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Abstract. — By March 21, 2022, 6.1 million
deaths from COVID-19 were reported, most of
them in the United States, Brazil, and India.
Between January 1, 2020, and December 31,
2021, the global estimated mortality due to the
COVID-19 pandemic was 120.3 deaths (113.1-
129.3) per 100,000 of the population for all ag-
es. So far many of the potentially fatal mecha-
nisms of COVID-19 have been reported. In this
manuscript, we analyzed the available data on
the causes of deaths from COVID-19. This analy-
sis suggests that the primary attributable cause
of death from COVID-19 is multiple organ failure
resulting from numerous pathological mecha-
nisms including genetic predisposition to the
severe inflammatory response. Increased in-
flammatory response affects the lungs locally
as well as systemic thrombotic microangiopa-
thy. It seems that many comorbidities associat-
ed with an increased mortality rate among pa-
tients with COVID-19 per se predispose them to
an increased risk of thrombotic changes. Fur-
thermore, the role of inflammation in the lungs
and the changes that lead to hypoxia cannot be
overlooked. However, the thrombotic changes in
microcirculation seem to be the most dominant.
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Introduction

The first case of a novel coronavirus infection
leading to the respiratory failure was reported in
Wuhan in December 2019, and this disease was
named Coronavirus disease 2019 (COVID-19)"2,
By March 21, 2022, 6.1 million deaths from
COVID-19 were reported’, most of them in the
United States, Brazil, and India. Between Jan-
uary 1, 2020, and December 31, 2021, the glob-
al estimated mortality due to the COVID-19
pandemic was 120.3 deaths (113.1-129.3) per
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100,000 population for all ages. The rate differs
significantly between countries, as indicated by
the highest rate among Bolivian residents [734.9
deaths (95% UI 594.1-879.2)] per 100,000 popu-
lation. However, it is believed that the full scale
of the COVID-19 pandemic in 2020 and 2021 was
much greater than indicated by reported* deaths.
An additional problem is a fact that 22-25% of
excess all-cause mortality during the pandemic
by September 2020 in the United States was due
to an unknown cause. It seems that psychiatric or
injurious causes are the frequent causes because
the onset of unexplained mortality coincided with
previously reported® increases in psychotropic
drug use. The World Health Organization (WHO)
recommended coding COVID-19 as a cause of
death independent of pre-existing conditions that
are suspected of triggering a severe course of
COVID-19 and that COVID-19 deaths should not
be considered as due to anything else®. However,
it should be noted that the number of deaths due
to COVID-19 is difficult to determine due to the
ambiguous reporting in different countries, the
choice of a cause of death in reports, and the
coexistence of myriad events and comorbidities’.
Data® from 14 countries on COVID-19 deaths
indicate an age-related relationship between
deaths and that age dependency is stronger for
COVID-19 mortality than for all-cause mortality.

We aimed to summarize the current reports on
deaths during severe acute respiratory syndrome
Coronavirus-2 (SARS-CoV-2) infection and its
possible causes.

Autopsies and Pathomorphological
Reports at the Initial Stage of
the Pandemic

The first series of autopsies of the first 12 con-
secutive COVID-19-positive deceased patients
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[median age 73 years (range between 52 and 87
years), 75% male] were performed at the German
Academic Medical Center, including postmortem
computed tomography (CT), and histopathologic
and virologic analysis which showed deep venous
thrombosis in more than half of patients (58%),
and pulmonary embolism in 33% of patients as a
direct cause of death. Thus, it has been suggested’
that thromboembolic events may play an import-
ant role in the pathogenesis of COVID-19-related
deaths.

