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Abstract: The complex orchestration of immune and cellular responses is crucial for maintaining homeostasis and combating
disease. This review discusses the intricate interplay between toll-like receptors (TLRs), hypoxia-inducible factors (HIFs), and
cellular dynamics, elucidating their roles in immune function, angiogenesis, and disease progression. TLRs, as pattern
recognition receptors, play a pivotal role in innate immunity by recognizing microbial products and initiating adaptive immune
responses through dendritic cell activation. Understanding their function in bridging innate and adaptive immunity holds
therapeutic potential for autoimmune disorders and infectious diseases. Moreover, the hypoxia-induced stabilization of HIFs
triggers the transcriptional activation of genes involved in angiogenesis, shedding light on the pathophysiology of retinal
angiomatous proliferation (RAP) and neovascular age-related macular degeneration (AMD). The differential roles of HIF-a
isoforms, HIF-1a and HIF-2a, in hypoxia transcription control are explored, highlighting their distinct physiological functions
and target gene specificities. Furthermore, the review examines the implications of hypoxia signaling and HIF-mediated
modulation of epithelial-mesenchymal transition pathways in cancer metastasis. Understanding these intricate mechanisms,
novel therapeutic strategies can help in developing drugs that target immune dysfunction, angiogenesis, and cancer progression.
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1. Introduction

The immune system's intricate orchestration of innate and adaptive responses is essential for maintaining health and combating
disease. At the forefront of this complex network lies the family of toll-like receptors (TLRs), which play a pivotal role in
recognizing and responding to microbial threats [1-3]. These pattern recognition receptors (PRRs) serve as sentinels, detecting
conserved molecular patterns associated with pathogens (PAMPs) and initiating appropriate immune responses [4-7].

TLRs are type I transmembrane proteins characterized by an extracellular leucine-rich repeat (LRR) domain and an intracellular
Toll/IL-1 receptor (TIR) domain [8]. The LRR domain facilitates the recognition of a wide range of PAMPs, including bacterial
lipopolysaccharides, viral nucleic acids, and fungal cell wall components. Upon ligand binding, TLRs undergo conformational
changes that trigger downstream signaling cascades, ultimately leading to the production of inflaimmatory cytokines, chemokines,
and the activation of various immune effector mechanisms [9].

The significance of TLRs in animal immunity extends beyond their role in pathogen recognition. They serve as a crucial link
between the innate and adaptive arms of the immune system, a process facilitated by their interaction with dendritic cells (DCs).
Immature DCs, strategically positioned in peripheral tissues, express a comprehensive repertoire of TLRs, enabling them to detect
and capture microbial invaders [10-14]. Upon TLR engagement, DCs undergo maturation, upregulating the expression of major
histocompatibility complex (MHC) molecules and co-stimulatory signals. These mature DCs then migrate to draining lymph
nodes, where they present processed antigens to naive T cells, initiating adaptive immune responses tailored to the specific
pathogenic threat [15-16].

The TLR signaling pathway also influences the polarization of T helper (Th) cell responses, a crucial determinant of the ensuing
immune response. For instance, TLR-mediated recognition promotes the development of Thl responses, characterized by the
production of interferon-gamma (IFN-y) and IgG2a antibodies, which are essential for combating intracellular pathogens like

* Corresponding author: Quazia Ifaq

Copyright © 2024 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US

Journal of Pharma Insights and Research, 2024, 02(02), 199-208

bacteria, viruses, and protozoa. Conversely, Th2 responses, typified by the secretion of interleukins like IL.-4 and I1.-13, are less
dependent on TLR signaling and are critical for defense against extracellular parasites such as helminths [17-18].

This review article aims to provide a comprehensive understanding of the pivotal roles played by toll-like receptors in animal
immunity, with a particular focus on their functions in pathogen recognition, bridging innate and adaptive immunity, and shaping
subsequent immune responses. By elucidating the intricate mechanisms underlying TLR-mediated immunity, we seek to unravel
potential therapeutic avenues for modulating immune function in the context of autoimmune disorders, infectious diseases, and
immune-related pathologies.

