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Infusion of HLA-matched and static magnetic field-exposed allogenic 
lymphocytes treating lymphocytopenia and cytokine storm syndrome: A 
treatment proposal for COVID-19 patients
Cristian Vergallo

Department of Pharmacy, University of Chieti-Pescara “G. d’Annunzio”, Chieti, Italy

ABSTRACT
Among haematological parameters of patients seriously ill with the coronavirus infectious disease 
2019 (COVID-19), leucocytosis, lymphocytopenia, and the abnormal release of circulating cytokines, 
termed cytokine storm syndrome (CSS, also known as cytokine release syndrome or CRS), were 
found associated with disease severity. In particular, according to the serum cytokine profiling, pro- 
inflammatory interleukin 6 (IL-6) and anti-inflammatory interleukin 10 (IL-10) were observed to be 
considerably higher in patients experiencing respiratory distress, septic shock and/or multi-organ 
failure, namely “critical cases” requiring intensive care unit (ICU) admission, very often resulting in 
death. Interestingly, the production of these cytokines from human lymphocytes was found to be 
modulated by exposure of 24 h to a 554.2–553.8 mT inhomogeneous static magnetic field (SMF), 
which elicits IL-10 and suppresses IL-6. Thus, herein, with the aim of restoring lymphocyte count 
and physiological serum levels of IL-6 and IL-10, the infusion of human leukocyte antigen (HLA)- 
matched and SMF-exposed allogenic lymphocytes is proposed for the first time as an easy and 
affordable treatment option for COVID-19 patients. Even if the count of lymphocytes in COVID-19 
patients is very low, SMF exposure may be a valuable tool for reprogramming autologous lympho-
cytes towards physiological conditions. Furthermore, the same procedure could be extended to 
include the whole autologous or allogenic white blood cells (WBCs). Time-varying/pulsed magnetic 
fields exerting comparable cell effects could also be employed.
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Introduction

The coronavirus infectious disease 2019 (COVID-19), 
caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2, previously known as 2019 novel 
coronavirus or 2019-nCoV) spread rapidly from China. 
On 30 January 2020, the World Health Organization 
(WHO) officially declared the COVID-19 epidemic as 
a public health emergency of international concern. 
SARS-CoV-2 pandemic is the third emergence of extre-
mely pathogenic and large-scale coronavirus infection in 
the human community in the twenty-first century, after 
the severe acute respiratory syndrome coronavirus 
(SARS-CoV) in 2002 and Middle East respiratory syn-
drome coronavirus (MERS-CoV) in 2012 (Guo et al. 
2020; Liu et al. 2020). According to data received by 
WHO from national authorities by 10:00 CEST, 
20 July 2020, a total of 14,348,858 cases have been con-
firmed globally, with 603,691 deaths (World Health 
Organization (WHO) 2020a).

Common clinical symptoms of COVID-19 patients at 
the onset of illness were fever, cough, dyspnoea, chest 
tightness, myalgia or fatigue; less common symptoms 

were sputum production, headache, haemoptysis, and 
gastrointestinal disorders; complications included second-
ary, infection organ failure, with acute respiratory distress 
syndrome (ARDS), as well as cardiac, liver and kidney 
injury. Cytokine storm syndrome (CSS, also known as 
cytokine release syndrome or CRS), leucocytosis, and 
lymphocytopenia were directly related with disease sever-
ity (Chen et al. 2020a, 2020b; Guo et al. 2020; Han et al. 
2020; Huang et al. 2020b, 2020a; Liu et al. 2020; 
McGonagle et al. 2020; Mehta et al. 2020; Pedersen and 
Ho 2020; Roumier et al. 2020; Ruan et al. 2020; Tan et al. 
2020). CSS due to COVID-19 infection was associated 
with elevation of pro-inflammatory cytokines, including 
granulocyte colony-stimulating factor (G-CSF), interferon 
gamma-induced protein 10 (IP-10), interferon gamma 
(IFN-γ), interleukins 1 (IL-1), 6 (IL-6), 7 (IL-7), 8 (IL- 
8), and 18 (IL-18), interleukin 2 receptor (IL-2 R), macro-
phage inflammatory protein 1 alpha (MIP-1α), monocyte 
chemoattractant protein 1 (MCP-1), and tumor necrosis 
factor alpha (TNF-α) (Chen et al. 2020a, 2020b; Han et al. 
2020; Huang et al. 2020a; Liu et al. 2020; McGonagle et al. 
2020; Mehta et al. 2020; Pedersen and Ho 2020; Roumier 
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et al. 2020; Ruan et al. 2020). IL-6 and IL-10 were found 
significantly higher in patients exhibiting respiratory dis-
tress, septic shock, and/or multi-organ failure, namely 
“critical cases” requiring intensive care unit (ICU) hospi-
talization, very often resulting in death (Han et al. 2020). 
From a clinical study performed by Chen et al. (2020b) by 
enrolling 48 patients with COVID-19, who were admitted 
to the General Hospital of Central Theater Command of 
the Chinese People’s Liberation Army in Wuhan (China), 
turned out that the high fatality rate was related with fairly 
increased serum levels of IL-6 (Chen et al. 2020b).

Since the disease was first identified in Wuhan, 
China, in December 2019, various drug therapies/ 
approaches, whether in the lab or clinical practice, 
have been experienced. To patients with refractory 
hypoxemia, the WHO suggested extracorporeal mem-
brane oxygenation (ECMO) (World Health 
Organization (WHO) 2020b), while critical cases receive 
rescue treatment with convalescent plasma and immu-
noglobulin G (Chen et al. 2020c). However, to date, 
there is no definitive targeted therapy for patients ill 
with COVID-19. The latest published research findings 
and evolving clinical information for the diagnosis, 
treatment, and control of the COVID-19 are made avail-
able by the National Institutes of Health (NIH) at 
https://www.covid19treatmentguidelines.nih.gov/. As 
mentioned above, among the haematological parameters 
of the COVID-19 patients, leukocytosis/lymphocytope-
nia (Chen et al. 2020a; Huang et al. 2020b; Tan et al. 
2020), IL-6 and IL-10 were correlated with the disease 
severity (Chen et al. 2020b; Han et al. 2020). The release 
of these cytokines from human lymphocytes was found 
to be modulated by an inhomogeneous SMF (554.2–-
553.8 mT), which elicits IL-10 and suppresses IL-6 
release (Vergallo et al. 2013). Thus, herein, to develop 
a treatment option for COVID-19 patients, the infusion 
of HLA-matched and SMF-exposed allogenic lympho-
cytes is proposed for the first time.

