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Abstract: Background and Objectives: The coronavirus (SARS-CoV-2) damages all systems and organs.
Yet, to a greater extent, the lungs are particularly involved, due to the formation of diffuse exudative
inflammation in the form of acute respiratory distress syndrome (ARDS) with next progression to
pulmonary fibrosis. SARS-associated lung damage is accompanied by the pronounced activation
of mononuclear cells, damage of the alveoli and microvessels, and the development of organized
pneumonia. To study the expression of macrophage markers (CD68 and CD163), angiotensin-
converting enzyme-2 (ACE2), and caspase-3 on the results of two fatal clinical observations of
COVID-19. Materials and Methods: In both clinical cases, the female patients died from complications
of confirmed COVID-19. Conventional morphological and immunohistochemical methods were
used. Results: There was an acute exudative hemorrhagic pneumonia with the formation of hyaline
membranes, focal organization of fibrin, stromal sclerosis, stasis, and thrombus formation in the
lung vessels. Signs such as the formation of hyaline membranes, organization, and fibrosis were
more pronounced in severe disease activity. The activation of CD68+/CD163+ macrophages could
cause cell damage at an early stage of pneumonia development, and subsequently cause fibrotic
changes in lung tissue. ACE2 expression in lung tissue was not detected in severe pneumonia, while
in moderate pneumonia, weak expression was noted in individual cells of the alveolar epithelium
and vascular endothelium. Conclusions: This finding could show the dependence of ACE2 expression
on the severity of the inflammatory process in the lungs. The expression of caspase-3 was more
pronounced in severe pneumonia.

Keywords: acute lung injury; exudative hemorrhagic pneumonia; fibrosis; CD68; CD163; ACE2;
caspase-3; immunohistochemistry

1. Introduction

The severe acute respiratory syndrome caused by the Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2), also known as the coronavirus infectious disease
(COVID-19), has affected every country [1]. As of 4 January 2023, there were more than
655.6 million cases of COVID-19 and more than 6.6 million deaths worldwide [2].

SARS-CoV-2 damages almost all systems and organs, but the lungs suffer the greatest
damage [3]. At the first stage of coronavirus lung damage, diffuse exudative inflammation
in the form of acute respiratory distress syndrome (ARDS) is described [4]. Next, the ex-
udative stage progresses to a proliferative stage with pulmonary fibrosis. SARS-associated
lung damage is typically accompanied by the appearance of many mononuclear cells in
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the interstitium, intra-alveolar hemorrhages, and purulent inflammation, leading to the
development of organized pneumonia [5].

The incidence of ARDS in patients with COVID-19 is 29%, and the mortality rate is up
to 15% [3]. The basis of the development of ARDS is an acute disturbance of pulmonary
perfusion with an increase in vascular permeability [6] and a hyperergic response of the
immune system with a “cytokine storm” [7]. The exact mechanisms of lung damage in
COVID-19 are not yet fully understood [8].

The widely accepted hypothesis of the dysregulation of mononuclear cells might
explain the hyperinflammation associated with COVID-19 [8,9]. The hyperactivation of
monocytes, which is observed in patients with COVID-19, is facilitated by the delayed
production of interferon I, which activates the release of monocyte chemo-attractants by
the alveolar epithelium and activates the recruitment of blood monocytes in the lungs [8].
Next, monocytes differentiate into pro-inflammatory macrophages through the activation
of Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathways,
Toll-like receptor 4 (TLR4)–TRAF6–NF-κB, TLR7 pathways, or NLRP3 inflammasome
activation, etc. [8].

Even after the first epidemic of the coronavirus infectious disease (COVID) in 2003,
a functional receptor, which is necessary for the penetration of the coronavirus into host
cells, was identified [10]. Angiotensin-converting enzyme-2 (ACE2) consists of 805 amino
acids and is a transmembrane glycoprotein; its role is to convert angiotensin 1 into inactive
angiotensin 1–9, as well as angiotensin 2 into angiotensin 1–7 [11,12]. The latter counteracts
such effects of angiotensin II as vasoconstriction, proliferation, fibrosis, and inflamma-
tion [13]. In the lungs, during inflammation, angiotensin 1–7 suppresses the infiltration of
inflammatory cells, the release of proinflammatory cytokines, improves oxygenation, re-
duces apoptosis of the alveolar epithelium, and suppresses the proliferation and migration
of fibroblasts [13,14]. ACE2, a direct target for the coronavirus, is an important component
of the tissue renin–angiotensin system and has a number of protective effects during acute
inflammation [15]. ACE2 is expressed by macrophages of the subcapsular and splenic
marginal zone of lymph nodes [16]. ACE2 expression by macrophages can be triggered by
pro-inflammatory signals such as interferon I [17].

An important role in the development of pneumonia in COVID-19 belongs to apop-
tosis, which has both adaptive and damaging effects [18]. Thus, apoptosis of pulmonary
polymorphonuclear leukocytes suppresses the inflammation and the development of ARDS,
while Fas/FasL-mediated apoptosis of alveolar epithelial cells contributes to acute lung
injury and pulmonary fibrosis [19]. Induced pulmonary inflammation in wild-type mice
was accompanied by significant activation of caspase-3, which is a key enzyme in the
initiation of the apoptotic signal [20].

