulting in a

16.2% and 20.8% decrease in first order rate constant of elimination

for the rhApoAI-PBGD and rhApoAI-PBGDMS formulations with

respect to rhPBGD-ApoAI.

The final model parameters are listed in Table 1. Parameter esti-

mates were precisely estimated with narrow 95% confidence intervals

including the parameter value, and the results from the simulation-

based diagnostics indicated that the selected model captured well

both the typical tendency of the data and their dispersion (Figure 3a).

Observed and predictive profiles for several mice chosen at random

are represented in Figure 3b showing the good performance of the

model at the individual level given the low value of ε-shrinkage. Elimi-

nation half-life for rhPBGD-ApoAI, rhApoAI-PBGD and rhApoAI-

PBGDMS were 12.84, 15.32 and 16.21 h, respectively. These esti-

mates are reflected by the longer time rhApoAI-PBGD formulations,

with respect to rhPBGD-ApoAI, remained in the blood. Inter-animal

variability was found to be small for first order rate constant of elimi-

nation (10.1% expressed as coefficient of variation, CV), whereas

apparent volume of distribution of the PBGD enzymatic activity
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central compartment (V1) and K21 parameters presented larger vari-

ability among animals (40.2% and 61.3%, respectively).

3.3 | Full heme precursors/PBGD effects model

The rationale behind the design of this model is detailed in the

methods section and is mathematically fully described in Figure S2

and was simultaneously fit to all observed available data (the amounts

over time of urinary levels of ALA, PBG and tPOR).

During the first modelling attempts no sustained PBGD effects

were achieved, as the model over-predicted the urinary levels of ALA

and PBG during the second and further phenobarbital challenges. To

improve model performance, the duration of treatment effects was

extended by applying the compartment concept effect (Sheiner

et al., 1979) and incorporating the following expression (Equation 14)

into the final model structure (see Figure S2). Data were described

significantly better, and the model inaccuracies were corrected.

dPBGDact,S_e

dt
¼Ke0� PBGDact,S�PBGDact,S_eð Þ ð14Þ

where PBGDact,S_e is the PBGD enzymatic activity in the effect

compartment and Ke,0 is the first-order rate parameter which dictates

the delay between PBGDact,S and PBGDact,S_e.

The addition of inter-animal variability to any of the model param-

eters was found to be non-significant. Therefore, the only random-

effects parameters in the final model were those corresponding to the

residual error for urinary levels of ALA, PBG and tPOR.

From all the parameters of the model, VMAX (maximum rate of

PBG conversion) results were poorly identified and its value was

obtained thorough a local sensitivity analysis. Our experimental data

do not contain information on the estimate FPOR1, thus the same

approach as the one described for VMAX was followed. The values

selected for VMAX and FPOR1 were 1.5 arbitrary units * h�1 and 0.1

(unitless), respectively.

Model parameter estimates, along with their 95% confidence

intervals, are displayed in Table 2 and the results of the model evalua-

tion shown as visual predictive checks are represented in Figure 4.

Both, the median tendency and dispersion of the data appear well

described for each precursor and experimental scenario. Figure S3

shows experimental data and individual model predicted profiles for

several mice chosen at random, where are in a good agreement

between observations and predictions is observed.

In the absence of PBGD administration (i.e. control AIP mice),

the model predicts 2.31 times greater effects of phenobarbital

administration on cytochrome P450 induction (and subsequently on

heme degradation) compared with those exerted on the direct stim-

ulation of ALA synthesis (Figure 5). Predicted heme concentrations

were reduced by 85% after the first phenobarbital challenge. The

overall effect of the lowest heme concentration on ALA regulation

increased the KENZ parameter by 16.7% with respect to its value at

baseline (0.47 h). Figure 5a shows a simulation of how phenobarbi-

tal induction changes hepatic ALA and hepatic heme virtual

concentrtions.

