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REVIEW ARTICLE

Study on hypoxia-inducible factor and its roles in immune system
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aDepartment of Laboratory Sciences, Lorestan University of Medical Sciences, Khoramabad, Iran; bStudent Research Committee,
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Tarbiat Modares University, Tehran, Iran

ABSTRACT
The Hypoxia-Inducible Factor-1 (HIF-1) is a dimeric protein complex that plays a significant
role in responding to low oxygen or hypoxia concentrations. Chronic inflammation is one of
the immune system responses and can increase HIF expression in involved tissues through
lowering the oxygen and hypoxia. The HIF factor has many critical roles in immunity, and
thus, we reviewed the crucial roles of this factor in the immune system. The results showed
various key roles on the immune system, including physical defenses, innate immune (neu-
trophils apoptosis, macrophages) and inflammatory responses (pyrexia and local heat, iron
access, etc.), upregulation in response to microbial infections, cytokines expression (IL-1, IL-2,
IL-6, IL-8, IL-12, IL-18, TNF, etc.), drug targeting, etc. The HIF roles in the acquired immune
system include: enhance the adaptation of cells (dendritic cells) to new conditions and trig-
gering the signal pathways. The findings of the present review demonstrated that the HIF
has important roles in the immune system, including physical defense, innate immune as
well as acquired immunity; therefore, it may be considered as a potent drug targeting sev-
eral diseases such as cancers, infectious diseases, etc.

ARTICLE HISTORY
Received 30 December 2020
Accepted 25 March 2021

KEYWORDS
Hypoxia-inducible factor;
innate immunity;
immunodeficiency; inflam-
mation; infection

1. Introduction

Immunity is resistance to diseases, especially infec-
tious diseases. The immune system includes specific
tissues, cells, and molecules, leading to the protec-
tion of the body against infections [1].

The immune system exists in all multicellular
organism and is divided into three levels include (i)
physical defenses; (ii) the innate and adaptive
immune system. The immune system is created of
lymphoid and myeloid cells, and the pivotal role of
the immune system is to protect the body against
infectious diseases. The immune system has two
strategies invertebrates include the innate and adap-
tive immune systems [2–4].

The Hypoxia-Inducible Factor (HIF)-1 is a
dimeric protein complex that plays a significant role
in responding to low concentrations of oxygen or
hypoxia. HIF-1 is a transcriptional and heterodi-
meric factor and has a constitutively expressed sub-
unit-b and an oxygen-dependent subunit-a. Both
the HIF-1a and HIF-1b proteins have helix-loop-
helix motifs, which bound to DNA and lead to
dimerization of the subunits. HIF-1 is one of the
most important genes involved in homeostasis and
transcribing factor for thousands of genes and also

has an essential role in immune responses [5,6].
Chronic inflammation is one of the immune system
responses and can increase HIF expression in
involved tissues through lowering the oxygen and
hypoxia. Furthermore, it is demonstrated that
decreased oxygen levels lead to activation of HIF in
immune cells and can play an important role in the
survival and activity of immune cells through regu-
lating several genes [7]. HIF plays significant roles
in bacterial accumulation, killing and invasiveness
bacteria, sensitizing of myeloid cells such as gran-
ulocyte, monocyte and macrophage and neutrophils
survival in a hypoxic condition. HIF-1a is effective
on the survival, function, and activity of dendritic
cells linked to innate and adaptive immune systems
[8]. It is demonstrated that HIF has an important
role in survival and function of B and T cells, neu-
trophils, macrophages, and dendritic cells. HIF-1a
mediates the differentiation of Treg (Regulatory T
cell) and T helper 17 cells which are responsible for
inflammation and differentiation [9,10]. Suppression
of the HIF-1a gene in mouse keratinocytes leads to
decreased cathelicidins expression, which shows dir-
ect antibacterial activities and has a crucial role in
the utilization of immune cells against infections.
HIF increases the proinflammatory cytokine
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production such as 1 L-1b and interferons in the
presence of LPS (Lipopolysaccharides) [11,12].
Increasing body temperature nearly 41 �C leads to
the accumulation of HIF-1a in the kidney and liver
and continuing for hours [13]. Suppression of the
HIF-1a gene in myeloid cells of mouses attenuates
the Inflammatory responses significantly [14]. In
2002, Mecklenburgh demonstrated that neutrophils
apoptosis detained in the hypoxic condition and
presence of iron cheaters which can indicate the
potential role of HIF. In addition, it is demonstrated
that increased survival-depending on HIF-1 in neu-
trophils probably mediated through NF-KB in the
hypoxic conditions [15–17]. HIF-1 induces leuko-
cyte b2 integrin expression, thus can enhance the
ability of neutrophils to bind the epithelium.
Decreased HIF-1a expression in myeloid cells leads
to more sensibility to infectious caused by
S.pyogene and potentiates the ability to destroy
gram positive and negative bacteria [18,19].
Investigations on the Hela cell line infected by
Bartonella henselae demonstrated the upregulation
of HIF-1a [20]. Viral infections widely caused
induction of stability of HIF-1a in cells and led to
local inflammation. Upregulation of HIF-1a was
observed in BAL131C mouse infected by
Leishmania amazonensis and Toxoplasma gondii
[21–23]. HIF factor has many critical roles in

immunity, and thus, our aim is to survey these
important roles in the immune system.

2. Methods

To identify all relevant literature, a review was con-
ducted on studies found on such online databases as
Google Scholar, PubMed, and Scopus by Internet-
based search for Hypoxia-Inducible Factor, innate
immunity, immunodeficiency, inflammation, infec-
tions profiling studies published between 2005 and
2018. Our search strategy aimed to identify all stud-
ies published in English that reported results of only
immunodeficiency studies associated with Hypoxia-
Inducible Factor that presented essential results. The
literature search identified 116 potentially relevant
articles. After exclusion of irrelevant or duplicate
articles by reading titles and abstracts, 87 articles
were retrieved for further evaluation.

