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Abstract: Viremia in coronavirus disease 2019 (COVID-19) caused by the severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) is often only discussed in passing and there
are very few references detailing its structural mechanisms. In addition to viremia in the classic
closed cardiovascular system, the lymphatic system is discussed in relation to a possible
“lympho-viremia”. The cells that comprise each of these separate but interacting systems will be
examined and include endothelial cells, erythrocytes, leukocytes (monocytes/monocyte-derived
macrophages and resident tissue macrophages) (lymphocytes) (neutrophils) and thrombocytes -
platelets. The SARS-CoV-2 virus has been identified in multiple extrapulmonary target organs
at autopsy in those with severe COVID-19 requiring intensive care. Vulnerable COVID-19
patients may suffer from multiple storms including viral/virion storm, redox storm, cytokine
storm and thrombo-embolic storm. Therefore, it is important that the possible mechanisms of
viremia be explored in greater detail and how these mechanisms might affect intravascular blood
components, extracellular tissue interstitium and organ structural remodeling and function.
While the co-morbidity of T2DM does not increase the risk of acquiring COVID-19, it is
commonly accepted that T2DM increases the risk for COVID-19 admissions to hospitals,
assisted ventilation, morbidity and mortality. Importantly, the co-existence of T2DM and
COVID-19 may have synergistic detrimental outcomes. WC 199
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1. Introduction

We are now nine months into this novel coronayirus disease 2019 (COVID-19) pandemic (23
December, 2020) caused by the severe acute respiratory syndrome coronayirus-2 (SARS-CoV-
2) virus. Therefore, it seems appropriate to place this pandemic in historical perspective. There
were two initial and seminal papers from China that introduced the world to this forthcoming
pandemic issued by the World Health Organization (WHO) on the 11% of March 2020 [1, 2]. In
the United States we are currently experiencing exponential increases in newly diagnosed cases
(in excess of 18.4 million) and have one of the highest mortality figures (326,150 total deaths)
globally according to a New York Times database [3]. Globally, the current total number of
cases are in excess of 37,109,851 and the number of deaths may exceed 1,070,355 according to
the WHO [4]. This pandemic far exceeds the HIN1 pdm09 virus of 2009 (12,469 deaths) [5]
and recent coronavirus epidemic of SARS- CoV 2002-3 (774 deaths), MERS-2012 (886 deaths)
as well as the annual influenza 2019-2020 season (~20,000 deaths) [6]. More and more, the
COVID-19 pandemic appears to be paralleling the great pandemic of the 1918 Spanish flu
(HINT virus) pandemic (an estimated 50 million deaths worldwide and ~ 675,000 deaths in the
United States) according to the Center of Disease Control (CDC) [7].

Throughout this review, the use of various animal models and their ultrastructural images as
well as illustrations will be utilized to assist in understanding the discussion of both the vascular
and lymphatic systems origin of viremia, since human tissues are not readily available to study.

The pulmonary blood-air and blood-gas barrier (BGB) (Fig. 1) is responsible for the
separation of blood components (circulating proteins, erythrocytes, platelets and leukocytes)
from the terminal alveolar air sacs and their separating thinned (200-300nm) fused basement
membranes between alveolar epithelia I or pneumocyte 1 (Pnl) and capillary endothelial cells in
order to allow for the rapid exchange of gases (oxygen and carbon dioxide) [6, 8, 9, 10].

The beta coronavirus SARS-CoV-2 (2019-nCoV) infective virus of COVID-19 is known to
invade the host via small aerosolized droplets (less than 5 micrometers) and via surface contact.
This human-to-human viral spread enters the host primarily through naso-oropharynx and
proceeds via the trachea respiratory epithelial cells (ciliated and non-ciliated) with progression to
lower airways to primarily infect and damage the lining alveolar epithelia II (AEII) —
pneumocyte 2 (Pn2). Thus, this progression interferes with the critical exchange of gases
(oxygen uptake and carbon dioxide disposal) via the BGB and pulmonary blood flow (PBF).
The subsequent remodeling of the BGB allows for the SARS-CoV-2 daughter virions and their
viral RNA to enter to blood compartment where it is exposed to multiple cells and proceeds to
the systemic circulation allowing for viremia or the detection of SARS-CoV-2 RNA (RNAemia)
(Figs. 1, 2) [6, 3, 11].

This critical BGB or alveolar vascular unit (AVU) in the pulmonary tissues is responsible for
the ultrastructural capillary PBF to the lung [6]. Oxygen delivery to tissues and removal of
metabolic byproducts including carbon dioxide is critical because the entire body including the
lung is dependent on a viable oxygen delivery system in order to prevent damaging cellular
hypoxia (Figs. 1, 2).
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Figure 1. Possible origin of viremia at the pulmonary blood-gas barrier (BGB) as illustrated in vertebrate
animal models. Panel A allows for a better understanding with lower ultrastructural magnification of the
BGB in relation to the flowing pulmonary blood flow of red blood cell(s) (RBCs) within the lumen of the
capillary of the developing marsupial quokka wallaby lung [9]. Panel B allows for a higher magnified
illustration of the BGB from a nine-week-old Sprague-Dawley rat model with ultrastructure images of
numerous intravascular cells [6]. Modified with permission by CC 4.0, respectively [9, 6]. Upper panel
A illustrates the pneumocyte 1 (Pnl) — alveolar type I (AT-1) squamous epithelial cell of the BGB and its
fused basement membrane (fBM) of the endothelial cell (EC) and note its extreme thinness of 200-300
nanometers (nm). Scale bar = Sum. Panel B illustrates the BGB at higher magnification with scale bar
of 0.5um with insertion of multiple cells and icons (not to scale) to illustrate the process of viremia
[stages (1)-(3)]. The lung is the primary organ initially infected with the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) virus at the terminal bronchioles and alveolar blood-gas barrier
or blood-air barrier (BGB) - stage (1) including the alveolar capillary vascular unit (AVU). SARS-CoV-2
primarily infects the larger more cuboidal shaped alveolar epithelial II or pneumocyte 2 (Pn2) - stage 2.
Importantly, Pn2 are responsible for the synthesis and production of surfactant and also serve as the
progenitor cells to renew and repopulate the damaged Pnl of the BGB. Herein, the alveolar Pnl line the
alveolar air sacs — spaces and their basement membranes fuse with the basement membranes of
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endothelial cell(s) (EC) to create a very thin fused BM (fBM) creating a 200-300 nm barrier between the
alveolar air sacs and the capillary lumen for rapid gas (oxygen and carbon dioxide) exchange at the BGB.
The SARS-CoV-2 virus (stage 1) enters the Pn2 and undergoes replication with Pn2 necrosis/apoptosis
(stage 2) and are expelled into the alveolar air sacs where they then are capable of invading and or
traversing the Pnl and traverse the fBM to either enter and traverse the ECs via absorptive transcytosis or
pass between adjacent ECs via the paracellular route to enter the BGB capillary lumen (stage 3) wherein
the CoV-2 virus begins it systemic journey via the pulmonary capillaries and venules to pulmonary veins
to the left atrium and ventricle to enter the aorta and disseminate throughout the systemic circulation. It is
important to note that once SARS- CoV-2 virus or its viral RNA protein particles (SARS RNAemia)
enters the capillary lumen they will be able to immediately interact with capillary ECs (A), RBCs and
platelets (not shown) (B) and leukocytes (both the granulated neutrophils Net forming (C) and the non-
granulated lymphocytes (not shown). BGB = blood-gas barrier; CL = capillary lumen; EC = endothelial
cell(s); fBM = fused basement membranes; LB = lamellar bodies; N = nucleus; NET = neutrophil
extracellular trap(s); NEU = neutrophil;, Pnl= pneumocyte 1; Pn2 = pneumocyte 2; RBC = red blood
cell(s); RONS = reactive oxygen nitrogen species; SARS-CoV-2 = severe acute respiratory syndrome
coronavirus-2.
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Figure 2. Effect of SARS-CoV-2 viremia on vascular cells. Once the SARS-CoV-2 virus has entered the
capillary blood-gas barrier (BGB) Iumen, it is capable of having immediate detrimental localized effects
on the intravascular endothelial cell(s) (ECs), red blood cell(s) (RBCs), thrombus (platelet — fibrin —
RBCs) and leukocytes including the formation of neutrophil — neutrophil extracellular traps (NETs).
Viremia includes not only the intact SARS-CoV-2 virus but also viral nuclear ribonucleic acid (RNA) and
RNAemia as measured by RT-qPCR to evaluate viremic load. Monocytes and lymphocytes were not
illustrated but are also involved. BGB = blood-gas barrier;, ChrD = chromatin decondensation; aEC =
activated endothelial cell(s); RBC = red blood cell(s); NET = neutrophil extracellular trap(s); NEU =
neutrophil; RONS = reactive oxygen nitrogen species (superoxide, hydroxyl radical, peroxinitrite and
others); ROS = reactive oxygen species;, RT-qPCR = quantitative reverse transcription polymerase chain
reaction, SARS-CoV-2 = severe acute respiratory syndrome coronavirus-2; SARS-RNAemia = severe
acute respiratory syndrome- ribonucleic acidemia.
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It is therefore critical to provide for a more in-depth discussion of viremia and its possible
mechanisms occurring in the primary infected pulmonary tissue at the AVU and BGB. Not only
because this is the route of viral transmission to the extrapulmonary target organs of COVID-19
(Fig. 3) but also how the intravascular SARS-CoV-2 virus may have immediate direct
detrimental effects on the lining endothelial cell(s) (EC) and intravascular blood components
such as the erythrocytes (RBCs), leukocytes and platelets. Each of these vital components play a
critical role in blood rheology and intravascular coagulation systems that may result in
coagulopathies when exposed to SARS-CoV-2 virus and/or its viral RNA.
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Figure 3. Extrapulmonary target organs affected by SARS-CoV-2 viremia. The angiotensin converting
enzyme 2 (ACE2) is known to be the receptor for the SARS-CoV-2 virus to enter host epithelial cells and
the ACE2 receptor has been found to be present in numerous extrapulmonary tissues and organs [2, 6,
11]. This illustration depicts the possible multiple extrapulmonary organs affected by the SARS-CoV-2
viremia from the vascular origin associated with viremia (1-8) and the lymphatic system of Waldeyer’s
ring. ACE2 = angiotensin-converting enzyme 2; AVU = alveolar vascular unit; BGB = blood-gas
barrier; EC = endothelial cell; GI = gastrointestinal; N = nerve; RAAS = renin-angiotensin-aldosterone-
system; SARS-CoV-2 = severe acute respiratory syndrome coronavirus-2.