The rationale for development of different PBGD formulations

relied, at least in part, on the hypothesis that the position of the

ApoAI molecule in the fusion protein was a key factor in PBGD

TABLE 1 Model parameter estimates of the final PBGD enzymatic activity model

Parameter Value 95% CI IAV (RSE [%])

Disposition model

Kel_PBGD�ApoAI (h) 5.40*10�2 5.02*10�2 to 5.87*10�2 10.1 (3.9–14.5)

Kel_ApoAI�PBGD (h) 4.54*10�2 3.81*10�2 to 5.44*10�2

Kel_ApoAI�PBGDMS (h) 4.26*10�2 3.61*10�2 to 5.04*10�2

V1 (nmol PBGD * μl serum * h * pmol URO�1) 2.97*10�4 2.59*10�4 to 3.48*10�4 40.2 (15.2–62.5)

K12 (h) 3.68*10�3 2.01*10�3 to 1.06*10�2 -

K21 (h) 3.52*10�2 2.07*10�2 to 6.51*10�2 61.3 (23.6–127.9)

Error model (%) 32.9 27–38 -

Absorption model (subcutaneous only)

Ka (h) 1.66*10�2 1.05*10�2 to 2.35*10�2 50.1 (19.5–87.1)

D (h) 15.0 13.6–16.3 -

F1st order (unitless) 0.33 0.28–0.42 60.3 (20.5–91.6)

Fsubc (unitless) 0.94 0.88–0.99 -

Notes: RSE, relative standard error, computed as the ratio between the standard error and the parameter value and expressed as percentage. 95%

confidence intervals (CI), 95% confidence intervals obtained after performing a non-parametric bootstrap. IAV, inter-animal variability, expressed as a

coefficient of variation in percentage using the expression
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eωi

2 �1
p

. Kel, first order elimination rate constant for the three different protein variants

PBGD-ApoAI, ApoAI-PBGD and ApoAI-PBGDMS. V1, apparent volume of distribution in the central compartment. K12 and K21, first order rate constants

of distribution from the central to the peripheral compartments and vice versa, respectively. Ka, first-order absorption rate constant. D, duration of the

zero-order uptake. F1st order, fraction of the absorbed amount through a first-order process. Fsubc, bioavailability after s.c. administration.
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distribution to liver. Indeed, in the current analysis different PBGD

hepatic uptakes were estimated for each ApoAI position (either

rhPBGD-ApoAI or rhApoAI-PBGD). Both rhApoAI-PBGD and rApoAI-

PBGDMS shared the same hepatic PBGD uptake (FPBGD) parameter.

FPBGD for both rhApoAI-PBGD and rhApoAI-PBGDMS resulted 2.32

times larger than the one estimated for rhPBGD-ApoAI. This meant a

larger PBGD uptake in liver for rhApoAI-PBGD and rhApoAI-

PBGDMS formulations. Differences in the hepatic PBGD enzymatic

activity over time between the different PBGD formulations are dis-

played in Figure 5b.

After PBGD administration, the maximum total hepatic PBGD

enzymatic activity (391 200 pmol URO * μl serum�1 * h�1 observed

for the rhPBGD-ApoAI formulation) increased the VMAX parameter of

the saturable Michaelis–Menten transit almost 42-fold with respect

to the value at baseline (1.5 arbitrary units * h�1) (see equation for

EPBGD,L in Figure S2). This maximum hepatic PBGD activity also chan-

ged the FPOR1 parameter from 0.909 (baseline) to 0.024, meaning a

97% decrease in the formation of porphyrinogen (POR1) and a 972%

increase in the formation of porphyrinogen 3 (POR3).

3.4 | External validation

Both the PBGD enzymatic activity model and the heme precursors

model were evaluated to assess whether their predictions were still

valid under different experimental scenarios (in our case the use of a

different route of administration). To this end, data after PBGD

s.c. administration were used to validate heme precursor predictions

when PBGD is administered s.c. instead of i.v. To accomplish this goal,

first the time profiles of systemic PBGD activity needed to be

described characterizing the absorption-related parameters, as the

disposition parameters were inferred from the i.v. administration

experiments.

