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Abstract

Autoimmune hemolytic anemia (AIHA) has become recognised as a complex
and heterogeneous disease characterised by a wide range of immunopatholog-
ical and biochemical mechanisms. Several treatment options exist in the field
of AIHA however; there is as yet little or no evidence of therapeutic strategies
targeted on molecular aspects of the disease. An up-to-date comprehensive sys-
tematic review covering immunopathology for emerging areas of experimental
therapy of AIHA will help direct future research and optimize clinical deci-
sions, by focusing on issues needing improvement. This structured systematic
review will focus on the immunopathological molecular mechanisms and the
most recent emerging therapeutic strategies for AIHA or emerging therapeu-
tic strategies targeted at the molecular mechanisms of the disease. The aim
of the review is to collect, critically evaluate, and systematically summarise
all available evidence on the immunopathology and experimental therapy of
AIHA. For the immunopathology of AIHA, the main issues of interest are: the
initiation and development of the disease, the immunological and biological
mechanisms of red blood cell destruction, diagnostic markers predicting the
response to therapy, the relationship with other autoimmune disorders and
aspects of the genetics of AIHA. Experimental therapy will include newly ap-
plied or planned treatment protocols and compounds, or medications present-
ing disease-modifying and non-conventional mechanisms of action. This review
will be oriented toward researchers and clinicians engaged in the management
and research of AIHA, and results will be analysed and presented in light
of their potential to translate findings into practice. Eligibility for inclusion
criteria, salience assessment, and data extraction analysis aims to critically
synthesize available data, identify research gaps and assess the quality of ev-
idence. Substantial advances in the comprehension of the immunopathology
of the disorder or the emergence of new advanced science verified drugs and
other compounds in therapy will be explored. Summarised results will point
toward research fields most urgently needing further investigation and provide
a comprehensive synthesis of evidence helpful for the optimization of clinical
decisions and the initiation of innovative therapies.
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1 Introduction
Autoimmune hemolytic anemia (AIHA) develops due
to reactive immune mechanisms directed against the
red blood cells’ (RBCs) antigen or involving autoan-
tibodies on RBCs either by itself or associated with
pathogens or malignant cells. AIHA includes a variety
of syndromes with the presence of autoantibodies with
or without complement, or the involvement of complex
pathway activation in specific clinical settings. AIHAs
can be divided into warm and cold, while cold AIHA
can manifest as cold agglutinin disease or paroxysmal
cold hemoglobinuria [1]. Due to the complexity of
interactions among the immune system components,
and between the immune system and the varied anti-
gens on and in the RBC membrane, AIHAs still fea-
ture many unanswered questions. Early diagnosis and
accurate subclassification of AIHA are of paramount
importance to know the best management approach.
Most cases of AIHA remain idiopathic, with no asso-
ciated disorder found after a careful search, while oth-
ers are found in association with diseases as varied as
systemic lupus erythematosus or lymphoproliferative
disorders, mainly chronic lymphocytic leukemia and
non-Hodgkin lymphoma. The prevalence of AIHA in
the United States is 17.5 cases per million per year
with the prevalence in women being four per million
per year, while the prevalence in patients older than
60 years is 36.0 cases per million per year. AIHAs can
become a therapeutic challenge especially when they
are refractory or relapsed cases with poor prognosis.
Ongoing research efforts are focused on understand-
ing immunopathology for the development of effec-
tive and safe personalized therapeutic strategies with
ruxolitinib being identified as a promising therapeu-
tic agent based on its simultaneous inhibition of sev-
eral immune mechanisms that induce anemia or AIHA
and on preclinical results. In the concept of AIHA, the
RBCs, autoantibodies, and macrophages are involved
in a cytophagic three-way model in the pathogenesis of
AIHA, while in CAD, the pathogenesis involves a dis-
ease model far more complicated than originally pro-
posed, and currently, it is believed that the antigen
density on RBCs, the Igs affinity, and the cooperation
of both immune and molecular pathways are more im-
portant than direct temperature activation [2]. See
Figure 1.

1.1 Background and significance
Historical context: Autoimmune hemolytic anemia
(AIHA) is an antibody-mediated disease, as evidenced
by the presence of IgG, IgM, or, rarely, IgA antibod-
ies, alone or in combination, on the surface of erythro-
cytes, leading to extramedullary erythrocyte destruc-
tion. AIHA is classified as idiopathic if there is no

discernible underlying cause such as neoplasia, infec-
tion, or autoimmune disease, or secondary if associated
with an underlying condition.

Figure 1: Autoimmune hemolytic anemia [2].

AIHA has historically been associated with certain
characteristics, so much so that in the past the ac-
quired hematological defect was understood as specific
to a single cell lineage [3].

Prevalence: AIHA affects approximately 1 in
80,000 people and is recognized as one of the least
frequent autoimmune diseases. Among various popu-
lations, the prevalence of AIHA defers the risk, with a
lower rate in African Americans and a higher rate in
Caucasians. AIHA is more common in adults than
in children but this distribution pattern is not ob-
served in warm AIHA (WA). Neither gender is affected
more frequently in cold autoimmune hemolytic anemia
(CAIHA). In idiopathic AIHA, the survival rate is 60%
in the first 5 years and 50% thereafter [4].

