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Abstract: Exosomes or, more broadly, small extracellular vesicles are produced by all cells. They contain an array of 

biologically active molecules by which exosomes can influence the extracellular environment and affect the properties of other 

cells. Recognition of their biological role has come a long way from the mere function in the disposal of cellular waste to a 

concept of universal intercellular vehicle mediating near and long-distance communication in normal and pathological states. 

As a result, in recent years exosomes have gained much interest in their potential exploitation for therapeutic use. This short 

review is aimed at presenting a brief exploration of the history of exosome recognition coupled with a snapshot of newly 

developing exosome-based technologies, touching upon some recent achievements and examples of application. 
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Introduction 

Exosomes are a group of small heterologous 
extracellular vesicles of 30-200 nm in diameter 
generated by most (if not all) eukaryotic and 
procaryotic cells. Some authors refer to exosomes as 
vesicles of denoted size created by the budding of 
both plasma and endosome membranes1, while 
others attribute the name only to the endosome-
derived products2. In the context of a specific study, 
it would seem preferable to use stricter terminology 
in order to clarify the applicability of the findings. 
However, the nomenclature of extracellular vesicles 
is still in the state of development, and it was even 
suggested to use the broader term “small 
extracellular vesicles” until a definitive consensus 
on specific biological markers of vesicle groups will 
be established3. Bearing this in mind, the name 
“exosome” will be used in this review for simplicity 
and in order to keep consistency with the cited 
literature. The first part of the review will provide a 
brief timeline citing major milestones in exosome 
research. This will be followed by an overview of 
aspired technological applications of exosomes 
illustrated by relevant examples. 

History of recognition 

The term “exosome” (not to be confused with the 
“exosome complex”, a multi-protein structure 

involved in RNA degradation4) was originally 
suggested in a study of vesicle-associated ecto-
enzymes, introducing the concept of vesicle 
shedding as a biologically meaningful process5. 
Most authors refer to the early 1980s as the initiation 
stage of exosome research citing the selective 
shedding of membrane proteins as the first 
recognized function of exosomes. This is based on 
studies of transferrin receptor elimination during 
reticulocyte maturation6,7, which, indeed, 
accommodated the term exosome in its current use. 
However, upon careful analysis descriptions of 
small vesicles secreted by cells can be found starting 
at least from the late 1960s, providing early initially 
unrecognized indications of biological activities 
other than waste disposal, such as involvement in 
mineralization, thrombogenesis, and sperm 
production1. 
For almost 30 years (counting from the appearance 
of 1980s studies) the field developed slowly with 
exosomes being regarded as no more than a 
discarded material. A significant change in 
understanding of exosome biology occurred upon 
the elucidation of their regulatory role in the 
immune system. In 1996 Raposo and co-authors 
published data on the ability of lymphocyte-
derived exosomes to carry major histocompatibility 
(MHC) class II complex and induce T-cell responses 
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in vivo8. In the late 1990s-early 2000s, more data on 
exosome production by various cells started to 
accumulate. Studies of dendritic cells-derived 
exosomes not only confirmed their ability to induce 
an antigen-depended immune response but also 
produced detailed analyses of exosomal protein 
composition delivering evidence of their specific 
molecular features9–11. 
More than a decade after the discovery of their role 
in immunity, in 2007, the group of Professor Lötvall 
demonstrated that exosomes can transport mRNA 
and microRNA12. The idea that RNA molecules can 
be delivered via an exosomal route to a new cell and 
exert their biological activity was groundbreaking 

and resulted in a tremendous growth of scientific 
and technology-related interest. Over the following 
years, research has revealed the multiplicity of 
mechanisms by which exosomes can regulate 
biological functions, participating in the 
conditioning of the extracellular milieu, signal 
transmission, and cargo transportation (reviewed in 
13). The exceedingly fast growth of high-profile 
journal publications followed by the initiation of the 
first wave of related clinical trials (Figure 1) 
indicates that the field of exosome research has 
achieved a wide interest stretching from basic 
science to technological developments. 

Application approaches 

It is now established that exosomes are associated 
with a broad spectrum of biological processes. They 
take part in healthy functions – such as immune 
modulation, tissue growth and regeneration, 
inflammation, antiviral activity, and reproduction – 
and in pathological states – including cancer 
progression, neuropathology, immune escape and 

propagation of pathogens, diabetes, obesity, 
cardiovascular diseases, and other1,13. This diversity 
underlines the universal role of exosomes as 
intercellular messengers, which relies on their 
ability to transport multiple cargoes. The basic 
properties of exosomes – enrichment in components 
for targeting the recipient cell and retained features 
of the source cell – produced two perspective paths 
for exosome exploitation in biotechnology and 

Figure 1 Timeline of progress in exosome research: number of scientific articles (blue) and clinical trials (or-

ange), which include the term “exosome”, distributed by year from January 1981 to October 2022. The articles 

are sorted by the date of publication, clinical trials - by the starting date.  

Data sources: https://pubmed.ncbi.nlm.nih.gov/ and https://beta.clinicaltrials.gov/ 
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medicine: as therapeutic formulations and as 
carriers of diagnostic markers.  
 
Exosome therapy and exoengineering 
Exosomes were found to shuttle diverse cargo, 
including proteins, lipids, nucleic acids, and 
metabolites13,14. This suggests not only the prospect 
of using exosomes as multicomponent regulators of 
biological processes but also as potential delivery 
systems. Representing a naturally occurring 
communication route exosomes are likely to have 
better biocompatibility and exhibit fewer side 
effects than synthetic delivery formulations. 
Similarly, exosomes may possess higher 
bioavailability and consequently give more promise 
in accommodating different administration 
routes15,16. Exosomes have the intrinsic ability to 
pass the blood-brain barrier17,18 which alleviates a 
major hurdle in the development of treatments for 
neuropathological conditions. In spite of playing a 
distinctive role in immune modulation exosomes 
do not seem to induce severe immune reactions 
when introduced systemically19. Taken together 
these characteristics present exosomes as a uniquely 
versatile platform suitable for engineering a new 
class of therapeutics. 
Studies focusing on therapeutic applications are 
using exosomes in their naïve state (upon naturally 
occurring production in cell culture or purification 
from biological liquids), or as “engineered” 
products that are modified to express specific 
functions and/or loaded with therapeutic agents. 
Among naïve exosomes, mesenchymal stem cell-
derived vesicles received attention due to their 
immunomodulating and regenerative effects. Some 
of these studies have already been transposed into 
human clinical trials, testing exosome potential in 
diabetes and chronic kidney disease20. Similarly, the 
availability of MHC-peptide complexes and 
immunostimulatory proteins in dendritic cell-
derived exosomes led to their recruitment as anti-
cancer vaccines21. New commercially developed 
products employing naïve exosomes have entered 
the clinical trial stage for the treatment of various 
skin conditions. Aegle  
(http://www.aegletherapeutics.com/), has 
announced two clinical trials aimed at the analysis 
of allogeneic mesenchymal stem cells-derived 
exosomes in the treatment of severe burn patients 
and management of pathological inherited skin 
condition (epidermolysis bullosa). ExoPharm 
(https://exopharm.com/) is using its platelet-