2. Function of Hypoxia and HIF Factors in Age-Related Macular Degeneration (AMD) and Retinal
Angiomatous Proliferation (RAP)

Age-related macular degeneration (AMD) and retinal angiomatous proliferation (RAP) are sight-threatening ophthalmic
conditions characterized by abnormal neovascularization in the retina [19]. While the underlying mechanisms driving these
pathologies remain incompletely understood, accumulating evidence points to the pivotal roles played by hypoxia and hypoxia-
inducible factors (HIFs) in their pathogenesis [20, 21].

Hypoxia, a state of reduced oxygen availability, is a potent stimulus for the activation of various cellular responses aimed at
restoring tissue oxygenation [22]. Central to this adaptive process are the HIFs, a family of transcription factors that orchestrate
the expression of genes involved in angiogenesis, metabolic reprogramming, and various other cellular processes. The HIF
complex comprises an oxygen-sensitive a-subunit (HIF-1a, HIF-2a, or HIF-3a) and a constitutively expressed 3-subunit (HIF-18)
[23-25].

Under normoxic conditions, the HIF-a subunits are rapidly degraded via the proteasomal pathway, a process mediated by the von
Hippel-Lindau (VHL) tumor suppressor protein and prolyl hydroxylase enzymes [26]. However, in hypoxic environments, the
hydroxylation of HIF-« subunits is inhibited, leading to their stabilization and subsequent translocation to the nucleus. There, they
form transcriptionally active complexes with HIF-1@, binding to hypoxia-responsive elements (HREs) and activating the
expression of target genes, such as vascular endothelial growth factor (VEGF) [27-30].

In the context of AMD and RAP, hypoxia and HIF activation play critical roles in driving pathological angiogenesis and disease
progression. Several lines of evidence [31-35] support this notion:

e Choroidal perfusion deficits and vascular abnormalities have been documented in AMD patients, indicating the presence
of tissue hypoxia in the retinal pigment epithelium (RPE) and outer retina [36].

e Transdifferentiated RPE cells and surgically excised choroidal neovascular membranes from AMD patients exhibit
significant VEGF expression, a direct target of HIF-mediated transcription [37].

e  Stable HIF-1a and HIF-2a have been detected in the endothelium and macrophages of human choroidal neovascular
membranes associated with AMD [38].

e  Flevated vitreous levels of VEGF have been observed in patients with RAP compared to control subjects [39].

e Anti-VEGF therapies, such as intravitreal injections of anti-VEGF agents, have demonstrated efficacy in inhibiting
neovasculatization and improving visual outcomes in both RAP and neovascular AMD [40].

The hypoxic microenvironment in RAP is thought to be exacerbated by the presence of large drusen deposits and Bruch's
membrane thickening, which may limit oxygen supply to the outer retina and photoreceptors. Furthermore, RPE detachment, a
characteristic feature of RAP, can further increase the hypoxic challenge by increasing the distance between the photoreceptors
and the choroidal vasculature, their primary source of oxygen and nutrients [41-43].

Immunohistochemical studies on RAP specimens have revealed the expression of HIF-1a and HIF-2« in the vicinity of VEGE-
positive neovascular regions, suggesting a hypoxia-driven mechanism underlying VEGF production and subsequent angiogenesis
in this condition. The intricate interplay between hypoxia, HIF activation, and VEGF signaling appears to play a central role in the
pathogenesis of AMD and RAP [44]. Understanding these molecular pathways not only sheds light on the etiology of these sight-
threatening conditions but also provides potential therapeutic targets for the development of novel treatment strategies targeting
angiogenesis and disease progression.

3. Target Gene Regulation by HIF-1« and HIF-2«: Dissecting the Various Functions of HIF-« Isoforms

While hypoxia-inducible factors (HIFs) are best known for their pivotal role in orchestrating cellular responses to oxygen
deprivation, the specific functions of individual HIF-a isoforms have been the subject of intense investigation. Despite sharing
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similar biochemical properties, such as the ability to heterodimerize with HIF-18 and bind to hypoxia-responsive elements
(HREs), HIF-1a and HIF-20 exhibit distinct cellular expression patterns and differential regulation of target gene expression [45,
40].