A total of 31 mice (240 observations) that received different dose

levels of rhPBGD-ApoAI (15, 22.5, 30 or 60 nmol�kg�1) were available

for the validation analysis of the PBGD enzymatic activity model. The

selected model included a simultaneous zero-order and first-order

absorption mechanism after a s.c. administration. Absorption parame-

ters are also listed in Table 1. The estimated drug fraction absorbed

through a first-order process (F1st order) was 33.4%, whereas the

F IGURE 3 Porphobilinogen deaminase (PBGD) enzymatic activity model: Visual predictive checks (VPCs) and individual profiles. (a) VPCs.
The three first panels show the different formulations administered intravenously (n = 27, 9 and 8 mice, respectively). The fourth panel is for
recombinant human (rh) PBGD-apolipoprotein AI (ApoAI; n = 31 in total for the four dose groups) after a subcutaneous administration. One

thousand datasets with the same characteristics as the original one were simulated and plotted together with the observed data. Points,
observations. Red solid line, observed median profile. Light red area, 95% confidence interval of the simulated median profiles. Black dashed lines,
medians of the simulated 2.5th and 97.5th percentiles that provide a 95% prediction interval. (b) Individual enzymatic activity profiles from
randomly selected individuals. The two panels on the left-hand side present two mice after an intravenous administration, and the remaining two
IDs received a subcutaneous administration. Dots, enzymatic activity observations. Blue dashed line, population predictions. Red solid line,
individual predictions
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remaining 66.6% presented a zero-order uptake. The model showed a

total s.c. bioavailability (total subcutaneous PBGD bioavailability,

Fsubc) of 93.5%, meaning that most of the injected PBGD reached the

bloodstream. The results showed in the right-hand panels of Figure 3

revealed that the model was indeed supported by data.

Heme precursors model was assessed by including the urinary

excreted amounts of ALA and PBG excreted from three mice that were

challenged with phenobarbital after two s.c. doses of 300 nmol�kg�1

rhApoAI-PBGDMS at days one and two after the first phenobarbital

challenge. Only the PBGD enzymatic activity processes regarding

absorption and bioavailability were updated, whereas the rest of the

parameters remained unchanged. One thousand studies with the same

number of treated mice as the original dataset were simulated, and the

percentages of reduction in ALA and PBG compared with control mice

TABLE 2 Model parameter estimates of the final full heme precursors/PBGD effects model

Parameter Value 95% CI

Unperturbed heme precursors model

Kenz (h) 0.47 0.37–0.59

γHeme (unitless) 8.08*10�2 2.42*10�2 to 0.16

γPBGD (unitless) 0.73 0.64–0.85

Vmax (arbitrary units * h�1) 1.5 -

Urinary excretion of heme precursors

Ku,ALA (h) 12 200 10 845–13 655

Ku,PBG (h) 1190 815–1554

Ku,tPOR (h) 0.23 0.20–0.26

Phenobarbital-induced acute porphyric attacks

γALA (unitless) 1.11 1.02–1.23

γPBG (unitless) 2.08 1.91–2.30

γtPOR (unitless) 1.45 1.25–1.70

θPhe,ALA (L * mg�1) 2.99*10�2 1.91*10�2 to 4.03*10�2

θPhe,Heme (L * mg�1) 7.23*10�2 1.00*10�2 to 4.19*10�1

PBGD effects

θPBGD,S (μl serum * h * pmol URO�1) 1.38*10�4 5.70*10�5 to 2.38*10�4

θPBGD,L (μl serum * h * pmol URO�1) 1.03*10�4 4.24*10�5 to 1.63*10�4

θPOR1,0 (unitless) 0.10 -

SSàL, ApoAI�PBGD and ApoAI�PBGDMS

(unitless)

2.32 1.75–3.06

Ke0 (h) 2.78*10�3 2.25*10�3 to 3.42*10�3

Residual error model

ALA error model (log[(pmol * mg

creatinine�1])

