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Abstract
Hemoglobin (Hb), a metalloprotein in Red Blood Cells (RBC), is highly
conserved across all vertebrates and in some invertebrates. Each RBC
houses approximately 250 million Hb molecules which serve as transporters
of oxygen from the lungs to the tissues and carbon dioxide from the tissues
to the lungs. However in the event of intravascular hemolysis, lysed RBCs
release Hb into the circulation. A large fraction of this extracellular Hb forms
complex with Haptoglobin (Hp) and is cleared from circulation by CD163,
a macrophage surface receptor. Heme, a by-product of Hb oxidation, upon
binding to Hemopexin (Hpx) is cleared by phagocytes in a similar manner. Once
the scavenging capacity of Hp and Hpx reaches the saturation point, residual
cell-free Hb and heme ensue into vascular dysfunctions and thrombogenic
complications. Cell-free Hb also limits the bioavailability of Nitric Oxide (NO)
and Carbon monoxide (CO), signalling molecules crucial for the maintainance
of vascular architecture and hemostasis. Besides, studies have described that
the oxidized form of Hb such as metHb or by-product(s) of heme are highly
redox reactive and cause oxidative damage to surrounding tissues, resulting in
initiation of pro-inflammatory and pro-coagulative cascades. On the other hand,
cell-free Hb also manifests cytoprotective effect through modulation of Heme
Oxygenase 1 (HO-1), ferritin and anti-oxidative response gene(s). In hemolytic
diseases, accumulation of excess free Hb in plasma triggers pathophysiological
events that are associated with adverse clinical outcomes such as acute and
chronic vascular disease, inﬂammation, thrombosis and renal impairment.
Cell-free Hb also activates platelets via both direct and/or indirect mechanisms
and promotes clinical events such as thrombosis and hypercoagulation. Apart
from these complications, cell-free Hb also modulates phenotype and function
of cells of both arms of the immune system- innate and adaptive. Monocytes,
macrophages and neutrophils, which play important role in the first line of
defense, are significantly affected when exposed to free Hb or heme. Similarly,
the adaptive immune cells such as T and B lymphocytes also show altered
response under hemolytic conditions. It has been demonstrated that patients
with haemolytic disorders harbour altered immune cytome and response. This
review briefly describes the current understanding of the effect of cell-free Hb on
immune response in haemolytic disorders.
Keywords: Free haemoglobin; Heme; Monocytes;
Neutrophils; B and T lymphocytes; Hemolytic diseases

Introduction
Intravascular hemolysis is characterized by the release of excess
Hb into extracellular fluid. Extensive studies have reported the role
of cell free Hb in the pathogenesis of many adverse clinical events
including vascular dysfunctions, inflammations, thrombosis and renal
impairments in hemolytic patients. Cell free Hb has been described as
a potent facilitator of immune dysfunctions in patients with hemolyic
disorders including Sickle Cell Disease (SCD), Paroxysmal Nocturnal
Hemoglobinuria (PNH), Thalassemia, Hemolytic uremic Syndrome
(HUS), Aplastic Anemia (AA) and Auto Immune Hemolytic
Anaemia (AIHA).
In hemolytic disease conditions, the excessive accumulation of
free Hb in blood or locally in tissues induces oxidative stress. The
biological activity of free Hb can be either due to direct interaction
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Macrophages;

of hemoglobin or heme with specific cellular receptors or it can
have secondary effects due to heme breakdown mediated by Heme
Oxygenase-1 (HO-1). The free Hb or its breakdown products such
as iron and heme induce generation of Reactive Oxygen Species
(ROS) and Reactive Nitrogen Species (RNS). The excessive ROS and
RNS further modulate cellular processes such as protein oxidation,
lipid peroxidation and nucleic acid oxidation, ultimately causing
cellular dysfunctions [1]. The ROS and RNS also affect the immune
system significantly [2,3]. The humoral compartment of innate
immune system, immunoglobulins and complement system, also
get affected by cell free Hb and heme [4-6]. Heme affects antigen
binding properties of immunoglobulins [7]. These effects of Hb and
heme on humoral component of immune system have recently been
reviewed by Roumenina LT et al., 2016 [8]. The cellular component
of innate immune cells such as monocytes, macrophages, Dendritic
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Cells (DCs) and neutrophils, which are associated with first line of
defence mechanisms, have been described to have altered phenotypes
and functions in response to hemolytic conditions. Besides, extensive
studies have also described the effects of free Hb on the adaptive
immune cells such as T and B lymphocytes and their altered responses
in hemolytic diseases [9,10].

