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Abstract

Mycobacterium tuberculosis (Mtb) has plagued humanity for tens of thousands of years, yet still
remains a threat to human health. Its pathology is largely associated with pulmonary tuberculosis
with symptoms including fever, hemoptysis, and chest pain. Mtb, however, also manifests in other
extrapulmonary organs, such as the pleura, bones, gastrointestinal tract, central nervous system,
and lymph nodes. Compared to the knowledge of pulmonary tuberculosis, extrapulmonary
pathologies of Mtb are quite understudied. Lymph node tuberculosis is one of the most common
extrapulmonary manifestations of tuberculosis, and presents significant challenges in its diagnosis,
management, and treatment due to its elusive etiologies and pathologies. The objective of this
review is to overview the current understanding of the tropism and pathogenesis of Mtb in
endothelial cells of the extrapulmonary tissues, particularly, in lymph nodes. Lymphatic
endothelial cells (LECs) are derived from blood vascular endothelial cells (BECs) during
development, and these two types of endothelial cells demonstrate substantial molecular, cellular
and genetic similarities. Therefore, systemic comparison of the differential and common responses
of BECs vs. LECs to Mtb invasion could provide new insights into its pathogenesis, and may
promote new investigations into this deadly disease.
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Introduction

Mtb has developed sophisticated strategies to subvert host immune defenses and thereby live
in the body over a prolonged period of time. Mtb has no classical toxin or virulent factor and
instead its key virulence factor is the complex cell wall with a massive peptidoglycan-
arabinogalactan core and thick mycolic acid lipid layer. These uncommon lipids within the
cell wall are thought to play a major role in a number of signaling pathways for host immune
evasion (1, 2). Although some Mtb carriers remain asymptomatic for a long time, Mtb
infection eventually leads to active tuberculosis in the lungs (pulmonary), and/or in an
extrapulmonary fashion, including the lymph nodes, gastrointestinal tract, bones, joints, and
much more (3).

Lymphadenitis is the most common extrapulmonary manifestation of tuberculosis (4).
Afflicted patients can be asymptomatic or present with fever, weight loss, fatigue, and/or
night sweats. Although the precise pathogenesis into the lymph nodes is not completely
understood, it is believed that Mtb engulfed by macrophages is drained through the
lymphatic vessels, eventually reaching the lymph nodes. Cytokines and lymphokines from
infected macrophages cause monocyte aggregation and recruitment of naive macrophages.
As the recruited immune cells improve their ability to kill off Mtb, the granulomas develop a
caseous center containing necrotic tissue, with immune cells on the periphery surrounded by
fibroblasts (5, 6). Granulomas are the compact, organized aggregates of immune cells and
serve as a hallmark of tuberculosis. Details are described in the following sections.

LECs and BECs line lymphatic vessels and blood vessels, respectively, and their
ultrastructure and functions are highly similar. Blood vessels deliver oxygen and nutrients
throughout the body, while lymphatic vessels drain interstitial fluid, transport immune cells,
and absorb lipids from the intestines. The homeobox transcriptional factor PROX1 is
expressed early during embryonic development, and functions as a master gene for
regulating the induction of lymphatic differentiation from the blood vascular system (7, 8).
Inhibition of PROX1 expression blocks lymphatic differentiation from venous endothelial
cells, lymphatic expression, and lymph valve development. Because of this close
histogenetic relationship between these two types of endothelial cells, the gene expression
profiles between BECs and LECs are very similar, expressing several common cellular
markers, such as CD31, VEGFR-2, and VE-Cadherin. Some genes, however, are selectively
expressed in either of two cell types. For example, VEGFR-1 and CD34 are predominantly
expressed in BECs, while LYVE1, PROX1, VEGFR-3 and PDPN are more abundantly
expressed in LECs (9-11). However, the presence or absence of these markers on BECs and
LECs are often obscure and varied; their expressions depend on hierarchical vascular beds,
anatomical locations and structures, pathophysiological conditions, and developmental
stages, thus demonstrating the heterogeneity and functional specialization of these two
endothelial cell types (Table 1). In this article, we will discuss the development of these two
endothelial cell types, Mtb pathogenesis, and Mtb interactions with BECs and LECs. We
will raise new questions about Mtb tropism for these cells and call for future investigations.
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Mycobacterium tuberculosis