0.748 0.708–0.792

PBG error model (log[(pmol * mg

creatinine�1])

0.751 0.713–0.792

tPOR error model (log[(pmol * mg

creatinine�1])

0.799 0.751–0.854

Notes: 95% confidence intervals (CI), 95% confidence intervals obtained after performing a log-likelihood profiling. Abbreviations: ALA, 5-aminolevulinic

acid; ApoAI, apolipoprotein A1; B, blood; PBG, porphobilinogen, PBGD, porphobilinogen deaminase; Phe, phenobarbital; POR 1 porphyrinogen 1; tPOR,

total porphyrins; URO, uroporphyrin; Ke0., first-order rate parameter which dictates the delay between PBGD activity in serum and PBGD activity in

serum for the effect compartment; Ku, is the urinary excretion rate constant for either ALA, PBG or tPOR; S, parameter that transforms exogenous PBGD

activity in serum (S) into PBGD activity in liver (L); Kenz is a rate constant that governs the formation and degradation mechanisms in liver; θPhe, ALA,
parameter accounting for the magnitude of phenobarbital effect on ALA synthesis; θPhe, Heme, parameter accounting for the magnitude of phenobarbital

effect on heme degradation θPOR1,0, parameter that allows to obtain a fraction equal to 0.909 in absence of PBGD effect; θPBGD,S, quantifies the efficiency

of the PBG to porphyrinogen 1 reaction process catalysed by exogenous PBGD in serum; θPBGD,L, quantifies the efficiency of the PBG to tPOR reaction

process catalysed by exogenous PBGD in the liver; γALA, parameter modulating the relationship between urinary levels and systemic amounts of ALA.

γHEME controls the magnitude of heme inhibition on hepatic ALA synthesis; γPBG, parameter modulating the relationship between urinary levels and

systemic amounts of PBG; PBG; γPBGD is the parameter modulating the effect of the ratio on the transit between hepatic ALA and hepatic PBG; γtPOR.

parameter modulating the relationship between urinary levels and systemic amounts of tPOR. SSàL, ApoAI-PBGD and ApoAI-PBGDMS, parameter that

scales ApoAI-PBGD and ApoAI-PBGDMS activity in the liver coming from serum; Vmax is the maximum rate of PBG conversion to porphyrins.
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2 days after the second PBGD dose were computed for both observed

and simulated data. The observed decrease of ALA amounts in urine

(87.1%) was found to be captured by the simulations (95% confidence

intervals: 10.4%–94.3%), whereas the observed reduction in urinary

PBG levels (99.8%) was represented by the upper part of the 95%

confidence intervals calculated from simulated data.

3.5 | Model exploration

Figure 6 shows that the s.c. administration of 300 nmol�kg�1 of

rhApoAI-PBGDsm can offer an adequate protection (e.g. 80% reduc-

tion in the amount of PBG excreted in urine) even if administered up

to 7 days prior the start of an acute attack. The degree of protection

decreased to 5 days if the same dose is given i.v., and to 3 days if the

lower dose of 60 nmol�kg�1 is given for three consecutive days both

i.v. or s.c. However, if given at the day of the acute attack or later,

simulations have shown that s.c. administrations gives equal or less

protection than the i.v. route.

4 | DISCUSSION

The development of new therapies for rare diseases is more challeng-

ing than for those pathologies that show a higher prevalence in the

general population. This is because there is a major obstacle, that of a

scarcity information available from such few patients. In that scenario,

the possibility of developing predictive computational models by inte-

grating and making the most of the available data represents an

attractive goal. Especially, given the current success of the model-

informed drug discovery and development paradigm in numerous

therapeutic areas (Dockendorf et al., 2018; Garralda et al., 2017;

Muliaditan et al., 2017).

