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Abstract

SARS-CoV-2 causes multiorgan damage to vital organs and tissue that are known to
be due to a combination of tissue tropisms and cytokine-mediated damage that it
can incite in COVID-19. The effects of SARS-Co-2 on the lymphocytes and there-
fore on the immune response have attracted attention recently in COVID-19 to
understand its effects in causing a chronic state of ongoing infection with Long-
COVID. The associated lymphopaenia and autoimmune disease state, which is an
apparent paradox, needs to be researched to dissect possible mechanisms under-
lying this state. This paper attempts to unravel the aforesaid immune paradox ef-
fects of SARS-CoV-2 on the lymphocytes and discusses appropriate treatment
modalities with antiviral drugs and nutraceuticals which could prove virucidal in
SARS-CoV-2 seeding monocytes and lymphocytes in patients with COVID-19 and
Long-COVID. Importantly it proposes a new in vitro treatment modality of immune
regulating cells that can help patients fight the lymphopaenia associated with

1 | INTRODUCTION

The SARS-CoV-2 is now been established to produce organ damage
due to its direct invasion of target cells by using diverse types of cell

surface receptors®™

and non angiotensin-converting enzyme 2
(ACE2) receptor-mediated host cell entry mechanisms like clathrin-
assisted cellular uptake.? The mechanism of cell invasion by SARS-
CoV-2 is one of the top niches in COVID-19 research worldwide.
The immune response of the human immune system to SARS-CoV-2
is also a pivotal area of research to understand the differential im-
mune response that is mounted by individuals against SARS-CoV-2 in
COVID-19 and long-COVID.*® Interesting questions which need
clarity to understand the pathogenesis of immunopathology caused

by SARS-CoV-2 and therefore the response mounted against the

COVID-19 and Long-COVID.

virus are (a) how does SARS-CoV-2 invade the immune system
regulating cells? (b) Does the virus causes cell death after and if so,
what are the mechanisms involved when it targets the lymphocytes?
(c) Why has a coexisting state of autoimmunity been reported if
lymphocytes are undergoing cell death when COVID-19 enters into a
chronic phase of Long-COVID? (d) Is there an existing treatment
other than corticosteroids that can help patients with autoantibodies
in Long-COVID without making them susceptible to infections?
Published literature addressing these questions is surfacing but there
is a need for clarity to understand the pathogenetic mechanism
involved in lymphotropism®” that can answer the above questions
without any ambiguity. To address the questions mentioned above,
the receptor and non-receptor mediated mechanism involved in

lymphocyte entry of the virus needs to be dissected as targeting
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them may reduce the lymphocytic infection by SARS-CoV-2. The
translational effects of knowing the mode of cell death induced by
SARS-CoV-2 in lymphocytes can help design drugs and molecules
which can interfere with the ability of SARS-CoV-2 to cause cell
death and therefore minimise the effects of lymphocytopenia. Also, a
challenging question that needs clarity is the ways by which an
autoimmune response is being evoked in COVID-19 and long-COVID
which are now known to develop an array of antibodies against cell
surface receptors including neuronal antigens.2** An in-depth un-
derstanding of these mechanisms can help patients with pharmaco-
therapy or selective aphaeresis to dilute the autoantibody levels in
the blood. The ideal approach would be a drug or therapy that can
selectively suppress the autoimmune response without predisposing
patients with COVID-19 and Long-COVID to opportunistic in-
fections. Below these challenging topics are been discussed with
possible ways to resolve or research treatment approaches to find
the answers to the immune paradox seen in patients suffering from
COVID-19 and Long-COVID.

