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KEY POINTS

e SARS-CoV-2 can cause widespread damage in different organ systems mediated by the
host’s immune response. Severity of iliness can range from asymptomatic infection to se-
vere multiorgan failure.

While SARS-CoV-2 is a respiratory virus, COVID-19 affects many organs and has a variety
of clinical presentations. In this review, we cover various clinical manifestations of COVID-
19 infection.

Postacute sequelae of COVID-19 (also known as long COVID) is an area of developing
knowledge that will require ongoing surveillance to fully characterize. It is generally
defined as persistent symptoms for more than 3 months after initial infection.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a member of the
Betacoronavirus genus (which also includes SARS 1 and Middle East respiratory
syndrome-related coronavirus [MERS]), which are large positive-sense single-
stranded RNA viruses (estimated size 70-200 nm) with zoonotic origins and transmis-
sible from person to person. Coronaviruses are named after the projections from their
membrane (Corona, Latin, “crown”).” When it was first described, the virus had been
named 2019-novel coronavirus, but was renamed SARS-CoV-2 owing to a greater
similarity with SARS-CoV than initially thought. Since its emergence in late 2019
with the first cases described in Wuhan, China, its human-to-human transmission is
clear, with uncounted active infections and millions of deaths worldwide. Furthermore,
airborne spread? and transmission by asymptomatic individuals® further add to its po-
tential for infection.
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Global collaboration and sequencing technologies have helped to uncover the path-
ogenic mechanisms behind SARS-CoV-2 infection and its associated clinical manifes-
tations, collectively called coronavirus disease 2019 (COVID-19). Nevertheless,
COVID-19 remains a novel disease and its complete pathogenesis is yet to be eluci-
dated. Several studies have been conducted to better understand the host-virus inter-
actions and pathogenesis to develop strategies for prevention and treatment. Insight
from previous infections caused by coronaviruses such as SARS and MERS has also
been useful to understand the pathogenesis of this new virus. Even though several
promising new (and repurposed) treatments are being studied, there is yet to be a
clear and effective treatment modality. The development of effective vaccines as
part of preventive strategies has also played a significant role in controlling this
pandemic.* In this article, we review clinical and experimental evidence available for
pathogenesis of COVID-19 and highlight various clinical presentations in human
infection.

PATHOGENESIS
Structure of SARS-CoV-2

Coronaviruses have the largest RNA viral genomes, ranging from 26,000 to 32,000 ba-
ses,® and the genome is made up almost entirely of protein coding sequences.®
SARS-CoV-2 is the seventh known coronavirus capable of causing human infection.”
Whole genome sequencing revealed that SARS-CoV-2 has genomic similarities to be
placed in the same Betacoronavirus clade like SARS-CoV, MERS-CoV, and SARS-like
bat CoV; however, phylogenetic analysis and amino acid sequences have revealed
enough differences in SARS-CoV-2 to confer structural and functional difference
from other coronaviruses.®? The genome of SARS-CoV-2 is about 29.9 kB® in length
(in contrast, SARS-CoV is about 29.7 kB long ') of which about 79% to 82% includes
a sequence’’ homology to SARS-CoV and 50% to MERS-CoV.? Unlike SARS-CoV,
SARS-CoV-2 possesses a distinguishing polybasic cleavage site (RRAR) that is
cleaved by furin and other proteases. The presence of this furin cleavage site has
been suggested to confer SARS-CoV-2 with greater transmissibility than SARS-CoV
and enhances its virulence.'? Like SARS-CoV and other coronaviruses, SARS-CoV-
2 codes for four structural proteins: spike (S), membrane (M), envelope (E), and nucle-
ocapsid (N). The viral envelope is created by S, E, and M proteins together, whereas
the N protein binds to the viral RNA."®

Origin and Transmission

Coronaviruses are diverse and pathogenic to a variety of animals, including pigs,
cows, dogs, cats, and chickens. Bats act as a reservoir for coronaviruses, including
SARS-CoV-2.° When the first cases of pneumonia were described in the Hubei prov-
ince in China in late 2019, genome sequencing and phylogenetic analysis identified the
pathogen as a novel coronavirus with bat and pangolin genetic sequences, further
adding evidence to a zoonotic origin of the virus.™

Viral Entry and Initial Infection

Infection occurs when the viral particles are inhaled, enter the airways, and bind to the
receptors on host cell surface. Like other coronaviruses, the S protein of SARS-CoV-2
binds to the angiotensin-converting enzyme 2 (ACE2), a metalloproteinase found in
large amounts in airway epithelial and endothelial cells that undergoes a conforma-
tional change to permit the fusion of viral and host cell membranes.'® Although this
mechanism is shared by SARS-CoV, a recent study using biophysical assays found
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that the S protein of SARS-CoV-2 binds 10 to 20 times more strongly to ACE2."® The
higher binding affinity to ACE2 has been proposed to be responsible for increased viral
transmissibility and severity of disease compared with SARS-CoV.