Another German study'® describing autopsies
of 26 bodies of patients [median age 70 years
(IQR 61.8-78.3, range 30-92 years), 65% male]
who died during SARS-CoV-2 infection showed
that the majority of the causes of death were di-
rectly related to COVID-19 and not a direct result
of the presence of comorbidities. The most com-
mon mechanisms of death were septic shock and/
or multiple organ failure (30.8%) and purulent
pneumonia (19.2%) with subsequent respiratory
failure, and COVID-19-related right ventricular
failure'®. Similar results were reported in another
study' from Germany describing 80 autopsies
[median age 82.4 years (range 52-96 years), 62%
male]. This study has shown that the main cause
of death was pneumonia, with or without sepsis.
Furthermore, in 40% of patients (46% male and
32% female) thromboembolic events were report-
ed. Moreover, 21% of fatal fulminant and/or pe-
ripheral pulmonary artery embolism was found.
Whereas different German reports'? described
735 autopsies of patients with SARS-CoV-2 as-
sociated deaths using conventional autopsy, ul-
trasound-guided minimally invasive autopsy,
postmortem computed tomography, and medi-
cal records. 84.1% of deaths were classified as
COVID-19 deaths [median age 83.0 years; 54.4%
male], 6.4% as non-COVID-19 deaths, and 9.5%
remained unclear. In the autopsy group (n=283),
73.6% died of pneumonia and/or diffuse alveolar
damage (DAD), 39.2% of thromboses, and 22.1%
of pulmonary embolisms were found. Similar
results” were reported in a report from Russia
including 102 consecutive forensic (58.8%) and
clinical (41.2%) autopsies with positive post-mor-
tem SARS-CoV-2 PCR in the lungs (mean age 73
years, 50% male). Based on medical records and
histological reports of 71% of cases of clinical
and 83% of forensic autopsies, the cause of death
was DAD and 81% had thrombotic phenomena
in the lungs. DAD is the histological sign of the
acute phase of acute respiratory distress syn-
drome (ARDS) and consists of oedema, inflam-
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mation, and hyaline membranes, with the second,
organizing phase comprising type Il pneumocyte
hyperplasia and fibrosis'. It has been shown' that
DAD during COVID-19 is similar to the develop-
ment of ARDS with other causes.

The above data confirmed the results of a
recently published systematic review and me-
ta-analysis'® of 25 articles that described 140
complete autopsies and showed that the most
affected organ during SARS-CoV-2 infection was
the lungs. In 81.4% of cases the macroscopic
pathological findings such as oedema, conges-
tion, and patchy areas of condensation, in 48.5%
of postmortem cases, microscopic examination
of DAD in the different phases (48.5% prolifera-
tive phase, 31.4% exudative phase, 14.2% fibrot-
ic phase), in 46.4% bronchopneumonia, in 25%
pneumonia and 14.2% thrombosis in the lung
parenchyma were found. In addition, a signifi-
cant positive association between the prolifera-
tive phase of DAD and the short period of death
was observed. The second most affected organ
was the kidney including thrombosis (10%), tu-
bular damage (7.8%), necrosis (7.8%), and glo-
merular damage (9.4%); then the liver including
congestion (15%), necrosis (10.7%), and acute
inflammation (7.1%), followed by heart necrosis
(4.2%), myocarditis (1.2%), and spleen damage
[congestion (4.2%) and acute splenitis (1.4%)]'. In
addition, comprehensive data'” from 135 deceased
patients showed a high prevalence of DAD in au-
topsy findings (75% acute and 47% organizing).
It should be noted that Konopka et al'® assessed
the utility of a Center for Disease Control and
Prevention (CDC) guidelines-based Coronavirus
disease 2019 (COVID-19) screening checklist for
postmortem severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) surveillance and
revealed that DAD in autopsy studies is under-
estimated".

Mukerji et al”® analyzed data reporting brain
findings at the autopsy of patients who died due to
COVID-19 (n=142) and showed that 65% of them
reported either no significant findings or no acute
abnormalities. While in 35% multiple changes
were described, the most common hemorrhage
(petechial bleedings and punctate subarachnoid
hemorrhages, large cerebral/cerebellar hemor-
rhages, hemorrhagic conversion of middle cere-
bral artery stroke, and a recently drained subdu-
ral hematoma), was followed by large acute and/
or subacute, lacunar infarcts/microinfarcts and
watershed infarcts, severe oedema resulting in
herniation and mild to moderate oedema without
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herniation. Whereas, in microscopic findings, the
most frequent abnormality was mild to moderate
acute hypoxic injury, followed by focal microhe-
morrhage or hemorrhagic suffusion. Addition-
ally, mild focal perivascular, parenchymal, and
leptomeningeal T-cell predominant lymphocytic
infiltrates were often observed.

Interestingly, myocarditis was rarely observed
in most of the studies'™'*?". In the multi-center
study'’, myocarditis was present only in 6% of
the deceased and 1/4 of adolescents presented
the multisystem inflammatory syndrome. Most
pathological findings in the heart such as hyper-
trophy were reported in 77% of patients, fibrosis
and/or old infarction in 58%, and coronary artery
disease in 25% and were mainly sequelae of
preexisting comorbidities””. The rare occurrence
of myocarditis was also reported in meta-analy-
SCS19'21.

