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BN INTRODUCTION I

Given the pandemic context of previous years and the ongoing global efforts of authorities
to understand the interaction of the new coronavirus with the human body through scientific
methods, it is of utmost importance to research all the changes that this virus manages to induce at
the tissue level.

Through a detailed analysis of the macroscopic changes obtained from autopsies, the
microscopic tissue alterations, and the immunological interactions highlighted through
immunohistochemical techniques, this work serves as a piece of the puzzle in the scientific world,
contributing to the understanding of the void created by this pandemic that has taken the entire
humanity by surprise. The microscopic footprint of a microorganism, as well as its mode of
interaction with each host cell, can unveil all the weapons it possesses that can cause irreversible
damage at the tissue level. Moreover, precise knowledge of a microorganism can even reveal the
hidden mechanisms it uses to activate immunological evasion, allowing us to compare this virus
to a "shadow assassin." All these viral "weapons” can be unveiled through next-generation
analyses (immunohistochemistry and molecular analyses).

Even though the pandemic has come to an end, the virus is still active in the general
population. Although its aggressiveness towards the human host has significantly diminished, it
still leads to fatalities in many cases, especially in individuals with comorbidities. Over the years,
the concept of "long-COVID" has emerged, characterized by the persistence of symptoms in some
individuals previously infected with the SARS-CoV-2 virus. Given that infection with the
aforementioned virus has had and continues to have an impact on the population, we aim to identify
the cellular changes that this pathogen induces in an attempt to meet the medical world's needs in

finding new weapons in the fight against the SARS-CoV-2 virus.



BN CURRENT STATE OF KNOWLEDGE —m

1. FUNDAMENTAL CONCEPTS OF VIROLOGY

1.1. BRIEF HISTORY OF MODERN VIROLOGY

The microbial theory had its conceptual foundations as early as the 19th century, under the
research of the anatomist Jacob Henle, who first described the etiology of certain diseases as being
caused by microorganisms too small to be observed with an optical microscope.[2] However, it
took the research of Louis Pasteur and Robert Koch in the late 1800s for the microbial theory to
become widely accepted. Pasteur made significant progress by analyzing fermentation caused by
various microorganisms, and Robert Koch, the father of solid culture media, was the first to
describe the etiological agent of anthrax and tuberculosis. He also formulated a set of postulates
that became the foundation of modern microbiology, stating that: a) the microorganism must be
constantly observed in the lesion; b) it must be isolated in pure culture; ¢) inoculation of the
microorganism into a new host must induce the disease; d) the microorganism must be isolated
again from the last host. Furthermore, the discovery of certain diseases that presented clear
evidence of an infectious etiology but challenged Koch's postulates led to the identification of new,
often more dangerous microorganisms.[1]

Dimitri lwanowsky managed to discover, through the study of tobacco mosaic disease,
that the condition was caused by a pathogenic agent that could pass through the porcelain filter
(Chamberland filter) and did not adhere to Koch's postulates. Subsequently, by repeating the
experiment, Martinus Beijerinck became convinced that he was dealing with a pathogenic agent

different from bacteria and defined it as "contagium vivum fluidum.” [3]

1.2.  VIRAL BIOMASS: FROM ANCIENT VIRAL GENOMES TO SYMBIOTIC AND
PATHOGENIC VIRUSES
The term "virus" originates from the Latin word "virus,” which means "poison.” It

represents a nanoparticle or, more precisely, a complex molecular structure incapable of self-
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replication, needing to invade, parasitize, and take control of the components of a living cell to
multiply. The viral biomass consists of numerous viral populations, with the majority living in a
symbiotic relationship with the host cell and being harmless to living organisms. However,
although few in number, some viruses are pathogenic, causing a range of pathologies from mild,
even asymptomatic infections to severe, debilitating, and even fatal illnesses. In addition to active
pathogenic viruses and those in symbiosis with the host cell, dormant viruses and even genomic
remnants of ancient viruses that integrated into the host genome long ago have been discovered.
[4]
1.3. VIRAL MORPHOLOGICAL STRUCTURE

Viral particles can be defined as carriers of viral genetic material, a biological machinery
capable of entering the host cell, taking over some of its functions, reproducing, escaping from the
infected cell, and surviving extracellularly until the next "invasion™ when the viral cycle resumes.
[1]

Structurally, a viral particle is composed of viral genetic material in the form of DNA or
RNA in various representations, almost always surrounded by protein subunits that are folded
protein chains forming asymmetric structural units, resulting in the viral capsid or nucleocapsid.
Some viruses have an external lipid envelope called a viral envelope to which surface receptors
are attached, playing a major role in adhesion and penetration mechanisms into the host cell. When
we refer to the nucleocapsid, we are talking about enveloped viruses in which the capsid serves a
subunitary role, enveloping the genetic material without direct contact with the extracellular

environment. Viral particles are always metastable, existing in a stable form outside the host cell,

but they must transition to an unstable form at the cellular entry point to be disassembled. [5]

Envelope protein Envelope protein

DNA /\ RNA /\

Figure 1. Example of viral morphological structure. [2]
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Each nucleic acid molecule can be single-stranded (monocatenary) or double-stranded
(double-catenary). Based on this principle, a virus can have DNA as its genetic material, either
single-stranded (ssDNA) or double-stranded (dsDNA), or it can have RNA as its genetic material,
either single-stranded (ssRNA) or double-stranded (dsRNA). The Baltimore classification
categorizes viruses into seven classes based on their genetic material, namely dsDNA (double-
stranded DNA), ssDNA (single-stranded DNA), dsRNA (double-stranded RNA), ss(-)RNA
(single-stranded negative-sense RNA), ss(+)RNA (single-stranded positive-sense RNA), ssSRNA
with attached intermediate DNA, and dsDNA with attached intermediate RNA, known as "gapped
DNA." [6]

The capsid is composed of multiple copies of the same protein, forming a complex
designed to protect the viral genetic material from external environmental factors and the immune
system of the host cell. This protein structure is encoded by a relatively short sequence in the viral
genome but can encapsulate a large number of nucleic acids. This is beneficial for the
microorganism because it relieves the virus from the burden of encoding a large molecular
structure protein, but it presents the challenge of assembling multiple protein subunits. [7]

The viral envelope is not consistently present in all types of viruses. It is an external
membrane or capsule designed to protect the viral genetic content and the nucleocapsid (whether
helical or icosahedral) and is formed from a double lipid bilayer derived from the host cell. The
viral genome is incapable of encoding the information required for the development of the lipid-
synthesizing machinery. Therefore, the newly formed virion by the infected host cell assimilates
part of the cytoplasmic membrane, nuclear membrane, Golgi apparatus, or endoplasmic reticulum
to create the viral envelope.

For avirus to be active, it is necessary for it to have on its surface glycoproteins responsible
for adhesion, fusion, and cell penetration. In some cases, a single type of glycoprotein can perform
all three functions combined, as is the case with the hemagglutinin (HA) of the influenza virus.
Other functions of glycoproteins include destroying cell receptors after adhesion or mediating
immune evasion. [13]

In addition to the main structures mentioned above, a viral particle can also contain other
proteins, such as enzymes like polymerases, integrases, proteases, topoisomerases, as well as

cellular components like transfer RNA (tRNA), lipids, or histones. These additional components



can play various roles in the viral replication cycle, including genome replication, integration into

the host genome, and modulation of host cell processes.

2. HOST IMMUNE RESPONSE IN VIRAL INFECTIONS

2.1. CHEMICAL AND ANATOMICAL BARRIERS

The pseudostratified epithelium of the bronchial mucosa is exposed not only to pathogenic
microbiological agents but also to toxic particles present in inhaled air. Therefore, in addition to
columnar cells, the epithelium also contains goblet cells which, along with the glandular
epithelium in the submucosa, secrete mucus. This fluid contains gel-forming mucins as well as
antimicrobial molecules, antiproteases, and antioxidants, forming a chemical barrier. The presence
of oligomeric mucins MUC5AC and MUCS5B helps capture and neutralize pathogens and foreign
particles, which are then eliminated through the action of cilia. [16] At the alveolar level, the inner
wall is composed of two cell types: type | alveolar cells (ATI) and type 1l alveolar cells (ATII).
While ATI cells dominate in terms of distribution, ATII cells, although fewer in number, play a
major role in local antimicrobial defense. In addition to secreting surfactant, which is necessary
for alveolar inflation, ATII cells are involved in tissue regeneration, maintaining fluid balance, and
trans-epithelial ion transport. [17]

At the intestinal level, the mucosa is lined with a simple columnar epithelium composed of
several subtypes of cells, including M cells, goblet cells, Paneth cells, enterochromaffin cells, and
columnar cells. This epithelium serves as a physical barrier that separates the luminal external
environment from the intestinal wall. However, this barrier is often found to be inefficient. To
enhance protection at this level, similar to the bronchial epithelium, there is a secretion of mucus
composed of numerous bioactive molecules, mucins, glycoproteins, antimicrobial peptides, and
immunoglobulin A. Given the presence of numerous commensal bacteria in the digestive tract that
live in symbiosis with the host organism, this physico-chemical barrier takes on a special status.
Continuous interaction and close collaboration between the commensal bacterial flora, the

intestinal epithelial cells, and local immune cells are necessary to maintain homeostasis.



2.2. INTRINSIC IMMUNITY

The earliest evolved structures in this type of immunity are under the coordination of RNA-
mediated interference (RNAIi) and CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) sequences. RNA interference (RNAI) is the predominant mechanism of antiviral defense
in plants and invertebrates, but it can also be observed in vertebrates. In cellular responses to RNA
viruses, long double-stranded RNA (dsRNA) fragments are produced, which are structurally
different from the single-stranded, short RNA of the host cell.

Interferons are another class of proteins with a role in innate immunity, acting as a bridge
between autonomous cellular immunity and innate immunity. They belong to the category of
cytokines and are produced by cells exposed to pathogens, serving as a biochemical alarm system.
There are three distinct families of interferons: Type I, composed of INF-a (interferon alpha) and
INF-B (interferon beta); Type II, represented by a single member, INF-y (interferon gamma); and
Type 111, composed of INF-A (interferon lambda) 1, 2, 3, and 4. [21]

Autophagy, another key element of intrinsic immunity, is a mechanism for the
sequestration and lysosomal degradation of cytoplasmic structures, including damaged organelles
or invasive microorganisms. Autophagy begins with the sequestration of a portion of the cytoplasm
containing organelles or pathogens into a double-membrane vesicle called an autophagosome.
Subsequently, the autophagosome fuses with lysosomes, forming an autolysosome, where its
contents are degraded. [23] The mechanism underlying autophagy is represented by autophagy-
related proteins (ATG proteins). ATG proteins target all stages of pathogen entry, including
endosome escape, viral replication within the cytosol, and evasion of viruses into the cytosol. [24]

Apoptosis, or programmed cell death, plays a crucial role in the defense against viral pathogens
and lies at the border between intrinsic and adaptive immunity, under the strict coordination of
both internal cellular mechanisms and immune system cells. That being said, apoptosis is triggered
by two major pathways: an intrinsic pathway (coordinated by intracellular genetic machinery) and
an extrinsic pathway (coordinated by the immune system), with the central role in both pathways

being played by apoptotic caspases. [25]