The HIF-o family comprises three members: HIF-1a, HIF-2a (also known as EPAS1, MOP2, or HLF), and HIF-3x. While all
three isoforms share a high degree of protein conservation, a common domain structure, and hypoxia-dependent regulatory
mechanisms, accumulating evidence suggests that HIF-1a and HIF-2a play non-redundant physiological roles and regulate distinct
sets of target genes [47]. One of the most striking observations regarding the differential functions of HIF-a isoforms is their
tissue-specific expression patterns. For instance, in the kidney, HIF-1o is predominantly expressed in epithelial cells, while HIF-2a
is primarily found in endothelial and interstitial fibroblast cells. This differential expression pattern suggests that these isoforms
may regulate distinct physiological processes within the same organ [48].

The functional non-redundancy of HIF-1a and HIF-2a is further underscored by the fact that embryos lacking either isoform are
nonviable, indicating that they cannot compensate for each othet's absence during development. This observation highlights the
unique and essential roles played by each isoform in embryogenesis and fetal development. Studies investigating the
transcriptional targets of HIF-a isoforms have revealed intriguing differences in their gene regulation capabilities. While some
genes, particulatly those involved in glycolytic pathways, appear to be exclusively transactivated by HIF-1a, others are regulated by
both HIF-1a and HIF-2a. Interestingly, a subset of genes has been identified that is transactivated solely by HIF-2a, suggesting a
more selective role for this isoform in hypoxic gene regulation [49].

One notable example of a gene selectively regulated by HIF-2« is the erythropoietin (EPO) gene, which plays a crucial role in
erythropoiesis. Although HIF-1 was initially identified through affinity purification with the EPO hypoxia-responsive element
(HRE), subsequent studies have firmly established HIF-2a as the physiological regulator of EPO production. This finding is
further supported by the association between gain-of-function mutations in HIF-2a and familial erythrocytosis, a condition
characterized by excessive red blood cell production. The mechanisms underlying the differential target gene regulation by HIF-o
isoforms remain an active area of investigation [50-54]. While the sequences of the HREs themselves do not appear to dictate
isoform specificity, several potential explanations have been proposed:

3.1. Tissue-specific expression patterns

The distinct cellular and tissue distribution of HIF-la and HIF-2« may influence their accessibility to specific target gene
promoters, thereby shaping their transcriptional regulation profiles [55].

3.2. Cooperative interactions

HIF-a isoforms may exhibit preferential cooperation with specific transcription factors, coactivators, or corepressors, modulating
their ability to regulate certain target genes [50].

3.3. Epigenetic regulation

Epigenetic mechanisms, such as histone modifications and DNA methylation patterns, could differentially influence the binding
and activity of HIF-1a and HIF-2« at target gene promoters [57].

3.4. Protein-protein interactions

The unique interactomes of HIF-1a and HIF-2q, including their associations with distinct protein partners, may contribute to
their functional specificity. Unraveling the intricate mechanisms governing the differential target gene regulation by HIF-«
isoforms has significant implications for our understanding of tissue homeostasis, disease pathogenesis, and the development of
targeted therapeutic interventions [58]. By elucidating the specific roles of HIF-1a and HIF-2o in various physiological and
pathological contexts, researchers can gain insights into the complex hypoxic signaling networks and leverage this knowledge to
modulate specific cellular responses in a more precise and effective manner.

4. Dominant Role of Hypoxia-Inducible Factors (HIFs) in Hypoxic Signaling and Cellular Responses

Hypoxia, or the deprivation of adequate oxygen supply, is a ubiquitous stress condition that cells and tissues encounter in various
physiological and pathological contexts. To adapt to this challenging environment, cells have evolved sophisticated signaling
pathways that orchestrate a coordinated transcriptional response, enabling them to maintain homeostasis and survival. At the
forefront of this intricate hypoxic response lie the hypoxia-inducible factors (HIFs), a family of transcriptional regulators that play
a dominant role in mediating cellular adaptations to oxygen deprivation [59]. The HIF family consists of three main members:
HIF-1, HIF-2, and HIF-3, each composed of an oxygen-sensitive a-subunit (HIF-1a, HIF-2«, or HIF-3a) and a constitutively
expressed B-subunit (HIF-18). Under normoxic conditions, the HIF-a subunits are rapidly degraded via the proteasomal pathway,
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a process mediated by the von Hippel-Lindau (VHL) tumor suppressor protein and prolyl hydroxylase enzymes. However, in
hypoxic environments, the hydroxylation of HIF-a subunits is inhibited, leading to their stabilization and subsequent translocation
to the nucleus [60].