Infection-Related Mechanisms
of Death

Severe COVID-19 immunopathology is related
to overactivated inflammatory, innate immune
response, and impaired protective, adaptive im-
mune response. SARS-CoV-2 enters the host cells
by the angiotensin-converting enzyme 2 (ACE2)
receptor. The innate immune system response is
related to the detection of the virus by pattern
recognition receptors and the identification of
molecular patterns. It activates the nuclear factor
kappa B (NF-kB) and mitogen-activated protein
kinase pathways, the production of inflammatory
cytokines, and the expression of type 1 interferon
(IFN). It is considered®* that SARS-CoV-2, like
severe acute respiratory syndrome Coronavirus
(SARS-CoV) and Middle East respiratory syn-
drome Coronavirus, interfere with these signal-
ing pathways, which correlates with the severity
of infection.

Life-threatening COVID-19 pneumonia may
be a result of a deficiency of regulatory factor 7
(IRF7) or autosomal-recessive IRF7 or IFN-a/p
subunit 1 receptor. In addition, in 10% of patients
with critical COVID-19, immunoglobulin G auto-
antibodies (auto-Abs) neutralizing high amounts
of IFN-a 2 and IFN-Q were found. Interestingly,
it has also been shown? that in the patients with
autoimmune polyglandular syndrome type-1, in-
fected with SARS-CoV-2, the presence of au-
to-Abs against IFN was associated with a higher
frequency of hospitalization for COVID-19 pneu-

monia. It should be noted* that the prevalence of
auto-Abs increases with age, which may explain
the severe course of SARS-CoV-2 infection in
some older individuals. Moreover, SARS-CoV-2
infection is related to lymphopenia caused by the
direct infection of T cells by the ACE2 receptor
expressed on T cells, the accelerated depletion of
T cells by cytokines, and the destruction of sec-
ondary lymphoid tissues of the spleen and lymph
nodes?*. Furthermore, Zhou et al*® have shown
that lymphopenia, especially CD4+ T cells, was
an indicator of the severity of COVID-19 and the
need for hospitalization. Moreover, a CD4+ T cell
count below 200 cells/ul. was associated with
the critical course of COVID-19. It has also been
found® that cytokine storm, especially related to
IL-6, leads to the death of activated lymphocytes.

Furthermore, the mechanism of severe
COVID-19 development is an overactive and de-
regulated neutrophil response since SARS-CoV-2
infection changes the number, phenotype, and
functionality of these cells®. It should be noted
that activation of neutrophils is associated with
endothelial damage, platelet aggregation, and
thrombus formation?’. In addition, the association
between lung fibrosis and neutrophil extracellular
traps (NET) was shown?. NET resembles a web
consisting of chromatin with proteases (myelop-
eroxidase, human neutrophils elastase) released
from neutrophils to restrain the tissue spread of
microorganisms®. In certain conditions, NET may
be responsible for tissue damage® and ARDS de-
velopment®'. Lung tissue damage is also associated
with the hyperactivation of pulmonary macro-
phages, a pro-inflammatory cytokine release, and
the recruitment of cytotoxic effector cells®.

The presence of microvascular thrombosis in
the lung is reported® as one of the fatal fac-
tors of the course of COVID-19. Additionally,
it is considered that thrombosis is related to
severe hypoxia in some patients with well-pre-
served lung mechanics. Numerous postmortem
data*3* confirmed the presence of microangio-
pathic thrombosis in the lungs of patients with
COVID-19. The mechanisms of thrombosis de-
velopment include direct viral infection, NET,
pro-inflammatory cytokines action, hypoxemic
injury, and complement cascade®. A case report
of a deceased 65-year-old man with COVID-19
showed a postmortem microvascular thrombosis
and DAD in both lungs despite the use of pro-
phylactic anticoagulation. Both acute exudative
and chronic proliferative phases of DAD were
found*.
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Moreover, an important aspect of COVID-19
is the coagulopathy caused by the excessive pro-
duction of proinflammatory cytokines, increased
levels of damage-associated patterns, the stimu-
lation of cell-death mechanisms, and endothelial
damage. A characteristic change in the course of
the disease includes the predominant increase of
D-dimer and fibrin degradation products, pro-
thrombin time prolongation, and thrombocyto-
penia®. It is considered?® that the combination of
low-grade disseminated intravascular coagulation
(DIC) and pulmonary thrombotic microangiopa-
thy (coagulopathy associated with COVID-19) is
believed to affect organ function in patients with
severe COVID-19. The development of ARDS
may be caused by the deposition of fibrin and
thrombin in pulmonary microcirculation. Chang-
es in microcirculation may also be associated
with sepsis-induced coagulopathy*.

