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On 1st January 2020, China formally notified the
WHO of an outbreak of “mysterious” virus-based pneu-
monia in Wuhan. The outbreak of what is now called
the COVID-19 epidemic was subsequently traced back
to early October 2019 (Nsoesie et al., 2020). Since
then, the virus has spread around the world, unle-
ashing the worst public-health crisis in a century. Up
to now more that 12 million people have been infected
and 550,000 have died. The pandemic has prompted a
scientific “race” (more than 30,000 scientific papers)
to understand the biology of the causative agent of the
COVID-19 flu-pneumonia, i.e. SARS-CoV-2, and to find
reliable treatments for it.

Despite the huge effort deployed in this period, many
questions and puzzles have not yet been satisfactorily
answered. Here we outline some of them.

1. Although microbiologists and health officials had
long warned of the pandemic potential of certain coro-
naviruses carried by bats (and other animals) in Chi-
na, when the virus suddenly began to appear all over
the world, it caught everyone unprepared. How did this
happen? How (and why) was the lesson from previous
pandemics forgotten (Kleinman and Watson, 2005)?

2. Computational models, cell studies and animal
experiments are being used to pinpoint the viral host
that kicked off the pandemic. According to Nature ma-
gazine, “There is strong evidence that the virus origi-
nated in bats. The biggest mystery remains how it got
from bats to people. Researchers overwhelmingly think
that it is a wild virus, which probably passed to people
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through an intermediate species. But no one has found
the virus in the wild yet, so other explanations cannot
be ruled out entirely” (Mallapaty, 2020a). This is a cri-
tical question. In the absence of evidence to explain the
hypothetical spillover, other explanations, including ac-
cidental release of the virus from the Wuhan lab, must
be considered. Indeed, a zoonotic spillover should not
be given undue credit, because the epidemic curve is
consistent with substantial human-to-human transmis-
sion (Nishiura et al., 2020). Obviously, this possibility
raises a number of embarrassing concerns.

3. Furthermore, ambiguity surrounds Chinese acti-
vities in the field of transgenesis and engineering of mi-
croorganisms. We still do not know when the epidemic
actually broke out, how many deaths it has caused and
where the virus originated. Chinese research in transge-
nesis and molecular biology has long been the focus of
attention for its ethical and safety implications. Over
the years, Chinese researchers have shown a rather su-
percilious attitude to safety rules and ethical principles,
sometimes incurring criticism and criminal convictions,
as in the case of Dr He (Normile, 2019).

4. How deadly is COVID-19? Death rates vary for
two main reasons: 1) differences in testing reliability
between countries and the limited number of tests per-
formed, which ultimately lead to underestimation of the
true incidence (for instance, until recently Chinese offi-
cial reports did not include numbers of asymptomatic
patients); and 2) uncertainty regarding the true cause
of death. Because autopsies have been limited or for-
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bidden in many countries (as in Italy until May 2020),
a positive COVID-19 test has been deemed “sufficient”
to explain clinical outcome; other prominent comorbi-
dities have been discarded as causes of death. It is likely
that a reliable global death rate will not be established
until the end of the pandemic. However, a reappraisal of
true incidence rates and critical re-examination of con-
comitant pathologies has enabled scientists to estimate
that the infection fatality rate may be significantly less
than that usually reported by the media, probably ave-
raging around 0.6 percent (de Jesus, 2020). Indeed, a
recent commentary in Nature suggests that “a growing
number of studies from different regions have estima-
ted IFRs (infection fatality rates) in the range of 0.5—
1%” (Mallapaty, 2020b).

5. Has management of the epidemic (political, non-
pharmacological measures (i.e. quarantine), including
mass-media communication) been adequate? Answers
to this question will unleash a storm of controversy. Spe-
cifically, the utility of the lockdown has been questioned
and is still debated (Melnick and Ioannidis, 2020), mo-
stly because several countries (Japan, Sweden) in which
such measures were not adopted (or adopted in a “mild”
version, as in Denmark) did not show significant incre-
ases in incidence or fatality rates from COVID-19. Fur-
thermore, besides generating political controversy, it is
questionable whether citizens benefited from informa-
tion delivered by “accredited experts”, who often aired
disparate and disputable opinions instead of making
wise recommendations. The sad result was that people
lost trust in science.

6. An intriguing feature of COVID-19 is the paucity
of symptoms in the vast majority of patients (60-70%)
with less than 30% requiring hospital admission. Ac-
cording to different reports, only 3.4 to 10% of infected
patients develop severe acute respiratory distress syn-
drome (ARDS) and require intensive care (Grasselli et
al., 2020). How can this data be explained? Attempts to
correlate such findings with SARS-CoV-2 mutations or
different genetic profiles of patients have failed (Parens
2020). A plausible explanation may be found by looking
at COVID-19 from an “organism” viewpoint. At this le-
vel, the complex interactions taking place during the in-
fection can be deciphered. Indeed, people dying of CO-
VID-19 are mostly concentrated in the very elderly age
group (>75 years), and already have other serious dise-
ases (including cardiovascular diseases, hypertension,
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renal failure and cancer). In these patients, COVID-19
triggers an autoimmune-like response, involving a huge
inflammatory reaction with venous and arterial throm-
boembolic complications, which ultimately unleash
a cascade of events, including the so-called cytokine
storm that leads to ARDS (Cecconi et al., 2020). In a
nutshell, people admitted with severe COVID-19 lung
complications die from a wrong/diminished/insuffi-
cient “organism” response.

These are the reasons why ORGANISMS is taking
a special interest in the COVID-19 pandemic. As pre-
viously stressed by many contributors to this journal,
disease cannot be “reduced” and “explained” by fo-
cusing solely on the “main causative factor”. SARS-
CoV-2 infection alone cannot provide a satisfactory
comprehensive answer. Such an answer is provided
by considering the organism as a whole with its diffe-
rent levels of interaction with the surrounding milieu.
Here we are hosting a first special issue on COVID-19.
A second one will be published in December 2020;
submissions with alternative views of COVID-19 are
welcomed. The Editorial Board hopes that this collec-
tive effort will contribute to a more inclusive appraisal
of this challenging disease.
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In December 2019, a new pathogen enveloped RNA
beta-coronavirus has been identified and named seve-
re acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which causes severe pulmonary disease in about
14% of infected people (Lu 2020; Wu 2020). On March
2020, the World Health Organization (WHO) has cha-
racterized coronavirus infection disease-19 (COVID-19)
as a public health emergency of international concern
and defined it a pandemic (WHO, 2020). In Italy, the
most involved regions by COVID-19 are Lombardy,
Emilia Romagna and Veneto. The city of Piacenza (Emi-
lia Romagna Region) is very near to the epicenter of the
outbreak of COVID-19, and the catastrophic nature of
Lombardy’s outbreak has been widely publicized (Ber-
rardi 2020; Horowitz 2020).

In the District of Piacenza, a week later 21 February
2020, the Emergency Department of the Piacenza Ho-
spital was overcrowded with COVID-19 infected people,
already in serious condition. Noninvasive ventilation
was attempted in the majority of these patients, but the
rapidity of lung deterioration in most severely affected
patients was quickly worsening.

No vaccine or specific antiviral treatment for CO-
VID-19 has yet been demonstrated to be effective in
phase III randomized clinical trials, however hydroxy-
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chloroquine with or without antiviral treatment has
been incorporated in national guidelines to treat CO-
VID-19 (SIMIT 2020; Geleris 2020).

Hydroxychloroquine (HCQ) and Chloroquine (CQ)
are antimalarial drugs and their role in the treatment of
COVID-19 is not well defined, given that they, principal-
ly, deploy antimicrobial and anti-parasitic effects. Fur-
thermore, these drugs have been proven beneficial in
treating rheumatological and immunological diseases,
because of the modulation they exert on immunity and
proinflammatory cytokines (Yu 2020). However, a ca-
refully monitoring is required when using chloroquine-
based drugs, as these drugs can cause QT prolongation
and might put patients at increased risk of torsade de
pointes and sudden cardiac death (Geleris 2020).

We report the preliminary results on safety of the
first 96 patients with COVID-19, treated at the Azienda
Sanitaria of Piacenza (Northern Italy) with HCQ.

The treatment was based on a loading dose of 800
mg of hydroxychloroquine for the first day, followed by
200 mg twice daily for six more days.

In this series no arrhythmia was registered. It must
be emphasized, however, that ECG was not performed
as a daily monitoring program, but only when clini cally
required. The median age of our patients was 56 years
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Variables All patients

N. (%)
96 (100%)

Male N. (%) 49 (51%)

Female N. (%) 47 (49%)

Age medians years | 56

(range) 18-83

Survival at 30 days | 96 (100%)

of treatment HCQ

Survival at 60 days | 96 (100%)

of treatment HCQ

Treatment 800 mg of
hydroxychloroquine
for the first day,
followed by 200 mg
twice times daily
for 6 more days

Table 1: Clinical Demographic characteristics and outcome of the 96
COVID-19 patients treated with HCQ.

(range 18-83), while other clinical demographic cha-
racteristic, and outcome are reported in Table 1.

In this series of patients no deaths were registered
after two months from the treatment. The majority of
these patients improved after some days from the be-
ginning of the treatment, thought several cases showed
severe type of COVID-19 pneumonia.

In our experience, treatment with HCQ for patients
with COVID-19 at the loading dose of 800 mg for first
day followed by 200 mg twice times daily for six more
days showed to be safe and beneficial. We believe that
this shorten regimens used to treat COVID-19 may be
suitably adopted, given the reduced rate of significant
side effects (Table 2). In addition to the aforementioned
cluster of Covid-19 patients, we have already reported
data on 25 additional cancer patients suffering from
COVID-19 infection. Treatment with HCQ of this group
of high-risk patients did not entail any significant bur-
den of side effects (Stroppa, 2020). A further observa-
tional study on additional 51 cancer patient affected by
COVID-19, showed no significant side effects (Cavanna,
submitted 2020).

Conclusively, Chloroquine and hydroxychloroqui-
ne are old drugs and have been widely used in the tre-
atment of rheumatic disease and malaria. The current
COVID-19 pandemic poses an urgent need to identify
effective treatments. It is worth of noting that repur-
posing of old, off-label drugs, has gaining momentum,
providing new exciting insights in pharmacology. Accor-
dingly, HCQ has been “rediscovered” as a useful remedy
in managing Covid-19 patients, thus becoming common

Organisms
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Patient without any adverse event 86/96  (89,6%)
Patient with adverse event possible | 10/96  (10,4%)
related to the treatment (grade 1-2)

Diarrhea 6 (60%)
Abdominal pain 3 (30%)
Headache 4 (40%)
Vomiting 2 (20)

Table 2: Adverse Events of the 96 COVID-19 patients treated
with HCQ.

practice among physicians (Rodriguez-Martinez 2020).
Up to now, HCQ has been used in many thousands of
patients with COVID-19 around the world (Geleris
2020). However, though this drug is inexpensive and
readily available, a number of scientists and physicians
are seriously concerned by the hypothetical burden of
side effects, usually more “perceived” than actually pro-
ven. Namely, the occurrence of cardiac negative events,
including the association of QT prolongation and torsa-
de de pointes (ToP) - especially in patients with heart,
hepatic or renal disease — has raised fear and suspicion.
However, very recently M. Saleh (Saleh 2020) repor-
ted that effects of Chloroquine, Hydroxychloroquine
and Azithromycin on the Corrected QT Interval in Pa-
tients with SARS-CoV-2 Infection are very limited. Two
hundred-one patients have been treated for COVID-19
with chloroquine/hydroxychloroquine, with only seven
patients (3.5%) requiring discontinuation of treatment
due to QTc prolongation. Moreover, no arrhythmogenic
deaths related HCQ treatment have been reported (Sa-
leh 2020).

We are currently performing a retrospective study
on additional several hundreds of COVID-19 infected
patients followed and treated at home or admitted to
the hospitals of the district of Piacenza (North Italy)
and treated with HCQ. Preliminary data — at a glance —
are unable in evidencing clinical significant side effects,
as well as treatment-related deaths. We believe that
HCQ can be an effective repurposed, “weapon” against
COVID-19, with acceptable toxicity when administered
according to our proposed model.
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Introduction

Almost 45% of the human genome is comprised in
transposable elements, including endogenous retrovi-
ruses (ERVs). (Hurst and Magiorkinis, 2017). Althou-
gh this seems to be limited to particular tissues and
times, also in normal physiology, there is a real need
for human endogenous retroviruses (HERV) expression
(Manghera et al, 2016). HERVs ERVs belong to a num-
ber of distinct families that integrated independently
during evolution (Tristem, 2000).

HERVs have the common provirus structure of co-
ding open reading frames (ORFs) flanked by two long-
terminal repeats (LTRs). LTRs are an important site for
epigenetic modifications to control HERV and human
gene expression. During the course of evolution and
because of host defense mechanisms, most of the se-
quences contain INDELSs or have been reduced to single
LTRs by recombination (Hurst and Magiorkinis, 2017).

LTRs function as promoters both in sense and anti-
sense orientations and can alter the expression of host
genes (Dunn et al, 2006). These repeats have strong
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RNA Polymerase II regulatory sequences and can bind
nuclear transcription factors (Thompson et al, 2016).
More recently, it has been shown that LTRs are re-
sponsive to pro-inflammatory cytokines (Laurent et al,
2013). They have a pivotal role as controller of pluri-
potency and malignancy processes, suggesting that they
regulates the expression of long-non-coding RNAs in
addition to protein-coding genes, and are important
sites for epigenetic modifications too. Epigenetic regu-
lation includes the modification of both DNA and histo-
nes around which DNA is wound to create chromatin
(Brookes and Shi, 2014).

These mechanisms keep often HERVs silenced, but
they also could reserve unexplored functions. While hi-
stone deacetylation alone is not responsible for HERV
repression, more findings underlie the importance of
other factors, particularly CpG methylation, in silencing
HERVs (Laska et al, 2002). The methylation of CpGs is
carried out by DNMTs, with DNMT1 being the mainte-
nance methyltransferase which is important for fidelity
of methylation during DNA replication.
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A microarray study analysing HERV families throu-
ghout the genome found that HERVs are heavily methy-
lated in normal tissues. Further, the age of the HERVs
correlates with their methylation status, with a loss of
methylation appearing in older families (Szpakowski et
al, 2009).

Kriippel associated box zinc finger proteins (KRAB-
ZFP) are identified to contribute to histone methylation
and heterochromatin formation early in the embryo
(Thomas and Schneider, 2011).

The majority of human KRAB-ZFP binding sites
were located within transposons, mainly retrotranspo-
sons including HERVs. The KRAB-ZFP bind to HERVs
and silence them by burying them in heterochromatin
(Imbeault at al, 2017).

Different groups of viruses will target both similar
and distinct host pathways to manipulate the immune
response and improve infection. Menachery et al. exa-
mined differential regulation of IFN-y-dependent genes
following infection with robust respiratory viruses, in-
cluding coronaviruses. The results indicate a common
mechanism utilized by H5N1-VN1203 and MERS-CoV
to modulate antigen presentation and the host adaptive
immune response. Particularly, epigenetic analysis sug-
gested that DNA methylation, rather than histone mo-
dification plays a crucial role in MERS-CoV-mediated
antagonism of antigen presentation gene expression; in
contrast, H5N1-VN1203 likely utilizes a combination of
epigenetic mechanisms to target antigen presentation
(Menachery et al, 2018).

2. SARS-CoV-2 ad ACE2

SARS-CoV-2 belong to the Beta-coronavirus fa-
mily, together with SARS-CoV and Middle East re-
spiratory syndrome coronavirus (MERS-CoV) (with
80% and 50% homology, respectively). Compared to
other RNA virus, it is characterized by the production
of transcripts encoding unknown ORFs with fusion,
deletion, and/or frameshift. Therefore, in addition to
the canonical genomic and nine subgenomic RNAs,
SARS-CoV-2, shows a highly complex transcriptome.
41 RNA modification sites, with most frequent mo-
tif, AAGAA, were identified on viral transcripts using
direct RNA sequencing techniques. Modified RNAs
have shorter poly(A) tails than unmodified RNAs,
suggesting a link between the modification and the 3’
tail (Kim et al, 2020).
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The genome sequence of SARS-CoV-2 is 82% iden-
tical to SARS-CoV. Angiotensin converting enzyme II
(ACE2) was identified as the cell entry receptor for the
SARS-CoV-2 spike glyco-protein, allowing the viral in-
fection of humans, similar to SARS-CoV.

ACE2, which is located on the X chromosome, is hi-
ghly expressed on the surface of lung epithelium cells.
It belongs to the angiotensin-converting enzyme family
and catalyzes the cleavage of angiotensin II into the va-
sodilator angiotensin (Shyh et al, 2020).

3. Epigenetics in SARS-Cov-2

SARS-CoV-2 infection is mild in the majority of indi-
viduals but progresses into severe pneumonia in a small
proportion of patients. Cancer has been identified as an
individual risk factor for COVID-19 severity. Likewise,
ACE2 is resulted aberrantly expressed in many tumors.
A bioinformatic assay showed that ACE2 overexpres-
sion and hypomethylation are present in many types
of cancer, pointing out the relevance of the epigenetic
factors in modulating the SARS-CoV-2 infection and
outcome (Chai et al, 2020).

More generally, it has been observed that subjects
with compromised immune system result more su-
sceptible to a severe outcome of the COVID-19 dise-
ase. For example, it has been suggested that patients
with systemic lupus erythematous can develop more
severe COVID-19 symptoms. Also in this case, hypo-
methylation and overexpression of ACE2 are can-
didate to be responsible of this worse response (Sa-
walha et al, 2020). Finally, the analysis of over 700
lung transcriptome samples of patients with comor-
bidities associated with severe COVID-19 showed
high expression of ACE2 compared to controls. The
network analysis correlated ACE2 overexpression in
the human lung to genes related to histone modifica-
tions, reinforcing the idea that epigenetic mechani-
sms can have a role in the modulation of the disease
(Pinto et al, 2020).

Adults over 65 years of age represent 80% of hospi-
talizations due to the COVID-19 disease showing a 23-
fold higher risk of death respect to younger people. As
above discussed, comorbidities worsen the outcome of
the disease, but are not sufficient to explain the role of
age as an independent risk factor. Epigenetic hallmar-
ks of aging are known to influence health span in older
adults, possibly via mechanisms regulating the immune
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system (Salimi and Hamlyn, 2020). Therefore, the well-
known aging-associated changes in the epigenome may
be taken into consideration in the attempt to explain the
age effect in the COVID-19 course (Mueller et al, 2020).
Taken together, the increased severity observed in indi-
viduals with co-morbidities and in the elderly suggests
for an initial defect in the anti-viral host defense me-
chanisms. The long-term boosting of innate immune
responses, the so-called “trained immunity,” induced
by live vaccines has the potential to induce protection
against further infections through epigenetic, transcrip-
tional, and functional reprogramming of innate immu-
ne cells (Netea et al, 2020).

Moreover, previous studies in our laboratories evi-
denced that the expression of IL-6, the main player in
the so-called “cytokine storm” occurring in the most
severe COVID-19 patients, is modulated by the methy-
lation of its genes promoter (Dinicola et al., 2017). This
observation suggests a further mechanism by which the
epigenetics can crosstalk with the virus.

Although the studies on the SARS-CoV-2 infection
and on the COVID-19 disease are still at the beginning,
these observations make room for the possibility that
epigenetic mechanisms can have a role both in the su-
sceptibility to be infected and in the severity of the di-
sease’s outcome. In particular, the epigenetic control of
the ACE2 gene expression seems a promising target for
prevention and therapy in COVID-19.

The authors declare no conflict of interest.
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Takens theorem states a very important issue: the
dynamics of any complex system, living in an n-dimen-
sional phase space spanned by n unknown variables can
be reconstructed by considering the temporal evolution
of only one of these variables. This temporal evolution
(in the form of series of subsequent values registered at
equally spaced discrete time points) allows the recon-
struction of system attractor dynamics by the method of
‘embedding’, i.e transforming the series into a multiva-
riate matrix having as rows the subsequent epochs and
as columns n time lagged copies of the original series at
a fixed delay (Broomhead, D. S., & King, G. P. (1986).
Extracting qualitative dynamics from experimental
data. Physica D: Nonlinear Phenomena, 20(2-3), 217-
236).

Takens theorem is strictly related to the basic notion
of what an organism is: an organized system emerging
from the mutual relations among n factors whose ‘tra-
jectories in time’ keep track of the latent organization
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of the system itself. The sad news are that time, is both
the most relevant and the most neglected dimension in
biology. A clear symptom of this paradoxical state of
affairs is the existence of a specialist journal, serving
a very tiny scientific community, named Chronobio-
logy International mainly focused on biological rhyth-
ms observed at population (not individual) scale. The
simple fact that a Chronophysics International journal
could not exist (time is deeply embedded in any physi-
cal approach to reality and not confined to a small spe-
cialist field) tells us of the intrinsic difficulties to face
time dimension in biology. The reasons for this lack of
consideration are many and go from the difficulty to
make regular observations in time in a natural setting
for long duration to the extreme fragmentation of biolo-
gical sciences that considers time at very separated non-
communicating scales going from the nano-seconds of
molecular dynamics to the millions of years of evolution
passing by minutes/hour of physiologic signals and the
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(often sporadic) observations on development. In this
paper, the authors surmount this gap and were able to
build a regular embedding matrix at individual orga-
nism scale (the only physiologically relevant one) for
a period going from birth to 10 years of age regularly
sampled on a weekly base. The authors rely on the fact
teeth grow in a way similar to the trees with a very re-
gular pattern of deposition of dentine: laser ablation of
subsequent layers of dentine and the measurement of
elemental composition (zinc, copper, manganese...) on
these layers allows to generate long series (around 500
equally spaced points on a weekly basis) of concentra-
tion fluctuations for each element. According to Takens
theorem, the time series relative to these elements are
the image in light of the ‘entire metabolic dynamics’ of
organism (elements are tightly coupled with general
metabolism intervening in many crucial reactions as
such and as cofactors of essential enzymes) and their
dynamics offers a unique way to study ‘homeostasis in
action’ during development.

The authors wisely make use of non linear dynamics
tools like Recurrence Quantification analysis (RQA)
(Marwan, N., Romano, M. C., Thiel, M., & Kurths, J.
(2007). Recurrence plots for the analysis of complex
systems. Physics reports, 438(5-6), 237-329 and empi-
rical phase space reconstruction (Broomhead and King,
1986) so not to impose any specific physical model to
the time evolution. In this way they clearly recognize
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a development trajectory made of alternation of sta-
sis (quasi-attractors) and transition to other attractors
shared by all the healthy individuals analysed. This kind
of dynamics was present in both development and post-
adolescent (permanent teeth) phases,

When shifting to ALS (Amyotrophic Lateral Sclero-
sis) the authors demonstrate the patients dynamics get
stuck into a single attractor and does not show the ho-
meoresis behaviour of healthy individuals.

The predictive power of their model was very high
(AUROC = 0.86) pointing to important clinical appli-
cation in facing ALS before its clinical onset. Beside the
specific result, the relevance of this work resides in the
possibility to develop ‘dynamics biomarkers’ for both
research and application so making temporal dimen-
sion to enter mainstream biology and filling a dramatic
epistemic gap of biological sciences.
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Introduction

It is common knowledge that data interpretation
can serve specific narratives. As seen until now, the
economy of agriculture, which is at the base of human
survival, has not fit into the contemporary occupatio-
nal categories of a system built on financial capital.
Recent U.S. farmer suicide rates, as highlighted here,
demonstrate how a non-scientific research base can
distort awareness about a public health crisis through
subtle data misuse, and how this possibly implies a bias
against rurality.

The Standard Occupational Classification (SOC)
subgroup of Farmers, Ranchers, and Other Agricultural
Managers in the United States, based on the Centers for
Disease Control and Prevention (CDC) Morbidity and
Mortality Weekly Report (MMWR) on Suicide Rates
by Major Occupational Group—iy States, 2012 and
2015 (Peterson et al. 2018), serves as the starting point
for this research. Considering the CDC retraction of its
earlier Suicide Rates by Occupational Group—17 Sta-
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tes, 2012 report (LiKamWa McIntosh et al. 2016), the
following data reflect the corrected version of the CDC
study published on November 16, 2018, with its corre-
sponding erratum dated February 22, 2019 (Peterson et
al. 2018; Erratum 2019).

1. Suicide rates by occupation

The CDC surveyed 17 out of 50 states: Alaska, Co-
lorado, Georgia, Kentucky, Maryland, Massachusetts,
New Jersey, New Mexico, North Carolina, Ohio, Ok-
lahoma, Oregon, Rhode Island, South Carolina, Utah,
Virginia, and Wisconsin (LiKamWa McIntosh et al.
2016; Peterson et al. 2018). In considering the Farmers,
Ranchers, and Other Agricultural Managers occupatio-
nal subgroup, the report, in both its original and cor-
rected version, did not include several top agricultural
producing states, such as California, Illinois, Indiana,
Iowa, Kansas, Minnesota, Nebraska, and Texas.

Of the 17 states surveyed, the findings of the cor-
rected version show that per 100,000 people, the major
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occupational groups with the highest suicide rate were
as follows: Construction and Extraction (43.6 [2012]
and 53.2 [2015] among males) and Arts, Design, En-
tertainment, Sports, and Media (11.7 [2012] and 15.6
[2015] among females). These data are based on the
2012 and 2015 National Violent Death Reporting Sy-
stem (NVDRS) (Peterson et al. 2018).

In terms of federal SOC subgroups, the CDC reports
the Farmers, Ranchers, and Other Agricultural Mana-
gers subgroup as follows:

“The 2012 and 2015 male suicide rates among Farmers,
Ranchers, and Other Agricultural Managers (SOC 11—
9013, asubgroup of the SOC 11 Management major group)
were 44.9 (CI = 34.2—-57.9) and 32.2 (CI = 24.2—42.0)
per 100,000, based on 59 and 54 suicides in 2012 and
2015, respectively. The 2012 and 2015 male suicide rates
for Agricultural Workers (SOC 45-2000, a subgroup of
the SOC 45 Farming, Fishing, and Forestry major group)
were 20.4 (CI = 13.8-29.1) and 17.3 (CI = 12.1-23.9),
based on 30 and 36 suicides in 2012 and 2015, respec-
tively.” (Ibid.)

1.1 Classifications in agriculture

Following the CDC’s initial 2012 Occupational
Group report (LiKamWa Mclntosh et al. 2016) and pri-
or to its 2012 and 2015 Major Occupational Group erra-
ta (Peterson et al. 2018; Erratum 2019), The New Food
Economy (an online newsroom rebranded in 2020 as
The Counter) published that the CDC had misclassi-
fied farmers as Triple-F (farming, fishing, and forestry)
workers (Rosenberg & Wilson Stucki 2018b). In terms
of classification, the authors stated that “under the fe-
deral occupational guidelines, farmers are classified as
having a ‘management occupation,” not a ‘farming, fi-
shing, and forestry occupation.’ Yet it was the farming,
fishing, and forestry, or ‘Triple-F,” occupational group
that had the highest suicide rate in the country: 84.5 per
100,000 people, over 4 times the overall average of 20.3
among people in the workforce. The suicide rate among
managers, in contrast, was exactly average” (Rosenberg
& Wilson Stucki 2018a).

From the SOC coding error, The New Food Economy
assessed the Triple-F category as third among occupa-
tional groups (Ibid. 2018a, 2018b). The authors conjec-
tured that if the CDC had grouped farmer suicides with
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Triple-F suicides, then the rate should have been “no hi-
gher than third in the study, and as low as sixth, rather
than the highest” and if farmer suicides had not been
grouped with Triple-F, then “the suicide rate for Triple-
F workers should have been about 50 per 100,000 peo-
ple—and ranked second or third highest” (Ibid. 2018a).
What the authors derived from their hypothesis is that
either, if correctly classified, “agricultural workers, not
farmers, have the highest suicide rate in the country”
or, if incorrectly classified, then the CDC data “provided
no definitive findings” for neither farmworkers nor far-
mers (Ibid.).

The publication speculated that although the au-
thors “cannot know how many of the suicides classified
as Triple-F were agricultural workers, the fact that they
comprise between 80 and 90 percent of the category is
highly suggestive” (Ibid. 2018b). Further, the authors
published an e-mail from the CDC that highlighted the
misclassification of 9o farmers. Accordingly, farmers
“would still fall below the rate for Triple-F workers”
(Ibid.). Essentially, and reiterated here for clarity, the
authors’ hypothesis asserts that if the CDC’s original
Triple-F classification were correct, then the 2012 study
“found that a group made up almost entirely of agricul-
tural workers had the highest suicide rate in the count-
ry,” and if the CDC had, in fact, misclassified farmer sui-
cides with Triple-F suicides, then they “could not make
conclusions about the respective suicide rates of Triple-
F workers and farmers” (Ibid. 2018a).

1.2 Validity amid data misuse

Going even further, The New Food Economy stated
that the CDC study “had nothing to do with farmers and
everything to do with farm workers” (Ibid. 2018b) un-
der the claim that the suicide crisis among farmers is
“not true” and that either the CDC had made an error or
the media mistook “a farmworker suicide crisis for a far-
mer one” (Ibid. 2018a). This message was transmitted
to the media. Various publications reported the hypo-
thetical, then CDC-confirmed, correct classification of
Triple-F suicides while still projecting a lower farmer
suicide rate that was still inconclusive (Clayton 2018;
Norford 2018; Walrath 2018a & 2018b). The authors
from the cited publications, that is, Farm Bill Law En-
terprise, Mother Jones, Progressive Farmer, and The
New Food Economy/The Counter, which all reported
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the CDC retraction, have not revised the data following
the errata nor updated their corresponding assessment
of the 17-state 2012 and 2015 CDC data. Also, the Na-
tional Farmers Union (Perdue 2018) and Farm Aid
(Vanderpool 2018) acknowledged the CDC retraction,
yet observed its inconsistency with their experience and
previous studies. Farm Aid stated that “it will continue
to prioritize farmer stress” based on a 30% increase in
“calls to their farmer hotline and feedback from family
farm partners around the country” (Ibid.).

Is The New Food Economy’s original hypothesis va-
lid? Table 3 of the amended 2012 and 2015 CDC report
(Peterson et al. 2018) shows that the SOC 45 Farming,
Fishing, and Forestry major occupational group ranked
8th at 26.3 [2012] and 9th at 22.8 [2015]. SOC 11, the
Management major occupational group, ranked 17th at
16.4 [2012] and 15th at 17.8 [2015]. According to the
2012 and 2015 report, the Farming, Fishing, and Fore-
stry (SOC 45) major occupational group includes farm
laborers and supervisors but does not include farm ope-
rators, such as self-employed farmers or farm owners.
The 2012 and 2015 report placed farm operators into
the Management major occupational group. Based on
the report’s data, a farm “manager,” that is, Farmers,
Ranchers, and Other Agricultural Managers subgroup
(SOC 11—9013) and a farm “worker,” that is, Agricul-
tural Workers subgroup (SOC 45—-2000) are, respecti-
vely, separated between the major occupational groups
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of SOC 11 Management and SOC 45 Farming, Fishing,
and Forestry. The two groups do not overlap according
to these data.

1.3 Significantly high farmer suicide
When looking at the CDC’s national average:

“during 2000—2016, the suicide rate among the U.S. wor-
king age population (persons aged 16—64 years) increased
34%, from 12.9 per 100,000 population to 17.3.” (Ibid.)

Peterson et al. (2018) report that the Farmers, Ran-
chers, and Other Agricultural Managers subgroup (SOC
11-9013) male suicide rate was 44.9 [2012] and 32.2
[2015] per 100,000. These rates can be compared to the
national average [(12.9 [2012] and 17.3 [2015]). Among
the 17 states surveyed, suicide rates for Farmers, Ran-
chers, and Other Agricultural Managers were more than
three times as high as the national average in 2012 and
almost twice as high as the national average in 2015.

In terms of the Farmers, Ranchers, and Other Agri-
cultural Managers subgroup (SOC 11—9013 of the Ma-
nagement major occupational group) in relation to the
Agricultural Workers subgroup (SOC 45-2000 of the
Farming, Fishing, and Forestry major occupational
group), the Farmers, Ranchers, and Other Agricultural
Managers subgroup (SOC 11—9013) has a suicide rate

Standard Occupational Classification (SOC) subgroups

50

40

30

20

Suicide rate per 100,000 people

2012

2015

B Farmers, Ranchers, and Other Agricultural Managers subgroup (SOC 11-9013 of the Management major occupational group)
B Agricultural Workers subgroup (SOC 45-2000 of the Farming, Fishing, and Forestry major occupational group)

Figure 1: The Farmers, Ranchers, and Other Agricultural Managers subgroup (SOC 11—9013 of the Management major occupational group) com-
pared to the Agricultural Workers subgroup (SOC 45—2000 of the Farming, Fishing, and Forestry major occupational group), based on the CDC
errata, Suicide Rates by Major Occupational Group—17 States, 2012 and 2015 (Peterson et al. 2018).
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of 44.9 [2012] and 32.2 [2015] per 100,000 while the
Agricultural Workers subgroup (SOC 45-2000) has a
suicide rate of 20.4 [2012] and 17.3 [2015] per 100,000
(see Figure 1). Among the 17 states surveyed, Farmers,
Ranchers, and Other Agricultural Managers have ap-
proximately double the rate of suicide than Agricultural
Workers (Ibid.).

If comparing Farmers, Ranchers, and Other Agricul-
tural Managers to the major occupational group with
the highest suicide rate in Peterson et al. (2018), that
is, Construction and Extraction (SOC 47), then in 2012,
Farmers, Ranchers, and Other Agricultural Managers
had a higher rate at 44.9 [2012] per 100,000 than Con-
struction and Extraction at 43.6 [2012]. However, the
proximity of these two figures lies within the statistical
margin of error based on the Confidence Interval (CI).
Despite Farmers, Ranchers, and Other Agricultural
Managers had a rate of 44.9, this subgroup’s CI was
34.2—57.9 and potentially higher or lower than that of
Construction and Extraction in 2012. According to the
highest estimate of 44.9, the Farmers, Ranchers, and
Other Agricultural Managers subgroup (SOC 11-9013)
ranks first, but it is most likely in a statistical tie with the
Construction and Extraction (SOC 47) major occupatio-
nal group for first.

In 2015, Farmers, Ranchers, and Other Agricultural
Managers had a lower rate of 32.2 [2015] per 100,000
than Construction and Extraction at 53.2 [2015] (Ibid.).
Considering the CI (24.2—42.0) was below that of Con-
struction and Extraction, it is definite that the Farmers,
Ranchers, and Other Agricultural Managers subgroup
ranked lower than the 2015 Construction and Extrac-
tion major occupational group.

Comparing Farmers, Ranchers, and Other Agricul-
tural Managers (SOC 11—9013) to Construction and Ex-
traction (SOC 47) is problematic in that a major occupa-
tional group (SOC 47) is placed in relation to a subgroup
(SOC 11—9013) of a major occupational group. Howe-
ver, a trend can be highlighted from this subgroup (SOC
11—9013): the farmer suicide rate was in a statistical tie
with the highest suicide rate observed for any major oc-
cupational group in 2012. Farmer suicide ranked third
when compared to major occupational group rates in
2015. The Peterson et al. (2018) CDC study based on
2012 and 2015 major occupational group statistics can-
not provide enough detailed data to compare farmer
suicide rates to every particular occupation.
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2. Suicide rates by industry

The CDC recently published Suicide Rates by Indu-
stry and Occupation—National Violent Death Repor-
ting System, 32 States, 2016 (Peterson et al. 2020).
This report outlines suicide among the U.S. working-
age population of 16—64 years by major industry, major
occupational, and detailed occupational groups. Cal-
culated by the United States Census Bureau code for
major industry groups and defined by the North Ame-
rican Industry Classification System (NAICS), the Agri-
culture, Forestry, Fishing, and Hunting group (Census
code 0170—0290) had a significantly higher suicide rate
among males at 36.1 (CI = 31.7—40.5). The Agriculture,
Forestry, Fishing, and Hunting industry followed Mi-
ning, Quarrying, and Oil and Gas Extraction at 54.2 (CI
= 44.0-64.3); Construction at 45.3 (CI = 43.4—47.2),
and Other Services (e.g. automotive repair) at 39.1 (CI
= 36.1-42.0) with high suicide rates among industry
groups in comparison to the overall study population
(see Figure 2).

In this recent, 32-state report on 2016 NVDRS data
by Peterson et al. (2020), the CDC stated that “estima-
tes for most major occupational groups are similar, al-
though not directly comparable, to previous estimates
that were based on 2015 NVDRS data from 17 states,”
that is, the previously outlined Peterson et al. (2018)
study. According to major occupational groups, Far-
ming, Fishing, and Forestry (Census code 6000—6130)
had a male suicide rate of 31.4 (CI = 25.6—37.1) and
Management (Census code 0010—0430) had a male
suicide rate of 17.5 (CI = 16.4—18.6). Detailed occupa-
tional groups showed that Fishing and Hunting Wor-
kers (Census code 6100) of the Farming, Fishing, and
Forestry major occupational group had an elevated sui-
cide rate of 119.9 (CI = 60.9—215.6). Farmers, Ranchers,
and Other Agricultural Managers (Census code 0205)
from the Management major occupational group had a
suicide rate of 43.2 (CI = 34.9—51.5). Both detailed oc-
cupational groups were “statistically higher than [the]
population rate (all occupations) based on 95% CI of
[the] occupational group rate not containing the total
population rate point estimate” (Peterson et al. 2020).

It is also worth noting that many farmers continue
working beyond 64 years of age, which is the limit of the
cluster considered by the two years of 2012 and 2015,
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Figure 2: Suicide among U.S. working-age population males, 16—64 years, through major industry groups according to the CDC’s Suicide Rates
by Industry and Occupation—National Violent Death Reporting System, 32 States, 2016 (Peterson et al. 2020).

as well as the 2016 CDC reports. Another study in The
Journal of Rural Health (Ringgenberg et al. 2017, p.
6) examines the period from 1992 to 2010, indicating
that 20.4% of male farmer and agriculture worker sui-
cide occurs among those who are 65 years and older.
This may signal that a relevant number of farmer sui-
cide data have been unreported and, therefore, that ac-
tual farmer suicide figures behind the CDC study could
even be underestimated. In fact, the United States De-
partment of Agriculture’s (USDA) 2017 Census of Agri-
culture indicates that 1,000,534 farmers over the age
of 65 are making day-to-day decisions (National Agri-
cultural Statistics Service [NASS] 2019 p. 65). Further,

761,171 of all male producers and 392,871 of all female
producers are 65 years and over (Ibid. p. 67; 69).

2.1 Agriculture-related
work characteristics

Beyond these CDC studies, further and more com-
prehensive data on suicide in agriculture are outlined
in Trends and Characteristics of Occupational Suicide
and Homicide in Farmers and Agriculture Workers,
1992—-2010, as published in The Journal of Rural Health
(Ringgenberg et al. 2017). This 19-year study on all 50
states utilized data from the United States Department

Employee status of farmers and agriculture workers

70%

60%

50%

40%

Suicide rate

30%

20%

10%

Self-employed Work in family business

Work for pay

Figure 3: Data based on the 19-year Ringgenberg et al. (2017, p. 6) Trends and Characteristics of Occupational Suicide and Homicide in Far-

mers and Agriculture Workers, 1992—2010 study.
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of Labor’s Bureau of Labor Statistics (BLS) Census of
Fatal Occupational Injuries (CFOI). Ringgenberg et al.
(2017) examine work-related suicide and homicide data
on farm operators (farmers, farm owners, and farm
managers) and farmworkers (agriculture workers and
laborers) in comparison to the overall working popula-
tion. Among these, 65.2% of suicides occur among the
self-employed, 9.6% among those who work in a family
business, and 24.8% among those who work for pay
(Ibid. p. 6) (see Figure 3).

2.2 Regional relevance,
national concern

Reported 2014 NASS figures (as cited in Ring-
genberg et al. 2017, p. 5) show that the Midwest region
(Mlinois, Indiana, Iowa, Kansas, Michigan, Minnesota,
Missouri, Nebraska, North Dakota, Ohio, South Dako-
ta, and Wisconsin based on the United States Census
Bureau-designated regions and divisions) holds 50%
of U.S. farmland. Ringgenberg et al. (Ibid.) observed
that among agriculture-related occupational fatal in-
jury data, the proportion of farmer suicide in this re-
gion was remarkably high at 37.4%. Such a ratio was
even worse in the West (Alaska, Arizona, California,
Colorado, Hawaii, Idaho, Montana, Nevada, New Me-
xico, Oregon, Utah, Washington, and Wyoming) which,
with 16% of U.S. farms, had a proportion of 43%. While
the proportion of suicide was significantly lower in the
South (13.5%) and the Northeast (6.1%), there was an
alarmingly high proportion of homicide in the South
(44.4%) and again in the West (39.8%). These regional
differences highlight a particular occupational aspect.
When comparing homicide and suicide, 65% of suicide
victims were self-employed, whereas 61% of homicide
victims worked for pay (Ibid.).

Data from this 19-year analysis thus indicate a sui-
cidal concern of national relevance that affects farmers
in particular. Ringgenberg et al. (2017, p. 4; 6) highlight
that paid farmworkers are also affected by this common
tragedy yet at a suicide rate of just under three times
less than farmers. Moreover, this study stresses the
need for further regional data and analysis regarding
the reasons for elevated suicide among farm opera-
tors and elevated homicide among farmworkers. The
USDA’s most recent 2017 Census of Agriculture indi-
cates that out of 2,042,220 total U.S. farms, 1,529,083
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have no reported farm labor (NASS 2019, p. 339). In-
deed, given the structure and modality of agricultural
work, a division among farmers and farmworkers on
such a sensitive and urgent matter can be inconse-
quential when considering the occupational overlap
between farmer and farmworker duties. Even more,
the average U.S. farm was cited at 441 acres, that is,
manageable and worked by a single farmer with or
without family labor and without the need for hired
labor (Ibid. p. 7).

3. The family farm economic unit

This situation reflects a diverse social and economic
status of family farms which, given the due differences,
is analogous to peasantry (Bissen 2014). The peasant
with no hired labor represented a theoretical issue for
Karl Marx, as outlined by Alexander Chayanov. This
agrarian economist and rural sociologist illuminated
Marx’s challenge with a specific economic figure, the
peasant. Marx (as cited in Thorner 1966, p. xviii) states
of the peasant: “as owner of the means of production he
is capitalist, as worker he is his own wage worker,” and
even more, “the separation between the two is the nor-
mal relation in this [i.e., capitalist] society.” According
to Chayanov, the absence of one of the four elements
of capitalistic entrepreneurship envisioned by classical
and neoclassical economic theories, that is, “wages (of
labor), interest (on capital), rent (for land), and profits
(of enterprise)” makes it impossible to determine the
magnitude of the remaining three, thus destroying their
theoretical structure (Ibid. pp. xiii-xiv). This does not
exclude farming from capitalist agriculture. However,
the duality of the worker as the owner of the means of
production highlights the need for another economic
theory in interpreting the specific world of family farms
(Chayanov 1966 [1920s], p. 42). The USDA’s 2017 Cen-
sus of Agriculture (NASS 2019) mirrors this characte-
ristic by distinguishing farmers who hire labor from
farmers who do not hire labor. The latter constitute a
large majority.

3.1 Farming’s social body
Following Chayanov, the authoritative scholar of ru-

ral sociology, Teodor Shanin, detailed how family farm
life has remained incongruent with narrow capitalistic
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formations (Chayanov 1966 [1920s]; Shanin 1990).
Shanin advanced and deepened the discourse, from the
past half-century to today, on the social, economic, and
political factors of peasantry and rurality. Despite the
mainstream denial of peasant existence alongside myths
of progress, peasantry and the family farm as a socioe-
conomic unit go on, even within contemporary market
relations. This particular existence—and its persistence,
as articulated by Shanin—stems from a pre-industrial
social body that bleeds into contemporary society. Spe-
cifically, Shanin observed a resistance to industrializa-
tion during the transformation of peasants into farmers
and how the farming occupation, especially when live-
stock husbandry is involved, differs from mechanized
forms of production (Shanin 1990, pp. 25-27).

In terms of agriculture-related suicide, further exa-
mination is needed to deepen the analysis on this social
and economic body. Indeed, such work is progressing
through a broader and more detailed data collection
process. In the meantime, however, it is clear that di-
screditing interpretations of actual data is a rhetorical
exercise in error.

3.2 Survival

Yet questions remain as to why suicide is high among
farmers. For over 40 years, Dr. Michael R. Rosmann
has studied the purposeful drive of family farmers, de-
veloping what he refers to as the agrarian imperative
(Rosmann 2010). Beyond personality traits, Rosmann’s
research highlights motivated actions and risk taking
among those engaged in agriculture. The agrarian im-
perative is an instinct that “instills farmers to work in-
credibly hard, to endure unusual pain and hardship,
and to take uncommon risks” (Ibid. p. 72). This lens
elucidates the phenomenon of suicide among farmers
not only in the U.S. but also transnationally. The survi-
val of the human umuwelt is at the center of this tragedy.
Rosmann has found that “when the objectives of far-
ming are not met and the loss of the farm is threatened,
the same traits that motivate agricultural producers to
be successful also become associated with depression
and suicide” (Ibid. p. 74). Survivability requires risk:
it “depends on a broad diversity of species and people”
against any harm (Bissen 2017, p. 137). Rosmann em-
phasizes that if we lose our agrarian imperative, then we
lose our survival.
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Reasons as to why farmers fail to meet their basic
instinct of providing food, fiber, and energy deserves
further examination and may encounter a sociological
and anthropological response. Isolation, compounded
with a lack of alternatives, means that a sole farmer
has at once neither workers to rely on for support or to
exploit nor bosses to turn to or to direct responsibility.
Ringgenberg et al. (2017, p. 4) highlighted owner-ope-
rator stress, particularly financial, as a trigger among
self-employed farmers who may not have an off-farm
income. Self-employed farm operators “take on signi-
ficant responsibilities for day-to-day operations of the
farm, with high work load and financial responsibi-
lities. This increased hands-on role in both work task
and management creates greater personal investment
in the farm and its operations” (Ibid.). Access to lethal
means, exposure to depression-linked insecticide, and
poor access to mental and health care services intensify
farmer vulnerability (Ibid.). Risks associated with debt
demand further consideration. It is commonly held that
one must borrow money to make money. If overexten-
ded, in either pursuit of more ground, that is, cash rent,
or unnecessary equipment, then farmer consumption
accelerates. Debt is one aspect that affects how farmers
make decisions. Going beyond good measure in terms
of either stress on the body or excess consumption risks
losing the agrarian imperative. If farms become sheer
businesses (e.g. plant, spray, and harvest without live-
stock and sustainable practices), then they lose their
fundamental qualities to the point of working against
survival.

Family farms, even in capitalistic societies, express
more than pure business operations, as clearly seen
when not relying on hired labor. Farming is a way of
being. Acculturation and the transformation of family
farms into absolute businesses and farmers into hungry
consumers forge this anthropological change amid an
increasingly financed urban world. This process upro-
ots an existence, and it is at odds with human survival.
Suicide may be the only way out of this indiscriminate
financial market that manufactures human nature—so-
mething a modern market society has, thus far, failed
to do.
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Editorial comment

When reading this manuscript, I was a little per-
plexed in the beginning: ‘What does this story have
to do with Organisms?’ I was tempted to dismiss the
manuscript as ‘not appropriate’. Reading further, I pro-
gressively changed my mind, and I decided how this
story of ‘tricking by numbers while being formally cor-
rect’ is very instructive for the readers of Organisms.
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Here, the trick is purely nominalist: ‘How to define a gi-
ven person’s job?’ (biologists call this problem ontology
when they must assign a function to a given gene in or-
der to interpret omics results). The author clarifies how
a simple ‘shift of definition’ can completely change the
results and the conclusions. No ontology is perfect for
the simple reason (known since the Plato era) that any
categorization assumes a specific viewpoint and drasti-
cally diminishes the original semantic richness of the
object it describes. This problem is clearly explained by
the comment that assumes a bottom-up (Aristotelian)
approach to categorization. It asks, no matter the code
rigor—what about the significantly higher proportion of
suicides in a category that almost entirely accounts for
agricultural producers?

That is the right way to do it since considering far-
mers as ‘managers’, even if legally correct, is out of
touch with reality.

The thoughts on the existence of an unsurmountable
fault line between post-modern society and rural life are
totally correct. They warn of the dangers we are expo-
sed to as an entire civilization if the most central human
work over the past ten thousand years has no place nor
social consideration in our society.

A. Giuliani
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Abstract

Chronic inflammation leads to fibrosis and eventually organ failure. Fibrosis is defined as a wound-healing response that has gone
awry. It is featured by excessive production, deposition, and accumulation of extracellular matrix components. The key mediator
cells of fibrotic disorders are the myofibroblasts, derived from different precursor cells. Myofibroblasts are responsible of stiff
ECM, a hallmark of fibrosis. It is mandatory understanding the molecular pathways contributing to develop the fibrotic tissue to
discovery anti-fibrotic therapies. Vitamin D, the precursor of seco-steroid hormone, appears to have anti-fibrotic properties. Vi-
tamin D deficiency may contribute to development of different fibrotic disorders in several organs. It counteracts the pro-fibrotic
signals, such as TGF-P1, through several biochemical mechanisms. Counteracting TGF-f1, Vitamin D inhibits myofibroblasts
activation and ECM deposition.
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Introduction

An injury in any organ or tissue triggers the repair
process, known as wound healing. This process allows
the replacement of dead or damaged cells with healthy
ones of the same type. Tissue regeneration is the most
common outcome of wound healing: connective tissue
replacing the normal parenchyma. However, in some
circumstances, these processes, can lead to an unwar-
ranted result, as fibrosis. Several acute and chronic
stimuli can trigger the repair response; however, if the
injurious agents or the damages are not removed, the
wound-healing mechanism may “go awry”.

