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1 | INTRODUCTION

Since the end of 2019, when the world was struck by the COVID-19
pandemic,>? discussions regarding immunology seem not to be re-
stricted to lecture halls and laboratories anymore, but have moved
beyond the scientific community into public society. Popular talk
shows and social media platforms nowadays not sporadically con-
tain (non-scientific) conversations about herd immunity, neutral-
izing antibodies, the R-number, T cell cross-reactivity, rapid tests,
host-directed therapy (chloroquine), and, of course, vaccines. With
respect to the latter, the post-COVID-19 laymen attention focuses,
besides on availability, on vaccine composition, regimen, trials,
boosters, and efficacy, topics that, not too long ago, were consid-
ered far from appealing topics of conversation by non-scientist. To
pull us out of the economically and socially devastating restrictions
imposed on society by this global pandemic, the hope of the public is
now directed on the new anti-COVID-19 vaccines that are currently
being rolled out in many countries across the world.

Taken this present-day extent of public attention for immunology
into consideration, it should have become common knowledge by now
that long-term investments in research of immunology (inseparably
linked with vaccinology) of infectious diseases, including those caused
by pathogenic mycobacteria, have provided vital contributions to the
current capability to develop and produce COVID-19 vaccines in <1 year.

Still, development of better diagnostics and improved vaccines
has been relatively slow despite their protracted impact on the health
of humans and animals as well as global economies. This controversy
is reflecting the unpropitious funding situation of this research do-

main, which is quite disproportional with the number of casualties

particularly in the case of tuberculosis (TB), a respiratory disease
that, before 2020, has been more lethal than any other disease from
a single infectious agent.® However, in contrast to COVID-19, which
has severely hit Europe and the USA as well, mycobacterial diseases
mostly affect individuals in low- and middle-income countries (LMICs).

This volume of Immunological Reviews comprises papers that
encompass (recent) findings on the immunology of mycobacterial
diseases caused by Mycobacterium tuberculosis (Mtb), M leprae, M ul-
cerans, M avium, M absessus, M bovis, and M avium subspecies paratu-
berculosis, as well as immunity induced by the vaccine strain M bovis
Bacillus Calmette-Guérin (BCG), thereby illustrating the progress
made in basic research on Immunity to Mycobacteria.

This includes the role that classical and more recently discovered
(T) cells play in these intriguing host-pathogen interactions as well
as potential application thereof within vaccination strategies and as
correlates of protection and disease in diagnostics. To unravel mech-
anisms of disease various “omics” technologies have contributed,
leading to new insights regarding (prospective) diagnostics for*® as
well as immune mechanisms of mycobacterial diseases.>°

In addition, it addresses the plethora of sophisticated survival strat-
egies including manipulation of phagosome maturation, autophagy, mi-
tochondrial activity, antigen presentation, and metabolic pathways that

these mycobacteria can employ to evade the hosts’ immune systems.

2 | TUBERCULOSIS

Despite the discovery of effective antibiotic treatments and neonatal

BCG vaccination in endemic areas, tuberculosis (TB) has historically

This article introduces a part of a series of reviews covering Immunity to Mycobacteria appearing in Volume 301 of Immunological Reviews.
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caused more deaths than any other single human infectious disease
worldwide, even surpassing HIV/AIDS and malaria as the leading cause
of death.!! Globally, an estimated 10.0 million people fell ill with TB in
2019 and 1.4 million deaths (including 208 000 among HIV-positive
people) were attributed to this disease representing more than 3800
deaths per day.*! Itis estimated that about 1,7 billion people (23% of the
world's population) are latently infected with Mtb and thus at risk of de-
veloping active TB disease sometime during their lifetime.'?> Moreover,
multidrug-resistant tuberculosis (MDR-TB) represents a major obstacle
to effective care and prevention worldwide. Furthermore, the large gap
(2.9 million) between the number of newly diagnosed patients reported
and the estimated 10 million active TB cases, which is due to a combina-
tion of under-reporting of detected cases and under-diagnosis (if peo-
ple with TB cannot access health care or are not diagnosed when they
do),13 calls for better diagnostic tests. Of note is also the One Health
aspect of this disease, as in LMICs, a significant number of human TB
cases are actually caused by M bovis infection.**1¢