The SARS-CoV-2 virus not only activates antiviral immune responses in the systemic
circulation but also in the pulmonary alveoli air sacs - BGB, interstitial septum and alveolar
microvasculature — macrovascular arterioles. Additionally, SARS-CoV-2 virus can also cause an
uncontrolled dysfunctional inflammatory response characterized by marked pro-inflammatory
cytokine release or cytokine storm in those with severe COVID-19 infections. These factors are
important to the central findings of lymphopenia, lymphocyte dysfunction, and granulocyte
neutrophil excess and monocyte/monocyte-derived macrophage abnormalities. Importantly,
SARS-CoV-2 induced immune abnormalities may lead to septic shock, severe multiple target-
organ dysfunction via viremia and result in dysfunction and damage. SARS-CoV-2 may also
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increase the risk for infections by other microorganisms such as pulmonary bacteria and
influenza [12]. The epithelium of the lungs is the largest internal surface in the human body that
is in continuous contact with our environment making the pulmonary epithelium especially
vulnerable to any novel respiratory virus due to droplets and aerosol inhalation. Of major
concern, at this point in time, is the fact that many northern hemisphere countries are now
entering the seasonal winter increase in influenza and the possibility that these two respiratory
viruses may interact and overwhelm our hospitals and care facilities. While the cells of the
human body have developed an extensive array of mechanisms to contain viral infections, certain
viruses may develop equal mechanisms to evade their host cellular defenses [13]. Thus, the novel
SARS-CoV-2 virus has evolved to become one of the deadliest pandemic viruses known since
the great pandemic of the Spanish flu in 1918.

2. Viremia: The Vascular System

The efficacy of viral/virion entry into host cells may depend on three crucial points: (i) the
degree of contagiousness or basic reproduction number - Ro (a mathematical term that indicates
how contagious an infectious disease is) and viral load exposure time of the virus to host, (ii)
viral receptors (ACE2 in COVID-19) on host cell membrane and (iii) functionality of immune
conditions of the host. Incidentally, the estimated Ro for HIN1 of the 1918 Spanish flu was 1.2 -
2.8, annual seasonal influenza 0.9 - 2.1, swine flu HIN1 of 2009 1.4 —1.6 [14] and the COVID-
19 pandemic, which thus far, is estimated to have a mean Ry of 5.6, which strongly suggests a
much higher infectivity with the SARS-CoV-2 virus [15].

The SARS-CoV-2 virus is known to preferentially infect the pulmonary tissues in the lower
respiratory tracts via the naso-oropharynx route due to person-to-person aerosol inhalation where
it is known to eventually result in symptomatic and severe cases as a bilateral pneumonia and
acute respiratory distress syndrome (ARDS) with associated histopathologic findings including
exudative and proliferative phases of diffuse alveolar disease (DAD) that have the complicated
form of COVID-19 [1, 2, 6, 8, 15, 16, 17, 18, 19]. Additionally, there are numerous co-
morbidities that increase the risk of severe cases of COVID-19, which includes hypertension,
obesity, metabolic syndrome, diabetes, cerebro-cardiovascular disease and older age [6, 20].

Viremia (the presence of virus in the blood or circulatory system), in general, is only casually
discussed in most scientific research papers as if in passing and there exist a paucity of
references [21]. Additionally, the mechanisms of viremia are seldom discussed with any in-
depth mechanisms of how viruses enter the capillary pulmonary venous circulation and hence to
the heart for systemic arterial delivery to the extrapulmonary target end-organs. Since the ACE2
enzyme is the entry receptor for the SARS-CoV-2 virus and is expressed in multiple
extrapulmonary tissues and organs (Fig.3) it is important to discuss the process of viremia in
greater detail as a plausible mechanism of injury to the host.

Once the virion SARS-CoV-2 daughters are shed from the Pn2 alveolar epithelial cells they
accumulate within the alveolar air sacs and then enter the Pn1 alveolar epithelial cells where they
severely damage and/or infect the Pnl lining epithelial cells of the alveoli and are then
subsequently transmitted to the Pnl basement membrane (BM). From the BMs of the Pn1 cells
the daughter virions then penetrate and breech the damaged fused BM with the fused BM of the
abluminal alveolar capillary endothelial cells and progress to become located within the alveolar
capillary endothelial lumen by either absorptive transcytosis (across) or paracellular
transmigration (between) ECs to reside within the alveolar capillary lumen (Figs 1, 2). As the
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virion daughters pass these barriers of the BGB there will be marked dysfunction and damage to
each of these respective cells previously discussed. For example, the damaged Pnl and ECs
would allow an easier pathway for the next successive waves of daughter virions due to the
continued Pn2 alveolar invasions by the viral infection from the naso-oropharynx and upper
airway respiratory epithelial cells by SARS-CoV-2 virus and daughter virions (Figs. 1, 2).
Additionally, as the virus infects the Pn2 cells it decreases surfactant synthesis and excretion
adding to alveolar dysfunction with alveolar collapse and also decreases the re-epithelialization
of the alveolus of the Pnl cells, since the Pn2 cells also act as the precursor cell and are
responsible for Pnl re-epithelialization when damaged.

Viremia has even been detected by positive reverse transcription polymerase chain reaction
(RT-PCR) of blood plasma for the SARS-CoV-2 virus at least in one patient and known to have
occurred two days prior to the onset of symptoms of dry cough and fever and diagnoseable by
RT-PCR nasopharyngeal swabbing in a highly immunocompromised patient [22]. Therefore,
viremia may be an even earlier finding in the COVID-19 pandemic and further supports the
important link between known pulmonary infections and the involvement of the extrapulmonary
target organs. As previously mentioned, there are very few papers discussing viremia in the
literature and it has been suggested that SARS-CoV-2 nucleic acid testing in the blood may be a
marker for rapid deterioration of COVID-19 pneumonia to demonstrate a high viral load in those
with positive test results [21].

The importance of virus/virion load or viral/virion “storm” due to uncontrolled replication of
the SARS-CoV-2 in the respiratory epithelium, plasma and/or Waldeyer’s ring nasal respiratory
epithelium as it relates the development of critical COVID-19 is not to be underestimated.
Importantly, Bermejo-Martin et al, were able to demonstrate that viral RNAemia (via RT-PCR
measurements in 250 swab-positive human patients) was markedly associated with critical
illness and a dysregulated host response [23]. They demonstrated activation of endothelial cells
and a host of inflammatory changes suggesting an hyperimmune response or cytokine storm and
increased thromboembolism via increased D-dimer (a fibrin degradation product and is named
after two D fragments of the fibrin protein joined by a crosslink upon fibrinolysis) in COVID-19
human patients [23]. To summarize, this group demonstrated that the SARS-CoV-2 viral load of
viremia was associated with critical illness, endothelial dysfunction, hypercytokinemia, systemic
inflammatory response, tissue damage, neutrophil activated responses and coagulation activation.
Furthermore, they concluded that RNAemia and viral RNA load in the plasma could be utilized
as possible marker to not only assess a response to treatment but to add to the capability of
predicting disease outcome [23, 24]. Additionally, the viral load (RNAemia) appears to be
closely associated with elevated level of interleukin 6 (IL-6) in those patients who are critically
ill with COVID-19 [25].