Clinical implications: The relatively low frequency
of AIHA tends to make it not as easily recognized as
diseases with similar signs but higher prevalence. As
the course of the disease can be very rapid with circu-
latory collapse and even immediate death due to the
destruction of red blood cells caused by the antigen-
antibody reaction the disease should be quickly recog-
nized for timely treatment. A delay in recognizing the
disease can have serious clinical implications and result
in intravascular hemolysis, leading to hemoglobinuria,
severe anemia, aplastic crisis, and even shock [5].

Why this review is timely: A systematic review of
the available articles explores the immunopathological
aspects of AIHA. Despite different therapeutic strate-
gies developed over the years, AIHA is still a com-
plex disease that is difficult to diagnose and manage.
An in-depth literature review shows that few studies
have addressed the clinical implications of AIHA or
the disease in general, according to its multifactorial
immuno-hematological nature and its potential impact
on overall health outcomes. An integrated and mul-
tidisciplinary approach regarding the underlying ge-
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netics and environmental factors of AIHA provides an
indication of possible directions for future research.

2 Autoimmune hemolytic ane-
mia: Clinical overview

Autoimmune hemolytic anemia (AIHA) is a rare
type of hemolytic disorder characterized by the
body’s autoantibody-mediated destruction of native
red blood cells [6]. According to the types of
autoantibodies and their effect on the erythrocyte
membrane, AIHA is divided into two broad cate-
gories: immunoglobulin G (IgG)-mediated “warm”
hemolytic anemia and complement C3d and C4b-
mediated “cold” hemolytic anemia. Warm antibodies
react against erythrocytes at a temperature of 37°C
with no complement activation. Cold antibodies ag-
glutinate erythrocytes at temperatures below 37°C,
with the capacity to activate the complement system
upon warming [7]. Cold hemolytic anemia can be fur-
ther divided into a spectrum of conditions, ranging
from clinical benign to lifethreatening diseases. Ap-
proximately, half of cold hemolytic anemia cases are
idiopathic and constitute CAD, which recognizes RBC
antigens resulting in extravascular hemolysis. A fur-
ther quarter of cases are CAHP, which are mediated by
biphasic monoclonal IgG antibodies, often in the con-
text of malignancy or viral infection and are usually
biphasic hemolysis in nature. The presence of a mon-
oclonal IFE on the “hot” side of the biphasic wave is
characteristic and confirms the diagnosis. In atypical
cold AIHA and mixed cold AIHA, the disease is medi-
ated by complex mechanisms [4]. Finally, there is also
a rare form of cold hemolytic anemia that is IgA me-
diated. Like warm antibodies, cold antibodies too can
result in a spectrum of clinically manifesting disease.
AIHA is a multifactorial disease with a complex im-
munopathogenesis. The diagnostic criteria for various
forms of AIHA also differ given their different patho-
geneses. Given the relatively rare, heterogeneous, and
complex nature, its diagnosis can be challenging, es-
pecially with atypical features.

AIHA is very rare, with an incidence of 1-3 cases
per 100,000 per year. The median age of onset is in
60-70 years old. The sex ratio is 0.57 (male: female)
concerning warm hemolytic anemia. AIHA, in gen-
eral, can be divided into primary and secondary ac-
cording to whether it is associated with other underly-
ing diseases. Primary AIHA includes warm hemolytic
anemia, CAD, mixed AIHA, and atypical AIHA [8].
Secondary AIHA comprises warm hemolytic anemia
due to lymphoproliferative diseases and CAD due to
an underlying cold-agglutinin syndrome not otherwise
specified. De novo AIHA occurs mainly in the se-
nile part of the population, and the comorbidities are

rarely involved. Secondary AIHA occurs mainly in
males, and the underlying diseases are various. The
risk factors for AIHA include the medications rit-
uximab and immune checkpoint inhibitors, viral in-
fections, and autoimmune diseases. There are race-
related genetic risks in the development of AIHA. The
typical, acute and severe clinical presentation of AIHA
is pronounced, often life-threatening anemia, and lab-
oratory diagnostics show very strong hemolysis. Some-
times the clinical presentation of AIHA is very atyp-
ical, slowly progressive, and the burden of anemia is
moderate. Older studies showed that the most com-
mon symptoms in a 132-patient cohort were fatigue
(82%), pallor (81%), and jaundice (70%) [9].