In this study, the expression of macrophage markers (CD68 and CD163), ACE2, and
caspase-3 was investigated based on the results of two fatal clinical observations of COVID-19.

2. Materials and Methods
2.1. Clinical Case 1

Case 1 was a 47-year-old female patient who was 33 weeks pregnant. She had a past
medical history of chronic hypertension with superimposed preeclampsia and maternal
medical care associated with intrauterine fetal hypoxia. The patient presented with a dry
cough and a temperature of 36.6 ◦C. On admission, an increase in productive cough and
shortness of breath were noted. The SARS-CoV-2 coronavirus was detected in the blood
by the polymerase chain reaction method; the content of antibodies in the blood was not
determined. The patient was unvaccinated. Her oxygen saturation on admission was
87%. One day after admission, the patient had conservative childbirth, which lasted 5 h
and 45 min. Immediately after delivery, her temperature decreased to 35.0 ◦C and oxygen
saturation dropped to 65%. The patient was intubated; however, she developed sudden
cardiac arrest, after which she passed despite resuscitation efforts.
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The autopsy revealed pleural cavities on the left (0.3 L) and on the right (0.4 L)
containing bloody fluid. The mucous membrane of the larynx, trachea, and bronchi was
gray-pink, smooth, and shiny with small focal-point hemorrhages. The lungs were crimson-
red in color and dense in texture.

2.2. Clinical Case 2

Case 2 was a 67-year-old female patient with a past medical history of heart failure with
reduced ejection fraction, ischemic heart disease, and breast cancer status post-mastectomy
with radiation, who was admitted with a diagnosis of acute respiratory viral infection.
On admission, the patient had a heart rate of 80 beats per minute, a blood pressure of
120/80 mm Hg, and a temperature of 36.6 ◦C. Objectively, the general condition of the
patient was satisfactory, and the skin and mucous membranes were pale pink in color.
Cardiac dullness was within normal limits and heart sounds were weakened. Course
crackles were noted bilaterally. Her abdomen was soft and not painful to palpation; the
liver was on the edge of the costal arch, and the spleen was not enlarged. The SARS-CoV-
2 coronavirus was detected in the blood by the polymerase chain reaction method; the
content of antibodies in the blood was not determined. The patient was unvaccinated.

Two days after admission, the patient’s condition had worsened; she complained of
weakness, pain behind the sternum and acrocyanosis. Her breathing was hard, wet rales
were noted on both sides, and her blood pressure was 60/40 mm Hg. The patient rapidly
deteriorated and had cardiopulmonary arrest. Despite resuscitation efforts, clinical death
was documented.

On autopsy, the right lung weighed 615 g and the left 375 g. The surface of the
lungs was gray-pink with the presence of multiple areas of a dark purple color. On the
section of the lung parenchyma, gray-red segments alternated with dark purple ones.
Above the surface of the incision, the thickened walls of the bronchi protruded, and a
significant amount of dark-red viscous content was released from the lumen. The mucous
membrane of the bronchial tree throughout was gray-red with the presence of gray-red
viscous contents in the lumen.

2.3. Morphological Studies

Pieces of lung tissue from different areas were fixed in a 10% solution of neutral
buffered formalin (pH 7.4) for 24–36 h. After fixation in formalin, tissue pieces were em-
bedded in paraffin. Serial histological sections with a thickness of 2–3 µm were made from
paraffin blocks on a rotary microtome NM 325 (Thermo Shandon, Knutsford, Cheshire, UK).
Serial paraffin sections were stained with hematoxylin and eosin. Immunohistochemical
examination (IHC) was performed using monoclonal antibodies against ACE2 (anti-ACE2;
clone 4G5.1; Sigma-Aldrich MABN59; replaces MAB5676) manufactured by EMD Millipore
Corporation, Temecula, CA, USA; monoclonal anti-bodies against caspase-3 (Caspase 3
Monoclonal Antibody, clone74T2; ThermoFisher Scientific, City, USA); and monoclonal
antibodies against CD68 (Clone KP-1, Master Diagnostica, City, Spain) and CD163 (Anti-
CD163 antibody [OTI2G12] (ab156769), Abcam, City, USA). IHC was performed on Super
Frost Plus (Menzel, Berlin, Germany) adhesive slides. For the high-temperature treatment
of antigens’ epitopes, citrate buffer (pH 6.0) and EDTA buffer (pH 8.0) were used. The
Master Polymer Plus Detection (Peroxidase, DAB chromogen) detection system (Master
Diagnostica, Granada, Spain) was utilized. Sections were additionally stained with hema-
toxylin. Microscopic analysis and photo archiving were carried out using light-optical
microscopes “ZEISS” (Köln, Germany) with the processing system “Axio Imager. A2”
“ZEISS” (Köln, Germany) with 5-, 10-, 20-, and 40-times objective magnification; 1.5-times
binocular attachment; and 10-times eyepiece with ERc 5s cameras. “Carl Zeiss” Primo Star
and Axiocam 105 color and light optical microscope “Olimpus BX 40” was additionally
equipped with an “Olimpus C3030-ADU” digital camera and “Olimpus DP-Soft” software
(Olimpus, Feasterville, PA, USA).
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3. Results
3.1. Clinical Case 1