The S protein is composed of 2 subunits: S1 and S2.7” When the S1 subunit at-
taches to the ACE2 receptor on the host cell, a transmembrane protease, serine 2
(TMPRSS2) cleaves the S protein to reveal S2 subunit, and ACE2. The S protein un-
dergoes dramatic conformational changes, leading to the fusion of the viral membrane
with the host cell. The viral particle is then engulfed in an endosome. The virion es-
capes the endosome when it is cleaved by a host cell protease, cathepsin, or by a
decrease in the pH (acidification).’® Cathepsin has been proposed as a therapeutic
target to prevent infection with SARS-CoV-2."°

High expression of ACE2 on the surface of lung alveolar epithelium and enterocytes of
the small intestine was proposed to contribute to the viral entry of SARS-CoV, a mech-
anism that SARS-CoV-2 likely mirrors.’® Besides these locations, ACE2 is widely
expressed in various human tissues, including the heart, kidneys, and arterial and
venous endothelial cells. The presence of ACE2 in these tissues likely contributes to
extrapulmonary manifestations, such as diarrhea, acute renal injury, cardiac injury,
and vascular endothelial damage with multisystem organ failure.?' Children have lower
ACE2 expression, which might explain lower early COVID-19 acquisition rates in chil-
dren but higher rate of multisystem inflammatory syndrome in older children. The tissues
expressing ACE2 do not participate equally in the pathogenesis of COVID-19, suggest-
ing that other factors are involved in contributing to tissue damage.??

PHASES OF INFECTION

Early after the discovery of SARS-CoV-2, COVID-19 infection was described in 2
phases: a viral response phase and a host inflammatory response phase (also referred
to as the cytokine storm phase) (Fig. 1). This general principle has remained relevant
over time, but the relative contribution of each phase to the illness remains to be char-
acterized. Viral loads of SARS-CoV-2 are high in the initial days of infection and
decrease steadily over time in immunocompetent hosts (Fig. 2). In these first few
days, SARS-CoV-2 infection can range from asymptomatic to mildly symptomatic in
most patients, and generally includes upper respiratory symptoms and/or a systemic
influenza-like illness. Severe COVID-19 usually develops at least after 1 week of iliness
onset, which could imply a greater role for a dysregulated immune response rather than
a direct viral cytopathic effect. An evaluation of the timeline of events suggests that me-
dian time from onset of symptoms to hospital admission, dyspnea, acute respiratory
distress syndrome (ARDS), mechanical ventilation, and intensive care unit (ICU) admis-
sion were 7.0, 8.0, 9.0, 10.5, and 10.5 days, respectively,?® for the original virus,
although the timelines differ slightly depending on the responsible variant, further sup-
porting the hypothesis of dysregulated immune response driving severe COVID-19.

HOST IMMUNE RESPONSES
Innate Immune Response

The innate immune response is activated when pathogen-associated molecular pat-
terns (PAMPs) are recoghized by host receptors.’* PAMPs are small molecules,
such as lipopolysaccharides, peptidoglycan, lipoteichoic acid, and nucleic acids,
that are present in different patterns and trigger immune cascades when recognized
by the host. The protein receptors in the host responsible for detecting PAMPs are
called pattern recognition receptors. These pattern recognition receptors include
Toll-like receptors, C-type lectin receptors, NOD-like receptors, and RIG-I-like

233



234

Hernandez Acosta et al

Stage | Stage ll Stage lll

A (Early Infection) (Pulmonary Phase) (Hyperinflammation Phase)
1 |

11:3

Viral response phase e

1
N —
i~ Hostinflammatory response phase
~—
1 1 \r\
1 | |
Time course
e Mild constitutional symptoms
Clinical Fever >99.6°F
Symptoms Dry Cough
-
r ~N

Potential
therapies

Severity of lliness

Shortness of Breath without
(11A) and with Hypoxia (11B)
(Pa02/Fi025300mmHg)

ARDS
SIRS/Shock
Cardiac Failure

Elevated inflammatory markers

Abnormal chest imaging
(CRP, LDH, IL-6, D-dimer, ferritin)
Troponin, NT-proBNP elevation

Transaminitis
Low-normal procalcitonin

Corticosteroids
Direct-acting antivirals (DAA), anti-SARS-CoV-2 mAbs Immunomodulators: IL-2/IL-2/IL-6 inhibitors, JAK inhibitors, GM-
CSF inhibitors, BTK inhibitors, human immunoglobulin

