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Abstract

Factors determining the progression of frequently mild or asymptomatic severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) infection into life-threatening pneumonia remain poorly understood. Viral and host factors involved in the
development of diffuse alveolar damage have been extensively studied in influenza virus infection. Influenza is a self-
limited upper respiratory tract infection that causes acute and severe systemic symptoms and its spread to the lungs is
limited by CD4+ T-cell responses. A vicious cycle of CCL2- and CXCL2-mediated inflammatory monocyte and neutrophil
infiltration and activation and resultant massive production of effector molecules including tumor necrosis factor (TNF)-α,
nitric oxide, and TNF-related apoptosis-inducing ligand are involved in the pathogenesis of progressive tissue injury. SARS-
CoV-2 directly infects alveolar epithelial cells and macrophages and induces foci of pulmonary lesions even in
asymptomatic individuals. Mechanisms of tissue injury in SARS-CoV-2-induced pneumonia share some aspects with
influenza virus infection, but IL-1β seems to play more important roles along with CCL2 and impaired type I interferon
signaling might be associated with delayed virus clearance and disease severity. Further, data indicate that preexisting
memory CD8+ T cells may play important roles in limiting viral spread in the lungs and prevent progression from mild to
severe or critical pneumonia. However, it is also possible that T-cell responses are involved in alveolar interstitial
inflammation and perhaps endothelial cell injury, the latter of which is characteristic of SARS-CoV-2-induced pathology.
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Background
SARS coronavirus-2 (SARS-CoV-2) is the causative agent
of coronavirus disease 2019 (COVID-19). The current
pandemic started in Wuhan, China in late 2019 and has
caused more than 33 million confirmed infected cases and
nearly 1 million deaths as of September 27, 2020 (world-
ometer COVID-19 CORONAVIRUS PANDEMIC https://
www.worldometers.info/coronavirus/). While most cases
of SARS-CoV-2 infection are either asymptomatic or mild
vis-à-vis clinical signs and symptoms, people with risk
factors including obesity, diabetes mellitus, chronic lung
disease, heart or renal failure, or those in immunosuppres-
sive states show higher frequencies of developing life-

threatening pneumonia. However, in relatively rare cases,
pneumonia can develop in younger individuals or in those
without known risk factors. Factors that determine the
progression of SARS-CoV-2 infection into overt pneumo-
nia are poorly understood.
For hundreds of years prior to the emergence of highly

pathogenic human coronaviruses, influenza viruses have
been some of the most contagious human respiratory
pathogens affecting approximately 9% of the world’s
population annually with 300,000 to 500,000 deaths each
year [1]. Viral, host cellular, immunological, and genetic
correlates of influenza virus-induced pneumonia devel-
opment have been studied in detail. In this review, I pro-
vide a summary of the immunopathogenesis of influenza
virus infection first and then attempt to dissect the
mechanisms of pneumonia development in SARS-CoV-2
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infection drawing on analyses of influenza-induced lung
pathologies.

Clinical course and pathology of influenza virus
infection
Seasonal influenza is a self-limited acute viral infection of
the upper respiratory tract and in most cases, pneumonic
involvement is not clinically prominent [2, 3]. The trans-
mission of human influenza A virus (IAV) occurs through
inhalation of infectious droplets or airborne droplet nuclei,
and by indirect contact followed by self-inoculation of
upper respiratory mucosa or conjunctiva [2]. Both exhal-
ation and coughs of infected individuals have been shown
to contain fine droplets that carry small numbers of infec-
tious viral particles at a low frequency [4, 5]. Aerosol in-
oculation studies of human volunteers suggest that the
average risk of infection by a single cough attack is around
10−4 and that of contracting the illness is smaller than
10−4 [6]. Human IAV attaches predominantly to ciliated
tracheal and bronchial epithelial cells and less abundantly
to the bronchiolar epithelium [2]. However, viral attach-
ment and effective replication might be discrete processes.
In uncomplicated human influenza, virus replication
in vivo has been documented in nasal mucosa; ex vivo
studies have shown permissiveness of nasopharyngeal,
tonsilar, bronchial, and alveolar epithelial cells [2].
The natural course of IAV infection has been studied in

human volunteers possessing no detectable serum anti-
bodies (Abs) reactive to the inoculating virus. After intrana-
sal inoculation of A/Texas/36/91 (H1N1), the average virus
titer peaked at 2 days after infection. By post-infection day
(PID) 8, the nasal virus was almost undetectable [7]. Symp-
tom scores closely followed changes in nasal viral titers, ex-
cept that nasal discharge weight peaked on day 3. Similarly,
when cell culture-grown A/Wisconsin/67/05 (H3N2) virus
was intranasally inoculated, virus titers in nasal wash
peaked at 2 days after infection and mean symptom scores
closely followed, peaking at PID 3 [8].
Pathologically, tracheal and bronchial biopsies of uncom-

plicated human IAV infection have demonstrated superfi-
cial necrotizing tracheobronchitis progressing downwards
the respiratory tract between 1 and 7 days after symptom
onset [2]. The epithelial layer shows vacuolation, loss of
cilia, and desquamation associated with edema and
hyperemia of the lamina propria and relatively limited
lymphocyte infiltration. As IAV infection causes cytopathic
effect and cell death by apoptosis in vitro [9, 10], the above
rapidly developing cytopathology likely reflects the direct
cytopathic effect of virus infection. As a viral virulence fac-
tor, PB1-F2 encoded by the PB1 segment of the viral RNA
genome preferentially localizes to mitochondria and in-
duces apoptosis [11]. In fact, the desquamation of the epi-
thelium in the tracheobronchial tree is multifocal and
irregularly distributed [3], conceivably reflecting the

distribution of virus-infected cell foci. Neutrophils are ab-
sent in the early stage of infection, but they rather migrate
when epithelial cell death takes place, followed later by
mononuclear cells [3]. Thus, in IAV-induced tracheobron-
chitis, initial epithelial cell death is caused by the virus in-
fection itself, and neutrophil infiltration is a result of tissue
injury. Pathological changes in the bronchial epithelium are
short-lasting and often show only in the thickening of the
epithelium corresponding to a regenerative process and
slight increases in lymphocyte infiltration between 1 and 6
days after symptom onset. In fact, the process of epithelial
repair starts as early as 2 days after symptom onset [2].
Although uncomplicated influenza virus infection is self-

limited, it nevertheless causes sudden onset of major sys-
temic symptoms starting with malaise and high fever,
followed by respiratory manifestations of coryza and cough
often associated with headache, myalgia, and/or arthralgia
[3]. These systemic symptoms coincide with local and sys-
temic cytokine responses (Fig. 1). In experimental human
infection with A/Texas/36/91 (H1N1) virus, amounts of IL-
6 and IFN-α in nasal lavage fluid peaked at 2 days after
infection followed by TNF-α and IL-8 peaked at PID 4 [7].
Similarly, serum IL-6 peaked at 2 days after infection. Body
temperature and upper respiratory tract symptoms as well
as nasal cytokine levels at PID 2 correlate strongly with
virus titers, and plasma IL-6 levels at PID 3 showed the
strongest correlation with total symptoms. In the cases of
2009 pandemic H1N1 influenza A virus (H1N1pdm) infec-
tion, serum IL-6 levels were significantly higher in hospital-
ized critical versus non-critical cases, and experimental
infections of several different strains of mice with A/
Mexico/4108/09 (H1N1) virus induced the expression of
IL-6 mRNA in their lungs at 3 days after infection [13].
However, the lack of IL-6 in the knock-out strain of mice
did not significantly affect survival or lung pathology. Thus,
IL-6 produced in the upper respiratory tract seems to be
mainly responsible for the induction of systemic symptoms
in infected humans, while IL-6 is not directly involved in
progression to pneumonia development.
Sources of the proinflammatory cytokines may include

epithelial cells of the upper respiratory tract and tissue-
resident macrophages [7]. In fact, cultured human bron-
chial epithelial cells produced significant amounts of IL-6,
IL-8, and CCL5 upon infection with A/Shisen/2/93
(H3N2) virus detectable from 24 h after infection [14]. Fol-
lowing the attachment of IAV particles to the plasma
membrane through HA targeting of sialic acids, viral parti-
cles are endocytosed and the fusion of viral envelope to
the vesicular membrane results in the release of viral RNA
into the cytoplasm. Endosomal detection of viral RNA spe-
cies activates Toll-like receptors (TLRs) 3 and 7, while the
presence of viral nucleic acids in the cytosol activates RIG-
I and NLRP3 inflammasome pathways [11, 15]. These re-
sult in the expression of type I interferons (IFNs) and the
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production and processing of IL-1β and IL-18 in infected
epithelial cells. Type I IFNs are classically believed to
contribute to the curtailment of epithelial cell infection
by rendering uninfected cells resistant to virus spread
(reviewed in [11]). Bimodal changes in IFN-α titers in
experimentally infected human volunteers [7] have
been reproduced in mathematical models by incorpor-
ating reductions in the rate of virus replication through
the effect of IFN-α [12]. After infection of epithelial
cells, tissue-resident macrophages respond to viral in-
fection and phagocytose both viral particles and apop-
totic epithelial cells. These resident macrophages as
well as tissue-resident intraepithelial and interstitial
dendritic cells (DCs) are sources of multiple proinflam-
matory cytokines including IL-6 [15, 16].