This can be ascribed to an increased release of in-
flammatory mediators and enzymes in the microenvi-
ronment. As the inflammatory response becomes chro-
nic, thus, fibrosis occurs. Fibrosis, explained as an “out
of control wound-healing response” (Wynn 2007), can
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eventually lead to organ failure. Fibrosis is characteri-
zed by increased accumulation of extracellular matrix
(ECM) components, which disrupts the normal tissue
architecture. Removing the damaging cause is para-
mount to avoid the development of a permanent fibrotic
tissue. However, identification of fibrosis causative cues
is often an uneasy task as well as their removal.

The fibrogenic process

The fibrogenic response can be divided in the following
phases: inflammation, proliferation, remodeling and
maturation (Rockey et al., 2015). Following an (chemi-
cal/physical) injury, the coagulation cascade is the first
process that undergoes activation.

Circulating platelets migrate into the wounded area
and release a number of growth factors, such as platelet-
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derived growth factor (PDGF) and transforming growth
factor f1 (TGF-B1). PDGF is a potent chemoattractant
for inflammatory cells, while TGF-B1 is mandatory to
stimulate the formation of a provisional ECM by local
fibroblasts (Barrientos et al., 2008). The provisional
ECM behaves as a scaffold for migration of several in-
flammatory cells. Concomitantly, damaged epithelial
cells also release inflammatory signals, stimulating the
proliferation and recruitment of inflammatory cells in
the wound. Wounded tissues further produce matrix
metalloproteinase’s (MMP), which disrupt the base-
ment membrane, thus allowing and facilitating the
recruitment of different kind of circulating and inflam-
matory cells. At this stage, chemical signals such as cyto-
kines and chemokines, recruit endothelial cells to form
new blood vessels in the wounded area. Neutrophils
and macrophages are the most abundant inflammatory
cells at the early stages of process. The former provides
an important source of cytokines, activating additional
cells to increase the immune response; the latter cleans
up tissue debris and dead cells by phagocytosis. Macro-
phages hold both pro- and anti-fibrotic activity. On the
hand, they recruit other inflammatory cells, mainly T-
cells, and on the other, they prevent the development of
fibrosis eliminating pro-fibrotic factors. Concomitantly,
activated T-cells produce pro-fibrotic cytokines, inclu-
ding IL-13 and TGF- to recruit additional fibroblasts
(Li et al., 2006). Fibroblasts, the principal source of
ECM components, respond to signals by proliferating
and migrating toward to the site of damage. The re-
cruited fibroblasts, in the proliferation phase, rebuild
the ECM, replacing the provisional one with fibrillar
collagen-rich ECM with higher mechanical strength
(Van De Water et al., 2013). Besides producing ECM
proteins, fibroblasts are also involved in its maintenan-
ce and reabsorption. The reciprocal crosstalk between
fibroblasts and macrophages is a key element in fibrosis
(Friedman, 2008). Fibroblasts produce pro-fibrotic si-
gnals to activate macrophages themselves and in turn,
macrophages stimulate the fibroblast to myofibroblast
activation (Pakshir and Hinz, 2018). Fibroblasts are
quiescent mesenchymal cells, but upon TGF-f1 signal,
they are activated into myofibroblasts. Hallmarks of
myofibroblasts are high levels of a-smooth muscle ac-
tin (a-SMA) expression and a markedly enhanced con-
tractile activity due to the incorporation of a-SMA into
stress fibers (Darby et al., 1990), by generating high in-
tracellular tension in the ECM (Hinz et al., 2001). Once
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activated, myofibroblasts themselves secrete TGF-f3,
sustaining their own activation by a positive feedback
mechanism. The myofibroblasts are rarely found in
healthy tissue and they can differentiate from several
precursor cells (Gabbiani 2003). Among these cells, tis-
sue-resident fibroblasts are the principal source of myo-
fibroblasts. They can also originate from other sources,
including circulating bone marrow-derived fibrocytes
(Quan et al., 2006), pericytes (Kida and Duffield, 2011),
epithelial and endothelial cells (Carew et al., 2012).
Epithelial cells can acquire a myofibroblast phenotype
undergoing to a biological process, commonly known
as epithelial-mesenchymal transition (EMT). This pro-
cess triggers biochemical changes in epithelial cells,
which lose polarity and acquire mesenchymal features,
including enhanced migratory ability, invasiveness,
and mainly increased production of ECM components
(Kalluri and Weinberg, 2009). It has been recently de-
monstrated that endothelial cells can also differentia-
te into myofibroblasts, through an EMT-like process,
called endothelial-mesenchymal transition (EndoMT)
(Piera-Velazquez et al., 2016). Both EMT and EndoMT
can be induced by TGF-§ (Pardali 2017). All these pre-
cursor cells amplify the pool of myofibroblasts (Hinz et
al., 2007). Myofibroblasts synthesize and release eleva-
ted amount of matrix components, contributing to the
excessive ECM observed in fibrotic diseases. The fibrotic
matrix, in the remodeling phase, consists predominan-
tly of fibrillar collagen types I-III (Karsdal et al., 2017),
ED-A fibronectin (White et al., 2008), basement mem-
brane collagen type IV, matricellular protein Periostin
(PERST) (Kii and Hito, 2017) laminin and other less
abundant elements. Myofibroblasts exert mechanical
forces on ECM through binding among integrin, ECM
components and cytoskeleton filaments (Zhong et al.,
1998). Thus, myofibroblasts can remodel both chemi-
cal and physical properties of ECM contributing to pro-
gression of fibrosis (Hinz, 2016). The mechanical stress
of ECM, due to increased tissue stiffness and decreased
elasticity, enhances myofibroblasts activation and then
progression of fibrosis (F. Klingberg 2013). Therefore,
communication in between macrophages and myofi-
broblasts promotes fibrosis (Hinz, 2009). In the last
phase, myofibroblasts stimulate wound contraction,
process for the elimination of scar, the re-epithelializa-
tion and then the regeneration of the damaged tissue.
The apoptosis of inflammatory cells and myofibroblasts
is the last fundamental step completing the wound re-
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pair process (Mescher 2017). However, if the controlled
death fails, this leads to an unbalance between benefi-
cial wound repair and organ fibrosis and it provokes a
prolonged activity of macrophages, by activating myo-
fibroblasts, and myofibroblasts by remodeling ECM
(Sindrilaru and Scharffetter-Kochanek, 2013). The per-
sistent accumulation and stiffening of ECM supports a
positive feedback loop through biomechanical forces by
sustaining activation of cells — macrophages and myo-
fibroblasts — beyond their lifetime (Parker et al., 2014).
Moreover, during fibrosis, the synthesis of new collagen
by myofibroblasts exceeds the rate of its degradation,
increasing the amount of matrix (Pardo and Selman,
2006). This is due to the imbalance of collagen turno-
ver, regulated by MMP and their inhibitors, such as
tissue inhibitors of metalloproteinases (TIMPs), which
promote the production instead of the degradation.

Master drivers of fibrotic response

The activated myofibroblasts are considered the
main effectors of fibrosis, by producing a large amount
of matrix proteins (Hinz et al., 2007). Macrophages and
T-cells, instead, release biochemical signals to modula-
te the fibroblasts activity and the matrix metabolism.
Among these signals involved in the process, TGF-f1
is considered the key mediator of the fibrotic respon-
se (Stewart et al., 2018). TGF-f3 belongs to a cytokines
family that regulate several physiological processes.
There are three different isoforms, TGF-f31, TGF-$2 and
TGF-B3, but among these, TGF-f1 is the prevalent and
ubiquitously one. The macrophages are responsible to
regulate both the secretion and the activation of latent
TGF-B1.TGF-B1 is synthesized as latent precursor com-
plex, non-covalently bound to latency-associated pro-
tein (LAP) (Robertson et al., 2015). The latent complex
is mainly stored in the matrix, covalently cross-linked to
ECM proteins (Werb 1997), keeping TGF-f in an inacti-
ve form, which cannot interact with its receptors. Seve-
ral proteases can catalyze the dissociation of LAP from
TGF-B1; then, TGF-f1 becomes activated and it can
bind to receptors (Murger et al., 1999). Upon binding to
transmembrane receptors, TGF-f1 can act through two
different signalling pathway: canonical or non-canoni-
cal. The canonical signalling pathway, known as Smad-
dependent, involves the phosphorylation and activa-
tion of Smad2 and Smad3 that form a complex, which
subsequently binds to Smad4. The activated complex

28
Organisms

) SAPIENZA

UNIVERSITA DI ROMA

can translocates to the nucleus and affect the transcrip-
tion of specific target genes (Hill, 2016). In vivo studies
have confirmed the TGF-/Smad3 involvement in the
fibrogenesis because Smad3-null mice became resistant
to fibrotic disease (Zhao et al., 2002). However, TGF-f31
can also activate the non-canonical pathway, known as
Smad-independent, which involves alternative signaling
pathways, including mitogen-activated protein kinases
(MAPKSs) (Bhowmicket al., 2001), Wnt/p-catenin signa-
ling, phosphatidyl-inositol 3 kinase (PI3K/AKT) (Bakin
et al., 2000), p53 and Notch signaling (Zhang, 2009).
TGF-p is synthesized and secreted both by macropha-
ges and fibroblasts, thus acting through both paracrine
and autocrine way. Upon TGF-[3 stimulation, fibroblasts
are activated in acquiring myofibroblasts phenotype. As
mentioned above, TGF-§ increases the pool of myofi-
broblasts also by inducing EMT and EndoMT, respecti-
vely, in epithelial and endothelial cells (Xu et al., 2009).
TGF-f signaling increases ECM synthesis, deposition,
and contraction by myofibroblasts. It mainly enhances
expression of collagen types I, III and VI, fibronectin
and proteoglycans (Massague, 1990). TGF-1 also inhi-
bits ECM degradation, by inducing down-regulation of
MMP expression and by increasing TIMPs expression,
through the Smadg activity (Yuan and Varga, 2001).
Remodeling of ECM is paramount for the progression
of fibrosis, as well as for its regression. In skin fibro-
blasts, TGF-f1 induces the expression of procollagen
Lysyl hydroxylase 2 (PLOD2), a gene coding for an im-
portant enzyme for the hydroxylation of lysine residues
in collagen (van der Slot et al., 2003). Such modification
enhances the number of cross-links among pyrydoline
residues that stabilize collagen fibrils, making it more
difficult to degrade by enzymes (Ricard-Blum et al.,
1993). Lysyl oxidase-like 2 (LOXL2) is another impor-
tant enzyme for the remodeling of ECM components. It
catalyzes the deamination of lysine residues of collagen
monomers promoting the formation of cross-linkages
(Grau-Bove et al., 2015). LOXL2 belongs to the Lysyl
oxidase family, composed of five members (LOX and
four LOXL variants). The cross-linkages catalyzed by
LOXLz2are important for collagen stabilization as well
as matrix integrity and elasticity. It is noteworthy that
LOXL expression and activity are enhanced in hepatic
stellate cells (HSCs), involved in liver fibrosis (Liu et
al., 2016). These modifications on collagen result in in-
creased matrix stiffness, which activates the myofibro-
blast via mechanical forces (Ikenaga et al., 2017), thus
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allowing the persistence of fibrosis (Hinz, 2016). It has
been demonstrated that inhibition of LOXL2 mitigates
the progression of liver fibrosis and promotes its reso-
lution (Ikenaga et al., 2017). The expression and activity
of LOXL2 are increased by Periostin (PERST) (Kumar
et al., 2018), a nonstructural extracellular matrix pro-
tein. Periostin can directly interact with ECM compo-
nents, such as fibronectin, collagen, elastin, and promo-
tes the fibrillogenesis. POSTN stimulates the expression
of intra- and extracellular collagen and fibronectin in
HSCs, during hepatic fibrosis. Moreover, TGF-f signa-
ling stimulates POSTN and, in turn, POSTN favors the
phosphorylation of Smad2/3, even in absence of TGF-3
signaling (Kumar et al., 2018).

In addition, other proteins enhance the fibrotic re-
sponse downstream of TGF-B1 by increasing the con-
tractile phenotype of fibroblasts, as well as by facilitating
the release of several ECM components from activated
fibroblasts. The ECM is not an inert scaffold, as it is a
dynamic regulator of the cell/microenvironment cross
talk. Indeed, ECM modulates traffic and activity of seve-
ral signaling molecules (cytokines, growth factors, etc.)
acting upon both cells and their milieu. An important
ECM-related pro-fibrotic mediator is the connective tis-
sue growth factor (CTGF), member of a small protein
family, localized in the ECM (De Winter et al., 2008).
CTGF is a matricellular protein (a non-structural pro-
tein found in the ECM) that modulates cell functions
through cell-matrix interactions (Chen and Lau, 2009).
CTGF is expressed by endothelial cells and by fibro-
blasts. After being secreted by cells, CTGF interacts with
several molecules, mainly cytokines and growth factors.
This interaction can affect - positively or negatively - the
signal transduction, regulating several processes, such
as cell adhesion, migration, ECM deposition and myofi-
broblasts activation. CTGF plays a central role in tissue
remodeling and its expression seems to be correlated
with observed clinical behavior. Experimental data on
human fibrosis demonstrated that CTGF expression ap-
pears associated with the degree of fibrosis (Igarashi et
al., 1995). CTGF induces several precursor cells to diffe-
rentiate into myofibroblasts, including epithelial cells,
through EMT process (Lee at al., 2010). Moreover, it in-
creases the expression of collagen type I, fibronectin and
integrin in fibroblasts and promotes their deposition
and remodeling (Frazer et al., 1996). CTGF can act as
an extracellular adapter by binding to TGF-f1 and hel-
ping it to bind to its receptors, potentiating its activity
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2002). Thus, the overexpression of CTGF enhances the
pro-fibrotic response of TGF-f1.Experimental data on
transgenic mice with overexpression of CTGF in fibro-
blasts demonstrated a more accelerated fibrosis deve-
lopment without any other pro-fibrotic stimulus (Son-
nylal et al., 2010). Experimental data have highlighted
that TGF-B1 induces CTGF expression via Smad-de-
pendent signaling. Smad3 binds the CTGF promoter
inducing the myofibroblast differentiation and collagen
synthesis (Duncan et al., 1999). Thus, CTGF is conside-
red as a downstream mediator of the effects of TGF-3
on fibroblasts (Grotendorst 1997). Moreover, CTGF can
also induce the expression of TGF-f itself, triggering a
positive feedback loop (Yang et al., 2010). This can con-
tribute to the progression of fibrosis.

Beside TGF-f3, other pro-fibrotic and pro-inflam-
matory cytokines act during fibrosis, especially by T-
cells that activate macrophages and fibroblasts (Wynn,
2004) and directly stimulate collagen synthesis in fi-
broblasts (Oriente et al., 2000) through Smad3/TGF-
B-independent mechanisms (Kaviratne et al., 2004).
Several findings indicate that cytokines secreted by ac-
tivated immune cells (T-cells as well as macrophages),
such as IL-13, IL-4 and IL-6 can promote an inflam-
matory/fibrosis prone microenvironment in a TGF-[3-
independent way (Kaviratne et al., 2004). Studies on
cytokine-deficient mice had demonstrated the impor-
tant link between T-cell response and the development
of fibrosis, involving IL-4 and IL-13(Chiaramonte et al.,
1999), suggesting that each cytokines likely support a
specific role during such process. IL-4, involved mainly
in lung fibrosis (Emura et al., 1990), is almost more ef-
ficient of TGF-} as pro-fibrotic mediator (Letterio and
Roberts, 1998). Fibroblasts express IL-4 Receptors (IL-
4R), and upon IL-4 stimulation, they synthesize extra-
cellular matrix components, such as collagen type I, I1I
and fibronectin (Fertin et al. 1991), while in mice tre-
ated with IL-4 inhibitors it was demonstrated a redu-
ced deposition of collagen and decreased development
of fibrosis (Ong et al., 1998). Other studies showed that
IL-13 acts as the effector cytokine of fibrosis when IL-4
is inhibited (Keane et al., 2007). Noticeably, both IL-13
and IL4 converge to the same receptor, which transdu-
ce interleukin stimulation through the STAT signaling
pathway (Zurawaski et al., 1993). However, quite para-
doxically, activation of the same pathway by different
effectors (IL4 and IL-13 respectively) fosters the deve-
lopment of different outcomes and the emergence of
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diverse types of pulmonary diseases (Zhu et al., 1999;
Rankin et al., 1996). This conundrum can partly be ex-
plained by the fact that IL-13 may involve alternative
pathways usually inaccessible to IL4 (Webb et al., 2003)
(Blease et al., 2002). Moreover, IL-13 activates prefe-
rentially the TGF-f signaling — by stimulating macro-
phages to produce latent TGF- 3 — while upregulating
the synthesis of those enzymes (MMP and cathepsin)
that activate TGF- 3 through the cleavage of LAP (La-
none et al. 2002). Indeed, in transgenic mice overex-
pressing IL-13 and treated with an inhibitor of TGF-3
development of fibrosis was markedly reduced (Lee et
al., 2001). However, IL-13 can trigger fibrotic pulmo-
nary processes even in the absence of TGF-3/SMAD si-
gnaling (Nakao et al., 2000) (Kaviratne M 2004). These
controversial findings warrant a convincing explanation
that probably require considering the IL-13 mediated
involvement of other cytokines in fibrosis development.
Noticeably, significant experimental data have been
recently collected about the potential pro-fibrotic role
sustained by Interleukin-6 (IL-6). IL-6 is a pro-inflam-
matory and pro-fibrotic cytokine, produced by several
cells, including macrophages and T-cells. IL-6 binds to
its receptor, IL-6R, and then this complex associates
with a second receptor on the cell surface - glycopro-
tein 130, gp130 (Hibi et al., 1990) - to foster a number
of intracellular processes (Rose-John, 2012). IL-6 has
higher affinity to IL-6R than gp130, therefore only cells
expressing IL-6R can respond to the signal induced by
this cytokine (Jostock et al., 2001). However, IL-6R is
found only in few cell types, while gp130 is ubiquitously
expressed. IL-6R is mainly expressed by hepatocytes
and T-cells, limiting the pool of cells able to respond to
IL-6 signaling. However, IL-6 can signal through an al-
ternative pathway, known as trans signaling, by which
IL-6 recognizes and binds to a soluble form of IL-6R,
i.e. sIL-6R, formed by a proteolytic cleavage (Rose-
John and Heinrich, 1994). IL-6 has an affinity to sIL-6R
comparable to that of IL-6R on the cell membrane. The
complex IL-6/sIL-6R can bind to gp130, thus activating
trans-signaling-dependent cascades (Taga et al., 1998).
IL-6 trans signaling increases the pool of cells that can
respond to IL-6. In both pathways, the dimerization
of gp130 leads to activation of receptor-associated Ja-
nus Kinases (JAKs)(Heinrich et al., 2003), and Signal
Transducers and Activators of Transcription (STATSs)
that, after phosphorylation, can translocate to the cell
nucleus where they act as a transcription factors to re-
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gulate gene expression(Heinrich et al., 1998). IL-6 plays
a role in the development of fibrosis in the lung (Le et
al., 2014), by inducing the transformation of fibroblasts
into myofibroblasts. Conversely, inhibition of IL-6 trans
signaling attenuates pulmonary fibrosis (Le et al. 2014).
Levels of IL-6 and sIL-6R are elevated in systemic scle-
rosis (Hasegawa et al., 1998), correlating with disease
severity. In heart, liver, skin and kidney fibrosis (Tana-
ka et al., 2012), IL-6 induces collagen I expression, both
through classical and trans-signaling manner. IL-6
trans signaling increases collagen I expression by ac-
tivating STAT3 and SMAD3 and by synthesizes Grem-
lin-1, an antagonist of bone morphogenetic protein
(BMP) (O’Reilly S 2014). Over-expression of STAT3 has
been observed in tissue of patients with lung fibrosis
(O’Donoghue 2012); while, deletion of IL-6 gene results
in reduced lung fibrosis in animal models (Saito 2008).
In scar tissue, dermal fibroblasts express high levels of
gp130 on cell membrane and IL-6 signaling promotes
the proliferation of fibroblasts and the increased pro-
duction of ECM components, including collagen and
fibronectin (Ray et al., 2013).

Vitamin D3 biology

Vitamin D is the major regulator of calcium home-
ostasis and normal bone mineralization in the body
(Hoenderop et al., 2005). However, in the last years it
became clear that Vitamin D also plays non-calcemic
effects modulating other biological functions. Vita-
min D, despite its name, is not a vitamin rather it is
the important precursor to the seco-steroid hormone,
1025-dehydroxy-colecalciferol, commonly known as
Calcitriol. Calcitriol mediates several biological proces-
ses in many tissues. It is obtained from dietary sources
or from de novo synthesis. In the skin, the ultraviolet
ray’s energy converts the substrate 7-dehydrochole-
sterol to pre-vitamin D3 followed by thermal isome-
rization to itamin D3 (Dusso and Brown, 1998). The
activation metabolism is characterized by two hydroxy-
lation steps, which in turn are principally catalyzed by
two P450 cytochrome enzymes (Jones and Prosser,
2014). Vitamin D3 circulates bound to the Vitamin D
Binding Protein (VBP), reaching the liver where the
first hydroxylation occurs, catalyzed by vitamin D-
25hydroxylase (CYP2R1) to yield 25-hydroxyvitamin
D3 (25(0OH)D), calcidiol (Jones and Prosser, 2014). A
further hydroxylation happens in the kidney, where
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25(0OH)D3 is hydroxylated by another member of the
cytochrome P450 family - 1a-hydroxylase (CYP27B1) —
to obtain calcitriol (1,25(0H)2D3), i.e. the most active
form of Vitamin D3 (Jones and Prosser, 2014). Calci-
triol exerts its nuclear effects by binding to the specific
Vitamin D Receptor (VDR), a member of the steroid—
thyroid—retinoid receptor, which is a superfamily of
ligand-activated transcription factors (Christakos et al.,
2016). VDR is ubiquitously present into the cytosol of
a number of cells. The complex in between Vitamin D3
and its receptor regulates from 3% to 5% of the human
genome, via both genomic and non-genomic mecha-
nisms (DeLuca 2004), thus modulating several biolo-
gical processes (Bouillon et al., 2008). Calcitriol binds
to VDR fostering its phosphorylation. It is worth of in-
terest that activated VDR translocates to the nucleus
and then it heterodimerizes with Retinoid-X-Receptor
(RXR) (Christakos et al., 2003). The RXR is a nuclear
receptor activated by 9-cis retinoic acid, playing an im-
portant role in regulating retinoid signaling(Heyman et
al., 1992).The Calcitriol-VDR-RXR complex recognizes
and binds to VDR Element (VDRE) on promoter region
of target genes and regulate their expression recruiting
transcriptional co-activators or co-repressors(Pike and
Meyer, 2012).

Vitamin D and fibrosis:
epidemiological and clinical data

Although fibrosis was initially thought to be an ir-
reversible process, experimental data suggest the pos-
sibility of resolution of fibrotic diseases (Jun and Lau,
2018). The resolution occurs when the cause of injury
is eliminated, but this may not be possible due to the
multifactorial feature of this group of disorders. Ini-
tially, therapeutic treatments of fibrotic diseases were
composed of anti-inflammatory drugs. However, these
treatments lack efficacy because they block only the in-
flammatory cascade, but not the underlying fibrotic re-
sponse. Therefore, understanding the molecular mecha-
nisms that regulates the fibrotic cascade in every organ
provides more specific target for anti-fibrotic therapy.
There are three possible therapeutic targets that play a
critical role in the resolution of fibrosis: 1) the myofi-
broblasts; 2) the fibrotic ECM; 3) the cytokines storm.
As reported in literature, several compounds have been
proposed as possible drugs. Among these, experimen-
tal data demonstrated that Vitamin D has anti-fibrotic
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properties. Epidemiological data have prompted to spe-
culate about a direct relationship between Vitamin D3
deficiency and occurrence of fibrosis-related diseases
(Holick, 2007). Beside no unanimous consensus has
been reached in identifying the optimal serum levels of
Vitamin D3, the cut-off has been set at 10ng/mL while
the optimal range of the seco-steroid from 30 to 60 ng/
mL. Namely, the role of Vitamin D3 in fibrosis has been
largely demonstrated in several organs, in particularly
in the liver and kidney, the two organs where vitamin
D3 is metabolized. As a proof of concept, supplementa-
tion of Vitamin D assumption in patients with chronic
diseases, such as kidney fibrosis, results in amelioration
of medical condition (Kovesdy et al., 2008). Overall,
preliminary clinical data seems to confirm an anti-fi-
brotic activity of vitamin D3 (Tan et al., 2007).

Mechanisms of Vitamin D
in organ fibrosis

The myofibroblast is main target of inhibitory action
of 1,25(0H)2D3 during fibrosis processes (Tao et al.,
2015). The Vitamin D3 interferes with the pro-fibrotic
function of TGF-P1 repressing the expression of colla-
gen in several cell types et al., 2013). Such inhibitory
effect of 1,25(0OH)2D3 on collagen expression has also
been confirmed in experiment conducted on rats. In
these experiments, rat hepatic cells treated with Vita-
min D3 demonstrated down-regulation of pro-fibrotic
genes induced by TGF-B1 (Abramovitch et al., 2011).
Calcitriol, bound to VDR/RXR heterodimer, decre-
ases the expression of target genes of TGF-/Smad3
signaling. Such effect can be exerted through multiple
mechanisms, supported by many different scientific
evidences. Experimental analysis on hepatic fibrosis
revealed the competitive binding of VDR/RXR on the
Smad3 Binding Element (SBE), present on the promo-
ter of pro-fibrotic genes. Indeed, through Chip-on-Chip
analysis, it has been highlighted that Smad3 and VDR
recognize the same binding sites on specific genes (Ding
et al., 2013). Maybe, this competition at genomic level
is due to the action of specific histone acetyltransfera-
se (HAT) which cause a remodeling of the chromatin,
making it in an open status and allowing the docking of
the transcription factors (Kouzarides, 2007). For exam-
ple, p300 histone acetyltransferase is a TGF-P1 tar-
get gene and is highly expressed in normal fibroblasts
and myofibroblasts during fibrosis (Ghosh and Varga,
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2007). Chromatin remodeling induced by p300 allows
the opening of the VDR binding sites very close to those
Smad3 recognizes. This is a critical step, as opening the
chromatin is mandatory for any epigenetic modulation.
The binding of VDR upon VDRE causes Smad3 to be
dislodged from chromatin causing a blockage of pro-fi-
brotic genes expression, as both VDRE and SBE compe-
te for the same binding sites. In other experimental stu-
dies on hepatic fibrosis, using co-immunoprecipitation
analysis, VDR directly interacts with the phosphory-
lated Smad3s, inhibiting the binding of Smad3 to SBE
and the subsequent activation of its target genes (Ding
et al., 2013). This interaction represses the TGF-f1-
induced stimulatory effect on some specific features
of the fibrotic process, including collagen release and
myofibroblasts activation (Zerr et al., 2015). Myofibro-
blasts, as mentioned above, can originate from epithe-
lial and endothelial cells, downstream of EMT activa-
tion induced by TGF-f1. This pathway is sustained by
the activation of several transcription factors, including
Smad and Snail (Ikushima and Miyazono, 2010). EMT
is a process by which epithelial cells lose their specific
markers and acquire mesenchymal traits. Epithelial
cells lose cell-cell adhesions and cell-extracellular ma-
trix junctions; in the meantime, they miss their polarity
and reorganize the cytoskeleton while promoting a re-
programming of several genes. This transition genera-
tes cells with marked motility, able in degrading the ex-
tracellular matrix. Such features lead to the acquisition
of a migratory and invasive phenotype. Vitamin D is a
negative modulator of EMT mechanism, via the tran-
scriptional activity of VDR (Fischer and Agrawal, 2015).
Experimental data demonstrated that Vitamin D could
attenuate renal fibrosis, by inhibiting the EMT process
(Nieto 2011). Specifically, Vitamin D and TGF-f1 have
been demonstrated to exert opposite role in respect
to EMT, probably accordingly to a reciprocal feedback
inhibitory loop. TGF-f3, indeed, triggers the expression
of VDR and VDR in turn inhibits the EMT process in-
duced by TGF-f. Ricca and coworkers had analyzed the
cross talk between the two molecules by treating normal
epithelial cells with Calcitriol before, together and after
TGF-f addition (Ricca et al., 2019). Calcitriol treatment
represses the EMT process, through the up-regulation
of epithelial marker, such as E-cadherin, and reduces
the cell proliferation rate. An interesting finding is in-
crease in VDR synthesis upon TGF-f1 stimulus. The
up-regulation of VDR induced by TGF-f1 is significan-
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tly higher than that exerted by calcitriol toward VDR,
i.e. its own receptor. TGF-f dependent VDR induction
has been demonstrated in different cell lines, being not
restricted to few cell types. Probably, the increased ex-
pression of VDR is a component of a more complex au-
to-inhibitory negative feedback loop, enacted by TGF-8
upon its synthesis and release (Stroschein et al., 1999).
Indeed, among the target genes activated by TGF-,
Smady, in turn, negatively regulates TGF-f activity
(Yan and Chen, 2011). Smady competes with Smad2/3
for binding to receptors, thus inhibiting the TGF-3 de-
pendent signaling (Yan and Chen, 2011). Notice that
Smady protein levels are downregulated during kidney
fibrosis, while Smad7-deficiency mice are more suscep-
tible to fibrosis (Chung et al, 2009). This data suggests a
regulatory role of Smad7 in fibrotic diseases. The auto-
inhibitory regulation of TGF-3 correlates with data of
Ding and coworkers indicating a genomic competition
for the binding sites between VDR and Smad3, which
immediately increases downstream of the interaction
of TGF-f with its receptor. As previously mentioned,
the inhibitory action of Vitamin Don EMT occurs only
if cells are treated with Vitamin D before (or together)
TGF-f addition. Instead, when Vitamin D is added af-
ter TGF-P1 stimulation, no significant inhibition on
TGF-B-related pathways can be observed and vitamin
D result unable in antagonizing the main fibrosis-rela-
ted molecular features. Vitamin D, in fact, can increa-
se the expression of E-cadherin, and in turn may block
EMT, only when is added before or simultaneously with
TGF-f1. This finding suggests that, to revert the mesen-
chymal phenotype, Vitamin D must be already present
when EMT is induced. Therefore, the supplementation
of Vitamin D seems to have a protecting role against the
onset of fibrotic diseases.

Liver cells usually present a low expression of VDR.
Recent studies had demonstrated a high expression of
the receptor in the hepatic stellate cells (HSCs). Is inte-
resting to observe that the most relevant release of com-
ponents of ECM produced during hepatic fibrosis can be
ascribed to those cells. HSCs, generally, are quiescent
and play the role of storage site for Vitamin A (retinoic
acid) in the body (Bataller and Brenner, 2011). Fol-
lowing liver injury, HSCs are activated by cytokines and
growth factors; then, they differentiate into myofibro-
blasts, beginning to proliferate, produce cytokines and
release the abundant ECM components (Lee and Fri-
edman, 2011). In hepatic fibrosis, Vitamin D represses
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the production of collagen by stromal HSCs, through a
VDR-mediated mechanism. In addition, Calcitriol sup-
presses the proliferation of hepatic stellate cells (HSCs)
and influences the expression of collagen a I both at
transcriptional and translational level, thus inhibiting
liver fibrosis (Abramovitch et al., 2011). Indeed, VDR-
null mice develop spontaneous liver fibrosis, confir-
ming the important role of the VDR signaling to inhibit
the pro-fibrotic transcriptional activity in HSCs (Ding et
al., 2013). Moreover, Ding and coworkers, analyzing a
mammalian model of liver fibrosis, showed that co-tre-
atment with a Vitamin D analogue caused a reduction
in the hallmarks of fibrosis. Specifically, collagen depo-
sition and the expression of pro-fibrotic genes such as
COL1A, TIMP1 and TGF-B1 (Ding et al., 2013).Vitamin
D counteracts fibrosis inhibiting the expression of col-
lagen I and III and increasing the expression of MMPS,
a metalloproteinase essential in the degradation of ex-
tracellular matrix in fibrosis. The TGF-f signaling also
activates HSCs, which in turn secrete the matricellular
proteins, such as CTGF (Liu et al., 2013). The expres-
sion of CTGF in hepatic fibrosis increases, but upon Vi-
tamin D treatment, its expression level decreases.

As previously mentioned, Periostin is involved in li-
ver fibrosis, through the stimulation of LOXL2, collagen
and fibronectin release by HSCs. It is worth of noting
that Calcipotriol, an analog of Vitamin D, can decrease
Periostin expression in HSCs (Zhang et al., 2018).

The Vitamin D is also involved in the renal fibro-
sis. The kidney fibrosis is a hallmark of chronic renal
diseases correlating with organ failure. Paricalcitol, a
Vitamin D3 analog, decreases interstitial fibrosis, the
EMT process and the inflammation response (Tan et
al., 2006), by inhibiting both TGF-§3 expression, ECM
components release and the transition of tubular epi-
thelial cells to myofibroblasts (Yang and Liu 2002).In
kidney fibrosis, TGF-$ and angiotensin II (Ang II) are
the major pro-fibrotic drivers (Wolf, 2006). The Renin-
Angiotensin System (RAS) is activated in a number of
kidney diseases, thus triggering an enhanced release of
AngII. The RAS is also activated in lung fibrosis and it
is a pathogenic factor in this type of fibrosis (Wang et
al., 2015). The RAS includes Angiotensinogen (AGT),
Renin and angiotensin-converting enzyme (ACE). An-
gII, activated by renin and ACE, plays a crucial role in
fibrosis, through its receptors, by stimulating the TGF-3
pathway, ECM production and driving EMT process to
myofibroblasts activation. In the kidney, myofibroblasts
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differentiate from tubular epithelial cells, which lose the
epithelial marker, like E-cadherin, and expressa-SMA
2010). Vitamin D3 plays a protective role, by specifi-
cally antagonizing RAS, downstream of VDR activation
(Li, 2010). Studies on VDR-null mice have demonstra-
ted that the activation of RAS and the subsequent An-
glI overexpression play a pivotal role in renal fibrosis.
Conversely, treatment with an inhibitor of the receptor
of AnglII blocks the fibronectin and collagen I expres-
sion. On the other hand, Vitamin D suppresses renin
and AGT (Yuan et al., 2007), while VDR deletion leads
to RAS activation and overproduction of Angll, which
induces EMT process and enhances renal fibrosis by sti-
mulating TGF-3 synthesis (Li et al., 2002).

Moreover, VDR may regulate (directly or indirectly)
other targets involved in renal fibrosis such as Wnt/(3-
catenin signaling (He et al., 2009). In the adult kidney,
the Wnt/B-catenin signaling becomes silent after dif-
ferentiation, but it can be reactivated upon injury (He
et al., 2009). The Wnt signaling pathways comprises
a diverse family of secreted lipid-modified signaling
glycoproteins that exert their biological function via
[B-catenin pathway. Wnt transduces the signal through
interaction with cell membrane receptor of the Frizzled
family and co-receptors, LRP5/6, leading to the de-pho-
sphorylation of B-catenin (Hwang et al., 2009). Upon
de-phosphorylation, B-catenin stabilizes and transloca-
tes into the nucleus where it binds to and activates seve-
ral transcription factors, thus regulating the expression
of several target genes (Rao and Kiihl, 2010). Besides
Wnt, other molecular factors can activate [-catenin.
A major regulator is the integrin-linked kinase (ILK),
induced by TGF-f1, AnglII, GSK3p or other pro-fibrotic
factors. TGF-B1 can also fosterp-catenin activation by
up-regulating MMP-7 that trigger E-cadherin degrada-
tion, thus releasing (-catenin, which is usually linked
to E-cadherin behind the cell membrane. When relea-
sed from its association with E-cadherin, 3-catenin can
translocate to the nucleus. In addition, Wnt/-catenin
signaling regulates the expression of other critical ge-
nes, including fibronectin, MMP-7, fibroblast-specific
protein 1 (Fsp1), Snail and components of RAS (Liu,
2011). The activation of these genes suggests a funda-
mental role of this pathway in modulating fibrosis. The
induction of Fibronectin leads up to increased produc-
tion and deposition of ECM components. Fsp1 is a mar-
ker of activated myofibroblasts, produced by resident
fibroblasts. Upon tissue injury, 3-catenin is highly up re-
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gulated in renal tubular epithelial cells and sequentially
it induces Snail1 expression. Snail1 is a key EMT-related
transcription factor (Yoshino et al., 2007), given that it
specifically represses those factors — as E-cadherin —
that play a major role in assuring cell-cell adhesion and
tissue architecture. Moreover, Snail1 is not only a target
of B-catenin signaling but it is in turn regulated by tho-
se factors that negatively regulate f-catenin, as GSK3[.
Activated Wnt inhibits GSK3Pactivity, while allowing
the simultaneous release of B-catenin and Snail1. This
leads to synergistic effects in promoting EMT (Garcia
de Herreros and Baulida, 2012). In view of the role that
Wnt/[-catenin signaling plays in kidney fibrosis, is pa-
ramount to block that pathway. Noticeably, Vitamin D
can inhibit Wnt/p-catenin signaling by three different
mechanisms. Firstly, Vitamin D facilitates the recipro-
cal VDR/[-catenin interaction, preventing the binding
of B-catenin to its TCF (T-cell factors) transcriptional
factors (Palmer et al., 2001). Second, Vitamin D up-
regulates the epithelial markers, mainly E-cadherin,
thus counteracting directly EMT. Re-expression of E-
cadherin allowsp-catenin cytoplasm translocation and
its subsequent interaction with E-cadherin close to the
adherens junctions (Palmet et al., 2001). Third, Vitamin
D triggers the expression of inhibitors of Wnt signaling,
such as Dickkopf (DKK)-1. DKK-1 inhibits the Wnt si-
gnaling binding to LRP5/6, i.e. to the receptors of Wnt,
thus preventing Wnt/Frizzled/LRP5/6 interaction (Se-
menov et al., 2001). However, inhibitory activity of Vi-
tamin Dis in turn hampered by Snail1. Indeed, Snail1
represses VDR expression by binding to three E-boxes
in the VDR gene promoter. Moreover, Snail1 reduces
the half-life of VDR RNA (Palmer et al., 2004).The ove-
rexpression of Snail1 in pathological conditions, pre-
vents the expression of E-cadherin and subsequently it
blocks the action anti-fibrotic of Vitamin D. This leads
to B-catenin translocation to the nucleus and the ex-
pression of related target genes. Vitamin D can act as a
modulator of immune response, by attenuating inflam-
matory process and by downregulating the pro-inflam-
matory cytokine, especially IL-6 (Skrobot et al., 2018).
Indeed, a few reports indicate that vitamin D exert an
inhibitory role on IL6 release in fibroblasts, probably
through the MAPK38 pathway (Nonn et al. 2006). Yet,
studies on the relationships between vitamin D and IL6
are still on their infancy and further investigations are
warranted.
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However, the disparate experimental findings col-
lected until now should be “re-interpreted” according
on a very different theoretical perspective in order to
gain a more comprehensive appraisal of the physiologi-
cal role of vitamin D. Overall, data available claim for
a relevant morphogenetic role sustained by Calcitriol
in modulating the cell-microenvironment cross talk in
a number of different tissues, as bone, skin, liver and
immune system. To vindicate such a hypothesis, Son-
nenschein and coworkers have shown that calcitriol, at
physiological doses, affects the mammary gland deve-
lopment contributing to the proper shaping of epithe-
lium (Hasan et al., 2019). In a model in which mechani-
cal forces mediate cell shaping during morphogenesis,
the authors observed how mammary cells embedded in
type-I collagen matrix manipulate the fibers of collagen
to organize the 3D structures, such as ducts and acini
(Speroni et al. 2014). The organized collagen fibers con-
strain the cells on biological processes, including pro-
liferation, apoptosis, and motility, whereas Vitamin D,
in turn, constrains the collagen fibers organization, af-
fecting the mechanical forces induced by the cells and
ultimately cell population density in a dose-dependent
manner. This study highlights that Vitamin D act as a
“microenvironment organizer” of morphogenesis that
affect both cells and their stroma.

Conclusions

Vitamin D can inhibit and reduce the progression
of fibrosis through various mechanisms, as reported in
Fig. 1. Principally, vitamin D antagonizes TGF-[§ depen-
dent pathways by interacting with Smad3, preventing
its transcriptional function, or by binding to the binding
sites on the target genes promoter, blocking the binding
of Smad3s to the same sites. By attenuating the TGF-3
pathway, Vitamin D reduces the expression of pro-fi-
brotic target genes, the transformation of fibroblasts in
myofibroblasts and the subsequent EMT. Moreover, vi-
tamin D also inhibits other pro-fibrotic mediators such
as LOXLz2, POSTN, and IL-6, blocking the excessive ac-
cumulation of several components of the extracellular
matrix.

By reducing the stiffness of the matrix, Vitamin D
interferes with the mechanical forces that activate fibro-
blasts present in tissue stroma. Overall, these evidences
suggest a potential role of Vitamin D as a potential drug
for the treatment of fibrotic diseases.
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Figure1: Interaction of vitamin D3 with fibrosis-related
pathways. Upon TGF-§3 interaction with its receptor, Smad3/4
complexes translocate into the nucleus and affect the transcription
of specific target genes by acting upon the Smad3 Binding Element
(SBE), present on the promoter of pro-fibrotic genes. Vitamin D3
compete with Smad elements for binding to the SBE, downstream of
the heterodimerization of the VDR/RXR receptors, thus inhibiting
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the TGF-B-dependent canonical signalling pathway. Vitamin D3 can
also directly inhibit Periostin (PERST) and IL-6 release, which are ac-
tivated upon a variety of pro-fibrotic stimuli. Overall, these pathways
promote the transformation of fibroblasts into myofibroblasts, while
enacting EMT in numerous cells. Abbreviations: RXR, Retinoid-X-
Receptor; Lysyl oxidase-like 2, LOXL2; Vitamin D Receptor, VDR;
Epithelial Mesenchymal Transition, EMT.
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Abstract

Statistically based model of the DNA ensemble evolution allowed the formulation of mechanobiological approach linking the open
complex dynamics and different scenario of gene expression related to normal and cancer cell behavior. It was shown the corre-
spondence of open complex dynamics to specific type of criticality in mesodefects (open complex) ensemble (the structural-scaling
transition) in the presence of qualitative different nonlinearity of the mesoscopic potential associated with the epigenetic landsca-
pe. The role of open complexes is similar to the mesoscopic defects and provides the cell plasticity or the cell fragility depending
on the structural susceptibility of the cytoskeleton structure and the types of collective modes of defects (open complexes). These
modes are responsible for the DNA transformation leading to the natural cycle of gene expression and spontaneous cell division
as the cancer precursor. The WIMM analysis of the phase thickness fluctuations after the Laser Interference Microscopy of living
cells shows the log-normal and power law statistics for normal and cancer scenario that are linked to multi- and monofractal

dynamics of open complexes.
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Introduction

Cells reveal the structural organization to promptly
adapt their mechanobiological environment in realiza-
tion of fundamental vital cellular functions [1,2]. The
mechanobiology properties of living cells are media-
ted by the cytoskeleton (CSK) representing a dynamic
network of filamentous proteins composed of actin fila-
ments, microtubules, and intermediate filaments [3,4].
Components of the CSK play a key role in motility, tran-
sport and cell division, providing essential scaffolding
on which metabolic processes occur. Therefore, cytoske-
letal morphology is thought to be a valuable indicator
of cell injury and functionality [5]. Inner cytoskeleton
structure also provides ‘privileged’ pathways along
which enzymes and substrates are coherently organi-
zed and oriented, in order to optimize their interactions
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[6,7]. The variety of the mechanisms of structural re-
laxation could be associated with fundamental property
of the cells qualified as the cell plasticity and the cell
damage [8].

Plastic deformation as the unique mechanism of the
defects induced momentum transfer and the structural
memory provides specific CSK organization in mecha-
nobiological environment. The cell plasticity can be
considered as the leading mechanism providing the vi-
tal CSK properties, including the cell self-organization
up to the cell division. The cell division being the vitali-
ty ground has also natural links to the defects behavior
that provides the evolutionary controlled cell division
(due to the preceded plasticity) or the fragility due to the
pathological CSK changes leading to the spontaneous
cell division. The duality of defects in the realization of
the vital cellular functions (plasticity, damage, damage-
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failure transitions) is stimulating for the consideration
of the CSK structure as out-of-equilibrium system with
defects taking into account the fundamentals of defects
in the matter properties as the localization of the sym-
metry groups [9]. Multiscale mesoscopic approach in
the simulations of biological systems with defects (bio-
logical molecules, cell and tissue) are analyzed in the
mechanobiology statement to link the qualitative chan-
ges of behavior of mesoscopic systems as the specific
type of criticality (structural-scaling transitions) [10].
The mesoscopic approach is considered as the “middle-
out” paradigm for the description of coherent dynamic
behaviors in biological systems and depends upon the
choice of leading mechanisms and corresponding meso-
scopic thermodynamic (and kinetic) parameters [11,12].
The mechanobiology in the combination with molecular
genetic approach could provide the actual direction for
objectification of pathological tendencies in the living
cells in the case of cancer. The methodologies, nume-
rical and experimental techniques coming from mecha-
nobiological approach and combined with multi-scale
signal processing are the ground of the advanced con-
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cepts of biological systems evolution related to the role
of collective phenomena [13]. “In-situ” study of the cell
mechanobiology by the laser interference microscopy
(LIM) with the following definition of “meaningful” col-
lective degrees of freedom allows the determination of
dynamic stability of biological systems, including tissue,
and they qualitative changes with “damage” accumula-
tion with an application to cancer progression.

Open complex dynamics:
DNA and cell transformation

The open states or the bubbles appear as the areas of
local denaturation due to the breaking of the H-bonds,
that leads to the local opening of the base pairs, Figure
1. The open complexes develop due to the activation of
specific subsets of gene expression patterns revealing
the intrinsic stochasticity in gene expression, wide ran-
ge of gene patterns providing different possible phenot-
ypes [11]. The open states provides the DNA transfor-
mation as the mechanisms of the cell plasticity and the
cell division.

Template

strand

Y,
DNA ":ﬂ!i'

Rewinding

mRNA /4"

RNA-DNA hybrid helix

: NA polymerase

Figure 1: DNA structure and open complex formation.

Conformational transitions, the formation of opening
states in the processes of the DNA-protein recognition
are the consequence of the large-amplitude motions le-
ading to the expression scenario [13]. Mesoscopic de-
scription of open complexes assumes the definition of
internal “mesoscopic” variables reflecting the coherent
behavior of the “minimal molecular set” of the breaking
of the H-bonds. This set is close to 50 genes linked to
the level of perturbation needed to trigger a multiscale
spatial-temporal transition in the system [14]. The en-
semble of “minimal set”, associated with the open com-
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plexes, are responsible for the “structural memory” and
realization of the cell plasticity, the cell damage, pattern
formation, morphology and the shape fractality [10].
The open complexes as a typical mesoscopic defects
are associated with the local unwinding, opening of the
double helix. Biological processes involve ensembled
molecular components (open complexes) responsible
for mesoscopic properties, spatial-temporal multiscale
organization according to epigenetic (thermodynamic)
landscape in which system’s transitions are realized
[15]. Thermodynamic aspects of the open states can
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be considered as the key problem for the understan-
ding of the DNA functioning. Statistical approach to
describe the collective behavior of the DNA distortion
modes allowed the formulation of thermodynamics of
the open complexes and the evolution equation in the
generalized Ginzburg-Landau form reflecting specific
type of criticality named as the structural-scaling tran-
sition [9]. Structural parameters associated with open
complexes and corresponding localized untwisting mo-
des were introduced as the localization of the symmetry
group of distortion tensor. The microscopic parameter
S i that is associated with the open complex represents
the local distortion spreading on the small segment 2d
(about 50 base pairs) with the opening normal distor-
tion mode B = BV to the segment area §, = 5,7 (S, ~ wd”)
with orientation ¥ . The mean value of the open complex
for uni-axial case ? = {5« } corresponds to the minimum
of the out-of-equilibrium free energy in the Ginzburg-
Landau form

F:AA(I—%t)pz—%Bp“+%€(l—%c)p6—Dc p +x(V,p )
(W

where 0 is the external constraint. The value of § is the
second structural parameter and represents the ratio of
two characteristic scales 6=(d/I)? the length d (d~30-
5onm) of the DNA segment of open complex nuclea-
tion and the distance 1 between open complexes. The
bifurcation points §,=1.3, 6 =1 separate qualitative dif-
ferent areas of the free energy non-linearity: transition
from the uni-modal to the bimodal form at §,=1.3 with
qualitative changes of the metastability at 5c=1 from the
finite to the infinite depth of the second minima). The
0 - parameter and the critical values §,=1.3, 6 =1 play
the role that is similar to the characteristic temperatu-
res in the Ginzburg-Landau theory. The gradient term
in (4) describes the non-local interaction in the distor-
tion field; A,B,C,D and y are the phenomenological pa-
rameters.

The Ginzburg-Landau free energy
as the epigenetic landscape

The state space of the cells is related to the ‘epige-
netic landscape’ due to ‘causal interactions between
genes and their products, which bring the phenotype
into being’ [11, 16, 17]. An epigenetic landscape can be
interpreted as a free energy profile based on the entire
ensemble of simultaneous interactions having the num-
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ber for simple organism the order of 1072°°, that could
be reconstructed to introduce on the scale of DNA the
meaningful mesoscopic variables. The idea of an ‘epige-
netic landscape’ was proposed by Waddington [18, 19,
20] as the sequence of the valleys with the free energy
minima in terms of the variables reflecting the cohe-
rent gene-by-gene behavior. These variables can signi-
ficantly affect nonlinear processes, thus switching cells
between distinct phenotypes, by analogy with phase
transition in physical systems [21]. Collective behavior
of these variables (collective modes) could provide the
reprogramming of cell states, that could be not rea-
lized by interactions between genes due very high ki-
netic barriers of the epigenetic landscape [22,23]. The
energy profiles could be considered in the framework
of the Ginzburg-Landau free energy using the internal
variables reflecting the coherent gene-by-gene behavior
as the expression unit related to the open complex. The
flatness of epigenetic landscape under transition from
unimodal to bimodal energy profile is the sign of the
critical point, where the sharp increase of the relaxation
time corresponds to the development of a global pha-
se transition in the whole gene expression profile (the
mRNA expression [14]) with the shift in the frequency
profiles to the coherent mRNA expression modes. Ac-
cording to these results the critical dynamics of gene
expression shows the singularity induced scaling that
is characteristic for out-of-equilibrium critical systems.
The open complexes and the mRNA coherent expres-
sion modes appear due to the decomposition of the free
energy metastability. This metastability has different
nature for corresponding ranges of the “governing”
structural-scaling parameter transforming the unimo-
dal potentials into bimodal potentials with finite and
infinite depth depending on the & - range [10].