Monocytes and Macrophages in Hemolytic
Disorders
Monocytes and macrophages are phagocytic cells and play a
very crucial role in combating infections by engulfing microbes and
also apoptotic cells. They also release inflammatory cytokines [11].
Monocytes originate from a common myeloid progenitor cell in the
bone marrow and circulate in blood stream for 2 to 3 days before
undergoing spontaneous apoptosis or migrating to various tissues
where they are transformed into tissue macrophages, and reside there
for months to years for defence responses [12,13]. The monocytes are
also differentiated into DCs, the most potent professional AntigenPresenting Cells (APCs) that orchestrate adaptive immune responses.
While both monocytes and macrophages, originate from a common
myeloid precursor and share functions in innate immunity, each
has a very distinct life span finely tuned by the apoptotic caspases.
Monocytes and macrophages play central roles in the initiation
and resolution of inflammatory responses, principally through
phagocytosis, release of cytokines, generation of ROS and via
activation of acquired immune system [14].
In intravascular hemolysis, Hb is released into extracellular space
and if not adequately sequestered, the pro-oxidant heme molecule
(by-product of Hb) induces free radical formation, which promotes
further tissue damage as well as inflammatory complications in
hemolytic patients [15]. The Hb-mediated clinical consequences are
well documented in diseases such as hemolytic anemia, SCD and
PNH [16]. Under hemolytic conditions, free Hb forms complex with
Haptoglobin (Hp) and Hb-Hp complex is cleared by scavenging
receptor CD163 on monocytes and macrophages [17]. In other
words, the CD163 serves a unique role of recycling the free Hb in
hemolytic disease conditions [18,19]. Studies have reported the
presence of CD163+ monocytes in circulation as well as locally at
potential sites of intravascular hemolysis in hemolytic patients [20].
Another study has described a novel subset of CD68+ macrophages
at the site of haemorrhage that bear high CD163 and low Human
Leukocyte Antigen DR (HLA-DR) (CD68+CD163highHLA-DRlow).
The cyto-protective properties of CD163high macrophages have been
described showing their crucial involvement in scavenging free Hb
[21]. Another report has shown that monocytes were differentiated
towards an alternatively activated phenotype with high expression
of CD163 and enhanced ability to scavenge free Hb in hemolytic
conditions. These changes were found to be associated with
stimulation of specific anti-oxidant and iron homeostasis pathways
[22].
On the other hand, it is reported that free Hb synergistically
increases production of pro-inflammatory cytokines including
TNF-α by macrophages [23-25]. Further, a number of studies have
also described the critical role of heme in enhancing release of
TNF-α by macrophage during endotoxemia [26]. Reports also have
shown the Hb-mediated enhancement in response of macrophages
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to TLR4-independent ligands of microbial origin, which was further
suppressed by a plasma glycoprotein, Hemopexin (Hpx) [27]. Other
study also has described that the Hpx therapy can revert the hemeinduced pro-inflammatory switching of macrophages in mice with
SCD [28].
In a recent study, we have shown that a high number of proinflammatory (CD14+CD16hi) monocytes, which were positive for
both intracellular Hb and platelets (CD42b) existed in patients with
PNH and SCD. Our study also described that the CD14+ monocytes
were transformed significantly into the CD14+CD16hi subsets
after engulfing Hb-activated platelets in vitro. The CD14+CD16hi
monocytes, positive for both intracellular Hb and CD42b, secreted
significant TNF-α and IL-1β, unlike monocytes treated with only free
Hb, which secreted more IL-10. Study therefore suggested that this
alteration of monocyte phenotype may play a role in the increased
propensity to pro-inflammatory/coagulant complications observed
in these hemolytic disorders [29]. Other studies also have described
the role of platelets in developing pro-inflammatory states through
interactions with leukocytes in hemolytic patients [30]. Studies
suggested that circulating platelets in SCD patients gets activated
chronically, which may result in overall hypercoagulable states
and pro-inflammatory events [31-33]. Other studies in SCD have
described that the pro-inflammatory cytokines are mainly expressed
in monocytes and macrophages upon stimulation from microbial
infections.