Interleukin 6 and 10 within the purview of 
COVID-19

Structure and receptor binding sites

IL-6 is also known as B-cell stimulatory factor 2 (BSF-2), 
cytolytic T-lymphocyte differentiation factor (CDF), 
hybridoma growth factor (HGF), and interferon beta-2 
(IFN-β2). Human IL-6 is made up of 212 amino acids, 
including a 28-amino-acid signal peptide, and its encod-
ing gene has been mapped to chromosome 7p21 
(Tanaka et al. 2014). The mature IL-6 is a glycoprotein 
composed of 185 amino acids (Somers et al. 1997). 
Although the core protein is 20 kDa, glycosylation 

accounts for the size of 21–26 kDa of natural IL-6 
(Tanaka et al. 2014). The X-ray crystal structure of IL- 
6 is a four-helix bundle with the up-up-down-down 
topology common to most cytokines. As shown in 
Figure 1A, the four constituting helices are arranged 
so that the helices A and B run in the same direction 
and C and D in the opposite one. Linking the helices in 
this arrangement is made possible by a long loop joining 
the A and B helices, a short one between B and C and 
finally, a second long connection between C and the 
fourth main helix D. 157 out of 185 residues are well 
defined in the final structure, with 18 N-terminal and 8 
A-B loop amino acids displaying no interpretable elec-
tron density. Consequently, it has not been possible to 
model these amino acids (Somers et al. 1997). 
Mammalian IL-6 is a secreted cytokine that exerts its 
biological effects through binding to its receptor that 
consists of two polypeptides: the α chain (IL-6 R, also 
known as cluster of differentiation 126 or CD126), an 80 
kDa transmembrane glycoprotein that binds IL-6 with 
low affinity, and the β chain (gp130, also known as IL-6 
signal transducer or IL6ST, IL6-β, cluster of differentia-
tion 130 or CD130), a 130 kDa transmembrane glyco-
protein that binds to the IL-6/IL-6 R heterodimer to 
form the high affinity signal-transducing complex 
(Taga et al. 1992). The binding sites of IL-6 interacting 
with IL-6 R/gp130 are shown in Figure 1B.

IL-10, also known as cytokine synthesis inhibitory 
factor (CSIF), exists in solution predominantly as 
a homodimer, composed of two polypeptide chains 
of 160 amino acids each. Its molecular weight is 
approximately 18 kDa (monomer). Unlike mouse 
IL-10, human IL-10 contains no potential N-linked 
glycosylation site and is not glycosylated (Dumoutier 
and Renauld 2002; Vieira et al. 1991). Its encoding 
gene is located on chromosome 1 (Kim et al. 1992). 
The subunits within the dimer are non-covalently 
associated, although each subunit contains two intra- 
chain disulfide bonds, between residues 12 and 108, 
and between residues 62 and 114 (Windsor et al. 
1993). According to the X-ray crystal structure, the 
monomer of IL-10 consists of six helices, 
A-F. Helices E and F (or E’ and F’) of each monomer 
contribute mutually to the formation of compact six- 
helix domains of the IL-10 dimer connected by the 
D-E and D’-E’ linkages. A part of each domain con-
sists of a classical four-helix bundle formed by helices 
A, C, D, F’ and A’, C’, D’, F, respectively. An 
extended hydrophobic core is located inside of each 
domain, comprising 86% of all hydrophobic residues 
of the IL-10 molecule (Presnell and Cohen 1989; 
Zdanov et al. 1996). The structure of a dimer of IL- 
10 is shown in Figure 1C. IL-10 homodimer binds to 
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a multimeric receptor made up of pairs of IL-10 Rα 
and IL-10 Rβ molecules, for a total of four subunits 
per receptor (Shouval et al. 2014). The model struc-
ture of the soluble domain of human IL-10 R (sIL- 
10 R) consists of the N-terminal and C-terminal 
domains. Each domain has a fibronectin type III- 
like topology, formed by seven β-strands, al-gl and 
a2-g2 for the N- and C-terminal domains, respec-
tively. The linkage between the domains, consisting 
of 10 amino acids, contains a short α-helix. The 
overall sIL-10 R structure is like that of the human 
soluble form of the receptor of glycoprotein hormone 

(sHGHR), prolactin (sPRLR), and interferon gamma 
(sIFNyR) (Bork et al. 1994; de Vos et al. 1992; 
Somers et al. 1994; Walter and Nagabhushan 1995; 
Zdanov et al. 1996). The model of the IL-10/sIL-10 R 
complex is shown in Figure 1D.

Producing cells and biological role

IL-6 is a pleiotropic cytokine involved in many biologi-
cal functions, such as in the regulation and coordination 
of the immune system and nervous system, regenerative 
and metabolic processes (Rothaug et al. 2016; Scheller 

