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Abstract

The loss of human life as well as the global economic costs because of COVID-19 are devastating. Despite having effective
diagnosis, antiviral treatment, and vaccines to prevent infection, it is essential to delve deeper into the pathogenic mechanisms
in the SARS-CoV-2 virus and its recent variants infection. Despite advances, the understanding of the pathobiology of COVID-
19 remains incomplete, particularly due to the emergence of SARS-CoV-2 variants, with augmented transmissibility and
pathogenicity. The analysis of the host immune responses in lung and other tissues induced by this virus has allowed us to
partially understand the pathogenesis of severe forms of COVID-19, and distinguish it from other respiratory infections. The
complex interaction between cytokines, other immune mediators and viral factors results in exacerbated, poorly regulated,
inflammation which contributes to tissue damage and the appearance of severe forms of the disease. In this review, we
provide an overview of the immunological mechanisms in SARS-CoV-2 infection and their role in severe disease. We analyzed
the role of matrix metalloproteinases, transforming growth factor beta and other key immunological mediators in lung damage.
Furthermore, we discuss their possible implications in the post-COVID-19 sequelae and highlight the study of these molecules
as biomarkers for the diagnosis, prognosis and treatment of convalescent patients with COVID-19.
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Resumen

Los costos econdmicos y humanos de la COVID-19 son devastadores. A pesar de contar con diagndstico efectivo, tratamiento
antiviral y vacunas para prevenir la infeccion, es indispensable profundizar en los mecanismos patogénicos del SARS-CoV-2
y sus variantes recientes. Aun con importantes avances, la comprension de la biopatologia de la COVID-19 sigue siendo
incompleta, en particular por la aparicion de variantes del SARS-CoV-2 con mayor capacidad de transmision y mas patoge
nicidad. El andlisis de la respuesta inmunitaria del huésped en el pulmdn y otros tejidos inducida por el virus ha permitido
comprender, en parte, la patogénesis de las formas graves de COVID-19 y distinguirla de otras infecciones respiratorias. La
compleja interaccion de mediadores inmunitarios y factores virales da como resultado una inflamacion exacerbada, poco
regulada, la cual contribuye al dafio a los tejidos y la aparicion de formas graves de la enfermedad. En esta revision se
proporciona una descripcion general de los mecanismos inmunitarios en la infeccion por SARS-CoV-2 y su papel en la
enfermedad grave. Se analiza el papel de las metaloproteinasas de la matriz, el factor de crecimiento transformante beta y
otros mediadores inmunitarios clave en el dafio pulmonar. Ademas, se discuten las posibles implicaciones en las secuelas
post-COVID-19 y se destaca el estudio de dichas moléculas como biomarcadores para el diagndstico, el prondstico y el
tratamiento de pacientes convalecientes de COVID-19.
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Introduction

COVID-19, associated with SARS-CoV-2, has caused
millions of deaths worldwide. Unfortunately, the pande-
mic that emerged in 2019 in the Chinese province of
Wuhan has spread for several years and new variants
of the virus have appeared, such as Omicron and some
of its variants. At the beginning of the pandemic, in
February 2020, at the National Institute of Respiratory
Diseases Ismael Cosio Villegas (INER), one of the first
confirmed cases for this virus in Mexico was diagno-
sed, although very likely there were other cases that
may have coexisted with this index case in southern
Mexico City. A wise decision by the authorities and
institutions, such as INER and other national health
institutes in Mexico, was to anticipate and be prepared
in response to reports of this outbreak that rapidly
spread through China and other countries, and an alert
that was issued in the final weeks of 2019 by the autho-
rities of the Mexican Ministry of Health. This allowed
the establishment of operational strategies for diagno-
sis and management of respiratory disease cases by
coronavirus and the reestablishment of reference and
sample confirmation systems through molecular bio-
logy techniques. At that time, INER, by order of the
authorities, was converted into a hospital specifically
dedicated to the diagnosis and management of severe
CQOVID-19 cases. However, this did not occur in parallel
at other levels of care. The lack of early diagnosis and
confinement of new cases and their contacts at that
time were factors associated with higher morbidity and
mortality. Even now, preventing the spread of SARS-
CoV-2 remains a public health challenge. The lack of
access to specific antivirals and vaccines has also
contributed significantly to the development of severe
forms and poor clinical outcomes in COVID-19 patients.