Since vaccines, in general, represent an extremely efficient way
to reduce disease burden by preventing disease or even infection,'’
multiple research projects have focused on new vaccines and vacci-
nation strategies to prevent TB as alternative to or combined with
BCG.’2! |n order to develop new vaccines, detailed insight into the
complex events of host immunity against mycobacteria has been
deemed necessary for decades.?>?® At the basis of such efforts
lies the search for what substantiates the optimal protective, non-
pathogenic T cell response.?*2® This involves a growing number of
T cells that contribute to either enhancing or suppressing protective
immunity and recognize antigens involved in various stages of infec-
tion and disease.??”28 A dominant role is reserved for CD4 T cells
as clear from depletion of this subset or transduction of HLA class Il
in animal models and supported by the fact that patients with HIV
infection who have reduced CD4 T cell counts are more susceptible
to primary Mtb infection, reinfection and reactivation.?’2%-31

In this issue, Morgan and colleagues (IMR-2021-001.R1) provide a
holistic view on the role of classical, HLA class ll-restricted CD4 T cells
in Mtb infection. From this perspective, they compare the presence
of various classical CD4 T cell subsets (classified using proteomics in
functional signatures according to extensive cell surface expression
as well as cytokine production), that have been identified to have im-
portance for Mtb-specific immunity in either latent infection, active
TB, severe TB, after BCG-vaccination, or environmental exposure (eg,
by non-tuberculous mycobacteria). This involves a detailed subdivision
into memory phenotypes and helper T cell phenotypes like Thl, Th2,
Th17, and the heterogeneous Th1* a distinct hybrid Th1/Th17 popula-
tion.%2 Besides CD4 T cells, they discuss their antigenic targets which
identified, for example, using epitope mega\pools33 (4,000 ORFs of the
Mtb genome) as universal tool to measure HLA class ll-restricted CD4
T cells across different disease states. Jointly, CD4 activation mark-
ers, the epitopes they recognize, and proteins they secrete as well as
transcriptomic and metabolomic markers are promising correlates of
protection, although they may vary in different populations.

On the other hand, Ruibal and colleagues (IMR-2020-074.R1),
inspired by the limited success of vaccines against TB based on

classical T and B cells, embark on the non-classical path and con-
vincingly argue on the value of donor-unrestricted T-cells (DURTS)
as targets for novel vaccines against TB. The attractiveness of these
DURTS lies in the fact that they recognize antigenic ligands via ge-
netically conserved antigen presentation molecules such that their
application avoids. The attractiveness of such an approach is that
DURTSs, in contrast to classical T cells which are activated via highly
polymorphic HLA class | and Il molecules, can respond to the same
ligands across diverse human populations. This not only provides
advantages for vaccination but also for correlates of protection. In
their contribution, they describe several populations of T cells cat-
egorized under DURTS such as HLA-E-restricted T cells,>** CD1-
restricted T cells, mucosal-associated invariant T-cells (MAITs), and
TCR Y8 T cells. Besides DURTS, they discuss NK cells and innate lym-
phoid cells (ILCs) and the gain of targeting these cells with vaccines
against Mtb. It needs to be assessed in future studies how, combined
with classical immune responses, these unconventional subsets have
potential to contribute essential, additional protective immunity
against TB, leprosy, and NTM infections.

The role of yet another T cell subset is scrutinized in the review
by Verma and colleagues (IMR-2020-082.R2) who discuss regulatory
T cells (Tregs)®® in the context of homeostasis. But also the potential
role of Tregs in tipping the (Th-Treg) balance based on studies in hu-
mans and animal models of Mtb that suggest Tregs cannot only help
reduce tissue-damaging inflammation, but also have immunosup-
pressive functions that interfere with protective responses against
this mycobacterium. Additionally, they describe immune mecha-
nisms in the often difficult to treat infections with non-tuberculous
mycobacteria (NTM) such as M avium and M absessus the prevalence
of which is increasing at an alarming rate.*’

From a completely different angle, Kiling and colleagues (IMR-
2020-087) believe in prospective use of host-directed therapy
(HDT) to tackle the problems encountered in mycobacterial infec-
tions, namely the multiple counter-strategies that mycobacteria
have ingeniously developed to persist and survive inside host cells.
This has been investigated substantially already for the cunning tac-
tics that Mtb utilizes,®®? but receives warranted attention for NTM
as well in this review for which they included all relevant studies of
the past 20 years. In their review, they include not only Mtb infec-
tion but also discuss what is known or assumed about NTM, partic-
ularly M avium infections.