2.3. INNATE IMMUNITY
The formation of the antigen-receptor complex leads to the release of cytokines, especially
interferons, from the cell that encounters the viral pathogen. To achieve this result, the antigen-
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receptor complex activates specific biochemical signaling pathways designed to trigger massive
releases of immune "alarm™ molecules. After recognizing pathogen-associated molecular patterns
(PAMPSs), the cytoplasmic TIR domain (Toll-Interleukin 1 receptor) recruits signaling adapters
like MyD88 (Myeloid differentiation primary response 88), TIRAP (TIR domain-containing
adapter protein), TRAM (TRIF-related adaptor molecule), or TRIF (TIR-domain-containing
adaptor inducing interferon-p), followed by the recruitment and activation of various kinases, such
as IRAK1, IRAK2, IRAK4 (interleukin-1 receptor-associated kinases), TBK1 (TANK-binding
kinase), IKK1 (inhibitor of kappaB kinase), and ubiquitin ligases, including TRAF6 (tumor
necrosis factor receptor-associated factor 6) or pellinol, which are necessary for the transcription
of INF genes. [29,30]

Dendritic cells are part of the innate immune system, but they also serve as the primary
link between innate and adaptive immunity. These cells have a morphological structure with
numerous cytoplasmic extensions, giving them a dendritic appearance, similar to neuronal
dendrites, which is where they got their name. They are found in the interstitium of every organ
except the brain, as well as in the blood and lymph nodes, but their primary location is in mucosal
tissues, in close proximity to epithelia. Dendritic cells can extend their protrusions through the
intercellular spaces of epithelial cells to the lumen where, using numerous surface receptors, they
scan the area to detect non-self antigens. When an antigen binds to a receptor on the surface of
dendritic cells, it becomes activated and migrates through the tissue to reach the lymphatic vessels.
From there, it travels to the nearest lymph node, where it activates T cells using the previously
collected antigen. [5]

Natural Killer (NK) cells are the effector lymphocytes of the innate immune system. These
sentinel cells are found in both lymphoid and non-lymphoid tissues, and their primary purpose is
to destroy virally infected cells or cells in a certain state of distress. The regulatory mechanisms of
NK cells are based on two types of receptors: activating receptors and inhibitory receptors.
Activating receptors detect the presence of ligands on the surface of distressed cells, such as stress-
induced ligands recognized by NKG2D (Natural Killer Group 2D) receptors, Toll-like receptor
ligands, or non-self infectious ligands. NK cells also express low-affinity for the Fc (crystallizable
fragment) of CD16 (Cluster of Differentiation 16) receptors, allowing them to detect antibody-
coated target cells and destroy them through antibody-dependent cellular cytotoxicity (ADCC).

As their name suggests, NK cells are designed to destroy, and their braking system is dependent
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on inhibitory receptors, including KIRs (killer cell immunoglobulin-like receptors) or CD94-
NKG2A heterodimers. The ability of these receptors is to detect MHC class | molecules (Major
Histocompatibility Complex class 1) that are constantly expressed on healthy cells. In the case of
a viral infection, the virus inhibits the production of MHC class I, and NK cells are no longer
restrained from destroying the infected cell. However, some viruses produce MHC class | as an
evasion mechanism against NK cells. [33]

The complement system is comprised of a diverse group of proteins that are part of the
innate immune system. It functions as a rapid-response immunosurveillance system in the case of
an infection. The classical activation pathway is triggered by certain isotypes of antibodies such
as IgM or IgG bound to antigens. The lectin activation pathway is generated by pattern recognition
receptors (PRRs), and the alternative pathway is activated by the spontaneous hydrolysis of C3.
Regardless of the activation pathway, the main effects include initiating or supporting
inflammation, opsonization, and direct cell lysis through the formation of the membrane attack
complex. [34]

Neutrophils are small cells among the polymorphonuclear granulocytes (the most
numerous of these cells), classified as such due to their bi or tri-lobed nuclear morphology and
numerous intracytoplasmic enzyme-containing granules. Their migration to the battlefield occurs
indirectly through endothelial cells, stimulated by cytokines like TNF (tumor necrosis factor) or
IL-1P (interleukin 1 beta) which activate endothelial cells to express adhesion molecules that
neutrophils adhere to. They cross the barrier of the vascular wall through diapedesis and reach the
site of tissue damage. Neutrophils have an indirect role in viral infections through the secretion of
cytokines and chemokines, which play a major role in activating other immune cells and
supporting inflammation. An important advantage of neutrophils on the battlefield is the formation
of NETs (neutrophil extracellular traps), which, according to recent studies, can capture viral
particles or, at the very least, slow down their mobilization. [35]

The primary fuels that drives the innate immune response are cytokines, which are released in
large quantities in damaged areas and trigger the five cardinal signs of inflammation: rubor
(redness), tumor (swelling), calor (heat), dolor (pain), and functio lesa (loss of function). These
cytokines can diffuse throughout the entire body, causing general symptoms such as fever, chills,

fatigue, joint pain, and muscle aches. These cytokines are categorized into three groups:



proinflammatory cytokines like IL-1, TNF, IL-6, IL-12; anti-inflammatory cytokines like IL-4, IL-
10, TGF-B (transforming growth factor); and chemokines like IL-8. [5]

2.4. ADAPTIVE IMMUNITY

The key player in cell-mediated immunity is the T lymphocyte (T cell), and the process of
T cell development begins in the bone marrow and continues in the thymus, where they undergo
numerous processes of maturation, differentiation, and selection. The production of T cells in the
thymus begins in the late stages of embryonic development and continues until puberty. Genes
encoding the T cell receptor (TCR) chains are formed in immature thymocytes through constant
and variable gene segment rearrangements. Most T cells at this stage will express af TCR
receptors, and the specificity of T cell clones is to recognize MHC (major histocompatibility
complex) class I or class I1. Over time, several types of CD4+ T helper cells have been identified,
including T-helper 1 (Thl), T-helper 2 (Th2), T-helper 17 (Th17), T-follicular helper (Tfh), Type
1 regulatory T cells (Trl), induced regulatory T cells (iTreg), and T-helper 9 (Th9). Their
differentiation is driven by a complex network of cytokine signals and specific transcription
factors, followed by epigenetic changes. [37]

Humoral immunity plays an essential role in both combating acute viral infections and
protecting the host organism against reinfection with the same pathogen. The key coordinator of
this type of immunity is the B lymphocyte, and this coordination is mediated through the
production of special proteins called antibodies. B lymphocytes are produced in the bone marrow,
and after maturation, they are found in an inactive state in the follicular area of the lymph node.
Their activation occurs when a specific antigen binds to the B cell receptor (BCR). It's worth noting
that B lymphocytes can recognize not only antigens presented by antigen-presenting cells but also
soluble antigens. The encounter between the antigen and the receptor can occur both in the lymph
node and the spleen. Upon activation, B lymphocytes process the antigen and, in the end, can
present it on the cell surface via MHC class Il, demonstrating that B cells can recruit CD4+ T
helper lymphocytes in the fight against the pathogen. [40]

Antibodies, the secret weapon of B cell-mediated immunity, are protein molecules known
as immunoglobulins. The classic structure of these molecules consists of two light protein chains
and two heavy protein chains, linked together by disulfide bridges. Each chain contains constant
regions (CH or CL), which are unchangeable, and variable regions (VH or VL), which have the
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capacity to change over time. Both constant and variable regions are present in the Fab region
(antigen binding domain), while only constant regions are present in the Fc region (crystallizable
fragment). The function of Fab is the effective attachment to the antigen, while Fc represents the
binding region to the host cell's membrane receptors, such as macrophages, as well as the region

for binding to complement. [5]

3. SARS-CoV-2 VIRUS: VIROLOGICAL ASPECTS

3.1. GENERAL CONSIDERATIONS

Structural studies have revealed two important characteristics of SARS-CoV-2. The virus
appears to be optimized for binding to ACE2 (Angiotensin Conversion Enzyme 2) receptors, and
the Spike protein, used as a key to enter host cells, has a functional polybasic cleavage site at the
S1-S2 junction due to the insertion of 12 nucleotides. The receptor-binding domain (RBD) on the
Spike protein represents the most variable structure in the coronavirus genome. Six amino acids in
the RBD have been found to play a critical role in attaching to ACE2 receptors, and five of them
are entirely different from the previous SARS-CoV virus. Although the Spike protein binds with
high affinity to ACE2 receptors, molecular analysis reveals that this interaction is not optimal, so
these changes are most likely a result of natural selection, allowing the virus to create other optimal
binding solutions over time. The transition of the virion from animals to humans was marked by
rapid mutations in these six amino acids within the RBD. The bat's horseshoe crab coronavirus
RaTG13 shares a similar nucleotide structure with SARS-CoV-2 up to 96%, but it lacks the
mutations in these six amino acids, which are instead found in samples obtained from pangolins.

However, there is no evidence of recent genomic recombination. [47] [48]

3.2. VIRION STRUCTURE

From a structural perspective, the SARS-CoV-2 virus has a diameter of approximately 65-
125 nm. It is encapsulated externally by an envelope that displays numerous spike proteins, giving
the virion its characteristic appearance resembling a solar corona. The viral genome consists of a
single-stranded positive-sense RNA. There are four major structural components that form the

viral particle: the spike glycoprotein (S), the membrane glycoprotein (M), the envelope
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glycoprotein (E), and the nucleocapsid (N). In addition to these, several accessory proteins are also
present. [50]

The spike protein (S) plays a crucial role in the process of cellular invasion by effectively
attaching the virion to the cell membrane receptors. In the case of the SARS-CoV-2 virus, it binds
to ACE2 receptors (angiotensin-converting enzyme 2 receptors). The spike protein is a type |
membrane glycoprotein that forms a trimer anchored to the viral envelope. After binding to the
ACE?2 receptors on the host cell, the protein undergoes numerous structural rearrangements to
facilitate the fusion of the viral particle. It is heavily glycosylated, with each protomer containing
22 N-linked glycosylation sites.

The envelope protein (E) represents a structure of considerable importance and a key
component in the assembly, escape, and virulence phases of the SARS-CoV-2 virus's reproductive
cycle. It is composed of 75 amino acids, making it a relatively small protein, and it contains two
distinct domains: an N-terminal transmembrane (TM) domain followed by a C-terminal domain.
In addition to its structural role in coordinating virion assembly with the M protein, the E protein
also mediates the host's immune response. [52] Being a hydrophobic protein, it oligomerizes in the
host cell's membrane, forming hydrophilic pores that facilitate membrane remodeling and viral
assembly. Recombinant coronaviruses lacking the E protein exhibit low titers and are incompetent
in terms of propagation, demonstrating the crucial role of this structural protein in the viral
replication process. [53]

The membrane protein M represents the most abundant protein on the surface of the viral
particle, and its main purpose is to determine the shape of the viral envelope. Additionally, this
protein can attach to other structural proteins, such as the N protein, which stabilizes the
nucleocapsid and the RNA-protein N complex inside the virion. [50] Structurally, the M protein
consists of an N-terminal amino domain, a transmembrane domain (TMD), and a C-terminal
carboxyl domain. The N-terminal domain contains 10 amino acids, followed by an extended
hydrophobic region of approximately 90 amino acids at the TMD level, and it finishes with a
hydrophilic carboxyl terminal composed of 100 amino acids. [54]

The N protein consists of 419 amino acids and is organized in a modular fashion, divided
into intrinsically disordered regions (IDRs) and structurally conserved regions. The IDRs include

three modules: an N-arm, a central flexible Ser/Arg (serine/arginine)-rich linker region (LKR), and
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a C-tail. Meanwhile, the conserved region is composed of an N-terminal domain (NTD) and a C-
terminal domain (CTD). [55]

In addition to these four structural proteins, the viral genome also encodes a series of non-
structural proteins (nsps) observed in other coronaviruses. Most of these non-structural proteins
have enzymatic roles, such as genome viral genome correction, stimulation of exon activities,
protein adhesion, interference signaling inhibition, host RNA translation blockade, RNA-
dependent RNA polymerase replication, cytokine expression promotion, and viral polyprotein
cleavage. [50]