Model-based drug discovery and development merges

pharmacometrics and systems pharmacology Vicini & Van Der

Graaf, 2013). The latter orchestrates data from different sources

within a quantitative mechanistic framework following the so-

called bottom-up approach. For the particular case of acute inter-

mittent porphyria (AIP), our efforts towards establishing a quanti-

tative systems pharmacology model have been unsuccessful due to

F IGURE 4 Heme precursors model: Visual predictive checks (VPCs). (a) Control (n = 22) acute intermittent porphyria (AIP) mice. B, AIP mice
treated with either 300 (n = 8) nmol�kg�1 or 600 (n = 7) nmol�kg�1 recombinant human (rh) porphobilinogen deaminase (PBGD)-apolipoprotein
AI (ApoAI). C, AIP mice treated with 300 (n = 7) nmol�kg�1 rhApoAI-PBGD. D, AIP mice treated with 300 (n = 6) nmol�kg�1 rhApoAI-human

PBGD-I129M/N340S (PBGDMS). One thousand datasets with the same characteristics as the original one were simulated and plotted together
with the observed data. Points, observations. Red solid line, observed median profile. Light areas, 95% confidence interval of the simulated
median profiles. Black dashed lines, medians of the simulated 2.5th and 97.5th percentiles that provide a 95% prediction interval

3826 VERA-YUNCA ET AL.



lack of quantitative longitudinal data reflecting key mechanisms of

the heme pathway. Therefore, we adopted the intermediate

middle-out approach, generating a topological model based on

available knowledge (see Figure 2) and the numerical

(i.e. parameter characterization) paucity was overcome by a data

driven model analysis.

This work represents an extension and a more mechanistic

version of the disease progression model established previously in

F IGURE 5 Model-based simulated profiles. (a) Hepatic ALA and heme amounts over time with (black solid line) and without (red dashed line)
phenobarbital induction, both in the absence of recombinant human (rh) porphobilinogen deaminase (PBGD) administration. (b) PBGD enzymatic
activity (expressed as natural logarithm) in liver derived from the administration of 300 nmol�kg�1 of either rhPBGD-apolipoprotein AI (ApoAI)

(red), rhApoAI-PBGD (green) or rhApoAI-human PBGD-I129M/N340S (PBGDMS; blue)

F IGURE 6 Model
exploration. Lines represent the
percentage of urinary
porphobilinogen (PBG) reduced
with respect to the control profile
at day 4 after the start of the
acute attack depending on the

day of recombinant human (rh)
apolipoprotein AI (ApoAI)- human
PBGD-I129M/N340S (PBGDMS)
administration: From 8 days prior
to the start of the acute attack
(day �8) to 2 days after the start
of the attack (day 2). Each line
shows a different dosing
schedule (either 300 nmol�kg�1 o.
d. or 60 nmol�kg�1 o.d. for 3 days)
and route of administration
[either intravenous (i.v.) or
subcutaneous (s.c.)]
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mice that received phenobarbital but not active treatment

(Vera-Yunca et al., 2019). By pooling together data from different

experimental groups, we were able to identify and quantify sev-

eral regulatory processes, such as the inhibition of ALA synthesis

by hepatic heme deposits, the inhibition of PBG transit to por-

phyrins, when there is an excess of this precursor, or the

impaired catalytic activity of PBGD in mutated AIP mice. More-

over, the different induction mechanisms that cause an acute

attack after a phenobarbital administration have been character-

ized despite the lack of direct hepatic measurements. The impact

of phenobarbital on inducing cytochrome P450 expression

(i.e. depleting heme deposits) is more than twice the direct effect

on increasing ALA synthesis.

PBGD enzymatic activity model has shown that ApoAI-

PBGDMS variants could last longer in systemic circulation. Those

formulations presented a 16.2%–20.8% smaller elimination rate with

respect to PBGD-ApoAI, which is in agreement with previously

obtained internal results that displayed different PBGD kinetics

depending on the position of the ApoAI protein. This is also related

to the fraction of PBGD in liver: our model describing urinary heme

precursor excretion displays a 2.32 times larger hepatic uptake from

systemic circulation for rhApoAI-PBGD and rhApoAI-PBGD ms than

for PBGD-ApoAI, further confirming that ApoAI position changes

PBGD targeting to liver. The larger hepatic uptake of the protein

formed by linking ApoAI to the N-terminus of PBGD may be related

to its advantaged incorporation into the HDL fraction, as previously

suggested (C�ordoba et al., 2022).

