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Abstract

The transcription factor NF-kB promotes immunity by controlling the expression of genes involved in inflammation.
Cytokines and pathogen-associated molecular patterns stimulate cell surface receptors, including toll-like receptors, to ini-
tiate a signalling cascade resulting in the activation of NF-kB. NF-«B drives the expression of target genes that mediate cell
proliferation and release antimicrobial molecules and cytokines to activate an immune response. Filariasis is one of the most
complex infections of humans. The actual causes of the heterogeneity in infection are not well understood. However, they
have been attributed to differences in inflammatory processes that are immune-mediated, secondary bacterial infections, and
host immune-genetics. Elevated production of angiogenic molecules (VEGFs, CEACAM and MMPs) in filarial pathology
has been shown to be dependent on phosphorylation and intracellular activation of NF-kB. This review examines the role of
NF-«B in filarial pathology and its potential therapeutic options for individuals with the disease.
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General overview of lymphatic filariasis

Lymphatic filariasis (LF) is a neglected tropical disease
(NTD) that has a direct impact on social and public health
issues (WHO 2013). LF infections may result in patholo-
gies, such as hydrocele and lymphedema. These pathologies
are usually accompanied by chronic pain, hindering affected
individuals from being productive and isolating them from
family and the community as a whole (Litt et al. 2012).
Globally, LF is endemic in 73 countries in Africa, Asia, and
the Americas. Approximately 1.1 billion people are exposed
to the infection, and more than one-third of these individu-
als are in sub-Saharan Africa (WHO 2013). About 120 mil-
lion individuals are affected globally, with approximately
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40 million individuals disabled owing to filariasis-related
morbidity (WHO 2013).

Blood nematodes cause LF infection in the host’s lym-
phatic vessel. There are three species of these filarial worms:
Wuchereria bancrofti, which accounts for almost 90 % of
the cases, with the remaining 10 % caused by Brugia malayi
and Brugia timori. Adult filarial parasites are located in the
lymph vessels and are sexually dimorphic, producing thou-
sands of first-stage larvae (microfilaria) for up to 8 years
(Pfarr et al. 2009). Mosquito vectors of the genera Aedes,
Anopheles, Culex or Mansonia are required to develop the
larvae into the human infective stage and for transmission
to the human hosts. The vectors ingest microfilaria during
blood meals. In the insect, the larvae develop into infec-
tive larvae (L3), which are deposited on the skin of the host
during subsequent blood meals. The larvae enter the body
through the wound made by the insect and undergo matura-
tion into adult worms, completing the cycle (Fig. 1).

Clinically, LF can be classified into two categories; indi-
viduals with detectable microfilaraemia but without any
overt disease manifestation and individuals with patho-
logical manifestations such as elephantiasis, lymphedema,
hydrocele, chyluria, damage to the kidneys and other organs
(Pfarr et al. 2009). LF pathologies (hydrocele, lymphedema,
and elephantiasis) are usually linked to acute episodes such
as adenolymphangitis and filarial fever depending on the
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Fig. 1 Life-cycle of filarial parasites, demonstrated with W. bac-
ncrofti. Both a vector and a mammalian host are required for the
development of the nematode. (1) The infected vector transmits the
third-stage larvae (L3) into the human host during a blood meal. (2)
The L3 mature into adult worms. (3) The parasites develop into adults
and then produce microfilariae (MF), which migrate to the lymphatics

stage of the disease (Litt et al. 2012; Pfarr et al. 2009).
In vitro studies have shown that individuals with LF pathol-
ogies have relatively higher immune-reactivity to parasite
antigen, while asymptomatic microfilaraemic individuals
manifest immunological hypo-responsiveness to the filarial
antigen (Mahanty et al. 1994; Maizels et al. 1995; McSor-
ley and Maizels 2012). The prevalence of overt clinical
manifestations among adult residents in many endemic
areas is approximately 7% for lymphedema and 30-50%
for hydrocele (Maizels et al. 1995). The high prevalence
rates of hydrocele indicate that the disease’s pathological
manifestations disproportionately affect men (McSorley and
Maizels 2012).

