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Introduction

Prior to 2002, human coronaviruses (hCoVs) were best known as
causes of the common cold. Two CoVs, HCoV-229E and HCoV-
0C43, were identified in the 1960s and caused upper respiratory
tract infections that were indistinguishable from those caused
by rhinoviruses (1). Other CoVs, HCoV-HKU-1 and HCoV-NL63,
which also cause the common cold, were identified in the period
after the severe acute respiratory syndrome coronavirus (SARS-
CoV) was discovered and after more research efforts were focused
on this family of viruses (2, 3).

This characterization of hCoVs as causes of relatively benign
infections changed radically with the advent of SARS in 2002 (4).
For the first time, an hCoV was shown to cause severe disease.
SARS-CoV, the cause of SARS, was shown to originate from bats,
with transmission to human populations occurring via intermedi-
ary animals such as Himalayan palm civet cats and raccoon dogs in
exotic animal live markets in Guangzhou, China (5). SARS caused
pneumonia of varying severity, with about 8500 cases and a mor-
tality of approximately 10%. Inretrospect, SARS caused arelatively
small pandemic because it tended to be transmissible only after
an infected person developed symptoms of respiratory disease.
Thus, it was easy to identify and quarantine patients, to stop trans-
mission and end the pandemic. In addition, no nonhuman host
was involved in SARS-CoV transmission. The last case of SARS
was identified in 2004. SARS illustrated two aspects of emerging
zoonotic viral infections. It became evident, first, that a zoonotic
respiratory pathogen would be readily transmitted under the right
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Human coronaviruses (hCoVs) cause severe respiratory illness in the elderly. Age-related impairments in innate immunity and
suboptimal virus-specific T cell and antibody responses are believed to cause severe disease upon respiratory virus infections.
This phenomenon has recently received increased attention, as elderly patients are at substantially elevated risk for severe
COVID-19 disease and experience increased rates of mortality following SARS-CoV-2 infection compared with younger
populations. However, the basis for age-related fatal pneumonia following pathogenic hCoVs is not well understood. In this
Review, we provide an overview of our current understanding of hCoV-induced fatal pneumonia in the elderly. We describe
host immune response to hCoV infections derived from studies of young and aged animal models and discuss the potential
role of age-associated increases in sterile inflammation (inflammaging) and virus-induced dysregulated inflammation in
causing age-related severe disease. We also highlight the existing gaps in our knowledge about virus replication and host
immune responses to hCoV infection in young and aged individuals.

circumstances, and second, that humans had no protective immu-
nity to the virus. However, since transmission occurred readily
only in hospital and household settings, the pandemic was limited.
SARS-CoV caused greater morbidity and mortality in patients
with comorbidities such as diabetes and heart disease, which is a
common theme of infections caused by pathogenic hCoVs.

In 2012, a second zoonotic CoV, MERS-CoV, causing the Mid-
dle East respiratory syndrome (MERS), was identified (6). All cases
of MERS have been identified in individuals who lived on the
Arabian Peninsula or in travelers from this geographical area (7).
Outbreaks initiated by travelers from the Arabian Peninsula were
limited in scope, showing that human-to-human transmission of
MERS-CoV is uncommon. The one exception was an outbreak
in South Korea, in which 186 individuals became infected, with
a 20% mortality (8). MERS-CoV also caused pneumonia, with
disease primarily confined to the lungs. Unlike SARS, MERS is
primarily a disease of camels and continues to enter human pop-
ulations sporadically from this zoonotic source (9). As of Novem-
ber 2019, MERS-CoV has infected about 2500 people since 2012
with a 35% mortality (10). MERS-CoV, like SARS-CoV, is primar-
ily transmitted only after people are clinically ill. Most reported
cases originated in hospitals, after virus was aerosolized and prop-
er precautions to prevent spread were not used (11). More recently,
as infection control procedures have been instituted, a majority
of cases have been primary, occurring in the community, often in
people without any known camel contact (12). Human populations
have no preexisting immunity to MERS-CoV, but interhuman
transmission remains inefficient. Curiously, while MERS-CoV is
detected in camels throughout Africa and Asia (13) and has been
in camel populations since at least the early 1980s, clinically evi-
dent human disease has never been reported in Africa, and MERS
cases were not detected in the Kingdom of Saudi Arabia (KSA),
the epicenter of the disease, until 2012. A recent report describes
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MERS-CoV seropositivity in asymptomatic camel abattoir
workers in Nigeria (14), suggesting that human infection occurs
and is mild. Whether these findings reflect differences in socioeco-
nomic, cultural, or other factors in populations located on the Ara-
bian Peninsula versus in Africa, and whether these factors changed
in KSA in 2012, remain to be determined. MERS-CoV, like SARS-
CoV, preferentially infected individuals with comorbidities such as
diabetes, chronic renal disease, and chronic cardiac disease (15).

SARS-CoV-2, the etiological agent of the ongoing COVID-19
pandemic, was first recognized in December 2019 (16). Unlike
SARS-CoV and MERS-CoV, SARS-CoV-2 replicates to very high
titers in the upper respiratory tract, especially in the presymptom-
atic phase of the infection (17). Consequently, the virus is readi-
ly transmissible from human to human. As of October 10, 2020,
there had been 36 million cases and 1,063,429 deaths (3.4% mor-
tality) (18). While SARS-CoV-2 likely originated in bats, a virus
identical to SARS-CoV-2 has not been detected in bats. It is prob-
able that the virus crossed species from a not-yet-identified inter-
mediary host. Alternatively, given how well adapted SARS-CoV-2
is to human populations, it is also possible that the virus has been
circulating in specific human populations in Southeast Asia for
longer than the few months of the pandemic. People with under-
lying diseases develop more severe COVID-19, as also occurred
in SARS and MERS infections (19). Partly as a consequence of the
large numbers of COVID-19 infections, several unusual manifes-
tations of the disease have been identified. These include neu-
rological and heart disease, endothelialitis and thrombosis, and
a hyperinflammatory syndrome that is especially prominent in
children and adolescents (20, 21). The latter has similarities with
Kawasaki’s disease (KD) and, like KD, can result in permanent
damage to the heart (21). While a small proportion of infected
children develop this KD-like illness, most remain asymptom-
atic. However, viral loads are often high in children (22), so
these children may serve as the source of the adult infection in
some instances. On the other hand, a common presentation of
COVID-19 is subclinical disease or asymptomatic disease that is
often identified during contact tracing or in routine screening.
Some individuals with subclinical or asymptomatic disease may
progress to clinical disease, but many do not, and many have
high virus loads in their nasopharynx, as measured by quantita-
tive reverse transcriptase PCR (17). Whether people who remain
asymptomatic can transmit the virus to susceptible individuals
needs to be determined. Development of antiviral therapies and
development of vaccines are high priorities as part of the inten-
sive efforts under way to limit the pandemic.

Epidemiology

Common cold CoVs (CCCs) — including HCoV-229E, HCoV-
0C43, HCoV-HKU-1, and HCoV-NL63, mentioned above — gen-
erally cause mild upper respiratory disease and are especially
common in children. However, adults can also be infected and
develop disease. CCCs cause colds most often in the winter and
fall in temperate areas and account for a variable fraction of upper
respiratory tract infections, depending on year and location. In
total, about 15% of all colds are caused by CCCs (23). Several vol-
unteer studies have shown that reinfection within one year can
occur, although the second infection may not result in clinical dis-
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ease (24). Shedding may still occur, however, even in the absence
of clinical disease. In contrast to the mild disease observed in
children, outbreaks of severe respiratory disease caused by
HCoV-0C43 and HCoV-229E have been documented in patients
with chronic obstructive pulmonary disease (25). These reports
demonstrate that severe disease, although uncommon, occurs
especially in aged individuals.

In addition to the comorbidities described above, SARS,
MERS, and COVID-19 are all more severe in aged patients. SARS
rarely occurred in children, with no deaths reported in people
under the age of 24 years, compared with a 50% mortality in those
over 65 years (4). Similarly, MERS is a disease of aged populations.
A few children had severe disease or died from MERS, but these
children had underlying diseases that made them more suscepti-
ble to the infection (26, 27). COVID-19 is also much more severe
in the elderly. While the mortality rate in those 5-19 years of age is
estimated to be 9 times lower than that in a comparison group (18-
29 years), the rates in those 74-85 and over 85 years are 220 and
630 times higher, respectively (28). Consistent with these data,
deaths in nursing homes are believed to account for 41% of all
deaths in the United States from COVID-19 (29). Additional stud-
ies show that age is an independent risk factor for severe disease.
While underlying disease occurs to a greater extent in the elder-
ly, age — independent of underlying disease — is associated with
worse outcomes (19). Although the elderly are at increased risk of
developing severe disease, individuals of all ages develop a spec-
trum of clinical illness that includes asymptomatic, mild to mod-
erate, and severe disease. Whether the pathogenic processes that
result in severe disease are the same or different in populations of
different ages requires further investigation. Interestingly, there
are several similarities between the multisystem inflammatory
syndrome observed in children and the vasculitis/endothelialitis/
thrombosis syndrome observed in adults (20, 21). Notably, as dis-
cussed in more detail below, some strains of mice duplicate many
of these features of the effects of aging on outcomes. For example,
young C57BL/6 mice are resistant to SARS-CoV infection but dis-
play an age-dependent increase in clinical disease so that even by
6 months, mice develop respiratory symptoms and may succumb
to the infection (30). Similar effects of aging are also observed in
macaques infected with SARS-CoV (31). Thus, these animal mod-
els will be useful for studies of the role of aging in disease severity.

Clinical features

SARS-CoV, MERS-CoV, and SARS-CoV-2 all have an incuba-
tion period of 2-14 days, although the usual period is about
4-7 days (4, 32). A major difference between the three viruses
is that COVID-19 may present initially with upper respiratory
tract disease, unlike MERS and SARS. While most COVID-19
patients develop mild disease that resolves without any interven-
tions, 10%-20% develop more serious disease, with an overall
mortality of 1%-3%. Both the number of total and the number
of fatal COVID-19 cases have been underestimated, so that the
actual mortality rate is in flux. The primary target organ of infec-
tion by SARS-CoV, MERS-CoV, and SARS-CoV-2 is the lung.
Severe infection is characterized by acute lung injury and, in
more serious cases, acute respiratory distress syndrome. In all
three infections, radiographic examination reveals a ground-

jci.org  Volume130  Number12  December 2020

6205


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12

6206

REVIEW

glass appearance and airspace opacifications that are especially
prominent in the lung periphery (33-35). Pneumonia caused by
these three viruses cannot be distinguished, by either clinical or
radiographic findings, from severe viral pneumonia due to other
causes. As discussed briefly above, severe COVID-19 is charac-
terized by several extrapulmonary manifestations, affecting the
heart, brain, and kidney, among other organs (20, 36). Virus has
been identified in these organs by electron microscopy (20, 37),
but the identity of these presumptive virus particles has been
questioned (38). Further, other studies show inflammatory
changes without detection of virus (39). Thus, determining the
etiology of these changes and identifying host immune factors
that contribute to these extrapulmonary manifestations is an
important goal. Also, it is not known whether any of these man-
ifestations occur preferentially in aged individuals. A fraction
of children develop the KD-like hyperinflammatory syndrome
described above (21), but whether the thrombosis and endothelial
disease observed in adults have the same pathogenic basis also
needs to be determined.