2.1 Definition and Classification

Autoimmune hemolytic anemia (AIHA) is an autoim-
mune disorder characterized by autoantibodies di-
rected against erythrocytes. AIHA may cause red
blood cell destruction by opsonization and subsequent
phagocytosis mostly by the spleen and to a lesser ex-
tent by the liver. The most common autoantibod-
ies in AIHA are directed against antigens in the red
blood cell membrane or released due to damage from
infection, cancer or medication, denoted as warm,
cold, idiopathic or secondary AIHA. AIHA is a rare
and heterogeneous autoimmune disorder. AIHA of-
ten arises in the presence of associated diseases, they
further aggravate the anemia requiring a quick recog-
nition and timely treatment to mitigate its sever-
ity. This may cause the membrane to activate the
classical and/or the alternative complement pathway,
causing the formation of membrane attack complex.
Several studies describe different structural classes of
these molecules and their implicit thermal capability
of complement activation. AIHA should be consid-
ered a non-homogeneous disease [10]. Different mech-
anisms may work in this disease, showing the limits
of pure categories. There are autoantibodies against
RBC membrane proteins, lipids, glycoproteins, non-
controlled exposure to intracellular antigens, autoan-
tibodies can be directly against RBC band 3 of glu-
cose transporter-1 proteins, immunoglobulins directed
against pathogens that cross-react with RBCs, autoan-
tibodies bound to pathogens can target the pathogen-
complexed RBCs, and the possible role of apopto-
sis as trigger of RBC autoantibody. Nowadays it is
widely recognized that AIHA is not only mediated
by IgG and C3 but also by complement-independent
Fc receptor-mediated phagocytosis by macrophages
via neutrophils or killer dendritic cells, and mono-
clonal antibody drugs used to treat advanced tumors
or chronic inflammation [11].
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2.2 Epidemiology
Autoimmune hemolytic anemia (AIHA) is an uncom-
mon autoimmune disease where the immune system
creates autoantibodies that bind to the body’s own
red blood cells, marking them for accelerated removal
from circulation [12]. AIHA can be broadly classified
into two categories: idiopathic and secondary AIHA.
Idiopathic cases have no apparent underlying cause
and are the majority of AIHA cases. Population-based
studies on AIHA are scarce and show huge variations
in the incidence and prevalence due to the size of the
study population, the age distribution, and the health-
care system of the country. Most studies still are
hospital-based. As such AIHA may be underrecog-
nized by primary healthcare professionals, and there-
fore many patients diagnosed with AIHA may not be
included if the hospital-based cases are not extracted
from a reliable local population sample. Treatment of
AIHA is complex and often multidisciplinary [12]. See
Figure 2.

Figure 2: Epidemiology [12].

AIHA has a reported incidence of 0.8 per 100,000
person-years in northern France and 3.9 per 100,000
in Spain—however it is 17.8 per million by the US
Immune Hematology database. Two peaks have been
identified in AIHA incidence, the first, primarily in
children, at less than 10 years of age, and the second, in
70 and above. AIHA is more common in females than
males, and a female to male ratio higher than 1.5 has
been reported. The pathophysiology of AIHA is still
uncertain, but many risk factors have been associated
with the development of AIHA. Family members have
a higher chance of developing similar illnesses (genet-
ical predisposition) [13]. AIHA may occur in patients
with other hematological diseases in which exact eti-
ology is still unknown, including severe sickle cell ane-
mia, lymphoma, and myeloma. After the introduction
of immune system-related drugs, there have been in-
creased numbers of case reports of AIHA secondary to
drug use, with symptoms of AIHA presenting 1 week to
1 year after. Similarly, a reduction in immune suppres-
sion raises the risk of AIHA reoccurrence. The immune
system may develop IgG-type autoantibodies against
red blood cells in association with a viral infection or

due to B-cell proliferation in Sjögren’s syndrome or
chronic lymphocytic leukemia. Another form of AIHA
is observed in patients with ethyl alcohol abuse, due
to the reactive anti-F blood group antigen [14].

As AIHA occurs less frequently in teenagers and
especially in children aged 5-10, preventing AIHA chil-
dren from gaining RCA could be a factor responsible
for the different exposures to infections in the early
stages of life. According to some researchers, another
important factor for this purpose could be the dif-
ferent immune response to the pathogen in children
compared to the adult form. While children are more
prone to stimulate immune response against the new
RCAs, which is highly expressed in viral bacteria and
they first infect humans. Another influential factor
potentially causing differences between children and
adults is the Th-cell response to simile and/or vacci-
nation. The early variations of Th-cell response could
be directly or indirectly activated by some dominant
cytokine secretory cells, increasing the likelihood of
autoantibodies [15]. Developed in the context of com-
mon antigens. A third prevention mechanism for the
development of AIHA in children is immune dysregu-
lation, especially in the immune checkpoint molecules
CTLA4 and PD-1. Furthermore, immunological dis-
eases in children could be the culmination of an AIHA
disease progression that began in adult or even within
utero. The rules according to many family members,
it is not possible to establish exactly the period of ex-
posure and the link with infections. Many respondents
say it is over 50 years old. NCAs are relatively newly
created viruses and bacteria, although many questions
are still unanswered. Finally, they confirm the hy-
pothesis that AIHA in humans is a common immune
disease that children with RCA may, for different rea-
sons, still do not have. In 2002, a population-based
study was conducted to determine the prevalence of
AIHA in an extensive area in the province of Pavia in
northern Italy, with 470,265 inhabitants totaled. How-
ever, there are two significant methodological limita-
tions. The first is that cases are collected from hema-
tologists with previous experience in diagnosing and
treating AIHA, and the second is the highly selective
nature of the extracted sample because only patients
prescribed in most clinical cases are included, while
those followed with a more benign form were not in-
cluded [16]. The results showed that the prevalence
of AIHA in the overall area was 5.5 per 100,000 peo-
ple, based on a positive extraction sample, and those
higher than those extracted from a hospitalization file.
Most patients diagnosed with AIHA are therefore not
included, resulting in an underestimation of the dis-
ease. Prospective population observation studies on
AIHA are scarcely available and show great variations
in sex and geographical spread from 0.6 to 16.4 cases
per million people per year due to study size, age dis-
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tribution study population, and country health sys-
tem. We performed a population-based retrospective
study to determine the incidence of AIHA in the area
of Rome and its province starting from the positive ex-
traction list. A total of 638 cases were diagnosed from
2011 to 2017. Overall, the age-adjusted incidence rate
was 2.8 million people per year. Two incidence peaks
were identified in children under 10 years and in indi-
viduals over 70. The disease appears to be more com-
mon in females than males, within marked deviations,
ranging from 1.7: 1 to more than 2: 1 in red vessel
complications. More than 10 years in age, priority for
treating autoimmune disorders, active fine production
based on early caution, and comprehensive training
prior form [17].

