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The novel coronavirus disease 2019 (COVID-19) is spreading
globally. Although its etiologic agent is discovered as severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
there are many unsolved issues in COVID-19 and other infecti-
ous diseases. The causes of different clinical phenotypes and
incubation periods among individuals, species specificity, and
cytokine storm with lymphopenia as well as the mechanism
of damage to organ cells are unknown. It has been suggested
that in viral pneumonia, virus itself is not a direct cause of acute
lung injury; rather, aberrant immune reactions of the host to
the insults from viral infection are responsible. According to its
epidemiological and clinical characteristics, SARS-CoV-2 may
be a virus with low virulence in nature that has adapted to the
human species. Current immunological concepts have limited
ability to explain such unsolved issues, and a presumed immu-
nopathogenesis of COVID-19 is presented under the protein-
homeostasis-system hypothesis. Every disease, including
COVID-19, has etiological substances controlled by the host
immune system according to size and biochemical properties.
Patients with severe pneumonia caused by SARS-CoV-2 show
more severe hypercytokinemia with corresponding lympho-
cytopenia than patients with mild pneumonia; thus, early
immunomodulator treatment, including corticosteroids, has
been considered. However, current guidelines recommend
their use only for patients with advanced pneumonia or acute
respiratory distress syndrome. Since the immunopathogenesis
of pneumonia may be the same for all patients regardless of age
or severity and the critical immune-mediated lung injury may
begin in the early stage of the disease, early immunomodulator
treatment, including corticosteroids and intravenous immuno-
globulin, can help reduce morbidity and possibly mortality
rates of older patients with underlying conditions.
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Introduction

The novel coronavirus disease 2019 (COVID-19), caused by
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
has spread globally since the first fatal cases were reported in
Wuhan, China, and the World Health Organization declared it
a pandemic on March 11, 2020." Although the epidemiological
and clinical characteristics of COVID-19 are still manifesting,
early reports indicate that the majority of patients experience
mild symptoms without pneumonia but that a small proportion
suffers from severe pneumonia, which can progress to acute
respiratory distress syndrome (ARDS), multiple organ failure,
and death, especially in older patients with underlying diseases
such as diabetes and cardiovascular disorders.”* A milder clinical
course, including asymptomatic infection, is common in children
and young adults, although individuals in these age groups can
experience severe pneumonia.”)

Including the causes of the appearance of different clinical
phenotypes among individuals, many questions remain regard-
ing the pathophysiology of COVID-19. For example, where does
viral replication occur during the incubation period and why
does this period differ among patients? How do viruses induce
organ cell injury? Is the novel coronavirus more virulent than
other coronaviruses such as severe acute respiratory syndrome
coronavirus (SARS-CoV)? How does cytokine storm affect entire
lung tissues, and which cytokines are responsible? Why does
lymphopenia occur and what is the role of lymphocytes? When
will this pandemic resolve? As with many other human diseases,
the physiopathology of COVID-19 is poorly understood.

The host immune system reacts not only to substances derived
from infectious pathogens, such as pathogen-associated mole-
cular patterns (PAMPs) and other toxins, but also to substances
derived from injured or infected host cells as a result of infectious
insult, including damage (danger)-associated molecular patterns
(DAMPs), particularly in cases of intracellular pathogen in-
fections such as COVID-19.%) Every disease has etiologic
substances, but current immunological concepts have limited
ability to explain the pathogenesis of many diseases, including
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COVID-19. Thus, new hypotheses are needed to settle unsolved
issues in biomedicine.

This review discusses unresolved issues in our understanding
of infectious diseases and SARS-CoV-2 infection and possible
mechanisms of acute organ cell injury in COVID-19 are dis-
cussed through the lens of the protein-homeostasis-system (PHS)
hypothesis. Given that uncontrolled extensive immune reactions
may be a leading cause of COVID-19 fatalities, a rationale for
early immune-modulator treatment is presented for clinicians
concerned about the potential complications of corticosteroid
treatment in older patients with underlying conditions.

Biological characteristics of coronaviruses

1. Taxonomy and replication of viruses

Coronaviruses viruses have a positive-sense single-stranded
RNA genome of approximately 27-34 kilobases and belong to
the Coronaviridae family. Coronaviruses affect mainly mam-
mals and birds; to date, 7 subtypes, including SARS-CoV-2,
are known in humans. Human coronaviruses 229E, OC43,
NL63, and HKU1 cause mild respiratory tract infections in the
form of the common cold, with rare cases manifesting as severe
pneumonia. SARS-CoV and Middle East respiratory syndrome
coronavirus (MERS-CoV) can cause serious respiratory tract
infections, although the majority of infected patients recover
completely.'%12 Coronaviruses attach to complementary host
cell receptors, and viral RNAs and viral structural proteins are
replicated using nonstructural proteins such as polyproteins,
RNA-dependent RNA polymerase, and the host cell’s ribosomes.
Viral RNA and structural proteins are then assembled into
progeny viruses. Among the abundant viral RNAs synthesized
in virus-infected cells, including 7-10 specific viral mRNAs,
only full-length genomic RNA is packaged. Virus-infected cells
contain larger numbers of various virus-originating proteins and
viral RNAs than the number of intact virions by a factor of 103-
10%.'3) Host cell-originating immune proteins such as interferons
and immune peptides against invading pathogens and other cell
contents are also found in the cells. The clinical manifestations of
some viral infections, such as measles, are reportedly associated
with viremia from the secondary focus, such as regional lymph
nodes.' Therefore, viremia can be defined as the spreading of
viruses and related substances.