The Role of Cytokine Pathway
in Deaths Due to COVID-19

The systemic inflammatory response asso-
ciated with cytokine release syndrome is one
of the causes of mortality due to COVID-19.
During SARS-CoV-2 infection, major inflamma-
tory pathways are activated including interleukin
(IL)-6/Janus Kinase (JAK)/signal transducer and
the activator of transcription signaling pathways,
interferon cell signaling pathway, tumor necrosis
factor-a (TNF-a)-NF-xB pathway, toll-like re-
ceptor pathway, and T-cell receptor pathway. It
has been shown? that in COVID-19 patients, the
activation of these inflammatory pathways is as-
sociated with severity, pathological progression,
and organ damage. In addition, SARS-CoV-2
infection activates disintegrin and metallopro-
teinase-17 and increases the levels of angiotensin
IT (Ang-11) and TNF-a. A synergistic increase of
Ang-II and TNF-a levels induces the expression
and activity of matrix metallopeptidase 9. These
mechanisms participate in the development of a
cytokine storm and the severity of destructive
inflammation®.

Cytokine storm is a fast-developing, life-threat-
ening, clinical condition, closely related to severe
complications and poor prognosis®. It is associat-
ed with the infiltration of macrophages and neu-
trophils into lung tissue due to the pro-inflamma-
tory immune responses of pathogenic Thl cells
secreting granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) and interleukin-6. GM-

2168

CSF activates the production of large quantities
of 1L-6, tumor necrosis factor-a (TNF-0), and
other cytokines by CD14+ CD16+ monocytes®.
The dysregulation of the immune system may
be a cause of the hyperinflammatory stage of
COVID-19, considered to be the foremost reason
for mortality. The increase of inflammatory cells
and cytokines in the blood increases the perme-
ability of blood vessels, which, in turn, leads
to systemic capillary shunt. Leakage of blood
plasma into neighboring cells may be a cause of
the formation of an intravascular blood clot and
associated thrombosis, which result in hypoxia
and multi-organ failure. Additionally, impaired
anticoagulant mechanisms contribute to the oc-
currence of DIC and multiple organ damage. A
cytokine storm also damages the follicular cells
and participates in the development of ARDS*.

Hypersensitivity and COVID-19 Deaths

Mast cell degranulation is the result of immu-
noglobulin E (IgE)-mediated cross-linking of the
IgE receptor, FceRI, and is a cause of the dilation
and increased permeability of capillaries. A ret-
rospective case-control study*' showed a relation-
ship between the presence of specific anti-SARS-
CoV-2-IgE antibodies in COVID-19 patients and
the development of hypoxemic respiratory failure
by the mechanism of type I hypersensitivity. The
link between the severity of COVID-19 on ad-
mission to the hospital and the levels of specific
IgE has also been shown. A positive correlation
between specific IgE and the total lung damage
severity scores and a negative with the PaO/FiO,
ratio was found*'. Moreover, histological exam-
inations showed*' nucleocapsid protein and pos-
itive staining with activated mast cells (CD63+)
bound with IgE, in respiratory and intestinal
tissues. Furthermore, airway hyperresponsive-
ness in the early recovery from COVID-19 was
observed. In addition, the association between
IgE and COVID-19 may confirm a good response
in patients infected with SARS-CoV-2 to omali-
zumab and glucocorticosteroids®.

Genetic Factors in the Fatal Course
of SARS-CoV-2 Infection

The genome-wide association studies**
showed that the region of chromosome 3p21.31
has the strongest association with susceptibility
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to severe SARS-CoV-2 infection (twofold in-
creased risk of respiratory failure). However, it
should be noted that in other studies***, this
locus was more strongly associated with suscep-
tibility to infection than its severity.