Mtb is the etiological agent of tuberculosis, a scourge of an illness mainly affecting the
respiratory system. Tuberculosis remains the leading cause of human mortality with an
estimated 10.4 million new cases and 1.6 million annual deaths (12). A major barrier to the
efficient control of the tuberculosis pandemic is the lack of rapid and simple treatments,
especially because effective chemotherapy was developed around 50 years ago (13, 14).
Current tuberculosis chemotherapies are lengthier and more complicated than for virtually
any other bacterial infection, and are thus associated with high rates of non-compliance and
treatment failure. Reduced efficacy of tuberculosis chemotherapies has given rise to the
emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) tuberculosis.
This has led to a new paradigm in tuberculosis drug development, termed host-directed
therapeutic strategy, which involves modulation of host responses to destabilize Mtb
adaptation and thereby improve pathogen eradication (15, 16). Thus, interactions between
the host immune system and invading Mtb can be a rich source of host-directed therapy
targets, but knowledge is still scant.

Pulmonary tuberculosis is the primary form of tuberculosis and is initiated by inhalation of
Mtb-containing droplets into the alveoli. Alveolar macrophages are the first immune cells
that infiltrate the site of infection of the Mtb bacilli triggering the invasion through the
subtending epithelium; they then attract more powerful inflammatory lymphocytes by
cytokine secretion (17-19). Infection with Mtb also leads to the recruitment of mononuclear
cells from neighboring blood vessels, and to the formation of granulomas that are highly
vacuolized at the initial stages (20-22). Upon Mtb infection, human macrophages rapidly
turn on an angiogenic program, allowing mycobacterial dissemination through blood
vessels, the formation of which is mainly triggered by vascular endothelial growth factor
(VEGF) in an Mtb RD1 (region of difference)-dependent manner. The RD1 locus of Mth
includes genes that encode: early secreted antigenic target (ESAT-6), ESAT-6 secretion
system-1 (ESX-1), and culture filtrate protein-10 (CFP-10) (23). ESX-1 secretion system
and its secreted substrates ESAT-6, and CFP-10 are well known to play significant roles in
Mtb virulence and interactions with the host immune system. As such, Bacillus Calmette-
Guérin (BCG), a tuberculosis vaccine strain that lacks the RD1 genetic locus, and the RD1-
deficient Mtb strains are poor inducers of VEGF (24). On the contrary, hyper-virulent Mtb
strains, such as those in the Beijing/W lineage, induce more VEGF secretion than the less
virulent Hz7Rv, the most prevalent strain of tuberculosis in research laboratory, indicating
the potential association between the expression of optimal virulence and development of
extrapulmonary TB disease (25).

The host response to pulmonary tuberculosis results in granuloma formation, a structure
consisting of concentric layers of infected macrophages, epithelioid cells, and
multinucleated giant cells surrounded by activated lymphatic vessels (26). As it matures, the
granuloma becomes less abundant in blood vessels, and the central core of the granuloma is
necrotized while an extracellular matrix becomes fibrous.

Since granuloma formation is observed in both active and latent forms of pulmonary
tuberculosis, the extent of granuloma formation is known to have no direct association with
effectiveness of immune defense. Although the infected Mtb bacilli are not cleared,
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granulomas are generally considered to be host-protective structures (27). However, this
notion has been challenged in recent years with studies in a zebrafish model infected with
Mycobacterium marinum where the mycobacterial growth rate was enhanced as granuloma
continued to form, a process that normally happens only at the early stages (28).
Furthermore, in the same zebrafish model, macrophages infected with Mtb was shown to
promote recruitment of uninfected naive macrophages, which facilitate apoptosis of infected
cells and trigger bacterial replication (28). Consequently, macrophages actively participate in
mycobacterial dissemination. Mtb, phagocytosed by macrophages, frequently escapes from
established granulomas, migrating through blood vessels to lymphatic organs (a source of
extrapulmonary tuberculosis) and various tissues where they serve as sources for new
granuloma formation (26, 29).