2 | MOLECULAR MECHANISM UNDERLYING
ENTRY OF SARS-CoV-2 INTO THE IMMUNE
REGULATING CELLS

The invasion and effects of SARS-CoV-2 on the immune cells of the
human body have attained attention to understanding the diverse
response that is mounted against SARS-CoV-2 in COVID-19.
Detailed knowledge of the ways by which the virus enters the cells is
expected to design drugs that could prevent immune cell invasion.
The mechanism by which SARS-CoV-2 infection may result in im-
mune system dysfunction is not fully understood. Much of this
response has focussed, appropriately, on the mechanisms of SARS-
CoV-2 entry into host cells, and in particular the binding of the
spike (S) protein to its receptor, ACE2, and subsequent membrane
fusion.’® Binding to the ACE2 receptor and the cleavage of the spike
glycoprotein between the S1 and S2 domains, mediated by the type Il
transmembrane serine proteaseTMPRSS2 and perhaps by furin?.
Neuropilin receptor 1 (NRP1) was also shown to bind S1 through the
multibasic furin-cleavage site and promote S1 shedding and expose
the S2’ site to TMPRSS2Y2 The possible multiorgan tissue invasion
due to ACE2 receptor expression in diverse tissues was hinted at in
the early months of the year 2020.1? Here the infection of the im-
mune regulating cells leading to a decrease in the count of lympho-
cytes is detailed that is known to result in immune suppression and
serious complications. It has been proposed that viral-induced lym-
phopenia might be due to direct infection, cytokine-mediated cell
death, tissue sequestration of lymphocytes, or suppression of the
bone marrow or thymus for T-cell generation.’®> The expression of
the known SARS-CoV-2 receptors or co-factors that have been
identified in primary T cells from public single-cell Next-generation
sequencing data and in Jurkat T cells in RNA-seq analysis with or
without activation, including ACE2/TMPRSS2, AXL, NRP1, KIM-1/
TIM-1, ASGR1, and KREMEN1 has been reported. Moreover, ITGB2

(leucocyte-associated molecule-1, LFA-1), the leucocyte cell Adhe-
sion molecule, has been suggested to bind to SARS-CoV-1 ORF7a.
Reports have shown a minimal expression of ACE2, TMPRSS2,
ASGR1, KREMEN1, and NRP1 and in contrast, AXL and LFA-1 that
were seen to be expressed in these cells. Taken together, AXL and
LFA-1 appeared to be the targets of SARS-CoV-2 as host cell entry
molecules (Figure 1).

Another study revealed a novel virus entry route with the re-
ports that membrane fusion and endocytosis are the two main entry
modes for virus infection. CD147 was shown to assist SARS-COV-2
host cell entry through clathrin-independent endocytosis.'* On the
other hand, it was also revealed that SARS-CoV-2 uses CD4 to infect
T-helper lymphocytes. As such, SARS-CoV-2 infects human CD4+ T
helper cells, but not CD8+ T cells, and is present in blood and
bronchoalveolar lavage T helper cells of severe COVID-19 patients.
SARS-CoV-2 spike glycoprotein (S) directly binds to the CD4 mole-
cule, which in turn mediates the entry of SARS-CoV-2 in T helper
cells in a mechanism that also requires ACE2 and TMPRSS2. Once
inside T helper cells, SARS-CoV-2 assembles viral factories, impairs
cell function, and can lead to cell death. SARS-CoV-2 infected T
helper cells express higher amounts of IL-10 and were associated
with viral persistence and disease severity®®

Monocytes, B, and T lymphocytes are susceptible to SARS-CoV-2
active infection and viral replication inside these cells. The studies
have revealed that SARS-CoV-2 was frequently detected in mono-
cytes and B lymphocytes from COVID-19 patients, and less
frequently in CD4 + T lymphocytes.’® SARS-CoV-2-positive mono-
cytes and B and CD4+T lymphocytes have also been detected by
immunohistochemistry in post-mortem lung tissue.”

3 | MECHANISM OF CELL DEATH FOLLOWING
INFECTION OF MACROPHAGES, LYMPHOCYTES,
AND NK CELLS

Lower lymphocyte counts reflected as lymphopenia have been iden-
tified as a marker of COVID-19 disease severity and this was partic-
ularly seen in males, intubated, and moribund.*® This theme of low
lymphocyte counts after the first week of illness in COVID-19 was
seen to be associated with in-hospital death.’? In the elderly, where
there is a higher mortality rate with COVID, lymphopenia has been
noted to occur more frequently in severe cases. Why does lympho-
penia occur? T Cell counts have been noted to be decreased - in
particular CD4+ and CD8+ T cell levels. Higher levels of these appear
to predict less severe disease. In recovery, these T cells usually
normalise while B cell counts do not usually decrease.?® Additionally,
an increased neutrophil: lymphocyte ratio, monocyte: lymphocyte ra-
tio, and raised interleukins are linked with the severity of the disease

and a poorer prognosis. The study?® has identified the below.