The extensive research and literature on the charac-
teristics of SARS-CoV-2, its origin, its mechanisms of
infection, replication and cellular tropism, as well as on
host characteristics and risk factors for infection and
development of severe forms of the disease, has
allowed the development of a series of prophylactic,
therapeutic, and infection control strategies with a
speed never before seen in the history of applied medi-
cine. Despite this, understanding of the viral and host
factors that determine the clinical behavior of the
disease is still incomplete. Through advanced genome
expression analyses, molecular signatures associated
with severe disease have been identified that are
currently used as prognostic biomarkers to guide the-
rapeutic decisions'®,

The mechanisms of immune response have been
identified, both the innate response of cells such as
macrophages and the adaptive response of T and B
lymphocytes that determine poorly regulated inflam-
matory responses that can contribute to tissue damage.
An example of this is the histopathological evidence of
hemophagocytosis in bone marrow and reticuloendo-
thelial organs, and the macrophage activation syn-
drome observed in virus-induced hemophagocytic
lymphohistiocytosis, which suggests that the host’s
innate immune system plays a crucial role in the immu-
nopathology of COVID-19. In fact, several studies have
highlighted the efficacy of some immunomodulatory
agents that allow attenuation of the inflammatory res-
ponse to SARS-CoV-2 and prevent lung injury.

It is important to note that an increasing incidence of
sequelae was observed in patients recovering from
COVID-19, including pulmonary fibrosis, especially
among those who recovered from severe disease.
These complications could permanently affect the res-
piratory function of patients, negatively impacting their
quality of life. Therefore, it is a priority to study the
pathogenic processes underlying excessive inflam-
mation, tissue injury, and tissue remodeling mecha-
nisms, including the extracellular matrix, after
SARS-CoV-2 infection.

In this review, we present an overview of the mecha-
nisms of SARS-CoV-2 infection and the immune pro-
cesses of protection and damage associated with
different clinical forms of COVID-19.

Biology of SARS-CoV-2

SARS-CoV-2 is a member of the human coronavirus
(HCoV) group, consisting of HCoV-229E, HCoV-NL63,
HCoV-HKU1, HCoV-OC43, SARS-CoV-1, and MERS-
CoV'. These pathogens are single-stranded RNA coro-
naviruses belonging to the Coronaviridae family. Some
of them have caused a variety of respiratory diseases
of varying severity in the past; for example, SARS-
CoV-1 infected more than 8,000 people in Asia in
2003%, and MERS-CoV (Middle East respiratory syn-
drome coronavirus) originating in Saudi Arabia in 2012
had high mortality rates®+.

Through comparative studies of viral genome sequen-
ces, HCoVs can be grouped into four genera: alpha,
beta, gamma, and delta. The novel SARS-CoV-2 is a
Betacoronavirus genetically related to a bat coronavirus
called BatCoV RaTG13, as well as to SARS-CoV-156,
Furthermore, SARS-CoV-2 shares genetic identity with
some coronavirus isolated from pangolins”®. Therefore,



COVID-19 is believed to be a zoonotic disease origina-
ting in bats with the pangolin as a possible intermediate
host. The SARS-CoV-2 genome consists of an RNA
strand of 29,903 base pairs that encodes a replica-
se-transcriptase and the structural proteins spike (S),
envelope (E), membrane (M), and nucleocapsid (N)°.

Mechanism of SARS-CoV-2 infection

The initial step in the SARS-CoV-2 infection process
is the recognition of its receptor on the membrane of
host cells. This process is mediated by the S protein,
which recognizes human angiotensin-converting
enzyme 2 (ACE2), the same receptor for the SARS-
CoV-1 S protein®''. This protein has two functional
domains: the S1 domain contains the receptor binding
domain (RBD) that binds to ACE2, while the S2 domain
performs fusion of the viral membrane with the target
cell membrane''. Therefore, the distribution of the
ACE2 receptor in different organs and tissues is crucial
for determining the infectivity and tropism of the virus.

A key aspect of the infection process is the activation
of the S protein. This process is mediated by different
host proteases that cleave the S protein at its $1/S2
and S’2 sites. This protein processing allows full func-
tional activity of the S2 domain of the S protein, so it
can fuse the viral and cellular membranes. For this pur-
pose, just as SARS-CoV-1 does, SARS-CoV-2 employs
transmembrane protease serine 2 (TMPRSS2)%1213,
Interestingly, the proteases TMPRSS4 and cathepsin
L'4'5 as well as the human CD147 receptor'é, also
promote SARS-CoV-2 infection. Therefore, the tissue
expression pattern of these elements may determine
viral tropism, and even some drugs that inhibit the acti-
vity of these proteases or the CD147 receptor have
been proposed as therapeutic agents to prevent and
treat COVID-19%1516,

Another factor involved in the SARS-CoV-2 infection
process is phosphatidylinositol-3-phosphate kinase
(PIKfyve, phosphoinositide kinase, FYVE-type)'™®. This
enzyme regulates the production of phosphatidylinosi-
tol-3,5-bisphosphate, a phospholipid that participates
in the endosome maturation process. In fact, apilimod,
a potent PIKfyve inhibitor, reduces SARS-CoV-2 infec-
tivity and could be a candidate for therapeutic
purposes'.

