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ABSTRACT. The innate immune is the first line of defense of the immune
system and is characterized by the rapid response against infectious agents
through the recognition of molecular patterns. Within the cells of innate
immunity are natural killer cells, which show cytotoxic activity against
infected or transformed cells. They have activation, inhibition and natural
cytotoxicity receptors that allow their activation, causing the release of
perforins, granzymes B and granulysins contained in their cytoplasmic
granules which participate in the elimination of target cells. Furthermore,
natural killer cells are a source of cytokines such as IFN-y, TNF-a, IL-10,
IL-2 and GM-CSF. They are important source of IFN-y which promotes the
activation of bactericidal mechanisms in macrophages in defense against
intracellular pathogens such as Mycobacterium tuberculosis, which causes
tuberculosis. Tuberculosis is an infectious disease that represents a global
health problem, and the only preventive measure is the BCG vaccine,
which is generally applied at birth. Natural killer cells have been reported
to participate in immunity against tuberculosis, as well as in the protection
conferred by BCG. The objective of this review is to highlight the most
important findings on the role of natural killer cells in tuberculosis and in
response to BCG vaccination in humans and animals, which may open
a broader panorama to propose new preventive measures or therapies
against tuberculosis, infections or cancer.

Keywords: NK cells, tuberculosis, BCG vaccine, innate immunity, trained
immunity.

RESUMEN. La inmunidad innata es la primera linea de defensa del
sistema inmune y se caracteriza por la respuesta rapida contra agentes
infecciosos a través del reconocimiento de los patrones moleculares.
Dentro de las células de la inmunidad innata se encuentran las células
asesinas naturales, las cuales, muestran actividad citotoxica contra células
infectadas o transformadas. Tienen receptores de activacién, inhibicion
y de citotoxicidad natural que permiten su activacion causando la
liberacién de perforinas, granzimas B y granulisinas contenidas en sus
granulos citoplasmaticos que participan en la eliminacién de las células
blanco. Ademas, las células asesinas naturales son fuente de citocinas
como IFN-y, TNF-a, IL-10, IL-2 y GM-CSF. Son fuente importante de
IFN-y, el cual, promueve la activacién de los mecanismos bactericidas
de los macroéfagos en la defensa contra patégenos intracelulares como
Mycobacterium tuberculosis causante de la tuberculosis. La tuberculosis
es una enfermedad infectocontagiosa que representa un problema de
salud a nivel mundial y la Gnica medida preventiva es la vacuna BCG que
generalmente se aplica al nacimiento. Se ha reportado que las células
asesinas naturales participan en la inmunidad contra la tuberculosis, asf
como en la proteccién conferida por BCGC. El objetivo de esta revisién
es destacar los hallazgos més importantes sobre el papel de las células
asesinas naturales en la tuberculosis y en respuesta a la vacunacién con
BCG en humanos y animales, lo que puede abrir un panorama més
amplio para proponer nuevas medidas preventivas o terapias contra la
tuberculosis, infecciones o céncer.

Palabras clave: células NK, tuberculosis, vacuna BCG, inmunidad innata,
inmunidad entrenada.
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Abbreviations:

Ag = antigens
BCG = bacillus Calmette-Guérin
DC = dendritic cell
GM-CSF = granulocyte macrophage-colony stimulating factor
HLA = human leucocyte antigens
IFN-y = Interferon-gamma
IL = Interleukin
KIR = killer inhibitory receptor
LTBI = latent tuberculosis infection
M. bovis = Mycobacterium bovis
MHC = major histocompatibility complex
M. tuberculosis = Mycobacterium tuberculosis
NK = natural killer cells
PRR = pattern recognition receptor
PTB = pulmonary tuberculosis
TLR = toll-like receptors
TNF-a = tumor necrosis factor-alpha
WHO = World Health Organization

INTRODUCTION

All living organisms have an immune system that protects
them from pathogens that can cause disease. This system
involves various cell lineages with specific functions in host
defense. NK cells are involved in defense in tuberculosis
and it is important to know their role in infection and as
part of the response to a vaccine such as BCG.

Tuberculosis

Tuberculosis is an infectious disease caused by M.
tuberculosis, posing a global public health problem. It is
the second leading cause of death from a single infectious
agent after COVID-19; it has been estimated that a quarter
of the world’s population is infected." In 2022, the WHO
reported 10.3 million new cases and 1.3 million deaths
from tuberculosis.’

It is transmitted by the airborne route, when a person
with PTB expels the mycobacteria through coughing or
sneezing; these remain suspended in the environment and
are inhaled by other people and the fate of the infection
will be determined by the immunity of the person and
the virulence of the Mycobacterium. When M. tuberculosis
reaches the pulmonary alveoli it is phagocytized mainly
by resident macrophages, initiating cytokine production
and migration of monocytes to the site of infection,
where they will differentiate into macrophages. However,
M. tuberculosis is also phagocytosed by DCs, which
migrate to thoracic lymph nodes to present mycobacterial
antigens to naive T-cells, leading to the proliferation and
differentiation of antigen-specific CD4+ or CD8+ T-cells.
These cells migrate to the site of infection, surrounding
infected and uninfected cells in the lung, forming part of
the multicellular structure called granuloma. It has been
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speculated that the granuloma prevents and contains the
spread of M. tuberculosis to extrapulmonary sites, but it
has also been considered a niche that mycobacteria exploit
to persist in the host.”

