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Most of the microorganisms display adhesion molecules on their surface which help them to bind and
interact with the host cell during infection. Adhesion molecules help mycobacteria to colonize and
invade immune system of the host, and also trigger immune response explicated by the host against the
infection. Hence, understanding the signalling pathways illustrated by these molecules to enhance our
knowledge on mycobacterial survival and persistence inside the host cell is required. Hence, this review
was focussed on the role of adhesion molecules and their receptor molecules. The various mechanisms
adopted by adhesion molecules to bind with the specific receptors on the host cell and their role in
invasion and persistence of mycobacterium inside the host cell are explained.
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Introduction

Tuberculosis (TB) remains a worldwide cause
of increasing morbidity and mortality despite
major advances in anti-TB drug administration and
treatment!2. Increasing cases of multidrug resistance
and extensive drug resistance with co-infection
of HIV has further added to the prevalence of the
active disease®. According to the WHO Report 2017,
6.3 million new TB cases were reported in 2016%
However, TB motility rate fell by 37 per cent in
between 2000 to 2016. In spite of that, the Report
has shown an increasing prevalence of the disease
worldwide*.

An understanding of interaction between host
cell surface receptors with pathogen’s surface-

associated adhesion molecules is required to gain
access to the mechanism involved in host-pathogen
interactions. In reference to this, the bacterial strategy
to countervail the host defence and how it persists
for a longer time within the host can be further
analyzed>®. Identification of functioning and unified
system of molecules present in host pathogenesis
is well identified through studying protein-protein
interactions, which contributes to cellular mechanism.
On these grounds, it would be interesting to elaborate
functions of adhesion molecules which are majorly
involved in mediating interaction between the
pathogen and the host cell*® (Fig. 1 and Table).
Adhesion molecules are cell surface molecules, which
bind to receptors or with soluble macromolecules
present in extracellular membrane of host to promote
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Fig. 1. Illustrative representation of mycobacterial adhesions and their respective receptors on host cell (Structures portrayed here do not
necessarily imitate the actual receptor structure). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CPn60.2, chaperonin 60.2; FnBP,
fibronectin binding protein; LAM, lipoarabinomannan; Ag 85, antigen 85 complex; MTP, Mycobacterium tuberculosis pili; HBHA, heparin-
binding hemagglutinin A; Fn, fibronectin.

Table. List of adhesion molecules with their receptors present on host cell surface and their interaction facilitates pathogenesis
Adhesins present in Receptors present in host Pathogenesis References
pathogen’s surface cell
Man-LAM TLRs, C-type lectin Interference with calcium signalling, blocks signalling of DC 6,15, 19-20
FnBp Fn Reorganization of actin cytoskeleton, stimulates coronin/ 22,28

TACO which inhibits phagosome lysosome fusion
Cpn60.2 CD43 Stimulates production of TNFa, interferes in antigen 29,31
presentation
HBHA Sulphated surface receptors Mycobacterial dissemination 33,37-40,42
such as heparin sulphate
Antigen 85 Fn Maintains cell wall integrity of mycobacteria 45,46,49
complex
19 kDa protein Mannose receptor Decreases antigen presentation by inhibiting HLA-DR 53,57
protein
Malate synthase Laminin, Fn, A549 lung Helps mycobacteria to survive under hypoxic condition 59,60
epithelial cells
MTP Laminin, epithelial cells Mainly promotes adhesion 66,67
GAPDH Fn, fibrinogen, albumin, Helps to uptake iron from host cell 68,73
collagen
Man-LAM, mannose lipoarabinomannan; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MTP, Mycobacterium tuberculosis
pili; HLA-DR, human leukocyte antigen-antigen D-related; HBHA, heparin binding haemagglutinin; TACO, tryptophan aspartate
containing coat protein; TLRs, Toll-like receptors; Fn, fibronectin; FnBp, fibronectin binding protein; TNFa, tumour necrosis factor
alpha; DC, dendritic cells
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cell adhesion and are involved in host pathogenesis’*.
Several adhesion molecules found in mycobacteria
such as fibronectin-binding proteins (FnBPs) and
heparin-binding haemagglutinin (HBHA), which are
involved in adherence and promote internalization
of the Mpycobacterium tuberculosis into the host
cells, facilitate bacterial colonization’. Interaction of
these adhesions with host cell surface receptors not
only helps in attachment and invasion but further
exhibiting a cascade of signalling such as interferon