The entire genomic sequence of SARS-CoV-2 has been re-
ported, upon which reverse transcription polymerase chain
reaction (RT-PCR) diagnostic tools have been developed.'>'
RINA viruses can easily exchange RNA within a host and species
and possibly across species, like influenza viruses, but how ex-
tremely minor changes in structural or nonstructural proteins
can induce different levels of virulence and clinical phenotypes in
different target-cell injuries are not understood. Also unknown is
which viral proteins are immunogenic or pathogenic to host cells.
Inactivated intact viruses, attenuated live viruses, viral proteins,
and viral nucleic acids have been used for vaccine development,!”

suggesting that these materials can be immunogenic but not
pathogenic to a host’s organ cells.

2. Clinical aspects and infected cells

Although the focus, i.e., the location of initial infected cells in
the respiratory tract, and how many cells are infected are not yet
known, viruses and substances derived from infected cells can
direct their way to the inside of the host as bacterial commensals
in microbiota do on occasion. Clinical manifestations and disease
severity depend on the amounts of these diverse substances. The
infected patients with little or less amounts of these substances
may experience asymptomatic or mild infections and can recover
rapidly from the disease. Thus, patients after asymptomatic or
mild infections can produce a negative result on RT-PCR but
a positive result on serology. RT-PCR results can be positive in
SARS-CoV-2 carriers after asymptomatic or mild infections.
Further, since virus culturing and/or paired immunoglobulin G
(IgG) testing is a standard method for confirming viral infection,
notall RT-PCR-positive patients may be contagious.

Despite the similarity of structural proteins across species-
specific viruses, the primary affected organ cells differ among
host animals. Humans and chickens suffer most often from
respiratory tract cell injury, whereas cows and pigs are affected
mainly by gastroenteric cell injury. In influenza virus infections,
lower respiratory cells are mainly affected in human and mam-
mals and enteric cells in birds.'>'® It is unlikely that all affected
organ cells are initially virus-infected, since there are few intact
viruses in pathologic lesions of affected organs.'*?? Some pati-
ents with COVID-19 experience extrapulmonary manifesta
tions, such as gastrointestinal dysfunction, loss of taste and smell,
the exacerbation of underlying diseases such as cardiovascular
disorders, and other organ involvements.?!>® Interestingly,
during this pandemic, cases of severe Kawasaki disease (KD)-
like disease, temporally named “multisystem inflammatory syn-
drome in children (MIS-C)” have been reported in large cities in
Wiestern countries, but not in East Asian countries such as Japan
and Korea, where KD is endemic. Children affected by MIS-C
are older and manifest shock syndrome with acute heart failure,
gastroenteric symptoms, and other symptoms like KD.>#>) It is
unknown whether the disease is associated with SARS-CoV-2
or other pathogens related to the changed environment such
as school closure caused by COVID-19. Early intravenous
immunoglobulin (IVIG) and corticosteroids appear to effectively
lead to early recovery from the disease as shown in KD.?+?%

Along with different clinical manifestations, infected patients
have differing incubation periods. It is possible that different
substances may be produced according to the infected cell, such
as upper respiratory epithelial cells versus the regional lymph
node cells or lower respiratory endothelial cells. Because the
intracellular environment differs among infected cells, the timing
and direction of the expulsion of viruses and related substances
can also differ. Accordingly, viruses and substances in upper
respiratory epithelial cells are easily discharged outside the host,
while those in regional lymph node cells or lower respiratory
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endothelial cells are discharged inside the host. Occasional re-
ported cases of SARS or COVID-19 relapse?® can be explained
by this hypothesis. However, it is unknown whether a super-
spreader of viruses has specific cells that rapidly replicate com-
plete virions.

3. Coronaviruses and microbiota

Microbiota consist of bacteria, viruses, and fungi in the
host’s oropharynx and lower respiratory tract, gastrointestinal
tract, skin, and urogenital tract.?” Normal bacterial flora or
commensals in microbiota ecosystems may have evolved with
their host and become critical elements of the host’s immune
system.?® Disruption of the collaborative relationship between
the microbiota and the host (dysbiosis) is an important subject
in the medical field, although the majority of previous studies
have focused on the bacterial microbiota.?>*? Despite the ho-
meostatic balance between commensals and the host, some
commensals can invade and induce immune reactions that lead
to infectious diseases such as acute pyelonephritis, acute otitis
media and pneumonia, and postinfectious immune-mediated
diseases such as KD.3132)