Fig. 1. Stages of SARS-CoV-2 infection, their correlation with clinical symptoms and poten-
tial therapies that have been identified. (Adapted from: Siddigi HK, Mehra MR. COVID-19
iliness in native and immunosuppressed states: A clinical-therapeutic staging proposal. J
Heart Lung Transplant. 2020 May;39(5):405-407. https://doi.org/10.1016/j.healun.2020.03.
012 with permission from Elsevier)

receptors. Once activated, these receptors initiate downstream signaling pathways
leading to secretion of type | and type Il interferons, and the assembly and activation
of the NOD-like receptor P3 inflammasome and other inflammasome complexes that
promote secretion of proinflammatory cytokines including IL-1B and IL-18.2° The acti-
vation of antigen-presenting cells by proinflammatory cytokines also recruits the
adaptive immunity to enhance viral clearance by antibody-mediated neutralization
and T-cell-mediated cytotoxicity.?* The inflammasome pathway triggers the coagula-
tion cascade, contributing to coagulopathy and the thrombotic events seen in severe
COVID-19.26

Like PAMPs, host cells are also activated by damaged or stressed cells in the
setting of inflammation,?* necrosis, or hypoxia even if no microbial PAMPs are pre-
sent. These are called damage-associated molecular patterns. Although the activated
PAMP and damage-associated molecular pattern pathways contribute to viral clear-
ance, an overactivated response leads to a dysregulated immune system and exacer-
bates inflammation and damage through a cytokine storm?® (Fig. 3). These pathways
have been described for viral infections in the past, but corresponding pathways spe-
cific to SARS-CoV-2 remain to be identified.

One proinflammatory cytokine, IL-6, garnered attention after reports of ARDS
became common in patients with severe COVID-19. IL-6 is a mediator of both innate
and adaptive immune responses and acts as both a proinflammatory cytokine and an
anti-inflammatory myokine. IL-6 is secreted by macrophages when PAMPs bind to
pattern recognition receptors. An elevated IL-6 was reported to be associated with
a poor prognosis and, consequently, much emphasis was placed on the treatment
of severe COVID-19 with IL-6 receptor antagonists.* Clinical trials have suggested
there is some benefit to limiting hyperactive immune responses through blocking IL-
6 in severe COVID-19.%"
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Fig. 2. Timeline of mild and severe COVID-19 and its correlation with viral activity and clin-
ical manifestations. (From Lariccia and colleagues Challenges and Opportunities from Tar-
geting Inflammatory Responses to SARS-CoV-2 Infection: A Narrative Review, Journal of
Clinical Medicine. 2020; 9(12):4021. https:/doi.org/10.3390/jcm9124021. ©® 2020 by the au-
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Fig. 3. Immune response to SARS-CoV-2 infection and its role in pathogenesis. (From Li C, He
Q, Qian H, Liu J. Overview of the pathogenesis of COVID-19 (Review). Exp Ther Med.
2021;22(3):1011. https:/doi.org/10.3892/etm.2021.10444. © Li and colleagues Under Creative
Commons Attribution License)
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An early innate immune response is critical in activating the T- and B-cell immune
systems and terminating the infection at asymptomatic or mild to moderate stage.?®
A delayed or absent innate immune response, either by immune evasion by the virus
or defective host immunity (or both), fails to prime the adaptive immune system and
contributes to a high risk of severe or fatal COVID- 19.

Antigen Presentation

Antigen-presenting cells are the initial component of antiviral response by the host.
The specific mechanism of antigen presentation of SARS-CoV-2 is not well-
understood; however, some of it can be extrapolated based on data from other
betacoronaviruses, which mainly depends on major histocompatibility complex 1 mol-
ecules. Several HLA types have been associated with increased susceptibility or pro-
tection against SARS-CoV.?° It is highly likely there exist HLA alleles that predict
increased susceptibility to SARS-CoV-2 and correlate with more severe outcomes,
although research in diverse populations is ongoing.

