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EDITORIAL

The fight to end tuberculosis: a global challenge
In strong partnership

M. MARTINI, I. BARBERIS!, V. GAZZANIGA?*®, G. ICARDI!
! Department of Health Sciences, University of Genoa, Italy; > Department of Medico-Surgical Sciences and Biotechnologies, Sapienza
University of Rome, Italy; * President of Italian Society of Human Sciences in Medicine (SISUMed), Rome, Italy
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Since 1982, one century after the discovery of Myco-
bacterium tuberculosis as the causal agent of the disease
by Robert Koch in Berlin, on March 24" each year the
World Health Organization (WHO) celebrates the World
TB day.

This event aims to raise people awareness about the bur-
den of tuberculosis (TB) and the status of TB prevention
and to spur social and political stakeholders to make fur-
ther efforts and work together in strong partnerships to
stop TB at all levels [1].

The global end TB strategy 2016-2035 and the WHO
global TB programme develop policies, strategies and
standards, assess national programme performances and
facilitate partnerships and communication to advance
universal access to TB prevention, care and control.
The global TB report 2019 showed that the world didn’t
reach 2019 goal in stop TB, and that multidrug resistant
TB is still spread in many countries in the world.

TB is one of the top 10 causes of death worldwide, kill-
ing over 4.500 people every day [2]. In 2018, there were
an estimated 10 million new TB cases worldwide.
There were an estimated 1.2 million TB deaths among
HIV-negative people in 2018, and an additional 251.000
among HIV-positive people; 57% of all TB cases were
in men in 2018.

Geographically, most TB cases in 2018 were in the
WHO Regions of South-East Asia (44%), Africa (24%)
and the Western Pacific (18%) [2].

Moreover, the social and economic impacts of tuber-
culosis worldwide are devastating, including poverty,
stigma and discrimination.

On 26 september 2018, the first hig-level meeting of
the United Nations General Assembly (UNHLM) on
the fight against tuberculosis brought together Heads of
State under the theme “United to end tuberculosis: an ur-
gent global response to a global epidemic”, with support
of WHO and other international organizations.

The meeting resulted in an action-oriented political dec-
laration, builds on previous commitments in the Mos-
cow declaration to End TB, that will strenghten action
and investments towards the end TB response [3].

The end TB strategy adopted by the WHO in 2014 aims
to end the global TB epidemic and to remove catastroph-
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ic costs for TB-affected households by 2030, to reduce
deaths about 90% and TB incidence of 80%.
The 2020 theme for stop TB day, “It’s time!”, highlights
the timely need for action in scale up, research, funding,
human rights and accountability [4].
Main goals are:
* improve access to prevention and treatment of tuber-
culosis;
» grant for research;
* stop discrimination of illness people.
In 2018, 484.000 people developed a drug-resistant tu-
berculosis; in these cases treatment success rate was low
globally, with a mean of 56% [2].
Drug resistant TB remains a public health problem with
gaps in detection and treatment: in 2016 490.000 people
developed a multi-drug resistant TB worldwide, and oth-
er 110.000 people were affected by rifampicin-resistant
TB and required second-line treatment [5].
From 2000 to 2016, however, about 53 million people
were saved, also thanks to a great effort organized and
carried out worldwide, that permitted to reduce the mor-
tality rate by 42%.
Every year, during the World TB Day, WHO together
with the Global Fund and Stop TB Partnership highlights
to governments, communities, civil society organiza-
tions, health care providers and national / international
partners the need to join forces under the slogan “Find.
Treat. All. #EndTB” to guarantee assistance to millions
of people who do not have access to quality care.
United Nations member states committed to fulfilling
the following key targets by 2022: successfully treat 40
million people with TB, including 3.5 million children
(under 15 years of age), successfully treat 1.5 million
people with multidrug-resistant TB, including 115.000
children, provide TB preventive therapy for at least 30
million people, including 4 million children under the
age of 5, 20 million other household contacts of people
affected by TB, and 6 million people living with HIV [6].
Moreover, stakeholders will try to increase global invest-
ment in TB prevention, diagnosis, treatment and care to
US$ 13 billion annually [4].
A strong support for research, innovation and develop-
ment is needed by 2025, in order to reach an annual de-
cline in the global TB incidence rate of 17% per year.
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Principal targets are to discover a vaccine to lower the risk
of infection, or new drug treatment to cut the risk of TB dis-
ease in the 1.7 billion people already latently infected [2].
Only by reinforcing a joint response, it is possible for the
world to reach the commitments established by the End
TB strategy, WHO and Stop TB Global Plan.
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The paleopathological evidence on the origins
of human tuberculosis: a review
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Summary

Tuberculosis (TB) has been one of the most important infectious
diseases affecting mankind and still represents a plague on a
global scale. In this narrative review the origins of tuberculosis
are outlined, according to the evidence of paleopathology. In par-
ticular the first cases of human TB in ancient skeletal remains
are presented, together with the most recent discoveries result-
ing from the paleomicrobiology of the tubercle bacillus, which
provide innovative information on the history of TB. The paleo-
pathological evidence of TB attests the presence of the disease
starting from Neolithic times. Traditionally, it was thought that TB
has a zoonotic origin, being acquired by humans from cattle dur-
ing the Neolithic revolution. However, the biomolecular studies
proposed a new evolutionary scenario demonstrating that human

Introduction

Tuberculosis (TB) is an infectious disease caused by
bacteria of the Mycobacterium tuberculosis complex
(MTBC), which includes M. tuberculosis, M. bovis, M.
canettii, M. africanum, M. pinnipedii, M. microti, M.
caprae, M. mungi and M. orygis. The first two strains
are most frequently responsible for TB in humans [1].
Despite the efforts to reduce the burden of TB world-
wide and the progress in care and prevention, it is still a
major global cause of disease and death [2].

Starting from the industrial era, TB became particularly
diffused, favoured by the increased population density
and the poor living conditions. Thanks to the improve-
ment of health status, alimentation and hygiene dur-
ing the 20™ century in developed countries, the disease
began to decrease its incidence; the introduction of the
BCG (Bacillus Calmette-Guérin) vaccine in 1921 and
the use of chemotherapeutic drugs efficacious against
the infection, such as streptomycin and isoniazid in 1943
and 1952 respectively, further decreased the incidence.
However, despite being considered in the 80s of the 20
century as a conquered infection [3], TB still remains a
plague on a global scale and is the top infectious killer
globally by being present today in both developed and
developing countries; it is estimated that a quarter of the
world population (1.7 billion people) is infected with M.
tuberculosis, 5-15% of which will develop the TB disease
during their lifetime [4]. Statistics show that in 2016 TB
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TB has a human origin. The researches show that the disease was
present in the early human populations of Africa at least 70000
years ago and that it expanded following the migrations of Homo
sapiens out of Africa, adapting to the different human groups. The
demographic success of TB during the Neolithic period was due to
the growth of density and size of the human host population, and
not the zoonotic transfer from cattle, as previously hypothesized.
These data demonstrate a long coevolution of the disease and
its human host. Understanding the changes of TB through time
thanks to the advances in the field of paleopathology can help to
solve the present problems and understand the future evolution
of TB.

was the underlying cause of 1.3 million deaths among
HIV-negative people and furthermore was a contributing
cause of 374,000 deaths among people with HIV [4].
Due to historical, social and geopolitical determinants,
the regions with the highest rates of TB are Sub-Saharan
Africa, South-East Asia and East Europe [5, 6]. The on-
ly available vaccine (BCG) is obtained from attenuated
strains of M. bovis, but is not extensively effective; no
other vaccines had been produced in the meantime [7].
Finally, the appearance of TB-strains that are resistant
to antibiotics, in particular multi-drug and even totally
drug-resistant strains, represents a real challenge in the
struggle against the disease [8].

Paleopathology, the interdisciplinary field of research
that focuses on the development of ancient diseases and
their impact and distribution in past populations, togeth-
er with ancient DNA analyses, can provide important
contributions to our knowledge of this major pathogen
through the study of how TB evolved through time.

Early paleopatho!ogica! and biomolecular
evidences for TB in ancient skeletal
remains

The paleopathological evidence for TB is based on pri-
mary sources, such as the analysis of skeletal remains
and mummified soft tissues. The diagnosis of TB can be
considered reliable on the basis of specific skeletal fea-
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tures; these include characteristic changes to the spine,
consisting in lytic lesions affecting the vertebral bodies
with resulting ankylosis, body collapse and kyphosis
(Pott’s disease); extraspinal unifocal lytic lesions with
absence of new bone formation; single joint ankylosis,
specially localised in the hip, knee and wrist; and new
bone formation on the internal surface of the ribs [9, 10].
In the last decades, the development of the new field of
palacomicrobiology permitted in several cases further
corroboration of the diagnosis through the detection
of TB ancient DNA (aDNA); the latest technologies of
high-throughput sequencing and metagenomics allowed
us to obtain a complete picture of the pathogen in an-
cient human remains [10].

However, modern clinical data demonstrated that only
1-5% of patients with pulmonary TB develops skeletal
lesions [11]; therefore, it should be considered that the
detection of TB in paleopathology is largely underesti-
mated [12].

The earliest human skeletal remains with paleopatho-
logical changes of TB date back to 8000-10000 years
ago, corresponding to the Neolithic revolution, and
come from the Near East. Before this period, a single
controversial diagnosis of Leptomeningitis tuberculosa,
in relation to non specific endocranial changes of the
frontal bone of a fossil, has been attributed to a Homo
erectus from Turkey dating from the middle Pleistocene
(490000-510000 years BP) [13]; this could represent the
most ancient example of TB in a human fossil, but this
interpretation was questioned by other authors [14].
The most ancient animal case, which was confirmed by
morphological and biomolecular analyses, is represent-
ed by a ca. 17000-year-old late Pleistocene long-horned
extinct bison (Bison antiquus) enclosed in sediments
from the Natural Trap Cave from Wyoming (United
States). This fossil documents that TB was present in
North America at least 20000 years BP, long before the
domestication [15].