3. Viremia: The Lymphatic System

The lymphatic system may be characterized by having primary organs consisting of the bone
marrow hematopoietic stem cells and the thymus (involution with aging) and the secondary
organs of the lymphatic system including the tonsillar system or Waldeyer’s ring (WR) (Fig. 4),
lymph nodes and the mucosa-associated lymphoid tissue (MALT) interspersed within WR.
Specifically, the nasal associated lymphoid tissue (NALT), the bronchial-associated lymphoid
tissue (BALT) and the gastrointestinal tract commonly referred to gut-associated lymphatic
system (GALT) or also known as Peyer’s patches are also included in these secondary organs
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[26]. Even though the tonsillar system of Waldeyer’s ring is considered a secondary organ of
the lymphatic system, it acts as the first line of defense against the invading SARS-CoV-2 virus.
Additionally, WR forms an incomplete circle of lymphatic tissue encompassing the nasal and
oral routes for incoming air to be eventually delivered to the lungs via the orderly progression
from the naso-oropharynx to the larynx, trachea, bronchi, bronchioles, terminal bronchioles,
alveolar ducts, alveolar air sacks and the BGB [6, 26, 27, 28]. Importantly, the posterior nasal
respiratory mucosa region is currently the gold standard for specimen collection to clinically
diagnose COVID-19 via nasopharyngeal swabs by reverse transcription polymerase chain
reaction (RT-PCR) because of the higher concentration of ACE2 receptors being located more
posteriorly (Figs. 4, 5) [29].

Clinical pharyngodynia in coviD-19
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Figure 4. Clinical pharyngodynia, Waldeyer’s ring, and tonsillar capillary of the vascular and lymphatic
systems. This image demonstrates a sagittal illustration of the head and neck emphasizing the naso-
oropharynx as the gold standard for diagnosing COVID-19 (yellow dashed line) (A) [30]. Waldeyer’s
ring of the naso-oropharynx secondary lymphatic system (B) and a transmission electron microscopic
image of a tonsillar capillary with representative red blood cell(s) (RBCs), lymphocytes (L), granulocytes
(G) and cells with the nuclear chromatin pattern suggestive of a plasma B cell (PB) within the endothelial
lining cells (EC) in the vascular system (C). A lymphatic system tonsillar capillary is not shown and do
not contain RBCs. The naso-oropharynx has become the preferred tissue to be globally sampled for the
clinical diagnosis of COVID-19 (yellow dashed line in (A). Recently, the amount of genomic viral load
at the time of admission to hospital from this diagnostic site has been demonstrated to be independently
associated with the outcomes for intubation and ventilator assisted breathing and mortality. Importantly,
the viral load from this region was found to be predictive even above and beyond advanced age and other
comorbidities, which makes this clinical anatomical site of great importance [31].
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The secondary lymphatic system of Waldeyer’s ring is the initial point of entry by the SARS-
CoV-2 virus. Here, the virus S1 spike protein interacts with ACE2 receptor located on the
surface of the respiratory epithelium mucosa cells covering the lymphatic tissues of WR. The
ACE2 receptor with its serine protease transmembrane protease serine 2 (TMPRSS2) invades the
epithelial cell via fusion with its bilipid layer plasma membrane and taken up by these cells via
the endocytic pathway utilizing the Furin protease plus acidic pH and other endocytic proteases.
This process allows the SARS-CoV-2 virus to take over and exploit the synthetic machinery of
the host cell to undergo replication and produce increasing numbers of SARS-CoV-2 daughter
virions and eventual endocytic secretion and expulsion of daughter virions leaving behind a
damaged and dying cell. These necrotic/apoptotic-pyroptotic cells trigger pathogen- or damage-
associated molecular patterns (PAMPS/DAMPS) to activate the toll-like receptor systems to
result in activation of the innate and the subsequent inflammatory adaptive immune systems.

Herein, it is important to note that sore throat — pharyngodynia is now one of the listed
presenting symptoms of COVID-19 introduced around May 2020 along with the new symptom
of loss of taste or smell along with nasal congestion or runny nose by the CDC and the WHO
[32, 33]. Additionally, there have been case reports, which demonstrated swelling and
enlargement of WR lymphatic tissues by quantitative measurements with magnetic resonance
imaging studies [34]

Therefore, the clinical history and examination of the ear nose and throat and neck associated
with symptoms may be important findings when considering COVID-19 since ear, nose and
throat (ENT) symptoms of new onset of loss of smell and taste along with sore throat and
lymphadenopathy may be more common that currently discussed in the existing literature (Figs.
4,5)[33, 34 35, 36]. Both innate and adaptive immunity are known to occur in the naso-
oropharynx NALT tissue of the nasal mucosa (Fig. 4) [26]. Additionally, adaptive immunity is
also known to be initiated in the secondary lymphoid organs such as the spleen and lymph nodes
that are initiated by the innate immune system (Figs. 4, 5) [35 37]. Kaneko et al were able to
demonstrate that there was an absence of geminal centers and even loss of Bcl-6 germinal center
B cells in lymph nodes in patients with severe COVID-19 infections at autopsy [35, 37]. These
findings in the lymph nodes correlate with the known loss of white pulp in the spleen [35, 37 36
38].
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Figure 5. Each of the lymphatic nodes of Waldeyer’s ring (WR) including the nasopharyngeal, tubular,
palatine and lingual tonsils are capable of being infected by SARS-CoV-2 virus. Panel A illustrates
Waldeyer’s Ring (WR) and is the point of initial infection by COVID-19 - SARS-CoV-2 virus and this
lymphatic ring is the first line of defense that the virus has to overcome. It is here that the virus binds to
the ACE-2 receptors and gains entry and infects these naso-oropharyngeal respiratory mucosal cells with
viral replication and thus provides the possibility for infecting others via coughing sneezing or even
breathing with aerosol droplets distribution to become capable of infecting others. This implicates

the protective function of mask wearing to prevent the spread of aerosol transmission. Importantly, the
localized infection within WR may be the first to involve viremia since the lymph vessels drain into
regional cervical lymph nodes of the lymphatic system as depicted in panels B and C and hence to the
lymphatic thoracic duct to be distributed via the systemic circulation in order to promote the earliest phase
of viremia and also may implicate early splenic infection. Importantly, the virus replicates within these
respiratory epithelial mucosal cells and moves to upper respiratory tract epithelial cells and progresses to
the lower respiratory tract epithelial pneumocyte cells of the AVU and BGB pneumocytes and AVU-BGB
endothelial cells to develop direct pulmonary derived viremia discussed in previous sections 1 and 2.
Panel D is a representative depiction of a tonsillar capillary. Panel E illustrates that the lymphatic ECs
may also be lined by an endothelial glycocalyx that may be attenuated and or lost as a result of shedding
or collapse due to infection by the SARS-CoV-2 virus especially in those patients with T2DM (control
C57BI15 female model stained with lanthanum [LAN]). In addition to the removal of an excess fluid
transport that leaks from physiological capillary exchange in the capillary beds of peripheral organs and
tissues the lymphatic vessels are important for immunosurveillance and even immunomodulation
whenever there is pathogen involvement such as the SARS-CoV-2 viral infection [37, 39]. CL =
capillary lumen; cLL = capillary lymphatic lumen; EC = endothelial cell; ecGCx = endothelial
glycocalyx; G=granulocyte; L = lymphocyte; LAN = lanthanum nitrate staining for glycocalyx; PB=
plasma B cell.

The novel betacoronavirus, SARS-CoV-2 shares 79% genome sequence identity with the
original severe acute respiratory syndrome coronavirus (SARS-CoV of 2002-2003) and of the
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four structural genes, SARS-CoV-2 shares more than 90% amino acid identity with SARS-CoV
except for the spike S gene, which diverges and may allow for the high infectivity of COVID-19
[40]. Because of this similarity one might follow the path of viral transmission from Waldeyer’s
ring of the lymphatic system into the draining lymph nodes as described in Chinese rhesus
macaques (Macaca mulatta) and also in human patients by Liu et al. [28]. It is important to note
here that in both humans and macaques the lymphatic system drainage to the cervical lymph
nodes occur from naso-oropharynx and Waldeyer’s ring while trachea and lung lymphatics drain
to the tracheobronchial and hilar mediastinal lymph nodes, respectively. These authors found by
immunohistochemistry that all experimental macaques infected with SARS CoV by nasal
inoculation were positive for viral nucleoprotein (NP) and viral ribonucleic acid (RNA) into the
Waldeyer’s ring tonsil and MALT as compared to non-infected controls. Additionally, all
draining lymph nodes tested contained the NP antigen, which was in agreement with viral
seeding into the entire respiratory mucosal tissues within two days post infection. The spleen
proved to be less frequent as compared to the lymph nodes at two days post infection; however,
by seven days post infection all spleens were positive. These results suggested that within two
days following infection that infected cells quickly disseminated the SARS CoV virus to
draining lymph nodes and that systemic dissemination occurred not only in the spleen but also
the small intestines by day seven post infection [28]. As a result of this study one can possibly
translate this data to the very similar SARS-CoV-2 virus associated with COVID-19 in humans
which has yet to be accomplished in current studies. However, we do know that the coronavirus-
like particles have been indentified in multiple extra-pulmonary tissues demonstrating systemic
viral dissemination [41].

While nasopharyngeal swabs are currently the standard of care [42] to test for the presence of
COVID-19, salivary testing is currently evolving and may be available for consumer use in the
near future [43].

4. Endothelium

The vascular endothelium is an autocrine, paracrine and endocrine organ that is essential for
maintaining vascular tone and homeostasis [6, 44, 45, 46, 47]. The endothelial monolayer of
cells (~ 7,000m?) with its intact endothelial glycocalyx and functional endothelial nitric oxide
synthase (eNOS) enzyme allow it to become an interface between the blood compartment and
the immediate surrounding tissues. Additionally, the endothelium acts as a gatekeeper or sentinel
of the vessel wall, which in the quiescent or healthy state provides for the functional control of
vasomotion, oxidative-redox stress, inflammation, vascular permeability and structure [46].

