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Abstract

Extensive research in countries with high sociodemographic indices (SDIs) to date has shown that coronavirus disease
2019 (COVID-19) may be directly associated with more severe outcomes among patients living with haematologi-
cal disorders and malignancies (HDMs). Because individuals with moderate to severe immunodeficiency are likely

to undergo persistent infections, shed virus particles for prolonged periods, and lack an inflammatory or abortive
phase, this represents an overall risk of morbidity and mortality from COVID-19. In cases suffering from HDMs, further
investigation is needed to achieve a better understanding of triviruses and a group of related variants in patients
with anemia and HDMs, as well as their treatment through vaccines, drugs, and other methods. Against this back-
ground, the present study aimed to delineate the relationship between HDMs and the novel COVID-19, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Besides, effective treatment options for HDM cases were further
explored to address this epidemic and its variants. Therefore, learning about how COVID-19 manifests in these
patients, along with exploiting the most appropriate treatments, may lead to the development of treatment and care
strategies by clinicians and researchers to help patients recover faster.
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Introduction

As of December 2019, the first confirmed cases of new
COVID-19, SARS-CoV-2, were reported in Wauhan,
China, and the situation has affected more than 200
countries [1]. The infection may cause severe illness with
shortness of breath and some symptoms of chest pain,
which can potentially develop into pneumonia [2]. On the
other hand, at the same time as the spread of this virus
worldwide, its detection of this virus through laboratory
tests such as real-time reverse transcription polymerase
chain reaction (rRT-PCR), chest CT scans, Immuno-
globulin Rapid Diagnostic Tests (Ig-RDTs), Elisa-linked
Immunosorbent Assays (ELISAs), and detecting serocon-
verted IgA, IgM and IgG antibodies were performed in
serum or blood [3, 4].

Therefore, the respiratory system involved during
SARS-CoV-2 could be associated with the dysregulated
expression of some biomarkers [5]. In addition, lym-
phopenia is nothing special in this condition and high
patients, which indicates anemia in cases of COVID-
19. The ferritin test shows higher than normal levels,
indicating an acute inflammatory response in patients
or the entry of the virus and its effects on iron metabo-
lism, which can reduce the bioavailability of iron, thereby
depriving the virus of this element and leading to anemia
[6, 7]. As of October 2021, there have been abundant
reports of high mortality rates in HDM patients co-
infected with COVID-19 [8]. Notably, HDMs caused by
overproduction of blood cells are assumed as an abnor-
mal phenomenon that leads to improper control of these
cells in fighting infections or preventing serious bleed-
ing [9, 10]. Such malignancies and their treatment may
affect the human immune system and put them at high
risk of contracting COVID-19 and suffering its conse-
quences [11]. As evidenced in related studies, patients
with HDM, above all those with acute lymphoblastic leu-
kemia (ALL), essential thrombocytopenia (ET), multiple
myeloma (MM), and chronic myeloid leukemia (CML),
compared to people without such conditions, have expe-
rienced a higher chance of infection with COVID-19
[12]. Like other ribonucleic acid (RNA) viruses, CoV is
constantly changing during the mutation process, pro-
ducing new variants with a high risk of transmission and
pathogenicity [13]. New variants can mainly escape the
immune response caused by infection and even vaccina-
tion [14]. Considering this issue, dealing with this virus
and its types in patients with anemia and HDM creates
different scenarios and hypotheses or offers suggestions
for preventive or therapeutic purposes that should be
considered in the treatment and care of affected patients.
Because this virus and its variants significantly affect all
aspects of human life worldwide, measuring these risk
factors among patients with COVID-19 is crucial to help
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treat the disease. On the other hand, the possibility of
false results in diagnostic tests, especially rRT-PCR, has
been abundantly observed. According to the research
conducted on patients with blood malignancies, there is
a higher probability of false negatives, which can depend
on endogenous factors such as hematocrit, triglycerides,
cholesterol, and other blood substances [15, 16]. Hence,
it is necessary to identify the virus in these patients by
more sensitive tests such as CRISPR [17]. Therefore, this
review article can help young infectious disease special-
ists, hematologists, and physicians gain a deeper under-
standing of this condition and quickly look at recent
events caused by HDMs.

COVID-19 in patients with anemia

and haematological malignancies

A diverse range of the most common haematological
manifestations, including lymphopenia, anemia, throm-
bocytopenia, hyperferritinemia, coagulopathy, and high
D-dimer levels, can be closely related to COVID-19 [18,
19]. The pathogenesis of this condition is mostly attrib-
uted to the severe increase of pro-inflammatory markers
such as interleukin-1 beta (IL-1p), IL-2, IL-4, IL-6, IL-10,
tumor necrosis factor-alpha (TNF-a), and interferon-
gamma (IFN-y) which cause an exaggerated immune
response [20]. The inflammatory response also causes
disturbances in iron metabolism, contributing to high
hepcidin levels, decreased iron utilization, hyperferri-
tinemia, and anemia [21] (Fig. 1). Such manifestations
can be observed during the infection of COVID-19,
which often disappear after the resolution of the infec-
tion [22]. Due to the rapid spread of the virus, it is nec-
essary to take necessary precautions regarding the risk
factors that make these patients more vulnerable to this
disease.

Beta-thalassemia
Beta (P)-thalassemias represent a group of inherited
autosomal recessive anemias that occur due to a reduc-
tion or absence of beta globulin tetramers (%), also called
Hb-H [23]. In cases with B-thalassemia, some polymor-
phisms of the heme oxygenase-1 (HO-1) gene, especially
repeat mutations in the dinucleotide (GT) promoter
region, induce the HO-1 gene to generate reactive oxygen
species (ROS), which protects the cell [24] ( Fig. 2). In
patients with COVID-19, longer GT sequences are likely
to be present, resulting in modulation of blood flow [25].
During [B-thalassemia (mainly partial form), porphyrin
deficiency is not observed, but ferritin and excess serum
ferritin [26, 27] and iron have been confirmed as risk fac-
tors for the exacerbation of COVID-19 [24].

Recent studies have also shown that p-thalassemia
patients may contribute to increased susceptibility to



Kakavandi et al. Cell Communication and Signaling (2024) 22:126

[ Anemic Patients ]

Fever tt

IL-6 tt

Hb

RBC count

Ferritin tt

RDW tt

Serum iron 4
Shortness of breath tt
LDH tt

CRP t

COPD ¢t

Total bilirubin tt |
ESR tt \
Thrombosis tt
Fibrinogen t

PTS t

TTS¢

APTS ¢

Platelet 4

~ =

e

Page 3 of 33

[Non—anemic Patients]

t Fever

tIL-6

{ Hb

+ RBC count

t Ferritin

t RDW

¥ Serum iron

t Shortness of breath
t LDH

t Total bilirubin

+ ESR: for example
(polycythemia)

Fig. 1 Graphic overview of factors affecting some types of anemia and haematological disorders in the exacerbation of COVID-19

SARS-CoV-2 infection due to the nature of their chronic
disease [28]. B thalassemias can be defined as an inher-
ited disorder caused by a defect in hemoglobin syn-
thesis, thus accelerating the continuous hemolysis and
premature destruction of red blood cells (RBCs) in the
bone marrow [29]. These patients are exposed to infec-
tious diseases, especially bacterial infections, acute res-
piratory infections, and SARS-CoV-2. Therefore, during
COVID-19, people with beta-thalassemia are threatened
by SARS-CoV-2 infection, as most of them have under-
lying diseases such as diabetes, common heart diseases,
liver problems, and various endocrine disorders [28]
(Fig. 3).

Sickle cell disease

Sickle cell disease (SCD) refers to a type of HDM that has
recently been associated with SARS-CoV-2. As confirmed
in previous research, people with swine flu (HIN1) com-
monly develop respiratory complications, including acute
chest syndrome (ACS) [30]. Compared to other children
with influenza, children with SCD are also referred to
health centers much more often [31]. Consequently, such
complications are likely to occur more rapidly in patients
with comorbid SCD and COVID-19 [32]. Also, SCD leads

to an increased chance of several diseases, such as pul-
monary hypertension, chronic lung disease, and kidney
failure [33]. In this vein, chronic pulmonary injury from
thrombo-inflammation caused by COVID-19 exacerbates
SCD complications and increases mortality rates [34].
Likewise, acute vaso-occlusive crisis (VOC) attributed
to SCD in COVID-19 patients increases the likelihood of
pulmonary embolism (PE) and ACS [35]. Thus, individu-
als with COVID-19 who are co-infected with SCD have
a 3.5-fold increased risk of developing PE compared to
patients without the disease. Furthermore, the preclinical
and procoagulant status of patients with comorbid SCD
and COVID-19 may contribute to milder clinical symp-
toms [36]. According to some clinical studies, patients
with SCD and subsequently infected with COVID-19 do
not face the risk of complications or mortality from the
epidemic. Still, the hospitalization rate is higher in these
people, which raises two different hypotheses [37]. First,
patients with SCD have severe hemolysis with continuous
release of heme, consisting of toll-like receptor 4 (TLR4)
with proinflammatory and procoagulant states [38]. In
addition, elevated levels of plasma cytokines, such as
IL-1, IL-6, and TNF-a, have been reported in individu-
als with persistent SCD, and S protein up-regulated them



Kakavandi et al. Cell Communication and Signaling

Iron Deficiency

Transferrin Saturation 4
WBC Normal

ROW ¢

HCT §to d44

MCV ¥ to $44

McHc +

(2024) 22:126

Thalassemia

Hemolysis ¢

RBC +

Hb

Serum Iron Normal to ¢
Serum Ferritin Normal to
TIBC Normal

Al

Het § to H

MCV Normal to ¥+
McHc Normal

Serum Iron Normal to +

ITP

Serum lron ¥ to 44
SerumTIBC *
Serum Ferritin ¥

Reticulocyte Normal to ¢
RBC +

Hb ¥
Aplastic Anemia HD ¢
Platelets ¥

Reticulocyte 4
Hb ¢ Platelets

Reticulocyte t
Serum bilirubin $

Sever Hemoragic
Trombogytopenia

Sickle Cell Anemia

AlHA

LDH ¢
Haptoglobin +
Hemolysis t
Coombs=(+)

Fig. 2 Abnormalities in haematological parameters of patients with anemia and RBC disorders

for SARS-CoV-2 [39]. As reported in a study, COVID-19
patients with SCD (age>50 years), presenting a growth
in the serum D-dimer, creatinine (Cr), and lactate dehy-
drogenase (LDH) levels are at greater risk of mortality
regardless of their genotype or gender [30]. Accordingly,
the pathophysiology of SCD accounts for chronic ane-
mia, endothelial dysfunction, chronic inflammation,
immunodeficiency disease, and hypercoagulability, all as
risk factors for the worst outcomes of COVID-19 in indi-
viduals with a hypercoagulable state and minor patho-
physiology during Hypoxia is considered. As with renal
modules, such patients could potentially be at increased
risk for contracting COVID-19 [38]. Furthermore, peo-
ple with SCD are likely to develop some neurological
complications during their lifetime. Since SARS-CoV-2
adversely affects the central nervous system (CNS) and
patients with SCD are completely immunocompromised,
many concerns arise that require further investigation
[38] (Figs. 2 and 3).