Coronaviruses may have evolved approximately 8,000 years
ago, and the most recent common ancestor of coronaviruses in
mammals, birds, and humans has been described.>® Although
viruses in the microbiota of humans have received less research
attention, viruses and human species almost certainly coevolved
toward a symbiotic relationship. Approximately 8% of the
human genome may be related to ancient viral genomes, and in
the microbial world, certain bacteriophages (viruses of bacteria)
can kill bacteria, whereas other bacteriophages have a symbiotic
relationship with the same bacterial hosts.*¥ Coronavirus infec-
tions occur every year with seasonal predominance as common
viral infections in childhood,>* and each outbreak can be initiated
by carriers whose viruses have adapted to the host as the normal
flora. Because equilibrium between the microbiota and a host’s
immune system is constantly evolving such as by the turning of
pathogens into normal constituents of the host’s microbiota,
the majority of infected patients with adapted pathogens, even
younger children with no immunity to a new strain, may be
mildly symptomatic or asymptomatic. In this pandemic, infants,
neonates, and even fetuses of mothers infected with SARS-
COV-2 may have uneventful outcomes.>**3”) Since the delicate
and complex viral replication processes may not be performed
by order or information from the viral genome, it is possible
that a host may help replicate adapted viruses within certain
cells, and viruses may evolve the ability to expel their progeny
outside, rather than inside, the host through the engagement of
a low-virulent nature as normal flora in the host. Initially severe
infectious diseases, including pandemic influenza, scarlet fever,
Korean hemorrhagic fever, and infection-related immune-
mediated diseases such as KD and Henoch-Schénlein purpura
(HSP), have become less severe over time in Korea.’#4% These
phenomena suggest that disease phenotypes can change as the
pathogens adapt to the human species over time.

Coronaviruses are species-specific across mammals and birds,
as are other viruses and pathogens such as influenza viruses
and mycoplasma species. This may be a result of a symbiotic
relationship between the species and the adapted virus. Con-
sidering their epidemiological characteristics such as a lack of
stable carriers in humans, it is possible that zoonotic avian influ-
enza viruses, SARS-CoV and MERS-CoV may not be adapted
viruses though human-to-human transmission is possible. In
the COVID-19 pandemic, there may be competition among
adapted strains for predominance in the microbiota, or adaptive
viruses may require a new strain to maintain themselves in the
microbiota of the host species.

4. Coronaviruses and herd immunity

Common childhood respiratory viral infections caused by
respiratory syncytial viruses, rhinoviruses, influenza viruses,
and coronaviruses may occur annually with 3- to 4-year interval
outbreaks, and nationwide outbreaks of Mycoplasma pneumo-
niae (MP) pneumonia and measles prior to the vaccine era have
occurred at intervals of 3—4 years.*) Therefore, the majority of
older children and adults developed immunity to the pathogens
through previous infections whereas a subset of individuals,
especially young children, remained susceptible. Alternatively,
herd immunity to a pathogen is established in populations.

Because animal studies have used several animal-passaged
viruses to attenuate viral virulence,*? it is possible that indivi
duals infected with viruses that have passed through several
persons late in this pandemic may be less symptomatic than
those infected earlier. Herd immunity such as cross-immunity
obtained from previous coronavirus infections may be respon-
sible for the reported virulence of SARS-CoV-2. For example,
during the 1918 HIN1 influenza pandemic, individuals of all
ages may have been infected, but the highest reported mortality
rate was among those 2040 years of age. During the 2009
H1NT1 influenza pandemic, children and adults <40 years of
age were mainly affected with febrile symptoms, whereas those
>41 years of age were relatively protected from symptomatic
influenza with low mortality rates compared with the 1918
pandemic.*** Between the 2 pandemics, there was the 1968
H2N3 Hong Kong influenza pandemic just 40 years before
the 2009 pandemic. Collectively, these findings suggest that a
cross-reactive herd immunity across adapted influenza viruses
regardless of serotype may develop in humans.*) On the other
hand, the results of studies on the seroprevalence of cross-
reactive antibodies prior to the 2009 pandemic differ somewhat
across populations, but the antibody positivity rates do not differ
significantly across all adult groups,* suggesting the presence
of pre-existing herd immunity not detectable by cross-reactive
antibodies.*** In the early stage of the current pandemic, the
mortality rate was higher among older adult groups and might
appear to vary among populations. It is unknown at the present
time whether the age distribution of all infected patients could
differ over time or if the herd immunity obtained from previous
coronavirus outbreaks could affect the mortality rates of the
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older age groups among populations. Severe symptoms may be
rare due to the cross-reactive immune status obtained from other
coronavirus infections at a young age, which is more likely to
persist in children and young adults than in older adults.

Epidemiological data on all infected patients during outbreaks
can help scientists estimate the potential of herd immunity
development to pathogens and predict future progression of
the pandemic. In Korea, during the 2009 HIN1 pandemic,
approximately 1.5% of the total population (~740,000/
49,000,000) reportedly had RT-PCR-proven febrile symptoms;
of them, a total of 225 patients died for a mortality rate of
0.03%.*" The mortality rate of the 2009 pandemic was higher
in older patients (>65 years) with underlying diseases despite
infection rates being far lower than those of other age groups
and might have been lower than the annual seasonal influenza.
Postpandemic serologic studies have reported that 40%—-60% of
the population, especially young children and young adults, may
be asymptomatic or have only mild infection. %)

COVID-19 data from children are current sparse, but in-
fants reportedly show more severe symptoms.>*” Although
thorough quarantine protocols can delay the spread to children,
it is expected that most children will become infected with this
adapted virus. The majority of patients may be asymptomatic
or mildly symptomatic, but some children can be afflicted with
severe pneumonia. Young children easily become carriers for
long periods and acted as reservoirs during epidemics of MP
pneumonia, seasonal influenza, and possibly SARS-CoV-2 infec:
tion, 501

It is unknown when this pandemic will fade. From an evolu-
tionary perspective, this will occur when the new pathogen
reaches a symbiotic relationship with the host species. Given
that persistent or periodic outbreaks are initiated by carriers and
the events are the only method for progeny spread, this may
be possible when enough stable carriers are established in the
human species despite existing and developing herd immunity.