4.1. Endothelial Activation and Dysfunction

The term endothelial activation was initially coined and characterized by Willms-Kretschmer et
al [48] who noted that ECs became plump-thickened (ultrastructural change by electron
microscopy) and also leaky (functional change) as they studied delayed hypersensitivity
reactions in 1967 and was further defined on a more functional basis in 1988 by Prober who was
able to demonstrate that EC activation can produce dysfunction with or without injury [49, 50]
(Fig. 6).
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Figure 6. Comparison of non-activated healthy controls and activated endothelial cells as occurs in type
2 diabetes and COVID-19 infected individuals with the SARS-CoV-2 virus. This comparison highlights
the differences between the normal healthy quiescent control endothelium with essential components
outlined in green boxes on the left-hand side of the figure. Each of these essential components is
compared to the activated and dysfunctional endothelium outlined in red boxes on the right-hand side of
this figure. It is interesting to note that nuclear factor kappa B (NF-xB) is activated as a result of
glucotoxicity and AGE/RAGE interaction and these multiple pro-oxidant mechanisms associated with
redox storm and viral load of SARS-CoV-2 virus [51]. This activation subsequently incites further pro-
inflammatory mechanisms and also contributes to a vicious cycle of ongoing EC activation and associated
EC dysfunction. Activated and dysfunctional endothelial cell(s) (ECs) in type 2 diabetes mellitus
(T2DM) will be capable of having a detrimental synergistic effect when infected with SARS-CoV-2 virus
in COVID-19. BM = basement membrane; ec = endothelial cell; EC = endothelial cell; CD-40 = cluster
of differentiation-40; ICAM = intercellular adhesion molecule; MCP-1 = monocyte chemoattractant -1,
NADPH = nicotinamide adenine dinucleotide phosphate; PAI-1 = plasminogen activator inhibitor,
UPA= urokinase plasminogen activator, TPA= tissue plasminogen activator; VE = vascular endothelial;
VCAM = vascular cell adhesion molecule.

Even though EC activation may exist in a spectrum of changes some have outlined types I and II
activation. EC activation type I does not require de novo protein synthesis or gene upregulation
and occurs rapidly with EC retraction, the expression of P selectin and release of von Willebrand
factor. EC activation type II takes longer to allow the stimulating agent such as the SARS-CoV-2
virus to allow for gene activation and transcription with protein synthesis that involves adhesion
molecules, cytokines and tissue factor [49, 50]. Importantly, there are at least five core changes
in EC activation, which include (i) loss of vascular integrity with increased permeability; (i1)
increased expression of leukocyte adhesion molecules including E-selectin, ICAM-1 and
VCAM-1, which allows leukocytes to adhere to endothelium and then move into the tissues (Fig.
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7); (ii1) phenotype change from antithrombotic to prothrombotic with loss of surface
anticoagulant molecules thrombomodulin and heparan sulphate of the ecGCx and decreased
fibrinolysis due to increased plasminogen activator inhibitor (PAI-1), increased platelet adhesion
and aggregation and tissue factor; (iv) increased cytokine production such as interleukins -1, -6
that regulates the acute phase response, tumor necrosis factor alpha (TNFa), monocyte
chemoattract protein-1 and (v) upregulation of human leukocyte antigen complex encoded by
major histocompatibility complex molecules [49, 51]. It is important to note that EC activation
is not only a spectrum of morphological and functional changes but also when one is viewing
ECs with transmission electron microscopy it may be observed that some ECs may be retracted
or lifted from the intima while adjacent ECs may appear to be morphologically normal and
additionally, there may be an abrupt swelling of ECs when studying the EC monolayer even in
diseases that are known to have EC activation and dysfunction (personal observations) [52].
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Figure 7. EC activation, dysfunction and vulnerable endothelial cell(s) (ECs) in patients with type 2
diabetes mellitus (T2DM) and COVID-19. This multi-panel image depicts endothelial cell (EC)
activation with leukocyte, platelet and erythrocyte adhesion from cortical brain tissue layer III in a 20-
week-old female diabetic mouse (db/db) with obesity, insulin resistance and type 2 diabetes mellitus
(T2DM). Panel (a) note the plump thickened EC (pseudo-colored red) and the thickened vacuolated (V)
basement membrane (BM) and the insert at lower magnification in panel a. Panel (b) note the adherence
of a monocyte and a lymphocyte (panel ¢) in addition to an adherent platelet (panel d outlined by yellow
dashed line) and an erythrocyte — red blood cell (RBC) (arrows depicting electron dense adherence
plaques between RBC and EC) in panel (e). This image is provided by CC 4.0 [6]. Images have varying
magnifications and scale bars. CL = capillary lumen; MP = microparticles.

4.2. The Endothelial Cell Glycocalyx (ecGCx)

The highly polarized EC acts as a gatekeeper and sentinel barrier to protect vascular integrity
against increased permeability, inflammation and thrombotic insults. It is capable of
synthesizing at least three prominent protective barriers, which include: (i) basolateral cell-cell
adherens junctions, which consist of vascular endothelial cadherin(s) (VE-Cadherins) that bind
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the EC cytoplasmic domains of proteins (p120, B-catenin, plakoglobin and cytoskeletal actin
assembly proteins) to adjacent ECs creating a paracellular barrier [53]; (ii) the basilar
plasmalemmal extracellular matrix (ECM) basement membrane (BM) [54] and (iii) the apical-
luminal sugar-protein coated ECM of the ecGCx as a permeability barrier of the endothelium
that is dependent on size and sieving mechanisms, electrostatic charge and selective EC plasma
membrane cell receptors (Fig. 8) [55].
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Figure 8. Endothelial glycocalyx (ecGCx) in type 2 diabetes mellitus (T2DM) and COVID-19 is
attenuated and/or lost. This illustration is a simplified depiction of the highly complex ecGCx and depicts
the three major anchoring proteins of the ecGCx: proteoglycans (1) (purple), glycoproteins (2) (green)
and hyaluronan (3) (blue). The ecGCx is in a constant state of flux, being constantly resynthesized, and is
highly compressible by the blood’s cellular constituents (red and white blood cells). The proteoglycan(s)
(PGN) are noted for their syndecans (plus others) and the glycoproteins are noted for their selectins such
as intercellular adhesion protein, P-selectin and E-selectin. Note the glycosaminoglycans, long linear
disaccharides of proteoglycans (purple triangles), and shorter highly branched glycosaminoglycan
oligosaccharides of the glycoproteins (green triangles) that are highly sulfated (red dots). This surface
layer has a net negative charge (along with additional orosomucoid proteins) and opposes movement of
negatively charged molecules in the blood to the underling endothelium. This size selective
semipermeable surface barrier (hindering access of proteins 70 kDa or larger) additionally serves as a
glucose and sodium sink that can be rapidly overcome with attenuation and/or shedding in diabetes or
clinical conditions resulting in excessive sodium chloride. The intact ecGCx contains a protective
extracellular superoxide dismutase (ecSOD) and antithrombin glycoprotein III (ATIII) while serving as a
mechanotransducer as a result of utilizing the glycosylphosphatidylinositol (GPI) anchoring glypicans
within the caveolae (Cav) lipid rafts (yellow indentation) and endothelial nitric oxide (NO) synthase
enzyme. The ecGCx varies from 100 to 500 nm (300 nm mean) in thickness and from 1 to 2 pm in
length. The percentage of ECs covered by the ecGCx was approximately 40% in the capillaries as shown
by transmission electron microscopic studies and was greater in the brain as compared with the heart or
lung lacking a blood—brain barrier. In our cortical brain transmission electron micrographs using
lanthanum nitrate staining we found a minimum base coating of 50 nm with thickness up to 100 to 200
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nm (see Figure 10) possibly caused by multiple dehydration steps. Glucotoxicity, oxidative stress and
neuroinflammation (as in the diabetic db/db model), traumatic shock injuries, ischemia/reperfusion and
sepsis can result in shedding the ecGCx and/or a reduction in its volume and plasma levels of syndecans,
intercellular adhesion molecules, selectins and hyaluronans. The PGN perlecan is decreased in the BM of
patients with diabetes in renal tissues and high glucose impairs the permselectivity based on loss of
anionic charge.