2.1. HIF and physical defenses

The skin of vertebrates is the first line of physical
defenses through producing anti-microbial peptides
such as cathelicidins and defensins playing import-
ant roles in the immune system and exert their
function by direct antibacterial activity and utiliza-
tion of immune cells, but all of the anti-microbial

Figure 1. Pre and anti-inflammatory function of HIF.
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peptides are not well detected. The control mecha-
nisms of anti-microbial peptides (AMPs) expression
are not well understood, but it is suggested that sup-
pression of the HIF-1a gene in mouse keratinocytes
leads to decreased cathelicidins expression and
increases the necrotic skin lesions caused by inocu-
lation of group A streptococcus. Furthermore, sup-
pression of vhl expression in keratinocytes leads to
increased cathelicidin and decreased sensitivity to
group A streptococcus [13,24]. HIF activity is essen-
tial to induce Intestinal Trefoil Factor gene and
Multidrug Resistance Gene-1 in colon epithelial,
which are responsible for the physical defense of
colon epithelial. HIF-1a deactivation in colon epi-
thelial results in increasing colitis possibility.
Epithelial cells of the skin and intestine are in the
hypoxic condition in normal physiological condi-
tions; thus, oxygen gradient likely causes physio-
logical signals which can be detected by HIF and
result in maximum defense against microorganisms.
Moreover, disruption of oxygen transfers such as
vascular obstruction leads to hypersensitivity to sec-
ondary infections and inflammatory stimulants
through increased AMPs [25–27].

2.2. HIF and innate immune and
inflammatory responses

2.2.1. Inflammation
Inflammation is a complicated biological response
to stimulations such as microbes and chemicals
damaging living organisms. Acute inflammation
occurs rapidly in response to harmful stimulations.
Chronic inflammation happened in long-term tissue
damage. It is demonstrated that tissues with chronic
inflammation are involved by hypoxia because of
increased consumption of oxygen by inflamed cells
and infiltration cells [28]. Infiltration of neutrophils
in inflammatory bowel disease leads to decreased
oxygen levels through the production of hydrogen
peroxide by NADPH. By immunohistochemistry, it
is elucidated that overexpression of HIF is the con-
sequence of hypoxia in IBD (inflammatory bowel
disease) and rheumatoid arthritis. Migration of
immune cells to hypoxic inflamed tissue lead to HIF
overexpression and result in survival and activation
of immune cells. In addition to inhibition of HIF
hydroxylase through hypoxia, Pre-inflammatory sig-
nals such as IL-1b and LPS can increase the NF-
KB-mediated transcription of HIF mRNA in tissues
involved with chronic inflammation. NF-KB is over-
expressed in inflamed tissues and upregulates HIF-
1a expression by binding to HIF-1a promotor.
Knockdown of the HIF-1a gene resulted in poor
survival and differentiation of B and T cells,

neutrophils, macrophages, and dendritic cells
[29,30] (Figure 1).

2.2.2. Innate immune system
HIF plays important roles in accumulation, invasive-
ness, the killing of bacteria, mobility of myeloid
immune cells, and neutrophils survival in the innate
immune system. HIF-1a impresses the survival,
function, and activity of dendritic cells, which con-
nected the innate and acquired immune system.
Furthermore, overexpression of HIF-1a in immature
dendritic cells in a hypoxic condition promotes
apoptosis, whereas in mature dendritic cells reduces
hypoxia-related cell death [20]. The knockdown of
HIF in dendritic cells reduces the potential of pro-
moting allogeneic T-cells and inhibits maturity.
Moreover, HIF overexpression by LPS stimulation
results in the enhancement of pro-inflammatory
cytokines and interferon production. The function
of HIF-2a in the immune system is not elucidated
up to now. The LPS inhibits HIF hydroxylase
through increasing succinate production in macro-
phages and leads to HIF maintenance. The HIF
expression in intestinal epithelial upregulates intes-
tinal trefoil factor and CD55 genes, which are
responsible for the improvement of adenosine extra-
cellular signaling pathway, mucin-3, and glycopro-
tein and results in enhancement of defense ability of
intestinal epithelial [1,31].

2.2.3. HIF role in pyrexia and local heat
Local heat is one of the common symptoms of the
inflammation process. Invasion by pathogens, espe-
cially Gram-positive bacteria, result in pyrexia. LPS
impresses the hypothalamus control body tempera-
ture and leads to pyrexia through a domino reaction
including 1 L-1, TNF-a, 1 L-6, and PGE2. Increasing
temperature to 42 �C in HepG2 cells resulted in
nonphosphorylated-HIF-1a in a normoxia condi-
tion. Phosphorylated HIF-1a is the major HIF-1a
which combined with HIF-1b and lead to the
expression of target genes, whereas non-phosphory-
lated-HIF-1a binds to P53 and maintain it [32].
Pyrexia till 41 �C causes a continuous HIF-1a accu-
mulation in the kidney and liver, which remains sta-
ble for hours despite the return of body temperature
to normal. Induced HIF-1a becomes stable through
interaction with HSP10 and HSP90. HSP90 chaper-
one demonstrated increased levels in a stressful con-
dition. HSP90 binds to HIF-1a thorough PAS
domain in the cytosol but cannot transport to the
nucleus. Minet demonstrated for the first time that
HSP90 is essential for HIF-1a function in hypoxia,
which can be inhibited by ansamycin derivatives
[33]. Antibiotics, such as geldanamycin, novobiocin,
and radicicol, reduce chaperone activity of HSP90

IMMUNOLOGICAL MEDICINE 3



by binding to it and result in downregulation of the
HIF-1a expression. Also, treated cells by geldanamy-
cin showed decreased non-phosphorylated-HIF-1a
levels, whereas overexpression of HIF-1b result in
resistance to geldanamycin because HIF-1b and
HSP90 bind to the same domain. HSP90 and hsp70
bind to the PASB domain of HIF-1a, HIF-2a, and
HIF-3a. HSP synthesis promoted by PI3K/AKT
pathway. If HSP90 does not protect HIF-1a, it will
break down through an independent prolyl hydrox-
ylase pathway [34].

