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Background and Purpose: Acute intermittent porphyria (AIP) results from haplo-
insufficiency of the porphobilinogen deaminase (PBGD) gene encoding the third
enzyme in the haem biosynthesis pathway. As liver is the main organ of pathology
for AIP, emerging therapies that restore enzyme hepatic levels are appealing. The
objective of this work was to develop a mechanistic-based computational framework
to describe the effects of novel PBGD mRNA therapy on the accumulation of neuro-
toxic haem precursors in small and large animal models.

Experimental Approach: Liver PBGD activity data and/or 24-hr urinary haem precur-
sors were obtained from genetic AIP mice and wild-type mice, rats, rabbits, and
macaques. To mimic acute attacks, porphyrogenic drugs were administered over one
or multiple challenges, and animals were used as controls or treated with different
PBGD mRNA products. Available experimental data were sequentially used to build
and validate a semi-mechanistic mathematical model using non-linear mixed-effects
approach.

Key Results: The developed framework accounts for the different biological pro-
cesses involved (i.e., mRNA sequence, release from lipid nanoparticle and degrada-
tion, mRNA translation, increased PBGD activity in liver, and haem precursor
metabolism) in a simplified mechanistic fashion. The model, validated using external
data, shows robustness in the extrapolation of PBGD activity data in rat, rabbit, and
non-human primate species.

Conclusion and Implications: This quantitative framework provides a valuable tool to
compare PBGD mRNA drug products during early preclinical stages, optimize the
amount of experimental data required, and project results to humans, thus supporting

drug development and clinical dose and dosing regimen selection.

Abbreviations: AlA, 2-allyl-2-isopropylacetamide; AIP, acute intermittent porphyria; ALA, aminolevulinic acid; ALAS1, 5-aminolaevulinic acid synthase 1; C, pheno, cOncentrations of phenobarbital
in effect site; Cirg;, virtual circulating levels of haem precursors; hPBGD, human PBGD; Kpeg, first-order rate constant of PBGD, degradation; K, first-order rate constant of mRNA elimination;
Kex,i» urinary excretion rate constant; Kip, first-order rate constant of distribution between liver and peripheral compartments; Kp, first-order rate constant of distribution between peripheral and
liver compartments; Kgg, first-order rate constant of mRNA release; Ksyn, first-order rate constant of PBGD, synthesis; LNPs, lipid nanoparticles; mMRNAgnc, MRNA encapsulated; NHPs, non-
human primates; PBG, porphobilinogen; PBGD, porphobilinogen deaminase; PBGD,, liver PBGD activity; PBGD,(0), PBGD, at baseline; SEQ, mRNA sequence; tPOR, total porphyrins; U;, 24-hr
amount of urinary precursors; URO, uroporphyrin; VPC, visual predictive check; WT, wild-type; Oppeno, Phenobarbital effect parameter; 8,,rna, MRNA effect parameter.
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1 | INTRODUCTION

Porphyrias constitute a group of rare metabolic disorders affecting
the haem biosynthesis pathway. Among them, acute intermittent por-
phyria (AIP) represents the most frequent porphyria in Europe, with a
prevalence of 5.9 per 1,000,000 inhabitants (Elder, Harper, Badmin-
ton, Sandberg, & Deybach, 2013). AIP is caused by mutations in the
porphobilinogen deaminase (PBGD) gene resulting in a marked loss of
activity of PGBD, the third enzyme of the haem biosynthesis pathway
(Chen et al., 2016).

Haem production in the liver is controlled by the
5-aminolaevulinic acid synthase 1 (ALAS1) enzyme, the first and rate-
limiting enzyme of the pathway (Karim et al., 2015; Puy, Gouya, &
Deybach, 2010). Porphyria attacks result from external or internal fac-
tors that increase the demand for haem or strongly induce ALAS1 in
the liver in individuals carrying an inherited deficiency of PBGD. The
consequence is a marked overproduction and accumulation of
aminolevulinic acid (ALA) and porphobilinogen (PBG), the intermedi-
ate products between both enzymes.

The pathogenesis of acute attacks is still not well understood, but
it is believed that ALA and/or their metabolites overproduced by the
liver are neurotoxic (Anderson et al., 2005; Stein, Badminton, &
Rees, 2017). AIP appears in the form of acute attacks, typically con-
sisting of severe abdominal pain, gastrointestinal manifestations (such
as nausea, vomiting, or constipation), and in some cases accompanied
by psychological disorders (anxiety depression, confusion, or seizure,
among others), sensory loss, or motor neuropathy, which can be
potentially life threatening (Fontanellas, Avila, Anderson, &
Deybach, 2019; Karim et al., 2015; Puy et al., 2010).

Treatment during acute attacks is mainly symptomatic, including
in some cases the administration of human haemin, which replen-
ishes the regulatory haem pool in hepatocytes and down-regulates
the over-expression of ALAS1 in the liver by negative feedback
mechanism. Preventive treatment largely relies on patient education
to identify and avoid precipitating factors. The prophylactic use of
haemin has also been reported in patients with recurrent attacks
(Anderson et al., 2005; Balwani & Desnick, 2012). However, this
entails frequent intravenous administration that can lead to iron
overload and contribute to hepatic damage and fibrosis (Marsden
et al., 2015).

Different emerging therapies targeting the liver include RNA
interference, targeting ALAS1 mRNA (Sardh et al.,, 2019) and gen-
e/mRNA therapy to express functional human PBGD (hPBGD)
enzyme in the liver (Fontanellas, Avila, & Berraondo, 2016) and are
currently under development. The administration of hPBGD mRNA
formulated into biodegradable lipid nanoparticles (LNPs), as a vehicle
for drug delivery, was recently shown to be well tolerated and induce
the expression of functional hPBGD protein in hepatocytes across
small and large animal species, as well as normalize levels of urinary
haem precursors in a transgenic AIP mouse model (Jiang et al., 2018).
Therefore, hPBGD mRNA therapy may represent a therapeutic strat-
egy for AIP, as an alternative to rAAV-gene therapy (D'Avola
et al,, 2016).
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What is already known

e PBGD mRNA-based therapy can represent a potential
therapy for unmet needs in acute intermittent porphyria.
e Modelling and simulation are useful tools to support drug

development and clinical use.
What this study adds

e A modelling framework characterizing kinetic and phar-
macological data across animal species for PBGD mRNA-
based therapies.

e A tool to compare across novel therapies and optimize
preclinical

experiments  supporting early  drug

development.
What is the clinical significance

o A translational framework to project preclinical results to
clinical situations for novel PBGD mRNA-based

therapies.