Studies have described the delicate balance between the anti and
pro inflammatory responses of these phagocytic cells. The hemegenerated ROS and other oxidative stress regulators were found
to be playing the important roles in mediating pro-inflammatory
responses of monocytes and macrophages in hemolytic patients
[34]. On the other hand, scavenging of free Hb by these phagocytes
is modulated by anti-inflammatory cytokines such as IL-4 and IL10, and enzyme HO-1 [35]. The above balance is altered when the
intracellular oxidative stress increases and cells release elevated
level of pro-inflammatory cytokines overcoming anti-oxidant
barrier of mitochondria [34,36,37] and activating further the NF-kB
pathways and releasing cytokines, which finally mediate leukocytesendothelium interactions and inflammations [37-39]. Extensive
studies have suggested a close association between the altered innate
responses and the development of chronic inflammatory conditions
in hemolytic patients including SCD. Studies also have suggested the
changes in phenotypes of monocytes and macrophages in patients
with another hemolytic disorder such as PNH. The heme toxicity has
been shown to be associated with the induction of pro-inflammatory
phenotypes of the monocytes. Further, the glucocorticoid treatment
skewed the monocyte differentiation into anti-inflammatory M2
phenotype with enhanced heme-iron recycling and anti-oxidant
capacity [22].

Neutrophils in Hemolytic Disorders
Neutrophils as the most abundant granulocyte play very
important role in the first line of immune defence. These phagocytic
cells contain proteolytic enzymes such as elastase, myeloperoxidase,
MMP9 and cathespsin G, and peptides and ROS precursors.
Neutrophils are classically viewed as the mediators of inflammatory
responses combating microbial infections [40]. Neutrophils are
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also known to mediate responses against intracellular molecules
released in extracellular environment. These intracellular molecules
harbour molecular patterns/signatures called Damage-Associated
Molecular Patterns (DAMPs) [41]. In hemolytic disease conditions,
neutrophils have been shown to react closely to DAMPs such as free
Hb. Studies have shown the significant activation of neutrophils in
hemolytic disease such as in SCD [42]. Several studies have described
the neutrophil activation and impairement in response of these cells
against infections in hemolytic disease conditions [43,44]. Upon
exposure to free heme the impaired oxidative burst in neutrophils
induced by HO-1 further increased the risk of infections in patients
with SCD [45]. Furthermore studies have shown that the patients
with PNH often exhibited neutrophil activation and neutropenia
[46]. Research has suggested that the activation of neutrophils plays
important role in immune responses but uncontrolled stimulation
of neutrophils by the continuous presence of free Hb or heme in
hemolytic conditions appears to be the significant contributor to
the development of many chronic inflammatory consequences in
hemolytic diseases. Extensive studies have described the crucial roles
of free-Hb, ATP, mitochondrial DNA in activating neutrophils in
these disease conditions [41]. The oxidised form of Hb, MetHb has
been described binding to Toll-Like Receptor-2 (TLR2) and other
ligands on neutrophils and promoting its activation [47]. On one
hand, the free-Hb has been shown to inhibit apoptosis of neutrophils
[48,49], on the other hand, free Hb promoted their activation via
Protein Kinase C (PKC) pathway, which in turn induced migration
of these cells [50]. Other studies also have described the activation of
neutrophils during inflammation, which increased their life span and
inhibited apoptosis [51].
Further, studies have described that as the scavenger of Nitric
Oxide (NO) free Hb has increased the neutrophil activation and their
binding to endothelium via PKC-mediated P-selectin recruitment
on cell surface and also by elevating synthesis of Platelet Activating
Factor (PAF) in endothelial cells [52]. Other studies have shown
the heme-induced activation of neutrophils and the elevation in
expression of VCAM-1, ICAM-1, P-selectin, E-selectin and vWF
on endothelial cells, which finally mediated the attachment and
extravasation of migrating neutrophils to tissues [53-56, 61]. The
heme-mediated activation of neutrophils was regulated via TLR4
[56] and GPCR activation [63]. Besides, the activation of platelets
and neutrophils by free Hb has been described elevating the plateletsneutrophils aggregates in circulation and instigating inflammations
in hemolytic diseases such as in PNH [57,58] and SCD [57,58]. The
constant exposure of neutrophils to free Hb alters the inflammatory
responses resulting in uncontrolled secretion of cytokines and
chemokines, which further instigates the inflammation of other
leukocytes in hemolytic disorders. Therefore the better understanding
of mechanisms of neutrophil activation by free Hb has potential to
improve management and prognosis of hemolytic disorders.