Figure 1. Ribbon representations of the IL-6/IL-10, model structure of IL-6/IL-6 R/gp130 and IL-10/IL-10R complexes. (A) Ribbon 
representation of the IL-6 crystal structure. The four main helices are labelled A, B, C and D. The extra helix in the final long loop is 
labelled E. The missing part of the first cross-over connection is indicated by a dashed line. (B) Ribbon representation of the IL-6, IL-6 R 
and gp130 hexamer signalling model. The IL-6 crystal structure is shown in green, IL-6 R in blue and gp130 in red. The proposed 
binding sites are labelled. Site 1 is the site of IL-6/IL-6 R interactions. Site 2 is the region where IL-6 interacts with gp130 in the trimer. 
Site 3 is the site of IL-6/gp130 interactions between trimers. Site 4 is the location of IL-6/IL-6 interactions between trimers. Figure 1A 
and 1B reprinted with permission from (Somers et al. 1997). © (1997) European Molecular Biology Organization. (C) Ribbon diagram 
showing the structure of the IL-10 dimer. Disulfide bonds are shown in yellow, and the termini are marked. (D) Model structure of the 
IL-10/IL-10R complex. N and C termini are marked as follows: disulfide bonds are coloured yellow, loops and coil regions of sIL-10R are 
shown in white with a short interdomain helix in red. Figure 1C and 1D reprinted with permission from (Zdanov et al. 1996). © (1996) 
The Protein Society.
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et al. 2011). Several innate immune cells and stromal 
cells produce and respond to IL-6 (Calabrese and Rose- 
John 2014; Mauer et al. 2014). IL-6 is thought to be 
involved in the transition from acute to chronic inflam-
mation. During acute inflammation, monocytes, macro-
phages, and endothelial cells produce IL-6, leading to the 
recruitment of neutrophils through activation of 
a subset of chemokines and adhesion molecules by 
endothelial cells, smooth muscle cells, and fibroblasts 
(Fielding et al. 2008; Mauer et al. 2014). IL-6 has impor-
tant roles in both T- and B-cell activation. IL-6 was 
originally identified as a T-cell derived soluble factor 
that induced the maturation of B cells into plasma cells 
(Muraguchi et al. 1988). Activated mature B cells and 
regulatory B cells produce IL-6, which then triggers 
innate immune cells and stromal cells to produce cyto-
kines, chemokines, and other pro-inflammatory factors 
(Hunter and Jones 2015). The presence of IL-6, together 
with transforming growth factor beta (TGF-β), drives 
naïve T cells to differentiate into T-helper 17 cells 
(Bettelli et al. 2006; Kimura and Kishimoto 2010; Korn 
et al. 2008). These last produce IL-6, which promotes 
their differentiation (Ogura et al. 2008) and with IL-17, 
always released by T-helper 17 cells, induce fibroblasts to 
produce IL-6, further amplifying the immune reaction 
(Ota et al. 2015). Hepatocytes produce IL-6 both in vitro 
and in vivo in response to lipopolysaccharide (LPS), 
a well-known factor able to stimulate the production of 
IL-6 in immune cells via the classic nuclear factor kappa- 
light-chain-enhancer of activated B cells (NF-κB) path-
way (Norris et al. 2014).

IL-10 is another important pleiotropic immunor-
egulatory cytokine with potent anti-inflammatory 
properties that plays a central role in limiting host 
immune response to pathogens, thereby preventing 
damage to the host and maintaining normal tissue 
homeostasis (Iyer and Cheng 2012). IL-10 is mainly 
secreted by macrophages, but also by T helper 1 
(Th1) and Th2 lymphocytes, dendritic cells (DCs), 
cytotoxic T cells, B lymphocytes, monocytes and 
mast cells. Some studies have shown that it can be 
produced even by human carcinoma cell lines (Gastl 
et al. 1993; Pisa et al. 1992). IL-10 suppresses macro-
phages and DCs function by inhibiting the expression 
of major histocompatibility complex (MHC) class II 
and costimulatory molecules such as cluster differen-
tiation 80 in tandem with cluster differentiation 86 
(CD80/CD86) and production of pro-inflammatory 
cytokines and chemokines, including interleukins 1, 
6, 8, and 12, as well as TNF-α. In B cells, IL-10 
prevents apoptosis, enhances cell proliferation and 
has a role in immunoglobulin class switch 
(Trifunović et al. 2015).

Cell signalling

The IL-6/IL-6 R and the IL-10/IL-10 R signalling path-
ways are shown in Figure 2. IL-6 may stimulate 
a response in a target cell in two different manners: i) 
classical signalling that involves the binding of IL-6 to 
the membrane-bound IL-6 R, which initiates dimeriza-
tion of gp130 and subsequent downstream signalling 
(Hibi et al. 1990); ii) trans-signalling, in which case the 
soluble IL-6 R (sIL-6 R) forms a complex with IL-6 and 
stimulate distant cells expressing gp130 but not surface- 
bound IL-6 R, including most neuronal types, endothe-
lial cells, oligodendrocytes and many other cell types 
(Rose-John and Heinrich 1994). IL-10 signalling starts 
by IL-10 binding to IL-10 Rα. This complex binds IL- 
10 Rβ giving origin to a heterotetramer, permitting the 
assembly of the signalling complex (Yoon et al. 2006). 
Once the complex is assembled, Janus kinase-1 (JAK1) 
and tyrosine kinases-2 (TYK2) that are constitutively 
associated with IL-10Rα and IL-10Rβ, respectively, are 
activated and phosphorylate specific tyrosine residues in 
the intracellular domain of IL-10Rα. Phosphorylation of 
the receptor leads to the recruitment of signal transducer 
and activator of transcription 3 (STAT3) (Murray 2007). 
Following their recruitment, JAK1 and TYK2 phosphor-
ylate STAT3, leading to its homodimerization and sub-
sequent translocation to the nucleus, where it binds to 
STAT3-binding elements of IL-10 responsive genes. 
IL10-responsive gene products inhibit toll-like receptor 
4 (TLR4) signalling at the level of IL-1 receptor- 
associated kinase 4 (IRAK) and TNF receptor- 
associated factor 6 (TRAF6) resulting in reduced NF- 
κB-mediated expression of IL-6, TNF, and IL-1 and also 
inhibit IL-6 signalling at the level of gp30 receptor sub-
unit. STAT3 also induces the expression of suppressor of 
cytokine signaling 3 (SOCS3), which inhibits cell surface 
or cytoplasmic pattern recognition receptors-induced 
expression of various inflammatory cytokines including 
TNF, IL-6, and interleukin 1 beta (IL-1β) (Murray 2007, 
2006). While both IL-10 and IL-6 highly induce STAT3- 
dependent SOCS3 expression in macrophages, the inhi-
bitory role of SOCS3 appears to be restricted to IL6 
(Murray 2006).