2.2.4. Iron access
Iron consumption is almost essential for all of the
animals and microorganisms, and the innate
immune system utilizes the inhibition of Iron access
against infectious. Decreased iron access leads to
overexpression of HIF because iron is a prolyl
hydroxylase and asparaginyl cofactor.
Desferrioxamine as an iron-chelating, iron defi-
ciency anemia results in HIF maintenance in hyp-
oxic tissues [35].

2.2.5. Activation of HIF in innate immune sys-
tem cells
Suppression of the HIF gene in myeloid cells causes
decreased ATP production and results in a signifi-
cant reduction of inflammatory responses such as
reduced invasiveness and mobility of macrophages
and disability to kill the engulfed bacteria in macro-
phages. Differentiation of blood monocytes to tissue
macrophages is associated with HIF protein accu-
mulation. Incubation of macrophages with heat-
killed Streptococcus and normal oxygen pressure
promotes induction of HIF transcriptional activities.
Bacteria LPS triggers the independent-oxygen upre-
gulation of HIF-1a through activating TLR-4, lead-
ing to activation of NF-KB [36,37].

2.2.6. Neutrophils apoptosis
Neutrophils play significant roles in the innate
immune system and are the most abundant white
blood cells. Neutrophils have a short life-time and
present an 8–20 h half-time. Neutrophils destroy
microorganisms via phagocytosis. Neutrophils con-
tain enzymes and reactive oxygen species, which can
harm the tissue and, thus, their death must be regu-
lated through apoptotic pathways [38]. Neutrophils
phagocytes by macrophages and apoptosis will be
delayed in the case of requirement to neutrophils.
In 2002, Mecklenburgh demonstrated that hypoxia
and iron cheaters reduce neutrophils apoptosis
which may introduce the impact of HIF.
Dependent-increased survival of HIF-1a in neutro-
phils probably is mediated by NF-KB in hypoxia.
Lacking ascorbate potentiates HIF-1a expression

and disturbs the apoptosis pathway because ascor-
bate is a cofactor for HIF prolyl hydroxylase [17].

2.2.7. Macrophages
Defective HIF-1a reduces mouse macrophage’s
potential to destroy gram-positive and gram-nega-
tive bacteria and results in poor response to skin
infections caused by streptococcus pyogenes. HIF-1a
is responsible for the production of AMPs such as
cathelicidin, cathepsin G, elastase, TNF-a, and nitric
oxide (NO) in the innate immune system. In add-
ition to antimicrobial activity, NO can maintain
HIF-1a through inhibition of prolyl hydroxylase
[39]. Activation of HIF-1a potentiates the ability of
macrophages to phagocyte and kill bacteria in hyp-
oxia. Bacteria can promote HIF-1a maintenance
stronger than hypoxia conditions. HIF-1a mainten-
ance-induced by bacteria can occur even in nor-
moxic conditions. HIF-1a enhances the binding of
neutrophils to epithelium through upregulating of
leukocyte b2 integrin [40].

2.2.8. HIF-1a activity and microbial infection
HIF-1a upregulates in response to infection by sev-
eral kinds of bacteria such as Streptococcus pyogenes,
S. agalactiae, S. aureus, Salmonella typhimurium,
and Pseudomonas aeruginosa. HIF-1a plays an
important role in the immune system; downregula-
tion of HIF-1a leads to the reduced potential of
immune cells to destroy gram-positive and gram-
negative bacteria such as S. pyogenes. Infected Hela
cells by B. henselae showed overexpression of HIF-
1a [41]. The chlamydia pneumonia by secreting
chlamydial protease–like factor causes ablation of
HIF-1a and result in reduced immune system
potential. P. aeruginosa can detect and respond to
functions and activities of the immune system
through upregulation of PA-1lectin/adhesion, which
disturb the physical defense of epithelium. HIF-1a is
overexpressed in intestinal epithelium in hypoxia
and causes Adenosine production, which is associ-
ated with protective functions in normal conditions.
P. aeruginosa converts adenosine to inosine by
adenosine deaminase (ADA) [12,42].

Both adenosine and inosine potentiate the expres-
sion of PA-1lectin/adhesion in bacteria leading to
lower innate immune system abilities. Reduction of
iron access results in downregulation of HIF-1a
through bacteria iron consumption. Pathogens such
as Yersinia enterocolitica, Salmonella enterica, and
Enterobacter aerogenes induce upregulation of
HIF-1a in Peyer’s particle and can be potentiated
by pathogen’s siderophores. Pathogens which
lose siderophores because of mutations are not
able to induce HIF-1a expression. Infected by
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Y. enterocolitica in mouses lacking HIF-1a demon-
strates more intense invasiveness [43,44].

2.2.9. HIF-1a and viral infections
Viral infections induce HIF-1a maintenance totally
in target cells following by local inflammation.
Respiratory syncytial virus (RSV) induces HIF-1a
through a NO-dependent pathway in bronchial epi-
thelium. Upregulation of HIF-1a promotes VEGF
production, which is responsible for respiratory tract
edema in RSV infection [45]. HIF-1a reduces cellu-
lar damage in viral infections such as vesicular sto-
matitis virus (VSV), inducing acute cytoplasmic
effects. It is demonstrated that hypoxic conditions
(14mmHg and 2% O2) decreased VSV proliferation
and pathogenicity. Interferons can upregulate HIF-
1a. It was elucidated that proliferation and patho-
genicity of VSV increased through suppression of
HIF activities by small antagonists such as chemotin
and RNA disturbance. Moreover, cell treated by
cobalt chloride which is a hypoxic condition mimic
leads to increased resistance to infections [46].