Globally convergent dynamics of
gene expression as an attractor states

Temporal development in gene-expression collecti-
ve modes was studied to analyze the expression groups
sorted according to normalized root-mean-square-
fluctuation (Nmsf) and related to an early response
(the first 30 min) to growth factors in a MCF-7 breast
cancer cell population [22, 23 ]. The averaged values of
Nrmsf can be considered quantitative as relationship
with the mRNA expression. The hill-like distribution
function marks a dynamical stable profile of expression
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that in turn is defined as coherent expression state for
a set of genes. As the consequence, it was assumed that
the nrmsf can be considered as the order parameter
for gene expressions stems with consolidated gene ex-
pression scales. It was noted [22] that the nrmsf should
be related to the physical plasticity of genomic DNA: a
higher nrmsf should be associated with a more pliable
DNA structure. Nrmsf, as the spatial/temporal varian-
ce, should correspond to the degree of fluctuation/free-
dom in statistical thermodynamics. The log-normal law
and the power law that are characteristic for the critical
scenario, could link chromatin aggregation and gene
expression as coordinated transitional behaviors at the
chromosome level with coarse grain dynamics. Kinetics
for the open complex parameter can be presented by the
evolution equations for mentioned structural variables
[10]:

@ _
dt

oF

dp _ or
° 85

dt

raF

op’ ’ (2)

where I, and I's are the kinetic coefficients. The path
of the bifurcation point &, leads to penetration into the
metastability area and the generation of the collecti-
ve finite-amplitude distortion modes with breather
(6—46.) and solitary wave (6,>6>8 ) dynamics (Figure
2).The solitary wave solution has the form p(Q)=p(x —
Vi), where the wave amplitude, velocity and the width
of the wave front are given by the self-similar solution:
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pa

(3)

p=%pa[1—tahné LB*1 )] , L=

The velocity of solitary wave is V= xA(p, — p, )/2&,
where (p, — p,) is the p-jump in the metastability area.
A transition through the bifurcation point §, leads to
the qualitative change of the double-wall potential into
the form with infinite second minimum depth. These
qualitative changes in the metastable potential lead to
specific open complex dynamics, generation of collecti-
ve distortion modes with “blow-up” kinetics [9].

Specific type of self-similar solution determines the
kinetics of distortion modes for t—t_on the set of spatial
scales L, =kL, k=12,.K:

—m

PED=00fI0. (==, o=, 1~

c c

4

where m > 0, @, > o are the parameters related to
the nonlinearity of free energy release in metastabi-
lity, L, and t_ are spatial and temporal parameters of
“blow-up” self-similar solution. The existence of the
set of collective modes and consequent transforma-
tion of these modes according to the 8- kinetics from
the breather to solitary and blow-up dynamics illustra-
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Figure 2: A - Phase diagram of open complex parameter p versus external constraint o ; B — Free energy “epigenetic” landscape; C — Self-similar
solutions corresponding to breathers (S)), solitary wave (S,), blow-up (SS) attractors.
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tes the globally convergent open complex dynamics
in the presence of three different attractors, Figure 2.
The value of structural-scaling parameter reflects the
current susceptibility of the DNA ensemble to the nu-
cleation and growth of the open complexes in the pre-
sence of the DNA constraint and the thermal bath. The
kinetics of structural-scaling parameter provides the
scenario of the spinodal decomposition in different
areas of metastability due to the initiation of the open
complex collective modes. These modes represent th-
ree types of the self-similar solutions of the evolution
equations (2) for the open complex parameter p in
characteristic areas of structural-scaling parameter:
breathers, autosolitary waves and blow-up dissipative
structures. The phase spaces of these attractors are lin-
ked to the sets of mentioned collective modes. The sets
of collective open complex modes (breathers, solitary
and blow-up modes), that could co-exist generally in
the DNA double helix structure, represent the collecti-
ve variables subject the non-linear dynamics of out-of-
equilibrium biological system to a few preferred global
states. The solutions (3), (4) have the nature of the self-
similar intermediate asymptotic that allows the consi-
deration of mentioned collective modes as the eigen-
function spectrum of nonlinear problems [9,24,25] that
explains the gene expression as the resonance pattern
forming without modification of the DNA’s sequences
[26]. The “evolution arrow” follows from the kinetics of
structural-scaling parameter 6 that realizes the natural
tendency for transformation of breather and solitary
modes into the blow-up modes. The interpretation of
biological regulation within the framework of nonlinear
dynamics of open complexes can be linked to the dri-
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ving factor of the § - kinetics providing the evolution
pathway though the areas of different attractors to rea-
lize the gene expression scenario and the cell evolution
[27]. This analysis demonstrates temporal development
of gene-expression as global phase transition [28, 29,
30]. The robust organization in cells, when the expres-
sion mechanism of thousands of genes are coordina-
ted by a few key transcription factors can be linked to
attractor states in the gene-expression landscape [31,
32, 33] providing the ‘phenotypic states’. The attrac-
tor concept envisages the system as evolving toward a
preferred (minimal energy) state due to appearance of
‘globally convergent’ solutions [34, 35, 36, 37]. These
solutions attract the system dynamics in the presence
of stochastic fluctuations related to a gene-by-gene in-
teraction. Attractor states are realized in the presence
of a rugged non-equilibrium free energy landscape in
the terms of mentioned variables as the generalization
of the Landau theory of the phase transitions [38, 39].

The generalization of the Landau theory for ther-
modynamics of the DNA ensemble was developed in
[10] using the “effective field” approach by Leontovich
[40] for the statistical thermodynamics of the out-of-
equilibrium “slow driven systems”. In the presence of
the free energy metastability (1) the & kinetics plays
the role of the “intelligent agents” (Maxwell’s demons)
that used to drive the system due to the metastability
decomposition [41]. This scenario could clarify a funda-
mental question concerning the problem of cell dyna-
mics controlling genome-wide expression - What is the
‘driving force’ that attracts the entire system toward a
few preferred global states, thus making the genome act
as a single integrated system? [42, 43].

W e e T b Lebn Cmmsom Th gl Omazsoe
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Figure 3: Cell structure and DNA transformation: A - cell structure, B - histone topology, C - histone package, D - cell division [https://
en.wikipedia.org/wiki/Chromatin#/media/File:Chromatin_Structures.png].
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The sequence of generation of these modes can be
used for the explanation of the DNA transformation
associated with the cell plasticity and the cell divi-
sion, Figure 3 [44]. The front of autosolitary wave
mode has the sharp curvature y = (dp / 9s), (s is
the longitudinal DNA axis) separating the portions
of DNA strands with breather and autosolitary wave
dynamics that can be associated naturally with tran-
sition to the histon topology of the DNA strand (Fi-
gure 3a) in the condition of continuously increasing
curvature along the s-axis under §—6..

The solitary wave dynamics of the open complexes
provides the active transcription action caused by
the DNA plasticity and the meeting point (centrome-
re) of two strands with inverse curvature can be con-
sidered as analogue of “sitting dislocation” with the
high energy barrier. Double helix becomes more con-
densed due to the histon topology dynamics. Nume-
rous scenario of the histone topology lead to the DNA
package (“histone lattice”, Figure 3b, c) with less ac-
tive genes and new correlation in the open complex
ensemble providing the path of the §, critical point.
It leads to the excitation of blow-up open complex
dynamics inside of histone topology, rupture of the
DNA strands and the formation of small p chromoso-
me arms (Figure 3d) as the precursor of the cell di-
vision [45]. The chromosome consists of the conden-
sed structure of the DNA double-helix (10,000 times
than in the normal DNA double-strand). The com-
pact form of chromosomes has four arm structure as
a pair of sister strands attached by each other at the
centromere. The long g - chromosome arms appear
due to the tripping of some labile histon stitching
(centromere) with low energy barrier after the rup-
ture of the DNA strands in histones. Finally, due
to this act of replication a chromosome consists of
two sister chromatids. The DNA transformation oc-
curs in order for the proper separation of the genetic
material between daughter cells under the cell cycle
(Figure 3d). Similar scenario was discussed in [23]
in early response to growth factors in a MCF-7 bre-
ast cancer cell population to characterize the distinct
expression domains: static, transit and dynamic do-
mains according to the degree of temporal variation
in expression.
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Laser Interference Microscopy of cell
dynamics: ductile-brittle transition in
CSK structure as cancer precursor

Open complexes as mesoscopic defects are respon-
sible for two mechanisms in condensed matter associa-
ted with plasticity and damage-failure transition [44].
This is characteristic for the cells under the influence of
physiological and pathological conditions through the
qualitative transformation in the CSK structure. This
transformation occurs as the sequence of critical events
due to the path of critical points 6, , §,in the attrac-
tors space. The breathers and auto-solitary modes are
responsible for the cell plasticity, which indicates me-
chanobiological properties reflecting the natural CSK
transformation and the transition to the third attractor
with the phase space related to the blow-up collective
modes providing the cell differentiation dynamics. This
scenario of collective modes transformation reflects
the duality of the open complex dynamics in the duc-
tile-brittle CSK cycle. The structural-scaling transition
events occur in the presence of the 6 kinetics as the spi-
nodal decomposition of the metastable free energy rele-
ase caused by the dynamics of the open complex para-
meter considering the open complexes as mesodefects
ensemble. The qualitative different robust statistics
(the log-normal and the power statistics), is characte-
ristic for ductile and brittle behaviors can be used for
the identification of the normal and cancerous CSK sta-
tes [46]. The CSK cycle of the normal cells is associated
with spatial-temporal distributed collective modes of
open complexes, which follow to the multifractal dyna-
mics associated with mentioned attractor types and the
log-normal statistics of finite amplitude open complex
fluctuations. This stochastic multiplicativity of open
complex dynamics from the breathers to auto-solitary
and blow-up modes provides the evolutionary “ductile”
stability of the normal cells up to the stage of the cell
division. The qualitative different scenario is observed
for the cancer cells with pronounced “brittle” dynamics
leading to the power law statistics that is characteristic
for self-organized fragmentation [47] and anomalous
cell fragility for the arbitrary constraint. The cancer cell
behavior can be linked to the activity of the third attrac-
tor 6—6_ under the initiation of the convergent multi-
scale “blow-up” dissipative structures subordinated en-
tirely the CSK dynamics. The study of the cell dynamics
as the optical thickness fluctuations were conducted at
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the Perm Federal Research Center of the Urals Branch
of the Russian Academy of Sciences using the MIM-340
Laser Interference Microscope. Study of the nonlinear
CSK dynamics using the data of the Laser Interferen-
ce Microscopy (LIM) is the impact opportunity for the
objectification of the cell states and cytological cancer
diagnosis analyzing the time series of phase thickness
fluctuations (in the “cross-sections” of the nucleus,
the nucleolus, cytoplasm). The main advantages of the
MIM-340 laser microscope are high resolution in the
lateral plane (10-100 nm) and vertical (0.3 nm), the fre-
quency recording of phase images (33 Hz) and the pre-
sence of an object table that allows the positioning the
object (positioning accuracy is 150 nm) [48].

The results of typical measurements are presented
in Figure 4 [49, 50, 51]. In these figures, the adhesion
region of living cells (green color), a thin layer of cyto-
plasm (yellow color), nuclei (red color) and nucleolus
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(dark red color) are clearly visualized. High spatial and
temporal resolution of the LIM pattern allowed the
analysis of dynamic processes in living cells using LIM
track diagrams in different cell cross-sections (Figure
5, 6). Optically dense area corresponds to the cell nu-
clei. These data were obtained by laser interference mi-
croscopy on 450 non-cancerous and cancer cells.
Wavelet transform maximum modulus method
(WTMM) [52,53,54] was used to analyze the LIM data
(Figure 5, 6) and to establish the correlation between
the finite amplitude temporal fluctuation of the pha-
se thickness (associated with the cell thickness in the
nucleus cross-sections) and qualitative different CSK
dynamics providing the cell plasticity and fragility. 1D
realization of the WTMM method was used to process
the LIM data, that allowed one to get the singularity
spectrum f{a) corresponding to the mono- and multi-
fractal dynamics (Figure 7) [27,50,51]. Both scenarios
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Figure 4: Phase images of the cells: (a) MCF-7, (b) HEK 293, (c) MCF-7, (d) HCT116. Units of measurements: x, y — mkm; A® — nm.
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Figure 5: Typical phase images registered at different time, difference frame, track diagram and 1D signal of the normal human breast epithe-

lial cell MCF-10A. Units of measurements: x, y — mkm A® — nm.
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Figure 6: Typical phase images registered at different time, difference frame, track diagram and 1D signal of the cancer human breast epithelial

cell MCF-7. Units of measurements: x, y — mkm A® — nm.

display fat-tail distributions (log-normal and power
laws) that are characteristic for the critical systems
dynamics subject to the collective modes providing the
spinodal decomposition of free energy metastability
(free energy release) [46,47, 54]. The log-normal mul-
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tiplicative statistics reflects the influence on the CSK
dynamics the mentioned types of collective modes in
the course of the normal cell evolution as the structural-
scaling transition in the open complex ensemble. The
power law statistics reflects the cell fragility that is the
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Figure 7: Typical multifractal spectra of LIM data: "blue" is the normal breast cell, "red" is the cancer breast cell (carcinoma).

consequence of pathological structural changes (corre-
sponding to the range of structural-scaling parameter
6<6,) leading to the subjection of the CSK dynamics
to multiscale blow-up modes. These results allow the
conclusion concerning the duality of multiscale open
complex dynamics responsible for the evolutionary cell
transformation as the ductile structural-scaling transi-
tion in the cell division and the brittle dynamics leading
to the cell fragility and the cancer development.

Entropy: convergent and divergent cell
dynamics

The structural-scaling transitions in nonlinear out-
of-equilibrium systems are characterized by dynami-
cally unstable motions in the terms of an exponential
divergence on initially adjacent trajectories [55]. The
measure of exponential divergence is the Kolmogorov-
Sinai entropy (or the so-called K-entropy). The K-en-
tropy is related to the average rate of divergence of ini-
tially adjacent trajectories x,(k) and hence the Lyapunov
exponents A,

K=>2%, A>0 5)

Instead (5) the K-entropy can be introduced as the
characteristics of dynamic divergence D(k) of the tra-
jectories x(k) [56]

K= limD lZ::ln g E’(‘)ﬂ D(k)=[x,(k)-x, (k)]

(6)

as the average time of the current trajectories diver-
gence k to the initial one. If we introduce the corre-
sponding probability distribution of the trajectory
divergence at the point in time ¢

fD,v), [f(D,)dD =1,
the entropy of the system can be defined as

S(t) = [ mf(D, )AD, )dD . )

The distribution f{D, t) can be used to introduce two
characteristics of the system dynamics: an average di-
vergence at the point in time t and the effective “volu-
me” of the divergence

1

D(t)=J-Df(Dat)dD’ AD(Z)=f(D,t) (8)

With small deviation of AD =D — D from the ave-
rage value [, the entropy (7) can be determined by the
analogue of the Boltzmann formula

S(t) =1n AD(t). (9)
Using (6) and (9) we can find two equivalent relations:

AD(t)

AD(t,)’ (10)
AD(t) = AD(r, Jexp(S(¢)-5(z, )

S(t)-5(z,)=1n
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The latter definition can be considered as the analogue
of the uncertainty relation: the large trajectory diver-
gence has the higher entropy. Using (10) the statistical
analogue of the K-entropy can be introduced as the ave-
rage rate of the entropy change in a time (t-t)

S(e)-S()_ 1

= == 1
-ty t—1, nAD(tO) (1)

stat

It follows from (11) that k_, ,determines the entropy
production averaged over a finite time interval. Local
entropy change reads as the entropy balance equation

2 L nan()=o () (12)

It is seen that the entropy production has not fixed
sign and increases or decreases as the average trajectory
divergence.

Development of collective open complex modes
(breathers, auto-solitary, blow-up) is the consequence
of the local instability due to the subordination of the
cell dynamics to the set of the self-similar solutions.
Singular nature of the open complex as defects allows
the consideration of open complex collective modes as
the string objects [25] with the interactions responsible
for dramatic change in the symmetry properties and the
transformation pattern in Figure 3. The first symmet-
ry breaking occurs in the course of mutual excitation of
the breathers as the expression template related to the
epigenetic landscape. The scale renormalization in the
breather ensemble provides the long range correlation
in more coarser epigenetic landscape, the second sym-
metry breaking due to the metastabilty decomposition
in the range 8,> § > §_ with the generation of auto-soli-
tary modes and realization of the transcriptional dyna-
mics, the histone topology and the histone package. The
scaling related to the auto-solitary modes leads to the
second bifurcation at § =5, eading to the generation of
blow-up open complex modes providing the cell divi-
sion scenario. This pathway of the normal cell evolution
occurs in the presence of three attractors excited conse-
quently due to the structural-scaling transition and the
convergence of trajectories related to the open complex
dynamics of mentioned collective modes. As the conse-
quence, this dynamics is characterized by the minimum
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of the entropy production. The multiply “resonance”
excitation of the third blow-up attractor localized on
the set of the fundamental lengths L, is characteristic
for the cancer cells revealing the divergent dynamics
and the spontaneous fragility. The resonance excitation
of the multiply blow-up modes is typical for the epi-
genetic landscape with pronounced coarsening of the
metastable potential in the presence of the infinite se-
cond minima. The mutual resonance blow-up kinetics
of the open complexes leads to the spontaneous DNA
fragmentation and low viscosity that is observed for the
strongly coupled systems [25]. The low viscosity could
provide the anomalous proliferation as the metastasis
mechanism.

Conclusion

The mechanobiology of living cells is associated with
the cytoskeleton (CSK) dynamic network (filamentous
proteins, actin filaments, microtubules, intermediate
filaments) revealing the fundamental property of the
cells qualified as the cell plasticity and the cell dama-
ge. Plasticity is the phenomenon inherently linked to
the collective behavior of mesodefects in the “biological
crystals” (the open complexes in the DNA double he-
lix) and provides the unique mechanism of the defects
induced momentum transfer and the structural memo-
ry as the expression scenario. The cell plasticity can be
considered as the leading mechanism providing the vi-
tal CSK properties, including the DNA transformation,
expression dynamics, the cell division. Open complex
mechanisms of plasticity and fragility are analyzed as
specific type of critical phenomena in condensed mat-
ter with mesodefects — the structural-scaling transition.
The expression dynamics, the self-organization of DNA
and the cells are linked to the collective modes of the
open complexes (breathers, auto-solitary waves, blow-
up dissipative structures) responsible for the configura-
tion mobility of the CSK structure and the cell division.
The gene expression and the cell division being the vi-
tality ground have natural links to the defects behavior
and provides the evolutionary meaningful mechanisms
of self-organization for normal cell dynamics or patho-
logical scenario of defects induced fragility as the can-
cer precursor. Study of the nonlinear CSK dynamics was
conducted analyzing the time series of phase thickness
fluctuations after the Laser Interference Microscopy
in the cell "cross-sections" containing the nucleus, the
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nucleolus, cytoplasm. The application of the WTMM

method allowed the demonstration of the links of tem-
poral correlations of finite-amplitude phase thickness
fluctuation, dynamics of collective modes of open com-
plexes and qualitative different CSK dynamics that are
characteristic for the cell plasticity and fragility. The
phase thickness fluctuations display the fat-tail distri-
butions, the log-normal and the power laws, with multi-
and monofractal singularity spectrum. The multifractal
singularity spectrum in the case of the cell plasticity
reflects the temporal sequences of the phase thickness
fluctuation in the presence of mentioned open complex
“singular” collective modes (breathers, auto-solitary,
blow-up). The monofractal singularity spectrum and
the power law of the phase thickness fluctuation are the
consequence of the shifting of the CSK dynamics into
the area of the attractor with the blow-up open complex
dynamics, that leads to the spontaneous CSK fragmen-
tation (the cell fragility). The open complex dynamics,
which follows to the structural-scaling transition, al-
lows the interpretation of the normal and cancer cell
evolution scenario. The structural CSK susceptibility to
both scenario is given by the values of structural-scaling
parameter charactering the nonlinearity (metastabili-
ty) of the epigenetic landscape and corresponding open
complex kinetics. The pathological changes of the CSK
structure in the presence of the “monofractal” blow-up
open complex dynamics leads to the cancer progression.
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Abstract

We suggest here that evolutionary and developmental processes differ primarily in scale. Both evolution and development are
dynamical processes subject to bottom-up and top-down constraints, and both can be viewed as search processes in rugged lan-
dscapes with multiple attractors. An important aspect of regulative development and regeneration is the ability of the system to
reach the same anatomical configuration from different starting points and despite perturbations — a robustness toward a specific
“target morphology” as the set point of a homeostatic cycle. We propose that evolution can be viewed as a developmental process
of life as a whole, and that principles of regulative development and regeneration can, therefore, be expected to be active at much
larger spatio-temporal scales: the major evolutionary transitions, including endosymbiosis, multicellularity, and the emergence
of social groups, can be regarded as features of a “target morphology” of organismal phylogeny that biological evolution can be
expected to replicate starting from a wide range of initial states and under a wide range of environmental conditions. Each of
these transitions, like anatomical homeostasis on the ontogenetic timescale, can be regarded as a solution to a single problem, the

reduction of environmental uncertainty, as it is manifested at progressively larger scales.
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When told that people say that it looked as if the sun
went round the Earth, Wittgenstein asked, “what would
it have looked like if it had looked as if the Earth turned

on its axis?” — Anscomb (1959, p. 151)

Introduction

In multicellular organisms, development general-
ly proceeds from a single-celled zygote through a suc-
cession of embryonic or immature forms until some
stable, species- or variety-typical, adult morphology is
achieved. In competent organisms, including starfish,
planaria, salamanders, and deer, lost limbs, damaged
organs, or even the entire body may be regenerated
until this same stable, species- or variety-typical, adult
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morphology is restored (Birnbaum and Sinchez Alva-
rado, 2008). Thus, regeneration and regulative deve-
lopment are individual cases of a more general biolo-
gical process: anatomical homeostasis, which is able to
robustly achieve a specific large-scale geometry despi-
te drastic perturbations such as amputation and from
different starting conditions. For example, genomical-
ly-normal tadpoles altered to have their craniofacial
organs in the wrong locations largely become normal
frogs (Vandenberg, Adams and Levin, 2012). Similarly,
some embryos can be cut in half, fused with others, or
implanted with aggressive cancer cells, and still result
in perfectly normal bodies (Mintz and Illmensee, 1975).
These kinds of examples illustrate how anatomical
homeostasis can reach the same large-scale anatomy
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from diverse starting conditions and other perturba-
tions (Pezzulo and Levin, 2016). We will refer to such
a stable endpoint of development or regeneration, ave-
raged over species- or variety-typical outcomes, as the
“target morphology” of the species or variety (Levin,
2011). In regulative development and regeneration, the
target morphology is operationally defined as that sha-
pe which, once achieved, causes further growth and re-
modeling to stop ( Figure 1). Individual organisms may
alter their size once their target morphology is reached,
but do not significantly alter their internal organization
or external shape. Significant departures from target
morphology, e.g. different numbers of digits or unusual
craniofacial morphologies, are generally considered pa-
thological, even if they may be long-term viable. Such
departures must be possible, however, for morphology
to evolve under natural selection; all speciation events
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and morphological innovations initially represented a
“birth defect” relative to the parent lineage.

The concept of target morphology is clearly applica-
ble below the scale of the whole, multicellular organism.
Tissues and some organs have the capacity to restore
structure at their appropriate level. Individual cells, e.g.
muscle cells or neurons, have characteristic morpholo-
gies that are the typical endpoints of differentiation for
cells of that type in that organism or even across a major
phylogenetic lineage. Metabolic cycles and gene regu-
latory networks have the capacity to retain their dyna-
mics in the face of environmental changes and some
mutations. One can even view the tertiary structures of
macromolecules under typical physiological conditions
(and short timescales) as target morphologies. As at
the whole-organism scale, significant departures from
target morphology by cells or macromolecules are ge-
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Figure 1: The concept of target morphology. a) In sexually-reproducing organisms such as X. laevis, a single zygotic cell placed in an appropriate
environment develops into an adult that replicates the morphology of the parent(s). At the cellular level, development involves a test-operate-exit
(TOE) cycle that finds and fixes errors, thus maintaining the integrity of the process. b) A fragment excised from a regeneration-competent animal
such as the planarian D. japonica and placed in an appropriate environment regenerates cells and tissues to replicate the adult form. ¢) Can the
“shape” of the phylogeny of life since the last universal common ancestor (LUCA), including its major features such as endosymbiosis, multicellu-
larity, and social organization be regarded as a “target morphology” of evolution? d) If some sample of the phylogeny of life since LUCA were to be
placed in an appropriate planetary environment, would it “regenerate” a phylogenetic outcome with the same general characteristics?
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nerally considered pathological, and indeed generally
disrupt “normal” function. But what about higher levels
of organization and temporal scales larger than the life-
time of the individual organism?

Here, we ask whether the concept of target morpho-
logy could be usefully applied above the spatio-temporal
scale characteristic of an individual organism. Can the
typical sizes and organizations of ant hills, wolf packs,
or human social groups, for example, be considered
“targets” of inter-organism social interactions? Can cli-
max communities be considered targets of inter-popu-
lation interactions that constitute ecosystem-scale suc-
cession? Can biosphere-scale evolution, in particular,
be considered to have a target morphology? What con-
straints did the structures of the last universal common
ancestor (LUCA) and the environment in which it lived
place on the evolutionary process that produced life as
we know it? What constraints do molecular and cell bio-
logy place on evolution, and conversely, what aspects
of information-processing at different scales facilitate
robustness toward specific outcomes despite noise and
uncertainty at lower scales? If the “tape” of Terrestrial
evolution could, in Gould’s (1989) metaphor, be run
again, could we expect to see major transitions such
as the rise of eukaryotes or multicellularity (Maynard
Smith and Szathmary, 1995; Szathmary, 2015) replica-
ted? Could we expect to see a “cognitive niche” (Pinker,
2010) occupied by an omnivorous, social generalist?

The idea that evolution might, like organismal de-
velopment, be directed toward some target is obviously
controversial and often rejected out of hand. Evolution
must, after all, cope with unpredictable events such as
bolide impacts causing mass extinctions (e.g. Schulte et
al., 2010). It is important, however, to examine limita-
tions on our observations which shape our intuitions on
such questions. As Wittgenstein put it on being told that
people say that it looked as if the sun went round the
Earth, “what would it have looked like if it had looked as
if the Earth turned on its axis?” (Anscomb, 1959, p. 151).

Consider an observer gathering data at the indi-
vidual cell level during embryogenesis. Imagine this
observer had never heard of development and did not
already know the fact, so obvious to us that we rarely
question it, that it always ends up making the same
large-scale anatomy. Seeing the amount of stochastic
behavior, frequent failures, diversity of even genetically
identical cells’ behaviors, and variability in biochemical
and biomechanical properties, would they be able to in-
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fer that despite all the noise, there is a single morpho-
logical attractor at which all of this messy activity will
inevitably arrive, even if significantly perturbed? Would
the #1 fact of embryogenesis — its invariant outcome —
be apparent at a small scale of spatio-temporal obser-
vations? No such small-scale observations, we suggest,
would reveal this emergent property, just as small-scale
observations of gas molecules in the interior of a large
but unobserved container would not reveal the gas pres-
sure measurable outside the container or the inevitable
large-scale outcomes of thermodynamic manipulations.
Could it be that our observations of individual biologi-
cal species and small — even with paleontology — num-
bers of generations are likewise too constrained by their
small scale to make plausible the idea that evolutiona-
ry processes may also operate over a space with very
strong attractors, to which populations converge despi-
te the stochastic events at the mutation and selection
levels? Are major transitions such as multicellularity, in
particular, attractors in the landscape of evolution?
This controversy goes to the heart of evolutionary
theory: it concerns whether the core evolutionary pro-
cesses of variation and selection are mechanistically
coupled. In organismal development, these processes
clearly are coupled: only specific cell types are produced
at any given stage, and these cells assemble into specific
micro-environments into which later-developing cells
are born or migrate and must afterwards function. Va-
riation and selection are, in contrast, uncoupled in Dar-
winian evolution; while Darwin (1859) rejected “chance”
variation in favor of unknown causes (e.g. p. 131), these
causes are presented as prior to and hence independent
of selection. The Neo-Darwinian movement of the mid-
20th century largely discredited “orthogenetic” concep-
tions of evolutionary variation as somehow directed or
constrained (see Ulett, 2014 for a historical review), re-
placing them with a conception of variation as strictly
random. Selection, in this case, “does all the work” in
evolution; as Monod (1972) puts it, “from a source of
noise natural selection alone and unaided [draws] all
the music of the biosphere” (p. 118). While the past
five decades have yielded an increasingly mechanistic
and non-random understanding of variation at the le-
vel of the genome (e.g. Kitts et al., 1982; Lichten and
Golsman, 1995; Hall et al., 1999; Foster, 2000; Callinan
et al., 2005; Lemons and McGinnis, 2006; Mitchell et
al., 2009; Stern and Orgogozo, 2009; Uller et al., 2018),
if these mechanisms are both mutually uncorrelated
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and uncorrelated with later-acting selection, variation
remains effectively random and evolutionary history re-
mains purely contingent, producing diversity at all sca-
les with selection as the sole constraint (McShea, 1994;
McShea and Brandon, 2010). This Neo-Darwinian con-
clusion has its prominent critics, e.g. Conway-Morris
(2003; 2010) and Orgogozo (2015) who point out that it
cannot adequately explain observed cases of convergent
evolution, but it nonetheless remains the dominant
view within evolutionary biology. Astro/exobiologists
and artificial life researchers, in contrast, make it their
business to attempt predictions of how evolution might
proceed from various initial conditions (e.g. DesMarais
and Walter, 1999; Chyba and Hand, 2005; Kaltenegger,
2017; Lenton et al., 2018). The operational assumption
in these fields is that evolution is not purely contingent,
but can rather be characterized as a dynamical system
governed by both bottom-up (e.g. variation) and top-
down (e.g. selection) constraints. Given reasonable as-
sumptions about the dynamics and the constraints, the
possibility of some level of predictability is simply taken
for granted.

Here we introduce two lines of argument for a deep
mechanistic coupling between variation and selection,
and hence for a view of evolutionary processes as se-
arch processes in a space with invariant attractors. The
first is that the processes we characterize as “evolution”
and “development” differ primarily in scale. Indeed as
pointed out previously (Hermida, 2016; Fields and Le-
vin, 2018; Mariscal and Doolittle, 2018), all of life since
LUCA can be viewed as a single, continuous cell lineage;
hence evolution can be viewed as a developmental pro-
cess with LUCA as the “zygotic” founder cell. Viewing
evolution as a developmental process naturally raises
the questions of what variants are possible at each sta-
ge, and of how such variants might be expected to survi-
ve under selective constraints largely imposed by other
organisms (Fields and Levin, 2020a). The second line
of argument builds on Friston’s (2013) observation that
all living systems face a thermodynamic requirement
to minimize the variational free energy (VFE) — effec-
tively, the unpredictability — of their environments. We
have argued previously that the transition to multicel-
lularity can be viewed as a VFE minimization strategy
(Fields and Levin, 2019). Briefly, reproductive (i.e.
stem) cells can be expected to produce “bodies” com-
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prising non-reproductive (i.e. somatic) progeny as pro-
tection against sufficiently-challenging environments.
If the transition to multicellularity can be understood in
effectively thermodynamic terms, as a general response
to selective pressures that works independently of mi-
nor details or contingencies, might not the other major
transitions be similarly understandable? Could we not
expect any evolutionary “tape” run long enough to gene-
rate social multicellulars and a cognitive niche? Could
we not expect that morphogenetic mechanisms develo-
ped at the cellular scale, e.g. developmental bioelectrici-
ty (Levin and Martyniuk, 2018), would be co-opted into
whole-organism scale mechanisms, e.g. bioelectric me-
chanisms for controlling organism-scale behavior such
as nervous systems (Fields, Bischof and Levin, 2020)?
In what follows, we first review target morphologies
at the molecular (§2.1), organismal (§2.2) and ecosy-
stem (§2.3) scales. In each case, we consider where and
how the information specifying the target morphology
is stored and how this information is accessed and ex-
pressed as the target morphology is being generated.
We discuss, in each case, how top-down constraints
arising at larger scales regulate processes at the scale
of interest. We then address the question posed in our
title, focusing specifically on the major transitions to
cellularity (§3.1), endosymbiosis (§3.2), multicellularity
(83.3), social groups (§3.4), and finally the emergence
of a cognitive niche (§3.5). In contrast to the standard,
multilevel-evolution view that these transitions repre-
sent selection for increased cooperation (Buss, 1987;
Maynard Smith and Szathmary, 1995; Michod, 19909;
Szathmary, 2015), we suggest that in each transition co-
operative structures develop once a toolkit of pre-adap-
ted communication and regulation capabilities has been
assembled. In line with our previous model of multicel-
lularity (Fields and Levin, 2019), we suggest that the
driver of this process is in every case VFE minimization,
i.e. that the major transitions are thermodynamic at-
tractors. We outline, in §4, a new “picture” of evolution
as a sequence of phase transitions that each incorporate
smaller-scale systems into larger-scale organizations.
As the larger-scale organizations are, in every case, mi-
cro-environments that both provide new resources and
impose new selective constraints, the products of this
evolutionary process are multi-scale, heterogeneous
communities, i.e. holobionts (Bordenstein and Theis,
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2015). We conclude in §5 by suggesting experimental
approaches that could test these ideas.

1. Target morphologies:
from macromolecules to ecosystems

Toward the end of Wonderful Life (1989), Gould
speculates that had the early chordate Pikaia not sur-
vived the Middle Cambrian, “we are wiped out of future
history — all of us, from shark to robin to orangutan”
(p- 323). A tiny change in evolutionary history, in other
words, could produce an entirely different later outco-
me. With no ability to rewind the “tape” of evolution of
life on Earth and run it again, we are left with “just hi-
story” to explain the landscape of organisms and their
relations that we see around us.

Contrast this with organismal development, where
tiny changes occasionally produce informative mon-
strosities, but typically result in either no difference at
all, minor variants, or lethality. We know this because
we have, in fact, observed the tape run many times. Gi-
ven only a genome, a zygote, or even an early embryo
and required to employ first principles, not comparati-
ve methods, we might be no better off in predicting the
adult form than we would be trying to predict humans
from Pikaia. Yet developmental biology has the goal of
achieving an understanding that supports such predic-
tability. Why, as Conway-Morris (2010) asks, has evolu-
tionary biology seemingly abandoned that goal?

It is perhaps useful to compare the situation in evo-
lutionary biology to that in physical cosmology, another
setting in which “rerunning the tape” is not possible.
Like the evolution of life, the evolution of the physical
universe is characterized by a sequence of major tran-
sitions (e.g. from pure radiation to elementary parti-
cles to atoms) that progressively generate a hierarchy
of scale-specific structures (Hawking, 1988; Smolin,
1997). Theoretical models of this process postulate, at
each scale, local physical interactions constrained by
global boundary conditions. Central to these models are
formal notions of complexity that capture organizatio-
nal structure instead of, or in addition to, diversity of
form (Lineweaver, Davies and Ruse, 2013). Such mo-
dels have generated significant empirical predictions,
many of which have been extensively tested (e.g. Cyburt
et al., 2016). The success of such models suggests that a
similar, multiscale approach may be useful for studying
evolution. They demonstrate, for example, that “noise”
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on one scale may resolve into predictability at a smaller
scale, or self-organize into predictability, in response to
overlying constraints, at a larger scale.

In the sections that follow, we consider three scales
at which biological processes uncontroversially generate
target morphologies. All of these processes are obviously
evolved processes, and the details of the morphologies
that they produce have obviously been shaped by selec-
tion. The claim that they are evolved processes, howe-
ver, tells us nothing about how they work. Understan-
ding how they work, and indeed, understanding how
selection might have shaped them, requires understan-
ding them as combinations of underlying dynamics and
overlying constraints, as emphasized by Polanyi (1968),
Rosen (1986), Kaufmann (1993), McShea (2016), and
many others. In such systems, the dynamics may be go-
verned by large-scale attractors — i.e. target morpholo-
gies — that are undetectable by small-scale, local obser-
vations but are obvious when the system is observed
at the scale of its overlying constraints. In none of the
cases considered here has such an understanding of the
coupling between dynamics and constraints been fully
achieved, and it remains unknown whether it can be ful-
ly achieved. It has, however, in every case been partially
achieved, and even this partial achievement yields sub-
stantial predictive power.

1.1 Macromolecular tertiary structure

Both RNAs and proteins fold into complex, sequen-
ce-specific secondary and tertiary structures as they
are being synthesized. These structures are essential to
function, and their integrity is maintained through the
course of often-complex conformational changes invol-
ved in reversible binding and catalysis. It is reasonable
to regard these tertiary structures as “morphologies”
and to regard the “correct” functional structure into
which an RNA or protein polymer folds as the “target
morphology” of that polymer. One can then ask what in-
formation specifies this target morphology and how that
information is deployed to correctly construct the target
morphology. Predictive answers to these questions not
only have explanatory power for natural systems, but
also clear medical and technological relevance.

Theoretical studies of RNA folding began with the
assumption that the final structure was specified, under
physiological conditions, by the RNA sequence (e.g. Ti-
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noco, Uhlenbeck and Levine, 1971; DeLisi and Crothers,
1971). In the ensuing decades it has become clear that
the sequence information is “read” in stages during fol-
ding, and that parts of the sequence can encode diffe-
rent “instructions” in the context of different partially-
folded structures (Chen, 2008). It is also now clear that
“bottom-up” sequence information is insufficient to
specify the mature structure of most functional RNAs;
a myriad of proteins, some specific to particular RNAs
or classes of RNAs, are also required for correct folding
(Pan and Sosnick, 2006). These ancillary proteins are,
therefore, also contributors of instructive information
to the folding process. From the RNA’s perspective, they
are parts of the environment that provide top-down in-
formation or, in the more usual language, constraints.
Early research on protein folding similarly assu-
med that the information specifying the final structu-
re resided in the sequence (e.g. Kuntz, 1972; Nagano,
1973). The most straightforward interpretation of this
assumption, that protein folding minimizes the free
energy of interaction of its amino acids, is computatio-
nally intractable (e.g. Fraenkel, 1993), raising the que-
stion of how Nature could efficiently solve this problem.
There is now considerable evidence that proteins fold
incrementally, with already-folded domains providing
higher-level constraints on the folding of later domains
as well as on domain assembly (Dill and MacCallum,
2012). Additional high-level constraints may be provi-
ded by chaperone proteins (Saibil, 2013) or other cofac-
tors present in the “typical” environment. Hence as in
the case of RNA, information at multiple scales is requi-
red to achieve the molecular-scale target morphology.

1.2 Organismal morphology

By considering the genome to be the sole carrier of
inherited information, Modern Synthesis evolutionary
theory committed itself to the genome as the sole driver
of development. Hence we have, for example, “[d]eve-
lopmental biology can be seen as the study of how infor-
mation in the genome is translated into adult structure,
and evolutionary biology of how the information came
to be there in the first place” (Szathmary and Maynard
Smith, 1995, p. 231). This extreme view has been cri-
ticized from multiple perspectives (e.g. Pigliucci and
Miiller, 2010; Danchin et al., 2011; Laland et al., 2015;
Booth, Mariscal and Doolittle, 2016; Gawne, McKenna
and Nijhout, 2018) but still remains prominent.
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That supra-genomic information can be inheri-
ted has been known at least since the work of Beisson
and Sonneborn (1965) demonstrating inheritance of
experimentally-induced alterations of cortical pattern
in Paramecium (see Harold, 2005; Fields and Levin,
2018 for reviews of multiple studies along these lines
that illustrate the stable and yet re-writable nature of
target morphology on a single cell level). Indeed it is cle-
ar that any daughter cell, even if produced by asymme-
tric cleavage, inherits not only multiple active cytosolic
molecules, including mRNAs, but also intact cytoske-
letal components, an organized cell membrane, and
organelles from its parent. We have previously termed
this spatially-organized, functionally-intact informa-
tion the “architectome” and shown that it is inherited in
addition to the genome, transcriptome, and proteome
(Fields and Levin, 2018). Evolution is, therefore, not
just the evolution of the genome and its products, but
also the evolution of the architectome. The genome and
architectome scales are coupled bottom-up over evolu-
tionary time by the incorporation of evolved gene pro-
ducts into the evolving architectome; they can also be
expected to be coupled top-down through constraints
on gene expression imposed by the architectome (Pez-
zulo and Levin, 2016).

Bioelectricity provides one mechanism for top-down
control of gene expression. Bioelectric fields have
long been known to influence morphological chan-
ges in single cells and developmental processes in
multicellular organisms (Matthews, 1903; Burr and
Northrop, 1935; Lund, 1947; Waris, 1950). More re-
cently, electric circuits in non-neural cell groups have
been revealed as containing instructive information
for organ morphogenesis and axial patterning in a
wide range of animal models and human channelo-
pathies (Bates, 2015; see Levin, Pezzulo and Finkel-
stein, 2017; McLaughlin and Levin, 2018 for more
recent reviews). It has now been shown, using rege-
nerating planaria (Dugesia) as a model system, that
stable tissue-wide bioelectric prepatterns can dri-
ve a global change of the bodyplan to a two-headed
symmetrical form, and are heritable without genetic
change (Durant et al, 2017; Durant et al, 2019). Addi-
tional examples of the target morphology being speci-
fically re-written include trophic memory in deer an-
tlers and crab claws (reviewed in Lobo et al., 2014),
as well as the results of repeated amputations in sala-
manders (Bryant et al., 2017).
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Single genomes can support multiple target morpho-
logies, in unicells (e.g. amoeboid and flagellate forms
in Naegleria gruberi, Brunet and King, 2017) and fa-
cultative multicellulars (e.g. choanoflagellates) as well
as in obligate multicellulars including metazoa. Target
morphology can be preserved despite significant gene-
tic change, e.g. in planaria (Dugesia) which maintained
a fixed morphology and behavioral repertoire over 20
years of asexual reproduction despite the accumula-
tion of non-synonymous codon substitutions in 74%
of predicted genes (Nishimura et al., 2015). On the
other hand, small changes in the genome, or in envi-
ronmental conditions including bioelectric signaling,
diet, toxins, parasites, and commensal bacteria etc. can
produce large changes in final morphology as well as
function. Homeotic transformations can move substan-
tial components of intact, functional morphology from
one part of the body to another through the localized
co-regulation of large numbers of genes (e.g. Gehring
and Hiromi, 1986). In planaria, homeotic replacements
of posterior structures with anterior structures can be
effected by either genetic or bioelectric manipulations
(Lobo and Levin, 2015), with bioelectrically-induced re-
placements typically more accurately-scaled that gene-
tically-induced replacements (Durant et al., 2019).

The development of mechanistic models, typically
incorporating assumptions about physical forces as well
as biochemical and/or cellular communication pro-
cesses, has been a mainstay of developmental biology
for decades (e.g. Thompson, 1942; Turing, 1952; Wol-
pert, 1969; Gierer and Meinhardt, 1972) and has flou-
rished more recently as sophisticated gene-regulatory
network (GRN, e.g. Engler et al., 2009; Hecker et al.,
2009; Briscoe and Kicheva, 2017; Herrera-Delgado et
al., 2018) and organism-scale cell-cell communication
(e.g. Pietak and Levin, 2016) models have become fe-
asible. Such models all incorporate, either explicitly or
implicitly, both bottom-up and top-down constraints
on the developmental dynamics at the scale of interest.
While the assumptions and mechanisms implemented
by such models are inevitably simplified compared to
the actual biology, they are nonetheless capable of cor-
rectly predicting the outcomes of not-yet performed
experiments, and hence of motivating and directing ex-
perimental work (e.g. Raspopovic et al., 2014; Chernet,
Fields and Levin, 2015; Lobo and Levin, 2015; Pai et al.,
2018; Streichan et al., 2018; Lee, Richtsmeier and Kraft,
2019; Pietak et al., 2019).
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1.3 Ecosystem-level structure

Recognizable large-scale ecosystems such as
grasslands or forests have been known to develop by
long-term successional processes for over a century
(for a historical review, see Connell and Slayter, 1977).
The stable, “climax” endpoints of such processes have
well-defined structures and internal self-stabilizing
dynamics, and can be considered “target morpholo-
gies” in a natural sense. Smaller-scale multi-organi-
sm communities that incorporate abiotic materials in
specific, reproducible configurations, such as termite
mounds, have well-defined target morphologies in an
even more obvious sense, and have been proposed to
be individual “extended organisms” with heteroge-
neous genomes (Turner, 2004). With the discovery
of ubiquitous, obligate microbiomes and the rise of
the holobiont concept (Guerrero, Margulis and Ber-
langa, 2013; Gilbert, 2014; Bordenstein and Theis,
2015), it is now clear that all multicellular organisms
are “ecosystems” in some sense, making the ana-
logy between organismal morphology and ecosystem
morphology even more direct. Stereotypical changes
in microbiome structure as the “host” body ages (e.g.
Miller, 2016) suggest that the concepts of “succes-
sion” and “development” are strongly coupled within
holobionts. For example, the activity of commensal
microbiota can strongly influence the morphogene-
sis of its host organism, such as the induction of se-
cond heads and alteration of visual system structure
by bacteria in regenerating planaria (Williams et al.,
2020).

As in the case of organismal development, studies
of ecosystem succession have relied on mathematical
modeling almost since their inception (Connell and
Slayter, 1977). Such models typically employ abstract
“spaces” with dimensions, e.g. principal components,
representing populations or subpopulations or their
properties (Lockwood and Lockwood, 1993; Levin
et al., 1997; Logofet and Lesnaya, 2000; Fukami et
al., 2005). “Morphology” in this case corresponds to
a probability distribution, or a stable dynamics over
such distributions in a system such as Lotka-Volterra,
in this abstract space. In considering the possibility
of a target morphology for an evolutionary process,
we can expect this more abstract, organizational sen-
se of morphology to be more relevant than the idea of
a three-dimensional shape.
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2. Are major evolutionary
transitions predictable?

The central idea of cladistics is that any correct
phylogeny depicts an organismal lineage. As noted ear-
lier, if we think of a phylogeny of life on Earth as depic-
ting a cell lineage, it becomes clear that all of life can be
considered a single, spatio-temporally extended living
entity. This entity has, in particular, a spatio-temporally
continuous cytoplasm enclosed by a spatio-temporally
continuous membrane (Fields and Levin, 2018). This is
illustrated in Figure 2. The analogy with a cell lineage
describing a developmental process is obvious.

When we think of life as a single entity in this way,
evolution becomes an interaction between processes
internal to this entity, including variation, competition,
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and cooperation, and processes external to this entity.
In this it is fully analogous to development, where va-
riation is differentiation, cooperation is well recognized
— to the extent of defining biological individuals as units
of maximum cooperation (Queller and Strassmann,
2009; Strassmann and Queller, 2010) — and competi-
tion is increasingly being demonstrated (Gogna, Shee
and Moreno, 2015; Madan, Gogna and Moreno, 2018;
Gawne, McKenna and Levin, 2020). While the deve-
lopmental processes of individual organisms are “evol-
ved” while evolution itself clearly is not, this distinction
as noted above has no explanatory power. Evolution is,
moreover, increasingly recognized to be a learning pro-
cess, one that results not only in adaptation, but also
in increased evolvability (Watson and Szathmary, 2016;
Kouvaris et al., 2017).

- ) One E. coli

) One Clamydia

) One Pyrococcus

) One Micrasterias

! ) One plant cell

- ) One yeast cell

Space

Time

J ) One C. elegans cell

. ) One human cell

Figure 2: Representation of a sample of phylogeny as a cell lineage starting from LUCA. Whether LUCA had a DNA genome (red lines) is left
open. Endosymbiotic events are not shown; see Fields and Levin (2018) for lineage diagrams that include them.
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Viewing evolution as a space- and time-dependent
interaction between a living entity and its environment
allows powerful and general information-theoretic tools
to be brought to bear on the question of its predictabi-
lity. Friston (2013) argued that all living systems face a
thermodynamic requirement to minimize the variatio-
nal free energy (VFE) — effectively, the unpredictability
— of their environments. Environmental VFE is, moreo-
ver, defined at a specific locus: the boundary through
which the system interacts with its environment, cha-
racterized in mathematical terms as a Markov blanket
(MB, Pearl, 1988; see Friston, 2013; Friston et al., 2015;
Fields and Levin, 2018 for further discussion). Kuchling
et al. (2019) showed that MBs can be defined, and VFE
minimization within the MB characterized in terms of
approximate Bayesian inference, in systems satisfying
very general physical assumptions; these assumptions
can be generalized still further when the system-envi-
ronment interaction is describing using quantum inste-
ad of classical physics (Fields and Marciano, 2019; Fields
and Glazebrook, 2020). We have shown previously that
under appropriate environmental conditions, MBs can
support phase transitions to more complex internal or-
ganizations (Fields and Levin, 2019). We argue in what
follows that such conditions occur ubiquitously and at
multiple scales over evolutionary history, and drive a
sequence of phase transitions to larger and more com-
plex organizational structures.

2.1 Cellularity

Origin-of-life proposals are notoriously diverse and
controversial, and the structure of the biosphere prior
to LUCA remains primarily a topic of speculation (Cor-
nish-Bowden and Cardenas, 2017; Bartlett and Wong,
2020). Whether life had one origin or many, and whe-
ther LUCA was the product of a single lineage or many
both remain unclear. The structure of LUCA itself is lar-
gely unknown, though it seems reasonable to assume
that LUCA was a membrane-bound cell (or protocell,
Szathmary, 2015) with both nucleic acids and proteins.