The ability of Mtb to disseminate via the bloodstream, and consequently affecting other
organs is well described (24). Extrapulmonary tuberculosis represents about 20% of all
tuberculosis cases in immunocompetent patients, and over 50% of cases in
immunocompromised individuals (30, 31). Some observations using mouse model have
supported the idea that extrapulmonary tuberculosis may result from a dissemination of Mtb
from primary tuberculosis (32). Consistent with animal models, while primary tuberculosis
affects any part of the organ, secondary tuberculosis aroused from the reactivation of
primary tuberculosis usually damages mainly the upper lobes of the lungs in human patients
(33). This differential localization suggests the important role of early hematogenous
dissemination of the primary tuberculosis Mtb bacilli during the establishment of primary
infection. As such, understanding the host-pathogen relationship can help guide new drug
discovery and drug delivery platforms, including host immunopathology pathways that
affect Mtb recognition in the form of both pulmonary and extrapulmonary tuberculosis.

Pathogen-associated molecular pattern and ECs interactions

Innate immune recognition and surveillance are directed by specific interactions with
microbial components that are conserved within a given class of bacterial pathogens. These
components are termed pathogen-associated molecular patterns (PAMPs). Mtb has evolved a
range of immune evasion strategies to circumvent phagosome maturation, thereby allowing
to replicate within the host. This capability is also achieved through PAMPs. Therefore, Mth
PAMPs constitute a critical component for the pathogenicity of microorganisms and serve
molecular signatures of pathogen classes (34).

Mtb presents various classes of PAMPs on the cell envelope including phthiocerol
dimycocerosate (PDIM), trehalose-6,6’-dimycolates (TDM), and lipoarabinomannan (LAM)
(35-37). PDIM is the glycolipid PAMP that was first identified as a virulent factor of Mtb.
PDIM-deficient Mtb strain showed significantly attenuated replication in guinea pig and
mouse models (38-41). A recent study supported this notion by showing that PDIM-
deficient Mtb is less phagocytosed by human LECs (hLEC) due to defective membrane
rupture of phagosome (42). TDM is another major glycolipid that is shown to interact with
host macrophage inducible c-type lectin (Mincle). Thereby, TDM induces the secretion of
pro-inflammatory cytokines such as IL-6, IL-12, and TNF-a and triggers the granuloma
formation identified in mouse and rabbit models (43-45). Among these PAMPs, LAM is the
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major component that modulates the host immune system and allows Mtb to infect
macrophages, dendritic cells (DCs), and endothelial cells (ECs) (25, 46-49). LAM is a
mycobacterial cell-wall lipoglycan, and is structurally composed of a mannosyl-
phosphatidyl-myc-inositol anchor (MPI), a polysaccharide backbone (composed of D-
mannan and D-arabinan), and caps (Fig. 1). LAM is classified into three subgroups
depending upon cap structures: Mannose-capped (ManLAM), Phospho-myo-inositol capped
(PILAM), and non-capped LAM (AraLAM) (Fig. 1). Mtb interactions with the host immune
system are determined by the cap structure and thereby associated with the virulence (35,
50).

ManLAM was identified as the major PAMP and virulence factor of Mtb among LAMS.
Controversially, BCG vaccine strain was also shown to contain structurally similar
ManLAM (51) and consequently, severe complications of BCG vaccination include
suppurative lymphadenitis (52). The incident rate of lymphadenitis due to BCG vaccination
is largely influenced by the immunization technique, vaccine dose, and age and/or physique
of the vaccinees. ManLAM of Mtb modulates host immune systems by affecting
phagosome-lysosome fusion, dendritic cell (DC) maturation, CD4* T cell activation, and
recruitment in uninfected macrophages. Accordingly, ManLAM can trigger the production
of a panel of cytokines, such as IL-10 and IL-37 by DCs and type Il alveolar epithelial cells,
respectively, with reciprocal suppression of 1L-12 secretion from DCs (53-56). Therefore,
ManLAM of Mth may be a crucial factor to initiate dissemination from the lung to other
organs.