Involvement in diseases

IL-6 may contribute to chronic inflammation and 
autoimmunity (Hirano et al. 1987). Subsequent stu-
dies have shown that dysregulation of IL-6 produc-
tion occurs in the synovial cells of rheumatoid 
arthritis (Hirano et al. 1988), myeloma cells 
(Kawano et al. 1988), swollen lymph nodes of 
Castleman’s disease (Yoshizaki et al. 1989) and 
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peripheral blood cells or involved tissues in various 
other autoimmune and chronic inflammatory dis-
eases and even malignant cells in cancers 
(Nishimoto et al. 2005). Besides, IL-6 is a central 
player in physiological neuronal and glial function 
as well as neuroinflammatory pathways observed in 
disabling neurological illnesses, such as multiple 
sclerosis, Parkinson’s and Alzheimer’s diseases. 
Increased nocturnal concentrations of serum IL-6 
are found in patients with impaired sleep (Rothaug 
et al. 2016).

Since it regulates both cellular and humoral immu-
nity, the anti-inflammatory cytokine IL-10 plays a key 
role in autoimmune and inflammatory diseases, as well 
as in some neoplasms (Iyer and Cheng 2012; Trifunović 
et al. 2015). Polymorphisms within the IL-10 gene are 
implicated in triggering several malignancies 
(Trifunović et al. 2015), inflammatory bowel disease 
(Zhu et al. 2013), and rheumatoid arthritis (Paradowska- 
Gorycka et al. 2010). Low levels of IL-10 affect the 
pathology and in the clinical course of psoriasis 
(Karam et al. 2014). Whereas the overproduction of 
IL-10, in the context of CSS, is often associated with 
the down-regulation of neutrophil and monocyte 

function, a phenomenon termed immunoparalysis 
(Frazier and Hall 2008). Borish et al. (1996) clearly 
showed an inverse association between asthma severity 
and IL-10 concentration (Borish et al. 1996). Instead, 
there is a positive correlation of serum IL-10 levels with 
disease severity in patients with systemic lupus erythe-
matosus (Rahman 2003), and tuberculosis (Verbon et al. 
1999). Conversely, as a negative association, IL-10 inhi-
bits human immunodeficiency virus 1 (HIV-1) replica-
tion in infected macrophages and therefore mediates 
viral latency (Zdanov et al. 1995). Interestingly, the 
production of IL-10 by regulatory T cells is of potential 
benefit to both the host, limiting pathology, and the 
pathogen, allowing persistent infection and thereby 
favouring onward transmission (Couper et al. 2008).

Several reports have highlighted as the pathogenesis 
of the cytokine storm associated with COVID-19 is 
complex, involving several pleiotropic cytokines such 
as IL-6 and IL-10 (Chen et al. 2020a, 2020b; Han et al. 
2020; Huang et al. 2020a; Liu et al. 2020; McGonagle 
et al. 2020; Mehta et al. 2020; Pedersen and Ho 2020; 
Roumier et al. 2020; Ruan et al. 2020), whose elevated 
serum levels are associated with high mortality risk 
(Chen et al. 2020b; Han et al. 2020).

Figure 2. IL-6/IL-6 R and the IL-10/IL-10R signalling pathways. Abbreviations: c-Myc, avian myelocytomatosis virus oncogene cellular 
homolog; gp130, glycoprotein 130 kDa; IL-6, interleukin 6; IL-6 R, interleukin 6 receptor; IL-10, interleukin 10; IL-10Rα, interleukin-10 
receptor subunit alpha; IL-10Rβ, interleukin-10 receptor subunit beta; JAK1, Janus kinase-1; JAK3, Janus kinase-3; STAT3, signal 
transducer and activator of transcription 3; TYK2, tyrosine kinases-2.
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Cytokine targeting therapy

The blockade of IL-6 is proving to be a promising strategy 
for COVID-induced CSS (Liu et al. 2020; Roumier et al. 
2020). Commercially available anti-IL-6 drugs, revealing 
some effectiveness against the CSS associated with severe 
COVID-19 symptoms, include Tocilizumab (Brand 
names: Tocilizumab®, Actemra®, RoActemra®), Sarilumab 
(Brand name: Kevzara®), and Siltuximab (Brand name: 
Sylvant®) (National Institutes of Health (NIH) 2020). The 
immunosuppressive drug Tocilizumab licensed in the 
United States and Europe for chimeric antigen receptor 
T-cell-induced severe or life-threatening CSS and consist-
ing of a humanized monoclonal antibody against the IL- 
6 R is proven to be one of the most effective (Mehta et al. 
2020). Roumier et al. (2020) demonstrated that IL-6 block-
ade by Tocilizumab could curb the CSS, preventing ICU 
admission and the requirement for mechanical ventilation 
for COVID-19 patients (Roumier et al. 2020). 
A multicentre randomized controlled trial of tocilizumab 
has been approved in patients with COVID-19 pneumonia 
and elevated IL-6 in China (ChiCTR2000029765) (Chinese 
Clinical Trial Registry (ChiCTR) 2020).

Trandem et al. (2011) showed that cytotoxic CD8+ 

T cells self-regulate themselves by producing IL-10 at the 
peak of infection in the brain of mice infected with the 
coronavirus mouse hepatitis virus, strain JHM J2.2-v-1 
(J2.2-v-1). This IL-10 produced by CD8+ T cells at the 
peak of inflammation is protective against morbidity, 
diminishing disease (Trandem et al. 2011). Conversely, 
IL-10 blocking, alone or in combination with programmed 
cell death protein 1 (PD-1), is promising for reinvigorating 
exhausted T cells and may control COVID-19 pathogenesis 
(Saeidi et al. 2018). Thus, more experimental studies should 
be done to clarify whether overactivation or ablation of IL- 
10 could be helpful for severe COVID-19 (Rahmati and 
Moosavi 2020). From these outcomes, by taking advantage 
of the overactivation or suppression of IL-10, new drug 
treatments against COVID-19 could be developed.

Adoptive leukocyte immunotherapy

In addition to granulocytes, circulating white blood cells 
(WBCs, also called leukocytes) include B and 
T lymphocytes, natural killer cells, monocytes, and DCs. 
T cells are comprised of subtypes that are involved in either 
helping effector/killer T cells (Th1 cells) or B cells (Th2 
cells) or in preventing/limiting effector responses (regula-
tory T cells). WBCs are fundamental cells required to 
develop immunity against tumour cells and infectious 
pathogens, such as viruses, bacteria, and parasites 
(Charron 2007). Studies to develop therapies based on the 
adoptive leukocyte immunotherapy, by using cells 

originated from the patient (e.g., autologous WBCs) or 
another individual (e.g., allogeneic lymphocytes) are car-
ried out since the 1970s.