Spread of infection from the upper to lower
respiratory tract
Although macrophages play an important role in the ini-
tial clearance of viral particles and infected apoptotic
cells, the eventual elimination of virus-producing epithe-
lial cells depends on the activation of effector T cells
[16, 17]. In this regard, seasonal influenza usually causes
higher mortality in the elderly, while a pandemic of IAV
infection often results in disproportionate mortality in
younger individuals [3], suggesting that partial immunity
conferred by previous exposure to historically circulated
virus strains may have protected otherwise susceptible
older individuals [15]. In fact, several human studies
have shown that pre-existing IAV-specific T-cell re-
sponses are associated with reduced virus shedding and/

or illness upon natural or experimental infection
(reviewed in [18]). In intranasal challenge studies of
seronegative healthy volunteers, pre-existing CD4+, but
not CD8+, T cells responding to conserved IAV nucleo-
protein or matrix protein epitopes were detectable at 7
days after infection when no serum Abs were detectable
against the challenging virus and were significantly asso-
ciated with reduced viral shedding, symptom scores, and
illness duration [8]. In mouse models of IAV infection,
adoptive transfer of memory Th1 or Th17 cells induced
protection through the direct effect of IFN-γ production
or by the activation of multiple downstream effector
mechanisms in the recipients [18]. It should be noted
that lymphocyte infiltration into the bronchial epithe-
lium is observed between 1 and 6 days post-symptom
onset upon human IAV infection [2]. Further, in mice
experimentally infected with A/Hong Kong/X31
(H3N2) virus, a short-term antiviral IgM response
peaked at around PID 10 and IgG responses peaked
later at around PID 20, both of which take place some
time after the decrease in lung virus titers [19]. Thus, it
is plausible that although innate immune responses
limit IAV replication in the tracheobronchial epithe-
lium, early T-cell responses are associated with even-
tual viral clearance and contribute to prevent the
spread of infection toward the lower respiratory tract.
It should be noted, however, that in macaque infection
with A/Kawasaki/173/01 (H1N1) peribronchiolitis with
the formation of lymph follicles was observed through-
out the lung with no viral antigens detectable at PID 8
[20], suggesting that local Ab production may initiate at

Fig. 1 Diagrammatic representation of the kinetics of IAV infection. Time course of virus replication, cytokine production, and Ab responses are
summarized based on data from references [7, 8, 12]
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least as quickly as CD4+ T-cell responses and may con-
tribute to viral antigen clearance prior to the detection
of serum Abs.

Pathology of influenza-induced pneumonia
While seasonal human IAV infection causes temporal, tran-
sient tracheobronchitis, the extension of viral infection to
alveoli can result in severe pneumonia frequently associated
with concomitant or secondary bacterial pneumonia [2, 3].
Whether the otherwise self-limited tracheobronchitis pro-
gresses to potentially fatal pneumonia or not is thought to
be determined by both viral and host factors [11]. The HA
of seasonal IAV binds to α2-6 sialylated glycans that are
mainly expressed on the epithelial cells of the upper respira-
tory tract in humans. On the other hand, the HA of highly
pathogenic avian H5N1 viruses preferentially binds to α2-3
sialylated glycans and strongly attaches to type II pneumo-
cytes and alveolar macrophages, resultantly causing severe
pneumonia [2, 11, 15]. However, as primary target cells of
infection are located deep in the alveoli, human-to-human
transmission of avian viruses is rare. These differences in
tissue tropism of the viruses partly explain different patho-
genicities of IAV subtypes. Of particular interest, the
H1N1pdm virus that caused the 2009 pandemic is adapted
to bind to both α2-6- and α2-3-linked sialylated glycans [7,
11, 21], and the levels of pulmonary replication of this IAV
subtype is higher than those of seasonal IAV [7, 21]. Host-
related risk factors for the development of pneumonia in-
clude the lack of previous exposure to the infecting subtype,
older age, and background medical conditions, all associ-
ated with diminished immune responses [2]. Protection of
the lungs from IAV infection is at least partly mediated by
IgG Abs specific for viral surface glycoproteins. Serum IgG
supposedly reaches the alveolar lining through transudation
from the blood vessels [2]. However, it has been shown that
in the presence of IAV-specific memory CD4+ T cells, rapid
elimination of the virus and reduced morbidity can be
observed in the absence of Ab production [8, 18].
The prototypic pathology of fatal IAV-induced pneu-

monia in pandemic cases is diffuse alveolar damage
(DAD) that is characterized by denudation of alveolar
septa and desquamation of epithelial cells into the lumen
[2, 3, 21]. Desquamated alveolar epithelial cells show
pyknosis and karyorrhexis indicating apoptotic death.
Both type I and type II alveolar epithelial cells are dam-
aged. As type I cells comprise the alveolar-capillary leak-
age barrier and type II cells resorb fluid from alveolar
lumina, damage to these two types of pneumocytes
along with an active increase in vascular permeability
under inflammatory stimuli to endothelial cells [22, 23]
cause flooding of alveolar lumina. The above fluid leak-
age and intra-alveolar hemorrhage, along with the lack
of resorption cause hyaline membrane formation. Cellu-
lar infiltrates into widened alveolar septa are mainly

neutrophils and a few eosinophils. In the late stage, type
II pneumocyte hyperplasia and metaplasia shows regen-
erative changes with septal fibrosis and lymphocyte infil-
tration [2, 3].
The pathology of interpandemic IAV pneumonia is es-

sentially the same as that of pandemic cases. Interest-
ingly, pathological studies of interpandemic cases
showed the presence of viral antigens in tracheobron-
chial and bronchiolar epithelial cells, but not in the al-
veolar epithelium or macrophages even in cases of DAD
[2]. These observations indicate that DAD can develop
independently of IAV replication in alveoli.

Mechanisms of tissue injury in influenza-induced
pneumonia
As discussed above, cross-reactive memory CD4+ T cells
can block the spread of IAV infection from the upper to
lower respiratory tract by functioning as a first-line of
defense to newly emerged or variant subtypes that evade
neutralizing Ab responses [8, 24]. However, recall re-
sponses of memory T cells may also promote tissue in-
jury due to differences from primary responses of naive
T cells in respect of function, kinetics, and spatial distri-
bution. In fact, while pre-existing memory CD4+ T cells
conferred partial protection of mice from lethal IAV
challenge, the blockade of costimulatory signaling with
CTLA4-Ig treatment of the memory-possessing mice
even resulted in improved survival [25]. Severe consoli-
dation around bronchial trees observed in IAV-infected
mice possessing memory CD4+ T cells was ameliorated
by CTLA4-Ig treatment, indicating that the formation of
lung consolidation is at least partly mediated by sensi-
tized CD4+ T cells.
Although the contribution of memory CD4+ T cells in

inducing lung pathology has been clearly shown in mouse
models, in histopathological analyses of human IAV-
induced pneumonia lymphocyte infiltration was observed
only in later stages [2, 3], indicating that innate immune
responses must play more important roles in the early
phase of lung injury (Fig. 2). In fact, upon IAV infection in
the lungs, tissue-resident alveolar macrophages are the
first responders to IAV and serve as a primary source of
type I IFNs. In a mouse model of pandemic IAV infection
in which a recombinant virus expressing the HA and NA
from the 1918 pandemic H1N1 virus in the genetic back-
ground of A/Texas/36/91 (H1N1) was used [26], depletion
of alveolar macrophages prior to sublethal infection re-
sulted in uncontrolled virus replication and 100% mortal-
ity associated with significantly reduced IFN-α and IFN-γ
production, indicating that resident alveolar macrophages
were functioning to promote viral clearance and thereby
limited tissue injury. Interestingly, the 2009 pandemic
H1N1 virus, unlike seasonal IAVs, has been reported not
to activate innate antiviral responses in human DCs and
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macrophages despite similar levels of inflammatory medi-
ator responses [21]. However, the release of proinflamma-
tory cytokines and chemokines from infected epithelial
cells and activated resident alveolar macrophages induce
the recruitment and differentiation of monocytes and DC
precursors along with neutrophils. Monocyte-derived
macrophages produce higher levels of proinflammatory
cytokines and effector molecules including TNF-α and in-
ducible nitric oxide synthetase (NOS) than resident alveo-
lar macrophages and these can promote alveolar injury
[15]. In fact, in a mouse model of A/Puerto Rico/8/34
(H1N1) virus infection, a peak of type I IFN production
into bronchoalveolar lavage fluid (BALF) was observed at
PID 3 and neutralization of either IFN-α or IFN-β signifi-
cantly reduced alveolar epithelial cell apoptosis at PID 8
[27]. It has been shown that the pro-apoptotic TNF-
related apoptosis-inducing ligand (TRAIL) is upregulated
in alveolar macrophages of patients with IAV-induced
acute respiratory distress syndrome (ARDS) in compari-
son with those suffering non-viral ARDS [27]. Further,
macrophage TRAIL expression is rapidly upregulated
upon IFN-β treatment.
Upon infection of wild-type (WT) mice with A/Puerto