ManLAM is known to interact with CD44, Mannose receptors (MRs), and DC-specific
intracellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) (54, 57). MRs serve as
the specialized pattern recognition receptors (PRRs) that are prevalent on macrophages,
DCs, and ECs. Some studies revealed that, apart from some specialized cell types in the
kidney, trachea, and retina, MR expression of ECs appears to be restricted to certain organs
that function in antigen uptake or presentation, such as the sinus-lining cells of the liver,
spleen, and lymph nodes (58). ECs are the internal barrier of the stroma and blood vessels,
and contribute to the host immune responses (59). Unlike other cell types, the interactions
between Mth and ECs have rarely been studied in detail. Some studies using mouse model
have shown that immune cells infected with Mtb can be disseminated from the site of
infection to the lymph nodes through hematogenous circulation, where free Mtb bacilli
sensitize CD4* T lymphocytes in an Mth-specific antigen dependent manner in order to
proliferate and induce inflammatory cytokine secretion (60, 61). Indeed, in active and latent
tuberculosis individuals, Mtb DNA was found in both lung tissue and spleen ECs; these
results indicate that ECs can act as reservoirs for Mtb in extrapulmonary tuberculosis (62,
63). Studies of the interactions between Mtb and ECs may yield a greater understanding of
Mtb because it will allow us to link primary pulmonary tuberculosis and both
extrapulmonary and secondary tuberculosis, ultimately uncovering a new source of host-
directed therapeutic targets.
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Mtb and BEC Interactions

In pulmonary tuberculosis, while macrophages serve as the primary immune cells that
phagocytose foreign agents, BECs are also susceptible to Mtb invasion. When comparing the
Human Lung Microvascular Endothelial Cell line (HULEC) to the Human foreskin
Microvascular Endothelial Cell line (HMEC-1) /in vitro, HULEC has twice the association
with the attachment, internalization, and replication of Mtb than that of HMEC-1 (64). Not
only are Mtb bacilli internalized by HULEC, but the presence of bacterial septa within the
Mtb bacillus indicated active replication and coalescence in the vacuoles, terminating in host
cell lysis. Indeed, unlike Mtb within HULEC, Mth was shown to be defect in replication
within the HMEC-1 culture, and large numbers of bacteria, bacterial septa, and cell lysis
were not observed (64). The difference in the internalization processes between HULEC and
HMEC-1 may also be due to differences in cell surface markers, such as various adhesion
molecules (64). Although Mtb is known to be internalized by BECs, this investigation also
demonstrates that Mth infection is not specific to BECs and that internalization does not
guarantee Mtb proliferation.

Mtb pathogenesis /n vivoand in vitro has also shown a variety of interactions with other
immune cells that indirectly affect BECs. Infection of human macrophages with Mtb was
shown to upregulate genes involved in angiogenesis in an RD1-dependent manner.
Angiogenesis is a process of forming new blood vessels from the existing ones. Numerous
factors have been identified to promote and regulate the angiogenic process (65, 66). Among
them, VEGF family members (VEGF-A to D) are known to regulate angiogenesis and/or
lymphangiogenesis by directly affecting BECs and LECs, respectively. VEGF-A and VEGF-
B activate VEGFR-1 and VEGFR-2, whereas VEGF-C and VEGF-D stimulate VEGFR-2
and VEGFR-3 (65, 66). VEGF-A is highly expressed by infected macrophages when
compared to uninfected cells (24). Additionally, the expression of the ribonuclease/
angiogenin inhibitor (RNH) gene, an inhibitor of the angiogenic factor angiogenin, was
downregulated in Mtb infected macrophages and thereby synergistically promoted
angiogenesis. Collectively, macrophage-induced angiogenesis in SCID mice aided Mtb
dissemination due to development of highly vascularized structures similar to the structure
formed in early granulomas. As such, treating the mice with an anti-VEGF antibody
markedly suppressed dissemination of Mtb to the spleen and lungs, with weaker effects seen
in the draining lymph nodes (24). Blocking VEGFR-2 with a monoclonal antibody also
significantly suppressed Mtb dissemination to the extrapulmonary organs such as spleen,
while having a weaker effect on dissemination to the lungs. Interestingly, blocking
VEGFR-1 did not show any effects on both intracellular viability and Mtb dissemination to
other organs (24). Mtb infected macrophages were also known to mobilize endothelial
progenitor cells (EPCs), possibly by cytokine secretion, to differentiate into new blood
vessels at the site of infection (24).