2.3 Clinical presentation and diagnosis
Autoimmune hemolytic anemia (AIHA) refers to a
group of hemolytic disorders characterized by the
production of autoantibodies against red blood cells
(RBCs). The antibodies function in extravascular
hemolysis. AIHA is a rare hematologic disorder with
an estimated prevalence of 17 per million individuals.
This disorder impacts patients at all ages, with a me-
dian age of 56 years at diagnosis [18]. The disease is
well-recognized in children and young adults, while the
incidence increases in the elderly. There is significant
racial and gender predilection, with a female-to-male
ratio of 2:1 to 4:1 or higher. There are many factors
to consider when examining the patient population of
AIHA. The etiology of AIHA remains unclear. Au-
toimmune diseases are closely associated with AIHA.
There are also environmental and genetic factors in-
creasing the risk of developing AIHA. For example,
patients infected with certain viruses and those with
malaria are found to have developed AIHA [19]. The
complexity of the pathophysiology and etiology un-
derlying AIHA necessitates the establishment of new
models. Thus, certain strains have also been applied as
alternative models. Given the increased patient pop-
ulation and the complexity of the etiology and patho-
physiology of AIHA, it is timely and important to re-
view these aspects in order to implement better pre-
vention, timely diagnosis, and optimal treatment for
AIHA patients. Understanding the development of
AIHA can help in formulating treatment plans and
guiding follow-up care [20].

3 Immunopathological basis of
autoimmune hemolytic ane-
mia

Autoimmune hemolytic anemia is a disorder character-
ized by the production of autoantibodies against au-

tologous red blood cells. These autoantibodies cause
premature destruction of erythrocytes, so that these
patients may develop hemolytic anemia. Autoimmune
hemolytic anemia may sometimes be induced by spe-
cific drugs and/or be seen in the course of malignan-
cies. Nevertheless, most of the cases of autoimmune
hemolytic anemia arise de novo and are classified as
primary [21]. Lose of tolerance for self-erythrocyte
antigens as well as a stimulation of auto reactive im-
mune defense cells are considered to be the main
causative mechanisms. AIHA patients can suffer from
severe anemia and its consequences, such as general
weakness, shortness of breath, rapid heart rate, and/or
other symptoms. An extensive deletion of erythrocytes
causes bilirubinemia and may result in further compli-
cations, such as cholelithiasis, jaundice, and pruritus.
The early diagnosis and the prompt introduction of
therapy are fundamental to avoid complications linked
to the severe decrease in blood cells. Notwithstanding
the improvement in the diagnostic procedures, which
are now quite refined, the treatment of AIHA remains
challenging, as there are still several unmet needs in
the therapeutic management of both naïve and multi-
refractory cases. Mechanisms responsible for the ex-
pression of AIHA have been indeed elucidated in depth
only partially. Several experimental models have con-
tributed to better understand the pathophysiology of
AIHA, which encompasses a complex synergy between
different branches of the immune system, in particular
autoantibodies, phagocytes, and T and B lymphocytes
[19].

3.1 Overview of immune system in
hemolytic anemia

Two key caspase cascades and intrinsic mitochondrial-
apoptosis cascades are modulated by Bcl-2-
mitochondrial interaction and release of cytochrome
C in the caspase-dependent and -independent path-
ways, indicating that the Bcl-2 family is one of the
key regulators in the life and death of erythroid cells
[22]. Mismanaged apoptosis of erythroid progenitors
and immature erythroblasts is associated with ineffec-
tive erythropoiesis in anemia of chronic disease and
β-thalassemia, accompanied by enhanced release of ad-
hesive erythroblasts that may contribute to anemia by
increasing phagocytosis in the reticuloendothelial sys-
tem, and extravasation into bloodstream. Excessive
erythrocyte apoptosis due to destruction triggered by
complement, antibodies or oxidants underlies anemia
of congenital red cell membrane and metabolic disor-
ders and autoimmune hemolytic anemia, characterized
by accelerated RBC clearance [23]. The clearance of
cell corpses/released mitochondria is primarily depen-
dent on the phagocytic function of macrophages, and
dying cells may also affect the mitochondria of the
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recipient cell, such as caspase-mediated mitochondrial
fragmentation followed by cytochrome C release in
caspase-mediated but Bax/Bak-independent pathway.