Adaptive Immunity

Both humoral and cellular immune responses are activated by antigen-presenting
cells as suggested by presence of virus-specific B and T cells in convalescent
cases.®C Coordinated humoral and cellular immune responses have been hypothe-
sized to be protective, and an uncoordinated response has been blamed for uncon-
trolled disease®' (Fig. 4.) Moreover, a delayed activation of adaptive immunity has
been correlated with a higher viral burden and severe or fatal COVID-19. It has been
hypothesized that the innate immune response attempts to fill the gap left by the
absence of a functional adaptive immune system response, leading to an overacti-
vated innate cytokine and chemokine responses and exacerbated neutrophil-driven
lung damage, as evidenced by the presence of a substantial number of neutrophils
in end-stage COVID-19.28:32

It has been demonstrated that neutralizing antibody titers and quantity of virus-
specific T cells are positively correlated.®® As with other acute viral infections, 1gG
and IgM subtype antibodies are produced, primarily against the S and N proteins.®®
IgM antibodies persist for 4 to 6 weeks after the onset of symptoms, whereas IgG per-
sists for approximately 6 months after symptom onset in most cases. Persons who
experienced asymptomatic infection have been shown to have lower seropositivity
and delayed seroconversion when compared with persons who developed symptom-
atic COVID-19. Furthermore, antibodies in people who have recovered from COVID-
19 may persist for well over 6 months.*°

The T-cell response to SARS-CoV-2 includes both CD4* and CD8* T cells. It has
been suggested that CD4* T cells are more abundant and effective against SARS-
CoV-2 infection than CD8* T cells.®" A predominantly CD4*+ T-cell response is seen
against S, M, and N proteins, although CD4* cells respond against almost all
SARS-CoV- 2 proteins. After symptom onset, a CD4* T-cell response can be detected
within 2 to 4 days, whereas a CD8* T-cell response can be detected as early as 1 day
after symptoms develop.?®

A study found that although the overall number of CD4 and CD8 T cells in patients
with COVID-19 is decreased, cells are excessively activated, with increased expres-
sion of proinflammatory HLAs and coreceptors. CD8 T cells were found to have an
increased density of cytotoxic granules.* This factor likely contributes to the cytokine
storm causing ARDS and systemic inflammation, through the release of proinflamma-
tory cytokines (including interferon, IL-6, and tumor necrosis factor-a) and
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Fig. 4. Timeline of immune response and viral load in SARS-CoV-2 infection. (A) Perfect
example generic infection. (B) Average SARS-CoV-2 infection. (C) Severe SARS-CoV-2 infec-
tion. (From Sette A, Crotty S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell.
184(4), 861-880. Copyright 2021 with permission from Elsevier; with permission)

chemokines (CCL5, CXCLS, etc). This exaggerated immune response is what leads to
the multiorgan involvement and high mortality seen in COVID-19.

Although long-term memory immunity is not yet clarified for SARS-CoV-2, it is
known that CD4 and CD8 memory T cells persist for years after recovery from
SARS-CoV infection and can respond to SARS-CoV antigens even after 6 years. In
contrast, it seems that memory B-cell response is almost absent after 6 years after re-
covery from SARS.* In follow-up of early SARS-CoV-2 infections and after vaccina-
tion, it also seems clear that T-cell responses are longer than antibody responses.
Longer term follow-up will be required to fully elucidate the duration of postinfection

responses.
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Immune Evasion and Variants

It is believed that SARS-CoV-2 uses similar mechanisms to evade the host’s immune
response as other coronaviruses. Viral proteins interfere with the function and matu-
ration of antigen-presenting cells and activate pathways that decrease the transcrip-
tion and transport of antiviral proteins (such as interferons). Antigenic variation,
particularly in the M protein, also decreases the production of interferons.*®

Another mechanism of immune evasion of particular concern is S protein mutations,
which alter the ultrastructure and function of the epitope domain, impairing the func-
tion of antibodies against the immunodominant protein.>” These mutations in struc-
tural proteins have caused (and will continue to cause) the emergence of different
variants of SARS-CoV-2. SARS-CoV-2 has undergone significant mutations, with
some lineages emerging as variants of concern as defined by the World Health Orga-
nization. These variants are so named because of their potential for higher transmis-
sibility, more severe disease, or high risk of immune escape. See William O. Hahn
and Zanthia Wiley’s article, “COVID-19 Vaccines,” in this issue.

CLINICAL FEATURES

Several medical comorbidities have been identified as risk factors for severe COVID-
19, including cardiovascular disease,*® chronic kidney disease, immunocompromis-
ing conditions, and metabolic diseases.® It should be noted that the rates of infection,
hospitalization, and death from COVID-19 in Black,*° Hispanic,*' and American In-
dian/Alaska Native communities*? have been disproportionately higher than other
racial or ethnic groups. The role of biology and the disproportionate prevalence of
medical comorbidities has not been enough to explain these inequities, in addition
to a wealth of data suggesting that these differences are driven by social and structural
vulnerabilities resulting from the impacts of structural racism in these commu-
nities.*>44 Additional details of inequities seen with COVID-19 will be presented else-
where in this collection.