The most notable of the first TB traces in human skeletal
remains are concentrated in the Near East and Europe.
As for the Near East, five cases from two sites located
in the Fertile Crescent belonging to the Pre-Pottery Neo-
lithic B (PPNB) period provide evidence for the pres-
ence of human TB. Four individuals with lesions con-
sistent with TB were brought to light from Dja’de el
Mughara, situated on the Euphrates river in Northern
Syria and dating to the pre-domestication phase (8800-
8300 BC). An individual from Tell Aswad from South-
ern Syria, belonging to the early domestication phase
(8200-7600 BC), displayed features typical of Hyper-
trophic Pulmonary Osteoarthropathy (HPOA), that is
caused by chronic pulmonary diseases such as TB. In
addition to the morphological features, multidisciplinary
analyses such as morphological examination, MicroCT
scan, lipid biomarkers and molecular analyses were also
performed with positive diagnostic results on selected
specimens from these archaeological sites, confirming
the presence of human TB in the pre-domestication and
early domestication phases of the Neolithic [16].

Another three cases evoking skeletal human TB were
reported in the Neolithic village of Ain Ghazal in Jor-
dan, dated to 7250 BC and also located in the cradle of
agriculture; these cases, whose diagnosis was only mor-
phological as no molecular analyses were performed,
suggest the presence of human TB before and/or during
the introduction of agriculture and animal domestica-
tion [17].

From the same geographical area, in the ancient Levan-
tine village of Atlit-Yam now submerged (Israel), there
is a report of two cases of TB on the basis of scarce pa-
leopathological changes involving an adult individual
and an adolescent, presumed to be mother and son, as
they were buried together. The site is dated from 6200-
5500 BC, corresponding to the last phase of the Pre-
Pottery Neolithic period, when the transition to agricul-
ture and animal domestication was fully accomplished.
Lipid biomarkers and molecular analyses confirmed the
presence of TB in the two individuals [18, 19]. Lipid
biomarkers examination consists in the extraction, deri-
vatisation and high-performance liquid chromatography
(HPLC) analysis of mycobacterial cell wall mycolic ac-
ids [18, 19].

As for Europe, among the earliest cases of TB in skel-
etal evidence there are cases of tuberculous spondylitis
(Pott’s disease) in two individuals from the Early Neo-
lithic belonging to the Linear Pottery culture (5400-
4800 BC) from three sites (Halberstadt, Derenburg and
Karsdorf) from Saxony-Anhalt in central Germany. Mo-
lecular analyses detected the presence of pathogens be-
longing to the MTC in skeletal remains from all the three
sites taken in examination [20].

Other cases with morphological evidences of TB were
unearthed from several Neolithic sites dated back to
5000 BC, including Heidelberg, Germany [22], Zlota,
Poland [20], H6dmezdvasarhely-Gorzsa, Hungary (con-
firmed by lipid biomarker analyses and ancient DNA
analysis) [23], Alsonyék-Bataszék, Hungary (confirmed
by molecular analyses) [24, 25], attesting to the diffu-
sion of the infection in different areas of Europe.

A particular concentration of TB was observed in the
Finalese area in Liguria (Northwestern Italy) belonging
to the Middle Neolithic period (4000-3500 BC), where
three cases were discovered in three important caves that
are in close proximity to each other: Arene Candide [26],
Arma dell’ Aquila [27], and Pollera [28] caves. The diag-
nosis was based on typical skeletal lesions; biomolecular
analyses using polymerase chain reaction (PCR) were
performed on the Pollera case, but did not confirm the
presence of the MTBC ancient DNA.

As for Africa, 13 cases from the Upper Egyptian site
of Nagada (4500-3000 BC) suggest that the earliest
evidence of TB in Egypt could be dated back to 4500
BC [3]. The first Egyptian cases of TB confirmed by
molecular analyses date back to the predynastic period
(3500-2650 BC) and suggest that infection with M. fu-
berculosis was relatively recurrent in this period [29-33].
Outside the European landscape, a possible Neolithic
case of TB was observed in an adult individual from
Shanghai, China, associated with the Songze culture
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(3900-3200 BC), at the beginning of the wet rice agri-
culture [34].

From the late Neolithic onward the paleopathological
evidence of TB becomes more frequent.

Finally, in the prehistoric New World, macroscopic and
molecular analyses suggest that the earliest evidence of
human TB in skeletal remains and mummified soft tis-
sues is attested in prehistoric South America in Peru by
700 AD, while in North America it is attested by 900 AD
in the Southwest, where large permanent agricultural
settlements are concentrated [35, 36].

The biomolecular advancements
on the origins of TB

As highlighted in the previous section, the paleopatho-
logical evidence of human TB attests the presence of the
disease starting from Neolithic times; no sure skeletal
cases are dated before this period [37]. However, ab-
sence of evidence does not mean evidence of absence.
Did TB affect humans in more ancient times? When did
TB become a human pathogen? Did human TB originate
from animal TB? The new next-generation sequencing
technologies tried to answer these questions [38, 39].
According to the traditional theory, formulated before
the advent of the biomolecular studies, humans acquired
TB from cattle during the Neolithic revolution due to
the zoonotic transfer from the newly domesticated ani-
mals [40-42]. As several infectious diseases have a zoo-
notic origin, it was thought that TB was also transferred
to humans from animals; in particular, M. bovis would
have infected humans, then adapting and evolving into
M. tuberculosis. This theory was supported by the fact
that the oldest human remains presenting paleopatholog-
ical changes of TB were found in the Neolithic period,
while the findings in animal remains have suggested a
more ancestral existence of TB in cattle [15].

The evolutionary history of TB was dramatically
changed by recent biomolecular studies that challenged
the old theory, proposing an African origin for the MT-
BC long pre-dating the Neolithic [43, 44].

Phylogenetic studies have clarified that within MTB
seven lineages, associated with different areas of the
world, can be identified [46]: the Lineage 1 (East Africa,
Philippines), the modern Euroasian lineages 2 (which
includes the Beijing family), 3, 4 that are in close phy-
logenetic relationship, African lineages 5 and 6 with M.
africanum phylogeographically distributed in West Af-
rica, and finally, the newly described lineage 7 [47] col-
lected from patients with TB from Ethiopia. Animal spe-
cies, including M. bovis, M. microti and M. pinnipedii,
represent monophyletic lineages, and M. canettii has an
ancestral position in the MTBC. The chronological posi-
tions of the lineages are determined by the presence or
absence of an MTB-specific deletion (TbD1); the pres-
ence makes them ancestral (TbD1%), the absence makes
them modern (TbD1") [48, 49]. On this basis, lineages
1, 5, and 6, the animal lineages and M. canettii repre-
sent the ancestral MTBC group, whereas lineages 2, 3
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and 4 are defined as modern from an evolutionary point
of view, because they are thought to have diffused more
recently; lineage 7 resulted as intermediate between an-
cient and modern MTB lineages. These findings suggest
that the animal lineages and M. africanum have diverged
from the progenitor of the ancestral MTB lineages and
that the tubercle bacillus was originally a human patho-
gen [49], confirming previous studies which suggested
that animal adapted MTBC strains diverged from the
major MTBC strains [48, 43-45]. Therefore, the new
evolutionary scenario proposed that the human TB did
not derive from M. bovis, but that, on the contrary, MTB
has a human origin.

Furthermore, a recent work seems to confirm this theory
with phylogenetic studies based on whole-genome data
of MTCB. This study is based on the sequencing of a
global collection of 259 MTBC modern clinical strains
representative of the diversity of the global MTBC for
reconstructing the phylogenetic relationship between
them [50]. The overall results of three independent phy-
logenetic analyses for the determination of the most re-
cent common ancestor of TB using a Bayesian approach
suggested East and West Africa as the most probable
geographic origin of MTBC. The results of this research
would show the common origin in Africa of Homo sapi-
ens and MTBC and that TB was present in the early hu-
man populations of Africa at least 70000 years ago, then
infecting humans for thousands of years [50].

The study of Comas and colleagues [50] also would
demonstrate that MTBC evolved in parallel with its
human host. The disease expanded in correspondence
with the migrations of Homo sapiens out of Africa. It
has been hypothesized that the two M. africanum lin-
eages, M. canettii and lineage 7 might have remained in
Africa, whereas the others could have reached Europe
and Asia, following the colonization of these areas, and
finally becoming endemic worldwide. This work would
suggest that the different lineages have adapted to differ-
ent human groups. On the basis of this study a correla-
tion between the divergence of the Lineage 1 of MTBC
about 67000 years ago and the first human wave of mi-
gration out of Africa that was directed around the Indian
Ocean was observed. Another split of MTBC that would
have occurred 46000 years ago corresponds instead to
the second great migration of Homo sapiens from Af-
rica, which was directed to Eurasia [50]. With the rise of
Neolithic Demographic Transition 10000 + 2000 years
ago, TB raised its rate of diffusion together with the in-
crease in the human population density following the
advance of agriculture and animal domestication. These
results would suggest that the demographic success of
TB during the Neolithic period was due to the growth of
density and size of the human host population, and not to
the zoonotic transfer from cattle, as previously hypoth-
esized [50].

Also, of interest is the study of the dispersal of the mod-
ern Lineage 2, which includes the “Bejing” strains that
have an increased virulence and transmission potential,
a shorter latency phase than ancient lineages, further-
more being particularly successful in geographical dif-
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fusion, and are associated with antibiotic resistance [8].
The study has evidenced that the dating of Lineage 2
in Asia coincides with the arrival of the anatomically
modern humans in East Asia about 42000-32000 years
ago confirmed by the archaeological evidence. This lin-
eage presents a first expansion about 11000-6000 years
ago corresponding to the development of agriculture in
China about 8000 years ago and, later, a further expan-
sion about 5000-3000 years ago, when agriculture was
introduced in the regions near China [50]. These results
seem to show that tuberculosis had various moments of
expansion other than the increase during the Neolithic in
the Mediterranean region.

Furthermore, these data could explain why TB presents
an adaptation to both low and high host population den-
sities. In fact, the high level of asymptomatic latency
that allows reactivation of TB and the slow progression
to disease are an indication of adaptation to low host
population density that is consistent with the ancestral
emergence of MTBC in Africa before the Neolithic
revolution. On the other hand, the modality of aerosol
transmission and the high virulence in order to guarantee
the maximum level of transmission are typical of a high-
density population environment. This double adaptation
would have ensured to the bacterium a large diffusion
in both high- and low-density areas, resulting in the fact
that one-third of the human population is infected but
remains asymptomatic, representing an extraordinary
reservoir for the bacterium [8].