Coronaviruses and immune reaction

1. Hostimmune evolution

Multicellular organisms, including human beings, likely evolv-
ed from single-cell organisms in which toxic substances were
extremely small, and the protection system may be an intracellu-
lar adapted system that consists of immune proteins and peptides
such as antimicrobial peptides (AMPs). Multicellular organisms,
in contrast, are constructed of many organs, and each organ
cell is separated and protected by cell membranes, has different
receptors, and produces different proteins. The immune systems
of various organisms may have evolved to protect their cells at
the molecular level. Plants and insects, which evolved far earlier
than mammals, still have only innate immune systems. %
In insects such as the fruit fly, the major immune mechanism
consists of phagocytes with Toll receptors and immune protein
systems against external and possibly internal insults including

pathogens and natural toxins.*® It is believed that external
insults from natural sources such as toxins and pathogens may
not change at a rate sufficient to allow a new immune system
to evolve in mammals and other animal species. Furthermore,
the innate immune system of mammals can effectively remove
external pathogens, including viruses, bacteria, and fungi, if
the pathogens cannot hide themselves within the hosts cells.
Small substances derived from pathogens such as PAMPs and
biochemicals can induce immune reactions through Toll-like
receptors (TLRs) similar to Tolls in insects. Therefore, the adap-
tive immune system of mammals may have evolved against
mainly internal insults, including the dysbiotic state of micro-
biota since mammals are composed of different organ cell
types and microbials in the microbiota. Besides the invasion of
numerous microbials in the microbiota, each organ cell can
produce countless immunologically active substances, including
pathogenic proteins and peptides. Given that mammalian im-
mune systems may have evolved to protect self-cells from expo-
sure to toxic cellular components from other self-cells, it is
possible that one of the major functions of apoptosis, autophagy,
DNA traps of immune cells, and epigenetic changes such as gene
methylation within cells may perform this critical role.>¥

Because communication across cells is required to maintain
a healthy state in multicellular species, this task involves the
production of signalling substances in certain cell lines and re-
ceptors on other cells. All human diseases may have etiological
or triggering substances of disease onset, ranging from extre-
mely small materials, such as elements or monoamines, to larg:
er materials, such as bacteria and parasites. The former cate-
gory includes carbon monoxide, nicotine, and chemicals (or
drugs) with an affinity for the receptors expressed on or in host
cells.>3% In infectious diseases, viruses and bacteria themselves
are not direct toxins to host cells; rather, it is the smaller sub-
stances produced by infectious insults that may be responsible for
cell injury.>¥

2. DAMPs and etiological substances from infected cells

DAMPs are substances produced by cells injured in various
events, including infection and trauma. Well-studied intracellular
DAMPs include high mobility group box-1 (HMGB-1), S100
proteins, and heat-shock proteins.’” DAMPs can bind to TLRs
or intracellular sensors of innate immune cells or affected cells
in a similar manner to PAMPs. Binding DAMPs to pattern-
recognition receptors on innate immune cells can induce proin-
flammatory cytokines and other proteins that influence adaptive
immune cell functions, such as the determination of T-cell
subtypes and autoantibody production.’”*$) Recently, interest
in DAMPs has grown in the medical field. Elevated levels of
intracellular protein DAMPs, such as HMGB-1, S100 proteins,
and heat-shock proteins, have been reported in infectious
diseases, immune-mediated diseases, cancers, and neurologic
diseases.>?¢

In addition to DAMPs and pathogen-derived substances in-
cluding PAMPs, numerous unidentified inflammation-inducing
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intracellular substances exist. Clinical observations suggest that
substances from certain organ-specific cells can injure cells in
the same or in other organs. Severe pneumonia and ARDS can
be caused by nonpathogen-associated insults such as blunt chest
contusion, gastric content aspiration, multiple injuries, multiple
transfusions, burns, pancreatitis, near-drowning, inhalation of
toxic gas, and amniotic fluid embolism.®® Rhabdomyolysis can
be caused by the measles virus, influenza viruses, and corona-
viruses,*>*¥ and substances produced by injured muscle cells
may be responsible for arrhythmia, acute kidney injury, and other
problematic conditions. Orchitis (or oophoritis), a complication
of the mumps, generally appears after swelling of the parotid
glands,®® suggesting that orchitis-inducing substances may ori-
ginate in injured parotid gland cells. Sympathetic ophthalmia
occurs when a traumatic injury to one eyeball induces inflam-
mation in other healthy eye.®® Similarly, cerebral contusions
can induce abrupt cerebral edema of nearly all neuronal cells
of the cerebrum and can induce longer morbidity consisting of
complications such as seizure.®” In HSB, skin purpuric vasculitis
appears mainly in pressured areas such as the buttocks and lower
extremities and can be easily elicited by mild external pressure
such as a tourniquet test.®® The initiation of joint symptoms may
be related to minor physical trauma at the affected joints such
as the knees and hips in many patients with juvenile idiopathic
arthritis or other adult arthropathies, including osteoarthritis.®”
These findings suggest that the affected vascular or joint cells in
HSP and arthritis may be vulnerable to inflammation as a result of
mild physical trauma. Therefore, in viral pneumonia, substances
from initially infected cells and those from lung cells affected
or injured by immune-mediated insults can induce further
inflammation in neighboring lung tissue cells and possibly other
organ tissue cells.