Once in the nucleus, the stabilized HIF-o subunits form transcriptionally active complexes with HIF-18, binding to hypoxia-
responsive elements (HREs) in the promoter regions of target genes. This binding initiates a remarkable transcriptional program
that coordinates a wide array of cellular responses aimed at mitigating the effects of oxygen deprivation and promoting survival.
One of the most well-characterized functions of HIFs is their ability to regulate angiogenesis, the process of forming new blood
vessels [61]. By inducing the expression of potent angiogenic factors, such as vascular endothelial growth factor (VEGF) and
angiopoietin-2 (ANGPT2), HIFs play a crucial role in promoting neovascularization, thereby facilitating oxygen and nutrient

delivery to hypoxic tissues.

Table 1 Summary of immune factors, their responses, and their role in cancer metastasis

Pathway/Factor

Role in Immune Response

Role in Hypoxic Response

Role in Cancer Metastasis

Toll-Like
Receptors (TLRs)

- Recognize microbial
patterns (PAMPs)

- Initiate innate and adaptive
immune responses

- Shape T helper cell
polarization (Th1/Th2)

- Indirect role through
regulation of inflammatory
responses

- Potential role in tumor immune
evasion and inflammation-driven
metastasis

Hypoxia-Inducible
Factor 1o (HIF-
1a)

- Indirect role in regulating
inflammatory responses

- Central regulator of hypoxic
gene expression- Induces
angiogenesis (VEGF),
glycolytic switch, cell
survival/proliferation

- Promotes EMT, angiogenesis,
metabolic reprogramming- Modulates
tumor microenvironment-
Contributes to cancer stem cell
maintenance

Hypoxia-Inducible
Factor 2o (HIF-
20)

- Indirect role in regulating
inflammatory responses

- Regulates erythropoiesis
(EPO), angiogenesis- Distinct
target gene specificity from
HIF-1a

- Promotes EMT, angiogenesis,
metabolic reprogramming-
Contributes to cancer stem cell
maintenance

TGF-B Pathway

- Regulates immune cell
differentiation and function

- Induced by hypoxia/HIFs-
Mediates EMT

- Potent inducer of EMT- Facilitates
metastasis through EMT and
immunosuppression