The study of the origins and patterns of change in the
evolution of MTBC would demonstrate that migration
and demography of the anatomically modern humans af-
fected the evolution and spread of TB. The major recent
molecular studies on the evaluation of its demography
and timing of propagation seem to show a long coevolu-
tion of the disease and its human host, demonstrating
that TB represents an exemplary model of adaptation to
humans [8]. They also suggest that the palacomicrobiol-
ogy of TB can be fully understood through an integrated
approach in correlation-association with the human host
genome sequencing, considering the relation between
the evolution of TB genomes and their human hosts.

conclusions

TB was traditionally thought to be a zoonosis, but the
advancements of biomolecular analyses performed by
various teams of researchers seem to suggest that M. tu-
berculosis did not evolve from M. bovis, but has a com-
plex evolutionary history that reflects human evolution.
In order to understand the evolution of the bacterium and
the current epidemiology of TB it is necessary to inves-
tigate the history of the disease in parallel with that of
humans. In fact, MTBC has evolved with humans during
thousands of years, influencing reciprocally their evo-
lution. Understanding the changes of TB through time
thanks to the advent of the next-generation sequencing
technology can aid the problems of the present and fu-
ture evolution of TB in relationship with its human host.
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Summary

Tuberculosis (TB) and humans have coexisted for more than
40,000 years. The word “tuberculosis” derives from “tubercle”,
the histological lesion which appears in the organs, described by
Pott in the late Eighteenth century and found, by molecular biol-
0gy, in human skeletons dating back to 5000 BC. Early descrip-
tion of TB can be found in the writings of ancient India and China
and in the Bible.

In ancient Greece tuberculosis was not considered contagious, but
Aristotle recognized the contagious nature of the pig’s and ox’s
scrofula. The suspicion that phthisis is a contagious disease and
that isolation can reduce the risk of transmission was expressed
for the first time by the Arabian Avicenna, in his work “The canon
of medicine”. In 1699, the Health Council of the Republic of

Tuberculosis (TB) and humans have coexisted for more
than 40,000 years, since Mycobacterium prototubercu-
losis, supposed ancestor of the Mycobacterium tuber-
culosis complex (MTBC), reached the Fertile Crescent.
Then, evolving and differentiating into various lineages,
it followed the main human migration routes to the pre-
sent day [1] (Fig. 1).

The word “tuberculosis” derives from “tubercle”, the
histological lesion which appears in the organs affected
by the infection, first described by Sylvius in 1650.

The disease was christened “tuberculosis” by J. Schoen-
lein in 1839 and later it was observed in the bone by Pott
in the late eighteenth century [2]. Tuberculous lesions
attributable to Pott’s disease were found, by molecular
biology, in human skeletons dating back to 5000 BC, as
well as in Egyptian mummies of 4000 BC [3].

Oddly enough, despite the high incidence demonstrated
by paleo-infectious studies, TB has never been reported
in Egyptian papyruses, unlike urinary schistosomiasis
and in the same way of smallpox [2, 4]. A description
of TB can be found in the writings of ancient India and
China, respectively dated around 3300 and 2300 years
ago [5, 6].

A clear description of the clinical presentation of TB,
“schachepheth” in ancient Hebrew, is found in the books
Deuteronomy and Leviticus of the Bible [10]
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Lucca founded the “sanatorium” concept as place of care and
isolation. In 1865 Villemain inoculated tubercular material from
a human lymph node into a rabbit, obtaining for the first time the
typical tubercular lesions. Some years later, on March 24, 1882,
Robert Koch announced to the Berlin Society of Physiology the
discovery of Mycobacterium tuberculosis. In the same period Vir-
chow improved awareness of risk factors and correct behaviours
among the general population.

In 1952 Waksman won the Nobel Prize for the discovery of the
first active drug against TB: streptomycin. Nevertheless, drug
resistance appeared rapidly some years later and it is still a great
challenge in TB fight nowadays.

In ancient Greece, the “phthisis” was a well-known dis-
ease described in written testimonies of Herodotus (5™
century BC) and in the Hippocratic “Corpus” (III cen-
tury BC), both characterized by representing with great
precision the clinical outset of the disease.

Furthermore, writings were rediscovered that meticu-
lously describe tubercular lesions, the destruction of
the lung tissue and the subsequent chronic process ac-
countable for the progressive consumption of patients
affected [7].

Although at that time the disease was not yet considered
contagious, in a passage from his writings Isocrates (4™
century BC) wrote about some doubt creeping into the
minds of scientists, while Aristotle still recognized only
the contagious nature of the pig’s and ox’s scrofula.

In Roman times, TB is mentioned by Celso, Areteo of
Cappadocia and Celio Aureliano. In the complete works
of Galen of Pergamum, personal physician of the Roman
emperor Marcus Aurelius since 174 AD, a first attempt
to treat TB based on milk, fresh air and sea voyages is
reported [8].

The Authors of the classical age did not come to under-
stand that even the extrapulmonary manifestations of the
disease, such as scrofula, Pott’s disease, and tubercular
lupus, were to be ascribed to a single etiological agent.
In the following centuries, the Byzantine physicians
Alessandro di Tralles, Ezio di Amida and Paolo di Egi-
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Fig. 1. Timeline of the main events that characterized tuberculosis’ history since its first appearance until the discovery of streptomycin.
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na, also described the pulmonary and glandular forms of
TB in their treatises. In the Arab world, Avicenna, in his
“The canon of medicine”, spoke about TB as an “ulcera-
tive, excavating, and summary” disease, and expressed
the suspicion that phthisis is a contagious disease. Avi-
cenna was the first to suppose that diabetes was a risk
factor for the development of TB and to suggest that the
isolation of patients with overt pathology could reduce
the risk of transmission [9].

In medieval times, 1336, the French surgeon Guy de
Chauliac first proposed the surgical treatment of scrofu-
la by the “myrtle leaf” incision [11].

TB etiology was not known and also therapy was not so
clear. In the Middle Ages, it was widely believed that the
kings of England and France could cure scrofula simply
by touching those affected. To have a clear definition of
TB as a contagious disease, we have to wait until the
16th century, when Girolamo Fracastoro, father of the
“doctrine of contagion”, hypothesized its transmissibil-
ity.

The spread of this news created panic among people
who began to treat persons with scrofula in the same
way as lepers [12]. In 1699, the Health Council of the
Republic of Lucca ordered the obligatory denunciation
of “persons of any sex and condition affected by etisia”
and, in 1735, ordered the isolation and treatment of the
consumptives, but forbade their hospitalization in com-
mon hospitals, laying the foundation of the “sanatorium”
concept as place of care and isolation [13].

In 1671, Franciscus de La Boe recognized the same
nature for pulmonary tubercles and scrofula, and he at-
tributed the condition of “tisi” to the suppuration of tu-
bercles in the lung parenchyma, with the formation of
caves.

In 1761, Leopold Auenbrugger refined the semiotics of
the chest with his treatise on percussion “Inventum no-
vum”, facilitating the diagnosis of pulmonary TB [14].
Between the eighteenth and nineteenth centuries in Eng-
land, due to the increasing incidence of the pathology
during the industrial revolution, a great scientific fer-
vour led authors like Willis, Morton, Marten to spread
the knowledge of TB [15].

At that time it also became known as the great white
plague and the white death, called “white” because of
the extreme anaemic pallor of those affected. This term
could be also due to its association with youth, inno-
cence and even holiness. Consumptive patients were
more frequently affected by TB in case of malnutrition,
unsanitary environment and living conditions, that were
common risk factors.

In 1810, Bayle was the first to distinguish several anato-
mopathological entities, describing the presence of tu-
bercles in organs other than the lung and recognizing
their possible dissemination to the whole organism, de-
fining it as “miliary tuberculosis”.

Louis, supported by 167 autopsies, showed that the tu-
bercles were a specific reaction, where inflammation
had only an accessory role [16]. However, Virchow de-
nied the specific nature of the tubercle and, due to his
scientific authority and credibility, he delayed the ac-
ceptance of a unitary conception of tuberculosis accord-
ing to what Laennec affirmed.

There was no lack of those who believed in the heredi-
tary character of the disease, such as Linnaeus, who
however also argued that pulmonary phthisis was caused
“by a real invisible germ of contagion”.

A further step forward in thoracic semeiotics was made
by Laennec with the invention of auscultation mediated
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with the stethoscope, further refining the semiology of
the thorax. On December 5, 1865, Villemin informed
the French Academy that TB is the effect of a specific
causal agent, which he called “virus”; he supported his
assertion by the inoculation into a rabbit of tubercular
material coming from a human lymph node, obtaining,
after some weeks, the typical tubercular lesions in the
rabbit [17].

On March 24, 1882, Robert Koch announced to the Ber-
lin Society of Physiology the discovery of Mycobacte-
rium tuberculosis and described it with the following
words: “Thin, whose length is half-a-quarter of the di-
ameter of a red blood cell, very similar to the lepers’
bacillus, but sharper”. Once again, Virchow advanced
some perplexity on the discovery as the sole explana-
tion for the disease, correctly proposing a larger panel of
factors such as poverty, malnourishment, scarce hygiene
etc as relevant factors for the development of the disease.
Two German doctors, the bacteriologist Franz Ziehl and
the pathologist Friedrich Neelsen first introduced Ziehl-
Neelsen stain, demonstrating the typical appearance of
acid-fast bacilli.

In the following years, Koch’s discovery of the causal
agent of TB opened the chance both for the Pasteurian
prevention based on the attenuation of the germ and for
the search for therapy through the serum of sick peo-
ple [16], while Virchow’s opinions generated also large
public health campaigns to improve awareness of risk
factors and correct behaviours among the general popu-
lation.

In 1908, the French scientists Albert Calmette and
Camille Guerin grew Koch’s bacillus in several medi-
ums to decrease their virulence and increase the capacity
to produce immunity.