3. PHS hypothesis

A theory or hypothesis is needed to increase our understanding
of the pathogenesis of various diseases. We presented the PHS
hypothesis to explain the pathogenesis of the diseases, including
all infectious diseases, influenza, MP pneumonia, ARDS, KD,
and all kidney diseases including genetic diseases and cancers.
19,54,62,70-72) Tn the PHS hypothesis, the adaptive immune system
controls pathogenic or etiological protein substances using a
recombination of immune genes for B-cell receptors (BCRs)
and T-cell receptors (TCRs); B cells control pathogenic proteins
through antibody production, and T cells control pathogenic
peptides, possibly through TCR-related immune reactions. The
innate immune system controls larger substances such as intact
viruses, bacteria, and apoptotic bodies through phagocytes,
while smaller non-protein substances such as polysaccharides,
viral DNAs, and viral RNAs are controlled through TLRs,
natural antibodies, complements, and other immune protein
systems.

The PHS hypothesis presents new interpretations of some
unsolved immunological observations. Etiological substances of
disease have variable sizes and biochemical characteristics and

originate from external sources or internal sources, such as from
injured or infected cells. Therefore, immune cells and immune
proteins seen in pathologic lesions such as neutrophils, T cells,
natural killer (NK) cells, immunoglobulins, and complements
are not acting by nonspecific or bystander immune stimuli such
as chemokines, but rather for the purpose of host cell protection
from pathogenic substances as needed in the host. Given that
numerous kinds of peptides, including peptide hormone,
AMPs, and intracellular peptides in proteasomes, play critical
roles in the lives of organisms, as do proteins, neuropeptides,
and monoamines in vivo,””7?) it is reasonable to assume that the
main function of T cells is to control pathogenic peptides that
hurt or signal the host’s target cells.** Injuries to target cells in
autoimmune diseases may not be caused by specific antibodies
or specific T cells against the antigens expressed on self-cells but
rather by persistent aberrant immune reactions of nonspecific
adaptive immune cells to substances produced by injured self-
cells. The etiology of genetic diseases and cancers may involve
a transformed protein or a protein deficiency in organ tissue
cells or within a cell; adapted reactions such as the production
of alternative or compensatory proteins in the PHS may be
responsible for disease development and progression due to
long-term nonspecific hyperactive reactions associated with
these proteins. A “cancer organ” consists of cancer cells and
normal vascular and other supportive cells of the host. In certain
cancers, cancer cells may communicate with host immune cells
such as macrophages and possibly T cells that have receptors
for cross-talk. Blocking communication between cancer cells
and immune cells can, therefore, suppress cancer cell growth.”?
Certain diseases, including idiopathic nephrotic syndrome,
or central nervous system diseases such as prion diseases and
Alzheimer disease, exhibit no adaptive immune cells or immune
proteins such asimmunoglobulins and complements in the initial
pathologic lesions. The etiological substances in these diseases
may be the size of neuropeptides. The innate immune system,
which is composed of undefined immune proteins or immune
peptides, may control these substances.””

Presumed immunopathogenesis of COVID-19

Based on clinical and pathologic characteristics of the disease
and the PHS hypothesis, the pathogenesis of acute or chronic
lung injury in COVID-19 is as follows. During the incubation
period, substances that can induce injuries to lung cells and
possibly other organ cells are produced by SARS-CoV-2-infected
cells as the focus of initiation of the disease. The potentially toxic
or signalling substances spread systemically and locally and then
bind to receptors on the target organ cells that have an affinity
for them. To control various sized substances at the early stage
of COVID-19, innate immune system cells and proteins such
as neutrophils, macrophages, NK cells, immune proteins, and
possibly immune peptides, as well as nonspecific T cells and B
cells (nonspecific antibodies), may comprise the first-line effec-
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tors since specific immune reactions take at least several days or
more to take effect due to the immune gene recombination of
TCRs and BCRs. The clinical symptoms of COVID-19 such as
fever, myalgia, and pneumonia begin to appear at this stage. The
cytokine storms in rapidly progressive severe COVID-19 and
other infectious diseases’®’” may be associated with excessive
immune cell activations against large amounts of substances at
this stage.