derived exosomes for wound healing. Aside from 
the direct therapeutic application, there are other 
opportunities for naïve (and, in perspective, 
engineered) exosomes. One such possibility is the 
exosome-conditioning of bioartificial products. The 
construction of encapsulated pancreatic islet grafts 
as an insulin delivery platform is explored for the 
management of Type 1 diabetes patients, and 
exosomes may play a valuable role in the 
improvement of these bioartificial constructs22. 
While naïve exosomes rely on their intrinsic 
properties determined mostly by the source cells, 
specific features can also be selectively 
accommodated by pre- and post-release 
engineering procedures. Several approaches have 
been tested, including genetic modification of 
exosome-associated proteins in the producing cells, 
the direct introduction of functional moieties, and 
the loading of exosomes with a therapeutic cargo. 
These modifications extend the field of exosome-
derived drugs into the area of targeted and highly 
selective nano-medicines. 
Directed modification of exosome composition can 
be achieved by virtue of manipulating the 
producing cell. This process mainly relies on the 
knowledge of exosome-specific proteome – i.e. 
proteins that are enriched on or within the vesicles. 
These include tetraspanins, ESCRT-related 
proteins, lysosome-associated membrane proteins 
(LAMP), MHC, members of EWI immunoglobulin 
superfamily (namely, PTGRFN), MARCKS protein 
family (MARCKS, MARKCSL1, and BASP1), and 
others23–26. Transfection of the source cells with 
genetic constructs enables the expression of 
functional peptides as a fusion with proteins 
normally present in exosomes16,27. This universal 
strategy has allowed the introduction of various 
features permitting specific targeting, surface 
display, protection, and selective cargo loading. 
Exosome engineering for tissue targeting relies on 
the positioning of peptides with known tropism on 
their surface. For example, expression of rabies 
virus glycoprotein, selectively recognized by 
receptors in the brain, in fusion with exosome-
associated LAMP 2B resulted in the delivery of 
exosome-transported siRNA to the designated 
tissues and subsequent suppression of BACE1 – a 
therapeutic target in Alzheimer’s disease17. On the 
other hand, the expression of a regulatory ligand 
can prevent undesirable exosome interactions. The 
latter was nicely illustrated by CD47-mediated 
“don’t eat me” signal, which upon incorporation 
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into exosomes allowed evasion from phagocytic 
degradation28. This example also demonstrates that 
the enrichment of exosomes with ligands can be 
used in signaling. 
Expression of cytokines on exosome surface can 
serve for targeting corresponding signaling 
pathways. This principle was employed in model 
studies of inflammation and as anti-cancer 
treatment29,30. It is currently being tested in a clinical 
trial (Phase I) for T-cell lymphoma therapy with 
commercial exosome product exoIL-12 from 
Codiak Biosciences  
(https://www.codiakbio.com/), which is designed 
to display PTGFRN-scaffolded cytokine IL-12. 
The engineering of exosome proteins was also 
exploited for intraluminal loading. For example, 
fusion to an N-terminal fragment of exosome 
BASP1 enabled luminal incorporation of broad 
classes of proteins of different sizes and 
complexities, including the RNA-binding MS2 
bacteriophage major coat protein, chicken 
ovalbumin, and enzyme Cas924. RNA-guided 
DNA nuclease Cas9 is widely used for direct 
genome editing31,32 and has a tremendous 
therapeutic potential that could be further 
unraveled with exosome-guided delivery. In its 
turn, exosome modification with bacteriophage 
MS2 protein represents an example of an elegant 
approach to endogenous loading of therapeutic 
RNAs. While exosomes show the intrinsic ability to 
transfer RNA molecules from the producing cell, 
selective incorporation is desirable and especially 
relevant for larger mRNAs33.  
Apart from protein and RNA shuttling exosomes 
have been explored for delivery of oligonucleotides, 
plasmid DNA, chemotherapeutic drugs, 
fluorescent probes, nanoparticles, small-molecule 
agonists, and others, using a variety of physical and 
chemical loading methods16,34–37. In addition to 
single macromolecules or their complexes 
application of exosomes has also found promise in 
incorporating whole viral particles. Elaboration of 
efficient and safe delivery methods for adeno-
associated viruses (AAV) is of interest due to their 
wide use in gene therapy. Combining AAV with 
exosomes may overcome several important 
limitations, in particular – to surpass 
immunogenicity and achieve conditions for 
multiple low-dose administrations – and it has 
already shown promise in animal model studies. 
For example, exosome-incorporated AAV was 
found to be well tolerated and demonstrated more 
efficient delivery of transgene compared to 

conventional AAV allowing the partial rescue of 
hearing in a mouse model of human deafness38. 
Listed above are only a few examples of the 
diversification modality of exosome-based drugs. 
In addition to genetic engineering and functional 
cargo loading, exosomes can be altered by other 
methods, such as chemical modifications or 
liposome fusion16,34,39,40. The diversity of exosome 
properties is also dependent on the source of 
production. While most studies recruit allogenic or 
allogeneic vesicles from donor material or adopt 
existing mammalian cell cultures, an interesting 
deviation in exosome manufacturing is the 
employment of agricultural products (plant-
derived or “food exosomes”). Mainly aimed at 
overcoming the issues of limited production as 
economically practical sources these are also 
envisaged to have a promising safety profile, being 
commonly ingested in everyday life16,41,42. Ongoing 
clinical trials include drug-loaded plant-derived 
exosomes tested in cancer, inflammation, and 
prevention of oral mucositis43,44. 

Exosome diagnostics 

Exosomes are present in all biological fluids and, as 
a consequence, can be found in many routinely 
collected medicinal samples45. There is growing 
evidence that exosome composition reflects the 
state of the source cell and, in the case of pathology, 
it includes proteins and nucleic acids associated 
with the disease13,46. Protected and selectively 
enriched in the exosome carrier these potential 
biomarkers are likely to provide a more stable and 
reliable source of information compared to those in 
free circulation. Characteristic proteins present on 
the exosome surface can be used for further 
enriched sampling by virtue of immune capture 
methods13. On top of that, exosomes are sufficiently 
stable and can be lyophilized and frozen for up to 2 
years of storage47,48. These prerequisites make the 
idea of exosome-based liquid biopsy, allowing 
multifactorial testing with minimal invasiveness 
and repetitive sampling, extremely attractive. 