Development of treatments for rare diseases such as AIP are chal-
lenging due to limited knowledge available, interindividual heteroge-
neity of symptoms, and the difficulty of conducting epidemiological
studies involving large numbers of patients to understand and explore
the disease (Dunoyer, 2011; Griggs et al., 2009). In this context, com-
putational modelling and simulation can provide relevant support to
integrate and maximize existing knowledge and optimize drug
development.

Indeed, the Food and Drug Administration highlighted the oppor-
tunities offered by the application of mathematics, statistics, and com-
putational analysis to biological data in order to construct robust and
guantitative models as part of its critical path initiative
(US Department of Health and Food Administration, 2007; Wood-
cock & Woosley, 2008). These models constitute useful tools to inte-
grate existing information originated from multiple sources, into a
quantitative framework allowing us to (a) improve the understanding
of the interplay and temporal evolution of the components of a sys-
tem, (b) explore the impact of different therapeutic strategies or dos-
ing regimens, and (c) project preclinical response outcomes to clinical
situations using in silico simulation techniques, thus supporting and
guiding drug development.

Unfortunately, these modelling approaches are still scarce in the
field of gene therapy (Mac Gabhann, Annex, & Popel, 2010; Parra-
Guillén, Gonzalez-Aseguinolaza, Berraondo, & Trocoéniz, 2010) and
rare diseases like AIP (Siegert & Holt, 2008; Vera-Yunca et al., 2019),
where most of the efforts focus on characterizing the non-clinical or

85U8017 SUOWWIOD BAII8.D 3(gedl|dde ayy Aq peusenob ke o e YO 8sn Jo Sa|ni Joj Akeid8UIIUO A1 UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M Afe.d | jBul[U0//:SdNL) SUORIPUOD Pue SIS | &) 88S *[7202/T0/2T] Uo ARiqiaulluo Ao|IM ‘elieneN ap pepiseAlun AQ OFOST Yda/TTTT 0T/I0p/wW00 A8 |mAke.q i uluosgndsday/sdny woly pepeojumod ‘vT ‘0202 ‘T8ES9LFT


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4784

PARRA-GUILLEN ET AL.

BRITISH
3170 PHARMACOLOGICAL
SOCIETY

clinical pharmacokinetic profiles but are lacking in predictions of
exposure-response.

The objectives of this work were to expand upon existing preclini-
cal proof-of-concept studies for PBGD mRNA therapy as a treatment
for AIP by (a) developing a comprehensive mechanistic computational
model capable of integrating data on temporal liver PBGD activity
(PBGD,) and urinary levels of haem precursors, collected across differ-
ent preclinical species for the novel hPBGD mRNA compounds men-
tioned above and (b) extrapolating model predictions to the human
condition in order to support and optimize clinical development. This
mechanistic framework will allow the integration of new data gath-
ered during the course of a development program to increase our
quantitative understanding of the biological system, model robust-

ness, and model applicability.

2 | METHODS

21 | Dataand experimental designs

The data used to develop the mechanism-based computational model
were obtained from experiments conducted at the Center for Applied
Medical Research, University of Navarra, as described in Jiang
et al. (2018), in which either the (a) PBGD activity in the liver or the
(b) amount of haem precursors (ALA, PBG, and total porphyrins
[tPOR]) excreted in urine was measured in control and treated

animals.

21.1 | Experimental animals

All animal care and experimental protocols were approved by the
Ethics Committee of the University of Navarra (CEEA050-16 and
CEEA142-16) and the Institute of Public Health of Navarra
(2016/292147 and 2017/50445) according to European Council
Guidelines. Animal studies are reported in compliance with the
ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman,
2010) and with the recommendations made by the British Journal of
Pharmacology.

Experiments were performed across different animal species
which included AIP or wild-type (WT) male C57BL mice (RRID:
MGI:5657800), WT female Sprague Dawley rats (RRID:
RGD_737903), WT female New Zealand rabbits, or WT female
cynomolgus macaque (Macaca fascicularis). AIP mice exhibit 30% of
normal PBGD activity levels and were generated by crossbreeding T1
(C57BL/6 Pbgdtmi1(neo)Uam) and T2 (C57BL/6 Pbgdtm2(neo)Uam)
mouse strains as previously described (Lindberg et al., 1996). Acute
attacks are much more common in women than in men, potentially
due to the frequent occurrence of precipitating factors such as men-
strual cycle hormones. All the studies described in this work were car-
ried out in females, except for mice. For unknown reasons, the
induction of hepatic ALAS1 after phenobarbital challenge is greater in
male mice than in females. Thus, the accumulation of precursors is

higher in males than in females, which makes it possible to better dis-
cern the effect of small hepatic PBGD activity increases on the accu-
mulation of porphyrin precursors.

Open-label studies were designed to generate groups of equal
size using randomization. To calculate the sample size, we used the
computer application:  http://www.biomath.info/power/ttest.ntm.
Assays could not be blind as administration, sample collection, and

processing were carried out by the same researchers.

2.1.2 | hPBGD mRNA drug product

hPBGD mRNA drug products consisted of different mRNA sequences
encoding for the hPBGD enzyme encapsulated in different LNPs
(Table S1). In addition to hPBGD mRNA, luciferase mRNA was also
encapsulated in the different formulations to be used as negative con-
trols. A detailed description of the PBGD mRNA production and for-
mulation into LNP can be found in Jiang et al. (2018) and Sabnis
et al. (2018).

All mRNA doses were administered intravenously. In the case of
mice (weight range from 20 to 25 g), dose levels ranging from 0.05 to
2.5 mg-kg™* were administered as a bolus (12 to 15 ml-kg™?) through
the tail vein (see next section for detailed information). For the other
species used, a dose of 0.5 mg-kg™! was administered in a volume of
5 ml-kg™1. Rats (approximate weight of 250 g) were injected through
the tail vein at a rate of 1 ml-min~L. Rabbits (3 kg of body weight)
received the dose at a rate of 2 ml-min~? through the ear vein. Finally,
non-human primates (NHPs, approximate weight of 3.5 kg) were
injected, under anaesthesia, through the leg vein at a rate of
0.28 ml-min~?,

2.1.3 | Studies evaluating hepatic PBGD activity
hPBGD mRNA drug products were administered as an intravenous
single dose of 0.5 mg-kg~. Animals in control groups received either
no intervention or single intravenous injections of PBS or luciferase
mRNA. No acute attack was induced in any of these animals.