3.3. ORGANIZATION AND STRUCTURE OF THE VIRAL GENOME

After the discovery of the first cases of atypical pneumonia at the end of 2019 in Wuhan,
China, sequential analysis of specimens collected from the lower respiratory tract revealed the
presence of a previously unidentified coronavirus, with a sequence that was 75% identical to the
SARS-CoV virus. By January 2020, the entire genomic sequence of the new virus had been
decoded. Like other Coronaviridae, the SARS-CoV-2 virus is constructed based on a single-
stranded positive-sense RNA, with a length of approximately 29 kb (kilobases), which is a little
over 29,800 nucleotides. The genetic material is packaged by the N protein into an extended
ribonucleoprotein complex and further enclosed within a lipid viral envelope. The genome is
composed of two open reading frames (ORFs) for the formation of non-structural proteins (Nsps)
and nine smaller open reading frames that code for structural proteins, as well as accessory genes.
The entire ORF region is flanked by 5' and 3' untranslated regions that contain conserved RNA

structures with important functional roles in the viral replication cycle. [56][57]

3.4. VIRAL REPLICATION CYCLE

In the process of attaching to the cell membrane, the SARS-CoV-2 virus uses the spike
protein from its viral envelope. The structure of this protein consists of a trimer with three receptor-
binding heads (S1) positioned on a trimeric stalk for membrane fusion (S2). The S1 heads contain
the receptor-binding domain (RBD), which specifically recognizes the ACE2 receptors
(angiotensin-converting enzyme 2) on the surface of the host cell. Consistently, the RBD switches
between an upright position, necessary for receptor binding, and a lying position for immune

evasion. After effective binding to the receptor, the spike protein undergoes conformational
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changes mediated by cell surface proteases like TMPRSS2 and lysosomal proteases such as
cathepsins, changes necessary for the fusion process. This entire process is mediated by the pre-
activation of furin, a proteolytic enzyme capable of increasing affinity and, subsequently, the
invasion process in certain ACE2 receptor-expressing cells. [63]

The release of the viral genome into the cytoplasm triggers a complex and well-organized
gene expression program. The first step involves the translation of the RNA sequences to produce
non-structural proteins. As previously mentioned, these sequences are included in open reading
frames (ORF1a and ORF1b). The pplab protein is produced due to a ribosomal frameshift between
ORF1la and ORF1b, which is specific to the SARS-CoV-2 virus. Through co-translational and
post-translational mechanisms, and with the help of proteases like nsp3 and nsp5, 16 non-structural
proteins are released from the cleaved ppla and pplab. Of these, 15 form the replication and
transcription complex (RTC), which is essential for the next steps. Genomic replication is initiated
by transcribing a full-length negative-sense RNA strand, which serves as a template for producing
positive-sense RNA. This newly generated negative-sense RNA also produces more non-structural
proteins and RTC. Transcription regulatory sequence leaders (TRS-L) serve as signals for the
transcription of subgenomic messenger RNA, while each transcriptional unit of the genomic RNA
is preceded by TRS-B. Once subgenomic mRNA particles are produced, nspl6, in strict
coordination with nsp10, methylates the 5' end of viral mMRNA to create a 5'-methyl cap. These
subgenomic RNA molecules are further translated to form structural proteins, as well as some non-
structural proteins, and the entire intermediate negative-sense RNA is transcribed again, this time
in its entirety, into a positive-sense RNA that forms the basis of the newly formed virion's

genome.[61]
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BN PERSONAL RESEARCH T

1. INTRODUCTION

Since the declaration of the COVID-19 pandemic, researchers have been working to unravel all

the pathological mechanisms underlying this new viral infection, which has had a significant
global impact. Although the number of newly reported infection cases has been steadily
decreasing, the initial phase was devastating, with numerous cases of patients experiencing post-
infection complications from the SARS-CoV-2 virus, including death. Similar to the original
SARS-CoV virus and the MERS-CoV virus, SARS-CoV-2 has aggressively and repeatedly
jumped from animals to humans, making the possibility of future jumps to other species a constant
concern. While the viral morphology, pathogenesis, and clinical and pathological alterations
during the acute phase are relatively well understood, the same cannot be said for fulminant cases
with a high mortality rate or for the subacute or "chronic™ phase, which clinicians refer to as "long
COVID." In this phase, patients may suffer from irreversible organ damage and a range of
nonspecific chronic symptoms. It is essential for researchers, pathologists, and medical
professionals to have multiple pathological models of the disease tailored to individual cases. Our
study is based on 56 autopsies conducted on patients who died directly or indirectly due to COVID-
19 at the Sibiu County Emergency Clinical Hospital. The goal of our study was to outline a
morphopathological pattern of SARS-CoV-2 infection at a systemic level by evaluating each major
organ in the body using histopathology, immunohistochemistry, and molecular analysis.
Additionally, the initial results will be compared and correlated with the patients' age and gender,
comorbidities, the time interval between symptom onset and death, and the number of days of
hospitalization, thus establishing histopathological patterns of SARS-CoV-2 infection. In this way,
we can construct the histopathological criteria necessary for the histopathological diagnosis of
COVID-19.
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2. RESEARCH PURPOSE AND OBJECTIVES
The purpose of this study is to determine the main pathogenetic mechanisms by which the
SARS-CoV-2 virus interacts with the human host. This will be achieved by detecting microscopic
tissue and cellular changes that occur as a result of the infection and by determining the
morphopathological evolutionary forms through the study of dynamic lesions.
The main objectives of the study include:

e Highlighting microscopic lesions in patients who have died as a result of SARS-CoV-2
virus infection.

o Histopathological examination, using hematoxylin and eosin staining, of specimens
collected from the lung, heart, kidney, liver, spleen, and intestine.

e Determining the level of viral genome detection in the major organs and systems studied.

o Molecular analysis, using real-time reverse transcription-polymerase chain reaction
(rt-PCR), on specimens collected from the lung, heart, kidney, liver, spleen, and
intestine, to detect the N, S, and ORF1ab genes of the SARS-CoV-2 virus.

e Determining the degree of viral invasion in different tissues and organs, as well as the cell
types for which the SARS-CoV-2 virus has the highest affinity.

o Immunohistochemical analysis on specimens collected from the lung, heart,
kidney, liver, spleen, and intestine, using a monoclonal antibody against SARS-
CoV-2 nucleocapsid, to detect viral nucleocapsid at the cellular level.

o Immunohistochemical analysis using antibodies against CK5/6, CK7, TTF1, CD68,
CK AE1/AE3, CK MNF 116, CD3, CD5, CD20, to highlight the cell type in which
the viral nucleocapsid has been observed or which plays a major role in the
pathogenic mechanism of the viral infection.

e Analyzing the trend of changes in the histopathological pattern over time and the degree of
detection of the viral nucleocapsid and viral genome, depending on the time interval from
the onset of the disease to death.

o Classifying the microscopic lesions detected through classic histopathological
examination, rt-PCR results, and immunohistochemistry, based on the time interval

between the onset of the disease and death.
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These objectives will help provide critical knowledge for understanding COVID-19, its
histopathological diagnosis, and the development of more effective management and treatment

strategies.

3. MATERIALS AND METHODS

3.1. SELECTION OF CASES

The current doctoral research is conducting a prospective study that began approximately
4 years ago, at the beginning of the SARS-CoV-2 pandemic, namely in 2020. All cases included
in this thesis are derived from the case records of the Clinical Laboratory of Pathological Anatomy
within the Emergency County Hospital of Sibiu, as well as from the records of the County Forensic
Medicine Departament of Sibiu. Patients who were admitted to the Emergency County Hospital
of Sibiu, confirmed with SARS-CoV-2 virus infection, and who subsequently passed away were
selected. The number of autopsies on this category of patients was severely limited since, at that
time, legislative regulations called for avoiding autopsies of SARS-CoV-2 positive patients to
minimize exposure to the infectious agent. Nevertheless, a total of 56 autopsy cases of patients
with SARS-CoV-2 infection were compiled, with infection confirmed within a timeframe ranging

from one day to 68 days.

3.2. THE AUTOPSY

All autopsies in the study group were conducted in the Clinical Pathological Anatomy
Laboratory of the Sibiu County Emergency Clinical Hospital, in the red zone - the Prosecture
Department, strictly following the legal provisions of that period and using appropriate protective
equipment. A total of 56 autopsies were performed for the study group, of which 39 were thoraco-
abdomino-pelvic, 15 also included the cranial cavity, and 2 cases were minimally invasive, solely
for the purpose of tissue sampling for further examination. Real-time descriptive analysis of
external and internal examinations was conducted using a voice recorder, and autopsy photographs
were taken using a Sony Alpha a6000 camera. The main modifications were photographed and

described in detail within the autopsy report.
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3.3. TISSUE SAMPLE COLLECTION

During each autopsy, tissue samples were collected from each organ for laboratory
examinations, with the first sample being of a larger volume (approximately 2.5/2.5/2 cm) for
embedding in paraffin blocks for histopathological and immunohistochemical examination. These
samples were submerged in a 10% formaldehyde solution. For molecular examinations, smaller
tissue samples were collected (approximately 2 mm in diameter). The latter samples were collected
immediately after opening the cavities, in situ, using sterile tools for each organ to prevent cross-
contamination with viral RNA from one organ to another. Immediately after collection, the tissue
specimen was submerged in an RNA capture reagent (RNA-lock Reagent) for the preservation and
stabilization of viral RNA. Subsequently, the tissue materials were stored at -30 degrees Celsius

until they were molecularly evaluated.

3.4. PREPARATION OF HISTOPATHOLOGICAL SLIDES

In order to create histopathological slides, the tissue samples collected from each autopsy
underwent chemical processes of fixation, dehydration, and processing, as well as mechanical
processes of embedding and micrometric sectioning, followed by staining processes. Before the
actual processing, following the initial fixation of the tissue samples in a 10% formaldehyde
solution for at least 48 hours, the collected tissues were sliced to a thickness of approximately 2-3
mm, shaped and macroscopically oriented, and then placed into traditional histological cassettes
with lids. After the tissue materials were processed, they were embedded in paraffin blocks for
subsequent microtome sectioning. Sections were made using a manual microtome, then stretched
using a warm water bath and placed on slides with a positive charge. All histopathological slides
in the current study were stained only with the standard Hematoxylin and Eosin stain, using an
automated histological stainer.
3.5. PREPARATION OF IMMUNOHISTOCHEMICAL SLIDES

The basic immunohistochemical analysis used in all autopsied cases, on tissue samples
collected from the cerebral, pulmonary, cardiac, renal, hepatic, splenic, and intestinal levels, was
aimed at detecting the viral nucleocapsid of the SARS-CoV-2 virus. This detection was performed
using a mouse monoclonal antibody of 1gG2b isotype. For positive control, five lung tissues
infected in vitro with the SARS-CoV-2 BSB-3701-CS virus were acquired, sectioned, and
mounted on Hydrophilic Plus slides. Two negative controls were obtained for each organ and for

17



each case separately. One negative control utilized tissue from the same patients but without the
primary antibody incubation, while the other used specimens recovered from another patient who

had been confirmed as negative through molecular techniques. [79]

3.6. RT-PCR EXAMINATION (REVERSE TRANSCRIPTION POLYMERASE

CHAIN REACTION)

RNA was extracted from the specimens stored in RNA capture reagent at -20°C using the
QlAamp viral RNA extraction kit (Qiagen, Hilden, Germany), following the manufacturer's
recommendations. The RNA was then eluted in a final volume of 60 pL using elution buffer. In
vitro-created MS2 bacteriophage RNA (Emesvirus zinderi) was introduced into the specimen lysis
buffer and served as a control for the RNA extraction step, as well as for control in the absence of
inhibitors in the RT-qPCR reactions. The presence and quantity of the viral genes N
(nucleocapsid), S (spike), and Orflab (Open Reading Frame lab) of SARS-CoV-2, as well as the
MS2 control, were determined using quantitative reverse transcription polymerase chain reaction
(RT-gPCR) with the TagPath COVID-19 CE-IVD RT-PCR kit (Thermo-Fisher Scientific,
Waltham, MA, USA), following the manufacturer's recommendations and utilizing the
QuantStudio 5 Real-Time PCR system (Applied Biosystems, Waltham, MA, USA).