In recent years exosomes were under intensive 
investigation for use in disease diagnosis. They 
were found to contain proteins and nucleic acids 
associated with cancer, liver, kidney, 
neurodegenerative, infectious, and metabolic 
diseases, and about half of the exosome-related 
clinical trials belong to biomarker applications49. 

The world`s first exosome test ExoDx™ Prostate 
IntelliScore EPI CE-IVD developed by ExosomeDx 
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became available in 2016 and has since covered 
more than 60 million patients in the U.S. 
(https://www.exosomedx.com/europe/physician
s/exodx-prostate-test). This non-invasive at-home 
collection urine test helps assess the risk of prostate 
cancer thus allowing to avoid unnecessary biopsies 
in more than 30% of cases. Other companies are also 
actively involving in the creation of pipeline 
systems and instruments for exosome-based 
diagnostic tests in diabetes, Alzheimer’s disease, 
and various cancers. 

Conclusions 

Scientific understanding of exosomes went a long 
way from the position of cellular waste to the 
concept of extracellular organelles heavily involved 
in a multiplicity of normal and pathological 
functions. However, once this shift of paradigm was 
established, the exosome field met an extreme level 
of enthusiasm and an ongoing influx of new 
developments. This is clearly illustrated by the 
surging numbers of scientific publications, clinical 
trials, and dedicated biotechnological companies. 
The potential implementation of exosomes in liquid 
biopsy, precision medicine, and regenerative 
treatment is the subject of more than 200 clinical 
trials (according to https://beta.clinicaltrials.gov/). 
As with any other quickly evolving field, exosome-
derived technology faces many challenges, 
especially in scaling, standardization, and safety 

control of exosome manufacturing and its 
compliance with good manufacturing practices43,50. 
An increasing body of scientific evidence indicates 
tremendous heterogenicity of exosomes as a 
group51, and a major part of the biology and the 
functional essence of this diversity remains to be 
investigated. With multiple small and big 
companies all over the world jumping into the 
exosome innovation studies, and startups emerging 
to specifically target exosomes for medical use the 
technology is rushing forward, sometimes 
preceding the science. This is not at all unusual nor 
unreasonable, and the history of medicine can 
provide examples of efficient treatments emerging 
before the detailed elucidation of underlying 
mechanisms. Yet, it is clear that an actual 
understanding of exosome biology would promote 
the arising technologies to a completely new level 
both in terms of efficiency and biosafety. While 
these innovations stand at a very early stage of 
development and yet need to demonstrate 
efficiency in advanced clinical trials, the overall 
promise of the field is tremendous and, hence, 
encouraging. 

Abbreviations 

AAV, adeno-associated virus; MHC, major 
histocompatibility complex; RNA, ribonucleic acid; 
mRNA, messenger RNA; miRNA, microRNA; 
siRNA, small interfering RNA 
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Abstract: Sensory organ disorders, such as visual impairment, hearing loss, and olfactory dysfunction, affect a significant 

percentage of the population. There are no effective therapies to restore cell damage and tissue function to these sensory 

organs. Human pluripotent stem cells (hPSCs) have the potential to expand out to an unlimited number of cells and 

differentiate into any cell type of the body, and therefore have high potential to restore tissue function in transplantation stem 

cell therapies for sensory organ disorders. This review elaborates on the specific sensory cells for the vision, auditory, and 

olfactory tissues that were generated from hPSCs. It then describes the effectiveness of using hPSC-derived sensory 

progenitors in animal models of disease and what needs to be done next in order to progress stem cell therapies to the clinic. 

Keywords: stem cell therapies, sensory organ disorders, pluripotent stem cells 

 

Sensory organ disorders 

Sensory organs consist of specialized cells that 
detect stimuli in our environment and translate 
sensory information into signals for the nervous 
system to read. This review will focus on 3 major 
sensory organs: eyes, ears, and nose. The Global 
Burden of Disease (GBD) study reported a global 
estimation of 258 million people with mild vision 
impairment, 295 million people moderate/severe 
vision impairment, and 43 million people with 
complete blindness in the year 2020 [1]. Next, the 
GBD published that an estimated 1.57 billion people 
globally (20% of the population) had some level of 
hearing loss in 2019; 430 million of these people 
have disabling hearing loss [2]. Lastly, olfactory 
dysfunction is estimated to occur in 22% of the 
general population [3]. During the SARS-CoV-2 
pandemic in 2020, loss of smell was one of the most 
common symptoms from the infection in which 59-
86% of SARS-CoV-2 patients reported loss of smell 
[4]. Current treatments aide in the physical 
handicap of these disabilities, but there are no 
therapies to correct the underlying cause of these 
disorders. 

Pluripotent stem cell model 

Stem cells reside in essentially every tissue of the 
body, and their role is to replace damaged cells by 

producing new cells in the tissue [5]. If the stem cell 
produces one cell type, it is called unipotent; two 
cell types, bipotent; or three or more different cell 
types, multipotent. However, a stem cell that can 
produce many different cell types in the body is 
called pluripotent; these originate from an embryo 
[6]. The fertilized egg, or zygote, undergoes rapid 
cell division and morphs into a blastocyst which 
contains an inner cell mass that will develop into a 
fetus [7]. When the inner cell mass is isolated and 
placed into cell culture, it forms characteristic 
colonies known as embryonic stem cells (ESCs) or 
pluripotent stem cells (PSCs). These PSCs have the 
potential to differentiate into any cell type in the 
body [8-10] (Figure 1).  
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Furthermore, patient-derived PSCs or induced 
PSCs are somatic cells that are collected from 
patients and reprogrammed into ESC-like cells 
by retroviral transfection of transcription factors 
that play roles in maintaining the pluripotent or 
embryonic state [11-13]. Stem cell scientists are 
now able to generate specific cell types from 
PSCs by adding growth factors or small 
molecules to the PSC culture that either activate 
or inhibit developmental pathways in an effort 
to recapitulate the natural embryonic 
development of the specialized cell type [14]. 
These PSC-derived tissue-specific cell 
progenitors are then transplanted into animal 
models of disease to determine their 
effectiveness in repairing damaged cells and 
restoring the function of the tissue [15,16]. This 
has the potential to be used in humans to restore 
tissue function in sensory organ disorders. 
Below is a review of the different types of 
sensory cells that were generated in human 
PSCs (hPSCs) and their effectiveness in 
preclinical studies. 