Groups of three to five animals were killed at different times after
administration (up to 10 days in the experiments performed in mice or
1 day after dosing in the other animal species; see Table S1 for addi-
tional information). Animals were perfused with 0.9% NaCl to elimi-
nate circulating blood, and livers were removed. In the case of WT
cyno, up to two liver biopsies (baseline and 24 hr post-injection) were
obtained. Mice and rats were anaesthetized with a combination of
ketamine (50 mg-kg™?) and xylazine (5 mg-kg™?) prior to killing. Simi-
larly, rabbits and cynos were anaesthetized with a combination of
buprenorphine (0.01 mg-kg™?), ketamine (25 mg-kg™1), and diazepam
(5 mg-kg™2) prior to intervention.

A total of 166 AIP mice, 7 rats, 8 rabbits, and 6 NHPs were used
in these experiments. Liver samples of each animal were placed in cold
0.9% NaCl solution for immediate enzyme determination. PBGD

activity in tissue homogenates was quantified measuring the
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conversion of PBG to uroporphyrin (URO) by spectrophotometry as
previously described (Anderson, Reddy, Anderson, & Desnick, 1981).
Results were expressed in terms of picomole of URO per milligram of

protein per hour (Jiang et al., 2018).

214 | Studies evaluating the accumulation of
precursors in urine

Changes in urinary excretion of precursors, a disease marker elevated
during acute attacks, were measured across one to three
porphyrogenic challenges. Each challenge comprised three periods:
baseline, induction of the acute attack and recovery.

To induce acute attacks in AIP mice, four to five increasing intra-
peritoneal (i.p.) doses of phenobarbital (75, 80, 85, and 90 mg-kg™2; i.
p.) were administered in intervals of 24 hr (90 mg-kg~* was the dose
in case of the fifth administration of phenobarbital). In the case of WT
animals, a daily subcutaneous morning administration of 300 or
350 mg-kg™?! of 2-allyl-2-isopropylacetamide (AlA) alone or in combi-
nation with a daily ip. evening administration of 200 mgkg™! of
rifampicin were given during two to five consecutive days. During the
induction period, animals receiving no intervention were used as
controls.

In addition to the porphyrogenic drugs, induced animals received
either the hPBGD mRNA drug product or 0.5 mg-kg™! of luciferase
mRNA with the same administration protocol (negative control).
hPBGD mRNA drug products were administered according to differ-
ent schedules across species. AIP mice were given a single dose of
hPBGD mRNA (0.5 mg-kg™2, i.v.) together with the second (preventive
protocol) or fourth dose of phenobarbital (treatment protocol) or
multi-dose of 0.05, 0.2, or 2.5 mg-kg™* of hPBGD mRNA intrave-
nously, one injection at each of the three challenges, together with
the second dose of phenobarbital. WT mice received a single intrave-
nous dose of 0.5 mg-kg™* before the first or third AIA dose during the
first challenge. Rats received the 0.5 mg-kg™, i.v., dose together with
the second or third dose of AlA/rifampicin also in the first challenge.
Lastly, rabbits were treated either with a single intravenous dose of
0.5 mg-kg~! administered before the first AIA dose (preventive proto-
col) or with the third dose of AlA/rifampicin (treatment protocol), or
three intravenous doses, one per challenge administered together
with the third dose of AlA/rifampicin (recurrent treatment protocol).
A schematic illustration of the experimental treatment protocols
across the different species can be found in Table S1.

A total of 201 animals (104 AIP mice, 16 WT mice, 23 WT rats,
and 58 WT rabbits) were used in these experiments. Animals were
housed in individual metabolic cages to collect the 24-hr urine sam-
ples at baseline and after each day of induction. Subsequently, urine
samples were frozen at —20°C until they were processed (no more
than 1 week after collection). Care was taken to protect the urine
samples from light.

Porphyrin precursors (ALA and PBG) were quantified using a
quantitative ion exchange column method (BioSystems, Barcelona,

Spain) and normalized to urine creatinine values. Briefly, the urine
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sample was passed through a column containing a buffered anionic
exchange resin (which retains PBG) and subsequently through a col-
umn with a buffered cationic exchange resin (which retains ALA).
Then ALA and PBG were eluted and spectrophotometrically quanti-
fied in an Ultrospec 3000 spectrophotometer (LS50B, PerkinElmer,
Spain) by absorbance at 555 nm of the Ehrlich's reaction product.
ALA and PBG measurements were converted to picomole per milli-
gram of creatinine units using their molecular weights (131 and
226 g-mol™?, respectively). Urinary excretion of total porphyrins
(tPOR) was analysed by the spectrofluorometric method
(Westerlund, Pudek, & Schreiber, 1988) and normalized to urine cre-

atinine values.

2.2 | Dataanalysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018). Data from multiple experi-
ments were simultaneously analysed using non-linear mixed-effects
approach, ensuring in all cases a group size of at least n = 5. Declared
group size corresponds to the independent values (i.e., not replicates)
used in the analysis. No available measurements were excluded from
the analysis.

Figure 1 provides an overview of the structure of the computa-
tional model linking the time profiles of hepatic PBGD activity elicited
by the mRNA treatments and their relationship with the 24-hr urine
excreted amounts of haem precursors established using the AIP
mouse data. This figure also shows the translational approach
followed, which is based on the established model and the data
obtained in other species including humans.

In the following, a model structure close to the one finally
selected is described for clarity. In Section 3, the outcome of different
model assumptions will also be presented justifying the selection of

the final model.

2.2.1 | Mechanistic-based computational model

The full computational structure consisted of (a) a model describing
the time course of PBGD, in response to mRNA administration, (b) a
disease/induction model accounting for the impact of induced AIP
attacks on the ALA, PBG, and tPOR excretion, and finally, (c) a model
for the effects of PBGD, to normalize urine excretion of haem precur-

sors. The three mentioned models were developed sequentially.
(@) Kinetic PBGD, model

A total of 159 PBGD activity observations from five different mMRNA
sequences (SEQ-1 corresponds to mRNA construct 8 in Jiang
et al., 2018) in three different formulations (LNP-A, LNP-B, and LNP-
C) were measured in the liver of AIP mice and sequentially incorpo-

rated into model development.
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Step 1: Model building in genetic AIP mice

* Liver PBGD activity
time profiles

* Urinary precursors
time profiles

Formulation specific Sequence specific

Road to translation

I

* Liver PBGD activity

* Urinary precursors
time profiles

(Step 3: Human extrapolatlons)

8 2

PBGD actity (pmol UIRO. mg peotein” he”")

IREELE L]
Time (days)

hPEGD mANA dose (kg™ — 05 — 1

FIGURE 1 Translational framework illustrating data availability and modelling strategy

Three main mechanisms were considered to describe the PBGD,
profiles as a response to the administration of the mRNA drug
products.