The severity of COVID-19 infection varies depending on both the virulence of the
SARS-CoV-2 variant and the host immune response, with clinical manifestations
ranging from asymptomatic infection to severe inflammatory syndrome and multior-
gan dysfunction. As such, the National Institutes of Health established a classification
system for COVID-19 disease, delineating the criteria for asymptomatic, mild, moder-
ate, severe, and critical COVID-19. These categories are not mutually exclusive, and
many patients progress from 1 category to another during the course of the disease.*®

The incubation period following exposure to SARS-CoV-2 has been estimated any-
where between 2 and 14 days, and varies by variants of concern. In a pooled analysis
of 181 confirmed COVID-19 cases from China the median incubation period was esti-
mated to be 5.1 days (95% confidence interval, 4.5-5.8 days).“® Noteworthy,
compared with earlier variants of concern, shorter incubation periods have been
documented in infections with Delta and Omicron variants, with a median incubation
period of 4 days.*”

Asymptomatic Infection

Asymptomatic infections involve individuals who test positive for SARS-CoV-2 but
have no symptoms. It is estimated that 50% of persons who test positive for SARS-
CoV-2 are asymptomatic at the time of diagnosis.® The overall proportion of asymp-
tomatic infections was estimated at approximately 25% in one meta-analysis, but
the proportion of asymptomatic infections is generally higher in persons with pre-
existing immunity.*®
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Asymptomatic infections are more common in young and middle-aged patients
(<50 years of age), women, and individuals without underlying comorbid conditions.*®
In an early study including 55 cases of asymptomatic infection,*® the median age at
the time of diagnosis was 49 years. Despite absence of symptoms, more than half pa-
tients (37/55) in this study had evidence of pneumonia on computed tomography
scans.

Importantly, a small proportion of patients initially classified as asymptomatic may
eventually develop symptoms of infection, generally within 48 hours of SARS-CoV-2
RNA being detectable in the nasopharynx and are referred to as presymptomatic.
However, many patients remain asymptomatic at follow-up.*°

Mild Disease

Mild COVID-19 cases include individuals with symptoms of fever, sore throat, myalgia,
and/or malaise, but without shortness of breath, dyspnea, or abnormal chest imaging
indicating the presence of lower respiratory tract disease. The majority of symptom-
atic infections result in mild COVID-19 (81%).°" Gastrointestinal symptoms such as
diarrhea, nausea, and emesis have also been reported, but with lower frequencies
(<20%) than in SARS or MERS infections.®?> The incidence of symptoms such as
loss of smell or taste varies significantly among studies, with frequencies between
10% and 40%.2° Loss of taste or smell (anosmia and ageusia, respectively), however,
are often recognized by patients as a hallmark, or pathognomonic feature, of COVID-
19, and frequently precede the onset of other flu-like symptoms. This peculiar
manifestation has been studied, with one of the proposed theories being that the
specialized cells in the olfactory bulb and olfactory epithelium have the ACE2 recep-
tors for viral entry and subsequent infection, although there are detectable changes in
brain imaging in some persons with anosmia.>®>°* Most patients recover over the
course of a few weeks; however, persistent anosmia and ageusia are also frequently
described and remain under study.

Moderate, Severe, and Critical Disease

Patients with moderate disease have evidence of lower respiratory disease on phys-
ical examination or chest imaging, but maintain an oxygen saturation of equal or
greater than 94% on room air at sea level.* Individuals with severe disease have
an oxygen saturation on room air of less than 94% at sea level, a ratio of arterial par-
tial pressure of oxygen to fraction of inspired oxygen of less than 300 mm Hg, or a
respiratory rate of greater than 30 breaths/min, or lung infiltrates greater than
50%.4° Critical disease is defined as respiratory failure, septic shock and/or multior-
gan failure.*®

During the initial phase of the pandemic, severe disease accounted for up to 14% of
cases and critical illness was seen in about 5% of cases according to the Chinese
Center for Disease Control and Prevention.®® The rate of severe disease, however,
varies depending on several factors, including history of prior infection, vaccination
status, variant causing the infection and available health care resources. For example,
the Omicron variant seems to be associated with milder disease compared with Delta
variant.5® The risk of progression to severe and critical disease is markedly decreased
in persons with prior immunity, especially after vaccination.