Additional retrospective data from AIP mice receiving

s.c. administrations of PBGD allowed us to characterize PBGD absorp-

tion and to confirm that these models were able to describe both PBGD

systemic exposure and its effect on heme precursors using different

routes of administration. Nevertheless, the model could not entirely

predict the percentage decrease of urinary PBG excretion compared

with control 2 days after the second PBGD administration. The low

number of available mice in this group, only three, may have caused this

discrepancy. A larger number of AIP mice with s.c. administrations dur-

ing an acute attack could help better validate this model.

One of the main applications of mechanistic computational

models integrating quantitative longitudinal information from differ-

ent sources is the exploration of new or alternative dosing scenarios.

Several dosing times and routes of administration were tested by per-

forming deterministic simulations in virtual AIP mice. Although

s.c. administration proved to be similar to the i.v. route in terms of the

prevention of acute attacks (PBG reduction with respect to control

mice), its efficacy diminished when the acute attack had already

started. In our simulations, rhPBGD exposure achieved by

s.c. administration is smaller when compared with i.v. injections, thus

showing less efficacy during an ongoing acute attack. However,

rhPBGD activity lasts longer and elicited durable protection when

administered before an acute attack as shown in Figure S4. This could

represent an opportunity for prophylactic treatment of chronic acute

attack patients that would not require hospitalization. The rhPBGD

therapy could also be divided into three doses of 60 nmol�kg�1, as it

gives similar results as the single 300 nmol�kg�1, while reducing the

overall rhPBGD amount received.

A previous computational modelling study on AIP showed excellent

results regarding the prediction of heme precursors in different preclini-

cal models after PBGD mRNA therapy and the extrapolation of PBGD

effects to humans (Parra-Guillen et al., 2020). That semi-mechanistic

work had a simpler structure than our mechanistic model, although all-

owing them to obtain accurate model parameter estimates, to predict

key heme precursors amounts in different species and to extrapolate

PBGD activity over time to humans. Key parameter estimates were

similar to the ones obtained by our model, such as is a rate constant

that governs the formation and degradation mechanisms (Kenz; 0.33

vs. 0.47) or urinary excretion rate constants (7600, 1100 and 0.05

vs. 12 200, 1190 and 0.23). Nevertheless, due to the partially empirical

nature of this model by Parra-Guillén et al., (i), ALA and PBG dynamics

in liver could not be differentiated, (ii) a second PBGD effect was

included in the model to decrease ALA synthesis and (iii), drug-mediated

induction of the acute attack was directed only to ALA synthesis. In the

present work, the time course of each heme precursor (i.e. ALA, PBG

and tPOR) can be followed in liver, bloodstream or urine taking into

account actual regulatory feedbacks present in the heme pathway. Both

inductor (phenobarbital) and recombinant PBGD effects have been

mechanistically added as described in literature or in previous works.

In summary, a mechanistic pharmacokinetic-pharmacodynamic

(PKPD) model able to capture the urinary time profiles of heme pre-

cursors ALA, PBG and tPOR has been successfully developed. It can

describe AIP mice biochemical changes during a drug-induced acute

attack, and how biomarker levels in urine are restored to normal levels

after the administration of recombinant PBGD doses. This model rep-

resents a mechanistic framework that can integrate longitudinal,

sparse data from multiple sources (e.g. in vitro PBGD activity, in vivo

urinary heme precursor amounts) in order to describe the mechanisms

of the heme pathway, acute attack precipitation and treatment effect.

Both current and emerging therapies can be included in the model

regardless of the dosing schedule to explore their potential for restor-

ing the normal function of the heme pathway.
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