3.2 Mechanisms of autoantibody pro-
duction

Autoimmune hemolytic anemia (AIHA) is a rare au-
toimmune disease with pathology manifestations of ac-
celerated destruction of red blood cells by autoanti-
bodies. Despite numerous studies have been carried
out in recent decade, the specific mechanism of AIHA
remains unclear, although it is considered involving
both humoral immunity and cellular immunity. In
AIHA, production of autoantibody (ies) against red
blood cell (RBC) self-antigen(s) is the key pathway
leading to RBC destruction. Moreover, adaptive im-
mune responses through T-cell class switching are nec-
essary for sustained inhibition of protective immunity
[24]. Unfortunately for patients suffering from harmful
autoimmunity, the methods by which de novo forma-
tion of an isotype would have clinical utility are coun-
terindicated by existing strategies. Therefore ther-
apeutic approaches are needed to interrupt cellular
mechanisms that sustain established autoimmune re-
sponses while leaving the remaining immune defenses
intact. In AIHA, production of autoantibody (ies)
against red blood cell (RBC) self-antigen(s) is the key
pathway leading to RBC destruction [25]. Regulatory
T (Treg) cells play a crucial role in the maintenance
of immune tolerance and homeostasis by controlling
autoreactive T cells. However, results from animal
models and patients indicate that Treg cells do not ef-
ficiently inhibit the production of autoantibodies. Tra-
ditionally, B cells, the precursors of antibody-secreting
plasma cells, are thought to mature in the bone mar-
row or the spleen. Successful VDJ rearrangement al-
lows the emerging immature B cell to escape the de-
velopmental impasse formed by RAG gene shutdown.
After emigration from primary lymphoid organs, im-
mature B cells complete their maturation in the pe-
riphery to become follicular (FO) B cells [26].

3.3 Role of complement system in
hemolysis

The complement system is a cascade of more than
30 plasma proteins that recognize and eliminate
pathogens and pretransformed cells. This ancient sys-
tem of innate immunity is activated on bacteria or
virus-infected cells via three main initiation pathways:
the classical pathway, the lectin pathway, and the so-
called alternative pathway. Complement activation
triggers the formation of reactive complexes called the
membrane attack complex, leading to target cell ly-
sis. Red blood cells that lack the cell surface expres-

sion of targeted antigens are usually resistant to com-
plement. However, numerous reports illustrate how
perfectly formed red blood cells can be destroyed by
complement activation, either specifically or as collat-
eral damage to immune complexes [27]. Complement-
based hemolysis is rapid and virtually 100% efficient.
Furthermore, fragments generated during target cell
lesions negatively affect nearby red blood cells that are
not within reach of the initial attack. This concept of
bystander hemolysis may be important in the manifes-
tation of autoimmune hemolytic anemia, emphasizing
that such cytopenias do not need the complete surface
reactivity of the red blood cells, but are more likely to
manifest when the lipid rafts content of bystander red
blood cells is altered. Increased resistance of activa-
tory C3 convertases to inhibition with microparticles
may alleviate the sensitivity of autoantibody-exposed
bystander cells to complement attack; at variance, the
weakened reduction of C3dc by factor I could still
strongly sensitize them to hemolysis [28].

This suppositional model matches the earlier obser-
vation that not all exposed red blood cells lyse upon
re-exposure to anti-p specter despite the deposition of
the membrane attack complex on them. The chronic
lysis of bystander red blood cells, combined with the
supply of new epitopes by them, could generate con-
secutive rounds of hemolysis contributing to the per-
sistence of the autoimmune process, despite the pref-
erential initial attack of a particular red blood cell
population. Although individual complement com-
ponents have been shown to induce mechanistically
distinct modes of target recognition, anti-red blood
cell IgM generally activates the classical pathway, sim-
ilarly to how it activates complement on bacteria.
Would targeting the alternative pathway be beneficial
in reducing this bystander hemolysis? As documented
in model fluid-phase classical pathway activation and
elsewhere, the classical pathway is also capable of ac-
tivating the alternative pathway directly, bypassing
both the C1 complex and MBLs [29]. This process
relies on the exchanging assembly on the ligand pat-
terns of classical pathway components with C3 and
properdin as the initial activator.

Model red blood cells are poor activators of either
pathway for the same reason – they lack the ligands
capable of binding to and properly orienting pathway
factors in situ. It was shown whether autoantibody
opsonized red blood cells through the spread of im-
mune complexes would be better in plating C3b on
bystander cells and thus could promote their more ef-
ficient complement killing. However, red blood cells
are poor ligand surfaces for activatory C3 convertases.
Collectively, these data imply that in red blood cell
models, [30] the classical pathway–alternative pathway
amplification loop is inefficient. Amplify the classical
pathway output with properdin – to promote more ef-
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ficient alternative pathway amplification? Implement
an intracellular signal upon membrane attack com-
plex deposition? More than 90% of membrane attack
complex-mediated lysis occurred in the first 30 seconds
after the injection.

