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ARTICLE INFO ABSTRACT

Keywords: The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) pandemic was first reported in Wuhan,
Aging China in December 2019, moved across the globe at an unprecedented speed, and is having a profound and yet
COVID-19 still unfolding health and socioeconomic impacts. SARS-CoV-2, a -coronavirus, is a highly contagious respira-
Z?Eiii‘;vs-tirm tory pathogen that causes a disease that has been termed the 2019 coronavirus disease (COVID-19). Clinical
Immunopathology experience thus far indicates that COVID-19 is highly heterogeneous, ranging from being asymptomatic and mild
Immunosenescence to severe and causing death. Host factors including age, sex, and comorbid conditions are key determinants of
Inflammaging disease severity and progression. Aging itself is a prominent risk factor for severe disease and death from COVID-
Anti-IL-6 therapy 19. We hypothesize that age-related decline and dysregulation of immune function, i.e., immunosenescence and
Vaccination inflammaging play a major role in contributing to heightened vulnerability to severe COVID-19 outcomes in

older adults. Much remains to be learned about the immune responses to SARS-CoV-2 infection. We need to begin
partitioning all immunological outcome data by age to better understand disease heterogeneity and aging. Such
knowledge is critical not only for understanding of COVID-19 pathogenesis but also for COVID-19 vaccine
development.

1. Introduction the outbreak was brought under control in China quite promptly, the

virus has quickly spread across the globe, causing significant morbidity

In December 2019, a cluster of novel infectious respiratory syndrome
of unknown cause was observed in Wuhan, China. Thanks to the still
fairly recent experience gained from the outbreak of severe acute res-
piratory syndrome (SARS) in 2003, Chinese scientists and clinicians
worked together and quickly identified a novel coronavirus, SARS
coronavirus 2 (SARS-CoV-2) as the pathogen (Zhou et al., 2020b). A
complete lock-down and other quarantine measures (e.g., staying at
home, social distancing, wearing mask and gloves, hand washing, etc.)
were implemented initially in Wuhan City and then across much of
China in the midst of its busy Chinese New Year holiday season. While

and mortality initially in Italy, then other European countries, United
States (US), Brazil and the rest of the world. On March 11, 2020, the
World Health Organization (WHO) declared COVID-19 a global
pandemic. On March 13th, the US government declared a National
Emergency. In the US, the New York City-New Jersey area was the
epicenter from March to May. By the end of June, COVID-19 resurgence
occurred in its Sun Belt States including Arizona, Texas, and Florida,
which became the new epicenter. On July 17, the US set a new record of
over 77,255 new cases and the world saw over 260,000 new cases in a
single day. As of October 19, 2020, there were over 40 million confirmed
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Fig. 1. The Johns Hopkins Coronavirus Resource Center webpage. This webpage “Global Map” was taken from its website (https://coronavirus.jhu.edu/map.html)
at the time shown at the left lower corner. The website tracks confirmed COVID-19 cases and death across the globe real time. It can be further drilled down to a
country or territory for more detailed information. The website also provides other useful information about the ongoing pandemic.

COVID-19 cases and over 1.1 million deaths worldwide, affecting 189
countries and territories [Fig. 1, (Johns Hopkins University Coronavirus
Resource Center, 2020, https://coronavirus.jhu.edu/map.html].

An effective public health and socioeconomic response to control the
pandemic must be based on a scientific understanding of COVID-19. In
this review, we provide a brief overview of SARS-CoV-2 followed by a
detailed assessment of how aging impacts the immune response to the
virus and possibly the vaccine.

2. SARS-CoV-2: the virus

Coronaviruses are a family of enveloped, positive-sense single-
stranded RNA viruses described as early as in the 1960s (Holmes, 2003).
Common strains including human coronavirus (HCoV)-229E, OC43,
HKU1 and NL63 are considered to be mild respiratory pathogens for
immunocompetent hosts and can be isolated from many patients with
upper respiratory infections (URIs) or the “common cold” in a typical
winter season (Cui et al., 2019; Su et al., 2016). However, since the turn
of the century, three highly virulent coronavirus strains have emerged.
In 2002-2003, SARS-CoV, was initially identified in Guangdong, China
and subsequently spread to 17 countries, causing over 8000 cases (de
Wit et al., 2016; Zhong et al., 2003). No SARS-CoV infection has been
reported since 2004. About 10 years later, however, Middle East Res-
piratory Syndrome (MERS) caused by MERS coronavirus (MERS-CoV)
was reported in 2012-2013, primarily in Middle East countries (Zaki
etal., 2012). A MERS outbreak was also reported in South Korea in 2017
(de Wit et al., 2016). Together, MERS caused approximately 2000 cases
in total. Bats and camels are known to serve as animal reservoirs for
SARS-CoV and MERS-CoV, respectively. While details of the zoonotic
aspect of SARS-CoV-2 are still being worked out, bats appear to serve as
its animal reservoir as well (Ahmad et al., 2020; Cui et al., 2019). A key
feature of these three virulent p coronaviruses is their ability to replicate