During the pathomorphological examination of the respiratory system, it was estab-
lished that the patient had virus-induced changes in the epithelial cells of the trachea,
bronchi, and alveoli. The epithelial cells had signs of luminal transformation and an in-
crease in the size of nuclei and cytoplasm. In the lung tissue, diffuse pleurisy, alveolar
damage, and areas of desquamation with the formation of multinucleated cells in the space
of the alveoli were noted (Figure 1a).
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Figure 1. Clinical case 1. Lung tissue; staining with hematoxylin and eosin. (a) Hemorrhages,
desquamated epithelium in the alveolar space, formation of multinucleated cells; ×400. (b) Alve-
olar macrophages in the alveolar space, lympho-monocitrate infiltrate; ×400. (c) Parenchyma,
numerous hemorrhages, formation of hyaline membranes, stasis, thrombosis of small vessels; ×100.
(d) Bronchus wall, exfoliated epithelium, focal layering of fibrin on the surface, serous-hemorrhagic
pneumonia, vascular thrombosis; ×100.

Clusters of giant macrophage cells were noted in the alveoli and focally in the stroma,
which indicated the presence of an active response of innate cellular immunity (Figure 1b).

Signs of acute exudative inflammation in the form of fibrin seepage and the formation
of hyaline membranes, focal zones of fibrin organization, areas of squamous metaplasia,
and initial sclerosis of the stroma were noted. The microcirculatory bed had stasis and
thrombus formation (Figure 1c).

The changes in the stromal component were observed in the form of diffuse damage to
the alveolar chain, local cellular immune response, and pronounced changes in the vessels
of the microcirculatory bed.

In the trachea and bronchi, there was marked blood, large areas of desquamated
epithelium, fibrinous–necrotic inflammation, layering of fibrin in the affected areas, fibrin
on the surface, blood in the vessels of the submucosal layer, and thrombus formation in the
vessels (Figure 1d).

A large number of immunopositive CD68+ macrophages were segmentally located in
the areas of cell infiltration (Figure 2a). The majority of these cells also had immunopositive
staining for the hemoglobin–haptoglobin complex receptor CD163 (Figure 2b).
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Clusters of large CD68+ cells represented macrophages (Figure 2c) and were detected
in the alveolar space (Figure 2d). A large number of small CD68+ cells were also detected
in the interalveolar membranes (see Figure 2c,d).

3.2. Clinical Case 2

During the pathomorphological examination of the respiratory system, viral-induced
changes in the epithelial cells of the trachea, bronchi, and alveoli were noted. In the
cells of the bronchial epithelium, desquamation of the epithelium and exfoliated cells
were observed (Figure 3a). In the lung tissue, there was unevenly expressed pleurisy,
areas of varying degrees of alveolar damage, focal desquamation of epithelial cells, and
peribronchial fibrosis (Figure 3b).
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Immunopositive CD68+ and CD163+ macrophages of various sizes were observed in
the alveolar space, interstitium, and interalveolar membranes (Figure 4).
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We also conducted a study using a monoclonal antibody against ACE2. In clinical
case 1, a complete absence of immunopositive staining was noted (Figure 5a). In case 2,
weak to moderately pronounced immunopositive staining of ACE2 was noted along the
cells of the alveolar epithelium, as well as in separate areas in the walls of the interalveolar
membranes (Figure 5b). A positive expression was also noted in endothelial cells, which
had signs of stasis and thrombus formation.
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(a) Clinical case 1; lack of immunospecific staining in lung tissue. (b) Clinical case 2; positive staining
of ACE2 in individual areas in the interalveolar membranes, in a part of endothelial cells, focally in
individual alveolocytes.

IHC with the marker of apoptosis protein caspase-3 was noted in the epithelial cells of
the bronchial epithelium, alveolocytes, macrophages (Figure 6a), and vascular endothelial
cells (Figure 6b) in clinical case 1. No IHC staining with caspase-3 was detected in clinical
case 2 (Figure 6c,d).
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4. Discussion

Thus, morphological studies of the lungs in patients with confirmed COVID-19
showed the presence of acute exudative hemorrhagic pneumonia with the formation
of hyaline membranes in the alveoli, the focal organization of fibrin, stromal sclerosis, stasis,
and thrombus formation in vessels. At the same time, the formation of hyaline membranes
and fibrosis were more pronounced in case 1, which corresponds to a severe course of
the disease.

In both cases, the activation of CD68+/CD163+ macrophages took place. Giant alveolar
macrophages accumulated in the alveolar space. At the same time, the expression of ACE2
in the lung tissue in clinical case 1 was not detected, while in case 2, a weak expression
was noted in individual cells of the alveolar epithelium and vascular endothelium. The
expression of caspase-3 was noted in case 1 in the bronchial epithelium, cellular infiltrates,
and vascular endothelium. These results coincided with the data of an Italian study,
according to which all patients who died from COVID-19 had diffuse alveolar damage
with pneumocyte necrosis, hyaline membranes, pronounced interstitial and intra-alveolar
edema, platelet–fibrin thrombi, and a pronounced inflammatory infiltrate in the lumen of
the alveoli with a large number of macrophages [21]. The alveolar damage in COVID-19
pneumonia, in comparison with other etiological factors, might be explained by pseudo-
palisaded histiocytic hyperplasia of CD68+ and other immune cells (CD4, CD8, CD20,
AE1/AE3), and active microthrombus formation in the lungs [22].

