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Abstract

The current global burden of tuberculosis (TB) is one of the greatest challenges to public health, particularly
in developing countries, and thus effective diagnostic methods and treatment options for TB remain a central
topicin basic and clinical research. Heparin-binding hemagglutinin (HBHA)-specificimmune responses have
been linked to protection against TB. The binding of HBHA-coated beads to epithelial and endothelial cell
layers may trigger transcytosis of the beads, which is the basis for extrapulmonary dissemination. In addition,
HBHA has been confirmed as a potential diagnostic marker for TB, and it is important in developing new T8
vaccines and anti-TB drugs. Recently, basic research on HBHA has been intensified. The HBHA application
inthe field of prevention and treatment should be further explored. In addition, the existing research achieve-
ments have shown its broad application prospects. Currently, there are no relevant specialized products, and
research should be accelerated. These products may contribute to the application of HBHA in the diagnosis,
prevention and treatment of TB.
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Introduction

Tuberculosis (TB), an infectious disease caused by Myco-
bacterium tuberculosis (Mtb), remains a global health
problem, with an estimated 10.4 million incident cases
of active TB (aTB) in 2015.! It is a major infectious dis-
ease that kills almost two million people every year,
mostly in developing countries, where it poses a major
health, social and economic burden.? The development
of improved, clinically sensitive, rapid, and economical
diagnostic tests may provide a powerful tool to better
control the epidemic. Recently, polymerase chain reaction
(PCR)-based methods and automatic culture systems have
been made available, and these methods are in extensive
regular use in laboratories in developed countries.® How-
ever, these diagnostic systems are not suitable for field
use. The idea to develop a test for TB diagnosis through
a serological assay has been pursued for many decades,
but the results so far have been poor. Many of the antigens
which have been tested did not possess adequate sensitiv-
ity or specificity, and these assays could not properly dis-
tinguish between individuals vaccinated with the Myco-
bacterium bovis bacillus Calmette—Guérin (BCG) vaccine
or testing positive for purified protein derivative (PPD)
and those with aTB.*

Recently, it has been demonstrated that several myco-
bacterial proteins undergo a process of post-translational
modification in mycobacteria, providing important im-
munological properties. Among these proteins is hepa-
rin-binding hemagglutinin (HBHA), which is methylated
in lysine residues present at the C-terminus.>® Since the re-
combinant proteins produced in Escherichia coli cannot
be properly processed, the use of these antigens in sero-
logical assays is precluded by the cumbersome procedures
required to purify the native antigens. Recently, a rapid
and effective system for the purification of methylated
HBHA (mHBHA) has been developed, and the use of these
proteins in such assays is now feasible.” The HBHA plays
an important role during infection, especially during ex-
trapulmonary dissemination to other systems in the hu-
man host. It has also been investigated as a potential
diagnostic tool for latent TB, as a possible vaccine and
as a booster of BCG immunity, probably by inducing cy-
tokines that may contribute to the generation of T helper 1
(Th1) effector memory lymphocytes. The HBHA is known
to bind to heparin.

The HBHA of Mtb, a dissemination factor that has been
identified as an immunodominant antigen able to induce
interferon gamma (IFNYy), is associated with protection
against TB.® This surface protein interacts with non-
phagocytic cells, attaches to sulfated glycoconjugates, and
has the ability to agglutinate red blood cells.>!° The specific
methylation of the antigen has been shown to be impor-
tant in mounting an immune response against this anti-
gen, and it has been suggested that HBHA can be used
in IFNY release assays (IGRAs) to diagnose Mtb infection
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or to discriminate between the active and latent forms
of the disease. Current preclinical strategies involve ad-
ministering the HBHA vaccine as a booster following vac-
cination with BCG.!!

Material and methods

A systematic search of electronic databases, including
PubMed, EMBASE and Google Scholar, was performed
in order to identify relevant articles (published until No-
vember 21, 2018) characterizing the role of HBHA in TB.
To maximize the number of eligible articles, the following
keywords were used in combination: [HEPARIN-BINDING
HEMAGGLUTININ], [HBHA] and [TUBERCULOSIS].
Additional studies were sought from the references of all
the articles retrieved; only studies examining HBHA in TB
were included, while non-English language studies and
review articles were excluded.

Two independent reviewers screened all the titles and
abstracts, and disagreements related to inclusion or ex-
clusion of a particular study were resolved through con-
sensus. Once the study was selected for inclusion based
on its title and abstract, the full text was further screened
by 2 independent reviewers. A total of 88 articles were
identified.