The BCG vaccine was first used in humans in 1921 when
it was given to a child in Paris by Dr Weil-Hale. The
baby’s mother and grandmother, who had tuberculosis,
died just after the baby was born. The baby was given 6
mg. of BCG orally, and he grew in a good health status.
The first active drug against TB to be discovered was
streptomycin in 1943, thanks to Waksman who won the
Nobel Prize for Physiology and Medicine in 1952 [18].
Unfortunately, since the first streptomycin trial carried
out in London in 1950, it became evident that the emer-
gence of drug-resistance appeared rapidly and constitut-
ed a contraindication to antibiotic monotherapy [19-21].
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Ssummary

Tuberculosis is a serious respiratory infectious disease, caused by
Mycobacterium tuberculosis bacteria. It has always represented
a permanent, serious public health challenge over the course of
human history, because of its severe epidemiological, clinical and
societal implications. The present review aims at over-viewing the
contributions of the Iranian medicine to the control, management
and treatment of tuberculosis, from the glorious past of the eighth-
ninth centuries to the present, from Ali Abu al-Hasan Ahmad ibn

Introduction

Tuberculosis is a serious respiratory infectious disease,
caused by Mycobacterium tuberculosis bacteria. It has
always represented a permanent, serious public health
challenge over the course of human history, because
of its severe epidemiological, clinical and societal im-
plications [1]. The present review aims at overviewing
the contributions of the Iranian medicine to the control,
management and treatment of tuberculosis, from the
glorious past of the eighth-ninth centuries to the present.

Tuberculosis and the glorious past
of the Iranian medicine

The Iranian medicine has a rich, glorious millennial
past. Ali Abu al-Hasan Ahmad ibn Sahl-e Rabban al-
Tabari (born in Merv, in the Khorasan, or in Toranja, in
the province of Tabaristan in 783, 808, 810 or 838, and
dead in Baghdad or in Samarra, in 855, 858, 864 or 870,
according to other scholars) was an erudite Persian Mus-
lim scholar, son of a prominent Syrian Christian phy-
sician, Sahl ibn Bishr, who was also a mathematician
and astronomer. al-Tabari was erroneously considered
Jewish by some researchers because of the nickname
of the father (“Rabban”, meaning “master”’), whereas
other scholars thought he was Christian (“al-Katib al-

https://doi.org/10.15167/2421-4248/jpmh2020.61.151.1384 E13

Sahl-e Rabban al-Tabari to Rhazes, Avicenna, Jorjani and Abol-
hassan Ziya-Zarifi. However, despite the efforts, tuberculosis and,
in particular, multidrug-resistant tuberculosis still represent a
great public health concern in Iran. On the other hand, this coun-
try can capitalize on its millennial, incredibly rich story of major
achievements in the battle against tuberculosis to develop and
implement ad hoc public health programs for the control of the
disorder, including targeted and specialized interventions.

Nasrani”, meaning “the Christian writer”’). According to
other sources, he was Zoroastrian. He was the secretary
of the Persian prince Mazyar from the Qarinvand dy-
nasty (“katib Mazyar”), who, in 839, guided the rebel-
lion against the Abbasids. This rebellion failed and al-
Tabari converted to Islam, serving as personal physician
of various Caliphs, including al-Mu’tasim (833-842)
and al-Mutawakkil (847-861). He cultivated different
medical disciplines and specialties, including pediatrics
and pediatric infectious disorders [2-4]. He was the au-
thor of one of the first most comprehensive treatises of
medical knowledge and pharmacopeia, known as “Fir-
dous al-Hikmah” (“The Paradise of Wisdom”) or “al-
Kunnash”. A chapter of his seven-volume encyclopedia
was entirely devoted to the description of tuberculosis,
the etiopathogenesis of which, according to the author,
should be attributed to the adoption of unhealthy life-
style behaviors, characterized by excessive sexual desire
and grief. Socio-economic status, such as poverty, could
as well be a facilitating condition for an increased risk of
development and/or transmission of tuberculosis. Once
being infected, the pathogen could erode heart’s veins
creating cavities. Moreover, al-Tabari described in detail
tuberculosis cases affecting the skin (lupus vulgaris) as
well as involving the lymph nodes (Khanazir or scrofu-
la) [4].

Abu Bakr Mohammad Ibn Zakariya Al-Razi, known as
“Rhazes” (born in Rey, formerly known as Arsacia, Iran,
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in 854/865 and dead in Rey in 925/930 or 932 accord-
ing to other scholars), compiled a prominent collection
of medical case-reports and case-series, termed “Kitab
Al-Hawi Fi Al-Tibb”. In this treatise, the author reported
a case of a patient who had bloody sputum (nafeth-o-
damm), speculating that the most probable cause was
pulmonary tuberculosis, in that it rarely occurred in oth-
er pulmonary diseases (such as pleuritis or pneumonia).
Furthermore, Rhazes was one of the first to describe in
detail tuberculosis of the joints [5, 6].

In the “Canon of Medicine” (al-Qdaniun fi al- Tibb), Avicen-
na, known also as Ibn Sina, Abu Ali Sina or Pur Sina (born
in Afshona, Uzbekistan, in 980 and dead in Hamadan, Iran,
in 1037), dedicated two chapters to the description of tu-
berculosis, the fourth and the fifth of his medical encyclo-
pedia addressing, respectively, the etiopathogenesis, the
differential diagnosis and the pharmacological treatment
and management of this communicable disorder. Avicenna
maintained that pulmonary tuberculosis (sil) should be dif-
ferentiated from other respiratory diseases, including pleu-
ritis (zaat al-janb), and asthma (rabv), because all these
disorders may clinically result, for different etiopathoge-
netic reasons, in cough and shortness of breath. However,
tuberculosis is uniquely characterized by symptoms such
as chronic fever that is more severe and relevant at night,
sweating, sputum that may be bloody (hemoptysis) or con-
tain plaster-like material (lithoptysis), dyspnea, and severe
weakness, among others. Avicenna added that in advanced
cases of pulmonary tuberculosis, a potential danger would
be represented by the insurgence of lung hemorrhage,
which may ultimately lead to death. Furthermore, from an
etiopathogenetic standpoint, Avicenna believed that tuber-
culosis has three stages including i) pre-inflammatory, ii)
ulcerative, and, finally, iii) cavernous stage. According to
the author, some aggravating factors are seasonality (in par-
ticular, autumn), and eating garlic. Moreover, Avicenna list-
ed 21 potentially beneficial herbs, including plantain (Plan-
tago ovata), grey oak (Quercus baloot), almond (Prunus
amygdalus), dried sponge, oligochaeta (Volutarella divari-
cata), and opium (Papaver somniferum).

In another famous Persian medical text, “Zakhireh-ye
Kharazmshahi” (Treasure of Kharazm Shah), Ismail
Jorjani (born in Urganj, Uzbekistan, in 1040 and dead
in Chorasmia, Northeastern Iran, in 1136) claimed that
tuberculosis was a contagious illness characterized by a
rather prolonged and marked fever.

Modernity and the fight against
tuberculosis in Iran

During the last decade of the Qajar dynastic period
(1789-1925) [5], in 1921, the “Pasteur Institute of Iran”
was established for the proper and effective control of
tuberculosis. It represented “the most significant medi-
cal establishment partly endowed by wagf”’ (in Persian
language, a Muslim religious/charitable foundation cre-
ated by a trust fund) [5]. The first physician who visited
tuberculosis patients in his private clinic facility was Dr.
Siavash Shaghaghi, a physician trained in Switzerland

and an authentic Iranian pioneer in the management and
treatment of tuberculosis [6, 7].

Another prominent physician in the battle against tu-
berculosis was Dr. Masih Daneshvari (born in 1899 and
dead in 1976), a pulmonologist that studied in various
European countries, especially in France, and who, af-
ter a long period of training, returned to Iran in October
1934 and founded the first Iranian tuberculosis sanitar-
ium, known as “Shah Abad Tuberculosis Patients’ Hos-
pital”. This major healthcare facility, entirely devoted to
the treatment of tuberculosis patients, was finally settled
in 1937 due to his efforts. However, due to a shortage of
healthcare staff, Daneshvari decided in 1939 to write a
letter to the Prime Minister, in which he explained the
urgent need to strengthen and considerably expand an
ambitious tuberculosis control and mitigation program
at the Shah Abad Tuberculosis Patients’ Hospital. The
Prime Minister was convinced by this letter and ordered
the responsible authorities of the Ministries of Interior
and of Health to provide support to him [6, 7].

Several medical doctors and directors of the Pasteur In-
stitute of Iran have continued these efforts, achieving
fundamental results in terms of vaccination coverage
against tuberculosis as well as diagnosis and treatment
of the disorder. Among these prominent and outstand-
ing professional figures, Dr. Abolhassan Ziya-Zarifi
(born on 20 August 1926 and dead on 4 October 2010)
undoubtedly represents the most famous one. He pur-
sued his degree at the School of Pharmacy of Tehran
University and he started his professional career in 1952
at the Health Ministry, to later join the academy. His re-
search and clinical interests were mostly represented by
communicable disorders, and, in particular, respiratory
infectious diseases, including tuberculosis and legion-
naires’ disease or legionellosis. In 1956, he worked at
the First tuberculosis diagnostic laboratory supervised
by Dr. Mehdi Zolriassatian, and, later, he decided to go
to England in order to strengthen his expertise in the
field of the clinics of infectious diseases and microbi-
ology. Once returned to Iran, he managed to settle the
“National Reference tuberculosis Laboratory” in 1963.
In the same year, Dr. Zia-Zari became a member of the
“International Union against Tuberculosis and Lung
Diseases” (IUTLD), of which later he was appointed
Director. In 1968, Dr. Zia-Zari went abroad to continue
his training at the Pasteur Institute of Paris and in 1971
he completed his studies on medical laboratory manage-
ment at the University of Maryland as well as the Cen-
ters for Disease Control and Prevention (CDC) in the
USA that had been recently founded in 1942. Between
1975 and 1979, Dr. Zia-Zari was appointed as the Direc-
tor General of the Laboratories of the Ministry of Health
and during these years with the support of the “World
Health Organization” (WHO) he was able to establish
more than 400 medical laboratories, including facilities
in remote, rural, generally underserved regions of Iran,
significantly expanding laboratory coverage.