Pathogenesis of hCoV infection in aged animals
Animal models that replicate clinical and immunological fea-
tures of hCoV-induced pneumonia are critical to understanding
disease pathogenesis. Several animal models have been used to
(a) examine virus replication in young and aged hosts, (b) study
host immune responses and tissue pathology, and (c) test antivi-
ral and vaccine responses to hCoV infections (40-43). A unique
feature of all hCoVs, and perhaps of the majority of the RNA
viruses causing human respiratory infections, is that they cause
more severe pneumonia in aged compared with younger popula-
tions (44, 45). Therefore, several small- and large-animal models
are used to study age-related changes in disease pathogenesis. In
this section, we will discuss animal models used to study hCoV
pathogenesis, and their use in the study of age-dependent sus-
ceptibility to hCoV infection.

Animal models of seasonal hCoV infections

Studies of seasonal hCoV pathogenesis are limited by poor prop-
agation of these viruses and lack of appropriate animal models.
Among the four nonpathogenic seasonal hCoVs, mice express-
ing human aminopeptidase N (hAPN, the receptor for HCoV-
229E), both single transgenic (hAAPN/Stat1*/*) and double trans-
genic (immunodeficient mice lacking Statl; hAPN/Statl”"),
support HCoV-229E replication. In vitro adaptation of HCoV-
229E in hAPN/Statl”/- mouse embryonic fibroblasts gave rise to
a mouse-adapted strain that replicated in hAPN/Stat1/" mice and
caused mild to moderate disease (46). However, whether HCoV-
229E causes age-dependent severe disease in these transgenic
mice has not been examined. HCoV-OC43 also infects mice, but
tropism is limited to the brain, with limited if any replication in the
respiratory tract (47).

Animal models of pathogenic hCoV infections

All three pathogenic hCoVs cause severe disease in the elderly.
Therefore, animals that replicate features of age-related severe
human respiratory illness are critical to understanding the basis of
hCoV pathogenesis.
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Animal models of SARS and aging. Several animal models
of SARS replicated the age-related severe disease observed in
humans. Aged macaques infected with SARS-CoV exhibited
increased body temperature, decreased activity, and increased
respiratory rates compared with young macaques (31, 48-50).
Gross pathological findings showed multifocal consolidations
on aged lungs, while innate cell infiltration, edema, and hyaline
membrane formation were commonly observed in aged com-
pared with young lungs. Interestingly, there was no difference in
lung virus titers between young and aged macaques (31, 48, 50).
Standard laboratory rodents are permissive to WT SARS-CoV
infection, but fail to develop clinical illness. Consequently, human
ACE2-transgenic (hACE2-transgenic) mice were developed to
study SARS-CoV-2 pathogenesis, but whether these transgenic
mice show age-dependent severe SARS is unknown. While human
SARS-CoV (Urbani strain) caused very mild disease in young
BALB/c mice, pneumonia was more severe in aged BALB/c mice
(41, 51). Serial passage of SARS-CoV-Urbani through the lungs of
rats and mice resulted in the outgrowth of rodent-adapted strains
that replicated to high titers and caused severe clinical disease
(52, 53). One mouse-adapted strain, MA15, is most often used
in studies of SARS-CoV in mice. MA15 caused severe disease
in both young and aged BALB/c mice when compared with the
human isolate. MA15 also caused severe disease with high rates
of mortality in aged mice of all strains examined, in comparison
with young ones (52, 54). Unlike infection of nonhuman primates,
mouse-adapted SARS-CoV replicated to 1 to 2 logs higher titers in
the lungs of aged compared with young mice (48, 54).

Aging, MERS, and animal studies. MERS-CoV also causes severe
disease in the elderly, especially in individuals with comorbid con-
ditions (55, 56). Efforts to model age-dependent changes have been
confined to MERS-CoV-infected mice. Mice are normally resistant
to infection with MERS-CoV but can be rendered sensitive to infec-
tion by transduction with Ad5 expressing human DPP4 (hDPP4; the
MERS-CoV receptor), transgenic expression of hDPP4, or human-
ization of the mouse DPP4 locus (57-59). The latter results in the
most useful model of human MERS. However, age-related dis-
ease in these animals has not been well demonstrated, except for
increases in proinflammatory responses and prolonged pulmonary
inflammation in 25-week-old MERS-CoV-infected hDPP4-trans-
genic mice compared with 10-week-old mice (60).

Aging and animal models of COVID-19. Several laboratories
demonstrated age-related disease severity in SARS-CoV-2-
infected animals (60). In SARS-CoV-2-infected macaques,
viral titers were higher in nasopharyngeal and anal swabs,
and in the lungs, of aged monkeys compared with young ones.
SARS-CoV-2-infected monkeys developed interstitial pneu-
monia characterized by thickened alveolar septa accompanied
by inflammation and edema, with diffuse severe interstitial
pneumonia observed in aged monkeys (61). Standard labora-
tory rodents are not permissive to WT SARS-CoV-2 infection.
Therefore, several different versions of hACE2-transgenic mice
are used to study SARS-CoV-2 pathogenesis, although whether
disease severity is age-dependent is unexplored (62, 63). Addi-
tionally, SARS-CoV-2 has been genetically manipulated so that
it is able to infect standard laboratory mice (64, 65). Notably,
middle-aged hamsters, or mice infected with mouse-adapted
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SARS-CoV-2, develop more severe respiratory illness and fatal
pneumonia compared with young ones. Despite more severe
disease in aged rodents, young and aged rodents showed
similar virus titers in the lungs, demonstrating that virus-
induced inflammatory responses likely drive the severe disease
observed in aged hosts (64, 66).

Age-related immune response to hCoV infection
and vaccination

With advancing age, there is a gradual decline in the ability of the
host immune response to control viral infections. Impaired innate
and adaptive immune functions contribute to an age-related
increase in susceptibility to virus infections. In this section, we dis-
cuss age-associated changes in immune response and its impact
on disease outcomes during pathogenic hCoV infections.

Innate immunity in age-related susceptibility to hCoV infections

The innate immune response provides the first line of defense
to control initial virus replication and subsequently instructs the
development of an effective pathogen-specific adaptive immune
response. Detection of pathogen-associated molecular patterns
(PAMPs) by innate cell pattern recognition receptors (PRRs) is crit-
ical for the induction of early and robust antiviral interferon (IFN)
responses to initiate protective immune responses against hCoV
infection. Endosomal TLR7 and cytosolic MDA5 are the major
sensors that recognize hCoV single-stranded and double-stranded
RNA, respectively, to induce antiviral IFNs (67-69). Classical den-
dritic cells, plasmacytoid DCs (pDCs), and alveolar macrophages
(AMs) express increased levels of MDAS and TLR7 and serve as
the major source of IFN-0/B following hCoV infection (69, 70).
Aging is associated with a decrease in the total number of DCs,
pDCs, and AMs (44, 71), and aged DCs and pDCs express reduced
levels of PRRs, including intracellular retinoic acid-inducible
gene-I-like receptors (RLRs) and endosomal TLR7 (72, 73), likely
contributing to significantly reduced levels of IFN-o/f and lead-
ing to increased hCoV replication in the aged lungs. Age-related
increased susceptibility to influenza A virus (IAV) and reduced
IFN-a production by IAV-infected pDCs from aged donors further
support these conclusions (73-75).

Another notable feature of aging is increased myelopoiesis
and, as a result, increased numbers of myeloid cells such as neu-
trophils and monocytes/macrophages in the blood and tissues (76,
77). Despite an increase in myeloid cell numbers, critical func-
tions of neutrophils and macrophages such as phagocytosis, nitric
and superoxide production, and migration to infected tissues are
defective in aged individuals (reviewed in refs. 78-81). SARS-CoV,
MERS-CoV, and SARS-CoV-2 abortively infect myeloid cells.
Despite causing an abortive infection, hCoVs induce delayed but
robust inflammatory cytokine (IL-6, TNF, and IP-10) and chemok-
ine production by macrophages (82-84). However, it is not known
whether aged myeloid cells are more susceptible to hCoV infec-
tion compared with those from young individuals. Considering
the increased number and elevated basal inflammatory status of
neutrophils and monocytes/macrophages in the elderly, it is likely
that hCoV infection, albeit abortive, induces robust inflammatory
cytokine and chemokine expression leading to exaggerated and
dysregulated host inflammatory responses. Additionally, mono-
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cyte/macrophage populations isolated from elderly individuals
exhibit impaired RLR signaling and thus secrete reduced levels
of IFN-a expression following virus infections, despite an unper-
turbed inflammatory cytokine production (85). The net result is
a defective antiviral immune response that is associated with a
robust and dysregulated inflammation.

The CD56" NK cells constitute approximately 10% of
peripheral blood NK cells and are highly cytotoxic, as shown by
increased production of effector molecules such as perforins and
granzymes (86-88). The number and cytotoxic ability of CD56"
NK cells decline with age in humans (88, 89). Impaired migration
of NK cells to draining lymph nodes (DLNs) and reduced cyto-
toxic function contribute to increased susceptibility of aged mice
to infection with ectromelia virus, the cause of mousepox (90).
Similarly, fewer NK cells and impaired cytotoxic ability correlate
with severe IAV-induced pneumonia in murine models (91).
SARS-CoV-2 infection causes reduction in peripheral blood NK
cell number and impaired cytotoxic function (92-94). Howev-
er, the role of NK cells in hCoV immunity during aging is yet to
be elucidated. In addition to producing antiviral IFNs, DCs play
a central role in viral antigen presentation to T and B cells, thus
orchestrating effective adaptive immunity. Age-related impaired
DC-intrinsic TLR/RLR signaling and thereby reduced IFN-a/p
and IL-12 production (reviewed in refs. 71, 95) (as a third signal
for T cell activation) may affect T cell priming. Additionally,
age-dependent increased prostaglandin D, (PGD,) and increased
expression of an upstream phospholipase, PLA,G2D, in aged
hosts dampen migration of classical DCs to DLNs (30). Increased
PLA,G2D expression was postulated to result from the chronic
inflammatory response that occurs in the lung during aging.