2.2.10. HIF and parasite infections
HIF-1a overexpression is observed in cytoplasm and
vacuoles of parasitophorous (pv) macrophages
which are involved in skin lesions of L. amazonensis
in BAL131C mouses. T. gondii, which is obligate
intracellular parasites induce transcription of glyco-
lytic enzymes, glucose transporters, and transferrin
and VEGF receptors presumably through activation
of HIF-1a [45,46]. Investigations demonstrated that
T. gondii increases HIF-1a levels rapidly in infected
fibroblasts probably because of the need to specific

genes for proliferation or as cellular protection
against pathogens [47–49].

2.2.11. HIF-1a and sepsis
Sepsis is the reflection of abnormal and inappropri-
ate responses to infections. During sepsis, bacteria
and LPS promote the uncontrolled secretion of pro-
inflammatory cytokines from immune cells such as
monocytes and macrophages. LPS upregulates HIF-
1a in macrophages through activating of P42/
44MAPK pathway. Furthermore, NFKB induced
overexpression of HIF-1a in hepatocytes through
activating of JNK and C-JUN pathway [50]. It is
recently elucidated that LPS can be detected through
TOLL-Like receptor four and leads to HIF-1a over-
expression and reduced prolyl hydroxylase mRNA.
HIF-1a plays an important role in determining the
phenotype of sepsis and can cause high levels of
cytokine production such as TNFa, IL-1, IL-6 & IL-
12. Knockdown of HIF-1a in macrophages reduced
LPS-induced apoptosis and blocked the clinical
symptoms of sepsis such as tachycardia, hypoten-
sion, and hypothermia [51].

2.3. HIF and cytokines

2.3.1. Lymphocytes
Lymphocytes are the main functional cells in the
acquired immune system, which are the potential to
detect and remember specific antigens, produce
antibody and destroy infected host cells.
Lymphocytes are circulating between blood, bone
marrow, and secondary lymphocytic organs.
Lymphocytes show more activity in hypoxia which
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Figure 2. Mechanisms of activators and inhibitors of HIF.
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can reveal the role of HIF in B and T cells.
Occupied receptors of T cells via the AKT/mTOR
pathway lead to upregulation of HIF �1a in T cells
in a hypoxic condition [52]. Coordination of differ-
ent signal pathways such as cytokines, cellular inter-
actions, and access to required nutrients resulted in
mTOR pathway activation and revealed the potential
of this pathway in the regulation of oxygen access.
It is demonstrated that activation of T-cell receptors
causes increased HIF-1a production [53].
Suppression of vhl gene in the thymus causes HIF
hyperactivity and results in reduced thymus size and
the number of thymocyte cells CD4/CD8 double-
positive and increased apoptosis because of hyper-
activity. It is elucidated that the low levels of Ca2þ
reduced in response to TCR activation in T cells
with suppressed vhl, but not happened in vhl/HIF-1
suppression. Interactions between TCR, HIF, NFkB,
Akt/mTOR in T cells demonstrated that oxygen lev-
els are strong regulating signals for the evolution
and functioning of T cells. The roles of HIF are not
elucidated in B lymphocytes yet [54,55].

2.3.2. Drug-targeting HIF
Activation of HIF induces tumorigenicity through
angiogenesis and increases glucose metabolism in
hypoxic tumors. Thus suppression of HIF can be
used as a cancer treatment. Upregulation of HIF
induces erythropoiesis leading to erythropoietin pro-
duction in anemia. Similarly, activation of HIF-
related pathways may be useful in ischemic condi-
tions. Nowadays, different medicines are developed
to regulate the expression of HIF in order to dis-
eases treatment [56].

2.3.3. Activators of HIF
Inhibitors of hydroxylase such as Dimethyl oxalyl
glycine and FG � 4497, JNJ 1935, which are 2-
Oxoglutarate mimics and hydralazine, lead to upre-
gulation of HIF. Desferrioxamine as an iron cheater
causes HIF hyperactivity [57] (Figure 2).

2.3.4. Inhibitors of HIF
Developing inhibitors of HIF is more difficult
because of no suppression in hypoxic conditions.
The inhibitors of HIF mechanisms are not com-
pletely elucidated. The inhibitors of HIF induce
their influences through the production of HIF-1a
mRNA, HIF �1a protein, HIF-1a protein mainten-
ance, HIF-1a/HIF �1b dimerization, binding of HIF
to DNA, and increased transcription of HIF.
Anemia is a complication of the inhibitors of HIF,
and tumorigenicity and hyperproduction of erythro-
poietin (EPO) are complications of hydroxylase
inhibitors. Since the activators and inhibitors of HIF
can result in various complications, there must be

more investigations on developing medicines that
specifically target HIF [58–60].

2.3.5. Targeting HIF in inflammatory diseases
Most of the investigations about pharmacological
interventions in the HIF pathway are related to can-
cers and ischemic diseases but recently, the utiliza-
tion of these medicines in inflammatory diseases is
surveyed. Primary studies are focused on abdominal
inflammatory diseases and the effects of hydroxylase
inhibitors on disease progression [61]. Hydroxylase
inhibitors such as dimethyloxalylglycine (DMOG),
FG4497 demonstrated protective effects in abdom-
inal inflammatory diseases as first investigations.
The anti-inflammatory potential of hydroxylase
inhibitors is approved by proving their Anti-inflam-
matory effects on IBD. Hydroxylase inhibitors dem-
onstrated sufficient capability in models suffered
from endotoxic shock whereas showed harmful
effects in models involved with sepsis which eluci-
dates the diverse functions of hydroxylase inhibitors
in vivo. Utilization of hydroxylase inhibitors can’t
perform exclusively, for intense 2-Oxoglutarate
mimics such as DMOG can impress enzymes using
2-Oxoglutarate as a cofactor and result in undesir-
able complications [62,63].