The Global Programme to Eliminate Lymphatic Fila-
riasis (GPELF) was initiated to address LF with two main
goals. The first was to use annual mass drug administration
(MDA) of two-drug combinations given to communities
at risk of infection. In most endemic countries, a combi-
nation of diethylcarbamazine (DEC) and albendazole is

@ Springer

and blood for circulation. (4) The vector once again ingests the micro-
filariae during a blood meal on an infected host. (5) The microfilariae
develop into the L1 stage. (6) The L1 larvae matures into L3 larvae
which migrate to the vector’s proboscis via the hemocel. (1) The
infected vector transmits the infective-stage larvae into the human
host during blood meal. Created with Biorender.com

recommended. On the contrary, due to the possibilities of
serious adverse reactions seen in communities exposed to
Onchocerca volvulus in Africa, a combination of ivermectin
and albendazole is used in countries which are endemic with
LF and onchocerciasis (Simonsen et al. 2010; WHO 2013).
The second goal was to manage morbidity and prevent dis-
ability by providing supportive care.

Filariasis is one of the most complex infections of
humans, the actual causes of the heterogeneity in infec-
tion are not well understood. Nonetheless, these have been
attributed to differences in inflammatory processes that
are immune-mediated, secondary bacterial infections, and
host immune-genetics (Partono 1987; King and Nutman
1991; Wammes et al. 2012). NF-xB is a transcription factor
implicated in inflammatory processes during disease condi-
tions such as cancer, asthma, and diabetes (Liu et al. 2017,
Hayden and Ghosh 2008). Improved angiogenic molecule
production in filarial pathology is dependent on phospho-
rylation and intracellular activation of nuclear factor kappa
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B (NF-xB) (Dreyer et al. 2000; Babu et al. 2003; Babu et al.
2011; Babu et al. 2012). In this review, we discuss the role
of NF-«B in filarial pathology and its potential therapeutic
options.

Current treatment and preventive strategies
of LF

The current treatment for LF infection is to interrupt, ter-
minate or counter the development of pathology by using
diethylcarbamazine (DEC) and albendazole or ivermec-
tin and albendazole in African countries co-endemic with
onchocerciasis (Carlingford et al. 2019; Simonsen et al.
2010; WHO 2013). Currently, morbidity management for
lymphedema by the World Health Organization standard
include maintaining hygiene, caring for affected limbs,
exercising and lifting the limb above the body when resting.

Apart from the established MDA regimens, other drugs
such as tetracyclines (doxycycline) are useful for controlling
filarial infections (Debrah et al. 2006, 2009). However, no
unique drug is efficient against all symptomatic and asymp-
tomatic manifestations of the disease.

The MDA programs are usually integrated with vector
control strategies to control filarial infections. This is com-
petent in interrupting the transmission of LF and other infec-
tions transmitted by the vectors. Based on the parasite-vector
species, dimensions such as treating nets with insecticide,
indoor residual spraying, or personal protection procedures
could help protect individuals from infection.

Pathogenesis of lymphatic filariasis

Despite the global filariasis elimination program’s efforts by
the World Health Organization (WHO), LF is still serving
as the world’s second leading cause of long-term disability
(Hotez and Kamath 2009). This could be due to the paucity
of knowledge in understanding the pathway of filarial patho-
genesis. The onset of filarial pathology comprises multiple
origins, including reactions from the adult worm’s life or
death (releases filarial antigens, Wolbachia antigens, etc.).
Although there are challenges in establishing a straightfor-
ward pathway for the onset and progression of lymphedema
and hydrocele, the worms’ presence in the lymphatic vessels
has been implicated as a fundamental trigger for pathogen-
esis (Witt and Ottessen 2001; Figueredo-Silva et al. 2002;
Taylor et al. 2010). Immuno-histology has reported that no
or few reactions are seen around the live adult worms, sug-
gesting subclinical pathologic dilation of the lymph vessels
due to live worms (Figueredo-Silva et al. 2002). It has also
been reported that elevated inflammatory responses after the
adult worm’s death could be a player in the pathogenesis

(King and Nutman 1991; McSorley et al. 2012; Wammes
et al. 2012). Distinct from the live worms, which are found
entirely free in the lumen of the lymphatic vessels, it has
been suggested that dead worms sometimes appear con-
nected to the vascular wall by strands of fibrin-like material
(Dreyer et al. 2000).