On yet another angle of approach, Laval and colleagues (IMR-
2020-071.R1) have chosen to investigate the effect of macrophage
fatty acid metabolism on host immunity to Mtb. By integrating findings
from immunological and microbiological studies, they introduce the
new concept that lipid droplet formation in Mtb-infected macrophages,
besides allowing the bacterium to produce energy and build the lipid-
rich cell wall, may also benefit the host. This pro-host mechanism by
preventing Mtb's access to host fatty acids while limiting the flux of
fatty acids through p-oxidation. Key in the metabolic adaptation of
macrophages to Mtb infection leading to cytoplasmic accumulation of
FAs which potentiates their anti-mycobacterial responses and forces
the intracellular pathogen to shift into fat-saving, survival mode.
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Despite years of intensive research, Bacille Calmette-Guerin (BCG)
remains the only licensed vaccine against TB. The 100-year-old vac-
cine protects against childhood TB, but is not unanimously effective
in adult pulmonary TB. Several vaccine trials using BCG have, how-
ever, established its protective effect against leprosy*® and NTM.#
It has also become clear that BCG can modulate the innate immune
system leading to protection against unrelated pathogens through
a mechanism referred to as trained immunity.42 These heterologous
benefits of BCG may even prove relevant in vaccination strategies to
prevent COVID-19.

To optimally utilize and improve upon the BCG vaccine in new
vaccine strategies such as BCG re-vaccination'” or new adminis-
tration routes,*® Ahmed and colleagues (IMR-2021-007) unravel
what is known about protective immune responses elicited by BCG
against TB and other mycobacterial ailments including factors that
may be responsible for the variable efficacy of BCG such as host
and environment. In view of the current COVID-19 pandemic, these
authors also involve the debate on potential protective responses
against SARS-CoV-2 induced by BCG vaccination.*44

As opposed of addressing protection against TB disease, Foster
and colleagues (IMR-2020-084.R1) focus on BCG-induced protection
against Mtb infection. They review evidence from observational and
BCG re-vaccination studies, including limitations and variation in pro-
tection as well as possible underlying mechanisms such as antibody-
mediated protection and innate immune mechanisms, particularly
histone modifications at the promoter and enhancer regions of pro-
inflammatory genes the hallmark of BCG-induced trained immunity.

Paratuberculosis, like bovine TB, is a mycobacterial disease of ru-
minants caused by Mycobacterium avium subspecies paratuberculosis
(MAP) which has a considerable impact on livestock health, welfare,
and production.*® MAP causes a granulomatous chronic intestinal
infection also known as Johne's disease, impacting cattle, sheep,
goat, and deer industries globally. Although there are at least three
vaccines, vaccinated animals can still shed MAP thereby maintain-
ing transmission?” and disease detection still relies heavily on dated
methods. De Silva (IMR-2020-086.R2) describes potential suitable
biomarkers and the immunological mechanisms they represent, fo-
cusing on the resilience phenotype. Since MAP is an enteric patho-
gen, she argues that vaccination inducing mucosal immunity should
be prioritized. In this process, the ease of application and access to
mucosal surfaces will determine the most practical and efficient

vaccine.

5 | LEPROSY

After TB, leprosy, caused by M leprae, ranks second in the order of
severe human mycobacterial diseases. In contrast to Mtb, it is not
very contagious, requiring frequent and intense contact c. It pre-
dominantly affects the skin and peripheral nerves reflecting the opti-
mal growth temperature of this mycobacterium. Although leprosy is
known to humans for many centuries, its immunopathology still rep-
resents a complex scientific challenge to clinicians as well as immu-

nologists.48 Characteristic for leprosy is its unique disease spectrum,
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in susceptible individuals, reflecting the vast inter-individual variabil-
ity in clinical manifestations, whereas it shares issues on the lack
of sensitive diagnostics for early disease and infection with other
mycobacterial diseases.