The first one is related to the distribution and mRNA release from
its LNP encapsulated form (mRNAgnc) into the liver. LNPs are inter-
nalized into the hepatocytes through a process mediated by an inter-
action between the LDL receptor and apolipoprotein E and other
opsonins. Once invaginated, LNPs are optimized to provide high deliv-
ery rates and better endosomal escape once invaginated (Sabnis
et al., 2018). Data of LNP or mRNA levels in the liver were not avail-
able, and thus, liver distribution and mRNA release from its encapsu-
lated form (mMRNAgnc) were model as a single process (Equation 1).
Once released, free mRNA can be degraded as shown in Equation 2.
d/dt accounts for the rate of change of the different entities in the
model (MRNAgnc and mRNA) and Kgg. and Kg represent the first-
order rate constants of mRNA release and degradation, respectively.

dmRNA

TENC = —KreL X MRNAgnc, (1)

dmRNA
dt

= KREL X mRNAENc —KF_ x mMRNA. (2)

Because mRNA measurements were not available, a common estimate
was also assumed for both parameters. The initial conditions of the
described system are the dose level (expressed as pmol kg™!) and O for

MRNAgnc and mMRNA, respectively.

The third mechanism describes the way mRNA is translated to
the encoded PBGD protein and is represented by Equation 3, assum-
ing proportionality between PBGD protein levels and PBGD,.

In absence of mRNA drug product, the endogenous levels of
PBGD, [PBGD,(0)]—set to 3 pmol-mg protein~t-hr™! (value derived
from control non-injected AIP mice)—are the result of the balance
between synthesis and degradation processes characterized by the
zero and first-order rate constants Ksyn and Kpgg, respectively. Ksyn
parameter is thus derived from Equation 3 to ensure system homeo-
stasis at baseline (absence of mMRNA).

Released mRNA increases the levels of PBGD, through 0,,rna, @
parameter accounting for the relative increase on PBGD activity syn-

thesis triggered per unit of free mRNA in liver.

dPBGD, _

ot Ksyn X [1 + OmrRNA X mRNA] —Kpeg X PBGD,. (3)

In the PBGD, model described by Equations 1-3, differences between
LNP formulations were investigated in the parameter Krg., whereas
differences and mRNA sequences were explored in the Kpgg and
OrNA Parameters.

(b) Disease/induction model
A total of 991 observations from 33 AIP mice were used to develop

the model describing the dynamics of haem precursors (i.e., ALA, PBG,

and tPOR) in the presence or absence of phenobarbital induction.
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The rate of change of 24-hr urine excretion (U;) of the three haem
precursors is mediated by the excretion constant (Key;) and the
amounts of non-measured circulating levels of the precursors (Circ),
as represented in Equation 4, where the parameter y; modulates the
relationship between Circ; levels and excretion rates (i = ALA, PBG, or
tPOR).

% =Kex X (1+Circl"). (4)

Expression 4 implies that the dynamics of the urinary excretion of the
biomarkers are independent from each other. The dependency
between the three components of the haem pathway has been kept
at the circulating levels by assuming that circulating ALA is the precur-
sor of circulating PBG and the latter of circulating tPOR, as indicated

in Equations 5 and 6 as follows:

dCirCALA/PBG

dt =Kenz1 X (1 +60pheno X Cepheno) — Kenz,2 X Circara pec,

©)

dCirctPOR

I Kenzz2 X Circaa/pee — Kenzs X Circipor. (6)

Circulating levels were not measured, so their corresponding values
at baseline were set arbitrarily to 1. Kenz1-3 represents first-order
enzymatic rate constant of reaction. Finally, it was observed that
the time profiles of 24-hr excreted amounts of ALA and PBG
evolved in parallel; therefore, they were described with just a sin-
gle expression.

The AIP attacks increase ALA and PBG as the result of an effect
mediated by the predicted concentrations of phenobarbital in the tar-
get organ (Cepheno) ON Kgnza through the Oppeno parameter.
Supporting Information describes the pharmacokinetic and effect site

models used to predict C. pheno-
(c) PBGD, effects model

A total of 576 observations from 12 AIP mice receiving the mRNA
sequence 1 (SEQ-1) formulated as LNP-A (n = 4) or as LNP-B (n = 8)
were used to characterize the effect of encoded PBGD enzyme on
the accumulation of precursors after phenobarbital induction. Data
from the rest of the treatment groups (1,732 observations and 59 AIP
mice) were used to validate the model.

The models for the time profiles of PBGD, and phenobarbital-
induced AIP attacks were linked to characterize the capability of
PBGD, to restore the functionality of the haem pathway. When
PBGD activity levels were not available from any species, the mean
Kpeg estimate across formulations was used.

The increase in PBGD_ with respect to the endogenous activity
(APBGD,) caused by mRNA administration resulted in a decrease in
the induced effects of phenobarbital on Kgnz1, and enhanced Kengzo,
characterized by the parameters APBGD, 50, ypecp, and Oppgp as

shown in Equations 7 and 8.
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0 x C,
KENZ,l x |1+ Pheno e,Ph}?:BoGD , (7)
1 ()
L,50
Kenz,2 X Circaiaspeg X (1 +6pgcp X APBGD). (8)

2.3 | Translational framework

2.3.1 | Integration of data from WT animal species
Kinetic PBGD; model

The time profiles of PBGD, in WT species were described using
the model structure developed for AIP mice (Equations 1-3).
Model parameters estimated in AIP mice were assumed to repre-
sent also the corresponding processes across species with the
exception of (a) the endogenous PBGD, that was adjusted using
the mean value obtained from the different species in the absence
of treatment and (b) Kpgg for the mRNA sequence 6, not available
in AIP mice, and estimated using PBGD, data at Day 1 from rats,
rabbits, and NHPs.