Selection clearly favored cellular life. Are there, ho-
wever, principles on the basis of which we could expect
cellular life to develop an any suitable environment?
Friston (2013) offers a heuristic “proof” that any system
with an MB will approach a stable, self-sustaining dyna-
mics within the MB, concluding that as living systems
at least approximately satisfy the conditions required to
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maintain an MB, life is “(almost) inevitable” (p. 1). An
MB, however, is a set of states, not a physical structu-
re such as a membrane. Hence given Friston’s result,
the key question becomes that of principles on the ba-
sis of which we could expect the emergence of physical
boundaries, the states of which constitute MBs for wha-
tever systems the boundaries enclose. All current cells
are bounded by membranes, but it cannot be ruled out
that earlier “cells” — ancestors of LUCA — were bounded
by protein capsids, other non-lipid biotic structures, or
even abiotic structures.

It is useful to think of this question of boundaries
in more abstract, cybernetic terms. Homeostasis can
be considered a form of memory, a record of what has
worked in the past (Ashby, 1956). The processes that
maintain homeostasis can, as Friston (2013) emphasi-
zes, be considered inferential: they are processes that
compare external conditions to the memory and adjust
one or the other, what Friston calls “active inference.”
The most fundamental requirement of any such process
is that “external conditions” and “memory” be separa-
tely accessible. Maintaining homeostasis, therefore,
requires a boundary. Some approaches to the origin of
life postulate abiotic boundaries, e.g. mineral surfaces
(Szathmary, 2015), but any free-living life form requires
a boundary that it can regenerate, particularly following
replication. Hence the origin of the chemistry required
to regenerate boundaries may be the principle problem
to be solved by emergent protocellular life forms. As
Cornish-Bowden and Cardenas (2017) put it, “Under-
standing how the transition to an organism with a lar-
ge coding capacity can have happened is a more chal-
lenging problem than understanding how LUCA could
have evolved to Homo sapiens” (p. 72).

Importantly, we are just starting to understand how a
sufficiently protected not-yet-cellular system could have
been both stable and sufficiently robust to explore the
space of possibilities leading to cellularity. Recent work
has highlighted the capabilities of subcellular compo-
nents, such as molecular networks that show learning
and adaptation (Watson et al., 2010; Herrera-Delgado
et al., 2018), cell-free systems that show complex self-
assembly of cytoskeletal structures (Cheng and Ferrell,
2018), and dynamic, responsive motile behavior of cell
fragments (Albrecht-Buehler, 1980; Euteneuer and
Schliwa, 1984; Sun et al., 2013). Moreover, syncytial sy-
stems like Physarum (Vallverdu et al., 2018), giant cells
such as algae (Coneva and Chitwood, 2015), Acetabula-




Ol‘ganlsms Does Evolution Have a Target Morphology?

ria (Mandoli, 1998), and glass sponges (Leys, 2015) de-
monstrate how flexible the idea of a “cell” is. Evolution
clearly pushes the limits of cellularity to make it look
and behave like multicellularity.

2.2 Endosymbiosis

Once regenerable boundaries become available, the
logic of VFE minimization is sufficient to drive increa-
ses in complexity. One need only postulate a sufficiently
variable environment and an ability of cells to exchange
information.

Within a VFE minimization or active inference fra-
mework, the primary driver of evolution is predictabi-
lity (Friston, 2013; Friston et al., 2015; Kuchling et al.,
2019). For a cell equipped with a memory, the most pre-
dictable state is the state of its own memory: homeosta-
sis is precisely the process of keeping this state fixed. If
cells are capable of both communicating the states of
their memories to other cells and receiving such com-
munications, then the states of other cells also become
predictable. Cell-surface markers and diffusible signals
are such means of communication. As a means of com-
municating not just the state of the memory, but a fun-
ctional component of the memory, lateral gene transfer
(LGT) is an even more efficient means of increasing mu-
tual predictability, one that microbes make particular
use of in challenging environments (Robbins, Krishtal-
ka and Wooley, 2016). Indeed LGT can be viewed as
“endosymbiosis” at the scale of the genome.

If the states of other cells are more predictable than
the state of the open environment, any cell that asso-
ciates closely with other cells achieves an increase in
predictive success, i.e. a decrease in VFE. Hence facul-
tative multicellularity is a direct prediction of the VFE
minimization framework. Any evolutionary process ca-
pable of producing cellular life can be expected to gene-
rate facultatively multicellular life. The appearance of
microbial stromatolites 3,500 million years ago (MYA),
i.e. shortly after LUCA (Stal, 2012), is therefore not sur-
prising.

Facultatively-multicellular microbial systems exhi-
bit division of labor, even in single-species systems
such as Myxobacteria (Munoz-Dorado et al., 2016).
In many systems, division of labor includes both divi-
sion of metabolic labor and differential exposure to the
open environment (Stal, 2012; Ereshefsky and Pedroso,
2015). If such systems are considered “individuals” as
Ereshefsky and Pedroso (2015) suggest, their “inter-
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nal” protected components have many of the features
of endosymbionts: internal location, specific metabolic
functions, and only partial reproductive independen-
ce (Booth and Doolittle, 2015). Such facultative en-
dosymbiosis appears both quite common and very old.
The transition from facultative endosymbiosis to the
obligate, cellular endosymbiosis found in eukaryotes
represents, from a VFE perspective, an increase in pre-
dictive power. Cellular symbiosis renders the presence
and contribution of the metabolic partner secure from
the “host” perspective, and the availability of protec-
tion from the open environment secure from the en-
dosymbiont’s perspective. Hence this transition can be
expected in any evolutionary process driven by VFE mi-
nimization. As Booth and Doolittle (2015) point out, the
idea that eukaryogenesis was unique and highly impro-
bable may largely be the result of ascertainment bias.
By coupling reproductive cycles, obligate en-
dosymbiosis assures that components that work well
together stay together. From an information-proces-
sing perspective, this represents an increase in compu-
tational power, one that enables more efficient search
of fitness landscapes that are rugged on multiple sca-
les (Watson and Pollack, 2003). A capability for more
efficient search is, effectively, evolvability. Hence one
can expect evolutionary processes to generate, via en-
dosymbiotic or other reproductive-coupling processes,
systems that are progressively more evolvable. Multi-
cellular organisms possessing obligate, endosymbiotic
microbiomes, and hence living and reproducing as ho-
lobionts, are not surprising from this perspective.

2.3 Multicellularity

We extend the above considerations of the advan-
tages for predictability of facultative multicellularity to
the case of obligate multicellularity in Fields and Levin
(2019). In obligate multicellulars, there is an asymmet-
ry in the benefits conferred by communication, one also
observed in facultative multicellulars such as Myxo-
bacteria and Dictyostelium: only a fraction of the cells
involved get to reproduce. This fraction ranges from
roughly 30% in asexual planaria (Elliott and Sanchez
Alvarado, 2012) to roughly 5% in C. elegans hermaphro-
dites (Sulston and Horvitz, 1977) to much less than 1%
in insects or vertebrates.

Why would evolution generate large, complex, mul-
ticellular systems in which most of the component cells
have zero individual reproductive fitness? We suggested
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in Fields and Levin (2019) that reproductive (i.e. stem)
cells faced with suitably-challenging environments as-
semble somatic bodies out of expendable, reproduc-
tively-suppressed progeny to keep the environment
at bay while avoiding the risk of competition for their
protected status and reproductive fitness. This “impe-
rial” model of multicellularity requires a means of en-
forcing reproductive suppression over long distances,
a problem for which specialized signaling systems in-
cluding neurons provide a solution (Fields, Bischof and
Levin, 2020; Fields and Levin, 2020b). Here again,
VFE minimization and hence the preservation of me-
mory correlates with signaling capability. As in the case
of facultative multicellulars that limit reproduction to
only some cells, the division of labor between stem and
somatic cells is extreme from a fitness point of view, and
the signaling can be regarded as coercive instead of co-
operative.

2.4 Social groups

Microbial stromatolites are arguably the first so-
cial groups; indeed any facultative multicellular can be
regarded as a “social group” at the cellular level. Such
groups are held together by specific forms of communi-
cation — in this case, intercellular signaling with emer-
gent “conventions” such as quorum sensing — and typi-
cally exhibit division of labor.

Beyond the cellular level, a VFE minimization fra-
mework favors social group formation whenever it in-
creases net predictability, i.e. whenever the states or
behavior of other in-group members are more predic-
table, by the average in-group member, than the states
or behaviors of out-group members, including the open
environment. While increased predictability is expected
to be the case in general within a species, predictability
is also high in “extended organism” cooperatives (e.g.
Turner, 2004) and in the vast array of symbiotic, mu-
tualist, and facilitated arrangements between disparate
species (e.g. Bronstein, 2009). From this perspective,
non-social organisms are the exception requiring expla-
nation, e.g. in terms of required range size or hunting
style for solitary carnivores.

2.5 The cognitive niche

When interactions between cells and multicellular
organisms are conceptualized in terms of memory, in-
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formation processing, and communication, it is natural
to regard them as “cognitive” (Pattee, 1982; Stewart,
1996; Baluska and Levin, 2016; Levin, 2019). Indeed,
the idea that VFE minimization implements approxi-
mate Bayesian inference originated in cognitive neuro-
science (Friston, 2010). If evolution is viewed as driven
at multiple scales by VFE minimation as suggested in
the previous sections, all of life can be regarded as oc-
cupying a cognitive niche, an idea reminiscent of both
the Gaia hypothesis (Lovelock and Margulis, 1974; Len-
ton et al., 2018) and biosemiotic thinking (Maturana
and Varela, 1980; Kull et al., 2011).

The term “cognitive niche” is nonetheless applied
primarily to the niche we humans occupy, one that de-
mands abstraction, analogical reasoning, and planning
as well as memory, perceptual processing, and situa-
tion-appropriate action. It is often identified specifically
with human-like generative language capabilities (Pin-
ker, 2010). Can we expect such a niche to be occupied,
eventually, in a generic evolutionary scenario allowed to
run long enough?

As higher cognitive capabilities are clearly useful
for reducing environmental uncertainty, including un-
certainty about what other organisms and particularly
conspecifics (Adolphs, 2009) are likely to do next, one
might expect an “advanced” cognitive niche to arise and
be filled purely on VFE minimization grounds. Howe-
ver, one would also expect to see substantial pre-adap-
tation in organisms occupying niches that required les-
ser, but still significant, cognitive capabilities. Studies
in both cognitive ethology, e.g. of analogical reasoning
in tool use (Fields, 2011), and comparative genetics, e.g.
of the role of FOXP2 in communication ability (Fisher
and Scharff, 2009) provide compelling evidence for
such pre-adaptation. Both molecular and bioelectric
signaling, for example, enormously pre-date their em-
ployment by neurons. The earliest function of neurons,
moreover, may have been the control of cell prolifera-
tion and differentiation, functions that neurons still
provide today (Fields, Bischof and Levin, 2020). Hence
nervous systems themselves may be a pre-adaptation
for complex behaviors and hence general intelligence.

3. Reassessing evolutionary “direction”
As Orgogozo (2015) emphasizes, the question of the

predictability of evolution can be posed at different sca-
les and levels of abstraction. Here we have posed the
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question both abstractly and at large scale: are the
major transitions of Terrestrial evolution predicta-
ble? Would we expect a generic evolutionary process
running anywhere to produce cells, facultative multi-
cellulars, endosymbionts, obligate multicellulars, and
social groups? If we regard the predicted outcome as
a target morphology, the “morphology” being targeted
in this case is a multi-scale organizational structure.
We are asking, effectively, if we can expect a generic
evolutionary process to produce smart, social holo-
bionts.

As discussed above, the basic ingredients needed
to get such a process off the ground are boundaries,
memory, information processing, and communica-
tion. The boundary must be impermeable to whatever
implements the memory but permeable to whatever
implements communication: these are the conditions
that define an MB. Within the MB, it is sufficient that
the information processing system implement VFE
minimization, i.e. that its fundamental goal is to incre-
ase predictability.

Given such a starting point — a bounded “cell” that
can talk to other cells — an evolutionary process will
display major transitions if it is able to replicate this
basic organizational structure on larger and larger sca-
les. The key to achieving larger scales is, however, built
into the system. Aggregating small entities will produ-
ce a large entity, and small entities can be expected to
aggregate for protection from their environment. The
pre-adaptation needed by the small entities to act as
a larger unit is communication. This communication
can be cooperative, but can also be coercive. Both com-
munication styles were discovered, on Earth, by bacte-
ria. We would expect them to be discovered at an early
stage in any evolutionary process.

These considerations suggest that the “direction”
of evolution is not toward higher complexity per se as
often believed, but rather toward larger scales. Dyna-
mics at larger scales is not more complex than dyna-
mics at smaller scales; large-scale dynamics rather
replicates smaller-scale dynamics using larger compo-
nents. Complexity at the whole-system level increases
due to the hierarchization resulting from this embed-
ding (McShea, 2016).

The basic algorithm driving both evolution and de-
velopment, VFE minimization, remains at least appro-
ximately fixed across scales. Evidence that phenomena
as diverse as GRNs and metabolic networks (Agrawal,
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2002; Barabasi and Oltvai, 2004), functional networ-
ks in the mammalian brain (Bassett and Bullmore,
2006), and human social networks (Newman, 2001)
all share the same small-world architecture suggests
that the architecture of memory may also be fixed
across scales. Whether communication capabilities are
similarly fixed, e.g. whether cell-cell communication
systems have a “grammar” with structural properties
resembling those of human languages, remains to be
determined.

4. Future work and predictions

These ideas suggest a number of experimental ap-
proaches. First, it will be important to develop multi-
scale computer models that include both developmental
and evolutionary scales. Some of this has been done in
the field of artificial life (via “artificial embryogeny” e.g.
Stanley and Miikkulainen, 2003; Andersen, Newman
and Otter, 2006; 2009; Stanley, 2007; Cussat-Blanc et
al., 2010; Pollack and Lowell, 2018) but further advan-
ces will require richer, more biorealistic virtual envi-
ronments specifically including cells as allostatic agents
pursuing infotaxis and surprise minimization, and the
ability to form multicellular collectives whose large-sca-
le shape and behavior are subject to selection. In such
simulations, we predict the scaling of simple, adaptive
homeostatic loops at the cellular level to multicellular
anatomical homeostasis, and the discovery of similar
plasticity toward system-level targets on multiple scales
including the physiological, anatomical, and even evo-
lutionary.

Second, wetlab experiments in synthetic morpho-
logy, especially those incorporating evolutionary dyna-
mics (Kriegman et al., 2020), and model systems used
for the study of origins of multicellularity (Ratcliff et al.,
2012; Libby et al., 2016) should enable specific tests of
our hypothesis regarding the stability of specific evolu-
tionary transitions to the vagaries and noise of events
at the lower levels. An especially interesting context
is the use of bioelectric dynamics in bacterial biofilms
(Prindle et al., 2015; Ratcliff et al., 2015; Humphries et
al., 2017; Yang et al, 2020), suggesting experiments in
repeated evolution of bacterial and yeast populations
to determine how frequently discoveries, such as using
bioelectrics to organize structure and physiology in
such “proto-bodies”, occur despite variable genetic and
environmental conditions.
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5. Conclusions

We have suggested here that reconceptualizing evo-
lutionary biology to look more like developmental bio-
logy leads to novel insights and predictions (see also
Fields and Levin, 2020b) and that such a reconceptuali-
zation is indeed underway already. Target morphologies
in the form of large-scale attractors are to be expected
in this setting; we suggest that the major evolutionary
transitions are such attractors, and that their replica-
tion in multiple “rounds” of evolution could be ex-
pected. New theoretical and experimental technologies
offer the possibility of testing evolutionary processes in
controlled settings with known initial states and adju-
stable constraints. Both physics and computer science,
in particular, have well-developed theoretical vocabula-
ries and toolkits that have yet to be applied extensively
to biological problems.
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Scientific progress depends essentially on new ideas.
Nevertheless, in biology, it is usually difficult to trace
back with precision their origin. There are multiple rea-
sons for this. Perhaps the most important of them is the
simple fact, that truly new ideas are usually met with
doubt and receive little attention at the moment of their
publication, usually in a specialized journal. The paper
entitled “A probabilist theory for cell differentiation,
embryonic mortality and DNA C-value paradox” by J.J
Kupiec reproduced in this issue of “Organisms” is a good
example. It was published in 1983 and represents the
first step toward a new theory of cell differentiation, the
theory called ontophylogenesis. According to the main
propositions of the paper differential gene expression
during cell differentiation and embryonal development
is provoked by random interactions between molecules.
The apparently predetermined gene expression pat-
terns that characterise the defined cell phenotypes are
the results of a selective stabilization of some patterns
through interactions between the cells. This way of
framing one of the modern biology’s central questions
calls for the same reasoning Charles Darwin proposed
to explain the evolution of biological species. The idea
that spontaneous variation followed by selective stabi-
lization of some of these variants can account for the
emergence of new cell types during ontogenesis places
the evolution of the species and cell types on the same
theoretical ground.
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The theory outlined in the 1983 paper and developed
further in his subsequent publications by J.J. Kupiec
found a favorable echo in the community of theoreti-
cal biologists and philosophers and stimulated further
thinking and discussions. This was not the case in the
community of experimental biologists. The paper re-
mained virtually undetected for many years. With hin-
dsight, this is not surprising. Such a theory could not
gain high popularity during the heyday of the molecu-
lar genetics. The latter considers that embryonal deve-
lopment is a sequence of molecular and cellular events
programmed by the genome and there is no place for
random changes in development. Such a deterministic
framing of the issue is closely related to the pre-Darwi-
nian view of biological diversity and has been criticized
many times. Yet, a softer than the original version of the
genetic program narrative is still dominating the scien-
tific literature. This version acknowledges the existence
of some variations during ontogenesis, but considers
them as environmentally- induced that are counte-
racted by the robustness of the DNA-encoded program.
The molecular genetic vision makes predictions on in-
dividual cells, genes and molecules on the basis of the
averages measured experimentally on populations.
The variation between cells or molecules is deliberately
ignored because considered irrelevant. While variation
is in the blind spot of molecular genetics, it is the most
important element of the probabilistic model proposed
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by Kupiec. Until recently, it was technically challen-
ging to measure variation among the cells. This is now
changing; the resolution of the analytical techniques is
increasing. It is becoming easy to detect single mole-
cular events in individual cells, analyze the mRNA or
protein composition of single cells or measure the dyna-
mic changes of individual cells in vivo. Now, almost 40
years after its publication we realize that the basic as-
sumptions and predictions formulated in Kupiec’s 1983
and later papers (Kupiec 1996, 1997, 2000, 2009) are
confirmed without exception.

The first such assumption is stochastic gene expres-
sion. Transcription of the genes, as any other bioche-
mical reaction in the cell, depends on the interaction
between molecular species, each represented by a small
number of copies in the cell. For example, there are
usually only two copies of a given gene in eukaryotes.
The number of transcription factor molecules of a given
type is much lower than the number of binding sites of
that factor. Therefore, the rate of gene transcription is
limited by their diffusion and diffusion is a random pro-
cess. Although sporadic data had been published earlier
(Hume, 2000), the scientific community became awa-
re of the inherent randomness of gene expression after
the publication of a key paper (Elowitz et al 2002). This
report, using fluorescent microscopy, provided visual
demonstration of the stochasticity in living cells. Since
then, the phenomenon gained substantial interest and
the ubiquity of the stochastic nature of gene expression
is not a surprise anymore. A direct consequence of the
randomness of gene expression is the spontaneous ge-
neration of phenotypic variability. Indeed, substantial
differences between cells within the same tissue or clo-
nal populations have been detected. The variation was
much higher than expected. In the classical view, such
variability is a nuisance that serves as an impediment
to reliable behavior (Raj & Oudernardeen 2008 Cell).
In Kupiec’s framing it is the opposite; spontaneous va-
riation is essential to maintain the capacity of the cell
to respond to environmental changes and, eventually,
to differentiate. The requirement of continuous phenot-
ypic fluctuation is the second important assumption of
the model.

However, if variation is an obstacle that the living
cell must overcome to achieve normal function, as con-
sidered by the deterministic vision, then there should
be evolved mechanisms by which the effects of noise are
minimized. Many studies were conducted to investiga-
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te the effect of regulatory feed-back or forward loops,
cascades and networks on “noise” propagation and a
number of interesting individual examples were descri-
bed (Eldar & Elowitz 2010). Nevertheless, one of the
most important discoveries was the demonstration that
the capacity of the living cell to reduce molecular fluc-
tuations is fundamentally limited (Lestas 2010). This
study demonstrated that the noise (variation in abun-
dancies of the molecular components) decreases with
the quadratic root of the number of signaling events. In
other terms, it requires sixteen times more investment
to simply double the accuracy of a regulatory process.
The cell simply can’t afford such a high energetic cost
required to reduce the fluctuations to a level where re-
gulatory systems can work in a deterministic way. Sta-
bility is not an intrinsic property of an individual cell,
constant variation is. Therefore, stochastic variation re-
presents a constraint that can’t be dismissed, they have
to be part of the explanatory scheme of the stability of
biological systems.

The third assumption of the Kupiec model states
precisely, that stability of cell states in multicellular or-
ganisms is the result of cell-to-cell or cell-environment
interactions. In this way, multicellular organisms are
analogous to an ecosystem where cells are individuals
and cell types are species. In fact, the role of cell-to-cell
interactions in embryonal development is already well
known. The only difference between the deterministic
and probabilistic explanation is that the former consi-
ders cell-to-cell interactions as an inducer of changes,
contrary to the latter, that sees them as stabilizing force.
Some recent observations however, are not only compa-
tible with the probabilistic model, but directly refute the
deterministic interpretation. For example, in the Dro-
sophila embryo early-expressed genes exhibit the same
degree of transcriptional variability. Precise expression
profile in the embryo is generated by spatiotemporal
averaging (Little et al. 2013).

An explicit prediction of the probabilistic model for-
mulated by Kupiec is the transitory increase of cell-to-
cell variation. This prediction is now firmly confirmed.
The first observations on hematopoietic stem cells were
published as early as 1997 (Hu et al. 1997). They show-
ed that before committing to a cell fate, these cells go
through a period of disordered gene expression, when
many different genes typical for mutually exclusive cell
fates are co-expressed. The authors called this state
as “multilineage-primed”. This observation has been
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confirmed several times (Pina et al. 2012; Moussy et
al 2017). Similar observations were reported on other
experimental cell systems also (Richard et al. 2016,
Mojtahedi et al 2016). Recently, the rise-then-fall profi-
le of the transcriptional variation has been reported to
be a universal feature of cellular differentiation (Gao et
al 2020).

The 1983 paper was the first step on a long road.
Now, 40 years later, far beyond the initial theoretical
speculations and conjectures, with a substantial body of
evidence as support, the probabilist theory of cell diffe-
rentiation is on the way to become an alternative to the
deterministic view of ontogenesis and to help definiti-
vely getting rid of the cryptic finalism hidden in it.
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Introduction

In this article a theory for cell differentiation is pre-
sented in which differential gene expression in the dif-
ferent cell lines constituting an organism is the result
of random events which occur within the cells at the
level of interactions between regulatory molecules and
genes. In the frame of this theory, interactions between
the different cell types do not play any inductive role in
differential gene expression, but intervene secondarily
to control and co-ordinate the development of the dif-
ferent tissues.

Three elements have led me to elaborate this theo-
ry: (i) the idea that cybernetic concepts cannot describe
biological reality because it is radically different from
the machine world. (ii) The analysis of determinist mo-
dels of cell differentiation. (iii) The work of Geissler et
al. (Geissler et al., 1977), which shows that the survival
probability of an embryo is independent of that of the
other embryos carried by the same female. This will be
analyzed in the third part of this article.

Since the experiments of Spemann and Mangold in
the early twenties, which gave rise to the concept of in-
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duction, most of the models that have been proposed
to explain cell differentiation have a common basis: it
is considered that a cell is determined to differentiate
because it has received specific information. This infor-
mation is generally thought to come from another cell
in the form of a regulatory molecule ( Figure1).

Differences between models depend on: (i) the che-
mical nature of the regulatory molecules; (ii) the type
of control of the regulatory molecules (activation or re-
pression) (iii ) the direct action of these regulatory mo-
lecules at the chromatin level, or by the intermediary of
membrane signals.

These models contain a contradiction since the cell,
which transmits the information (Cell 1 in Figure 1), is
already different from the one that receives the infor-

Information

Cell 1 Cell 2

Figure 1
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(cell 2 of Figure 1) at the beginning or the process be-
cause it synthesizes one or several informative molecu-
les not synthesized by the other cell. In order to resolve
this contradiction, the morphogenetic gradient theory
is usually used (Davidson and Britten, 1971).

The implicit negative hypothesis of these models is
to consider that embryonic cells, when left to themsel-
ves, are in a stable state, that they replicate identically
and that they cannot express other genes without the
action of an inductor.

This hypothesis has never been (and maybe can-
not be) experimentally demonstrated. The fact that in
certain cases cell differentiation or a specific gene ex-
pression can be induced chemically (by hormones, for
example) proves that cells are inducible for certain ge-

A Probabilistic Theory for Cell Diffentiation, Embryonic Mortality and

SAPTENZA

UNIVERSITA DI ROMA

nes, but it does not prove that this is true for all genes
and that, in general, cells cannot express different genes
without an induction.

On the contrary, the probabilistic theory’s initial
hypothesis assumes that, because of internal and ran-
dom events which cause certain genes to be activated or
repressed, eukaryotic cells can differentiate without the
intervention of external signals.

The theoretical framework, which is thus defined, al-
lows us to conceive that two cells become different from
each other even though they are identical at the begin-
ning of the process: in Figure 2 below, cells 1 and 2 are
identical. According to whether the random event a or
b occurs in either of them, they are transformed into a
type A or B cell respectively.

Cell 1 O
b

S

1Dk

O Cell 2
a

S =
™
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Figure 2

The implicit negative hypothesis of these models is
to consider that embryonic cells, when left to themsel-
ves, are in a stable state, that they replicate identically
and that they cannot express other genes without the
action of an inductor.

This hypothesis has never been (and maybe can-
not be) experimentally demonstrated. The fact that in
certain cases cell differentiation or a specific gene ex-
pression can be induced chemically (by hormones, for
example) proves that cells are inducible for certain ge-
nes, but it does not prove that this is true for all genes
and that, in general, cells cannot express different genes
without an induction.

On the contrary, the probabilistic theory’s initial
hypothesis assumes that, because of internal and ran-
dom events which cause certain genes to be activated or
repressed, eukaryotic cells can differentiate without the
intervention of external signals.

The theoretical framework, which is thus defined, al-
lows us to conceive that two cells become different from
each other even though they are identical at the begin-
ning of the process: in Figure 2 below, cells 1 and 2 are
identical. According to whether the random event a or
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b occurs in either of them, they are transformed into a
type A or B cell respectively.

Before raising the question or the nature of the ran-
dom events who provoke cell differentiation, two pre-
dictions based on this hypothesis can be made and com-
pared to experimental facts.

First Prediction: If the appearance of the different
cell types that constitute an organism depends on the
occurrence of random events, this phenomenon must
only have a certain probability to succeed each time that
it occurs. Therefore, it must also have a certain failure
probability.

Second Prediction: In order to succeed, each of the
random events leading to a cell type must occur at least
once within one of the cells that constitute the embryo.
If this does not happen, one or several cell types will be
missing and it will be a failure.

The failure probability should be a function of, on
the one hand, the probabilities of the random events in
each cell leading to the different cell ty pes; and, on the
other hand, the number of cells, which constitute the
embryo the greater this number, the smaller the failure
probability, will be.
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These predictions are compatible with some ex-
perimental facts. There is always a certain failure rate
in embryogenesis. This phenomenon has mainly been
studied by agro-biologists with the purpose of incre-
asing the profitability of stock. According to Vande-
plassche (Vandeplassche,1968) “All species have +/- 25
% embryonic mortality which occurs before, during and
shortly after implantation, so that one is inclined to be-
lieve that embryonic mortality is, at least to a certain
extent, a normal phenomenon.”

Several hypotheses (either genetic or physiological)
have been made to explain the cause or embryonic mor-
tality (Bishop,1964). Various factors may influence it:
breed, age, genotype, temperature (for reviews on this
subject (Edey, 1969; Ayalon, 1978; Fechheimer, 1979;
Gustavsson, 1979). But no definitive explanation bas
been given for this phenomenon. The probabilist the-
ory provides a simple and coherent explanation since
it predicts a failure probability for cell differentiation.
Moreover it can give an explanation for certain experi-
mental results that classical theories can hardly account
for. Allison (Allison, 1975) has shown that in sheep the-
re is a relationship between the survival probability of
an embryo and the number of embryos carried simul-
taneously by the gestating female. When the number of
embryos carried simultaneously by the female increa-
ses, the survival probability of each embryo decreases.
Geissler et al. (Geissler et al., 1976) have done a mathe-
matical analysis of these results. They have shown that
the survival of a fertilised ovum depends only on the
number of ova carried with it and is independent of the
survival or death of those carried with it.

Now, if the survival probability of one embryo is inde-
pendent of those of the other embryos carried by the same
female, this indicates that the determining cause of this
probability is internal and not external to the embryo.

The hypotheses that can be made within the frame
of classical theories to explain embryonic mortality
are hardly able to account for this result. In the case of
hypotheses which postulate that in given conditions,
there is a limit to the number of embryos that can deve-
lop inside the same female (Vandeplassche, 1968) - this
limit being determined by factors such as the physical
space of the uterus, nutritive conditions, hormonal im-
balance, etc. -the survival probabilities of the embryos
should be dependent. (For example, from the moment
that the maximum number of embryos having a normal
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development is reached the survival probability of the
remaining embryos should become zero.)

In the case of genetical hypotheses: at least an im-
portant part of mutations, chromosomal abnormalities
and aberrations result from errors that occur before fe-
cundation and there is no reason for the number of the-
se errors to increase when the number of released ova
increases. However one might postulate that the num-
ber of remaining errors occurring during or shortly af-
ter fecundation increases if the number of released ova
increases. But such a hypothesis is incompatible with
the results of Gates (Gates, 1956) who, by the transplan-
tation of blastocysts from females which had been indu-
ced to super- ovulate in to non-treated females, found
that these blastocysts were genetically and physiologi-
cally normal.

The probabilistic theory explains this result in the
following way: when the number of embryos carried by
the same female increases, the number of cells constitu-
ting each embryo in each phase of its development de-
creases (This hypothesis is plausible and can be tested).
Now, the survival probability is as we have previously
seen (second prediction) dependent on the number of
cells which constitute the embryo. If this number de-
creases, the survival probability will also decrease. But
in this case, the survival probability of one embryo re-
mains independent of the survival probability of the
other embryos since it is only dependent on the number
of cells and not on the failure or survival of the other
embryos. The fact that this probability decreases has
for its ultimate effect that, statistically, the number of
surviving embryos decreases if the number of embryos
carried by the same gestating female increases.

A relation between the number of cells and the viabi-
lity of embryos has already been described (Wu, 1976).

Probabilistic theory of
gene regulation in eucaryotic cells

Determinist models of gene regulation in eukaryo-
tic cells presuppose the existence of specific regulators
which specifically activate or repress different genes
during cell differentiation. These models are usually
elaborated by a re-thinking of the Monod-Jacob model
of the lactose operon of E. Coli. Here again, this is an
undemonstrated hypothesis because these models must
presuppose a wide diversity of regulators, not yet disco-
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vered experimentally in order to explain the diversity of
tissues which constitute an organism.

Probabilistic model of gene regulation in eukaryo-
tic cells. This model is based on two basic principles: 1)
the molecules which interact with DNA and activate or
repress genes are non-specific regulators. Each regula-
tor in the cell’s nucleus is present in a quantity smaller
than the N number or DNA sequences with which it
can interact.

The choice of the ¢ DNA sequences among the pos-
sible N sequences, with which the q regulatory mole-
cules interact in a cell, occurs in a stochastic way.

There is therefore a combination of distributional
possibilities of the q molecules, taken the N DNA se-
quences. Each of these distributions corresponds to
the activation or repression of q different genes (or set
of genes).

At the time of DNA replication, in each cell the q
regulatory molecules are redistributed over the N se-
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quences and a different distribution or the q molecules
over the N sequences may result. However, the transi-
tion of one distribution to another one is not equipro-
bable for all possible distributions.

The probability of transition f rom one distribution
to another is a function of the relative positions of the
different regulatory sequences of DNA (Different para-
meters might intervene to determine this probability
so that it is not necessarily directly proportional to the
distance separating the DNA sequences. With a view
to simplicity, I have only considered distance along the
DNA chain as determining the probability of transition
in the following examples. This does not change the
logic of the theory).

Let us consider, for example, a very simple case in
which q=1 and N = 4 ( Figure 3). When the regulatory
molecule is in N1, it has an equal probability of moving
into N2 or N5.

d3<d2<d1

Figure 3

The four DNA sequences NI, N2, N3 and N4 with
which the regulatory molecule can interact have a di-
stance of dl, d2, d3, between them. However these th-
ree distances are not equal so that: d3 < d2 < dl. When
the regulatory molecule is in NI, the probability for it
to move into N2 at the time of DNA replication is hi-
gher than the probability for it to move into N3 which
is further away, and even higher than the probability
for it to move into N4 which is still further away.

When the regulator is in N2, the nearest sequence
is N3. Therefore, the highest probability is that it will
move into N3.

Similarly, when the regulator is in N3, the highest
probability is that it will move into N4.

In an embryonic cell which starts dividing and in
which the regulatory molecule is in N1, the successive
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transition into N2, N3 and N4 is most probable and
each of these situations will cause different genes to
be activated or repressed. So that the relative position
of the four sequences NI, N2, N3 and N4 in relation
to one another determines the differentiation program
which has the highest probability of being achieved.

With more genes or more regulators one can obtain
several cell lines.

For example, let us now consider the case in which
one regulatory molecule can interact with seven regu-
latory sequences ( Figure 4). These different sequences
are separated from each other by the distances d1, d 2,
ds, d4, d5 and d6. N1 is equidistant from N2 and N5: d
1=d4.d3 <d2<dl, d6 < d; < dg.
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Figure 4

Among the embryonic cells which are in the process
of dividing, in certain cases the regulator will move into
N2 and in other cases into N5. In the cells where the
regulator has moved into N2, the probability to move
on will be highest in N3 and N4 successively; in the cells
where it has moved into N5, the probability to move on
will be highest in N6and N7 successively. In this case,
the initial cell where the regulator was in N1 will have
given rise to two different cell lines.

The relative position of the different sequences along
the DNA chain defines a kind of “supercode” which de-
termines the cell differentiation program. This differen-
tiation program has a certain probability to be achieved,
that is, it also has a certain reverse probability not to be
achieved.

As we have seen previously, this proposal, which
may seem paradoxical, is not incompatible with expe-
rimental facts.

Numerous models of varying complexity can be con-
structed with the same operating mode. These models
would differ from each other by the value of q and N, the
number of non-specific regulators involved, the type of
control and the chemical nature of the regulators.

In reality. it is unlikely that there is a single model,
valid for all phases of cell differentiation and for all spe-
cies.

To my knowledge, there is as yet no direct experi-
mental proof in favor of this type of gene regulation.
However certain interesting consequences of these mo-
dels can be considered.

If the relative position of the different regulatory
sequences determines the differentiation program, the
portions of DNA between these sequences, including
the non-coding portion s, play an essential role because
they determine the probability of transition from one
sequence to another of the regulatory molecules.

This could partly explain why the eucaryotes have an
excess of DNA which has been called the “C value para-
dox”, to which no clearly defined function has been assi-
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gned, and which has given rise to the concept of “selfish
DNA” (Orgel and Crick, 1980).

The role or certain portions of non-coding DNA
might be to keep the genes at a certain distance from
each other in order to maintain the relative position of
these genes, that is the differentiation program.

From an evolutionist point of view, it may also be
advantageous for organisms to have bits of non-coding
DNA in reserve which, by changing their position in the
DNA molecule, would modify the relative position of
the genes, causing the differentiation program to vary.

Moreover, if certain of the N genes, which can be
regulated by regulatory molecules are repeated seve-
ral times, they have a higher probability to be activa-
ted or repressed. The repetition of a gene that plays an
important role during cell life or at a certain stage of
development, gives this gene a higher probability to be
expressed or repressed than if it only occurs once in the
genome.

Role of cell interactions

During development, cells not only differentiate but
also give rise to the organized structure, which consti-
tutes an adult organism. This implies a co-ordination in
the development of the different tissues.

In the frame of the probabilistic theory this is achie-
ved by means of cell interactions which intervene se-
condarily to coordinate the development of the different
tissues which first emerged in a random manner (It is
not a new idea that cell interactions play a role in deve-
lopment, however, in the frame of the probabilistic the-
ory these interactions have no primary inductive role in
cell differentiation).

This means that differentiation is achieved in two
steps (at each phase). Gene regulation occurs in a sto-
chastic manner (cf. section 4). Different cell types emer-
ge but they might change their determination at each
replication. They remain totipotent. No organization
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can emerge. Different cell types interact and the result
of this interaction is that they become monopotent.
They cannot change their determination any longer. An
organization can appear. In this way, the multiplication
of one cell type cannot occur independently of the mul-
tiplication of the other cell types: there is a coordination
in the development or the different tissues.

Conclusion

It may seem paradoxical to explain a phenomenon
such as cell differentiation, which seems to be repeated
in exactly the same way each time that it occurs, by a
theory based on the occurrence of random events. The
probabilistic theory explains this paradox in the fol-
lowing way: when we think of, or look at, cell differen-
tiation, we usually only consider cases that succeed, so
that it seems always to be an identical process. But if we
consider the cases when embryonic mortality occurs, we
must consider that this process is not always the same.
Only one (or a very few) out of the different manners in
which the differentiation program may occur leads to a
viable embryo.

In the future, the probabilistic theory of cell diffe-
rentiation presented here should be complemented by
a theory or cell interactions, in order to account for the
whole process of embryonic development.

However, the probabilistic theory already presents
different characteristics and advantages: (a) it explains
cell differentiation without referring to a preformatio-
nist concept such as the morphogenetic gradient; (b) it
does not need a wide diversity of specific regulators; (c)
it can explain the DNA C-value paradox ; and (d) it can
explain embryonic mortality.
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The relevance of
Theca/Granulosa cell studies

The reciprocal interaction in between theca (TCs)
and granulosa (GCs) cells plays a pivotal role in al-
lowing ovary to display a wide range of physiological
functions, including steroidogenesis and reproduction
capabilities. For instance, changes in the respective
proportion among GCs and TCS have been correlated
to progression or recovery from Polycystic Ovary Syn-
drome (Bevilacqua, et al. 2019). To investigate how
these cells cooperate, it is important to understand
how they work in isolation. Therefore, segregation
of the two cell clusters constitutes a pre-requisite for
planning functional studies on the ovary.

GCs are a homogeneous population of cells, a
few differences between cumulus and mural cells
notwithstanding. On the contrary, theca cells surroun-
ding the antral follicle are a mixed population, com-
posed of an inner (theca interna) and an outer layer
of cells (theca externa) harbouring some appreciable
morphological and functional features. The theca in-
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terna contains cells committed to endocrine function.
The theca externa is a fibrous, connective tissue layer
derived from fibroblast-like cells. In many mamma-
lian species, theca cells associated with follicles under-
going atresia, still survive and remain in the ovarian
stroma as nests of endocrine cells, known as seconda-
ry interstitial glands (Erickson, et al. 1985). Therefore,
hereafter we shall refer to these isolated populations
as theca/interstitial cells (TICs), given that both cell
populations have been demonstrated to express high
levels of enzymes involved in androstenedione synthe-
sis, as 3p-Hydroxysteroid dehydrogenase (33-HSDH)
(Magoffin and Erickson 1988). Complete separation of
these clusters is deprived of physiological utility, whi-
le a number of methodological hurdles make almost
unpractical to actually separate them.

Indeed, to address such difficulties, several diffe-
rent approaches have been so far published, as briefly
sketched in the followings:

1. Magoffin et al. isolate GCs and Theca/interstitial
cells (TICs) from hypophysectomized immature rat
ovaries. Four days after hypophysectomy ovaries are
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collected, cut into 4-6 pieces, and digested in a collage-
nase-DNase solution (4 mg/ml of collagenase, 10 pg/d
of DNase, 10 mg/ml of BSA in Medium 199 (Magoffin
and Erickson 1988).

The cell suspension thus obtained is carefully lay-
ered on top of a linear (20-70%) or a discontinuous
Percoll gradient. and centrifuged (4°C) at 400 x g for
20 min. The different cell populations are separated
in different bands depending on their specific densi-
ty. After measuring the positions of the cell bands, the
bands are individually collected by aspiration.

After separation with a linear Percoll gradient, the
purity of the cells is low (65%). For better cell purity
cells were separated by a discontinuous gradient. This
is important because the discontinuous gradient gene-
rates density steps which act as a thermodynamic bar-
rier for the single cells. For this, the cells are blocked in
the specific band and it is possible to isolate them with
a higher level of purity (93%).

Each cell fraction is then washed with medium and
resuspended in a known volume of medium supple-
mented with 100 units/ml penicillin, 100 pg/ml strep-
tomycin sulfate and 2 mM L-glutamine.

However, even though the cell purity is above 90%,
the use of hypophysectomized rats is a “complicated”
method for studying the endocrine regulation of ova-
rian TIC differentiation and not differentiated preovu-
latory TT cells.

The successful purity rates achieved by the Magof-
fin’s method notwithstanding, this technique of cell
segregation has been left aside by the next generation
of studies. Likely, this method was discarded as the in-
vestigation was focused on human ovary cells, usually
showing larger sizes than those provided by rodents,
for which a direct mechanical approach was found
equally reliable.

2. In the paper by Liu (Liu et al. 2017), cells are
isolated from 6-week-old mice. In this study, GCs are
obtained by puncturing the antral follicles with hypo-
dermic needles, while the remaining tissue is dige-
sted with collagenase. With this method, GCs result
in an almost pure population. However, as already
highlighted (Ma and Hao 2018), this approach does
not allow to obtain TICs with enough purity, i.e. TICs
resulted usually contaminated in high proportion by
GCs from secondary and preantral follicles. Likely,
this unwarranted contamination arises as large folli-
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cles are mixed together with small follicles, in which
GCs can hardly be segregated from TICs.

Such shortcomings hinder the reliability of the
technique and the possibility to recruit a number of
TICs with sufficient purity for planning successive fun-
ction-related studies.

Isolation of Theca/interstitial and
Granulosa cells from antral follicles

To address these issues, herein we describe an im-
proved method for the isolation of TICs and GCs from
the murine ovary.

The method is in fact an in-depth revised version
of one already described technique (Innocenti, et al.
2017), with some modifications.

We isolated ovaries from adult (6/8-week-old) fe-
male CD1 mice 48 h after subcutaneous injection with
PMSG (Pregnant Mare Serum Gonadotropin) to sti-
mulate folliculogenesis.

After 48 hours of PMSG treatment, the animals
were killed using CO2. All animal procedures have
been approved by the local ethics committee for ani-
mal research.

Ovaries were removed, placed in CMF (Calcium-
Magnesium free PBS) and freed from the surrounding
tissues under a stereomicroscope. To avoid contamina-
tion by small follicles, we first dissected large follicles
away from the ovarian stroma, and then GCs were col-
lected by puncturing and gently pressing these follicles
with 25 gauge-needles in M2 medium supplemented
with 0.3% BSA. GC suspension was then centrifuged at
1000 rpm for 8 min and resuspended in DMEM with
5% FBS, 1% Glutamine, 1% P/S and Gentamicin 0.4
mg/mL. After three washes with the same medium,
GCs were cultured at a density of 1 x 106 cells in 60
mm dish.

The residual tissue (TICs) was smoothly scraped
to eliminate adherent GCs and digested by incubation
with a collagenase-DNase solution containing 4mg/mL
collagenase IV, 1o0mg/mL DNase and 1omg/mL BSA in
DMEM for 1 hour under agitation. At the end of this pe-
riod, we blocked collagenase with medium supplemen-
ted with 5% FBS, filtered the cell suspension, washed
the dispersed cells three times with DMEM with 5%
FBS, 1% Glutamine, 1% P/S and Gentamicin 0.4 mg/
mL. The cells were then cultured in 60 mm dishes.
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Identification of theca/interstitial
and Granulosa cells

Morphology

Isolated cells were observed at different times (48,
72 and 120 h). TICs and GCs were observed under light
microscope, showing different morphological characte-
ristics. TICs have a fibroblast-like phenotype, a fusiform
or triangular shape, while GCs are polygonal or cuboi-
dal, as previously described (Tian et al. 2015).

No morphological signs of apoptosis have been
observed neither at 72 nor at 120 hours (Figure 1).

Molecular characterization

To further investigate GCs and TICs populations,
cells were lysed in lysis buffer for RNA extraction.

The two cell populations display a different mole-
cular profile, which helps in recognizing their mutual
differences. Namely, several markers differ significan-
tly between the two cell populations, as reported in the
literature (Hatzirodos et al. 2015).

Weinvestigated the expression of FSH receptor (FSH-
R), 17a-hydroxylase (CYP17A1), 3B-Hydroxysteroid
dehydrogenase (3BHSD) genes by real time-PCR.

A Challenging Task—How to Successfully Separate Theca and Granulosa Cells:

A Mandatory Step for Investigating Ovary Steroidogenesis
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As expected, the expression of FSH-R was mainly
observed in GCs, while in TICs its expression was al-
most undetectable. On the contrary, expression of
CYP17A1 and 3BHSD, two markers of theca endocrine
cells, was found mostly in TICs (Figure 2). Statistically,
distribution was highly significant on average.

This selective compartmentalization of gene expres-
sion epitomizes the differences between the two cell
populations. Noticeably, these specific patterns of gene
expression reflect a very basic distinction in biological
function and physiological properties among the two
groups.

TICs are involved in the androgen synthesis and the
production of androstenedione and testosterone. In
turn, both these androgens are the very basic substra-
tes necessary to GCs to synthesize 17-beta-estradiol and
other estrogens. GCs respond to FSH stimulation with
an increased expression of aromatase and a consequent
increase of estradiol.

It is noteworthy that only a few GCs express CYP17A1
and 3BHSD, whereas only a small proportion of TICs
show detectable levels of FSH-R mRNA.

The method we propose, although being similar to
that described by Liu (Liu et al. 2017), presents some

GC 120H

TC 72H TIC 120H

Figure 1: Morphological characteristics of GCs and TICs, light microscope. Magnification: 40x.
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Figure 2: Differential genes expression in GCs and TICs. Values are normalized versus Actin expression. These differences reached statistical
significance in all the studied markers. 3HSD: P = 0.023; CYP17A1: P = 0.049; FSH-R: p = 0.020. Results are the mean + s.e.m. of 3 independent

experiments.

critical differences. To avoid the mix between GCs and
TICs, mostly depending on the compresence of small
follicles, we isolated preantral follicles with a 25 gau-
ge-needles, under the stereomicroscope, and then we
discarded them. This approach helps in eliminating
granulosa cells from preantral follicles that otherwise
might pollute theca cells. Consequently, we were able to
recover both TICs and GCs with a high degree of purity.

Further studies are warranted to confirm the suita-
bility of the proposed method and to improve isolation
techniques for TCs and GCs.
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Abstract

We draw an analogy between illusionism and scientific research. Based on the conceptual distinction between “external” and
“internal life” often used in magic, we discuss how these two worlds also coexist in science, one of them being hardly accessible
to both scientists and spectators. The task of the scientist is situated in the context of the spectator of a magic effect, whereas
the inner workings of nature are compared to the secret maneuvers of the magician. Such a split and subsequent clash of worlds
enables the outcome of the magic trick to produce the so-called “illusion of impossibility”, whose consequences we map to the
process of scientific discovery, invention and understanding. We illustrate our proposal with three paradigmatic examples from
the scientific and magic literature, and end by discussing the limitations of the analogy and its implications for improving the

practice of science.

Keywords: magic, science, illusion of impossibility, cognitive biases, ecological research

Citation: Gomez-Marin, A, Martinez, LM, Cami, J, 2020, “Science as Magic”, Organisms: Journal of Biological Sciences, vol. 4,

no. 1, pp. 90-101. DOI: 10.13133/2532-5876/16756.

“The first principle is that you must not fool yourself,
and you're the easiest person to fool.”
Richard Feynman

Introduction
One of Heraclitus’ fragments reads: “Nature loves to
hide” (Hadot 2006). This may simply reflect that flo-
wers disappear from trees until spring is back, but at the
same time contains the insight that reality is somehow
concealed under the appearances, which is what we
have access to. Nature seems to have her secrets and
keep them. So do magicians. In their performances, we
are aware that something important is concealed, at the
same time that we often fail to know what that is. And
yet, we want to know. Curiosity leads to amusement
and amazement, even triggering bewilderment. As the
contrast between effect and trick pervades the world of
magic, so does the tension between phenomenon and
mechanism engross the minds of scientists (especially
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upon forgoing Goethean science and Husserlian phe-
nomenology). We struggle to avoid appearances and
illusion (Rosset 19776, Barfield 1988). Astonished by the
spectacle of nature, scientists ask: “what’s the trick?!”

Here we draw an analogy between magic and scien-
ce. We situate the task of the scientist in the context of
the spectator of a magic effect. By means of this analogy,
one can then emphasize certain aspects of the scientific
practice that are seldom explicitly considered, and then
turn those challenges into opportunities for science. We
argue that extrapolating from illusionism into the pro-
cess of scientific discovery can improve our study of the
inner workings of nature.

What is magic? For our purposes here, let us define
magic or illusionism (we use both terms as synonyms)
as the art to provoke in the spectator the so-called “illu-
sion of impossibility”. This is an illusion that consists of
a cognitive dissonance that results from the contradic-
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tion between the expectations created by the magician
during the presentation of the effect and what the spec-
tator perceives and experiences during the final climax.
During a magic show, several effects are usually perfor-
med, the structure of which consists of a presentation
stage followed by one or several climaxes. At the end
of an “impossible” trick, spectators react with various
emotions, often a brief surprise followed by admira-
tion, enchantment, and sometimes unease (Cami et al.
2020).