2.3.6. Targeting HIF in infectious diseases
HIF maintenance and HIF-related gene expression
play important roles in the development of infec-
tious diseases. Few studies are performed to demon-
strate the role of HIF pathway targeting in
infectious diseases. Epithelium Infecting by P. aeru-
ginosa depends on HIF �2a expression. Hypoxia or
treating by DMOG can reduce the infectious burden
[64]. The capability of DMGO to reduce the deaths
caused by pneumonia is the sign of hydroxylase
inhibitor’s potential to decrease infectious diseases
burden. It is elucidated that medicines that caused
HIF maintenance lead to potentiating phagocytes
and keratinocytes antibacterial activities, reduction
of Staphylococcus aureus proliferation and complica-
tions, and high skin innate immune system cap-
acity [65].

2.3.7. Cytokines and HIF-1a regulation
HIF regulation can be effected through the role of
oxygen and changes of oxidation-reduction potential
in inflammations. Cytokines participate in molecular
responses of different physiological and patho-
physiological conditions. It is demonstrated that
pro-inflammatory cytokines can activate the oxy-
gen–linked pathway through ROS-related mecha-
nisms [66]. ROS induces pro-inflammatory
cytokines, which can be inhibited by the mediation
of specific antioxidants. Cytokines can create ROS-
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dependent pathways causing transcriptional factors
activation such as HIF �1a, which is sensitive to
reduction conditions. HIF � 1a plays a significant
role in cellular responses to oxidative stress [67].
ROS signal pathways controlling HIF � 1a regula-
tion are activated in non-hypoxic conditions, which
demonstrates that hypoxia is not the only HIF regu-
lator. Generated ROS in ł complex of mitochondria
promotes the activation of HIF protein. Moreover,
HIF � 1a mediates the transcription of the VEGF
gene resulting in detect a new independent-hypoxic
mechanism to regulate the vascular reconstruction.
RNS (reactive nitrogen species)-dependent pathways
regulate the maintenance and activities of HIF � 1a
by the use of this mechanism. For intense, transcrip-
tion of NO synthase can induce HIF � 1a.
Cytokines such as TNF–a and IL � 1b lead to acti-
vation of neutrophils and macrophages temporarily
during the inflammations, which can result in
hyperproduction of O2 through NADPH oxidase
activation [68,69]. Oxidative burst releases ROS
immediately, which is responsible for defense
against pathogens and cancer metastasis. Cytokines
can induce their effects by increasing mitochondrial
ROS production. Haddad demonstrated the role of
cytokines in ROS accumulation. Therefore, the
hypothesis that cytokines induce their influences on
transcriptional factors such as HIF-1a through ROS-
dependent mechanisms can be potentiated. There
are at least two sources for ROS production include
bound to the membrane NADPH oxidase and mito-
chondrial respiratory chain, which mitochondrial
respiratory chain may be the dominant source
because mitochondrial respiratory chain blockage
inhibits HIF-1a activation through cytokines.
Furthermore, blocking of complex I (nicotinamide
adenine dinucleotide phosphate-dependent oxidase)
by diphenylene iodonium blocks the converting ubi-
quinone to ubiquinol and results in inhibition of
HIF-1a through the dependent-cytokines pathway,
which indicates the essential role of ROS driving
from mitochondria in HIF �1a signal pathway
[70,71]. It is demonstrated that various kinds of
ROS such as H2O2, OH, and O-2 mediate the cyto-
kine effects on maintenance, transporting, and HIF-
1a activation. HIF is not only an oxygen sensor but
also mediates the immune and inflammatory
responses [72].

2.3.8. HIF and inflammation
Activation of HIF-1a is essential for actvation of
myeloid cells through independent-VEGF pathway
in vivo. Furthermore, VHL downregulates HIF-1a
and deficiency of it leads to increased inflammation
responses. These results indicate that HIF-1a is
essential for regulating of glycolytic capacity in

myeloid cells. Suppression of HIF-1a decreases cel-
lular ATP immediately resulting in disturbance to
motility and invasion to bacteria by myeloid cells.
This role of HIF � 1a demonstrates direct regula-
tion of cellular function and survival during inflam-
mation. TNFa and IL � 1b stimulate binding of
HIF to DNA [73,74]. Furthermore. IL-1 promotes
HIF � 1 induction in fibroblasts of synovial fluid
and gum. iNOS and cyclooxygenase progress the
inflammatory responses through immediate and vast
production of NO and prostaglandin. NO and TNF
a releasing by macrophages promotes HIF-1a main-
tenance. Overexpression of HIF � 1a by TNF–a in
normoxic cells requires NF–kB activation.
Moreover, upregulation of HIF-1a by IL � 1b
through NF– kB/Cox2 pathway indicates the poten-
tial of HIF-1a as a connector between inflammation
and ontogenesis [75,76].