The hallmark of COVID-19 is respiratory disease, which is the consequence of se-
vere inflammation and damage of lung tissue. The pathogenesis of COVID-19 is still
being extensively studied. The replication of the virus inside the respiratory epithelium
causes a proinflammatory state through the production of chemokines and cytokines,
including IL-1, IL-6, and tumor necrosis factor-a, among many others.>” The main
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mechanism of lung injury in COVID-19 is diffuse alveolar damage.®® The damage to the
endothelium mediated by fibrin and inflammation causes edema and thrombosis of
lung vessels. This process can cause extensive injury and edema of the alveoli with
formation of protein deposits and hyaline membranes. This inflammation in the lung
parenchyma manifests as mucus production, cough, and dyspnea. On imaging,
patchy opacities can be seen on radiograph or ground glass opacities on computed
tomography scans. These opacities are usually of peripheral or subpleural distribution
bilaterally. Pneumonia can be significant enough to cause hypoxemic respiratory fail-
ure and, in some cases, may progress to ARDS, and ultimately, death. Risk factors for
progression to ARDS have been identified: age greater than 65 years, diabetes melli-
tus, hypertension, and obesity, and nonreceipt of SARS-CoV-2 vaccination, among
other factors.>®

Acute Respiratory Distress Syndrome

ARDS is a clinical entity that presents with bilateral pulmonary infiltrates and severe
hypoxemia, which results from extensive damage and edema of the alveolar sys-
tem owing to infiltration by inflammatory cells and mediators. Inflammatory cells,
lytic enzymes, and cytokines produce thickening and fibrosis of the alveolar-
blood barrier, destruction of alveoli, formation of proteinaceous hyaline membranes
and severe edema of the interstitium. It is characterized by noncardiac pulmonary
edema and severe hypoxemia with a ratio of arterial partial pressure of oxygen to
fraction of inspired oxygen of less than 300. The severity of disease is classified ac-
cording to the ratio of arterial partial pressure of oxygen to fraction of inspired
oxygen.®®

ARDS develops in approximately 30% to 50% of patients presenting with COVID-19
pneumonia and hypoxemia, although this number could change with the implementa-
tion of steroid therapy, vaccination, and outpatient therapeutics. In a study of 13 pa-
tients admitted to the ICU,®° 30% developed ARDS at a median time of 9 days and
10% required mechanical ventilation. The mortality rate of ARDS in patients with
COVID-19 seems to be higher than that of other causes of ARDS.®° This could be
due to multiple factors, including the added damage from the virus to the lung paren-
chyma and the thrombotic microangiopathy and thrombosis that develops in severe
COVID-19.

COVID-19-Associated Pulmonary Aspergillosis

Like influenza, pulmonary epithelial damage resulting from COVID-19 increases risk of
invasive pulmonary aspergillosis. A systematic review described 85 cases of invasive
pulmonary aspergillosis in patients with critical COVID-19, with an estimated preva-
lence of 5% to 30%, although this high estimate has been questioned.®' Risk factors
for death from CAPA were age, male sex, and pre-existing lung disease. Importantly,
not all patients had a predisposing immunosuppressive state for invasive disease,
although many received corticosteroids.®’ It is important to note that not all cases
of COVID-19-associated pulmonary aspergillosis clearly represent an infection versus
colonization, and this clinical entity is an area of developing study, especially as cross-
sectional imaging, bronchoalveolar lavage, and definitive diagnostics are often de-
ferred in patients with COVID-19 to reduce transmission potential and procedures.
Owing to the degree of lung damage and long duration of ventilation and extra-
corporeal life support required for some with critical COVID-19, it is important to
keep vigilance for COVID-19-associated pulmonary aspergillosis and treat with
appropriate antifungals if suspicion is high.
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Extrapulmonary Manifestations of COVID-19

Cutaneous manifestations

Cutaneous manifestations are rare with reported rates of less than 2% and usually
nonspecific.®> However, certain features accompanying cutaneous manifestations
have been reported in the literature. Urticarial rash is commonly associated with mod-
erate to severe COVID-19.52 A maculopapular rash can be observed after the onset of
systemic symptoms whereas papulovesicular exanthems frequently occur before the
onset of symptoms. Livedo racemosa-like pattern lesions are often associated with
severe coagulopathy and acral ischemia with cyanosis of toes (so-called COVID
toes), skin blisters, and dry gangrene have been reported in patients with severe
COVID-19.%8

Neurologic Manifestations

Dizziness and headache are among the most common neurologic symptoms reported
in the literature, although the prevalence.®* A minority of patients with severe COVID-
19 can present with acute encephalopathy, cerebrovascular accidents, changes in
vision, seizures and radiculopathy.®® So-called brain fog has also been described,
particularly as a sequela of COVID, referring to a nonspecific and subjective inability
to concentrate or to perform certain tasks. One of the proposed mechanisms is direct
viral interference in mitochondrial function in neurons, although studies are ongoing.®®

The prevalence of ischemic stroke in patients with COVID-19 has been estimated to
be approximately 5%, and it carries a high mortality rate of 30% to 40%.°%" It is most
commonly seen in patients older than 70 years of age, but it has also been reported in
younger, previously healthy patients.®® Risk factors include prior cerebrovascular
events, hypertension, diabetes, chronic kidney disease, and chronic liver disease,
among others. Depending on the vascular territory affected, patients may present
with facial droop, aphasia, dysarthria, or unilateral weakness. The management for
stroke in the setting of COVID-19 is the same as for other patients: the use of the tissue
plasminogen activator alteplase or mechanical thrombectomy if patients meet criteria
for either.®” It is not yet clear if patients have a higher risk of hemorrhagic complica-
tions with the use of alteplase.