Iron-deficiency anemia

As iron is required for the growth and reproduction of
various cells in the immune system, iron deficiency (ID)
can impair the host immune response [40]. As an essen-
tial trace element for the host, iron is essential for many

enzymatic and non-enzymatic reactions as well as vari-
ous physiological processes [41]. For example, iron sig-
nificantly contributes to mitochondrial function in
adenosine triphosphate (ATP) production or synthesis,
RNA and deoxyribonucleic acid (DNA) repair, cell sur-
vival, and ferroptosis [42, 43]. In addition, this valuable
element is vital for the multiplication of viruses. On the
other hand, IL-6 is a key mediator in post-inflammatory
iron management, as hepcidin produces iron [44, 45].
As a key regulator of iron homeostasis, hepcidin fur-
ther destroys the duodenum by damaging the cellular
iron exporter, ferroportin (FPN1), which helps promote
cell retention in macrophages and regulates cellular
iron metabolism. Therefore, inflammation causes some
changes in iron homeostasis due to its dysfunction [46,
47]. This deficiency is often compensated by high levels
of iron in the reticuloendothelial cells and ultimately by
hyperferritinemia, while low levels of iron are present in
the bloodstream [48]. Subsequently, inflammation lim-
its iron in RBCs, leading to anemia known as anemia of
inflammation (AI), which is commonly seen in pregnant
women with decreased red blood cell quantity and qual-
ity along with increased erythrocyte sedimentation rate
(ESR). It is related to the gas exchange that occurs during
the reduction of RBCs [49, 50] (Fig. 2). This can be caused
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by a deficiency of folate and other B vitamins. Therefore,
pregnancy when infected with COVID-19, especially in
IDA, makes this viral infection more visible in the third
trimester because inflammatory processes occur much
more often. As reported in some studies, many viruses,
including SARS-CoV-2, disrupt iron homeostasis in cells,
caused by hemolysis, and then enhance intercellular iron
load, which steps it accelerates the multiplication of the
virus and ultimately increases the severity of the disease
[51, 52]. In any case, this iron overload increases serum
ferritin and is further associated with rheumatoid arthri-
tis (RA), multiple sclerosis (MS), antiphospholipid syn-
drome (APS), macrophage activation syndrome (MAS),
adult-onset steel disease (AOSD), catastrophic APS
(cAPS), and then septic shock [53, 54] (Fig. 3).

Aplastic anemia

Aplastic anemia (AA), also known as rare HDM, is char-
acterized by central pancytopenia due to bone marrow
failure [55]. Although the pathogenesis of this type of
anemia is still unclear, it is hypothesized to result from
the destruction of hematopoietic stem cells (HPSCs)
secondary to an aberrant immune response [56]. More
than 50% of AA cases are also idiopathic in nature [55].
Despite this, chemotherapy (chemo), ionizing radia-
tion, and viral infections also contribute to this disease
[57]. Accordingly, the most common infectious agents
include viral hepatitis, human immunodeficiency virus
(HIV) [58], cytomegalovirus (CMV) [59], parvovirus
B19 (PVB19) [60], and Epstein-Barr virus (EBV) [59]. In
this regard, SARS-CoV-2 mainly affects the pulmonary
system, which in rarer cases leads to central neutrope-
nia, lymphopenia, and pancytopenia and disrupts the
hematopoietic system [61]. Moreover, the overproduc-
tion of inflammatory cytokines in infectious viruses, such
as IL-183, IL-6, TNF-a, and IFN-y [62], disrupts the bone
marrow microenvironment and subsequently causes
bone marrow failure [63, 64] (Fig. 3).

Diamond-blackfan anemia

Diamond-blackfan anemia (DBA) mainly affects the bone
marrow and causes some physical abnormalities in many
parts of the body. During DBA, the bone marrow is nor-
mally disrupted, resulting in reduced red blood cells to
supply oxygen to the tissues [65, 66]. Actually, changes
in Hb levels are predictive of worsening clinical progres-
sion in patients with COVID-19, as the bone marrow is
unable to make RBCs. SARS-CoV-2 can attack the -1
chain of Hb and detach it from iron to form perforin.
Therefore, often less Hb is available to carry oxygen and
carbon dioxide (CO,). Here, binding of the virus to Hb
and subsequent release of ions produces free radicals
that increase oxidative stress (OS) in organs and lead
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to hypoxia. Each Hb molecule also contains four hemes
during chemical interactions, each of which binds pre-
cisely to oxygen in the lungs [67]. In addition, iron (II)
and (III) ions (Fe?* or Fe®*), as part of the toxic struc-
ture of oxyhemoglobin in a free state, augment OS in
the blood. If SARS-CoV-2 binds to Hb Fe*™ and Fe®", it
may be released into blood and tissues, thus determining
the main effects of the virus. In this case, the function of
Hb is disturbed, the oxygen supply decreases and finally,
hypoxia increases. As a result, shortness of breath and
fatigue may persist even after recovery in some patients
with COVID-19 [68, 69] (Fig. 3).

Hereditary spherocytosis

In patients with hereditary spherocytosis (HS), cellular
stress combined with splenic clearance multiplies the
chance of hemolysis [70]. Such individuals may live with
chronic baseline hemolysis, sometimes requiring sple-
nectomy to treat severe chronic anemia, or there may
be intermittent major hemolysis and splenomegaly [71,
72]. Since the spleen is the site of RBC clearance in HS
patients, splenectomy is often advocated as a treatment
option [73]. Nonetheless, this surgical procedure does
not resolve the defects in the function of the erythro-
cyte membrane and exposes patients to severe cellular
stress and a higher chance of hemolysis [74]. Accord-
ingly, many hemolytic markers can be considered during
this emergency. For example, bilirubin (BLR) levels are a
significant indicator, the increase of which can be attrib-
uted to the breakdown of the protoporphyrin IX (PPIX)
ring [70]. Likewise, ferritin is another hemolytic marker,
as an acute phase reactant (APR), which is increased in
patients with severe COVID-19 with cytokine storm
(CS) [75]. Furthermore, LDH levels in severely infected
individuals with COVID-19 are compounded due to
increased cytokine activity, and decreased monitoring of
Hb and hemolytic markers in cases with hemolytic disor-
ders and COVID-19 [76]. Notably, HS can have varying
degrees of hemolysis and may be the first hemolytic event
at the onset of COVID-19 infection [70].

Leukoerythroblastic reaction

During the leukoerythroblastic reaction (LER), immature
RBCs and myeloid cells often circulate in the peripheral
blood [77, 78]. This reaction is commonly reported in
some disorders related to bone marrow fibrosis, includ-
ing myeloproliferative disorders (MPDs) and cancer
types associated with bone marrow metastatic problems
[79]. LER has been identified mostly in viral infections,
such as polycythemia vera (PV) and COVID-19. In severe
cases, SARS-CoV-2 infection is associated with over-
production of proinflammatory cytokines such as IL-2,
IL-6, IL-7, IL-8, IEN-y, TNF-a, transforming growth
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factor-beta (TGF-B), C-X-C motif chemokine ligand 8
(CXCL8), CXCL10, chemokine ligand 3 (CCL3), mac-
rophage inflammatory protein-1 alpha (MIP-1«a), and -1,
known as CS. In patients infected with SARS-CoV-2, this
condition results in LER, with increased production and
the presence of immature myeloid cells in the circulatory
system [80]. Leukoerythroblastosis can occur in children
with Kawasaki disease. The exact etiology of Kawasaki
disease is unknown, although an infectious agent appears
to be the source of its initiation [81]. Hypersensitivity
reactions or inappropriate immune responses, possibly
caused by viruses or bacteria, can trigger an inflamma-
tory process that damages blood vessels in people who
are genetically predisposed to the disease. Notably, KD
and COVID-19 are very similar in this respect [82-84]
(Fig. 3).

Hemophagocytic lymphocytosis

Hemophagocytic lymphocytosis (HLH), introduced as
a less common symptom in viral proinflammatory con-
ditions, has a high consequence in most patients with
COVID-19 [85]. It is an ambiguous clinical condition,
followed by immune-mediated tissue damage, which
occurs irregularly due to viral infections or HDM. This
phenomenon may not be observed in patients with
COVID-19, where phagocytosis is also observed in bone
marrow aspirates, cytopenias are present, and serum fer-
ritin elevations below > 2000 ng/mL occur [86]. Also,
MAS is a life-threatening proinflammatory syndrome
that is likely to appear in patients with severe viral infec-
tions, such as those with EBV. There is also an interesting
pathophysiological similarity between EBV infection and
COVID-19 in the case of MAS. During both infections,
uncontrolled and hyperactive macrophages cause hyper-
cytokinemia, organ damage, cytopenias, and coagulopa-
thy [85]. Besides, there are several associations between
descriptions of severe forms of COVID-19 infection and
secondary HLH (sHLH). For example, elevated serum fer-
ritin and C-reactive protein (CRP) levels are commonly
observed in patients with severe COVID-19 and sHLH
[87]. Moreover, people with severe COVID-19 develop
many complications that resemble multi-organ fail-
ure (MOF) in HLH [88]. Since COVID-19 has the same
pathogenesis compared to sHLH, early diagnosis, and
rapid immunosuppression before MOF are often of par-
ticular importance [89]. Therefore, all patients with severe
COVID-19 should be screened with standard laboratory
tests, such as HScore to detect severe inflammation [90].

Sideroblastic anemia

Sideroblastic anemia (SA) encompasses a group of
inherited and acquired anemias characterized by inef-
fective erythropoiesis. In this type of anemia, there is
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an accumulation of ring sideroblasts (RS) in the bone
marrow and a decrease in the production of fully devel-
oped red blood cells. These ring sideroblasts are nucle-
ated erythroblasts that show abnormal accumulation
of iron granules in the mitochondrial matrix [91]. Such
mechanisms contribute to the formation of iron-rich
mitochondrial complexes around erythroblast nuclei
instead of the standard incorporation of iron into PPIX
in the mitochondria [92]. It has then again been hypoth-
esized that COVID-19 may induce an immune-mediated
genetic defect in a hematopoietic clone, resulting in inef-
fective erythropoiesis and the development of RS cells
[93]. Accordingly, COVID-19 likely induces a genetic
change in new genes that cause SA [93]. In addition,
SARS-CoV-2 interacts with Hb molecules through a
cluster of differentiation 147 (CD147), CD2b, and other
receptors commonly found on erythrocytes and other Hb
cells, leading to Hb denaturation [94]. Considering that,
hemoglobin concentration decreases and toxic heme is
released, which usually causes hypoxia [94]. Furthermore,
a gradual decrease in the Hb concentration may promote
SA and increase erythrocyte distribution width (RDW),
indicating overproduction of immature erythrocytes and
an increased risk of mortality [95] (Fig. 2).