in epithelial cells and pneumocytes in the lower respiratory track in
humans and, thus, cause pneumonia (Cui et al., 2019; de Wit et al.,
2016) and, in severe cases, acute respiratory distress syndrome (ARDS).
Angiotensin-converting enzyme 2 (ACE2) serves as the functional
cellular receptor for both SARS-CoV and SARS-CoV-2 (Bourgonje et al.,
2020; Hoffmann et al., 2020). Recent mechanistic and structural ana-
lyses indicate that the viral spike (S) protein of SARS-CoV-2 binds to
ACE2 in concert with S-protein priming by the host cell transmembrane
serine protease TMPRSS2, mediating host cell entry of the virus (Hoff-
mann et al., 2020; Mittal et al., 2020). This binding of SARS-CoV-2 is
shown to be at 10- to 20-fold higher affinity than that of SAR-CoV
(Hoffmann et al., 2020), accounting at least partially for the greater
infectivity and pathogenicity of SARS-CoV-2. In addition to mediating
viral entry, binding of SARS-CoV-2 to ACE2 and subsequent endocytosis
dysregulate the angiotensin system, leading to the loss of
ACE2-mediated health protection and adverse systemic effects (Ghe-
blawi et al., 2020). Moreover, these molecular events upregulate pro-
teolytic cleavage mediated by a disintegrin and metalloproteinase 17
(ADAM17) of not only ACE2 itself, which further dysregulates the
angiotensin system, but also its primary substrate releasing Tumor ne-
crosis factor (TNF)-a along with interleukin (IL)-6 and other cytokine
mediators, leading to the cytokine storm in COVID-19 described below
[Fig. 2, (Gheblawi et al., 2020)]. Taken together, ACE2 is the key human
cellular receptor and plays a critical role in the pathogenesis of
COVID-19 through complex molecular mechanisms against which
therapeutic agents can potentially be developed, such as recombinant
human ACE2 (rhACE2) and inhibitors against TMPRSS2 and possibly
ADAM17 (Bourgonje et al., 2020; Gheblawi et al., 2020; Hoffmann et al.,
2020).

Influenza, another zoonotic virus which has a segmented negative-
sense RNA genome and is also a significant respiratory pathogen, is
well known for its genetic instability, likely due to the lack of
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Fig. 2. ACE2 as the key human cellular receptor for SARS-CoV-2, its role and underlying molecular mechanisms in the pathogenesis of COVID-19. In addition to viral
entry, binding to ACE2 of SARS-CoV-2 in concert with S-protein priming by TMPRSS2 and subsequent endocytosis result in dysregulation of the angiotensin system,
leading to the loss of ACE2-mediated systemic health protection. These molecular events also upregulate ADAM17-mediated proteolytic cleavage of not only ACE2
itself, which further dysregulates the angiotensin system, but also its primary substrate releasing TNF-a along with IL-6 and other cytokine mediators, leading to
cytokine storm. TMPRSS2: transmembrane serine protease 2; ADAM17: a disintegrin and metalloproteinase 17. From Gheblawi M, et al. Circulation Research

2020;126:1457-1475 with permission.

proofreading function of its RNA polymerase complex (Te Velthuis and
Fodor, 2016). Point mutations or small deletions in individual RNA
segments cause relatively minor antigenic changes, termed antigenic
drift, leading to new strains each winter season responsible for seasonal
influenza. For this reason, annual updates of influenza vaccines are
required. Exchange or re-assortment of the viral genome RNA segments
between strains from humans and animals (e.g., birds or swine) can lead
to major antigenic alterations, termed antigenic shift, so that the novel
viruses can escape from existing herd immunity and cause influenza
pandemics (Kim et al., 2018; Lyons and Lauring, 2018).
Coronaviruses, on the other hand, are not known for their major
genomic re-assortment capacity. Why the aforementioned three virulent
novel coronaviruses have emerged in less than 20 years of this young
century remains a mystery. Among them, SARS-CoV-2 is the most con-
tagious and SARS-CoV has not recurred since 2004, reasons for which
also remain to be determined. Specific mutations are being identified in
the SARS-CoV-2 genome during this ongoing pandemic. For example, a
mutation that changed the amino acid at position 614 of the spike
protein from an aspartic acid to a glycine, known as G614, may increase
infectivity of SARS-CoV-2 (Korber et al., 2020; Kupferschmidt, 2020).
Unlike influenza and other common coronaviruses, it is now apparent
that SARS-CoV-2 spread is not impeded by warm weather despite an
early study suggesting distribution of COVID-19 outbreaks along
restricted latitudes, temperatures, and humidity (Sajadi et al., 2020);
increased international travel by air or cruise-ship may also contribute
to the spread of SARS-CoV-2 (Gupta et al., 2020; Tabari et al., 2020). The
mechanism for this unique and worrisome feature remains to be eluci-
dated as well. Addressing the challenges of these unknown aspects of
SARS-CoV-2 biology is critically important, particularly in considering
the current resurgence of new cases and the prospect of ongoing