Cardiac Injury

Cardiac injury by COVID-19 has been reported in the literature mainly in patients with
underlying cardiovascular conditions and carries a poor prognosis.®® The range of
manifestations can go from asymptomatic troponin elevation to severe myocarditis
and heart failure.

The proposed pathogenic mechanisms include direct viral infection, cytokine storm,
pulmonary emboli, coronary thrombosis, hypercoagulability, and an imbalance be-
tween demand and supply.®® A study of 40 patients who died with cardiac-related
COVID-19 complications revealed that microthrombi were the most common patho-
logic cause of myocyte necrosis.”® Of note, the composition of these microthrombi
was different from that of patients without COVID-19. Myocarditis associated with
COVID-19 has also been described. The risk of myocarditis in people with COVID-
19 is approximately 16 times that of people without COVID-19, and the highest risk
is found in children aged less than 16 years and elderly patients ages more than
75 years.”! Although there has been concern about infrequent cases of myocarditis
associated with SARS-CoV-2 vaccination, the risk of myocarditis owing to COVID-
19 itself is 4- to 40-fold higher than from vaccination with one of the mRNA
vaccines.” "2
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Thrombotic Episodes

Significant thrombotic events have been described in persons with both symptomatic
and asymptomatic SARS-CoV-2 infection, ranging from an increased risk of deep
venous thrombosis (DVT) and pulmonary embolism (PE), to stroke, thrombotic micro-
angiopathy and disseminated intravascular coagulation, all of which further increase
the morbidity and mortality of the disease.”®

SARS-CoV-2 infects host cells via ACE2, which is present in high concentrations in
the endothelial cells. Proinflammatory pathways are triggered in endothelial cells, with
indirect activation of the kallikrein-kinin system and increased levels of bradykinin,
which increase vascular permeability. Activation of the complement and subsequent
direct endothelial injury and death causes denudation of the endothelium.”* Procoa-
gulant pathways are activated in response to exposure of the basement membrane,
which triggers microvascular thrombosis and hemorrhage.”® This proposed cascade
of events is consistent with what is seen macroscopically in autopsy studies, where
platelet and fibrin rich thrombi have been found in the lungs of patients who have
died of COVID-19.7° Tissue factor expression induces coagulation pathways, and an-
ticoagulants like protein C and tissue factor pathway inhibitor are inhibited by the over-
whelming procoagulant activation. The damaged endothelium expresses adherence
molecules and cytokines that not only stimulate the production of platelets, but also
their adhesion to the endothelium and formation of clots.”*

Venous Thromboembolism

Venous thromboembolism, consisting of DVT and PE, is a common complication of
hospitalized patients with COVID-19, and less frequently in persons whose COVID-
19 respiratory infection is not severe enough to merit hospitalization. The prevalence
has been identified to be particularly high in patients admitted to the ICU (from 50% to
80% depending on the series””>"®), even when the clinical suspicion may be low.”®
However, patients that are admitted to acute care units also have an increased risk
of DVT (20%-30% of patients).”® These thrombotic events can happen despite phar-
macologic prophylactic doses of anticoagulant.”® PE is another potentially life-
threatening complication that is more prevalent in patients with COVID-19, particularly
those admitted to the ICU (20%-30%). Persons admitted to acute care for COVID-19
have PE rates of 10% to 20%.”%%° DVT can be seen both in lower and upper extrem-
ities, and presents identically to non-COVID-associated VTE, subclinical, and asymp-
tomatic presentations. The diagnosis of PE in patients who are mechanically ventilated
may be challenging, especially given the many reasons for physiologic shunt present
owing to microthrombi, airspace disease from COVID-19 pneumonia, and superim-
posed bacterial or fungal infection, and ARDS. The preferred diagnostic modality is
computed tomography angiography.