Early stages of COVID-19 pneumonia usually include cellular hyperplasia of type II
pneumocytes, accompanied by strong nuclear expression of phosphorylated STAT3 [23].
Macrophages of the alveolar space showed a peculiar pro-inflammatory phenotype (CD68,
CD11c, CD14, CD205, CD206, CD123/IL3AR, and PD-L1). At the same time, the formation
of hyaline membranes and fibrosis of lung tissue was not detected. Therefore, it can be
assumed that SARS-CoV-2 infection leads to the activation of macrophages in the early
stages of inflammation.
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Pathomorphological studies of the lungs of those patients who died from COVID-19
showed the presence of pneumocytes, CD68+ macrophages, and CD3+ T cells with the
activation of STAT6 expression in the inflammatory infiltrates [24]. Patients who died from
COVID-19 showed a significant increase in CD4, CD68, and CD138 [25].

An analysis of the cytopathological features of bronchoalveolar lavage from patients
with COVID-19, compared to patients who had acute respiratory distress syndrome caused
by other pathogens, showed a higher number of neutrophils and a lower percentage
of macrophages and lymphocytes [26]. In contrast, the expression of CD68+ monocytic
multinucleated giant cells was significantly increased in our patients. Therefore, it is
these cells that accompany the development of hyperimmune inflammation in COVID-
19. Important results were obtained in the study of CD163+ macrophages, which are
considered to be profibrotic cells (phenotype M2) [27]. The CD163 receptor is widely known
as a scavenger receptor of the hemoglobin–haptoglobin complex, which is abundantly
expressed in macrophages [28].

CD163+ macrophages might be activated by hemolysis [29]. CD163+ macrophages
are of monocyte origin and accumulate in pulmonary infiltrates in the ARDS of COVID-19,
demonstrating a profibrotic M2 transcriptional phenotype. A gene set analysis showed
a significant similarity of CD163+ macrophages associated with COVID-19 to profibrotic
macrophage populations found in idiopathic pulmonary fibrosis [30]. There are data on the
specific stimulation by SARS-CoV-2 of profibrotic changes in macrophages, which triggers
severe fibroproliferative ARDS [31]. Based on these considerations, the activation of CD163+
macrophages detected in our studies may explain the active profibrotic changes, especially
in clinical case 1. These findings can be supported by the results of the detection of aberrant
CD163+ monocytes in the blood, respiratory tract, and alveoli of patients with a severe
form of COVID-19 [32]. The clinical significance of the activation of CD163+ macrophages
is demonstrated by increased levels of soluble CD163 (sCD163) in the blood plasma of
patients with COVID-19 [33].

The macrophage reactions in severe COVID-19 are similar to “hyperferritinemic
syndromes”, including macrophage activation syndrome (MAS), adult Still’s disease, catas-
trophic antiphospholipid syndrome, and septic shock [34].

Uncontrolled activation of macrophages, together with cytotoxic T-cells and natural
killers (NK), forms the basis of hemophagocytic lymphohistiocytosis (HLG), which is also
accompanied by cytokine hypersecretion and immune-mediated organ damage [35]. GLH
can be primary and secondary, which develops in hemoblastosis, viral infections, and
rheumatic diseases. Increased expression of CD163 and the plasma content of CD163 are
considered sensitive markers of MAS [36].

ACE2 is a key cellular protein by which SARS-CoV-2 enters cells and reproduces in
them [37]. In the lung parenchyma, ACE2 protein was detected on the apical surface of a
small number of type II alveolar epithelial cells. This particular feature of ACE2 expression
contributes to the penetration and multiplication of the virus [38]. The level of ACE2
expression in the lungs is positively correlated with an increased risk of severe infection
and complications in COVID-19, as well as with an increase in macrophage infiltration
and CD163 expression [39]. Therefore, the predominance of the profibrotic phenotype of
macrophages may determine the severity of the disease course.

It is instructive that the product of ACE2 – angiotensin 1–7 is able to reduce the
expression of pro-inflammatory cytokines TNF-α and IL-6 and increase the expression
of anti-inflammatory cytokines IL-4 and IL-10, due to the effect on the polarization of
macrophages from the M1 phenotype to the M2 phenotype [40]. This indicates a close
connection between the proinflammatory imbalance of the angiotensin system and the
formation of the profibrotic phenotype of macrophages.

In autopsy samples of patients with COVID-19 pneumonia, ACE2 was detected in
rare ciliated epithelial and endothelial cells of the trachea, but not in the lungs [41]. The
same results were obtained in our study—the expression of ACE in the severe form of
pneumonia was absent, while in the case of pneumonia of moderate severity (case 2)
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the ACE-2 expression was weak and related mainly to single cells of the epithelium and
endothelium. On the other hand, according to another study, the presence of ACE2 was
demonstrated in alveolar type II cells, as well as in newly formed interstitial capillaries [42].