COVID-19 for years to come.
3. Aging

The majority of COVID-19 cases are mild. Some people may not have
any clinical manifestation at all after SARS-CoV-2 infection (Gao et al.,
2020; Wiersinga et al., 2020). These asymptomatic individuals can serve
as a source of virus spread (Gao et al., 2020; Rothe et al., 2020). A report
of the data in New York State up to March 31, 2020 showed that 47,326
persons out of 141,495 were tested positive (33 %) for COVID-19, and
many of those positives were asymptomatic (Rosenberg et al., 2020).
However, more surveillance data are needed to evaluate the extent of
asymptomatic infection. Artificial intelligence and machine learning
may help address this as emerging evidence suggests the utility of such
technologies in the screening and diagnosis of SARS-CoV-2 infection as
well as clinical care and other public health measures e.g., contact
tracing and developing models for prediction and forecasting, etc.)
(Halamka et al., 2020; Lalmuanawma et al., 2020; Minaee et al., 2020).
In an infectious disease as heterogeneous as COVID-19, host factors are
the key to determine disease severity and progression (Wiersinga et al.,
2020). For severe COVID-19 disease, major risk factors include age, male
sex, obesity, smoking, and comorbid chronic conditions such as hyper-
tension, type 2 diabetes mellitus, and others (Wu et al., 2020; Zhou et al.,
2020a; Garibaldi et al., 2020). Overwhelming evidence from around the
world suggests that age itself is the most significant risk factor for severe
COVID-19 disease and its adverse health outcomes. The following are
supportive data from several individual countries.

China: Early data from China demonstrate that case fatality ratio
(CFR) of COVID-19 increases with age, from 0.4 % or lower in patients
aged in the 40s or younger, 1.3 % among those in their 50s, 3.6 % in
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Fig. 3. Nation-wide data on number of hospitalizations (A), ICU admissions (B), and deaths (C) of COVID-19 patients by age group and sex reported up to May 7,
2020 in France. From Salje H, et al. Science 10.1126/science.abc3517 (2020) with permission.
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their 60s, 8% in their 70s, to 14.8 % in their 80s or older; the overall CFR
is 2.3 % (Wu et al., 2020; Zhu et al., 2020b). In comparison, the overall
CFR was approximately 2.8 % worldwide and 2.7 % in the US as of
October 19, 2020 (Fig. 1). The rapid growth of the number of older
adults in the world’s largest population, termed an "aging tsunami" by
some, coupled with the unique socioeconomic context, ongoing
healthcare reform, and nascent development of geriatrics, creates sig-
nificant challenges for China to fight against COVID-19, particularly
during the early days of the pandemic (Fang et al., 2015; Li et al., 2018;
Yip et al., 2019).

Italy: A more profound effect of aging is shown by COVID-19 CFR
data from Italy, the first country affected by the pandemic after China.
Again, CFRs are from less than 0.4 % or lower in patients aged in the 40s
or younger, 1% among those in their 50s, 3.5 % in their 60s, 12.8 % in
their 70s, to 20.2 % in their 80s and above; the overall CFR is 7.2 %
(Onder et al., 2020). Of note, the overall CFR is higher in Italy than that
in China (7.2 % vs 2.3 %, respectively). This is likely because Italy not
only has a higher CFR than China among adults over 70 years of age, but
also has a higher proportion of older adults than China (22.8 % vs 11.9
%, respectively).

Fig. 5. The immune hypothesis. This hypothesis
encompasses age-related impairment of immune
response and protection against SARS-CoV-2
and immunopathology. Immune response in-
cludes humoral immunity (i.e., antibody
response) and cell-mediated immunity (CMI)
(right). While age-related immunosenescence is
believed to weaken immune protection, vacci-
nation enhances it. Inflammaging and cytokine
storm may lead to Immunopathology (left). Not

all immune responses are protective as

antibody-dependent enhancement (ADE) in hu-
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moral immunity may promote SARS-CoV-2
infection while Ty17 response in CMI may
contribute to cytokine storm. Anti-IL-6 therapy
| with monoclonal antibodies against either IL-6
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or IL-6 receptor currently in clinical trials can
block cytokine storm and its downstream event
and/or suppress Th17 response. Age-related
decrease of physiological reserve in respiratory
and other organ systems may also contribute to
vulnerability. Together, they lead to dispropor-
tionately severe COVID-19 and high mortality in
older adults.
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France: Similarly, nationwide data from France up to May 7, 2020
demonstrate age-related increase in hospitalizations Fig. 3A) and
intensive care unit (ICU) admissions (Fig. 3B) in addition to CFR or
deaths (Fig. 3C) (Salje et al., 2020).

The US: The first COVID-19 outbreak reported in the US was at a
long-term care facility in Washington State (Arons et al., 2020; McMi-
chael et al., 2020). The first COVID-19 death reported in New York City
was an 82-year-old person in Brooklyn. Data from a large case series of
5700 COVID-19 patients who were admitted to hospitals in New York
City have shown a strikingly similar trend of age-related increases in
COVID-19 deaths. That is, deaths among patients in hospital at the study
end point were 3.3 % or lower in patients aged in the 40s or younger, 4.8
% among those in their 50s, 6.4 % in their 60s, 12.6 % in their 70s, to
25.9 % in their 80s and above (Richardson et al., 2020).

As shown in Fig. 4, data reported by the US Center for Disease
Control and Prevention (CDC) also demonstrate significantly higher
rates of hospitalizations, ICU admissions, and deaths secondary to
COVID-19 among older adults (> 65 years) than any younger age
groups. [(CDC, 2020), https://www.cdc.gov/mmwr/volumes/69/wr/
mm6912e2.html].