Most infected individuals (90-95%) control the infection
and have LTBI, characterized by no signs or symptoms of
TB and no contagiousness, but produce interferon gamma
(IFN-y) in response to mycobacterial Ag (IGRA positive).
However, 5-10% develop active TBP within two years,
associated with factors that reduce the immune response
such as: malnutrition, HIV infection, compromised immune
system, smoking, alcoholism and diabetes mellitus.**

Innate immunity

In the lung, cells of innate immunity represent the first line
of defense when M. tuberculosis reaches the pulmonary
alveoli. Macrophages, DCs, neutrophils and NK cells
interact with the Mycobacterium to try to control infection
and prevent disease.” However, M. tuberculosis can infect
cells and replicate to persist in the host using its evasion
mechanisms, such as: 1) altering phagosome-lysosome
biogenesis, 2) producing components (PtpA, 1-TbAd and
MarP) to neutralize and tolerate the acidic environment
of the phagosome, 3) causing phagosomal membrane
rupture to escape to the cytosol and gain access to nutrients
using the ESX-1 secretion system, 4) causing plasma
membrane rupture to infect nearby cells, and 5) inhibiting
inflammasome activation, pyroptosis and autophagy.”

M. tuberculosis recognition

Cells of innate immunity recognize pathogen-associated
molecular patterns of M. tuberculosis through their PRRs,
such as: C-type lectins (mannoses receptors, DC-SICN,
dectin-1, dectin-2 and Mincle); NOD-type receptors;
complement receptors (CR3); collectins (surfactant proteins
A and D, mannose-bound lectin); scavenger receptors
(MARCO, SR-A1, CD36, SR-B1); Fc receptors (FcgR);
glycophosphatidyl-inositol-anchored membrane receptors
(CD14); and Toll-like receptors (TLR-2, TLR-4 and TLR-9).”

Particularly, different PRRs of innate immunity cells that
recognize M. tuberculosis Ag have been described (Table
1A), allowing phagocytosis and/or host defense through
cytokine production (IL-18, IL-6, TNF-a), autophagy and
inflammasome activation.’

Mycobacterial antigens modifying
the immune response

M. tuberculosis has components that promote or inhibit
host defense mechanisms such as phagocytosis, autophagy,
apoptosis, and inflammasome (Table 1B)."
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BCG vaccine

In 1908 Léon Charles Albert Calmette and Jean-Marie
Camille Guérin initiated the attenuation of M. bovis
isolated in 1902 from a tuberculous cow and generated
the live-attenuated vaccine against tuberculosis.""> They
made 231 serial passages of M. bovis over 13 years, until
in 1921 they obtained the M. bovis BCG (Bacillus Calmette
and Guérin) strain, which conferred protection against
tuberculosis in guinea pigs." "

In 1921, the BCG vaccine was administered for the first
time in a child exposed to tuberculosis bacilli, demonstrating
that after two years of constant exposure he did not present
lesions and signs of tuberculosis."™* Therefore, from 1924
onwards, this vaccine was distributed to 20 countries for
its application by WHO recommendation."*"

Genomic studies have shown that the BCG strain lacks the
difference region-1 (RD-1) present in M. tuberculosis and M.
bovis.” In this region are genes encoding proteins involved
in the secretion system (Rv3876, Rv3877 and Rv3878) and
virulence factors important in the pathogenesis of the disease
(Rv3871, PE35, PPE68, Rv2879c, CFP-10 and ESAT-6).""1#16-20

Innate immunity to BCG

BCG vaccine is applied intradermally causing a local
immune reaction (Figure 1A), which is initiated by the
recognition of the bacilli by macrophages and DCs,
which increase the expression of MHC class | and class
[l molecules, co-stimulatory molecules (CD40, CD80,
CD83 and CD86) and the chemokine receptor 7 (CCR7);
favoring migration to lymph nodes and the processing
and presentation of Ag to T-cells.”*?" On the other hand,
macrophages recognize, phagocytize and degrade BCG
by activating different PRRs such as TLR-2, TLR-4 and
TLR-9; which stimulates the expression and secretion of
proinflammatory cytokines (IL-6, IL-12, TNF-a and MCP-1),
favoring a TH1 response involving CD4+ T-cells and, in
addition, the activation of CD8+ T-cells."” This response
is characterized by the production of IFN-y, a crucial
cytokine in the protection against intracellular pathogens
such as M. tuberculosis, because it activates the bactericidal
mechanisms of macrophages (Figure 1B)."

This vaccine also induces non-specific trained immunity
(Figure 1C), based on epigenetic reprogramming in monocytes,

Table 1: Receptors of innate immunity cells and effect of M. tuberculosis components.

A) Receptors of innate immunity cells and their mycobacterial ligands.