2.4. HIF and cytokines

2.4.1. Interleukin-1
IL-1b promotes the binding of HIF–1 to DNA. IL–1
inhibits EPO production independent of HIF-1
which indicate that HIF 1 control gene expression
correctly during the inflammations. Hypoxia and
IL-1b promote HIF � 1 overexpression of VEGF by
binding to hypoxic responsive elements on VEGF
promotor and result in monocytes migration and
microvascular secretion. IL-1b and insulin induce
HIF �1a through PI3-kinase pathway and leads to
EPO reduction [6,77]. IL � 1b regulates the main-
tenance, transferring to the nucleus, and the activity
of HIF � 1a through mechanisms sensitizing to
ROS/antioxidant, which indicates the dependent-
cytokines regulation of HIF � 1a through the medi-
ation of non-hypoxic pathways. IL � 1b induces
HIF � 1a expression in normal cytotrophoblast
through mitogen-activated protein kinase (MAPK)
ERK in normoxic conditions. It is elucidated that
IL-1b can also upregulate epidermal growth factor
(EGF) and VEGFR receptors. IL-1b plays important
roles in angiogenesis by the motivation of endothe-
lial progenitor cells and upregulation of VEGF,
VEGFR, and adhesion molecules of endothelial cells
in ischemic conditions [78].

2.4.2. Interleukin-2
T-cell antigen receptor (TCR) upregulates lympho-
cytic HRE (hypoxia response element)-related gene
products in hypoxia condition. On the other hand,
hypoxia inhibits gene products accumulation lacking
of HRE such as IL� 2 and INF- ɤ . These results
indicate the role of T cells in secretion of lympho-
kines and cytokines in hypoxia. Furthermore, it is
elucidated that targeting of genes controlling by HIF
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and hypoxia result in involvement of IL-2 and other
cytokines in cancer treatment [79,80].

2.4.3. Interleukin-6
Ureteropelvic junction obstruction with no response
to endopyelotomy treatment leads to upregulation
of NF–kB and pro-inflammatory cytokines such as
IL-6. Patients with NF–kB upregulation indicate IL-
6 overexpression. Moreover, HIF promotes NF–kB
activation and upregulation of IL-1 and IL-6 in
stimulated urothelial cells by hypoxia in comparison
with treated cells by NF–kB inhibitors.
Investigations on cytokines expression through HIF
�1a and NF – kB activation in mast cells stimulat-
ing by desferrioxamine indicated that hypoxia could
regulate cytokines transcription [81–83].

2.4.4. Interleukin-8
Hypoxia regulates IL-8 expression in human macro-
phages. Acute hypoxia rapidly increases IL-8, indi-
cating that hypoxia can promote pro-inflammatory
cytokines [84].

2.4.5. Interleukin-12
Targeting of HIF-1a and IL-12 is considered as a
novel treatment of metastatic renal cancer [85].

2.4.6. Interleukin-15
It is demonstrated that treated IEC 6 cells with IL-
15 and EGF lead to a significant reduction of H4
acetylation and P53 levels, whereas induction of
HIF-1a was increased. Suppression of ubiquitin-pro-
tein can increase the reduction of VEGF through
the preservation of HIF-1a [86].

2.4.7. Tumor necrosis factor
TNF–a presumably promotes HIF � 1 binding to
DNA like IL-1 function. Furthermore, IL-1 and
TNF–a upregulate adhesion molecules in hypoxic
conditions, which play important roles in local
inflammation. Redox factor � 1 (REF-1) act as an
essential cofactor to mediate TNF effects in vascular
endothelial cells. Upregulation of TNF receptor type
two depends on Nuclear factor interleukin 6 (NF –
IL-6) and is independent of HIF �1 and HIF �2
[87]. TNF induces biological effects through TNF
receptor type 1 (P 55 TNFR) and TNF receptor type
2 (P75 TNFR). Expression of P 55 TNFR continu-
ously occurs in cells, while transcription of P75
TNFR is controlled by various stimulating factors.
Northern blot analyzers indicated that P75 TNFR
upregulates in NIH 3T3 cells in hypoxic conditions
and re-oxygenation [88]. Co-transfection analysis
revealed that transcription of the P75 TNFR gene is
independent of HIF � 1 and HIF � 2. TNF–a raises
the transfer and activity of HIF � 1a in normoxic

conditions. It is suggested that TNF regulates HIF
�1a expression through a non-hypoxic and sensi-
tized-ROS pathway. Antioxidants scavenged OH and
H2O2 and caused a reduction in HIF �1a activity
inducing by TNF–a. Moreover, inhibiting mitochon-
drial complex 1 suppresses the activation of TNF –a
and HIF-1a. NADPH oxidase blocking results in
downregulation of HIF-1a through O2- inhibition.
(8-Methyl-N-vanillyl-6-nonenamide) Capsaicin regu-
lates VEGF expression independent of IL �1 and
TNF –a through HIF-1a [89,90].

2.4.8. Mitogen-activated protein kinase and HIF
MAPKs can be activated by growth factors and
phosphorylate similar substrates. Their maximum
activity is demonstrated when both Tyr and Thr are
phosphorylated. MAPKs play a significant role in
information transfer. HIF-1 needs to be phosphory-
lated to activate. Different kinase pathways such as
MAPKs target HIF-1 as a substrate [91].

2.4.9. HIF-MAPK p38

Molecular mechanisms of interactions of
HIF–MAPK elucidated recently through investiga-
tions on phenotype changes in malignancies.
Expression and secretion of VEGF upregulate
through MAPKp38 and MAPK pathway which
influence HIF-1a. Hypoxia induces MAPKp38 activ-
ity in head and neck squamous cell carcinoma lines.
SB203580 as a MAPKp38 inhibitor suppress HIF
�1a binding to DNA. MAPKp38 overexpression is
essential for VEGF and HIF-1a expression [92].
Chromium (Vl) is an induced-tumor factor in ani-
mals that can promote VEGF and HIF-1a expres-
sion in cancerous prostatic DU/45 cell lines through
MAPKp38. Moreover, MAPKp38 induces depend-
ent-HIF-1a VEGF in glioma and ovarian cancer cell
lines. MAPKp38 regulates chemokines and cytokines
expression through NF–kB and AP-1 activation.
Besides, the expression of HIF-1-dependent genes
leads to protection against ischemia through inflam-
matory cytokines [93,94].