Perhaps, the most striking evidence is the data on COVID-19 cases
and death in nursing homes across the US from a comprehensive analysis
updated by The New York Times on September 15th [(New York Times,
2020), https://www.nytimes.com/interactive/2020/us/coronavirus
-nursing-homes.html]. Currently, there are up to 1.5 million nursing
home residents in the US, less than 0.5 % of its population. However,
about 7% of confirmed COVID-19 cases were among these vulnerable
elderly individuals. Moreover, they suffered 40 % of COVID deaths in
the US.

Taken together, it is unmistakable that aging is an important risk
factor for severe COVID-19 disease and its adverse health outcomes
including hospitalization, ICU admission, and death.

4. Immunity and aging

Immunity is a cornerstone of host-pathogen interaction in any in-
fectious disease. It involves three distinct but interrelated key aspects:
vulnerability, immune response and protection, and potential immune
pathology (Fig. 5). In most cases, immune response from prior exposure
to the same pathogen or through vaccination with the same dominant
antigen can provide at least partial immune protection (i.e., reduction of
incidence of infection and/or its severity) via immune memory. The
level of vulnerability also involves innate immunity independent of
antigen-specific immune responses and other physiological protective
mechanisms. If the immune response to the current infection is dysre-
gulated, however, it may cause immune pathology and contribute to the
pathogenesis of the disease. Since SARS-CoV-2 is a novel coronavirus
with no prior immune response, the entire population is susceptible with
essentially no herd immunity. As discussed earlier, this was also the case
in influenza pandemics, such as the pandemics in 1918, 1957, 1968, and
more recently the swine flu pandemic in 2009 (Petersen et al., 2020).
Nonetheless, under certain circumstances, older adults may enjoy better
protection than the young against strains that were circulating when
they were young, by virtue of immunological memory and/or
cross-reactivity. A considerable fraction of healthy individuals not
infected with SARS-CoV-2 possess T cells reactive to SARS-CoV-2 anti-
gens, perhaps because of cross-reactivity with other coronaviruses. It
remains to be seen whether this provides any protection against
COVID-19 (Braun et al., 2020; Grifoni et al., 2020; Mateus et al., 2020;
Sette and Crotty, 2020).

In COVID-19, a number of immunological studies were initially re-
ported from clinical observations of COVID-19 patients in Wuhan,
China. While more studies are being published almost every day, they
often lack breadth and depth in interrogation of the immune system. We
will first review some of the published data currently available, and then
propose an immune hypothesis for age-related vulnerability to severe
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COVID-19 and adverse health outcomes. Instead of proposing age-
related chronic inflammation (Akbar and Gilroy, 2020) or immunose-
nescence secondary to cytomegalovirus infection (Kadambari et al.,
2020; Moss, 2020) individually as mechanisms underlying this vulner-
ability, this immune hypothesis integrates immunopathology secondary
to cytokine storm and inflammaging and immunosenescence as complex
immune mechanisms that could provide a basis for interventional stra-
tegies, such as anti-IL-6 therapy and immunization with COVID-19
vaccines (Fig. 5). We will also point out challenges in conducting
comprehensive and in-depth immune studies and in interpretation of
existing data and their implications for vaccine development.

4.1. “Cytokine storm” and immunopathology

Severe COVID-19 patients typically develop acute respiratory
distress syndrome (ARDS) requiring intubation and ventilator support as
well as significant involvement of other organ systems. For example,
neurological manifestations, termed “neuro—COVID” by some, occur in
over one-third of COVID-19 patients (Chiappelli, 2020; Ferrarese et al.,
2020; Frontera et al., 2020; Leonardi et al., 2020; Wang et al., 2020b).
While SARS-CoV-2 has been characterized regarding its neurotrophic
and neuroinvasive properties (Baig et al., 2020; Puelles et al., 2020),
inflammatory cytokine release and immunopathology caused by this
virus may also play an important role in contributing to neuro—COVID
and other systemic manifestations (Jose and Manuel, 2020; Wu and
McGoogan, 2020). In fact, earlier clinical observations from Wuhan,
China indicated patients with COVID-19 manifest an acute increase of
serum levels of inflammatory mediators, such as IL-6 and C-reactive
protein (CRP) (Chen et al., 2020a). Levels of other inflammatory me-
diators including interferon (IFN)-y induced protein 10 (IP-10, or
CXCL-10) and monocyte chemotactic protein-3 (MCP-3) are also acutely
elevated in COVID-19 patients, and such elevation is associated with
disease severity and progression (Lagunas-Rangel and Chavez-Valencia,
2020; Lin et al., 2020; Yang et al., 2020). Cytokine storm, or cytokine
release syndrome (Moore and June, 2020), has also been observed in
SARS and MERS and is believed to play an important role in their
development and progression (de Wit et al., 2016). Although the sources
and regulation of this cytokine storm remain to be elucidated, it is likely
derived from dysregulated immune responses to these virulent corona-
viruses, leading to immunopathology and severe disease. These obser-
vations have led to the ongoing therapeutic development targeting IL-6,
a cytokine mediator that is considered as a hallmark of inflammaging
(Franceschi et al., 2000, 2017; Maggio et al., 2006). Monoclonal anti-
bodies (MAD) targeting the IL-6 receptor (IL-6R, tocilizumab and sar-
ilumab) or IL-6 itself (siltuximab) are now available. While in-depth
discussion of differences in mechanisms regulating IL-6 signaling be-
tween these MAbs and implication in their efficacy and/or side effects is
beyond the scope of this article, it is worthwhile noting that anti-IL-6
and anti-IL-6R MAbs can all antagonize IL-6 cis signaling (via canoni-
cal membrane-bound IL-6Ra and gp130) and trans signaling (via soluble
IL-6R), but only anti-IL-6R MAbs can antagonize IL-6 trans presentation,
anewly described mode of IL-6 signaling that involves membrane-bound
IL-6Ra of dendritic cells (DCs) to generate pathogenic T17 cells (Heink
etal., 2017; Kang et al., 2019). The immediate goal of such therapeutic
intervention is to block the dysregulated cascade of immune activation
and inflammation downstream of the cytokine storm to ameliorate se-
vere COVID-19 and its further progression. Preliminary results available
thus far did not show significant mortality benefit of sarilumab treat-
ment (Della-Torre et al., 2020), further analyses of subgroup patients
and studies of other MAbs are needed. Ultimately, effective vaccine and
antivirals will be needed to prevent or ameliorate SARS-CoV-2 infection
and its induced cytokine storm or immunopathology (Tay et al., 2020).