3.7. DIGITIZING MICROSCOPIC SLIDES

Each microscopic slide was evaluated using a traditional microscope. Subsequently, the
slides that displayed the most pronounced and specific changes were re-cataloged and digitized in
4K format to facilitate a more in-depth histopathological analysis. The digitization of the
microscopic slides was performed using a digital scanner, specifically the Pannoramic Desk I DW
(3dHistech).

3.8. HISTOPATHOLOGICAL AND IMMUNOHISTOCHEMICAL EXAMINATION

Each histopathological specimen was assessed using a traditional microscope, and the
slides displaying the most specific and prominent alterations were further analyzed digitally.
Following these meticulous evaluations, a microscopic description of each histopathological and
immunohistochemical slide was prepared, along with the histopathological and
immunohistochemical diagnosis.
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3.9. REZULTS ANALYSIS

Each case in the study group was included in a database that primarily encompassed the
structure of the group divided by gender and age, as well as clinical and pathological data such as
the length of hospitalization (in days), the time interval between the onset of symptoms and death
(in days), comorbidities, cause of death, and associated diagnoses. Another aspect of the database
comprised the primary histopathological changes observed in the Hematoxylin and Eosin stained
specimens, categorized by each organ and each case in the study group. The next segment of the
database consisted of immunohistochemical profiles, specifically the presence or absence of viral
nucleocapsid at the cellular level in the collected specimens. This data was categorized by each
organ, each type of cell exhibiting positivity, and, of course, each case in the study group. The last
part of the database contained molecular analyses through rt-PCR, where the results were
categorized as positive or negative for each of the three studied genes. This data was organized by
each organ, encompassing every case in the study group. After completing the database, a
descriptive analysis of each microscopic alteration was conducted. The results of molecular and
immunohistochemical analyses were described in detail. Furthermore, correlating the
histopathological results with the duration of hospitalization and the time interval between the
onset of the disease and death provided valuable information regarding microscopic alterations
over time. Statistical analysis of the data was performed using the chi-square (X2) calculation and
the phi coefficient (®).

4. RESULTS

4.1. GENERAL DATA OF THE STUDY SAMPLE

In the study group, there were a total of 40 male patients and 16 female patients. Among
all the cases, 5 patients were between 21 and 40 years old, 7 patients were between 41 and 60 years
old, and 7 patients were over 81 years old. The most numerous cases were found in the 61-80 age
category, with a total of 33 patients.

Most patients had a hospitalization period ranging from 1 to 3 days. The next most frequent
category was represented by patients hospitalized for over 21 days. There were 10 cases with a
hospitalization period between 15 and 21 days, 4 cases with a hospitalization period of 4-7 days,
and 3 cases with a hospitalization period of 8-14 days. In conclusion, the average duration of

hospitalization was 12.3 days.
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Regarding the time interval between the onset of the disease and death, the results appear
more evenly distributed compared to the previous categorization. There were 11 cases of death in
the 1-3 days category, 8 cases of death in the 4-7 days category, 5 cases of death in the 8-14 days
category, again 11 cases of death, this time in the 15-21 days category, and the most numerous
cases, with over 21 days from the onset of the first symptoms, totaling 21 cases. In conclusion, the
average interval between the onset of the infection and death was 21.4 days in the current study
group.

Regarding comorbidities, the most numerous patients had cardiovascular diseases, such as
coronary or systemic atherosclerotic disease, hypertension, or chronic heart failure, totaling 26
cases.

The primary cause of death following autopsy and histopathological analysis was
determined to be viral pneumonia in the case of 34 patients in the study group. In only 8 patients,
it was established that the underlying cause of death was triggered by bacterial superinfection. 5
patients suffered a massive pulmonary embolism, which led to their demise. In 4 cases, the primary

cause of death was determined to be perforation or necrosis of the digestive tract.

4.2. PULMONARY HISTOPATHOLOGICAL EXAMINATION

The acute changes were further categorized into cellular inflammatory lesions (presence of
inflammatory infiltrates), alveolar lesions, vascular changes or lesions, and hemodynamic changes.
Concerning the inflammatory infiltrate, the majority of cases were characterized by the presence
of a lymphomonocytic inflammatory infiltrate, observed in 44 cases. The diffuse or focal form was
equally represented in the study group, with 22 cases for each category. Of these, 15 cases showed
a rich lymphomonocytic inflammatory infiltrate with a focal disposition, and 12 cases had a rich
inflammatory infiltrate with a diffuse disposition. A much smaller proportion of cases presented a
slightly increased lymphomonocytic inflammatory infiltrate, with 10 cases having a diffuse
disposition and only 7 cases with a focal disposition. In the study group, there were 35 cases where
microscopic examination of the lungs revealed the presence of a predominantly neutrophilic
polymorphonuclear inflammatory infiltrate. Among these, 19 specimens had a diffuse distribution
of the infiltrate, and 16 specimens showed a focal distribution of the infiltrate. 10 cases had a rich

focal polymorphonuclear inflammatory infiltrate, 9 cases had a reduced focal polymorphonuclear
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inflammatory infiltrate, and 8 cases each presented a diffuse polymorphonuclear inflammatory

infiltrate, both rich and slightly increased.

Distribution of cases based on pulmonary inflammatory infiltrate
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Figure 10: Distribution of cases based on pulmonary inflammatory infiltrate

In a total of 52 patients, the histopathologically examined specimens presented at least one
change secondary to alveolar lesions, with the most common being represented by the hyperplasia
of type Il pneumocytes. In 51 cases in the study group, a marked increase in the number of type Il
pneumocytes was observed, many of them detached from the basement membrane and observed
within the alveolar spaces (Figure 11).

Among the patients who exhibited histopathological changes suggestive of hyperplasia of
type Il pneumocytes, in a variable proportion, cytopathic effects were observed in 38 cases (Image
1).

In a total of 31 collected specimens that exhibited pneumocyte hyperplasia with viral
cytopathic effects, it was observed that, in some areas, these altered cells fused and formed the so-
called syncytia. These were referred to as pneumocyte aggregate formation with giant cell-like
appearance or syncytial giant cell-like aggregates, and they could be easily confused with

multinucleated giant cells of histiocytic origin (Image 2).
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Another important histopathological change within the spectrum of diffuse alveolar lesions

is the formation of hyaline membranes, which was observed in 34 cases (Figure 11). Due to their

diffuse formation and structure, hyaline membranes are an integral part of diffuse alveolar lesions.
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The last histopathological change included in the spectrum of alveolar lesions is
megakaryocytic hyperplasia. In our study group, 5 patients were identified to exhibit this lesion
(Figure 11).

Distribution of cases based on the type of alveolar lesion
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Figure 11: Distribution of cases based on the type of alveolar lesion
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Figure 12: Prevalence of microscopic pulmonary lesions in the study sample
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The next acute changes addressed and observed in the current case study were vascular
lesions, including microthromboses and vasculitic reaction. The presence of vascular thrombi, both
small and larger in caliber, was observed in 20 cases, with 5 patients experiencing massive

pulmonary embolism.
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Image 4 - HE Staining 14.6X (Lung): Lymphocytic inflammatory reaction at and around
the vascular wall
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Image 5 - HE Staining 12.3X (Lung): Organizing pneumonia

Image 6 - HE Staining 5.7X (Lung): Interstitial fibrosis with extensive areas of squamous
metaplasia

The aberrant regenerative lesions follow the acute exudative phase, including hyaline
membranes, type Il pneumocyte hyperplasia, alveolar hemorrhage, inflammatory infiltrate, and
fall within the spectrum of the proliferative organizing phase of acute alveolar lesions. In the study
group, a total of 30 cases exhibited at least one form of aberrant regenerative change (Figure 12).

Among these, 10 cases presented organizing pneumonia, 25 cases showed interstitial fibrosis, and
25



17 cases had squamous metaplasia (Figure 15). Organizing pneumonia was observed in 6 cases in
patients with an infection onset over 21 days before death and in 3 cases with an onset between 15
and 21 days before death. In 16 out of 25 cases with interstitial fibrosis, the onset was more than
21 days before death, and in 5 cases, the onset was between 15 and 21 days before death. In 2
cases, the lesion was observed in patients with symptom onset between 4 and 7 days before death.
Squamous metaplasia was observed in 11 cases in patients with an infectious onset over 21 days

and in 4 cases with an onset within the 15-21 day range (Figure 16).

Prevalence of aberrant regenerative lesions based on the number of days between infection
onset and death
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Figure 16: Prevalence of aberrant regenerative lesions based on the number of days between

infection onset and death

43. CARDIAC HISTOPATHOLOGICAL EXAMINATION

Following the microscopic examination of specimens collected from the hearts of
autopsied patients who had died as a result of SARS-CoV-2 infection, multiple lesions were
described, each classified based on the type of tissue affected. The initial lesions included
myocardial tissue, specifically myocytes, and were classified as acute myocytic lesions, observed
in a total of 37 patients (Figure 18). These lesions were characterized by myocytic microstructural
changes, myocytic necrosis, or myocytic suffering (myocytic cytopathic effects). In all 37 cases,

at least one form of myocytic microstructural change was identified, manifested as wavy and/or
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fragmented myocardial fibers, myocyte ballooning or vacuolization, cytoplasmic hyper-
eosinophilia, or nuclear pyknosis (Image 7). These microstructural changes are nonspecific and

are observed in many cases of prolonged agony, resulting in multiple nonspecific cardiac
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Image 7 - HE Staining 3.6X (Heart): Fragmentation of myocardial fibers

True myocardial necrosis was observed in only 7 patients, with 6 of them being male and one
female, aged between 36 and 85 years (Figure 19). The hospitalization period for these patients
was short, with 4 cases having a hospitalization period ranging from 1 to 3 days, one case with a
5-day hospitalization, and two patients hospitalized for 6 and 15 days, respectively. Regarding the
number of days between the onset of infection and death, there was no significant correlation, as
the patients with observed myocardial necrosis had an onset-to-death interval ranging from 1 day
to 28 days.
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Image 8 - HE Staining 41.4X (Heart): Presence of contraction bands

Myocyte suffering, manifested by cellular swelling with the presence of large,
quadrilateral, angular, irregular nuclei, inhomogeneous chromatin, and central nucleoli, was
present in 11 cases. Lesions corresponding to myocarditis were observed in only 4 patients, with
three of them showing cytopathic myocytes with cellular swelling, large quadrilateral, angular,
irregular nuclei, inhomogeneous chromatin, and central nucleoli. Lymphocytic inflammatory
reaction in the subepicardial space was observed in 15 patients and included both minimal changes
represented by a slightly augmented inflammatory infiltrate with focal disposition and more
evident inflammation with an abundant lymphocytic reaction and diffuse disposition. Vascular
inflammation or the presence of neutrophilic conglomerates in the vascular lumen was observed
in 8 cases. In all 8 cases, the presence of neutrophilic inflammatory infiltrate in the pulmonary
parenchyma was simultaneously observed. The presence of neutrophils in the blood vessel lumens
was associated with the diagnosis of superimposed bacterial bronchopneumonia in 3 cases and
pulmonary thromboembolism in one case, while the remaining four cases were associated with the
diagnosis of viral pneumonia. As for vascular lesions, two significant modifications were
identified in the cardiac specimens collected in the study group: mild vasculitic reaction mediated
by lymphocytes and myocardial vascular microthromboses. Six patients had microthrombi in the
lumen of small arteries, and in all of these cases, the presence of microthrombi in the pulmonary
vascular branches was also observed. Among these, 3 were diagnosed with pulmonary

thromboembolism after autopsy, while the rest were diagnosed with viral pneumonia..
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4.4, RENAL HISTOPATHOLOGICAL EXAMINATION

In the case of 13 patients, lesions of the nephrons in the form of acute tubular necrosis were
observed (Figure 20). There was no significant association between the presence of acute tubular
necrosis and the patients' age or gender. Additionally, the hospitalization period varied from one
day to 39 days, and the interval from the onset of infectious symptoms to death ranged from one
day to 68 days.