Megaloblastic anemia

In some cases, megaloblastic anemia (MA), impaired
nerve myelin sheath integrity, impaired immune
response, neurological complications, and degenerative
conditions of the spine can be caused by some effects of
low cobalamin levels [96—98]. Following these conditions,
symptoms of vitamin B12 deficiency, including elevated
OS and LDH, intravascular coagulation and thrombosis,
hyperhomocysteinemia, coagulation cascade, subnormal
reticulocyte count, vasoconstriction, and renal failure
may often accompany COVID-19 [99, 100]. As suggested,
high doses of methylcobalamin could potentiate the
RNA-dependent RNA polymerase (RdRp) activity of
SARS-CoV-2 nonstructural protein 12 (NSP12) enzymes,
which then reduces the viral infection and severity of
COVID-19. Overall, methylcobalamin helps reduce the
severity of COVID-19 [101]. Vitamin B12 deficiency
mostly causes two conditions. Sometimes, parietal cells
can’t make enough vitamin B12 because people don't
have a diet rich in this vitamin. In this case, the megalo-
blast normally forms in the cells and becomes asynchro-
nous when the nucleus and cytoplasm are mixed, also
called MA [102]. Accordingly, those suffering from MA
do not have enough red blood cells to carry oxygen prop-
erly. A second scenario is that vitamin B12 is produced by
the parietal cells because a person receives an adequate
vitamin B12-rich diet but has difficulty absorbing it [103].
Bacteria in the large intestine also mutate so they cannot
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absorb vitamin B12 or have challenges in the ion channels
that absorb vitamin B12 [104]. To absorb vitamin B12,
folate is needed in a trivalent form, and this dihydrofolate
is converted from tetrahydrofolate by these colon bacte-
ria with the help of the dihydrofolate reductase (DHFR)
enzyme. Therefore, mutations frequently occur that pro-
duce this enzyme and lead to pernicious anemia [105]. In
an interesting study, vitamin B12 was identified as one
of the viral proteins of SARS-CoV-2, so it can easily bind
to it and reduce its effects [106]. Therefore, it is neces-
sary to maintain its level. Furthermore, SARS-CoV-2 may
interact with the metabolic activities of vitamin B12 and
possibly shape the microbiological distribution in the
intestine. It occurs if symptoms such as vasoconstriction,
increased OS, coagulation cascade, high LDH levels, pul-
monary-renal syndrome (PRS), and hyperhomocysteine-
mia are present. In addition, B12 deficiency can lead to
some abnormalities in the CNS, gastrointestinal (GI), and
respiratory systems [107]. Accordingly, a recent study
has shown that extra doses of methylcobalamin may help
minimize organ damage and even some symptoms asso-
ciated with COVID-19. For example, a study in Singapore
showed a significant reduction in existing symptoms of
severe COVID-19 in patients taking magnesium, vita-
min D (1000 IU), and vitamin B12 (500 pg) supplements
[108]. Prenatal pancytopenia is also a rare manifestation,
causing anemia, leukopenia, and thrombocytopenia with
a simultaneous decline in all blood cell lineages. Vitamin
B12 and folate deficiency generally present as MA, but
rare manifestations of pancytopenia have been reported
so far. The prevalence of vitamin B12 and folate defi-
ciency during pregnancy is currently significantly high
in developing countries due to their poor socioeconomic
status and nutrition. Hemodilution with interplacental
transfer of vitamin B12 further contributes to the physi-
ological reduction of vitamin B12 levels. In addition, pan-
cytopenia is a rare manifestation of some viral infections,
including the novel COVID-19 [109].

Autoimmune and inflammatory haematological
complications and COVID-19

As confirmed in related studies, COVID-19 is asso-
ciated with some autoimmune diseases, including
autoimmune cytopenias, cutaneous vasculitis, encepha-
litis, and Guillain—Barre syndrome (GBS). Among them,
autoimmune hemolytic anemia (AIHA) and immune
thrombocytopenic purpura (ITP) are the most common
[110] (Fig. 2).

Autoimmune hemolytic anemia

In confirmed cases of COVID-19, ATHA or its reacti-
vation has been reported so far, which can be attrib-
uted to severe anemia or rituximab treatment. During
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SARS-CoV-2 infection, anemia associated with elevated
LDH and other hemolytic markers may be more fre-
quently observed, and even if the anemia appears unex-
plained and discontinuous, AIHA is also suspected [111].
Also, molecular mimicry could be the highest factor
in the development of AIHA caused by SARS-CoV-2.
Immunological cross-reactivity between ankyrin 1 (ANK-
1), an RBC membrane protein, and spike proteins in a
virus has been implicated in the pathogenesis of AIHA
among patients with COVID-19 [112]. Some researchers
also believe that the induction of AIHA in children with
HLH is due to OS stimulation by SARS-CoV-2. In addi-
tion, the acute phase response of COVID-19 induces the
formation of aberrant complement immune complexes
and complement products on the RBC surface, leading to
intravascular thrombosis [113]. This could be consistent
with disseminated intravascular coagulation (DIC) with
MOF induced by AIHA in COVID-19 patients. Concom-
itantly, hypercoagulability and inflammatory responses
are exacerbated and may affect red blood cells, rupture
their membranes, and in such cases lead to PE and vas-
cular coagulation. In this regard, iron and ferritin caused
by hemolysis lead to OS. Accordingly, hyperferritinemia
and impaired iron homeostasis contribute to endothelial
damage and structural changes in red blood cells in cases
of COVID-19 [113]. Besides, there are reports of ATHA
in patients receiving the vaccination against this dis-
ease, particularly with influenza and diphtheria-tetanus-
pertussis (DTP) vaccines, due to the induction of warm
and cold anti-RBC antibodies [114]. Therefore, vaccines
as infectious agents can cause HDMs by molecular mim-
icry, lymphocyte polyclonal activation, epitope release,
and presentation of cryptic antigens [115]. On the other
hand, the use of some vaccines cannot protect people
with anemia and HDM against SARS-CoV-2 and lead to
haematological complications (Table 1).

Idiopathic thrombocytopenic purpura

Depending on viruses and immune and environmen-
tal factors, idiopathic thrombocytopenic purpura
(ITP) refers to a disease with isolated thrombocyto-
penia and platelets less than 100X 109/L, the causes
of which are still unknown. Accordingly, autoantibod-
ies reduce platelet synthesis, antibodies against plate-
let membrane antigens, increase platelet secretion,
and prolong life, while platelet production in the bone
marrow is reduced due to thrombocytopenia [122].
Acute ITP is usually initiated by a viral infection, and
platelet levels usually improve independently after a
few weeks or months. Of note, acute ITP lasts more
than a year if thrombocytopenia persists (Fig. 2). The
most potential viruses as triggers are cytomegalovirus,
hepatitis C virus (HCV), herpes simplex virus (HSV),
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Table 1 Summary of studies showing haematological complications of some post-injection COVID-19 vaccines

Patient Vaccine or drugs Results Ref
A 60-year-old man  Moderna mRNA vaccination No personal or family history of haematological conditions [116]

Bone marrow biopsy confirmed very severe aplastic anemia with severely hypocellular

bone marrow

84-year-old man Pfizer and BioNTech One case of severe autoimmune hemolytic anemia was identified in the third week [117]
after administration of the Pfizer-BioNTech COVID-19 vaccine. However, the condition
improved after corticosteroid treatment
25-year-old man Spikevax (MRNA-1273, Mod-  Diagnosis of thrombotic thrombocytopenic purpura after SARS-CoV-2 vaccine [118]
erna Biotech, USA)
75-year-old woman BNT162b2 Development of autoimmune hemolytic anemia after vaccination [119]
69-year-old man ChAdOx1 and BNT162b2 TTP [120]
56-year-old male Pfizer-BioNTech mRNA vaccine AA [121]

Abbreviations: AA Aplastic anemia, TTP, Thrombotic thrombocytopenic purpura

varicella-zoster virus (VZV), rubella virus, EBV, influ-
enza virus, HIV, and SARS-CoV. Furthermore, molecu-
lar mimicry between virus-specific antibodies and host
proteins may cause virus-mediated ITP [123-125].
The main cause of increased mortality in SARS-CoV-2
cases is thrombocytopenia, which can be caused by
DIC, thrombosis, septicemia, or drugs. I'TP most often
occurs during and up to ten days after a COVID-19
infection. In this regard, antibodies directed against
viral glycoproteins can interact with platelet surface
integrins, such as glycoprotein IIb/IIIa (GP IIb/IIIa) or
GPIb-IX-V, which accounts for approximately 5-10%
of cases of ITP caused by SARS-CoV-2 [126]. There-
fore, patients with COVID-19 and ITP can present
with increased thrombocytopenia and excessive bleed-
ing, mainly in the second stage of the disease [127].
According to this, ITP thrombocytopenia is one of the
mechanisms that is at the top of the decrease in the
number of platelets in patients with COVID-19 [115].
Until now, this phenomenon has been explained for
some reasons, especially virus-induced autoimmunity.
Therefore, molecular mimicry along with the expres-
sion of cryptic antigens or the release of epitopes can
clarify this immune disorder. In most cases, ITP can
appear two to three weeks after COVID-19 infection
and even before vaccination [128] (Fig. 3). On the
other hand, it is noteworthy that patients with previous
SARS-CoV-2 infection may have excessive procoagula-
tion factors that can lead to thrombosis and thrombo-
cytopenia. However, currently its pathophysiology is
unknown. Experimental studies currently show that
a type of soluble adenoviral spike protein leads to the
formation of thrombosis, which ultimately results from
graft events creates significant endothelial inflamma-
tory events, and leads to binding with endothelial cells
expressing ACE2 [129].

Haematological malignancies and COVID-19
Patients living with HDM are at increased risk of con-
tracting COVID-19 compared to patients without such
symptoms [130]. Such malignancies can affect the pro-
duction and function of blood cells to fight viral infec-
tions [131]. For example, HDM cases often have multiple
abnormalities in the innate and adaptive immune sys-
tem, including low levels of immunoglobulin G (IgG)
in patients with chronic lymphocytic leukemia (CLL)
or other B-cell neoplasms, as well as immature or neo-
plastic dysfunctions [132, 133]. Therefore, such immune
disorders could make people with HDM susceptible to
COVID-19 [134] (Figs. 4 (some are hypotheses and are
listed in Tables 4 and 5) and 5 (hypothesis)).