Discussion
Biochemical characteristics of HBHA

The encoding gene of hbha is approx. 600 bp long, and
the corresponding protein is composed of 199 amino ac-
ids. The molecular mass is about 28,000 Da. The HBHA
contains 3 domains: a transmembrane domain composed
of 18 amino acid residues at the N-terminus, a helical re-
gion containing 81 amino acid residues of curly helical
type, and it can be modified by methylation after trans-
lation into the C-terminal junction.!?!* The N-terminal
transmembrane region was inserted into the surface mem-
brane to fix HBHA to the lipid membrane of the surface
of the bacteria, thereby enhancing virulence, while the C-
terminal domain plays an important role in mediating
combination and sulfating the polysaccharide receptor.”1

The HBHA can form a homodimer or polymer. The mo-
lecular weight of HBHA was measured using force micros-
copy.'* Peaks represent HBHA forming dimers or poly-
mers. At the same time, it is also found that similar effects
exist in viable bacteria that produce HBHA. This phenom-
enon was not found in the sbha gene deletion mutant.
Combined with the fact that HBHA mediates bacterial
agglutination, it is speculated that a dimer or a polymer
is formed through the interaction of the source HBHA and
body agglutination. Methylation prevents the hydrolysis
of HBHA protein.'®
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Expression of HBHA in different carriers

Although it is generally accepted that the interac-
tion of Mtb with alveolar macrophages is a key step
in the pathogenesis of TB, interactions with other cell
types, especially epithelial cells, may also be important.'®
In this study, we characterized the molecular proper-
ties of mycobacterial HBHA, a protein that functions
as an adhesin for epithelial cells.!” The gene was cloned
from Mtb and M. bovis BCG, and the sequence was found
to be identical between the 2 species. The calculated re-
sult was smaller than the finding from SDS/PAGE analy-
sis; this difference may be due to the Lys/Pro-rich repeats
of the C-terminal end of the protein and to a putative
carbohydrate moiety. Glycosylation of HBHA appears
to protect the protein from proteolytic degradation, which
results in the removal of the C-terminal Lys/Pro-rich
region responsible for binding HBHA to sulfated carbo-
hydrates.!® Evidence suggests that glycosylation is also
important for HBHA-mediated hemagglutination and
for certain immunological properties of the protein.
Finally, the absence of a signal peptide in the coding
region of HBHA raises the possibility that this protein
is not secreted through the general secretory pathway.

The Mtb and M. bovis BCG HBHA is required for ex-
trapulmonary dissemination, and laminin-binding pro-
tein (LBP) is involved in cytoadherence through laminin
recognition.!®2? These adhesins bear post-translational
modifications that are not present when the proteins are
produced in a recombinant (r) form in E. coli. Mass spec-
trometry analysis of HBHA reveals that the post-transla-
tional modifications are borne by the C-terminal moiety,
which comprises the heparin-binding domain consisting
of repeated lysine-rich motifs. Amino acid sequencing
showed that these modifications consist of mono- and
dimethyllysines within these motifs. The methyllysine-
containing repeats were recognized by mAb 4057D2 and
were also detected in LBP, which is also recognized by mAb
4057D2. This antibody does not recognize the recombi-
nant forms of these proteins. However, when recombinant
HBHA (rHBHA) and rLBP were subjected to NaOH and
formalin treatment to induce lysine methylation, reactiv-
ity with mAb 4057D2 was recovered. Methylated rHBHA
displayed enhanced resistance to proteolysis compared
with unmethylated rHBHA, as previously observed for
native HBHA. S-adenosylmethionine-dependent HBHA
methyltransferase activity was detected in the cell-wall
fractions of M. bovis BCG and of Mycobacterium smegma-
tis, a species that produces LBP but naturally lacks HBHA,
suggesting that the same enzyme methylates both LBP
and HBHA. This hypothesis was confirmed by the fact
that HBHA produced by recombinant M. smegmatis was
also methylated. These results show that mycobacteria use
enzymatic methylation of lysines to ensure greater stability
of their adhesins.

895

A recombinant M. smegmatis strain that overexpressed
HBHA under the control of a strong furA promoter was
constructed to discriminate IGRAs between aTB and
latent tuberculosis infection (LTBI). The methylated ac-
tivity of the purified protein was verified using hybrid-
ization with anti-methylated Lys antibody, and mHBHA
was further evaluated for antigen-specific IFNy responses
in a BCG-vaccinated Chinese population. Taken together,
evaluation of the immune response to mHBHA can dis-
criminate between healthy LTBI cases and aT'B patients.

Infection and pathogenesis of HBHA
and M. tuberculosis

By virtue of their position at the crossroads between
the innate and adaptive immune response, macrophages
play an essential role in the control of bacterial infections.
Paradoxically, macrophages serve as the natural habitat
of Mtb. The Mtb subverts the macrophage’s mechanisms
of intracellular killing and antigen presentation, ultimately
leading to the development of TB. The HBHA, a viru-
lence factor involved in extrapulmonary dissemination
and a strong diagnostic antigen for TB, is both surface-
associated and secreted. Disruption of the hbha gene led
to the restoration of impairment in infected macrophages,
resulting in reduced apoptosis. Taken together, the data
suggests that HBHA may act as a strong pathogenic fac-
tor to cause apoptosis of professional phagocytes infected
with Mtb.?! A recent study suggested that HBHA induces
cytosolic [Ca(2+)]i, which influences the generation of re-
active oxygen species (ROS) associated with the produc-
tion of pro-inflammatory cytokines. These concerted and
complex cellular responses induce endoplasmic reticu-
lum stress-associated apoptosis during HBHA stimulation
in macrophages. These results indicate that the endoplas-
mic reticulum stress pathway contributes significantly
to HBHA-induced apoptosis during mycobacterial
infection.?