In the case of pneumonia, the target cells may be lower res-
piratory tract cells, possibly respiratory endothelial cells, while
the main etiologic substances may be pathogenic peptides since
numerous T cells infiltrate pathologic lesions in lungs with
corresponding peripheral lymphopenia. At the first stage, rapid
and first-line immune responses are elicited by innate and non-
specific adaptive immune reactions, including nonspecific T cell,
possibly cytotoxic T-cell activation, NK cell activation, antibody-
dependent cytotoxic reaction, and/or complement system path-
way activation. However, the initial immune reaction may be
somewhat crude and less effective across the immune network,
and the imbalanced cytokine network caused by excess proin-
flammatory cytokines and proteolytic enzymes may ensue,
which may be related to target lung cell injury, which can induce
fibrin leakage to the alveolar space and thromboembolitic in-
sults. In the second stage, the substances derived from injured

target cells or the changed circumstances caused by the initial
insult induce further inflammation of the neighboring lung tissue
cells with corresponding immune cells and immune proteins.
Secondary bacterial invasion through broken lung barriers can
induce further lung tissue inflammation, which may overwhelm
the host’s immune system. After the appearance of specific T
cells and specific antibodies (B cells), inflammatory substances,
including the pathogenic proteins and peptides, are effectively
controlled and inflammation processes may cease (Fig. 1).

Some patients with pneumonia may delay or fail to induce
specific immune cell clones against pathogenic proteins or
peptides derived from infected or injured organ cells, and the
ongoing activation of nonspecific adaptive immune cells with
high levels of proinflammatory cytokines may be responsible for
further injury of neighboring cells and other organ cells, resulting
in a vicious cycle and manifesting chronic pulmonary diseases or
chronic extrapulmonary complications. Because the prognosis
for pneumonia depends on the ability of a host’s immune system
to control both the initial substances and the diverse substances
from target cells injured by initial insults, early control of initial
lung cell injury and possibly initial other organ cell injury, is
crucial to preventing disease progression.

The immune system of neonates matures and acquires a
memory as the host grows and ages. The innate immune system
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Fig. 1. A presumed pathogenesis of acute lung injury in the novel coronavirus disease 2019 (COVID-19). During the incubation period, the severe acute
respiratory syndrome coronavirus-2 virus replicates within certain host cells and numerous substances are produced, including replicated virions, pathogen-
origin substances such as pathogen-associated molecular patterns and by-products, and host cell-origin substances such as damage (danger)-associated
molecular patterns, immune proteins, pathogenic proteins, and pathogenic peptides. These substances spread via the local or systemic circulation when
infected cells are destroyed (A). Among these substances, pathogenic peptides or other substances bind to the receptors on target lung cells, which can
be directly toxic to the target cells or signal to immune cells via other proteins produced by the target cells (B). First, activation of nonspecific T cells and
other immune cells and/or an aberrant cytokine imbalance induces target-cell injury. Then, substances from injured lung cells and the subsequent bacterial
invasion induce further inflammation with corresponding activation of immune cells and immune proteins (C). Once specific T-cell and B-cell clones (specific
antibodies) appear to control pathogenic proteins and peptides, the tissue injury ceases. The specific immune cell responses to cellular injury may be delayed
or absent in some patients with COVID-19, leading to chronic lung diseases, other organ diseases, or even death. NK, natural killer.
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of neonates is relatively compatible with that of adults, while
adaptive immune systems such as thymus size, white blood cell
level with lymphocyte differentials, and immunoglobulin (Ig)
G, IgM, IgA, and IgE levels may mature with age.”®”” Younger
children with infectious diseases such as hepatitis A, SARS,
and MP pneumonia and those with infection-related immune-
mediated diseases such as KD and acute poststreptococcal glo-
merulonephritis experience less severe clinical symptoms than
older children and young adults.?*-#2 As intact virion clearance
depends primarily on the innate immune system,'”) an immature
or developing adaptive immune system may be less responsive
against initial immune-mediated insults on target cells.

Older patients with underlying diseases show more severe
outcomes in COVID-19 as well influenza, SARS, and hemolytic
uremic syndrome caused by toxin-producing Escherichia coli.
8389 Infectious diseases such as influenza and COVID-19 can
exacerbate underlying chronic diseases, including diabetes, car-
diovascular diseases, asthma, chronic obstructive pulmonary
disease, and chronic hepatic or renal insufficiency.®>%9 Older
patients with underlying diseases may lack the numerical capa-
city of the immune cells to respond to pathologic lesions since
the host’s immune cells are also acting against the insults from
active underlying diseases. Conversely, acute exacerbation of
underlying diseases, especially immune-mediated diseases such
as type 1 diabetes or immune-mediated cardiovascular disor-
ders, may be caused by the mobilization of immune cells to
new battlefields, which can result in a fatal outcome of other-
wise mild cases of pneumonia. Older patents have higher ery-
throcyte sedimentation rates and C-reactive protein levels
than younger patients, suggesting that immune activation was
ongoing at presentation in cases of 2009 HIN1 influenza.*? In
elderly individuals, the natural weakness of immune functions
such as the production of immune cells to eliminate virions
and substances from initial viremia and the recombination
of specific immune cell clones may less be effective.’”) In addi-
tion, pneumonia itself may be a major risk factor since initial
immune-mediated lung cell injuries can induce further inflam-
mation and secondary bacterial invasion. Some patients show an
atypical and slow disease progress, which can delay the diagnosis
of pneumonia.’® A large proportion of patients who succumb
to viral pneumonia have commensal invasions, including
Staphylococcus aureus, Streptococcus pneumoniae, Streptoco-
ccus pyogenes, and rarely gram-negative bacteria despite the
preventive use of antibiotics.?”