Chronic lymphocytic leukemia

As a malignancy, chronic lymphocytic leukemia (CLL)
is characterized by an increase in monoclonal CD5% B
lymphocytes, leading to intrinsic and extrinsic triggering
events [135]. For example, the function of various ele-
ments in the immune system during viral infections can
determine the onset of CLL [136]. Certain factors such
as high levels of markers of immune activation such as
IL-4, IL-10, and TNF-a, or cytokine release syndrome
(CRS) in patients with COVID-19 and high levels of
granulocyte colony-stimulating factor (G-CSF), IL-6,
IL-7, IL-8, IL-10, IL-1Ra, IFN-y, TNF-a, granulocyte—
macrophage (GM)-CSE, and monocyte chemoattractant
protein-1 (MCP-1) are of great importance in this malig-
nancy. Such cytokines can lead to a rapid increase in the
clonal expansion of lymphocytes in COVID-19 patients,
potentially increasing the chance of malignancy (Fig. 4)
[137]. After cancer patients were infected with SARS-
CoV-2, CS could effectively induce a severe form of the
disease. In this respect, if the patient is healthy enough,
the CS will end and the cancer treatment process will
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not be interrupted [138]. Therefore, activated signaling
pathways may negatively affect the therapeutic response
and survival rate in cancer patients just at the begin-
ning and before the end of CS. Accordingly, early detec-
tion of CS in such patients (such as patients with CLL)
with COVID-19 is critical to multiply the effectiveness
of targeted therapy [139, 140]. During acute inflamma-
tion, this condition may be caused by high endogenous
hormone levels, but additional processes may be ben-
eficial that require further investigation [140]. Moreo-
ver, it is not known whether the growth of lymphocyte
count is a prognostic marker in patients with severe type
of COVID-19 and untreated CLL. Furthermore, similar
results are unavailable for CLL subjects who have never
been treated. For this reason, treatment for people with
COVID-19 and CLL poses great challenges [141]. It also
gives the impression that the immune system is inef-
fective in CLL patients and that lymphocytes do not
respond strongly to viral infection. Accordingly, such
an agent is likely to help protect these patients against
CRS and its subsequent damage and MOF [142]. How-
ever, chemotherapy in CLL and COVID-19 cases remains

controversial, as it may increase the risk of cardiotox-
icity, SARS-CoV-2-induced immunodeficiency, and
prognosis [143]. To minimize treatment-induced immu-
nodeficiency and drug interactions, it is therefore best to
avoid chemotherapy in patients with comorbid CLL and
COVID-19 [144, 145].

Acute lymphocytic leukemia

Among the most common types of cancer recognized
as the leading cause of death in young adults is acute
lymphocytic leukemia (ALL) [146]. Thus, disruption
of transcription factors that contribute to direct lym-
phocyte growth [147, 148], abnormal activation of key
signaling pathways, and loss of tumor suppressor genes
required for cell cycle regulation [149] are commonly
associated with ALL pathogenesis. Furthermore, this
condition is often implicated in gene mutations that pro-
vide epigenetic regulatory codes [149]. Notably, most
cases of ALL and COVID-19 infection have so far not
been reported during the pandemic, and the disease
progresses slowly in ALL patients with or without clini-
cal symptoms. Therefore, systemic therapy should be
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delayed in SARS-CoV-2-positive patients (e.g., following
the absence of primary hyperleukocytosis). Then, some
symptoms such as dry cough, high temperature, anos-
mia and gastrointestinal problems should be carefully
evaluated. If a diagnostic test for SARS-CoV-2 is not pos-
sible, a CT scan of the chest should be performed. Fur-
thermore, serological tests should be performed on all
patients as soon as they are available [150]. In this line,
some studies have further emphasized the abnormally
expressed micro (mi)RNAs in ALL patients, as they seem
to play a central role in controlling carcinogenesis and
drug resistance [151]. Therefore, the etiopathogenesis of
HDM:s is related to many members of this family, namely
miRNA-181a and -181b. Since the expression of miRNA-
181a and -181b is much higher in ALL patients than in

healthy patients, these findings raise the possibility of
using miRNA-181la and miRNA-181b as biomarkers
[152]. Researchers have similarly found that all patients
living with COVID-19 showed significantly higher levels
of miRNA-181a expression, indicating the pathogenic
function and prognostic significance of miRNA-181 in
patients with comorbid ALL and COVID-19 [153] (Fig. 5
and Table 2).

Chronic myeloid leukemia

Chronic myeloid leukemia (CML) is usually initiated
by BCR-ABL1 as a hybrid gene in cells with innate or
acquired biological potential [177]. This type of cancer
can initiate complications in patients with COVID-19
[178]. Furthermore, drug-drug interactions between
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tyrosine kinase inhibitors (TKIs) for the treatment of this
malignancy and those targeting COVID-19 infection may
be very hazardous [179]. Also, the side effects of TKI are
unbearable for patients with SARS-CoV-2. TKI is often
used as an initial treatment for patients with CML and
has resulted in a good prognosis and significant improve-
ment [180]. Therefore, treatment with TKIs in cases with
CML, which shows a slight increase in the risk of infec-
tion, may be due to off-target inhibition of immune-
related kinases [181]. Therefore, the decision to withhold
or continue TKI-based treatment during the period of
COVID-19 seems challenging and needs further investi-
gation. Some studies have also concluded that TKIs help
control the immune response to infection [181]. Anti-
immune genes such as CD28, CCL55, and IFN-y and low
expression of some such as arginase 1 (ARG1) and fuco-
syltransferase 4 (FUT4) have been observed so far [182].
Overall, the mortality rate of COVID-19 in Latin Ameri-
can patients with CML has been higher than in the gen-
eral population. Accordingly, this type of leukemia can
cause problems during SARS-CoV-2. Drug interactions
between TKIs and COVID-19 treatments can be more
dangerous and require careful monitoring [183].

Acute myeloid leukemia
Acute myeloid leukemia (AML), as one of the most com-
mon HDMs, can have adverse effects on blood, bone
marrow, and other tissues [184]. This condition is char-
acterized by abnormal proliferation or differentiation of
clonal cells and a weakened immune system [185]. Cur-
rently, several effective treatments are available for AML,
especially for young adults [185]. Therefore, infections,
including viral infections, can be a major complication
of AML treatment, as in other HDMs. Treatment regi-
mens used for patients with AML can also lead to severe
granulocytopenia and an increased risk of serious infec-
tions. Therefore, a person with AML and SARS-CoV-2 is
at high risk of respiratory failure, which requires a reduc-
tion in drug dosage and the fact that antiviral drugs [186].
Besides, it is hypothesized that AML patients with
COVID-19 undergo a more severe form of the dis-
ease. Some even expire due to these conditions, expe-
rience significant progression to recurrence of the
malignancy, or become resistant to therapeutic drugs,
especially if they harbor FMS-like intronic tyrosine
kinase-3 tandem mutations (FLT3-ITD). Based on
the theory developed by Zalpoor et al. the pharmaco-
logical targeting of autophagy and hypoxia-inducible
factor 1 alpha (HIF-1a) may be a potential treatment
for FLT3-ITD mutations with COVID-19 and risk of
mortality, development of HDMs, and drug resist-
ance [187]. In a remarkable study, Deeb et al. estab-
lished that cytoplasmic expression of HIF-la was
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associated with poor prognosis following conventional
therapy in older AML patients with normal karyotype
[188]. Therefore, they suggested that stimulation of
autophagy and HIF-1a by COVID-19 may be a marker
for AML patients, especially those with FLT3-ITD
mutations. They also hypothesized that autophagy
associated with COVID-19, FLT3-ITD, and over-
expression of HIF-la may cause leukemia and drug
resistance in these patients. It probably increases the
severity of COVID-19 [188]. However, more studies
are still needed to support it. Furthermore, autophagy-
related drugs have recently been proposed as potential
SARS-CoV-2 treatments based on some in vitro and
in vivo studies [189]. Accordingly, it has been hypoth-
esized that autophagy induced by COVID-19 may con-
tribute to cancer growth, chemotherapy resistance,
and tumor recurrence in patients. These data also
suggest that COVID-19 can induce autophagy due to
various factors [190]. In addition to being an antivi-
ral therapeutic strategy, targeting autophagy may be a
viable option for treating cancer patients with COVID-
19 to reduce the risk of mortality, progression, chemo-
therapy resistance, and tumor recurrence in a variety
of cancers [191] (Fig. 4).

Multiple myeloma

Another type of HDM is multiple myeloma (MM),
which affects plasma cells in the bone marrow [192].
In cases with MM, the immune system is often com-
promised by various factors making people with
this malignancy susceptible to infection [193]. Peo-
ple with a mean age of 65 years have more underly-
ing diseases, so they are at risk of infection [194].
CD4 depletion, lymphopenia, and loss of functional
immunoglobulins can increase the chance of viral,
bacterial, and fungal infections [195]. Thus, immuno-
suppressive drugs advocated in this regard can lead to
neutropenia, thereby increasing the risk of contract-
ing COVID-19, as the virus exacerbates the cause of
abnormally low concentrations of neutrophils in the
blood [196]. Notably, new apheresis testing using
autologous stem cell transplantation (ASCT) and
polymerase chain reaction (PCR) is required before
hospitalization in epidemic-affected countries [197].
While living with this anemia, these patients receive
treatments that cause some changes in immune sys-
tem function, such as humoral immunodeficiency,
hypogammaglobulinemia, and impaired B-lympho-
cyte response to SARS-COV-2. Management of MM
in the era of COVID-19 accordingly calls for a thor-
ough assessment of patient- and disease-related vari-
ables in order to reduce the risk of developing MM
through effective treatment [198].



Kakavandi et al. Cell Communication and Signaling (2024) 22:126

Myeloproliferative neoplasm

In myeloproliferative neoplasm (MPN), platelets, RBCs,
and leukocytes are continuously activated from clonal
progenitor cells to hematopoietic cells [199]. PV, ET,
and myelofibrosis are also among the leading active
neoplasms that can affect mortality [200]. In ET, it is
often associated with a persistent increase in the num-
ber of platelets that have a propensity for thrombosis,
bleeding, and activation of inflammatory mechanisms
[201]. In patients with COVID-19 and this malignancy,
the lungs may be involved first and then adverse effects
on different organs may be observed. In various reports,
thrombosis has been presented with some complica-
tions of COVID-19 [202]. Therefore, virus-induced
thrombosis is a very important genetic thrombosis
mechanism in this disease. Accordingly, patients with
MPN and COVID-19 are more prone to thrombotic
complications and higher mortality [203].