After the release of filarial antigens from dead or dying
worms, the phagocytic immune response is believed to trig-
ger the release of pro-inflammatory cytokines and molecules
that favor angiogenesis (Babu et al. 2011; Babu et al. 2012).
Apart from antigens from the worm itself, antigens of the
intracellular Wolbachia also contribute to LF pathological
outcomes such as hydrocele and lymphedema development
(Brattig et al. 2004). Higher filarial and Wolbachia anti-
gens have been suggested to induce an elevated amount of
vascular endothelial growth factors (VEGFs) (Babu et al.
2012). VEGFs and their receptors are linked to the patho-
genesis of LF. Doxycycline treatment has been shown to
reduce VEGFs levels, leading to improved pathologies in
patients (Debrah et al. 2006, 2007). Therefore, the role of
lymphangiogenesis-promoting factors is an area gaining
recognition in the research of LF. Studies have shown that
the intracellular transcriptional factor, NF-kB, regulates the
release of VEGFs (Kiriakidis et al. 2003; Babu et al. 2012).
Single nucleotide polymorphisms in the vascular endothe-
lial growth factor receptor 3 (VEGFR-3), matrix metallopro-
tease 2 (MMP-2), and carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM-1) are reported to influence
filarial pathology development (Debrah et al. 2007, 2017,
Gu et al. 2009).

CEACAM-1, a type 1 transmembrane protein that
regulates cell-to-cell adhesion, is an effective activator of
VEGFs-mediated angiogenesis (Oliveira-Ferrer et al. 2004;
Ergun et al. 2000). It also stimulates microvascular endothe-
lial cell growth in the presence of VEGFs (Gu et al. 2009).
Experiments have demonstrated that the inactivation of
NF-«B by specific inhibitory peptide blocks the expression
of CEACAM-1 (Muenzner et al. 2002). Hence, the down-
regulation of CEACAM-1 could affect the activation and
production of VEGFs.

Furthermore, MMP2, which is also known to have angi-
ogenic properties, plays a crucial role in the breakdown
of extracellular matrix in physiological processes such as
embryonic development, reproduction, and tissue remod-
eling (Shigemori et al. 2006; Kelly et al. 2006; Yang et al.
2007). It has been hypothesized that a higher amount of
MMP-2 alters and remodels the extracellular matrix around
the vessels that contribute to edema development, and
could disrupt tight junctions (Shigemori et al. 2006; Yang
et al. 2007). A similar phenomenon is seen in lymphedema
development in which the lymph vessels dilate, reducing
lymph flow (Benuru et al. 2009). Although earlier stud-
ies have shown that doxycycline improves LF pathology
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despite active filarial infection, the mechanism of action
remains elucidated. In another study, the effect of doxycy-
cline treatment was attributed to reduction of MMP-2 and
thus explained the amelioration observed among individuals
presenting with LF pathology, even though most of these
patients do not have active infections (Debrah et al. 2006;
Alexander-Savino et al. 2016). Studies have recently shown
that doxycycline acts as an NF-kB inhibitor in CTCL cell
lines (Alexander-Savino et al. 2016). These associations
indicate that angiogenic/lymphangiogenic pathways are
important in LF pathology, further confirming the contri-
bution of NF-xB in filarial pathology.

Structural composition and pathways
of NF-kB

NF-kB is ubiquitously expressed and plays a fundamental
role in regulating the expression of many genes involved
in immune, inflammatory, and apoptotic processes (Hayden
et al. 2006; Hayden and Ghosh 2008). The NF-kB/Rel pro-
teins include five proteins; p50, p52, p65 or RelA, RelB, and
c-Rel, and they can exist as homo- and heterodimers (Ghosh
et al. 1998). Studies in knockout 7. muris-infected mice have
shown that there are differential requirements of the NF-xB
family proteins, resulting in the regulation of Th2 cytokine-
mediated responses to helminth infection NF-xB1(p50/
p105), inducing critical protective Th2 cytokine responses
(Artis et al. 2002). NF-kB is mainly sequestered in the cyto-
plasm by its association with proteins belonging to the IxkB
inhibitor family (Karin and Ben-Neriah 2000).