T and B-Cell in Haemolytic Disorders
Antigen presenting cells such as DCs and macrophages present
antigens to T-lymphocytes, which leads to antigen-specific activation
of T cells. Multiplication of T-helper cells stimulates B-cells to
produce antibodies against specific antigen. In this way, adaptive
immune responses are initiated by the activated T cells. In hemolytic
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diseases, cell free Hb causes several cytotoxic effects on immune cells.
Apart from activating platelets and monocytes free Hb also affects
T-cell functions. Researchers have described that heme, a by-product
of Hb, induced CD4+ T cell subset polarization to regulatory T cell
(Treg) in purified naive-T cell/monocyte co-cultures from healthy
donors through the monocyte anti-inflammatory heme-degrading
enzyme HO-1 [64]. Previously this group has reported the reduction
in Treg counts and B cell suppressive function along with elevated
circulating IFN-γ, but lower IL-10 levels in allo-immunized SCD
patients when compared with non-allo-immunized counterparts
[9,10]. Other studies also have suggested altered phenotypes of T-cell
in PNH patients. The peripheral T cells in PNH patients comprised
a mixture of residual normal and Glycosyl Phosphatidyl Inositol
(GPI)-deficient lymphocytes [65]. The lymphocytes of PNH patients
lack the expression of many important GPI-anchored proteins that
includes CD48, CD52, CD55, CD58, or CD59. The lymphocytes of
PNH patients are usually identified in this manner [66]. In PNH
patients, the two populations of normal and GPI-deﬁcient T cells
differ in their typical phenotypic characteristics. Richards et al. have
drawn a comparison of these two populations and their study depicts
signiﬁcant level of reduction in the expression of HLA-DR on PNH
T cells when compared to normal T cells existing in these patients.
Their study also described the major differences in the distributions
of naïve and memory T-cells between the two populations of normal
versus PNH T-cell. The T-cells, which lack GPI-anchored proteins,
are mainly naïve T cells, whereas, either normal or increased number
of memory cells were found among normal T-cells of PNH patients.
The expression of CD45RA antigen differed significantly between
the normal and PNH T-cell clones. Thus, PNH T-cell clones show
predominantly a naïve phenotype in comparison to normal T-cells.
This group of researchers further extended their study to CD4+
(T-helper) and CD8+ (T-cytotoxic) lymphocyte subpopulations.
In one third of PNH patients, the T-helper cells which are CD4+
exhibited a significant increase in the proportion of memory cell. This
research group reported a very unique phenotype of PNH T cells. In
consistent with having undergone thymic differentiation, the PNH T
cells basically have a naïve (CD45RA+CD45R0-HLADR-) phenotype
[67].
There are direct and indirect evidences which shows that the
responses of T-cells against self-antigens can enforce damage of
cells and tissues. TH1 cells by means of inappropriate activation of
macrophages or direct responses of CD8+ cytotoxic T- lymphocytes
can cause massive tissue damage. These T cell responses activate selfreactive B cells and this can initiate production of autoantibodies which
are very harmful. CD4 regulatory T (Treg) cells exist in two forms
natural and inducible. Both nTreg (natural) and iTreg (inducible) are
known to play very important role in maintenance of immunologic
tolerance and in the control of immune-mediated pathology [68, 69].
Approximately 5% of CD4+ T cells in humans comprised of natural
(CD4+CD25+) Treg cells. During development in thymus the nTreg
cells differentiate into suppressor cells which effectively inhibit
autoreactive responses of effector T-cells [70,71]. Auto Immune
Hemolytic Anaemia (AIHA) and Idiopathic Thrombocyto Penia
(ITP) are hematologic diseases associated with the production of
abnormal antibodies against RBCs and platelets respectively. AIHA
is a case of autoimmunity in which self or autoantigen-specific
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Figure 1: Schematic representation of immune response to free Hb and heme in hemolytic conditions. Intravascular hemolysis releases Hb into the plasma,
which forms complex with Haptoglobin (Hp) and is subsequently cleared from circulation following binding to CD163 receptor on monocytes and macrophages.