Due to his strenuous efforts and major achievement, he
was nominated as a consultant to the WHO in the Middle
East, Asia and Africa. Furthermore, he wrote several pa-
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pers and books on tuberculosis, including “Bacteriology of
Tuberculosis” (1973), “A Short History of Robert Koch”
(1984) and “History of Tuberculosis” (1984) [6, 7].

Tuberculosis in Iran: the current situation
and future prospects

In Iran, tuberculosis still represents a public health concern,
with an incidence rate on the rise, because of different fac-
tors, including immigration [8], poor economic-financial
conditions, co-morbidities (such as diabetes and HIV/
AIDS), high-risk behaviors and unhealthy lifestyles, like
drug abuse and smoking [9].

Also the incidence of multidrug-resistant (MDR) tubercu-
losis is increasing [10, 11]. According to Jimma and co-
workers [12], the overall pooled prevalence rate of MDR
tuberculosis in Iran and neighboring countries (including
Iraq, Turkey and Pakistan) was 16% (with a 95% confi-
dence interval or CI of 11-20%). Having received a previ-
ous tuberculosis treatment, being aged less than 45 years
and being males were significantly associated with an in-
creased pooled risk of developing MDR tuberculosis with
an odds-ratio, OR, of 2.01 [95% CI 1.65-2.36%].

Despite the efforts, tuberculosis and, in particular, MDR
tuberculosis still represent a great public health concern
in Iran. On the other hand, this country can capitalize
on its millennial, incredibly rich story of major achieve-
ments in the battle against tuberculosis to develop and
implement ad hoc public health programs for the control
of the disorder, including targeted and specialized inter-
ventions.
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At the end of the eighteenth century, following the mid-
dle-class and industrial revolution, important urbaniza-
tion phenomena arose — dragging with them social and
sanitary issues [1].

In this evolving historical scenario, tuberculosis spread
quickly by taking advantage from rapid urbanization
leading to metropolitan overcrowding combined with
poor quality of hygienic conditions. Thus, tuberculosis
became the first cause of death in Europe.

At the end of the eighteenth century one citizen out of
four was dying of tuberculosis in London and compa-
rable percentages were recorded in big cities of Northern
America.

The causes of the disease were not yet clarified: the so
called “scientific visions” supported the theory of a con-
genital disease, already argued by Hippocrates, opposed
to the idea of an infectious and transmissible illness, al-
ready speculated by Aristotle [2-4].

Over the centuries, several attempts to demonstrate that
“phthisis” was spread through unknown microorganisms
can be found.

Girolamo Fracastoro (1476-1553) was the first to blame
an invisible microorganism as a causative agent of tu-
berculosis. Nevertheless, he did not understand that the
transmission could occur by air. His theory was resumed
by Benjamin Marten in 1720. He speculated that tuber-
culosis was due to “animacula”, microscopic living be-
ings able to survive in a new body, as a previous theo-
rized by Anton van Leuwenhoek (1632-1723).

In this age the first theories about tuberculosis arose
from a careful observation of clinical and anatomic phe-
nomena.

Moreover, a change in the diagnostic approach to the
disease was happening. In fact, by the end of the eigh-
teenth century tuberculosis was still diagnosed by tho-
racic chest percussion introduced by J. Leopold Auen-
brugger (1722-1809).

The advent of auscultation, thanks to the invention of
the stethoscope in 1818 by Renée Laennec, significantly
improved the diagnostic path of tuberculosis. Unfortu-
nately, the same Laennec — died at the age of 45 due

to tuberculosis, presumably as a consequence of close
contact with contagious patients [5].

Approximately fifty years later, in 1865, Jean Antoine
Villemin finally proved the infectiousness of the disease
by combing the clinical observations with laboratory ex-
perimentation on guinea pigs [6, 7].

The path traced by Villemin was completed on the 24th
of March 1882, when Robert Koch revealed the discov-
ery of “the bacillus responsible of the disease” [8].

All debates were suddenly over: tuberculosis is an infec-
tious and contagious disease.

In addition, Koch’s discovery further improved the diag-
nosis of tuberculosis through the microscopic identifica-
tion of the bacillus. The discovery was not well received
by all the scientific environment: Rudolf Ludwig Karl
Virchow (1821-1902), who is considered the father of
social and hygiene medicine, was still claiming the mul-
tifactorial genesis of the illness.

In fact, he realized that the infection with the bacillus
was not enough to get sick, but multiple causes contrib-
uted to the development of an active disease.

Moreover, he understood that the presence of what we
call today the “clinical and social determinants” (immu-
nological status, poverty, malnutrition, lack of hygiene,
individual behaviors) were strictly related to the devel-
opment of tuberculosis. In other words, he realized the
systemic complexity of the disease. A few years later,
in 1895, Wilhem Roentgen, with the X-ray discover, fi-
nally managed to see the damages generated by the dis-
ease [9].

Nowadays, chest X-ray and bacteriological examina-
tion of the expectorate are still the diagnostic tools that
we use to support and confirm the clinical suspicion of
tuberculosis. Those confirm the pivotal role of the dis-
covery made by Koch and Roentgen in the fight against
tuberculosis.

The new awareness of contagiousness, arisen from
Koch’s discovery, implied the need for patient’s isola-
tion. As a consequence, sanatoriums were then born [10].
The recognition of the social determinants that foster the
disease obliged to provide assistance and preventive in-
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terventions for the sick and families. Consequently, dis-
pensary networks and hospitals for preventive care were
established.

In the history of vaccine and vaccination we remember
that in 1895 Edoardo Maragliano could announce to the
scientific community, at the Second Congress of the
French Society of Internal Medicine, the existence of
a tubercular antitoxin in infected animals (dogs, asses,
and hors- es), and the consequent use of animal serum as
therapeutic agent, by immunizing various animals with
two different liquid cultures of M. tuberculosis, one of
which obtained from a heated to 100° C, filtered and
concentrated culture, the other from a filtered and evapo-
rated culture by vacuum at 30° C [11, 12].

After demonstrating the prophylactic and the protec-
tive effect in guinea pigs, serum was administrated to
patients: in 1896, Maragliano published data about 412
patients affected by tuberculosis and treated with serum,
reporting a complete recovery in 16%, significant im-
provement in 40%, no change in 37% and death in 11%.
Maragliano also claimed that better results of serum
therapy were obtained in patients with circumscribed le-
sions with good nutritional conditions than patients with
diffuse illness [12-14].

In 1896, Maragliano proposed a vaccination practice
against Mycobacterium tuberculosis: after the adminis-
tration of dead strains in a cohort of children by subcu-
taneous grafting, an increase in the antibody titer was
found in sera of these children. Nevertheless his discov-
ery was ignored by the scientific community, above all
because of the large use in the western world of Calmette
and Guerin (BCG)’s vaccine, made of live strains, from
1928 [12, 15].

We can therefore say that many efforts have been made
to fight and win the challenge against this dangerous dis-
ease and now more than ever a clear and decisive joint
commitment is needed.

The strong social and economic impact that the disease
still carries today entails forced governments to sensitize
inhabitants and raise public awareness about prevention
and treatment.

The great campaign against tuberculosis came to light.
The same industrial revolution that played a huge part in
spreading the disease through urbanization facilitated, at
the same time, a slow economic and social growth that
resulted in better living and sanitation.

Tuberculosis related mortality reverted its trend and
began to decrease in the early twentieth century. The
discovery of effective treatments after the II World War
allowed the cure of the sick and, at the same time, pre-
vented the transmission.

Progressively, the health and social emergency of the
“white plague” seemed to be over.

The institutions adapted quickly and sanatoriums were
closed such as dispensaries which were redirected to
other functions. Control programs were then targeted
according to the new epidemiological situation. Today,
for people living in high income countries, tuberculosis
is an ancient disease, a memory of the past, a memory
of time of poverty. Sadly, the current perception of the
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disease is incorrect. Nothing has changed all over the
planet: those “socio-economical determinants”, intuited
by Wirchow, still exist today.

Starvation, wars, poverty affect million of people, and
tuberculosis remains a global health emergency with one
and a half million death and nine million new patients
every year, even if new diagnostic tools and effective
therapies are available [16]. Since the early eighties the
detrimental intersection between tuberculosis and HIV
infection posed new diagnostic, therapeutic and manage-
ment challenges. The two diseases since the HIV advent
appeared clearly to be connected by the same underlying
“socio-economical determinants”.

Every effort to end these diseases should be collabora-
tive as advocated by the WHO to break the barriers re-
lated to the TB/HIV double stigma [17].

Vaccines are important in the prevention and control of
tuberculosis, but the only now available preventive vac-
cine against TB, bacilli Calmette-Guérin (BCG), is not
effective for prevention of pulmonary TB. For this rea-
son, it is very important to develop new vaccines for TB
prevention and control in adults [18].

Around 14 TB vaccine candidates are in this moment
in clinical evaluation, they can be classified into two
groups including preventive pre- and post-exposure vac-
cines: subunit vaccines, and whole-cell vaccines [19].
Once again, the problem of tuberculosis is not only a
medical challenge, but a social, economical and ethical
issue that needs to be ended [20].
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summary

Between the end of the nineteenth century and the first half of
the twentieth century, the city of Siena experienced elevated
tuberculosis-related morbidity and mortality, to the point that
on January 1, 1929 the newspaper La Nazione wrote that
“Siena ranks second in the official Tuberculosis (TB) inci-
dence rate”. The author presents statistical data relating to
a time span ranging from 1898 to 1935, interpreting them in
light of social and sanitary conditions found in the city. The
result is an exhaustive picture of the most important actions
implemented at city level to prevent tuberculosis and to assist
and treat the sick, such as: the creation of seaside hospices
conceived by Carlo Livi for children suffering from scrofula,

Introduction

On March 30, 1856, at the age of 26, Matilde, daugh-
ter of the Italian poet and novelist Alessandro Manzoni,
died in Siena “of the slow disease”.