Cell Receptor M. tuberculosis antigens
Macrophage TLRs LM, LAM, ManLAM, PIM, Hsp60/65, DNA y RNA
MR LAM
CD91, calreticulin ManLAM, MBL
DC TLRs LM, LAM, ManLAM, PIM, Hsp60/65, DNA, RNA
DC-SIGN ManLAM
NK NKp44 MA, mAPG, AG
NKp46 M. bovis BCG
NKp30
NKG2D M. bovis BCG
TLR-2 PG
B) Effect of M. tuberculosis antigens on defense mechanisms.
Defense mechanism Favored antigen Inhibited antigen

Phagocytosis PPE57

PIMs, ManLAM, PKG, PtpA, EIS

Autophagy ESAT-6, c-di-AMP EIS, SapM, LrpG, PDIM
Apoptosis LpgH, PE _PGRS3 3, ESAT- 6, PtpA, NuoG, PknE, SecA2, SodA, SigH, MPT64,
OppD, PstS1, Rv0183, Rv0901, PE9/PE10, Mce4A Rv3354
Inflammasome EsxA, Mtb DNA Zmpf1

AG = arabinogalactan. c-di-AMP = cyclic di-adenosine monophosphate. DC = dendritic cells. EIS = enhanced intracellular survival. ESAT-6 = early secreted antigenic
target of 6 kDa. LAM = lipoarabinomannan. LM = lipomannan. LrpG = leucine-responsive regulatory protein G. MA = mycolic acids. ManLAM = monosylated lipoarabino-
mannan. mAPG = mycolyl-arabinogalactan-peptidoglycan. MBL = mannose-binding lectin. Mce4A = mammalian cell entry complex 4A. MPT64 = M. tuberculosis Protein
64. NK = natural killers. NuoG = subunit of NADH dehydrogenase type |. OppD = oligopeptide permease D. PDIM = phthiocerol dimycocerosates. PE9/PE10 = protein
proline-glutamate 9/10. PG = peptidoglycan. PIM = phosphatidy! inositol mannoside. PKG = protein kinase G. PknE = protein kinase E. PPE57 = protein proline-proline-
glutamate 57. PstS1 = phosphate-specific transport substrate binding protein-1. PtpA = protein tyrosine phosphatase. MR = mannose receptor. SapM = secretory acid
phosphatase. SigH = Sigma factor H. TLR = toll-like receptors. Zmp1 = zinc metalloprotease.
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Figure 1: Inmunity generated towards BCG vaccine. A) BCG vaccine is administered intradermally and immune system cells interact with mycobacteria.
B) M- recognize BCG components through their TLR-2, TLR-4 and TLR-9 receptors and produce proinflammatory cytokines, increase the expression of
MHC-I and MHC-II molecules, co-stimulatory molecules (CD86, CD80, CD83, CD40) and CCR?7. On the other hand, dendritic cells (DC) migrate to lymph
nodes and present BCG antigens (Ag) coupled to MHC molecules, LTH and CTL, favoring the production of IL-12 and IFN-y. C) NK cells, M+ and monocytes
recognize BCG and generate trained immunity by epigenetic modifications involving the enzymes: PRC2 (with methyltransferase activity on histone H3,
using S-adenosyl methionine [SAM-Me] as substrate) and HAT (with acetyltransferase activity on histones, using acetyl-CoA as substrate). Allowing rapid
production of proinflammatory cytokines upon reinfection with Mycobacterium, or unrelated pathogens (S. aureus or C. albicans).

Created with BioRender.com, NC26 TGYXTT.

Ag = antigens. BCG = M. bovis BCG vaccine. CCR-7 = chemokine receptor 7. DC = dendritic cell. CTL = cytotoxic T lymphocytes. LTH = helper T lymphocytes. MHC = major
histocompatibility complex. M+ = macrophages. NK = natural killer cells. TLR = toll-like receptors.

macrophages and NK cells. So the cells respond rapidly and
strongly to secondary Mycobacterium infections and even to
different pathogens."*" This epigenetic reprogramming takes
place in histones by methylation, acetylation, deamination
and proline isomerization at the promoter sites of genes
coding for proinflammatory cytokines." Thus NK cells
produce proinflammatory cytokines (IFN-y, IL-1B, IL-6 and
TNF-a) in response to BCG-related and non-BCG-related
pathogens after two to 12 post-vaccination weeks."

While it has been suggested that NK cells are crucial in
cross-protection against other BCG-induced pathogens, their
importance in response to BCG vaccination has not been
described. Thus, we will describe recent reports below.

NK cells

They belong to the lymphoid lineage and have cytotoxic
activity against infected (virus, bacteria or parasites) or tumor
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cells.?>?> They were first described in the 1970's, and their
importance in innate immunity is currently recognized.*
They are classified within the innate lymphoid cells,
although under certain circumstances they show adaptive
and memory characteristics. They are part of the first line
of defense involved in the recognition and elimination of
infected or transformed cells; in addition, they produce
IFN-y, IL-6, TNF-a and chemokines such as MIP-Ta, MIP-1R
and IL-8.***" They are mainly located in the blood (5-20%
of circulating lymphocytes in humans) and lymph nodes, as
well as in the skin, intestine, liver and lungs.?**®

Origin and morphology

They originate in the bone marrow from a pluripotential
hematopoietic stem cell (CD34+), which will give rise to
a lymphoid progenitor. The process of differentiation and
maturation begins when the lymphoid progenitor derives
into a T/NK biopotential that mediated by IL-12, IL-7 and
IL-15 and the transcription factors eomesodermin (EOMES),
E4BP4, [d2, BLIMP and T-bet will guide the development into
an immature NK cell to a mature NK cell. These cells express
specific surface markers (CD56+ and CD16+) (Figure 2A)
that allow them to be differentiated from T (CD3+) and B
(CD19+) cells. Two subpopulations have been described
according to their maturation: CD56brightCD16- (90% in
peripheral blood) and CD56dimCD16+, the latter showing
greater cytotoxicity.”?