Rico/8/34 (H1N1) virus, the vast majority of inflammatory
cells present in the lungs by PID 5 were derived from
CCR2+ inflammatory monocytes [28]. Lung numbers of

monocytes and monocyte-derived DCs, but not of resi-
dent macrophages, were reduced in CCR2-deficient mice
along with NOS2-expressing cells. These reductions in in-
flammatory cells in CCR2-deficient mice were associated
with markedly reduced protein content in BALF, morbid-
ity, and mortality without affecting lung virus titers [28].
Thus, these results collectively indicate that resident al-
veolar macrophages contribute to clear lung viruses, while
IAV-induced alveolar injury is primarily mediated by
monocyte-derived cells through the production of TNF-α
and NO and upregulation of TRAIL [29].
Finally, systematic flow cytometric, gene expression, and

tissue imaging comparisons between lethal and sublethal
IAV infections of mice revealed that infectious spread, not
virus titers of the entire lung, clearly distinguish lethal
from sublethal infection [30]. At the same infectious par-
ticle load, the more highly pathogenic strain of IAV spread
much more widely through the lung tissues than a less
pathogenic one. Poorly controlled infectious spread during
the early innate stage lead to the activation of self-
reflexive feed-forward loops of chemokines which resulted
in lung accumulation of neutrophils and monocytes. Acti-
vated neutrophils produced neutrophil chemokine CXCL2
and expressed TNF-α and IL-1α in addition to very high
levels of pro-IL-1β, and these proinflammatory neutro-
phils were major correlates of lethal infection. Lung

Fig. 2 Schematic representation of the pathogenesis of IAV-induced lung injury. See the main text for a detailed explanation
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infiltrating monocytes produced CCL2. Thus, in the
process of lethal IAV infection, neutrophils and mono-
cytes amplify their own recruitment and induce tissue in-
jury (Fig. 2). These findings are consistent with those
obtained from the experimental lethal infection of ma-
caques [20]: when the spread of the virus is confined in
small foci, viral antigen-positive cells can be eliminated by
PID 8 with resultant formation of peribronchiolar lymph-
oid follicles. On the other hand, when the infection is
more widespread spatially, peaks of CCL2 and IL-8 in sera
were observed on day 6 of infection followed later by a
peak of serum IL-6 on day 8, and DAD lesions were ob-
served in areas surrounding those of virus-antigen positive
cells at PID 8. Therefore, excessive production of proin-
flammatory cytokines and chemokines induces a vicious
cycle of monocyte and neutrophil recruitment and activa-
tion, resultantly causing DAD even in areas surrounding
actual foci of virus replication.

Replication of SARS-CoV-2 and clinical course of
its infection
The cellular process of SARS-CoV-2 infection starts with
the attachment of viral particles to target cell plasma
membrane through the binding of surface spike (S)
glycoprotein with its cellular receptor angiotensin-
converting enzyme 2 (ACE2) [31–33]. Following endo-
cytosis of attached virions, acid-dependent proteolytic
cleavage of S glycoprotein by cellular protease TMPRSS2
activates the process of fusion between the viral enve-
lope and cellular membrane [34, 35]. Immunohisto-
chemical examinations have demonstrated the presence
of ACE2 protein in endothelial and smooth muscle cells
of arterioles and large arteries in all examined tissues.
ACE2 is highly expressed in both type I and type II
pneumocytes as well as brush borders of small intestinal
epithelial cells, and weakly in bronchial epithelial cells
and basal layers of oral and nasopharyngeal stratified
epithelial tissues [36]. Single-cell transcriptomic analyses
of healthy human tissues have revealed that nasal goblet
cells and ciliated epithelial cells display the highest ex-
pression levels of the ACE2 gene within the respiratory
system, and TMPRSS2 is expressed in a subset of ACE2-
positive cells [37]. A separate meta-analysis of human,
non-human primate, and mouse single-cell RNA-seq
datasets [38] has shown that the ACE2 and TMPRSS2
genes are selectively co-expressed in small percentages
of type II pneumocytes both in healthy adult macaques
and in fibrotic human lungs, and in a higher percentage
of ciliated epithelial cells in the latter. Further, ACE2
gene expression in primary bronchial cells was substan-
tially upregulated with type I IFN treatment [38]. These
patterns of ACE2 expression are consistent with the fact
that SARS-CoV-2 as well as the severe acute respiratory

syndrome coronavirus (SARS-CoV) can initially cause
lower respiratory tract diseases [39].
Unlike IAV that replicates and transcribes its negative-

sense RNA genome within the nucleus of infected cells
[15], coronaviruses replicate and transcribe their positive-
sense RNA genome within the host cell cytoplasm [34,
39]. Nearly two-thirds of the coronavirus genome is dedi-
cated to encode two partly overlapping open-reading
frames (ORFs), ORF1a and 1b, the products of which are
the largest known RNA virus polyproteins [39]. The above
co-terminal polyproteins are proteolytically processed to a
large number of non-structural proteins (NSPs) and as-
semble, together with recruited host cell proteins, to form
the replication and transcription complexes (RTCs) lo-
cated to a network of perinuclear membrane structures
[39]. Many of NSPs are multifunctional, and some con-
tribute to enhance viral replication by targeting host gene
expression and innate cellular defense mechanisms [34,
39].
Upon infection with positive-sense RNA viruses in-

cluding coronaviruses, innate cellular responses are trig-
gered by the double-stranded and 5’-triphosphated RNA
species that are recognized by RIG-I and MDA-5 in
most host cell types (reviewed in [39]). TLR3 is also
known to recognize coronaviruses. Thus, type I IFN and
proinflammatory cytokines including IL-1β are produced
from coronavirus-infected cells. A recent genetic analysis
of young cases of severe COVID-19 [41] has revealed de-
creased type I and type II IFN responses in the absence
of TLR7 expression due to a 4-nucleotide deletion or a
missense mutation within the X-chromosomal TLR7
gene. Although TLR7 stimulation with SARS-CoV-2 was
not directly examined, this study suggests that TLR7-
mediated IFN responses might protect against COVID-
19 progression. Coronaviruses, however, employ elabor-
ate mechanisms, including the above formation of repli-
cation organelles, to hide their viral replication
machinery from the cytosolic innate sensors. For ex-
ample, besides inhibiting cellular mRNA translation,
nsp1 of SARS-CoV is shown to block type I IFN signal-
ing in infected cells by reducing phosphorylated STAT1
[39]. Further, in addition to the ORFs encoding the rep-
licase subunits that are conserved among all corona-
viruses, several less conserved downstream ORFs encode
accessory proteins that may function to suppress innate
immune responses. SARS-CoV ORF3b and ORF6 are
known to block IFN production and/or signaling
(reviewed in [39]). SARS-CoV-2 ORF3b shows even
higher activity than corresponding SARS-CoV protein in
antagonizing IFN-β1 promoter function due to the pres-
ence of premature termination codons in the ORF3b
gene [42]. Therefore, unlike IAV infection that causes
severe systemic symptoms soon after infection, SARS-
CoV-2 infection progresses more slowly than IAV
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infection and induces rather mild or even unnoticeable
local and systemic symptoms in the initial phase of in-
fection (Fig. 3).
As to virological and clinical kinetics of human SARS-

CoV-2 infection, exposure history and illness timelines
of laboratory-confirmed cases, including information
pertaining to cluster cases, have revealed the distribution
of days from infection to symptom onset with the mean
incubation period of 5.2 days [43]. Virus titers in throat
swabs were highest on the day of symptom onset and
declined thereafter. Infectiousness is estimated to start
from 2.3 days before symptom onset and decline quickly
within 7 days [44]. In the assessment of RT-PCR-
confirmed asymptomatic SARS-CoV-2 infection [45],
the median duration of virus shedding was 19 days,
which was significantly longer than that of symptomatic
cases. These data are diagrammatically summarized in
Fig. 3. At approximately 3–4 weeks after exposure, virus-
specific serum IgG titers were significantly lower in
asymptomatic than in symptomatic cases, and IgG and
virus-neutralizing Ab titers declined both in asymptom-
atic and symptomatic cases between acute and convales-
cent phases. Serum IL-6, IL-2, IL-15, the monocyte
chemokine CCL2, as well as TRAIL levels were signifi-
cantly higher in symptomatic than in asymptomatic
cases, indicating a possible association of these cytokines
and chemokines with disease pathogenesis. Interestingly,
chest CT examinations demonstrated small foci of
ground-glass opacity in the lung in 29.7% of asymptom-
atic individuals. Similar CT findings of lung opacities are
reported for 54% of RT-PCR-positive asymptomatic
cases from the cruise ship docked at Yokohama Bay,

Japan [46], indicating that lung lesions are present even
in the absence of clinical symptoms.