Interestingly, Downes et al*® showed that the
probable causative variant is the A allele of a sin-
gle-nucleotide polymorphism, rs17713054G>A.
The rs17713054-affected enhancer upregulates
the interacting gene, leucine zipper transcription
factor-like 1 (LZTFLI), which plays a key role as
aregulator in a viral response pathway associated
with epithelial-mesenchymal transition (EMT),
rather than immune cells**. EMT is a reversible
process of the trans-differentiation program of
epithelial cells into mesenchymal cells and is
crucial in the innate immune response. It is a
consequence of lung inflammation and is in-
volved in both the development and resolution of
pneumonia*’*®, SARS-CoV-2 infection of nasal
and bronchial epithelium induces metabolic and
transcriptional changes causing an intensification
of EMT. Ultimately, this process shifts infects
cells into an increasingly mesenchymal state,
and losses of tight junction components favor
the development of acute respiratory distress
syndrome®. Moreover, in CRISPRi studies®, it
was found that a region near rs11385942 at chro-
mosome 3p21.31 significantly influenced the ex-
pression of LZTFLI, an airway cilia regulator, and
may play an important role in weakened airway
viral clearance in a patient with COVID-19.

Concomitant Diseases and
COVID-19 Mortality

Numerous studies’*? have shown that patients
with multiple comorbidities are more prone to the
fatal course of COVID-19. It has been shown’' that
70% of patients with comorbidities required hospi-
talization in the Intensive Care Unit (ICU). Obesity,
diabetes, hypertension, and cardiovascular disease
increased the risk of mortality during the course of
COVID-19°"%, The meta-analysis® of 12 studies in-
cluding 34,390 patients showed that obesity was a risk
factor for copositive poor outcomes and COVID-19
severity. Moreover, the risk increases with BMI and
the association becomes more potent with higher
values of BMI. Furthermore, in an autopsy study'' of
the first consecutive 80 cases in Hamburg, 38% of the
patients were overweight and obese.

A series of 72,314 cases from China reported™
a higher rate of mortality among patients with co-

morbidities (10.5% with cardiovascular disease,
7.3% with diabetes, 6.3% with chronic respira-
tory disease, 6.0% with hypertension, and 5.6%
with cancers) than overall (2.3%).

As was mentioned above, autopsy studies'' also
showed that most patients who died directly from
SARS-CoV-2 infection had multiple comorbid-
ities. In a prospective postmortem evaluation'
involving more than 700 deaths associated with
COVID-19 infection, the most common comorbid-
ities were cardiovascular diseases (89.0%). More-
over, in the autopsy group'?, patients who died
from COVID-19 had an average of 2.9 comor-
bidities. Similar results revealed the meta-analy-
sis'® of 25 studies including 140 autopsies. This
meta-analysis showed that 81.42% (114/140) of
the deceased had at least one comorbidity, most
often vascular diseases, followed by heart disease,
diabetes, and respiratory diseases. It should be
noted that among the patients with cardiovascular
diseases or diabetes, a significantly shorter time of
survival was observed'. The high rate of comor-
bidities among patients who died from COVID-19
was also reported in a study' performed in 19
medical centers or forensic institutions in the Unit-
ed States and Brazil. This study showed an aver-
age of 8.89 pathological conditions in autopsy in
patients dying of or with COVID-19 including a
combination of prior chronic diseases and acute
conditions acquired during hospitalization. All of
the 135 deceased undergoing autopsies had more
than 1 preexisting condition and the average was
2.88. The clinical conditions developed during
terminal hospitalization predominantly included
the acute failure of multiple organ systems and/or
impaired coagulation'’.

In the UK Biobank population cohort study>
which included 470,034 participants, 438 died of
COVID-19. The results revealed an exponential
and independent association between age and
COVID-19 mortality. Patients aged 75 years and
over had a 13-fold (95% CI 9.13-17.85) higher risk
of death than those below 65 years. Moreover, in
patients aged 75 years and over without comor-
bidities, the risk was 4-fold higher than in those
below 65 years (95% CI 1.57-9.96, p=0.004).

Conclusions
In summary, the data shown above suggests that
the main direct cause of death from COVID-19 is

multiple organ failure resulting from numerous
pathological mechanisms including genetic pre-
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disposition to a severe inflammatory response.
Increased inflammatory response predisposes
the lungs locally and systemic thrombotic mi-
croangiopathy. It seems that advanced age and
many comorbidities, which are associated with
an increased mortality rate among patients with
COVID-19 per se, predispose to an increased risk
of thrombotic changes. Furthermore, the role of
inflammation in the lungs and the changes that
lead to hypoxia cannot be overlooked. However,
the thrombotic changes in microcirculation seem
to be the most dominant.
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