NK cells are granular cells (10 to 15 mm) with little
rough endoplasmic reticulum, mitochondria and free
ribosomes. They are characterized by cytoplasmic granules
containing cytolytic enzymes such as perforins, granzyme
B, granulysins, proteoglycans and TNF-a (Figure 2B).>

NK cell receptors

These cells on the membrane have receptors that allow
them to interact with other cells and thus identify
infected or tumor cells (Figure 2C). They possess: a) C
lectin-like receptors: NKG2D/CD94, which recognize
human leukocyte Ag E5 (HLA-E5); b) KIR (Killer Inhibitory
Receptor) activation and inhibition receptors that function
by detecting the increase or decrease of HLA-16 molecules;
0) natural cytotoxicity receptors, specific to NK cells that
include activating receptors such as NKp30, NKp44 and
NKp46; and d) the CD16 receptor (IgG low affinity Fc
receptor, Fcglll) that participates in recognition of opsonized
cells.”**" Some of the activating and inhibitory receptors, as
well as their ligands, are described in Table 2.2%343

Functions

They are innate effector cells that participate in the response
against pathogens, infected or tumor cells, in addition to
favoring an adaptive immune response.”**"*? Their cytotoxic
activation occurs upon contact with infected or tumor cells that
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Figure 2: Inmunobiology of NK cells. A) NK cells express CD56+CD16+ allowing their identification. B) They have a high content of cytoplasmic granules
with cytolytic enzymes (perforin, granulysin and granzyme, as well as TNF-a. Perforins favor the formation of pores in the membrane, allowing the entry of
granulysins and granzyme, which will activate the caspases pathway and initiate cell death by apoptosis. C) NK cells have inhibitory, activation and natural
cytotoxicity receptors, involved in the recognition of components of infected or tumor cells in order to carry out the activation or inhibition of the secretion

of the contents of their granules.
Created with BioRender.com, FC26ZSAY0D.
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Table 2: Receptors for activation and inhibition of NK cells.

Activation receptors Linking Reference
NKG2C HLA-E 34,35
NKG2D MIC (a and b) and ULBP (1-6) 34-36
NKG2E HLA-E 34,35

KIR2-DS1 HLA-C2 (lysine in position 80) 34, 37

KIR2-DS2 HLA-C2 with viral peptide 34,37
KIR3-D HLA-F 34,35
NKp30 B7-H6, HCMV-pp65, BAG6, heparan sulfate 22,34
NKp44 MLLS5, viral hemagglutinin, PCNA, PDGF-DD 22,34
NKp46 Complement factor P, viral hemagglutinin, heparan sulfate 22,34
NKp80 AICL 38
CD16 IgG antibody complex section 34,35
CD94 HLA-E 34,35

DNAM-1 CD155 and CD112 34, 38

Inhibitory receptors

KIR2DL1 HLA-C2 (lysine in position 80) 34

KIR2DL2/3 HLA-C1 (asparagine in position 80) and HLA-C2 (lysine in position 80) 34
KIR3DL1 HLA-A, HLA-Bw4 34
KIR3DL2 HLA-Aw3, HLA-Aw11 34
NKG2A Inhibitory peptide in HLA-E 34
NKRP1A LLT1 34
KLRG1 Cadherins 34
PD1 PDL1-L2 38

AICL = activating inducing ligand. BAG6 = scythe protein. HCMV = human cytomegalovirus. HLA = human leukocyte antigen. LLT1 = lectin-like transcript. MIC = class |
chain-related protein. MLL5 = mixed lineage leukemia 5. PCNA= proliferating cell nuclear antigen. PDGF-DD = platelet-derived growth factor-DD. PDL1 = programmed

death-ligand 1. ULBP= UL16-binding proteins.

lack MHC-I, or MHC-l is altered. They can also be activated
with IL-2, favoring their action against tumors. This cytotoxic
activity can be inhibited by recognition of MHC-I in target
cells, which prevents cell lysis.?>**" Another of their functions
is the production of cytokines (IFN-y, IL-10, TNF-a, GM-CSF)
after their activation and subsequent stimulation with IL-12.%

Due to the cytokine profile they produce they can be
classified into: NK1, secreting IFN-y, 1L.-10, TNF-a and
GM-CSF; and NK2, secreting IL-5, IL-13, TNF-a and GM-
CSF. IFN-y production is the most important impact on
the host immune system since it promotes the bactericidal
mechanisms of macrophages, such as phagocytosis and
IL-12 production, promoting IFN-y production and the
development of the TH1 response; it also modulates the
immune response of T cells and DC.?¢"%>

Role of NK cells in tuberculosis

NK cells have cytolytic capacity acting at the initial stage of
infection without MHC restriction. It has been described
that NK cell protection against virus, bacterial and parasitic
infections is based on cell recognition and cytolytic effect,
production of IFN-y, IL-12, IL-22, TNF-a and GM-CSF, and
secretion of cytolytic proteins (perforin, granzymes and
granulysins). They carry out lysis of human monocytes

and macrophages infected with M. tuberculosis through
interaction with their natural membrane cytotoxicity
receptors NKp36 and NKG2D.* There are components
of M. tuberculosis that are recognized by receptors
present on NK cells (Figure 3), such is the case of mycolyl-
arabinogalactan-peptidoglycan (mAPG), mycolic acids (MA)
and arabinogalactan (AG) that are ligands of the NKp44
receptor; while peptidoglycan binds only to TLR-2. During
TBP and meningeal tuberculosis in humans, peripheral
blood NK cells are activated by showing increased
CD69+ activation marker, but show a significant reduction
of NKp36 and NKG2D receptors in LTBI and PTB compared
to healthy individuals, which may affect the recognition
and control of M. tuberculosis (Figure 3).** These cells can
inhibit the growth of M. tuberculosis H37Rv in infected
human macrophages through the production of I1L-22,
which promotes phagolysosomal fusion, or by degranulation
of their cytolytic proteins (perforins, granzymes and
granulysins) (Figure 3), through the MAPS kinase pathway
(ERK, INK, p38) mediated by NKG2D receptors.***

NK cell response in BCG vaccination

The NK cell response stimulated by BCG vaccination is
considered to be of great interest, as it may elicit cross-
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immunity against different types of infections and various
cancers. This has led to research using animal models and,
in addition, the response of these cells has been evaluated
in humans following BCG vaccination.