Once the virus manages to enter cells, viral replica-
tion begins with translation of the replicase-polymerase
gene and assembly of the replication-transcription
complex. This complex transcribes the genomic regions
of the virus that encode structural proteins. In this way,
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new virions are produced in the endoplasmic reticulum
and Golgi apparatus and are then released from the
cell'. A particular characteristic of SARS-CoV-2 is that
it possesses a polybasic furin cleavage sequence at
the S1/S2 site, absent in other related coronaviruses® .
This sequence is processed in the Golgi apparatus
during the biosynthesis of the S protein of new virions™.
Therefore, new SARS-CoV-2 virions possess an acti-
vated S protein ready to bind to the ACE2 receptor,
without requiring the activity of other host proteases.
Since virtually all human cells express furin, the inser-
tion of a furin cleavage sequence could increase the
transmission capacity and tropism of SARS-CoV-2.

Immune response against SARS-CoV-2

It is known that once SARS-CoV-2 achieves its first
phase of replication in the upper respiratory tract, it
spreads early to the lower respiratory tract, where it
triggers a pronounced innate immune response that, in
symptomatic cases, leads to the onset of clinical mani-
festations. Among the most frequent signs and symp-
toms observed in people with COVID-19 are fever, dry
cough, fatigue, headache, diarrhea, dyspnea, anosmia,
and loss of taste''8. However, the disease has a hete-
rogeneous clinical spectrum that includes asymptoma-
tic cases, patients with mild manifestations, and patients
with moderate to severe symptoms who develop acute
respiratory failure, multiorgan dysfunction, and risk of
fatality'®2°. Fortunately, 85% of people infected with
SARS-CoV-2 do not present clinical manifestations or
suffer mild disease, while only 5-30% of cases may
present a critical form21-23. This means that, in the
vast majority of COVID-19 cases, the immune system
is effective in controlling the infection and eliminating
the virus. However, as already mentioned, the immune
components that participate in protective responses
against SARS-CoV-2 are still under study.

Traditionally, it is believed that defense against viral
infection involves activation of mechanisms such as the
production of type | interferons, which limit pathogen
replication within infected cells and prevent its spread
to healthy cells. Likewise, a robust humoral response
with production of high-affinity antigen-specific antibo-
dies is required to neutralize viral particles. Finally,
cellular immunity plays a key role in identifying and
lysing infected cells to eliminate intracellular reservoirs
of the pathogen. All these mechanisms may be impor-
tant for protection against COVID-19: the current evi-
dence on the role of different immune factors during
SARS-CoV-2 infection is summarized below.
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Innate immune response

The innate immune system provides nonspecific pro-
tection against a wide variety of microorganisms. Its
main components include epithelial and mucosal
barriers, as well as humoral and cellular factors that
together can recognize pathogens and initiate an
inflammatory response that, in most cases, is sufficient
to eliminate the infection. Mucosal barriers, such as the
respiratory epithelium, have a series of mechanisms
that prevent the adhesion of pathogens to the surface
of epithelial cells and the initiation of infection. The
respiratory mucosa is important because any alteration
of its integrity, as in the case of people with chronic
bronchial and pulmonary diseases, confers a greater
risk of contracting COVID-19 and presenting a severe
form of the disease.

Among the barrier mechanisms that protect the host
is the production of mucus in the airways, which traps
and allows the elimination of viruses and bacteria, as
well as the production of surfactant in the alveolar epi-
thelium, which contains some protein defense factors
that allow neutralization of different microorganisms.
Such is the case of surfactant protein D (SP-D), which
can bind to the S protein of SARS-CoV-2 and neutralize
it, inhibiting virus entry into epithelial cells®*. However,
some studies suggest that, in severe cases of the
disease, the virus is able to counteract the effects of
surfactant by suppressing SP-D production®>26, Other
molecular elements produced by the respiratory epithe-
lium that are suppressed during infection include some
cytokines with antimicrobial properties, such as the
chemokine CXCL17%".