Notch Pathway

- Regulates T cell
development and function

- Induced by hypoxia/HIFs-
Mediates EMT

- Promotes EMT, cancer stem cell
maintenance- Contributes to therapy

resistance

In addition to angiogenesis, HIFs orchestrate a diverse range of cellular processes in response to hypoxia, including metabolic
reprogramming, cell proliferation, and survival. For instance, HIF-1a upregulates the expression of glycolytic enzymes, enabling
cells to shift their energy production from oxidative phosphorylation to the more oxygen-independent glycolytic pathway, a
phenomenon known as the Warburg effect. This metabolic adaptation allows cells to maintain energy production under hypoxic
conditions, a strategy commonly employed by rapidly proliferating cells, such as cancer cells. Furthermore, HIFs play a pivotal
role in regulating cell cycle progression and apoptosis, two critical processes that determine cellular fate under hypoxic stress. By
modulating the expression of cell cycle regulators and pro-apoptotic or anti-apoptotic factors, HIFs can either promote cell
survival or induce programmed cell death, depending on the severity and duration of the hypoxic insult. One of the most
intriguing and clinically relevant functions of HIFs is their involvement in cancer progression and metastasis. In the hypoxic
tumor microenvironment, HIFs are frequently stabilized and contribute to various aspects of tumor biology, including
angiogenesis, metabolic reprogramming, and epithelial-mesenchymal transition (EMT). The latter process, mediated by HIF-
induced expression of transcriptional regulators such as TWIST and SNAIL, promotes the acquisition of a more invasive and
migratory phenotype in cancer cells, facilitating metastasis to distant sites. Importantly, the roles of HIFs extend beyond hypoxic
signaling and encompass a diverse array of physiological and pathological processes [62]. For instance, HIF-2a has been identified
as the primary regulator of erythropoietin (EPO) production, a critical factor in erythropoiesis and oxygen delivery. Additionally,
HIFs have been implicated in various pathologies, including ischemic disorders, pulmonary hypertension, and inflaimmatory
diseases, highlighting their broader significance in human health and disease. Hypoxia-inducible factors (HIFs) play a dominant
role in orchestrating cellular responses to oxygen deprivation. By regulating the expression of a vast array of target genes, HIFs
coordinate intricate transcriptional programs that govern processes such as angiogenesis, metabolic adaptation, cell survival, and
metastasis [63]. Unraveling the intricate mechanisms underlying HIF-mediated signaling pathways has profound implications for
our understanding of disease pathogenesis and the development of novel therapeutic interventions targeting hypoxia-related
disorders
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Cancer metastasis, the spread of malignant cells from the primary tumor to distant sites, is a complex and multistep process that
accounts for the majority of cancer-related deaths. One of the key drivers of metastasis is the hypoxic tumor microenvironment,
which arises due to the rapid proliferation of cancer cells and the inadequate supply of oxygen and nutrients. In this hostile milieu,
hypoxia-inducible factors (HIFs) play a pivotal role in mediating cellular adaptations and promoting metastatic dissemination [64].
HIFs, as previously discussed, are transcriptional regulators that orchestrate a vast array of cellular responses to oxygen
deprivation. In the context of cancer metastasis, HIFs exert their influence through various mechanisms, including the modulation
of epithelial-mesenchymal transition (EMT), a critical process that endows cancer cells with increased motility, invasiveness, and

PAMP or
o Pathogen

Pathoge!
& gen Toll

l Endocytic

PRR

Dendritic
cell

resistance to apoptosis.

Figure 1. TLRs detect PAMPs, triggering APCs to increase surface molecules and produce cytokines, guiding adaptive immunity.
TLRs induce T cell activation, leading to TH1 cell development via IL.-12. Their role in TH2 responses remains unclear.

The EMT program is characterized by the loss of epithelial characteristics, such as cell-cell adhesion and polarity, and the
acquisition of a mesenchymal phenotype, which includes enhanced migratory and invasive capabilities. This transition is governed
by a complex interplay of transcriptional regulators, including SNAIL, SLUG, TWIST, and ZEB families, which are known to
suppress the expression of epithelial markers, such as E-cadherin, and induce the expression of mesenchymal markers, like
vimentin and N-cadherin. HIFs have been shown to directly and indirectly modulate the expression and activity of these EMT-
associated transcription factors. For instance, the promoter region of the TWIST1 gene contains hypoxia-responsive elements
(HREs), allowing for direct transcriptional activation by HIFs under hypoxic conditions. Additionally, HIFs can induce EMT
through the activation of signaling pathways that converge on EMT regulators, such as the TGF-$ and Notch pathways. The
TGF-8 pathway is a potent inducer of EMT and is closely linked to hypoxia signaling. Under hypoxic conditions, HIF-1a
stabilization can lead to the upregulation of TGF-81, which in turn activates the SMAD transcriptional complex. This complex
can then directly or indirectly enhance the expression of EMT-associated transcription factors, such as SNAIL and TWIST,
thereby promoting the transition towards a mesenchymal phenotype [65-67]. Similarly, the Notch signaling pathway, which has
been implicated in cancer stem cell maintenance and therapy resistance, is also known to interact with hypoxia signaling. Hypoxia
can induce the expression of Notch ligands and receptors, leading to the activation of the Notch pathway and subsequent
upregulation of EMT-associated transcription factors, such as SNAIL and SLUG. Beyond EMT, HIFs contribute to metastasis
through various other mechanisms, including the regulation of angiogenesis, metabolic reprogramming, and the modulation of cell
survival and proliferation pathways. By inducing the expression of pro-angiogenic factors like VEGF and ANGPT?2, HIFs
promote the formation of new blood vessels, facilitating the escape of cancer cells from the primary tumor and their
dissemination to distant sites. Furthermore, the metabolic adaptations orchestrated by HIFs, such as the Warburg effect and the
upregulation of glycolytic enzymes, provide cancer cells with a metabolic advantage, enabling them to thrive in the nutrient-
deprived and hypoxic microenvironment encountered during metastasis. Interestingly, recent evidence suggests that HIFs may
play a role in the formation and maintenance of cancer stem cells (CSCs), a subpopulation of cells within tumors that exhibit stem
cell-like properties, including self-renewal, differentiation potential, and enhanced resistance to therapy. CSCs are thought to
contribute significantly to metastasis and disease recurrence, making them an attractive therapeutic target. Moreover, HIFs have
been implicated in the regulation of vatious signaling pathways involved in cell survival and proliferation, such as the PI3K/AKT
and MAPK pathways [68]. By modulating these pathways, HIFs can promote the survival and proliferation of cancer cells, further
enhancing their metastatic potential.