The ecGCx was initially identified over /2 Century ago by JH Luft in 1966 who utilized
transmission electron microscopy to examine the highly positive charged cationic stain
ruthenium red [56]. Since the review by Pries et al. in 2000 regarding the endothelial surface
layer [57] there has been an exponential increase in the number of publications and were up to
178 in the year 2020. Currently, the cationic stain lanthanum nitrate has been shown to be a
reliable and reproducible staining method by author and others and is gaining respectable
momentum [58, 59]. In fact, Inagawa et al. have demonstrated the reliability of the stain in the
microcirculation of not only the pulmonary microcirculatory capillaries but also in the brain [58,
59] and author has also demonstrated its usefulness in demonstrating the elusive ecGCx in
control models and its attenuation and/or loss in diabetic cortical, hippocampus, midbrain and
choroid plexus brain capillaries in the novel female diabetic leptin deficient BTBR 0b/0b cortical
brain (unpublished studies) [6, 54, 60]. Underlying comorbidities such as T2DM, obesity,
hypertension and cerebro-cardiovascular diseases are known to result in ecGCx remodeling with
attenuation [6, 61]. When there is dysfunction, attenuation, damage, shedding or loss of the
ecGCx protective barrier there would be an easier access to spike protein attachment and entry of
the SARS-CoV-2 virus spike protein into the vascular endothelium ACE2 receptor that might
create a vicious cycle of increased viral-virion load with associated endothelial activation and
dysfunction (Fig. 9).
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Figure 9. Dysfunction, attenuation, damage, shedding and/or loss of the endothelial glycocalyx (ecGCx)
may result in an increased attachment and entry of the SARS-CoV-2 virus into endothelial cell(s) (ECs)
with activation. This image depicts an intravascular view of a very small arteriole or capillary as can be
noted by the single line of red blood cell(s) (RBC) entering this microvessel. Note that on the right %2 of
this image there are ruffles suggestive of the periodicity of the protrusions of the endothelial glycocalyx
(ecGCx) and how to the far-right these ruffles are absent and the vascular wall is smooth. Additionally,
note the insert on the far left-hand side of this image, which depicts a transmission electron micrograph
(TEM) of a lanthanum nitrate (LAN) perfusion fixed hippocampal continuous capillary with multiple
periodic protruding electron dense staining of LAN to demonstrate the periodic nature of the protruding
ecGCx (arrows) [62]. The SARS-CoV-2 virus and its ribonucleic acid (RNAemia) are represented and
illustrate the increased entry into the regions, which have sustained attenuation and loss of the ecGCx.
These changes suggest that if the exGCx is perturbed that there may be increased entry of the virus and
thus perpetuate the SARS-CoV-2 viremia with increased entry into the endothelium with associated EC
activation and dysfunction with a proinflammatory and prothrombotic surface. This background image is
not to scale; however, the inset TEM image has a magnification x10,000; scale bar = 0.2 pm. CL =
capillary lumen.

COVID-19 primarily affects the pulmonary system with the SARS-CoV-2 viral infection
resulting in severe acute respiratory syndrome (SARS) of acute respiratory disease (ARD) with
diffuse alveolar damage histopathologic changes. The SARS-CoV-2 virus is capable of causing
EC activation and dysfunction and act synergistically with underlying pre-existing comorbidities
such as T2DM. The important role of an intact and functioning ecGCx barrier is not to be
underestimated and plays a key role in the development and progression of COVID-19 with
increased morbidity and mortality [62, 63]. Knowledge is still accumulating in regards to the
protective functions of the ecGCx as it applies to not only the integrity of EC functions but to
each and every cell.

Even though there has been an explosion in knowledge regarding the ecGCx, there remains a
great deal of information about this fascinating structure and its functional importance and the
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author is currently very interested in the detrimental effects of “undersulfation” of
glycosaminoglycans and its role in the dyshomeostasis of the ecGCx not only in T2DM but also
COVID-19.

5. Circulating Blood Cells
5.1. Erythrocytes - Red Blood Cell(s) (RBCs)

Mammialian RBCs have evolved to become anuclear and lack cellular organelles in order to
be dedicated primarily to the delivery of life-sustaining oxygen and removal of the metabolic
byproduct carbon dioxide via iron containing hemoglobin (Hb) and an intact vascular system
[64]. Additionally, RBCs, platelets and fibrin(ogen) are essential for hemostasis, coagulation
and instigating wound repair. RBCs have a constant turnover and removal and it is estimated
that two million newly formed RBCs (of a total ~ 25 trillion) enter the circulation and are cleared
by the reticuloendothelial system in the liver and spleen every second [65]. RBCs appear as
biconcave discs wherein the outer rim contains most of the Hb molecules and the inner dimple
reflects the absence of the nucleus creating a central indentation (Fig. 10).
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Figure 10. RBC transmembrane proteins and remodeling. This image is of a single RBC that has been
enlarged to illustrate some of the interesting transmembrane proteins and multiple interesting facts and
figures which facilitates visually what is discussed within the text. Importantly the interaction between
the SARS-CoV-2 virus, nuclear proteins (RNAemia) and/or its spike proteins with either the RBC
glycocalyx or its unproven CD147 or ACE2 receptor — ACE2 interacting proteins might promote RBC
carrier transport assisting transfer of the virus throughout the vascular system. The virus will result in the
dissociation of heme and iron from hemoglobin (Hb) with an increase in redox stress and the underlying
redox storm within the lumen to further increase reactive oxygen nitrogen species (RONS). The
cumulative effects of T2DM and COVID-19 will accelerate the loss of deformability of RBCs and the
increase in redox stress-storm and hemoglobinopathy associated with COVID-19 with pre-existing
T2DM. Once the RBC is altered either morphologically (decreased deformability) or metabolically there
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will develop impaired rheology, sludging — stalling at capillaries and perturbed viscosity in addition to
increased clotting — immunothrombosis. RBC decreased deformability, margination of platelets to
activated ECs, phosphatidylserine (PS) flipping from cytosol to luminal bilipid layer increase EC
adhesion, RBC prothrombotic microparticles (RMPs), which scavenges NO and release of ADP and
thromboxane A2 activates platelets and all promote accelerated thrombosis. There are at least 50 or more
well described transmembrane proteins that primarily deal with either transport or adhesion. Note that the
RBC has three distinct portions of its outer membrane: (1) RBC glycocalyx (RBC GCx); (2) plasma
membrane and (3) the band 3, ankyrin, spectrin and actin cytoskeleton network to support deformability.
This illustration is not to scale and therefore no scale bar was inserted. ATP = adenosine triphosphate;
ADP = adenosine diphosphate; Ca++ = calcium; CIl- = chloride; CD147 = cluster of differentiation -
Basigin (BSG) - extracellular matrix metalloproteinase inducer (EMMPRIN),; GLUT 1 = glucose
transporter 1; HbA1C = hemoglobin A1C; ICAM-4 = Intercellular Adhesion Molecule-4; K+ =
potassium; Na+ = sodium,; NO = nitric oxide; NOS = nitric oxide synthase; RBC = red blood cell(s);
RMP = red blood cell microparticles; T2DM = type 2 diabetes mellitus.

Metabolically, RBCs provide their energy via the glycolytic pathway to produce adenosine
triphosphate (ATP). They have an outer RBC glycocalyx (Figures 8) and a bilipid layer plasma
membrane similar to other cells; however, the composition and structure of the RBC glycocalyx
has not been adequately studied to know how it might differ or be affected by various stressors
as compared to the more extensively studied ecGCx in section 4.2. For example, when studying
the capillaries and RBCs in the hippocampal brain regions of the diabetic, obese leptin deficient
diabetic BTBR 0b/ob, author has been able to observe that the ecGCx of the endothelial cells are
attenuated and/or lost while the RBC glycocalyx remains to stain positive when utilizing a
perfusion fixed lanthanum nitrate staining protocol, which indicates that they these two
glycocalyces may have differences in remodeling changes when exposed to this diabetic milieu
(Fig. 11). Indeed, more studies are recommended to study the composition and structure of the
RBC glycocalyx in the future especially in those affected by COVID-19.
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Figure 11. Red blood cell glycocalyx intact in female diabetic hippocampus with concurrent endothelial
glycocalyx shedding in a diabetic preclinical model. Note that the red blood cells (RBCs) are heavily
decorated by the electron dense lanthanum nitrate perfusion fixation stain for the glycocalyx while the
endothelial cell glycocalyx has undergone a complete loss or shedding of its glycocalyx. This image
illustrates that the RBC glycocalyx (arrows) may have a different composition or structure as compared to
the endothelial cells glycocalyx, in that, the RBC glycocalyx was spared from undergoing loss or
shedding under the influence of obesity insulin resistance and type 2 diabetes mellitus due to a genetic
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deficient leptin model in the BTBR 0b/0b female mouse preclinical model at 26 weeks of age.
Magnification x4000; scale bar = 0.5 um.

RBCs have a tremendous strength of their plasma membrane provided via their cytoskeletal
proteins to endure their required flexibility and folding (deformability) capabilities to traverse
their smaller microcapillary systems and withstand the trauma of a highly pressurized, high
velocity closed arterial blood flow system. RBCs have a life-span of ~120 days and as they
become senescent or damaged, they are removed via phagocytosis in the reticuloendothelial
system of the hepatic and the splenic sinusoids. Importantly, the RBC plasma membrane has at
least 50 transmembrane proteins that support interactions between RBCs, endothelial cells,
intraluminal leukocytes and platelets [66] as well as offending pathogens including viruses such
as the SARS-CoV-2 virus of COVID-19. In particular, RBCs support transport function
including band 3 anion transporter, aquaporin 1(water transport), Glut 1 (glucose and L-
dehydroascorbic acid transporter, Kidd antigen protein (urea transporter), RhAG (gas transporter
function), Na'-K"-ATPase, Ca”™ ATPase, Na'-K'-2Cl ™ cotransporter, Na'-CI™ cotransporter,
Na"-K" cotransporter, K'-CI™ cotransporter, Gardos Channel (Ca(2+)-dependent K(+) efflux and
of course the hormonal Insulin receptor [66]. Adhesive membrane proteins of the RBCs include
ICAM-4, which interacts with integrins and Lu, the laminin-binding protein. There are multiple
clusters of differentiation such as (CD36, CD 47, CD147, CD55 and CD59, and cellular adhesion
molecule CD44).