(IFN)-y response and activation of mitogen-activated
protein kinases (MAPKSs) pathway, which promotes
pro- and/or anti-inflammatory events by stimulating
an immune response®. Further, adhesion molecules not
only trigger the immune response but also interfere
with the host signalling and modulate its intracellular
mechanism (Fig. 2). Hence, exploiting the role of
adhesion molecules is important to understand host
pathogenesis inducted by M. tuberculosis.
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Fig. 2. Schematic representation of signalling induced by adhesion molecules inside the host cell. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) binding to fibrinogen (Fn) on the host cell induces the uptake of iron which is to be acquired by the host cell for its own use. Cpn60.2
binding to CD43 induces interferon-y (IFN-y) production and also leads to actin reorganization. Adhesion of fibronectin-binding protein
(FnBP) to fibronectin stimulates FAK/Src kinase which also leads to actin reorganization and also recruits tryptophan aspartate containing
coat protein to early phagosome and prevents its fusion with lysosome. It also triggers calcium upregulation. Malate synthase binding with
fibronectin or laminin has been shown. It mainly helps bacteria to survive under hypoxic conditions inside the host cell. Antigen-85 complex
binding with fibronectin/elastin induces interferon-y (IFN-y) which indicates that it also participates in host cell signalling mechanism. Binding
of lipoarabinomannan to C-type lectin/DC-SIGN stimulates Akt protein which phosphorylates Bad protein, and hence, the intrinsic apoptotic
pathway is blocked. Mycobacterium tuberculosis pili binding to laminin promotes strong adhesion activity; 19 kDa protein binds with mannose
receptor and blocks human leukocyte antigen-antigen D-related (HLA-DR) protein present on major histocompatibility complex II (MHC-II)
and leads to delayed antigen presentation. Heparin-binding haemagglutinin binds to heparin present on host cell and triggers mycobacterial

dissemination which is important for its survival inside the host cell.
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Synergetic effect of adhesion and host cell
signalling in TB infection

Lipoarabinomannan (LAM): Lipoarabinomannan
(LAM) is a cell wall active polysaccharide of M.
tuberculosis, which constitutes arabinose and mannose
moieties.  Multiple  branched arabinofuranosyl
(Ara) side chain modified with mannose residue
encompasses LAM!4, Mannose-lipoarabinomannan
(Man-LAM) is abundant in pathogenic mycobacteria
such as M. tuberculosis and M.ulcerans while Ara-
LAM is more excessive in non-pathogenic bacteria
such as M. fortiutum and M. smegmatis''?. The
phosphatidylinositol moiety in LAM helps the pathogen
to anchor to the cell wall of the host cell'%. It has been
proposed that LAM, along with 13 lipomannans, is an
immunomodulatory glycoconjugate molecule, which
constitutes several chemical structures involved in M.
tuberculosis disease progression'>'’. These structures
have an ability to interact with their respective receptors
on the host cell surface.

LAM interferes with calcium signalling: In the host
cell an increase in the amount of calcium modifies

calmodulin, which in turn activates Ca®*/Calmodulin-
dependent protein kinase I (CaMKII)!®¥. CaMKII is
required to recruit early endosome antigen I (EEAT1)
to the phagosomal membrane which helps in vesicle
fusion. LAM decreases Ca?" concentration by either
chelating Ca*" or inhibiting CaMKII and phagosome
maturation'>". Furthermore, the intracellular survival
of mycobacteria has also been maintained by Man-
LAM which takes part in blocking apoptotic signals.
Man-LAM stimulates phosphorylation of apoptic
protein Bad (pro-apoptotic protein), which in turn
stimulates Akt protein kinase activity and interferes
with apoptotic signals®®. These illustrations clearly
establish that Man-LAM helps mycobacteria to invade
and persist for longer time inside the host cell and
hence is involved in pathogenesis.