Adaptive immunity in age-related susceptibility to hCoV infections
Humans are immunologically naive to emerging novel CoVs such
as SARS-CoV-2, although cross-reactive T and B cells from CCCs
have been detected in several studies. Whether these cells are pro-
tective or pathogenic needs to be determined (96-101). Subopti-
mal neutralizing antibody responses to infection are believed to
contribute to severe disease in the elderly (102). However, so far,
only a limited number of studies have directly compared antibody
responses in young and aged SARS and COVID-19 patients (103,
104). Notably, one study showed a robust neutralizing antibody
response in older compared with younger patients with MERS,
although the number of patients analyzed was small (105). Simi-
larly, recent COVID-19 studies show high neutralizing and anti-
gen-binding antibody titers in aged SARS-CoV-2-infected individ-
uals in comparison with young ones (103, 104). In correlation with
antibody titers, SARS, MERS, and COVID-19 studies show robust
plasmablast and antibody responses in individuals with severe
respiratory illness compared with those with mild to moderate dis-
ease (106, 107). Whether the plasmablast and antibody responses
are protective or pathogenic or merely a manifestation of severe
disease remains to be determined. Interestingly, a kinetic analysis
of serum samples from CCC-, SARS-, MERS-, and COVID-19-
recovered individuals demonstrated a rapid decline in neutraliz-
ing antibody titers after 3-6 months postinfection (24, 108-111).
Patients with higher antibody titers were less likely to develop
clinical disease, although shedding still occurred. Initial studies
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showed that SARS-CoV-specific neutralizing antibodies were
barely detectable at 3 years post-SARS and were undetectable by
6 years postinfection (109, 112). However, more recent studies
showed that anti-SARS-CoV antibodies could be detected for as
long as 15 years after infection (112). Whether such low neutral-
izing antibody titers are protective or pathogenic, possibly con-
tributing to enhanced disease following reinfection, is not known.
Limited studies of antibody responses in aged animals experimen-
tally infected with SARS-CoV showed low neutralizing antibody
responses and incomplete protection following immunization with
an inactivated vaccine (113). However, the basis for reduced anti-
body titers in aged animals is not well understood. Age-associated
reduced numbers of naive B cell precursors, impaired T follicular
cell help to B cells, reduced CD40L stimulation, or B cell-intrinsic
defects may account for suboptimal B cell response to vaccination
in the elderly (reviewed in refs. 114, 115). In addition to studies of
circulating B cell and antibody responses, recent reports highlight
the role of lung-resident B cells in host protection (116). Elucidat-
ing the role of tissue-resident B cells in young and aged hosts will
further understanding of the antibody response to hCoV infection
and intranasal vaccinations.

SARS, MERS, and COVID-19 studies comparing virus-specific
T cell responses in young and aged individuals are lacking. The
majority of human studies assess hCoV-specific T cell response
in individuals with severe versus nonsevere disease or symp-
tomatic versus asymptomatic individuals. Evidence from clinical
hCoV studies indicates that patients with severe disease exhibit
lymphopenia and reduced virus-specific T cell immunity. In con-
trast, individuals with subclinical, mild, or moderate symptoms
show high lymphocyte numbers and robust T cell immunity (16,
117-119). Aging is associated with reduced naive antigen-specific
T cell precursors due to thymic involution (120), and reduced
T cell function due to age-related changes in cell-intrinsic and
-extrinsic factors that dampen T cell immunity (121). Considering
that elderly individuals exhibit severe disease, it is likely that the
elderly mount much weaker virus-specific T cell responses com-
pared with young individuals. However, a study of a small cohort
of MERS-CoV-infected young and aged individuals showed com-
parable MERS-CoV-specific T cell responses (105). Therefore,
large-cohort studies are required to assess whether different
numbers of hCoV-specific T cells in young and aged individuals
account for severe disease in the elderly. Antigen-experienced
memory T cells are central to providing protective immunity upon
pathogen rechallenge. Virus-specific memory T cells are detected
in the peripheral blood of SARS-recovered individuals for up to 17
years following SARS-CoV infection (122, 123) and may provide
long-term immunity to hCoV infection in both young and aged
individuals. A protective role for hCoV-specific primary and mem-
ory T cell responses is well documented in young and aged mouse
models of SARS and MERS (30, 69, 124-126). These studies show
age-related declines in numbers of virus-specific T cells, which is,
in part, due to impaired migration of antigen-coated DCs to the
DLN. As discussed above, mice express increased levels of lung
PGD, levels during aging, and these levels are increased upon
SARS-CoV infection (30). PGD, suppresses DC migration from
lungs to DLNs. Blocking PGD,/PLA,G2D activity in aged mice
resulted in increased antigen-loaded DC migration to DLNs and,
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as a result, improved virus-specific T cell responses and mouse
survival (30). In addition to these defects, loss of virus-specific
precursor cells due to thymic involution (127), expansion of clones
of T cells resulting from chronic stimulation by specific viral anti-
gens (e.g., CMV and EBV) (128, 129), increased expression of
checkpoint inhibitors such as PD-1, LAGS3, etc. (130, 131), and loss
of lymphoid tissue integrity (132) may contribute to age-related
suboptimal virus-specific T cell immunity and impaired hCoV
clearance from the lungs.

Despite a decline in the number and function of peripheral
blood virus-specific T cells, tissue-resident memory (TRM) T
cells increase with advancing age in humans and mice (133).
TRM T cells are a subset of memory T cells that reside within the
tissue parenchyma and elicit rapid and robust antiviral immuni-
ty at the site of infection, such as airways and lungs (134, 135).
hCoVs induce protective lung- and airway-resident CD69* TRM
T cells in young mice (124, 125). Similarly, IAV-specific TRM
CD8* T cells are protective in young hosts (135), but these cells
accumulate in aged lungs and elicit inflammatory and fibrosis-
associated lung pathology (136). Thus, the role of hCoV-specific
TRM T cells in aging needs further investigation. It is important
to note that the above conclusions are derived from studies of
specific pathogen—free (SPF) mice in controlled laboratory envi-
ronments. Recent studies suggest that the immune response of
SPF mice resembles that of human neonates, while that of barrier-
free “dirty,” or pet store, mice is similar to that of adult humans
(137, 138). Therefore, the use of “dirty” pet store mice in hCoV
research might help to increase understanding of human immune
response to these viruses.

A summary of immune responses to hCoV infection in young
and aged hosts is shown in Figure 1.

Potential role of inflammaging in hCoV
pathogenesis

Inflammaging is an age-associated progressive increase in base-
line sterile inflammation and is characterized by elevated levels
of serum inflammatory mediators such as IL-6, TNF, IL-8, and
C-reactive protein, as well as PLA G2D as described above (139-
141). Inflammaging is considered to be a significant risk factor
for various age-related immuno-inflammatory conditions, such
as Alzheimer’s disease, cardiovascular disease, diabetes, can-
cer, and autoimmune conditions (142, 143). Inflammaging has a
multifactorial origin including age-related chronic activation of
immune cells by persistent viruses such as CMV, cellular immu-
nosenescence, impaired clearance of dead or dying cells, obesity,
age-related increases in leakage of intestinal microbiota, DNA
damage, and excessive release of mitochondrial DNA (139, 140).
With advancing age, hematopoietic and nonhematopoietic senes-
cent cells secrete high amounts of inflammatory cytokines (TNF,
IL-6, and IL-1B) and chemokines (IL-8 and CCL2) (139, 144, 145).
Elevated levels of these inflammatory mediators have a negative
impact on the activation and function of both innate and adaptive
immune cells. For instance, inflammaging-associated increases in
TNF levels correlate with reduced numbers and function of innate
cells such as myeloid DCs and pDCs (146). Similarly, increased
TNF activity reduces T cell number and function, and impairs B
cell class switch recombination and antibody responses (143, 146,
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Figure 1. Inmune response to respiratory hCoV infection in young and aged individuals. In young hosts, hCoV infection induces an early elevation of
IFN-I and IL-12 responses and controlled proinflammatory cytokine/chemokine production, leading to effective adaptive immunity and enhanced virus
clearance. In contrast, aged hosts mount reduced and delayed IFN-I and IL-12 responses and excessive proinflammatory cytokine/chemokine responses,
leading to excessive inflammation, impaired adaptive immune response, delayed virus clearance, and fatal pneumonia.

147). Although the impact of inflammaging on host immunity to
hCoV infections is not well defined, high baseline inflammatory
mediators and their potential to dampen hCoV-specific antiviral
response may dysregulate host immunity and contribute to severe
SARS and COVID-19 pneumonia in the elderly.

Age-related dysregulated inflammation in hCoV
pathogenesis

Protective host immunity against an acute virus infection involves
successful coordination between innate and adaptive responses
that effect pathogen elimination with minimal damage to the host.
A regulated protective immunity is characterized by the recogni-
tion of viral PAMPs leading to early IFN and inflammatory cyto-
kine (e.g., IL-12) induction that nonspecifically limits virus repli-
cation and spread and successfully facilitates the development
of effective virus-specific T and B cell responses to clear virus or
virus-infected cells, with minimal tissue damage. In response,
hCoVs encode numerous proteins that inhibit IFN induction and
IFN-stimulated gene expression (reviewed in refs. 148, 149), while
promoting excessive inflammation, leading to suboptimal T and
antibody cell responses and delayed or impaired virus clearance.
This is evidenced by studies in humans and mouse models of
severe SARS, which showed that robust and protracted IFN-y and
IFN-0/p responses were associated with failure to elicit a virus-

specific antibody response (69, 70, 150). These results highlight
the importance of controlled innate immunity in successful tran-
sition to an effective adaptive immunity. In agreement with these
studies, severe SARS in aged macaques correlated with robust
inflammation characterized by increased NF-«xB and reduced IFN
signaling, without a change in lung virus titers (31). Interestingly,
early recombinant IFN treatment reduced SARS severity in mice
and macaques with marginal changes in SARS-CoV load in the
lungs (31, 70), while IFN treatment at or after the peak of virus
infection resulted in increased morbidity and mortality (69, 70).
These results suggest a critical role for early IFN response in host
protection during aging. Similarly, studies in aged mice showed
that disease severity correlated with prolonged inflammatory
gene expression and enhanced magnitude and kinetics of a dis-
proportionately strong host innate immune response (48).
Analyses of peripheral blood cells from naive young and aged
individuals using multiple omics technologies demonstrated (a)
polarization of immune cells toward an inflammatory phenotype,
(b) reduced T and B cell receptor diversity and increased clonal
expansion, and (c) accumulation of myeloid cell populations with
advancing age (151, 152). Using a similar methodology, results
from a small cohort of COVID-19 patients and recovered individ-
uals demonstrated an increase in monocytes/macrophages and
a decrease in T cell populations in aged patients (152). Further, a
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recent study suggests that the SARS-CoV-2-specific T cell and anti-
body responses are poorly coordinated in aged individuals, con-
tributing to poor outcomes (153). Notably, recent studies showed
equivalent nasopharyngeal SARS-CoV-2 RNA levels in young,
adult, and aged COVID-19 patients (22, 154-156), suggesting a
role for host immune response in facilitating severe disease in the
elderly. Although the basis for severe COVID-19 is yet to be estab-
lished, published COVID-19 reports suggest at least two possible
explanations for fatal disease in humans. One school of thought is
that SARS-CoV-2 is highly efficient in suppressing the induction of
protective antiviral responses, as evidenced by low serum IFN-o/f
levels and loss of pDCs (a major source of IFN upon CoV infection)
in the peripheral blood of patients with severe COVID-19 compared
with those with mild to moderate disease (157, 158). The second
possibility is that a delayed but ultimately excessive IFN response
facilitates an exaggerated inflammatory response with increased
mortality (159-161). As a consequence of either of these initial
immune responses, COVID-19 is more severe and is characterized
by elevated levels of several serum inflammatory markers (IL-6,
TNF, C-reactive protein, GM-CSF, D-dimer, ferritin, and MCP-3)
and significantly reduced lymphocyte numbers in the peripheral
blood (158-162). SARS studies in aged animals showed low IFN but
prolonged inflammatory gene expression compared with younger
animals. Based on these results, one can speculate that an initial low
IFN response associated with delayed and robust NF-kB-mediated
inflammatory cytokine/chemokine responses contributes to severe
COVID-19 in the elderly.