Disease/induction model
The model structure used for AIP mice and described by Equations 4-
6 was maintained, and its model parameters were estimated for each
of the different species. The effect of the inducer was modelled as in
the case of AIP mice using the predicted concentrations of AIA and
rifampicin in the target organ (Ce aia/rifampicin) and estimating the drug
effect parameter Opa ritampicin- SUpporting Information describes the
kinetic-pharmacodynamic model used to predict C. aja/rifampicin.

A total of 775 observations from 61 WT animals—4 mice, 16 rats,
and 41 rabbits—were used during this modelling process.

PBGD, effects model

As in the case of the AIP mice, the PBGD, and disease/induction
models were linked to characterize the capability of PBGD, to restore
the functionality of the haem pathway in the different WT animal
species.

Similarly, the structure developed in AIP mice was carried forward
to the WT species through Equations 7 and 8. Parameters APBGDs,
ypeGD, and Oppgp Were allowed to be equal or different between AIP
and WT animals. To normalize PBGD levels across species, relative
increments of PBGD over baseline [(PBGD, — PBGD,_0)/PBGD__0]
were used as triggers of the PBGD effects.

A total of 504 observations (222, 222, and 60 ALA, PBG, and
tPOR observations, respectively) from 12 WT C57BL mice, 7 WT
Sprague Dawley rats, and 20 WT New Zealand rabbits were used
to identify the PBGD activity effects in WT animals after the
administration of SEQ-6 or SEQ-7 (LNP-B and LNP-C

formulations).
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2.3.2 | Extrapolation to humans

PBGD activity levels in the liver were simulated after single or multi-
ple administrations following every 2 weeks (Q2W), every 4 weeks
(Q4W), or every 8 weeks (Q8W) intravenous dosing regimens for dif-
ferent mRNA drug products. To do so, the final developed AIP mouse
model structure (Equations 1-3) together with their final parameter
estimates (Krey, Kpeg, and distribution rate constants [Kp, K p] and
Os.p) Was used, and the baseline PBGD, parameter was set to the
measured levels of PBGD in porphyric or healthy patients in the
absence of treatment obtained from Jiang et al. (2018). Note that the
synthesis rate constant of PBGD activity is derived using baseline
PBGD activity levels and, thus, also varies across species and AlP

patients.

24 | Model selection and evaluation

The time profiles of PBGD, and 24-hr urinary excretion profiles of the
haem precursors were analysed using the naive pool or the population
approach depending on whether one or more time data points were
available per subject, respectively (Mould & Upton, 2012). In the case
of the naive pool approach, all data are pooled together and consid-
ered to come from a single individual, and no distinction between
inter-subject and residual variabilities is made. In the population
approach, inter-subject variability in model parameters as well as
residual error are estimated. The software NONMEM (RRID:
SCR_016986) 7.3 and the first-order conditional estimation method
with interaction algorithm were used for the analysis. Data were loga-
rithmically transformed during the analysis given the different scales
of magnitude to improve the performance of the estimation algo-
rithms. For plotting purposes, model predictions were back-
transformed to natural scale, and parameter estimates were obtained
in the natural scale except for the error. Additive error model in the

logarithmic scale was used to account for the discrepancies between

TABLE 1  Final parameter estimates of the kinetic PBGD, model
Parameter Estimate (RSE)
Os1p (kg-pmol™?) 250 (35%)
Kip (h7Y) 0.00892 (29%)
Kpy (h7Y) 0.00375 (43%)
o (residual error, %) 28.8 (6%)
Formulation specific LNP-A
Krew (W) 0.323 (20%)
Animal species specific AIP mouse
PBGD, (0) (pmol-mg protein~*-hr™?) 3 FIX
mRNA sequence specific SEQ-1 and SEQ-2 SEQ-3
Koee (hY) 0.0056 (24%) 0.0016 (22%)

RSE, relative standard error.
2Parameter estimated using data from WT animals.

model predictions and observations. When the population approach
was applied, the inter-subject variability was modelled exponentially
(Kiang, Sherwin, Spigarelli, & Ensom, 2012; Mould & Upton, 2012).

Model selection was evaluated comparing the minimum value of
the objective function provided by NONMEM, and approximately
equal to —2xLog(likelihood) between two nested model, where a
decrease in —2xLog(likelihood) of 3.84 is considered significant at 5%
levels.

Model performance was evaluated using the simulated-based
diagnostics visual predictive checks (VPCs) and population prediction-
corrected VPCs (Bergstrand, Hooker, Wallin, & Karlsson, 2011).
Briefly, 200 studies were simulated with the same design characteris-
tics as the original experiment. For each stratification group
(e.g., hPBGD mRNA drug product) and measurement time, the 10th,
50th, and 90th percentiles of the simulated biomarker values were
calculated, and then the 80% prediction intervals of the above-
mentioned percentiles were obtained and presented graphically
together with the 50th percentile of the raw data.

For the case of urinary biomarker data, different induction, as well
as drug treatment, dosing schemes were followed in the different set-
tings, and therefore, prediction-corrected VPCs were used to evaluate
simultaneously model performance from different scenarios. The pro-
cedure was the same as the one described for VPCs, but normalizing
both the observed and simulated biomarkers by the corresponding
population model predictions.

2.5 | Nomenclature of targets and ligands

Key protein and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in
the Concise Guide to Pharmacology 2019/2020 (Alexander
et al.,, 2019).

LNP-B and LNP-C
0.129 (15%)

WT—rat WT—rabbit WT—cyno
12.4 FIX 9.37 FIX 5.54 FIX
SEQ-4 SEQ-5 SEQ-6
0.00889 (30%) 0.00767 (37%) 0.000256 (21%)?

[Correction added on 10 December 2020, after first online publication: Units of parameters K, p, Kpi, Krer and Kpeg have been corrected in this current

version.]
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3 | RESULTS
3.1 | Mechanistic-based computational model
3.1.1 | Kinetic PBGD; model

The delay in the increase of PBGD activity after hPBGD mRNA
administration was well captured using compartments accounting for
LNP-encapsulated and free mRNA in the liver and assuming free
mMRNA to be responsible for the increase in PBGD activity. This is in
agreement with the known physiological processes triggered upon
mRNA administration (Equations 1-3). Incorporation of a reversible
distribution from the PBGD activity liver compartment to an addi-
tional (peripheral) compartment controlled by first-order rate con-
(Kep and Kp,

description of the data.

stants respectively) significantly improved the
Best results in terms of parameter precision, model stability, and
physiological plausibility were obtained assuming that the release

parameter of encapsulated mRNA (Kgrg) was dependent on the

6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Challenge time (days)

formulation—and shared across sequences encapsulated in the same
LNP—and the degradation rate constant (Kpeg) was sequence specific
(Table 1). Due to the limited amount of data for LNP-B and LNP-C
formulations, a common Krg, parameter was estimated for both. Simi-
larly, SEQ-1 and SEQ-2 exhibited similar time profiles and were well
characterized assuming the same set of model parameters.