In every magic effect, two different worlds coexist.
The first world is what the Spanish magician Arturo de
Ascanio called its “external life”, which consists of what
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the effect. The second world is the so-called “internal
life”, which includes everything that the magician se-
cretly manipulates towards the final climax (Etcheverry
2000). This concept of double or split reality is funda-
mental to understand how magicians interact with their
audience: “To achieve the illusion of impossibility it is
necessary for the magician to coherently combine the
obvious and patent actions of the “external life”, with
the concealments, secret maneuvers and the use of va-
rious gimmicks and gadgets, that live only in the “in-
ternal life” (Cami et al. 2020). This concept of double
reality is also central to understand the analogy we are
proposing here between illusionism and scientific rese-

the audience experiences during the presentation of arch.
N
e "
nature illusionist
i —— (| )
i
@ (i)
“. _ ] appearances
scientists audience

Figure 1: The Science as Magic analogy. (A) Magicians are to their audience what nature is to scientists: (i) both nature and illusionists keep
their secrets in a way that (ii) their “internal life” is virtually impenetrable from the “external life” of the spectator/scientist, (iii) who are both
astonished and also eager to know the trick. (B) The split between internal and external lives eventually causes the scientist to reject hypotheses,
reformulate theories, and even experience a sort of “illusion of impossibility” that may lead to paradigm shifts, in an endless quest for higher
quality ignorance.

1. The analogy that occupied by scientists in their research, so that
(iii) the consequences of the “illusion of impossibility”
as perceived by the spectators of a magic show are
comparable to those provoked by the mysteries and
secrets that scientists try to unravel (Figure 1B). Let
us unfold these analogies and supplement them with

concrete examples.

In a word, our “Science as Magic” analogy (or SAMA)
goes as follows: the magician is to the spectator what
nature is to the scientist (Figure 1A). We propose
that (i) magicians conceive and carry out their magic
effects akin to how nature works, while (ii) spectators
of a magic trick fall into a similar cognitive space to
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1.1 Magicians and nature

If no one looks at the magician, there is no magic; if
no one looks at nature, there is no science. Magic needs
to be performed. In the same way, there is no nature
at an instant. Both magic and science are processes.
Rather than an appeal to the supernatural, magic can
be conceived as the identification of an object of study
(Pujol 2015). This is precisely what nature provides. The
illusion of impossibility at the outcome of a magic effect
is not at odds with the plausibility of the presentation of
the effect. As we understand them, magic and science
are agnostic to the existence of miracles.

Contrary to what it might seem, magicians never re-
ally improvise and, in the face of any unforeseen event,
they always manage several exits to save the effect. Ma-
gicians conceive, structure and present magic effects
with the goal to attain the best possible outcome, ne-
ver leaving anything of what they say or do to chance.
If the circumstances demand so, such as in risky stages,
magicians always have ways out and alternative plans
that spectators hardly ever notice (Ortiz 1995). Simi-
larly, and acknowledging the difference in timescales,
through evolution nature has progressively refined her
workings (let us not subscribe to mere mechanism nor
to strict finalism). Nature has multiple strategies to
course-correct, although we often remain unaware of
them. Both in nature and in magic (be it a mouse in a
lab or a prestidigitator in a theater), processes take pla-
ce in real-time and in closed-loop, quickly adapting to
the unforeseen.

Magicians are peculiar artists: they make hard things
look as easy as possible. So does nature. In the realm
of the inert, trajectories comply with the least action
principle. In living organisms, optimal is often not go-
od-enough (Loeb 2012). Clever heuristics confer adap-
tive behavior and improve fitness (Gigerenzer 2007).
Interestingly, magic tricks can and do go wrong too.
Nature is also capable of error (scientists actually take
advantage of it). The study of pathology, for example,
illuminates the physiology of the normal (Canguilhem
1991). The study of monsters can reveal a great deal of
the structure and function of normal life forms (Alber-
ch 1989). Despite the multiple checkpoints that nature
affords (development being a paradigmatic example),
nature can abort upon error, but the magician’s show
must go on.
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A magic effect always lives in two worlds. As we
have mentioned, magicians present their effects having
two parallel worlds in mind (and under control). In the
world corresponding to the “external life”, sustained by
the narrative and non-verbal communication, magi-
cians propose a plot with its own logic and present it
with naturality, consistency, timing and rhythm (Etche-
verry 2000). All with the sole purpose of avoiding the
appearance of any contrasting hints that might drive the
audience away from the plot that the magician wants
them to follow during the presentation of the effect.
Every single act must be thus justified, with the only
goal to achieve the “impossible” outcome. Throughout
the exposition, the elements of the “external life” are
combined with those concealments of the “internal life”
in a perfect choreography that makes the secret behind
the trick impenetrable for the audience.

In our analogy, we propose that nature does indeed
present itself to us compounding two different con-
current realities: one that includes observable effects
(always theory-laden, though) and another with suppo-
sedly impenetrable content. Baseball players are magi-
cians at catching very difficult balls; they do not compute
difficult mathematical equations but run so as to main-
tain the target along a linear optical trajectory, namely,
with optical speed constancy (McBeath et al. 1995). So
do dogs when catching Frisbees (Shaffer, 2004). The
clash between these split worlds is particularly relevant
in the life and mind sciences, since organismic behavior
is both intrinsically prescribed by biological needs and
also extrinsically describable by mathematical princi-
ples, disclosing the tension between scientist-centric
and animal-centric perspectives and interests (Gomez-
Marin 2019).

Asmagicians deliberately manipulate certain aspects
of the external life so as to achieve the best possible out-
come, it might also be that our experimental observa-
tions of nature should not be necessarily interpreted in a
transparent fashion. Not even when those observations
and interpretations are reproducible, as reproducibili-
ty does not exclude the impact of the observer’s errors
and biases (Pashler & Wagenmakers 2010, Staddon
2017, Albright 2017). As in the presentation of a ma-
gic trick, what we observe in nature may be modulated
by another aspect of reality that is impenetrable to the
scientist. One way to penetrate the secret of nature, as
in magic, is to pay attention to the contrasting elements,
those that do not fit well with our narrative hypotheses.
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Negative results, pre-registered experiments (Simons
& Holcombe 2014, Simons et al. 2014), outliers, among
others, could be doors to the inner workings of nature
and, nevertheless, are generally discarded. The invisible
world manifests when the visible world fails to close.

Magicians do not perform for the “average specta-
tor”. Neither does nature. Magicians pursue a 100%
efficacy in their magic outcomes. A statistically signifi-
cant success on the audience members is worse than su-
boptimal and unthinkable for them. Magicians are also
aware that spectators react with great inter-individual
variability (Gea 2018). In order to minimize the poten-
tial risks of this diversity, magicians segment the pre-
sentation of their effects according to a particular type
of audience (as we will see later), and have context into
account as a constitutive element of their job.

In our understanding of natural processes, the de-
mands that magicians impose themselves set to us,
scientists, a high bar. Making the comparison, we won-
der about the acceptability of many scientific results
reaching slightly above chance, the reasonability of
statistical conventions about significance, or the scarce
science done in ecological context. Natural phenomena
are differentially affected across populations and con-
texts (Bar 2004, Blanchard-Fields et al. 2008, Niko-
lic 2010, Carandini & Heeger, 2012, Louie et al. 2013,
Gomis-Pont et al. 2020). For instance, a new medicine
may not work the same way in children and adults, or
men and women. The obvious is often not necessarily
trivial. Moreover, the laboratory is not a substitute for
the world; it is just another, often very different, arena
(Matusz et al. 2019). The power of reductionism can be-
come a huge limiting factor of the knowledge that we
have in reach.

Example 1. “Broken mice”

In several of his well-known effects, the great Italo-
Argentine magician Tony Slydini constantly raised and
lowered his hands near the edge of the table. Once the
spectators got used to this type of movement, they stop-
ped paying attention and thus, the magician could make
anything disappear simply by dropping it onto his lap
before the surprised and oblivious audience.

Coined by Ascanio (Etcheverry 2000), “conditio-
ned naturalness” is a concept that refers to a kind of
very fast conditioning in which one seeks to normali-
ze, always by repetition, something that in any other
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context would attract attention. Slydini’s concealment
moves may at first seem strange, unnatural, and even
unreal, but before long the audience became familiar
with them, embedding them in the natural logic, in the
perceived reality of the game and ceased to be aware of
them. Slydini had effectively conditioned their natu-
ralness, managing to reduce the contrast of unnatural
manipulations. As scientists, like a magician’s audience,
we learn by repetition and overexposure to naturalize
artificial experimental approaches that, at best, offer us
a vision (disciplined with abstractions and technologi-
cal prostheses) of reality that is incomplete (Kayser et
al. 2004). A paradigmatic example is offered by the use
of laboratory animals.

Scientists know that wild-type laboratory animals
are not really wild. Nevertheless, we use them for the
many practical advantages they offer. We then publish
our studies under the premise, too often implicit, that
what we find in the lab applies outside its doors and
walls. The artificial has become “natural enough”. Na-
ture in the lab has become the rule. We have just got
used to it.

In mice, the mammalian organism model par excel-
lence in biomedical research, this situation can be par-
ticularly crucial. Most of the animals used for research
come from a handful of providers, which create a pecu-
liar selective environment where mice live in captivity
for generations without predators. Moreover, the young
ones are selected for fast reproductive output, sacrifi-
cing them before they reach an older age. What could
go wrong?

It is known that mice have very long telomeres. The
question is whether this is a characteristic of the natural
world or one induced by the artificial conditions in which
we study nature to decipher its secrets. Work from the
laboratory of Carol Greider (Nobel laureate, and the co-
discoverer of enzyme telomerase) actually showed that
wild-derived inbred mouse strains have short telomeres
(Hemann & Greider 2000). Reared for decades, inbred
mice used in laboratory studies have telomeres span-
ning from 30 to 150kb, whereas the telomeres of those
“wild” mice tested in Greider’s lab were less than 20kb
long. Despite no correlation being found between telo-
mere length and lifespan in mice, such a discovery lays
out intriguing implications for biology writ large under
the so-called “reserve-capacity hypothesis” (Weinstein
& Ciszek 2002), which establishes a trade-off between
tumor suppression and tissue repair. Leaving aside the
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fascinating theoretical implications that would bridge
evolutionary and molecular biology as pioneered by
Weinstein, the concerning practical consequences are
that this feature of laboratory mice would make most
of the basic results and biomedical applications derived
from the study of senescence and tumor formation un-
reliable, if not dangerous, as one would underestima-
te tissue damage and overestimate cancer risk in those
“mouse models” of human disease (Weinstein & Ciszek
2002). In sum, the answer to the question as to whether
normal mice have long telomeres depends on what one
means by normal and what one means by mice. As it
turns out, for the bulk of the scientific community nor-
mal is actually not necessarily natural. And yet, the dif-
ference matters as it can profoundly fool us (Figure 2A).

1.2 The illusion of impossibility
and the intelligibility of nature

We strive to know the secret of things. The experien-
ce that an “impossible” outcome induces on the spec-
tators of a magic trick (independently of the particular
cocktail of emotional reactions) compels many of us to
ask “how does the magician do it?” Note that specta-
tors willingly attend the show knowing that the artist
is going to use tricks in order to carry out the magic ef-
fects. In a similar way, the scientific community, astoni-
shed by virtually everything that takes place around us,
feels the urge to unravel how nature works. As Homo
sapiens, we have a drive to expand our knowledge (and
domination) on nature.

In magic, the same end can be achieved with diffe-
rent means. The world of magic dramatically teaches
us that one can achieve the same “impossible” outco-
me, with the same experience for the audience, but via
very different methods and materials (Tarbell 1999). In
other words, to reach the same goal, both the magician
and nature can use pathways that involve very different
systems, materials, and complexity. This is actually how
some magicians are able to fool other magicians. In our
understanding of nature, knowing its products is not
enough; one must figure out the processes that gave rise
to them. In evolution and neuroscience, it is well-known
that different neural substrates can produce the same
behavior and that different behaviors can be produced
by the same neural substrates (Lorenz 1974, Sakurai &
Katz 2017).

A magical effect is truffled with false clues that make
it difficult for us to figure out the secret (Tamariz 2011).
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Both in magic and in science, we are too often fooled
along the way, since things are always less obvious than
they appear to be. Spectators have a very difficult time
to discover the magician’s secrets. Similarly, when stu-
died by scientists, nature is much less transparent than
what we think. During the presentation of effects, magi-
cians may use false clues so as to break down our infe-
rence on causality relations. In addition, they structure
the content and presentation of the effects to minimize
that spectators revisit what has really happened (Cami
et al. 2020).

Analogously, our observations and inferences about
nature are not free from the same obstacles and traps. In
the same manner that magic audiences cannot perceive
anything without their own heuristics, scientists too fail
to face natural phenomena without imposing their own
preconceptions, which are based not only on the data of
their experiments but also on the context of their hypo-
theses and previous knowledge. One could argue that
both Golgi and Cajal looked through the same micro-
scope at the same histological preparations (although
Cajal improved the method), and so they both could
see dendritic spines. However, while Cajal thought they
were signal, Golgi was convinced they were noise (Yuste
2015). The challenge is to notice all these worlds hidden
in plain sight.

Eureka moments in magic can anchor audiences to
the wrong solutions. And yet, we have and cherish eure-
ka moments. Despite all the obstacles that the spectator
has in the way to figure out what is going on, the impul-
se to discover what has happened can cause an “aha!
moment” that shall be taken as an explanation of the
witnessed phenomena (Ortiz 1995). However, very of-
ten in magic the spectator may wrongly speculate about
the underlying solution. Even worse, after the “aha!
moment” the chances are that one abandons reasoning
on alternative solutions, the so-called Einstellung effect
(Bilalic et al. 2010). In other words, when one believes
to have reached a solution, one is more handicapped
to think of alternative explanations. We claim that in
science one comes across the same problems. While se-
arching for answers to natural phenomena, it is more
than possible that we get stuck in the first answers we
find which, even if reproducible, may not be the uni-
que or the main solutions to the conundrum. In fact,
and despite grand claims for “disruptive research” or
“scientific excellence”, out-of-the-box thinking is ac-
tually discouraged. We all know instances of how such
discouragement is materialized (funding environment,
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publishing games, career building). The scientist is also
collective made.

Example 2. “Soups and sparks”

The great Spanish magician Juan Tamariz developed
the theory of “false clues” (Tamariz 2011). He thought
that, in order to prevent the audience from “rewinding”
and trying to assess the logical steps of the magic trick,
it would be much more effective if, along the way, the
magician created false expectations, perhaps by subtly
suggesting solutions to the spectator, that would end up
being proved wrong. Taking the audience away from the
real method behind the magical effect (which is actually
a side-effect of the use of false clues) would enhance the
illusion of impossibility at the end of the trick. But, most
importantly, would make it impossible for the specta-
tors to reconstruct the logic and thus guess how the
trick is done (which, together with creating the “illusion
of impossibility”, is a great obsession for magicians).
False clues would prevent the audience from reaching
premature conclusions about the method behind the
magic trick. This is important because, whether their
deduction be wrong or not, an “aha! moment” would
ruin the magical experience; the spectators, believing
they have discovered the trick, would cease to be im-
pressed (Ortiz 2015).

Once an idea becomes reasonable in our minds, it is
very difficult to consider other alternatives, even if they
are actually more viable. It is, again, the most perverse
consequence of the afore mentioned Einstellung effect
(Bilalic et al. 2010). A sensation of truth is apparently
all that matters to generate high confidence in it, as well
as positive emotions and increased memorability (Da-
nek et al. 2013). This is as true in magic as it is in scien-
ce. In fact, in our experiments with nature, false clues
do also abound. Although it is not generally possible to
prove that a hypothesis is correct (authentication is no
proof), we still design most of our experiments and wri-
te our grants as if it were; the rebuttal of our starting
hypotheses or other alternative viewpoints are often
not even considered. But even when reproducible and
somewhat backed up by empirical evidence, our wor-
king hypotheses can, as false clues, lead us uncritically
towards wrong conclusions (Figure 2B). Let us see an
example in the field of neuroscience.

Towards the end of the 1930s, the nature of inter-
neuronal communication haunted neuroscientists. Two
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schools of thought steered the search: one (the most
pharmacological one, led by Henry Dale) proposed that
synaptic transmission was mediated by messengers of a
chemical nature; the other (the most physiological one,
led by John Eccles) claimed that communication was
direct through a continuous flow of electric charges. The
so-called war of the soups and the sparks went on with
apparent successes taking place on both fronts.

Eccles showed that the cardiac pacemaker of the cat
had along latency of about 0.1 seconds, and a slow time
course of seconds. Led by this “false clue” (stemming in
this case from his own reasoning, but in other cases a
product of the scientific consensus about the workings
of nature), he wrongly concluded that these slow dyna-
mics were the signature of all chemical transmission.
Hence, he deduced, synaptic excitation in the central
nervous system (with its low latency and fast rate) was
too rapid for a chemical process. The electric hypothesis
seemed to gain ground. In 1944, an encounter with Karl
Popper caused Eccles to reformulate his questions and
to radically change his experimental approach (Todman
2008). Then, using as a model an inhibitory synapse,
Eccles postulated that, if the chemical hypothesis was
correct, the membrane potential of the postsynaptic
cell would become more negative when activating the
presynaptic neuron. That should not occur if the nature
of the communication was electrical. The experiments
showed the negative postsynaptic potential and the rest
is history (Cobb 2020). The greatest advocate of the
electrical hypothesis had just shown that neural com-
munication was chemical in nature. Underperforming
big ideas can indeed become entrenched in a communi-
ty (Joyner et al. 2016).

1.3 Magic spectators and scientists

One of our main tenets is that the scientist is not the
magician of nature but its spectator (Figure 1A). We are
simultaneously astonished and fooled (Figure 1B).

We love secrets, we simply don’t like being fooled or
not knowing them (regarding the critique of the logic
of “model organisms” in laboratories as general repre-
sentatives of natural truths, note the irony in the ease
with which we tend to speak of “humans” in general).
The audience of a magic show (like scientists) know
that magic (like nature) has its secrets. As an audien-
ce we are naturally impelled to discover what’s behind
the trick. Likewise, as scientists, we feel the urge to fi-
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gure out the mechanisms that hide behind each natu-
ral phenomenon. The problem is that we are all really
easy to fool. But not all spectators are alike, and neither
are scientists. Magic is dependent on cultural contexts,
previous knowledge and cognitive development (Cami
et al. 2020). So is behavior (Gomez-Marin & Ghazanfar
2019). In drawing these analogies, we would like to em-
phasize only two broad classes of spectators: kids and
adults. As it turns out, each of them requires a different
modality of magic effects.

Kids require a specific kind of magic that fits their
own developmental conditions, and which is distinct
from that which conventionally works in adults. Due
to their unfolding cognitive processes, children tend to
concentrate more on details without great abstractions
or a great deal of extra assumptions. This can be a pro-
blem during a magic trick conceived to work in adults.
For kids, signal can become noise (thus, not showing
interest in the trick), and noise can become signal (thus
actually discovering the trick). This can easily ruin a
professionally performed magic show (see Example
3). Thus magicians tune their effects and the way they
present them accordingly. In the analogy with scien-
ce, we can think of young scientists whose naive and
uninhibited curiosity prevents them from prematurely
discarding little details that may turn out to be crucial.
Without needing to be a genius, their lateral thinking,
willingness to try new things, and indifference to ridi-
cule may put them in a privileged position to carry out
game-changing discoveries.

The limitations of magic for adults when done in
kids actually demonstrate the opportunities available
to break into the supposedly impenetrability of the “in-
ternal life” of the effect. In science these opportunities
also exist, for instance in outlier data, in discarded in-
formation, failed experiments, alternative hypotheses,
or negative results. In some of such discards one may
find the entry point to a wealth of knowledge, as in the
case of the so-called “junk DNA” (Pennisi 2012). Adults,
but not kids, generally over-determine what they see.
As magic for kids remains a challenging endeavor, so
is a science of minority reports beyond the community
sanctioned interests and habits.

The great majority of magic is thought for adults,
namely, grown up people whose cognition follows well-
trodden cognitive biases. For instance, magicians have
learned to manipulate instinctive decisions by exploi-
ting well established heuristics and cognitive biases
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characteristic of adults. In fact, magic for adults is the
“safest magic”, since it comprises the great bulk of ef-
forts, means, history and magic theories. When it comes
to science, we can think of this bulk of adult spectators
as the majority of professional scientists; a majority
that, with time, may over-interpret what they observe,
and whose critical thinking may progressively decay, as
certain recent crises attest (Head et al. 2015, loannidis
2005, Munafo et al. 2017).

Example 3. “Genetic scissors”

About 30 years ago, the professional magician David
Williamson invited a 6-year-old boy called Murray to
participate in a magic trick during one of his prime-time
TV shows. The game, which the magician had rehearsed
for months, was based on a classic magic trick involving
the use of a carefully crafted special set of cards. What
could go wrong? Williamson started laying out the play-
ing cards on the table, claiming that there were three.
But Murray stopped him at that instant by pointing out
that he could see a fourth card stacked to one of the
others (Williamson 2011). The impenetrability of the
internal life had been irremediably exposed. The young
spectator had defeated the magician. That night was a
turning point in Williamson’s career; he experienced in
his own flesh that there are different types of audiences;
different views, such as Murray’s, who could see what
hundreds of thousands of other people before, mostly
adults, did not see (Olson et al. 2015). Magic does not
work the same in children.

We see mostly what we expect to see (Figure 2C).
Our experiences are shaped by our expectations, which
in turn are shaped by evolution as well as by our cul-
ture. They also change with age. Naturally uninhibited,
children give more importance to details that are con-
sidered superfluous information by adults. Unfortuna-
tely, curiosity and creativity tend to fade as we grow up.

Just like Murray’s fresh look at Williamson’s card
trick, scientific breakthroughs often emerge from com-
pletely unpredictable origins. As scientists, we tend to
design our research projects based on the current scien-
tific context and fads. However, it was sheer curiosity
what drove a young Francisco Mojica to persevere on
the margins of science, without a grant, and with his
main papers rejected in top tier journals for years, in
his quest to understand a strange microbial DNA re-
peat sequence that would lead to his discovery of CRI-
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SPR (Mojica et al. 2005, 2013). His contribution was a
foundational one to its recognition as an adaptive im-
mune system and its biological characterization, that
would end up being fundamental to its repurposing for
genome engineering, thus transforming biomedical re-
search in unprecedented ways (Lander 2016). As Lander
points out: “It is instructive that so many of the Heroes
of CRISPR did their seminal work near the very start of
their scientific careers (...). With youth often comes a
willingness to take risks —on uncharted directions and
seemingly obscure questions— and a drive to succeed.”
How many discoveries await until we nurture a way of
doing science in tune with the limitless curiosity that
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Minority reports can have major consequences.
Note that during a magic show everybody applauds
even if not so enthusiastic about the magic effect. There
is a social component that is even stronger during stan-
ding ovations (some jumped from their chairs enthral-
led, others are forced to do so since they do not want to
be left sitting down while the rest is up and clapping).
In science, consensus by our peers is a valuable self-
correcting mechanism. However, paraphrasing Giorda-
no Bruno, truth does not change because it is, or it is
not, believed by a majority of the people, even experts
(Sackett 2000). These and other important aspects of
the sociology of science need to be dealt with (Lazebnik

leads a child to discover that a hardly noticeable card 2018).
stacked under another is the difference between illusion
and reality?
Q 2.
J Q £
R A o),
@ laboratory @ \*'/ 7
“Please, think of a mouse.” “Please, remember number 6.” “Please, draw what you see.”
Context False clues Perspective

Figure 2: Challenges and opportunities that magic proffers to science. (A) Context is constitutive. While magic succeeds in the real world,
reductionist laboratory science insists in getting rid of context, ultimately trumping replicability and generalizability. (B) False clues abound.
Magicians purposefully lay them in order to torpedo our post-hoc logical reconstruction of the trick (panel adapted from Edward Marlo effect,
Genii Magazine Sept 2008). Despite the fact that science is a self-correcting enterprise, scientists have a hard time realizing their blind spots,
false paths, and dead ends. (C) Perspective matters (panel inspired by Edward Steed’s cartoon). Having performed in front of diverse audiences,
magicians know that what we see depends on our interests, heuristics and cognitive biases. Thus there is magic for adults and magic for kids,
due to their different cognitive developmental stages. However, scientists’ quest for objectivity and tendency for uniformity in their thinking can

defeat the purpose.

97

Organisms




Ol‘ganisms Science as Magic

Concluding remarks

“Science as Magic” is an analogy that presents the
scientific quest through the lens of the processes that
take place during a magic effect. This is not to be confu-
sed with “how magic became science” (Williams 2020),
the “science of magic” (Macknik et al 2008; Kuhn et al.
2008) or “magic for science” (Lamont et al. 2010, Cami
et al. 2020).

Analogies and metaphors are essential to language
and reasoning (Lakoff & Johnson 1980). They allow us
to understand one thing or concept by means of ano-
ther. For instance, when we say that “time is money”,
we borrow meaning from the structural and functional
properties of “money” in order to better grasp those of
“time”. Here we have highlighted the coherent structu-
re that both magic and science share. In fact, the very
existence and necessity of analogies for thinking chal-
lenges a theory of mind that assumes that rationality is
conscious, dispassionate, linear, logical, disembodied
and universal. As magic demonstrates, most of what we
perceive or decide is entangled with our emotions, may
not take place logically or linearly, strongly depends on
the particular context where it takes place and, finally,
on ontogenetic factors and cultural background.

Magic actually works thanks to our many cognitive
blind spots. The effectiveness of magicians is due to a
large body of reproducible techniques and the use of
particular materials and methods that have been de-
veloped empirically for centuries. These involve many
scientific disciplines such as mechanics, electronics,
mathematics and, above all, the cognitive sciences.
In fact, the efficacy of magic effects is entangled with
the magician’s capacity to interfere with the attention,
perception, memories, decisions, and other cognitive
processes of the spectator (Cami et al. 2020). As illu-
strated by Millikan’s example on the measurements of
the charge of the electron, it is so easy to fool ourselves
(Feynman 1974). Thus, the more we are aware of those
biases, the better science we should be able to practi-
ce. Any theory of nature is inseparable from a theory of
knowledge.

Limitations of the
“Science as Magic” analogy

Our analogy, of course, breaks down when over-
stretched. First, note that the spectator, as opposed to
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the scientist, does not enjoy the possibility of repeti-
tion. And if the magician repeats a certain movement
or trick, it certainly is in the service of deception (such
as in “conditioned naturalness” or upon “false clues” as
discussed above). Second, spectators just watch with
their eyes, while scientists use all sort of instruments
and abstract symbolic formalisms. Third, the scientist,
contrary to the spectator, can perturb the system in or-
der to establish counterfactuals. This is actually the es-
sence of experimental science: to combine observation
with manipulation so as to upgrade correlation to cau-
sation (however, intervening in their system of study,
scientists may also inadvertently affect certain aspects
of its internal life, especially if the system is complex,
quantum, or a simply living organism). Fourth, scien-
tists can and actually do design their experiments, whe-
reas spectators are just presented with a very carefully
designed show from the part of the magician. When
spectators are called to participate, they often do not in-
fluence what is going to happen (everything is under the
magician’s control). Fifth, although there is no magic
without at least one spectator, there can be nature wi-
thout science (but probably not the other way around).
Finally, magicians bring the spectators to their theater,
while we, scientists, rather than meeting nature at her
place, have got used to bringing her to our laboratories.

Challenges and opportunities

If we now concentrate on the differences between
magicians and scientists, rather than in the similarities
between spectators and scientists, we can better appre-
ciate the huge feats that magicians achieve. When ap-
plied to science, such challenges become opportunities.
Magicians really have skin in the game. First, note that
the magician does not target the average spectator, but
each and every individual in the audience. A “statistical-
ly significant trick” is nothing but a failure. Second, ma-
gicians perform impromptu magic and succeed in the
“real world”, while scientists still struggle (Matusz et al.
2018). The street is not a laboratory, and spectators are
not inbred mice reared in the house. Quite the contrary
to most laboratory practices, rather than pruning con-
text away, magicians deliberately provide it. To put it
metaphorically, the absence of a dressing code does not
imply that those attending the event will come naked. In
fact, each one will bring their own garment. Third, ma-
gicians execute very refined protocols (the experimen-
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tal task, for a scientist) that actually work in real time
and in closed loop. In addition, they have a “plan B”
and “plan C” for virtually any situation. Robustness is
not incompatible with the ability to improvise. Finally,
the magician’s work is subject-centric and dual in terms
of worldviews; the magic effect is effective not only be-
cause of the trick they perform hidden in their “internal
life”, but also because the magic effect overlaps with the
spectator’s “meaningful environment” (the so-called
Umuwelt). This last point is actually crucial for the life
and mind sciences, and for scientific thinking in gene-
ral. When stuck in a worldview, we can only study those
things that fit it, or gamble (Lahti 2015). But when the
things we study have their own worldview too (humans,
but also mice, flies and even worms), it is necessary that
we are willing to commute from third to first person ex-
periences (Gomez-Marin 2019b).

In sum, magicians thrive with real individuals in the
real world, conditions that the laboratory-bound, re-
ductionist, and die-hard objective approaches to scien-
ce fail to deal with.

Outlook

We often conflate what is obvious with what is tri-
vial. But the more obvious a trick is, the more decep-
tive it can become (the notion that the earth is flat, for
instance). One thing is not to know how something
happened, and quite another is to believe that what has
happened cannot be. Science is the belief in the igno-
rance of experts. Magic is the art of honest deception (in
a way, so is cinema). Excess of credulity is always pro-
blematic, but so is its lack. Skepticism is a fundamental
element of the magic experience and also of science. So
is the enchanted mind. Note that magic spectators are
fooled despite knowing in advance that they will be fo-
oled. Scientists should also acknowledge that they will
remain ignorant despite their increasing knowledge of
the natural world (Firestein 2012). For a magician to
suggest or pretend that magic is real is comparable to
the scientist’s assertion that we now know the truth of
the matter. To let the audience know that magic is ho-
nest deception is equivalent to the conscious ignorance
that preludes every real scientific advance. The will to
step into the unknown and to face the mystery are indi-
stinguishable. Granting purpose to nature, we could say
that she does not want to fool us as much as to shake
us in wonderment. Nature is also that which both ma-
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gicians and scientists share, both working to simulta-
neously enchant and disenchant. At the end of the day,
the world of magic and the magic quality of our world
may not be so far apart as they seem.
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The emergence and spread of the COVID-19 pan-
demic has raised many questions and doubts, ranging
from the true “origins” of the virus (SARS-CoV-2) to
problems related to clinical management of the disea-
se. Here we discuss serious concerns that have emerged
about the health policy measures adopted in Italy.

In order to properly assess these issues in perspec-
tive, we provide a detailed documented chronicle of the
events as they came to light.

Background

27th April 2018. During a conference organized by
the Bill Gates Foundation with the prestigious New En-
gland Journal of Medicine and the Massachusetts Me-
dical Society, Gates claimed that it was necessary to pre-
pare for an imminent flu pandemic: “The world needs
to prepare for pandemics in the same serious way it
prepares for war [...]. This preparation includes staging
simulations, war games and preparedness exercises so
that we can better understand how diseases will spread
and how to deal with responses such as quarantine and
communications to minimize panic” [1]. Nothing new.
Alarm about a future pandemic had already been raised
long before the emergence of COVID-19, and at least
since the outbreak of the SARS epidemics [2].
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December 2019. On an uncertain day, the US Secret
Service alerted its National Service counterpart about
what was going on in Wuhan province, China. Fox News
broadcast the information. In Italy the news was issued
by Adn-Kronos (Coronavirus, Fox News: ‘Intelligence
reports warned the Italian Government of the risks’)
[3]. The first COVID-19 patient appears to have been
admitted to a Wuhan hospital on 8th December with a
“mysterious disease”. For seven weeks after that date,
about 30,000 people per day left Wuhan for the rest of
the world.

Early December 2019. Dr. Li Wenliang, an ophthal-
mologist in Wuhan hospital, recorded an unusual num-
ber of cases of atypical pneumonia among his patients.
He posited a correlation with a virus-based epidemic
associated with conjunctivitis, similar to SARS (seve-
re acute respiratory syndrome). He mentioned this in
chats with colleagues and patients. As often happens in
communist regimes, he was consequently dismissed,
imprisoned for a while and later reinstated. He died on
6th February after returning to his workplace to fight
COVID-19. About 40 other Chinese doctors suffered the
same fate: first marginalized and “silenced”, then “reha-
bilitated” [4].

27th December 2019. Zang Jixian, a doctor in Hubei
Provincial Hospital, reported to Wuhan Health Autho-
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rities that a virus belonging to the SARS family was cau-
sing the infection. More than 180 patients were already
infected by then, according to a South China Morning
Post report [5]. This is the first reconstruction to put the
Chinese authorities in difficulty [6].

The Chronicle

31st December 2019. China formally notifies the
WHO (World Health Organization) of the existence of
a mysterious new influenza virus.

1st January 2020. Chinese authorities confirm the
first victim of coronavirus.

7th January 2020. China communicates some clini-
cal/biological traits of the virus to the WHO and takes
the first measures to contain the disease.

12th January 2020. The WHO declares that there
is no scientific evidence of human-to-human transmis-
sion of the virus [7].

13th January 2020. The first coronavirus victim out-
side China (a woman in Thailand).

15th January 2020. The first case is identified in the
USA (an American citizen from Wuhan). An analysis by
the Johns Hopkins University highlights the spread of
the epidemic since November 2019 [8].

16th January 2020. First public report of the Italian
National Health Institute on the spread of COVID-19
recommending to “strengthen standard measures of
prevention and control of infections, especially in emer-
gency rooms and emergency medicine departments”.
“Between 31st December 2019 and 12th January 2020,
the Chinese Health Authorities identified 41 cases of
pneumonia in the city of Wuhan caused by a new co-
ronavirus (2019-nCoV). In January 2020, Thai and
Japanese Health Authorities also reported two cases of
2019-nCoV infection in people from Wuhan City. Ba-
sed on the information currently available, WHO does
not recommend any restrictions on travel or commer-
cial routes and the ECDC [European Council of Disease
Control] considers the risk of introduction of the virus
into Europe to be “low”” [9].

20th January 2020. An official speech about the vi-
rus by President Xi Jinping, broadcast by many inter-
national mass media, reckons that the infection travels
from human to human, as confirmed by the National
Health Commission of Beijing. On 20th January, Chi-
nese scientists describe the genomic structure of the vi-
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rus in detail (the virus was isolated on 7th January and
the sequence was made public on gth January 2020)
and its similarities to SARS, as reported in an article
published by Nature [10].

Significantly, the first officially ascertained case da-
tes back to 1st January, and five more patients have been
studied. Considering the amount of work this involves
(the responses of numerous animal species to the virus
were also highlighted in the study), we wonder how this
research could have been conducted, completed, written
and sent in less than 19 days. Such work generally takes
much longer (the data must also be verified and replica-
ted) and it is truly amazing that no one pointed out this
discrepancy: how could the Chinese laboratories — even
considering the understandable “urgency” and political
pressure — have produced that result in less than three
weeks? Actually, the entire sequence of events is highly
suspect. The first official case is identified on 12th De-
cember 2019; the next day the Wuhan Animal Market
is closed; 6 days later the virus has been isolated (!) and
after two more days its sequence is published [11], af-
ter testing the virus on a battery of cells from different
animals (including humans), and identifying the recep-
tors to which the virus binds! Moreover, on 16th Janua-
ry, swabs and kits for RT-PCR analysis are distributed
throughout the state of Hubei. Between 19th and 21st
January, all Chinese provinces and regions are supplied
with them. It is even more surprising that these kits
were already supplied in advance to the WHO as of 12th
January. Many of these procedures are compatible with
the times reported, but not all of them. The suspicion is
that the virus was known and had already been studied
before gth January, when China officially sent data on
the virus to the WHO, as described in the joint WHO-
China report (24th February) [12].

These questions fuel doubts about the Wuhan labo-
ratory and raise new questions about the reliability of
Chinese sources and reports. In particular:

1) Contamination. The Wuhan laboratory has been
the subject of several surveys, as it was suspected to be
responsible for accidental contamination. An article
from Nature in 2017 details these risks [13]. The labora-
tory was planned in 2003, and built in 2004 with the di-
rect participation/support of France (which boasts some
of the best skills in the world in this sector). France also
trained several young Chinese scientists in a laboratory
in Lyon. In recent years, there have been accidental di-
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spersals of SARS viruses from Beijing biosafety level 4
laboratory (China has two BSL-4s). China is currently
planning two more BSL-4s with the pretext of studying
SARS, claiming to have a large number of monkeys to
test on. However, as international observers note, “We
are not convinced of the need for more than one BSL-4
in mainland China”. Ebright suspects that the expan-
sion is a reaction to the networks in the United States
and Europe, which he says are also unwarranted. “The-
se facilities are inherently dual use”, he says. The pro-
spect of ramping up opportunities to inject monkeys
with pathogens also worries, rather than excites, him:
“They can run, they can scratch, and they can bite” [14].
The real boulder is in fact the lack of identification of
the intermediate link of the virus, the one via which the
virus passed from bat to man, “jumping” species (spillo-
ver). This is what renders plausible the hypothesis that
the virus escaped from the Wuhan laboratory to infect
humans directly. This is a critical question. If there is no
evidence to explain the (hypothetical) spillover, other
explanations remain in place, including accidental re-
lease of the virus from the Wuhan laboratory. Indeed,
zoonotic spillover should not be given undue credit, be-
cause the epidemic curve is consistent with substantial
human-to-human transmission [15]. Obviously, this
possibility raises a number of embarrassing concerns.
2) Viral manipulation: was COVID-19 “manu-
factured”? This question arose because it is not clear
how the virus, normally hosted by bats, could pass to
humans without first adapting to an intermediate host.
The question has not yet been answered. A study (ha-
stily) published in Nature Medicine, excluded any in-
tentional manipulation but left many hypotheses open:
“Although the evidence shows that SARS-CoV-2 is not
a purposefully manipulated virus, it is currently im-
possible to prove or disprove the other theories of its
origin described here” [16]. It is however indisputable
that COVID-19 comes from SARS (which was studied
in Wuhan); indeed, the official name incorporates
this derivation. It is also strange that “the overall mo-
lecular structure of this virus is distinct from that of
known coronaviruses but most closely resembles viru-
ses found in bats and pangolins that have been little
studied and never known to cause humans any harm”
[17]. Furthermore, Chinese scholars write: “According
to researchers from Nanki University in Tianjin China,
COVID-19 contains a strange HIV-like mutation that
may make it more contagious and give it properties
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not found in other coronaviruses. The Chinese study
builds on earlier research in India that concluded that
the disease was unlikely to have originated in nature.
This comes amid speculation that COVID-19 origina-
ted in a Chinese research lab located in Wuhan. While
these theories remain unconfirmed, they should not be
dismissed as conspiracies” [18]. Indeed, previous Han-
tavirus outbreaks have been associated with laboratory
rats in Yunnan (China) [19], while genetic modifications
have purportedly been performed on different strains
of coronavirus. Namely, the receptor-binding capacity
of coronaviruses has been investigated by combining a
human immunodeficiency virus-based pseudovirus sy-
stem with cell lines expressing the ACE2 molecules of
humans and animals [20], thus enabling the coronavi-
rus to enter human cells while native viral proteins are
unable to do so. Indeed, it is quite unlikely that a virus
acquire such unique insertions naturally in a short time.
This structural change may also have increased the ran-
ge of host cells that 2019-nCoV can infect. A hypothesis
of this type was recently supported by Nobel laureate
Luc Montagnier and bio-mathematician Jean-Claude
Perez, who suggested that the new COVID-19 could be
the fruit of inexperience in an attempt to produce an
anti-HIV antibody [21]. Several scientists have rejected
this statement with outrage; however, since the claim
comes from the very scientist who discovered and iso-
lated the HIV virus, the hypothesis deserves to be held
in high regard.

3) Distorted chronology. The temporal reconstruc-
tion of the events is manifestly distorted, as stated by
Dr Li Wenliang, who already in a chat of 31st December
2019 spoke of “six patients with identified viruses be-
longing to a SARS-like subtype, of the coronavirus type”
[22], suffering from conjunctivitis and atypical pneu-
monia. This admission documents how a pre-characte-
rization of the virus had already been done before 20th
January. Dr Li recommended that friends and relatives
take precautions. Two days later he was interrogated by
the police, warned by the authorities not to spread alarm
and removed from the hospital, only to return a few
days later. A similar fate has befallen other doctors. In
fact, according to investigations by the Johns Hopkins
University, recently confirmed by the South China Mor-
ning Post [23], the first cases of SARS-CoV-2 date back
to early November 2019 (3rd-17th November).

21st January 2020. China decides to isolate the
Wuhan Region with blockade of trains and planes.
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22nd January 2020. The victims of COVID-19 in
China are officially 17. Meeting of the operational Task
Force of the Chinese Ministry of Health.

23rd January 2020. Two Chinese tourists disembark
at Malpensa Airport in Milan. They arrive in Rome on
29th January, where they are stopped and identified as
infected with COVID-19. The WHO, for its part, organi-
zes a meeting to decree an emergency, however, China
blocks that step. WHO General Director, Tedros Adha-
nom Ghebreyesus, who was accused of “hiding” three
cholera epidemics when he was Minister of Health in
Ethiopia [24], flies to Beijing to discuss the matter with
the Chinese President. On his return, he praises China
for its efforts in health management and declares that
there is no reason to “interfere” with the free movement
of persons and goods by freezing transport to and from
China.

24th January 2020. It is revealed that the first CO-
VID-19 patient in China was hospitalized in Wuhan on
8th December 2019, recorded as having a “mysterious
disease”. From that moment on, for seven weeks, about
30,000 persons per day left Wuhan for the rest of the
world. A suspected case of COVID-19, a musician who
had returned from Wuhan, is identified in Parma in
January [25]. In the same days, the first three infected
persons are discovered in France, one coming from
Wuhan [26]. The escalation of cases is worrying. In the
face of these signals, the Western media shows skeptici-
sm and tends to minimize the “accidents”. Italian new-
spapers prefer to “constrain” any form of “alarmism”.
According to Il Foglio, “Concern and caution are one
thing, but the alarmism that has been raging in the last
few days is proliferating faster than the virus and risks
doing serious damage. The concern is also about China:
the regime tries to appear responsible but according to
various experts the precautions it has taken so far have
been too weak and too late” [27]. Faced with this news,
it is disarming to read in the Giornale della Protezione
Civile on 24th January: “Italy has a plan against the co-
ronavirus, but so far no alarm” [28].

25th January. China declares a 60% increase in in-
fections in two days [29]. The Americans evacuate from
China [30].

27th January. Israeli analysts link the coronavirus
emergency to the Wuhan laboratory, suggesting that an
“engineered” virus could have escaped, by mistake or
through incompetence, and infected the town’s animal
market [31].
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28th January. A case of COVID-19 infection is iden-
tified in Germany in a person who has never been to
China [32].

3oth January. The WHO declares COVID-19 a “Glo-
bal Health Emergency” [33]. The first two cases are
identified in Italy.

31st January. The Italian Council of Ministers de-
crees a state of emergency for six months. The Emilia
Romagna Region organizes a “task force” and decides to
set up two “rooms for restrictive isolation per Province,
reserved for serious and stable patients”, one with re-
spiratory support. It also decides “not to isolate sympto-
matic patients from Southeast Asia, except those from
the Wuhan area” [34].

2nd February. The Chinese community of Bologna
has been procuring medical supplies to send to Wuhan
for two weeks (10 thousand masks, 550 coveralls and 10
thousand pairs of gloves) [35].

15th February. A Chinese returning from Wuhan
with COVID-19 dies in France [36].

22nd February. The Italian Council of Ministers
launches the first real decree to counter the transmis-
sion of the coronavirus.

16-24th February. Although the WHO has declared a
“global health emergency” as of 30th January, only now
(16th February) does a WHO delegation travel to China,
where it remains for nine days to conduct an extensive
investigation [37]. Its report highlights that sporadic
cases of abnormal pneumonia, suspected to be caused
by a SARS-like virus, had been reported since October
2019. The second critical point concerns the origin. Sin-
ce the natural reservoir of the virus is bats, the inter-
mediate host through which the virus reached humans
has not been identified. Failure to find the missing link
leaves open the possibility that the virus escaped (ac-
cidentally) from the Wuhan BSL-4 laboratory. The re-
port also highlights that health workers are particularly
exposed to the infection (2055 health care workers are
reported to be infected in 476 hospitals in China) and
require special and urgent precautions. Indeed, on 20th
February, China implements additional measures to
protect physicians. The WHO report is in the hands of
the Italian government as early as 25th February, yet
no measures are taken to protect health professionals.
Overall, however, the WHO report is contradictory:

a) Traditional belief in the benefits and miraculous
virtues of certain foods of animal origin has nourished
unhealthy and dangerous dietary habits among Chinese
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citizens, such as “jinbu” or intake of meat from live ani-
mals or otherwise without prior sanitation. Numerous
reports indicate that the experimental animals used
in Wuhan’s BSL-4 laboratory are often “resold” to the
local market for extra earnings, instead of being pro-
perly disposed of by cremation, as the law requires. One
Beijing researcher, now in jail, made the equivalent of
a million dollars selling monkeys and rats on the live
animal market, “whence they likely wound up in some-
one’s stomach” [38]. The report does not suggest any
recommendation regarding this critical question.

b) The report lavishes embarrassing flattery on the
Chinese regime for the effectiveness and promptness of
measures that nipped the epidemic in the bud, making
it unnecessary to issue a general alarm. On the other
hand, however, the report cannot fail to detect that the
virus is “highly contagious, can spread quickly, and
must be considered capable of causing enormous he-
alth, economic and societal impacts in any setting”. The
report does not stigmatize the fact that the Chinese au-
thorities deliberately decided not to count asymptoma-
tic patients among the infected: this underestimation
has enormous consequences in terms of epidemiologi-
cal evaluation. In fact, as early as February, data silen-
ced by the Chinese government clearly indicated that
more than a third of positive patients are asymptomatic
and vehicles of infection [39]. Keeping this information
secret objectively favored worldwide spread of the vi-
rus and weakened any strategies for containing the epi-
demic, since by definition and at the indication of the
WHO, asymptomatic cases were not traced or tested.
This indication was followed by the Italian Consiglio
Superiore della Sanita on 26th February [40]. Accor-
ding to an analysis reported by Science [41], asympto-
matic cases caused 79% of clinically detectable cases.
The report finally borders on paradox when it considers
other countries unable to take the measures adopted by
China with equal efficacy and determination: “Much of
the global community is not yet ready, in mindset and
materially, to implement the measures that have been
employed to contain COVID-19 in China. These are the
only measures that are currently proven to interrupt
or minimize transmission chains in humans”. Finally,
the report asks other countries to activate the “Emer-
gency plan”, immediately at maximum level: “Prepare
to immediately activate the highest level of emergency
response mechanisms to trigger the all-of-government
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and all-of society approach that is essential for early
containment of a COVID-19 outbreak”.

In the same period in Italy, government officials
tried to minimize the infection. Towards the end of Fe-
bruary 2020 certain politicians declared that there was
no cause for concern, since the disease in question was
“little more than a flu”. The Mayor of Florence Mauri-
zio Nardella organized a dinner with many guests in a
Chinese restaurant to dispel “legends” about the risk of
spreading the disease. Slogans in the month of February
were “Embrace a Chinese” and “Reopen Milan” (27th
February, “Coronavirus, Sala calls Conte: “Let’s reopen
Milan as soon as possible”) [42]. Heedless of the se-
rious danger posed by the unfortunate situation already
existing in Italy, those who called for urgent measures
to contain the contagion were dubbed “fascists” or “ra-
cists” by exponents and fans of the current parliamen-
tary majority.

23rd February, 2020. The Italian Government is-
sues the first containment measures, without giving any
details [43].

11th March 2020. The WHO declares the status
of pandemic, when coronavirus cases have reached
287,000 worldwide, on five continents [44].

Data uncertainties:
diagnostic unreliability and
the limits of statistical models

From the outset, the management of the ongoing
epidemic has been characterized by four orders of un-
certainty pertaining to the reliability of the data. This
is of no secondary importance, because the narrative of
the mass media, government decisions and opposition
responses were based on data, which was on the whole
absolutely unreliable. Doubts regarding the available
information include:

1) Data from China. We know today that the first
cases of COVID-19 were recorded in early November
2019. The Chinese authorities began to study and iso-
late the virus long before gth January 2020, when they
sent their preliminary report to the WHO. Uncertainty
also remains regarding the true death rate and the inci-
dence of COVID-19 [45].

2) Italian data. In the absence of a population-
sample-based screening program (which can then be
extrapolated to the general population) or a systematic
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investigation in the most affected region (Lombardy),
assessment of the spread of the epidemic (number of
people infected regardless of their clinical status) was
absolutely inadequate. This not only led to underesti-
mation of the extent of the infection, but also to gross
calculation errors, especially regarding the lethality of
COVID-19. Lethality is obtained by calculating the ratio
of the number of casualties to the number of positive ca-
ses. If the denominator increases, the value of lethality
decreases. Current estimates suggest that the number
of infected people greatly exceeds the number of posi-
tive tests, e.g. by a factor of 35 [46]. Moreover, there is
growing evidence that the death figures reported daily
by Italian officials may be grossly underestimated [47].
3) Technical limits. Technical limits concern how
the data was collected, the inclusion criteria (especial-
ly with regard to cases of death) and the reliability of
the analytical determinations (buffers, virus genomics
etc.). To limit the example to China, out of 76,314 cases
reported in an extensive review, 22.4% were classified
as “suspect cases”, 14.6% as “clinically diagnosed” and
1.2% as “asymptomatic” [48]. This means that 37% of
the cases reported in Chinese statistics so far were only
diagnosed on a clinical basis (“suspect cases” according
to the WHO definition). Yet mainstream information to
the world population presented them all as “firmly esta-
blished”. Antibody testing, which should have been con-
sidered fundamental for confirming or refuting acute
infection, was ignored until the end of April. This tech-
nique was available from the beginning, but was not
used until much later. Confirmation of cases was mainly
based on nasopharyngeal swabs and gene amplification
by RT-PCR, a non-validated, non-standardized tech-
nique that seems to give many false positives and false
negatives [49]. Another concern about PCR-based tests
is that there has not been enough time to assess their
sensitivity and specificity. Based on personal communi-
cations with colleagues, a significant proportion of pa-
tients who meet clinical and chest CT diagnostic criteria
for COVID-19, including many hospitalized patients,
tested negative for viral RNA [50]. Other common re-
spiratory etiologies, such as influenza, were excluded
but remain “suspect” cases that may be false negative
to PCR [51]. In some patients, the virus may be present
in lower respiratory secretions but absent in the upper
respiratory tract. With current tests, it is therefore dif-
ficult to obtain a meaningful assessment of the percen-
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tage of symptomatic infected patients [52, 53]. There is
also a huge problem relating to the attribution of causes
of death. First, only a few autopsies have been perfor-
med, and this makes it impossible to correctly ascribe
the cause of death to the virus and to understand the
pathogenic mechanisms involved. Secondly, because
the lethality risk data is artificially overestimated when
pre-existing pathologies — often more serious than the
COVID-19 infection — are discarded. In Italy, the “all in”
criterion was used, whereas elsewhere, as in Germany,
the more rational approach of assessing the predomi-
nant “causative” role of the virus was applied. This di-
screpancy could explain the hugely different lethality
rate between Italy and Germany at the end of March
2020 (11.40% versus 0.9%). Then if we want to evaluate
mortality (as distinct from lethality), we have to compa-
re all deaths recorded in a certain region with those re-
corded in previous years to verify whether the epidemic
caused (and to what extent) more deaths than expected.