Concluding remarks

Although it is well established that SARS, MERS, and COVID-19
are more severe in the elderly, the basis for this increased sever-
ity needs further investigation. It is unclear whether the severe
disease in aged individuals is caused by impaired virus clearance
due to ineffective innate and adaptive immune responses or age-

The Journal of Clinical Investigation

related excessive/dysregulated inflammation, or a combination of
the two. Studies of experimentally infected aged nonhuman pri-
mates revealed the presence of severe SARS without any change
in lung virus burden (31, 50). Similarly, COVID-19 studies show
severe disease in the elderly without a change in SARS-CoV-2load
in the upper airways (22, 154, 155). These results suggest a role for
robust inflammation in disease pathogenesis. In contrast, severe
pneumonia in SARS-CoV-2-infected aged macaques correlates
with high virus titers and delayed virus clearance, indicating sub-
optimal T and B cell responses (61). Additionally, SARS-CoV-and
SARS-CoV-2-infected aged mice show high virus titers and/or
delayed virus clearance (48, 65), suggesting impaired innate and
adaptive immune responses. A thorough examination of virus
load in the upper and lower respiratory tract and host immune
responses in young and aged individuals is critical to distinguish
whether severe hCoV disease in aged individuals is caused by
impaired and/or dysregulated host immunity. Nonetheless, ther-
apies directed at suppressing virus replication, controlling exces-
sive inflammation, and improving lymphocyte responses will
likely improve disease outcomes in aged individuals.

Acknowledgments

This work was supported in part by grants from the NIH (PO1
AI060699 and RO1 AI129269 to SP, and R21 AG060222 to RC)
and by the University of Tennessee Health Science Center start-up
fund (to RC).

Address correspondence to: Rudragouda Channappanavar, 711
Molecular Sciences Building, University of Tennessee Health Science
Center, 858 Madison Avenue, Memphis, Tennessee 38103, USA.
Phone: 901.448.2524; Email: rchannal@uthsc.edu. Or to: Stanley
Perlman, Department of Microbiology and Immunology, BSB 3-712,
University of Iowa, 51 Newton Road, Iowa City, Iowa 52242, USA.
Phone: 319.335.8549; Email: Stanley-perlman@uiowa.edu.

1.

w

>

Ul

~

o]

MclIntosh K. Coronaviruses: a comparative
review. Curr Top Microbiol Immunol. 1974;63(6-
7):85-129.

.van der Hoek L, et al. Identification of a new human

coronavirus. Nat Med. 2004;10(4):368-373.

. Woo PC, et al. Characterization and complete

genome sequence of a novel coronavirus, corona-
virus HKU1, from patients with pneumonia.

J Virol. 2005;79(2):884-895.

Peiris JS, Guan Y, Yuen KY. Severe acute respiratory
syndrome. Nat Med. 2004;10(12 suppl):S88-S97.

. Guan Y, et al. Isolation and characterization

of viruses related to the SARS coronavirus

from animals in southern China. Science.
2003;302(5643):276-278.

Zaki AM, van Boheemen S, Bestebroer TM,
Osterhaus AD, Fouchier RA. Isolation of a novel
coronavirus from a man with pneumonia in Saudi
Arabia. N Engl ] Med. 2012;367(19):1814-1820.
Memish ZA, Perlman S, Van Kerkhove MD,
Zumla A. Middle East respiratory syndrome. Lan-
cet.2020;395(10229):1063-1077.

. Cho SY, et al. MERS-CoV outbreak following a

single patient exposure in an emergency room in
South Korea: an epidemiological outbreak study.

6210 jci.org  Volume 130

Number 12

Lancet. 2016;388(10048):994-1001.

9. Killerby ME, Biggs HM, Midgley CM, Gerber SI,
Watson JT. Middle East respiratory syndrome
coronavirus transmission. Emerg Infect Dis.
2020;26(2):191-198.

10. WHO. Middle East Respiratory Syndrome Coro-

navirus (MERS-CoV). WHO website. https://
www.who.int/emergencies/mers-cov/en/.
Accessed October 14, 2020.

11. Assiri A, et al. Hospital outbreak of Middle East

respiratory syndrome coronavirus. N Engl ] Med.
2013;369(5):407-416.

12. Conzade R, et al. Reported direct and indirect

contact with dromedary camels among labo-
ratory-confirmed MERS-CoV cases. Viruses.
2018;10(8):E425.

13. Miiller MA, et al. MERS coronavirus neutralizing

antibodies in camels, Eastern Africa, 1983-1997.
Emerg Infect Dis. 2014;20(12):2093-2095.

14. Mok CKP, et al. T-cell responses to MERS corona-

virus infection in people with occupational expo-
sure to dromedary camels in Nigeria: an obser-
vational cohort study [published online ahead of
print October 6, 2020]. Lancet Infect Dis. https://
doi.org/10.1016/51473-3099(20)30599-5.

December 2020

15. Assiri A, et al. Epidemiological, demographic,
and clinical characteristics of 47 cases of Middle
East respiratory syndrome coronavirus disease
from Saudi Arabia: a descriptive study. Lancet
Infect Dis. 2013;13(9):752-761.

16. Zhu N, et al. A novel coronavirus from patients
with pneumonia in China, 2019. N Engl ] Med.
2020;382(8):727-733.

17. Arons MM, et al. Presymptomatic SARS-CoV-2
infections and transmission in a skilled nursing
facility. N Engl ] Med. 2020;382(22):2081-2090.

18. WHO. WHO Coronavirus Disease (COVID-19)
Dashboard. WHO website. https://covid19.who.
int/. Updated October 14, 2020. Accessed
October 14, 2020.

19. Williamson EJ, et al. Factors associated with
COVID-19-related death using OpenSAFELY.
Nature.2020;584(7821):430-436.

20. Ackermann M, et al. Pulmonary vascular endo-
thelialitis, thrombosis, and angiogenesis in
Covid-19. N Engl ] Med. 2020;383(2):120-128.

21. Feldstein LR, et al. Multisystem inflammatory
syndrome in U.S. children and adolescents.

N Engl ] Med. 2020;383(4):334-346.
22. Heald-Sargent T, Muller WJ, Zheng X, Rippe J,


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
mailto://rchanna1@uthsc.edu
mailto://Stanley-perlman@uiowa.edu
https://doi.org/10.1038/nm1024
https://doi.org/10.1038/nm1024
https://doi.org/10.1128/JVI.79.2.884-895.2005
https://doi.org/10.1128/JVI.79.2.884-895.2005
https://doi.org/10.1128/JVI.79.2.884-895.2005
https://doi.org/10.1128/JVI.79.2.884-895.2005
https://doi.org/10.1126/science.1087139
https://doi.org/10.1126/science.1087139
https://doi.org/10.1126/science.1087139
https://doi.org/10.1126/science.1087139
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1016/S0140-6736(19)33221-0
https://doi.org/10.1016/S0140-6736(19)33221-0
https://doi.org/10.1016/S0140-6736(19)33221-0
https://doi.org/10.1016/S0140-6736(16)30623-7
https://doi.org/10.1016/S0140-6736(16)30623-7
https://doi.org/10.1016/S0140-6736(16)30623-7
https://doi.org/10.1016/S0140-6736(16)30623-7
https://doi.org/10.3201/eid2602.190697
https://doi.org/10.3201/eid2602.190697
https://doi.org/10.3201/eid2602.190697
https://doi.org/10.3201/eid2602.190697
https://doi.org/10.1056/NEJMoa1306742
https://doi.org/10.1056/NEJMoa1306742
https://doi.org/10.1056/NEJMoa1306742
https://doi.org/10.1016/S1473-3099(20)30599-5
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1016/S1473-3099(13)70204-4
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2008457
https://doi.org/10.1056/NEJMoa2008457
https://doi.org/10.1056/NEJMoa2008457
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1001/jamapediatrics.2020.3651

The Journal of Clinical Investigation

Patel AB, Kociolek LK. Age-related differences
in nasopharyngeal severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) levels in
patients with mild to moderate coronavirus
disease 2019 (COVID-19). JAMA Pediatr.
2020;174(9):902-903.

23. Gorse GJ, Patel GB, Vitale JN, O’Connor TZ.

Prevalence of antibodies to four human corona-
viruses is lower in nasal secretions than in serum.
Clin Vaccine Immunol. 2010;17(12):1875-1880.

24. Callow KA, Parry HF, Sergeant M, Tyrrell DA.

The time course of the immune response to
experimental coronavirus infection of man.
Epidemiol Infect.1990;105(2):435-446.

25. Gorse GJ, O’Connor TZ, Hall SL, Vitale JN,

Nichol KL. Human coronavirus and acute
respiratory illness in older adults with chronic
obstructive pulmonary disease. J Infect Dis.
2009;199(6):847-857.

26. Alfaraj SH, Al-Tawfiq JA, Altuwaijri TA, Memish

ZA. Middle East respiratory syndrome corona-
virus in pediatrics: a report of seven cases from
Saudi Arabia. Front Med. 2019;13(1):126-130.

27. Thabet F, Chehab M, Bafaqih H, Al Mohaimeed S.

Middle East respiratory syndrome coronavirus in
children. Saudi Med J. 2015;36(4):484-486.

28. CDC. COVID-19 Hospitalization and Death by

Age. CDC website. https://www.cdc.gov/corona-
virus/2019-ncov/covid-data/investigations-dis-
covery/hospitalization-death-by-age.html. Updat-
ed August 18,2020. Accessed October 14, 2020.

29. Center for Infectious Disease Research and Policy.

Nursing homes might account for 40% of US
COVID-19 deaths. University of Minnesota web-
site. https://www.cidrap.umn.edu/news-perspec-
tive/2020/06/nursing-homes-might-account-
40-us-covid-19-deaths. Published June 16, 2020.
Accessed October 14, 2020.

30. Zhao ], Zhao J, Legge K, Perlman S. Age-related

increases in PGD(2) expression impair respira-
tory DC migration, resulting in diminished T
cell responses upon respiratory virus infection in
mice. J Clin Invest. 2011;121(12):4921-4930.

31. Smits SL, et al. Exacerbated innate host response

to SARS-CoV in aged non-human primates. PLoS
Pathog. 2010;6(2):e1000756.

32.Zumla A, Hui DS, Perlman S. Middle East respira-

tory syndrome. Lancet. 2015;386(9997):995-1007.

33. Das KM, et al. CT correlation with outcomes in

15 patients with acute Middle East respiratory
syndrome coronavirus. AJR Am ] Roentgenol.
2015;204(4):736-742.