2.4.10. Hif-mapkp42/44

Primary researches on HIF-MPAKP42/44 interac-
tions revealed the relation between HIF-1 phosphor-
ylation and its transcriptional activities. It is
elucidated that MAPK p42/44 can phosphorylate
HIF-1a in vitro. Activation of MAPKp42/44 upregu-
lates the VEGF gene depending on HIF-1, while
MAPKp42/44 doesn’t mediate the maintenance and
decomposition of HIF-1. Long-term stimulation
causes MAPK p42/44 deactivation and accumulation
in the nucleus; this result indicates that presumably,
the nucleus is an important location to terminate
the mitogenic signals through the separation of
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MAPKs from MEK and dephosphorylation [95].
Tyrosine kinase can induce HIF �1a transcriptional
activates through MEK �1/MAPKp42/44 pathway.
It is demonstrated that transcriptional activities of
HIF-1a depend on two amino acid sequences, such
as 522-649 and 650-822. They were treated by
PD98059 cause both of two amino acid sequence
blockages in the C-terminal half which revealed that
the MEK � 1/MAPKp42/44 signal pathway could
not distinguish between both of the domains. HBX
virus can upregulate transcriptional activities of HIF
� 1a through activation of MAPKs pathway.
Furthermore, HBX promotes HIF � 1a maintenance
in hepatic cells. Immunofluorescence assays revealed
that virus-induced HIF �1a would be transferred to
the nucleus relatively in most of the cells, whereas
hypoxia induced by CocCl2 leads to complete trans-
fer of HIF � 1a to the nucleus [96,97]. HBX indu-
ces HIF � 1a phosphorylation and MAPKp42/44
activation and can be accelerated by Cocl2 synergic
effects. Treating by PD98059 and negative mutations
of MAPKs activate induced-transcription by HBX
and maintenance and transferring of HIF-1a
through MAPKs pathway. HBX reduces the rela-
tionship between HIF �1a and VHL, whereas
increases the relation of adhesions proteins to
CREB, which indicates the molecular mechanisms
involving in the maintenance and activation of HIF
�1a by HBX. Levels of HIF �1a and VEGF will be
increased in the liver of mouses infected by HBX.
Therefore, HBX can play important roles in hepato-
carcinogenesis through HIF �1a regulation [98,99].

2.4.11. Hif-mapkjnk

The C –Jun involved in the transcription of hyp-
oxia-induced genes and can be controlled by HIF
�1 and MAPKJNK. Hypoxia activated C –Jun
through Ser phosphorylation of C–Jun sequence in
the epithelium. Inhibition of MAPKTNK and muta-
tion of C–Jun disturb the relation between
MAPKTNK and C – Jun with HIF �1. AP-1 and
HIF �1 can contribute with MAPKs to upregulate
genes in hypoxic conditions [100].

2.5. HIF and acquired immune system

HIF roles in the acquired immune system include:
enhance the adaptation of cells to new conditions
and triggering the signal pathways [101].

2.6. HIF and dendritic cells

Presenting the antigens process relates to the innate
and acquired immune system, and monocyte–der-
ived dendritic cells (DCs) play a significant role in
this relation by presenting pathogens antigens to the

immune cell. Hypoxia suppresses DCs migration
and increases cytokine production by DCs. Besides,
hypoxia upregulates HIF-1a in mouses DCs. LPS
and hypoxia significantly upregulate co-stimulating
molecules of DCs, which result in glycolysis hyper-
activity and potentiation of DCs to stimulate allo-
geneic T cells through HIF-dependent pathways.
Ischemic conditions lead to hypoxic-dependent dif-
ferentiation of DCs, which is associated with overex-
pression of HIF-1a. This differentiation occurred by
rapamycin injection, which inhibits
mTOR [102,103].

3. Discussion

mTOR–HIF-1a pathway plays important roles in
trained immunity because inhibiting its pathway by
chemical inhibitors will result in inhibited trained
immunity system. IjB kinases (IKK) regulates NF-
jB expression and can be activated by hypoxia. Not
only HIF-1a result in NF-jB activation, but also
NF-jB expression can regulate HIF-1a transcrip-
tionally. It is elucidated by IKK-b knockdown NF-
jB can activate HIF-1a transcriptionally and cause
accumulation of HIF-1a protein in hypoxic condi-
tions. The nuclear factor-jB (NF-jB) family plays
valuable roles in the innate and adaptive immune
systems. HIF-1a overexpression in skin epithelial
keratinocytes leading to the production of antibac-
terial peptides such as cathelicidin [104].
Cathelicidin LL-37 is the only family of cathelicidin
in humans and upregulate inflammation mediator
leading to immune cells differentiation and migra-
tion. Deactivation of HIF-1a can impress edema
establishment and leukocyte infiltration and results
in suppression of inflammatory responses [105].

LPS of bacteria can lead to hyperproduction of
cytokines during sepsis through sensitized leuko-
cytes. Inflammation cytokines such as IL-4, IL-12,
IL-6, IL-1, and TNF-a increase during sepsis
through HIF-1a overexpression. Interleukin-1 beta
plays an important role in the immune system.
Lipopolysaccharide of bacteria promotes succinate
production through innate immune cells. The pro-
duction of interleukin-1b can be upregulated during
the inflammation by succinate generating in the
innate immune system through HIF-1a. By analysis
of HIF-1a–deficient CD4 T cells, it is elucidated
that HIF-1a regulates IL-22 expression [106].