LNP-A formulation exhibited faster Kgrg. than LNP-B and LNP-C
formulations, indicating a faster transit (i.e., release and degradation).
The slowest PBGD turnover was obtained for SEQ-3. The final model
was able to capture the median and dispersion of all experimental
data (Figure 2a) using a common model structure. In addition,
formulation- and sequence-specific parameters were identified and
estimated with adequate precision.

3.1.2 | Disease/induction model

The model that provided the most satisfactory overall performance

was obtained when (a) excretion of precursors was controlled by the
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TABLE 2  Parameter estimates of the disease/induction model
Parameter Estimate (RSE)
Kenz (hr?) 0.328 (16.2%)
Keeep (hr™™) 0.00039 (37.9%)
7aLa (unitless) 13.7 (13.2%)
ypBG (Unitless) 20.6 (12.7%)
7tpor (Unitless) 11.3(13.7%)
oaLa (log [pmol-mg Crea™]) 0.391 (6%)
opag (log [pmol-mg Crea™?]) 0.567 (5%)
opor (log [pmol-mg Crea™]) 0.602 (4%)
Inductor specific Phenobarbital
Ke inductor (™) 0.05(6.7)

Oinductor (L-Mg™) 0.0062 (16.1)

IAV_ Oinauctor (%) 7.1(13.7)
Animal species specific AIP mice
KexaLa (pmol-mg Crea=*-hr™%) 7,600 (4%)
Kexpgc (pmol-mg Crea™*-hr™?) 1,110 (6.9%)
Kex.por (Pmol-mg Crea™t-hr™%) 0.0544 (6.3%)

RSE, relative standard error.

levels of unobserved circulating ALA/PBG and tPOR, (b) circulating
ALA and PBG levels were assumed to be in equilibrium and combined
into a unique circulating compartment controlling the excretion of
ALA and PBG, and (c) phenobarbital effects increased the circulating
levels of ALA/PBG through a delay compartment.

Estimating different enzymic rate constants for the different cir-
culating compartments was not supported by the data available. How-
ever, inclusion of a feedback mechanism accelerating the catabolism
of circulating ALA/PBG to tPOR in subsequent challenges resulted in
a significant improvement of model performance. Final parameter
estimates can be found in Table 2.

The final model provided an adequate description of control data
in the presence or absence of phenobarbital induction across the dif-
ferent induction cycles, suggesting no time-dependent kinetics
(Figures 2b and S1). In addition, an adequate description of data not

TABLE 3  Parameter estimates of the PBGD effects model
Parameter Estimate (RSE)
oaLa (log [pmol-mg Crea™]) 0.454 (6%)
opag (log [pmol-mg Crea™]) 0.691 (7%)
opor (log [pmol-mg Crea™]) 0.534 (4%)
Animal model specific AIP WT
APBGD| 50 (pmol URO-mg 6.76 (3%) -
protein~*hr™%)
ypaap (unitless) 8 FIX —
Opscp (Mg Crea x hr-pmol URO™Y) 0.0068 (33%) 0.407 (11%)

RSE, relative standard error.

AlA/rifampicin
0.0105 (13%)
0.12 (8%)
32.7 (16%)
WT—mice WT—rat WT—rabbit
4,580 (7%) 707 (11%) 362 (6%)
366 (24%) 36.5 (25%) 315 (7%)
- - 0.104 (19%)

included in the model development and used to validate the model

was observed (Figure 2b), increasing model robustness.

3.1.3 | PBGD, effects model

The effects of increased PBGD activity in the liver were evaluated
on different processes of the disease model, such as the appear-
ance of circulating ALA/PBG, transit to circulating tPOR, or the
ability of phenobarbital to trigger the AIP attacks. The best
description was obtained assuming a competitive interaction
between PBGD and phenobarbital, decreasing the inducer effect.
Interestingly, the obtained estimates indicated that an increment of
PBGD activity of 8.9 pmol URO-mg protein~t-hr~*—which would
generate PBGD levels close to those of WT mice—would be suffi-
cient to prevent more than 90% of the phenobarbital-induced
effect in AIP mice.

Incorporating an additional effect on the transit between circulat-
ing compartments was significant, but its contribution over the nor-
malization of ALA and PBG levels was minor, compared to the PBGD
effect mentioned above. Final parameter estimates can be found in
Table 3.

The final model successfully characterized the effects of hPBGD
mRNA across the different experimental settings, assuming that the
PBGD activity was preserved across treatments (i.e., same efficacy
parameter; Figures 2c and S2). Consequently, differences on the accu-
mulation of precursors are explained by the distinct hPBGD mRNA
kinetics. The largest differences in the urinary PBG effects were

noticed across formulations, observing a higher efficacy after the first

85U8017 SUOWWIOD BAII8.D 3(gedl|dde ayy Aq peusenob ke o e YO 8sn Jo Sa|ni Joj Akeid8UIIUO A1 UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M Afe.d | jBul[U0//:SdNL) SUORIPUOD Pue SIS | &) 88S *[7202/T0/2T] Uo ARiqiaulluo Ao|IM ‘elieneN ap pepiseAlun AQ OFOST Yda/TTTT 0T/I0p/wW00 A8 |mAke.q i uluosgndsday/sdny woly pepeojumod ‘vT ‘0202 ‘T8ES9LFT



PARRA-GUILLEN ET AL

FIGURE 3 Predicted time course of liver
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challenge and still some protection during the second challenge when
LNP-B and LNP-C formulations (higher PBGD activity levels achieved)

were used (Figure 3).

3.2 | Translational framework: Integration of data
from WT animals

3.21 | Kinetic PBGD; model

PBGD liver activity from larger WT species (rats, rabbits, and NHPs)
was obtained 1 day after administration of SEQ-6, sequence for which
the specific degradation rate constant (Kpgg) was not available. There-
fore, and to enable model predictions of large animal species, the
sequence-specific Kpgg was estimated using the structure of the
PBGD activity model developed for the AIP mice and only adjusting
the baseline PBGD activity to reflect the specific value of the different
animal species (Table 1).