4.2. Antibody response

Antibody response to a pathogen and the detection of those
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antibodies are important for both immune protection and evaluation of
the infection/exposure. In COVID-19, a number of studies have
demonstrated serum antibody responses to SARS-CoV-2 both in severe
patients admitted to the ICU and among mild cases who have recovered
and are in convalescence (Liu et al., 2020a; Ni et al., 2020; Zhao et al.,
2020). One study also reported correlative IgG, IgM, and IgA titers be-
tween serum and saliva (Randad et al., 2020). It is not currently known if
asymptomatic infection induces detectable antibody responses or
whether viral load determines antibody response. In addition, the titer
threshold of anti- SARS-CoV-2 antibodies that correlates with clinical
protection against COVID-19 has yet to be determined. Studies have
shown higher anti-SARS-CoV-2 antibody titers in ICU patients compared
to mild patients and prolonged presence of neutralizing antibodies with
viral shedding in COVID-19 patients, raising questions about the pro-
tective efficiency of such antibody responses (Zhang et al., 2020b; Zhao
et al., 2020). Moreover, a phenomenon called antibody-dependent
enhancement (ADE) was unexpectedly reported in COVID-19 (Arvin
et al., 2020; Wan et al., 2020), further suggesting the complexity of the
effects of such antibody responses. Therapeutic use of convalescent
plasma collected from recovered COVID-19 patients is a promising
passive immune therapy currently in clinical trials. Observational find-
ings suggest improved clinical outcomes in those who are transfused
with COVID-19 convalescent plasma (CCP), including radiological res-
olution, reduction in viral loads, and improved survival (Duan et al.,
2020; Harvala et al., 2020; Hegerova et al., 2020; Joyner et al., 2020; Li
et al., 2020; Shen et al., 2020; Zhang et al., 2020a). While two ran-
domized trials assessing CCP China and Europe were terminated early
and underpowered, they did not find clinically significant differences
between the study arms (Li et al., 2020); Gharbharan, et al). Studies
aimed at defining factors that impact the quality and titer of antibody,
including SARS-CoV-2 neutralization reveal that older age, male sex,
and hospitalization with severe COVID-19 are all factors that contribute
to greater antiviral antibody responses against SARS-CoV-2 (Klein et al.,
2020).

4.3. Cell-mediated immune response

Clinical observations have revealed significant lymphopenia and
increased neutrophil counts in severe COVID-19 disease and, therefore,
lymphopenia and high neutrophil-lymphocyte ratio (NLR) are consid-
ered as useful predictors for COVID-19 death whereas high lymphocyte
counts predict better clinical outcomes (Chen et al., 2020; Lagu-
nas-Rangel and Chavez-Valencia, 2020; Qin et al., 2020; Wang et al.,
2020a; Zhou et al., 2020a). While neutrophil increases may reflect an
acute inflammatory response related to the cytokine storm described
above, lymphopenia indicates major impacts on cell-mediate immunity
in the early stage of COVID-19. Lymphopenia consists of depletion of
both CD4+ and CD8 + T cells (Wang et al., 2020a). The reason for such
depletion is not well understood at the present time. One may speculate
that T cells are redistributed from the circulation to the site of the
infection in the lungs. Sanchez-Cerrillo et al. observed redistribution of
activated monocytes and dendritic cells to the lungs in severe COVID-19
patients (Sanchez-Cerrillo et al., 2020). Alternatively, as described in
more detail below, viral proteins from SARS-CoV also shared by
SARS-CoV-2 can suppress type 1 IFNs leading to a poor CD8 + T cell
response (Fung et al., 2020; Welsh et al., 2012). Whether the observed
lymphopenia is a general phenomenon of acute viral infections versus
unique or more profound in COVID-19 remains to be determined.
Regardless, a retrospective study of 548 COVID-19 patients showed that
restored lymphocyte counts predicted recovery during hospitalization
while lymphopenia persisted in non-survivors (Chen et al., 2020c¢). This
further emphasizes the importance of cell-mediated immunity and its
impact on clinical outcomes.