Adoptive leukocyte immunotherapy with donor lym-
phocyte infusion (DLI) has been first introduced as an 
envisioning therapeutic option to treat patients with can-
cer (Rosenberg 1984). Afterwards, the procedure has been 
extended to treat neutropenia (e.g., in leukemic patients 
after chemotherapy) (Lowenthal et al. 1975), recurrent 
leukaemia after HSCs transplantation (Kolb et al. 1990), 
unexplained primary recurrent spontaneous abortion 
(Daya and Gunby 1994), and other haematological malig-
nancies including acute lymphoblastic and myeloblastic 
leukaemia, chronic lymphocytic leukaemia, lymphoma, 
myelodysplasia, and myeloma (Luznik and Fuchs 2002). 
Also, DLI has proven useful to prevent cytomegalovirus 
(Walter et al. 1995) and Epstein-Barr virus (Rooney et al. 
1998) infections as well as to assist long-term acceptance 
after kidney or liver transplants (Yan et al. 2001), etc. 
Many clinical trials are investigating the efficacy of DLI- 
based immunotherapy to treat different medical condi-
tions. Interventional clinical trials involving DLI regis-
tered at www.clinicaltrials.gov, of which results are 
already available, have summarized in Table 1. Most out-
comes indicate that DLI is safe for patients, who do not 
experience serious adverse events, thus inducing 
a complete remission of them. However, despite benefits 
produced for patients by allogeneic WBCs infusion, HLA 
barrier and the iatrogenic risk of diseases transmission are 
the major points of concern (Charron 2007). Even though 
in developing countries the possibility of contamination 
has now been almost entirely removed by donor selection 
and product safety procedures, the issue about the HLA 
barrier has not been overcome (Charron 2007; Luban 
2005). Donor HLAs that are not identical to those 
expressed by the recipient will be recognized as non-self 
and will activate T cells that will onset a cascade of events 
resulting in the death of the donor cells. This process, 
known as direct allorecognition, is particularly elective for 
the activation of naïve T cells. DCs present in transfused 
blood and expressing HLA and co-stimulatory molecules 
play a crucial role in antigen presentation in this pathway. 
Besides, T-cells may also detect antigenic peptides derived 
from HLA molecules present on transfused blood pro-
ducts when presented by the patient’s antigen-presenting 
cells. This mechanism, known as indirect allorecognition, 
operates in previously sensitized individuals who carry 
memory T-cells that rapidly respond to the antigenic 
challenge. Thus, HLA antigens present on transfused 
cells can induce strong cellular and antibody responses 
in the recipient (Navarrete 2000). As a strategy, the invol-
vement of HLA-matched donor and recipient patients, as 
well as apheresis from a single donor, would prevent/ 
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Table 1. Interventional clinical trials involving DLI, with results, registered at www.clinicaltrials.gov.
Title (according to NCT 
number) Conditions Interventions Outcome measures Locations

Main results with/without 
available publications

Post transplant DLI 
(NCT00167180)

Acute myeloid 
leukemia 
Leukemia, 
lymphocytic, acute 
and chronic 
Leukemia, 
myeloid, chronic 
Lymphomas 
Multiple myeloma 
Myelodysplastic 
syndrome

Drug: induction 
chemotherapy 
Procedure: DLI

Number of participants with 
complete remission, 
patients alive, patients 
alive without disease, 
patients with acute 
GVHD, patients with 
bone marrow aplasia

Masonic Cancer 
Center, 
University of 
Minnesota, 
Minneapolis, 
Minnesota, 
United States

Lymphodepletion followed 
by DLI causes 
significantly more acute 
graft-versus-host disease 
than DLI alone (Miller 
et al. 2007)

Pilot study of radiation- 
enhanced allogeneic cell 
therapy for progressive 
hematologic malignancy 
after allogeneic 
hematopoietic stem cell 
transplantation 
(NCT00984165)

Chronic lymphocytic 
leukemias 
Hodgkin’s and 
non-Hodgkin’s 
lymphoma 
Multiple myeloma 
with 
plasmacytoma

Biological: DLI 
Procedures: 
apheresis, single 
fraction radiation

Number of participants with 
adverse events 
Response to GVHD 
treatment

National 
Institutes of 
Health Clinical 
Center, 9000 
Rockville Pike, 
Bethesda, 
Maryland, 
United States

Complete remission of 
cancer in late-stage 
disease by radiation and 
transfer of allogeneic 
MHC-matched immune 
T cells (Schirrmacher 
2014)

DLI after alternative donor 
transplantation 
(NCT01027702)

Immunodeficiency Biological: DLI Incidence and severity of 
GVHD 
Number of participants 
with immune recovery 
following 
transplantation, infection 
and EBV-related PTLD

Levine Children’s 
Hospital, 
Carolinas 
Medical 
Center, 
Charlotte, 
North Carolina, 
United States

In prophylactic DLI with 
MTX prophylaxis 
following CD34+ cell- 
selected haploidentical 
donor stem cell 
transplant, the DLI dose 
of 5 × 104 CD3+ cells/kg 
resulted in CD4+ cells >  
100/µL at day 120 in 4/6 
patients and therefore 
met the immune 
recovery target. After 3 
additional patients were 
treated at this dose, 6/9 
(67%) had CD4+ > 100/µL 
at day 120. At the DLI 
dose of 5 × 104 CD3+ 

cells/kg, 11% of 
evaluable patients had 
grade II acute GVHD and 
there was no grade III-IV 
acute GVHD by day +180, 
thus meeting the GVHD 
target (Gilman et al. 
2018)

Trial of ID-specific donor 
vaccinated lymphocyte 
infusion for patients with 
myeloma relapsing or 
failing to achieve 
a complete remission 
after an allogenic 
transplant 
(NCT01174082)

Myeloma Biologicals: KLH 
vaccine, KLH-ID 
vaccine 
Drug: GM-CSF 
Procedures: 
apheresis, DLI

The rate of partial response 
and complete response 
in patients receiving DLI 
from an ID-specific 
vaccinated donor

University of 
Texas MD 
Anderson 
Cancer Center, 
Houston, 
Texas, United 
States