Alternative models including allometric terms were also explored.
However, taking into account that dose was already normalized to the
animal weight (mg kg’l), no further modifications were made, and
model performance of the model mentioned above was considered

sufficient (Figure 4a).

(a)Single dose

3.2.2 | Disease/induction model
An adequate description of the urinary accumulation of haem precur-
sors in WT species was obtained when (a) using a kinetic-
pharmacodynamic model to describe the kinetics of AlA/rifampicin
(see Supporting Information), (b) estimating a common effect of
AlA/rifampicin levels over the synthesis of circulating ALA/PBG levels
for all WT species, and (c) estimating animal-specific excretion rate
constants (physiological parameter reflecting half of the amount of
each precursor excreted in urine every 24 hr) per animal species
(Figure 4b).

Although the accumulation of PBG in WT rats after induction was
slightly under-predicted, the overall performance of the model was
satisfactory (Figure S3). Table of specific model parameters for WT

animals can be found in Table 2.

3.23 | PBGD, effects model

The inhibition exerted by SEQ-6 and SEQ-8 mRNA sequences (LNP-B
and LNP-C formulations) on the accumulation of haem precursors in
urine could be described, considering that PBGD, promoted the tran-
sit of ALA/PBG to circulating tPOR (Figures 4 and S4).

SEQ-5

SEQ-6

100 1

o
"

SRS S A, S S O P 454 Healthy. levels ...

Healthy levels . ...

R: .......

L

PBGD activity
(pmol UROmg protein~"hr-1)

0O 10 20 30 40 S0 60 70 8 9 O 10 20

30 40 50 60 70 80 90

Time (days)
(b) Multiple doses
Q2w Q4w Qew

100

50
'T': 204 ‘B”
e : c
- w

L 107

20

=D 51

Ta

T o

0 E 100

[OFN .

E @ 50- FIGURE 5 Extrapolated liver
% 5 PBGD activity time profiles for
g § chronic AIP patients. (a) Single or
e (b) multiple mRNA doses of two

selected sequences in LNP-B or
LNP-C formulations. QxW stands

0 50 100 150 0 50 100 150 for every x weeks dosing scheme,
i {daye) for x = 2, 4, or 8. Dotted line
indicates PBGD activity levels in
mRNA dose (mg-kg™") 01 = 02 == 0.5 = 1 healthy subjects

85U8017 SUOWWIOD BAII8.D 3(gedl|dde ayy Aq peusenob ke o e YO 8sn Jo Sa|ni Joj Akeid8UIIUO A1 UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M Afe.d | jBul[U0//:SdNL) SUORIPUOD Pue SIS | &) 88S *[7202/T0/2T] Uo ARiqiaulluo Ao|IM ‘elieneN ap pepiseAlun AQ OFOST Yda/TTTT 0T/I0p/wW00 A8 |mAke.q i uluosgndsday/sdny woly pepeojumod ‘vT ‘0202 ‘T8ES9LFT



PARRA-GUILLEN ET AL

An estimate of 0.407 mg Crea - hr-pmol URO™? (relative standard
error of 11%) was obtained when assuming that the effect was driven
by the relative increases in the levels of PBGD activity over baseline
(relative gain of activity), rather than the absolute increases in PBGD
activity, to account for the different PBGD activity levels across
species.

3.3 | Extrapolation to humans

PBGD activity profiles of two selected sequences, both formulated as
LNP-B, are presented in Figure 5 as an illustration. After a single dose
of SEQ-5, activity levels are predicted to remain above PBGD activity
levels of normal subjects for up to 37 or 56 days after for a dose of
0.5 or 1 mg-kg™?, respectively. On the contrary, SEQ-6, for which a
lower turnover was estimated, PBGD activity levels barely reached
the threshold of healthy subjects after a single dose but remained
constant for a longer period of time.

When exploring the effects of multiple dose administrations
through model simulations (Figure 5b), it was clear that a steady state
was rapidly reached for SEQ-5, and sustained levels above the healthy
threshold for at least 2 weeks are predicted already at low doses of
0.2 mg-kg™?, regardless of the dosing schema. On the other hand,
lower maximum concentrations and larger accumulation—in agree-
ment with its lower degradation rate constant—are achieved for SEQ-
6, suggesting that higher doses or longer times to reach sustained

healthy levels would be needed in the absence of loading doses.

4 | DISCUSSION

Despite the vast amount of preclinical and clinical information gener-
ated during drug development programs, high attrition rates are still
observed across all therapeutic areas (Hay, Thomas, Craighead,
Economides, & Rosenthal, 2014). Model-informed drug development
and discovery has grown over the past decades as a valuable tool to
decrease these attrition rates and accelerate the translation of
research from bench to bedside. Indeed, nowadays, PKPD modelling
represents a key contributor to many drug discovery and develop-
ment programs across modalities (Gibbs, Menon, &
Kasichayanula, 2018; Milligan et al., 2013; Wang et al., 2019).
Mechanistic-based modelling can have even a greater role in the
development of new therapies in rare disease areas, where the low
incidence and prevalence of the disease makes patient recruitment
difficult for clinical trials. In these situations, it is ideal to maximize the
information obtained during early development phases in order to
project and predict the potential success or failure of the new drug.
Examples in which computational models have been developed
and applied for rare diseases are scarce (Aguda, Marsh, Thacker, &
Crouser, 2011; Pradhan et al., 2015; Yoneyama et al., 2018), particu-
larly for those dealing with gene- and mRNA-based therapeutics,
where models are mainly constrained to in vitro or limited in vivo con-

ditions (Berraondo, Gonzalez-Aseguinolaza, & Trocdniz, 2009;
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Moriguchi, Kogure, & Harashima, 2008; Varga, Hong, &
Lauffenburger, 2001; Yamada, Kamiya, & Harashima, 2005). To the
best of our knowledge, this work represents the first translational
framework integrating temporal data in the porphyric preclinical arena
across animal species and therapeutic mRNA-based products to pro-
ject results to humans.