The words the poet wrote for the epigraph of his young
daughter convey the cruelty of a disease — tuberculosis
(TB) — which continued to decimate young lives year
after year. And that “slow disease”, recalled and empha-
sized in Romantic literature, was the primary cause of
death in the European continent, affecting first and fore-
most people who lived under low socio-economic and
hygienic standards.

Siena was no exception. Indeed, its “Urban center
ranked high among other Italian cities that experienced
high rates of TB-related deaths, surpassing the most im-
portant populous and industrial centers for the intensity
of the epidemic event” [1]. “Bearing in mind the trend of
annual quotients during the 1898-1920 period, it seems
evident that TB-related mortality in the Municipality of
Siena has the character of a persistent endemic phenom-
enon” [1].

In the second half of the nineteenth century, such data
had surprised Carlo Livi, at the time Director of Siena’s
San Niccolo Asylum, where scrofulous children received
treatment, to the point that he wondered: “Who, amongst
you, can tell me why in Siena, a hilly and windy city,
with fine, pure and healthy air, that terrible disease called
scrofula is rampant, with its sad patient headcount?” [2].
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as well as centers committed to the prevention of childhood
poverty and malnutrition; the realization of activities in the
green areas of the ramparts of the Fortress, upon recommen-
dation by the great hygienist Achille Sclavo; the establishment
of a Preventorium on the premises of the Monastery of Santa
Maria Maddalena to accommodate children from families
that included pulmonary tuberculosis patients, and countless
activities carried out by the Anti-TB Dispensary. Of particular
interest is the identification of the main cause of high TB inci-
dence in the unhealthy houses located in some areas of Siena’s
district, which, in 1930 engendered a lively debate hinging
upon the notion of building restoration.

The causes must certainly be sought in the bad environ-
mental conditions of the city’s oldest districts. It should
be remembered that immediately after the unification of
Italy, a new urbanization impetus led to a significant in-
crease in the number of residents of Siena. In most cases,
it was poor families that moved to the city, hoping to
find work and, due to their limited financial means set-
tled in unhealthy dwellings located in the city’s poorest
districts. In a few years, this situation engendered over-
crowding of some urban areas and the rapid spreading
of diseases fueled by the poor sanitary conditions within
the city walls. In fact, Siena lacked a modern aqueduct
and sewer system. Only in 1914, following long and
costly works for the construction of a new aqueduct, did
water from the Monte Amiata springs could reach Siena.
The construction of the sewerage network began after
World War I, but conditions remained challenging until
the beginning of the 1930s.

It was in this context that the “leprosy of modern times”,
tuberculosis, proliferated in a variety of forms.

Three different contemporary studies have left us sig-
nificant statistics, which provide us with an account of
a particularly difficult and serious situation. In the first
period under consideration, stretching from the end of
the nineteenth century to 1913, tuberculosis mortality in
Siena ranged from a maximum of 32.2 deaths per ten
thousand inhabitants to a minimum of 22.3, which was
recorded precisely in 1913. “In the series of proportional
values, the tendency to a kind of epidemic rhythm is
manifestly evident: increase is generally followed by de-
creases, after which a new increase is experienced” [3].
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It must be taken into account that the average TB mortal-
ity rate in the Kingdom of Italy in 1898 stood at 17.46
deaths per ten thousand inhabitants, and remained un-
changed in the following years. These figures concern-
ing Siena were consistent with those of much bigger
cities like Bologna (33.6), Genoa (33.2), Rome (30.4),
Milan and Naples (29.3) [4].

The National figures decreased in 1912 at 14.9 deaths
per ten thousand inhabitants thanks to the diffusion of the
radiological diagnostics, the collapse therapy according
to Forlanini and to the creation of the first sanatoria. In
the same years in Siena — as just mentioned — the figures
stood at 22.3 deaths per ten thousand inhabitants.

In the following period, 1914-1920, which is the subject
of the second study, tuberculosis mortality in the city
of Siena rose significantly during the War years (1915:
24.70 deaths per ten thousand inhabitants; 1916 31.20;
1917: 40.40; 1918: 40), to decrease in 1919 to 29.65 for
every ten thousand inhabitants and to 21.62 in 1920.
The raising of the number of infected and death people
due to tuberculosis during the last years of World War
(1917-1918) — which reached in the city centre of Siena
54 deaths per ten thousand inhabitants — is attributable
to the suffering and deprivation caused by the War and
were worsened by houses unhealthiness which helps the
spread of morbidity.

Regarding the rapid decline in mortality in the two years
following the end of World War I, Filippo Neri, Health
Officer of the Municipality of Siena and assistant of
Achille Sclavo, at the Institute of Hygiene of the Univer-
sity of Siena, wrote: “This decrease certainly cannot de-
pend on the return to normal living conditions, because
hardship in this two-year period remained as severe as
it had been during the War. An explanation of the rapid
decrease of tuberculosis mortality can be surmised only
if we keep in mind the 1918-19 flu pandemic. [...] If we
admit - as it can be easily assumed - that a large number
of deaths from influenza had occurred in tuberculosis
patients, whose compromised immune system was eas-
ily overtaken by the influenza virus, we have a better
understanding of what triggered the rapid decrease in
tuberculosis mortality between 1919 and 1920 [5].

In the last period under consideration, from 1921 to
1935, tuberculosis mortality in Siena stabilized in the
1920s, standing at about 22.2 deaths per ten thousand
inhabitants, then it progressively declined from 1928,
in response to a series of significant preventive actions
implemented by the State and the municipal administra-
tion: in 1932, the rate was 9.5 and in 1935, 10.4.
However, if we consider the mortality rate due to tuber-
culosis per one thousand inhabitants, the figures con-
cerning the Municipality of Siena during the decade
1924-1934 were still higher than those concerning the
whole Kingdom of Italy (in 1924, 1.80 in Siena, 1.56 in
the Kingdom; in 1930, 1.35 in Siena, 1.12 in the King-
dom; in 1934, 1.18 in Siena and 0.69 in the rest of Italy).
The data presented above give us a very accurate idea of
the gravity of the situation in Siena due to tuberculosis
morbidity and mortality.

Urban renewal as a first step in the fight
against tuberculosis

The improvement recorded at the beginning of the
1930s is certainly due to new treatment options deliv-
ered at dispensaries, but, above all, to find a solution to
the causes that for decades had been deemed to be re-
sponsible for a high mortality rate in the center of Siena:
population density and unhealthy dwellings. “Mortality
is higher where agglomeration is greater. The streets that
were especially affected were narrow, thus not exposed
to the beneficial influence of sun rays, covered in build-
ings that did not meet even the most basic sanitary con-
ditions, and were generally overcrowded [...]. Homes,
overcrowding and, therefore, the risk of direct contagion
accounted for the impressive mortality in a given area
rather than another” [6]. This problem has already been
reported at the beginning of the century; indeed, in No-
vember 1908, a report on social housing found the con-
ditions of working-class districts to be the primary cause
of the tuberculosis outbreak [7, 8].

Hence, in 1928, becoming the “need for urban rehabili-
tation increasingly clear and forceful, without which it
is useless to expect efforts against TB to be long-last-
ing” [1], the project to demolish the Salicotto district,
one of the most affected by the disease, began. In this
area, in the heart of Siena, as late as the first half of the
twentieth century, poor families often cohabited with
scrofulous patients in dwellings located below street
level, consisting of one or, at most, two dark rooms that
received air from the stairs. This condition stood in stark
contrast with Achille Sclavo’s recommendations in his
Decalogue of Hygiene: “Love sunlight, which gives you
everything together with health to your body. Love fresh
air and store plenty of it in your home, keeping windows
open as long as you can” [9].

The demolition of the houses in the areas which most
needed radical sanitary assistance and the building of
new houses meeting the modern hygiene criteria, well-
furnished and sunny houses, surely represented a key
moment for the improvement of population sanitary
conditions and particularly in reducing the risk of tuber-
culosis transmission.

Building rehabilitation in Siena was certainly a funda-
mental but not sufficient approach — also because it was
limited to a small area — for the improvement of the sani-
tary conditions of the population and, in particular, the
reduction of TB risks. The often cited study by Aristide
Londini provides significant pre- and post-restoration
data relating to the Salicotto district: until 1930 Via Sali-
cotto experienced an average annual TB mortality inci-
dence rate of 33.2, which fell to 16 in 1935, for every ten
thousand inhabitants [6].

However, the persisting high incidence eventually
pushed the city government and the local politicians to
identify as a fundamental objective the “fight against the
serious disease that afflicts this land in an impressive
way [...] and that kills a large part of our youth” [10].
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Sickly youth

If TB-related mortality in Siena in the first decades of
the twentieth century was greater than rates attributable
to any other disease, what still surprises for its social
implications is the fact that most of those who died of
tuberculosis were included in the 16-20 year age group.
In the 1898-1913 period, this age group was the most
affected by the TB outbreak, with 120.5 deaths per 1000
due to tuberculosis of all ages. The 21-25 and 26-30 year
ranges came immediately thereafter, with 125 deaths for
each group.

In the period between 1914 and 1920, data are quite sim-
ilar: the 16-20 year age group recorded 136.04 deaths
out of 1000 TB deaths of all ages; with 130.7 deaths for
the 21-25 year range group and the 101.43 for the 26-30
year range group.

Finally, in the 1921-1935 period, the age group that re-
corded most deaths was the 26-30 year range group, with
118.64 deaths, followed by the 21-25 year range group,
with 117.87 deaths, every 1000 TB deaths of all ages.
In most cases, women were most affected by the disease.
These data dramatically convey the devastating social,
economic, and health-related consequences of TB, which
was decimating young people precisely at the historical
juncture in which they should have given an important
contribution to the country’s workforce. Furthermore,
the extremely high number of women who succumbed
to tuberculosis before the age of thirty had a significant
impact on reproduction and, by extension, on population
growth. In addition, we must factor the challenges that
families and society at large had to face during an ill-
ness, which was often a long stretch of time.