Such data discrepancies, in our opinion, can be explained by different stages of
acute lung inflammation. In our previous experimental studies with modeling of acute
bronchopulmonary inflammation in aspiration lipopolysaccharide-induced pneumonia,
different levels of ACE2 expression were shown during the clinical course [43]. The exuda-
tive phase of acute inflammation was accompanied by an inhibition of ACE2 expression
in bronchial epithelial cells, alveolocytes type II, and the vascular endothelium. During
proliferation and fibrosis, the expression of ACE2 was increased [44].

Apoptosis activity, which was evaluated by the pulmonary expression of caspase-3,
showed a significant activation in the severe course of the disease in our studies that coin-
cides with known data [45]. It has also been shown that both the gene expression and the
serum level of caspase-3 are positively correlated with the severity and pro-inflammatory
markers of severe ARDS in COVID-19 [46]. In another study of ours, which analyzes exper-
imental lipopolysaccharide-induced aspiration pneumonia, it was shown that the content
of both forms of caspase-3 (pro-caspase-3 and active caspase-3) increased [47]. The active
form of caspase-3 is an effector enzyme that sets the cell on the path of apoptosis [18,48,49].

Our studies show that, at the stage of acute inflammation, macrophages, fibroblasts,
and bronchial epitheliocytes showed the highest caspase-3 activity, while at the stage
of fibrosis, bronchial epitheliocytes had the highest expression [47]. Our clinical study
revealed positive staining for caspase-3 in the severe form of COVID-19, which was noted
in the epithelial cells of the bronchial epithelium and part of the alveolocytes, macrophages
of the cellular infiltrates, as well as the vascular endothelium. Thus, apoptosis of pro-
inflammatory macrophages of the M1 type at the early stage of inflammation precedes the
replacement of their phenotype with M2 at the stage of fibrosis. The significant activation
of caspase-3 in the vascular endothelium might be explained by the direct action of the
S1 subunit of SARS-CoV2 [50]. On the contrary, the activation of vascular endothelium
apoptosis in the experimental model allows us to consider it as a non-specific result of
hyperimmune pulmonary inflammation [47].

In clinical case 2, we found no signs of apoptosis activation. The course of pneumonia
and pulmonary fibrosis were less severe, while the high expression of ACE2 indicated the
resolution of the acute inflammatory process, which likely caused the absence of caspase-
3 expression. In a previous experimental study, there was a decrease in the activity of
both pro-caspase 3 and caspase-3 during the decrease in the inflammatory process in the
bronchial epithelium, endothelium, fibroblasts, and cells of interstitial follicles [47].

5. Conclusions

The performed postmortem examinations of the lungs showed the presence of acute
exudative hemorrhagic pneumonia with the formation of hyaline membranes in the alveoli,
the focal organization of fibrin, sclerosis of the stroma, stasis, and thrombus formation in
the vessels. Hyaline membranes, organization, and fibrosis were more pronounced in the
severe form of the disease. The pathologic causes of respiratory failure were exudate in the
air spaces of the lungs, exfoliated epithelium, as well as fibroproliferative remodeling of the
lung parenchyma. The activation of CD68+/CD163+ macrophages could cause cell damage
at an early stage of pneumonia development, and subsequently cause fibrotic changes
in lung tissue. ACE2 expression in lung tissue was not detected in severe pneumonia,
while in moderate pneumonia, weak expression was noted in individual cells of the
alveolar epithelium and vascular endothelium. This could reflect the dependence of ACE2
expression on the severity of the inflammatory process in the lungs. The expression of
caspase-3 was more pronounced in severe pneumonia.
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Study Limitations

The description of two clinical cases is not sufficient to understand all the pathological
processes in COVID-19-associated pneumonia. The set of markers utilized was limited;
however, in our opinion, the conducted research gives a perspective on the understanding
of macrophages and apoptotic process and justifies the feasibility of continuing scientific
research in this direction.

Author Contributions: Conceptualization, D.S.Z. and M.K.; methodology, M.K.; validation, M.K.;
formal analysis, O.O.D.; investigation, O.O.D.; data curation, S.V.Z.; writing—original draft prepara-
tion, K.S.; writing—review and editing, D.S.Z.; supervision, O.O.D.; project administration, D.S.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Bogomolets
National Medical University (protocol code 10 and date of approval: 1 December 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, C.; Haupert, S.R.; Zimmermann, L.; Shi, X.; Fritsche, L.G.; Mukherjee, B. Global Prevalence of Post-Coronavirus Disease

2019 (COVID-19) Condition or Long COVID: A Meta-Analysis and Systematic Review. J. Infect. Dis. 2022, 1, 43–47. [CrossRef]
[PubMed]

2. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int (accessed on 5 January 2023).
3. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef] [PubMed]
4. Suster, S. Biopsy Interpretation of the Lung, 1st ed.; Suster, S., Moran, A., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA,

USA; Wolters Kluwer: Philadelphia, PA, USA, 2013; p. 424.
5. Franks, T.J.; Chong, P.Y.; Chui, P.; Galvin, J.R.; Lourens, R.M.; Reid, A.H.; Selbs, E.; McEvoy, C.P.; Hayden, C.D.; Fukuoka, J.; et al.