During an infection, toll-like receptors (TLRs) trigger the
rapid phosphorylation of specific serine residues of IkB pro-
teins by a multi-protein complex termed the IKK (inhibitor
kappa B kinase) complex, which consists of two catalytic
components, IKKa and IKKp, and a regulatory component,
NEMO (NF-kB essential modifier, also known as IKKYy).
Phosphorylated IkB proteins are subsequently poly-ubiquit-
inated and degraded by the 26S proteasome, allowing NF-xB
to move into the nucleus to target transcription. This path-
way is called the ‘canonical pathway’ and is responsible for
TLR-mediated induction of inflammatory cytokines such as
tumor necrosis factor-o (TNF-at) and IL-6 (Artis et al. 1999).
Studies have shown that TNF-alpha plays a mediatory role in
acute filariasis (Das et al. 1996; Artis et al. 1999). Further-
more, the TNFR-II gene is documented to predispose some
individuals in filarial-endemic communities to elephantiasis
(Panda et al. 2011).

TNF-TNEFR is a potent activator of NF-«xB in 7. muris
infection (Artis et al. 2002; Das et al. 1996), and has been
reported in animal models of asthma (Poynter et al. 2003).
Genome study has also revealed that IKKf, rather than
IKKa, plays an essential role in the activation of NF-kB in

@ Springer

TLR signalling (Anderson 2000; Hacker and Karin 2006).
Alternatively, the non-canonical pathway is triggered by par-
ticular members of the TNFR superfamily (O’Neil 1998).

Toll-like receptor/NF-kB axis in filarial
pathology

During an infection, especially in LF, the first line of defense
mounted by the host against the invading filarial/Wolbachia
antigen is the innate immunity, followed by the specific
immunity. Toll-like receptors (TLRs), which are pathogen
recognition receptors (PRRs), acts as primary sensors that
detect a wide variety of microbial components and elicit
innate immune responses (Kawai et al. 2007). All TLRs
signalling pathways culminate in activation of the tran-
scription factor nuclear factor-kappa B (NF-xB). Upon
activation, TLRs most likely form homodimers, resulting
in a conformational change in the cytoplasmic Toll inter-
leukin receptor (TIR) domain and subsequent recruitment
of an adapter named MyD88 (Hise et al. 2007; Semnani
et al. 2004; Babu et al. 2012). MyD88 associates with the
TLR via a homophilic interaction using the TIR domains.
The death domain of MyD88 then recruits downstream IL-1
receptor—associated kinase (IRAK) to the receptor complex
(Semnani et al. 2004). IRAK is then auto-phosphorylated
and dissociated from the receptor complex and recruits
TNF receptor—associated factor 6 (TRAF6) which activates
downstream kinases. Several such kinases have been found
to be involved in TLR/NF-kB signalling pathways, includ-
ing NF-kB-inducing kinase (NIK) and mitogen-activated
protein kinase/ERK kinase 1 (MEKK1) (Zhang and Ghosh
2001).

The intracellular nature of NF-kB requires an upstream
activation via cytokines and pathogen-associated molecular
patterns (PAMPs), stimulating cell surface receptors, includ-
ing toll-like receptors, to initiate a signalling cascade. Toll-
like receptors play a vital role in innate immunity and have
been implicated in filarial infection. Studies with animal
models of filarial infection and in vitro studies of humans
have suggested that TLR-mediated responses in filarial
infections are key inducers of pro-inflammatory cytokines,
which contribute either directly or indirectly to the develop-
ment of lymphatic pathology (Babu et al. 2012; Mukherjee
et al. 2016). Moreover, this inflammatory response to Wol-
bachia has been shown to be mediated primarily through
TLR2, TLR4, and TLR6.