Pathology of SARS-CoV-2-induced pneumonia
SARS-CoV-2 infection in humans can induce diverse,
multi-organ pathologies in the lungs, heart, kidneys, central
nervous system, hematopoietic and lymphoid tissues, and
vasculature [47]. Histopathological examinations of autopsy
and biopsy cases of COVID-19 revealed features closely re-
semble those found in SARS and Middle East Respiratory
Syndrome (MERS) cases. Post-mortem findings in the
lungs of RT-PCR-confirmed COVID-19 patients with a
mean time from symptom onset to death of 16 days [48] re-
vealed features of exudative and early and intermediate pro-
liferative phases of DAD. The early exudative changes of
DAD including capillary congestion, interstitial and intra-
alveolar edema, and hyaline membrane formation were ob-
served in all cases with platelet-fibrin thrombi in small arte-
rioles found in 87% of them. Type II pneumocyte
hyperplasia characterizing early proliferative phase was ob-
served to some extent in all cases with intraalveolar granu-
lation in about half of the cases. Importantly, all cases
showed radiographic features of interstitial pneumonia at
the time of hospitalization, and foci of lymphocyte infiltra-
tion along the thickened interalveolar septa were also ob-
served in post-mortem lung specimens. The inflammatory
components were CD3+ T cells infiltrating into the intersti-
tium and macrophages in alveolar lumina [48]. Similar
findings of exudative and early proliferative phases of DAD
with interstitial mononuclear cell infiltration dominated by
lymphocytes were also reported in another series of autopsy
cases [49]. Interestingly, in a significant proportion of

Fig. 3 Diagrammatic representation of the kinetics of SARS-CoV-2 infection. Time course of Ab responses is based on reference [40]
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autopsy cases, epicardial mononuclear cell infiltration with
the predominance of CD4+ T cells was observed [47].
Hemophagocytosis indicative of excessive cytokine-induced
macrophage activation was also observed in the bone mar-
row and the spleen in significant numbers of cases.
Most histopathological findings in the lungs of COVID-

19 cases are common to viral pneumonia in general, but
COVIOD-19-induced DAD is characterized by damages
to alveolar capillary endothelium and type II pneumocytes,
leading not only to alveolar septal edema and hyaline
membrane formation but also to accumulation and aggre-
gation of platelets and megakaryocytes in alveolar capillary
lumina and precipitation of fibrin [50]. Although the
above pulmonary thrombotic microangiopathy can be ob-
served in DAD of other etiologies including IAV, the
thrombotic changes observed in COVID-19 DAD are se-
verer and more extensive. In this regard, SARS-CoV-2 can
directly infect endothelial cells and lymphocytic endothe-
liitis in multiple organs were histopathologically observed
in patients’ specimens [51].
Although autopsy cases have provided valuable infor-

mation on the pathophysiology of the advanced or end-
stage disease, the pathogenesis of initial tissue injury
might not be reflected in the advanced lesions. In this
regard, pathological changes in the lungs resected for
cancer that were retrospectively found to be positive
with SARS-CoV-2 infection have been reported [52].
Among these, one case was non-fatal and the patient
gradually recovered from bilateral viral pneumonia de-
veloped after lobectomy. The resected lung showed
patchy foci of proteinaceous exudate with thickening of
alveolar walls with mononuclear cell infiltration and type
II pneumocyte hyperplasia. Some areas showed

abundant alveolar macrophages along with pneumocyte
hyperplasia. Thus, pathological changes in non-fatal lung
lesions would be similar to those observed in fatal cases
except less extensive spatial distribution in the former.
Natural courses of SARS-CoV-2 infection have also

been analyzed in non-human primate models. In adult
macaques experimentally inoculated intranasally and
intratracheally with a SARS-CoV-2 isolate [53], body
temperature spiked on PID 1 but returned to normal.
Clinical scores of symptoms peaked on PID 4 followed
by bodyweight reduction peaking around 7 to 10 days
after inoculation. Neutropenia started to be observed on
PID 3 and persisted for 2 weeks. Viral load in nose and
throat swabs were highest on PID 1 and declined there-
after, probably reflecting a lack of vigorous virus replica-
tion in the nasopharyngeal and tracheal mucosa.
Nevertheless, a spike of IL-6, IL-15, CCL2, and CCL4
was observed on PID 1, and anti-S glycoprotein and
neutralizing Abs started to appear in the serum by PID
10. Radiographic patches of pulmonary infiltration
started to appear on PID 1 and progressed to extend
and spread through PID 3 and 5, and disappeared by
PID 14. Histopathological lung consolidations were ob-
served in animals euthanized at PID 3 and were charac-
terized by massive mononuclear cell infiltration. Viral
antigen was detected sporadically in nasal and tracheal
epithelial layers and in tonsillar macrophages. These
sporadic distributions of viral antigens in the upper re-
spiratory tract are consistent with reported patterns of
ACE2 and TMPRSS2 coexpression [37, 38]. Ultrastruc-
tural examination of lungs revealed virus shedding from
type 2 pneumocytes with interstitial mononuclear cell
infiltration. It should be pointed out that one electron

Fig. 4 Schematic representation of the pathogenesis of SARS-CoV-2-induced lung injury. See the main text for a detailed explanation
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micrograph clearly shows the budding of viral particles
from endothelial cells possessing characteristic transcy-
totic vesicles.
In a separate experiment in which older rhesus ma-

caques were inoculated with a higher dose of SARS-
CoV-2 [54], viral loads in oropharyngeal and nasal swabs
showed a peak at around 5 days after an intratracheal in-
oculation indicating successful replication of the virus,
although no significant changes in body temperature
and weights were observed. Viral loads in the bronchi
and lungs were detectable and increased between PID 3
and 6, and patches of ground-glass opacity were detected
in the lungs starting from PID 1. Pathological findings
include massive consolidation of the lungs with thick-
ened alveolar walls and significant monocyte infiltration,
hyaline membrane formation, and hemorrhage. These
observations indicate again that unlike seasonal IAV
which replicate first in the upper respiratory tract and
can spread downward to the lower part and may cause
pneumonia, SARS-CoV-2 can directly infect the lower
respiratory tract and rapidly induce alveolar lesions with-
out causing much systemic symptoms.
SARS-CoV-2 infection of human ACE2-transgenic mice

in which ACE2 expression is driven by the cytokeratin-18
promoter [55] also revealed a progressive inflammatory
process starting at PID 2 in perivascular sites. By PID 7,
massive neutrophil and monocyte infiltration has extended
throughout the lungs causing consolidation. Interestingly,
viral RNA expression was diffusely spread through the
lungs on PID 4 but was markedly diminished and confined
in collapsed alveoli by PID 7, indicating that the consoli-
dating lung pathology was caused by host responses fol-
lowing virus replication.

Immunopathogenesis of SARS-CoV-2-induced
pneumonia
As in the case of IAV infection, the development of severe
lung pathology upon SARS-CoV-2 infection does not
seem to be solely determined by viral loads [56]. In a study
of SARS-CoV infection in mice, abrogation of type I IFN
signaling by utilizing the Ifnar−/− strain of mice deficient
of IFNαβ receptor or by the administration of an anti-
IFNα receptor Ab resulted in reduced morbidity and mor-
tality without significant changes in viral loads. Alveolar
edema and thickening of the interstitium observed at PID
5 in untreated WT mice were markedly reduced in
Ifnar−/− mice. Despite that lung virus titers and distribu-
tion and numbers of virus antigen-positive cells were not
different between untreated WT and Ifnar−/− animals, sig-
nificant induction of IFN-β and CCL2 that peaked at 48 h
after infection in untreated WT mice were not observed,
and infiltration of CCR2+ inflammatory monocyte-derived
macrophages peaking at PID 3 in WT mice was drastically
reduced in mice lacking type I IFN signaling. Further, Ab-

induced depletion of inflammatory monocytes resulted in
protection from lethal infection and amelioration of pul-
monary pathology in young WT animals. In addition,
neutralization of IFN-α also ameliorated morbidity and
mortality in SARS-CoV-infected WT mice [57]. In a
mouse model of MERS coronavirus (MERS-CoV) infec-
tion, type I IFN administration within 1 day after infection
resulted in protection from lethal challenge, while delayed
IFN-β treatment on PID 2 and 4 caused a significantly ele-
vated expression of CCL2, increased infiltration of mono-
cytes and neutrophils into the lungs, and development of
fatal pneumonia in sublethally infected animals [58]. Im-
portantly, the administration of anti-CCR2 Ab to MERS-
CoV-infected and IFN-β-treated animals improved their
survival.
These experimental data indicate that similar to the