4 Molecular mechanisms of au-
toimmune hemolytic anemia

A coordinated effort spanning human and murine
studies that combined cellular, protein, and genetic
analyses of RBC autoreactivity is explored. It is re-
ported that multiple genes encode autoantibody speci-
ficities against a limited set of RBC proteins in mice
and humans, and develop a model of disease pathogen-
esis involving interferon-γ expression by CD4 T cells
and RBC destruction by CD8 T cells and RBC phago-
cytes. [31] An expanded set of RBC self-antigens rec-
ognized by patients and corresponding to many differ-
ent anion exchange, calcium, and potassium channel
family members is identified; some of these proteins
have not been previously implicated in AIHA or any
other autoimmune disease. Focusing on a protein fam-
ily critical for RBC biology reveals that clinical diag-
nostics and experimental studies generally underesti-
mate the extent of antibody recognition and complex-
ity of protein targets. This work demonstrates that a
molecular understanding of RBC proteins alterations
can provoke autoimmunity and how autoantibodies
target RBC proteins and mediate disease. Relatively
few RBC proteins can be immune targets, but a diver-
sity of genes in patients may shape the spread of anti-
body specificities and course of AIHA. Prompt treat-
ment of the underlying infections would be expected
to resolve the immune stimulation and associated au-
toantibody responses, potentially ameliorating AIHA
[32].

Autoimmune hemolytic anemia results from molec-
ular and cellular mechanisms, some of them are defec-
tive structure or function of RBC antigens or regula-
tors, while others are defective structure or function
of immune cells. Enacted or facilitated by dysregu-
latory T cells, it is also suggested that B cells can
participate in some molecular stages of attacks. RBCs
can be altered to be recognized by immune cells, by
missing/not expressing antigens or by molecular modi-
fication of glycophorins due to disease or aging. Com-
plement activation is a key molecule of attack that
generates membrane-coating complexes which attract
immune cells. This can produce a strong intracellular
stress and promotion of early apoptosis, irreversible
alterations of globins lose membrane lipid asymmetry,
lose mitochondrial potential and phosphatidylserine
exposure. Erythrophagocytosis is crucially controlled
by RBC rigidity and it can cause systemic inflamma-

tion. During the oldest age, the ability to control mem-
brane damage after membrane attack complex action
decreased, promoting the onset of immune attack [33].

4.1 Autoantigens in autoimmune
hemolytic anemia

Autoimmune hemolytic anemia (AIHA) is an autoim-
mune disease (AD) in which immune cells target red
blood cells (RBCs) or erythrocytes. AIHA is very sim-
ilar to other autoimmune hematological diseases and it
has a wide range of autoantigens to trigger the immune
response. This very large spectrum of autoantigens al-
lows for the classification of AIHA according to the au-
toantigen; according to the best-known autoantigens,
it can be classified as primary, secondary, or tertiary
AIHA [34]. The different AIHA forms are associated
with different autoantigens, several of which can be
considered as environmental factors because the expo-
sure of a certain autoantigen can trigger AIHA. The
spectrum of AIHA should be better considered during
the developing of diagnostic and classification criteria
in order to find each molecule in each specific AD. On
the other hand, the molecular mechanisms clarified in
AIHA can be extended to other ADs, providing new
therapeutic strategies. In this context, a review of the
autoantigens acting in AIHA is presented, and new
emerging therapies based on different factors of the
etiopathology of AIHA are shown.

Autoantibodies are the pathological autoantigens
playing a pivotal role in the immunopathology of
AIHA [4]. The wide spectrum of autoantigens in AIHA
can be divided into two classes: external and inter-
nal autoantigens. According to the location, external
autoantigens can be divided into membrane and out-
membrane autoantigens. Internal autoantigens are
substances inside of the erythrocyte membrane and
include simultaneously two subclasses namely, normal
and pathologic autoantigens. Considering the struc-
tures and functions of the various autoantigens, the
mechanisms that trigger the production of vicious au-
toantibodies are analyzed. Taking in account the spec-
trum of autoantigens acting in AIHA, it can be clas-
sified by autoantigen type and environmental factor,
strokes provide a guide on the therapy and the di-
agnosis of the disease. Additionally, research on the
genetic predisposition to produce pathologic autoanti-
gens in AIHA is reviewed, which may increase knowl-
edge on the etiopathology of AIHA and AMHAs [35].
The common underlying features are worsening the
response to viral infections in patients and the forma-
tion of polyspecific responses in both autoimmunity
and polyclonal lymphoproliferations. Dissecting the
relationships of external autoantigens, normal inter-
nal autoantigens, and AD in AIHA may allow a bet-
ter understanding of the etiopathology of the disease
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while revealing new targets in diagnostic and thera-
peutic fields.