34. Miiller NL, Ooi GC, Khong PL, Nicolaou S. Severe

acute respiratory syndrome: radiographic and CT
findings. AJR Am ] Roentgenol. 2003;181(1):3-8.

35. Shi H, et al. Radiological findings from 81

patients with COVID-19 pneumonia in Wuhan,
China: a descriptive study. Lancet Infect Dis.
2020;20(4):425-434.

36. Mao L, et al. Neurologic manifestations of hospi-

talized patients with coronavirus disease 2019 in
Wuhan, China. JAMA Neurol. 2020;77(6):683-690.

37.Varga Z, et al. Endothelial cell infection

and endotheliitis in COVID-19. Lancet.
2020;395(10234):1417-1418.

38. Goldsmith CS, Miller SE, Martines RB, Bullock

HA, Zaki SR. Electron microscopy of
SARS-CoV-2: a challenging task. Lancet.

3

40.

4

oy

42.

43.

44.

45.

46.

0

2020;395(10238):€99.

Solomon IH, et al. Neuropathological features of
Covid-19. N Engl ] Med. 2020;383(10):989-992.
van den Brand JM, Haagmans BL, van Riel D,
Osterhaus AD, Kuiken T. The pathology and
pathogenesis of experimental severe acute respi-
ratory syndrome and influenza in animal models.
J Comp Pathol. 2014;151(1):83-112.

. Gretebeck LM, Subbarao K. Animal models for

SARS and MERS coronaviruses. Curr Opin Virol.
2015;13:123-129.

Abdel-Moneim AS, Abdelwhab EM. Evidence for
SARS-CoV-2infection of animal hosts. Pathogens.
2020;9(7):E529.

Lakdawala SS, Menachery VD. The search

for a COVID-19 animal model. Science.
2020;368(6494):942-943.

Chen J, Kelley W], Goldstein DR. Role of aging
and the immune response to respiratory viral
infections: potential implications for COVID-19.
J Immunol. 2020;205(2):313-320.

Sariol A, Perlman S. Lessons for COVID-19
immunity from other coronavirus infections.
Immunity. 2020;53(2):248-263.

Lassnig C, et al. Development of a trans-

genic mouse model susceptible to human
coronavirus 229E. Proc Natl Acad Sci U S A.
2005;102(23):8275-8280.

47. Jacomy H, Talbot PJ. Vacuolating encephalitis

48.

49.

50.

51.

52.

53.

54.

55.

56.

in mice infected by human coronavirus OC43.
Virology. 2003;315(1):20-33.

Rockx B, et al. Early upregulation of acute respi-
ratory distress syndrome-associated cytokines
promotes lethal disease in an aged-mouse model
of severe acute respiratory syndrome coronavirus
infection. J Virol. 2009;83(14):7062-7074.

Clay CC, et al. Severe acute respiratory syn-
drome-coronavirus infection in aged nonhuman
primates is associated with modulated pulmo-
nary and systemic immune responses. Immun
Ageing. 2014;11(1):4.

Smits SL, et al. Distinct severe acute respiratory
syndrome coronavirus-induced acute lung injury
pathways in two different nonhuman primate
species. J Virol. 2011;85(9):4234-4245.

Vogel LN, et al. Utility of the aged BALB/c

mouse model to demonstrate prevention and
control strategies for severe acute respiratory
syndrome coronavirus (SARS-CoV). Vaccine.
2007;25(12):2173-2179.

Roberts A, et al. A mouse-adapted SARS-
coronavirus causes disease and mortality in
BALB/c mice. PLoS Pathog. 2007;3(1):e5.

Nagata N, et al. Participation of both host and
virus factors in induction of severe acute respira-
tory syndrome (SARS) in F344 rats infected with
SARS coronavirus. J Virol. 2007;81(4):1848-1857.
Nagata N, et al. Mouse-passaged severe acute
respiratory syndrome-associated coronavirus
leads to lethal pulmonary edema and diffuse
alveolar damage in adult but not young mice. Am
J Pathol. 2008;172(6):1625-1637.

Al-Tawfiq JA, et al. Middle East respiratory
syndrome coronavirus: a case-control study

of hospitalized patients. Clin Infect Dis.
2014;59(2):160-165.

Arabi YM, et al. Clinical course and outcomes of
critically ill patients with Middle East respiratory

jci.org  Volume 130

REVIEW

syndrome coronavirus infection. Ann Intern Med.
2014;160(6):389-397.

57. LiK, et al. Mouse-adapted MERS corona-
virus causes lethal lung disease in human
DPP4 knockin mice. Proc Natl Acad Sci U S A.
2017;114(15):E3119-E3128.

58. Cockrell AS, et al. A mouse model for MERS
coronavirus-induced acute respiratory distress
syndrome. Nat Microbiol. 2016;2:16226.

59. Pascal KE, et al. Pre- and postexposure effi-
cacy of fully human antibodies against Spike
protein in a novel humanized mouse model of
MERS-CoV infection. Proc Natl Acad Sci US A.
2015;112(28):8738-8743.

60. Iwata-Yoshikawa N, et al. Acute respiratory infec-
tion in human dipeptidyl peptidase 4-transgenic
mice infected with Middle East respiratory syn-
drome coronavirus. J Virol. 2019;93(6):e01818-18.

61. Yu P, et al. Age-related rhesus macaque
models of COVID-19. Animal Model Exp Med.
2020;3(1):93-97.

62. Winkler ES, et al. SARS-CoV-2 infection in the
lungs of human ACE2 transgenic mice causes
severe inflammation, immune cell infiltration,
compromised respiratory function [preprint].
https://doi.org/10.1101/2020.07.09.196188.
Posted on bioRxiv July 10, 2020.

63. Jiang RD, et al. Pathogenesis of SARS-CoV-2
in transgenic mice expressing human
angiotensin-converting enzyme 2. Cell.
2020;182(1):50-58.€8.

64. Dinnon KH 3rd, et al. A mouse-adapted model
of SARS-CoV-2 to test COVID-19 countermea-
sures [published online ahead of print August 27,
2020]. Nature. https://doi.org/10.1038/s41586-
020-2708-8.

65. Leist SR, et al. A mouse-adapted SARS-CoV-2
induces acute lung injury mortality in standard
laboratory mice [published online ahead of
print September 23, 2020]. Cell. https://doi.
org/10.1016/j.cell.2020.09.050.

66. Imai M, et al. Syrian hamsters as a small animal
model for SARS-CoV-2 infection and counter-
measure development. Proc Natl Acad Sci U S A.
2020;117(28):16587-16595.

67. Scheuplein VA, et al. High secretion of interfer-
ons by human plasmacytoid dendritic cells upon
recognition of Middle East respiratory syndrome
coronavirus. J Virol. 2015;89(7):3859-3869.

68. Cervantes-Barragan L, et al. Type I IFN-mediated
protection of macrophages and dendritic cells
secures control of murine coronavirus infection.
J Immunol. 2009;182(2):1099-1106.

69. Channappanavar R, et al. IFN-I response timing
relative to virus replication determines MERS
coronavirus infection outcomes. J Clin Invest.
2019;129(9):3625-3639.

70. Channappanavar R, et al. Dysregulated type I
Interferon and inflammatory monocyte-
macrophage responses cause lethal pneumonia
in SARS-CoV-infected mice. Cell Host Microbe.
2016;19(2):181-193.

71. Shaw AC, Goldstein DR, Montgomery RR.
Age-dependent dysregulation of innate immunity.
Nat Rev Immunol. 2013;13(12):875-887.

72.Panda A, et al. Age-associated decrease in TLR
function in primary human dendritic cells pre-
dicts influenza vaccine response. ] Immunol.