No serious adverse events* 
occurred

Planned DLI after 
allogeneic stem cell 
transplantation 
(NCT01518153)

Leukemia 
Lymphoma 
Myeloma 
Myeloproliferative 
diseases

Drugs: Alemtuzumab, 
Fludarabine, G-CSF, 
Melphalan, 
Methotrexate, 
Tacrolimus 
Procedures: high and 
low dose donor 
T-cells, stem cell 
infusion

Overall survival 
Success rate

University of 
Texas MD 
Anderson 
Cancer Center, 
Houston, 
Texas, United 
States

Serious adverse events* 
occurring in 66.67% of 
patients receiving low 
doses of donor T-cells 
about 8–9 weeks after 
a stem cell transplant

(Continued)
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decrease allorecognition. Already-sensitized recipients, 
i.e., women who have become immunized as a result of 
pregnancy or previously multitransfused patients should 
be avoided (Navarrete 2000).

The immunosuppressive effects produced by the re- 
infusion of autologous leukocytes can be useful in some 
clinical situations, such as for patients with advanced 
gastric cancer (Kono et al. 2002). For more than 
10 years, the injection of autologous WBCs has been 
regarded by regenerative medicine as a promising med-
ical. Autologous haematopoietic stem cells (HSCs) and 
WBCs can improve the immune response of immuno-
suppressed individuals, particularly elderly persons, to 
restore their defences and enhance their longevity. 
Autologous WBCs collected and cryopreserved at 
a young age represent a valuable bio-resource for the 
restoration of immunity and the successful development 
of adoptive immunotherapy in treating infections and 
cancer (Charron 2007). Despite allogenic WBCs, auto-
logous WBCs have obvious advantages. With 

autologous WBCs infusion, patients do not incur an 
allergic reaction from DLI membrane proteins or HLA 
systems, so avoiding the graft vs. host reactions and 
rejection. Besides, they are immediately functional and 
immunologically experienced (Charron 2007). After all, 
scintigraphy with radiolabeled autologous WBCs is 
a safe imaging technique already used for many years 
in clinical diagnostics to determine the site of an acute 
infection or confirm the presence or absence of infection 
or inflammation at a suspected site (de Vries et al. 2010).

Cell effects exerted by static magnetic field 
exposure within the purview of COVID-19

Effects of static magnetic field on human leukocytes

Anti-inflammatory effect
SMF is a worthy candidate to involve in clinical trials of 
diseases with an inflammatory background (Vergallo 
et al. 2013). Vergallo et al. (2013) demonstrated by 

Table 1. (Continued).
Title (according to NCT 
number) Conditions Interventions Outcome measures Locations

Main results with/without 
available publications

DLI of T-cells genetically 
modified with iCasp9 
suicide gene 
(NCT01875237)

Leukemia 
Myeloma 
Myeloproliferative 
diseases

Behavioral: 
questionnaire 
Drugs: 
Alemtuzumab, 
AP1903, Fludarabine, 
G-CSF, Melphalan, 
Methylprednisolone, 
Mini-Methotrexate, 
Tacrolimus 
Procedures: DLI, 
stem cell infusion

Number of participants 
assessed post DLI: 
disease-free survival and 
non-relapse mortality, 
chimerism and GVHD 
To assess the incidence 
of acute GVHD flare after 
complete/partial 
response requiring 
additional agent for 
systemic therapy 
before day 56 post- 
administration of 
AP1903, the incidence of 
EBV-PTLD or EBV, 
reactivation requiring 
therapy post DLI, the 
incidence of GVHD 
treatment failure post- 
administration of 
AP1903, the proportion 
of patients developing 
Grade I–IV acute GVHD, 
the proportions of GVHD 
response post- 
administration of 
AP1903, the safety of DLI 
followed by dimerizer 
drug, AP1903 by number 
of participants with 
adverse events, post DLI 
chimerism

University of 
Texas MD 
Anderson 
Cancer Center, 
Houston, 
Texas, United 
States

Serious adverse events* 
experienced by patients 
up to 30 days after 
receiving DLI or AP1903 
infusion

*An adverse event that results in death, is life-threatening, requires inpatient hospitalization or extends a current hospital stay, results in an ongoing or 
significant incapacity or interferes substantially with normal life functions, or causes a congenital anomaly or birth defect. Medical events that do not result in 
death, are not life-threatening, or do not require hospitalization may be considered serious adverse events if they put the participant in danger or require 
medical or surgical intervention to prevent one of the results listed above. 

Abbreviations: CD = clusters of differentiation; DLI = donor lymphocyte infusion; EBV = Epstein-Barr virus; G-CSF = granulocyte colony-stimulating factor; GM- 
CSF = granulocyte-macrophage colony-stimulating factor; GVHD = graft versus host disease; iCasp9 = inducible caspase 9; KLH = keyhole limpet hemocyanin; 
MHC = major histocompatibility complex; MTX = methotrexate; PTLD = post-transplant lymphoproliferative disease.
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a convincing in vitro evidence that SMF exposure has 
a beneficial effect on human monocytes and lympho-
cytes. A strong inhomogeneous SMF (554.2–553.8 mT) 
for up to 24 h exerted a significant inhibitory effect on 
the release of pro-inflammatory cytokines IL-6, IL-8, 
and TNF-α, as well as a significant stimulating effect 
on the release of anti-inflammatory cytokine IL-10, 
from monocytes as compared to negative, untreated 
control (Figure 3A-D). Despite the positive control 
(LPS challenge only), the secretion of IL-6 from lym-
phocytes was significantly decreased under SMF expo-
sure condition (554.2–438.0 mT). The production of 
anti-inflammatory cytokine IL-10 from lymphocytes 
was also found significantly assisted by SMF (Figure 
3E-F). Even though the LPS activation reduced the dif-
ferences between treated and untreated cultures, the IL 6 
release from monocytes remained significantly inhibited 
upon SMF exposure (Vergallo et al. 2013). Recently, 
Shang et al. (2019) found that 0.6 SMF suppressed signal 
transducer and activator of transcription 1 (STAT1)- 
mediated pro-inflammatory gene expression and facili-
tated signal transducer and activator of transcription 6 
(STAT6)-mediated anti-inflammatory gene expression 
in peritoneal mice macrophages exposed to 0.6 mT 
SMF for 0.5 h (Shang et al. 2019).