Studies have shown that lysophosphatidic acid (LPA)
upregulates expression levels of TLR4, thus promot-
ing NF-xB activation and nuclear translocation for tar-
get genes (Plastira et al. 2020; Yang et al. 2016). Fur-
thermore, LPA could also promote the secretion of the
inflammatory factor TNF-a which reduces significantly
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when the TLR4 signal transduction pathway is blocked
by the TLR4 antibody (Yang et al. 2016). This suggests
that increased LPA levels in LF pathology individuals ele-
vate TLR4 expression and consequently increase NF-kB
activation.

In addition, with a mouse model of onchocerciasis,
it was demonstrated that Wolbachia interaction with the
host innate immune system resulted in inflammatory ker-
atitis, a characteristic feature of human onchocercal eye
disease (Saint Andre et al. 2002).

Downregulation of TLR on antigen-presenting cells
and T cells has been shown to be a possible mechanism by
which deleterious pathology in clinically asymptomatic
filarial infections can be circumvented (Takeda and Akira
2004). Babu et al.. have demonstrated that pro-inflamma-
tory cytokines are indeed upregulated in individuals pre-
senting with filarial lymphatic pathology compared with
infected or endemic normals in response to specific TLR
ligands (Babu et al. 2009). Furthermore, TLR2-mediated
enhancement of angiogenic growth factor production in
individuals with pathology has been shown to be depend-
ent on NF-kB (Tabruyn and Griffioen 2008; Mukherjee
et al. 2016). Regulating the activity of NF-kB is key to
controlling several inflammatory-related diseases such as
filarial pathologies.
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Fig.2 Role of NF-«B in lymphatic filariasis pathology. Toll-like sig-
nalling and cytokine receptors signalling by filaria antigens results in
phosphorylation of IKK and activation of the IKK complex kinase
activity. NF-xB is constitutively bound to IkB molecules which con-
fine its localization to the cytosol. IKK starts phosphorylation of
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Mechanism of NF-kB in filarial pathology

The mechanistic insights on the regulation of immune cell
functions in filarial patients that shift host immunity from
‘protection’ to ‘pathology’ are still unclear. Figure 2 illus-
trates the current understanding of the involvement of the
NF-«B pathway in filarial pathology. Recent studies have
demonstrated that filarial sheath antigen (FSAg) of W. ban-
crofti acts as a ligand for TLR4 on macrophages and pro-
motes pro-inflammatory responses activating TLR4-NF-kB
signalling cascade (Mukherjee et al. 2017; Mukherjee et al.
2019). Transcription of pro-inflammatory cytokines is pri-
marily governed by NF-kB (Babu and Nutman 2003; Liu
et al. 2017). Human studies suggest that Th2 cytokines
dominate the immune responses seen in chronic, long-
standing helminth infections (Babu et al. 2006; Babu et al.
2009). In filarial infection, Th2 cells produce both anti-and
pro-inflammatory cytokines that together instruct B cells to
proliferate and differentiate into antibody-secreting plasma
cells and activate the NF-kB pathway via TLRs (Zhang
and Ghosh 2001; Babu and Nutman 2003; Mukherjee et al.
2016). TLR2 has been shown to be significantly activated
in individuals with chronic filarial pathology (Babu et al.
2012). For some time with chronic infections, the feedbacks
mentioned above are augmented by adaptive and regulatory
T cells, preferably activated macrophages (McSorley and

Cytokines (IL-1, IL-16, TNF)
VEGFs (MCP, IL-8)

hydrocele

°
$> Elevated

lymphedema

serine residues on IkB and promotes its polyubiquitination and deg-
radation, thereby freeing NF-xB to enter the nucleus and activate
transcription of target genes. Inflammation triggers expression of pro-
inflammatory genes through IKK and NF-«xB activation. Created with
Biorender.com
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Fig. 3 Potential targets in the NF-xB pathway. NF-kB pathway is implicated in filarial pathologies, thus the inhibition of particular proteins/pro-
cesses in the pathway offer a potential avenue for reducing the inflammation associated. Created by Biorender.com

