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KEY POINTS

e The severity of COVID-19 iliness is directly correlated with early humoral immune response and
inversely related with early cellular immune response.

e Innate immune response in pulmonary tissue may be partially evaded by SARS-CoV-2.

e Humoral and cellular immune responses elicited by vaccination wane approximately 6 months after
initial vaccination, particularly among men and those over the age of 65.

e An additional vaccine dose can enhance immune protection following waning initial vaccine

protection.

e Dysregulated immune response is associated with the severity of COVID-19 disease, including the
development of acute respiratory distress syndrome (ARDS) and organ-specific sequelae such as

myocarditis.

SIGNIFICANCE

In March 2020 the World Health Organization
declared coronavirus disease 2019 (COVID-19) a
global pandemic. As of January 28, 2022, there
have been 364 million confirmed cases of
COVID-19 and 5.6 million deaths around the
globe.” In addition to causing overwhelming
amounts of human suffering, COVID-19 has
devastated health care systems, economies, and
the social structures of daily life. Understanding
how the human immune system responds to and
overcomes SARS-CoV-2 infection is paramount
to the discovery of effective treatments and pre-
vention of severe disease.

VIROLOGY OF SARS-CoV-2

Understanding the immunologic response to
SARS-CoV-2 requires understanding the virus’
structure, transmissibility, and fatality. SARS-
CoV-2 is an enveloped virus with a single-
stranded positive sense RNA genome.? Like
most coronaviruses, SARS-CoV-2 has 4 structural
proteins: the nucleocapsid (N) protein which forms
a helical structure around the viral genomic RNA
and the spike (S), membrane (M), and envelope
(E) proteins that are embedded in the outer lipid
bilayer.? Each of these structural factors plays an
important role in the infectivity and immunoge-
nicity of the virus. Phylogenic analysis of SARS-
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CoV-2 revealed it to be in the same subgenus as
the severe acute respiratory syndrome (SARS)
coronavirus (SARS-CoV) and several other bat
coronaviruses.® Out of the 7 coronaviruses infect-
ing humans, 3 are known to be capable of repli-
cating in the lower respiratory tract and causing
severe disease: SARS-CoV, SARS-CoV-2, and
Middle East respiratory syndrome coronavirus
(MERS-CoV).*

The 2003 SARS and 2012 MERS outbreaks had
case fatality rates of 10% and 34%, respectively,
while most of the COVID-19 cases have remained
relatively mild in comparison.* Specifically, the re-
ported case fatality rate of COVID-19 peaked at
7.2% in April of 2020, declining to 2.2% by
December 2020.° In the context of its lower mortality
rate, SARS-CoV-2 is substantially more contagious
than SARS-CoV and MERS-CoV.5® This remark-
able transmissibility, paired with its lower case fatal-
ity rate, has served as a double-edged sword given
that milder illness affecting most of the cases has
hampered public compliance with masking and so-
cial distancing recommendations.®°

SARS-CoV-2 is spread through respiratory
droplets and binds to the angiotensin-converting
enzyme 2 (ACE2) receptor in nasal and bronchial
epithelial cells and pneumocytes via viral S-pro-
tein.’"'2 The S-protein has 2 subunits, S1 and
S2; S1 mediates binding to the host cell ACE2 re-
ceptor through the receptor-binding domain (RBD)
while S2 directs viral cell membrane fusion. By
comparison, the RBD of SARS-CoV-2 binds
ACE2 with 5 to 10 times greater affinity than the
RBD of SARS-CoV.%” The recognition of the
S-protein’s importance in the cellular entry has
made it a key target for the immune response, as
well as vaccine-mediated protection.

IMMUNE RESPONSES TO SARS-CoV-2
INFECTION

Innate Immune Response in the Respiratory
Tract

Human expression of ACE2 occurs on epithelial
cells in both the upper and lower respiratory tract,
with nasal epithelial cells expressing slightly
greater amounts, making it an ideal environment
for SARS-CoV-2 to enter the body.'™ As such,
early immune activation often begins in these loca-
tions. A study of ex vivo SARS-CoV-2 infected
turbinate tissue identified a broad and robust
innate immune response in nasal tissue, with
increased upregulation of interferon-stimulated
genes (ISGs) and cytokine release, vital compo-
nents in inhibiting viral infection of nucleated
cells.’™'% Comparatively, this response to SARS-
CoV-2 was larger than that initiated by the

influenza virus, characterized by significant upre-
gulation of genes that specifically enhanced anti-
gen presentation and immune cell signaling,
indicating a robust immune recognition and
response to the virus in the nose. SARS-CoV-2
infected lung tissue, on the other hand, failed to
upregulate INF types |, Il, and Ill. Upregulation of
ISGs in infected lung tissue was observed, but
cellularimmune pathways such as antigen presen-
tation, immune cell maturation, TNF receptor
signaling, and inflammasome pathways were not
activated.’® In effect, an early innate immune
response is initiated in both the upper and lower
respiratory tracts; however, the downstream effect
is blunted in the pulmonary tissue.