An analysis of serum levels of VEGF in patients with pulmonary tuberculosis demonstrated
that those with active pulmonary tuberculosis had significantly higher VEGF serum levels
compared to those with latent form of tuberculosis or acute bronchitis (67). Furthermore,
decreases in the serum levels of VEGF positively correlate with poor prognosis (67).
Comparative examination of granuloma formation using Mtb and the BCG vaccine strain
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also demonstrated that vascularity was an important factor in Mtb virulence and survival
(68). Interestingly, assessing microvessel distribution in granulomatous regions of the lung
in human samples and a rabbit model indicated that VEGF was observed to be highly
expressed in the inner regions of granulomas compared to granuloma peripheries or normal
lung tissue. However, microvessel density is relatively high in the periphery but becomes
gradually lower, resulting in an almost avascular central region (69). Moreover, vessels were
also collapsed or compressed with low pericyte coverage. Indeed, administration of a
fluorescent small molecule dye demonstrated intense signaling in normal lung tissue but
lower intensity in the granulomas, with a substantial intensity decrease toward the necrotic
centers. Treating human and rabbit granulomas with bevacizumab, anti-VEGF antibody, led
to normal vasculature formation and/or distribution, decreased hypoxic fractions of the
granulomas, and increased intensity of the dye delivery within the granulomas,
demonstrating a potential avenue for future drug therapies against Mtb (69).

In another study using a zebrafish model infected with M. marinum, angiogenesis was
enhanced via VEGF-A induction as granuloma formation matured (70). Examination of
these newly synthesized vessels demonstrated that nuclei in the existing intersegmental
vessels left toward sites of infection with sprouting from arterial and venous intersegmental
vessels, confirming the mode of vascular elongation. Persistent stimulus of M. marinum
infection was required for angiogenesis to occur, and ESX-1 deficient M. marinum strains
resulted in a reduction in granuloma formation. ESX-1 is a secretion system that exports
effector proteins that allow Mtb to evade the host immune response and to escape from the
phagolysosome into the cytosol. Its absence thus severely attenuates its virulence (71).
Furthermore, VEGFR inhibition in zebrafish demonstrated reduced vascular permeability,
which would limit bacterial dissemination via the vasculature (70).

Along with VEGF-A, angiopoietin-2 (ANG-2) has also been shown to be an important
component of angiogenesis in Mtb pathogenesis. Using both human and zebrafish
granulomas, ANG-2 was proven to antagonize the stability of ANG-1 binding to endothelial
specific receptor tyrosine kinase 2 (TIE2), a receptor for both ANG-2 and ANG-1 (72). This
ANG-2 mediated antagonization of TIE2 causes decreased stability and increased
permeability of the blood vessel, which would promote bacterial dissemination.
Furthermore, vascular endothelial-protein tyrosine phosphatase (VE-PTP), a phosphatase
specific to TIE2, regulates TIE2 downstream signaling by inhibiting its dephosphorylation
(73). Inhibition of VE-PTP activates the TIE2 receptor even in the presence of high ANG-2
antagonism. Analysis of human granulomas demonstrated significantly higher ANG-2
secretion from macrophages and stromal cells, compared to macrophages in unrelated areas
of lung tissue. Additionally, analyses of M. marinum infected zebrafish larvae and adults
demonstrated attenuated growth and dissemination of M. marinum when the VE-PTP
pathway was inhibited (72). Taken together, these results indicate that manipulating the
effects of ANG-2 and VE-PTP on TIE2 may be another source of host-directed therapies.