Maizels 2012). However, inflammatory damage in LF results
from numerous factors, with endogenous parasite products,
Wolbachia, and host immune responses actively performing
vital roles. The biomolecules of Wolbachia were proposed
to be principal activators of pro-inflammatory cytokines
(Saint Andre et al. 2002; Brattig et al. 2004). Studies have
shown that microfilarial protein (MfP) acts as a novel ligand
of TLR4 to drive NF-xB activation to induce macrophage
inflammation, resulting in the recruitment of several down-
stream signalling molecules such as MyD88 and pTAK1
(Mukherjee et al. 2017). Existing data also suggest that the
release of pro-inflammatory cytokines from T cells of indi-
viduals encountering L3 larvae for the first time (or perhaps
even subsequent times) could mediate the clinical spectrum
of acute filariasis (Babu and Nutman 2003).

Under normal conditions, NF-xB is rapidly activated
upon microbial invasion, and this activation usually corre-
lates with the resistance of the host to infection (Zhang and
Ghosh 2001). However, persistent activation of NF-kB may
lead to excessive amounts of pro-inflammatory mediators,
resulting in tissue damage, organ failure, and even death
of the host, as seen in bacterial infection-induced septic
shock. It is interesting to note that in order to survive in
the host, certain pathogens, such as Bordetella and Yersinia,
have evolved mechanisms to counteract or escape the host
immune system by inhibiting NF-kB activation (Yuk et al.
2000; Ruckdeschel et al. 1998). Some viruses, including
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HIV-1, CMYV, and SV-40, have established escape mecha-
nisms involving the NF-kB (Zhang and Ghosh 2001). Given
the complexity and diversity of LF and the possibilities that
each stage could elicit a specific response that could play a
crucial role in NF-xB activation, the need for further studies
to clarify the role of each of the stage of the filarial parasite
in the NF-xB pathway activation is imperative.

Could the NF-kB pathway be explored for LF
pathology therapy?

Targeting the NF-xB signalling pathway could represent an
attractive approach toward advancement in therapy for indi-
viduals with LF pathology. The NF-xB signalling pathway
has offered a promising therapeutic avenue for cancer man-
agement, as extensively discussed elsewhere (Pramanik et al.
2018; Durand and Balwin 2017; Yu et al. 2017). In view of
this, we speculate that the NF-kB signalling pathway could
be targeted as a therapeutic option for inflammatory patholo-
gies resulting from filarial infections. However, specific tar-
geting would have to be considered for this approach. The
possible targets in the NF-kB signalling pathway to manage
inflammatory pathologies in filarial patients are illustrated
in Fig. 3. Several categories of inhibitors have been devel-
oped to block different NF-kB signalling steps, including
IKK inhibitors such as aspirin and salicylate (Hacker and
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Karim 2006). Tetracyclines (doxycycline) have been shown
to have anti-inflammatory and inhibitory properties towards
NF-xB activation.Thus, its treatment in LF pathology results
in improved conditions such as reduced filarial pains and
attacks and reduced mossy lesions observed in human field
trials in Ghana (Alexander-Savino et al. 2016; Debrah et al.
2006, 2009).

Additionally, the p50 ubiquitination pathway can be
selectively targeted to control harmful inflammatory dis-
eases (Carmody et al. 2007). Further, in exploring LF ther-
apies, the microfilaria protein (Mfp) represents a potential
target, considering its role in NF-xB activation (Mukherjee
et al. 2017). In the future, Mfp could be a practical choice for
the pre-stimulation of host macrophages for re-establishing
Thl-biased immunity to challenge an existing or upcoming
infection. Similarly, targeting the Mfp may reduce inflam-
matory damages in patients with chronic filarial infection.

Conclusions

Unlike those with active states of filarial infection, indi-
viduals living with pathologies experience unabated excru-
ciating pains resulting from uncontrolled filarial attacks.
These attacks drive the pathology through the NF-kB-
mediated release of inflammatory factors such as VEGFs,
CEACAM-1, and MMP-2. Thus, understanding the mecha-
nisms underlying the pathological activation of NF-«xB in
individuals presenting with filarial pathologies is critical.
Therefore, identifying new or adapting existing therapeutic
agents to complement existing strategies could provide relief
for LF pathology patients in filarial-endemic communities.
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