Vascular changes in the kidneys were representative for a total of 20 patients (Figure 21)
and were subdivided into three main forms: vasculitic reaction, microthrombosis, and marked
vascular congestion. The latter was the most common, observed in 16 patients. Microthrombosis
of small renal vessels was only observed in 4 patients, and vasculitic reaction of vascular walls
mediated by lymphocytes was seen in only 3 patients. (Figure 20) Among these, 2 patients had
both microthrombi in the renal vascular tree and pulmonary vessels, but microthrombi were not
detected in intramyocardial vessels. Inflammatory lesions consisted of the presence of
lymphocytes or polymorphonuclear cells in the interstitium, around glomeruli, or renal tubules.
Thus, 21 patients had inflammatory lesions represented only by interstitial infiltration
predominantly with lymphocytes, and in only 2 patients an inflammatory infiltrate composed only

of predominantly neutrophilic polymorphonuclear cells could be detected. (Figure 20)
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Figure 20: Prevalence of histopathological renal lesions in the study sample
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45. HEPATIC HISTOPATHOLOGICAL EXAMINATION

In most cases, microscopic alterations were nonspecific, with the largest proportion
represented by the presence of lymphomonocytic inflammatory infiltrate in the portal space or
subcapsular level, in a total of 23 patients. (Figure 23) More specific hepatocellular changes
observed in the study and which can demonstrate the liver parenchyma's reaction to virion invasion
included hepatocellular cytopathic effects (Image 10). Thus, the study observed the presence of
granulo-vacuolar hepatocytic dystrophy in 11 collected specimens, with the same number for
hepatocellular cytopathic changes. Of these, only 3 specimens showed both forms of
hepatocellular lesions. Hepatocellular cytopathic effects were associated in 7 out of 11 cases with
cytopathic effects at the pneumocyte level, and in 6 cases with the presence of multinucleated

pneumocyte syncytial cells, which is over 50% of cases.
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Image 10 - HE Staining 48.4X (Liver): Hepatocyte cytopathic effects

Another form of microscopic lesion detected in hepatic histopathological examination was
the presence of neutrophils in the lumen of hepatic vessels, either centrilobular veins, sinusoidal
capillaries, or veins and arteries at the portal space level, observed in 6 cases. (Figure 23) The
presence of neutrophils in the lumen of hepatic vessels was associated in 50% of cases with the
presence of neutrophils in myocardial vessels and in 100% of cases with the presence of diffuse-
disposition neutrophilic inflammatory infiltrate in the lungs. Vascular lesions, like in the case of
other organs, were divided into vasculitic reactions or microthromboses. (Image 11) The first type

was not observed in any specimen collected from hepatic tissue. The presence of thrombi in hepatic
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vessels, primarily centrilobular veins or blood vessels at the portal space level, was observed in 5
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Image 11 - HE Staining 8.2X (Liver): Hepatic venous thrombosis
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Figure 23: Prevalence of hepatic histopathological lesions in the study sample
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4.6. SPLENIC HISTOPATHOLOGICAL EXAMINATION

The changes in splenic parenchyma mostly involved disorganization in both white pulp
and red pulp. Mild hypoplasia of the white pulp was observed in 13 cases, while atrophy was
observed in 31 cases. Hyperplasia of splenic lymphoid tissue was only seen in 8 cases. (Figure 24)
Disorganization in the red pulp only included marked congestion, represented by an increased
sequestration of red blood cells in a larger volume. This change was detected in 43 patients. (Figure
24) Atrophy of the white pulp had a direct proportional relationship with the unfavorable slow
progression of viral infection, being present in just over 50% of cases with an infectious onset
more than 21 days before death and in only 7 of 19 patients with a rapid, fulminant progression,
with an infectious onset between 1 and 7 days before death. On the other hand, mild hypoplasia of
the white pulp was correlated with a medium-term infectious progression. No association was
found between hyperplasia of the white pulp and the interval between the infectious onset and

death, with this interval ranging from 2 days to 36 days for these 6 patients. (Figure 25)
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Figure 24: Prevalence of splenic histopathological lesions in the study sample
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The prevalence of changes in the white pulp of the spleen based on the number of days
between the onset of infection and death.
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Figure 25: The prevalence of changes in the white pulp of the spleen based on the number of

days between the onset of infection and death.

4.7. INTESTINAL HISTOPATHOLOGICAL EXAMINATION

After histopathological analysis of all collected specimens using standard hematoxylin-
eosin staining, it was found that two patients presented inflammatory neutrophilic lesions in the
small intestine, one with a diffuse disposition of the infiltrate and the other with a focal, patchy
disposition. In the colon, the same type of lesion was observed in a larger proportion, with six
specimens showing these features. Several cases exhibited inflammatory lesions mediated by a
lymphomonocytic infiltrate, with a total of 21 cases in the small intestine and 24 cases in the colon.
Out of these, six cases represented a focal/patchy lymphomonocytic infiltrate in the small intestine
and seven cases in the colon. A diffuse disposition of lymphocytes was evident in 15 cases in the
small intestine and 17 cases in the colon. (Figure 27) Among all these patients, 18 showed
lymphomonocytic inflammatory lesions both in the colon and the small intestine. Mucosal erosions
were observed in 16 patients in the small intestine and 17 patients in the colon, with the

combination of intestinal and colonic erosions being seen in only ten patients.
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The prevalence of histopathological intestinal lesions in the study sample
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Figure 28: The prevalence of histopathological intestinal lesions in the study sample.

48. MOLECULAR EXAMINATIONS FOR VIRAL GENOME DETECTION

The molecular examinations, such as reverse transcription polymerase chain reaction (rt-
PCR), were conducted on 35 patients from the study group using tissue samples collected from
both lungs, as well as from the heart, kidneys, liver, spleen, and intestines. The molecular analysis
involved the detection of three viral genes: the S, N, and ORFZ1ab genes. To confirm a positive
result, all three viral genes needed to be present in the examined tissue samples. At the pulmonary
level, the detection of all three viral genes was established in 33 out of 35 patients. Only one patient
showed positivity for two out of the three viral genes, and one patient was completely negative,
with none of the viral genes detected. (Figure 29) An important aspect is that the presence of all
three viral genes in the tissue samples collected from the lungs was observed even in patients with
unfavorable slow progression, including one patient with an infectious onset 68 days before their

demise.
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Detection of the N, S, and ORF1ab genes in the collected specimens using rt-PCR.
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Figure 29: Detection of the N, S, and ORF1ab genes in the collected specimens using rt-PCR.

The rt-PCR examination at the cardiac level for the 35 patients in the study group, positivity
for all three viral genes was found in 17 patients. Four patients showed positivity for two out of
the three studied viral genes, and five patients exhibited positivity for only one of them. (Figure
29) For the remaining patients, a total of 9, the presence of at least one of the three studied viral
genes could not be detected in the cardiac tissue samples.

Myocytic suffering was observed in 8 out of the 35 patients tested molecularly, with 6 of
them showing positivity for all three viral genes, one being positive for 2 out of 3 viral genes, and
one being positive for only one viral gene. (Figure 31) The viral genome could be detected in 3
out of 4 tissue specimens that exhibited lesions consistent with myocarditis. In 8 out of 12
specimens from the study group tested using molecular techniques, there was an association
between the presence of pericardial inflammatory phenomena and the detection of the S, N, and
ORFlab genes. In 5 out of 7 cases, an association was observed between the presence of
neutrophils in the myocardial vessel lumens and the detection of the three viral genes. Vascular
lesions, such as microthromboses or vasculitic reactions, were highly associated with myocardial

tissue PCR positivity, with 3 out of 4 cases exhibiting this correlation. (Figure 31)
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Prevalence of cardiac histopathological lesions in patients with cardiac N, S and
ORF1lab gene detection
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Figure 31: Prevalence of cardiac histopathological lesions in patients with cardiac N, S and
ORF1ab gene detection

Detection of the N, S, and ORF1ab genes based on the number of days between the onset of
infection and death.
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Figure 32: Detection of the N, S, and ORF1ab genes based on the number of days between the
onset of infection and death.
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Following the rt-PCR examination of renal tissue specimens, it was established that 16 out
of 35 cases were positive for the S, N, and ORFlab genes, 7 cases were positive for only two of
these genes, and 5 cases were positive for only one gene. (Figure 29) In 7 cases, no viral genes
could be detected in the examined tissue materials. Among these 35 patients tested molecularly, 9
patients had acute tubular necrosis lesions in the renal tissue. Of these, 6 tested positive for all
three viral genes studied. Vasculitic reactions in the renal vascular walls and microthromboses in
the renal vascular bed were 100% associated with the detection of the viral genome by PCR in
renal tissue. (Figure 34) Similar to cardiac tissue, the detection of the N, S, and ORF1ab genes was
observed in patients with severe SARS-CoV-2 infection, with a fulminant course. Among the 16
positive cases, 6 had a short interval between the onset of infection and death, ranging from 1 to 3
days. Two cases had an interval of 4-7 days between the onset and death, 2 cases had a 8-14 day
interval, 4 cases had an interval between 15 and 21 days, and only 2 cases had an onset more than
21 days before death, with the longest duration being 68 days. (Figure 32) The statistical analysis
revealed a negative, inverse correlation between the detection of the three viral genes and a longer

onset-to-death interval of more than 21 days. (Figure 35)

Prevalence of renal histopathological lesions in patients with kidney N, S and ORF1ab
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Figure 34: Prevalence of renal histopathological lesions in patients with kidney N, S and
ORF1ab gene detection

In the case of liver tissue, the detection of all three viral genes was observed in 18 out of
35 patients. Two viral genes were detected in 6 patients, and only a single viral gene was found in
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3 patients. (Figure 29) A little over 50% association was observed between the detection of the
viral genome in the liver and necroinflammatory lesions such as granulo-vacuolar dystrophy (4
out of 7 cases), hepatocyte damage (5 out of 9 cases), and the presence of lymphocytic
inflammatory infiltrate in the portal space (9 out of 17 cases). Considering the number of days
between the onset of infectious symptoms and death, similar to other organs studied up to this
point, a higher proportion of positive results in the liver tissue was observed in patients with a short
onset-to-death interval. There were 7 cases with an interval of 1 to 3 days, and only two cases with
an onset-to-death interval of more than 21 days, with the longest interval being 52 days. (Figure
32)

Prevalence of hepatic histopathological lesions in patients with liver N, S and ORF1ab
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Figure 36: Prevalence of hepatic histopathological lesions in patients with liver N, S and
ORF1ab gene detection