Mtb and LEC Interactions

LECs have recently been shown to be another important niche within the host for Mth
replication and dissemination. An /in vitro infection model using hLECs has shown that Mtb
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exploits the host endocytosis and autophagy pathways for infiltration (25, 32). Mtb resides in
the LECs within lymph node granulomas, and its internalization is heavily dependent on the
MRs expressed on the cell surface (74). When LECs were pretreated with mannan, a ligand
for MRs, there was a significant reduction in internalization of Mtb (25, 32). Once inside
LECs, a small fraction of Mth is mobilized into autophagosomes, vesicles that are marked
for degradation of cytoplasmic contents, or the cytosol, by escaping from initial phagosomes
in an RD1 dependent manner. Therefore, the autophagy pathway allows a small fraction of
Mtb to replicate inside LECs. Thus, infection with the RD1-deficient Mth strain or BCG
vaccine strain exhibits a severe attenuation in replication capability within LECs, as most of
the RD1-deficient Mth remains in the phagosome or phagolysosome. Activation of hLECs
by interferon gamma (IFN-vy) suppresses Mtb replication within the cytosol, mainly due to
the induced local concentration of nitric oxide via activation of endothelial NOS (eNOS) and
the specific eNOS is colocalized with the Mtb infected hLECs (32, 75, 76). Furthermore, the
autophagy pathway in IFN-y activated hLECs is responsible for negatively regulating
bacterial growth while inactivated hLECs increases Mtb growth. In response to this dual-
purposed autophagy pathway, Mtb partitions its population into two groups: one resides
within the autophagosome, and the other is within the cytosol. This bet-hedging strategy
helps Mtb increase its chances to survive in response to the host immune system because if
one population of Mtb fails, the second population can flourish. Further investigation will be
needed for a better understanding of this survival strategy (25).

Another study investigated the micronodules in the perilymphatic area of the lung in human
adults with pulmonary tuberculosis. CT scans were used to detect invading Mtb bacilli and
showed significantly lower amount of positive acid-fast bacilli smears, consolidation and
cavitation in the perilymphatic regions compared to the centrilobular area of the lungs of
pulmonary tuberculosis patients (77). This finding suggested that Mtb may use drainage to
lymph nodes as a means of dissemination, with further investigations needed to identify the
mechanism. Mth-specific T cells were recruited not only at the pulmonary lymph nodes after
Mtb drainage, but also at peripheral sites such as the spleen, suggesting a crucial role of
lymphatic vessels and lymph nodes in the manifestation of extrapulmonary tuberculosis (32,
78) Separate studies using guinea pigs showed that lymphatic vessels in the lungs serve as
the earliest site of Mtb infection and can develop into pulmonary lymphangitis several days
post-infection, indicating that the lymphatic system not only plays a key role in
extrapulmonary dissemination of Mth, but also serves as one of the primary sites of Mth
infection (32, 79).

Mycobacterial granulomas have been shown to induce lymphangiogenesis (32, 80). LECs of
mice infected with M. bovis exhibited phenotypic changes similar to those that occur during
inflammation, such as colocalization with Intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) (32, 80). Furthermore, granulomatous
lymphangiogenesis was shown to be reliant on the VEGFC-VEGFR3 pathway, and that
chemical inhibition of this pathway led to decreased lymphangiogenesis.
Lymphangiogenesis was also demonstrated to have a key role in the immune system
response to BCG infection. Not only does lymphangiogenesis increase access to peripheral
immune sites for granuloma antigens, but also mediates T-cell proliferation and its adequate
immune responses. Thus, functional inactivation of VEGFR3 with MAZ51 inhibited
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lymphangiogenesis and T-cell proliferation in the lung lymph nodes of mice infected with
Mtb (80).