above-described IAV-induced pneumonia induction, the
production of type I IFNs in infected lung tissue can result
in excessive infiltration of monocytes and neutrophils and
CCL2-mediated accumulation of monocyte-derived mac-
rophages are at least partly responsible for the generation
of tissue injury in SARS-CoV infection (Fig. 4). It should
be noted, however, that in ex vivo comparisons of SARS-
CoV-2 and SARS-CoV infection in human lung tissues, al-
though SARS-CoV-2 infected both type I and type II
pneumocytes and alveolar macrophages and replicated
more efficiently than SARS-CoV, SASR-CoV infection re-
sulted in higher levels of type I, type II, and type III IFN
responses than SASR-CoV-2 infection [59]. The above-
reduced production of type I IFNs upon SARS-CoV-2 in-
fection in comparison with SARS-CoV infection may be
associated with the potent IFN antagonist activity of
SARS-CoV-2 ORF3b [42]. Instead, significant levels of IL-
6 and IL-1β responses were observed at 24 and 48 h after
infection with SARS-CoV-2, respectively. Similarly,
CXCL1 and CXCL5 were significantly induced in the hu-
man lungs at 24 h after infection with SARS-CoV-2. Thus,
in the case of human SARS-CoV-2 infection, IL-1β might
play more important roles than type I IFNs in inducing in-
flammatory tissue injury in the lungs.
Metatranscriptome sequencing analyses revealed that

proinflammatory cytokine and chemokine genes including
those encoding IL-1β, DC/monocyte attractant CXCL17,
CXCL8 (IL-8), and CCL2 were upregulated in BALF sam-
ples obtained from COVID-19 patients in comparison
with those from healthy control individuals [60]. Global
functional analyses indicated the upregulation of IFN sig-
naling pathways in association with SARS-CoV-2 infec-
tion. Composition analyses showed higher neutrophil
counts in SARS-CoV-2 samples. Most importantly, single-
cell RNA-seq analyses of BALF cells from a relatively
small number of patients with varying severity of COVID-
19 [61] revealed that BALFs from severe/critical COVID-
19 patients contains significantly higher proportions of
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macrophages and neutrophils but lower proportions of
myeloid and plasmacytoid DCs and T cells than those
from moderate cases. In accordance with other studies,
BALFs from patients with severe/critical infection showed
much higher levels of IL-8, IL-6, and IL-1β expression
than those from patients with moderate disease. Further,
it was suggested that a highly proinflammatory macro-
phage microenvironment is present in the lungs of severe
CIVID-19 patents. Interestingly, single-cell T-cell receptor
sequencing showed that CD8+ T-cell numbers and their
levels of clonal expansion differ between patients with
moderate versus severe/critical illness. Thus, CD8+ T cells
in patients with moderate infection showed limited T-cell
receptor repertoire and higher clonal amplification while
those in severe/critical patients showed higher proliferat-
ing and CCR7+ proportions. Tissue-resident signature
score of CD8+ T cells was higher in moderate cases than
in severe ones. Therefore, pre-existing lung-resident
memory CD8+ T cells may enable better control of SRS-
CoV-2 infection in the lungs [56]. Indeed, significant
CD4+ T-cell responses to SARS-CoV-2 spike and non-
spike epitopes have been detected in 40–60% of unex-
posed individuals [62], suggesting the presence of pre-
existing T cells cross-reactive between endemic, common-
cold human coronaviruses and SARS-VoV-2. Similarly,
SASR-CoV-2 S glycoprotein-reactive CD4+ T cells were
detected in the peripheral blood of 83% of COVID-19 pa-
tients but also in 35% of healthy donors [63]. Interestingly,
CD4+ T cells from healthy donors reacted primarily to C-
terminal epitopes conserved among human coronaviruses.
The above data on BALF samples are largely consistent

with those of systems biological assessments which com-
pared mild/moderate and severe/critical COVID-19 cases
using blood samples [64, 65]. Thus, CD4+ and CD8+ T cells
are activated upon SARS-CoV-2 infection and CXCR2 gene
expression was significantly upregulated in severe and
critical patients in the peripheral blood [64]. CCL2 was
increased in the blood of infected individuals and elevated
expression of the CCR2 was associated with low counts of
circulating inflammatory monocytes, indicating their re-
cruitment into the inflamed lungs. Interestingly, ex vivo
stimulation of peripheral blood mononuclear cells indicated
reduced production of IFN-α in response to TLR stimuli
from plasmacytoid DCs of SARS-CoV-2-infected patients
compared with those of healthy control individuals [65].
Despite the above lack of type I IFN gene expression and
protein production, upregulation of genes involved in type I
IFN signaling was observed [60, 64, 65], and sensitive
ELISA revealed a marked increase in blood IFN-α concen-
tration peaking at 8 days after symptom onset [65]. Thus,
low quantities of type I IFNs produced early in the lungs
may circulate and cause a transient burst of type I IFN sig-
naling in the peripheral blood. Of particular interest, the ex-
pression of TNFSF14 or LIGHT is distinctively elevated in

the plasma of SARS-CoV-2-infected individuals [65]. As
TNFSF14 is produced from activated T cells and acts on
macrophages and fibroblasts to induce a number of proin-
flammatory and fibrogenic cytokines including IL-6, GM-
CSF, and TGF-β [66, 67], it is plausible that T-cell produc-
tion of TNFSF14 may induce both regeneration of alveolar
structures and consolidation.
Although serum Ab responses induced upon SARS-

CoV-2 infection are relatively short-lasting and subsided
within a few months after symptom onset [44, 68], previ-
ous analyses of T-cell responses in SARS-CoV-infected
individuals have shown that memory CD4+ and CD8+ T
cells can be detected in recovered patients for as long as
four years after infection (reviewed in [69]). Virus-specific
CD4+ T cells detected at 2 years after infection in recov-
ered individuals exhibited central memory while CD8+ T
cells effector memory phenotypes, and CD8+ T cells pro-
duced high levels of IFN-γ and TNF-α upon peptide
stimulation [70]. It should be noted, however, that as
interstitial T cell infiltration is commonly observed in
pathological specimens of COVID-19 pneumonia along
with macrophage accumulation in alveolar lumina, TNF-α
production from effector T cells may also contribute to
damaging to alveolar walls and might further induce
endothelial cell injury known as lymphocytic endotheliitis.
In mouse models of IAV infection, it has been shown

that airway-resident CD8+ memory T cells are generated
in specific niches associated with regenerative changes of
consolidating lesions [71]. However, these CD8+ mem-
ory T-cell depots ate short-lived and conversion of per-
ipherally circulating effector memory cells to airway-
resident memory cells is inefficient [72]. Thus, if putative
resident memory T cells detected in BALF of SARS-
CoV-2-infected individuals are indeed associated with ef-
fective control of progression from moderate to serve/
critical pneumonia, ways to direct differentiation of
lung-resident CD8+ memory T cells might facilitate the
development of both preventative and therapeutic mea-
sures for this respiratory infection currently causing an
unprecedented global pandemic.

Conclusions
In IAV infection, resident alveolar macrophages along
with type I IFNs function to limit initial viral spread within
infected lungs. However, the spatially excessive spread of
IAV infection results in the vicious cycle of inflammatory
monocyte and neutrophil infiltration through the feed-
forward circuit of CCR2-mediated monocyte recruitment
and CCL2 production from monocyte-derive macro-
phages. These inflammatory cells induce DAD through
the expression of TNF-α, NOS, and TRAIL. Preexisting
IAV-specific memory CD4+ T cells can control the spread
of IAV from the upper to lower respiratory tract and can
reduce morbidity. In SARS-CoV-2 infection, the virus can
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directly infect the lower respiratory tract and induce al-
veolar pathology often without severe systemic symptoms.
Mechanisms of tissue injury in SARS-CoV-2-induced
pneumonia seem to share some aspects with IAV-induced
pneumonia in which monocytes and neutrophils play cru-
cial roles. However, in the lungs of COVID-19 patients,
interstitial lymphocyte infiltration is more pronounced
along with the accumulation of macrophages in alveolar
lumina, and reactivation of virus-specific memory CD8+ T
cells may contribute to limit the progression of mild dis-
ease into severer and more critical lung pathologies. It
should be noted that despite the possible importance of
T-cell responses in protecting lungs from fatal damage, T
cells might also be involved in the induction of endothelial
cell injury [73], which is a rather unique characteristic of
COVID-19 pathology. Further studies are required to dis-
sect putative protective and possible pathogenic roles of
T-cell responses in SARS-CoV-2 infection.

Abbreviations
Ab: Antibody; ACE: Angiotensin-converting enzyme; ARDS: Acute respiratory
distress syndrome; BALF: Bronchoalveolar lavage fluid; CoV: Coronavirus;
COVID-19: Coronavirus disease 2019; DAD: Diffuse alveolar damage;
DC: Dendritic cell; IAV: Influenza A virus; IFN: interferon; MERS: Middle East
Respiratory Syndrome; NOS: Nitric oxide synthase; NSP: Non-structural
protein; ORF: Open reading frame; PID: Post-infection day; RTC: Replication
and transcription complex; S: Spike; SARS: Severe Acute Respiratory
Syndrome; TLR: Toll-like receptor; WT: Wild-type

Acknowledgements
The author is grateful to Dr. Roderick E. Mitcham, Kindai University Faculty of
Medicine, Japan, for his critical reading and correction of the manuscript.