Animal model response

After immunization of mice with BCG, there is an activation
of NK cells as producers of IFN-y, which favors the
bactericidal capacity of macrophages.*® In addition, post-
vaccination there is migration of neutrophils to the site of
infection to subsequently produce 1L-12 and TNF-a that
will serve to stimulate the migration, survival and action of
NK cells as a source of IFN-y. This favors the increase of
NK cells at the site of infection and in the lymph nodes,
reaching the maximum peak of cells in the lung and
spleen at seven days, together with IFN-y production at
five days.”*® BCG-generated immunity is partly due to
NK cells, as they promote TH1 cell activation. Some of
the characteristics of BCC-treated NK cells are increased
granzyme B expression, IFN-y, CD107 and CD11b levels,
and cytotoxicity against mouse melanoma-like tumor cells
(B16F10).%° Other studies have highlighted the importance
of NK cells in protection, as they have reported that SCID
(severe combined immunodeficient, lacking T and B-cells)
and NSG (NOD/SCID/IL2RG, lacking T, B and NK cells)
mice were vaccinated with BCG or saline (control) and

M. tuberculosis

Bactericidal
mechanisms

subsequently challenged with Candida albicans. They
observed that 100% of vaccinated SCID mice survived
compared to 30% of the control group; while NSG mice
gradually died. This result supports the importance of the
presence of NK cells in the protection conferred by BCG
to other infections.”

Human response

As already mentioned, these cells are an important source
of cytokines, since cord blood from newborns exposed to
BCG favors the production of IFN-y, IL-10, IL-12, IL-13 and
IL-15; demonstrating that only NK cells are the source of
IFN-y, while monocytes produce IL-10 and IL-12.° On the
other hand, it has been demonstrated that NK cells purified
from peripheral blood of healthy volunteers cultured
with M. bovis BCG, show an activated state (increased
CD69+CD25+), and are able to produce elevated levels
of IFN-y and TNF-a, in addition to showing cytotoxic
activity and capacity to destroy immature DCs through a
mechanism involving TLR-2.”"

In South Africa, a study in the BCG-vaccinated newborn
population showed increased IFN-y-secreting NK cells at
five and nine weeks post-vaccination compared to the
unvaccinated.”® In addition, vaccinated children showed
increased secretion of IL-12, IFN-y, IL-6, IL-1B and TNF-a
in plasma, suggesting protection against cytokine-mediated

Mycobacterial
lysis
L=
—>€.9 .9

‘ .I%%-ﬁ

Figure 3: Role of NK cells in tuberculosis. They participate in the defense against M. tuberculosis by producing IFN-y and IL-22, activating the bactericidal
mechanisms of macrophages and promoting mycobacterial killing. In addition, they recognize MHC-I components through their natural activation receptors
(NKG2D) to secrete the contents of their granules and promote apoptosis of cells infected with mycobacteria. Finally, they recognize mycobacterial components
through their natural cytotoxicity receptors, such as NKp44 which recognizes Mycobacterium wall components (mycolic acids, arabinogalactan and mycolyl-
arabinogalactan-peptidoglycan), thereby promoting the release of their granule components on mycobacteria and promoting lysis.

Created with BioRender.com, XF26 TGYSLC.
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Figure 4: NK cell involvement in response to vaccination in animals and humans. BCG-vaccinated mice show increased NK cells, increased IFN-y and granzyme
production, and increased survival when infected with other non-Mycobacterium pathogens. Similarly, increased NK cells were observed in children and adults
vaccinated with BCG associated with increased secretion of proinflammatory cytokines and increased response against unrelated pathogens. It has even been
observed that BCG-stimulated human NK cells show increased cytolytic activity against cancer cells, which favors the development of anti-tumor therapies.

Created with BioRender.com, NA26TGYQMU.

mycobacterial infections. Until a few years ago, it was
believed that innate cells had no memory; however,
revaccination with BCG in adults increased the number of
CD56brightCD16- and CD56dimCD16+ NK cells, which
persisted in peripheral blood for more than one year.*
Trained immunity has been studied in CD56+ NK
cells from healthy volunteers isolated from blood before
vaccination, two weeks and three months post BCG
vaccination. CD56+ NK cells stimulated with sonicated
M. tuberculosis H37Rv, C. albicans and inactivated
Staphylococcus aureus were able to produce elevated
amounts of proinflammatory cytokines (IL-1B, IL-6, TNF-a)
compared to the basal condition. This demonstrated that NK
cells have immunological memory by having an increased
proinflammatory response and recognition capacity to other
mycobacteria and other non-BCG microorganisms.* Other
studies have reported that peripheral blood mononuclear
cells from healthy volunteers stimulated with BCG induce
activation and proliferation of CD56bright NK cells.** In
addition, co-culture of CD56bright NK cells with BCG
showed elevated levels of perforins, granzyme B and
IFN-y, as well as efficient degranulation against bladder
cancer cells.* BCG-treated bladder cancer patients have

shown increased CD56bright NK cells, suggesting that BCG-
induced NK cell activation may be an important component
of the immune response against bladder cancer.”