T lymphocytes are a key cellular basis of adaptive immune protection
and vaccination and play a critical role in assisting production of
neutralizing antibodies and direct virus clearance. A number of studies
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have shown SARS-CoV-2-specific CD4+ and CD8 + T cell responses in
COVID-19 patients (Grifoni et al., 2020; Meckiff et al., 2020; Neidleman
etal., 2020; Ni et al., 2020; Weiskopf et al., 2020). In the setting of SARS,
antigen-specific memory T cells to SARS-CoV have been shown to persist
in convalescent SARS patients at low frequency for up to six years and
their responses to ex vivo stimulation with SARS-CoV persist up to 11
years (Ng et al, 2016; Oh et al, 2011). The duration that
SARS-CoV-2-specific memory T cells persist is yet to be established.
Not all T cell responses are beneficial. For example, Kang et al.
observed hyperactivation of cytotoxic T cell responses as a determinant
of COVID-19 severity (Kang et al., 2020). Zhang and colleagues suggest
aberrant CD8 T cell activation as a potential mechanism for cardiac
injury in severe COVID-19 (Zhang et al., 2020c). T,17 activation is also
believed to play a role in contributing to cytokine storm in severe
COVID-19, suppression of which is proposed to be a mechanism un-
derlying anti-IL-6R therapy (Lagunas-Rangel and Chavez-Valencia,
2020) and other immunotherapies (Wu and Yang, 2020).
Comprehensive studies of cell-mediated immune responses are few
and far between at the present time. Peng et al. observed broad and
strong memory CD4+ and CD8 + T cells induced by SARS-CoV-2 in UK
convalescent COVID-19 patients, significantly more so in severe
compared to mild COVID-19 cases (Peng et al., 2020). A deep immune
profiling of COVID-19 patients conducted by Matthew and colleagues,
however, revealed great heterogeneity (Mathew et al., 2020).

4.4. Immune hypothesis for age-related vulnerability in older adults

Given the disproportionate burden of severe COVID-19 disease and
death in older adults, it is important to understand mechanisms that
underlie this age-related vulnerability. Age-related immune system
remodeling, or immunosenescence, is considered to be the major reason
for increased susceptibility to infection, particularly respiratory in-
fections such as influenza, as well as impaired immune responses to
vaccination (Li et al., 2011; Pawelec, 2018). Here we propose an im-
mune hypothesis for COVID-19 vulnerability of older adults. It involves
age-related impairment of immune defense against SARS-CoV-2 infec-
tion, or immunosenescence, and increased risk for immunopathology
(Fig. 5).

Although age-related change in innate and adaptive immunity
against SARS-CoV-2 infection are yet to be investigated in detail, its
impairment and dysregulation in older adults can be inferred. For
example, senescence-related impairment of the type 1 IFN response is
responsible for enhanced influenza viral replication in cell culture (Kim
et al., 2016) and older adults manifest impaired type 1 IFN response to
influenza vaccination (Thakar et al., 2015). In addition, several
SARS-CoV non-structural proteins that are shared by SARS-CoV-2 sup-
press the type 1 IFN response and such suppression is shown to lead to
poor CD8 + T cell response to viral infection (Fung et al., 2020; Manners
etal., 2020; Welsh et al., 2012). Therefore, age-associated weaker type 1
IFN responses coupled with direct viral suppression could serve as a
critical innate immune mechanism that leads to poor cell mediated
immunity and increased vulnerability of older adults to SARS-CoV-2
infection with therapeutic implication (Sallard et al., 2020). Little data
is currently available about the impact of aging on CD4+ and CD8 + T
cell responses in COVID-19. It is postulated that age-related decline of de
novo T cell responsiveness and/or impact from comorbid conditions,
particularly persistent viral infections such as chronic cytomegalovirus
(CMV) infection could serve as potential causes of COVID-19 vulnera-
bility in older adults (Kadambari et al., 2020; Moss, 2020; Nicoli et al.,
2020). Available data on humoral immunity are fascinating and
counter-intuitive. Among COVID-19 convalescent plasma donors, Klein
et al. observed higher SARS-CoV-2-specific neutralizing and IgG anti-
body titers in older donors compared with their young counterparts
(Klein et al., 2020). In a study cited above, Zhang et al. also described the
correlation between greater anti-SARS-CoV-2 IgG titers and older age
(Zhang et al., 2020Db). The reason for these observations is unknown at
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the present time and deserves further investigation.

Substantial evidence supports the role of immunopathology in the
pathogenesis of COVID-19 overall as described above. Based on their
review of data on immune changes published during the early stage of
this pandemic, Lin and colleagues proposed a hypothesis for the role of
immune and inflammatory factors in contributing to dysregulation of
the coagulation system in the pathogenesis of COVID-19 and suggested
intravenous immune globulin (IVIg) and low molecular weight heparin
(LMWH) anticoagulant therapy (Lin et al., 2020). Studies also suggested
a link between complement activation and endothelial dysfunction,
likely the key to microvascular thrombosis and multi-organ failure in
severe COVID-19 (Mackman et al., 2020; Magro et al., 2020; Noris et al.,
2020). However, few studies are available with a focus on aging.
Inflammaging is well documented and can be derived from
senescence-associated secretory phenotype (SASP), persistent viral
infection such as CMV, and other potential sources (Chen et al., 2019;
Franceschi et al., 2000; Franceschi and Campisi, 2014). Such an un-
balanced pro-inflammatory environment could potentiate further in-
flammatory responses upon SARS-CoV-2 infection, leading to the
development of an exacerbated cytokine storm in older adults. It may
also influence ACE2 expression and facilitate viral entry (Radzikowska
et al., 2020). Further studies are urgently needed to address this
important mechanism with a focus on aging.