Hodgkin’s lymphoma

Known as a curable malignancy, Hodgkin’s lymphoma
(HL) is probably associated with EBV [204]. First,
COVID-19 infection may play a significant role in the
transient improvement of HL [205]. Decreased periph-
eral blood lymphocytes (PBLs) and natural killer (NK)
cells can be observed in COVID-19 patients [206, 207].
As well, the total number of lymphocytes (here, the CD4™*
and CD8™ cells) decreases in severe forms of the disease,
more than in mild cases [208]. Second, inflammatory
microenvironments may minimize the effective function
of NK cells. The high levels of IL-6 and IL-10 in these
patients therefore add to the capacity to reduce the cyto-
toxic process and increase the expression of NKG2A in
killing virus-infected cells [205]. In these patients, it also
binds to angiotensin-converting enzyme 2 (ACE2) in NK
cells and suppresses their function [205]. SARS-CoV-2
and subsequent immune cell inflammatory responses
inhibit NK cell cytotoxicity, induce CRS, and amplify
inadequate immune responses [209]. Third, individuals
with EBV-positive HL is that the NSP10/NSP7/3CLP*/
major protease (MP®) and SARS-CoV-2 S proteins bind
to the tumor necrosis factor receptor type l-associ-
ated death domain protein (TRADD) at the binding site
of latent membrane protein 1 (LMP1), blocking LMP1
binds to TRADD. This interaction may therefore inhibit
LMP1-mediated nuclear factor kappa B (NF-kB) signal-
ing to induce remission [206] (Figs. 4 and 5).

Non- Hodgkin’s lymphoma

The most common type of cancer in HIV-infected indi-
viduals is non-Hodgkin’s lymphoma (NHL), with an
increased incidence of B-cell aggressive NHL [210].
Factors affecting the emergence and development of
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NHL include HIV infection with high viremia, the pres-
ence of EBV, and possibly SARS-CoV-2 infection [210].
Recent data also suggest that patients with HDM, includ-
ing patients with B-cell NHL, are at high risk of severe
COVID-19 and may act as a persistent viral reservoir
that gives rise to new and potentially more aggressive
mutations. Therefore, prevention of COVID-19 or at
least modulating its severity in these patients is of great
importance [211]. Moreover, patients with B-cell NHL
have lower rates of seroconversion and antibody levels
compared to other subjects with HDM. Patients with
B-cell NHL are also at increased risk of complications
and mortality from SARS-CoV-2 [212]. Vaccination
against SARS-CoV-2 reduces COVID-19-related deaths
and hospitalizations. However, NHL cases experience
suboptimal antibody responses to COVID-19 vaccines
before and after B-cell-targeted therapies, such as the
rituximab anti-CD20 antibody therapy [213] (Fig. 4).

Overview of therapeutic candidates for COVID- 19
infection and related variants

The current pandemic of SARS-CoV-2 and COVID-19
has so far resulted in high rates of mortality and morbid-
ity worldwide. Hematology societies are therefore sug-
gested to conduct prospective and multicenter studies
to clarify the effects of this virus and even measure dis-
ease severity in patients with anemia and HDMs [214]. In
this regard, various blood markers that act as prognostic
markers in the severity of the disease have been investi-
gated in previous researches. In this case, patients with
HDM are at a higher risk of contracting various infec-
tions, including SARS-CoV-2 [215] (Table 3).

On the other hand, this study is very important in the
management of patients with blood cancers in the face
of SARS-COV-2 and its variants. It also emphasizes the
priority of these patients in receiving vaccines and many
other treatments. Also, various vaccines and treatment
methods SARS-COV-2 and its variants have been con-
sidered in different patients (Tables 4 and 5).

Conclusion and future directions
In conclusion, COVID-19 has presented unique and sig-
nificant challenges for patients with anemia and hema-
tological malignancies, who face a higher risk of severe
illness and mortality. This review article has examined
the risk factors, clinical guidelines, and emerging thera-
peutic approaches for managing COVID-19 in this
patient population. While much progress has been made
in understanding COVID-19 in this context, there are
still many areas that require further research.

Prospective type comparative studies using different
vaccines, drugs, or combinations against SARS-CoV-2
and its multiple variants in HDM cases are necessary to



Page 16 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

ewoydwA| s,unjbpoy-uoN THN ‘ewojaAw a|diy N\ W :SUOIIDIA2IGQY

INW YUM (9%Z°CT)

JUBDLIUDIS [|13S SI UleI1S
UOIDIWIQ Y1 YUM P1D3JUl 91 OYM SUOIIPUOD
yieay buiApspun yum ajdoad pazijendsoy 1oy
91el A)I[PLIOW 31 's95BD SNoIASId UeY) SNoLISS

obe JeaA e Jjey ueyl aiow

S2U[DORA OM]) PRAIRIRI peY siualied ayi Jo
(9%/°99) 9 4SPIOSIP SAI1RIDY|0IAOJRAUW YHM
(%E°€€) € :IWH Bulobuo jo ased e pey syued
-DIued ||y 9jew 219Mm (9/°99) 9|doad 9 pue
'(s1eah 68 01 |9 WOy Bulbuel) sIeak / Fi7/ sem

[8] 7 pue ‘ewioyduwA| Jueubiiew Yum (9t 4) 2J0W 97 UeD U[eJ1S UOIDIWQ 94l ybnoyyy S|enpIAIpul 6 JO 9be (S F) obesane ay] 77-9°4 ueder
59583 (966) 098/18 Ul
132UBD Bun| pue ‘sased (9%5'6) 098/£8 Ul BILUSY siownl
-N3| 31INJE SISO (9% 1) 098/€01L Ul NN 'S958D PIloS peY (%St) 098/98¢ pue saldueubljew
(%2 1) 098/€01 Ul 12dURD 1SB3I] 'SISBD (9%€7) Aoueubijew [esibojolewsey yim siusijed ul |ed160j01RWSRY PRY (%SS) 098/F/1 UDIYM JO
loza) 098/86 1 Ul sewoydwA| a1om swise|dosn 61-QIAOD Bunoeuod Jo 3s1 pasealnu| 'P21531 a1am AdurUDIEW Y1M S1udiied 0og - 020Z ‘S| aunf pue |0 Aey Ajey|
$|0J3UOD DJWBUE-UOU 0}
paledwod abewep uebio pue ‘sasuodsal A10} el
-eUIUIR|UI 2IDASS 210U ‘SIIIPIGIOWOD JO S3381  -DBUR INOYIIM Sualled ¢f,| pue elLudeUe Ylim
6Lad Jueubljew-uoN 13ybiy pamoys syuanied 6 1-QIAOD diwauy - sjusied 67 Buipnppul siusied paULYUod 7zg - 0707 YDIBIA 07 03 6107 Joquiade(Q | eulys
9J11 Jo Alljenb uiayy budnpal Agaiayy ‘s|qe
-J3UINA pue A113p[2 Y3 JO BuIag-||am ay1 10ajje
Ajpuedyiubis ued 1 ‘Ayjersow uo 1dedull 12al1p e
9ARY JOU ABW BIUUBUE [IYAA "WOoIdWAS peaids %19 Sem 6 [-JIAOD Ul BILUSUE JO 90U
[8Lel Jueubijew-uoN -9PIMm © e elUBUe 01 SPed| UsYo 61-AINOD  -eAdid 3yl pue 61-dIAOD Yim siusied 90g « 020Z 'L L [udy pue‘0zoz 'L yaiew Ajey
sjuaiied Jsdued-uou 03 paseduwlod (%7€ 1 "SA %6'GE) Sauaned
saipueubijew [eo1bojolewary Yum siuaited ul 192Ued-UoU 01 paledwod sadueUbeW [ed
[zL1al (90€) WIN pue (960€) ewoydwiA]  1aybiy Apuesyiubis si 6 1-gIA0D Wol Aleliop -I6ojorewszey yim syuaiied Jo AleLO - 020 '/ |udy pue’‘0zoz ‘2 Ydalew  uleds
saloueUbijeW [BDIBOjOIRWSRY PRY (%] |)
918l Ayjerow ybiy e pey pazijendsoy  syuaned gz pue UodJUl Z-A0D-SHYS PauLIY
[917] salpueUbljeW [BD1D0J01RWSRH  2J9M OUM 6 | -JIAOD PUB JadURD YlIM SIUIIed  -UOD-A101RIOQ0R| PUB J3DURD Ylim siuaned GOg - 020 '8l Jeyy pue ¢| uer eulyd
syusiied 61-JIA0D JueuU
sapueubijew [ed  -Bijew-uou yum paleduwlod ‘yieap Jo ‘uoddns
-160]01eWSBY UOWUIOD 1SOW 33 3IdM (9%/°GL) AN ‘UOISSILUPE ND] SB YINS ‘SIUBAS 6 1-JIAOD
wisejdoau aAnesayljoidojaAw pue ‘(9%/°61) 219A35 BuPUILAAXS JO YSH Pasealdul e aie 0t/ =U) Aoueubijew
[Sial SWOIPUAS dnseldsApolaAu ‘(91°0€) THN sapueubijew [edibojolewaey yim sjusiied |eoibojorewsey yum siuaned 61-JIAOD - 0ZOZ dUN[ ZZ PUe 0Z0zZ YdleW LI Assung
€1 Sem ones A)jeriow pazipie
-puels 3y ‘sappueubiiew [edIHojOIRWSRY YHM
dnoib 61-gIAOD-UOU Y3 03 pasedwlo)) «
61-dIAOD YHM P31D24ul 10U D4 OYM S31D s1eak 0/ ueyr uabunoA sidoad ul
-ueubiew [ed1bojorewsRY YiMm Siualied pue €7/ pue dnoib Apnis 213U INO Ul 07 Sem
W pue 61-AIAOD Yum uoieindod [eisusb a4yl 01 ofel Aljeliow Pazipiepuerls aYl ‘6 [ -PIAOD Ylim
‘sewioydwiA| ‘susejdosu anresajjoidojaAw paJjedulod sSW0IN0 3si0m dualadxe  uopnendod uejjey| [elauab ayi 03 pasedwod) -
a4 ‘SOUIOIPUAS D11se|dSAPOIAW ‘Seluaey N sa1pueubljew [ed1bojo1ewaRY Yim 9jdodd palp s1uaied 9¢G JO (9%/€) 861 * 0202 ‘81 Ae\ pue Gz go4 Kjey
JEN] foueubijew jo adK) s)nsay juaned Apms joawi] Anunod
saloueublew [eJ160j0IEWISRY PUE BlLUBUE YaM stuaied Ul 61 -gIAQD 4O s1dedwll 3y buen|eas saipnis Jo Alelwns € ajqelr



Page 17 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

[8ze Lzal

loze
ed

[€ce'ced

SdaN bul

-dnpai Ul 3|01 e Aejd s|edIpes 9say3 Se Sapho
-9]2NUOQUAXOSP JO UonINPoId 9yl SI5eaI1D3P
S|edipes 9344 |AS0IA1 Buibuaeds Ag ase1onpal
9pNO3|PNUOGL SWIAZUS Y1 Buigiyul «
SHDB1IE JO JIGUINU 3}

S92NPaJ PUe UIGO|BOWSY (P13} S9SEIDU| *

SSBUP SUISOIA] »