Lung pathology of severe acute respiratory syndrome (SARS): A study of 8 autopsy cases from Singapore. Hum. Pathol. 2003, 34,
743–748. [CrossRef] [PubMed]

6. Cai, A.; McClafferty, B.; Benson, J.; Ramgobin, D.; Kalayanamitra, R.; Shahid, Z.; Groff, A.; Aggarwal, C.S.; Patel, R.; Polimera, H.;
et al. COVID-19: Catastrophic Cause of Acute Lung Injury. S D Med. 2020, 6, 252–260.

7. Pelaia, C.; Tinello, C.; Vatrella, A.; De Sarro, G.; Pelaia, G. Lung under attack by COVID-19-induced cytokine storm: Pathogenic
mechanisms and therapeutic implications. Ther. Adv. Respir. Dis. 2020, 14, 1753466620933508. [CrossRef]

8. Merad, M.; Martin, J.C. Pathological inflammation in patients with COVID-19: A key role for monocytes and macrophages.
Nat. Rev. Immunol. 2020, 6, 355–362. [CrossRef]

9. Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. HLH Across Speciality Collaboration, UK.
COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020, 28, 1033–1034. [CrossRef]

10. Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough,
T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450–454.
[CrossRef]

11. Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.; Herrler, G.; Wu, N.-H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271–280. [CrossRef]

12. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220. [CrossRef]

13. Liu, M.Y.; Zheng, B.; Zhang, Y.; Li, J.P. Role and mechanism of angiotensin-converting enzyme 2 in acute lung injury in coronavirus
disease 2019. Chronic Dis. Transl. Med. 2020, 2, 98–105. [CrossRef]

14. Wiese, O.; Zemlin, A.E.; Pillay, T.S. Molecules in pathogenesis: Angiotensin converting enzyme 2 (ACE2). J. Clin. Pathol. 2021, 5,
285–290. [CrossRef]

15. Yan, T.; Xiao, R.; Lin, G. Angiotensin-converting enzyme 2 in severe acute respiratory syndrome coronavirus and SARS-CoV-2: A
double-edged sword? FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2020, 34, 6017–6026. [CrossRef]

http://doi.org/10.1093/infdis/jiac136
http://www.ncbi.nlm.nih.gov/pubmed/35429399
https://covid19.who.int
http://doi.org/10.1016/S0140-6736(20)30183-5
http://www.ncbi.nlm.nih.gov/pubmed/31986264
http://doi.org/10.1016/S0046-8177(03)00367-8
http://www.ncbi.nlm.nih.gov/pubmed/14506633
http://doi.org/10.1177/1753466620933508
http://doi.org/10.1038/s41577-020-0331-4
http://doi.org/10.1016/S0140-6736(20)30628-0
http://doi.org/10.1038/nature02145
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1038/s41586-020-2180-5
http://doi.org/10.1016/j.cdtm.2020.05.003
http://doi.org/10.1136/jclinpath-2020-206954
http://doi.org/10.1096/fj.202000782


Medicina 2023, 59, 714 11 of 12

16. Morgenlander, W.R.; Henson, S.N.; Monaco, D.R.; Chen, A.; Littlefield, K.; Bloch, E.M.; Fujimura, E.; Ruczinski, I.; Crowley, A.R.;
Natarajan, H.; et al. Antibody responses to endemic coronaviruses modulate COVID-19 convalescent plasma functionality. J. Clin.
Investig. 2021, 7, e146927. [CrossRef]

17. Ziegler, C.G.K.; Allon, S.J.; Nyquist, S.K.; Mbano, I.M.; Miao, V.N.; Tzouanas, C.N.; Cao, Y.; Yousif, A.S.; Bals, J.; Hauser, B.M.;
et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific
Cell Subsets across Tissues. Cell 2020, 5, 1016–1035. [CrossRef]

18. Lu, Q.; Harrington, E.O.; Rounds, S. Apoptosis and lung injury. Keio J. Med. 2005, 54, 184–189. [CrossRef]
19. N’Guessan, P.D.; Schmeck, B.; Ayim, A.; Hocke, A.C.; Brell, B.; Hammerschmidt, S.; Rosseau, S.; Suttorp, N.; Hippenstiel, S.

Streptococcus pneumoniae R6x induced p38 MAPK and JNK-mediated caspase-dependent apoptosis in human endothelial cells.
Thromb. Haemost. 2005, 2, 295–303. [CrossRef]

20. Neff, T.A.; Guo, R.F.; Neff, S.B.; Sarma, J.V.; Speyer, C.L.; Gao, H.; Bernacki, K.D.; Huber-Lang, M.; McGuire, S.; Hoesel, L.M.; et al.
Relationship of acute lung inflammatory injury to Fas/FasL system. Am. J. Pathol. 2005, 3, 685–694. [CrossRef]

21. Carsana, L.; Sonzogni, A.; Nasr, A.; Rossi, R.S.; Pellegrinelli, A.; Zerbi, P.; Rech, R.; Colombo, R.; Antinori, S.; Corbellino, M.; et al.
Pulmonary post-mortem findings in a series of COVID-19 cases from northern Italy: A two-centre descriptive study. Lancet Infect.
Dis. 2020, 10, 1135–1140. [CrossRef]