Children are overwhelmingly spared from severe COVID-19 disease
except for the extremely rare occurrence of multisystem inflammatory
syndrome in children (MIS-C), also called Kawasaki disease-like syn-
drome (Lingappan et al., 2020; Viner and Whittaker, 2020). Insights into
children’s defense mechanisms against SARS-CoV-2 infection may shed
light on age-related vulnerability in older adults from a different
perspective. For example, Chen et al. observed significantly higher
counts of total as well as both CD4+ and CD8 + T cells in pediatric
COVID-19 cases relative to adult cases (Chen et al., 2020b). On the other
hand, children with COVID-19 manifested lower levels of T cell activa-
tion than adult COVID-19 patients (Moratto et al., 2020), suggesting
better immune system control and regulation in response to SARS-CoV-2
infection in children. Thymic function likely plays an important role in
preserving T cells in COVID-19 (Rehman et al., 2020). In fact, Liu et al.
showed that thymosin al reversed lymphopenia, reversed exhausted T
cells and reduced mortality of severe COVID-19 in adults (Liu et al.,
2020b). In addition, children demonstrate strong innate immunity
despite the fact that the immune system as a whole is yet to be fully
developed. One possibility is “trained immunity” through scheduled
immunization with many doses of pediatric vaccines (Netea et al.,
2020). Whether this can be applicable in older adults (i.e., potential
protective effect from immunization with other unrelated vaccines such
as influenza vaccine) remain to be investigated.

4.5. Challenges

Despite the large number of research papers including preprints that
are published almost every day, it remains a difficult task to obtain
reliable knowledge of COVID-19 that is accurate and precise. Conflicting
data and results that are not reproducible are not uncommon. Here we
discuss a few inherent difficulties that present themselves as great
challenges for immune studies of COVID-19, reminding readers to crit-
ically evaluate the literature and putting published results in appro-
priate context. This is especially true for assessing COVID-19
information in social media, particularly in the current environment of
rapid dissemination of misinformation and disinformation. First, SARS-
CoV-2 infection is highly heterogeneous, from asymptomatic infection
to mild, moderate, or severe COVID-19. In addition, the infection can
evolve through different stages and progress in either direction
(improving and recovery versus worsening and death). Most published
immunological studies are cross-sectional and at one time point with a
relatively small sample size. Although immunological analysis itself can
be cutting edge and in-depth, the results from these studies are only
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valid in the context of the study with limited generalizability. Asymp-
tomatic SARS-CoV-2 infection can be a challenge in selecting “healthy
controls” as well. Due to lack of universal COVID-19 testing, it is difficult
to know whether people are truly “healthy” (uninfected) or asymp-
tomatic. Secondly, complex impact of aging on the immune system and
influences from comorbid conditions and concomitant use of medica-
tions may all contribute to the heterogeneity of the data on T-cell im-
mune responses to SARS-CoV-2 (Mathew et al., 2020). Finally, there is a
high-sequence similarity in viral proteins (e.g., nuclear protein) between
SARS-CoV-2 and other p coronaviruses (e.g. 229E strain) (Chan et al.,
2020). As such, prior coronavirus infections may induce heterotypic
cellular immunity against COVID-19. This heterotypic cellular immune
response may further complicate COVID-19 immunological studies and
interpretation of their results. Therefore, it is important to take these
challenges into consideration in interpretation of published data as well
as in design and implementation of immunological and interventional
studies including COVID-19 vaccine development.

5. Vaccination

Effective and safe vaccination against SARS-CoV-2 is the best strat-
egy to stop viral spread and control the pandemic. Intense worldwide
efforts for COVID-19 vaccine development began after the genetic
sequence of SARS-CoV-2 was published on January 11th 2020, and has
since advanced at previously unimaginable speed with the first vaccine
candidate entering human clinical trials on March 16th. The Coalition
for Epidemic Preparedness Innovations (CEPI), founded in 2017, works
with health authorities and vaccine developers and plays an important
role in this global effort. On May 15th, the US federal government
announced “Operation Warp Speed”, a public-private partnership
involving the National Institutes of Health (NIH), Centers for Disease
Control and Prevention (CDC), Food and Drug Administration (FDA),
Department of Defense, and other government agencies, whose objec-
tive is to facilitate and accelerate the development, manufacturing, and
distribution of COVID-19 vaccines, therapeutics, and diagnostics. There
are more than 200 vaccine candidates under development, ten of which
are in human clinical trials (Lurie et al., 2020).