4) Ambiguous and confused communication. Final-
ly, these elements influenced the communication model
adopted by the government, generally characterized by
an absence of officialdom (interviews in the context of
entertainment programs, TV lounges and talk-shows),
based on contradictory announcements (statements not
followed by concrete acts or worse still denied shorty af-
ter), improvised (communications of closures and lock-
downs not associated with the necessary containment
measures) and based on alarmism rather than on the
need to inform and equip the public. Thus, the habit of
communicating the “war bulletin” every day at a given
hour, together with the uninterrupted procession of ex-
perts, each eager to give his own version, aroused con-
cern far beyond what was necessary and desirable, as
well as anxiety and confusion.

Failure to act and political inadequacy

a) The World Health Organization (WHO). The
behavior of the WHO appears to have been based on
a serene temporal reconstruction, discreditable to say
the least and showing no hint of self-criticism or self-
reproach. The WHO has shown culpable omissions, de-
lays and inadequacies:

1) The WHO did not monitor the Wuhan laboratory,
despite the fact that its activities had long been targeted
by the scientific community.
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2) It did not promptly call a state of alert, necessary
on isolation of the new viral strain (g9th January 2020).

3) It issued the pandemic alert about 40 days late
(15th January), when besides the Wuhan outbreak, full-
blown cases of COVID-19 were already known in Thai-
land, Japan and the United States. By 20th January, it
was clear that the infection was transmitted between
humans via the respiratory route. Yet in its press re-
leases and the final report downstream of the control
visit to China (24th February), the WHO persisted in
declaring the situation to be under control and in prai-
sing China for the measures implemented. At the same
time, the WHO firmly stated that blocking flights to and
from China “was an error” [54]. This position was even
reinforced by the Director-General, Tedros Adhanom
Ghebreyesus, according to whom “these limitations risk
increasing fear and discrimination and have poor public
health results” [55].

4) In the meantime, the WHO was ignoring alarms
from Japan, Korea and Taiwan. All too ready with prai-
se for China, incredibly the WHO did not indicate the
efficient protocols implemented by Korea and Taiwan
as a model to stem the epidemic. Even more incredible,
it deliberately ignored the alarm launched by Taiwan in
early December about the possible outbreak of an epi-
demic from China [56].

In summary, there is no doubt that relations betwe-
en China and the WHO are not transparent. As already
happened in 2003 for SARS, China has clear responsibi-
lities regarding emergence of the epidemic, its worldwi-
de spread and other countries’ delay in dealing with it.

b) The Italian Government

The Italian government continues to show hesita-
tions and inadequacies that must be clearly denounced.

First of all, it shows a general lack of awareness of
the epoch-making problem of dangerous epidemics. At
the centenary of what is known as the Spanish flu (1918-
1920), re-examined in several recent books and reports,
its absence of understanding of the danger of periodic
flu-based epidemics is incomprehensible [2, 57, 58]. The
Lancet has appropriately stigmatized this incompeten-
ce on the part of political authorities by speaking openly
of “trained incapacity” [59]. The Italian government is
no exception: like other States it demonstrated that it
had failed to learn from previous experience and failed
to heed the recommendations of the scientific commu-
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nity, which has been expecting a new flu pandemic since
the turn of the century [60]. It is embarrassing, to say
the least, that the Italian government was late in activa-
ting the National Plan of Preparedness and Response
to a Flu Epidemic (updated in 2016) [61], despite wide-
spread alarm. The objective of the Plan, articulated in
six activation phases, is to prepare the country to deal
with an epidemic/pandemic threat. The plan was con-
ceived as a resource that could be brought into action,
even in the absence of alarm issued by the WHO. The
plan remained inactive, despite outbreaks of atypical vi-
ral pneumonia in many areas of Lombardy, Veneto and
Emilia Romagna in December 2019 [62]. Furthermore,
as early as 28th December, 40 abnormal cases of viral
pneumonia were reported in Piacenza hospital [63]. A
subsequent study by the University of Milan pinpoin-
ted onset of the epidemic in Italy between October and
November, well before the first confirmed case at Codo-
gno [64]. These reports prompted the Ministry of He-
alth to issue a specific decree on 5th January, warning
about the possibility of an unusual “flu epidemic”, and
requesting special attention to viral pneumonia coming
from China [65]. The alert, reiterated on 12th January,
continued to link virus and epidemic, but paradoxical-
ly highlighted that based on information received from
China, the WHO was “reassured by the quality of the on-
going investigations [in China] and response measures
implemented in Wuhan.” Finally, on 16th January, we
witness a turnaround, a real manipulation of the truth,
in a document that goes back to talking about a possible
epidemic but the link with China is deleted and repla-
ced with “Japan”, the source of the epidemic (“Japan
(ex-China)”) [66]! To sum up, the Plan for the manage-
ment of pandemics was ignored, then activated late and
incompletely, as pointed out by the Italian press [67].

Concluding (preliminary) remarks

In September 2019, the Johns Hopkins Center for
Health Security issued a long document on the dangers
of a forthcoming flu pandemic, made increasingly pro-
bable by globalization phenomena and unsafe handling
of animals and the meat market, which significantly
increase the risk of transmission of zoonotic disease to
humans [68]. We had a “taste” of these dangers with the
epidemic of bovine spongiform encephalopathy (BSE,
also known as mad cow disease) in 2001, and later with
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the SARS, MERS and other avian epidemics since 2003.
The current epidemic is not exactly an “unexpected”
event that took the authorities by surprise. Scientists
and technicians of the state administration knew per-
fectly well that it could happen, and in a sense, they con-
sidered it an imminent possibility. On 11th March 2019,
La Repubblica, a major Italian newspaper, wrote: “It is
not a question of whether but of when (the pandemic)
will arrive. The Global Influenza Strategy is the newly
launched program to address risk. It has two objectives:
investing in research and improving surveillance and
intervention systems” [69].

The COVID epidemic has highlighted two other fun-
damental limits of healthcare organization in Italy:

1. Inadequate support to scientific research. For ye-
ars, Italian scientific research has received inadequate
funding compared to other countries in the European
Union, despite its high level and productivity (three ti-
mes that of Germany on a quarter of the funding). Four
months after the outbreak of COVID-19 and even now,
few resources (less than 20 million euro) have been allo-
cated for the scientific emergency related to COVID-19.

2. Shortfalls in Italian healthcare architecture. In
recent years the concept of medicine inherited from the
great Greco-Roman and Christian tradition has been
demeaned. Hospitals, once known as Hoétels de Dieu,
have become Business Companies for Health (Azienda
Sanitaria), where decisions are made and evaluated on
the basis of financial and management efficiency crite-
ria. This destroyed territorial (precinct) medicine, and
created multi-specialist centers of attraction, conceived
as all-inclusive healthcare terminals for entire macro-
regions. Territorial medical units enable better care and
management of patients in the home setting. They also
make technical and financial resources available for di-
versifying health services and their quality. In particular,
the need for more intensive care units had been known
since 2012, when the Monti government cut about 2/3 of
the beds. Sadly, nothing was done to remedy this shor-
tage and even in the first days of March nothing happe-
ned immediately. Another aspect is the gradual disap-
pearance, since the 9os, of the term “prevention” from
health managers’ vocabulary. The concept of prevention
flourished in the 70s and 80s to address complex issues
such as pathologies caused by environmental pollution,
occupational exposure, as well as degenerative (cancer)
and metabolic (obesity, diabetes) diseases. Sacrificing
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the paradigm of prevention meant underestimating the
risks of foreseeable new pandemics.

However, the COVID-19 outbreak offers an oppor-
tunity to rethink the health model of recent decades,
including the role played (or that should have been pla-
yed) by certain international organizations.

1. The European Union. The EU made disparate be-
lated decisions, and indeed shone for the lack of cohe-
rent measures. No meeting was organized to specifically
address the SARS-CoV-2 emergency, and the European
Commission’s constituent program was largely overlo-
oked, particularly in its capacity to cope with “emerging
global threats” [70].

2. Finally the WHO. The WHO is guilty of remai-
ning silent and underestimating the danger, as well as
covering China’s errors and delays. China’s behavior
has been ambiguous: we still do not know with certain-
ty when the epidemic broke out, how many deaths it
caused and where the virus originated. Certainly Chi-
nese research in the field of transgenesis and molecular
biology has long been the subject of attention due to its
ethical and safety implications. Over the years, Chinese
researchers have too easily circumvented safety rules
and ethical principles, in many cases incurring criticism
and criminal convictions, as in the case of Dr He [71].
The risks associated with the possibility of pandemics
related to inappropriate gene manipulation of viral and
bacterial strains have been the subject of many studies
[72]. For too long, “preparedness strategies for public-
health emergencies have been neglected, and commu-
nities remain ill equipped to face a sudden epidemic, let
alone a global pandemic. Perhaps the looming specter
of a potentially devastating pandemic will kill off this
false sense of security, and concentrate the minds and
budgets of both governments and research commu-
nities towards preventing another superbug scourge”
[73].

The real possibility that this scenario could materia-
lize calls for application of the precautionary principle,
in the spirit of the Cartagena Convention (1992). It is
still not too late to propose a moratorium on projects
of transgenesis and genetic modification of viruses and
potentially pathogenic bacteria.
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One of the major challenges of any historical science
is the role of forecasting. Biology is a historical science,
because organisms can only be understood in a tempo-
ral, phylogenetic and ontogenetic, perspective. In par-
ticular, the time of biology, and therefore of correlated
sciences (ecology etc.), is a time of change in the “spa-
ce of possibilities” (of “phases” as we say in physics, of
ecosystems and species in biology), punctuated by rare
events - evolutionary novelties, speciation. In physics,
the space (of phases) is fixed as “a priori” of knowledge,
as “condition of possibility” for “writing equations”, ex-
plain Newton and Kant: it a priori contains all possible
trajectories - unpredictability is within these trajectori-
es (the randomness of a die concerns six possibilities,
no more, no less). In biology, to physical randomness
is added the unpredictability of changes of the space
of possibilities and of rare events, to which one cannot
even assign probability values, see (Longo, 2020). The
historian of human affairs will recognize there elements
of his theorization, although, of course, symbolic cultu-
re, in all its forms, imposes an important change in the
tools of analysis.

Faced with the intrinsic unpredictability of the hi-
story of the living, should we remain silent? No, science
is not (or not only) the analytical game of “experience/
observation, theory, prediction, verification/ falsifi-
cation”, but first of all a construction of objectivity, or
even objects of knowledge, through difficult operations
of “carving-out” (separating/distinguishing) and “qua-
lification” of reality. This is how Darwinian theory of-
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fers us a remarkable historical theory of the living, of
“species”, a notion that is constantly being re-carved-
out and re-qualified. This theory does not allow us to
predict, but, by making us understand, it allows us to
act, if we assume the risk of relying on the best availa-
ble knowledge. We then decide to measure “biodiversi-
ty”, an admittedly arbitrary partition of species and life
forms, which is always open to discussion and revision;
to assess the impact of man on an ecosystem, a difficult
qualification of the consequences of activities that are
sometimes centuries old. We can also give ourselves a
measure of the notion of ‘epidemic’ and draw the histo-
rical diagram shown here (“The Evolution of the num-
ber of epidemics of infectious diseases in the world from
1950 to 20107).

Partial and revisable knowledge: is it enough to act?
Yes, it is. Since the 1990s, many epidemiologists have
been warning us: the notion of “epidemic of epidemics”
dates back to 1993 and this 2015 diagram shows it to
us (Fig.1). The reasons are well described in (Morand
and Figuié, 2015): some cases may be due to a synthetic
biology that claims to be all-powerful and let us believe
that we can fully control living organisms by modifying
(“editing”) their DNA/RNA, but more than 70% of the-
se emerging infectious diseases come from animals, at
new interfaces with the environment. Deforestation for
agricultural settlement accompanied by intensive live-
stock farming enables the passage of bacteria and viru-
ses from wild animals to livestock and then to humans.
None of these cases and microorganisms were indivi-
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dually predictable, and none will be in the future: they
and their causes are known a posteriori.

The self-serving denial of the history of life, of the
evolutionary construction of ecosystems, of their spe-
cificity and diversity, is the main cause of the activities
that destroy them. Often this denial finds its justifica-
tion in a new scientism, which erases science. On the
one hand, the spontaneity of the man/economy/nature
dynamics would choose the best possible path - a mi-
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suse of the mathematics for the equilibrium physics of
the 19th century. On the other hand, nature itself would
be an adjustable, even programmable machine, with
disposable material and biological “resources”. A new
awareness and a science of these phenomena is being
built, change is possible: the knowledge of a history,
as in the diagram above, and a vision of organisms in
their autonomy and their dependence on the ecosystem
make it possible to act.

Figure 2. Evolution du nombre d'épidémies de maladies
infectieuses dans le monde de 1950 a 2010.
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Abstract

Looking at the outbreak of SARS-CoV-2 and the global state of emergency imposed due to its pandemic spread, the necessity for
antiviral drugs to be immediately available is a priority for the scientific community. Considering that research and implementa-
tion of new antiviral therapies or vaccines usually take a long time, the World Health Organization (WHO) has proposed to use in
commerce drugs: in fact, repurposing drugs which are already accessible in large quantities is easier to fight against the virus, at
least during the first emergency phase. In this article, we discuss various mathematical models which simulate the action of anti-
viral drug therapies, such as neuraminidase inhibitors (NIs), for the treatment of H1N1 Influenza A virus, by using data collected
through in vitro and in vivo experiments. This constitutes a paradigmatic case of study for paving the way to a systematic investi-
gation of the effects of chloroquine and hydroxychloroquine as therapeutics in the treatment of SARS-CoV-2.
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1. Mathematical modeling of influenza:
a virus dynamics

(HCQ), have been already used with good results for
the treatment of malaria and also in some autoimmune
diseases, with the most common side effect being eye

Given the current lack of a vaccine for Severe Acute damage after heavy dosage and long-term administra-

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
the virus causing COVID-19, it is worthwhile evaluating
potential prophylactic or therapeutic effects of drugs
which are clinically approved for other indications.
Chloroquine, and its derivative hydroxychloroquine
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tion [5]. The precise mechanisms through which chlo-
roquine may act to attenuate SARS-CoV-2 infection are
of considerable interest, as this information could be
valuable for identifying new treatments, while waiting
for a vaccine.
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Chloroquine is a weak base which becomes entrap-
ped in membrane-enclosed low pH organelles, inter-
fering with their acidification [17]. Chloroquine ac-
cumulates in the digestive vacuole of infected cells, in
which the treatment leads to an increase of lysosomal
pH. Speculation on chloroquine-induced antiviral ef-
fects hence include inhibition of pH-dependent viral
fusion/replication and prevention of receptor binding
by viral envelope glycoproteins; chloroquine may also
inhibit virions assembly in endoplasmic reticulum Gol-
gi intermediate compartment (ERGIC). Moreover, due
to its potentiality in diminishing the expression of pro-
inflammatory factors and receptors, such as cytokines,
chloroquine has already been proposed in 2003 as tre-
atment for SARS [17], which is primarily responsible for
coronavirus-associated mortality.

It has been demonstrated that chloroquine is a
broad-spectrum inhibitor of nanoparticle endocytosis
by resident macrophages, since chloroquine decrea-
ses the accumulation of some synthetic nanoparticles
in cell lines [23, 16]. Indeed, mechanistic studies have
revealed that chloroquine reduces the expression of
phosphatidylinositol binding clathrin assembly protein
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(PICALM), which is a cargo-selecting clathrin adaptor
sensing and driving membrane curvature, thereby regu-
lating the rate of endocytosis [14]. If PICALM runs out,
then the clathrin-mediated endocytosis, which is a pre-
dominant pathway for synthetic nanoparticle internali-
zation, is inhibited. Furthermore, chloroquine is known
to prevent lysosome acidification, which is likely to in-
terfere with upstream endocytic trafficking, causing a
‘traffic jam’ scenario that blocks effective transport of
cargo to and from the cell membrane [23, 16].

It has been shown that SARS-CoV-2 falls within the
same size range (60-140 nm) and shape (spherical) as
commonly studied synthetic nanoparticles [24], which
are typically sensible to chloroquine action [16, 9]. The-
refore, one of the mechanisms responsible for chloro-
quine-mediated effects against SARS-CoV-2 could be a
general decrease in the ability of cells to perform en-
docytosis. Moreover, previous studies for SARS-CoV-1
infection [10, 22] are possibly useful also for SARS-
CoV-2, since these two viruses might employ similar
angiotensin-converting enzyme 2 (ACE2) mediated
mechanisms of cell entry. Even if chloroquine mecha-
nism of lysosome acidification is likely to interfere with

Viral genome

membrane

Cell membrane

Interior of human cell

Figure 1: SARS-CoV-2 enters human cells using spike proteins as a bridge between viral envelope and cell membrane — www.perioimplan-
tadvisory.com/periodontics/oral-medicine-anesthetics-and-oral-systemic-connection/article/14173521/covid19-and-the-problem-with-dental-

aerosols.
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the action of membrane receptors, previous studies
have revealed that chloroquine has therapeutic activi-
ty against SARS-CoV in cell culture but does not alter
cell-surface levels of ACE2 [20]. Additionally, it has
been proven that therapeutic doses of chloroquine do
not substantially change the biosynthesis or glycosyla-
tion of the SARS-CoV spike glycoprotein [20], which is
fundamental for virus entry into cells. On the contrary,
this antiviral might have an important role in preven-
ting the entry of virions in cells. Indeed, lysosomal aci-
dification is responsible of a conformational change in
the spike protein, bridging the viral envelope and the
endosomal membrane together to enable fusion; thus,
chloroquine-induced inhibition of endosomal acidifica-
tion is likely to alter this fusion event, stalling the virus
in endosomes (see Figure 1).

However, the use of chloroquine has some serious
limitations, because part of its pharmacokinetics re-
mains unknown, and its real efficacy is still not well de-
fined [9, 19, 4].

As paradigmatic case of study, we discuss a ma-
thematical model which illustrates the action of neu-
raminidase inhibitors (NIs), such as Zanamivir, for
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the treatment of HiN1 Influenza A virus, according to
the results by Baccam et al. [1]. This model has been
introduced to analyze the virus kinetics in the upper
respiratory tracts of infected adults, by focusing on the
importance of immune response to better fit with avai-
lable experimental data. When we do not consider the
application of antiviral treatments, the so-called tar-
get cell-limited model with eclipse phase is given by
the following ordinary differential equations:

¢ dT
— = _BTV
dt p
dI
L =BTV — kI
dt o
dl,
=2 — kI, — 6I
dt 1 2
dv
L E :pIQ —cV

where T is the number of uninfected target cells, I is
the number of infected cells not yet producing virus
(i.e. in the eclipse phase), I, is the number of infected
cells actively producing virus, and V denotes the in-
fectious-viral titer expressed in TCID50/ml of nasal

Vo I} k
patient | TCID50/ml | d=!(TCID50/ml)~! | d~!
1 4.3 x 1072 4.9 x 107° 3.9
2 3.1 x 1077 1.1 x 10-3 2.0
3 7.0 x 1071 1.7 x 10~4 4.9
4 4.9 5.3 x 10~ 4.0
5 1.7 2.7 x 1076 6.0
6 2.4 8.4 x 10~ 4.4
P c )
patient | d=! | d='TCID50/ml | d—! Ry
1 4.2 2.8 x 1072 43 | 304
2 109 | 2.1 x 1072 11.0 | 77.1
3 2.3 3.0x 1073 2.2 | 40.3
4 3.8 1.3 x 107! 3.8 | 19.1
5 135 | 5.9x1071 13.5 | 3.5
6 3.8 7.1 x 1072 3.7 | 17.0

Table 1: Patient-specific best-fit parameter values for the target cell-limited model (1) as found in [1].
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Figure 2: Viral titer in TCID50/ml of nasal wash and fraction of target cells remaining over the course of infection (8 days) in six different pa-
tients, corresponding to the experimental data in Table 1.
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Treatment with antiviral drugs

Figure 3: Course of Influenza A virus infection with and without the neuraminidase inhibitor Zanamivir administrated intranasally. The pre-
dicted virus titer dynamics from model (1) is shown for the placebo group (blue), the delayed-treatment group (light blue), the early-treatment
group (green) and the preventive-treatment group (red). The horizontal magenta line marks the experimental limit of detection for the viral titer.
We take the initial data for the green curve at time 1:2 of the placebo group and for the light blue curve at time 2.08 of the placebo group, together
with 0.03 x p as virus production rate (that is because we suppose an instantaneous change of p value due to the antiviral administration with
respect to previous placebo patients, and the system (1) is actually time-autonomous).

wash. The parameter  represents the constant rate
characterizing the infection of target cells, which beco-
me infected cells in the eclipse phase (I)), successively
transforming into cells which actively produce virus
(I,) with an average transition time 1/k. In turn, these
cells increase the viral titer (V) by releasing virions at
an average rate p (per cell), and die at a rate 6 (per
cell), thus 1/6 is the average life span of a productively
infected cell. Instead, free virus is cleared at a rate of
c per day.

We point out that separation of the infected cells
into two populations increases the realism of the mo-
del, because delays in the production of virus after the
time of initial infection are part of the viral life cycle.
Furthermore, to be more focused on the process of
cells decrease by the virus infection, the model (1) ne-
glects target cells proliferation and natural death, sin-
ce the infection typically exhibits a shorter timescale.

For the model (1), it is possible to compute the ba-
sic reproduction number R as the average number of
second-generation infections produced by a single in-
fected cell initially placed in a population of entirely
susceptible cells [1, 2, 4], namely
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where T is the number of target cells available at the

starting time of the infection. If R > 1, then an infec-
tion can actually be established and it expands expo-

Ry (2)

nentially according to this value, whereas it rapidly
disappears if R < 1.

We propose different simulations performed by ex-
ploiting the parameters in [1] (see Table 1). The initial
number of target cells is assumed to be T, = 4 x 108,
which is an estimate of the number of units in the upper
respiratory tract, while the experimental data for I, and
I, are initially fixed to zero. The geometric average of R
values for the six patients in Table 1 is 21.8, suggesting
that an initial infection spreads rapidly and would be
difficult to extinguish.

Figure 2 shows that, near the viral titer peak, a ma-
jority of target cells has been eliminated in most of the
cases. While this would seem to exclude the possibility
of the infection lasting as late as 6/8 days, these simula-
tions also suggest that, despite the few remaining target
cells past the viral peak, the model can indeed sustain
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infection during the predicted days (refer to the graph
related to the fifth patient, for example).

Now, we briefly consider the model (1) with the usa-
ge of an antiviral drug therapy (more details are provi-
ded in Section 2). The rather large values of R_ in Table
1 indicate that antiviral treatments need to be supplied
before or very early after the infection outbreak. Thus,
we focus on the clinical application with neuraminidase
inhibitors (NIs) such as Zanamivir as done in [1], which
are administrated at three different viral stages, in or-
der to report the effects of both prophylactic and antivi-
ral treatment. Since NIs prevent new virions from bud-
ding off an infected cell, their use is incorporated into
the model (1) by reducing the viral production rate (p),
and thus the corresponding basic reproduction number
(2). Comparing the results of these new simulations
with experimental data in [8], reasonable agreement is
obtained when a reduction of viral production p of 97%
is set [1].

Figure 3 shows the simulation outcomes according
to this change in the values of p. The other parameters
describing the infection without therapy are V_ = 0.25
TCID50/ml, B = 1.4x102d"Y(TCID50/ml)*, k = 3.2d7,
6 = 3.2d, p = 2.7x10% d'TCId50/ml, ¢ =3.2 d, and
these values are hold constant except for p, which is
then set to 0.03 x p from the time of drug administra-
tion onwards. We compare four different trends in or-
der to express changes in the viral titer: one describes
the course of infection in the absence of NIs therapy,
whilst the others include the usage of NIs at different
stages, more precisely 0, 1.2 and 2.08 (days) after the
beginning of infection (referring to the preventive-tre-
atment group, the early-treatment group and the de-
layed-treatment group, respectively). In all cases, the
virus is predicted to be cleared before an infection can
become established, consistently with clinical results
in [8]. Thus, treatment of Influenza A virus infection
with NIs should reduce the period of symptomatic di-
sease and, furthermore, prophylactic usage with a hi-
ghly effective NI is predicted to prevent infection.

Another model considered in [1] takes account of
the infected cells as a unique population, instead of di-
viding them into two different subpopulations I, and
I, thus also reducing the number of experimental pa-
rameters. This representation does not contemplate
the delay in viral production (eclipse phase), which

120

Organisms

COVID-19 Calls for Mathematics, Part 1:
Neuraminidase Inhibitors, Chloroquine and Hydroxychloroquine

SAPTENZA

/ UNIVERSITA DI ROMA

actually makes the model (1) more realistic. We point
out that the effects of immune response are not expli-
citly described in the simple model (1), but they are
implicitly included through the death rate of infected
cells (6) and the clearance rate of virus (c). Thus, the
infection resolution is a direct consequence of the tar-
get cells limitation. However, clinical reports from
immunocompromised humans who shed Influenza A
virus for prolonged periods suggest that the immune
response plays a crucial role in clearing the infection,
or at least in preventing it from becoming chronic and
potentially lethal. Hence, we also make reference to re-
levant modifications of the model (1) which include the
innate immune response component [1], or both the
innate and adaptive ones [6, 7, 15].

Another variation of the model (1) is proposed in
[1] by implementing the following delay differential
equation:

Cil—};:slg(t—T)—aF, (3)

in order to incorporate the important role played for the
Influenza A virus infection by the interferons (IFN), a
group of signaling proteins released by the host cells in
response to the presence of various viruses. Therefore,
it is assumed that IFNs are secreted from virus-produ-
cing cells (1,) at a rate s (per cell), but starting 7 time
units after cells begin producing virus; moreover, this
amount is proportional to that made collectively by in-
fected cells, monocytes, macrophages and plasmacytoid
dendritic cells. The constant parameter a represents the
loss rate of IFNs, either by binding to cellular IFN re-
ceptors or through degradation.

This modification allows to explain the emergence
in some patients of two virus titer peaks, which were
absent in the simulations of the original model (see
Figure 2). The bimodal virus titer curves are a pheno-
menon already observed in several studies [11, 12, 13],
either using the average virus titer of patients involved
or taking the individual value for each patient (in this
last case, the bimodal virus titer was present in about
half of the patients). In fact, the bimodal virus titer cur-
ves in Figure 4 have been obtained by numerically si-
mulating the model in [15], which includes the innate
response as the interaction between IFNs and the target
cells, and the immune response through the action of
Natural Killer cells, always activated by the IFNs. In-
deed, because of the presence of IFNs, the uninfected
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target cell count decreases, since the cells become re-
fractory to infection, whereas the Natural Killer cells
induce cytolysis of infected epithelial cells. In this case,
the bimodal characteristic of the virus titer curves could
be due to the IFNs dynamics, which peaks shortly after
the first viral peak, and then decreases rapidly, so that
the second viral titer peak can be explained by the loss
of the IFN-induced antiviral effect.

Nevertheless, the model (1) together with equation (3)
is affected by some limitations, especially for the larger
number of parameters compared to the lower amount of
experimental data available for human influenza infec-
tions. On the contrary, studies on animals usually pro-
vide more data. The availability of additional data for
immunocompromised animals, as well as data for dead
cells and immune response components, has allowed to
make further progress in discriminating between diffe-
rent possible models for the infection dynamics [7, 15].
These studies conclude that both an innate and an adap-
tive immune response component is required to properly
describe the infection dynamics and, therefore, to provi-
de an adequate explanation of the observed data.

2. Numerical simulation of the effects
of antiviral treatments

In that context, we consider the presence of antivi-
rals, such as chloroquine or hydroxychloroquine.

Let & be the effectiveness of administrated drug
and, according to [4] (see also the supplementary in-
formation), assume that antivirals with an effectiveness
€ work in reducing the basic reproduction number R
computed in (2) by a factor (1 - ). This hypothesis can
be included into the model (1) by modifying either 8 or p
to obtain the following ordinary differential equations:

— = —(1-¢)B8T
I
% = (1—¢e)BTV — kI
<d12 4)
—2 — kI, — 61
dt kl 52
av
= =pl, —
(| g ~Pl2=<V

and
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(dT
dt
dI,
2L BTV — kI
@ PV !

< (5)
dl, 5
22 _ kI — 6T

dt 1 2

av
\ dt

— BTV

=(1—-¢e)ply —cV

In order to promote an effective choice between
the models (4) and (5), we have numerically simula-
ted both systems to compare their solutions to that
of the original model (1). As a matter of fact, the pre-
sence of the reducing factor (1 - €) has a more signifi-
cant impact on the dynamics of system (5), as shown
in Figure 7, since a decrease of the viral load peak can
be clearly observed with respect to Figure 5 and Figu-
re 6. On the contrary, reducing the infection rate 8 by
the factor (1 - €) does not produce any relevant effect
on the overall dynamics, and there is a complete coin-
cidence of the numerical simulations of the models (1)
and (4), as shown in Figure 5 and Figure 6, respecti-
vely. This particular behavior might be explained by
the fact that the parameter § appears inside the equa-
tions always multiplied by the variable T, which from
an initial value T, of the order of 10® (refer to Section 2)
drops rapidly toward zero (in an extremely short time),
thus making the effect of the infection rate f negligible
as soon as T vanishes From a mathematical point of
view, the initial datum T, plays the role of a stiffness
parameter for the model (1) and its variants (4) and (5),
leading to the appearance of fast-slow dynamics usual
ly reported for multiscale nonlinear processes [18].

Then, we focus our attention on the effectiveness
¢ of antivirals, by studying how this factor eventually
changes with time. Following the hypothesis made by
Goncgalves et al. [4], we assume that the effectiveness of
a treatment, at some time t after its administration has
begun, is related to the plasma total drug concentration
C through the empirical law given by

C(t)

where EC_ is the drug concentration typically requi-
red to produce 50% of its maximal effect during a gi-
ven time interval. This is an intrinsic PharmacoKinetics
(PK) drug property, representing the drug’s generic po
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Figure 5: Target cell-limited model (1) without antiviral effects.
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Figure 6: Target cell-limited model (4) with the reducing factor (1-¢€) to simulate antiviral effects on the infection
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Figure 7: Target cell-limited model (5) with the reducing factor(1-€) to simulate antiviral effects on the viral
production p.
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Figure 8: Simulation with hydroxychloroquine administrated 2 days after the infection outbreak.
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Figure 9: Simulation with hydroxychloroquine administrated 1 day after the infection outbreak.
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Figure 10: Simulation with hydroxychloroquine administrated at the infection outbreak.
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Figure 4: Simulation of viral titer double peaks obtained by using the
target cell-limited model with IFNs action proposed in [15] (this model
with differential delay does not consider the eclipse phase of infected
cells). The graphs illustrate the viral titer curve (red) with two peaks

and the INF dynamics (blue) during the course of the infection.

tency: among drugs which have effect on the same re-
ceptor system, the ones with lower values of EC_ are
more powerful.

More specifically for chloroquine and hydroxych-
loroquine, experimental results from in vitro studies
have proven that both have good antiviral activity [17,
20, 5]. In particular, it has been found in [21] that they
are able to decrease the viral replication depending on
their concentration, and therefore we can assert that the
expression in (6) correctly describes this phenomenon,
because the decrease of viral replication is e-dependent
and ¢ is itself concentration-dependent. Once a ma-
thematical model of viral dynamics has been fitted to
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experimental data, we can combine the estimates of vi-
ral replication parameters with the specific properties
of the drug candidates, in order to formulate possible
conclusions regarding the effects of the treatments for
various dosing regimens [4]. For that issue, we consider
the EC_ value of the drugs under investigations during
various time intervals. According to [21], the EC50 va-
lues for chloroquine are 23.90 uM and 5:47 uM at 24
hours and 48 hours after the administration, respecti-
vely; on the other hand, the EC_| values for hydroxych-
loroquine are 6.14 uM and 0.72 uM at 24 hours and 48
hours after the administration, respectively. Hence, we
conclude that hydroxychloroquine exhibits a superior
in vitro antiviral effect in comparison to chloroquine
and, from now on, we consider only results concerning
the treatment based on hydroxychloroquine. For the ex-
perimental setting, following the approach by Gongal-
ves et al. [4], we take into account published data from
four different Singapore hospitals, to run and examine
several simulations concerning hydroxychloroquine ef-
ficiency. The patients from the trial group (13 patients)
were hospitalized, on average, 3 days after the onset of
symptoms (range of the real data: 1-10 days) and had
not yet started any treatment. Adopting the real time
Reverse Transcription Polymerase Chain Reaction (RT
PCR) technique, viral loads in nasopharyngeal swabs,
to which patients have been tested, were measured
at multiple time points. The observed data showed
a peak of viral load at 5 days after the onset of sym-
ptoms, on average (range of the real data: 2-27 days).

As the parameter values of our simulations, we assu-
me the initial target cell concentration to be 1.33 x 107
cells/ml distributed over 30 ml of nasopharyngeal volu-
me, which gives a total number T = 4 x 10® of nasopha-
ryngeal target cells. Following previous models of viral
infection [2], we consider the clearance rate of virus as
¢ = 5 d* and virions are supposed to be released from
infected cells (I,) at rate p = 10 d"'. When data availabi-
lity is limited to the viral loads, not all parameters can
be estimated. For this reason, several values of k were
tested in [4], recalling that all the data from Computed
Tomography (CT) were reported into a log  scale, since
this transformation does not change the quality of the
parameters to be identied. The values {k , k,, ks}- = {1,
3, 5} d* provide good fitting of the model, therefore we
use the estimates deduced from them for the remaining
parameters (refer to [4] for supplemental information).
In particular, we choose the death rate of productively
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infected cells as {61, 62, 63} = {0.55, 0.51, 0.52} d* (con-
sequently, the average life span is about 1.88, 1.96 and
1.92 days, respectively) and the (normalized) infection
rate as {01, B2, 3} = {0.867, 0.379, 0.302}. For each
set of different parameters, we calculate the basic re-
production number R, which is found to take the values
27.1, 12.8 and 10.0, respectively. The mean antiviral ef-
fectiveness of a drug in seven days of treatment is given
by the integral formula, namely

C(t)
Cl) + BCy @

Concerning the COVID-19, the characteristic va-
lue of €is about 33% for the hydroxychloroquine [4],
and we used this value as parameter € in our nume-
rical simulations. We analyze how the hydroxychlo-
roquine treatment affects the viral load peak when
the drug is administrated at different times after the
infection outbreak, with the set of parameters rela-
ted to k = 1.

All the figures show an early viral load peak fol-
lowed by a progressive decrease of the virions. Ac-
cording to the experimental data, the value of this
peak without any treatment is about 3.8 x 108 and it
occurs about 36 hours after the infection outbreak
(dashed line).

The action of hydroxychloroquine reduces the vi-
ral load in different ways, depending on when the tre-
atment is administrated: for instance, providing the
hydroxychloroquine 2 days after the infection outbre-
ak helps the abatement of the viral load, but it does
not have any effect on the peak intensity (see Figure
8). Instead, initializing the treatment 1 day after the
infection outbreak reduces the viral load peak to about
3.4 x 108 (see Figure 9). Finally, we observe the most
signicant effect when the hydroxychloroquine is admi-
nistrated immediately at the infection outbreak, and
in this case the peak value decreases to about 2.5 x 108
(see Figure 10).

We deduce from these results that hydroxychloro-
quine does not have relevant antiviral effects if admi-
nistrated more than 2 days after the infection outbreak.
Indeed, it is advisable to initialize the treatment earlier,
sometimes as a prophylactic agent to decrease the viral
load peak, thus attenuating the viral replication and mi-
tigating the disease progression, even if it could be not a
complete protection.
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However, it is worthwhile noticing that the correc-
tion by the factor (1-¢) of parameter p modifies only
the behavior of the variable V, while leaving comple-
tely unchanged the others. This is justied by observing
that parameter p is present only in the last equation
of the model (1) and its variants, and then V appears
in the first two equations, but always multiplied by the
variable T which, as already explained, rapidly goes to
zero (in almost an infinitesimal time). Following a pu-
rely qualitative approach, we simplify the model (5) by
considering T(0) = o (hence T(t) = 0 is a stable solu-
tion to the first equation), and we solve the remaining
(triangular) system, for I (0) # 0 in order to initialize
the dynamics, together with I,(0) = 0 and V(0) # o, so
that we obtain the following explicit solution:

( Il(t) = Il(O) e_kt
b(t) = H(0) 2™ — )
V(t)=V(0)e (8)
k (1 E)p —ot —ct
RO 5 )
\ _Il(o)c—k.(lk 55)1’( ot 4 ¢ kt)

Therefore, the parameter p and its reducing factor
(1 - &) determine only the dynamics of the variable V
from (8), and the difference between the numerical si-
mulations with or without the hydroxychloroquine ef-
fects is observable only in the behavior of V.

In conclusion, we have to point out that our model
is not really predictive: indeed, the simulations above
show the viral peak already after 1 - 2 days, differen-
tly from the average period of 5 days actually observed
for the 13 patients analyzed in [4]. In order to become
more realistic, an agreement is necessary on both the
parameters to be used and their appropriate estimate
to be inserted into the numerical algorithm, because the
models presented in this article are highly unstable with
respect to the initial data. Rigorous studies on these
aspects are still under development, as well as those re-
lated to hydroxychloroquine and its experimentation as
a medicinal product for the SARS-CoV-2 virus. In fact,
all these qualitative results are valid under the hypothe-
sis that the treatments act according to the modeling
assumptions, we seems not to unanimously confirmed
by recent studies [3, 21].



Organisms

Acknowledgments

The authors thank the Department of Mathematics
G. Castelnuovo, Sapienza University of Rome, for ha-
ving hosted the electronic workshop “COVID-19 calls
for Mathematics” wwwi.mat.uniromazi.it/ricerca/ con-
vegni/2020/COVIDchiamaMAT — which has motivated
this project. This project is partially supported by the
French government, managed by the ANR under the
UCA JEDI Investments for the Future project, reference
no. ANR-15-IDEX-01.

References

1. Baccam, P, Beauchemin, C, Macken, CA, Hayden,
FG & Perelson, AS 2006, “Kinetics of influenza A
virus infection in humans”, Journal of Virology,
vol. 80, no. 15, pp. 7590-7599.

2. Best, K, Guedj, J, Madelain, V, de Lamballerie,
X, Lim, SY, Osuna CE, Whitney JB & Perelson
AS 2017, “Zika plasma viral dynamics in nonhu-
man primates provides insights into early infec-
tion and antiviral strategies”, Proceedings of the
National Academy of Sciences, vol. 114, no. 33,
pp. 8847-8852.

3. Geleris, J, Sun, Y, Platt, J, Zucker, J, Baldwin,
M, Hripcsak, G, Labella, A, Manson, D, Kubin,
C, Barr, RG, Sobieszczyk, ME & Schluger, NW
“Observational study of hydroxychloroquine in
hospitalized patients with Covid-19”, The New
England Journal of Medicine, preprint www.
nejm.org/doi/full/10.1056/NEJMoa201241010.
1056/NEJMoa2012410

4. Goncgalves, A, Bertrand, J, Ke, R, Comets, E, de
Lamballerie, X, Malvy, D, Pizzorno, A, Terrier, O,
Calatrava, MR, Mentre, F, Smith, P, Perelson, AS
& Guedj, J, 2020, “Timing of antiviral treatment
initiation is critical to reduce SARS-Cov-2 viral
load”, medRxiv preprint http://doi.org/10.1101/
2020.04.04.20047886v1

5. Haladyj, E, Sikora, M, Felis-Giemza, A & Ole-
sinska, M, 2018, “Antimalarials: are they effective
and safe in rheumatic diseases?”, Reumatologia,
56 (3): 164-173.

6. Handel, A, Longini, I Jr & Antia, R 2007, “Neura-
minidase inhibitor resistance in influenza: asses-
sing the danger of its generation and spread”,
PLoS Computational Biology, vol. 3, no. 12, pp.
2456-2464.

7. Handel, A, Longini, I Jr & Antia, R 2010, “Towards
a quantitative understanding of the within-host
dynamics of influenza A infections”, Journal of

126
Organisms

COVID-19 Calls for Mathematics, Part 1:
Neuraminidase Inhibitors, Chloroquine and Hydroxychloroquine

) SAPIENZA

Y  UNIVERSITA DI ROMA

the Royal Society Interface, vol. 7, no. 42, pp.
35-47.

8. Hayden, FG, Treanor, JJ, Betts, RF, Lobo, M,
Esinhart, J.D. & Hussey E.K. 1996, “Safety and
efficacy of the neuraminidase inhibitor GG167 in
experimental human influenza”, Journal of Ame-
rican Medical Association, vol. 275, no. 4, pp.
295-299.

9. Hu, TY, Frieman, M & Wolfram, J 2020, “Insights
from nanomedicine into chloroquine efficacy
against COVID-19”, Nature Nanotechnology, vol.
15, pPp- 247-249.

10.Inoue, Y, Tanaka, N, Tanaka, Y, Inoue, S, Morita,
K, Zhuang, M, Hattori, T & Sugamura, K 2007,
“Clathrin-dependent entry of Severe Acute Respi-
ratory Syndrome Coronavirus into target cells
expressing ACE2 with the cytoplasmic tail dele-
ted”, Journal of Virology, vol. 81, no. 16, pp.
8722-87209.

11. Jao, RL, Wheelock, EF & Jackson, GG 1970, “Pro-
duction of interferon in volunteers infected with
Asian influenza”, Journal of Infectious Diseases,
vol. 121, no. 4, pp. 419-426.

12. Murphy, BR, Chanock, RM, Douglas, RG, Betts,
RF, Waterman, DH, Holley Jr, HP, Hoover, DL,
Suwangool, S, Nalin, DR & Levine, MM198o0,
“Temperature-sensitive mutants of influenza A
virus: evaluation of thevAlaska/77-ts- 1A2 tempe-
rature-sensitive recombinant virus in seronega-
tive adult volunteers”, Archives of Virology, vol.
65, no. 2, pp. 169-173.

13. Murphy, BR, Rennels, MB, Douglas Jr, RG, Betts,
RF, Couch, RB, Cate, TR,WC, Chanock, RM, Ken-
dal, AP, Maassab, HF, Suwanagool, S, Sotman,
SB, Cisneros, LA, Anthony, Nalin, DR & Levine,
MM 1980, “Evaluation of influenza A/Hong
Kong/123/77 (HiN1) ts-1A2 and cold adapted
recombinant viruses in seronegative adult volun-
teers”, Infection and Immunity, vol. 29, no. 2, pp.
348-355.

14. Miller, SE, Mathiasen, S, Bright, NA, Pierre, F,
Kelly, BT, Kladt, N, Schauss, A, Merrifield, CJ,
Stamou, D., Honing, S & Owen, DJ 2015, “CALM
regulates clathrin-coated vesicle size and matu-
ration by directly sensing and driving membrane
curvature”, Developmental Cell, vol. 33, no. 2, pp.
163-175.

15. Pawelek, KA, Huynh, GT, Quinlivan, M, Culli-
nane, A, Rong, L & Perelson, AS 2012, “Modeling
within-host dynamics of Influenza virus infection
including immune responses”, PLoS Computatio-
nal Biology, vol. 8, no. 6, e1002588.

16. Pelt, J, Busatto, S, Ferrari, M, Thompson, EA,
Mody, K & Wolfram, J 2018, “Chloroquine and
nanoparticle drug delivery: a promising combina-



] COVID-19 Calls for Mathematics, Part 1: 2
Organlsms Neuraminidase Inhibitors, Chloroquine and Hydroxychloroquine A USNQFI»?SLEN{%Q

tion”, Pharmacology and Therapeutics, vol. 191,
PP- 43-49.

17. Savarino, A, Boelaert, JR, Cassone, A, Majori, G
& Cauda, R 2003, “Effects of chloroquine on viral
infections: an old drug against today’s disease?”,
Lancet Infect. Dis., vol. 3, no.11, pp. 722-727.

18. Smith, AM, Adler, FR & Perelson, AS 2010, “An
accurate two-phase approximate solution to an
acute viral infection model”, Journal of Mathe-
matical Biology, vol. 60, no. 5, 711-726.

19. Tarek, M & Savarino, A 2020, “Pharmacokine-
tic bases of the hydroxychloroquine response in
COVID-19: implcations for therapy and preven-
tion”, medRxiv preprint https://doi.org/10.1101/
2020.04.23.20076471v1

20. Vincent, MJ, Bergeron, E, Benjannet, S, Bobbie,
RE, Rollin, PE, Ksiazek, TG, Seidah, NG & Nichol,
ST 2005, “Chloroquine is a potential inhibitor of
SARS coronavirus infection and spread”, Viro-
logy Journal, vol. 2, no. 69.

21. Yao, X, Ye, F, Zhang, M, Cui, C, Huang, B, Niu,
P, Liu, X, Zhao, L, Dong, E, Song, C, Zhan, S, Lu,
R, Li, H, Tan, W & Liu, D 2020, “In vitro anti-
viral activity and projection of optimized dosing
design of hydroxychloroquine for the treatment
of Severe Acute Respiratory Syndrome Corona-
virus2 (SARS-CoV-2)”, Clinical Infectious Disea-
ses, https://doi.org/10.1093/cid/ciaa237.

22. Wang, H, Yang, P, Liu, K, Guo, F, Zhang, Y, Zhang,
G & Jiang, C 2008, “SARS coronavirus entry into
host cells through a novel clathrin and caveolae-
independent endocytic pathway”, Cell Research,
vol. 18, no. 2, pp. 290-301.

23. Wolfram, J, Nizzero, S, Liu, H, Li, F, Zhang, G,
Li, Z, Shen, H, Blanco, E & Ferrari, M 2017, “A
chloroquine-induced macrophage preconditio-
ning strategy for improved nanodelivery”, Scien-
tific Reports, vol. 7, no. 1, 13738.

24. Wolfram, J & Ferrari, M 2019, “Clinical Cancer
Nanomedicine”, Nano Today, vol. 25, pp. 85-98.

127
Organisms



SAPTENZA

UNIVERSITA DI ROMA

Organisms

Special Issue: Sars-CoV-2 Epidemic

Vol. 4, No. 1 (2020)

ISSN: 2532-5876

Open access journal licensed under CC-BY
DOI: 10.13133/2532-5876/16969

COVID-19 Calls for Mathematics, Part 2:
Interleukin IL-6 and Myo-Inositol,
Suicide-substrate Enzyme Inhibitors

Paolo Bernuzzi®, Rachele Esposito®, Corrado Mascia**, Alessandra Massimi¢, Francesca Pallicca?, Alessio Sanna®

and Chiara Simeont®

@ Dipartimento di Mathematica, G. Castelnuovo, Sapienza Universita di Roma

b Laboratoire de Mathématiques, J.A. Dieudonné CNRS UMR 7351, Université Cote d’Azur, Parc Valrose, 06108 Nice Cedex 2, France

*Corresponding authors: Corrado Mascia, corrado.mascia@uniromat.it, Chiara Simeoni, chiara.simeoni@univ-cotedazur.fr

Abstract

Interleukin IL-6 is a cytokine produced in response to various types of damage (infections, tissue injuries, autoimmune diseases,
etc.) whose action contributes to host defense through stimulation of acute phase responses and immune reactions. However,
experimental data show that high concentration levels of interleukin IL-6, and the subsequent inflammatory cascade induced into
the organisms, could lead to several complications, such as organs progressive deterioration. The abnormal release of interleukin
IL-6 is also a consequence of SARS-CoV-2 virus contagion, usually causing interstitial pneumonia and respiratory failure, which
appear to be the source of decease in most of patients. Tocilizumab and myo-Inositol are two possible remedies proposed in the
clinical literature to contrast the uncontrolled synthesis of interleukin IL-6, although the former exhibits non negligible collateral
effects, differently from the latter. For this reason, the mathematical investigation of myo-Inositol interaction with other relevant
substances involved in the SARS-CoV-2 could support the bio-medical research in determining, the optimal doses and adminis-
tration timing necessary to minimize damages, in order to support the clinical results. The preliminaries of this approach are the
subject of this article.

Moreover, because a vaccine against the SARS-CoV-2 virus will not be available shortly, we consider another possible phar-
macological strategy to contrast its activity. There exist several candidate medicines which may inhibit infection and replication of
SARS-CoV-2, and we focus our attention on the process of enzymatic inhibition through mechanism-based enzyme inactivators.
The so-called suicide-substrate strategies constitute a fascinating area of interdisciplinary research. We explain the procedure to
represent mathematically how a hypothetical drug would act to inhibit the essential enzymes used by the SARS-CoV-2 virus to
replicate and spread.

Considering the biological aspects and the mathematical applications presented in this article, the more relevant questions
which arise are: 1) does the design of these drugs deserve a more detailed investigation? Could they be a viable alternative to the
strategy of massive vaccine campaign against the SARS-CoV-2 virus?