Haem biosynthesis is a complex process that is not fully under-
stood yet. This complexity is reflected in the fact that some patients
with the underlying genetic defect remain latent while others are
symptomatic (Lenglet et al., 2018). Furthermore, it is postulated that
the acute attack is likely to be due to a combination of factors includ-
ing the toxic effects of porphyrin precursors and enzyme malfunction
due to exhaustion of the essential haem cofactor (e.g., tryptophan
pyrrolase, NOS, and mitochondrial and microsomal cytochromes of
the P450 complex). All these factors are intimately connected, and a
strong up-regulation of the rate-limiting ALAS1 gene, caused mainly
by hepatic haem deficiency, results in an over-accumulation of haem
precursors in circumstances of PBGD deficiency. However, the bio-
chemical disorder resulting from the acute attack has not been fully
described.

The development of a predictive framework involves the use of
multi-scale models with the ability to integrate data from multiple
sources. In the current investigation, we have integrated mechanistic
data not only from different animal species and different mRNA treat-
ments but also from information reflecting intrahepatic processes
(i.e., liver PBGD activity) and their effects on systemic dynamics
(i.e., urinary excretion of haem precursors) within a single species.
Importantly, PBGD activity data and the quantification of ALA, PBG,
and tPOR, across the different animal species were obtained using the
same analytical method from a single laboratory, providing a greater
robustness to the developed model.

In data-driven approaches, model granularity and complexity is
constrained by the information available. Therefore, model assump-
tions as well as major simplifications of the underlying physiological
mechanisms are often required. In this case, no information regarding
mRNA levels or protein levels in the liver were available. Therefore,
distribution of LNPs and mRNA release in the liver could not be iden-
tified as two processes and are simultaneously represented by the
release process. In addition, incomplete liver bioavailability or differ-
ences in hepatocyte transfection are indirectly reflected in the transla-
tion efficacy parameter.

Similarly, haem precursors were only collected in urine; thus, vir-
tual compartments connected between them and simultaneously rep-
resenting liver and plasma levels were implemented. A similar model
structure and parameter estimates were recently identified to charac-
terize haem precursor accumulation in AIP mice (Vera-Yunca
et al,, 2019), highlighting the robustness of the model to describe
these types of data.

Interestingly, this “limited” information but gathered in a longitu-
dinal manner across multiple experimental settings was sufficient to
develop a model that accounted satisfactorily for the different biologi-
cal processes of delivery and degradation of the mRNA material at the

site of action, protein encoding and expression, and biomarker
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excretion in a simplified but mechanistic manner. The finally devel-
oped computational model was supported by the precise parameter
estimates and adequate description of the data under the different
experimental conditions, including those only used for model valida-
tion (not in model building), thus increasing model robustness and
adequacy for data extrapolation.

The richness of experimental perturbations in small species
(i.e., AIP mice) was especially relevant, as it permitted the development
of complex structures that represent, in a mechanistic fashion, biologi-
cal processes not directly observed (e.g., mRNA release or translation).
Those structures provided then the infrastructure needed to integrate
data from larger species, where the amount of information is commonly
more limited due to experimental, ethical, and economic reasons,
enabling the use of single hepatic PBGD activity measurements. In
addition, data availability after the administration of different hPBGD
mRNA sequences encapsulated in different formulations across species
has enabled the identification of those processes that are dependent
on the animal species (i.e., baseline PBGD activity), from those that are
dependent on the drug (i.e., sequence and formulation specific).

This integrative approach provides highly interesting translational
properties to the framework developed, which can be exploited at dif-
ferent levels of drug development. From the preclinical side, the
model could be used to optimize new experimental settings reducing
the number of animals and samples needed to evaluate new
sequences and formulations. The model also enables the in silico pro-
jection of PBGD activity levels in AIP patients or healthy subjects for
different mRNA sequences, LNP formulations, and dosing schemes,
thus representing a potential tool to support candidate and dose
selection in clinical settings. Certainly, these results represent a simu-
lation exercise given the lack of clinical scenarios and need to be fur-
ther validated and confronted by real clinical data.

Nonetheless, the simulation exercise suggests already the feasibil-
ity of the application of these PBGD mRNA drug products in humans
given that lower doses than those tested in NHPs could be sufficient
to achieved sustained PBGD activity levels for at least 2 weeks, a
period longer than the standard duration of an acute attack in patients
with sporadic presentation (Gouya et al., 2017). For those patients
with recurrent attacks (5% of symptomatic individuals), modelling and
simulation could guide the selection of optimal dosing protocols,
which will differ depending on the kinetic properties of the selected
sequence and LNP formulation.

In order to project the accumulation of precursors in humans,
quantitative and longitudinal data of haem precursors in urine before
and during acute attacks (in the absence of treatment) are needed.
These data will enable the obtaining of human-specific parameter esti-
mates and further validate the model as a high-quality translational
framework. In this regard, collaborative efforts to collect these types
of data and further support the development of novel mRNA thera-
pies should be encouraged in the best interest of AIP patients.

Finally, given the mechanistic nature of the model and its ability
to differentiate between drug and system parameters, additional data
from new compounds, species, or even biomarkers could be easily

integrated to further validate the framework and increase its

predictive capability. Therefore, this computational model can serve
as the basis of a future system model that integrates detailed knowl-
edge of the kinetic parameters involved in the haem pathway, as well
as biochemical changes associated to other porphyrias. This could
include, but is not limited to, the inhibition of PBGD (deficient enzyme
in AIP) triggered by the accumulation of coproporphyrinogen and pro-
toporphyrinogen observed in the hereditary coproporphyria and var-
iegate porphyria, respectively, or the oxidation of porphyrinogens to
porphyrins responsible for the phototoxic manifestations in photo-
cutaneous porphyrias. The resulting comprehensive framework of the
haem biosynthetic pathway could then be used not only to support
drug development and clinical use in AIP but also to develop new
hypotheses for the pathophysiology of acute attack and, in general,
for the biochemistry of the porphyrias.

In summary, a quantitative framework capable of describing the
effects of novel MRNA compounds on the accumulation of haem pre-
cursors in urine during induced acute attacks, across different animal
species has been proposed. This approach opens a wide range of new
possibilities, including the optimization of new experimental settings,
not only for the evaluated drug products but also for new investiga-
tional mMRNA products (i.e., mRNA sequences and LNP formulations),
and the projection of preclinical results to human clinical studies.
These results should encourage experimentalists towards the value of
sparse data collected longitudinally and strengthen collaborations
between in silico and experimental disciplines to maximize the infor-
mation to be extracted from preclinical and clinical data in order to

support drug development and clinical use.
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