Number12  December 2020

6211


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://doi.org/10.1001/jamapediatrics.2020.3651
https://doi.org/10.1001/jamapediatrics.2020.3651
https://doi.org/10.1001/jamapediatrics.2020.3651
https://doi.org/10.1001/jamapediatrics.2020.3651
https://doi.org/10.1001/jamapediatrics.2020.3651
https://doi.org/10.1001/jamapediatrics.2020.3651
https://doi.org/10.1128/CVI.00278-10
https://doi.org/10.1128/CVI.00278-10
https://doi.org/10.1128/CVI.00278-10
https://doi.org/10.1128/CVI.00278-10
https://doi.org/10.1017/S0950268800048019
https://doi.org/10.1017/S0950268800048019
https://doi.org/10.1017/S0950268800048019
https://doi.org/10.1017/S0950268800048019
https://doi.org/10.1086/597122
https://doi.org/10.1086/597122
https://doi.org/10.1086/597122
https://doi.org/10.1086/597122
https://doi.org/10.1086/597122
https://doi.org/10.1007/s11684-017-0603-y
https://doi.org/10.1007/s11684-017-0603-y
https://doi.org/10.1007/s11684-017-0603-y
https://doi.org/10.1007/s11684-017-0603-y
https://doi.org/10.15537/smj.2015.4.10243
https://doi.org/10.15537/smj.2015.4.10243
https://doi.org/10.15537/smj.2015.4.10243
https://doi.org/10.1172/JCI59777
https://doi.org/10.1172/JCI59777
https://doi.org/10.1172/JCI59777
https://doi.org/10.1172/JCI59777
https://doi.org/10.1172/JCI59777
https://doi.org/10.1371/journal.ppat.1000756
https://doi.org/10.1371/journal.ppat.1000756
https://doi.org/10.1371/journal.ppat.1000756
https://doi.org/10.1016/S0140-6736(15)60454-8
https://doi.org/10.1016/S0140-6736(15)60454-8
https://doi.org/10.2214/AJR.14.13671
https://doi.org/10.2214/AJR.14.13671
https://doi.org/10.2214/AJR.14.13671
https://doi.org/10.2214/AJR.14.13671
https://doi.org/10.2214/ajr.181.1.1810003
https://doi.org/10.2214/ajr.181.1.1810003
https://doi.org/10.2214/ajr.181.1.1810003
https://doi.org/10.1016/S1473-3099(20)30086-4
https://doi.org/10.1016/S1473-3099(20)30086-4
https://doi.org/10.1016/S1473-3099(20)30086-4
https://doi.org/10.1016/S1473-3099(20)30086-4
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/S0140-6736(20)31188-0
https://doi.org/10.1016/S0140-6736(20)31188-0
https://doi.org/10.1016/S0140-6736(20)31188-0
https://doi.org/10.1016/S0140-6736(20)31188-0
https://doi.org/10.1056/NEJMc2019373
https://doi.org/10.1056/NEJMc2019373
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1016/j.jcpa.2014.01.004
https://doi.org/10.1016/j.coviro.2015.06.009
https://doi.org/10.1016/j.coviro.2015.06.009
https://doi.org/10.1016/j.coviro.2015.06.009
https://doi.org/10.1126/science.abc6141
https://doi.org/10.1126/science.abc6141
https://doi.org/10.1126/science.abc6141
https://doi.org/10.4049/jimmunol.2000380
https://doi.org/10.4049/jimmunol.2000380
https://doi.org/10.4049/jimmunol.2000380
https://doi.org/10.4049/jimmunol.2000380
https://doi.org/10.1016/j.immuni.2020.07.005
https://doi.org/10.1016/j.immuni.2020.07.005
https://doi.org/10.1016/j.immuni.2020.07.005
https://doi.org/10.1073/pnas.0408589102
https://doi.org/10.1073/pnas.0408589102
https://doi.org/10.1073/pnas.0408589102
https://doi.org/10.1073/pnas.0408589102
https://doi.org/10.1016/S0042-6822(03)00323-4
https://doi.org/10.1016/S0042-6822(03)00323-4
https://doi.org/10.1016/S0042-6822(03)00323-4
https://doi.org/10.1128/JVI.00127-09
https://doi.org/10.1128/JVI.00127-09
https://doi.org/10.1128/JVI.00127-09
https://doi.org/10.1128/JVI.00127-09
https://doi.org/10.1128/JVI.00127-09
https://doi.org/10.1186/1742-4933-11-4
https://doi.org/10.1186/1742-4933-11-4
https://doi.org/10.1186/1742-4933-11-4
https://doi.org/10.1186/1742-4933-11-4
https://doi.org/10.1186/1742-4933-11-4
https://doi.org/10.1128/JVI.02395-10
https://doi.org/10.1128/JVI.02395-10
https://doi.org/10.1128/JVI.02395-10
https://doi.org/10.1128/JVI.02395-10
https://doi.org/10.1016/j.vaccine.2006.11.055
https://doi.org/10.1016/j.vaccine.2006.11.055
https://doi.org/10.1016/j.vaccine.2006.11.055
https://doi.org/10.1016/j.vaccine.2006.11.055
https://doi.org/10.1016/j.vaccine.2006.11.055
https://doi.org/10.1371/journal.ppat.0030005
https://doi.org/10.1371/journal.ppat.0030005
https://doi.org/10.1371/journal.ppat.0030005
https://doi.org/10.1128/JVI.01967-06
https://doi.org/10.1128/JVI.01967-06
https://doi.org/10.1128/JVI.01967-06
https://doi.org/10.1128/JVI.01967-06
https://doi.org/10.2353/ajpath.2008.071060
https://doi.org/10.2353/ajpath.2008.071060
https://doi.org/10.2353/ajpath.2008.071060
https://doi.org/10.2353/ajpath.2008.071060
https://doi.org/10.2353/ajpath.2008.071060
https://doi.org/10.1093/cid/ciu226
https://doi.org/10.1093/cid/ciu226
https://doi.org/10.1093/cid/ciu226
https://doi.org/10.1093/cid/ciu226
https://doi.org/10.1073/pnas.1619109114
https://doi.org/10.1073/pnas.1619109114
https://doi.org/10.1073/pnas.1619109114
https://doi.org/10.1073/pnas.1619109114
https://doi.org/10.1073/pnas.1510830112
https://doi.org/10.1073/pnas.1510830112
https://doi.org/10.1073/pnas.1510830112
https://doi.org/10.1073/pnas.1510830112
https://doi.org/10.1073/pnas.1510830112
https://doi.org/10.1002/ame2.12108
https://doi.org/10.1002/ame2.12108
https://doi.org/10.1002/ame2.12108
https://doi.org/10.1101/2020.07.09.196188
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1016/j.cell.2020.05.027
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1016/j.cell.2020.09.050
https://doi.org/10.1128/JVI.03607-14
https://doi.org/10.1128/JVI.03607-14
https://doi.org/10.1128/JVI.03607-14
https://doi.org/10.1128/JVI.03607-14
https://doi.org/10.4049/jimmunol.182.2.1099
https://doi.org/10.4049/jimmunol.182.2.1099
https://doi.org/10.4049/jimmunol.182.2.1099
https://doi.org/10.4049/jimmunol.182.2.1099
https://doi.org/10.1172/JCI126363
https://doi.org/10.1172/JCI126363
https://doi.org/10.1172/JCI126363
https://doi.org/10.1172/JCI126363
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1038/nri3547
https://doi.org/10.1038/nri3547
https://doi.org/10.1038/nri3547
https://doi.org/10.4049/jimmunol.0901022
https://doi.org/10.4049/jimmunol.0901022
https://doi.org/10.4049/jimmunol.0901022

6212

REVIEW

2010;184(5):2518-2527.

73. Pillai PS, et al. Mx1 reveals innate pathways to

w

antiviral resistance and lethal influenza disease.
Science. 2016;352(6284):463-466.

74. Prakash S, Agrawal S, Cao N, Gupta S, Agrawal A.
Impaired secretion of interferons by dendritic cells
from aged subjects to influenza: role of histone
modifications. Age (Dordr). 2013;35(5):1785-1797.

. Canaday DH, Amponsah NA, Jones L, Tisch DJ,
Hornick TR, Ramachandra L. Influenza-
induced production of interferon-alpha is defec-

7

U1

tive in geriatric individuals. J Clin Immunol.
2010;30(3):373-383.

76. Ho YH, et al. Remodeling of bone marrow hema-
topoietic stem cell niches promotes myeloid cell
expansion during premature or physiological
aging. Cell Stem Cell. 2019;25(3):407-418.

77. Tang Q, Koh LK, Jiang D, Schwarz H. CD137
ligand reverse signaling skews hematopoiesis
towards myelopoiesis during aging. Aging (Albany
NY).2013;5(9):643-652.

78. Tseng CW, Liu GY. Expanding roles of neu-
trophils in aging hosts. Curr Opin Immunol.
2014;29:43-48.

79. Wessels I, Jansen ], Rink L, Uciechowski P. Immu-
nosenescence of polymorphonuclear neutro-
phils. ScientificWorldJournal. 2010;10:145-160.

80. Hearps AC, et al. Aging is associated with chronic
innate immune activation and dysregulation of
monocyte phenotype and function. Aging Cell.
2012;11(5):867-875.

81. Agrawal A, Agrawal S, Cao JN, SuH, Osann K,
Gupta S. Altered innate immune functioning of
dendritic cells in elderly humans: a role of phos-
phoinositide 3-kinase-signaling pathway.
JImmunol.2007;178(11):6912-6922.

82. Cheung CY, et al. Cytokine responses in severe
acute respiratory syndrome coronavirus-infected
macrophages in vitro: possible relevance to patho-
genesis. ] Virol. 2005;79(12):7819-7826.

83. Law HK, et al. Chemokine up-regulation
in SARS-coronavirus-infected, mono-
cyte-derived human dendritic cells. Blood.
2005;106(7):2366-2374.

84. Lau SKP, et al. Delayed induction of proinflam-
matory cytokines and suppression of innate
antiviral response by the novel Middle East
respiratory syndrome coronavirus: implications
for pathogenesis and treatment. ] Gen Virol.
2013;94(pt 12):2679-2690.

85. Molony RD, Nguyen JT, Kong Y, Montgomery
RR, Shaw AC, Iwasaki A. Aging impairs both
primary and secondary RIG-I signaling for inter-
feron induction in human monocytes. Sci Signal.
2017;10(509):eaan2392.

86.Jacobs R, et al. CD56bright cells differ in
their KIR repertoire and cytotoxic features
from CD56dim NK cells. Eur ] Immunol.
2001;31(10):3121-3127.

87. Cooper MA, Fehniger TA, Caligiuri MA. The biol-
ogy of human natural killer-cell subsets. Trends
Immunol. 2001;22(11):633-640.

88. Caligiuri MA. Human natural killer cells. Blood.
2008;112(3):461-469.

89. Almeida-Oliveira A, et al. Age-related changes in
natural killer cell receptors from childhood through
old age. Hum Immunol. 2011;72(4):319-329.

90. Fang M, Roscoe F, Sigal L]. Age-dependent sus-

jci.org  Volume 130

Number 12

ceptibility to a viral disease due to decreased
natural killer cell numbers and trafficking. ] Exp
Med. 2010;207(11):2369-2381.

91. Nogusa S, Ritz BW, Kassim SH, Jennings SR,
Gardner EM. Characterization of age-related
changes in natural killer cells during primary
influenza infection in mice. Mech Ageing Dev.
2008;129(4):223-230.

92. Manickam C, Sugawara S, Reeves RK. Friends or
foes? The knowns and unknowns of natural
killer cell biology in COVID-19 and other
coronaviruses in July 2020. PLoS Pathog.
2020;16(8):e1008820.

93. Kuri-Cervantes L, et al. Comprehensive mapping
of immune perturbations associated with severe
COVID-19. Sci Immunol. 2020;5(49):eabd7114.

94. Zheng HY, et al. Elevated exhaustion levels

and reduced functional diversity of T cells in

peripheral blood may predict severe progres-
sion in COVID-19 patients. Cell Mol Immunol.
2020;17(5):541-543.

. Shaw AC, Panda A, Joshi SR, Qian F, Allore HG,

Montgomery RR. Dysregulation of human Toll-

9

ul

like receptor function in aging. Ageing Res Rev.
2011;10(3):346-353.

96. Mateus J, et al. Selective and cross-reactive
SARS-CoV-2T cell epitopes in unexposed
humans. Science. 2020;370(6512):89-94.

97. Grifoni A, et al. Targets of T cell responses
to SARS-CoV-2 coronavirus in humans with
COVID-19 disease and unexposed individuals.
Cell. 2020;181(7):1489-1501.e15.

98. Sette A, Crotty S. Pre-existing immunity to
SARS-CoV-2: the knowns and unknowns. Nat Rev
Immunol. 2020;20(8):457-458.

99. Lv H, et al. Cross-reactive antibody response
between SARS-CoV-2 and SARS-CoV infections.
Cell Rep. 2020531(9):107725.

100.Yuan M, et al. A highly conserved cryptic epitope in
the receptor binding domains of SARS-CoV-2 and
SARS-CoV. Science. 2020;368(6491):630-633.

101.Nelde A, et al. SARS-CoV-2-derived peptides
define heterologous and COVID-19-induced T
cell recognition [published online ahead of print
September 30, 2020]. Nat Immunol. https://doi.
org/10.1038/s41590-020-00808-x.

102.Lefebvre JS, Masters AR, Hopkins JW, Haynes L.
Age-related impairment of humoral response to
influenza is associated with changes in antigen
specific T follicular helper cell responses. Sci Rep.
2016;6:25051.

103. Gorse GJ, Donovan MM, Patel GB. Antibodies to
coronaviruses are higher in older compared with
younger adults and binding antibodies are more
sensitive than neutralizing antibodies in identify-
ing coronavirus-associated illnesses. ] Med Virol.
2020;92(5):512-517.

104.Wu F, et al. Neutralizing antibody responses to
SARS-CoV-2ina COVID-19 recovered patient
cohort their implications [preprint]. https://doi.
org/10.1101/2020.03.30.20047365. Posted on
medRxiv April 20, 2020.

105.Zhao J, et al. Recovery from the Middle East
respiratory syndrome is associated with
antibody and T-cell responses. Sci Immunol.
2017;2(14):eaan5393.