The examination of splenic tissue using molecular detection techniques for the viral
genome showed a significant proportion of patients in the study group who tested positive for all
three genes studied. Specifically, 19 out of 35 cases showed positivity for all three genes. Two out
of the three viral genes were detected in 8 patients, while only 4 cases showed positivity for one
of the genes, N, S, or ORF1ab. (Figure 29) A little over 50% of cases that exhibited marked atrophy
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of the white pulp, which includes a total of 12 out of 23 cases, showed positivity in the rt-PCR
testing of splenic tissue for all three viral genes. Similarly, cases with white pulp hypoplasia,
represented by fewer and smaller lymphoid follicles without the presence of germinal centers, were
associated with the detection of all three viral genes in a total of 6 out of 9 cases through molecular
examination. (Figure 39) Patients with a rapid and fulminant course of infection showed a
significantly higher proportion of positivity for the N, S, and ORFlab genes compared to those
with a slow and unfavorable course. Similar to the other organs studied, statistical analysis
revealed a strong negative correlation between the presence of the viral genome in the spleen and
the long time interval from the onset of infection to death. This correlation was demonstrated with
a phi coefficient @ = -0.425 and supported by a chi-squared X2 (1,35)=6.311 (p =0.012). (Figure
40)

Prevalence of spleen histopathological lesions in patients with splenic N, S and ORF1ab
gene detection
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Figure 39: Prevalence of spleen histopathological lesions in patients with splenic N, S and
ORF1ab gene detection
The examination of post-mortem samples from the small intestine using the polymerase
chain reaction (PCR) technique revealed that, after lung tissue, the small intestine had the second
highest proportion of positivity for the three genes of the SARS-CoV-2 virus studied. Specifically,
20 out of 35 cases showed positivity for all three viral genes. Two out of the three viral genes were

detected in only 3 patients, and a single viral gene was present in just 4 patients. (Figure 29)
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Prevalence of intestinal histopathological lesions in patients with intestine N, S and
ORF1lab gene detection
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Figure 41: Prevalence of intestinal histopathological lesions in patients with intestine N, S and
ORF1ab gene detection

49. IMMUNOHISTOCHEMICAL EXAMINATION FOR DETECTION OF VIRAL
NUCLEOCAPSID
The highest positivity for the anti-nucleocapsid SARS-CoV-2 antibody was observed, as
expected, at the pulmonary level. In 48 out of 56 cases, the presence of viral nucleocapsid at the
cellular level could be detected. (Figure 45) The most intense positivity was observed at the level

of pneumocytes in all 48 cases. (Flgure 13)

Image 13 - IHC SARS-CoV-2 11X (Lung): Intense, widespread pneumocytic positivity.
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Detection of viral nucleocapsid through IHC on each collected organ.
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Figure 45: Detection of viral nucleocapsid through IHC on each collected organ.

The next highest frequency of positivity, following pneumocytes, was observed at the level
of hyaline membranes in patients presenting these histopathological changes, where 29 cases were
positive, with 21 showing strong positivity and 8 exhibiting weak positivity. (Figure 47) In the
study group, 22 cases showed positivity for the anti-nucleocapsid antibody at the alveolar
macrophage level. (Figure 48) Another type of lung cell that showed an affinity for the SARS-
CoV-2 virus was the fibroblast, with nucleocapsid detection in 19 cases, of which 12 had weak
positivity and only 7 had strong positivity.

Vascular microthrombi were observed in 20 patients, of which 14 showed numerous
pneumocytes that were highly positive (>1 cell/400x microscopic field) during
immunohistochemical examination. The close relationship between the extensive detection of
nucleocapsid at the pneumocyte level and the formation of vascular microthrombi was
demonstrated through statistical analysis, revealing a chi-squared value of X2 (1, 56) = 8.095, with
p =0.004 and a Phi coefficient ®= 0.380. At the same time, statistical measurements assessed the
relationship between the extensive detection of nucleocapsid at the pulmonary level and the
detection of pneumocytes with viral cytopathic effects, including the formation of syncytial giant
pneumocyte cells.
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Detection of viral nucleocapsid within pneumocytes, based on the types of
histopathological lesions identified at the pulmonary level.
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Figure 50: Detection of viral nucleocapsid within pneumocytes, based on the types of
histopathological lesions identified at the pulmonary level.

The description indicates that there is a relationship between the detection of viral
nucleocapsids in pneumocytes and the time interval between the onset of the infectious disease
and death. It has been observed that there is an immunohistochemical pattern where the intensity
and extent of pneumocytes that test positive for the SARS-CoV-2 virus are greater in patients with
an infectious onset within 1 - 3 days before death. The intensity and degree of pneumocyte
involvement reach a plateau in patients with an infectious onset between 4 and 21 days, with minor
fluctuations. After 21 days, there is a sudden decrease in intensity and extent, with only 3 out of
21 cases showing pneumocytes that are strongly positive and extending beyond one cell per field
(as shown in Figure 53). This suggests that the intensity and extent of pneumocyte involvement

change over time during the course of the infection.
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Detectia nucleocapsidei virale la nivelul pneumocitelor in functie de intervalul debut-deces
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Figure 53: Gradul de detectie a nucleocapsidei virale la nivelul pneumocitelor in functie de

intervalul de zile dintre debutul bolii si deces

Following immunohistochemical analysis using the anti-nucleocapsid antibody on cardiac
specimens, positivity was observed in only 7 patients. Nucleocapsid was detected at a high
intensity within interstitial fibroblasts in all 7 cases and in interstitial macrophages in 6 out of 7
cases.

When comparing these results to the molecular analysis, out of the study group tested
through PCR, nucleocapsid presence at the cellular level was only demonstrated in 5 patients.
Among these, all three viral genes studied (N, S, and ORF1ab) were detected in 4 cases.

Regarding the correlation between immunohistochemical results and histopathological
findings, it was observed that the histopathological findings were not triggered by the presence of
the virus at the myocardial level, except for myocarditis lesions. However, there was a correlation
between the presence of the viral nucleocapsid and myocardial microstructural lesions and

cytopathic effects.
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Percentage of viral nucleocapsid detection by IHC in patients with N, S, and ORF1ab
gene detection
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Figure 56: Percentage of viral nucleocapsid detection by IHC in patients with N, S, and ORF1lab

gene detection

The percentage of viral nucleocapsid detection at the cardiac level, based on the main
cardiac lesions observed
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Figure 57: The percentage of viral nucleocapsid detection at the cardiac level, based on the
main cardiac lesions observed.
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The main microscopic cardiac lesions observed in patients in whom viral nucleocapsid was
detected at the cardiac level.
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Figure 58: The main microscopic cardiac lesions observed in patients in whom viral

nucleocapsid was detected at the cardiac level.

Following immunohistochemical analysis of post-mortem renal tissue, limited positivity
with low intensity was observed only in the tubular epithelium in 7 out of 56 patients. Comparing
the immunohistochemical results to the molecular analysis, the same pattern as in the heart was
observed. Five patients from the molecularly tested group showed positivity at the tubular cell
level for the viral nucleocapsid, and in 4 of these cases, the N, S, and ORF1ab genes were detected
using rt-PCR. Correlating the immunohistochemical results with the histopathological analysis, it
was observed that only in the case of microthromboses, there was indeed an association. In all 4
cases where the presence of vascular microthrombi was observed, viral nucleocapsid was also
present in the tubular epithelium. Acute tubular necrosis was present in 5 out of 7 patients in whom

the presence of nucleocapsid in renal parenchyma could be observed.
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casts.

The percentage of viral nucleocapsid detection at the kidney level, based on the main renal
lesions observed.
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Figure 60: The percentage of viral nucleocapsid detection at the kidney level, based on the main
renal lesions observed.
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The percentage of viral nucleocapsid detection at the cardiac level, based on the main
cardiac lesions observed.
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Figure 61: The percentage of viral nucleocapsid detection at the cardiac level, based on the

main cardiac lesions observed.

The nucleocapsid of the SARS-CoV-2 virus was detectable in hepatic tissue using
immunohistochemical techniques in three distinct cell types: hepatocytes, Kupffer cells, and
interstitial fibroblasts. Among these, hepatocytes had the highest number of positive cells, with 16
cases, including 12 cases showing intense positivity and 4 cases showing weak positivity at this
level. Kupffer cells followed hepatocytes in terms of nucleocapsid positivity, observed in 15 cases,
all of which exhibited intense positivity. Detection of the nucleocapsid at the fibroblast level was
observed in 9 cases, with 5 being intensely positive and 4 weakly positive at this level. Out of the
17 cases in the study group that showed positivity for the viral nucleocapsid in at least one of the
cell types mentioned above, in 13 of them detection of the N, S, and ORF1ab genes could be
established, 3 cases showed the presence of two out of the three viral genes, and in one case, the

result was negative for all three viral genes.
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The percentage of viral nucleocapsid detection at the hepatic level, based on the main
hepatic lesions observed.
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Figure 63: The percentage of viral nucleocapsid detection at the hepatic level, based on the main
hepatic lesions observed.

At the splenic tissue level, the detection of the nucleocapsid through immunohistochemical

techniques was found in 32 cases from the study group, and in 20 cases from the group tested

through molecular techniques. Among these 20 patients, 12 presented the N, S, and ORF1ab genes
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at the splenic level, 5 of them had only two out of the three studied genes detected, and the
remaining 3 had only one of the three genes of the SARS-CoV-2 virus detected. Out of the 19
cases positive for all three viral genes in the rt-PCR testing, only 7 cases did not show nucleocapsid
at the splenic cell level. Considering the interval between the onset of viral infection and death,
the majority fell within the 4 to 7-day category, with 7 out of 8 cases. This was followed by the 15
to 21-day category, with 7 out of 11 cases positive for the nucleocapsid, and the category with an
onset of over 21 days was represented by 11 out of 21 cases positive for the viral nucleocapsid.
Following the immunohistochemical analysis at the intestinal level, 42 patients showed
positivity for the SARS-CoV-2 nucleocapsid antibody in the small intestine, and 41 patients in the
colon. The detection of the nucleocapsid was established in stromal cells at the level of the lamina
propria, primarily in macrophages. Out of the 20 patients in whom the detection of the three genes
could be performed in the small intestine, 17 were positive for the viral nucleocapsid following
immunohistochemical analysis. However, a discrepancy is observed in the total number of patients
positive for the nucleocapsid in the molecularly tested group, where out of 28 patients, only 17

presented all three viral genes.

propria.
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4.10. HISTOPATHOLOGICAL, IMMUNOHISTOCHEMICAL, AND MOLECULAR

ANALYSIS OF ANTE-PARTUM STILLBORN BABIES FROM MOTHERS

WITH COVID-19 INFECTION

The current study group also included two stillborn fetuses from mothers diagnosed with
SARS-CoV-2 infection. Following external and internal examination of the cadavers, no specific
anomalies were observed. Histopathological examination of the placenta in the second case
revealed diffuse lesions in the villi, with trophoblastic necrosis, chronic intervillositis, perivillous
fibrin deposition, and a diffuse perivillous inflammatory infiltrate composed of lymphocytes and
a few neutrophils. An extensive area of placental hemorrhage was also identified near the basal
plate. All these microscopic anomalies correspond to the diagnosis of acute placentitis. After real-
time RT-PCR analysis, the placenta, umbilical cord, brain, lungs, and liver were all positive for
the N, S, and ORFlab genes of the SARS-CoV-2 virus. The large intestine was positive
exclusively for the N gene, while the kidney showed the presence of only the S gene. Through
immunohistochemical analysis using the anti-SARS-CoV-2 nucleocapsid antibody, the placenta
exhibited focal intense positivity in the syncytiotrophoblast. As for the umbilical cord,
nucleocapsid presence was exclusively detected in the walls of blood vessels, specifically in the
cytoplasm of endothelial cells. The lungs also showed intense positivity in type Il pneumocytes.
The first case presented with non-specific histopathological changes, and viral genome and

nucleocapsid detection were inconclusive.