A striking feature of this global effort is the diverse vaccine devel-
opment platforms, from the traditional inactivated or live attenuated
virus, viral protein subunit, to replicating or non-replicating viral vec-
tors and novel platforms based on DNA or mRNA (Thanh Le et al., 2020).
An advantage of the traditional vaccine platform is that this is a mature
technology that has already been employed in the production of licensed
vaccines with existing large-scale production capacity (recombinant
viral protein subunits). Moreover, adjuvant addition is possible, which
can enhance immunogenicity and make lower doses viable, thereby
enabling vaccination of more people without compromising protection.
On the other hand, vaccines based on viral vectors offer a high level of
antigenic epitopes expressed by the vector and long-term stability with
the likelihood of inducing strong immune responses. Novel vaccine
platforms based on DNA or mRNA enable great flexibility in terms of
antigen manipulation and potential for speed. In fact, an mRNA-based
vaccine (mRNA-1273) made by Moderna entered human clinical trials
just two months after the SARS-CoV-2 RNA genome sequence became
available and demonstrated promising preliminary results (Jackson
et al, 2020). Two phase 1/2 clinical trials of two different
adenovirus-vectored COVID-19 vaccines have reported robust antibody
and T-cell responses to the vaccines with acceptable side effects in
healthy adults (Folegatti et al., 2020; Zhu et al., 2020a). However, the
ChAdOx1 nCoV-19 vaccine trial was conducted among adults of 18-55
years of age with no enrollment of older adults (Folegatti et al., 2020).

Despite progress that has been made thus far, significant challenges
lie ahead. For example, while focusing on the vaccine itself is important,
attention must also be directed to the host. Because of the lack of in-
depth knowledge about the immune responses to SARS-CoV-2 infec-
tion, no specific immune parameter(s) of vaccine potency, or correlates
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Fig. 6. Death curves in Philadelphia and St. Louis during 1918 Spanish flu pandemic (panel A, adapted from Hatchett RJ, et al. Proc. Natl. Acad. Sci. U. S. A. 2007;
104, 7582-7587) and curves of seven-day rolling average of newly confirmed COVID-19 cases in the US (red) and EU (blue) (panel B, Johns Hopkins Coronavirus

Resources Center, https://coronavirus.jhu.edu).

of protection, are currently available. The phenomenon of ADE dis-
cussed above (Arvin et al., 2020), also deserves careful consideration
(Lambert et al., 2020).

Aging is a critical host factor to consider in the context of vaccination
responses (Pawelec and Weng, 2020). It may be necessary to develop
different vaccines on specific vaccine platforms for older adults versus
those for children and young adults. In the case of influenza vaccination,
the standard dose of trivalent inactivated influenza vaccine (IIV3), the
only influenza vaccine available for older adults for many years before
the approval of high-dose and adjuvanted influenza vaccines, showed
questionable effectiveness, if at all, for the elderly, particularly those
who are frail and need vaccine protection the most (Yao et al., 2011).
Over a century after the 1918 Spanish flu pandemic, the worst pandemic
in human history, we are still in search of a universal influenza vaccine
(Paules et al., 2017).

The ongoing pandemic poses special challenges (Diamond and
Pierson, 2020). For vaccine trials, levels of pandemic activity as well as
various quarantine measures and their implementation significantly
impact study enrollment, protection of both research staff and partici-
pants, and other trial logistics. Because of the low level of pandemic
activity in China, COVID-19 vaccine trials are not feasible at the present
time, even for vaccines that were developed in China. When a safe and
efficacious COVID-19 vaccine becomes available, the demand of the
ongoing pandemic can post huge challenges on large-scale production
and distribution of the vaccine. Addressing these and other challenges
requires global corporation and coordination among governments,
academia, and industry. With rapid progress in COVID-19 vaccine
development, it is promising and hopeful that there will be one or
several safe and effective COVID-19 vaccines in the near future. But the
public should be fully educated about the alternative reality, that is, we
may not have such a vaccine for a long time, if ever. To that end, au-
thorities have begun to develop protective programs against COVID-19
outbreaks at nursing homes, the setting with arguably highest risk for
older adults as described above. For example, in May 2020, the Penn-
sylvania State legislature has approved $175 million to establish a
statewide Regional Response Health Collaborative Program (RRHCP,
https://www.media.pa.gov/pages/DHS_details.aspx?newsid=569).
Pennsylvania State University was awarded nearly $23 million to sup-
port 244 nursing homes, assisted living and personal care homes in the
Southcentral region of Pennsylvania to combat COVID-19 outbreaks and
support mitigation measures should COVID-19 be present at these fa-
cilities. RRHCP provides a wide range of COVID-19 related clinical and
public health supportive services, such as testing performance and lab-
oratory capacity, personal protective equipment (PPE) supplies, infec-
tion prevention training and advising, rapid response teams for sites
with an active COVID-19 outbreak, staffing support, alternate care set-
tings, mental and behavioral health support for residents and staff,

clinical support via telehealth and geriatrician site visits, contact
tracing, and education through a statewide learning network [https
://news.psu.edu/story/630235/2020/09/01/penn-state-health-recei
ves-grant-mitigate-covid-19-care-facilities]. As to the public, every one
of us should adhere to social distancing and other quarantine measures
that are known to be effective to prevent virus spread. A historical lesson
from the 1918 Spanish flu pandemic is that compared to Philadelphia,
St. Louis was able to minimize flu pandemic deaths and flatten the curve
through its prompt and strictly enforced quarantine measures (Fig. 6A)
(Hatchett et al., 2007). The contemporary one is that Europe flattened
the curve during the summer, 2020, while the US suffers ongoing
COVID-19 resurgence (Fig. 6B) (Johns Hopkins University Coronavirus
Resource Center, 2020). We should all learn from them.
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