Closing Remarks and Relevant Questions

In summary, both the lymphatic and blood vasculature, in addition to macrophages could
serve as important cell niche for the growth and survival of Mtb. Mtb not only infects BECs
and LECs, but also promotes angiogenesis and lymphangiogenesis, which eventually
contribute to Mtb dissemination and establishment of extrapulmonary tuberculosis.
Macrophages and ECs share abundant common features in the context of Mtb pathogenesis.
Both cells are developmentally derived from hemangioblasts and share common molecular
markers (81). They play critical roles in activation of innate and acquired immune responses,
which are essential to control and eliminate the invading Mtb. Macrophages and ECs
encounter Mtb at the initial stage of infection. However, while macrophages are mobile,
dynamic, and highly phagocytic, ECs are rather inert, passive and non-phagocytic. Whereas
macrophages have been extensively studied as a major host cells that respond Mth infection,
the pathogenic interaction between Mth and ECs are understudied. In this study, we
reviewed the current knowledge of the interaction of Mtb with ECs and aimed to compare
and contrast the similar and differential features of BECs vs. LECs. We also propose that the
VEGF signaling pathways should be a vital component in interaction between ECs and Mtb,
potentially serving as a source for host-directed therapeutic targets. We sincerely hope that
our discussion could trigger new investigations on my important questions as below
regarding the endothelial lineage-specific interaction of Mtb with the blood and lymphatic
systems.

. What are the mechanistic bases underlying the differential responses between
BECs and LECs against Mtb infection?

. What other signaling pathways are utilized by Mtb for the infection and growth
in BECs and LECs?

. Can any significant findings on Mtb-induced angiogenic and lymphangiogenic
responses be translated into novel treatments for tuberculosis, such as by co-
opting them as avenues for drug delivery instead of Mtb dissemination?

. Mtb executes immune-evasion within BECs and LECs in an RD1 dependent
manner. How do we use this immune-evasion strategy to develop more effective
vaccine strains against both pulmonary and extrapulmonary tuberculosis?

. Does inhibition of the VEGF/VEGFR pathways destabilize granuloma
formation, reactivate latent Mtb within the granuloma, and induce antibiotic
diffusion and/or efficacy to better target invading Mtb?
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Fig. 1.

Various lipoarabinomannan (LAM) structures characterized in Mycobacterial spp.
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Differential and common characteristics between LECs and BECs
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Immune cell trafficking

Absorption of fat and
other large molecules

nutrients and oxygen to
tissues

Carry away waste and
carbon dioxide from
tissues

Control constant blood
flow

Transcellular
transportation for large
protein and paracellular
transportation for small
molecules

LECs BECs Common Ref.
Surface FLT4, PROX1, LYVEL, PDPN, CD34, ENG, NRP1, MCAM, ROBO4, CDH5 PECAM1 KDR DLL4 (11,
markers FOXC2, ACKR2, NRP2, CCL21 ITGAV, FLT1 82—
105)
Structure . Linear structure starting Circular structure Endothelial cells
from the tissues and starting from the heart lining the vessels
organs
g Connect with artery and Fractal, hierarchical
. Blind end, loops, vein vascular networks
. Loose single layer Surrounded by basal Lymphatics connect
. membrane and pericytes to the blood
. Highly permeable or smooth muscle cells circulation via the
. Button-like cellular Tight junction thoracic duct
junctions in the initial Lymphatics are
lymphatics Unidirectional valves in initially derived
the veins
. Zippe_r—lik_e cellular r/raosrgutIZ? sb)lgt(t)e(rjn
junctions inthe during development
collecting lymphatics
. Unidirectional valves in
the collecting
lymphatics
. Decorated with lymph
nodes
Function . Tissue fluid homeostasis Uptake and supply Carry fluid

Similarly regulated
by a majority of
biological stimuli
such as growth
factors, cytokines
and chemokines.

Tuberculosis (Edinb). Author manuscript; available in PMC 2020 April 21.



	Abstract
	Introduction
	Mycobacterium tuberculosis

	Pathogen-associated molecular pattern and ECs interactions
	Mtb and BEC Interactions
	Mtb and LEC Interactions
	Closing Remarks and Relevant Questions
	References
	Fig. 1.
	Table. 1.