JOUGIYUI=MY( -
BnIp p102111020oN (D v «

UOI1BUIDDBA O] SUOIIDB3I 9SISAPE IO AR
-1SUSI9dAY 919ASS JO S1I0ASI OU 2I9M 3I3Y]
61-dINOD WOl yiesp pue uol

-ez||eydsoy bupuanaid Aj219)dwod sjiym ‘6|
-QIAOD 319A3s 01 S1elepoul bunuanaid uj |ny
-$$922NS 9499 03 dN Sem UOJ1eU[DIRA 3|BUIS v »

a|youd A1a4es ajgeirdande ue

Bujureiurew a|iym ‘abe jo sieak g| Jano
syuanied 3npe pasiwolduodounwwl Jo uol}
-lodoid uedyiubis e Ul AunuwW] SpIAOid «
abe jo

SIEA G JIAO SHNPE Ul ZH JO UOIIUDARI *
's9|Npayds buisop pue

‘sauidoeA Jo uopisodwod pidi| ‘@duanbas
Bulpo> ‘A1puenb yNyw a1ds ul suolelea 0y
painqlIe 3q pjnod Aydiusbounwiwi ul
SODUBIBYIP 3S3Y] "S[enpIAIpuUl AYieay ul
PaAISSCO AJBDUJD JB|ILIS 9Y) 3IjuN ‘(S31dURU
-bijew [eaibojorewaey) ‘WH Yum syusned ul
S3IPOGIIUE [eJIAIUE JO S[2A3| Jaybiy ul
pa1Nsal ‘zgz9 L 1Ng 01 paiedulod 1215004
€/71-YNYW 243 Se ||om se ‘uoljeuidden awiud
STTAOD'9CPY 10 ££C1-YNYW YHM UOLBUIDIBA
‘W J2A0

95B2JDUl 0} PANUIIUOD pue pouad siy Jaye
panosdwi Ajlenpelb sa1es asuodsal I9AMOH
‘AdeJay) 0z@D-1ue Jaye syuow 6 1siy syl Ul
asuodsal [eJowny e aA31yde 01 3|qissoduwl s
11108} U] "sasuodsal [eiouny paliedw| 90U
-112dX3 sa1pogiue 0ZdD-1IUB YlIM JuSUI1eas)
AR BulAledal Ssauaned UsASMOH abe Jo
19puab Jo ssa|plebal (THN-F) euoyduA|
SUBPOH-UOU |[93-g Yum siuaiied jo uon
-Jodoud juedyiubis e up asuodsal jeJowny
JUBDYIUBIS B S9DNPUI SUIDIRA 7791 ING

TAD PUE YOS

110
winsoualbueb ewiapoid

1o

¥'N

THN-9

syuaned ewoydwAi]

syuaned ewoydwA]

JOMUQIYUI 3NJ3JOW-{|eWS

JOUQIYUI SND3JOW-||eWS
J0YQIYUl 3NJ3jOW-|[eWS
JOMUQIYUl SND3jOW-||eWS

SUIDDRA PISEQ SNIIAOUSPY

11UNGNS JURUIGWIODSY

3UPDeA YNYW pajejnsdedus—sjiiiedouepn

SUDIA YNYW

Adeiayy eainAxoipAH
ML

*

Qiupejoi/qiunieleg
*QCOmMmeC\_mxwﬂ

_uosuyor g uosuyor

SUIDIRA J21S0Z 1UNGNS 1URUIGUODY

(BUISPOW) €£Z L-YNYW

Cq¢911Ng

(1964e1 10 ‘UOIIdUNY
‘abejuenpesip ‘obejueape) uondudsaqg

sapueubijew |edi6ojojewaeH

sbnuip Jo saupdea jo sadA|

sajepipued >ianadessy |

UondUI 61-JIAQD Ul UolRINpOWOUNWW 10j S21epIpued diinadelayl [enualod  ajqel



Page 18 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

Adelayy |-y BulAledal 19
1 DH d19uaboj|e yum paeaiy syuslied woly

TV S8 yans wiaisks dpslodoleway ayi Jo

1574] e1ep A1DIXO} MO| pue A194es ybiH - SI19pJosip palinboe 4o paiayul Auepy VN Adesayy |2 pue 1 DH
S9UIODINO [BIUI|D UO 103443 3SIaApe sJosindaid
JueDYIUBIS OU PeY UONE|IIUSA SAISUSIUI Bul J1I9Y1 pUe §||92 | UewNy Jsulebe saipogiue
iazd -A19231 s3uaied Y Ul DY Jo asn ay] WY pue ejwaue dnsejde palinboe 219A95 PaALISP-HGJEeI 0 3SI0Y JO UOISNUl Uy OIvYy
[eval 8€dD JO SIONGIYuUL DRSU DRSO - 219 AV T1D AW Apognue gead-uy Jgewnuinieiep/gewixnies|
sa1oueubijew poojg Yim siuaied ul
61-AIAOD JO A1IDASS 3y} 9oNnpal O}
uondo ue se paiebisanul ag ued pue
uR10id | M-AHIH 2Y3 s1ebiel qewlswa] -
61-dINOD JO S95e5
2I9ASS Ul Jaxiewiolq [enua1od e st p-AYTH ¢
sjuaned
61-aIAOD 4O $91400%N3| Ul UoIssaldxe uleyoid
[eve 'yl adojanua pM-AYIH JO AUSUSIUI PaSeaIDU| « v'N Apogue [euoPOUOW 5D Jdewpwal
lova] 9-1-huy - HIH Apogiue [eUoPOUOW UBWINKH _Gewn|ues ‘qewnzijnog
W pue
uta10id ay1ds Z-A0D-SYYS 1sutebe | Hb] ‘sewoydwiA| ‘swisejdoau aAneIH|0IdOjRAW
[6E7’867]  uBWINY BUIZ|[RIINSU SGYN OM] JO INIXIU VY » 'SOUIOIPUAS d1se|dSApojRAW ‘seluaynaT ApOgiue [BUO|DOUO GewiiAspuw|/gewiAise)
s||93-g bul
-ssa1dxa-0z@D Buns|dsp Aq saseasip aunwi
-wjoine pue |ed1b0jo1ewlaeY 181} 03 Pas -
9DURJE3|D 151524 PUP
151519d 01 Wayl Buimoy|e ‘|92 ay3 woly SIjye plolew
1€ 02@D JO [PAOWII Y3 Ul S} NS SIY] » -nayJ pue ewoydwiA| [|93-g SUOPOH-UON Apogiue [eUO|DOUON 0zdD-IuY X1
[9¢?] Jouqiyul ¢->g - TAY PUR 1D 1S JONqIYUl 9|N39|OW-|[eWS XE[2019USA
[sed] SISOIQUOISAI « V'N JoNqIyUl 9|N39|OW-|[eWS (3140u] ‘yeser) quuiijoxny
T
TOW -
ved VX V'N JoNqIyUl 9|NS3joW-|[ewS qiunniql
UOND3JUIRI Z-AOD-SHVS
31e21pul JUN0d 3400ydwA| pue ‘uiioid
SA1I1DAI-D) ‘DiNieIadUIR) JO SOIWRUAQ -
S3SNIIABUOIOD JO dypy dY3 SH
[e€7]  -qiyul 1ey) punoduwiod a¥1|-apISOaPNU B S| 3 « ewoydwA1 77D 103IgIYUl S|ND3|OW-{|BWS Ansspwiay
(1964e1 10 ‘UOIIdUNY
JEN| ‘abejuenpesip ‘obejueape) uondudsaqg sapueubijew |edibojojewaeH sbnip Jo saudea jo sadA| sajepipued dinadesay

(PanUNUOd) ¥ 3jqey



Page 19 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

JO JUBWIIRRI DY} Ul PISN B1e (DYH) 35e|A190eap SU0lsIY pue (LNNQ) SesdjsurIlAYIdW YNQ JO SIOHIYUI [RISASS ‘soudb [njwiey Jo uodiudsuel) 3Y) Sonpai 03 ‘) Nnsal e sy -3jdwexa Jeapd e si s||92 ewoydwi|

sapueubijew
punoy

£SYIW Y17 LAYT A9 L-4AW jo uondudsuely Juesiaqe ‘3jdwexa 104 ‘swsiueyI3W 3dUe)sisal Bnip pue Juawiesaly 03 paiejal s1294° 3pIs JO 1ied 3q Ued SAYIH ‘siuswieal ul ssaiboid ayy yim jeyy uonusw o3 uenodwi sty

$a1pN3s Jayuny yum pasodoid usag aAeY ‘sniA sIy3 03 pasodxa saseasip poojq yum ajdoad u spoyiaw Juswiessy mau Buipuy jo A)jiqissod 3y Se [|am Se ‘SJuaWIeas} J2YI0 PUB S3UIDIRA JO 35N B3 INOge SS3YI0dAH

elwdulNgo|bewwebe payull-X ¥1x ‘elwaulngo|boide wolisusplep W ‘ewoydwA| d1430ydwA| [jews 7S ‘elwaue |92 9IS DS ‘asesswAjod yYNY Juspuadap-yNY dypy ‘qewixniy

X1Y “ouop snsian Jualdiday gAY ‘sareydsoydip apisod|dnN sdgN ‘ewoydwA| uibpoH-uoN JHN ‘ewoydwA| [|93 dj3uely TOW ‘UnajISu| 7/ ‘ewweb ulingojbounwiwi| Hb; ‘uingolb sunwwi oy ‘ulingolb a1K30wAyl-nue
9s10H b1vH 19150z sadiay zH ‘sisoikdonsiyoydwi| onkdrobeydowsH HH ‘uoireue|dsuely |93 wais dialodolewaH [ DSH ‘uoneluejdsuey |92 dnalodolewsH (DK Qualdidal snsiaa souoq YAJ ‘Aoueubijew snsian souoqd
WAQ "elwayna| plojaAw d1uoiyd T ‘etwayna| d1k30ydwA| oluoiy) 770 “03dadal usbiue dsuswiyd Yy ‘ewoydwA| upbpoH-uou ||33-g THN-F ‘elWwdy N3] pIojaAw 91ndy WY ‘elwayna| pioydwA| 91ndy 77V [SUOLDIAGIQQY

[0sd] L7y -
S|02U0D UBYyd

$I211} gV Buizijenau Jlamo| pey siusied
THN/TID/WA '9S0P SUIDIRA 151 31 Ja)Y

ui104d

1ds Z-A0D-SYVS 1sulebe sjjao | oyioads

l6¥2 '8¥7) -usbiiue pue saIpogiuUe Jo Uofezijeiinay -
1UNO> 13j31e|d paseasdu| -

$9|N3jOW UOISaYPE ||92-g pue

-] PUE ‘s2|Nd3j0W | SSBJD DHIA JO stusuoduwod
JUBLIRAUL 'F(D ‘5D "YDL go Se yons ‘uon