Suppressive effect on NF-κB
NF-κB signalling plays an important role in differential 
regulation of influenza virus RNA synthesis. The over-
expression of the protein of 65 kDa, a member of the 
human NF-κB family also known as the v-rel avian 
reticuloendotheliosis viral oncogene homolog A (RelA) 
and indicated as p65 or NF-κBp65, could not only elim-
inate the inhibition but also activate influenza virus 
RNA transcription from the cRNA promoter. 
Nonetheless, siRNA-mediated p65 knockdown signifi-
cantly reduced influenza A virus replication and the 
synthesis of most vRNA segments. NF-κB inhibitors 
block early stages of the influenza virus life cycle, by 
decreasing both (i) the level of vRNA in virus-infected 
cells and (ii) the level of RNA transcription from the 
cRNA promoter (Kumar et al. 2008). Kim et al. (2018) 
showed that 45 min. exposure of mouse bone marrow- 
derived macrophage cells to 15 mT SMF attenuates the 
activation of NF-κBp65 induced by receptor activator of 
NF-κB ligand (RANKL), also known as tumor necrosis 
factor ligand superfamily member 11 (TNFSF11), TNF- 
related activation-induced cytokine (TRANCE), osteo-
protegerin ligand (OPGL), and osteoclast differentiation 
factor (ODF) (Kim et al. 2018). This outcome has a high 
value in the light of the finding of DeDiego et al. (2014), 
who found that the inhibition of NF-κBp65 activation 
led to a reduction in inflammation and lung pathology 

in both SARS-CoV-infected cultured cells and mice and 
significantly increased mouse survival after SARS-CoV 
infection. The same authors indicated that activation of 
the NF-κB signalling pathway represents a major con-
tribution to the inflammation process after SARS-CoV 
infection and that NF-κB inhibitors are promising anti-
virals in infections caused by SARS-CoV and potentially 
other pathogenic human coronaviruses (DeDiego et al. 
2014).

Effects of static magnetic field on Ang II/ACE 2 
activity

Angiotensin-converting enzyme 2 (ACE2) is a protein 
on the surface of many cell types. ACE2 is used by the 
recently emerging SARS-CoV-2 to entry human host 
cells. Notably, the receptor binding domain (RBD) of 
the spike protein of SARSCoV-2 mediates the interac-
tion with ACE2 (Letko et al. 2020). Increased angioten-
sin II (Ang II) levels are thought to upregulate ACE2 
activity, and in ACE2 deficient mice, Ang II levels are 
approximately double that of wild-type mice (Tikellis 
and Thomas 2012). To investigate the effects of SMF 
on development of hypertension, Okano and Ohkubo 
(2003) exposed for up 12 weeks spontaneously hyper-
tensive rats to two different types of external SMFs of 
3.0–10.0 mT or 8.0–25.0 mT. These SMFs were gener-
ated from permanent magnetic plates attached to the rat 
cage. Interestingly, exposure to 10 and 25 mT SMFs for 
5 weeks significantly reduced the serum concentrations 
of Ang II, as compared with control. The extent of 
reduction in Ang II was 65.3% at 10 mT and 63.8% at 
25 mT. Significant suppressor effect of SMFs on Ang II 
disappeared at 12 weeks (Okano and Ohkubo 2003). 
Thus, it might happen that SMF, by lowering serum 
Ang II, downregulates the activity of ACE2 accordingly.

Infusion of HLA-matched and static magnetic 
field-exposed allogenic lymphocytes

Blood tests of the patients positive to COVID-19 infec-
tion highlighted severe leucocytosis and lymphocytope-
nia (Chen et al. 2020a; Huang et al. 2020a; Mehta et al. 
2020; Pedersen and Ho 2020; Roumier et al. 2020; Ruan 
et al. 2020) that, together with IL-6 and IL-10 (Chen 
et al. 2020b; Han et al. 2020), were found to be predictive 
of disease severity (Chen et al. 2020a; Huang et al. 2020b; 
Tan et al. 2020). Specifically, Chen et al. (2020) found 
that the SARS-CoV-2 infection induces a decrease of 
T lymphocytes expressing the clusters of differentiation 
4 (CD4+, T helper cells) and 8 (CD8+, cytotoxic T cells) 
(Chen et al. 2020a). Why lymphocytopenia is associated 
with severe illness remains unclear. It has been 
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hypothesized that this association could result from 
direct lymphocyte infection, destruction of lymphatic 
tissue, inflammation leading to lymphocyte apoptosis, 
or inhibition of lymphocytes by metabolic disorders 
such as lactic acidosis (Tan et al. 2020). SMF was 
found able to elicit IL-10 and suppress IL-6 releasing 

from lymphocytes by Vergallo et al. (2013) (Vergallo 
et al. 2013). Therefore, it was thought that the infusion 
of HLA-matched and SMF-exposed allogenic lympho-
cytes could represent a treatment option for COVID-19 
patients. The scientific evidence underlying the develop-
ment of such treatment has been extensively dealt with 

Figure 3. Cytokine profile release by macrophages (A-D) and lymphocytes (E-F) in 24 h under different treatments. Concentration of A) 
IL-6, B) IL-8, C) TNF-α, and D) IL-10 released from macrophages. Concentration of A) IL-6 and B) IL-10 released from lymphocytes. 
Positive error bars show standard deviation values. * and × denote significant differences (p < 0.05) to corresponding negative or 
positive control (LPS), respectively as estimated with Games-Howell post hoc analysis. Figures reprinted with permission from (Vergallo 
et al. 2013). © (2013), Vergallo et al.
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the previous sections. As shown in Figure 4, it consists 
of the following steps: i) in the first instance, donor’s 
health status and medical history are evaluated before 
that the patient is enrolled for lymphocyte donation. 
Optimal matching of donors and recipients is important 
to maximize the efficacy of this DLI-based immunother-
apy. Healthily consanguineous relatives are to be con-
sidered likely donor candidates. These family members 
should be partially matched for HLA with the recipient, 
by performing a high-resolution typing at HLA-A, B, 
C (HLA Class I), and DR (HLA Class II) (Gilman et al. 
2018). At this point, HLA-matching donor is admitted 
to the hospital and undergone to lymphocytes removal 
by apheresis procedure (0 h). The apheresis machine will 
then draw blood from one arm of donor patient, take off 
the lymphocytes and return the rest of the ‘processed’ 
blood through a needle stuck in the other arm (Figure 
4A). Only a small amount of blood (about 15 mL) is 
taken from the donor at any one time. The collection of 
peripheral blood lymphocytes (150/250 mls) usually 
takes 4 h. Besides, the whole procedure is completely 
safe for the donor patient; ii) donor HLA-matched 