LAM blocks signalling of dendritic cells: In addition
to macrophages, other cells such as dendritic cells

(DCs) also display Toll-like receptors (TLRs) and
C-type lectins on their surface?'. TLRs are conserved
receptors that can perceive pathogen-associated
molecular patterns (PAMPs) and actuate innate as
well as adaptive immunity against these pathogens.
Man-LAM binds to C-type lectins which are involved
in recognizing a wide variety of pathogens through
their diverse carbohydrate structures that induce host-
pathogen interaction. This also suggests that LAM
interferes in lipopolysaccharide signalling exhibited by

TLRs and inhibits production of interleukin (IL)-12 by
DCs and suppresses the immune response®?.

Fibronectin-binding protein (FnBP): It is a secretary
adhesion protein on the mycobacterial surface, which
proves to be a potent immunomodulator’**. FnBP
complex constitutes antigen-85A, -85B, -85C (Ag85a,
Ag85B, Ag85C) and FnBP A, B, C which play a crucial
role in M. tuberculosis pathogenesis and also illustrate
cell wall mycolyl transferase activity®. FnBPs mainly
belong to proline glutamic polymorphic CG repetitive
sequence family of genes present in mycobacteria®*2,
Previous studies have validated its binding to fibronectin
(Fn), a multidomain glycoprotein on host surface”. Fn
can act as a ligand to a number of integrin receptors.
Hence, one can presume that the connection of FnBPs
with integrin present on host surface is mediated by Fn
receptor molecule. Moreover, in other bacterial species,
such as Staphylococcus aureus, it has been established
that Fn executes adhesion to live endothelial cells?’
which leads to phagocytosis and activation of cytokines,
i.e. a suitable immune response, is generated®® (Table).
This supports the idea of Fn being an adhesion molecule
involved in pathogenesis. FnBPs have been identified as
members of microbial surface components recognizing
adhesive matrix molecules in M. tuberculosis infection®.
These are considered to constitute LPXTG motif in their
C-terminal region which covalently attaches FnBp to the
extracellular matrix (ECM)?. In other studies, it has also
been demonstrated that Fn plays crucial role in matrix
assembly. Fn binding leads to interaction of the virulent
factor with integrin on the host cell, thus resulting in
reorganization of actin cytoskeleton associated with
tyrosine kinase activation. For example, stimulation of
focal adhesion kinase (FAK) and Src kinases signalling
has been shown to promote phoshpholipase activity
which helps stimulate coronin/tryptophan aspartate-
containing coat protein (TACO). TACO recruited to
phagosomal surface will inhibit phagosomal maturation?.
This exemplifies as to how Fn, an adhesion molecule,
modulates host cell signalling and helps in survival of
mycobacteria inside the granuloma for a longer period
of time.