A possible explanation for this finding is the ac-
tion of SARS-CoV-2 nonstructural protein 1 (NSP1)
which inactivates the translational activity of the
human 40S ribosomal subunit, a key link in the
chain in the activation of the immune response
following antigen detection.®'® Failure to translate
the upregulation of ISGs could potentially explain
the restricted innate response observed in the
lung tissue. How nasal, but not lung, epithelial tis-
sue overcomes the translation inhibiting effects of
NSP1 is not yet understood. Other studies support
this finding, demonstrating that in vitro SARS-
CoV-2 infected primary human airway epithelial
cultures are unable to produce type | or Il IFN,
yet the addition of exogenous IFN was able to
significantly reduce viral burden in the same cul-
tures.® This suggests that the SARS-CoV-2 inhibi-
tion of IFN production, not reduced susceptibility
to INF’s antiviral inducing mechanisms, may play
an important role in the virus’s ability to modulate
and evade the immune response.

Immune Response and Severity of lliness

Growing evidence links the type and temper of the
host immune response to SARS-CoV-2 infection
with the severity of illness experienced by those
infected.””'® A study by Almendro-Vasquez et al.
compared the humoral and cellular responses to
COVID-19 infection among patients who experi-
enced a range of symptoms from mild to severe,
both in the acute setting, as well as 4 to 7 months
following recovery.'® Patients with mild infection
were well enough to convalesce at home and expe-
rienced minimal symptoms, while those with mod-
erate disease were hospitalized, required oxygen,
or had nonsevere acute respiratory distress syn-
drome (ARDS). Comparatively, severe infection
was characterized by admission to the ICU, a P:F
ratio of less than 200, or death from COVID-19.
The researchers found that among patients with
mild disease, the development of anti-S1 IgG



antibodies was delayed nearly 2 weeks from symp-
tom onset and that once formed, these antibodies
demonstrated only modest neutralizing capacity.'®
Most patients in the moderate cohort also lacked
detectable anti-S1 IgG for several weeks following
symptom onset, however, once present, antibody
levels were higher and consistent with robust
neutralizing capacity. Comparatively, patients
with severe illness had detectable anti-S1 IgG
within 2 weeks of symptoms, with some as soon
as 1 week after initially feeling ill."® Further, anti-
bodies from patients with severe illness had the
strongest correlation between antibody levels and
neutralizing viral response. This pattern, with a
vigorous early antibody response, demonstrating
stronger neutralization capacity among patients
with severe COVID-19, has been duplicated by
others and clearly demonstrates an association be-
tween severity of illness and early humoral immune
response to native infection.®

Given this pattern, there has been an appro-
priate focus on IgG and IgM production over the
course of COVID-19 infection; however, antibody
levels may not tell the whole story. As noted,
higher binding antibody levels have been found
among patients suffering from severe, rather than
mild, COVID-19 disease.’® Over the course of
one to 6 months, anti-RBD IgG and IgM levels
decrease, with an associated 5-fold reduction in
plasma neutralizing activity. Importantly, memory
B-cells, capable of rapidly producing RBD-
specific antibodies, remain unchanged 6 months
after infection, indicating the potential for the
body to rapidly increase antibody levels on repeat
antigen exposure.?! Further, while IgG and IgM are
important neutralizing antibodies (help clear virus
by binding to viral receptors and inhibiting viral
particles’ ability to bind host cells, as well as pre-
venting the uncoating of viral genome in the endo-
some), IgA predominates in serum, saliva, and
bronchoalveolar lavage fluid of patients with
SARS-CoV-2. Given the described limitations of
the innate immune response in the lower respira-
tory tract, IgA neutralizing antibodies may play an
important role in early response to infection.??
Less is known about differential IgA response by
disease severity, a knowledge gap that, once
filled, may help us better understand variations in
host response to infection.