Importantly, in vitro studies have demonstrated that
the Mtb hbha and esxA gene products HBHA and ESAT6
directly or indirectly influence alveolar epithelial cell sur-
vival.2® In vitro assays with the recombinant histone-like
protein and HBHA, which are considered to be major my-
cobacterial adhesins, confirmed their function of promot-
ing bacterial attachment to epithelial cells. In addition,
these experiments suggested that the airway epithelium
may act as a reservoir and/or portal of entry for Myco-
bacterium leprae in humans.?* A previous study used im-
munoblotting to examine the humoral immune responses
of aTB patients against triton-soluble proteins extracted
from Mtb. Of interest, the pooled sera from TB patients
that contained anti-HBHA IgM antibodies neutralized
the entry of Mtb into epithelial cells. These findings sug-
gest that IgM antibodies against HBHA may help protect
against extrapulmonary dissemination.?
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Detection of HBHA in tuberculosis
immunology

In recent years, T-cell-based IGRAs have been developed
for immunodiagnosis of Mtb infection. Currently, these
assays do not discriminate between disease and latency.
Therefore, more promising antigens and diagnostic tools
are continuously being searched for TB immunodiagnos-
tics. The HBHA is a surface protein of Mtb, which pro-
motes bacterial aggregation and adhesion to non-phago-
cytic cells. It has been previously assumed that the native,
methylated form of this protein would be a promising an-
tigen to discriminate between latent and active infection.
A pilot investigation was performed to study the humoral
and T-cell-mediated immunological responses to recom-
binant HBHA produced in M. smegmatis and to synthetic
peptides in patients with recent or past TB, with atypical
mycobacteriosis, and in healthy, vaccinated individuals.
T-cell reactivity to HBHA was compared to the respec-
tive reactivity toward PPD and 2 surface-secreted pro-
teins, i.e., early secretory antigen target-6 (ESAT-6) and
culture filtrate protein-10 (CFP-10).2° The preliminary
results indicate that methylated rHBHA induced a strong
T-cell-mediated immune response and the production
of IgG and IgM-class antibodies in all patient groups, most
surprisingly in young Finnish vaccinees. They observed
a positive correlation between the reactivity to HBHA
and non-specific PPD among the entire study population.
As expected, ESAT-6 and CFP-10 were the most powerful
antigens to distinguish between disease and immunity
caused by vaccination.?” On the basis of this exploratory
investigation, we raise concerns that in countries like Fin-
land, where BCG vaccination was routinely used, HBHA
may not be sufficient for diagnostics because of the in-
ability to explicitly discriminate between TB infection and
immunoreactivity caused by previous BCG vaccination.?®

The IGRAs based on region of difference 1 (RD1) anti-
gens have improved the diagnosis of Mtb infection. How-
ever, IGRAs of these antigens cannot distinguish between
aTB and LTBI. The Mtb HBHA induces relatively high
IENY responses in LTBI individuals and low responses
in aTB patients, but purification of the native methylated
HBHA from Mtb cultures for immunological tests is com-
plex and time-consuming. The study showed that T-cell
responses against mHBHA were always lower in aTB pa-
tients than in LTBl individuals, regardless of the site of in-
fection or the results of bacteriological tests. This allowed
for a high discrimination between these 2 groups of Mtb-
infected individuals, even in the BCG-vaccinated and high-
TB-incidence setting of China. Additionally, the combina-
tion of mHBHA and RD 1 antigens in an IGRA enhanced
the diagnostic efficacy for aTB cases. Taken together, inclu-
sion of the immune response to mHBHA can differentiate
between healthy LTBI cases and aTB patients.!®

In a recent study, 165 outpatients and 133 healthy volun-
teers were included in an investigation of the role of HBHA
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in TB diagnosis, including serodiagnostic tests and IGRAs.
None of the healthy volunteers had been BCG-vaccinated,
including 73 individuals with PPD (-) and 60 with PPD
(+) (i.e., P-B- and P+B-). Of all 165 outpatients, 77 had
pulmonary tuberculosis (PTB) and 88 had extrapulmo-
nary tuberculosis (EPTB). The HBHA protein was used
for serodiagnostic tests and IGRAs in peripheral blood
mononuclear cells. They found that HBHA serodiag-
nostic tests with IGRAs had a limited potential for use
as auxiliary tools for the differential diagnosis of PTB and
EPTB, because both methods showed low sensitivity and
specificity.?’

Conclusions and future prospects

Tuberculosis is one of the greatest challenges to pub-
lic health, particularly in developing countries, and thus
effective diagnostic methods and treatment options for
TB remain a central topic in basic and clinical research.
The HBHA-specific immune responses have been linked
to protection against TB. Lately, the investigation of HBHA
in basic research has been intensified. The HBHA appli-
cation in the field of prevention and treatment should be
further explored. In addition, recent findings have shown
its broad application prospects. Currently, there are no rele-
vant specialized products, and research should be accel-
erated. These products may contribute to the application
of HBHA in the diagnosis, prevention and treatment of TB.
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