Cpn60.2: Molecular chaperones are proteins that
play a vital role in maintaining cellular functions by
facilitating protein folding. These are potentially
involved in entry of mycobacteria inside the host
cell and facilitate pathogenesis. There are two types
of chaperone molecules found on M. tuberculosis
cell surface, i.e. Cpn60.2 (also known as Hsp65)
and Hsp70, which belongs to the family of heat
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shock proteins. Molecular chaperones can act like
‘moonlighting proteins’, suggesting that these can
serve for varied functions®. Experiments have proved
that almost 57 per cent of the bacterial association with
macrophages is hindered by recombinant Cpn60.2%'.
Hence, one can say that Cpn60.2 is a major adhesion
molecule found on the surface of M. tuberculosis.
Previous studies have proved that it helps in binding to
the host cell through its attachment to a large sialylated
glycoprotein present on the surface of the macrophage
known as CD433!. Cpn60.2 plays a major role in cell
survival mechanism inside the host and can act as a
potent immunomodulator®. It has also been found
that Cpn60.2 can activate human peripheral blood
macrophages followed by stimulation and secretion
of cytokines that brings B- and T-cell activation®.
Furthermore, CD43 interaction with the pathogen
regulates tumour necrosis factor (TNF)-a production
by M. tuberculosis-infected macrophages cell**. Hence,
CD43 is shown to be related with cell signalling
events along with cytoskeleton rearrangement and
other intracellular as well as extracellular functions®.
According to evidences, Cpn60.2 has been unable to
show anti-inflammatory activity*. Binding of Cpn60.2
with macrophages does not reveal enhanced expression
of major histocompatibility complex II (MHC-II), Fc-y
receptors or any other free radicals. This suggests
that these will interfere in antigen presentation and
stimulation of T-lymphocytes, thus ensuring the
survival of M. tuberculosis inside the host cell®. As
a heat shock protein, Cpn60.2 is also involved in the
survival of mycobacteria inside the host cell during
stress conditions®®. In M. leprae infection also, it plays a
vital role in coordination with T-cells that help establish
its role in M. tuberculosis. 1t stimulates monocyte
cytokines which guides the formulation of TNF, IL-6
and IL-2, thus effectively mediating host immunity.
It also constitutes highly conserved sequence due to
which it is also involved in progression of autoimmune
response.

Heparin-binding haemagglutinin (HBHA): This is
a surface exposed 28 kDa molecule with 199 amino
acid residues which can act as an adhesion molecule.
Adherence property of mycobacteria to epithelial
cells is specifically inhibited by heparin and other
sulphated carbohydrates. This proves that HBHA is
involved in adherence by binding to sulphated surface
receptors®’ . It also acts as a methylated antigen that
helps in HBHA-specific T-cell response*'. According
to Pethe et al*, HBHA disrupted mutant strain of

BCG shows no difference in invading phagocytic cells
in comparison to wild type, while these show 60 per
cent reduction in adherence to pneumocytes. Hence,
it is concluded that HBHA-mediated adherence is
specific to non-phagocytic cells and that it is involved
in mycobacterial dissemination which is essential for
the pathogen to spread its infection®**. HBHA acts as
a multifunctional adhesion molecule which is involved
in auto-aggregation as well as bacterial-eukaryotic cell
interaction®. Potential of HBHA in the detection of
latent infection of TB has also been evaluated.

Antigen-85 (Ag85) complex: Ag85 complex serves as
a major secretory product released by M. tuberculosis,
which possesses Fn-binding property®. It constitutes
three abundantly secreted proteins 85A (fbpA), 85B
(fbpB) and 85C (fbC) encoded by Rv3804c, Rv1886¢
and Rv0129c¢, respectively, in M. tuberculosis**. These
have been shown to be involved in disease pathogenesis
as these stimulate uptake of M. tuberculosis via their
interaction with Fn receptor molecules present on
host cell***. Armitige et al*’ have demonstrated that
disrupting genes of Ag85 complex from M. tuberculosis
strains affects cell wall synthesis. Besides having role
in cell wall biosynthesis, the surface Ag85 complex has
also been found to exhibit cell wall mycolyl transferase
activity during infection®,

Studies have shown that transfer of mycolylates
is catalyzed by the mycolyl transferase®. It directs
the formation of two products: a,a-trehalose
monomycolate and o, a-trehalose dimycolate (a cord
factor), which are useful in maintaining cell wall
integrity in M. tuberculosis infection®. A significant
proliferation and IFN-y secretion in the peripheral
blood leukocytes have been found to be induced by
32 kDa protein (Ag85) isolated from M. bovis*®. Hence,
it is suggested that Ag85 complex acts as a prominent
marker in diagnosis of TB as it can be detected in blood
and sputum of pulmonary TB patients®'.