The slow start of TB prophylaxis activities

If at the beginning of the twentieth century TB patients
were mostly cared for by voluntary associations, whose
goal was to alleviate pain for the sick, the resurgence of
the disease during the Great War led to the implementa-
tion of prevention and care activities on a national scale.
At the end of 1916, after fierce discussions in the Parlia-
ment, the army was provided with hospital departments
for diagnosing the tuberculosis. In 1917, about 20,000
soldiers were recovered in these departments. Incurable
soldiers were immediately discharged, those who could
be treated were recovered in special sanatoria for at least
4 months, before being subject to a further examination.
The call to arms of millions of men increased the chanc-
es of contagion in the 18-45 year age group, and, at the
same time, the massive recruitment of women, children
and the elderly to work in factories in order to fill places
left empty by men now engaged at the war front, ex-
tended contagion to the entire civilian population.

In 1918, 73,000 people died of tuberculosis in Italy. At
the end of World War I, the Government decided that
those who had contracted tuberculosis while in the army
had to be treated at State expenses and received a grant.
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With the massive spread of tuberculosis, also new ways
for its containing were explored.

As a result, the Anti-TB Association of Siena was born
in the city in 1919. It inherited the legacy of the Stand-
ing Committee against Tuberculosis which had been ac-
tive in Siena since 1898, though its efforts had hardly
been paid off. The Association, led by Professor Vittorio
Remedi, and with Achille Sclavo as its Vice President,
“focused on sad and unhealthy homes, where TB was
incubated; joined families in their home environments
to identify TB patients, trying to instruct and assist them
as much as possible in their own dwellings, all the while
seeking to diminish the risk of contagion with the avail-
able means” [11].

The following year, as inadequate as its spaces may have
been, the Dispensary was operational, becoming the ful-
crum of efforts against TB and providing Siena with a
center specialized in fighting and containing the disease
and its spread.

In 1923, the Law 2889 effectively suppressed provin-
cial committees, establishing anti-TB consortia in their
place. In Siena, the Consortium between the Provin-
cial Administration and the Municipalities of the Siena
province met for the first time on June 1, 1924. Within a
few months, it approved a series of important measures
aimed at fighting TB, chief among them, the establish-
ment of 5 dispensaries in the major centers and the hos-
pitalization of tuberculosis patients with partial reim-
bursement of expenses to the Municipalities. “Professor
Achille Sclavo, then Director of the Chair of Hygiene at
the University of Siena, joined the Consortium in 1925:
thus, propaganda work began in earnest, greatly contrib-
uting to TB awareness and the implementation of ad-
ditional targeted countervailing measures” [11]. Confer-
ences were aimed at all citizens, information brochures
were circulated, and an Anti-TB Day was held on July 2,
1925. From a social welfare point of view proper, medi-
cal care was provided by the Dispensary.

Finally, in 1928 Siena began witnessing the construc-
tion of its Sanatorium [12], which was inaugurated on
November 3, 1935, followed by the opening of the new
Dispensary, which featured a test laboratory, a radiol-
ogy room “equipped with a Tetravalvo Rangoni device
that could meet the needs of modern radiological diag-
nostics” and its relative darkroom, a room for TB vac-
cination, a large terrace for natural heliotherapy and an
artificial heliotherapy room “outfitted with five quartz
lamps” [11].

Prevention in children

But actually, the greatest attention in TB prophylaxis was
given to children [13]. Among the actions announced
by the Consortium in 1924, child prevention played a
fundamental role, to be implemented through “the im-
mediate organization of the Grancher approach, which
entailed the removal of children from households with
TB patients, and their placement elsewhere.
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The Consortium also oversaw the construction of a Pre-
ventorium designed to accommodate the children tem-
porarily removed from their homes, the creation of a
preventive and healing seaside camp and of day camps
held in the countryside” [11].

These actions were not easy to implement, so much that
in 1929 Giorgio Alberto Chiurco, politician and Director
of the Institute of Surgical Pathology of the University
of Siena, wrote: “these poor children are held by cough-
ing old men, made to sleep together with TB patients, sit
in front of the fireplace alongside sick individuals who,
without any medical guidance, are allowed to sow bacilli
left and right, infecting infants” [10].

Indeed, as reported by contemporary scientific docu-
ments, families of 9-10 people lived in 2-3 dark and
damp rooms, with 3-4 children per bed in contact with
sick parents and relatives, often at the terminal stage of
the disease.

On that same year, the Podesta [14] of Siena, Fabio Bar-
gagli Petrucci — buttressed by the positive opinion of
Achille Sclavo — oversaw the construction, not without
difficulty, of a TB Preventorium on the premises of the
monastery of Santa Maria Maddalena. Divided across 3
floors, the facility included male and female dormitories
in ventilated and sunny rooms, a kitchen and a refectory
and, as suggested by the Health Officer, could host as
many as 60 children up to the age of 9 (males) and 12
years (females), who were housed until the danger of
infection at their homes was deemed to have disappeared
completely.

The facility also included a nursery for infants and a spe-
cial section for sick children.

Removal from an environment that led to contagion, bet-
ter nutrition, outdoor living in the sun and pure air were
fundamental remedies at a time when no drugs were
available to treat TB.

But preventive actions aimed at children actually began
much earlier, in the mid-nineteenth century, due to the
particular interest of Carlo Livi, who, in 1864 founded
the Popular Association for Siena’s Scrofulous Children.
At the urging of Giuseppe Barellai [15], his colleague
and great friend, Livi was active in the construction of
seaside hospices in Viareggio and Porto Santo Stefano,
in the 1860s and 1870s, aware that “every year, the sea,
beneficial [...], opens its great arms to welcome infirm,
meager and hunched children and youngsters partially
blinded by scrofula, and sends them back to their homes
healthy, vegetative, robust and cheerful” [2].

Livi’s ideas and work were carried out by his colleagues
and students, including Paolo Funaioli and Flaminio
Tassi, who, through medical and statistical reports, gave
us an account of the results on children who “stayed on
the beach, which, if not unique, is at minimum the most
powerful of the remedies to be leveraged against the ter-
rible disease” [16].

Over the years, other preventive actions were also
implemented: starting in 1919, a summer camp was
held on the ramparts of the Fortress, welcoming about
100 children, from 3 to 12 years of age, who were
placed under the care of health personnel also dur-

ing the year; an outpatient heliotherapy center - with
14 beds - was carved out of the garden of the Santa
Maria della Scala Hospital, which operated accord-
ing to guidelines established by Dr. Auguste Rollier.
Therefore, for decades, before antibiotics became avail-
able, the sea, “a great drug for scrofulous children” [17],
and sun exposure played a fundamental role in the pre-
vention and treatment of tuberculosis. It should be em-
phasized that no scientific reasons were known at the
time about the beneficial exposure to sea and sun.

conclusion

Between the second half of the nineteenth century and
the first three decades of the twentieth century, tubercu-
losis, mainly in its pulmonary form and, secondarily, in
other forms, was the most pernicious disease in Siena
due to its high rate of morbidity and mortality.

Without drugs available to treat TB, whose causes were
known, it became necessary to combine efforts to neu-
tralize any situation that could promote TB onset and
contagion. The result was an important project that
brought together Province, Municipality, University,
Hospital, Associations and citizens to prevent and treat,
not only medically speaking, but also in a manner that
had clear social implications.
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Summary

Tuberculosis is a very serious respiratory infectious disease,
caused by the bacillus Mycobacterium tuberculosis, which gener-
ates a relevant societal and clinical burden. It has always repre-
sented a permanent concern and a public health challenge over
the course of human history, because of its severe epidemiological,
and economic-financial implications. The present review aims at
over-viewing the impact of tuberculosis on the Israeli healthcare
system, its temporal trend and evolution, stratified according to
ethnicities and minorities, the need of establishing new facilities
and implementing screening techniques, public health strategies
and diagnostic tests, following massive immigration waves from
countries characterized by a high incidence rate of tuberculo-
sis during the fifties-sixties until the nineties, and the policies
implemented by the Israeli government in the control, manage-

Introduction

Tuberculosis (TB) is a very serious respiratory infec-
tious disease, caused by the bacillus Mycobacterium tu-
berculosis (M. tuberculosis), which generates a relevant
societal and clinical burden. It has always represented a
permanent concern and a public health challenge over
the course of human history, because of its severe epi-
demiological, and economic-financial implications [1].
More in detail, according to the latest available “Global
Tuberculosis Report” published in 2019 by the World
Health Organization (WHO) [2], TB is one of the top
ten causes of death worldwide and the leading cause
of mortality across all infections, followed by the hu-
man immunodeficiency virus (HIV)/acquired immuno-
deficiency syndrome (AIDS). Specifically, in 2018, 10
million people have become ill, 484,000 have developed
multidrug resistant TB and 1 million and half have died.
The present review aims at over-viewing the impact of
TB on the Israeli healthcare system, its temporal trend
and evolution, stratified according to ethnicities and
minorities, the need of establishing new facilities and
implementing screening techniques, public health strate-
gies and diagnostic tests [3-5], following massive im-
migration waves from countries characterized by a high

ment and treatment of tuberculosis, as well as the role played by
Israeli prominent scientists in discovering new druggable targets
and finding bioactive compounds and bio-molecules in the fight
against tuberculosis. Israel represents a unique, living labora-
tory in which features of developed and developing countries mix
together. This country as a case-study of immigrant, pluralistic
society underlines the importance of adopting a culturally-sensi-
tive community intervention approach. The understanding of the
subtle interplay between race/ethnic host and pathogen factors,
including the role of gene variations and polymorphisms can pave
the way for a personalized treatment and management of tuber-
culosis patients, contributing to the development of new tools for
targeted tuberculosis therapeutics, immunodiagnostics and vac-
cination products.

incidence rate of TB during the fifties-sixties [6, 7] un-
til the nineties [8-10], and the policies implemented by
the Israeli government in the control, management and
treatment of TB [8], as well as the role played by Is-
raeli prominent scientists in discovering new druggable
targets and finding bioactive compounds and bio-mole-
cules in the fight against TB [11].

Israel as pluralistic society

Globalization has profound, complex effects on human
health [12]. Living “in an ever more connected global
village linked through international travel, politics, eco-
nomics, culture and human-human and human-animal
interactions” [13] may result in a widespread diffusion
of communicable disorders, including monkey pox, “se-
vere acute respiratory syndrome” (SARS), avian influ-
enza and TB outbreaks.