106.Kuri-Cervantes L, et al. Immunologic
perturbations in severe COVID-19/SARS-

December 2020

The Journal of Clinical Investigation

CoV-2infection [preprint]. https://doi.
org/10.1101/2020.05.18.101717. Posted on
bioRxiv May 18, 2020.

107.Mathew D, et al. Deep immune profiling of
COVID-19 patients reveals distinct immuno-
types with therapeutic implications. Science.
2020;369(6508):eabc8511.

108.Long QX, et al. Clinical and immunological
assessment of asymptomatic SARS-CoV-2
infections. Nat Med. 2020;26(8):1200-1204.

109.Wu LP, et al. Duration of antibody responses
after severe acute respiratory syndrome. Emerg
Infect Dis. 2007;13(10):1562-1564.

110.Choe PG, et al. MERS-CoV antibody responses
1year after symptom onset, South Korea, 2015.
Emerg Infect Dis. 2017;23(7):1079-1084.

111. Alshukairi AN, et al. Antibody response and
disease severity in healthcare worker MERS
survivors. Emerg Infect Dis. 2016;22(6):1113-1115.

112.Guo X, et al. Long-term persistence of IgG
antibodies in SARS-CoV infected healthcare
workers [preprint]. https://doi.org/10.1101/20
20.02.12.20021386. Posted on medRxiv Feb-
ruary 14, 2020.

113. Deming D, et al. Vaccine efficacy in senescent
mice challenged with recombinant SARS-CoV
bearing epidemic and zoonotic spike variants.
PL0S Med. 2006;3(12):e525.

114. Montecino-Rodriguez E, Berent-Maoz B,
Dorshkind K. Causes, consequences, and
reversal of immune system aging. J Clin Invest.
2013;123(3):958-965.

115. Frasca D, Blomberg BB. Aging affects human B cell
responses. ] Clin Immunol. 2011;31(3):430-435.

116. Allie SR, Randall TD. Resident memory B cells.
Viral Immunol. 2020;33(4):282-293.

117. Chen N, et al. Epidemiological and clinical char-
acteristics of 99 cases of 2019 novel coronavirus
pneumonia in Wuhan, China: a descriptive study.
Lancet. 2020;395(10223):507-513.

118. Wang D, et al. Clinical characteristics of 138
hospitalized patients with 2019 novel corona-
virus-infected pneumonia in Wuhan, China.
JAMA. 2020;323(11):1061-1069.

119. Lucas C, et al. Longitudinal analyses reveal
immunological misfiring in severe COVID-19.
Nature. 2020;584(7821):463-469.

120. Chinn IK, Blackburn CC, Manley NR, Sempowski
GD. Changes in primary lymphoid organs with
aging. Semin Immunol. 2012;24(5):309-320.

121. Haynes L, Swain SL. Why aging T cells fail:
implications for vaccination. Immunity.
20065;24(6):663-666.

122.Ng OW, et al. Memory T cell responses target-
ing the SARS coronavirus persist up to 11 years
post-infection. Vaccine. 2016;34(17):2008-2014.

123.Le Bert N, et al. SARS-CoV-2-specific T
cell immunity in cases of COVID-19 and
SARS, and uninfected controls. Nature.
2020;584(7821):457-462.

124.Channappanavar R, Fett C, Zhao ], Meyerholz
DK, Perlman S. Virus-specific memory CD8 T
cells provide substantial protection from lethal
severe acute respiratory syndrome coronavirus
infection. J Virol. 2014;88(19):11034-11044.

125.Zhao J, et al. Airway memory CD4(+) T cells
mediate protective immunity against emerg-
ing respiratory Coronaviruses. Immunity.


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://doi.org/10.4049/jimmunol.0901022
https://doi.org/10.1126/science.aaf3926
https://doi.org/10.1126/science.aaf3926
https://doi.org/10.1126/science.aaf3926
https://doi.org/10.1007/s11357-012-9477-8
https://doi.org/10.1007/s11357-012-9477-8
https://doi.org/10.1007/s11357-012-9477-8
https://doi.org/10.1007/s11357-012-9477-8
https://doi.org/10.1007/s10875-010-9374-9
https://doi.org/10.1007/s10875-010-9374-9
https://doi.org/10.1007/s10875-010-9374-9
https://doi.org/10.1007/s10875-010-9374-9
https://doi.org/10.1007/s10875-010-9374-9
https://doi.org/10.1016/j.stem.2019.06.007
https://doi.org/10.1016/j.stem.2019.06.007
https://doi.org/10.1016/j.stem.2019.06.007
https://doi.org/10.1016/j.stem.2019.06.007
https://doi.org/10.1016/j.coi.2014.03.009
https://doi.org/10.1016/j.coi.2014.03.009
https://doi.org/10.1016/j.coi.2014.03.009
https://doi.org/10.1100/tsw.2010.14
https://doi.org/10.1100/tsw.2010.14
https://doi.org/10.1100/tsw.2010.14
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.1128/JVI.79.12.7819-7826.2005
https://doi.org/10.1128/JVI.79.12.7819-7826.2005
https://doi.org/10.1128/JVI.79.12.7819-7826.2005
https://doi.org/10.1128/JVI.79.12.7819-7826.2005
https://doi.org/10.1182/blood-2004-10-4166
https://doi.org/10.1182/blood-2004-10-4166
https://doi.org/10.1182/blood-2004-10-4166
https://doi.org/10.1182/blood-2004-10-4166
https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1002/1521-4141(2001010)31:10<3121::AID-IMMU3121>3.0.CO;2-4
https://doi.org/10.1002/1521-4141(2001010)31:10<3121::AID-IMMU3121>3.0.CO;2-4
https://doi.org/10.1002/1521-4141(2001010)31:10<3121::AID-IMMU3121>3.0.CO;2-4
https://doi.org/10.1002/1521-4141(2001010)31:10<3121::AID-IMMU3121>3.0.CO;2-4
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1016/j.humimm.2011.01.009
https://doi.org/10.1016/j.humimm.2011.01.009
https://doi.org/10.1016/j.humimm.2011.01.009
https://doi.org/10.1084/jem.20100282
https://doi.org/10.1084/jem.20100282
https://doi.org/10.1084/jem.20100282
https://doi.org/10.1084/jem.20100282
https://doi.org/10.1016/j.mad.2008.01.003
https://doi.org/10.1016/j.mad.2008.01.003
https://doi.org/10.1016/j.mad.2008.01.003
https://doi.org/10.1016/j.mad.2008.01.003
https://doi.org/10.1016/j.mad.2008.01.003
https://doi.org/10.1371/journal.ppat.1008820
https://doi.org/10.1371/journal.ppat.1008820
https://doi.org/10.1371/journal.ppat.1008820
https://doi.org/10.1371/journal.ppat.1008820
https://doi.org/10.1371/journal.ppat.1008820
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1126/sciimmunol.abd7114
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1016/j.arr.2010.10.007
https://doi.org/10.1016/j.arr.2010.10.007
https://doi.org/10.1016/j.arr.2010.10.007
https://doi.org/10.1016/j.arr.2010.10.007
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1038/s41577-020-0389-z
https://doi.org/10.1038/s41577-020-0389-z
https://doi.org/10.1038/s41577-020-0389-z
https://doi.org/10.1016/j.celrep.2020.107725
https://doi.org/10.1016/j.celrep.2020.107725
https://doi.org/10.1016/j.celrep.2020.107725
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1038/s41590-020-00808-x
https://doi.org/10.1002/jmv.25715
https://doi.org/10.1002/jmv.25715
https://doi.org/10.1002/jmv.25715
https://doi.org/10.1002/jmv.25715
https://doi.org/10.1002/jmv.25715
https://doi.org/10.1002/jmv.25715
https://doi.org/10.1101/2020.03.30.20047365
https://doi.org/10.1126/sciimmunol.aan5393
https://doi.org/10.1126/sciimmunol.aan5393
https://doi.org/10.1126/sciimmunol.aan5393
https://doi.org/10.1126/sciimmunol.aan5393
https://doi.org/10.1101/2020.05.18.101717
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.3201/eid1310.070576
https://doi.org/10.3201/eid1310.070576
https://doi.org/10.3201/eid1310.070576
https://doi.org/10.1101/2020.02.12.20021386
https://doi.org/10.1101/2020.02.12.20021386
https://doi.org/10.1371/journal.pmed.0030525
https://doi.org/10.1371/journal.pmed.0030525
https://doi.org/10.1371/journal.pmed.0030525
https://doi.org/10.1371/journal.pmed.0030525
https://doi.org/10.1172/JCI64096
https://doi.org/10.1172/JCI64096
https://doi.org/10.1172/JCI64096
https://doi.org/10.1172/JCI64096
https://doi.org/10.1007/s10875-010-9501-7
https://doi.org/10.1007/s10875-010-9501-7
https://doi.org/10.1089/vim.2019.0141
https://doi.org/10.1089/vim.2019.0141
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1016/j.smim.2012.04.005
https://doi.org/10.1016/j.smim.2012.04.005
https://doi.org/10.1016/j.smim.2012.04.005
https://doi.org/10.1016/j.immuni.2006.06.003
https://doi.org/10.1016/j.immuni.2006.06.003
https://doi.org/10.1016/j.immuni.2006.06.003
https://doi.org/10.1016/j.vaccine.2016.02.063
https://doi.org/10.1016/j.vaccine.2016.02.063
https://doi.org/10.1016/j.vaccine.2016.02.063
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1128/JVI.01505-14
https://doi.org/10.1128/JVI.01505-14
https://doi.org/10.1128/JVI.01505-14
https://doi.org/10.1128/JVI.01505-14
https://doi.org/10.1128/JVI.01505-14
https://doi.org/10.1016/j.immuni.2016.05.006
https://doi.org/10.1016/j.immuni.2016.05.006
https://doi.org/10.1016/j.immuni.2016.05.006

The Journal of Clinical Investigation

2016;44(6):1379-1391.

126.Zhao J, Zhao J, Perlman S. T cell responses are
required for protection from clinical disease and
for virus clearance in severe acute respiratory
syndrome coronavirus-infected mice. J Virol.
2010;84(18):9318-9325.

127. Steinmann GG, Klaus B, Miiller-Hermelink HK.
The involution of the ageing human thymic epi-
thelium is independent of puberty. A morphomet-
ric study. Scand ] Immunol. 1985;22(5):563-575.

128.Ahmed M, Lanzer KG, Yager EJ, Adams PS,
Johnson LL, Blackman MA. Clonal expansions
and loss of receptor diversity in the naive CD8
T cell repertoire of aged mice. J Immunol.
2009;182(2):784-792.

129.Yager EJ, Ahmed M, Lanzer K, Randall TD,
Woodland DL, Blackman MA. Age-associated
decline in T cell repertoire diversity leads to holes
in the repertoire and impaired immunity to influ-
enza virus. ] Exp Med. 2008;205(3):711-723.

130. Channappanavar R, Twardy BS, Krishna P, Suvas
S. Advancing age leads to predominance of
inhibitory receptor expressing CD4 T cells. Mech
Ageing Dev. 2009;130(10):709-712.