Sensory organ development 

A good understanding of embryonic 
developmental biology is essential to generate 
specific cells from hPSCs. Developmental biology is 
a complex process, and we are still learning about 
how specific cell types and tissues are produced. 
The use of hPSCs as a model allows us to 
understand development that is specific to humans 
as oppose to the other classic models, which include 
the frog, chicken embryo, zebrafish, and mice [14]. 
The sensory organs form from a collaboration of the 
4 major regions of the ectodermal germ layer: non-
neural ectoderm, neural ectoderm, pan-placode 
ectoderm, and neural crest cells [17]. Generally, the 
non-neural ectoderm develops into the skin, the 
neural ectoderm gives rise to the central nervous 
system, and the pan-placode ectoderm and neural 
crest cells produce cell types of the peripheral 
nervous system as well as a variety of other cell 
types [18]. These sensory organs contain specialized 
cells and peripheral sensory neurons that sense our 
environment and then connect with neurons of the 
central nervous system in order to communicate 
sensory information to the brain [17]. Specific cell 
types within the same tissue can be derived from 
different ectodermal regions, as will be described 
below in this review.   

Figure 1: Pluripotent stem cells are derived from the inner cell mass of a blastocyst. Scientists add growth factors or 

small molecules to the culture to instruct the pluripotent stem cells to express or inhibit specific developmental 

pathways in order to differentiate into specialized cells. 
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Generation of specific sensory cells derived 

from human pluripotent stem cells 

 
Vision 
The lens of the eye develops from the pan-placode 
ectoderm and is a biconcave, transparent structure 
that fine tunes and focuses light to the retina, which 
is located at the back of the eye [19]. There are mul-
tiple studies demonstrating the production of lens-
like structures, known as lentoid bodies, from 
hPSCs [20-27]. The retina is derived from the neural 
ectoderm and contains photoreceptors and gan-
glion cells which capture light and transmit signals 
to the brain to perceive a visual picture [19]. Optical 
vesicles, photoreceptors, and ganglion cells were 
derived from hPSCs cells in a stage-wise manner 
[28-42]. The cornea is developed from the non-neu-
ral ectoderm and is a transparent tissue that covers 
the front of the eye; it works with the lens to focus 
light to the retina [19]. There are a number of studies 
that show the production of corneal endothelial 
cells from hPSCs [43-53]. These are well-established 
protocols for 3 different regions in the eye; however, 
they do not mimic the natural environment as they 
are created separately. Multiocular 3D models are 
being generated that contain all three cell types and 
better mimic natural development [54-56]. 
 
Auditory 
Auditory sensory neurons and hair cells are two 
major cell types responsible for the detection of 
sounds, and damage to either one results in hearing 
loss [57]. These cells develop from the neural ecto-
derm and the otic placode, also known as the early 
developing inner ear [58]. In one study, scientists 
used a modified neural ectoderm induction proto-
col to differentiate hPSCs into auditory sensory 
neurons [59]. These neurons were co-cultured with 
cochlear explant cultures and were able to innervate 
the hair-cells indicating they are functional [60]. In 
a different study, hPSC-derived auditory sensory 
neurons were generated through a non-neural ecto-
derm and pan-placode ectoderm transition [61]. 
Next, inner ear sensory epithelial and hair-like cells 
were generated in hPSCs through a neural ecto-
derm transition in one study, [62] while they were 
produced from the pan-placode ectoderm and otic 
placode in another study [63]. Finally, 3D otic or-
ganoid cultures were establish to better mimic an in 
vivo environment to generate the different types of 
cells within the inner ear. The otic organoids pro-
duce functional vestibular and cochlear hairs cells 
[64-66], as well as, the otic supporting cells and 

sensory neurons [67]. More studies are needed to 
determine which cell types are derived from the 
specific ectodermal regions which is important in 
generating authentic and functional cells needed for 
transplantation in preclinical animal disease models. 
 
Olfactory 
Olfactory sensory neurons are the receptors in the 
nose that detect odors in the environment and relay 
odorant information to the olfactory bulb in the 
brain [68]. Olfactory sensory neurons originate from 
the early nasal cavity, or the olfactory placode, and 
migrate to the olfactory bulb of the brain [69]. The 
olfactory placode and olfactory sensory neurons 
were generated in hPSCs at a 20-30% differentiation 
efficiency; more research is needed to better under-
stand the development and to increase the differen-
tiation efficiency of the olfactory tissue [70]. Culture 
conditions were established for human nasal organ-
oids [71] and for the expansion of primary human 
olfactory mucosa cells [72,73] which can be applied 
to future hPSC-differentiation and maintenance 
protocols. Generation of an induced hPSC line re-
programmed from human olfactory mucosa may be 
a potential cell line source for stem cell therapies, 
because this induced hPSC line may retain olfactory 
epigenetic signatures which may produce a more 
pure olfactory sensory neuron population [74]. Fu-
ture differentiation studies are needed to produce 
other cell types in the olfactory tissue such as the 
horizontal and globose basal adult stem cells, the 
sustentacular supporting cells, and the olfactory 
ensheathing glial cells [75]. These other cell types 
may be important contributing cells that support ol-
factory repair in cell therapies for olfactory dysfunc-
tion. 
 

Preclinical studies for human pluripotent stem 

cell derived sensory progenitors 

 

Blindness / Vision Impairment  
Cataracts occur when the lens epithelial cells be-
come disorganized and cause a scattering of light 
which results in a cloudy appearance of the lens and 
visual problems [76]. Scientists are working on cre-
ating an in vitro model to recapitulate cataracts us-
ing patient-derived hPSCs in order to create novel 
drug targets and therapies [77,78]. Macular degen-
eration is a progressive atrophy of the retinal pig-
ment epithelium and photoreceptors and results in 
central vision loss [79]. Transplantation of hPSC-de-
rived retinal progenitors restored visual function in 
a rodent model of retinal degeneration [80-83], and 
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more studies are working on optimizing the proce-
dure [84-89]. This therapy is now being tested in 
clinical trials for people with macular degeneration, 
and results demonstrated that the therapy is safe 
but has no or small improvements in vision function 
[90-92]. Keratoconus is a progressive thinning of the 
cornea causing blurring vision and sensitivity to 
light [93]. Transplantation of hPSC-derived corneal 
progenitors improved corneal integrity in animal 
models of corneal dysfunction [94,95]. The use of 
hPSC-derived progenitors for treatment of eye dis-
eases is promising, but more research is needed to 
progress therapies to the clinic.  
 