a) The inflammatory cytokine storm is suggested to be a reason
behind COVID lymphopenia. It has been noted that autopsy re-
sults on lymphoid organs who died due to COVID showed
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Lymphotropic cell entry and damage mechanisms enforced by SARS-CoV-2. Of many receptors expressed by the T

lymphocytes, two are shown (a), LFA-1 and NRP-1 that can facilitate entry (A1) to that cause cell infection and death by mechanisms like
apoptosis (A2-A3). Antigen (S-protein) presentation by macrophages to the B-lymphocytes elicits 1gG production against them (B-pink Y
structures). The immune system can develop an Idotype antibody (Y-shaped red structures) against the S-protein binding epitope that can
cross-react with the angiotensin-converting enzyme 2 (ACE2) receptor on host cells (B, autoantibody, right panel). The NK cells are also
targeted by SARS-CoV-2 (c) which by TGF-beta-1 and Smad proteins (C1) decrease the granule release capability by them affecting the
virucidal capability of these cells (C2).

lymphocyte death likely due to high IL-6 and interactions with
Fas-FasL. Treating with tocilizumab (IL-6 antagonist) showed an
increase in circulating lymphocytes This would suggest that IL-6 is
involved in lymphocyte death.

Exhaustion of T cells where an increased expression of programed
cell death protein (PD-1) along with T cell immunoglobulin and
Tim-3 correlated with the severity of the disease. NKG2A on T
cells has also been noted to mark CD8+ T cell exhaustion
together with decreased T cell activation markers CD107a and
IFN-y. T cell exhaustion is postulated to occur independently of T
cell regulation (Tregs).

COVID may infect T cells with ACE2 mRNA infection which still
requires research.

T cell expansion interference from SARS-CoV2.T cell activation
and function, such as the MAP2K7 and SOS1 genes are down-
regulated in the T cells of severe COVID-19. The authors of this

letter postulate immunosuppressive drugs suppressing T cell
response, specifically on Th1 cells could cause immunosuppres-
sion when battling COVID. They suggest their avoidance in those
with pre-existing autoimmune dysfunction.

SARS-CoV2 mRNA and Ag have been identified in T cells via
ACE2 receptors and CD4+ with spike-ACE2/TMPRSS2-independent
infection, together with viral Ag + T cell apoptosis via mitochondrial
ROS-HIF-1a-dependent pathways mechanisms. It was also shown
that LFA-1 which is expressed in leucocytes is likely to be the entry
molecule for COVID via ACE2.%®

Very alarming are the finding of syncytium formation that were
observed when human peripheral blood mononuclear cells were co-
cultured with SARS-CoV-2 spike protein-induced syncytia, they
could be engulfed by and die inside the syncytia, thus providing a
possible explanation for lymphopenia in SARS-CoV-2 infections.
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SARS-CoV-2 spike glycoprotein was capable of inducing a rapid
membrane fusion to produce syncytium, which was seen to readily
internalise multiple lines of lymphocytes to form typical cell-in-cell
structures, remarkably leading to the death of internalized cells.??
Interestingly, prolonged hospitalizations with COVID resulted in no
overt recovery of B or CD4+ T cell lymphocytes.??> Whereas in SARS-
CoV1, CD8+ T lymphocytes normalised after 3 months of symptom
onset, and CD4+ lymphocytes were still decreased in almost half of
people after a year; total lymphocytes were still decreased after
16 weeks. A CD4+ reduction suggests high susceptibility to oppor-
tunistic infections. Wang Z, Yang L, Chen Y, et al. A longitudinal follow-
up of COVID-19 patients in the convalescent phase showed recovery
in radiological results, the dynamics of lymphocytes, and a decrease in

the level of IgG antibody: a single-centre, observational study.?>

4 | THE IMMUNE PARADOX OF COVID-19 IN
CHRONIC COVID SYNDROME IN LONG-COVID

A puzzling aspect of the effect of the SARS-CoV-2 in the patients
who show a protracted course of Long-COVID is a combination of
lymphopenia and formation of IgG against self-antigens in form of
autoantibodies. It is difficult to comprehend how a failing immune cell
count and autoimmunity coexist in the same patient. One of the
possible explanations that can explain this paradox is the effect of
SARS-CoV-2 on T-Killer lymphocytes sparing the B-lymphocytes and
CD4+ve T-helper lymphocytes in patients with Long-COVID, which
remains to be established as conflicting reports have emerged as
detailed above. Comparatively more specific targeting of suppressor
T lymphocyte can also drive the autoimmune response seen in a
substantial number of patients with Long-COVID. Also, it would be
interesting to see if the T-killer lymphocytes play any role in the
autoimmune response seen in the above-mentioned patients with
autoimmune diseases that have emerged after COVID-19 and
continue into the protracted phase of long-COVID. Though the
mechanism behind the provocation of autoantibodies against

receptor-like ACE2 has been postulated®*

but the phenomenon of
autoantibodies against adrenergic, cholinergic, and neuronal anti-

gens'! needs to be researched in detail.