Once SARS-CoV-2 overcomes the barrier mecha-
nisms, the next step in defense against the virus inclu-
des recognition of pathogen-associated molecular
patterns, such as the viral single-stranded RNA or
envelope proteins, by surface or intracellular pattern
recognition receptors expressed on epithelial cells,
alveolar macrophages, and other cells of the phago-
cytic-mononuclear system. Currently, not all innate
immune receptors that recognize viral infection and
initiate immune responses against SARS-CoV-2 are
known. Since this virus is genetically related to SARS-
CoV-1, it is presumed that both share infection mecha-
nisms. In this sense, SARS-CoV-1 is recognized by
Toll-like receptors (TLR) TLR3 and TLR4, which induce
an immune reaction through the MyD88 and TRIF
pathways®®2°, Furthermore, SARS-CoV-1 triggers the
production of interleukin (IL)-1p through inflammasome
activation®, with the aim of triggering an inflammatory

response against the virus. In this regard, recent
research indicates that TLR2 is another innate sensor
capable of recognizing the virus through its binding to
the envelope protein. Once this recognition occurs,
TLR2 induces an inflammatory reaction through the
MyD88-dependent signaling pathway®'. Inflammasome
activation is also likely to occur during SARS-CoV-2
infection, as high levels of IL-1B have been observed in
patients with COVID-19, as described below®?. Studies
have shown that SARS-CoV-2 infection induces activa-
tion of NLRP3 inflammasomes and release of IL-1f in
monocyte cultures and peripheral blood mononuclear
cells from COVID-19 patients; however, excessive
inflammasome activation can also lead to the develop-
ment of severe forms of the disease®3*.

Another crucial innate mechanism in defense against
viral infections is the production of type | interferons
(IFN) (primarily IFN-a. and IFN-B), which bind to mem-
brane surface receptor complexes known as the IFN-
a/p receptor (IFNAR), consisting of IFNAR1 and IFNAR2
chains. Once bound to their receptor, type | IFNs can
interfere with virus replication in host cells, activating
different signaling pathways involving antiviral proteins
such as PKR. In vitro studies indicate that type | IFN
activity is effective in inhibiting SARS-CoV-2 replication
in human cells®. In primate COVID-19 models, it has
been observed that the IFN-mediated response is
widely induced in the lungs and is crucial for defense
against infection®®. However, it is possible that suppres-
sion of type | IFN is a SARS-CoV-2 strategy to evade
the innate antiviral immune response, as some studies
have shown very low production of IFN-o and IFN-f in
the plasma of Mexican and French patients with severe
forms of COVID-19%7%,

Finally, some cells of the innate immune system
could play an important role in host defense. Among
these cells are alveolar macrophages, which are pre-
sumed to be the first immune system cells to come into
contact with SARS-CoV-2. Although these cells can
recognize the virus, their response is manipulated by
the pathogen3%4°. Other crucial cells in defense against
viral infections are NK (natural killer) cells, but their role
in COVID-19 is not yet fully understood. In general,
most studies characterizing the immunological profile
of COVID-19 patients show that NK cells are decreased
in the blood of those with severe disease*'*2. It is belie-
ved that some deficiencies in the expression of NK cell
receptors, such as NKG2C, could be associated with a
higher risk of severe infection*®. This suggests a pos-
sible protective role of NK cells in the immune response
against SARS-CoV-2.



Adaptive immune response

The adaptive immune system provides a second line
of defense against pathogens mediated by lympho-
cytes that possess antigen-specific receptors capable
of undergoing genetic recombination. Therefore, adap-
tive immunity against viruses is capable of controlling
infection effectively in most cases, through mecha-
nisms specifically directed at the attacking pathogen.
Adaptive immunity cells can promote protective respon-
ses against pathogens through the production of pro-
inflammatory and antiviral cytokines by CD4+ helper T
lymphocytes, or through the destruction of infected
cells mediated by CD8+ cytotoxic T lymphocytes.
These cells are believed to play a fundamental role in
defense against SARS-CoV-2, as it has been observed
that in other coronavirus infections, antigen-specific T
lymphocytes are crucial for conferring protection. In
fact, in people who were affected by SARS-CoV-1 in
2003 and survived the disease, it has been proven that
different virus-specific memory T lymphocyte clones
survive and are capable of responding to the virus up
to 17 years after the primary infection44. Some studies
suggest that individuals infected with SARS-CoV-2
develop CD4+ and CD8+ memory T lymphocytes,
which persist in circulation for up to 8 months*®. These
memory responses also include follicular T lympho-
cytes, which are crucial for supporting B lymphocytes
in the production of protective antibodies. Despite the
above, current data on the role of cellular immunity in
COVID-19 pathogenesis are still unclear and controver-
sial. For example, some researchers have found that
patients with severe forms of the disease have reduced
numbers of T lymphocytes in circulation, but the
antigen-specific T lymphocytes of these individuals
develop more potent cytokine production responses?.