Deafness / Hearing Loss 
Endogenous adult stem cells cannot regenerate au-
ditory sensory neurons and hair cells, and therefore 
stem cell therapies may replace these damaged or 
loss cells to restore hearing loss [58]. Human PSC-
derived auditory progenitors were transplanted 
into the cochlea of a rodent model of hearing loss; 
the results showed that some cells differentiated 
into hair and sensory neurons and responded to en-
vironmental cues [96-98]. Ablating hair cells and 
causing a lesion in the inner ear increased the en-
graftment of the transplanted progenitors [99,100]. 
More research is needed to improve the engraft-
ment efficiency of the transplanted progenitors and 
to demonstrate that this therapy can restore hearing 
loss. 
 
Anosmia / Olfactory dysfunction 
Anosmia is the complete loss of the sense of smell 
[69]. Olfactory sensory neurons and their 

progenitors have the natural ability to migrate from 
the nasal cavity and connect into the brain [101]. In 
a proof of concept study, adult olfactory stem cells, 
labeled with a green fluorescent protein marker, 
were harvested from donor mice and transplanted 
into recipient mice with hyposmia (the reduced 
ability to smell) [102]. Results demonstrated that the 
transplanted stem cells differentiated into olfactory 
sensory neurons, migrated to the olfactory bulb, 
and restored loss of smell [102]. Additionally, re-
searchers investigated the route that mesenchymal 
stem cells take to migrate from the nasal cavity to 
the brain and are considering this as a method to 
deliver stem cells to treat neurological disorders 
[103-105]. Olfactory progenitors derived from 
hPSCs may be an ideal cell therapy for anosmia and 
other neurological disorders as they can easily mi-
grate to the brain [15,16]. Next steps for establishing 
a cell therapy for the treatment of anosmia would 
be to improve the differentiation and culture proto-
cols and test the function of hPSC-derived olfactory 
progenitors in an animal model of hyposmia. 
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Abstract: Tuberculosis (TB) is a disease found in every country on Earth. About a quarter of the global 

population is estimated to be infected with Mycobacterium tuberculosis, the causative agent of TB, with over 10 

million new TB cases reported annually. Currently, TB ranks as the second leading infectious killer after COVID-

19. Research to develop novel interventions against TB represents a global health priority. TB research over the 

last several years focused on cellular immune responses, while the humoral response was largely neglected. 

This mini-review discusses evidence supporting a protective role of antibodies in TB, and a potential role of 

antibodies in TB vaccines and diagnosis. 
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Introduction 

Tuberculosis (TB), caused by the bacillus Mycobac-

terium tuberculosis (Mtb), is a serious global health 

issue. An estimated number of 1.6 million people 

die from TB annually (World Health Organization, 

2022). The Covid-19 pandemic, and with it the dis-

ruption of health care and TB screening programs, 

had damaging effects on the global TB burden. For 

the first time since 2019, a rise in deaths from TB 

was recorded, while a large global fall in newly di-

agnosed cases were reported. As a consequence, 

more community transmission and a surge in new 

TB cases are expected in the years to come (World 

Health Organization, 2022). 
 

Decades of research have tremendously advanced 

our understanding of TB. Yet, the TB epidemic is 

sustained by an insufficient understanding of un-

derlying immune mechanisms. Global control can 

only be achieved by a combined effort to improve 

diagnostics, treatment, and novel vaccines. Our 

knowledge in the TB field is constantly evolving, 

unraveling the complexity of the host-pathogen in-

teraction between Mtb and the immune system. Jo-

hann Wolfgang von Goethe once said: “We know 

accurately only when we know little, with 
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knowledge doubt increases.” In science, knowledge 

is accumulated through systematic observations 

and discoveries. The certainty of observations and 

findings can only be obtained by repeated confir-

mations and re-evaluations. As molecular and im-

munological methods advance, so does our 

knowledge. Thus, we constantly need to re-evaluate 

the solidity of current beliefs and in some instances, 

corrections of previous paradigms are required. 

Why antibody responses were neglected in TB 

In the early 20th century, serum therapy became a 

clinical success in treating multiple viral and bacte-

rial diseases such as measles, polio, pneumococcus, 

Haemophilus influenza B, and meningococcus 

(Casadevall & Scharff, 1995). Conversely, the effects 

of serum therapy in TB patients were conflicting. 

Several studies claimed an improvement of condi-

tions and even cure of TB patients with serum ther-

apy, while others did not observe any beneficial ef-

fects after serum therapy (Glatman-freedman & 

Schweinitz, 1998). Serum transfer experiments in 

animals either did not provide clarification on the 

matter (Glatman-freedman & Schweinitz, 1998). In 

contrast, several experiments showed that the 
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transfer of lymphoid cells from immunized animals 

into non-immunized animals provided protection 

(Steigler et al., 2019). 

At the time, a paradigm of labor division evolved, 

stipulating compartmentalization of the immune 

defense against intracellular and extracellular path-

ogens. Antibody responses were believed to combat 

extracellular pathogens, while cellular responses 

defend pathogens in the intracellular space. Based 

on inconsistent results in serum therapy, successes 

in cellular passive transfer experiments, and a new 

paradigm of labor division in the immune system, 

TB research began to concentrate on cellular im-

mune responses while humoral responses faded 

into obscurity. Nowadays, it has been long recog-

nized, that the immune system is a complex interac-

tive system in which cellular and humoral compo-

nents act in concert with one another to provide an 

effective and powerful defense.  

This review will discuss current evidence of the 

functional role of Mtb-specific antibodies to protect 

against TB and their potential utility in TB vaccines 

and diagnosis. 

Functional antibodies in TB 

 

The functional role of antibodies in Mtb infection re-

mains unclear. Several lines of evidence suggest the 

biological activity of antibody responses in TB. 

Healthcare workers (HCWs), who had an occupa-

tional risk of Mtb exposure, produced protective an-

tibodies. However, functional Mtb-specific antibod-

ies were not found in all HCWs. This study high-

lights the heterogeneity of Mtb-specific humoral im-

mune response. Sera from donors with protective 

antibody responses decreased the growth of Mtb 

bacilli in a whole-blood assay in comparison to sera 

from donors having non-protective antibody re-

sponses. These effects were dose-dependent, with 

higher antibody doses improving antibody-medi-

ated protection (Li et al., 2017). 

A recent study utilized monoclonal antibody tech-

nology to investigate the functionality of antibodies 

induced by Mtb infection. In this study, memory B 

cells were isolated from a recovered TB patient to 

generate distinct Mtb-specific monoclonal 

antibodies. Mtb infection elicited antibodies specific 

for the 38-kDa phosphate binding periplasmatic 

protein PstS1, which is part of the Mtb phosphate-

specific transporter (Pst) (Watson et al., 2021). 