Based on extensive immunological expertise in leprosy, particu-
larly regarding animal models, Adams (IMR-2020-085.R1) presents a
historic overview identifying key immunological aspects of the im-
mune response against M leprae based on different animal models
(mostly mice, non-human primates, and armadillos) that have been
used for leprosy research compelled by the inability to culture this
mycobacterium in vitro. The generation of various knockout mice
has not only provided more insights into which immunoregulatory
mechanisms lead to susceptibility or protection, but also provide
well-defined models for different parts of the disease spectrum in-
cluding leprosy reactions which are difficult to study in humans. Since
an additional advantage of animal models is that dose, time, and site
of infection are known, the genetically altered mice represent use-
ful tools for assessment of new (chemoprophylactic) treatment regi-
mens, vaccines, and diagnostics.

Van Hooij and Geluk (IMR-2021-003) aim to identify phase-
specific biomarkers to improve leprosy diagnostics by assessing
studies published about the role of various cell subtypes associated
with M leprae infection and the various disease states in which lep-
rosy occurs in humans. Taking the alleged route M leprae follows in
the host, this leads them to conclude that the innate immune system
is dominant in the initiation of nerve damage, an early disease man-
ifestation, whereas the adaptive immune system further aggravates
nerve damage and determines the type of leprosy. Application of
biomarkers associated with different forms of leprosy will improve
leprosy diagnosis and treatment.

A different view on the maneuvers of M leprae to evade pro-
tective host immunity is provided by Oliveira and colleagues (IMR-
2021-002.R2). Driven by the findings that genetic variations in
enzymes related to central metabolism and mitophagic process, such
as HIF-1a, FAMIN, PRKN, and LRRK2, are associated with leprosy,
they focus on mitochondria as target of suppression of host defense.
It is presumed that Mleprae reduces the generation of oxidative
stress concomitantly lowering inflammasome activation and other
pertinent mitochondrial signaling involved in innate immunity. These
insights generate options for new drugs that block mitochondrial
deactivation.

6 | BURULI ULCER

Buruli ulcer (BU) represents a neglected tropical skin disease mani-
festing as chronic wounds that can leave victims with major, life-long
deformity and disability. The causative agent, M ulcerans, possesses
a unique trait as, in contrast to other pathogenic mycobacteria, it
produces mycolactone, a diffusible lipid factor with unique cyto-
toxic and immunomodulatory properties.49 An additional divergence
compared to TB and leprosy is that epidemiologic and genetic analy-
ses argue against human-to-human transmission. BCG is the only

vaccine available that has been studied for BU prevention, but only
conferred short-lasting protection.’® DeMangel (IMR-2020-083.
R1), completes this issue with a comprehensive review on the im-
munosuppressive properties of mycolactone including blockade of
Secé1l, the host receptor mediating the immunomodulatory effects
of mycolactone and thereby the virulence of M ulcerans.

Finally, Fevereiro and colleagues (IMR-2020-088.R1) elegantly
review the most recent data on “Buruli ulceromics”, that is, omics-
based studies on Buruli ulcer including GWAS to depict the mech-
anism of M ulcerans infection. They describe the resemblance with
and differences from host immune responses in other mycobacteri-
oses. As has been shown for TB and leprosy, application of omics-
based research provides promising options for Buruli ulcer research

which are required to render this disease truly negligible.

7 | CONCLUSION

Together, this volume provides a wide-ranging update on current
views of immunological mechanisms involved in mycobacterial in-
fection and disease which display potential for translational re-
search regarding development of vaccines, drugs, and diagnostics.
The comprised reviews will hopefully instigate innovative research
activities aimed at developing novel therapeutic strategies for my-
cobacterial disease in humans and animals that are as inventive as

their causative agents.
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