CONCLUSIONS

Tuberculosis is a disease that affects the world’s population
and the BCG vaccine is the preventive measure. However,
this vaccine has been shown to favor immunity trained
on innate cells such as NK cells. Considering together the
findings we have described above (Figure 4), BCG-activated
NK cells play an important role in the development of
trained immunity against infections by other mycobacteria
or unrelated pathogens and as antitumor therapy against
bladder cancer. Thus, new lines of research can be
generated to propose new drugs or therapies against various
infections or cancers by mediating NK cell activation.

Acknowledgments: to Edwin Uriel Rojas-Valles and Roberto Carlos
Antonio-Pablo for their valuable contributions in the preparation of the
manuscript.

Conflict of interests: the authors declare that they have no conflict of
interests.



Rojas-Valles EU et al. Tuberculosis and BCG vaccine. role of NK cells in the immune response 157

Neumol Cir Torax. 2024, 83 (2): 143-152

10.

1.

12.

13.

14.

15.

16.

17.

REFERENCES

World Health Organization. Global Tuberculosis Report 2023.;
2023. Accessed March 31, 2024. https://www.who.int/teams/global-
tuberculosis-programme/tb-reports/globaltuberculosis-report-2023
Cohen SB, Gern BH, Urdahl KB. The tuberculous granuloma and
preexisting immunity. Annu Rev Immunol. 2022;40:589-614. doi:
10.1146/annurev-immunol-093019-125148.

Lin PL, Flynn JL. The end of the binary era: revisiting the spectrum
of tuberculosis. J Immunol. 2018;201(9):2541-2548. doi: 10.4049/
jimmunol.1800993.

Sultana ZZ, Hoque FU, Beyene J, Akhlak-Ul-Islam M, Khan MHR,
Ahmed S, et al. HIV infection and multidrug resistant tuberculosis: a
systematic review and meta-analysis. BMC Infect Dis. 2021;21(1):51.
doi: 10.1186/512879-020-05749-2.

Dhamotharaswamy K, Selvaraj H, Lakshmanaperumal P, Harsha R,
Sasankan AS, Thangavelu P, et al. Diabetes and TB: confluence of
two epidemic and its effect on clinical presentation. Curr Diabetes
Rev. 2024;20(1): €310323215348. doi: 10.2174/1573399819666230
331113156.

Martin SJ, Sabina EP. Malnutrition and associated disorders in
tuberculosis and its therapy. J Diet Suppl. 2019;16(5):602-610. doi:
10.1080/19390211.2018.1472165.

Sia JK, Georgieva M, Rengarajan J. Innate immune defenses
in human tuberculosis: an overview of the Interactions between
Mycobacterium tuberculosis and innate immune cells. J Immunol
Res. 2015:2015: 747543. doi: 10.1155/2015/747543.

Chai Q, Wang L, Liu CH, Ge B. New insights into the evasion of host
innate immunity by Mycobacterium tuberculosis. Cell Mol Immunol.
2020;17(9):901-913. doi: 10.1038/541423-020-0502-z.

Sia JK, Rengarajan J. Immunology of Mycobacterium tuberculosis
infections. In: Fischetti VA, Novick RP, Ferretti JJ, Portnoy DA,
Braunstein M, Rood J |, editors. Gram-Positive Pathogens. 3rd ed.
Washington, USA, American Society for Microbiology; 2019:p.1056-
1086. doi:10.1128/9781683670131.ch64.

Liu CH, Liu H, Ge B. Innate immunity in tuberculosis: host defense
vs pathogen evasion. Cell Mol Immunol. 2017;14(12):963-975. doi:
10.1038/cmi.2017.88.

Lange C, Aaby P, Behr MA, Donald PR, Kaufmann SHE, Netea MG, et
al. 100 years of Mycobacterium bovis bacille Calmette Guérin. Lancet
Infect Dis. 2022;22(1):e2-e12. doi: 10.1016/51473-3099(21)00403-5.
LiJ, Zhan L, Qin C. The double-sided effects of Mycobacterium bovis
bacillus Calmette—-Guérin vaccine. NPJ Vaccines. 2021;6(1):14. doi:
10.1038/s41541-020-00278-0.

Fatima S, Kumari A, Das G, Dwivedi VP. Tuberculosis vaccine: a
journey from BCG to present. Life Sci. 2020;252:117594. doi: 10.1016/.
Ifs.2020.117594.

Calmette A. Preventive vaccination against tuberculosis with BCG. Proc
R Soc Med. 1931;24(11):1481-1490. doi:10.1177/003591573102401109.
Cho T, Khatchadourian C, Nguyen H, Dara Y, Jung S, Venketaraman
V. A review of the BCG vaccine and other approaches toward
tuberculosis eradication. Hum Vaccin Immunother. 2021;17(8):2454-
2470. doi: 10.1080/21645515.2021.1885280.

Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et
al. Tuberculosis. Nat Rev Dis Primers. 2016;2:16076. doi: 10.1038/
nrdp.2016.76.