lymphocytes are exposed to an SMF up to 24 h in 
a cell culture incubator (37°C, 5% CO2). An example 
of an SMF exposure device is shown in Figure 4B. As 
already reported in Section ‘Anti-inflammatory effect’, 
this SMF exposure device generates an inhomogeneous 
(554.2–438.0 mT) SMF able to elicit IL-10 and suppress 
IL-6 releasing from lymphocytes (Vergallo et al. 2013). 
Apoptosis and SMF exposure decrease the number of 
viable lymphocytes, respectively, to 67.80% and 50.83% 
of the baseline value at 24 h (Vergallo et al. 2013). 
Therefore, there would be a need for a larger number 
of starting viable cells; iii) COVID-19 patient receives 
HLA-matched and SMF-exposed lymphocytes at 24 h 
(Figure 4C). Lymphocytes from the donor are infused to 
recipient patient by phlebotomy with a cell dose ranged 
between 105 and 106 cells/kg, depending on the clinical 
status of COVID-19 patient. The SMF device shown in 
Figure 4B allows the placement of a culture flask of 
25 cm2 with a working volume of 7.5–10 mL, therefore 
of 7.5–10 × 106 cells seeded at a cell density of 106 cells/ 
mL. To place larger culture flasks (e.g., 75 cm2), the SMF 
device should be scaled up accordingly.

Figure 4. Infusion of HLA-matched and static magnetic field-exposed lymphocytes. (A) Lymphocytes are removed from a healthy HLA- 
matching donor by means an apheresis machine. The apheresis machine collects the lymphocytes after taking the blood from one arm 
of the donor patient. The ‘processed’ blood is re-injected by a needle stuck in the other arm (0 h). (B) Donor HLA-matched lymphocytes 
are exposed to an SMF (up to 24 h) inside a cell culture incubator (37°C, 5% CO2). Figure above: example of an SMF exposure device on 
a small scale. Two horizontal magnetic matrices, each consisting of single 10 × 10 mm cylindrical magnets placed next to each other 
with alternating polarity, are held together with two vertical side ferromagnetic plates at a distance of 46 mm so that every magnet of 
upper matrix faces every magnet of the lower matrix with opposite polarity. The 25 cm2 flask with lymphocyte culture is placed in the 
center of the lower shelf. Figure below: magnetic flux density distribution in arbitrary units of a possible magnet arrangement of the 
SMF exposure shown above. Dashed lines (in black) denote the individual signals belonging to each contributing magnet, whereas 
solid line (in red) represents the resultant signal due to the interaction between the magnets. Depending on the arrangement of the 
individual magnets, the resultant signal changes accordingly. λ = lateral periodicity of the SMF, coinciding to the diameter of a single 
magnet (10 mm); P-P = peak-to-peak value of the resultant signal. (C) COVID-19 patient receives HLA-matched and SMF-exposed 
lymphocytes (at 24 h). Figure 4A and 4C reprinted with permission © (2015) Terese Winslow LLC, U.S. Govt has certain rights.
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Conclusion

High serum levels of IL-6 and IL-10 were found signifi-
cantly higher in COVID-19 critical cases, requiring ICU 
admission and very often resulting in death (Han et al. 
2020). Together with direct lymphocyte infection, 
destruction of lymphatic tissue, or inhibition of lympho-
cytes by metabolic disorders, inflammation could lead to 
lymphocyte loss by apoptosis onset (Tan et al. 2020). 
Individuals who died of COVID-19 are demonstrated to 
have expressively lower lymphocyte level than survivors 
(Ruan et al. 2020). SMF was found able to stimulate IL- 
10 and inhibit IL-6 release from lymphocytes (Vergallo 
et al. 2013). Thus, herein, with the intent to restore 
physiologic serum levels of lymphocytes, as well as of 
IL-6 and IL-10, the infusion of HLA-matched and SMF- 
exposed allogenic lymphocytes as a treatment option for 
COVID-19 patients was proposed. Despite some 
impairing factors, such as HLA mismatching, this pro-
cedure is easy and affordable. In vitro data have shown as 
the 24 h exposure to a 554.2–553.8 mT inhomogeneous 
SMF has also a beneficial effect on human monocytes 
(2–8% of WBCs), exerting a significant inhibitory effect 
on the release of pro-inflammatory cytokines IL-6, IL-8, 
and TNF-α, as well as a significant stimulating effect on 
the release of anti-inflammatory cytokine IL-10, as com-
pared to negative, untreated control cells (Vergallo et al. 
2013). Thus, this treatment option including allogeneic 
lymphocytes, which represent the 20–40% of WBCs, 
could be performed with autologous lymphocytes. 
Even if the lymphocyte count is very low in COVID-19 
patients, SMF exposure could be a useful tool to repro-
gram autologous lymphocytes towards physiologic con-
ditions. Besides, the same procedure could be extended 
to include whole autologous or allogenic WBCs. Some 
time-varying/pulsed magnetic fields exert cell effects just 
like SMFs (Vergallo and Dini 2018); therefore, they too 
could be employed alternatively to SMFs. However, 
although it is thought that the action of SMF-exposure 
may be like that of serum morphine (Vergallo et al. 
2013), how the SMF affects cytokine releasing from 
lymphocytes, i.e., which molecular mechanisms and 
key genes are involved, is still unknown. Besides, why 
lymphocytopenia is associated with severe illness 
remains unclear (Tan et al. 2020). Therefore, further 
in vivo investigations should be performed to address 
these issues that would ensure the safety of patients 
without incurring in any further risk for their health, 
which is already precarious.
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