5 | TREATMENT OPTIONS IN PATIENTS WITH
LYMPHOPENIA AND AUTOIMMUNITY CAUSED BY
SARS-COV-2

Most possibly the lymphopenia observed in COVID-19 and Long-
COVID is due to the presence of and persistence of SARS-CoV-2
respectively. The bigger question is what could be a more trans-
lational approach to prevent the loss of lymphocytes in COVID-19 and
Long-COVID? With the known evasion of the immune response by
SARS-CoV-2, antiviral therapy is a viable option to replenish the
lymphocytes that are being targeted. In vitro treatment of the lym-
phocytes of COVID-19 and Long-COVID patients and infusion of them

back to the patient can also be thought of, as it could prevent the
adverse effects associated with any such therapy sought for man-
agement of lymphopenia. Recently Paxlovid has gained attention for
its use in targeting SARS-CoV-2 in COVID-19 and cases of reinfection
with SARS-CoV-2.2>2¢ This drug has been debated for its use in
COVID-19 after rebound has surfaced after its use?’~° the mecha-
nism behind which is poorly understood. This situation has further
increased the demand for the search for an effective SARS-CoV-2
targeting compound that can prove effective and can eradicate the
virus in COVID-19 and Long-COVID. Use of other drugs like Remde-
sivir and Maraviroc in COVID-193* have been reported in COVID-19
individuals (including PASC, Mild, Severe) reporting to reflect high
levels of CCL5.3? Several components of a formulation Vedicinals-9
which contains Baicalin, Quercetin, Diosmin -Hesperidin, Curcumin,
and Piperine have undergone clinical trials®® and have been used to
treat COVID-19 and long-COVID to eradicate the SARS-CoV-2 from
the body. Hesperidin has been tested for its effectiveness alone in an
NIH-sponsored randomized double-blind controlled parallel study
clinical trial as well®* The cell membrane solubility of the agents
included in the preparation is expected to exert their antiviral effect on
intracellular SARS-CoV-2 which can recover the infected lympho-
cytes, monocytes, and NK cells. In vitro drug assays (Figure 2) testing
these drugs on infected lymphocytes can establish the effectiveness of
individual agents and the combination of them. Lipid solubility and
therefore transport across the cell membrane would be an integral
factor to determine the effectiveness of any antiviral agent designed
to restore infected lymphocytes. Combination of antiviral compounds
in lower doses can also be beneficial in COVID-19 and Long-COVID, as
implementing the rationale of drug synergism can improve the clinical
efficacy of these compounds; many of which like hesperidin are known
antivirals against SARS-CoV-2.%52¢ One challenge in targeting intra-
cellular SARS-CoV-2 would be the plasma membrane solubility of the
immune-regulating cells like lymphocytes, kN cells, and monocytes.
Selective compounds which have known pharmacokinetic and phar-
macodynamics attributes and cross the cell membrane phospholipids
due to their lipid solubility, after observing their effectiveness in vitro.
can be tested in clinical trials to assess for their effectiveness in tar-
geting intracellular SARS-CoV-2 in lymphocytes, NK cells, and mac-
rophages within the body. Some of the drugs with the potential to
cross the cell membrane and therefore enter the lymphocytes and

other immune regulating cells are shown (Figure 2).

6 | IN VITRO TREATMENT OF LYMPHOCYTES
AND NK CELLS WITH INFUSION TO THE PATIENT IN
COVID-19 AND LONG-COVID

This paper proposes a treatment modality to address the actual and
functional lymphocytopenia in COVID-19 and Long-COVID patients.
The infected or affected lymphocytes and NK cells (Figure 2a) can be
extracted from patients and treated in vitro with drugs (Figure 2b).
Candidate drugs that restore the function of the lymphocytes can be

spotted and the recovered lymphocyte (Figure 2c panel) can be
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FIGURE 2 Proposed in vitro treatment of Lymphocytes and NK cells. Shown is a list of drugs, chemicals, and compounds (see main text)
that have diverse mechanisms to act as antiviral agents in COVID-19 and long-COVID. The potential antiviral effects of these drugs (indicated
by names and formula) alone or in combination can be tested in vitro on infected T-lymphocytes and NK cells (a) Drug assays in vitro (b) can
show recovery of the infected cells (c). The compounds that can kill SARSCoV-2 in vitro can be taken into clinical trials in the next step to
assess their efficacy in COVID-19 and long-COVID patients suffering from lymphopenia resulting from the death of the immune regulating

cells by SARS-CoV-2.

infused as an autologous transfusion to address the actual and
functional lymphocytopenia.