PstS1-specific antibodies were capable of inhibiting 

the growth of Mtb in a human whole-blood myco-

bacterial growth inhibition assay (MGIA). These re-

sults were confirmed in in vivo studies. Mice that re-

ceived PstS1-specific antibodies (intraperitoneal in-

jections) had lower lung bacterial burden than con-

trol mice two weeks post Mtb infection. 

Antibodies have a large range of functions. Anti-

bodies either directly combat pathogens or activate 

immune cells to mediate protection. The functional-

ity of antibodies is dependent on isotype and sub-

class. The first isotype produced during primary in-

fection is the pentameric Immunoglobulin (Ig)M. 

IgM is predominantly present in blood but can also 

be secreted across mucosal surfaces. The dominant 

isotype during a secondary infection is IgG. IgG is 

the most abundant isotype in blood and is further 

classified into subclass IgG1, IgG2, IgG3, and IgG4. 

The dominant isotype found in the mucosa is IgA in 

its dimeric form (IgA2). IgE and IgD participate in 

allergic reactions and B cell maturation, respec-

tively (Murphy, 2012). 

Neutralization may prevent Mtb infection of target 

cells. Antibody neutralization is commonly em-

ployed in vaccine strategies (Plotkin, 2010). Neu-

tralizing antibodies could inhibit the infectivity of 

Mtb by directly binding to the surface of the patho-

gen and sterically hindering its attachment to host 

cells (Fig. 1). Developing TB vaccines that could dis-

rupt entry into host cells inhibiting initial infection, 

could be a promising way to prevent the manifesta-

tion of TB in the first place.  

The tertiary structure of antibodies can be function-

ally divided into two segments: An antigen binding 

part, the antigen binding fragment (Fab), and a con-

stant region, the crystallizable fragment (Fc), which 

interacts with Fc-receptors (FcR) on immune cells. 

Neutralization is an Fc-independent mechanism 

and is solely dependent on the Fab region. A study 

by Hamasur et al. demonstrated that lipoarabi-

nomannan (LAM, a cell wall component of Mtb)-

specific Fab fragments prolonged the survival of 

https://sciencereviews.info/


Pia Steigler                                                                                                                Science Reviews - Biology, 2022, 1(2), 20-30 

22 

 

mice (Hamasur et al., 2004). This study indicates 

that neutralizing antibodies could prevent Mtb in-

fection. 

Activation of cell-mediated immune response may 

be of more importance in the defense against Mtb 

than simple neutralizing responses. Antibody-de-

pendent cellular phagocytosis (ADCP) may be im-

portant in killing engulfed Mtb bacilli (Fig. 1). Op-

sonization is the targeting of pathogens with anti-

bodies for the uptake into phagocytic cells. The 

crosslinking of surface FcR by antibodies bound to 

Mtb, activates phagocytic cells to kill internalized 

Mtb bacilli. Serum antibodies from naturally Mtb-

infected, healthy participants in India enhanced 

phagocytosis and intracellular killing in phagocytic 

macrophage cells that were isolated from the same 

donor (Kumar et al., 2015). Opsonization could be 

required to sufficiently activate phagocytic cells to 

kill internalized Mtb bacilli. On the other hand, the 

mechanisms of opso-phagocytosis could also be ex-

ploited by Mtb to facilitate uptake into host cells. 

Zimmerman et al. observed an enhanced infection 

of a human lung epithelial cell line when incubating 

Mtb with human Mtb-reactive IgG antibodies prior 

to in vitro infection. In contrast, incubating Mtb with 

IgA of the same antigen-specificity reduced Mtb col-

ony-forming units (CFU) (Zimmermann et al., 2016). 

Different antibody isotypes could have different 

roles in TB, and either be protective or detrimental 

in Mtb infection. 

Mtb-infected cells could be destroyed by antibody-

dependent cellular cytotoxicity (ADCC). Antibody-

dependent crosslinking of the FcR activates cyto-

toxic cells, such as NKs or CD8 T cells, to release the 

cytotoxic molecules toward the target cell (Fig. 1). 

The cytotoxic molecules granzymes (Gr) and per-

forin (Perf) form holes in the outer membrane of the 

infected cells, ultimately killing the cell through ly-

sis. PPD-specific IgG from latently Mtb-infected in-

dividuals, but not from patients with active TB, en-

hanced ADCC (Lu et al., 2016). The quality of anti-

body responses may be a crucial factor in dictating 

their protective ability.  

Antibodies could support T cell responses in TB. T 
cells are crucial in protection against TB (Jasenosky 
et al., 2015). Immune complexes that are comprised 
of Mtb bacilli coated with Mtb-specific antibodies, 

could result in increased processing and antigen 
presentation to T cells by antigen-presenting cells 
(APCs) such as dendritic cells (DCs) or 
macrophages (Fig. 1). When DCs were pretreated 
with sera from participants vaccinated with the TB 
vaccine Bacillus Calmette-Gue ́rin (BCG), increased 
proliferative ability of CD4 and CD8 T cells was 
seen in comparison to an assay using DCs that were 
infected with BCG pretreated with pre-vaccination 
sera from the same participants. BCG pretreated 
with post-vaccination sera further enhanced the 

production of interferon-gamma (IFN-), a key 
cytokine in the protection against TB, in CD4 and 
CD8 T cells; and CD8 T cell cytotoxic responses 
(CD107a) (de Vallière et al., 2005). 

A role for antibodies in TB vaccines 

The implementation of effective therapeutic and 

preventive TB vaccines is critical to archive control 

of the global TB epidemic. At present, 16 vaccine 

candidates are at different stages of clinical trials 

(World Health Organization, 2022). Despite anti-

bodies being a protective correlate in most commer-

cially available vaccines today, antibody functional-

ity in TB vaccines remains unclear. Traditionally, TB 

vaccine candidates intend to induce robust cellular 

immune responses to control the replication of Mtb 

after infection. More recent clinical TB vaccine trials 

started to include the evaluation of vaccine-induced 

antibody responses in addition to determining the 

immunogenicity of T cell responses. TB vaccine-in-

duced antibody responses could protect against the 

development of TB disease or even prevent initial 

infection. 

It has been more than one hundred years since BCG 

was first administered and it is still the only ap-

proved TB vaccine today. Today, BCG is one of the 

most widely applied vaccines worldwide and is 

routinely given intradermally after birth in TB-en-

demic countries. Vaccination with BCG effectively 

confers protection from disseminated TB disease in 

children but fails to protect against the most com-

mon form of TB, pulmonary TB, in adolescents and 

adults (Trunz et al., 2006).  Pulmonary TB is a major 

concern of transmission fueling the TB epidemic. 