The humoral response is also important for contro-
lling viral infections in humans. In this sense, B cells
from individuals infected with SARS-CoV-2 undergo
immunoglobulin (Ig) class switching from IgM to higher
affinity 1gG and IgA. Thus, sera from patients recove-
ring from COVID-19 contain anti-S protein IgG, IgM,
and IgA antibodies and anti-nucleocapsid IgG antibo-
dies. However, elevated titers of IgG and IgM antibo-
dies have been found in patients with severe disease,
which questions the protective capacity of antibody
responses in COVID-19%. It is important to address the
neutralizing capacity of antibodies induced by natural
infection and vaccination, especially to improve the
protective capacity of the humoral response elicited by
vaccines. A study by Dan et al.*® reveals that even
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when there are different kinetics of neutralizing antibo-
dies against different components of SARS-CoV-2,
antigen-specific memory B cells remain detectable for
more than 8 months after symptom onset in some
COVID-19 patients. Ellebedy et al. have observed diffe-
rent clones of long-lived plasma cells and memory B
lymphocytes in the bone marrow and blood of people
who recovered from COVID-19 up to 11 months after
infection. These plasma cells and memory B lympho-
cytes can respond to secondary encounters with
SARS-CoV-2 and produce neutralizing antibodies*®.
Finally, the importance of adaptive immune memory
responses mediated by B lymphocytes for defense
against COVID-19 is also highlighted in studies that
have shown that the germinal center reaction in lymph
nodes is abolished or altered in severely ill people after
SARS-CoV-2 infection.

The defense mechanisms against SARS-CoV-2 are
summarized in figure 1.

Immunopathology of severe forms
of COVID-19

Cytokine storm and immunosuppression

People who progress to severe COVID-19 develop
pneumonia within 10-20 days after symptom onset,
which is associated with reduced oxygen saturation,
acute respiratory distress syndrome, and prominent
lung damage with ground-glass opacities. Acute respi-
ratory distress syndrome is characterized by increased
pulmonary permeability, severe hypoxemia, and
non-cardiogenic pulmonary edema. These conditions
alter the alveolar-capillary barrier and are a conse-
quence of a systemic hyperinflammation process®-5*:

For guiding immunotherapeutic interventions in criti-
cally ill patients, a better understanding of host factors
involved in protective versus pathogenic immunity
against SARS-CoV-2 is crucial. Unfortunately, what we
understand today about the immunopathology of severe
COVID-19 is a paradox: the adaptive response is hype-
ractive but unable to control the virus. In fact, COVID-19
patients present a profile of proinflammatory cytokines
(IL-1B, IL-2, IL-6, IL-7, IL-8, IL-9, FGF, G-CSF, GM-CSF,
IFN-y, CXCL10, CCL2, CCL3, CCL4, PDGF, TNF-q,
and VEGF) and regulatory cytokines (IL-10 and
TGF-B)21:53-5% 53-55. This phenomenon has been ter-
med “cytokine storm” and mediates tissue damage in
COVID-19 patients who progress to severe disease®>%.
Of these factors, IL-1B, IL-6, CXCL10, and TNF-a are
the cytokines most strongly associated with tissue
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damage in different organs, including the brain, due to
their inflammatory properties. For example, IL-1B and
IL-6 have been implicated in neurotoxicity associated
with chimeric antigen receptor T cell therapy in patients
with hematologic neoplasms®®¢°. These cytokines pos-
sess detrimental effects on endothelial function in
various vascular niches, which may be implicated in the
pathophysiology of thrombotic and neurological compli-
cations of COVID-19. In this regard, it is important to
mention that other organs, in addition to the lungs, can
also be affected by SARS-CoV-2, such as the brain,
heart, intestines, kidneys, and liver, among others.