22. Kritselis, M.; Yambayev, I.; Prilutskiy, A.; Shevtsov, A.; Vadlamudi, C.; Zheng, H.; Elsadwai, M.; Ma, L.; Aniskovich, E.; Kataria,
Y.; et al. Distinctive pseudopalisaded histiocytic hyperplasia characterizes the transition of exudative to proliferative phase of
diffuse alveolar damage in patients dying of COVID-19. Hum Pathol. 2021, 116, 49–62. [CrossRef]

23. Doglioni, C.; Ravaglia, C.; Chilosi, M.; Rossi, G.; Dubini, A.; Pedica, F.; Piciucchi, S.; Vizzuso, A.; Stella, F.; Maitan, S.; et al.
Histological and Immunohistochemical Features on Cryobiopsies. Respiration 2021, 100, 488–498. [CrossRef] [PubMed]

24. Cao, W.; Birkenbach, M.; Chen, S. Patterns of Inflammatory Cell Infiltration and Expression of STAT6 in the Lungs of Patients
With COVID-19: An Autopsy Study. Appl. Immunohistochem. Mol. Morphol. 2022, 5, 350–357. [CrossRef] [PubMed]

25. Barbosa, L.V.; Prá, D.M.M.; Nagashima, S.; Pereira, M.R.C.; Stocco, R.B.; da Silva, F.L.F.; Cruz, M.R.; Dallagassa, D.; Stupak, T.J.;
da Rosa Götz, G.W.X.; et al. Immune Response Gaps Linked to SARS-CoV-2 Infection: Cellular Exhaustion, Senescence, or Both?
Int. J. Mol. Sci. 2022, 22, 13734. [CrossRef] [PubMed]

26. Canini, V.; Bono, F.; Calzavacca, P.; Capitoli, G.; Foti, G.; Fraggetta, F.; Galimberti, S.; Gianatti, A.; Giani, M.; Nasr, A.; et al.
Cytopathology of bronchoalveolar lavages in COVID-19 pneumonia: A pilot study. Cancer Cytopathol. 2021, 8, 632–641. [CrossRef]

27. Trombetta, A.C.; Farias, G.B.; Gomes, A.M.C.; Godinho-Santos, A.; Rosmaninho, P.; Conceição, C.M.; Laia, J.; Santos, D.F.; Almeida,
A.R.M.; Mota, C.; et al. Severe COVID-19 Recovery Is Associated with Timely Acquisition of a Myeloid Cell Immune-Regulatory
Phenotype. Front. Immunol. 2021, 12, 691725. [CrossRef]

28. Kristiansen, M.; Graversen, J.H.; Jacobsen, C.; Sonne, O.; Hoffman, H.J.; Law, S.K.; Moestrup, S.K. Identification of the haemoglobin
scavenger receptor. Nature 2001, 409, 198–201. [CrossRef]

29. Ousaka, D.; Nishibori, M. A new approach to combat the sepsis including COVID-19 by accelerating detoxification of hemolysis-
related DAMPs. Nihon Yakurigaku Zasshi 2022, 6, 422–425. [CrossRef]

30. Bhattacharya, M. Insights from Transcriptomics: CD163+ Profibrotic Lung Macrophages in COVID-19. Am. J. Respir. Cell Mol.
Biol. 2022, 5, 520–527. [CrossRef]

31. Wendisch, D.; Dietrich, O.; Mari, T.; von Stillfried, S.; Ibarra, I.L.; Mittermaier, M.; Mache, C.; Chua, R.L.; Knoll, R.; Timm, S.; et al.
SARS-CoV-2 infection triggers profibrotic macrophage responses and lung fibrosis. Cell 2021, 26, 6243–6261.e27. [CrossRef]

32. Szabo, P.A.; Dogra, P.; Gray, J.I.; Wells, S.B.; Connors, T.J.; Weisberg, S.P.; Krupska, I.; Matsumoto, R.; Poon, M.M.L.; Idzikowski,
E.; et al. Longitudinal profiling of respiratory and systemic immune responses reveals myeloid cell-driven lung inflammation in
severe COVID-19. Immunity 2021, 4, 797–814.e6. [CrossRef]

33. Zingaropoli, M.A.; Nijhawan, P.; Carraro, A.; Pasculli, P.; Zuccalà, P.; Perri, V.; Marocco, R.; Kertusha, B.; Siccardi, G.; Del Borgo, C.;
et al. Increased sCD163 and sCD14 Plasmatic Levels and Depletion of Peripheral Blood Pro-Inflammatory Monocytes.; Myeloid
and Plasmacytoid Dendritic Cells in Patients With Severe COVID-19 Pneumonia. Front. Immunol. 2021, 12, 627548. [CrossRef]

34. Colafrancesco, S.; Alessandri, C.; Conti, F.; Priori, R. COVID-19 gone bad: A new character in the spectrum of the hyperferritinemic
syndrome? Autoimmun. Rev. 2020, 7, 102573. [CrossRef]

35. Chu, R.; van Eeden, C.; Suresh, S.; Sligl, W.I.; Osman, M.; Cohen Tervaert, J.W. Do COVID-19 Infections Result in a Different Form
of Secondary Hemophagocytic Lymphohistiocytosis. Int. J. Mol. Sci. 2021, 6, 2967. [CrossRef]