Arterial Thrombosis

Thrombotic complications in arterial vessels have also been described. Acute limb
ischemia has been observed in patients with COVID-19, regardless of pre-existing pe-
ripheral arterial disease.”® Arterial thrombosis manifests as severe pain and discolor-
ation of an extremity, cold and clammy extremities, and decreased pulses.
Thrombosis of the thoracic or abdominal aorta has also been reported, manifesting
as unilateral limb ischemia, bilateral loss of pulses in the lower extremities, bilateral
loss of sensation, or acute periumbilical/epigastric pain.®' Mesenteric ischemia can
present with diarrhea and severe abdominal pain.®? Arterial thrombotic complications
often cause a marked elevation of p-dimer as well as inflammatory markers such as
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C-reactive protein, although these markers are often drastically elevated in persons
with severe or critical COVID-19, and the difficulty in making these diagnoses can
result in delays in detection, and further increase their morbidity and mortality.

COVID-19 IN CHILDREN

COVID-19 is a disease that has been proven to affect children of all ages, especially as
the incidence of pediatric COVID-19 increased during infection waves attributable to
the delta and omicron variants. The most common clinical presentation in children is
fever with cough, similar to adult infections. Many infections are asymptomatic, and in
the majority, disease is mild or moderate. Children younger than 1 year old may have a
higher incidence of critical disease and gastrointestinal symptoms.8®

In May 2020, the US Centers for Disease Control and Prevention reported a severe
inflammatory syndrome that presented in otherwise healthy children that had features
similar to Kawasaki disease, with persistent fever, rash, and other various neurologic,
gastrointestinal, dermatologic, cardiac, and renal manifestations.®* This syndrome
had been linked to COVID-19 infection and was named multisystem inflammatory syn-
drome in children. Further description of manifestations of COVID-19 in pediatric pop-
ulations is discussed in Andrasik and colleagues’ article, “Awakening: The Unveiling of
Historically Unaddressed Social Inequities During the COVID-19 Pandemic in the
United States,” in this issue.

POSTACUTE SEQUELAE OF COVID-19

Postacute sequelae of COVID-19, also colloquially termed long COVID or long-haul
COVID-19, is a clinical entity that has gained recognition as the pandemic continued
into its second year in 2021. Although there is no consensus for a single definition, in
general, postacute sequelae of COVID-19 refers to the persistence of symptoms for
more than 3 months after the onset of symptoms.®> The most common reported
symptoms are shortness of breath and fatigue; however, an extensive list of symp-
toms involving multiple systems has been described. These symptoms include cogni-
tive dysfunction (brain fog), mental disorders (depression, anxiety), headache,
musculoskeletal complaints (myalgia, joint pain, chest wall pain), taste and smell dis-
orders, chronic cough, alopecia, and insomnia, among many others.® Further details
on pathophysiology, manifestations, and proposed treatments for postacute sequelae
of COVID-19 are discussed in Eric A. Meyerowitz and Aaron Richterman’s article,
“SARS-CoV-2 Transmission and Prevention in the Era of the Delta Variant,” in this
issue.

SUMMARY

COVID-19 is a disease that affects multiple organ systems, and the prevailing theory is
that most symptoms outside of the upper respiratory tract are predominately triggered
by an exaggerated inflammatory response in the host. This inflammatory process re-
sults in a wide variety of clinical presentations, ranging from asymptomatic to severe
multiorgan dysfunction. COVID-19 affects people of all age groups, including children,
who also suffer from severe disease. Groups of people with poor access to health care
such as Black and Hispanic/Latino communities have been disproportionately
impacted by COVID-19, fueling increased awareness of health care disparities.
Furthermore, the persistence of symptoms in people who recover from COVID-19
adds to its morbidity and impact on the workforce, mental health, and economic im-
pacts in the long term. The complete pathogenesis of SARS-CoV-2 is slowly being
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unraveled through knowledge from similar respiratory viruses, as well as a rapid pro-
liferation of research on this novel pathogen. Fully understanding the pathogenesis,
especially of extrapulmonary manifestations of COVID-19 disease, will likely remain
an area of developing knowledge for years to come.

CLINICS CARE POINTS

COVID-19 can range from asymptomatic infection to severe multiorgan failure. The hallmark
of the disease is exaggerated inflammation in the lung tissue that can progress to ARDS,
although it also causes significant endothelial damage and thrombosis in other systems.

COVID-19 affects different organs and systems, and the presentation depends on the organ
systems affected. Not all patients present with respiratory symptoms.

Although venous thrombosis is widely reported in COVID-19, arterial thrombosis can also be
encountered as mesenteric or aortic thrombosis, as well as acute limb ischemia. These often
cause significant elevations of o-dimer and C-reactive protein.

Although COVID-19 is generally less severe in children than in adults, it can present with
persistent fever, rash and multiorgan dysfunction (multisystem inflammatory syndrome in
children) that often requires an ICU level of care.

Postacute sequelae of COVID-19 (also known as long COVID) is generally defined as
persistent symptoms for more than 3 months after the initial onset of symptoms of COVID-19.
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