Keywords: SARS-CoV-2, interleukin IL-6, anti-inflammatory mediators, enzymatic inhibition, suicide substrates, mathematical
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experimental data
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1. Interleukin IL-6 and myo-Inositol

As the outbreak of SARS-CoV-2 spreads around the
world, it is noted that most of the deceases attributed
to the virus are actually caused by its consequent Acu-
te Distress Respiratory Syndrome (ARDS). Comparing
the present situation to other coronavirus infections, it
seems possible that a deregulated response from cyto-
kines constitutes the principal cause of this respiratory
failure. Indeed, patients with severe SARS-CoV-2 typi-
cally display a cytokine storm syndrome, unleashed by
CD4 T lymphocytes which become activated as T hel-
per-1 cells [4]. The lungs are infiltrated by inflammato-
ry cells, such as lymphocytes, and examinations on pa-
tients in critical condition show diffuse alveolar damage
with exudates [34]. This also produces disruption in the
interstitium and in crosstalk between cells, endange-
ring oxygen exchanges. In fact, from previous studies
on pathogenic coronavirus epidemics [6], the exube-
rant immune response by cytokines is known to induce
apoptosis in both endothelial and epithelial cells, thus
causing vascular leakage and alveolar oedema, ultima-
tely resulting in hypoxia.

Particularly, the cytokine which seems to play a cen-
tral role is interleukin IL-6, mainly because during cyto-
kine storms the amount of other inflammatory cytokines
is not comparable to the major boost observed in IL-6
production. It is thought that this pathological increase
in IL-6 levels may be determined by the altered balance
between Regnase-1 and Aridsa proteins in post-tran-
scriptional modification of the IL-6 mRNA, and some
studies indicate that Aridsa predominance over ribonu-
clease Regnase-1 promotes inflammatory processes [14,
25]. Furthermore, most patients incurring in respirato-
ry failure are already affected by unfavorable medical
conditions, such as hypertension, cardiovascular disor-
ders and cancer, also associated with IL-6 high levels
[10, 19], whose release can be exacerbated by the virus:
as a matter of fact, these are the patients who demon-
strate an adverse clinical outcome after hospitalization.

Everything thus far suggests that, in order to block
the inflammatory storm, it is necessary to down-regula-
te specific cytokines, both by decreasing the rate of their
production and increasing the rate of their destruction,
and some promising clinical trials with tocilizumab, an
IL-6 receptor inhibitor, have shown a significant impro-
vement in patients clinical outcome [25, 1, 28]. Tocilizu-
mab is a humanized anti-IL-6 receptor antibody which
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blocks IL-6-mediated signal transduction by inhibiting
IL-6 binding to transmembrane of the soluble IL-6 re-
ceptor (refer to Figure 4). However, as interleukin IL-6
plays an important role in both innate and adaptive im-
mune response, clinical studies also revealed the insur-
gence of infections due to the use of IL-6 inhibitors [17].

As suggested by Bizzarri et al. [4], a valuable alterna-
tive to tocilizumab is provided by myo-Inositol, a natu-
rally occurring polyol which has been proven to reduce
IL-6 levels and to mitigate the inflammatory cascade,
interestingly without peculiar side effects. Among the
arguments for promoting the myo-Inositol as a possible
remedy to IL-6-induced damages, its application for the
treatment of Respiratory Distress Syndrome (RDS) in
the newborn [11] and the beneficial effect against lung
cancer [9] support its experimental administration in
the combined treatment of other diseases of the upper
and lower respiratory system, thus opening new per-
spectives for the case of SARS-CoV-2.

Mathematical modeling can considerably improve
the understanding of endogenous mechanisms of in-
flammation and the delicate equilibrium between all par-
ticipants in the human body immune response [13, 23,
15]. In particular, this methodological approach makes
it possible to explore the circumstances which could lead
to an excessive inflammation, hence resulting in tissue
damage, organs dysfunction and possibly decease.

Contrary to previous models, such as the one advan-
ced by Kumar et al. [13], where solely the pathogen and
its pro-inflammatory mediators are taken into consi-
deration, the model introduced by Reynolds et al. [23]
aims to understand the robustness of the process with
time-dependent anti-inflammatory mediators and to
determine whether their utilization is advantageous.
Anti-inflammatory mediators limit the harm caused
to tissues by the inflammation and suppress the acti-
vity of phagocytes. Nevertheless, this action may have
drawbacks, since too much efficiency would lead to a
period of vulnerability of the immune system to patho-
gens: in fact, while exogenous anti-inflammation acti-
vity may impede the spreading of pro-inflammation
agents and the tissue damage they would have induced,
it also weakens the ensuing production of endogenous
anti-inflammatory mediators [3, 2]. Thus, its effects on
the outcome of pathogenic infections may be difficult to
predict and, therefore, the problem requires a dynami-
cal analysis such as the one presented in this article. The
model proposed in [23] actually uses smaller subsy-




Organisms

stems to build up more complex schemes, the smal-
lest ones being coherent with the experimental results
of previous studies and validated within the already
known interaction between components of the immune
response. For the cases discussed in Section 2, elements
of the adaptive immune response are not included, such
as specific antibodies, and also the anti-inflammatory
mediators are not characterized.

The activation of anti-inflammatory mediators can
be modeled by building a differential system in which
P denotes the density of pathogen, N* represents the
activated phagocytes, D describes the amount of da-
maged tissue and C, is the concentration of anti-in-
flammatory mediators. These variables evolve in time,
and their growth depends non-linearly on the value of
all the others. In particular, we consider the fact that
phagocytes respond to the presence of a pathogen and
try to eliminate it. Doing this causes collateral injuries,
such as inflammation and damage to tissues, but the
latter also activates more phagocytes, and therefore N*
and D actually fuel reciprocally. The anti-inflammatory
mediators, such as interleukin IL-10 [22, 12], respond
to the presence of activated phagocytes and other da-
mages, and try to suppress them. A way to investigate
more specifically the effects of C, administration is to
assign different functions which replicate the variation
of anti-inflammatory mediators in time [23], in order to
improve the clinical situation or at least avoid patients
decease. This approach makes it possible to select the
more plausible strategy to achieve favorable outcomes
with the system returning to a stable healthy state.

At the first attempt, C, can be seen as a parameter,
constant in time. Then, the speed of evolution for P, N*
and D is simplified by considering various recurrent
real life situations, to obtain the following system of
nonlinear ordinary differential equations:

( dP P
o =P (1)
kpmsm P
-  _k.f(NYP
Lm +kmpP D f( ) (1)
AN s f(B)
. Hnr + f(R) fin
dD .
“r = kan fo(f(N")) — paDD

where C, appears implicitly through the definition of
the reaction function, which is chosen as
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together with £(V) = Vo/(x°, + V°).

The action of anti-infiammatory mediators, as well
as the inhibition of N* and D, are represented by the li-
near (empirical) function f given in (2), which leaves its
argument unchanged if C, is null and diminishes con-
stantly, tending to zero, if C, is increasing.

The variation of P depends on its logistic growth,
with rate kpg ranging from 0.021 h™* to 2.44 h*, which
accounts for the reproduction of pathogen, but consi-
dering that an excessive amount (namely, above a given
threshold p_) leads to more spontaneous self-deterio-
ration. The second term in the first equation describes
a non-specific local response, such as the action of tis-
sue macrophages and other biological defenses. This
activation is typically fast, i.e. occurring only during a
short period of time, hence that term can be deduced
by simplifying a smaller model under the quasi-steady-
state assumption (QSSA) that the speed of the respon-
se is almost null [23]. Finally, the effect of activated
phagocytes is incorporated through the last term and
it depends on the interaction between the phagocytes
themselves and the pathogen.

The second equation summarizes the speed of N* in
two terms. The first one considers the awakening of re-
sting phagocytes, that is a rapid process, and in fact this
term is obtained by simplifying another smaller model
[23] again by means of the QSSA hypothesis. The auxi-
liary variable R grows linearly with the presence of P,
N* and D according to an empirical law [23], namely R
=k N*+ kin + k_,D. Then, the second term illustrates
the deterioration of activated phagocytes in time.

The temporal variation of D is represented in the
last equation of system (1) and includes two terms. The
S-shaped function f, is intended to suggest that low
amounts of phagocytes cause few damages to the sur-
rounding tissue but, while increasing, the damage spre-
ads until its saturation, meaning that it will not exceed a
certain value (even in the presence of a large amount of
phagocytes). Indeed, f; is null if there are no activated
phagocytes, and tends monotonically to a constant as
shown in Figure 1. The last term imitates the sponta-
neous healing process of the system.

We point out that some of the parameters used to
build the model (1) are the results of experimentation,
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Figure 1: Graphic shape of the function f, used to describe the speed of D in the model (1).

while others, and especially k| inside the first equation,
are varied in order to study different situations (all their
values are positive or null). Unless specified otherwise,
the numerical values for the simulation parameters are
those reported in Table 1.

parameters values units
Poo 20 10% cc~!
kpm 0.6 N*-units™! h
Sm 0.005 N*-units h~1!
7. 0.002 h—!
Kmp 0.01 P-units™! h
kpn 1.8 N*-units™ h
Snr 0.08 N*-units h™!
Ly 0.12 h—1
M 0.05 h—!
kan 0.35 D-units h—!
Md 0.02 h—1
Se 0.0125 C a-units h™1
ken 0.04 C 4-units h™1
Eend 48 N*-units D-units~?
e 0.1 h—!
knn 0.01 N*-units™! h
Enp 0.1 P-units~! h
kna 0.02 D-units~! h
Coo 0.28 C'4-units
Tdn 0.06 N*-units

Table 1: Numerical values for the simulation parameters (refer
to [23] for more details).

By studying analytically the system (1), starting from
the smaller models which led to its construction [23],
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various (but at most three) fixed points are found accor-
ding to different values of C, and k, whose existence
and stability properties sensibly depend on these para-
meters. In particular, the fixed points are endowed with
a basin of attraction, namely a region of attractiveness
for the overall dynamics.

The so-called health state is reached when patho-
gen, phagocytes and tissue damage are all null, and the
amount of anti-inflammatory mediators is a specic con-
stant; it is stable only if kpg isless than 1.5 h, otherwise it
is unstable. The aseptic death state is reached when the
pathogen has been eradicated but the inflammation has
not been stopped, so phagocytes and tissue damage have
high values; it exists if C, is smaller than 0.626 pg/ml
and the region of its existence is divided into two parts
by some value, depending on k , and ranging between
1.707 h* and 3.8 h?, which, if bigger than C,, makes
the aseptic death state stable. The septic death state is
reached when the phagocytes have been unable to stop
the pathogen growth; it exhibits stability if k| crosses a
positive value, which decreases while C, increases but is
never bigger than 0.276 pg/ml. For more details about
the regions of stability and their dependence upon the
changing parameters C, and k,, we refer to [23]. The-
se results suggest that, even with the administration of
anti-inflammatory mediators, the stability of a health
state depends strictly on k , namely the growth rate of
pathogen, and thus any effective strategy must include a
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combination of various treatments [22, 12, 20, 24].

Moreover, while increasing C, leads to the aseptic
death state becoming an unstable fixed point, it also
makes the septic death state a more plausible outco-
me, as portrayed for the example in Figure 2, because
it opens a period of time in which the pathogen is free
to multiply.

Dealing with the presence of anti-inflammatory me-
diators as a time-dependent variable leads to a new mo-
del, which is a variant of the system (1) already studied
in [23], with a fourth equation describing the speed of
evolution of C, as follows:

dCA o kcnf(N* + kcndD)
@t T L (N hogD) MO )

where the first term indicates a constant source of an-
ti-inflammation mediators, possibly provided by myo-
Inositol [4], while the two others replicate its activation
in response to the presence of activated phagocytes and
tissue damage, and its deterioration in time, respectively.
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Comparing the model (1), by fixing the constant C,,
with its variation by adding equation (3), for which C,
is given as initial value, and studying the relationship
between k, and the initial amount of pathogen P, a fi-
ner description of the stability for the case of an health
state is possible. Indeed, when kpg is large enough to re-
present a threat to the system, but it is also small enou-
gh to ensure stability, the basin of attraction of the fixed
points is wider if we assume the evolution model (3). An
example of this phenomenon is shown in Figure 3, and
these results indicate that an adaptive administration of
anti-inflammatory mediators makes the patients reco-
very more plausible.

Finally, the model outcomes underline the impor-
tance of both anti-inflammatory and inflammatory re-
sponse rates, also suggesting that they should be care-
fully tuned to overcome the more critical scenarios and
restore health. Furthermore, the numerical simulations
point out the narrow compromise between administe-
ring anti-inflammatory mediators and hindering the
immune response: experimental studies and simula-
tions have stressed out the importance of quantity and
timing of the administration of anti-inflammatory me-
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Figure 2: These graphs illustrate that, if k , is below 1.5 h?, the value of C, plays an important role in the dynamics outcome. The results of three
simulations of the model (1) are shown, with initial values P = 1.0 x 10° c¢?, N*= D = 0 and kmzo.g h, while C, has dierent values (displayed ac-
cording to the rows). The time, represented along the horizontal axis, is measured in hours, therefore the expected results are reported over three
weeks. The first row graphs corresponds to C, = 0.5 pg/ml and the outcome is the aseptic death, the second row corresponds to C, = 0.7 pg/ml and
the dynamics tends to the health state, while the third row corresponds to C, = 0.9 pg/ml and represents the case of septic death.
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Figure 3: These graphs illustrate the expansion of the basin of attraction for the case of an health state. The first four charts correspond to the
static model (1), while the others correspond to the dynamic case with additional equation (3). Both simulations start with P =1.0106 cc?, N*= D=
o0 and C,= 0.5 pg/ml, as initial values, with the parameter k, =0.3 h", but the outcome is very different. The first set of graphs shows the solution
converging toward an aseptic death state, whilst the others indicate convergence toward a health state. These results estimate the recovery expec-

tations in 25 days.

diators in patients whose clinical condition is on its way
to a healthy resolution but has not reached it yet [3, 2].

However, the oversimplication of a complex pro-
blem is maybe the greatest downside of the models
presented in this article, although their affordable size
permitted a detailed analysis of emergent behaviors and
the description of the principal catalysts involved in the
process. Guidelines for future research include a more
in-depth biological characterization of anti-inflamma-
tory mediators for application to the SARS-CoV-2 virus,
taking into account their specic activity and operational
time-scale, and it might also be useful to incorporate a
rigorous mathematical analysis to design efficient stra-
tegy for administrating therapeutic agents.

2. Suicide-substrate enzyme inhibitors

Coronaviruses are enveloped RNA viruses and inclu-
de those which cause the common cold as well as the
highly pathogenic Severe Acute Respiratory Syndrome
coronaviruses (SARS-CoV) and Middle Eeast Respira-
tory Syndrome coronaviruses (MERS-CoV). All coro-
naviruses contain specic genes which encode proteins
for viral replication, nucleocapsid and spikes forma-
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tion. The spike (S) glycoproteins on the outer surface
of coronaviruses are responsible for the attachment and
entry of the virus into host cells. The receptor-binding
domain (RBD) is loosely attached to the virus particles
and, therefore, the virus may actually infect multiple
hosts. The entry mechanism of a coronavirus depends
upon cellular proteases, including transmembrane pro-
tease serine 2 (TMPRSS2) which splits the S proteins
and establish further penetration changes. SARS-co-
ronaviruses require angiotensin-converting enzyme 2
(ACE2) as a key receptor. SARS-CoV- 2 possesses the
typical coronavirus structure with S proteins and also
other polyproteins, nucleoproteins and membrane pro-
teins. The transmission rate of SARS-CoV-2 is presen-
tly higher than that previously observed for SARS-CoV,
and the reason could be some genetic recombination
event occurring at S proteins inside the RBD region,
which may have enhanced its transmission ability [24].

The life cycle of SARS-CoV-2 in host cells begins
when S proteins bind to the ACE2 cellular receptor and
the conformation changes induced into the S proteins
facilitate viral envelope fusion with the cell membrane
through the endosomal pathway (see Figure 4, above).
Then SARS-CoV-2 releases its genomic RNA inside the
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host cell, in order to be translated into active DNA used
by the host cell to replicate the virus. The mechanism
allowing this process is performed by the reverse tran-
scriptase (RT) enzyme, whereas the nucleic acid of the
virus is also exploited for the synthesis of viral proteins.
Both viral proteins and genomic RNA are subsequen-
tly assembled into virions in the endoplasmic reticulum
(ER) and Golgi, and finally transported via vesicles to be
released out of the cells (see Figure 4, below).
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Among the several candidate medicines which may
inhibit infection and replication of SARS-CoV-2 [30,1,
4, 16, 24, 26], we focus our attention on the phenome-
non of enzymatic inhibition through mechanism-based
enzyme inactivators [7, 18]. There are two types of
inhibition mechanisms employed by ligands for a spe-
cic protein: the irreversible inhibition is accompanied
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by the formation of a covalent bond between the drug
and its receptor, while the reversible inhibition is main-
tained by non-covalent intermolecular interactions.
Binding of a reversible inhibitor would likely cause that
one drug molecule hampers the activity of its target
for a certain period; instead, binding of an irreversible
inhibitor would generate a permanent bond between
the drug and the related target macromolecule. In some
cases of covalent inhibition, the enzyme also lends a
hand to its own demise. Hence, the term “suicide” or
“suicidal” inhibition —or rather mechanism-based inhi-
bition— refers to that particular type where the enzyme
prepares the ligand to commit suicide (these substrates
are also called “Trojan horse inhibitors”). In recent ye-
ars, suicidal inactivation has become a leading appro-
ach in studying enzyme-related mechanisms for ratio-
nal designing of effective drugs in the pharmaceutical
industry [7]. Physiologically, suicide-substrate systems
target specific enzymes for inactivation, thereby redu-
cing their activity, thus preventing substrate utilization
and product formation [32, 31].

From a mathematical point of view, this process
has been discussed in several studies [32, 31, 5, 27,8],
which thoroughly analyze a modication of the classical
Michaelis-Menten system shown in Figure 5, in order to
account for the enzyme kinetics.

kl kz k}
E+S2X>Y > E+P

I

E

1

Figure 5: A simplified pathway of enzyme kynetics for suicide-sub-
strate systems.

In that framework, the symbols E, S and P stand for
enzyme, substrate and product, respectively, X and Yre-
present the enzyme-substrate intermediates, E, denotes
the inactivated enzyme, and all reactions are mediated
by (positive) rate constants. Within such system, Y can
follow two alternative pathways, namely toward E+P
with rate k_ or toward E, with rate k. The quotient k_/
k, of these rates is called partition ratio and is usually
denoted by r. Both pathways are considered to be irre-
versible over the time scale of the reaction. Then, irre-
versible inactivation of the enzyme implies that its form
and functionality have been permanently modified; sin-
ce it can no longer carry out its function, the enzyme
thus commits suicide. The criteria for an inhibitor to be
classified as suicide substrate include that inactivation
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should be time-dependent, the reaction should be of
first order type, and the enzyme should exhibit a satura-
tion phenomenon [7].

The rate equations for the process illustrated in Fi-
gure 5 are deduced by means of the standard law of
mass action as follows:

( de
a = —kies+k_1z+ ksy
ds
i —kies+k_1x
dx

— =kies — k_1x — kox
) g; @
— = kox — k3y — kay

dt
de;
- —k
p 4Y
dp
2k

\ dt 3Y

where e, s, x, y, e, and p denote the chemical concentra-
tions, as functions of the time. Typical experimental ini-
tial conditions completing this mathematical formula-
tion are given by e(0) = e , s(0) = s0, x(0) = y(0) = e(0)
= p(0) = o, for instance. Consequently, the system (4) is
further simplied by adopting the following relations of
mass conservation:

eo=e+r+yte; )

Sso=8+r+y+e+p >
Moreover, the equation for p can be uncoupled from the
others, because p does not appear in any other equation,
hence p can be evaluated by direct integration after y
has been computed. Finally, the reduced model obtai-
ned from (4) thanks to (5) contains only four coupled
ordinary differential equations, namely

( ds
i —ki(eg—x—y—e))s+k_ 1z
d
o =hileo—z—y—e)s— (ko +ko)a
\ ©)
% = kox — (k)g + ]{i4)
de;
g = Ry

The quasi-steady-state assumption (QSSA) for the
intermediate complexes, consisting in the hypothesis

dr _ dy
that =o0and it

it = 0 in system (6), yields an additio-
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nal simplication, which implies the existence of explicit
solutions given by

kies kikoes )

r= — y = y
k_1+ ko (k=1 + k2) (k3 + k4)

so that intermediate complexes computed from (7) bear
2

the proportionality relation x = Ky, K :=

However, these equations are still too (Bilfﬁcult to be
solved analytically, without other simplifying approxi-
mations. Therefore, numerical simulations are carried
out to illustrate some particular points. The biologically
more relevant questions which arise are: 1) will all sub-
strate be converted during the process? 2) will all the
enzyme be inactivated? As indicated in [31], the factor
determining whether the substrate is exhausted before
all the enzyme is inactivated is r x m, where m deno-
tes the ratio of the initial concentrations of enzyme and
substrate, namely e /s . On the other hand, it is claimed
in [27] that characteristic factor is (z+r) x m, which is
deduced by applying the conventional QSSA reduction
method to obtain a two-dimensional system. In parti-
cular, when (1 + r) x m =1, then the substrate is totally
exhausted, whilst for (z + r) m < 1 all the enzyme is inac-
tivated, so that both occur when (1 + r) x m = 1 (this re-
sult has been also achieved more recently in [8] without
any QSSA simplifying hypothesis).

Although the results obtained in [27] seem to be
more consistent with the numerical solutions to the full
system of rate equations (4) than those presented in
[31], both conclusions deviate from the solution when
m approaches 1 (see Figure 6). This fact highlights a
shortcoming of most QSSA approximations for enzyme
kinetics, since their validity decreases for increasing va-
lues of the ratio e =s . Consequently, a further analysis
is needed because these indicators do not always lead to
a correct conclusion.

For a quantitative estimation of the effectiveness of
suicide substrates, a systematic mathematical study of
these models may serve as an indicator to enzymolo-
gists, and especially to pharmacologists, during drugs
administration and delivery, similarly to the methods
applied for identifying indicators of suicidal inactiva-
tion in antibiotic kinetics (refer to [7] for more detailed
information). In the scientific literature, there are few
articles concerning the theoretical understanding of
enzymatic reactions involving suicide substrates, possi-
bly because of the severe lack of data from realistic ap-
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Figure 6: Temporal proles for enzyme (e), substrate (s), intermediate complexes (x) and (y), product (p) and inactivated enzyme (e).

The experimental data for numerical simulations are e, = 0.7, s, = 2:5, k, = 2, k_

,=4,k,=10,k, =6,k =3, and these values are chosen

to reproduce the case (1+r) x m < 1. The curves show that all the enzyme is inactivated, and indeed the concentration e, tends to e , while
there exists an excess of substrate. The intermediate complexes exhibit similar trends, characterized by an initial phase of rapid growth,
before they rapidly run out toward the final product.
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plications. Simultaneously, experimentalists are often
holed up because of the lack of theoretical background
to design experiments and perform a posteriori analysis
of experimental data.

Several drugs acting as suicide inhibitors are cur-
rently demanded for the prevention and treatment of
different diseases: popular clinical examples of suicide
substrate therapies include Aspirin, Exemestane for the
treatment of breast cancer, the azidothymidine (AZT)
and other nucleoside analogues used against AIDS/
HIV, Penicillin, etc. and have been also investigated for
the treatment of depression (monoamine oxidase inhi-
bitors) and epilepsy (inhibitors of brain GABA amino-
transferase, for example).

Our hypothesis of suicide inhibition to neutralize
the SARS-CoV-2 is not unfounded, since this approach
has already been pursued in 2003 for the inactivation of
the SARS-CoV Main proteinase (Mpro) by means of the
benzotriazole esters [29, 21]. Indeed, the SARS-CoV-
related Mpro plays a central role in the formation of the
viral replicase/transcriptase complex and it appears to
be an ideal target for the development of suitable drugs.
The structure of complexes resulting from reaction of
the SARS-CoV-related Mpro with two aromatic benzo-
triazole esters provided a promising starting point for
designing more specific inhibitors for this proteinase
[29]. Although benzotriazole esters, which act as suicide
inhibitors, have been reported as potent non-peptidic
inhibitors of the enzyme [33], their exact mechanism
of action remains unclear. Unfortunately, the currently
available protease inhibitor drugs do not seem to work
correctly, and sometimes at all, for the treatment of
SARS-CoV-2 virus. This is mainly due to the fact that
proteases are a family of enzymes with many different
characteristics and the drugs already developed for
other pathologies are not perfectly compatible with spe-
cific proteases of the SARS-CoV-2 virus.

Of course, the creation of this type of drugs could be
extremely beneficial, without neglecting different con-
troversial aspects. Suicide-substrate inhibitors are har-
der to be identified and synthesized because they usual-
ly require a fully description of the enzymatic behavior
for their design, to provide a base-structure target for
the transition state of these enzymes. Due to their high
potency and selectivity, as well as a lower propensity for
the development of drug resistance, mechanism-based
inhibitors can constitute a valuable outlook on the pro-
blem of drug resistance. Moreover, there are only a re-
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stricted number of enzymes which are capable of being
targeted by a mechanism-based inhibitor compared
with thousands of synthetically feasible or available
compounds in databases used by medicinal chemists.
Suicide-substrate inhibitors are particularly invaluable
for targeting proteins of bacterial cells when there is a
low homology and similarity with human proteins, and
the risk of toxicity is appreciably lower [18].
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The survival of many London entrepreneurs is en-
dangered by a new British government law. It’s the
Nuisances Removal and Diseases Prevention Act, a bill
proposed by the technical task force established by the
Queen and the Government with the aim of curbing the
spread of the epidemic.

The task force believes that it is necessary to impro-
ve the quality of London’s air and therefore proposes to
impose the adaptation of their production and smoke
emission systems on many factories. Which obviously
involves huge investments.

The alternative would be the total closure of the fac-
tories. We are in London, in 1854. In the midst of the
cholera epidemic that would have killed 23,000 people
across Great Britain.

In those years the dominant theory in explaining the
causes of cholera was that of miasms, which we could
also call “fetid airs”. The basic idea was that polluted air
was the vehicle of the epidemic. Stables, slaughterhou-
ses, and many factories that processed organic mate-
rials of both animal and vegetable origin, were the main
sources of these pollutions. In fact, gas and boiling pro-
duction plants dispersed fumes from the nauseating
odors into the air, fumes that were believed to be the
carriers of cholera.

Dr.John Snow, however, was not convinced by this
explanation.
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John Snow’s research on cholera

Snow, in those years was an anesthesiologist already
well established, he was the one who administered clo-
roform inhalations as an anesthetic to Queen Victoria
on two of her parts.

Precisely because he was an expert on gas inhala-
tion, he was immediately unconvinced by the theory of
miasms. According to him, the transmission of the dise-
ase occurred through the waters.

In 1849 he began to make his first epidemiological
investigations by making appropriate maps on the spre-
ad of cholera among Londoners and published a short
treatise entitled On The Mode of Communication of
Cholera. In 1854, when the epidemic recurred, John
Snow, in general skepticism, proposed the removing
the Broad Street water pump in the Soho neighborhood.
The origin of cholera was there for him. A few days after
the pump was removed, the epidemic outbreak in that
neighborhood actually subsided.

It was because of these ideas against the tide that the
London entrepreneurs, whose business was threatened
by the new bill, asked Snow to testify before the British
Government’s Health Commission. The aim was to con-
vince politics to block that law that could have been the
end of any activity for them.
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Figure 1: John Snow and one of his epidemiological maps

The interrogation of the Health
Commission of the British Government

The hearing was set for March 5, 1855, the President
of the Commission was Mr Sir Benjamin Hall, the very
Ben from whom the Big Ben of the London clock was
named.

Sitting in front of the commission, dr. Snow is im-
mediately clear and honest in explaining the reason why
he offered to testify:

“I received a request from Mr. Knight. I was asked
if I would give evidence on behalf of the manufactu-
rers whose interests are threatened by the Nuisan-
ces Removal Act.”

“To what points would you desire to draw the at-
tention of the Committee as regards the sanitary
question?” Snow is then asked.

“T have paid a great deal of attention to epidemic
diseases, more particularly to cholera — says Snow
— (...) and I have arrived at the conclusion with re-
gard to what are called offensive trades, that many
of them really do not assist in the propagation of
epidemic diseases, and that in fact they are not in-
jurious to the public health. I consider that if they
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were injurious to the public health they would be ex-
tremely so to the workmen engaged in those trades,
and as far as I have been able to learn, that is not
the case; and from the law of the diffusion of gases,
it follows, that if they are not injurious to those ac-
tually upon the spot, where the trades are carried
on, it is impossible they should be to persons further
removed from the spot.”

The hearing continued with many more questions
and the commission proved cold towards those expla-
nations. The president, Sir. Benjamin Hall, was a strong
supporter of the theory of miasms and he held in great
consideration the opinion of dr. William Farr, direc-
tor of the British Statistics Society and the British Go-
vernment Statistics Department. We could say that Farr
was one of those experts with the right profile to lead a
task force. Obviously Farr was also a strong supporter of
the theory of miasms and pushed for the commission to
distance itself from the theories of Dr. Snow.

The scientific community
against Snow’s theories

Even The Lancet published a tough editorial against
John Snow on June 23, 1855. An editorial that spared
no criticism even from the direct political commission
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Sir Benjamin Hall, who had wasted time listening to
these absurd theories.

With these words The Lancet reconstructs the hea-
ring of dr. John Snow of March 5, 1855:

“They (businessmen) bring before the Committee a
doctor and a barrister. They have formed an Asso-
ciation. They have a Secretary, a bone merchant,
who has read the writings of Dr. Snow. Now, the
theory of Dr. Snow tallies wonderfully with the
views of the “Offensive Trades’ Association” — we
beg pardon if that is not the right appellation —
and so the Secretary puts himself in communica-
tion with Dr. Snow. And they could not possibly
get a witness more to their purpose. Dr. Snow tells
the Committee that the effluvia from bone-boiling
are not in any way prejudicial to the health of the
inhabitants of the district; that “ordinary decompo-
sing matter will not produce disease in the ‘human
subject.”

The editorial was not signed but was probably writ-
ten by James Wakley, son of the founder of the newspa-
per, Thomas Wakley, and succeeded him as editor:

“Why is it then, that Dr. Snow is singular in his
opinion? Has he any fact to show in proof? No! But
he has a theory, to the effect that animal matters
are only injurious when swallowed! The lungs are
proof against animal poisons; but the alimentary
canal affords a ready inlet. (...) Dr. Snow claims
to have discovered that the law of propagation of
cholera is the drinking of sewage water. His theory,
of course, displaces all other theories. (...) In riding
his hobby very hard, he has fallen down through a
gully-hole and has never since been able to get out
again. And to Dr. Snow an impossible one: so the-
re we leave him.”

The final decision of the Health
Commission of the British Government

Despite all these pressures, on 14 August 1855 the
British government officially took the decision not to
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impose any restrictions on factories that produced fu-
mes, thus giving credit to John Snow’s theories.

Maybe because he was not an expert on the subject,
Benjamin Hall remained more open than the establi-
shed scientists of the time to consider theories other
than conventional ones. In doing so he has guarded,
perhaps unconsciously, that margin of doubt and that
openness to the inconceivable indispensable for science
to progress.

In the following years, in fact, science produced new
evidence to confirm Snow’s hypotheses, William Farr
When himself changed his mind in 1866 by converting
to the theory of the transmission of cholera by water. In
1884 when Robert Koch isolated and studied the chole-
ra bacterium, Vibrio cholerae in detail, it was finally un-
derstood that transmission could not take place by air.

Today John Snow is universally recognized as one of
the fathers of modern epidemiology.

The late apology of The Lancet

More than 150 years after these events, on April 13,
2013, The Lancet published an article to apologize to
John Snow using these words:

The Lancet wishes to correct, after an unduly pro-
longed period of reflection, an impression that it may
have given in its obituary of Dr.John Snow on June 26,
1858. The obituary briefly stated:

“Dr. John Snow: This well-known physician died at
noon, on the 16th instant, at his house in Sackville
Street, from an attack of apoplexy. His researches
on chloroform and other anaesthetics were appre-
ciated by the profession.”

The journal accepts that some readers may wron-
gly have inferred that The Lancet failed to recognise
Dr.Snow’s remarkable achievements in the field of epi-
demiology and, in particular, his visionary work in dedu
cing the mode of transmission of epidemic cholera. The
Editor would also like to add that comments such as “In
riding his hobby very hard, he has fallen down throu-
gh a gully-hole and has never since been able to get out
again” and “Has he any facts to show in proof? No!”, pu-
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blished in an Editorial on Dr.Snow’s theories in 1855,

were perhaps somewhat overly negative in tone.
History, science and the human soul

History always proves to be an excellent teacher to
better understand the present and avoid repeating cer-
tain mistakes. Thinking today of being immune to these
dynamics would however be too naive, it is something
inherent in the human soul. The same story however
shows us how Science has always managed to evolve
freeing itself from all those human conditionings that
wanted to control it.

But what is a year for humans can be decades for
science.
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They were given power over the fourth part of the
earth to exterminate with the sword, with hunger,
with the plague and with the fairs of the earth.
Revelation VI, 1-8

Human frailty is one of the omnipresent themes in
the art of any time and of any people, and therefore with
it the vicissitudes of human life which also include dise-
ase and death. Therefore, whether it is a way to exorcise
it, to document it or more simply because through the
representation of physical evil, of the disease, the artist
can somehow approach it unharmed, privileged specta-
tor of a tragic moment that brings with it on the same
level pain anyone in the same way. Illness, especially

the dreaded plague makes no distinction between prin-

ces, prelates and simple commoners, treating everyone
with the same regard. Chronically recurrent disease of
the plague, will generate a state of anxiety that will spre-
ad in Europe for at least three hundred years, eventually
becoming a commonplace of human fear.

We then try to give an image to this invisible enemy,
and here is where painting intervenes, with its ability to
concretize, to coagulate something that is impregnable,
rarefied as a disease, in a painting. It is the power of
pictorial art, making visible what otherwise would not
be. And seeing the “evil”, in this case the plague, means
knowing it and perhaps even being able to dominate
it. So it is above all the painters from the Middle Ages
onwards to render the “plagues” in images, with the re-
presentation of emphasized bodies that soften the

Figure 1: The Triumph of Death, fresco, Buonamico Buffalmacco, 1336-41 5.6 x 15.0 m, south-east wall of the Camposanto of Pisa.
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Figure 2: The Plague, Gaetano Zummo, 1690, polychrome wax, 76 x
93.5 x 47.8 cm, La Specola Museum, Florence.

cities or clouds that, moving from one country to ano-
ther, sow death as they pass. It is also the fault of the
stars which astrologically cause the deadly contagion.
There is therefore a conspicuous source of iconographic
material that shows the suddenness of the attack of the
disease, its striking in an undifferentiated manner with
an obscene death, often deprived of the usual funeral
rituals.

We also observe, at least in some artists, more or less
veiled, a curious look at the limit of morbidity, on body
swellings, on sores, pustules and ulcerative wounds
which they sometimes almost enjoy depicting, insisting
on them as a stigma of the bad and therefore, ultimately
of the demonic. Disease, Plague or other always comes
from Hell, even if someone may consider it a divine
punishment for the sins of humanity, the disease, the
younger sister of Death is, without any doubt, of infer-
nal origin, and not by chance it joins often at the work
of the Witches.

Hence the idea of a “poisoning” emerges: an extre-
me attempt to give a face to the unknown but ubiqui-
tous and deadly enemy by finding him in the greaser,
the stranger or the witch, who has come to poison the
city. The days of the plague are presented as an open-air
theater that has the city as its stage and where the actors
are sick humans, contemplated in their death by those
who are immune.

But this imaginary, which is not often the result of
mere imagination, but of a careful look at the reality of
the time, is not only relegated to past centuries, to the
Middle Ages and especially to the Renaissance and the
Baroque age, but we also find it, changed in form but
no less disturbing in some contemporary works. Man
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Figure 3: Fresco of Porta S. Gennaro, The plague of Naples, Mattia
Preti, 1657-1659, Porta S. Gennaro, Naples.

changes over the centuries, it is true, but very slowly,
and at the bottom of his soul he fears, trembling, with
the same fears of his ancestors gathered around a bonfi-
re to protect himself from the night beasts.

Today, this ancient theme has always coexisted with
human life: the epidemic, or for those who prefer the
most apocalyptic Pandemic, has reappeared in our lives.
Expelled from the collective imagination in recent deca-
des, especially if seen in such an all-pervading way in
our country, the disease has reappeared unexpectedly,
presenting itself at the door of our homes as an unin-
vited and unwelcome guest. Only in catastrophic mo-
vies, in various forms and formulas, the danger of a new
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plague was considered, in a flood of anthropophagous
zombies, vampires and viruses from deep space?.

However, not being able to say yet how this Coro-
navirus, also known as Covid 19, will affect the artistic
creativity of the 21st century, we will limit ourselves to
taking into consideration how similar events, indeed
certainly much more dramatic than ours, have affected
the art of the past, starting from one of the best known
paintings that deal - also but not only - with this theme:
The Triumph of Death by Pieter Brueghel the Elder?, an
oil on panel painted in around 1562 and which is cur-
rently preserved in the Prado Museum in Madrid.

The work shows the spectator precisely the triumph
of Death over the things of our world, herself queen, fol-
lowed on a reddish horse by an army of living skeletons,
in a real hymn that refers to the macabre dances, to the
four knights of the Apocalypse and resurrection of the
dead.

Against the background of Brueghel’s painting, there
is a barren, burnt and devastated landscape in which
scenes of destruction are still taking place that do not
spare any social class and there is manifested the violent
and unstoppable action of Death that brutally annihila-
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tes humanity, proving itself impartial and ruthless and
that arrives and dominates everything by killing men
in various ways, in an allegory of war, pestilence and
human misery. The warm tones of the oil colors used
by the artist evoke an arid and infernal atmosphere in
which men face the transition with the most varied mo-
ods: with surprise, dismay, resignation and even in the
throes of a vain rebellion.

An immense terror and a chilling silence - inter-
rupted only by the echoing of a distant bell - emanate
from the painting. In front of the viewer, a parched and
sunless world extends, immersed in a twilight whose
pale light is enlivened only by the funeral reverbera-
tion of the fires. It is not the end of the world that is
represented, but the conquest of life by death, so that,
in a certain sense, a way of being is replaced by another
form of existence.

The artist depicts Death as a skeleton riding an ema-
ciated horse that, with its scythe, kills anyone who cros-
ses its path, just like the plague that decimated entire
European populations. And Brueghel represents his
fear, while in the distance we see men hanged, perhaps

Figure 4: The Triumph of Death, Pieter Brueghel the Elder, 1562, oil on panel, 117 x 162 ¢cm, Prado Museum, Madrid.
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Figure 5: The Plague, Arnold Bocklin, 1898, tempera, 149.5 cm x
104.5 cm, Kunstmuseum Basel.

unjustly: they are some Jews accused of causing the se-
rious epidemic.

The painting is therefore like a story that unfolds be-
fore the eyes of the viewer in numerous small episodes,
in which Death triumphs over man.

The landscape of Brueghel takes on deforming and
unreal characters in this picture: in a desolate land, in-
terspersed with dying trees and macabre hangings, the
final struggle of men against the Army of Death takes
place, composed of disturbing skeletons wrapped in
white shrouds. The outcome of the chaotic battle is alre-
ady decided; the last alive are surrounded by the fune-
ral form, with no possibility of escape. The horizon is
obscured by an intense and black smoke, coming from
the bonfires of the Hell.

Brueghel probably had the opportunity to learn ori-
ginally the macabre theme from the fifteenth-century
frescoes that stood on the south-facing wall of Palazzo
Sclafani in Palermo and which bear the same title as
his painting. Today the Palermo fresco has been divi-
ded into four portions and repositioned at the National
Gallery of Palazzo Abatellis, after having miraculously
survived the bombings of the last World War. Again,
therefore, preceding Brueghel’s masterful brush, Death
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Figure 6: St Mark on the throne or St Mark and the Saints, oil on
board, Tiziano Vecellio, around 1510-1511, Santa Maria della Salute,
Venice.

brings with it various forms of destruction, and among
them, not least the pestilence, fatal and unstoppable.

However, even before Brueghel the Elder and the
Sicilian frescoes, the theme of the Triumph of Death is
found already between 1336 and 1341 in the Camposan-
to of Pisa, executed by Buonamico Buffalmacco*. The
fourteenth-century painter is remembered as the pro-
tagonist of some short stories by Giovanni Boccaccio in
his Decameron and in this work the topic of pestilence
returns with the usual paraphernalia of deaths between
priests, merchants and nobles whose souls are disputed
between angels and demons and on which the signs of
putrefaction are already manifesting.

Still in the sixteenth century, the Medici Florence
was devastated by the plague in the year of the Lord
1523.

The city is in its full splendor of beauty, culture and
art, which make it one of the nerve centers of Europe,
and therefore of the world of that time, when sudden,
pestilence comes within its walls. Who can leave the
town as quickly as possible, seeking refuge elsewhere
and one of them is Jacopo Pontormo3, who finds shelter
from the disease in the Certosa del Galluzzo, where he
will spend the most peaceful period of his life constantly
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marked by a perennial melancholy. Influenced by the
visions of Albrecht Diirer®, in those days Pontormo fre-
scoed his cycle called Stories of the Passion in the lar-
ge cloister of the Certosa, but he is not alone, escaping
from the plague with him there is also the student and
friend Agnolo Bronzino’. In that sad predicament inste-
ad Jacopo finds himself and discovers the true essence
of his life. The plague was therefore benevolent with
him, transforming his forced exile into a rediscovery of
freedom and inner peace.

Andrea del Sarto® also sought refuge from the black
disease, but he did so by going further away from Floren-
ce. Thus, one of the greatest mannerists, one of the most
eccentric, unprejudiced and unconventional artists who
followed the school of the “modern way”, formed in the
climate of intellectual freedom of the republic governed
by Pier Soderini?, sheltered in the monastery of Luco
in Mugello, for who paints an altarpiece depicting the
body of the dead Christ, naked abandoned on a white
sheet that covers the sepulchral stone. Immediately un-
der the lifeless body of Jesus, a mass chalice is painted
covered with a paten, on which stands the consecrated
host. The death of Christ is therefore the source of eter-
nal life, this is the clear meaning of the work created

precisely during the epidemic. Having escaped from the
disease of 1523, Andrea Del Sarto, for a mocking joke
of fate, however, will die during the subsequent wave of
plague that will hit the City of the Lily in 1530.
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In those same years, another city among the richest
and most important of the peninsula, Venice, the dogale
and most peaceful, placed under the aegis of the Evan-
gelist Mark and his winged lion, would be violently af-
fected by the epidemic, perhaps facilitated in this from
being that golden gateway to the sea that faces East and
West. Perhaps, however, precisely for this reason, the
lagoon city was also the first to have a real prevention
against diseases, even if this did not preserve it from
the epidemic of 1510, during which, once again and as
always, the works of art related to miraculous healing
grew considerably in number.

In this particular event there is the great ex voto, cre-
ated by Tiziano Vecellio* for the church of Santo Spirito
in Isola, entitled San Marco and the Saints with good
probability commissioned by the Doge himself and by
the Senate of the Republic to commemorate the end of
the plague.

The composition of the painting follows an invisible
design in the form of a pyramid, whose summit is San
Marco, or Venice itself, while at the base there are the
saints Cosma and Damiano - both doctors who treated
the sick without compensation - caught in the act of in-
dicating the wounds of San Rocco and San Sebastiano,
the latter always invoked to obtain healing from the pla-
gue. The face of San Marco was deliberately painted in
the shade by Titian, to remember the sad event that hit
the lagoon.

Figure 7: San Rocco heals the plague victims, Jacopo Tintoretto, 1549, 307 x 673 cm, Church of San Rocco, Venice
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Figure 8: Yield of Grace after the plague of Naples, Micco Spadaro,
1657, National Museum of San Martino, Naples.

Figure 9: The Triumph of Death, unknown author, around 1446, de-
tached fresco, 600 x 642 cm, regional gallery of Palazzo Abatellis in
Palermo.

Today the painting is in the Basilica of Santa Maria
della Salute, also built after 1630 to dissolve the vow of
having defended the city from the plague of that time.

Also in the city of Leone di San Marco, Jacopo Robu-
sti, better known as Il Tintoretto, the last of the great
Venetian painters of the Renaissance, in just over a de-
cade will paint over fifty sacred canvases for the Scuola
Grande di San Rocco, a ancient building that became
the seat of the school of the brotherhood dedicated to
the saint revered for his talents as a thaumaturge. One
of these paintings, painted in 1549 for the presbytery
of the church annexed to the school, is entitled San
Rocco heals the plague, painted in oil, it presents in a
nocturnal atmosphere, some plague victims who turn
their suffering gaze towards the saint by impetrating his
Help.

Much further south, in beautiful Sicily, a plague epi-
demic spread and claimed countless victims in Palermo
in 1575. It was the Flemish painter Simone de Wobreck**
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Figure 10: San Rocco and the victims of the plague, Simone de Wo-
breck, 1576, oil on panel, 200 x 300 cm, S. Cosma e Damiano, Paler-
mo.

who painted it for what was then the homonymous
church today rededicated to Saints Cosmas and Da-
mian, showing also San Rocco and the plague victims.
In this work, the epidemic is represented as a divine pu-
nishment for the sins committed by humanity: At the
top, God himself was painted, together with the Christ
and the Virgin; the first bearing the signs of the Passion
and finally the saints Rocco, Sebastiano, Cristina and
Ninfa, who ask them for the grace of the salvation of the
people. On the lower part, you can see the procession
of the crucifix of Cristo Chiaromonte of the Cathedral,
with all the population, among whose people you can
recognize the confreres of the Compagnia dei Bianchi.

Instead in alemannic lands, more precisely in Alsa-
ce, in Colmar, the work is kept, considered the master-
piece of Matthias Griinewald, the Polyptych of Isen-
heim, painted between the year 1512 and 1516, today at
the Musée d’Unterlinden.
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This singular “altar machine”, or altarpiece, if you
like, is able to offer the viewer three different configura-
tions, but it is only the third that we will analyze, or that
relating to the Temptations of Saint Anthony.

In a nightmare scenario, the anchorit of the Egyp-
tian desert is subjected to the violence of some demons
with horrible and obscene forms that attack him, bea-
ting him and mocking him in every way.

However, the most attentive observer will notice a
character painted in the lower left corner. At the feet
of the hermit saint, on a cartouche we read the Latin
phrase “Ubi eras, Bone Jhesu, ubi eras, quare non af-
fuisti ut sanares vulnera mea?” or “Where were you or
good Jesus, where were you and why didn’t you come
to heal my wounds?”. The character of the painting re-
mains shrouded in mystery, and therefore even more
disturbing is his presence, but the vulnerable refers to
the fact that in the vicinity of Isenheim there existed
at that time, a monastery of monks faithful to the An-
tonian rule', whose main task was assistance to Ergo-
tism* patients, also known as Fire of Saint Anthony,
but which at the time did not correspond to the disease
known by us with the same name and which is actual-
ly Herpes Zoster". The Fire of Sant’Antonio, or even of
San Marziale, of the medieval and later ages, is proba-
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bly a set of various ulcerative pathologies that led those
who had been affected, to gangrene and from there to a
slow and painful death.

Matthias Griinewald was able to reproduce the ef-
fects of this disease in such a detailed way, as he could
freely access the mortuary of the convent and therefore
see with his own eyes the devastating effects of evil on
the patients that the monks, with the blue Tau sewn on
the habit, they tried to heal by soothing their wounds
with lard and feeding them with uncontaminated bread.

The golden age of the Renaissance vanishes, fading
into the twisted darkness of the Baroque, in a time
much darker than the previous ones and yet still af-
fected by the scourge of the diseases, as happens in Na-
plesin 1656, and Mattia Preti'® will paint its terrible and
bloody atmosphere in his work The plague of Naples.
Another neapolitan painter, Micco Spadaro®, will also
create a votive picture entitled Yield of Grace after the
plague of Naples to thank the saints for ending the pla-
gue. The rendering of these paintings is documentary,
real, no longer immersed in a fantastic context as pre-
viously happened. The classic example of this different
approach, which characterizes the art of the sevente-
enth century, is that of the works of Gaetano Zummo=°,
now exhibited at the Museo della Specola in Florence,

Figure 11: The Plague of Azoth, Nicolas Poussin, 1631, oil on canvas, 148x198 cm, Louvre Museum, Paris.
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Figure 12: The Family, Egon Schiele, 1918, oil on canvas, 152.5 x
162.5 cm, Osterreichische Galerie Belvedere.

considered not by chance the founder of the renowned
Florentine anatomical school.

Of Syracusan origin, Zummo was formed by studying
the bodies in the morgues to become the best wax doc-
tor in all of Europe. His most famous work is La Peste,
probably created in Naples in the year 1690 on the still
close memory of the plague of 1656.

The three-dimensional scene created by the artist is
simply infernal, with bodies of living and dead tangled
together in a chaotic and shapeless mass. Corpses in an
advanced state of decomposition are clinging to those
who are about to die, in a sort of obscene, hideous mul-
tiple embrace, in which bodies corroded by putrefaction
and others painfully in agony are intertwined. In the
midst of this macabre bedlam, a monk with a hidden
face, with superhuman strength, carries the ulcerated
bodies towards the funeral pyre that stands out in the
background.

Also in the seventeenth century, Nicolas Poussin?,
also buried in Rome in the church of San Lorenzo in Lu-
cina, will perform in 1631 a work entitled The plague of
Azoth, today in the Louvre, for a nobleman from Paler-
mo, such as Fabrizio Valguarnera, but then purchased
by Cardinal Richelieu for his own art collection from
which he finally came to that of Louis XIV.