131. Lages CS, Lewkowich I, Sproles A, Wills-Karp M,
Chougnet C. Partial restoration of T-cell function in
aged mice by in vitro blockade of the PD-1/PD-L1
pathway. Aging Cell. 2010;9(5):785-798.

132. Thompson HL, Smithey MJ, Surh CD, Nikolich-
Zugich J. Functional and homeostatic impact of
age-related changes in lymph node stroma. Front
Immunol. 2017;8:706.

133. Kumar BV, Connors TJ, Farber DL. Human T
Cell Development, Localization, and Function
throughout Life. Immunity. 2018;48(2):202-213.

134.Teijaro JR, Turner D, Pham Q, Wherry EJ,
Lefrangois L, Farber DL. Cutting edge: Tissue-
retentive lung memory CD4 T cells mediate
optimal protection to respiratory virus infection.
JImmunol. 2011;187(11):5510-5514.

135. Sliitter B, Pewe LL, Kaech SM, Harty JT. Lung
airway-surveilling CXCR3(hi) memory CD8(+) T
cells are critical for protection against influenza
Avirus. Immunity. 2013;39(5):939-948.

136.Goplen NP, et al. Tissue-resident CD8* T cells
drive age-associated chronic lung sequelae
following viral pneumonia [preprint]. https://

doi.org/10.1101/2020.04.13.040196. Posted on
medRxiv April 14, 2020.

137. Hamilton SE, et al. New insights into the
immune system using dirty mice. J Immunol.
2020;205(1):3-11.

138.Masopust D, Sivula CP, Jameson SC. Of
mice, dirty mice, and men: using mice to
understand human immunology. ] Immunol.
2017;199(2):383-388.

139. Franceschi C, Garagnani P, Vitale G, Capri M,
Salvioli S. Inflammaging and ‘Garb-aging’. Trends
Endocrinol Metab. 2017;28(3):199-212.

140. Franceschi C, Salvioli S, Garagnani P, de Eguileor
M, Monti D, Capri M. Immunobiography and the
heterogeneity of immune responses in the elderly:
afocus on inflammaging and trained immunity.
Front Immunol. 2017;8:982.

141. Vijay R, et al. Critical role of phospholipase A2
group IID in age-related susceptibility to severe
acute respiratory syndrome-CoV infection. J Exp
Med. 2015;212(11):1851-1868.

142.Boren E, Gershwin ME. Inflamm-aging: autoim-
munity, and the immune-risk phenotype. Auto-
immun Rev. 2004;3(5):401-406.

143.Frasca D, Blomberg BB, Paganelli R. Aging,
obesity, and inflammatory age-related diseases.
Front Immunol. 2017;8:1745.

144.Franceschi C, Campisi J. Chronic inflammation
(inflammaging) and its potential contribution to
age-associated diseases. ] Gerontol A Biol Sci Med
Sci. 2014;69 (suppl 1):S4-S9.

145.van Deursen JM. The role of senescent cells in
ageing. Nature. 2014;509(7501):439-446.

146.Frasca D, Blomberg BB. Inflammaging decreases
adaptive and innate immune responses in mice
and humans. Biogerontology. 2016;17(1):7-19.

147. Frasca D, et al. A molecular mechanism for
TNF-o-mediated downregulation of B cell
responses. ] Immunol. 2012;188(1):279-286.

148.Totura AL, Baric RS. SARS coronavirus patho-
genesis: host innate immune responses and
viral antagonism of interferon. Curr Opin Virol.
2012;2(3):264-275.

149.Frieman M, Heise M, Baric R. SARS coro-
navirus and innate immunity. Virus Res.
2008;133(1):101-112.

150. Cameron M], et al. Interferon-mediated immu-

jci.org  Volume 130

REVIEW

nopathological events are associated with
atypical innate and adaptive immune responses
in patients with severe acute respiratory syn-
drome. ] Virol. 2007;81(16):8692-8706.

151. Cheung P, et al. Single-cell chromatin modifica-
tion profiling reveals increased epigenetic varia-
tions with aging. Cell. 2018;173(6):1385-1397.e14.

152.Zheng Y, et al. A human circulating immune
cell landscape in aging COVID-19. Protein Cell.
2020511(10):740-770.

153. Rydyznski Moderbacher C, et al. Antigen-
specific adaptive immunity to SARS-CoV-2in
acute COVID-19 and associations with age and
disease severity. Cell. 2020;183(1):1-17.

154.Jones TC, et al. An analysis of SARS-CoV-2 viral
load by patient age [preprint]. https://doi.org/10.
1101/2020.06.08.20125484. Posted on medRxiv
June 9,2020.

155. Lieberman NAP, et al. In vivo antiviral host
response to SARS-CoV-2 by viral load, sex, and
age. PLoS Biol. 2020;18(9):e3000849.

156.Jacot D, Greub G, Jaton K, Opota O. Viral load
of SARS-CoV-2 across patients compared to
other respiratory viruses [published online
September 7, 2020]. Microbes Infect. https://doi.
org/10.1016/j.micinf.2020.08.004.

157. Hadjadj J, et al. Impaired type I interferon activity
and inflammatory responses in severe COVID-19
patients. Science. 2020;369(6504):718-724.

158. Arunachalam PS, et al. Systems biological
assessment of immunity to mild versus severe
COVID-19 infection in humans. Science.
2020;369(6508):1210-1220.

159. Blanco-Melo D, et al. Imbalanced host response to
SARS-CoV-2 drives development of COVID-19.
Cell. 2020;181(5):1036-1045.€9.

160.Lee JS, et al. Immunophenotyping of COVID-19
and influenza highlights the role of type Iinter-
ferons in development of severe COVID-19. Sci
Immunol. 2020;5(49):eabd1554.

161.Lee JS, Shin EC. The type I interferon response in
COVID-19: implications for treatment. Nat Rev
Immunol. 2020;20(10):585-586.

162.Giamarellos-Bourboulis EJ, et al. Complex
immune dysregulation in COVID-19 patients
with severe respiratory failure. Cell Host Microbe.
2020;27(6):992-1000.€3.

Number12  December 2020

6213


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://doi.org/10.1016/j.immuni.2016.05.006
https://doi.org/10.1128/JVI.01049-10
https://doi.org/10.1128/JVI.01049-10
https://doi.org/10.1128/JVI.01049-10
https://doi.org/10.1128/JVI.01049-10
https://doi.org/10.1128/JVI.01049-10
https://doi.org/10.1111/j.1365-3083.1985.tb01916.x
https://doi.org/10.1111/j.1365-3083.1985.tb01916.x
https://doi.org/10.1111/j.1365-3083.1985.tb01916.x
https://doi.org/10.1111/j.1365-3083.1985.tb01916.x
https://doi.org/10.4049/jimmunol.182.2.784
https://doi.org/10.4049/jimmunol.182.2.784
https://doi.org/10.4049/jimmunol.182.2.784
https://doi.org/10.4049/jimmunol.182.2.784
https://doi.org/10.4049/jimmunol.182.2.784
https://doi.org/10.1084/jem.20071140
https://doi.org/10.1084/jem.20071140
https://doi.org/10.1084/jem.20071140
https://doi.org/10.1084/jem.20071140
https://doi.org/10.1084/jem.20071140
https://doi.org/10.1016/j.mad.2009.08.006
https://doi.org/10.1016/j.mad.2009.08.006
https://doi.org/10.1016/j.mad.2009.08.006
https://doi.org/10.1016/j.mad.2009.08.006
https://doi.org/10.1111/j.1474-9726.2010.00611.x
https://doi.org/10.1111/j.1474-9726.2010.00611.x
https://doi.org/10.1111/j.1474-9726.2010.00611.x
https://doi.org/10.1111/j.1474-9726.2010.00611.x
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.4049/jimmunol.1102243
https://doi.org/10.1016/j.immuni.2013.09.013
https://doi.org/10.1016/j.immuni.2013.09.013
https://doi.org/10.1016/j.immuni.2013.09.013
https://doi.org/10.1016/j.immuni.2013.09.013
https://doi.org/10.1101/2020.04.13.040196
https://doi.org/10.4049/jimmunol.2000171
https://doi.org/10.4049/jimmunol.2000171
https://doi.org/10.4049/jimmunol.2000171
https://doi.org/10.4049/jimmunol.1700453
https://doi.org/10.4049/jimmunol.1700453
https://doi.org/10.4049/jimmunol.1700453
https://doi.org/10.4049/jimmunol.1700453
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1084/jem.20150632
https://doi.org/10.1084/jem.20150632
https://doi.org/10.1084/jem.20150632
https://doi.org/10.1084/jem.20150632
https://doi.org/10.1016/j.autrev.2004.03.004
https://doi.org/10.1016/j.autrev.2004.03.004
https://doi.org/10.1016/j.autrev.2004.03.004
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1038/nature13193
https://doi.org/10.1038/nature13193
https://doi.org/10.1007/s10522-015-9578-8
https://doi.org/10.1007/s10522-015-9578-8
https://doi.org/10.1007/s10522-015-9578-8
https://doi.org/10.4049/jimmunol.1003964
https://doi.org/10.4049/jimmunol.1003964
https://doi.org/10.4049/jimmunol.1003964
https://doi.org/10.1016/j.coviro.2012.04.004
https://doi.org/10.1016/j.coviro.2012.04.004
https://doi.org/10.1016/j.coviro.2012.04.004
https://doi.org/10.1016/j.coviro.2012.04.004
https://doi.org/10.1016/j.virusres.2007.03.015
https://doi.org/10.1016/j.virusres.2007.03.015
https://doi.org/10.1016/j.virusres.2007.03.015
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1016/j.cell.2018.03.079
https://doi.org/10.1016/j.cell.2018.03.079
https://doi.org/10.1016/j.cell.2018.03.079
https://doi.org/10.1007/s13238-020-00762-2
https://doi.org/10.1007/s13238-020-00762-2
https://doi.org/10.1007/s13238-020-00762-2
https://doi.org/10.1016/j.cell.2020.09.027
https://doi.org/10.1016/j.cell.2020.09.027
https://doi.org/10.1016/j.cell.2020.09.027
https://doi.org/10.1016/j.cell.2020.09.027
https://doi.org/10.1101/2020.06.08.20125484
https://doi.org/10.1101/2020.06.08.20125484
https://doi.org/10.1371/journal.pbio.3000849
https://doi.org/10.1371/journal.pbio.3000849
https://doi.org/10.1371/journal.pbio.3000849
https://doi.org/10.1016/j.micinf.2020.08.004
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1126/science.abc6261
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1126/sciimmunol.abd1554
https://doi.org/10.1126/sciimmunol.abd1554
https://doi.org/10.1126/sciimmunol.abd1554
https://doi.org/10.1126/sciimmunol.abd1554
https://doi.org/10.1038/s41577-020-00429-3
https://doi.org/10.1038/s41577-020-00429-3
https://doi.org/10.1038/s41577-020-00429-3
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1016/j.chom.2020.04.009
https://doi.org/10.1016/j.chom.2020.04.009