Rivera-Calzada A, Famelis N, Llorca O, Geibel S. Type VIl secretion
systems: structure, functions and transport models. Nat Rev Microbiol.
2021;19(9):567-584. doi: 10.1038/s41579-021-00560-5.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sarno A, Bitencourt J, Queiroz A, Arruda S. In silico comparisons
of lipid-related genes between Mycobacterium tuberculosis and
BCG vaccine strains. Genet Mol Biol. 2021;44(4):e20210024. doi:
10.1590/1678-4685-gmb-2021-0024.

Daugelat S, Kowall J, Mattow J, Bumann D, Winter R, Hurwitz R, et
al. The RD1 proteins of Mycobacterium tuberculosis: expression in
Mycobacterium smegmatis and biochemical characterization. Microbes
Infect. 2003;5(12):1082-1095. doi: 10.1016/s1286-4579(03)00205-3.
Rojas-Valles EU. Evaluacion del crecimiento intracelular y la
produccion de citocinas pro-inflamatorias por los leucocitos de
sangre periférica frente a la infeccion con Mycobacterium bovis
BCGABCG1419cy Mycobacterium bovis BCGABCG1419c::Rv1354c,
micobacterias candidatas a vacuna contra la tuberculosis pulmonar
(tesis). 2023:1-41. Available in: http://132.248.9.195/ptd2023/
febrero/0835821/Index.html

Kim H, Shin SJ. Pathological and protective roles of dendritic cells
in Mycobacterium tuberculosis infection: Interaction between host
immune responses and pathogen evasion. Front Cell Infect Microbiol.
2022;12:891878. doi: 10.3389/fcimb.2022.891878.

Taborda NA, Hernandez JC, Montoya CJ, Rugeles MT. Natural
killer cells and their role in the immune response during Human
immunodeficiency virus type-1 infection. Inmunologia. 2014;33(1):11-
20. doi:10.1016/1.inmun0.2013.11.002.

Manaster |, Mandelboim O. The unique properties of human NK cells
in the uterine mucosa. Placenta. 2008;29 Suppl A:S60-S66. doi:
10.1016/j.placenta.2007.10.0086.

Amarnath S. Protocols for innate lymphoid cell phenotypic and
functional characterization: an overview. Methods Mol Biol.
2020;2121:1-6. doi: 10.1007/978-1-0716-0338-3_1.

Abel AM, Yang C, Thakar MS, Malarkannan S. Natural killer cells:
development, maturation, and clinical utilization. Front Immunol.
2018;9:1869. doi: 10.3389/fimmu.2018.01869.

Tian Z, Gershwin ME, Zhang C. Regulatory NK cells in autoimmune
disease. J Autoimmun. 2012;39(3):206-215. doi: 10.1016/].
jaut.2012.05.006.

Morvan MG, Lanier LL. NK cells and cancer: You can teach innate cells
new tricks. Nat Rev Cancer. 2016;16(1):7-19. doi: 10.1038/nrc.2015.5.
Sanchez IP, Leal-Esteban LC, Orrego-Arango JC, et al. Variaciones
en el nimero y funcion de los linfocitos asesinos naturales durante
infecciones recurrentes o graves. Biomédica. 2013;34(1):118-131.
doi:10.7705/biomedica.v34i1.1606.

Montalvillo E, Garrote A, Bernardo D, Arranz E. Células linfoides
innatas y células T natural killer en el sistema inmune del tracto
gastrointestinal. Rev Esp Enferm Dig. 2014;106(5):334-345.
Torres-Garcia D, Barquera R, Zufiga J. Receptores de células
NK (KIR): Estructura, funcion y relevancia en la susceptibilidad de
enfermedades. Rev Inst Nal Enf Resp Mex. 2008;21(1):57-65.
Berrien-Elliott MM, Wagner JA, Fehniger TA. Human cytokine-induced
memory-like natural killer cells. J Innate Immun. 2015;7(6):563-571.
doi: 10.1159/000382019.

Liu S, Galat V, Galat Y, Lee YKA, Wainwright D, Wu J. NK cell-based
cancer immunotherapy: from basic biology to clinical development. J
Hematol Oncol. 2021;14(1):7. doi: 10.1186/513045-020-01014-w.
lafiez PE. Células del sistema inmune. Curso de inmunologia general
de la Universidad de Granada; 1999. Available from: https://www.ugr.
es/~eianez/inmuno/cap_02.htm

Martinez-Loria AB. Efecto del immunepotent-CRP sobre células NK
[maestria]. Universidad Autonoma de Nuevo Ledn; 2020. Available
from: http:/feprints.uanl.mx/21038/1/1080314862.pdf



152

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

Rojas-Valles EU et al. Tuberculosis and BCG vaccine: role of NK cells in the immune response

Sepulveda CC, Puente PJ. Células natural killery el sistema inmune
innato en la patologia infecciosa. Rev Méd Chile. 2000;128(12):1361-
1370. doi: 10.4067/50034- 98872000001200009.

Garcia DA, Pérez P, Garcia L, Cid-Arregui A, Aristizabal F. Expresion
génica de ligandos mica, micb y ulbp (1-6) del receptor NKG2D de
células natural killer y metaloproteinasas adam10, adam17 y mmp14
en lineas celulares de cancer de cervical. Rev Colomb Biotecnol.
2019;21(1):29-38. doi: 10.15446/rev.colomb.biote.v21n1.79730.
Lopez-Cobo S. Ligandos de NKG2D: Nuevos aspectos sobre su
bioquimica, su papel en interacciones celulares y su modulacion
por farmacos antitumorales [doctorado]. Universidad Autbnoma
de Madrid; 2017. Available from: https://repositorio.uam.es/
handle/10486/678509

Quatrini L, Della Chiesa M, Sivori S, Mingari MC, Pende D, Moretta
L. Human NK cells, their receptors and function. Eur J Immunol.
2021;51(7):1566-1579. doi: 10.1002/eji.202049028.