19 kDa protein: The 19 kDa lipoprotein is expressed
by M. tuberculosis and other slow-growing
pathogenic bacteria such as M. vaccae and not by
fast-growing bacteria such as M. smegmatis®*. Tt is
a surface exposed glycolipoprotein, which acts as
pathogen associated molecular patterns (PAMPs)
that can be recognized by pattern recognition
receptors such as TLRs. Hence, it is involved in the
production of pro-inflammatory cytokines such as
ILs and TNF-a, which further generate a significant
immune response. It has been found to bind with



28 INDIAN J MED RES, JULY 2019

mannose receptor present on host cell surface and
promote adhesion of mycobacteria to host cell. A
structural motif of triacyl head group is attached to
amino terminal cysteine which is expressed by these
lipoproteins. Its interaction to host cell via TLR2
has been shown in previous studies®, indicating
its participation in host cell signalling. In addition,
Neufert ef a/*® have demonstrated that 19 kDa protein
also acts as a priming agent in neutrophil activation.
Further, these lipoproteins have been found to induce
humoral as well as cellular immune responses by host
cell towards M. tuberculosis which demonstrates its
role in pathogenesis. It also confers TLR2-dependent
inhibition of MHC-II expression and antigen
processing®. Gehring et al*” have demonstrated that
19 kDa lipoprotein interferes in IFN-y signalling
by inhibiting IFN-y-regulated human leukocyte
antigen-antigen D-related (HLA-DR)? protein
which in turn inhibits IFN-y induced expression
of fcy-R1 and decreases bacilli antigen processing
and presentation on MHC-II to CD4" T-cells. This
evolves a mechanism for M. tuberculosis to survive
and persist for a long time inside the cell. It is also
described that this inhibitory effect shown by 19 kDa
protein is restricted to MHC-II expression instead of
MHC-I. In addition, 19 kDa protein also contributes
in transport of nutrients through mycobacterial cell
wall which helps in its survival. Ciaramella et al*®
have reported that 19 kDa proteins majorly induce
apoptosis in monocytes/macrophages by LpqH
activation which in turn triggers TLR2 activation
which upregulates the death receptor and signalling
molecule, thus beginning death receptor signalling
cascade. They demonstrated this using anti-19 kDa
monoclonal antibodies and high amounts of M.
tuberculosis H, Rv. This protein needs to be studied
further to track mycobacterial strategy to invade and
persist inside the host cell.

Malate synthase: Malate synthase is a multifunctional
protein found in mycobacteria encoded by the gene
gleB¥. 1t is an extracellular protein which serves
as an adhesin and has a significant role in host
pathogenesis. This enzyme has been shown to bind
with laminin, Fn and A549 lung epithelial cells,
which is acquired by a unique C-terminal region®.
As bacterial persistence inside the host undergoes
low oxygen tension, the changes in malate synthase
help bacteria to survive. The involvement of malate
synthase in glyoxylate pathway has been also
suggested. Assimilation of the carbon compound into

tri carboxylic acid (TCA)® cycle is accompanied by
malate synthase, which can be utilized for the bacterial
replication in macrophages®?. Malate synthase serves
to play vital role for growth of oxidizing co-factors
involved in energy production and perseverance
of carbon moieties during M. tuberculosis survival
inside the host cells under hypoxic conditions®. It
has also been demonstrated that malate synthase
is recognized by serum antibodies easily; hence, it
can be used in serodiagnostic assay®. Thus, malate
synthase not only serves as an adhesion molecule
but also helps bacteria to survive inside the host cell
under stress conditions.