This generalized inflammatory reaction also induces
the production of several acute phase reactants, such
as C-reactive protein and ferritin in the liver, which fur-
ther increase the release of inflammatory mediators
and enrich cytokine release in patients with severe
COVID-19%"#2, In fact, elevated ferritin levels predict the
risk of death in these patients®?. Furthermore, the
hyperinflammation observed in critically ill COVID-19
patients may be associated with the development of
thrombotic events. In this sense, abnormal coagulation
parameters, such as higher D-dimer levels and longer
prothrombin and activated partial thromboplastin times,
have been associated with unfavorable prognosis.
These abnormal coagulation parameters occur shortly
after hospitalization, and in some patients, fibrinogen
concentrations and antithrombin activity decrease over
time®3-95,

Interestingly, unlike other cytokine storm syndromes,
the polyfunctional immune activation of COVID-19 is
accompanied by lymphocytopenia and strong infiltra-
tion of immune cells, primarily mononuclear (lympho-
cytes and macrophages), into the lung interstitium®6-68,
In patients with severe SARS-CoV-2 infection, a wide
range of immune cell subtypes is decreased in circula-
tion. These cells include monocytes, dendritic cells,
CD4+ and CD8+ T cells, and NK cells*'. Furthermore,
the few adaptive lymphocytes remaining in the blood
express markers of functional exhaustion®®. These data
suggest that severe COVID-19 produces an immuno-
suppression state similar to that induced by sepsis™; it
is also possible that robust recruitment of functional
immune cells to SARS-CoV-2 infection sites may exp-
lain the leukocytopenia observed during COVID-19. A
recent study by Remy et al.”' has demonstrated that
immunosuppression observed in COVID-19 is even
more profound than that of critically ill patients with
sepsis from other causes. These researchers observed
that IFN-y production by peripheral blood T cells from
COVID-19 patients was impaired compared to T cells

from healthy individuals and sepsis patients after sti-
mulation with anti-CD3/anti-CD28 antibodies; reduced
TNF-a production was found by stimulated monocytes
from COVID-19 patients. These findings led the resear-
chers to propose that the primary immune mechanism
underlying COVID-19 morbidity and mortality is immu-
nosuppression rather than hyperinflammation.

The immune profile in severe COVID-19 shows dis-
tinct features compared to other respiratory infections,
such as pandemic influenza A (H1N1). Among the
immune factors found only in critically ill COVID-19
patients, and not in influenza patients, are IFN-y, IL-4,
IL-5, IL-6, IL-10, IL-12, IL-13, IL-1B, CCL11, VEGF,
TWEAK, TSLP, MMP-1, and MMP-328. These molecu-
les could play a specific role in COVID-19 and are
potential targets for reducing its morbidity and morta-
lity. It is noteworthy that higher levels of Th2 cytoki-
nes, particularly IL-4 and IL-5, could inhibit protective
Th1 antiviral responses in COVID-19 patients.
Therefore, the lack of immune balance in the type of
effector response is another crucial determinant of the
collapse of protective immunity in the host against
SARS-CoV-2. This Th2-skewed response can gene-
rate interstitial infiltrates of Th2 cells, neutrophils,
eosinophils, and type 2 innate lymphoid cells, which
mediate pulmonary inflammation and tissue damage.
Critically ill COVID-19 patients often show interstitial
pulmonary infiltrates, some of which resemble various
forms of progressive interstitial lung disease, such as
cryptogenic organizing pneumonia and nonspecific
interstitial pneumonia®'7274, These harmful effects of
Th2 responses could also explain the abnormalities in
lung function and progression to pulmonary fibrosis
observed in more than 45% of COVID-19 patients dis-
charged from hospitals’®, particularly elderly subjects.
Therefore, it would be of great interest to characterize
the cytokine profile of COVID-19 patients who subse-
quently develop any form of interstitial lung disease,
as they would benefit from specific antifibrotic
therapies.

Neutrophil infiltration and lung damage

A variety of inflammatory mediators released exces-
sively during severe SARS-CoV-2 infection function to
mediate the recruitment of myeloid cells to sites of
inflammation. One of the cells that heavily infiltrate the
lungs of patients with severe COVID-19 is neutrophils,
probably following a chemotactic gradient generated by
high concentrations of IL-8, CXCL10, CCL2, and CCL3
released into circulation®':5%-%5, Neutrophils are the
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most abundant leukocytes in blood and have a short
half-life. Due to their mobility, they can easily infiltrate
inflamed tissues and contribute to the defense res-
ponse against different microorganisms. Their main
function is to mediate phagocytosis of pathogens, as
well as release cytokines and proteolytic substances
contained in their granules. Neutrophils can exert a
protective role in defense against viral infections’; it is
well known that neutrophils are always present in the
lungs of patients with different respiratory infections
associated with the development of acute respiratory
distress syndrome, especially due to their capacity for
degranulation and lysis, promoting tissue damage.