36. Gao, Z.; Wang, Y.; Wang, J.; Zhang, J.; Wang, Z. Soluble ST2 and CD163 as Potential Biomarkers to Differentiate Primary
Hemophagocytic Lymphohistiocytosis from Macrophage Activation Syndrome. Mediterr. J. Hematol. Infect. Dis. 2019, 1, e2019008.
[CrossRef]

37. Ortiz, M.E.; Thurman, A.; Pezzul, A.A.; Leidinger, M.R.; Klesney-Tait, J.A.; Karp, P.H.; Tan, P.; Wohlford-Lenane, C.; McCray,
P.B., Jr.; Meyerholz, D.K. Heterogeneous expression of the SARS-Coronavirus-2 receptor ACE2 in the human respiratory tract.
EBioMedicine 2020, 60, 102976. [CrossRef]

38. Jia, H.P.; Look, D.C.; Shi, L.; Hickey, M.; Pewe, L.; Netland, J.; Farzan, M.; Wohlford-Lenane, C.; Perlman, S.; McCray, P.B., Jr.
ACE2 receptor expression and severe acute respiratory syndrome coronavirus infection depend on differentiation of human
airway epithelia. J. Virol. 2005, 23, 14614–14621. [CrossRef]

39. Gheware, A.; Ray, A.; Rana, D.; Bajpai, P.; Nambirajan, A.; Arulselvi, S.; Mathur, P.; Trikha, A.; Arava, S.; Das, P.; et al. ACE2
protein expression in lung tissues of severe COVID-19 infection. Sci. Rep. 2022, 1, 4058. [CrossRef]

http://doi.org/10.1172/JCI146927
http://doi.org/10.1016/j.cell.2020.04.035
http://doi.org/10.2302/kjm.54.184
http://doi.org/10.1160/TH04-12-0822
http://doi.org/10.1016/S0002-9440(10)62290-0
http://doi.org/10.1016/S1473-3099(20)30434-5
http://doi.org/10.1016/j.humpath.2021.06.008
http://doi.org/10.1159/000514822
http://www.ncbi.nlm.nih.gov/pubmed/33725700
http://doi.org/10.1097/PAI.0000000000001023
http://www.ncbi.nlm.nih.gov/pubmed/35363626
http://doi.org/10.3390/ijms232213734
http://www.ncbi.nlm.nih.gov/pubmed/36430210
http://doi.org/10.1002/cncy.22422
http://doi.org/10.3389/fimmu.2021.691725
http://doi.org/10.1038/35051594
http://doi.org/10.1254/fpj.22073
http://doi.org/10.1165/rcmb.2022-0107TR
http://doi.org/10.1016/j.cell.2021.11.033
http://doi.org/10.1016/j.immuni.2021.03.005
http://doi.org/10.3389/fimmu.2021.627548
http://doi.org/10.1016/j.autrev.2020.102573
http://doi.org/10.3390/ijms22062967
http://doi.org/10.4084/MJHID.2019.008
http://doi.org/10.1016/j.ebiom.2020.102976
http://doi.org/10.1128/JVI.79.23.14614-14621.2005
http://doi.org/10.1038/s41598-022-07918-6


Medicina 2023, 59, 714 12 of 12

40. Pan, H.; Huang, W.; Wang, Z.; Ren, F.; Luo, L.; Zhou, J.; Tian, M.; Tang, L. The ACE2-Ang-(1 7)-Mas Axis Modulates M1/M2
Macrophage Polarization to Relieve CLP-Induced Inflammation via TLR4-Mediated NF-кb and MAPK Pathways. J. Inflamm. Res.
2021, 14, 2045–2060. [CrossRef]

41. Soni, S.; Jiang, Y.; Tesfaigzi, Y.; Hornick, J.L.; Çataltepe, S. Comparative analysis of ACE2 protein expression in rodent, non-human
primate, and human respiratory tract at baseline and after injury: A conundrum for COVID-19 pathogenesis. PLoS ONE 2021,
2, e0247510. [CrossRef]

42. Damiani, S.; Fiorentino, M.; De Palma, A.; Foschini, M.P.; Lazzarotto, T.; Gabrielli, L.; Viale, P.L.; Attard, L.; Riefolo, M.; D’Errico,
A. Pathological post-mortem findings in lungs infected with SARS-CoV-2. J Pathol. 2021, 253, 31–40. [CrossRef]

43. Ziablitsev, D.S.; Dyadik, O.O.; Khudoliy, O.O.; Shepitko, V.I.; Ziablitsev, S.V. Expression of angiotensin-converting enzyme-2 in
lung tissues in experimental bronchopneumonia. World Med. Biol. 2021, 4, 208–213. [CrossRef]

44. Sui, Y.; Li, J.; Venzon, D.J.; Berzofsky, J.A. SARS-CoV-2 Spike Protein Suppresses ACE2 and Type I Interferon Expression in
Primary Cells from Macaque Lung Bronchoalveolar Lavage. Front. Immunol. 2021, 12, 658428. [CrossRef] [PubMed]
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