4.2 B cell dysregulation in autoimmu-
nity

Dysregulated B cells are a fundamental component of
autoimmune hemolytic anemia (AIHA) pathogenesis,
both in primary and in the context of other immune
diseases. Aberrant B cell function may contribute to
autoimmune hemolysis through the generation of an-
tibodies, against either well-characterized or cryptic
self-antigens of erythrocytes. This review sheds light
on B cell alterations during AIHA and subsequent de-
velopment, underlying mechanisms, emerging thera-
peutic biologics, and critical areas for future investi-
gation [36]. Normal B lymphocytes are part of com-
plex immune systems and are at the crossroads in the
pathogenesis of AIHA for their capability in contribut-
ing and coordinating immune responses. Dysregula-
tion of B cell activation results in the production of
pathogenic autoantibodies against red blood cells [37].
Although erythrocyte-specific autoantibodies usually
belong to IgG, and AIHA can be mediated indepen-
dently from B cells through other effector mecha-
nisms. Crucial aspects of communication between B
and T cells in the field of autoimmunity are mech-
anistically discussed, encompassing cytokines, signal-
ing pathways, and functional responses. Furthermore,
features of B cell development and maturation in the
autoimmune guardian are investigated. Intrinsic B cell
genetic susceptibility in immunodeficiencies, including
defects of central and peripheral tolerance, leading to
B cell dysregulation is reviewed, overall impacting on
the immune balance [38].

5 Emerging therapeutic strate-
gies

Autoimmune hemolytic anemia (AIHA) is a heteroge-
nous group of diseases characterized by the produc-
tion of autoantibodies against red blood cells with
subsequent destruction, extravascular or intravascular
and shortened survival of affected cells. Living the
broad spectrum of pathogenesis of the autoimmune
diseases and the apparently unpredictable and sponta-
neous onset and course of AIHA, traditional and not
evidence-based therapeutic strategies have been ap-
plied in the treatment of AIHA. Currently used treat-
ments of AIHA are mainly those routinely used to
induce immune suppression or inhibition of the au-
toimmune response, i.e., corticosteroids and immuno-
suppressive agents, with a few exceptions, as well as
those suggested by the knowledge of the onset of the
disease or of its coexistence with other diseases. The

reviewed therapies summary reports on studies of the
same therapeutic strategy performed with different
AHIA patients in different decades, as well as on stud-
ies of different therapeutic strategies in the same AHIA
patients or with different treatment courses, none of
which results in a uniform trend in the results. Given
the wide spectrum of potential immunopathological
roots, each AHIA case cannot always be treated with
traditional and empirically determined therapy [39].
The reviewed study results identify some common, as
well as individual, trends in unsuccessful therapy in
AHIA cases and suggest a focus on them in attempts
to characterize AHIA stratification and prognosis and
also therapeutic and diagnostic strategies. The re-
sults of the reviewed studies suggest possible targets
for monitoring treatment effectiveness and identifying
the more common events associated with treatment
failure/refractoriness. Finally, the results of the re-
viewed studies suggest the inefficacy of standard, sim-
ilar or replicated therapeutic approaches over time,
highlighting a potential underestimation in the plan-
ning of the response to the acute and long-established
form of AIHA transversely in patients [40]. These
considerations suggest the desirability of further log-
ical and more careful experimental clinical trial de-
sign through, for example, the control of therapeutic
drugs, the detection of relevant molecular and cellular
markers at the same time in the course of monitoring,
the control of responses over time the same therapeu-
tic procedure or comparison and coordination between
attempts of the different therapeutic protocols or ther-
apeutic strategies.

5.1 Current treatment modalities
The goal of this study was to analyze the latest pos-
sible scientific articles that deal with the molecular
pathogenesis of AIHA as well as with the future ther-
apies [41]. Ion, molecular basis of the signaling path-
ways in question, gene-expression changes, and molec-
ular treatments of AIHA are clarified in detail. Au-
toimmune hemolytic anemia (AIHA) is characterized
by the deposition of antibodies (usually IgG but also
IgM, IgA or complement) on erythrocyte membranes
and subsequent phagocytosis of antibody-coated ery-
throcytes by reticuloendothelial macrophages. Two
types of AIHA are defined according to the temper-
ature, allo- and auto-immune hemolytic anemia. The
latter may be idiopathic (approximately 50% of AIHA)
or secondary to an underlying disease. Warm autoim-
mune hemolytic anemia (wAIHA) is mediated by IgG
antibodies reacting at 37 °C. And, wAIHA has a fe-
male predominance (the female/male ratio ranges as
2:1 or higher) and may develop at every age with
a higher incidence between 40 and 70 years in Cau-
casians. The finding of AIHA involves various antibod-
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ies against membrane erythrocyte antigens including
Band 3, SPECTRINS, ribosomal proteins, α-enzymes,
and other antigens. Nearly 40% of idiopathic AIHA
cases are so called “primary” cases, in which no un-
derlying condition can explain the hemolysis. AIHA
cases associated with autoimmune diseases, B-cell ma-
lignancies, viral infections, and solid tumors are named
“secondary” AIHA.