In line with these findings, in animal models of maca-
ques, it has been observed that neutrophils infiltrate
the lung rapidly during SARS-CoV-2 infection®®. This is
also observed in COVID-19 patients, in whom it has
been found that neutrophilia and a higher neutrophil
ratio is a distinctive characteristic of severe cases and
those occurring in elderly patients, associated with

unfavorable prognosis®®’”. In patients who died from
severe COVID-19, intense neutrophil infiltration has
been observed in pulmonary capillaries, extravasation
into alveolar spaces, and neutrophilic mucositis in the
airways’8. Within sites of SARS-CoV-2 infection, neu-
trophil degranulation results in the release of proteases
capable of amplifying the inflammatory response. For
instance, cathepsin G stimulates increased production
of cytokines and chemokines, promoting recruitment of
monocytes, macrophages, and neutrophils, as well as
increased endothelial and epithelial permeability36.7°.
Cathepsin G also activates some matrix metalloprotei-
nases (MMP)&, initiating the alteration of mechanisms
that regulate the composition of the extracellular matrix
(ECM) and are associated with the appearance of
sequelae characteristic of post-COVID-19 syndrome, as
described below. Finally, neutrophils are a source of
excess extracellular traps, which further exacerbate
the cytokine storm and perpetuate a vicious cycle of
inflammation and neutrophil recruitment to the lung’®.
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Therefore, the search for new strategies to reduce
CQVID-19 morbidity and mortality focusing on interrup-
ting neutrophil recruitment to the lung and limiting lung
damage induced by the contents of these cells’ granu-
les is justified.

Immune mechanisms associated with
post-COVID-19 syndrome

Post-COVID-19 syndrome or post-acute sequelae of
COVID-19 (PASC) is defined by disease persistence for
more than 28 days after symptom onset. Various lon-
gitudinal studies suggest that this process can be
observed in 30% to 80% of individuals who suffer
SARS-CoV-2 infection. In this regard, a notable charac-
teristic of the COVID-19 convalescent phase is that
many patients who suffered severe lung damage
remain with permanent pulmonary dysfunction. Many
of the chronic deleterious effects of COVID-19 are rela-
ted to pulmonary fibrosis following injury. The mecha-
nisms underlying the development of these complications
have not been well defined until now. In patients with
severe pneumonia of other etiologies, severe epithelial
and endothelial damage accompanied by extensive
fibrosis has frequently been observed. Patients presen-
ting greater fibrotic changes are those who required
prolonged periods of mechanical ventilation (~12 days)
and developed more severe systemic organ failure®8',
Interestingly, pulmonary fibrosis is also a long-term
sequela in patients with pandemic influenza A (HIN1).
Several mechanisms, including barotrauma associated
with mechanical ventilation, oxygen toxicity, and hyper-
inflammation, are crucial in determining sequelae in
these patients after recovery from severe disease®.
These factors cause mild epithelial lesions that are not
adequately repaired, leading to fibroblast hyperactiva-
tion, excessive ECM deposition, and pulmonary paren-
chyma remodeling®?.

It is not understood to what extent mechanical injury
and hyperinflammation contribute to pulmonary fibrosis
in COVID-19. A significant number of severely ill COVID-
19 patients with acute respiratory distress syndrome
require critical care and respiratory assistance, and
those who survive show persistent ground-glass opaci-
ties, chronic pulmonary dysfunction, and pulmonary
fibrosis that affect their quality of life34-%6. On the other
hand, hyperinflammation in severe COVID-19 also inclu-
des the release of inflammatory chemokines such as
CCL2, CCLS, and IP-10. These chemotactic factors are
associated with dysregulated activation of cells in the
mononuclear phagocyte compartment, which could

further promote hyperinflammation in COVID-19 patients.
In fact, bronchoalveolar fluid from severe COVID-19
patients contains high concentrations of CCL2, CCL3,
CCL4, and CCL7, and a decreased proportion of tis-
sue-resident alveolar macrophages, but large amounts
of monocyte-derived inflammatory macrophages®’.
Interestingly, this macrophage subpopulation expresses
RNA transcripts that have been previously associated
with tissue repair and promotion of fibrosis in liver
cirrhosis®8°,

Surprisingly, during fibrosis, many types of collagen
can modulate cellular functions and the physiological
processes of leukocytes and parenchymal cells.
Furthermore, in response to inflammation, ECM degra-
dation by MMPs generates small peptides that can act
as chemotactic factors for leukocytes, thereby increa-
sing disease immunopathology. These mechanisms
further promote MMP hyperactivity, causing progres-
sive destruction of pulmonary parenchyma®. Therefore,
MMPs and other ECM components could act as rea-
douts of ongoing profibrotic activity and lung injury in
severe COVID-19 patients, as discussed below.