Previously, RBCs were thought to not have a tissue-cellular RAAS nor an ACE2 enzyme to
act as a receptor for SARS-CoV-2 virus attachment with its spike proteins. Therefore, some
implicated that RBCs might respond to this virus via a CD147 receptor that might be important
for SARS-CoV-2 binding and/or entry into the RBCs in patients with COVID-19. as a result of
localization of CD147. SARS-CoV-2 spike protein (S1) was observed in SARS-CoV-2 infected
Vero E6 cells by immuno-electron microscope [67, 68]. However, this has recently come into
question [69], while D'Alessandro et al. have shown by utilizing proteomics that angiotensin and
ACE2-interacting proteins were present on RBC surface membranes [70]. Furthermore, this
group suggested that even though the RBCs cannot support viral replication due to a lack of a
nucleus and organelles that RBCs may theoretically be invaded by the SARS-CoV-2 virus and be
directly or indirectly targeted by pathogens and possibly serve as a stealth carrier cell in viremia.

Once the SARS-CoV-2 virus or its RNA contents (RNAemia) have invaded and passed the
multiple barriers of the BGB - AVU in pulmonary tissues along with its lymphatic delivery to the
systemic circulatory system there will be immediate exposure of the virus and/or its nuclear
proteins to roughly 25 trillion RBCs and 25 million Hb molecules [71]. With this early capillary
and later systemic exposure of intraluminal RBCs to viremia or RNAemia the RBCs will have
considerable exposure to the toxic virus and its contents, which allow for viral-RBC interactions.
Certainly, there may be electrostatic and/or hydrophobic attractions between SARS-COV-2 virus
and RBCs and recent reports implicates a stronger hydrophobic attraction between the two [72,
73]. However, since there is increased redox stress affecting the RBC due to increased
glycolysis there may be a loss of electrostatic interaction making the RBC more vulnerable to
intraluminal exposure.

The RBC has an outer RBC glycocalyx that can be identified as well as bilipid plasma
membranes similar to other cells. Inserted into these plasma membranes are Band 3 with
attachments to ankyrin, which is attached to alpha and beta-spectrin residues that eventually are
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attached to the cytoskeletal proteins (F-actin, tropomyosin and tropomodulin) and important for
maintaining the shape, flexibility, durability, roughness, RBC distribution width and the
deformability of RBCs (Fig. 12) [74]. In T2DM these skeletal membranes undergo remodeling
of the Band 3 — ankyrin — spectrin actin membrane cytoskeleton and results in increased RBC
stiffness with associated loss of deformability in T2DM. Loss of deformability of RBCs results
in making the RBC quite vulnerable to further cytoskeletal membrane dysfunction and increase
the loss of deformability not only when affected by T2DM but also the SARS-CoV-2 virus and
viral RNA proteins [72, 74, 75, 76, 77]. When RBCs lose their capability to deform, they also
lose their capability to squeeze through smaller capillaries with perturbation of RBC rheology,
which is associated with increased viscosity, aggregation and thrombosis with possible
thromboembolism. Furthermore, these changes result in sludging and stalling with increased
hypoxia at the level of the capillaries that include both the pulmonary and extrapulmonary target
end-organs of COVID-19 [6].

Figure 12. Red blood cell glycocalyx in T2DM diabetic model (BTBR ob/ob) with lanthanum nitrate.
Note the intense electron dense staining of the red blood cell (RBC) glycocalyx (arrows) with lanthanum
nitrate in this T2DM preclinical mouse genetic deficient leptin BTBR ob/ob model. Importantly, note
that this model has near complete shedding of its endothelial cell glycocalyx (ecGCx). The presence of
the RBC glycocalyx allows the RBCs to repel each other while there remains the possibility for the RBC
to adhere to the endothelium due to its loss of the ecGCx. Importantly, note the interaction of the RBC in
panels B, C and D. Also, our group has been able to image adhesion plaques between RBCs and the ECs
in db/db diabetic mouse models see figure 7(e). Magnification x3000 scale bar = 0.5nm in panels A, B
and D and 1pum in panel C. While these representative neurovascular unit capillaries are from brain
cortex layer III, others have demonstrated the presence of lanthanum nitrate (LAN) in pulmonary tissues
that affect the endothelium as well as the RBC glycocalyx [58].

In addition to the loss of RBC deformability there is also an increase in RBC distribution
width or anisopoikilocytosis (RBC variance in size and shape) which results in RBC removal by
the red pulp sinusoids of the spleen [72, 74]. RBCs have to constantly interact and communicate
with one another, lining ECs, monocytes, lymphocytes, neutrophils, plasma proteins, pathogens
and platelets. Furthermore, RBCs are intimately involved in the maintenance of thrombosis as
well as being involved with immune response intravascularly and against pathogens [78]. The
RBC glycocalyx (GCx) like the endothelial glycocalyx (ecGCx) is very important in both RBC
function and structure and may be altered in not only T2DM but also COVID-19, which may act
synergistically to increase multiple intraluminal perturbations such as increased thromboembolic
events not only within the pulmonary systems but also the extrapulmonary target organs affected
by COVID-19 [78]. The RBC GCx allows the RBC to interact with other cells that are found
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within the vascular lumen such as other RBC without adhesion due largely to the repulsion that
is afforded to the RBC via its highly negatively charged GCx to repel other cells with their
respective negatively charged glycocalyx such as other RBCs (decreased aggregation) EC and
RBC adhesion, monocytes/macrophages, neutrophils and their neutrophil NETS or traps,
lymphocytes and some intravascular plasma proteins [78].

RBCs contribute to thrombosis by their viscosity effects including stiffening and loss of
deformation, margination of platelets to the vessel wall, platelet aggregation, flipping of
phosphatidylserine from inner to outer bilipid plasma membrane and microparticles which
support thrombin generation. Additionally, RBCs within thrombi stabilize and strengthens clot
structure and impair fibrinolysis. In conclusion, RBCs are an important complement of the
complex reactions of clot-thrombus formation.

5.2. Thrombocytes - Platelets

Platelets are classically known for their roles in hemostasis and pathological thrombosis along
with the wound healing response to injury. Thrombotic complications in both the arterial and
venous vascular beds are a major cause of morbidity and mortality in patients with COVID-19
[79]. Intravascular clotting or thrombosis due to thromboinflammation involves platelets, RBCs,
fibrinogen-fibrin, thrombin and the coagulation cascade that is activated via inflammation
(cytokine storm) and oxidative-redox stress-storm (RONS) that is tightly associated with an
endotheliopathy (sections 4.1. and 4.2.), a hemoglobinopathy of the RBCs (section 5.1.) and the
current section involving thrombocytopathy that eventually results in a coagulopathy with
increased morbidity and mortality in COVID-19 [79].

Platelets are derived from megakaryocytes that are created from bone marrow hematopoietic
stem cells, which develop cytoplasmic extensions of proplatelet elongations that pinch off and
mature in the vasculature [80]. In COVID-19 it is now known that platelets become activated
when the endothelium is damaged. Importantly, platelet activation is known to occur in T2DM
[6, 46] and will be further activated when the ECs become damaged due to SARS-CoV-2 viral
infection of ECs that further results in dysfunctional, activated and damaged ECs with a
synergistic overall effect on EC dysfunction and activation (Fig. 13).

Platelet activation then associates with increased fibrinogen and fibrin to form fibrin platelet
plugs when there is bleeding and platelet activation is very important function for hemostasis;
however, it is detrimental when forming thrombi and chronically activated in relation to
infarction of vessels and ischemia with tissue organ ischemia and cellular death.

Thrombocytopenia along with lymphopenia and elevated D-dimer has been a constant
finding in patients with advanced COVID-19 and is known to be associated with increased risk
and poor prognosis with increased morbidity and mortality [81]. There have been at least three
possible mechanisms put forth regarding thrombocytopenia, which include the following: (i)
SARS-CoV-2 may reduce platelet production due to cytokine toxicity to the bone marrow; (ii)
SARS-CoV-2 infection may increase platelet destruction via toxicity of cytokines to bone
marrow cells and inhibition of platelet synthesis; (iii) SARS-CoV-2 infection may increase
platelet consumption due to extensive platelet aggregation in the lungs and extrapulmonary target
end-organs [81]. While author favors platelet consumption it may be a combination of all three
possible mechanisms.
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Figure 13. Activated platelet with adherence to an activated endothelium. This ultrastructural
image depicts an activated (act) platelet (PLT) adhering to an activated cortical layer III capillary
endothelium in a female type 2 diabetes mellitus (T2DM) mouse model (db/db at 20-weeks of
age). This activated PLT is outlined by a thin solid yellow line to contrast it from the
surrounding red blood cells (RBCs) and note the yellow dashed line where there is adhesion to
the activated endothelium of the endothelial cell (EC). This neurovascular unit capillary is from
the cerebral cortex in cortical layer III. Not only is this activated platelet adhering to the
activated endothelium but also note how it is interacting with the surrounding red blood cells in
the formation of a microvascular thrombus. Note the long cytoplasmic extension of this act PLT
as compared to the control non-activated platelet with only shortened cytoplasmic protrusions as
observed in the insert image of a non-activated control platelet in the right lower region of this
image. Also, note the *RBC outlined in white that is adjacent to the adherent activated platelet.
Scale bar = 1pm in image and 0.5um in the insert.