The painting depicts a biblical passage taken from
the first book of Samuel, in which God strikes the Phi
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Figure 13: The Plague, Gaetano Zummo, 1690, polychrome wax, 76
x 93.5 x 47.8 cm, La Specola Museum, Florence.

listines, guilty of having stolen the Ark of the Covenant
from the chosen people, with a terrible plague. Also in
this case, an atmosphere of tragedy envelops everything.
The ruins of the temple of the god Dagon?2, the Ark and
other architectural vestiges, are the backdrop for people
fleeing the bodies of the plague scattered everywhere on
the ground, between mice and the smell of putrefaction.
Probably the artist had the opportunity to see the epide-
mic that killed Milan the year before and was shocked to
such an extent that he could reproduce that gloomy and
oppressive atmosphere on the canvas.

However the disease will certainly not end with the
Siglo de Oro, it will simply take other forms, mutant,
but always faithful to its man living in this world and
here in the field of pictorial art we find it with La Peste,
a 1898 painting executed in tempera by the Swiss artist
Arnold Bocklin23, one of the greatest exponents of ger-
man symbolism, today on display at the Kunstmuseum
in Basel.

The work depicts Bocklin’s obsessive fear of the apo-
calyptic nightmares of War, Death and Pestilence which
in this case is depicted by a parched skeleton who rides
a fantastic and monstrous creature, with membranous
wings like those of bats, while fly over a medieval-loo-
king city. The entire pictorial composition is rendered
in a tone of acid green and bruise, as if to recall the swol-
len aspect of the decomposition of the meat.
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Figure 14: Isenheim Altar or Isenheim Polyptych, Matthias Griinewald, 1512-1516, o0il and tempera on panel, Musée d’Unterlinden, Colmar,

Alsace.

Twenty years later, it will be the turn of the Austrian
Egon Schiele* to deal with the theme of pandemic and fa-
tal disease, with his painting The Family, dated 1918 and
today exhibited at the Osterreichische Galerie Belvede-
re in Vienna. One of his last works in which he depicts
himself, with his wife and their child in a future projec-
tion, since his wife Edith, while he was painting, was in
the sixth month of pregnancy.

The terrible flu disease called “The Spanish”* ra-
ged throughout Europe, which killed the world popu-

Figure 15: The Plague, Gaetano Zummo, 1690, polychrome wax, 76
x 93.5 x 47.8 cm, La Specola Museum, Florence.
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lation causing the death of fifty million people in a few
months, just before the end of the Great War.

The happy scene hoped for by Schiele in his auspi-
cious painting will not take place, as Edith, still with
their baby in her lap, will die of that terrible disease on
October 28, 1918. Her husband Egon will follow her on
October 31, also killed by the pneumonia caused by the
pandemic flu virus.

Since then, the step of Time and that taken by hu-
manity, even if rapid, has been too short for substantial
changes to take place in the relationship between man,
art and social disease, so it is difficult for us to imagine
in what way and with what aspects the representation of
the epidemic will mark our future in the image, the only
immediate example, almost a snapshot is what appears
in these days on social media where someone with a fine
irony, is having fun to modify the works of art conside-
red iconic, such as Leonardo da Vinci’s Mona Lisa for
example or The girl with a pearl earring by Rembrandt
Harmenszoon van Rijn and other famous ones like
these, making them wear masks and gloves... So here,
this strange technological and postmodern man of the
contemporary world of the first twenty years of the new
century, reacts to the viral attack no longer by creating
art, albeit with an apotropaic, devotional or documen-
tary purpose, but with a u this is a digital virality that
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perhaps tries, with a bitter laugh, to exorcise the evil, of
which it is still afraid, as always.

Endnotes

1 Witches are in fact attributed with the powers of evil that
also entail the ability to spread diseases thanks to their
servitude with the devil, therefore they are accused of poi-
soning the wells, causing famines and deaths of cattle as
well as spreading the infection. All activities punished with
being put to death at the stake.

2 There are many films that have as a theme a global epidemic
infection, among the many we want to remember some of
them, for example Paul W.S.’s Resident Evil. Anderson, 28
days later by Danny Boyle, Terry Gilliam’s The 12 Mon-
keys Army, John Hillcoat’s The Road, Steven Soderber-
gh’s Contagion, I am legend of Francis Lawrence, remake
of The Last Man on Earth with Vincent Price directed by
Italian Ubaldo Ragona and The city will be destroyed at
the dawn of George A. Romero.

3 Pieter Brueghel (Breda, c. 1525/1530 - Brussels, 5 September
1569), was one of the greatest Dutch Renaissance painters,
generally referred to as the Elder, to distinguish him from
his eldest son, Pieter Bruegel the Younger. The informa-
tion in our possession on the life of Bruegel is poor, incom-
plete, and sometimes contradictory because, for example,
the exact date and place of birth, they are still unknown
and therefore it is known only that in 1551 Brueghel is
mentioned for the first time in writing, when he joined the
Guild of San Luca in Antwerp qualifying as a master.

4 Buonamico di Martino, called Buffalmacco (Florence, about
1262 - 1340), was a Florentine painter, a prominent repre-
sentative of Gothic painting in Tuscany in the first half of
the fourteenth century. Long believed to be only a protago-
nist of mocking novels of the Decameron, the most recent
research has attributed to him the frescoes of the Campo-
santo of Pisa.

5 Jacopo Carucci, better known as Jacopo da Pontormo or
more simply Pontormo (Pontorme, 24 May 1494 - Flo-
rence, 1 January 1557), was a Florentine painter of early
Mannerism. Student of Andrea del Sarto, together with
Rosso Fiorentino, he was in turn a master of other artists
including Bronzino.

6 Albrecht Diirer (Nuremberg, May 21, 1471 - Nuremberg,
April 6, 1528), was a German painter, engraver, mathema-
tician and treatise writer, considered the greatest exponent
of Renaissance painting in his country. In Venice the artist
came into contact with neo-Platonic and therefore esoteric
environments that initiated him to hermetic symbols.
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7 Agnolo di Cosimo, better known as Agnolo Bronzino or sim-

ply the Bronzino (Monticelli of Florence, 17 November
1503 - Florence, 23 November 1572), a pupil of Pontormo,
lived all his life in Florence at the court of Cosimo I de’
Medici. He was among the most refined portrait pain-
ters of the early Mannerism, of religious and allegorical
subjects.

8 Andrea del Sarto, pseudonym of Andrea d’Agnolo di France-

sco di Luca di Paolo del Migliore Vannucchi (Florence, 16
July 1486 - Florence, 29 September 1530), was a Floren-
tine painter with a great executive formality and master of
Pontormo and Rosso Fiorentino, but he was less bold and
controversial than they were.

9 Pier Soderini (Florence, 18 May 1450 - Rome, 13 June 1522),

was a gonfalonier for life in Florence from 1502, a position
he maintained only until 1512, coming from an ancient
Florentine family who had given many political figures
to the city, he was responsible for the decoration of the
Salone dei Cinquecento in Palazzo Vecchio, commissioned
to the two greatest Florentine artists of the time: Leonardo
da Vinci and Michelangelo Buonarroti.

10 Tiziano Vecellio (Pieve di Cadore, 1488/1490 - Venice, 27

August 1576), was the most important painter of the Vene-
tian Republic and an exponent of the Venetian school.

11 Jacopo Robusti or perhaps Jacopo Comin, known as Tin-

toretto (Venice, September or October 1518 - Venice, May
31, 1594), was a painter of the Republic of Venice and
one of the greatest exponents of Venetian painting and
Mannerist art in general. The nickname derives from his
paternal profession, a textile dyer, he was also nicknamed
“The furious” or “The terrible” for his character and for the
dramatic nature of the perspective and the light that made
him believe by critics an anticipator of Baroque art.

12 Simone De Wobreck (Haarlem, around 1557 - Palermo,

around 1587), was a flemish painter active in Sicily for
more than thirty years, so much so that he was more con-
nected to that island than to Holland.

13 Mathis Gothart Nithart, better known as Matthias Griinew-

ald (Wiirzburg, about 1480 - Halle, 31 August 1528), is one
of the greatest and most original german painters, for the
visionary drama of his paintings. Doubts about his date of
birth and the certain lack of documents also make Griine-
wald’s artistic training problematic. It is not known who
his teacher was either.

14 In the Middle Ages a religious order arose dedicated exclu-

sively to the care of Ergotism sufferers, known as the regu-
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lar canons of Saint Anthony of Vienne which in 1774 was
incorporated into the Order of Malta.

15 Ergotism would be an intoxication from ergot or the spur

of the rooster, in French, already known in medieval times
with the name of “Saint Anthony’s Fire” or also “sacred
fire” or with the more courtly term of “evil of ardent” up to
the most fearsome “Flames of Satan”. The ergot, or sclero-
tium, is horned rye.

16 The Fire of Saint Anthony owes its singular appellation to

the fact that Saint Anthony the Abbot was invoked for his
recovery. Around the remains and relics of the saint, a real
thaumaturgical cult arose in 12th century France, which
changed it into the unique eponym of the disease, while
other saints and the Virgin Mary herself, continued to be
invoked as healers.

17 Herpes zoster, commonly called St. Anthony’s Fire, is

18

a viral disease of the skin and nerve endings, caused by
the childhood chicken pox virus. Its name derives from
the greek words, “snake” and “belt”, which synthetically
describe the painful disease, like a fire snake placed inside
the body, which sometimes produces a painful rash with
blisters, usually in a belt-like strip.

Mattia Preti (Taverna, 25 February 1613 - Valletta, 3
January 1699), was a Neapolitan painter also known as
“The Calabrian Knight” because he was born in Calabria
and later as a Knight of Grace of the Order of St. John of
Jerusalem, by Pope Urban VIII in Rome. Active on the
Ttalian peninsula and on the island of Malta, he was one
of the most important representatives of seventeenth-cen-
tury Neapolitan painting.

19 Domenico Gargiulo, known as Micco Spadaro as the son of

a sword maker (Naples, 1609/1612 - 1675), was a Baroque
painter, active above all in Naples as a landscape painter
and known above all for having documented many tragic
events in his city such as the insurrection of Masaniello.

20 Gaetano Giulio Zumbo, or Zummo (Syracuse, 1656 - Paris,

22 December 1701), was a Sicilian abbot who became
famous in the seventeenth century for his works in
waxwork and for his nativity scene. The information about
this artist trained at the Jesuits and in Bologna, a famous
anatomical study center, is scarce and fragmentary.

21 Nicolas Poussin (Les Andelys, 15 June 1594 - Rome, 19
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November 1665), was a french painter of classical appro-
ach who came to Italy in 1624, under the protection of Car-
dinal Barberini, a wealthy collector and patron and thanks
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to his friend the poet Giambattista Marino became the
fashionable painter of many wealthy roman families.

Dagon is an important Mesopotamian deity of the Canaa-
nite fertility with the appearance of a bearded man with
the lower part of the fish body, adopted as the main deity
by the Philistines, in the Bible an episode is mentioned
in which the statue of Dagon collapses before the Ark of
the Covenant in the Philistine city of Ashdod. In demo-
nology texts, Dagon is the name of a second level demon
and finally a supernatural entity with that name appears,
in a novel by Howard Phillips Lovecraft, published in the
magazine Weird Tales in 1923.

Arnold Bocklin (Basel, 16 October 1827 - San Domenico
di Fiesole, 16 January 1901) was a Swiss painter, one of
the main exponents of German Symbolism, but who
spent most of his life in Rome and Italy, drinking from art
Renaissance in the country.

Egon Leon Adolf Schiele, better known as Egon Schiele
(Tulln an der Donau, 12 June 1890 - Vienna, 31 October
1918), was an Austrian painter and engraver who was a
pupil of Gustav Klimt. Schiele was the absolute exponent
of early expressionism and in particular in the Viennese
Secession movement; early talent, he dies at the age of
twenty-eight.

25 The flu commonly referred to as “Spanish” or also as “The

Great Flu” was an unusually fatal flu pandemic that killed
tens of millions of people around the world between 1918
and 1920 after infecting nearly five hundred million peo-
ple, including inhabitants of some remote islands of the
Pacific Ocean and the Arctic Ocean, ending up causing the
death of fifty million people out of a world population of
about two billion. This fact made it considered the most
serious form of pandemic in the history of mankind, as it
made many more victims of the XIV century black plague,
even among robust young adults and not, as usually hap-
pens, with weaker elderly people.

One of the causes of death of the Spaniard was a rapid pro-
gressive respiratory failure whose viral aggression perhaps
was enhanced by some particular circumstances such as
war, malnutrition, or perhaps the same overcrowded
hospitals with widespread poor hygiene.

The flu was given the name “Spanish” because the first to
give official news were the Spanish newspapers which, not
being involved in the censorship of the Great War, spoke
freely of it, contrary to what happened in the belligerent
countries where the rapid spread of the disease was hid-
den from the press, which described it as an epidemic limi-
ted to Spain.
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Organisms reports the recent birth of EGOI plat-
form, namely the website of the Experts Group on Ino-
sitol in Basic and Clinical Research.

This group involves 31 international personalities
from 12 different countries, skilled in the field of ino-
sitol physiology and therapy, with the aim to discuss
scientific contents relating to their own expertise in the
field.

Inositol is a natural molecule that is found in the
phospholipids of cell membranes, in the lipoproteins of
the plasma and, in the form of inositol-phosphates, in
the cell nucleus [1,2].

When we speak about inositol, we mean a group of
nine different stereoisomers, so that it would be more
correct to use the plural “inositols”.

Among these, however, the term inositol is generally
used to refer to the most bioavailable type, myo-inosi-
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tol. In addition to Myo-inositol there is also the isomer
D-chiro-inositol.

Both, in the form of inositolophosphoglycans, are
“second messengers” of the insulin hormone [3].

Even if their biological functions are often confused,
we need to remember that Myo-inositol and D-chiro-
inositol play different roles in the body.

Myo-inositol is involved in the cellular absorption of
glucose, meanwhile D-chiro in metabolism and storage
of glucose in the form of glycogen [3].

The benefits of both Myo- and D-chiro-inositol are
now well established.

These isomers demonstrated to be effective in the
prevention and in the treatment of many different dise-
ases, such as polycystic ovary syndrome (PCOS), insulin
resistance (IR), metabolic syndrome, gestational diabe-




Organisms rcoris Taking oft

tes mellitus (GDM) and neural tube defects (NTDs) [4-
71

Recently, the interest in inositol has also involved
other areas, such as cardiology [8] and oncology [9,10].

Moreover, inositol phosphates derivatives, especial-
ly those downstream the activation of specific inositol
kinases, play critical roles in chromatin remodelling
and DNA methylation. Overall, the participation of tho-
se metabolites seems to exert unexpected key functions
during morphogenesis and cell fate commitment, in
both natural and pathological processes.

However, even though data and results on the use
of inositols are progressively increasing, some key con-
cepts are still unclarified, especially concerning the pro-
per use and combination of inositol isomers in different
clinical settings.

EGOI focus its activity in fostering advanced studies
and scientific debate on these arguments, by enhancing
the cooperation and scientific networking among scien-
tists from different countries.

To visit the EGOI website: www.inositolgroup.com
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The pharmaceutical industry is currently facing un-
paralleled challenges to develop innovative new drugs.
Although the annual number of new drugs has not
changed much, research and development (R&D) in-
vestment per drug is escalating at a marked rate. Howe-
ver, this relevant involvement in drug discovery is unfit
to cope successfully with new challenges, as those pro-
vided by recent advances in basic and applied medical
sciences.

While pharmacological research performed impres-
sive results in treating cardiovascular, cerebrovascular
and infective diseases, no proportional benefits have
been recorded in the cure rates of neoplastic, metabolic
and degenerative diseases.

Indeed, despite the increased investment in R&D
by the industry, the number of new molecular enti-
ties achieving marketing authorization is not increa-
sing. Contrary to expectations, high investment, deve-
lopment of technology and omics approaches - such as
those based on proteomics and genomics - neither have
reduced the R&D risk, nor have enhanced efficiency.

Three drug-discovery fads have driven the industry’s
R&D programs in the past thirty years: computer aided
drug design, combinational chemistry linked to high
throughput screening and genomics.

Until the 1990s, drug discovery and development
was largely based on a phenotypic approach or observa-
tion-based (‘empirical’) approach. However, the accu-
mulation of knowledge in biochemistry and molecular
biology, led to a shift toward the target-based model,
which entirely rely on a reductionist-based theoretical
framework. Consequently, target-based drug discovery
has been the main research paradigm used by the phar-
maceutical industry during the last 30 years and bil-
lions of dollars have been invested into this approach.
However, recent industry data strongly indicate that the
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target-based approach is not an effective drug discovery
paradigm and is likely to be the cause of the productivi-
ty crisis the industry is experiencing.

While drug-developing chemists and biologists in
the 1990s mostly welcomed the transformation into a
target-based approach (which was surmised more pre-
dictable and science-driven), two decades of experien-
ce shows that this model is failing to boost both drug
discovery and efficiency. Selected targets were often
not druggable and with poor disease linkage, leading
to either high toxicity or poor efficacy. The off-target
effect of a drug was much more difficult to predict in
comparison to the phenotypic approach. Because the
whole industry was using similar compound libraries
for druggable targets, the diversity of pharmaceutical
companies’ portfolio has been spoiled. This has led to
intense competition, where speed of clinical trials and
marketing were the main attributes in determining the
first-in-class or best-in-class.

Moreover, this approach will likely focus on non-
essential targets, thus producing more failures through
lack of efficacy. However, there are no evidence that any
of these is or will be capable of replacing the old techni-
ques. Namely, the basic premises on which gene-based
pharmacological approach is increasingly questioned,
as no one of the bewildering results hitherto anticipated
have been so far achieved. For instance, the possibility
of finding so-called synthetic-lethal drug targets, which
are only essential in cancer cells that carry mutations
in so-called tumor suppressor genes, is attractive only
in theory as many objections stand out against that
hypothesis. Indeed, a classical genetic approach is unli-
kely to be a solution as this model underestimates the
importance of environmental milieu in shaping health
boundaries. The second reason is the great complexity
of gene/gene, gene/environment interactions, and the
third reason is the high individual variability.

The purpose of drug design is to find the optimal
structure that possesses high specificity around the tar-
get and interferes less with other sites to decrease the
likelihood of side effects. However, in many, if not in
most diseases, such unique target simply does not exist.
For instance, in cancer, several pathway are deregu-
lated, none of which is as specific enough to be a ‘hal-
Imark of cancer’. Moreover, by utterly inhibiting/acti-
vating this/these target(s) would seriously impair also
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the functioning of normal tissues, which usually rely on
the same pathways.

Some attempts have been made to deal with these
challenging hurdles, even if a rational strategy is still
lacking.

We need a conceptual revolution. This ‘paradigm
change’ will have profound scientific and philosophical
consequences, given that it implies the search for gene-
ral principles on which a cogent theory of biology might
rely. Because much of the logic of living systems is lo-
cated at higher levels, it is imperative to focus on them.
Indeed, both evolution and physiology work on these
levels. A Systems Biology approach is needed to catch
such a complexity. Accordingly, this new perspective
will entail epistemological and methodological issues as
well.

Industry synergy. Based on the R&D level and
progress made, new small, molecular entities will still
be dominated in drug innovation for the next decade.
This strategy is primarily thought to reduce the bur-
den of financial investments. However, still confusing
is the class of compounds on which we have to focus.
Currently, this approach mostly relies on perspective of
‘industrial synergy’, aimed at multichannel integration
of small/medium size enterprises.

Nanotechnology. In recent years, nanotechnology
has been increasingly applied in drug development
throughout the drug development chain. Nanoparticle-
based therapeutics can confer the ability to overcome
biological barriers, effectively delivering drugs and bio-
logics, and preferentially target sites of disease. Howe-
ver, despite the potential advantages of nanoparticles,
only a relatively small number of nanoparticle-based
medicines have been approved and marketed for clini-
cal use. The safety and efficacy of nanomedicines can
be influenced by minor variations in multiple parame-
ters and need to be carefully examined and controlled in
preclinical and clinical studies, particularly in reference
to their biodistribution, pharmacokinetics and poten-
tial toxicity.

Natural products. Natural products and their deri-
vatives have historically been invaluable as a source of
therapeutic agents. Despite the disbelief that such class
of potential drugs encompassed in the last decades, re-
cent updates and technological advances, coupled with
unrealized expectations from current lead-generation
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strategies, have led to renewed interest in natural pro-
ducts in drug discovery. Indeed, many natural molecu-
les, prone to be eventually engineered to amplify their
efficacy, have already proven to be effective in the tre-
atment of several diseases.

Network polypharmacology. The dominant para-
digm in drug discovery is the concept of designing maxi-
mally selective ligands to act on individual drug targets.
However, many effective drugs act via modulation of
multiple proteins rather than single targets. Advances
in systems biology are revealing a phenotypic robust-
ness and a network structure that strongly suggests that
exquisitely selective compounds, compared with mul-
titarget drugs, may exhibit lower than desired clinical
efficacy. This new appreciation of the role of polyphar-
macology has significant implications for tackling the
two major sources of attrition in drug development—
efficacy and toxicity. Integrating network biology and
polypharmacology holds the promise of expanding the
current opportunity space for druggable targets.

Tumor reversion. Tumor reversion, a new testable
paradigm in drug discovery, constitutes a remarkable
case in point of the aforementioned strategy. An incre-
asing number of reports has ascertained the occurren-
ce of cancer reversion, both in vitro and in vivo. This
process encompasses mandatorily a change in the cell-
stroma interactions, leading to profound modification
in tissue architecture. As cancer can be successfully
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‘reprogrammed’ through the modification of the dyna-
mical cross talk with its microenvironment, the overall
cell-stroma interactive network must be recognized as
the ‘target’ for pharmacological intervention. This new
approach bears huge implications, from both a theo-
retical and clinical perspective, as it may facilitate the
design of a novel anticancer strategy focused on mimi-
cking or activating the tumor reversion pathway.

What we have to do now? Clearly, the looming diffi-
culties will be primarily on the premises on which the-
rapies are planned. For these, the companies may well
have to go back to academia or, at least, to academics
studying new and unexplored paths. For instance, sy-
stems biology, which today is still largely an enterpri-
se of “academic” interest may find itself increasingly
incorporated into the research programs of industrial
enterprises.

We believe that the needed approaches are not sim-
ply to flog individuals to try harder but to build systems
and infrastructures that enhance creative effort. Lateral
thinking can and should be taught. Indeed, time is gone
to address such challenging issues and to restore both
confidence and efficiency to the pharmaceutical indu-
stry.

The volume we are proposing herewith in the Sprin-
ger series, points to address such questions, by provi-
ding a full assessment of the premises underlying a ra-
dical shift in the pharmacology paradigm.
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Plan for scientific clarity

We are a group of doctors and scientists who want to
examine how the fight against Covid-19 is developing at
global level with the intention of making the situation
clearer, with especial regard to new therapies that are
showing themselves to be useful in saving many human
lives.

In the last few months, we have seen an improper
use of science presented in the media as irrefutable
dogma, which is a betrayal of every true scientific spi-
rit. We have also observed that - faced with widespread
subservience in the name of science at the service of po-
litics and money — the voice of an increasing number of
free scientists and doctors on the front lines have taken
a stand apart from the “truths” bandied about in talk
shows that are a thousand miles removed from the ope-
rational realities in hospitals and research institutes.

These colleagues have often done so, unfortunately,

individually and timidly, for fear of reprisals.
This has happened in particular in the last few weeks,
thanks to the courage of a few therapists who — having
realised that the clinical approach to Covid-19 had va-
rious large gaps — risked everything to save their pa-
tients by adopting innovative care treatment and refu-
sing the use of potential harmful treatments.

We therefore believe it is tremendously urgent to
exercise every effort to overcome the fragmentation
of individual voices by setting up a platform on which
the greatest number of scientists and doctors who have
been able to set aside their own ideological differences
can all contribute — based on the present document that
has been shared and countersigned. The aim is to pre-
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sent a united front against the “official truth” - defen-
ding against outside interests — which are being ram-
med down our throats daily in the name of a science
that in fact is being despised and violated.

The Italian experience
1. Delay

A great deal remains to be made clear about the
emergency and the spread of the Covid-19 epidemic.
It is not in the scope of this document to broach these
issues.

This document is an analytical proposal.

Italy, and especially its regions in the North, has
been one of the hardest-hit countries. We believe the-
re are weighty and well-founded responsibilities, both
in the regions and centrally, which have aggravated the
situation created by the Covid-19 virus. There are gra-
ve doubts about the public health measures that were
adopted in Italy. We have been taken by surprise, but
we had been warned in good time, in various forms and
at various times.

To sum up: the Government activated — but only
in part — a programme of emergency action around 50
days late, which then revealed itself to be deadly.

The first public report from the Istituto Superiore
di Sanita [Health Academy] was only made on the 16th
January.

It is certainly true that the behaviour of the World
Health Organization was strangely wavering, uncertain
and often confused. Nevertheless, the succession of
news coming out from China was already enough to be
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able to give rise to serious alarm. Instead, the Giornale
della Protezione Civile [Emergency Planning Journal]
dated 24th January informed readers that “Italy has a
plan against the coronavirus, but for the moment there
is no cause for concern”. It seems that nobody at the
Istituto Superiore di Sanita [Health Academy] had read
the Report on Health Security from the John Hopkins
Bloomberg School of Public Health, dated September
2019. That report examined the “state of preparedness”
when confronted with a pandemic caused by “widespre-
ad impact respiratory pathogens”, with a “high poten-
tial transmissibility and high recorded death rate”.
The precision of the forecasts in such a study could only
be measured a posteriori, that is, today. In addition,
that document is worth examining with extreme care at
a time when new international safety issues have to be
faced. In fact, that document highlighted “if a pathogen
with high respiratory impact were to emerge, either
as a result of accidental or deliberate release, it would
probably have a significant impact upon public health,
on the economy, on society and on politics”. Moreover,
not only. It also added a further hypothesis: “the combi-
ned possibilities of short incubation periods and asym-
ptomatic spread could have the effect of only having a
very short window of opportunity available to act to
stop transmission, making the outcome difficult to con-
tain”, and “making it able to strike several countries
simultaneously and to demand approaches that differ
from the usual”.

Whoever reads these forecasts cannot fail to be
struck by the precision of the description, in advance of
what then happened in reality.

On2othJanuary,Chinadeclaredanincreaseincontagion
of 60% in two days. Americans evacuated from China. On
3oth January the WHO declared Coronavirus to be a
“Global Health Emergency”. The next day, on the 31st Ja-
nuary, the Italian Council of Ministers declared a state of
emergency for six months, and set aside 5 million Euros
for initial needs.

However, another fifteen days would pass before a
WHO delegation went to China (on February 16th) to
perform an in-depth investigation. Italy, strangely, did
not take part. However, the mission report shows that
in sporadic cases of abnormal pneumonia (suspected of
being traceable to influenza of a Sars type) had already
been reported since the previous October. Therefore, in
the first fortnight of February there were already signs
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showing a high probability that a new virus had been
in circulation for months. Similar results, of anomalous
pneumonia, were later recorded in Northern Italy.

Having gone un-noted at the time, they could mean
that the virus had reached Italy and was circulating long
before the epidemic exploded.

2, Data Uncertainty:
Diagnostic Unreliability—Lack of
Preparation and Technical Resources

Four orders of uncertainty have compromised
analyses, Government choices and media narratives. The
latter turned out to be catastrophic in nature and largely
unreliable.

a) Data arriving from China, the number of deaths
and infections, did not permit any realistic evaluation
of the situation, which was then to arise in Italy. Here
the responsibility of the Italian Government is limited.
Much greater is that of the WHO.

b) But where instead there was an accumulation of
errors, all of them serious, was the absence of a sampled
screening programme; the precise initial identification
of the areas struck; and the assessment of the number of
people infected. In that way the extent of the infection
was underestimated and gross calculation errors were
made about the lethal nature of Covid-19.

¢) Technical limitations influenced all aspects of data
collection. The greatest confusion has characterised the
criteria of assessment of causes of death. Italy adopted
the “all inclusive” approach. The almost total absence
of autopsies has hampered the understanding of the
pathogen mechanisms that caused death, and in parti-
cular, impeded identifying the most important cause of
death. This is in part where the enormous difference in
mortality rate between Italy and Germany at the end of
March 2020 derives (11,40% versus 0.9%).

d) The use of testing has been unexplainably irre-
gular and not uniform across the territory. That makes
the validity of results uncertain. Culpably, no priority
was given to serologic analysis (evaluation of M & G im-
mune-globulin) which was the only test that could give
us real information on the numbers infected and those
who were still hosting an active pathology.
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3. Ambiguous and Confused
Communications

The model for communications adopted by the Go-
vernment was the least thought out possible. A mix of
official notices, unofficial and casual news, spread across
communiqués and individual interviews, mostly distri-
buted by entertainment channels, television panels
and various chat shows, which in turn were populated
by experts, mixed in with random views from laymen,
characters from show-business and people in general,
so as to be indistinguishable from infotainment. The
overall result of that kind of communications, instead of
producing an effect of responsible alertness, has led to
widespread scaremongering and concern. In this way,
the habit of conveying a regular “war bulletin” daily —
together with an endless procession of experts — each
of whom was mostly concerned with providing their
own personal view, often in contradiction with those of
others — gave rise to worry, anxiety and confusion well
beyond what was due and desirable.

4. World Health Organization:
Missing Fulfilment, Political
Inappropriateness, and Enormous
Conflicts of Interest

1) It did not perform monitoring of the Wuhan la-
boratory, despite the activities of the latter having been
targeted for some time by the scientific community. It
should be recalled that the WHO frequently attended
and inspected Lab-4 in that Chinese region.

2) It did not raise the alarm in a timely manner,
which action should have been taken as soon as the new
viral strain was isolated (9th January 2020).

3) It issued pandemic warnings about 40 days late:
on the 15th January, cases of Covid-19 had already been
declared in Thailand, Japan and the United States, in
addition to the Wuhan epicentre. By the 20th January,
it was already clear that the infection was transmitted
human-to-human through respiratory pathways. And
yet the WHO, in its communications and final report
following the inspection visit made to China (24th Fe-
bruary), persisted in declaring the situation under con-
trol and in praising China for the measures applied.
At the same time the WHO - through a statement by
Walter Ricciardi, member of the WHO Executive Bo-
ard and currently advisor to the Italian Health Ministry
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— calmly stated that blocking flights from China “was
an error”. The idea was taken up again by the WHO’s
Director General - Tedros Adhanom Ghebreyesus — ac-
cording to whom “these indications risk increasing fear
and discrimination and have little results in public he-
ath terms”.

4) In the meantime, the WHO ignored the warnings
issued by Japan, Korea and Taiwan. It is further incre-
dible that the WHO, who was ready to praise China, did
not instead stress the efficient protocols put in action in
Korea and in Taiwan to halt the epidemic, as models of
good practise. It is even more incredible that the WHO
deliberately ignored the alarm raised by Taiwan at the
start of December with regard to the development of a
possible epidemic originating in China.

To sum up, it is beyond doubt that murky relations
exist between China and the WHO. It is also beyond
doubt that opaque relations exist between the WHO
and a few private foundations, and all the major multi-
national companies that can be summed up in the term
Big Pharma. The entire episode deserves further inve-
stigation and assessment within the United Nations,
with a request that on this topic a specific investigation
be made. That initiative can be triggered either by the
UN Security Council or by Italy itself.

At the same time, the Italian Government must re-
examine all its relations with the WHO and make its
own proposals, to be discussed in international forums,
to replace the WHO with an international body, which is
entirely public, and funded exclusively by nation States.

5. Urgent Tasks for
the Italian Government

The government has shown (and continues to show)
errors and uncertainties that need to be expressly ex-
posed.

First, as has been stated, we have seen a glaring lack
of awareness of the incumbent danger of dangerous
epidemics. One could use the same expression as in the
Lancet review: “trained incapacity” to describe the be-
haviour of politics and of the crucial apparatus of State
machinery. Political power has demonstrated that it has
been unable to adapt even to the directions of the scien-
tific community that had forecast the rise of a potential-
ly lethal new pandemic of influenza virus over at least
fifteen years.
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Secondly, it is embarrassing to observe how, faced
with the information available to it — both public and
confidential -the Government delayed taking advantage
of the Piano Nazionale per la Prevenzione (2014-2018)
[National Prevention Plan] and above all triggering the
Piano nazionale di preparazione e risposta a una pan-
demia influenzale [National Plan for Preparedness and
Responding to an Influenza Pandemic], published in
2007 and later updated 2016.

We shall see later how that plan was disregarded,
point by point:

- The purpose of the Plan— structured into six stages
of activation — was strengthening preparedness for a
pandemic at national and local level, so as to:

Identify, confirm and rapidly describe cases of
influenza caused by new viral subcategories, in
such a way as to recognise the start of a pandemic in
good time (Stage 2).

This did not take place notwithstanding that in the
course of the months of December and January, trou-
ble spots of atypical viral pneumonia were recorded
in several areas in Lombardy, in the Veneto and in
Emilia Romagna. In particular, from the 28th Decem-
ber no less than 40 anomalous cases of viral pneumo-
nia were reported in the hospital in Piacenza. A later
study by Milan University enabled the debut of the
epidemic in Italy to be placed between October and
November, thus well before the first verified case in
Codogno. The warnings sent to the Minister of Health
would then form the scope of a specific circular dated
5th January 2020, in which the risk of a possible epi-
demic was explained, and a request was made to pay
attention to the connection between viral pneumonia
and China. That circular was reiterated on the 12th
January, stressing once again the connection betwe-
en viruses and epidemics, whilst pointing out— in a
completely paradoxical way — that the WHO, based
on news received from China, was by then “reassu-
red of the quality of the investigations in progress [in
China] and by the response measures implemented in
Wuhan”. In the circular dated 16th January we wit-
nessed an about-face, an utter outright manipulation
of the truth, given that it went back to talking of a
possible epidemic, but cancelled the link to China and
even picked out Japan as a source, adding the words
“Japan (ex-China)”!

- During the course of “Inter-pandemic Stages
1-27, as set out in the plan, the following was due to be
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performed: “Health information to the population to
promote the adoption of common hygienic standards,
which include: frequent hand-washing, cleansing do-
mestic surfaces with the usual products, and covering
the mouth and nose when sneezing or coughing. Adop-
ting measures to limit the transmission of infection in
communities (schools, rest homes and meeting places),
where excessive crowding should be avoided, and pro-
viding premises with adequate ventilation. Preparing
appropriate measures for controlling the spread of the
influenza pandemic in hospitals. Providing Personal
Protection Equipment for health workers. Checking
sanitizing and dis-infecting systems are functioning.
Identifying appropriate pathways for the infected or
those suspected of so being. Surveying hospital bed
availability and that of rooms with negative pressure.
Surveying the availability of mechanical devices to as-
sist patients. Minimizing the risk of transmission and
limiting morbidity and deaths due to the pandemic.
Reducing the impact of the pandemic on the health
and social services and ensuring that essential services
are maintained”.

None of this took place, so much so, that the Italian
Government actually sent out/gave away huge quan-
tities of health equipment (including facemasks) to
China and other countries.

- In the course of Stages 3-5 the Plan further recom-
mends: “creating and implementing surveillance proto-
cols for: travellers coming from infected areas; health
workers who assist patients with suspected or confir-
med influenza of a potentially pandemic strain; the la-
boratories that handle clinical samples at risk; defining
and implementing surveillance protocols for clusters of
influenza syndromes that are potentially attributable to
a pandemic virus, either through general practise doc-
tors and family paediatricians and through hospitalisa-
tion Institutions”.

As is obvious, all of this was widely disregarded,
especially as regards the protection of health workers
and the involvement of territorial medicine, which only
a few months later turned out to be a winning card in
limiting the progression of the disease, and in reducing
the number of patients requiring hospitalisation in in-
tensive care units

To sum up, the Plan for Pandemic Management was
ignored, disregarded, and implemented late, and then
only in part.
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6. Rethinking the Entire Health
Structure of the Country

Over the last few years, successive governments
have degraded the idea of medicine that we have inhe-
rited from the great Greco-Roman and Christian tradi-
tions. The hospital — once known as Hotel de Dieu — has
become a Health Enterprise, where choices are made
by measuring them against financial and management
efficiency criteria. This has meant the abandonment of
territorial medicine and the creation of multi-specialty
centres of attraction, placed in large cities, deemed to
be fully comprehensive terminals for health demands
of entire macro-regions. The development of territorial
medicine would have enabled better care and handling
of patients in a home environment, responding to “pri-
mary” specialist demand” (neonatal care, maternity,
accident and emergency), for which citizens should not
of necessity be forced to turn to macro-hubs in major
cities. This would also have made resources available —
both economic and human — that could have been used
to diversify health service offerings. In particular, the
need to provide a larger number of beds in intensive
care had been known for some time (especially after
the Monti Government had irresponsibly cut 2/3 of the
bed units then available), but nothing was done to fill
this gap. This ended up causing thousands of deaths.
It should also be considered that, since the 1990s, the
term “prevention” - which was often referred to in
the 1970s and 1980s to face up to complex issues such
as environmental (and professional) pollution, degene-
rative (cancer) and metabolic conditions (obesity, dia-
betes) - has gradually disappeared from the vocabulary
of health service managers. Surrendering the paradigm
of prevention has resulted in underestimating the risks
arising from new, foreseeable, pandemic waves.

This emergency could offer an opportunity to rethink
the health model that has developed in the last decades.
It would be appropriate to launch a debate and propo-
sals on this topic, which is able to translate into a project
for re-founding public health.

7. Investing in Scientific Research
This issue affects all vital sectors of the Country. For
years Italian scientific research has received laughable

funding, bot compared with GDP, and when compa-
red with its levels in other European Union countries.
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Italy has, furthermore an absolutely prime internatio-
nal reputation, being three times more productive than
Germany, even though it one quarter of the research
funding. One would have expected, in conjunction with
Covid-19 emergency, that an emergency scientific re-
search plan would have been launched immediately,
if only to start essential research to identify possible
cures. None of all this has been as much as tabled. It
turns out that the Health Ministry has put up a prize
of 5 Million Euros, reserved exclusively for IRCSS and
formally excluding any contributions from Universities.
Only in July was launched an FISR program for univer-
sities, for around 20 Million Euros [1].

The status of the diesease:
what should be done?

At the current stage of the epidemic, it has been esta-
blished without any possible denial that Covid-19 is a
disease — certainly highly contagious — that can be tre-
ated in most cases, but which at times can be serious,
as unfortunately happens with many other pathologies.

Guidelines for tackling it should therefore be made
up of the following points:

a) Prevention: great stress should be laid upon en-
hancing innate immunity and checking silent chronic
inflammation. Such goals can be reached first by means
of a suitable diet and lifestyle. In individual cases, spe-
cific supplements can be resorted to. In particular, it is
necessary to take account of the psychic-emotional state
of persons, in the knowledge of its fallout on the im-
mune system. It is clear that at the moment that there
are no adequate scientific studies on the impact of such
approaches on the illness. On the other hand, there are
harmful effects on all viral diseases of a compromised
immune system, and since silent chronic inflammation
occurs in the second stage of the illness, this enhances
the cytokine storm.

b) Avoiding viral transmission, by controlling are-
as of major contagion (in particular assessing people
without symptoms in the areas at greatest risk, interve-
ning in a timely way for isolation, testing, and supplying
all health workers and those at major risk of infection
with appropriate Personal Protective Equipment.)

¢) The possibility of acting early on a territory with
therapies that have already shown to be effecti-
ve even in the absence of randomised studies that are
expected shortly (hydroxychloroquine, heparin, and
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corticoids). The possibility of intervening in the most
difficult cases with hospitalisation and second-degree
care (antiviral agents, ozone therapy, hyper-immune
plasma, myo-inositol, and oxygen with various approa-
ches to its administration) should also greatly decrease
the need for hospitalisation in Intensive Care Units.

d) Increasing intensive care numbers, even if,
with data in hand, much less should be needed if there
was a widespread use of therapies that have shown to be
effective to date.

e) Learning to live with it in the same way as we
live with many other diseases, paying more attention to
hygiene standards. It is certain that major gatherings
form a danger, also through increased viral load. Thus,
they should be avoided in periods of a major virus pre-
sence. For this reason, as for other diseases, constant
monitoring is needed.

What have we learned
in the last two months?

From clinical results, it has emerged that Covid-19
is a mild disease in the majority of cases (roughly 85%).
Itis major but not dangerous in a further 10% of cases, in
whichvariousapproachestotreatmentareavailable.Inthe
5% that could have a deadly outcome, the following va-
rious therapies have been tried with success:

1) Ozone Therapy with Antiviral Agents
2) Therapy using Anti-coagulants

3) Hydroxychloroquine and Heparin
4) Hyper-Immune Plasma

5) Myo-inositol

Even if modern medicine is based on proven effec-
tiveness (EBM - Evidence-Based Medicine) aimed
at guaranteeing that before a newly created remedy is
place on the market one is certain that the advantages
outweigh the side effects, we know that this research
method obviously requires very long periods.

At the same time, given that is well known that pu-
blications receive funding from Pharmaceutical Com-
panies that pursue profit at all costs from the remedies
they patent, the absence of publication is often a good
approach to burying innovations that are not of interest.

Today we find ourselves before a dilemma of whether
to continue researching a new molecule, which could
potentially be toxic and which will require long periods
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in order to be approved (for example, a vaccine); or op-
ting for a therapeutic approach which has been known
for years and considered to be well tolerated (such as
hydroxychloroquine for example). Another opportunity
is offered by well-experimented approaches, known to
be harmless and efficacious (for example, hyper-immu-
ne plasma or ozone therapy).

It is obvious that faced with grave situations, even
a few cases are enough to declare a therapy as “likely”
to be effective. That is precisely what is happening with
the therapies set out above.

Furthermore, such therapies should be available in
very short order, and not only in emergencies.

For this reason, it is supposed that insisting on
waiting for a published scientific study is a system for
burying this kind of approach, with the sole purpose of
pursuing economic gain.

In addition, the desire to bet on a vaccine - whate-
ver it takes — presents various criticalities as stressed
by Ernesto Burgio, “when we proceed in too much of a
hurry, under the pressure of an epidemic emergency —
as happened in the Philippines with Dengue — there is a
risk that a new vaccine, or one that has not been tested
enough can even trigger grave forms of the infection
being combated: or may cause a kind of immune acti-
vation mediated by Th2 lymph cells (a kind of allergic
reaction) or by a paradoxical reaction, triggered pre-
cisely by the antibodies prompted by the vaccine (ADE,
Antibody Dependent Enhancement). In the foreseeable
rush to a vaccine against SARS CoV2 similar incidents
are possible and it is necessary to be prudent”.

Considering the therapeutic successes — see the lin-
ks shown above — which are not being made known to
the public — save fleetingly and, we would say, almost
unwillingly — by means of the media or official state-
ments, by the present document we intend to request
that the Ministry convene the doctors who are
already experts in these kinds of therapies. Ac-
cordingly, in the shortest possible time, the advantages
and disadvantages of each of them can be set out for
colleagues, even in the absence of double blind studies.
In the case of a second wave, during the course of Stage
2 it will be necessary to be ready to act, using:

A) Public prevention and health worker
training courses.

B) Effective protection systems (masks, gloves,
etc.) in adequate quantities.
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C) Diagnostic asseveration procedures to be
implemented in case of well-founded clinical
suspicion. This can avoid most infections.

D) Creation of specific centres - out and out
military style task forces — that can actin a
few hours in the case of emergency.

E) Protocols that are actionable by the USCA
(Unita Speciali di Continuita Assistenziale)
[Special Welfare Continuity Units] across
the whole Country to support physicians on
the territory with continuous monitoring of
infected patients even if they are not
hospitalised.

F) Availability of medicines that have been
shown to be effective and tested by various
front-line colleagues.

Whilst waiting for this, the signatories of this
document commit to gathering the relevant
data and making it available to everyone.

Rome, 18th May 2020
[1] Update of 10th July
Attachment 1

Plan for Scientific Clarity was drawn up by:
Giulietto Chiesa (Journalist)

Mariano Bizzarri (Professor at University of Roma)
Fabio Burigana (M.D.)

Piero Cammerinesi (Journalist)

Members of Centre of Gravity that signed up:
Cristoforo Attardo, Roberto Germano, Umberto Pasca-
li, Paolo Scapellato, Andreina Fontana, Patrizia Scanu,
Simone Lombardini, Gino Chabod, Roberto Pecchioli,
Andrea Grieco, Piergiorgio Rosso, Guido Grossi, Elena
Glielmo, Alberto Prestininzi, Francesco Celani, Fran-
cesco Scala, Antonino Galloni, Fabrizio de’Marinis,
Riccardo Petrela, Stefano Serafini, Margherita Furlan,
Pasquale di Guglielmo, Alessandro Giuliani, Roberto
Siconolfi, Vladislav Gavriusev, Marcello Madaro, Marco
Martini, Cinzia Pagni, Sabrina Fantauzzi, Danilo D’An-
gelo, Silvana Corda, Mario Dandreta, Giorgio Iacuzzo,
Antonella de Ninno, Giorgio Giorda, Silvia Chinaglia,
Adriano Tilgher, Giulio Bassi, Luigi de Leonibus, Laura
Vantini, Nicoletta Ferroni
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Associations that have joined the Plan:
Medicina di Segnale (circa 850 associati)
www.medicinadisegnale.it

FIAMO (circa 200 associati)
http://www.fiamo.it/

The Plan has also been joined by:

Piero Priorini (Psychotherapist), Franco Lugnani
(M.D.), Carmelo Samona (M.D.), Paolo Baron (M.D.),
Stefano Clauti (M.D.), Fabrizio Fiorini (M.D.), Danilo
Toneguzzi (M.D.), Mauro Alivia (M.D.), Carlo Moc-
ci (M.D.), Stefano Gasperi (M.D.), Guido Cantamessa
(M.D.), Eva Rigonat (M.D.), Andrea Basili (M.D.), Anna
Maria Cebrelli (Psychologist)

Attachment 2
Update as of 10th July 2020

Little more than a month after drafting the Piano di
Chiarezza Scientifica [Plan for Scientific Clarity],
we have been forced to assess what has happened in
that period of time, given the hectic unfolding of events
and of research results in the field related to the Co-
vid-19 epidemic. During that month in fact, some major
events have taken place and the epidemiological situa-
tion has changed noticeably, as can be deduced from the
following points:

1) The numbers of infections are continuing to drop in
Italy and in a much more significant extent; severe ca-
ses of Covid-19 have diminished, almost to the point
of reaching zero;

2) The usefulness of certain therapeutic approaches has
emerged and a few controlled trials have confirmed
their effectiveness. Amongst these are anti-coagulant
therapy, cortisone-based therapy (Dexamethasone),
hyper-immune plasma and ozone therapy;

3) Endothelium involvement by the virus has been
confirmed, with major implications for all stages of the-
rapy, from treatment at home to intensive care;

4) In Italy, we still notice the absence of territorial
medical planning for diagnosis and treatment gui-
delines for handling Covid-19, and that of a precise
prevention protocol to avoid infections especially in
healthcare surroundings, in which it is still not yet pos-
sible to have adequate quantities of PPE available.
We further observe inconsistencies in the handling of
asymptomatic cases, who turn out to be positive for Co-
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vid-19 after serological test.

5) Furthermore, we find ourselves confronted with a
proposal for wide anti-influenza vaccination,
without any appropriate scientific basis for its ef-
fectiveness against Covid-19.

To sum up the situation, today we find ourselves fa-
ced with the lack of a common strategy not only in
Italy, but also in the rest of the world, both at the level
of scientific research and that of social containment. On
the other hand what is not missing — and continues still
today when infections have reduced drastically (sugge-
sting a probable ‘weakening’ of the viral load) — is the
complete and utter media terrorism that tends to
amplify every single case — even in the so-called “Pha-
se 2”7 — without however, producing any evidence that
might justify this kind of alarmism.

Totally distorted scientific information — the Lancet /
WHO case was typical — demonstrates beyond any re-
asonable doubt the enormous economic interests
that are concentrating on producing and distributing a
vaccine to the entire population of the world. Incorrect
information on the harmfulness of hydroxy-chloroqui-
ne, was in fact, published in the Lancet journal and con-
firmed by the WHO and by our ISS (National Health
Institute) — but was later unmasked forcing both the
journal and the WHO into a sudden U-turn. This was a
decidedly striking case in the history of reference scien-
tific journals and has demonstrated that scientific pu-
blications cannot be trusted and the institutions
in charge of public health even less so.

Faced with the above, in our opinion there are three
main issues that must be treated today with maxi-
mum urgency by the relevant authorities:

1) The issue of freedom to choose treatment

The principle of freedom to choose treatment, laid down
in section 32 of the Constitution is not negotiable, and
cannot be removed on the pretext of real or fictitious
states of emergency. The Centre of Gravity is committed
to defending this indefeasible right with all its powers.
2) The senseless policy of social distancing in
schools

With school lessons starting in September an out-and-
out assault on the humanity of our children is being
planned. It is criminal to see the project for social di-
stancing between students or the use of facemasks in
classes. The harm from these measures goes beyond
any possible imagination — even over the long term in
the later course of life. Given that, to date, no studies
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exist that demonstrate with certainty that children were
infected by the disease in Phase 1 at school and that they
brought the infection home, the approach should be one
of performing check-ups based on well-grounded suspi-
cions and asking families not to send children to scho-
ol if they are unwell. To this end, preventive medical
equipment across the territory, in schools and workpla-
ces is indispensable.

3) A wider vision of the approach to treatment
Lastly, a very little importance has been given by the
media and the so-called “experts” to the enhancement
of immune response by prevention thanks to diet and
lifestyle, and to supplements about which scientific
evidence exists, with vitamin D being first and fore-
most. On this topic, it should also be recalled that an
inner attitude of calm and courage should also be
promoted to defend against the media bombardment
that has been raging during the last months. The spi-
ritual dimension of humankind should not be unde-
restimated, despite a certain world of financial interests
that has today taken possession of science and politics.
In conclusion, Covid-19 is a disease that we must get
to know better, a disease that is much less serious than
many others but which must be handled in an appro-
priate way. It would therefore be suitable for physi-
cians and for the population to receive regular technical
updates on the situation. For this reason, it is conside-
red useful to form a group of independent experts
to work alongside those selected by the Government.
That group must commit to conveying the results of its
own independent research to the Government, in-
cluding by the means of creating a website, which can
be freely accessed by both doctors and citizens.
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