An important controversy that has recently emerged
is whether pulmonary fibrosis is an exclusive sequela
of severe SARS-CoV-2 infection or whether patients
with mild to moderate disease are also at risk. In this
regard, evidence from recovering COVID-19 patients,
both adult and pediatric, suggests that older patients
and those with more severe disease develop fibro-
sis?!%3, Similarly, a study conducted in ltaly between
March and April 2020 found that patients with non-
severe manifestations showing pulmonary opacities
showed complete remission of these lesions and no
fibrosis during follow-up. In contrast, Dadhwal et al.%*
reported five cases of patients with asymptomatic or
mild symptomatic COVID-19 presenting dyspnea and
chest images suggesting resolution of ground-glass
opacities who subsequently developed fibrosis 4 to 8
weeks after diagnosis.

Despite all the studies conducted to understand the
immunopathological bases of pulmonary and extrapul-
monary chronic sequelae observed in patients with
PASC or prolonged COVID-19, their etiology remains
unclear. One of the essential characteristics of PASC
is viral persistence in various tissues, such as lung,
central nervous system, kidneys, and intestine%.
It has been suggested that patients who develop
PASC may have aberrant, poorly regulated immune
responses, and overactivation of cell populations
such as myeloid cells and T and B lymphocytes that
infiltrate tissues, generating tissue scenarios rich in
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proinflammatory or profibrotic cytokines, as is the case
of post-COVID-19 pulmonary fibrosis, characterized by
elevation of TGF-B and hyperactivation of myofibro-
blasts producing extracellular matrix®’.

In post-COVID-19 syndrome, persistent dyspnea, fre-
quently accompanied by fatigue, chest discomfort, and
cough, affects approximately 20% of patients 3 months
after the initial SARS-CoV-2 infection®. Furthermore, a
considerable number of patients, particularly those who
overcome COVID-19 acute respiratory distress
syndrome and require treatment with high-flow nasal
oxygen or mechanical ventilation, present chronic pul-
monary sequelae, as demonstrated by pulmonary func-
tion tests and radiological changes on chest computed
tomography, such as ground glass and fibrosis®.
Interestingly, some studies have shown that the use of
antifibrotic drugs, such as pirfenidone and nintedanib,
has positive clinical and functional effects for treating
pulmonary sequelae of COVID-19100.101,

Post-viral pulmonary sequelae are not exclusive to
SARS-CoV-2 and have been described after several
other respiratory viral infections, possibly also associated

with inflammatory alterations that lead to chronic pulmo-
nary damage.

Taken together, these data highlight the need for fur-
ther research studies in patients recovering from
COVID-19 to establish better preventive, therapeutic,
and rehabilitation strategies against pulmonary fibrosis.
For these purposes, new biomarkers with predictive
value will also be required to allow early detection of
lung lesions and fibrosis.

The mechanisms involved in the pathophysiology of
severe forms of COVID-19 and their sequelae are sum-
marized in figure 2.

Conclusions

The spread of SARS-CoV-2 in various countries has
caused possibly the greatest global health crisis of the
last 100 years. Although the vast majority of COVID-19
cases present asymptomatically or with mild manifes-
tations, sometimes the disease has severe manifesta-
tions, such as viral pneumonia that can evolve to
respiratory failure and death in a short period of time.
The natural evolution of infection by this virus includes
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an initial stage of respiratory epithelium infection and
viral replication that can be followed by a second stage
of immunopathology driven by a hyperinflammatory
response that has systemic manifestations. The syn-
drome shares overlapping features with virus-induced
hemophagocytic lymphohistiocytosis, including evi-
dence of macrophage activation with a cytokine storm,
and impairment of T lymphocyte and NK cell function.
Understanding the pulmonary and extrapulmonary
immunopathology of COVID-19 will enable the identifi-
cation of biomarkers in an attempt to classify the
disease as mild, moderate, severe, and critical, as well
as for the development of new therapeutic strategies
aimed at reducing generalized and pulmonary hyperin-
flammation in severe COVID-19.
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