Viremia allows the SARS-CoV-2 virus or its nuclear contents (RNAemia) to be exposed to all
of the blood compartmental cells of the circulatory vascular system including platelets. Platelets
interact with each of the cells (RBCs, ECs, and neutrophils and their NETs - traps, monocytes
and lymphocytes) and along with fibrin are known to have a cumulative effect on thrombosis
with increased morbidity and mortality.

Activated platelets interact with leukocytes within the blood compartment by utilizing cellular
interactions and juxtracrine signal via P-selectin and integrin anw/PB3. Platelets are known to
modulate leukocyte responses including migration, secretion, neutrophil extracellular traps along
with the contribution to growing thrombi as well as triggering monocyte expression of tissue
factor important for coagulation and thrombosis [82]. Therefore, platelet-leukocyte interactions
are indispensable events in physiological and pathological hemostasis and inflammation.

5.3. Leukocytes - White Blood Cells: Mononuclear Monocytes and Lymphocytes and Granular
Polymorphonuclear Neutrophils
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5.3.1. Monocytes — Monocyte-Derived Macrophages — Resident Tissue Macrophages [Innate
immune cells|

Resident tissue macrophages (alveolar, interstitial and vascular monocyte-derived
macrophages) reside in pulmonary AVU of the BGB and respond immediately to injurious
stimuli such as the injury induced by the infection with the SARS-CoV-2 virus in COVID-19
[83]. Correspondingly, monocytes circulate along with SARS-CoV-2 virus, RBCs, platelets,
neutrophils and lymphocytes within the intravascular lumen and lining ECs throughout the body
once viremia has occurred. Thus, monocytes have the capability to reach each and every organ
system and tissue. Specifically, monocytes serve as protective patrolling cells to aid in the
phagocytosis of ongoing endothelial damage. Monocytes can be activated and signaled to exit
the lumen primarily via endothelial paracellular routes when signaled by various chemokines
including monocyte chemotactic protein 1(MCP-1) and the cytokine granulocyte colony-
stimulating factor (G-CSF) at sites of tissue injury such as SARS-CoV-2 within the pulmonary
alveolar vascular unit of the BGB (Fig. 14) [84].
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Figure 14. Monocyte transmigration to the alveolar interstitium in SARS-CoV2. (A) illustrates the
monocyte (MC) undergoing active transmigration via the paracellular route as it is directed to the alveolar
interstitium. (B) depicts the alveolar vascular unit of the lungs at the blood-gas barrier with an inflamed
alveolar air sac with fibrinous exudate and an infected hypertrophic pneumocyte 2 (Pn2) with the SARS-
CoV-2 virus. Note how the pneumocyte 1 (Pnl) cells line the entire alveolus with a thinned squamous
like epithelium verses the cuboidal appearing Pn2 cell. Also, note the resident and monocyte-derived
macrophages (M®). This illustration demonstrates hyaline and fibrinous exudate within the alveolar air
sacs and primarily interstitial M®. Interstitial and resident M®s are usually more prevalent than intra-
alveolar M®. EC = endothelial cell; G-CSF = granulocyte colony - stimulating factor; MCP-1 =
monocyte chemoattractant protein-1; Pnl = pneumocyte 1; RBC = red blood cell.

Following this signaling and transmigration between adjacent ECs monocytes transform into
monocyte-derived macrophages to aid in the phagocytosis of debris associated with viral
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infections and cellular loss via apoptosis — pyroptosis not only in the pulmonary BGB - AVU but
also in the injured extrapulmonary tissues affected and infected by the SARS-CoV-2 virus.

Once these monocytes have transmigrated to the pulmonary alveolar septal tissue interstitium
they have a propensity to become phenotypically polarized as either M-1 like (proinflammatory -
classically activated macrophages) or M-2 like (anti-inflammatory, healing - alternatively
activated macrophages) [84, 85]. During infections with SARS-CoV-2 virus the monocyte-
derived macrophages are primarily of the polarized proinflammatory M-1 like macrophage types
that are critical to the development of the “cytokine storm” or hyperinflammatory milieu of the
intersititium that eventually becomes a systemic cytokine storm. Importantly, in T2DM the
macrophages have already been signaled to become polarized M-1 like macrophages and these
two diseases may be synergistic from the standpoint of monocyte-derived macrophages in the
multiple extrapulmonary target end-organ when Covid-19 is presented with the co-morbidity of
T2DM [84, 85, 86].

While this section has examined the role of the monocyte/macrophage it is important to note
that the monocyte/macrophage cells work closely together with neutrophil and extracellular traps
and both help to orchestrate the power of the innate immune response system [87]. It is
important to note here that neutrophils are not only capable of recruiting monocytes to becoming
monocyte derived macrophages but also are capable of inducing the polarization of M2-like
macrophage to the M-1like macrophage associated with infection of the SARS-CoV-2 virus.

5.3.2. Neutrophils and Neutrophil Extracellular Traps (NETs) [Innate immune cells]

Neutrophils (polymorphonuclear granulocytes) are considered to be the first leukocyte
responders of the innate immune system to sites of the respiratory epithelium and pulmonary
injury in a response to injury mechanism to pulmonary viral SARS-CoV-2 infections [88].
Generally, neutrophils are absent by light microscopic examination when autopsies or biopsies
are performed with the macrophage and lymphocytes remaining the predominant cell types (Fig.
14). The sequence of the response to injury wound healing are outlined and include the acute
and chronic inflammatory changes in this process in addition to the innate and acquired immune
mechanisms in SARS-CoV-2 infections (Fig. 15).
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Figure 15. Response to SARS-CoV-2 injury and lung wound healing. This graphic illustration depicts
the various cell types and their involvement in the response to injury to the SARS-CoV-2 virus as it
invades the lung and also other extrapulmonary tissues. The innate immune cells consisting of innate
mast cells — eosinophils and neutrophils (the first cells in the acute phase of inflammation), innate
macrophages and the adaptive immune cell the lymphocyte (B and T types) are depicted. Note the
thrombocytopenia and lymphocytopenia that are commonly found in those COVID-19 individuals with
more serious disease requiring ICU and ventilator assisted respiration. Also note the importance of
multiple storms in COVID-19, which represent ongoing injury to the pulmonary and extrapulmonary
tissues and organs. The image was adapted with permission CC by 4.0 [6].

The granulocytic neutrophils respond to invading organisms such as the SARS-CoV-2 virus
by phagocytosis and/or neutrophil extracellular traps (NETs) formation resulting in the process
of NETosis. Both phagocytosis and NETosis (Fig. 16) involve an oxidative respiratory burst of
prooxidant enzymes in neutrophils, which include NAPH Ox, myeloperoxidase, inducible NOS
(iNOS) forming nitric oxide and peroxynitrite in addition to elastases [89].
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Figure 16. Neutrophil extracellular traps (NETs) and NETosis in T2DM and COVID-19. In T2DM and
COVID-19. NETosis is detectable in circulating blood and associated with an inflammatory,
prothrombotic state and impaired fibrinolysis. In addition to classic phagocytosis and degranulation as a
part of the first response to invasive viruses the neutrophil is capable of forming neutrophil extracellular
traps (NETS) to sequester pathologic viruses in a process termed NETosis. This process also supports the
formation of thrombi as a result of platelets (P), fibrin (F) (yellow lines) and red blood cells (RBCs),
which associate with impaired fibrinolysis in T2DM (upper right-had side of image). Note the
electrostatic ionic binding between the citrullinated positive histones and the net negative charge of the
SARS-CoV-2 viral particle(s) in the NET that assists in the entrapment of the virus. Also, note the initial
essential step of nuclear decondensation of chromatin in the middle image that occurs prior to the release
of chromatin threads in the far-right image. The following quotation seem applicable here: “Oh what a
tangled web we weave, when first we practice to deceive” from Marmion: A Tale of Flodden Field by Sir
Walter Scott indicating that excessive NETs - NETosis may be a double-edged sword with both
pulmonary epithelial damage in the lung and intravascular cells with impaired rheology, vascular
reactivity and the development of a vascular pro-constrictive and hypercoagulable intravascular milieu.
BGB = blood gas barrier; DNA = deoxyribonucleic acid; F = fibrin; MPO = myeloperoxidase; NET =
neutrophil extracellular trap; NE = neutrophil elastases; P = platelets;, RONS = reactive oxygen nitrogen
species; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; T2DM = type 2 diabetes
mellitus.

It is commonly known that neutrophil migration and phagocytosis are impaired in diabetes and
recently it has been noted that NETosis is increased in diabetes [90]. Furthermore, high glucose is
associated with increased insulin resistance in COVID-19 [6. 20] and may also contribute to increased
NET formation along with increased cytokine hyperinflammation. NETosis and thrombosis, which
includes thromboinflammation and thromboembolism [91].