In infectious diseases, antipathogen IgM and following IgG
antibodies typically begin to appear at 3—4 days or more after
disease onset.”? A plasma cell clone produces specific antibodies
for only one protein, which can bind BCRs, and a specific T-cell
clone can do the same for only one peptide. Thus, antigens
that induce pathogen-specific antibodies are not whole virions
but rather fragments of virus proteins derived from infected
cells or fragments from antigen-presenting cells that engulf
entire virions. In SARS, some patients with severe pneumonia
have a prolonged seroconversion period, and pneumonia can

further progress to ARDS despite the appearance of antiviral
antibodies.”? It is possible that the patients may have few intact
virions at the initial focus, and the fragments or by-products from
the replication processes in the infected cells can induce immune
reactions that are responsible for inflammation and target-cell
injury. Individuals who acquired cross-reactive neutralizing
antibodies to the HINT virus can be infected with influenza
during the 2009 H1N1 pandemic as previously mentioned.*44®
Patients who received two-time mumps-measles-rubella vaccines
can be affected by mumps and measles, presenting with IgG
antibody positivity and less severe symptoms at the early disease
stage.”>’> These findings suggests that both antipathogen anti-
bodies and other immune substances may be needed to prevent
infectious diseases and alleviate clinical symptoms.

Treatment

In this review, we focus on immune modulators because the
pathogenesis of viral pneumonia is not a virus-induced cytopathy
but rather an immune reaction of the host against infectious
insults. Viral diseases, including COVID-19, are self-limiting,
meaning that the host’s immune system can theoretically control
the insults without complications. However, a small proportion
of COVID-19 patients experience progression of the disease or
complications, such as severe progressive pneumonia and ARDS.
Thus, clinicians and researchers are searching for treatment
modalities to prevent disease progression and complications.
Due to a lack of data on antivirals for children, study groups
recommend that outpatients and hospitalized patients with mild
or moderate COVID-19 could be managed with supportive
care, including herbal medicine.”***)

As previously suggested, the immunopathogenesis of COVID
may involve 2 stages of disease progression: first, target-cell injury
caused by aberrant immune reactions against substances from
infected cells; and second, further target and other cell injuries
caused by substances from target-cell injury and/or secondary
bacterial invasion. During immune responses to viral insults,
all host immune cells may communicate with each other via
cytokine networks and major histocompatibility complexes.’¥
Therefore, diverse immune proteins, including interleukin (IL)-1,
IL-6, and tumor necrosis factor-alpha, and other cytokines and
immune proteins may be involved in inflammatory processes in
COVID-19 and other immune-mediated diseases. Blocking one
of the inflammatory pathways could reduce inflammation and
result in clinical improvement. Therefore, antivirals, interferons,
immune-modulating drugs such as hydroxychloroquine, bio-
logics for cytokines, antisera obtained from recovered pati-
ents, and other anti-inflammatory drugs may effectively im-
prove morbidity in patients with COVID-19 by reducing the
inflammation-inducing substances or altering the disease process.
However, these drugs, including high-dose corticosteroids and
IVIG, have a limited effect on advanced ARDS because they
cannot resolve the excess inflammation-inducing substances
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associated with target-cell injuries and insults from secondary
bacterial invasion. The host’s immune system cannot call up
soldiers into the extensively extended battlefields. There have
been few well-designed randomized controlled trials for these
drugs and no proven effective drugs for improving mortality.”*7)

Aberrant or hyperimmune reactions of the host against in-
fectious insults such as cytokine storm are part of the immu-
nopathogenesis of pneumonia and ARDS caused by various
pathogens, including SARS-CoV, influenza viruses, and Strep-
tococcus pneumoniae.®>?8199 Thus, immune modulators, cor-
ticosteroids in particular, have been used to treat severe pneu-
monia or ARDS. Although numerous studies, including those
of SARS-CoV and influenza, have been conducted, the effects
of corticosteroid are inconclusive due to multiple confounding
factors; the timing, dose, and schedule of corticosteroid therapy
and the selected subjects differed across study groups.!%¢>101:102
Furthermore, there have been few studies of early pre-emptive
corticosteroid use for the purpose of reducing morbidity or
mortality. 6%

We reported that early systemic immunomodulators such
as corticosteroids and/or IVIG with antibiotics or antivirals can
halt the progression of pneumonia and induce the rapid re-
covery of pulmonary lesions in patients with influenza virus or
MP infections.'%3-1%”) In MP pneumonia, MP considered one of
the smallest bacterial species, is extremely sensitive to antibio-
tics such as macrolides, tetracyclines, and quinolones in vitro.
However, some patients exhibit progressive pneumonia despite
adequate antibiotic treatment. We have suggested that the
pathogenesis of lung injury in MP pneumonia is similar to that
of viral pneumonia, and antibiotics may have a limited effect on
MP infection.”%19%:1%®) Earlier corticosteroid treatment is more
effective at reducing morbidity and preventing pneumonia
progression as shown during 4 MP pneumonia epidemics in
recent decades.'®19) Also, patients with severe pneumonia
caused by SARS-CoV-2 show high levels of various cytokines
that are associated with disease severity as seen in influenza,
MP pneumonia infection, and SARS.'” We recommended
administering immunomodulators (corticosteroids) as soon
as possible to severe pneumonia patients with COVID-19.119
Although many study groups have suggested or reported on the
early use of immunomodulators including corticosteroids, !'-113
few studies have examined early corticosteroid use for severe
pneumonia patients during the pandemic.