Mpycobacterium  tuberculosis pili (MTP): M.
tuberculosis pili (MTP) are fine adhesion molecules,
which belong to bacterial amyloid family called pili
or curli. Using electron microscopy, Alteri et al®
have demonstrated that mycobacterium produces two
distinct types of pili morphotypes, type IV and curli
pili. In terms of adhesion property, MTPs have shown
adherence properties that help them to bind with laminin
present in the ECM of the host cell. Previously, it was
also established that pili were involved in mediating
specific recognition of receptors present in host cells®.
Several studies have demonstrated that it is encoded by
the gene, Rv3312A, which is further involved in tissue
colonization and reported as potential virulence factor
associated to M. tuberculosis pathogenesis®. Piliare also
involved in bacterial aggregation, host cell interaction
and biofilm formation which lead to colonization of
mucosal surface. Ramsugit and Pillay® demonstrated
that MTP mutant-type mycobacterial strain was not
able to adhere and invade THP-1 macrophages to that
extent as compared to wild-type strain which further
confirmed their adherence property®. They also found
that MTP did not extensively influence the whole
cytokine response of M. tuberculosis infected epithelial
cells®. Alteri et al*®, using immunoflourescence-based
assay, analyzed the presence of interaction of MTP
with A549 epithelial cells. Further, it was reported
that adhesion between bacteria and epithelial cells was
mediated by the hydrophobicity of pilian adhesion®’.
Earlier studies also show the role of MTP in biofilm
formation. Hence, MTP is a major adhesion molecule
which helps to invade the host cell and is involved in
pathogenesis.

Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH):Glyceraldehyde3-phosphatedehydrogenase
(GAPDH) is known to be a surface associated
multifunctional protein®®®. The adhesion property of
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the enzyme is exhibited towards Fn, fibrinogen, albumin
and collagen®. Tt is also a vital moonlighting protein, i.e.
it exhibits multiple functions®. It is demonstrated that
the highly conserved enzyme converts glyceraldehyde-
3-phosphate in the presence of inorganic phosphate
and nicotinamide adenine dinucleotide (NADY)
to 1,3-bisphosphoglycerate. Meanwhile, NAD" is
reduced to NAD hydrogenase™”!. Studies have shown
that GAPDH is also involved in cellular signalling
network; for example, phosphorylation of Siah-I by
apoptosis signal regulating kinase I (ASKI). It is a
stress kinase which triggers GAPDH-Siah-I stress
signalling, thus suggesting that it is involved in stress
signalling networks’""2,

Uptake of iron from the host cell

Overexpression of GAPDH helps M. tuberculosis
to uptake iron from host cells via its increased binding
to transferrin, which is a host iron transport protein
evolved during infection”. Past demonstration
suggests that iron is important for persistence of
the pathogen inside the host. Transferrin bound
iron is utilized by transferrin receptor-1 (TFR-1)
expressed in macrophages. Mycobacterium avium
has been studied to interfere with TFR-1 and utilize
transferrin bound protein for its own use which helps
us to hypothesize similar roles in M. tuberculosis
pathogenesis. GAPDH has also been reported to be
involved in apoptosis induction and transcription
regulation’™. Hence, by targeting GAPDH and
signalling cascade, we could probably open up
distinct channels for the evaluation of novel TB
drugs to eradicate tuberculosis.

Conclusion

The pathogenic effects of adhesion molecules in TB
pathogenesis and its intimate relation with host cellular
signalling require more researches in this direction to be
clearly interpreted. According to previous studies, the
current status is that the factual role of these adhesion
molecules remains elusive. Adhesion molecules are
the initiation mediators of mycobacterial interaction
with the host cell. Hence, gaining access to the overall
structural and functional aspects of adhesion molecules
involved in host-pathogen interaction is essential.
Further elucidation of their importance in host
signalling can be accessed via methods such as RNA
interference and knock-out techniques which can find
their actual role and mechanism of action inside the
host cell. The involvement of a cooperative mechanism
in host invasion can also be studied. This information

is essential in targeting these adhesion molecules to
develop new TB vaccines and treatment strategies,
which can help to cope up with the epidemiology of
the disease and thus fulfil our ultimate goal to control
this pandemic disease throughout the world.
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