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Why Are Periodic Erythrocytic Diseases so Rare in Humans?
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Abstract

Many studies have shown that periodic erythrocytic (red blood cell linked) diseases
are extremely rare in humans. To explain this observation, we develop here a simple
model of erythropoiesis in mammals and investigate its stability in the parameter
space. A bifurcation analysis enables us to sketch stability diagrams in the plane of
key parameters. Contrary to some other mammal species such as rabbits, mice or
dogs, we show that human-specific parameter values prevent periodic oscillations of
red blood cells levels. In other words, human erythropoiesis seems to lie in a region
of parameter space where oscillations exclusively concerning red blood cells cannot
appear. Further mathematical analysis show that periodic oscillations of red blood
cells levels are highly unusual and if exist, might only be due to an abnormally high
erythrocytes destruction rate or to an abnormal hematopoietic stem cell commitment
into the erythrocytic lineage. We also propose numerical results only for an improved
version of our approach in order to give a more realistic but more complex approach
of our problem.

Keywords Erythropoiesis - Periodic hematological diseases - Dynamic diseases -
Delay differential equations - Hopf bifurcation

Mathematics Subject Classification 34K18 - 34K20 - 37G15 - 37N25 - 92C30 - 92D25
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to_empirical evidence

d review of empirical evidence about

interactions between gene coding (i) transcription factors and (i) bone proteins. These interactions are
modeled with nonlinear differential equations using Michaelis-Menten and Hill functions. Compared
coming from osteoblasts culture -, the two best systems (among

Keywords: 12° - 2,985,984 possibilities) use factors of inhibition from the start of the activation of each gene. It
e e network revels negatve indirct Interactons coming fm ether negative feedhack loope or the recently
Nonlinear differential equations depicted - The lies in the BSP two ways
Hill functions for activating and reducing its production. nms, it highlights the critical role of BSP in the oo i ot

acts on bone mineralization. Our study provides the first theoretical evidence of osteoblast self-inhibition
after activation of the genetic regulatory network controlling mineralization with this work.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Bone is a biomaterial made of a soft matrix of collagen (type 1),
a hard phase of mineral (carbonated Hydroxyapatite, cAp), and
several non-collagenous proteins with water (Bala and Seeman,
2015; Boskey, 1989; Currey, 2013; Granke et al., 2015; Morgan
et al., September 2015). For building bone structure, bone cells ini-
tiate a self-assembly process monitored by the bone genetic regu-
latory network (GRN). Although evidence has already well
described the main GRN components, their behavior and the order
they act on each other for remain

(eg O tfecta), or ics issues (eg. joint
armroplzsty) (Berteau, 2013; Berteau et al., 2015; Boivin and
Meunier, 2003; Currey, 1979; Currey and Butler, 1975; Osterhoff
et al., 2016; Younsi et al., 2011; Zioupos and Currey, 1998).

This paper aims to capture the behavior of the bone GRN por-
tion that controls mineralization. We hypothesized that the genetic
control of bone mineralization follows a system of nonlinear differ-
ential equations to regulate the interactions between the genes of
(i) transcription factors and (ii) bone proteins. To do so, we first
provided a review of empirical evidence coming ffom in and ex-
vivo about bone and self- ro-

unclear (Fisher and Franz-Odendaal, 2012; Hojo et al., 2016; Xu
et al, 2021). Thus, this lack of knowledge is one of the major lim-
itations for developing new treatment when bone's composition is
altered by growth and aging (eg Osteoporosis), genetics disorders

* Corresponding author.
E-mail address: pujo@math.univ-lyon . fr (L. Pujo-Menjouet).
URL: http: /math.univ-lyon1 fr/pujo] (L. Pujo-Menjouet).
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2 These authors contributed equally to this work.

https://doi.org/10.1016/j,tbi.2022.111005
0022-5193/© 2022 Elsevier Ltd. All rights reserved.

ly p
cess, and in vitro experiments about bone GRN and its canonical
pathway of activation. We depicted the direct interactions
between the genes coding for the transcription factors and those
coding for the bone proteins (e.g. enhancers or inhibitors of miner-
alization). Second, we proposed a theoretical behavior of the bone
GRN using a system of nonlinear differential equations modeling
interactions through Michaelis-Menten and Hill functions. We
investigated several mathematical regulation scenarios and com-
pared our in silico data to recent in vitro data - coming from osteo-
blasts culture (Sun et al, 2018). In Section 4, we showed that only
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Abstract: The HIV/AIDS epidemic is still active worldwide with no existing definitive cure. Based
on the WHO recommendations stated in 2014, a treatment, called Pre-Exposure Prophylaxis (PrEP),
has been used in the world, and more particularly in France since 2016, to prevent HIV infections. In
this paper, we propose a new compartmental epidemiological model with a limited protection time
offered by this new treatment. We describe the PrEP compartment with an age-structure hyperbolic
equation and introduce a differential equation on the parameter that governs the PrEP starting

check for process. This leads us to a nonlinear differential-difference system with discrete delay. After a local

updates stability analysis, we prove the global behavior of the system. Finally, we illustrate the solutions
Citation: Adimy, M. Molina, ; with numerical simulations based on the data of the French Men who have Sex with Men (MSM)
Pujo-Menjouet, L; Ranson, G; Wu, ] population. We show that the choice of a logistic time dynami bined with our Hill-function-lik

Forecasting the Effect of
Pre-Exposure Prophylaxis (PrEP)on
HIV Propagation with a System of

model leads to a perfect data fit. These results enable us to forecast the evolution of the HIV epidemics
in France if the populations keep using PrEP.