-e|nH3J SUNWIWI JOj [BD1ILD S3|Nd3J0W

9DBJINS ||9 | YIIM UOIIRIDOSSE Ul PIAJOAU »

[1¥] sa1iadold Alolejnpouwounuiul) «

[ov7] AJljerIoW Jomo| pue Aeis |endsoy Janoys

HTH

THN PUe 77D WM

SnISoAW

-01BULISP ‘SWOIPUAS 9u1eg-Ule||INg ‘95easip
1esemey) ‘eindind duadoifooquiosyy
diyzedolpt WA pue ewoyduA| Jueubijepy

v

siuobelue 103dadas || uewny JUeUIGUIODSY

ut101d ay1ds 7-A0D-SYYS bulssaidxe
SNJIAOUSPR WIS JUaIdyap-uonedldsy

suopeledaid ulngo|b aunwwi a3 Ul
paUIRIUOD SUOIB3I (A) S|qRIRA JO WNI1dads
31 Ag pue ob) jo uoiod a4 ayi Aq paieipaly

v'N

eIupjeUY

Teelazy

Ol

Adeiayy ewse|d Jusdsajeauod

(1964e1 10 ‘UoIldUNY
JEN| ‘abejuenpesip ‘obejueape) uondudsaqg

sapueubijew |edibojojewaeH

sbnip Jo saudea jo sadA|

sajepipued dianadessy |

(PanuNUOd) ¥ 3jqey



Page 20 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

S3SNIIABUOIOD JO dypy 243 SHAIYul 18yl

punoduwlod a31|-apIsos|PnuU e S| )| -

Adesayy aaissaiddnsounuiwl Jo uopeniul

[19Z'097] 4eS puUB UOID3)Ul JO UOIIN|OSSI 91RIDDIDY

$21d0d SNUIA JO

uononpold ayi syuanaid Ajsnosueynwiis

suta104d [eINIONIIS pue dypy Se yans

SUI9301d [BJIA [BIIUSSSD JO 9DUISCR Y] »

sui210.d

|eJIA AJeljIxne pue [ean1dn.is Jo uoidnpoud

1USIDLYYNSUL Ul BuiNsal ‘SyNYW dluousb

-QNS SNOLIBA JO UO[IR|SURLY 93U SHqIYU] «

asesawAjod YNy Juspuadsp

-¥NY Se yons suisioid [einidniisuou

9AI1119d3J JO JUNOWE 3Y3 S3ONPaJ ‘dALP

V1439 ybnouys pue ‘qe|dd pue e dd ‘dd jo

SIS9UIUAS padnpas 01 bulpes| ‘g 440 pue

[65C=£5C] V1440 S44O JO uone|suesl 8yl SUQIyul | «
1ioddns Alorelidsal ou

PaAIRD31 oYM SyuaIed Ul PaAISSqO sem
AJ|e3ow Ul UoIdNPal 3UedyIubis oN "uoi
-B|I1UDA [BDIUBYDISW DAISPAUL IO AdRIay])
U9BAX0 9AI9334 0} paziwopuel $123gns ul
All[eiow Aep-8z Ul UOIDNPaI e Ul Pa1Nsal
2UOSYIDWEX3P JO UOLRASIUIWLPY -

Sulens z-A0D
-SYY'S uoIdIWQO Arejodwaiuod surebe

9durWIOMd Yeam $32eIaUN0d Zhy/AzZY *

9|qelI.A [|13S Sem 1 ybnoyye

'as0p Bul Q¢ e J91e ploysaiyl 9N

-150d 21 9A0Qe PaseaIdUl UoNeZIelInaN

Bw 0G| Jo asop

9|buls e paAl@dal oym sadueubijew [ea1bo|

-0lewsaey Yim syuaiied Ul ggy-uoniuQ

[FSZ-167]  9ZI|elINadU A||NysSa2dNS 10U PIP ZHy/AZY *

[95¢'ssz '8l

eise|doau aAnde 17D

'9UWOIpUAS diseldsAp

-0[9AW "ewo1AoeWISe|d/RWORAW “THN 1TV
TNV ‘BIUISYN3| Dnse|qoyduwA] g S1ndy

sadueubijew [es1bojolewarH

eWoRAN

sa|pueUDIEW ||92-9
THN

UOIDIWQ PUB SJUBLBA Z-A0D-SHYS

L1718 TAOD-SUYS

uoIIWO

uoIIWO

JIAISSpWIaI 9314 pue
Adelayy ewse|d pue JIAISSPUIRY

uisdapnid

ouoseylswexa(

(qewineBjp-gewinsbexn) zyl/azy
sbniq

(396.4e1 40 ‘UOndUNY
9y ‘abejuenpesip ‘abejueape) uondudsag

sapueubijew |ed16o|jojewaeH

SjuelIeA Z-A0D-SHYS

sbnup 1o sauiden jo sadA|

sapueUD|eW [BD1H0j0IRWSRY 10} SISYIOdAY pUE SIUSUIIRSI} PAAISISI JO AJRLUWINS :S9DURUDIPW [BD1BOoj0IRWSRY YliM Sualied Ul SiuelieA Z-A0D-SHYS § djqel



Page 21 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

t9ad

[lzc'ocdd

[69¢ '897]

syuapied Ul syuawiedwod [|93-| pue
‘BAJ[ES ‘WINISS Ul ANUNWIWI PUGAY 1SNQOY -

<m_ObCOu

Ayyjeay ueyl snoausboIalay 210w pue
19¥eaMm 2Je sasuodsal |92 | ‘syuazed W Ul
'A|9SI9AUOD) “S|enpIAIpUl AYieay Ul asuodsal
1195 1 2y1dads e paonpul Z9z9LING

sjuabe Jownipuy -
AJl|eroW Jo uonoNpay -

suonbeaole Jo

9duasald ay3 Ul padNpal Os|e sem

uoIsn} sueIqUISW pajeipaw-ax1ds «

73DV 101dadai

[e4IA Y3 01 bulpulg wolj uiR10id y1ds ay1
JuaA2.d UBD BnIp Y1 PUB ‘ZSSYJIALL JO UOIS
-s21dxa a3 01 paieal Ajuied s Aljige sy

m

WW

TOW pue
‘sappueubijew (193-9 115 11D “TAY

UOIDIWQ 1230X3 SIUBLIRA Z-A0D-SHVS

eyaq pue eydyy

e2g

SJUBLIPA
e1|9p pue ‘e19q ‘eydie sy buipnpul uiad

SUIDIBA YNYW JO S3S0P €

2Az911INg
saupdep

(SIONQIYUI 31 g) XB|D0ISUSA

[£97] uoned|dai suqiyu - VN -U0D JO SJUBLIEA JBYIO PUB Z-A0D-SHVS _auonbenoyy
sjuaned
J95UBD Ul pue S|apow [edlulpa.id Ul y1oq

[997] ‘uonelAyiaus yYNQ 4O Jongiyur usiod e sy - VN eled 2ulpnioezy
30V 101
-dadal |92 150y 2y pue u10id 9x1ds uoid

[s97] -IWO 34} USaMIS] UOIIDRISIUI Y3 3D0|g - VN uonWQO  suoisdids pue giupeseq ‘giPPeWSgY

%97 S9UI01AD JO 35321 31 SUGIYU] « TAD uonIuQ qIueqWIIRAIO

(L1919

[€9¢]  uOIsny duRIGUIAW PUE SISOIAO0PUS 30| » VN el2Q pue (15¢1'g) e19g (£ 1'1'g) eydly Xe|201eq0
sapueubljew
[192- yum syusired 6 1-QIAQD Ul UoeIol
-913p [eDIUID AIRPUODISS pUe SUOIReINUI

[297] 2dedsa aunwiwl Z-A0D-SYYS sasned « sapueubljew ||93-g jueleA eyd)y grWIASS31D 0 gPWIAIUB|WEY
(1964e1 40 ‘uondUNy

Jj9y  ‘sbejuenpesip ‘abejueape) uondudsag sapueubijew [esibojojewseH SJuelIBA ZT-\OD-SHYS sbnup 1o sauiden jo sadA|

(panunuod) g oqel



Page 22 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

[e87] uojiedl|dal snIIA [0J3U0D) «

SIUBLIRA 7-A\OD
-SYVS 42410 pue uoIDIWQ 1sulebe uonda)
[egz'187] -o0id pue uonezijesnau Jua3od ulejule -

SAYN VINDG
-l1ue Yyiim poieall mpcw_pmo_ Ul PoAISSCO sem

S|9A3| QY Y1ds-13ue Ul 95ealdul Jued

[o8d -4IuBis ou ‘awil paIyl Y} 1By -
S0P 191500q

9291 INg e Jo A5edyys paliul pamOoys sal

-poghiue g¢dD-1iue paAladal OYm siuslled «
SUOeUIdOPA 9911 1O

[6/2-9/7] OM] JaYje sasuodsal [eJjouny sydnisiq «

suswiIbal aAIssauddnsounuiwl 9sayl
BulAlIRI I Ul ADUSDYSpoUNnWIW| 01 33N
-Q1J3UOD PINOD YDIYM ‘S||90 YN JO uona|dap
SAI1B[2J B 3SNED OS|e SaIPOgIue 8EdD-UY »
sjuaned

W Buouwle asuodsal sqyN Yim paie
-1D0SSE $$3| UaAD Sem Adelayl 8egD-1Iuy «
SPI0J1S

9sop-ybiy pue (|4 1o giN|—sbnip Aioy
-B|NPOWOUNWILI) SIUSH. J3Y10 YIM uoi
[G/2]  -PUIQUIOD Ul BUl| 151y 9y} Ul parocidde si )«