Molgora M, Bonavita E, Ponzetta A, Riva F, Barbagallo M, Jaillon S,
et al. IL-1R8 is a checkpoint in NK cells regulating antitumour and
anti-viral activity. Nature. doi: 10.1038/nature24293 doi: 10.1038/
nature24293.

Pahl JHW, Cerwenka A, Ni J. Memory-Like NK cells: remembering a
previous activation by cytokines and NK cell receptors. Front Immunol.
2018;9:1-9. doi: 10.3389/fimmu.2018.02796.

Hervier B, Russick J, Cremer |, Vieillard V. NK cells in the human
lungs. Front Immunol. 2019;10:1-8. doi: 10.3389/fimmu.2019.01263.
Vankayalapati R, Garg A, Porgador A, Griffith DE, Klucar P, Safi H, et
al. Role of NK cell-activating receptors and their ligands in the lysis
of mononuclear phagocytes infected with an intracellular bacterium.
Jimmunol. 2005;175(7):4611-4617. doi: 10.4049/jimmunol.175.7.4611.
Chorefio-Parra JA, Jiménez-Alvarez LA, Maldonado-Diaz ED, Cardenas
G, Fernandez-Lopez LA, Soto-Hernandez JL, et al. Phenotype of
peripheral NK cells in latent, active, and meningeal tuberculosis. J
Immunol Res. 2021;2021: 5517856. doi: 10.1155/2021/5517856.
Dhiman R, Indramohan M, Barnes PF, et al. IL-22 produced by human
NK cells inhibits growth of Mycobacterium tuberculosis by enhancing
phagolysosomal fusion. J Immunol. 2009;183(10):6639-6645. doi:
10.4049/jimmunol.0902587.

Lu CC, Wu TS, Hsu YJ, Chang CJ, Lin CS, Chia JH, et al. NK cells kill
mycobacteria directly by releasing perforin and granulysin. J Leukoc
Biol. 2014;96(6):1119-1129. doi: 10.1189/jlb.4a0713-363tr.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Neumol Cir Torax. 2024, 83 (2):143-152

Moreo E, Jarit-Cabanillas A, Robles-Vera I, Uranga S, Guerrero
C, Gomez AB, et al. Intravenous administration of BCG in mice
promotes natural killer and T cell-mediated antitumor immunity in
the lung. Nat Commun. 2023;14(1):6090. doi: 10.1038/s41467-023-
41768-8.

Junqueira-Kipnis AP, Trentini MM, Marques Neto LM, Kipnis A. Live
vaccines have different NK cells and neutrophils requirements for the
development of a protective immune response against tuberculosis.
Front Immunol. 2020;11: 1-16. doi: 10.3389/fimmu.2020.00741.
Wang D, Gu X, Liu X, Wei S, Wang B, Fang M. NK cells inhibit anti-
Mycobacterium bovis BCG T cell responses and aggravate pulmonary
inflammation in a direct lung infection mouse model. Cell Microbiol.
2018;20(7):1-12. doi: 10.1111/cmi.12833.

Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Jacobs C, Xavier
RJ, et al. BCG-induced trained immunity in NK cells: role for non-
specific protection to infection. Clin Immunol. 2014;155(2):213-219.
doi: 10.1016/}.clim.2014.10.005.

Watkins MLV, Semple PL, Abel B, Hanekom WA, Kaplan G, Ress
SR. Exposure of cord blood to Mycobacterium bovis BCG induces
an innate response but not a T-cell cytokine response. Clin Vaccine
Immunol. 2008;15(11):1666-1673. doi: 10.1128/cvi.00202-08.
Marcenaro E, Ferranti B, Falco M, Moretta L, Moretta A. Human NK
cells directly recognize Mycobacterium bovis via TLR2 and acquire
the ability to kill monocyte-derived DC. Int Immunol. 2008;20(9):1155-
1167. doi: 10.1093/intimm/dxn073.

Murphy M, Suliman S, Briel L, Veldtsman H, Khomba N, Africa
H, et al. Newborn bacille Calmette-Guérin vaccination induces
robust infant interferon-y-expressing natural killer cell responses
to mycobacteria. Int J Infect Dis. 2023;130 Suppl 1:552-S62. doi:
10.1016/}.ijid.2023.02.018.

Suliman S, Geldenhuys H, Johnson JL, Hughes JE, Smit E, Murphy
M, et al. Bacillus Calmette—Guérin (BCG) revaccination of adults with
latent Mycobacterium tuberculosis infection induces long-lived BCGR-
Reactive NK cell responses. J Immunol. 2016;197(4):1100-1110. doi:
10.4049/jimmunol.1501996.

Garcia-Cuesta EM, Esteso G, Alvarez-Maestro M, Lopez-Cobo S,
Alvarez-Maestro M, Linares A, et al. Characterization of a human
antitumoral NK cell population expanded after BCG treatment
of leukocytes. Oncoimmunology. 2017;6(4): €1293212. doi:
10.1080/2162402x.2017.1293212.