The cellular immune response to SARS-CoV-2
also correlates with the severity of COVID-19
illness, however, in an opposite direction than
that of humoral immunity. Analysis of blood sam-
ples from patients infected with SARS-CoV-2
found that those with mild disease had a robust
SARS-CoV-2-specific  INF-y-producing T-cell
response against S1, M, and N viral proteins within
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the first 2 weeks of symptom onset while patients
with moderate disease developed cellular re-
sponses to these epitopes at a slower rate, reach-
ing  equivocal numbers  only  3-weeks
postsymptom onset. Patients with severe disease
had still not started developing high nhumbers of
SARS-CoV-2 specific T-cells by the end of the
acute infection follow-up.'® Fortunately, among
those who recover, including recovery from severe
disease, 97% maintained detectable SARS-CoV-
2-specific memory T-cells out to at least 28 weeks,
suggesting that even a delayed cellular response
may produce longer lasting immunity across the
spectrum of disease severity.'®

Interestingly, significant peripheral T-cell lym-
phopenia has been identified as a marker of severe
COVID-19 infection. A recent systematic review of
the T-cell response to SARS-CoV-2 infection found
significantly lower CD3+, CD4+, and CD8+ cell
counts in critically ill patients and those who ended
up dying of COVID-19 as compared with survivors
and moderately ill patients.?® Further, in a
multivariable-adjusted analysis, CD8+ T-cell
counts of less than 165 cells/uL were indepen-
dently associated with COVID-19 related mortal-
ity.>* Similarly, lower helper T-cell levels and
higher CD4:CD8 ratios have also been identified
as strong predictors of mortality.?> Dysregulation
of the T-regulatory cell (Treg)/Th17 balance has
further been implicated in severity of infection,
with increased Th17 and decreased Treg cells in
patients with severe COVID-19.2° Treg’s play a crit-
ical role in dampening an overreactive immune
response for the maintenance of immune homeo-
stasis and self-tolerance during viral infections.
Th17 cells produce IL-17 which can promote the
production of downstream proinflammatory mole-
cules, including IL-1, TNF, IL6, and neutrophil che-
moattractants. In the murine model of ARDS, IL-17
has previously been shown to augment lung paren-
chyma destruction by amplifying proinflammatory
mediators and neutrophil recruitment.?’

In effect, COVID-19 severity of illness demon-
strates a dichotomous immune response, with
early humoral activation and delayed cellular im-
mune response associated with more severe dis-
ease, while early T-cell activation predominates
in milder cases (Fig. 1).2 Fortunately, SARS-
CoV-2 specific memory B- and T-cells are present
following recovery in patients across the spectrum
of disease, indicating the potential for a more rapid
immune response on future antigenic exposures.

VACCINATION AGAINST SARS-CoV-2

SARS-CoV-2 vaccination is a safe and effective
tool for preventing severe illness and death from
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Early Cellular
Immune Response
(T-Cells)

Early Humoral
Immune Response
(B-Cell/Antibodies)

Fig. 1. Graphical representation of dif-
ferential humoral and cellular immune
response to SARS-CoV-2 infection by dis-

Mild Disease

o9

ease severity.

Severe Disease

COVID-19.29%0 There are 4 types of vaccines
currently approved by the World Health Organiza-
tion Emergency Use Listing process for the treat-
ment of COVID-19: nucleic acid (BNT162b2/
Pfizer, mRNA 1273/Moderna), nonreplicating viral
vector (ChAdOx1 nCoV019/AstraZeneca/Covish-
ield, Ad26.COV2.S/Janssen), inactivated whole vi-
rus (BBIBP-CorV/Sinopharm, CoronaVac/
Sinovac, BBV152/Covaxin), and protein subunit
(NVX-CoV2373/Novavax).®! Pfizer, Moderna, and
Janssen remain to be the only vaccines with either
emergency use or full authorization by the FDA in
the United States.®?

Pfizer and Moderna vaccines carry mRNA,
encapsulated in a lipid nanoparticle that encodes
a modified version of the SARS-CoV-2 S-protein.*®
This modified mRNA has intentional mutations so
translated, the S-protein is in its prefusion confor-
mation, critical for the preservation of
neutralization-sensitive epitopes and therefore
effective vaccine-induced immunity. In contrast,
Janssen’s vaccine delivers DNA that codes for the
SARS-CoV-2 S-protein on a recombinant adeno-
virus vector. The DNA is transcribed, producing
S-protein, stimulating strong humoral and cellular
immune responses.®**% Study of the mRNA vac-
cine platforms to demonstrate successful produc-
tion of neutralizing antibodies, active SARS-CoV-2
specific CD4+ and CD8+ T-cells, and robust levels
of cytokines such as IFNy.%¢ A study of the Pfizer
vaccine demonstrated a strong SARS-CoV-2
spike-specific memory B-cell response, peaking
1 week after the second dose, which gradually
declined over time but maintained strong ACE2/
RBD binding inhibiting activity for at least
6 months.®” Such circulating vaccine-induced
spike-specific memory B-cells were restimulated
in vitro and demonstrated ability to differentiate
into anti-spike 1gG or IgM-secreting cells.