1744 Ayunuwu pa1soog -

Suediaunod Ayyeay

113Y3 01 pasedwlod sasnuIA dA| 3sulebe

AlAIDE BuizI|e)INau SS9 pamoys sjusired

J1DSN 1eY3 paAIasqo sem 1 ‘siuediinied

Ayyeay pue Y1DOSN yum ajdoad 01 saud

-DBA YNYW OM1 JO UOIIRIISIUIUWIPE ISYY
SaIpogiue 9A11D9104d JO UOIONP

-0Jd Y1 911dSSP ‘UOIIBUIDIBA JOLE SHO9M

01 SUOIID3UI 919ASS PAOI2ASP UOIIRUIDIBA

e/ €/T1-YNgW paniada1 oym syusiied WA -

sa1ourUbjeW [BDIBO|0IeWSRH

sadueubljew [esibojolewarH

WW

sapueubljew ||93-g

WW

TNV

AW

1UBLIBA UOIDIWQO euwlse|d bujuieIuod-Apognuy

SIUBLIEA Z-A\OD
-SYVS 19Yl0 pue ¢'yg pue |yg UoIWO Apognue bupjdo|g-z3Dv

B1|9P PUB ‘| YA ‘UOIIIWQ SAVYN YINDgG-RuyY

(e39p) T-AOD-SYYS 0ZaD-huy

e1ap pue eydyy Adelay1 gego-nuy

salpogiue [euo|Pouoy

(SUIDDEA |) USSSUE[ (SUIDDBA PUODIS) J3ZUd
uonIWQO (SUIDDBA PUODSS) BUISPOIA

uoIWO €LC1-YNYW

(1964e1 10 ‘UOIIdUNY
J9y  ‘sbejuenpesip ‘abejueape) uondudsag

sapueubijew |edibojojewaeH

SjueleA Z-A0J-SHY'S sBnup 10 saupddena o sadA|

(panuNUOd) § 3jqey



Page 23 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

YDd |eabukieydoseu aaneluenb Jo

1|NsaJ 9A[IBHIU PUOIIS B PaAI9daJ pue 1od

-dns usbAxo |ewiIUIW UO pableydsip sem

1u3l3ed 9Y3 ‘UOISNJUI PUOIIS BY1 JaYY
3|geadelun

Ajpuaisisiad awedsq peo| [eliA Z-A0D-SHVYS
|eabukieydoseu s quaned syl ‘60 LYATY JO

[067] UOD3[Ul PUOIS 3Y1 e 0| Aep UQ +

QYW Z-A0D-SHYS-11Ue 01 95URISISaY «

(cL19'19)

JUBLIPA BY]9( 9Y3 01 paJsedwlod (|'vg)

JUBLIBA UOIDIWIQ ay3 A|je1oadss ‘adedsa aupd

-DBA [ellied paMOYS SIUBLIPA 7-AOD-SHYS
UOI1RUIDDPA JO

[687] S9SOP 23141 JO OM] J31Je QU JO S|9A3| MO »

LIS yam

73DV JO uonoeIaUl 9yl sadnpal A|BuUoS

add o1

Bulpuig 73DV 92npal Apuedyiubis 01 9|qy

[887] uonelAYIBWIP 1/949-g3DV Bumigiyur Ag -

7-NOD-SYVS Isutebe Adelayy uean(pe

9A1BIND 10 D1dejAydoid e se parebnsanul

u29q sey Adesayi ||92-1 aAndopy «

SnJIAOUSpeR se yans susboyied

Alo1elidsal ure1ad pue ‘sasniineuwloAjod

‘sasnuIA sadiay 1sulebe aA[IDYD pue

9JeS S| SI0449 dUNWiW| Jue|dsuely Jo |el

-NJeU JO SISBD Ul SUOIIDJUI [elIA 1841 10

[£87-587] 1uanaid 01 uondope Ag pasn Adesayy |90 «

SoIpoOgiiue ¢-A0D-SYVYS-hue

BU12139S JUSWLIEdWOD |92 SUNWIWI 3y}

Bunedipes sny ‘syusied no Jo

poO|q 3y} WOy s||192-g L0zAD/L6Lad Ie

pa1s|dap AjpAndslas Adessyy |-4yD-610D +

syuaned uljue

-LIeA UOIDIWQ SU PUB Z-A0D-SYVS 1sulebe

[¥8z ‘087] 95u0dsal [|92-] PdNPUI-2UIDIBA *

V'N

(019 pue 77D "ewoyd

-WA| W) Aoueubljew [eo1bojolewaeH

YN

sapueubijew [es1bojolewarH

ewoydwA| pa1a|dap-||93-g
m

eddey pue
‘uojisdg ‘ey2Q ‘ewwien) ‘exag ‘eyd|y

uonIuQ

SIUBLIEA B19Q PUB ‘B3P ‘UOCIDIWIQ

SIUBLIBA Z-\OD-SHVS

(JUeLIRA UOIDIWQ) SIUBLIBA 7-A0D-SHYS

GOLUATY

Adelayiounwiwll ||92-g 40 [|93-L

LS659CEENSD

saidesayy Jejnj;2d

S[[93 1-4VD

(3964e3 40 ‘uondUNY
j9y  ‘sbejuenpesip ‘abejueape) uondudsag

sapueubijew |edibojojewaeH

SjuelIeA Z-A\0D-SYHYS

sbnuip 1o saudea jo sadA|

(panunuod) g ajqel



Page 24 of 33

(2024) 22:126

Kakavandi et al. Cell Communication and Signaling

$a1pN1s Jayuny yum pasodoid uaag aAeY ‘sniA sIY3 03 pasodxa saseasip poojq yum 3jdoad u spoyia Juswiessy mau buipuy jo A3jiqissod 3y se [|am Se ‘SjuaWiess} J2YI0 PUB S3U[DI.A JO 35N 43 INOge SS3YI0dAH |

ewoydwA| onkd>oydwA|

Jlews 775 ‘osesswiAjod YNY Juspuadap-yNY dypy ‘utewop buipulg-101daay gy ‘sI0UqIyul SWosea101d | ‘sutdioidA|od dd ‘uoideal uteyd asesdwA|od YDd ‘sowel) buipeas uadQ sS4y “19oued bunj [|9 |[ews-uou HTISN

‘ewoydwiA| sunbpoy-uoN JHN ‘saipoqiue Hui

eIINBN gyu ‘sdesy Jejn||aoei3xa 1IYdosanaN SLIN 19]11 [eAn1eN YN ‘ewoAw aidi N\ Wi ‘ewoydwA| [|93 33UB TOW ‘eIWXN3]| plojaAw d1uoiyd T ‘syeadal djwoipuijed

1I0ys padedsiaiul Aldeinbal palsisnd Y4s/yD ‘elwana| ainAdoydwiA| d1uoiyd) 770 “403dadal uabiiue dLBWIYD YD ‘OSeuny| aUIS0IA} SUOINIg ¥1g ‘elWaxNa| PIojaAW 31NdY Ty ‘elwsyna| ploydwA| 31ndy T7y :SUOHDIAIGQY

95PISIP 9SNED 1BY) SUOIIEINW D11aUSb IO
51192 1-4YD JO uawdolaAdp ayi Ul paIpnis
U930 Apealje 9.y Jey $101dada1 3defINs
|92 pue sauab arejndiuew 01 Aljige

11941 01 9Np I sIY ] 's|[92 w=1s Jusrodunid
padNpul WO PIALISP S[193 YN-dVD JO

asn oy ybnouyy Adesayy |19 IN-HvD JO
JUSWdUBAPE 9y} J0J [el1US10d SNOWIOUT »
61-QIAOD sutebe

[L67] s|192 1 [eqo|b Jo WwswdoleAs( -
262 ADUSIDLD UONLZI[IINSU SAISN|DXT -
[967 's67] A)[e1IOW JO UORdNPaY »

UONO9JUL C-AOD-SHVS S9oNpPay

[v6c] TSSYdWL sarenbaiumop uopigiyul -
AJlje1IOW pue adUeISISal Adelayiowayd Jo

[€67] 3SH oy dnpal ued Abeydoine paseasda( -
C-N\OD

-SHVYS JO UIBLIO doguIcIYIoUNWWI JO

1USW1EeaJ) 91 Ul 3|gen|eA 3¢ Aew s10MqIyul

959U1 181 515966NS pue 61-JIAQD Se

42Ns SI9pIosIp AJo1ewue|ul SNOLIBA Ul
suoledljdwod dnoquiolyl buidnpai uj «

SLINJ0

uolewWIo) 8yl ybnoayl 6 1-QIAOD Se Yans

S95RISIP Al0leWLLR Ul JO 9BUBI 3pIM B Ul

[e67] [enua1od dnnadelay) peoiq siayo

oA Ul
S||93 PRI2JUI C-AOD-SHVS |1 Ued sjj2d
AN-YVD-CC0edD 1oyl pamoys sinsal ay| -

u01d § 7-A\0D

-SYvy'S bunabiey Apoqnue Buiziennau

1ua10d e ‘uleWop A42S 7Z0EYD Yum uiaoid

[l67] ids T-A0D-SYY'S 19611 5|20 YN-HVD *

TV IS0 L

V'N
AV
AKoueubijew proyduwA| ||92-g

VN

TNV

AW

N puUB eluayna

1UBLIBA C-N\OD-SdVS

(1d) ewwies pue ‘(1G¢°1'g) e1ag (£'1°1°9)
eyd|y 23| SiueleA Jueinw buibisw3

eydly

1ueleA eljleg

1UBLIBA C-N\OD-SHVS

SIUBLEBA ¢-N\OD-SYVS

UBLIBA C-N\OD-SHVS

,S€D-4dSIdD
_salpoqouen

ewse|d JUSDS3|AUOD)
juswiean JBY10

ZQANS

sionqIyul €174

SIoNgIYul -avd
siouqiyuj

Adesayy |92 MN-4YD

(1964e1 10 ‘UOIIdUNY
J9y  ‘obejuenpesip ‘abejueape) uondudsag

sapueubijew |edibojojewaeH

SjuelIBA Z-\0D-SHYS

sbnuip Jo saupdea jo sadA]

(PanuNUOd) § 3jqey



Kakavandi et al. Cell Communication and Signaling (2024) 22:126

discover the best options for this specific scenario. Con-
sidering the effects of anemia and HDMs on the quality
of human life, this issue cannot be ignored, especially
during the COVID-19 pandemic, and even because of the
high costs, side effects, and shortage of blood. It is hoped
that knowing the types of anemia and HDM in the face of
this virus, as well as the vaccines and drugs used for the
virus itself and related types, will help reduce the clinical
burden of COVID-19 and its variants in terms of treat-
ment and care.

For future directions, researchers must focus on uncov-
ering the long-term effects of COVID-19 on patients with
anemia and hematological malignancies. Specifically,
understanding the cellular and molecular mechanisms
of SARS-CoV-2 in potential long-term effects such as
chemotherapy resistance, metastasis, and recurrence can
open new avenues for developing therapeutic and pre-
ventive strategies. In addition, future studies should eval-
uate the efficacy and potential side effects of vaccination
and emerging therapeutic approaches, with a focus on
developing new vaccines and drugs that are more suited
to the clinical, cellular, and molecular conditions of these
diseases to improve efficacy and reduce side effects.

This study provides a potent foundation for prepar-
ing for future outbreaks of newly emerged coronavi-
ruses. By examining the risk factors, clinical guidelines,
and emerging therapeutic approaches for managing
COVID-19 in this patient population, we can gain valua-
ble insights into the challenges of managing patients with
underlying health conditions during a possible upcom-
ing new pandemic. This information can be used to guide
the development of clinical guidelines and protocols for
managing patients with newly emerged coronaviruses in
the future, as well as to inform the development of thera-
peutic approaches and vaccination strategies. Overall,
this review article on COVID-19 in patients with anemia
and hematological malignancies is an important tool in
preparing for and managing future outbreaks of newly
emerged coronaviruses.
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