Author’s contributions
MM solely contributed to conceptualization, data collection, analyses and
interpretation, and writing of this manuscript. The author(s) read and
approved the final manuscript.

Funding
This work was supported financially by the Okinaka Memorial Institute for
Medical Research. The funding body did not have any role in the design of
the work, collection, analyses and interpretation of data, and in the writing
of this manuscript.
Author contributions: Masaaki Miyazawa solely contributed to the
conceptualization, data collection, analyses and interpretation, and writing of
this manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declare that he has no competing interests.

Received: 25 August 2020 Accepted: 2 October 2020

References
1. Clayville LR. Influenza update. A review of currently available vaccines. P T.

2011; 36: 659-662, 665-668, 684.

2. Kuikena T, Taubenberger J. Pathology of human influenza revisited. Vaccine.
2008;26(Suppl 4):D59–66.

3. Taubenberger JK, Morens DM. The pathology of influenza virus infections.
Annu Rev Pathol. 2008;3:499–522.

4. Yan J, Grantham M, Pantelic J, de Mesquita PJB, Albert B, Liu F, Ehrman S,
Milton DK, EMIT Consortium. Infectious virus in exhaled breath of
symptomatic seasonal influenza cases from a college community. Proc Natl
Acad Sci USA. 2018;115:1081–6.

5. Lindsley WG, Blachere FM, Beezhold DH, Thewlis RE, Noorbakhsh B,
Othumpangat S, Goldsmith WT, McMillen CM, Andrew ME, Burrell CN, Noti
JD. Viable influenza A virus in airborne particles expelled during coughs
versus exhalations. Influenza Other Resp Dis. 2016;10:404–13.

6. Teunis PFM, Brienen N, Kretzschmar MEE. High infectivity and pathogenicity
of influenza A virus via aerosol and droplet transmission. Epidemics. 2010;2:
215–22.

7. Hayden FG, Fritz RS, Lobo MC, Alvord WG, Strober W, Straus SE. Local and
systemic cytokine responses during experimental human influenza A virus
infection. Relation to symptom formation and host defense. J Clin Invest.
1998;101:643–9.

8. Wilkinson TM, Li CKF, Chui CSC, Huang AKY, Perkins M, Liebner JC, Lambkin-
Williams R, Gilbert AS, Oxford J, Nicholas B, Staples KJ, Dong T, Douek DC,
McMichael AJ, Xu X-N. Preexisting influenza-specific CD4+ T cells correlate
with disease protection against influenza challenge in humans. Nat Med.
2012;18:274–80.

9. Hinshaw VS, Olsen CW, Dybdahl-Sissoko N, Evans D. Apoptosis: a
mechanism of cell killing by influenza A and B viruses. J Virol. 1994;68:3667–
73.

10. Kilbourne ED. Cytopathogenesis and cytopathology of influenza virus
infection of cells in culture. In: Influenza (ED Kilbourne, ed.). Springer,
Boston, MA, 1987. pp89-110.

11. Fukuyama S, Kawaoka Y. The pathogenesis of influenza virus infections: the
contributions of virus and host factors. Curr Opin Immunol. 2011;23:481–6.

12. Smith AM, Perelson AS. Influenza A virus infection kinetics: quantitative data
and models. Wiley Interdiscip Rev Syst Biol Med. 2011;3:429–45.

13. Paquette SG, Banner D, Zhao Z, Fang Y, Huang SSH, Leόn AJ, Ng DCK,
Almansa R, Martin-Loeches I, Ramirez P, Socias L, Loza A, Blanco J,
Sansonetti P, Rello J, Andaluz D, Shum B, Rubino S, de Lejarazu RO, Tran D,
Delogu G, Fadda G, Krajden S, Rubin BB, Bermejo-Martin JF, Kelvin AA,
Kelvin DJ. Interleukin-6 is a potential biomarker for severe pandemic H1N1
influenza A infection. PLoS One. 2012;7:e38214.

14. Matsukura S, Kokubu F, Noda H, Tokunaga H, Adachi A. Expression of IL-6,
IL-8, and RANTES on human bronchial epithelial cells, NCI-H292, induced by
influenza virus A. J Allergy Clin Immunol. 1996;98:1080–7.

15. Herold S, Becker C, Ridge KM, Budinger GRS. Influenza virus-induced lung injury:
pathogenesis and implications for treatment. Eur Respir J. 2015;45:1463–78.

16. Kim TS, Sun J, Braciale TJ. T cell responses during influenza infection:
Getting and keeping control. Trends Immunol. 2011;32:225–31.

17. Hufford MM, Kim TS, Sun J, Braciale TJ. The effector T cell response to
influenza infection. Curr Top Microbiol Immunol. 2015;386:423–55.

18. McKinstry KK, Strutt TM, Kuang Y, Brown DM, Sell S, Dutton RW, Swain SL.
Memory CD4+ T cells protect against influenza through multiple
synergizing mechanisms. J Clin Invest. 2012;122:2847–56.

19. Miao H, Hollenbaugh JA, Zand MS, Holden-Wiltse J, Mosmann TR, Perelson
AS, Wu H, Topham DJ. Quantifying the early immune response and
adaptive immune response kinetics in mice infected with influenza A virus.
J Virol. 2010;84:6687–98.

20. Kobasa D, Jones SM, Shinya K, Kash JC, Copps J, Ebihara H, Hatta Y, Kim JH,
Halfmann P, Hatta M, Feldmann F, Alimonti JB, Fernando L, Li Y, Katze MG,
Feldmann H, Kawaoka Y. Aberrant innate immune response in lethal infection
of macaques with the 1918 influenza virus. Nature. 2007;445:319–23.

21. Writing Committee of the WHO Consultation on Clinical Aspects of
Pandemic (H1N1) 2009 Influenza. Clinical aspects of pandemic 2009
influenza A (H1N1) virus infection. New Engl J Med. 2010;362:1708–19.

22. Aman J, Weijers EM, van Nieuw Amerongen GP, Malik AB, van Hinsbergh
VWM. Using cultured endothelial cells to study endothelial barrier
dysfunction: Challenges and opportunities. Am J Phys Lung Cell Mol Phys.
2016;311:L453–66.

23. Sukriti S, Tauseef M, Yazbeck P, Mehta D. Mechanisms regulating endothelial
permeability. Pulm Circ. 2014;4:535–51.

24. McMichael AJ. Legacy of the influenza pandemic 1918: The host T cell
response. Biom J. 2018;41:242–8.

Miyazawa Inflammation and Regeneration           (2020) 40:39 Page 11 of 13



25. Teijaro JR, Njau MN, Verhoeven D, Chandran S, Nadler SG, Hasday J, Farber
DL. Costimulation modulation uncouples protection from
immunopathology in memory T cell responses to influenza virus. J
Immunol. 2009;182:6834–43.

26. Tumpey TM, García-Sastre A, Taubenberger JK, Palese P, Swayne DE, Pantin-
Jackwood MJ, Schultz-Cherry S, Solórzano A, Van Rooijen N, Katz JM, Basler
CF. Pathogenicity of influenza viruses with genes from the 1918 pandemic
virus: Functional roles of alveolar macrophages and neutrophils in limiting
virus replication and mortality in mice. J Virol. 2005;79:14933–44.

27. Högner K, Wolff T, Pleschka S, Plog S, Gruber AD, Kalinke U, Walmrath HD,
Bodner J, Gattenlöhner S, Lewe-Schlosser P, Matrosovich M, Seeger W,
Lohmeyer J, Herold S. Macrophage-expressed IFN-β contributes to
apoptotic alveolar epithelial cell injury in severe influenza virus pneumonia.
PLoS Pathog. 2013;9:e1003188.

28. Lin KL, Suzuki Y, Nakano H, Ramsburg E, Gunn MD. CCR2+ monocyte-derived
dendritic cells and exudate macrophages produce influenza-induced
pulmonary immune pathology and mortality. J Immunol. 2008;180:2562–72.

29. Herold S, Mayer K, Lohmeyer J. Acute lung injury: How macrophages orchestrate
resolution of inflammation and tissue repair. Front Immunol. 2011;2:65.

30. Brandes M, Klauschen F, Kuchen S, Germain RN. A systems analysis identifies
a feedforward inflammatory circuit leading to lethal influenza infection. Cell.
2013;154:197–212.

31. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, Graham
BS, McLellan JS. Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science. 2020;367:1260–3.

32. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the recognition
of SARS-CoV-2 by full-length human ACE2. Science. 2020;367:1444–8.

33. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, function,
and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell. 2020;181:281–92.