Glycolytic enzymes play important roles in TH17
cells and Treg cell metabolisms and can be regulated
by HIF-1a. HIF1-a dependent glycolytic pathway
expression was observed in developing TH17 Cells,
but lack of HIF1a improves Treg cell differentiation
and potentiates mice to be protected against neuro-
inflammation. Bacterial infection promotes HIF1-a
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expression in normoxic conditions. It is demon-
strated that HIF-1a loss in myeloid cells of mice
reduces the ability of the immune system to inhibit
infections. Myeloid cells act as the most important
cells in innate immunity. HIF-1a regulates the
glycolytic capacity of myeloid cells, and knockdown
of it results in the disturbance of myeloid cell func-
tion [107]. HIF-1a can be upregulated in macro-
phages when an organ is deprived of oxygen, and
overexpression of HIF-1a potentiates macrophages
phagocytosis. Th1 cytokines upregulate HIF-1a,
while HIF-2a will be upregulated by Th1 cytokines
in macrophages, and isoforms of HIF-2a play
important roles in NO homeostasis by macrophages.
NO causes apoptosis, growth, and proper function-
ing of immune cells such as macrophages and dem-
onstrated protective activity against inflammation in
autoimmunity. HIF-1a can induce IFN-c by binding
to its promoter and improve immune responses
such as presenting antigens and cytokines produced
by T cells. It is elucidated that HIF-1a regulates
neutrophil survival in the hypoxic condition through
targeting of NF-jB [108,109].

Neutrophil apoptosis is regulated by HIF, result-
ing in increased cell resistance against death in hyp-
oxic conditions. Prolyl hydroxylases (PHD1–3)
control HIF expression, which is sensitized to oxy-
gen in neutrophils. Inflammatory stimuli and hyp-
oxic conditions upregulate PHD3 among the PHDs
indicating the importance of PHD3 in high neutro-
phil survival. It is demonstrated that HIF-1a is upre-
gulated in acute cutaneous lesions of leishmaniosis
and HIF-1a downregulation in myeloid cells leads
to an increased burden of leishmaniasis infection.
Moreover, overexpression of HIF-1 caused hyper-
production of vascular endothelial growth factor
(VEGF) S100A8 proteins in myeloid cells which
resulted in angiogenesis and regulation of inflamma-
tory functions. Myeloid cells with HIF-1a deficiency
demonstrated an impaired process of ATP produc-
tion associating with disturbed myeloid cell motility,
invasiveness, and aggregation [110]. It is elucidated
by the investigations on a non-differentiated and
differentiated monocytes cell line that contact with
bacterial lipopolysaccharide results in upregulation
of HIF-1a protein and HIF-1a mRNA through acti-
vation of NF-jB leading to upregulation of AM
(adrenomedullin) which is a hypotensive peptide
acting as an immune-modulating agent and regu-
lates different immune system abilities and response
to gram-positive and gram-negative bacteria in epi-
thelial cells. Activated HIF-1a makes neutrophils
keep watching on the injury site during the
resolution phase and manage the PMN
actions [111,112].

HIF-2a plays an important role in the regulation
of the production of proinflammatory cytokine/che-
mokine through macrophages. HIF-2a organizes the
M-CSFR receptor and the CXCR4 receptor expres-
sion resulting in macrophages migration. HIF-2a
deficiency in murine neutrophils leads to increased
apoptosis and reduced inflammation. The adaptive
immune system potentiates through the expression
of the hypoxia-inducible factor-1 (HIF-1) and the
proto-oncogene MYC in T cells because the overex-
pression of both of these genes leads to improve-
ment of cell proliferation, differentiation, and
apoptosis of T cells [113].

HIF-1a plays a significant role in lymphocyte
functions, and deficiency of it leads to disturbed B
cell development and autoimmunity. HIF-1a can
regulate B lymphocytes cell cycle through control of
kinase inhibitor p21 and p27, and loss of it results
in increased cell growth. TH17 development can be
improved by HIF-1 through activation of IL-17A
associated with activation of PORct transcription
and collaboration with PORct and p300, whereas
HIF-1 reduces the Treg ability for development
through targeting Foxp3 leading to proteasomal deg-
radation. HIF-1a downregulated by Mir210 increas-
ing in hypoxia in T cells, especially TH17, which
results in the inability of immune cells to kill patho-
gens properly [114].

HIF-1a promotes FoxP3 overexpression in T cells
in hypoxia, which playing an important role in T
cell metabolism through the improvement of oxida-
tive phosphorylation and downregulation of Myc
and glycolysis and result in cell adaptation to low-
glucose, lactate-rich environments and regulation of
CD25þCD4þ Treg cells functions. The potential of
CD8þ cytotoxic T lymphocytes (CTLs) increases in
hypoxia by the regulation of HIFs and Hippel-
Lindau tumor suppressor VHL. VHL knockdown
downregulates HIFs expression, and loss of VHL
leads to improved regulation of persistent viral
infection. Regulation of the HIF-1 expression per-
forms by a phosphatidylinositol-3 kinase (PI3K) and
Akt through mTORC1 (mammalian target of rapa-
mycin complex 1) mediation in CD8þ T cells
resulting in regulation of glucose metabolism and
production of chemokines. LPS upregulates
Pyruvate Kinase M2 (PKM2), which is a metabolic
regulator and inhibits Hif-1a and IL-1b and reduces
glycolysis and the Accumulation of Succinate in
macrophages [115].

4. Conclusion

The results showed various key roles on the
immune system, including physical defenses, innate
immune (neutrophils apoptosis, macrophages) and
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inflammatory responses (pyrexia and local heat, iron
access, etc.), upregulation in response to microbial
infections, cytokines expression (IL-1, IL-2, IL-6, IL-
8, IL-12, IL-18, TNF, etc.), drug targeting, etc. HIF
roles in the acquired immune system include:
enhance the adaptation of cells (dendritic cells) to
new conditions and triggering the signal pathways.
The findings of the present review demonstrated
that the HIF has important roles in the immune sys-
tem include: physical defense, innate immune as
well as acquired immunity; therefore, it may be con-
sidered as a potent drug targeting several diseases
such as cancers, infectious diseases, etc.
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