AIHA causes hemolysis, characterized by anemia,
jaundice, splenomegaly, and often results in severe
morbidity and sometimes in death. Recent clinical
studies have started the use of the expression of signal-
ing molecules such as HeatShockProteins and proin-
flammatory cytokines to monitor kidney disorders in-
duced by cisplatin treatment. Devil’s claw extract
is known to possess anti-inflammatory, and analgesic
properties. [42] Previous data indicate changes in the
biochemistry and structure of the lung tissue during
the allergic reaction. The aim of the present study was
to investigate the effects of intraperitoneally injections
of hexanic or alcoholic devils claw solutions on this al-
teration of the lung tissue. Honeybee venom, a natural
toxin secreted by the Hymenoptera species, has been
used in traditional medicine and any form has been
praised for its healing properties in folklore. However,
bee stings may cause various allergic and toxic reac-
tions. The aims of the present study were: to create a
rat model of bee venom inhalation, to investigate the
toxic effect by measuring the serum levels of proinflam-
matory cytokines, and to describe local morphological
changes.

5.2 Novel therapeutic approaches
Autoimmune hemolytic anemia (AIHA) has been con-
sidered a simple example of antibody-mediated au-
toimmune disease. The pathogenesis of AIHA is based
on the production of autoantibodies directed against
erythrocytes, which are considered to be the main
pathogenic mechanism. However, AIHA is a hetero-
geneous disease in which several immunological mech-
anisms are present beyond antibodies. Many review
articles have been published on the topic and a rather
comprehensive perspective has been reached [43]. Un-
til the last decades, increasing attention was directed
mostly to the demonstration of complement or cell-
mediated mechanisms in antibody-positive cytotoxic
AIHA. Nonetheless, a wider number of immunologi-
cal mechanisms have been progressively appreciated.
In some cases, results have not been perfectly repro-
ducible and have been reported differently in exper-
imental studies relative to patients. However, as a
whole, accumulating evidence suggests that most pa-
tients have reduced percentages of CD4+ T-regs cells
and at the same time an imbalance of T-helper (Th)
1/2 cytokines with a high ratio of IFNγ/an IL-4 cy-

tokine 1. In addition, expanded in a higher number
of cytotoxic CD8+ T lymphocytes have been docu-
mented in AIHAs, which broadly show hyperactiva-
tion signs and the production of higher amounts of
pro-inflammatory and pro-apoptotic molecules. Im-
portantly, the same cytotoxic CD8+ T lymphocytes
display a restricted T-cell receptor repertoire, thus
fully activating these important cells. This knowledge
has driven the design of innovative therapies. Most
attention has been directed to non-damped dendritic
cells, since they can increase the generation of new
cytotoxic/dysfunctional CD8+ T cells. AIHA can be
primary or secondary to other illnesses, which may
reveal various mechanisms. The prognosis is highly
dependent on the underlying disease and may influ-
ence the choice of treatment. Frequently “secondary”
forms show a more serious presentation and have a
negative impact on the prognosis relative to “primary”
ones. Prima facie, the distinction between “primary”
and “secondary” AIHAs relied on starting/occurring
within or in absence of hemopathy [44]. However,
in some cases, laboratory analysis did not offer ro-
bust evidence on the interpretation of such condition.
The data obtained from several studies analyze the
largest series of AIHAs ever reported to her knowl-
edge. Definition of “primary” and “secondary” diag-
nosis is more stringent in patients thoroughly analyzed
by bone marrow and immunobiological studies.

6 Conclusion and future direc-
tions

Autoimmune hemolytic anemia (AIHA) is a heteroge-
neous, phenotypically diverse group of disorders char-
acterized by the premature destruction of red blood
cells due to the binding of autoantibodies on the cel-
lular surface. The exact underlying mechanisms of
the development of these autoantibodies have not yet
been fully elucidated. This systematic review evalu-
ated the current knowledge on the immunopathologi-
cal and molecular mechanisms that play a role in the
pathogenesis of AIHA, and it presents an updated per-
spective for emerging therapeutic strategies. Articles
discussing the pathogenesis of AIHA (e.g., molecular
pathways, immune mechanisms, and genetic risk) were
systematically searched up to December 2020. While
the genetic and environmental basis of AIHA remains
intricate and multifactorial, research advances may of-
fer new approaches for personalized therapies in the
future.

AIHA is a rare hematological autoimmune disease
characterized by the loss of tolerance to self-antigens
on the surface of red blood cells or facilitated by an un-
derlying condition. AIHA can be an isolated disorder
or associated with lymphoproliferative malignancies,
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most commonly chronic lymphocytic leukemia (CLL),
or other autoimmune diseases. Accumulating evidence
suggests that several molecular pathways and immuno-
logic mechanisms regulate the immune response pro-
moting the generation of autoimmune antibodies. New
insights into the molecular mechanisms underlying the
pathogenesis of the disease have allowed previewing
several new potential molecular inhibitors as possible
targeted therapies. In conclusion, the advances in the
molecular knowledge about the pathogenesis of AIHA
might improve the understanding of the disease, al-
lowing new multiple therapeutic approaches and the
development of novel targeted agents. However, ongo-
ing and future research, including clinical studies, is
necessary to confirm these treatments for improving
patient care.
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