Droplets containing as little as one bacillus can 

cause TB disease (Riley et al., 1995).  To prevent per-

son-to-person transmission novel vaccine candi-

dates need to protect against pulmonary TB. 
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BCG vaccination induces mycobacteria-specific an-

tibody responses. In BCG-vaccinated South African 

infants, antigen 85 complex A (Ag85A, a subunit of 

the mycoltransferase Ag85 in Mtb)-specific IgG cor-

related with a reduced risk of TB disease (Fletcher 

et al., 2016). This study did not investigate the func-

tionality of Ag85A-specific IgG; thus, it is not un-

clear whether vaccine-induced antibodies are a 

mechanistic or non-mechanistic correlate of protec-

tion. Several in vitro studies were able to demon-

strate a protective function of BCG-induced anti-

body responses. Post-BCG vaccination sera col-

lected from participants in non-TB epidemic re-

gions (UK and US) mediated enhanced macrophage 

phagocytosis and intracellular growth inhibition 

compared to pre-vaccination sera (Chen et al., 2016). 

In a similar experiment, de Vallière et al. demon-

strated that growth inhibition by phagocytic neu-

trophils and monocytes/macrophages was abro-

gated when IgG antibodies were depleted from 

post-BCG vaccination sera (de Vallière et al., 2005).  

The quality of the immune response may be sensi-

tive to the route of immunization. Mucosal and sys-

temic BCG vaccination had a profound impact on 

the ability of antibodies to protect against pulmo-

nary TB. Rhesus macaques vaccinated with BCG 

over the pulmonary mucosal route (endobronchial 

instillation) had decreased lung Mtb CFU and pa-

thology in comparison to the intradermally BCG-

vaccinated group (Dijkman et al., 2019). The pri-

mary correlate of protection in mucosal vaccinated 

macaques was PPD-specific IgA in bronchoalveolar 

lavage (BAL). PPD-specific IgA levels in BAL were 

1 log higher in mucosal vaccinated macaques than 

in the intradermally vaccinated group, pointing to 

the importance of inducing protective antibody re-

sponses at the site of infection. Another study in-

duced robust BCG-specific IgM responses in 

plasma and BAL by vaccinating macaques intrave-

nously with BCG. Mycobacteria-specific IgM titers 

in plasma and BAL negatively correlated with Mtb 

burden in lungs (Irvine et al., 2021). LAM-specific 

antibodies from intravenously vaccinated ma-

caques induced significantly (though moderately) 

higher antibody-dependent neutrophile phagocyto-

sis (Irvine et al., 2021). Although endobronchial or 

intravenous vaccination may not be suitable routes 

for humans, these studies show that mycobacteria-

specific antibodies can be protective and targeted 

by vaccine strategies. 

TB vaccine candidates induce vaccine-specific anti-

body responses in clinical trials. The investigational 

TB vaccine candidate M72/AS01E is a subunit vac-

cine containing a recombinant fusion protein de-

rived from two highly immunogenic Mtb antigens 

(Mtb32A/Rv0125 and Mtb39A/RV1196) and the 

liposome-based adjuvant AS01E (Penn-Nicholson et 

al., 2015).  Two doses of M72/AS01E vaccine in-

duced M72-specific IgG (Tait et al., 2019). Adults 

who received M72/AS01E vaccination had a 49.7% 

reduced rate of progressing to active TB disease 

compared to the placebo group. Robust mycobacte-

ria-specific T cell and antibody responses were pre-

sent in M72/AS01E vaccinated participants (Tait et 

al., 2019). It is unclear whether vaccine-induced an-

tibody responses contributed to lower rates of TB 

progression, but M72-specific IgG responses were 

shown to be long-lasting and still detectable 3 years 

post-vaccination in HIV-positive and HIV-negative 

participants (Kumarasamy et al., 2018). Other subu-

nit TB vaccine candidates, H4:IC31 (antigens: 

Ag85B and TB10.4) and H56:IC31(antigens: ESAT-6 

and Rv2660c) were shown to induce anti-H4 and 

H56-IgG1 and IgG3 serum antibodies (Bekker et al., 

2020).  Vaccine-specific antibody (anti-Ag85 IgG) re-

sponses were also seen after vaccination with the vi-

ral vector vaccine candidate ChAdOx1 85A prime – 

MVA85A boost (Wilkie et al., 2020). The functional 

role of mycobacteria-specific antibodies induced by 

new TB vaccine candidates has yet to be investi-

gated. Utilizing vaccine-induced antibody re-

sponses may be a crucial step in improving vaccine 

efficacy and changing the trajectory of the ongoing 

TB epidemic. 

 

Antibodies as tools in TB diagnosis 

 

Prompt detection of active TB cases and treatment 

initiation are mandatory to halt the global TB bur-

den. During early stages, pulmonary TB patients 

have similar symptoms to those presenting with a 

common cold including cough, phlegm, and fever, 

which presents another hurdle in TB diagnosis. The 

majority of Mtb-infected individuals will remain 

asymptomatic, a state termed as latent TB (LTBI). It 

is postulated that only 5-10% of Mtb-infected indi-

viduals develop TB disease over a lifetime 
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(Vynnycky & Fine, 1997).  A more recent study in 

the US suggests this number to be even lower with 

approximately 2% lifetime risk (Menzies et al., 2021). 

Despite many Mtb-infected individuals being 

asymptomatic, low transmission may still occur, 

presenting another challenge in halting the TB epi-

demic (McLean et al., 2019). 

The diagnostic field in TB is constantly progressing 

to improve the detection of active TB cases. Yet a 

major drawback is the reliance on sputum samples 

in TB diagnosis. Microbiological diagnosis, includ-

ing sputum smear microscopy and bacterial culture, 

detect the presence of Mtb bacilli in sputum. The 

staining of acid-fast bacilli in sputum smear micros-

copy is a fast, simple, and cost-effective tool that is 

employed in many under-resourced countries. 

However, a major disadvantage of smear micros-

copy is its low sensitivity. Sputum smear diagnosis 

is further limited by the inability to differentiate be-

tween Mtb and non-tuberculose mycobacteria or be-

tween live and dead bacilli (Desikan et al., 2017). 

Mycobacterial culture presents a much more sensi-

tive but relatively costly tool. The high-risk nature 

of Mtb, requires the set-up of a high-containment la-

boratory. Due to the slow growth rate of Mtb, a long 

detection time is delaying culture-based diagnosis. 