34. Fehr AR, Perlman S. Coronaviruses: An overview of their replication and
pathogenesis. Methods Mol Biol. 2015;1282:1–23.

35. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
Schiergens TS, Herrler G, Wu NH, Nitsche A, Müller MA, Drosten C,
Pöhlmann S. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell. 2020;181:271–80.

36. Hamming I, Timens W, Bulthuis MLC, Lely AT, Navis GJ, van Goor H. Tissue
distribution of ACE2 protein, the functional receptor for SARS coronavirus. A
first step in understanding SARS pathogenesis. J. Pathol. 2004;203:631–7.

37. Sungnak W, Huang N, Bécavin C, Berg M, Queen R, Litvinukova M, Talavera-
López C, Maatz H, Reichart D, Sampaziotis F, Worlock KB, Yoshida M, Barnes
JL, HCA Lung Biological Network. SARS-CoV-2 entry factors are highly
expressed in nasal epithelial cells together with innate immune genes. Nat
Med. 2020;26:681–7.

38. Ziegler C, Allon SJ, Nyquist SK, Mbano I, Miao VN, Cao Y, Yousif AS, Bals J,
Hauser BM, Feldman J, Muus C, Wadsworth MH II, Kazer S, Hughes TK, Doran B,
Gatter GJ, Vukovic M, Tzouanas CN, Taliaferro F, Guo Z, Wang JP, Dwyer DF,
Buchheit KM, Boyce J, NAJ B, Laidlaw TM, Carroll SL, Colonna L, Tkachev A, Yu
A, Zheng HB, Gideon HP, Winchell CG, Lin PL, Berger B, Leslie A, Flynn JL,
Fortune SM, Finberg RW, Kean L, Garber M, Schmidt A, Lingwood D, Shalek AK,
Ordovas-Montanes J, Lung Biological Network. HCA. SARS-CoV-2 receptor
ACE2 is an interferon-stimulated gene in human airway epithelial cells and is
enriched in specific cell subsets across tissues. Cell. 2020;181:1016–35.

39. de Wilde AH, Snijder EJ, Kikkert M, van Hemert MJ. Host factors in
coronavirus replication. Curr Top Microbiol Immunol. 2018;419:1–42.

40. Long Q-X, Liu B-Z, Deng H-J, Wu G-C, Deng K, Chen Y-K, Liao P, Qiu J-F, Lin Y,
Cai X-F, Wang D-Q, Hu Y, Ren J-H, Tang N, Xu Y-Y, Yu L-H, Mo A, Gong F,
Zhang X-L, Tian WG, Hu L, Zhang X-X, Xiang J-L, Du H-X, Liu H-W, Lang C-H,
Luo X-H, Wu S-B, Cui X-P, Zhou Z, Zhu M-M, Wang J, Xue C-J, Li X-F, Wang L, Li
Z-J, Wang K, Niu C-C, Yang Q-J, Tang X-J, Zhang Y, Liu X-M, Li J-J, Zhang D-C,
Zhang F, Liu P, Yuan J, Li Q, Hu J-L, Chen J, Huang A-L. Antibody responses to
SARS-CoV-2 in patients with COVID-19. Nat Med. 2020;26:845–8.

41. van der Made CI, Simons A, Schuurs-Hoeijmakers J, van den Heuvel G,
Mantere T, Kersten S, van Deuren RC, Steehouwer M, van Reijmersdal SV,
Jaeger M, Hofste T, Astuti G, Galbany JC, van der Schoot V, van der Hoeven
H, Hagmolen of ten Have W, Klijn E MD, van den Meer C, Fiddelaers J, de
Mast Q, Bleeker-Rovers CP, Joosten LAB, Yntema HG, Gilissen C, Nelen M,
van der Meer JWM, Brunner HG, Netea MG, van de Veerdonk FL, Hoischen.
Presence of genetic variants among young men with severe COVID-19.
JAMA published online July 24, 2020; DOI:10.1001/jama.2020.13719.

42. Konno Y, Kimura I, Uriu K, Fukushi M, Irie T, Koyanagi Y, Sauter D, Gifford RJ.
USFQ-COVID19 Consortium, Nakagawa S, Sato K. SARS-CoV-2 ORF3b is a potent

interferon antagonist whose activity is increased by a naturally occurring
elongation variant. Cell Rep. 2020. https://doi.org/10.1016/j.celrep.2020.108185.

43. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R, Leung KSM, Lau EHY,
Wong JY, Xing X, Xiang N, Wu Y, Li C, Chen Q, Li D, Liu T, Zhao J, Liu M, Tu
W, Chen C, Jin L, Yang R, Wang Q, Zhou S, Wang R, Liu H, Luo Y, Liu Y,
Shao G, Li H, Tao Z, Yang Y, Deng Z, Liu B, Ma Z, Zhang Y, Shi G, Lam TTY,
Wu JT, Gao GF, Cowling BJ, Yang B, Leung GM, Feng Z. Early transmission
dynamics in Wuhan, China, of novel coronavirus–infected pneumonia. New
Engl J Med. 2020;382:1199–207.

44. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, Lau YC, Wong JY, Guan Y,
Tan X, Mo X, Chen Y, Liao B, Chen W, Hu F, Zhang Q, Zhong M, Wu Y, Zhao
L, Zhang F, Cowling BJ, Li F, Leung GM. Temporal dynamics in viral
shedding and transmissibility of COVID-19. Nat Med. 2020;26:672–5.

45. Long Q-X, Tang X-J, Shi Q-L, Li Q, Deng H-J, Yuan J, Hu H-L, Xu W, Zhang Y,
Lv F-J, Su K, Zhang F, Gong J, Wu B, Liu X-M, Li J-J, Qiu J-F, Chen J, Huang
A-L. Clinical and immunological assessment of asymptomatic SARS-CoV-2
infections. Nat Med. 2020;26:1200–4.

46. Inui S, Fujikawa A, Jitsu M, Kunishima N, Watanabe S, Suzuki Y, Umeda S,
Uwabe Y. Chest CT findings in cases from the cruise ship "Diamond Princess"
with coronavirus disease 2019 (COVID-19). Radiology: Cardiothoracic Imaging.
2020;2:e200110. https://doi.org/10.1148/ryct.2020200110.

47. Vasquez-Bonilla WO, Orozco R, Argueta V, Sierra M, Zambrano LI, Muñoz-
Larae F, SalomónLópez-Molina D, Arteaga-Livias K, Grimes Z, Bryce C, Paniz-
Mondolfi A, Rodríguez-Morales AJ. A review of the main histopathological
findings in the Coronavirus Disease 2019 (COVID-19). Human Pathol. 2020;
published online 2 August 2020; DOI: 10.1016/j.humpath.2020.07.023.

48. Carsana L, Sonzogni A, Nasr A, Rossi RS, Pellegrinelli A, Zerbi P, Rech R,
Colombo R, Antinori S, Corbellino M, Galli M, Catena E, Tosoni A, Gianatti A,
Nebuloni M. Pulmonary post-mortem findings in a series of COVID-19 cases
from northern Italy: a two-centre descriptive study. Lancet Infec. Dis. 2020;
published online 8 June, 2020; DOI: 10.1016/S1473-3099(20)30434-5.

49. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu H, Zhu L,
Tai Y, Bai C, Gao T, Song J, Xia P, Dong J, Zhao J, Wang F-S. Pathological
findings of COVID-19 associated with acute respiratory distress syndrome.
Lancet Respir Med. 2020;8:420–2.

50. Barth RF, Buja LM, Parwani AV. The spectrum of pathological findings in
coronavirus disease (COVID-19) and the pathogenesis of SARS-CoV-2. Diagn
Pathol. 2020;15:85.

51. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS,
Mehra MR, Schuepbach RA, Ruschitzka F, Moch H. Endothelial cell infection
and endotheliitis in COVID-19. Lancet. 2020;395:1417–8.

52. Tian S, Hu W, Niu L, Liu H, Xu H, Xiao S-Y. Pulmonary pathology of early-
phase 2019 novel coronavirus (COVID-19) pneumonia in two patients with
lung cancer. J Thorac Oncol. 2020;15:700–4.

53. Munster VJ, Feldmann H, Williamson BN, van Doremalen N, Pérez-Pérez L,
Schulz J, Meade-White K, Okumura A, Callison J, Brumbaugh B, Avanzato VA,
Rosenke R, Hanley PW, Saturday G, Scott D, Fischer ER, de Wit E. Respiratory
disease in rhesus macaques inoculated with SARS-CoV-2. Nature 2020 May
12; DOI: https://doi.org/10.1038/s41586-020-2324-7.

54. Shan C, Yao Y-F, Yang X-L, Zhou Y-W, Wu J, Gao G, Peng Y, Yang L, Hu X,
Xiong J, Jiang R-D, Zhang H-J, Gao X-X, Peng C, Min J, Chen Y, Si H-R, Zhou
P, Wang Y-Y, Wei H-P, Pang W, Hu Z-F, Lv L-B, Zheng Y-T, Shi Z-L, Yuan Z-M.
Infection with novel coronavirus (SARS-CoV-2) causes pneumonia in the
Rhesus macaques. Cell Res. 2020;30:670–7.