Studies of the early use of corticosteroids in adult patients with
severe community-acquired pneumonia (CAP) also reported
that early corticosteroid therapy administered within 24 or 36
hours can help reduce morbidity and treatment failure.!*115
The majority of patients in these series are older individuals
with underlying conditions such as diabetes and cardiovascular
diseases. Although hyperglycemia was more common in the
treated patients, it can be controlled with insulin therapy. The
number of patients requiring treatment in intensive care units
and/or with mechanical ventilation can also be reduced.'> A
meta-analysis of 10 randomized controlled studies of patients

with severe CAP reported that adjunctive corticosteroid treat
ment showed favorable outcomes such as reduced all-cause
mortality, septic shock, and the requirement for mechanical
ventilation without increasing the risk of adverse events.!'®)
Such efforts to reduce morbidity are expected to ease health care
workloads and prevent medical care system collapse.

Because the severity of ongoing diseases is associated with
corresponding immune reactions and the effect of immuno-
modulators is dose-dependent, higher doses may be needed for
patients with severe pneumonia. In addition, because specific
adaptive immune cells may begin to appear within a week, rapid
tapering of corticosteroids within a week may be necessary to
avoid the acute suppression of normally acting immune cells.®?
This treatment policy, based on the PHS hypothesis, provides a
rationale for early immune-modulator treatment of infectious
or infection-related immune-mediated diseases that can elicit
acute or subacute whole-organ destructive diseases including
myocarditis, rapidly progressive glomerulonephritis, fulminant
hepatitis, necrotizing pancreatitis, acute adrenal insufficiency
(Waterhouse-Friderichsen syndrome), extensive epidermolysis,
and acute encephalopathy.®?

Corticosteroids and/or IVIG may achieve the early stabiliza-
tion of aberrant immune reactions performed by a host’s entire
immune system and especially nonspecific adaptive immune
cells, as they can be considered host cell-originating substitutes
including cortisol and serum IgG.®® The beneficial effects of
corticosteroid on various infectious diseases, including viral
infections such as Epstein-Barr virus infection and infectious
croup as well as severe bacterial infections such as tuberculous
meningitis and typhoid fever, are well known. Furthermore,
methylprednisolone pulse therapy (30 mg/kg/day or 1 g/day
for adults) is used for 3 or more consecutive days for severe
infectious disease and immune-mediated diseases such as MP
pneumonia, lupus nephritis, KD, acute central nervous system
diseases, and even advanced chronic kidney diseases,'”1'¥9
although the diseases are rare in older individuals. During this
pandemic, some organ transplant recipients treated with T-cell
suppressants seem to be protected from pneumonia,'® and
older patients receiving anticancer drugs can recover from severe
COVID-19.129 ARDS patients treated with corticosteroids and
convalescent plasma show the rapid resolution of pneumonia
lesions and clinical improvement.!?122 The convalescent
plasma contains antibodies against viral fragments and other
antibodies and possibly anti-peptides against etiological and
inflammation-inducing substances. Thus, it is possible that IVIG
can act as a part of the convalescent sera against pathogenic pro-
teins.

Taken together, early, short-term corticosteroids with/without
IVIG, even at higher doses, may not seriously influence the pre-
existing immune status of many older patients with comorbi-
dities. Although the immune status of patients affected with
underlying conditions is critical, the late diagnosis and treatment
of pneumonia may also have greater influence on outcomes in
such patients.
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Conclusion

The etiologic agent of COVID-19 is SARS-CoV-2, but many
issues in COVID-19 as well as other infectious diseases remain
unresolved. To further increase our understanding of the issues,
including the pathogenesis of COVID, we discussed the issues
and proposed a mechanism of acute organ cell injury in COVID-
19 using the PHS hypothesis. Pneumonia patients infected with
SARS-CoV-2 show hypercytokinemia with corresponding lym-
phopenia in the early disease stage; thus, early immune modu-
lators are necessary. However, the guidelines recommend the use
of corticosteroids only for patients with advanced pneumonia
or ARDS. This policy may be unwarranted since the immu-
nopathogenesis of pneumonia may be the same for all patients
regardless of severity or age and the critical immune-mediated
lung injury begins in the early stage of COVID-19.

Based on the PHS hypothesis and our previous experiences
with viral infections such as influenza, acute bronchiolitis, and
MP pneumonia, a rationale for early corticosteroid treatment
was presented. Corticosteroids may exert a direct influence on
whole-host immune systems and induce early stabilization of
aberrant immune reactions on lung injury in COVID-19. We
hope that this article will be helpful for clinicians, researchers,
health care workers, and administrators tasked with responding
to this ongoing pandemic disease.
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