5.3.3. Lymphocytes [Adaptive — Acquired immune cells]

The adaptive immune system and nongranular lymphocytes are the main cells found in lymph
of the lymphatic system. Lymphocyte T cells in embryo and youth are created within the thymus
and when the thymus undergoes involution in adulthood the T cell population is capable of
undergoing replication throughout its lifespan. The B cell lymphocyte is produced in the bone
marrow from stromal cell precursors throughout life. The lymphocytes are transported within
the lymphatic system and are sequestered in the lymph node germinal centers and the white pulp
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of the spleen and eventually drain via the thoracic duct into the subclavian venous system and
enter the right atrium to proceed to the pulmonary circulation. Microscopically, they have a
large nucleus and a thin rim of cytoplasm that may be characterized by three major types. The
specific types of lymphocytes may be characterized by the T cells of (thymic origin, cell-
mediated and cytotoxic adaptive immunity that include the CD3+, CD4+ helper and CD8+ killer
and CD25+/FoxP3+ regulatory T cells), the B cells (of bone marrow origin, humoral, antibody-
driven adaptive immunity) and NK cells (natural killer cells that differentiate and mature in

the bone marrow, lymph nodes, spleen, tonsils, and thymus. The NK lymphocyte cells function
in cell-mediated immunity and possess granules, cytotoxic innate immunity and importantly do
not require prior activation in order to kill cells that may be missing the surface marker of

the major histocompatibility complex (MHC class one) [27, 92, 93].

It is interesting to note that there may be some phenotypic subpopulations that vary from one
organ to the other and even within the lung the phenotypic subpopulations of lymphocytes may
vary at different points in time during their SARS-CoV-2 viral infections and their response to
the severity of disease and viral load at the onset of the viral infection in COVID-19 [94, 95, 96,
97]. Furthermore, the SARS-CoV-2 virus may not only activate antiviral immune responses but
also may be related to the uncontrolled inflammatory responses characterized by marked pro-
inflammatory cytokine release syndrome or cytokine storm as discussed in section 5.1. This
excessive immune reaction (cytokine storm) is strongly associated with lymphopenia, which is a
constant finding in SARS-CoV-2 with diffuse alveolar dysfunction in COVID-19, lymphocyte
dysfunction, and monocyte, granulocyte abnormalities as discussed in sections 5.3.1. and 5.3.2.
respectively. In regards to the lymphocyte phenotypic subpopulation variations there seems to
one constant and key finding in COVID-19 patients infected with the SARS-CoV-2 virus, that
being lymphopenia and the associated increase in the neutrophil/lymphocyte ratio that has
become a key and persistent finding in those seriously infected patients requiring intensive care
unit due to increased morbidity. Importantly lymphopenia and the increased
neutrophil/lymphocyte ratio has become a risk marker for increased morbidity and mortality
during this pandemic [27, 28, 98, 99].

It is important to note that the viremic exposure of the SARS-CoV-2 virus to the acquired
immune systems lymphocytes does not come without a price to pay, in that, those patients with
the most severe cases resulting in death who have undergone autopsies have demonstrated not
only an atrophy of the white pulp in the spleen but also a loss in the lymph node germinal centers
which are certainly associated with the severity of the COVID-19 pandemic [37]. While these
authors point to the importance of the loss of Bcl-6 expressing T follicular helper cells that may
be caused by the marked cytokine hyperinflammation, the mechanisms of these atrophic and lost
storage centers for lymphocytes have not been completely understood at this current time of the
pandemic. These post-mortem autopsy findings certainly help to explain in part the consistent
finding of lymphopenia that seems to be a central finding due to the SARS-CoV-2 virus of
COVID-19.

6. Conclusion

This review has outlined in greater detail the possible sequence of events and mechanisms of
viremia and its impact on the intravascular cellular milieu in the process of viral transmission
and infection of the extrapulmonary target organs that are known to be infected by SARS-CoV-2
virus in COVID-19. The primary organ of infection (the pulmonary - alveolar vascular unit —
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BGB) and concurrent viremic intravascular cellular milieu, extrapulmonary target organs
involvement and the combined comorbidities of T2DM and COVID-19 will greatly impact the
increased morbidity and mortality. For those who wish to examine the process of viremia in
general with greater depth and not specifically related to the SARS-CoV-2 virus the following
reference is highly recommended [100].

Most epidemic and pandemic outbreaks can be traced to zoonotic infections that are
transmitted from animals to humans. Some of these outbreaks might have been prevented by
better hygiene, proper water sources and waste management and regular inspections of wild
animal populations. However, others can be traced to the disturbance of ecological equilibriums
or alterations to the environments in which pathogens habitually reside. This concept rings true
yet today as set forth in a play entitled: Doctors Dilemma by George Bernard Shaw (1906) in
which he wrote “The characteristic microbe of a disease might be a symptom instead of a
cause . It is possible that we might invest in ecological and environmental conditions in order to
prevent any future epidemics or pandemics. The combination of science and technology has
certainly allowed our knowledge to prosper through this synergism during this COVID-19
pandemic. However, we still may be lacking in our examination of the microbe (SARS-CoV-2
virus) being a symptom rather than the cause in addition to the health disparities amongst those
who are in minority situations around the world. These disparities include a multiple of variables
influencing health, which includes physical environment, economic stability, ethnic and racial
discrimination, education, access to nutritious food in terms of our social and community
context, and importantly access to health care services [101]. We who ignore the past such as the
1918 Spanish flu pandemic are likely to repeat it and currently it appears that the COVID-19
pandemic is more closely paralleling the 1918 Spanish flu pandemic [6].

During this COVID-19 pandemic we have been introduced to the relatively novel so-called
term “cytokine storm’’ in order to aid our understanding of the function of a dysregulated
immune system — cytokine-release syndrome as a result of an overactivation of innate immunity
and lymphopenia [102] and the excessive production of proinflammatory cytokines to result in a
hyperimmune state associated with the hypercytokinemia that is associated with SAR-CoV-2
viral infection.

Throughout this review author has attempted to demonstrate that there are multiple storms
that co-exist in this pandemic, which includes a viral/virion storm or viral load, a redox storm
with excessive reactive oxygen-nitrogen species and a thromboembolic storm with excessive
thrombosis resulting in ischemia not only within the pulmonary system but also in the
extrapulmonary target organs in both the arterial and venous vascular systems that result in
multi-organ system failure and mortality.

Frequently, throughout this review, author has pointed to the co-morbidity of pre-existing
T2DM and how the interactions between the metabolic syndrome, obesity, insulin resistance and
T2DM interact to increase morbidity and mortality in COVID-19 (Fig.17). Certainly, when one
examines the co-morbidities associated with the more severe complications of COVID-19 there
seems to emerge a solid core of at least five co-morbidities, which include (i) diabetes, (i)
hypertension, (iii) cerebro-cardiovascular disease, (iv) obesity and (v) older age. Importantly,
when one examines the metabolic syndrome it is noted that there are at least four core variables
present, which points to an important role of the co-morbidity of the metabolic syndrome as set
forth by Reaven some three decades ago as syndrome X that was later renamed by Grundy two
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decades ago [103, 104]. Both the metabolic syndrome and COVID-19 have multiple variables
and vulnerabilities and certainly COVID-19 has unmasked many of these vulnerabilities.

Metabolic Syndrome, T2DM and COVID-19
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Figure 17. The metabolic Syndrome, type 2 diabetes mellitus (T2DM), COVID-19 and viremia. This
illustration portrays the original X of Reaven’s syndrome X later renamed the metabolic syndrome by
Grundy [103, 104]. Note the multiple H phenomenon or hyper states associated with each arm of the
letter X: hyperlipidemia, hyperinsulinemia, hypertension and hyperglycemia. Further note the central
location of insulin resistance (IR) and how it is related to each arm of the letter X. These multiple
variables all come together and interact with the associated multiple variables of the SARS-CoV-2
viremia of the COVID-19 pandemic. It is important to note that the obesity epidemic as noted in the left
lower part of this illustration may be driving this construct in different parts of the world. ACE2 =
angiotensin-converting enzyme 2; AGE = advanced glycation end products, ANGII/Angll = angiotensin
1I; Ang(1-7) = angiotensin 1-7; CVD = cerebro-cardiovascular disease; D-dimer = a fibrin degradation
product and is named after two D fragments of the fibrin protein joined by a crosslink upon fibrinolysis;
ecGCx = endothelial glycocalyx; eNOS = endothelial nitric oxide synthase; ER = endoplasmic;, FFA =
free fatty acid; Mt = mitochondria; PAI-1 = plasminogen activator-1; RAGE = receptor for AGE; RBC =
red blood cell; RONS = reactive oxygen and nitrogen (nitrosative stress) species; SNS = sympathetic
nervous system,; XO = xanthine oxidase.

Indeed, this SARS-CoV-2 virus is not through with us at this time and it is anticipated that there will
be an increasing number of cases and increasing mortality in the months ahead. While this Christmas
and winter season seems to be darkened by the COVID-19 pandemic, it seems like there may be
dark times ahead as we enter the annual active influenza winter season. However, we must
remain positive in knowing if we can see it, we can study it and advance knowledge through a
better understanding of how to better treat and survive this devastating COVID-19 pandemic of
2019-2020. Importantly, the world is now able to see some light since the COVID-19 vaccines
are just beginning to rollout globally and our highly vulnerable health care teams are currently
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being inoculated. In the coming new year of 2021, we should all begin to see a light in all this
darkness we have endured, while never forgetting the ones we have lost, for they are not lost if
we keep them in our memory and our hearts.
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