55. Winkler ES, Bailey AL, Kafai NM, Nair SA, McCune BT, Yu J, Fox JM, Chen RE,
Earnest JT, Keeler SP, Ritter JH, Kang L-I, Dort S, Robichaud A, Head R,
Holtzman MJ, Diamond MS. SARS-CoV-2 infection of human ACE2-
transgenic mice causes severe lung inflammation and impaired function.
Nat Immunol. 2020. https://doi.org/10.1038/s41590-020-0778-2.

56. Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a
key role for monocytes and macrophages. Nat Rev Immunol. 2020;20:355–62.

57. Channappanavar R, Fehr AR, Vijay R, Mack M, Zhao J, Meyerholz DK,
Perlman S. Dysregulated type I interferon and inflammatory monocyte-
macrophage responses cause lethal pneumonia in SARS-CoV-infected mice.
Cell Host Microbe. 2016;19:181–93.

58. Channappanavar R, Fehr AR, Zheng J, Wohlford-Lenane C, Abrahante JE,
Mack M, Sompallae R, McCray PB Jr, Meyerholz DK, Perlman S. IFN-I
response timing relative to virus replication determines MERS coronavirus
infection outcomes. J Clin Invest. 2019;129:3625–39.

59. Chu H, Chan JF-W, Wang Y, Yuen TT-T, Chai Y, Hou Y, Shuai H, Yang D, Hu
B, Huang X, Zhang X, Cai J-P, Zhou J, Yuan S, Kok K-H, To KK-W, Chan IH-Y,

Miyazawa Inflammation and Regeneration           (2020) 40:39 Page 12 of 13

https://doi.org/10.1016/j.celrep.2020.108185
https://doi.org/10.1148/ryct.2020200110
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1038/s41590-020-0778-2


Zhang AJ, Sit K-Y, Au W-K, Yuen K-Y. Comparative replication and immune
activation profiles of SARS-CoV-2 and SARS-CoV in human lungs: An ex vivo
study with implications for the pathogenesis of COVID-19. Clin Infect Dis.
2020;71:1400–9. https://doi.org/10.1093/cid/ciaa410.

60. Zhou Z, Ren L, Zhang L, Zhong J, Xiao Y, Jia Z, Guo L, Yang J, Wang C, Jiang S,
Yang D, Zhang G, Li H, Chen F, Xu Y, Chen M, Gao Z, Yang J, Dong J, Liu B, Zhang
X, Wang W, He K, Jin Q, Li M, Wang J. Heightened innate immune responses in
the respiratory tract of COVID-19 patients. Cell Host Microbe. 2020;27:883–90.

61. Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, Cheng L, Li J, Wang X, Wang F,
Liu L, Amit I, Zhang S, Zhang Z. Single-cell landscape of bronchoalveolar
immune cells in patients with COVID-19. Nat Med. 2020;26:842–4.

62. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR,
Rawlings SA, Sutherland A, Premkumar L, Jadi RS, Marrama D, de Silva AM,
Frazier A, Carlin AF, Greenbaum JA, Peters B, Krammer F, Smith DM, Crotty
S, Sette A. Targets of T cell responses to SARS-CoV-2 coronavirus in humans
with COVID-19 disease and unexposed individuals. Cell. 2020;181:1489–501.

63. Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth F, Hippenstiel S,
Dingeldey M, Kruse B, Fauchere F, Baysal E, Mangold M, Henze L, Lauster R,
Mall MA, Beyer K, Röhmel J, Voigt S, Schmitz J, Miltenyi S, Demuth I, Müller
MA, Hocke A, Witzenrath M, Suttorp N, Kern F, Reimer U, Wenschuh H,
Drosten C, Corman VM, Giesecke-Thiel C, Sander LE, Thiel A. SARS-CoV-2-
reactive T cells in healthy donors and patients with COVID-19. Nature
published online 29 July 2020; DOI: 10.1038/s41586-020-2598-9.

64. Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Smith N, Péré H, Charbit
B, Bondet V, Chenevier-Gobeaux C, Breillat P, Carlier N, Gauzit R, Morbieu C,
Pène F, Marin N, Roche N, Szwebel T-A, Merkling SH, Treluyer J-M, Veyer D,
Mouthon L, Blanc C, Tharaux P-L, Rozenberg F, Fischer A, Duffy D, Rieux-Laucat
F, Kernéis S, Terrier B. Impaired type I interferon activity and inflammatory
responses in severe COVID-19 patients. Science. 2020;369:718–24.

65. Arunachalam PS, Wimmers F, Mok CKP, Perera RAPM, Scott M, Hagan T,
Sigal N, Feng Y, Bristow L, Tsang OT-Y, Wagh D, Coller J, Pellegrini KL,
Kazmin D, Alaaeddine G, Leung WS, Chan JMC, Chik TSH, Choi CYC, Huerta
C, McCullough MP, Lv H, Anderson E, Edupuganti C, Upadhyay AA, Bosinger
SE, Maecker HT, Khatri P, Rouphael N, Peiris M, Pulendran B. Systems
biological assessment of immunity to mild versus severe COVID-19 infection
in humans. Science. 2020;369:1210–20.

66. Herro R, Croft M. The control of tissue fibrosis by the inflammatory molecule
LIGHT (TNF superfamily member 14). Pharmacol Res. 2016;104:151–5.

67. da Silva AR, Mehta AK, Madge L, Tocker J, Croft M. TNFSF14 (LIGHT) exhibits
inflammatory activities in lung fibroblasts complementary to IL-13 and TGF-
β. Front Immunol. 2018;9:576. https://doi.org/10.3389/fimmu.2018.00576.

68. Seow J, Graham C, Merrick B, Acors S, Steel KJA, Hemmings O, O’Bryne A,
Kouphou N, Pickering S, Galao R, Betancor G, Wilson HD, Signell AW,
Winstone H, Kerridge C, Temperton N, Snell L, Bisnauthsing K, Moore A,
Green A, Martinez L, Stokes B, Honey J, Izquierdo-Barras A, Arbane G, Patel
A, OConnell L, Hara GO, MacMahon E, Douthwaite S, Nebbia G, Batra R,
Martinez-Nunez R, Edgeworth JD, Neil SJD, Malim MH, Doores K.
Longitudinal evaluation and decline of antibody responses in SARS-CoV-2
infection. medRχiv 2020; DOI: 10.1101/2020.07.09.20148429.

69. Channappanavar R, Zhao J, Perlman S. T cell-mediated immune response to
respiratory coronaviruses. Immunol Res. 2014;59:1181–28.

70. Chen H, Hou J, Jiang X, Ma S, Meng M, Wang B, Zhang M, Zhang M, Tang X,
Zhang F, Wan T, Li N, Yu Y, Hu H, Yang R, He W, Wang X, Cao X. Response of
memory CD8+ T cells to severe acute respiratory syndrome (SARS) coronavirus
in recovered SARS patients and healthy individuals. J Immunol. 2005;175:591–8.

71. Takamura S, Yagi H, Hakata Y, Motozono C, McMaster SR, Masumoto T,
Fujisawa M, Chikaishi T, Komeda J, Itoh J, Umemura M, Kyusai A, Tomura M,
Nakayama T, Woodland DL, Kohlmeier JE, Miyazawa M. Specific niches for
lung-resident memory CD8+ T cells at the site of tissue regeneration enable
CD69-independent maintenance. J Exp Med. 2016;213:3057–73.

72. Takamura S, Kato S, Motozono C, Shimaoka T, Ueha S, Matsuo K, Miyauchi K,
Masumoto T, Katsushima A, Nakayama T, Tomura M, Matsushima K, Kubo M,
Miyazawa M. Interstitial-resident memory CD8+ T cells sustain frontline
epithelial memory in the lung. J Exp Med. 2019;216:2736–47.

73. Matheson NJ, Lehner PJ. How does SARS-CoV-2 cause COVID-19? Science.
2020;369:510–1. https://doi.org/10.1126/science.abc6156.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Miyazawa Inflammation and Regeneration           (2020) 40:39 Page 13 of 13

https://doi.org/10.1093/cid/ciaa410
https://doi.org/10.3389/fimmu.2018.00576
https://doi.org/10.1126/science.abc6156

	Abstract
	Background
	Clinical course and pathology of influenza virus infection
	Spread of infection from the upper to lower respiratory tract
	Pathology of influenza-induced pneumonia
	Mechanisms of tissue injury in influenza-induced pneumonia
	Replication of SARS-CoV-2 and clinical course of its infection
	Pathology of SARS-CoV-2-induced pneumonia
	Immunopathogenesis of SARS-CoV-2-induced pneumonia
	Conclusions
	Abbreviations
	Acknowledgements
	Author’s contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