Israel represents a complex, multicultural and pluralistic
society characterized by the co-existence of sometimes
clashing and opposite tendencies, lifestyles and habits.
More in detail, Israel comprises two major ethno-na-
tional groups, Israeli Jews and Israeli Arabs, with about
79% and 21 of the population being Jewish and Arabs,
respectively.
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The two groups profoundly differ in terms of religious,
social and cultural values as well as ideologies and con-
structs: for example, whereas Israeli Arabs hold highly
traditional collectivist values and a cohesive culture,
Western codes and values profoundly influence Israeli
Jews. Furthermore, the two groups reside in two geo-
graphically different areas and settings, using separate
social and cultural networks, like schools, educational
organizations and religious institutions, as well as mass
media, social networks and other channels [14].
Additionally, these differences and discrepancies be-
tween the two groups reflect in various levels of health
literacy and in the usage of healthcare services and pro-
visions: Israeli Arabs tend to underutilize healthcare fa-
cilities and medical support when compared with Israeli
Jews. Different factors may explain this, including the
lack of proper information and knowledge concerning
the delivery of healthcare services and provisions, per-
ceived barriers, like language and stigma, as well as a
preference for alternative, non-conventional treatments
(including religious/traditional management of the dis-
ease) and informal social support. For instance, Arab-
Israeli patients tend to seek medical advice and consult
physicians with a two-fold delay with respect to Jews,
due to lower educational level and distrust in the Western
remedies and treatments.

Health literacy can be, as such, considered as a proxy of
use of healthcare provisions and empirical studies have
shown how low literacy, especially among vulnerable
segments of the population and minorities, translates in-
to underutilized preventive services, low immunization
practice and vaccination coverage [15, 16].

These differences reflect also, as we will see in the next
paragraphs, in different incidence/prevalence rates of
TB.

Tuberculosis and ethnicity

Both host and pathogen factors play a key role in de-
termining innate immune responses to M. tuberculosis,
even though their roles are yet to be fully established
from a cellular and molecular standpoints. Furthermore,
there is a dearth of data concerning the interplay of eth-
nicity, pathogen strain and immune response.

Nahid and colleagues [17] have assessed host mac-
rophage immune responses of 3 different ethnicities
(namely, Filipino, Chinese and non-Hispanic White
subjects) to 3 genetically and geographically diverse M.
tuberculosis lineages. Authors found that Filipino mac-
rophages released less amounts of interleukin type 1 (IL-
1), IL-6, and higher concentrations of IL-8, when com-
pared to macrophages from the other two ethnicities,
whereas the levels of IL-10, IL-12p70, tumor necrosis
factor alpha (TNF-a) and granulocyte-macrophage col-
ony-stimulating factor (GM-CSF) did not significantly
vary according to race/ethnic factors. Ethnicity affected
the response to the Toll-like receptor 2 agonist lipotei-
choic acid (TLR2/LTA) and TLR4 agonist lipopolysac-
charide (TLR4/LPS).
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This research, together with a consistent body of stud-
ies, has led Aravindan [18] to formulate the hypothesis
that TB represents a “genetically primed and determined
infectious disease”, with polymorphisms of a number of
genes — including the natural resistance-associated mac-
rophage protein type 1 (NRAMP-1/SLC11A1), the vita-
min D receptor (VDR), the low molecular weight poly-
peptide/transporter with antigen processing, the chemo-
kine monocyte chemoattractant protein type 1 (CCL-2/
MCP-1), the immunity-related GTPase family M protein
type 1 (IRGM-1), IL-1, several interleukins, such as IL-
8, IL-10, IL-12, TLR, nucleotide-binding oligomeriza-
tion domain-containing protein type 2 (NOD-2), hu-
man leukocyte antigen (HLA), mannose-binding lectin
(MBL), major histocompatibility complex (MHC), TNF,
the purinoceptor P2X7, epiregulin, the SP110 nuclear
antigen, and interferon gamma (IFN-y) — finely tune and
modulate immune response and progression from infec-
tion to disease.

Tuberculosis in Israel

Specifically concerning Israel, according to the 2019
“Global Tuberculosis Report”, the incidence rates of TB
and multidrug resistant TB are 4.0 [95%CI 3.4-4.6] and
0.36 [95%CT 0.20-0.58] cases per 100,000 people, re-
spectively [2].

However, in the fifties-sixties the incidence rate was
much higher, reaching 200 cases per 100,000 popula-
tion, due to a massive arrival of refugees from a post-war
Europe and North-African countries [8].

Regarding the seventies-eighties, Dolberg and coau-
thors [19] and Greene and coworkers [20] performed
a 10-year survey at the Soroka Medical Center (Be’er
Sheva, Negev), from 1978 to 1987, identifying 279
TB cases (67% pulmonary and 33% extra-pulmonary;
48% affecting Ethiopian Jews, 28% and 24% involv-
ing Bedouin Arabs and Jews of other origins, respec-
tively). In terms of socio-demographic characteristics,
the Bedouin and Ethiopian patients were younger,
had fewer co-morbidities, with mainly pulmonary
TB, but were less adherent to pharmacological treat-
ment. Furthermore, the Ethiopian patients have been
hospitalized longer than other ethnic groups. Authors
concluded that clinical presentations of TB could vary
according to ethnicity, reflecting the diversity of the
population, combining characteristics of both a devel-
oping and a developed country.

Concerning the nineties, according to the epidemio-
logical observational, retrospective study performed be-
tween 1999 and 2011 by Bishara and colleagues [21],
the incidence of TB in native ethnic minorities could
remain high also in developed, high-income countries.
More in detail, authors found 831 cases of TB among
Israeli-born individuals: 530 (64%) and 301 cases (36%)
affecting Israeli Jews and Israeli Arabs, respectively,
with an average annual TB rate of 1.1 and 1.6 cases per
100,000 population, respectively, which was lower than
the national average (7.0 cases per 100,000 population).
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Thanks to the adoption of effective public health policies
and strategies, TB rates began to decline both in Israel
Arabs and Israel Jews, until they converged to 1 case per
100,000 people, even though ethnicity reflected in subtle
differences in terms of clinical presentation and symp-
toms. For instance, Israel Arabs tended to be older, were
more likely to have pulmonary TB and to report a lower
treatment success rate when compared to Israel Jews.
However, increasing older age and HIV co-infection
status were independent predictors of treatment success
rate, differently from ethnicity.

Summarizing, differences related to race/ethnic factors,
initially particularly striking among some minorities,
have begun to decrease over the time until convergence.
For instance, treatment success rate has become rather
high and satisfactory in various ethnic groups, and has
not been associated with race/ethnic factors.

This has been possible thanks to profound changes
in TB-related policies. In the nineties, Daniel Weiler-
Ravell, expert in pulmonary and internal medicine,
and Daniel Chemtob, a clinical epidemiologist, have
obtained the chairs of the “National Advisory Com-
mittee on Tuberculosis” within the Israeli Ministry of
Health (MOH) [4,8]. To cope with an increasing TB
incidence rate, due to massive immigration from coun-
tries such as Ethiopia and geographic regions of the
former Soviet Union, Israeli government has decided
to centralize TB centers offering ad hoc services for
immigrants, and to adopt the “Directly Observed Ther-
apy, Short course” (DOTS) approach recommended
by the WHO. In 1993, the “Advisory Committee on
Tuberculosis” was settled, in 1994 a National Coor-
dinator was designated, followed by cost-driven, pop-
ulation-based strategies for improving management
and plans to increase adherence to treatment in 1995.
Always in 1995, major epidemiological studies have
documented the reality, providing the stakeholders,
policy- and decision-makers with numbers to substan-
tiate their decisions. In 1996 the scandal of the “Blood
Affair”, in which Ethiopians’ donated blood had been
secretly discarded for more than a decade since 1984,
resulted in the establishment of a National “Tubercu-
losis and AIDS unit” and in new laws and regulations
being enforced. Together with juridical provisions,
in 1997 economic-financial and budgetary plans en-
abled the creation of new infrastructures and facilities
specifically devoted to the fight against TB. This was
followed by the release of national clinical and orga-
nizational guidelines, informing, in an evidence-based
fashion, healthcare workers of the most effective and
appropriate management options for TB patients.
Interestingly, these efforts have paralleled the issue
of the “National Health Insurance Law”, which has
dramatically transformed the country and led to the
establishment of four healthcare maintenance orga-
nizations (HMOs) or health providers, making insur-
ance universal and not anymore on voluntarily ba-
sis [4, 8].

Future challenges

Israeli scientists have pioneered discoveries that could
profoundly impact on the management and treatment of
TB patients. A group of researchers at the Weizmann In-
stitute of Science and Technology, including Shelly Hen-
Avivi, Roi Avraham and Noa Bossel Ben Moshe [22],
have made efforts to dissect the complex interactions
between different host immune cell types underlying the
outcome of the immune response to M tuberculosis in-
fection, exploiting the latest advancements in the field
of single cell RNA-sequencing (scRNA-seq). Authors
have developed and implemented dynamic deconvolu-
tion algorithms using bulk scRNA-seq measurements of
infected human peripheral blood cells.

The use of artificial intelligence and new machine learn-
ing-based techniques appears promising in advancing
the treatment of TB and predicting its insurgence and
progression by means of predictive biomarkers [23].
Other major challenges that need to be addressed are:

a) the need of new facilities and tools to implement and
expand the access of Arabic population and other mi-
norities to TB centers;

b) the emergence of drug/multidrug-resistant TB strains
related to migration and/or climate change [24].

conclusion

Israel represents a unique, living laboratory in which
features of developed and developing countries mix
together. This country as a case-study of immigrant,
pluralistic society underlines the importance of adopt-
ing a culturally-sensitive community intervention ap-
proach [25, 26].

The understanding of the subtle interplay between race/
ethnic host and pathogen factors, including the role of
gene variations and polymorphisms can pave the way
for a personalized treatment and management of TB pa-
tients, contributing to the development of new tools for
targeted TB therapeutics, immunodiagnostics and vac-
cination products [27].
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