For the autoimmunity observed in COVID-19 and Long-COVID
patients, drugs like immunosuppressive agents can slow down the
production of the IgG directed against the self-antigen but the use of
these agents would be associated with increased predisposition to
opportunistic infection in patients who might be lymphopenic as well.
Immunoadsorption of the IgG using aphaeresis could be of help, but
understanding the pathogenesis of the autoimmunity seen in COVID-
19 and Long-COVID patients can help design more specific therapies.

7 | DISCUSSION AND CONCLUSION

Many successes and developments in the understanding of COVID-
19-related research niches have occurred in the past 2 years after

the pandemic was declared. The effect of the virus on the immune

regulating cells has gained attention to understand the complex ef-
fects that the SARS-CoV-2 causes on them.'*1%'” The fact that
SARS-CoV-2 uses not only ACE2 or NRP-1 receptors to gain entry
inside the cells, but has diverse mechanisms to gain entry inside host
cells particularly the lymphocytes, monocytes, and NK cells (6, 7, 13,
17) has dazzled scientists worldwide. The fact that the virus can use
AXL, NRP1, KIM-1/TIM-1, ASGR1, LFA-1and KREMEN1 to gain en-
try inside the lymphocyte and cause its death by apoptosis or other
mechanisms is alarming as it can induce a state of immunodeficiency.
It is not known if it is capable of causing a qualitative immunodefi-
ciency by making the lymphocytes, monocytes, and NK cells inca-
pable of responding to antigenic stimuli. The fact that patients who
exhibit long-COVID have been reported to have low levels of
lymphocyte counts with an array of symptoms is worrying.*®*? In
many patients who remain symptomatic for months to a year
following the acute phase of COVID-19 the reports of reactivation of

herpes virus, fungal infection, and in particular Epstein-Barr virus®”
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hint towards the ominous effects of SARS-CoV-2 on the immune
defence capability of our body. Confusing is the paradoxical
appearance of autoimmune states in Long-COVID in which autoan-
tibodies are directed against ACE2, ACE1, Alpha-adrenergic re-
ceptors, beta-adrenergic receptors, muscarinic cholinergic receptors,
and diverse self-antigens.® CD4+ T-cell lymphopenia in COVID-19
patients was seen to be a reliable indicator of severity and hospi-
talisation in infected patients and a CD4+ T cell count below 200
cells/uL was seen to be associated with critical illness in COVID-19
patients.®® Nicotinamide adenine dinucleotide+ depletion, critically
reduced adenosine triphosphate depletion, and protein 7a, as one of
the virus-encoded proteins, role in cell death by induction of
apoptosis have been proposed’

It can be computed that the effects of SARS-CoV-2 may be
selectively targeting the CD8 expressing T-lymphocytes while the
B-Lymphocytic system possibly remains spared. Research is
needed to understand and resolve this enigma, but both lympho-
penia and autoimmune antibodies are dangerous for patients who
suffer from these conditions. Many questions remain unanswered
and need to be explored to understand the complex effects of
COVID-19 and Long-COVID on the immune system. Top of the
list of the questions that can help understand the pathogenesis of
SARS-CoV-2-related immune system effects is (a) What are the
ways by which SARS-CoV-2 can invade the immune regulating
cells? (b) What cascade does SARS-CoV-2 use to cause death in
lymphocytes and NK cells exhaustion? (c) Does the virus persist in
Long-COVID to maintain its deleterious effects on lymphocytes?
(d) What are the mechanisms involved in autoantibody production
and can immunodeficiency and autoimmune state coexists in the
same individual? Last but not least is the implementation of effi-
cacious clinical trials for treatment that can eradicate the SARS-
CoV-2 and large cohort clinical trials of drugs and compounds
that can potentially treat lymphopenia (Figure 2) and slow down
the production of autoimmune IgGs in COVID and Long-COVID
patients.
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