Differential-Difference Equations y : HIV; AIDS; PrEP; di ial—diff system; discrete delay; France
‘with Delay. Mathematics 2022, 10,
4093. hitps:/ /doi.org/10.3390/ MSC: 92D30

math10214093

Academic Editor: Alexandra
Kashchenko

1. Introduction
Received: 15 September 2022

Accepted: 26 October 2022
Published: 2 November 2022

Since its onset in the early 1980s and its clear identification in 1983, Human Immun-
odeficiency Virus (HIV) and then Acquired Immune Deficiency Syndrome (AIDS) have
still comprised one of the most deadly active worldwide epidemics. In the 2019 UN-
Publisher’s Note: MDPIstaysneutral - ATDS study, about 38 million persons lived with HIV, 1.7 million became infected, and
with regard to jurisdictional claims in 690 000 diied of AIDS-related diseases (UNAIDS, Global HIV & AIDS statistics—2020 fact
published maps and institutionalaffl-  ghot: https:/ /www.unaids.org/en/resources/fact-sheet) (accessed on 13 September 2022),
becoming one of the most serious public health challenges.

It is well known now that this infection evolves in three stages: first a short acute
phase where flu-like symptoms appear, followed by a symptom-free chronic phase that
Copyright: © 2022 by the authom, 12515 between 10 and 15 years. Tt eventually ends up with ATDS when the virus has killed
Lo MDPL Basel, Switverlong,  €10Ugh TCD4, leading to the failure of the immune system (https:/ /www.hiv.gov/hiv-ba
his atice is an open acces artice  SICS/Overview /about-hiv-and-aids/symp £-hiv) (accessed on 13 September 2022).
distributed under the terms and Note here that the latency stage appears as one of the crucial problems. Indeed,
conditions of the Creative Commons _ the dormant period of the virus drastically delays HIV/AIDS diagnosis if not detected and
Attribution (CC BY) license (https://  Plays a major role in the epidemic’s spread (see Figure 1in [1]).
creativecommons.org/licenses/by/ Despite extensive investigations, there is still no existing therapy that helps the organ-
10, ism to fully get rid of the virus.

iations.

Equations au
dérivées partielles et

PRION

1AM J APPLED DYNAMICAL SYSTEMS (© 2022 Society for Industrial and Applied Mathematics

Vol. 0, No.

Neuron Scale Modeling of Prion Production with the Unfolded Protein
Response”

Mostafa Adimyf, Louis Babin?, and Laurent Pujo-Menjouet!

Abstract. We develop a mathematical model that describes concentration dynamics of PrP® and PrP¢ prion
proteins at the neuron scale and includes the effect of the unfolded protein response (UPR). We first
introduce a single neuron model taking the UPR mechanism into account. We investigate it and
propose a stability study among which a bifurcation analysis with respect to three of its parameters.
Then, we generalize it to two neurons showing PrP*¢ proteins interaction. Stability results are given
when neurons exhibit identical parameters but interact differently (strong, weak, or no interaction).

Key words. prion, unfolded protein response, delay differential equation, Hopf bifurcation, prion modeling,
neurodegenerative model

MSC codes. 34K18, 34K20, 37G99, 37N25, 92B05, 92C20

DOI. 10.1137/21M1443157

1. Introduction. Prions are proteins capable of existing in multiple shapes (or confor-
mations). The normal form, denoted PrP¢ (for prion protein cellular), is a cell surface
protein mainly expressed by neurons [32]. However, PrP¢ can change its conformation to
become a misfolded PrP¢ (for prion proteins scrapie) pathological element for mammals.
They are responsible for the so-called prion diseases, also known as transmissible spongiform
encephalopathies, among which one can include the Creutzfeldt-Jakob disease in humans or
the bovine spongiform encephalopathy in cattle [29, 32]. In prion diseases, an initial seed of
PrP5¢, either inherited, infectious (acquired) or sporadic (spontaneous) [28], converts PrP¢
and produces de novo PrP5¢ that aggregate extracellularly and spread the process. In fact,
PrP5¢ become templating interfaces, inducing the misfolding of PrP°. This mechanism is
known as propagated protein misfolding [44]. It is thought to be at stake in the pathogenesis
of prion diseases but also of a larger group of neurodegenerative disorders commonly labeled
as protein misfolding disorders (PMDs) including Parkinson’s or Alzheimer’s diseases [18, 16].

Actually PMDs share a common hallmark: some specific proteins' misfold, aggregate,
replicate, and propagate in a prion-like mechanism [18, 40, 41]. In this paradigm, pathogenic
proteins, generally assembled in oligomers or aggregates, act as corruptive templates that
trigger the misfolding of otherwise normally folded proteins (28, 41, 44].

"Received by the editors August 30, 2021; accepted for publication (in revised form) by T. Ogawa August 11,
2022; published electronically DATE.
https://doi.org/10.1137/21M1443157

"Inria, Batiment CEI-2, Villeurbanne, F-69603, France (mostafa.adimy®@inria.fr).

*Univ Lyon, Université Claude Bernard Lyon 1, CNRS UMR 5208, Inria, Institut Camille Jordan, Villeurbanne,
F-69603, France (louis. babin@etu.univ-lyonL.fr, pujo@math.univ-lyon1.fr).

!Characteristic of the disease : amyloid-beta and tau in Alzheimer’s disease, a-synuclein in Parkinson’s
disease, and prion proteins in prion-related discases.
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