S. DISCUSSIONS

Following the histopathological, immunohistochemical, and molecular analysis of the
current study cohort, a pathogenic, physiopathological, and morphopathological model has been
partially elucidated. This model has contributed to a better understanding of the mechanisms by
which the SARS-CoV-2 virus acts in the human host. However, the knowledge remains partial,
and further research is necessary to develop a deeper understanding of this new viral infection
that has had a significant impact on society. Future studies on this topic will be essential for
improving and expanding our knowledge of this infection.

The male gender, between the ages of 60 and 80, predominates in the current study cohort.
An epidemiological study published in 2021 provides useful information regarding the
epidemiology of SARS-CoV-2 infection in several countries worldwide. This study refers to the
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number of positively detected cases and not specifically to the number of cases diagnosed with
severe pneumonia or the number of fatalities. Consequently, the highest proportion of positive
cases was observed in the 50-59 age group in China and Germany, in the 20-29 age group in
Korea, and in individuals over 80 years old in Italy. [105] Concerning fatalities, studies in the
specialized literature, conducted on large patient samples from Germany, Belgium, Switzerland,
Norway, Spain, Italy, France, or Romania, have corroborated the theory that male patients over
60 years of age have the highest risk of death as a result of SARS-CoV-2 infection.
[106,107,108,109]

Regarding the statistical analysis of the hospitalization period for these patients, the
majority, which accounts for 26 cases, had a short hospital stay ranging from one day or a few
hours to 3 days. Similar results were also reported in a study from Belgium, which concluded that
the average hospitalization period for individuals who passed away due to SARS-CoV-2 infection
was 5.7 days, thus demonstrating that severe forms of SARS-CoV-2 pneumonia with a rapid
progression have a high risk of fatality. [111]

Regarding the number of days between the onset of the disease and confirmation of the
infectious disease in patients who could not precisely report the date of their first symptoms and
death, the distribution was variable, with each interval between onset and death having roughly
the same number of cases. However, the majority of cases were included in the interval where the
onset of symptoms to death was more than 21 days. Similar results have been observed in the
existing literature, although with a slightly shorter interval than in the current study. For example,
Verity R. et al. reported an average of 17.8 days between symptom onset and death [112]. Baud
D. et al. found that the highest incidence of death occurred between 2 and 8 weeks from
confirmation of SARS-CoV-2 infection [113]. Madabhavi I. et al. studied deaths occurring
between 6 and 41 days from symptom onset, with an average of 14 days [114]. Qiurong R. et al.
observed two peaks of death incidence, one at 14 days and the other at 22 days after the onset of
the infection [115].

The main comorbidities identified in the current study were predominantly cardiovascular
diseases, followed by metabolic conditions, and then pulmonary diseases. These findings are
consistent with other studies in the existing literature, where most authors have identified
cardiovascular diseases as the most common comorbidities in patients who died due to SARS-
CoV-2 infection, followed by diabetes and obesity [116,117,118,119,120,121,122,123].
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Within the lungs, the entire spectrum of lesions identified during microscopic examination
was categorized into three main groups: acute lesions (the most numerous), aberrant regenerative
changes, and associated chronic lesions. Within acute lesions, various types of microscopic
changes were observed, falling within the spectrum of either inflammatory or alveolar lesions,
vascular lesions, or hemodynamic lesions. In the current study, the highest incidence was
represented by the lympho-monocytic inflammatory infiltrate, present in 78.57% of cases,
followed by the polymorphonuclear infiltrate, present in 62.5% of cases, and, lastly, the
macrophagic infiltrate, with a percentage of 50%. In the case of alveolar lesions, a degree of type
I pneumocyte hyperplasia was observed in 91.07% of cases. Viral cytopathic effects had a share
of 67.87% of the total cases, followed by the presence of hyaline membranes, with a percentage
of 60.71% of cases. Multinucleate giant cells were observed in 55.36% of cases. Viral cytopathic
effects of pneumocytes, observed in a representative number of cases, as well as the presence of
pneumocyte syncytia, suggested direct infection of these cells by the pathogen and was confirmed
by the detection of viral nucleocapsid through immunohistochemical techniques in these cells in
48 cases.

Vascular lesions were part of the histopathological spectrum of SARS-CoV-2 infection at
the pulmonary level, along with the previously described alveolar lesions. They were represented
by the presence of microthrombi in the lumen of small or medium-sized vessels in 35.71% of
cases and a lymphocytic inflammatory reaction within the walls of small intrapulmonary vessels
in 17.86% of cases. Several studies in the literature confirm the presence of these lesions,
including Satturwar S. et al., who described microthromboses in 59% of the studied cases and
vascular lesions such as lymphocytic endotheliitis or capillaritis, similarly mediated by
lymphocytes and without the presence of fibrinoid necrosis, in 21% of cases.

In the current study group, the abnormal regenerative lesions within the diffuse alveolar
damage were consistently observed and were subdivided into early stages in the form of
organizing pneumonia and late stages in the form of extensive interstitial fibrosis and squamous
metaplasia of the alveolar epithelium. The most frequent lesions in this category were extensive
interstitial fibrosis, accounting for 44.64% of cases, followed by squamous metaplasia, at 30.36%,
and lastly, organizing pneumonia, at 17.86%. When considering the time interval between the

onset of the infectious disease and death, it was noted that these lesions significantly increased at
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15 days from onset and peaked in patients who died after 21 days from onset. These findings align
with results from other studies in the literature. [134, 137, 151]

The molecular analysis for detecting the three viral genes N, S, and ORF1lab using rt-PCR
from samples collected at the pulmonary level in 35 patients from the study group showed a
significantly high detection rate. Specifically, all three viral genes studied were detected in the
lung parenchyma in 33 out of 35 cases.

In the case of immunohistochemical analysis using the anti-nucleocapsid SARS-CoV-2
antibody, detection was observed in 48 out of 56 cases. The most intense positivity was observed
in pneumocytes, specifically in type Il pneumocytes. Most of these pneumocytes showed viral
cytopathic effects or formed syncytial giant cells, and this was observed in 48 cases. The intense
and diffuse detection of nucleocapsid in pneumocytes was highly associated with diffuse alveolar
lesions in the exudative phase. However, the intensity and extent of detection in these cells sharply
decreased in the fibrotic phase of diffuse alveolar lesions.

The histopathological analysis of cardiac tissue revealed various types of lesions, including
myocytic lesions in 37 patients, inflammatory lesions in 22 patients, vascular lesions in only 7
patients, and associated chronic lesions in 42 patients. Among the acute myocytic, inflammatory,
or vascular lesions, the highest incidence was observed in ischemic microstructural myocytic
changes, accounting for 66.07% of cases. This was followed by the presence of a subepicardial
lymphomonocytic inflammatory infiltrate, at a rate of 26.79%, and myocytic cytopathic changes
or myocytic suffering in 19.05% of cases. True myocardial necrosis was observed in only 12.05%
of cases, and microthromboses were present in 10.71% of cases. The presence of neutrophils in
the vascular lumen, indicating a hyperinflammatory status, was seen in 14.29% of cases.
Regarding the heart, the detection of the N, S, and ORF1ab genes was observed in only 17 out of
35 cases studied, with 4 cases detecting only 2 out of the 3 viral genes, and 5 cases demonstrating
the presence of only a single viral gene. Immunohistochemical analysis revealed that nucleocapsid
detection in cardiac tissue was observed in only 7 out of 56 patients, of which all 7 cases showed
detection at the level of the interstitial fibroblasts, 6 out of 7 cases had detection in tissue
macrophages, and only 1 case showed weak positivity in myocytes.

The main histopathological changes observed at the kidney level included chronic changes,
which were representative in 30 cases, followed by acute vascular changes present in 23 cases.

Inflammatory infiltrates were found in 20 patients from the study group, while acute tubular

53



lesions were observed in only 13 patients. The highest incidence of acute lesions was represented
by interstitial lymphomonocytic inflammatory infiltrate, accounting for 37.5% of cases, followed
by vascular congestion in the renal medulla at 28.57%, and acute tubular lesions at 23.21%. After
thorough review of the literature, it appears that a similar histological pattern was described in
other studies, but some authors reported a higher incidence of acute lesions, particularly those
involving renal tubules.

For a better understanding of the mechanisms underlying kidney injury, molecular analyses
and immunohistochemical tests were conducted. As a result of the examination using the rt-PCR
technique on renal tissue samples, it was determined that 16 out of 35 cases tested positive for the
S, N, and ORF1lab genes, 7 cases were positive for only two of these genes, and 5 cases were
positive for only one viral gene. Following immunohistochemical analysis of post-mortem renal
tissue samples, limited positivity with weak intensity was observed in the tubular epithelium in 7
out of 56 patients. A total of 5 patients from the group of 35 tested molecularly showed positivity
in tubular epithelial cells for viral nucleocapsid, and all three viral genes were detected in 4 of
them.

Following the hepatic histopathological examination, it was observed that the majority of
microscopic lesions were associated with chronic changes, followed by necroinflammatory
hepatocellular lesions, and to a very limited extent, vascular lesions. The presence of a
lymphomonocytic inflammatory infiltrate in the portal space had the highest incidence among
acute lesions, at 41%, followed by granulo-vacuolar degeneration and hepatocellular cytopathic
effects, each with an incidence of 20%. The presence of neutrophils in the vascular lumen was
observed in 11% of cases, and vascular microthrombi in 9% of cases. Over 50% of cases showed
chronic changes associated with hepatic steatosis, followed by portal fibrosis with an incidence
of 40%. This pattern of hepatic lesions was described by other authors in the literature as well.
[177,181]

The detection of the three viral genes through rt-PCR was evident in 18 out of 35 patients.
A slightly over 50% association was observed between the detection of the viral genome at the
hepatic level and necroinflammatory lesions, such as granulo-vacuolar degeneration (4 out of 7
cases), hepatocellular cytopathic effects (5 out of 9 cases), and the presence of a lymphocytic
inflammatory infiltrate in the portal space (9 out of 17 cases). The nucleocapsid of the SARS-

CoV-2 virus was detectable in the liver using immunohistochemical techniques in three distinct
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cell types, including hepatocytes, Kupffer cells, and interstitial fibroblasts. Among these,
hepatocytes showed the highest number of positive cells in 16 cases.

The histopathological changes in the splenic parenchyma mostly involved disorganization
in the white pulp. Atrophy of the white pulp had a direct proportional relationship with the slow
and unfavorable progression of the viral infection, being present in just over 50% of the cases
with an infectious onset more than 21 days before death and only in 7 out of 19 patients with a
rapid, fulminant course.

Examination of the splenic tissue using molecular techniques for viral genome detection
showed a significant proportion of patients in the study group tested positive for all three genes
studied, totaling 19 out of 35 cases. Two out of three viral genes were detected in 8 patients, with
only 4 cases testing positive for one of the N, S, or ORF1ab genes. The detection of nucleocapsid
through immunohistochemistry techniques was observed in 32 cases out of the total of 56 patients
in the study group and in 20 cases in the group tested using molecular techniques (N=35). It was
primarily seen in macrophages, confirmed by CD68 positivity. Nearly 60% of the patients in
whom the viral genome presence was confirmed also showed the nucleocapsid at the splenic level.
Both the detection of nucleocapsid and the detection of the three viral genes studied were evident
in the first 21 days after the onset of infection, followed by a sharp decrease in detection in patients
with an onset more than 21 days before death.