Similarly, heme (by-product of Hb degradation) is removed from circulation by binding to scavenger protein Hemopexin (Hpx). The free heme increases number of
regulatory T cells (Treg) and decreases helper T cells (Th1). The free Hb interacts with neutrophil and promotes its activation, which further leads to inflammation
and extravasation. In response to free Hb, neutrophils form NET (Neutrophil Extracellular Traps) to trap infectious agents. The free Hb increases the life span of
neutrophils and prevents apoptosis. Further, the monocytes are transformed into pro-inflammatory subsets or differentiated into M1 macrophages, when engulf Hbactivated platelets. On the other hand, monocytes are transformed into anti-inflammatory subsets or differentiated into M2 macrophages, when engulf only free Hb.

Treg cells were recognized. Mostly AIHA patients have pathogenic
autoantibody and activated autoreactive CD4+ Th1 cells which secrete
IFN-γ and are specific for the Rh proteins on the membrane of RBCs
[72]. In the peripheral blood and spleens of AIHA patients, Treg cells
highly specific for epitopes on the Rh antigens were identified. These
autoreactive T-cells secrete suppressive cytokines like IL-10 which
inhibit the Th1 effector responses in vitro [73].
In T-cell dependent activation of the naïve B-cell, an APC
presents a processed antigen to a T helper cell and also B cell presents
the same antigen to the primed Th cell. In response, cytokines are
released from T cell which further activates B cells. B cells are also
activated in T cell independent manner, in which mature B cells
reacts to highly repetitive structures. This instigates B cell receptors
cross-linking on the surface of B cells. Plasma cells that are derived
from the B cells synthesize and secrete antibodies [74]. In hemolytic
diseases particular in AIHA, antibodies secreted from B cells are
directed against the individual’s own cells causing immature lysis
of RBCs and accumulation of free Hb [75,76]. IgG autoantibody
produced in AIHA that accounts for warm AIHA development,
specifically needs participation of T helper cells for B cell responses.
Among the various cytokines from IL-1 super- family, IL-33 is a
newly described cytokine and is known to be involved in T cell
mediated immune responses [77]. A group of researchers recently
reported that serum IL-33 levels was positively associated and hence
contributing to increased anti-RBC autoantibody levels in AIHA
patients [78]. Hence, in clinical practice, targeting cytokines like IL33 suggest a valuable therapeutic strategy for AIHA patients where
presence of harmful autoantibodies contributes to disease severity
and pathogenesis.
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Conclusion
In hemolytic diseases, the lysis of RBCs releases free Hb whose
metabolism causes accumulation of heme and ROS (generated due
to Hb degradation) in extracellular spaces or in plasma. The above
molecules alter many physiological functions including that of
immune system. Free Hb and heme affect humoral compartment
of immune system and also activate the immnue cells including
monocytes, macrophages and DCs, which are associated with the first
line of immune responses. The monocytes and macrophages exhibit
both anti-inflammatory and pro-inflammatory response in hemolytic
conditions. Studies have described that the monocytes developed antiinflammatory phenotypes after engulfing free Hb, while they were
transformed into pro-inflammatory lineages when they engulfed Hbactivated platelets. Further, studies have described the activation of
neutrophils by free Hb or heme in hemolytic disorders. Furthermore
the excessive heme uptake by neutrophils induced the oxidative burst
mediated by HO-1 during granulopoiesis observed in SCD. Studies
have shown the heme mediated-polarization of CD4+ T cell subset
to regulatory T cell in hemolytic disorders. The immunophenotypic
characteristics of GPI-deﬁcient populations of T cells in PNH patients
showed signiﬁcantly lower levels of HLA-DR expression as compared
to coexisting normal T cells. The PNH T cells comprised of mainly
naïve T cells; on the other hand healthy donor T cells showed either
normal or increased proportions of memory cells. The review thus
describes the effect of free Hb and its by-products on the phenotypes
and functions of immune cells (mentioned in schematic Figure 1),
highlighting the need of further understanding of the complex
pathophysiology of the immune system under hemolytic conditions
to improvie therapeutic management of hemolytic disorders.
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