Quazia Ifaq et al 203



Journal of Pharma Insights and Research, 2024, 02(02), 199-208

In addition to their direct effects on cancer cells, HIFs can also influence the tumor microenvironment in ways that facilitate
metastasis. For instance, HIF-mediated regulation of extracellular matrix remodeling enzymes, such as matrix metalloproteinases
(MMPs), can promote the degradation of the extracellular matrix, enabling cancer cell invasion and dissemination [69].
Furthermore, HIFs can modulate the behavior of other cell types within the tumor microenvironment, such as cancer-associated
fibroblasts (CAFs) and immune cells, creating a more permissive environment for metastasis. For example, HIF-mediated
alterations in the secretion of cytokines and chemokines can lead to the recruitment of immunosuppressive cells, facilitating
immune evasion and tumor progression. The multifaceted roles of HIFs in metastasis underscore their potential as therapeutic
targets in cancer treatment. Several strategies have been explored to inhibit HIF activity, including the use of small molecule
inhibitors targeting HIF-a subunits or their upstream regulators, as well as the development of HIF-targeted gene therapy
approaches [70, 71]. However, it is important to note that the effects of HIF inhibition may be context-dependent, as HIFs also
play crucial roles in normal physiological processes, such as erythropoiesis and vascular homeostasis. Therefore, a comprehensive
understanding of the tissue-specific and cell-type-specific functions of HIFs is essential for the development of safe and effective
HIF-targeted therapies. The role of hypoxia-inducible factors in the hypoxic response and metastasis is multifaceted and complex.
By orchestrating cellular adaptations, such as EMT, angiogenesis, metabolic reprogramming, and the modulation of cell survival
and proliferation pathways, HIFs endow cancer cells with enhanced metastatic potential [72]. Unraveling the intricate mechanisms
by which HIFs contribute to metastasis not only deepens our understanding of this lethal process but also paves the way for the
development of novel therapeutic strategies targeting the hypoxic tumor microenvironment and its key mediators

5. Conclusion

The complex interplay between immune responses, hypoxia signaling, and cellular dynamics highlights the complexity of
physiological processes and disease pathogenesis. Toll-like receptors (TLRs) play a pivotal role in innate immunity by recognizing
microbial products and initiating adaptive immune responses through dendritic cell activation. Understanding their function in
bridging innate and adaptive immunity holds therapeutic potential for autoimmune disorders and infectious diseases. The hypoxia-
induced stabilization of hypoxia-inducible factors (HIFs) elucidates the molecular mechanisms underlying angiogenesis and
disease progression in conditions such as retinal angiomatous proliferation (RAP) and neovascular age-related macular
degeneration (AMD). The differential roles of HIF-a isoforms, HIF-la and HIF-2«, in regulating hypoxic transcription
underscore their distinct physiological functions and potential therapeutic implications. Moreover, the dominance of HIFs in
orchestrating cellular responses to hypoxia, including angiogenesis, metabolic reprogramming, and epithelial-mesenchymal
transition (EMT), highlights their central role in cancer metastasis and progression. By modulating these processes, HIFs endow
cancer cells with enhanced metastatic potential, making them attractive therapeutic targets.
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