A reliable, highly accurate alternative to microbio-

logical detection is the molecular test GeneXpert, a 

nucleic acid amplification device that detects the 

DNA of Mtb. GeneXpert provides a speedy result 

and can even indicate drug resistance. The down-

side of GeneXpert is the high cost of purchasing the 

machine and test cartridges (Brown et al., 2021). 

The World Health Organisation (WHO) calls for the 

development of non-sputum-based diagnostic tests 

as a key priority in the field of TB diagnostics 

(World Health Organization, 2021). Sputum sam-

ples can be difficult to obtain from children and 

HIV-co-infected individuals. In addition, the pauci-

bacillary nature of TB diseases in children and HIV-

co-infected individuals severely lowers the sensitiv-

ity of sputum-based diagnosis (Sabur et al., 2017; 

Venturini et al., 2014). A further concern is that the 

presence of bacilli in sputum equates to an ad-

vanced disease state, in which lung tissue destruc-

tion has taken place. Early diagnosis and treatment 

are imperative to prevent permanent disabilities 

due to progressed TB disease (Alene et al., 2021). 

There is an urgent need to develop rapid, inexpen-

sive, and easy-to-use diagnostic tests for TB. Urine 

is an easily accessible sample in all age groups. A 

non-invasive Urine point-of-care test was devel-

oped to detect the presence of the mycobacterial cell 

wall component LAM in urine. However, this test is 

restricted to HIV-positive individuals, and the vast 

majority of patients with active pulmonary TB are 

HIV-negative (Bulterys et al., 2019). 

Blood is the most common specimen used in labor-

atory testing. Blood-based diagnostic assays for TB 

are the Interferon-gamma release assays (IGRAs) 

QuantiFERON Gold in-tube (QFT-GIT) test and the 

T-SPOT.TB assay. Both assays stimulate immune 

cells with Mtb-specific antigens such as early se-

creted antigenic target (ESAT)-6 and culture filtrate 

protein (CFP)-10 to detect memory T cells that after 

activation release the cytokine IFN- . The down-

side of IGRAs is the inability to differentiate be-

tween LTBI, current and past Mtb infections. IFN-  

levels during active TB disease and levels after cure 

of clinical TB disease were not significantly differ-

ent (Petruccioli et al., 2017).  Although a significant 

difference between LTBI and active TB was found, 

responses were overlapping between groups mak-

ing the use of IGRA to distinguish between active 

and LTBI unfeasible (Carrère-Kremer et al., 2022; 

Petruccioli et al., 2017). 

Independent of whether antibodies are relevant in 

protection against TB or not, antibodies could pre-

sent useful biomarkers in TB diagnosis. Current se-

rological TB diagnostics tools are highly variable 

with suboptimal sensitivity and specificity 

(Steingart et al., 2011). For this reason, the WHO is-

sued its first negative recommendation, discourag-

ing the use of current commercial serological tests 

(Steingart et al., 2011; World Health Organization, 

2011). Nevertheless, the WHO encourages further 

research in humoral immune responses to improve 

serological tests for TB. 
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The key to an accurate antibody-based test could 

depend on the selection of appropriate antigens and 

isotypes. In Pakistani TB patients, a blood-based 

test, detecting eleven Mtb-specific IgG responses, 

achieved an overall sensitivity of 91% [95% in spu-

tum-smear negative and 88% in smear-negative in-

dividuals respectively] and a specificity of 96% 

when compared to patients with chronic obstruc-

tive pulmonary disease (COPD) and 91% to healthy 

participants respectively (Khaliq et al., 2017). The 

accuracy of diagnostics could be improved by com-

bining several isotypes. Whereas LAM-IgG alone 

only showed a sensitivity of 71.4% and a specificity 

of 86.6% to distinguish between LTBI and active TB, 

a combination of LAM-IgG with LAM-IgA im-

proved the accuracy to 86.5% (Baumann et al., 2014).  

A four-marker signature including, anti-Tpx 

(Rv1932, a thiol peroxidase) IgG, anti-TB-LTBI IgG 

(composed of Tpx and L16, a 50S ribosomal protein), 

anti-MPT64 (a eukaryotic membrane-binding bacte-

rial effector) IgA, and anti-LAM IgA distinguished 

active TB patients from LTBI participants in South 

Africa with an accuracy of 100% (Awoniyi et al., 

2017). 

Several studies demonstrate that antibodies could 

have the potential to be used in the diagnosis of TB. 

Utilizing antibodies in a point-of-care test could 

provide a useful tool to rapidly diagnose active TB 

cases, allow immediate treatment initiation, and 

prevent future transmission of Mtb. 

Figure 1: Potential antibody-dependent functions against Mycobacterium tuberculosis infection. 

Neutralization: Mycobacterium tuberculosis (Mtb)-specific antibody may bind Mtb and prevent uptake into host 
cells. Enhancement of T cell responses: Immune complexes of antibody (Ab) coated Mtb could improve 
phagocytosis by antigen-presenting cells (APCs), antigen (Ag) processing and presentation via major 
histocompatibility complex (MHC) to the T cell receptor (TCR) on T cell to enhance effector responses such as 
cytokine (Cyto) secretion. Antibody-dependent cellular phagocytosis (ADCP): Opsonized Mtb bacilli could 
activate phagocytic cells to kill engulfed Mtb bacilli. Antibody-dependent cellular cytotoxicity (ADCC): 
Antibody could recognize Mtb-infected cells and activate cytotoxic cells by crosslinking Fc-receptors (FcR). 
Cytotoxic cells release granzymes (Gr) and perforin (Perf) to create holes in the membrane of the target cells and 
kill the infected cell. (Figure created with Biorender.com)                        
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Conclusions 

In vitro studies support a functional role of 
antibodies in protection against Mtb, nevertheless, 
their physiological relevance to protect against TB 
disease remains to be investigated. Evidence from 
studies using the current TB vaccine, BCG, show 
promising evidence that protective antibody 
responses can be induced by TB vaccine strategies. 
Targeting antibody responses in new vaccine 
strategies may be required to enhance overall 
protective efficacy and support cellular immune 

responses against TB. Independent of functionality, 
antibodies may present a useful tool in TB 
diagnosis. Studies demonstrated promising results 
in using a combined selection of different isotypes 
and antigen specificities to develop an accurate 
diagnostic test for TB. Recent and past studies 
highlighted the complexity of mycobacteria-specific 
antibody responses. Further investigation into 
mycobacteria-specific antibody responses is needed 
to understand their potential utility in TB vaccines 
and diagnosis. 
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