Following the examination of the small intestine and colon, numerous changes were
observed, most of which were nonspecific. At the level of the small intestine, 2 cases showed
inflammatory lesions consitant with a neutrophilic infiltrate, while at the level of the colon, the
same type of lesion was observed in a larger proportion, specifically in 6 specimens. A higher
proportion of cases presented inflammatory lesions mediated by a lympho-monocytic
inflammatory infiltrate, with a total of 21 cases in the small intestine and 24 cases in the colon,
being the most frequently observed lesion. Epithelial erosions were observed in 29% and 30% of
cases in the small intestine and colon, respectively. Mucosal necrosis was more commonly seen
in the colon, with an incidence of 12.5%, compared to 7.14% in the small intestine. On the other
hand, mucosal bleeding had a higher incidence in the small intestine compared to the colon (7.14%
versus 3.57%).

The detection of the three viral genes studied was evident in 20 out of 35 cases examined

in the small intestine. Two out of the three viral genes were detected in only 3 patients, and a
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single viral gene was present in just 4 patients. PCR examination of the colonic tissue material
revealed that all three viral genes were detected in 19 patients. A total of 42 patients showed
positivity in the small intestine, and 41 patients in the colon for the anti-nucleocapsid SARS-CoV-
2 antibody in the immunohistochemical analysis.

The RT-PCR analysis revealed the presence of the N, S, and Orflab genes in the placenta,
umbilical cord, as well as in some fetal organs such as the brain, lungs, and liver. RT-PCR analysis
also uncovered four cases where placental tissue was positive for the viral genes. After the
molecular analysis, we aimed to confirm our results using immunohistochemical techniques to
detect the viral nucleocapsid. In this way, we could definitively confirm not only the presence of
viral genes in the placenta and fetal organs but also the existence of fully assembled virions,
arguing in favor of active infection and replication of SARS-CoV-2 at the fetal level. Regarding
the placenta, we detected the presence of the SARS-CoV-2 viral nucleocapsid in
syncytiotrophoblasts, similar to several studies published in the literature. Positivity for the
SARS-CoV-2 nucleocapsid was also detected in fetal lung type 1l pneumocytes, confirming not
only vertical transmission but also the active replication process and increased affinity of the virus
for this class of cells. Similar results were obtained by other researchers. The brain, heart, liver,
kidneys, and intestines all tested negative for the SARS-CoV-2 virus nucleocapsid, even though
the brain, lungs, and liver showed positivity for the three viral genes in the RT-PCR examination,
suggesting that the virus entered the fetal circulatory system but did not replicate and did not

invade the cells in these organs.

6. CONCLUSIONS
e The main age group at high risk of death is between 61 and 80 years old, followed by those
aged between 41 and 60 years, and those over 80 years old. The lowest risk is seen in
individuals under 20 years of age.
e The male gender presents a higher risk of death following infection with the SARS-CoV-
2 virus compared to the female gender.
e The average length of hospitalization was 12 days, and the average time between the onset

of the infectious disease or viral infection confirmation and death was 21 days.
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Cardiovascular comorbidities such as hypertension, atherosclerosis, and chronic heart
failure are associated with the highest risk of death, followed by metabolic comorbidities,
mainly obesity and diabetes, and then chronic respiratory conditions like asthma or COPD.
The thanatogenic mechanism is typically triggered by severe viral pneumonia, followed at
a significant distance by associated bacterial bronchopneumonia or sepsis, as well as
pulmonary thromboembolism.

Patients with severe SARS-CoV-2 infection may suffer from necrosis or spontaneous
perforations in the digestive tract, most likely triggered by vascular wall lesions, systemic
hypoxia, systemic microthromboses, or an exaggerated inflammatory response.

From a histopathological perspective, the lung is the most affected organ of this viral
infection, but microscopic lesions, directly or indirectly mediated by the virus, are also
observed in the heart, kidneys, liver, spleen, and intestines.

The histopathological pattern in SARS-CoV-2 infection at the pulmonary level consists of
diffuse alveolar lesions in an exudative, regenerative, or fibrotic phase.

The most frequently detected microscopic changes within diffuse alveolar lesions include
hyperplasia of type Il pneumocytes, many of which exhibit viral cytopathic effects,
destruction of the alveolar epithelium with hyaline membrane formation, and the formation
of multinucleated syncytial pneumocyte giant cells.

The immune response at the pulmonary level is mediated most often by the lympho-
monocytic and macrophagic systems, but in cases with a rapid and fulminant evolution, an
exaggerated inflammatory status, or cases with unfavorable slow evolution and septic
complications, the immune response may also be mediated by the presence of
polymorphonuclear neutrophils.

The lymphocytic inflammatory infiltrate consists mostly of CD3+ T lymphocytes.
Pulmonary lymphocytic vasculitis reaction and microthromboses are triggered by
macrophages derived from monocytes infected with the SARS-CoV-2 virus or by the
systemic inflammatory response syndrome.

Localized microthromboses are most commonly associated with the presence of the SARS-
CoV-2 virus at this level, and microthromboses observed in more than one organ are

associated with a high-intensity systemic inflammatory response syndrome.

57



Diffuse alveolar hemorrhage or massive pulmonary edema may precede death and occur
as a secondary result of vascular wall or alveolar epithelium surface lesions.

The risk of alveolar hemorrhage is highest in patients with an infectious onset between 15
and 21 days.

Diffuse alveolar lesions of fibrotic nature most consistently appear after 21 days from the
onset of infection, but they can also be observed in the first week of infection in limited
cases. These lesions are mainly represented by interstitial fibrosis, followed by squamous
metaplasia and, lastly, organized pneumonia.

The most common acute microscopic cardiac lesions were microstructural changes in
myocardial fibers, followed by lymphomonocytic inflammation in the pericardium and
subepicardial space, as well as cytopathic changes in myocytes.

Lymphocytic borderline myocarditis, microthromboses, and inflammatory infiltrates in the
vascular walls were observed in a limited number of patients and were associated with the
presence of the virus at the myocardial level.

The presence of neutrophils in the myocardial vascular lumen was not associated with virus
detection at this level but was observed in patients with severe, fulminant viral pneumonia
with rapid negative outcome or in patients with slow, unfavorable evolution with septic
complications.

Myocardial fibrosis was the most commonly associated chronic lesion observed in cardiac
tissue.

Acute tubular necrosis is the most specific injury of the renal parenchyma in patients with
SARS-CoV-2 infection. It can be secondary to direct virus infection at this level or a
consequence of systemic hypoxia, vascular lesions, microthromboses, and systemic
inflammatory response.

The inflammatory reaction in the renal parenchyma is mediated by the presence of the
interstitial lymphomonocytic inflammatory infiltrate and may be associated with the
presence of the virus at this level.

The most frequent histopathological liver change in patients with COVID-19 infection is
the presence of lymphomonocytic inflammatory infiltrates in the portal space, followed by

granulo-vacuolar hepatocyte dystrophy and hepatocytic cytopathic effects.

58



Associated chronic liver injuries are mostly represented by hepatic steatosis, followed by
periportal fibrosis.

Splenic lesions result from the disorganization of the red pulp, translated by marked
congestion at this level, followed by alterations of the white pulp, most frequently
secondary to follicular atrophy, which has a direct proportional relationship with the long-
term course of the infection and is likely a consequence of the systemic lymphopenia
observed in these patients.

The histopathological changes at the intestinal level were nonspecific and mostly
represented by the presence of lymphomonocytic inflammatory infiltrate in the mucosa,
followed by epithelial erosions and mucosal fibrosis.

N, S, and ORF1lab genes were most frequently detected by rt-PCR in the lungs, followed
by the intestines, spleen, liver, heart, and kidneys, in this order.

The detection of the SARS-CoV-2 virus nucleocapsid was most commonly achieved
through immunohistochemical analysis in the lungs, followed by the intestines, spleen,
liver, heart, and kidneys, in the mentioned order.

Based on the correlation between rt-PCR and immunohistochemistry results, it was
concluded that the SARS-CoV-2 virus is most frequently present and replicating in the
lungs, followed by the intestines, liver, and spleen.

The greatest discrepancy between the detection of the viral genome and the viral
nucleocapsid was observed in the heart and kidneys, where it was concluded that the virus
has low affinity for these two organs, and most patients with viral genome detection at this
level were in the viremia phase.

The cells directly targeted by the SARS-CoV-2 virus are pneumocytes, hepatocytes, renal
tubular cells, pulmonary macrophages and fibroblasts, myocardial interstitial macrophages
and fibroblasts, hepatic Kupffer cells, as well as splenic and intestinal macrophages.
Vertical transmission was confirmed by detecting S, N, and ORFZ1ab genes in the placenta,
umbilical cord, brain, lungs, and liver, as well as the identification of viral nucleocapsids
in the placenta, umbilical cord, and fetal lungs.

Fetal cells targeted by the SARS-CoV-2 virus included syncytiotrophoblasts, umbilical

cord endothelial cells, and type Il pneumocytes.
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7. ORIGINAL ELEMENTS

Even though there have been numerous scientific papers published in the literature
regarding the microscopic changes in SARS-CoV-2 viral infection from the beginning of the
pandemic until now, to our knowledge, up to the present moment, no study has been elaborated
that includes extensive microscopic descriptions on such a wide tissue spectrum, associated with
both molecular analyses, using rt-PCR for the detection of N, S, and ORFlab genes, and
immunohistochemical analyses for the detection of viral nucleocapsid. Additionally, we have
determined whether the described lesions are a direct consequence of viral invasion at the tissue
level, or they are secondary to the systemic inflammatory response, or they result from early
complications generated by the viral infectious process. Another element of originality was the
development of a histopathological pattern generated by SARS-CoV-2 virus infection, built
dynamically according to the onset of infection, a histopathological pattern that can serve as a basis
for establishing certain microscopic diagnostic criteria for COVID-19. Additionally, we managed
to utilize digital pathology elements by digitizing histopathological slides and analyzing them

using quantification modules.

8. RESEARCH LIMITATIONS

Considering the legal aspects during the pandemic, specifically the limitation of
performing autopsies on deceased patients who had previously tested positive for the SARS-CoV-
2 virus, the study group was relatively small. Another limitation that arose from the small number
of autopsies that could be performed was the limited number of complete autopsies, including
examination of the cranial cavity for brain tissue sampling. Due to this situation, it was not possible
to evaluate the brain tissue histopathologically, immunohistochemically, or molecularly in the case
of patients infected with the SARS-CoV-2 virus.

Furthermore, another limitation of this study was related to the lack of sustainable funding
that would have allowed for a more comprehensive molecular and immunohistochemical analysis.
Therefore, molecular analyses for the detection of N, S, and ORFlab genes could only be

conducted on a sample of 35 out of 56 patients.
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9. FUTURE RESEARCH DIRECTIONS

The current study, with its complexity, serves as a cornerstone for future specialized studies
aimed at addressing questions that have yet to be answered even after the completion of this
research. Consequently, immunohistochemical studies can be developed, either using the current
sample or a new set of cases, to investigate the inflammatory molecules present in tissues affected
by the novel coronavirus. Another potential study could focus on the presence of surface receptors
that play a major role in cell fusion and invasion mechanisms, such as ACE2 receptors and
TMPRSS2 proteins. Additionally, viral detection can be further explored using in-situ
hybridization techniques designed to directly detect viral RNA in infected cells. These results can
complement the viral detection findings using immunohistochemistry and polymerase chain
reaction. Furthermore, it is imperative to conduct long-term studies on patients who have
experienced at least one infection caused by the SARS-CoV-2 virus and have developed chronic,
nonspecific symptoms. Currently, there is discussion about the phenomenon of long Covid. These
studies must include histopathological analyses to identify chronic lesion foci in specific tissues
and organs. Immunohistochemical or molecular studies should also be carried out to confirm or

refute the long-term presence of viral RNA or specific viral genome particles and proteins.
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