The Pfizer, Moderna, and Janssen vaccines
have each shown to be safe and effective at
reducing severe COVID-19 iliness by 88%, 93%,
and 71%, respectively, following 2 doses of the
mRNA or one dose of the adenovirus vector vac-
cine.?® The Washington State Department of
Health has been compiling and releasing data on
COVID-19 cases, hospitalizations, and deaths by
vaccination status since February 2021. They
report that, among 12 to 34 year olds, unvacci-
nated individuals were 5-times more likely to be
hospitalized with COVID-19 compared with their
fully vaccinated age-matched counterparts. For
those over the age of 65, the risk of COVID-19 hos-
pitalization is 7-fold higher among the unvacci-
nated, with a risk of death 13-times greater than
fully vaccinated individuals in the same age
group.® Comparably, significant adverse events
associated with vaccine were exceedingly rare
(between 0.2% and 0.3%).°° Patients do report
symptoms following vaccination, most frequently
injection site pain and fatigue or malaise; however,
these are overwhelmingly mild and short lasting,
with greater than 80% resolving within 2 days.*°

Dual antigen exposure from both vaccine and
infection may also augment the host immune
response. Early work comparing serial IgG levels
between previously infected and COVID-19 naive
individuals found that IgG levels were similar after
1 mRNA vaccine dose in those with a history of
COVID-19 to those following 2 doses in partici-
pants without prior infection.*! Expanding on this
work, researchers found that while COVID-19
naive individuals developed lower overall IgG
levels, the 2 groups had comparable neutralizing
antibodies and S-specific B-cell levels 8 months
after vaccination. Interestingly, the COVID-19
naive subjects also exhibited higher SARS-CoV-
2-specific cytokine production, CD4+ T-cell



activation, and proliferation than those who recov-
ered from COVID-19.#2 While the exact mecha-
nism behind the elevated T-cell response
following vaccination in COVID-19 individuals re-
mains uncertain, this finding is reassuring, particu-
larly in the setting of the previously noted
association of a robust cellular response to infec-
tion and the development of only mild symptoms.

As the pandemic has stretched over multiple
years, appropriate concern has been directed to
the potential of waning immunity following initial
vaccination. Marot and colleagues found that
neutralizing antibodies against SARS-CoV-2
declined 38.5% among health care workers as
soon as 2 months after primary COVID-19 infec-
tion and 3 months after the second mRNA vaccine
dose.*® Such declines varied by age and sex, with
those over age 65 experiencing a larger decrease
in antibody levels following vaccination compared
with those between the ages of 18 to 44. Further,
vaccine-mediated antibodies among men in this
older cohort were found to decrease 46% more
than in similarly aged women.** Such declines in
antibody levels have led the Centers for Disease
Control and Prevention, to recommend vaccine
boosters and continued use of masks in high-risk
areas to limit viral transmission.

There has also been concern that mutations in
the S-protein, such as those appreciated in the
Omicron variant, may allow the virus to evade
neutralization by vaccine-elicited antibodies. To
assess this possibility, researchers evaluated the
neutralizing capacity of sera collected from indi-
viduals recently (<8 months) and remotely (6-
12 months) vaccinated with any of the 3 major vac-
cines available in the United States against wild-
type, Delta, and Omicron SARS-CoV-2 variants.*®
They further tested the sera of subjects recently
boosted with either mRNA vaccine. While the
neutralization of the Omicron variant was not
appreciated among those who received only the
initial vaccine regimen, neutralization was appreci-
ated using sera from those who received a booster
dose. Taken together, and particularly in the
setting of recurrent COVID-19 surges, boosters
remain a recommended mechanism to increase
protection from severe COVID-19 iliness.*®

CLINICAL OUTCOMES OF AN IMBALANCED
IMMUNE RESPONSE

While the immune response to COVID-19 facili-
tates the viral clearance and imparts at least
some protection against future infections, an
excessively robust response has been implicated
as a potential driver of severe disease. Specif-
ically, high levels of cytokines including increases
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in circulating T-cell chemoattractants, natural killer
(NK) cells, macrophages, and classic neutrophils,
with an absence of IFN types | and Il are found
in individuals suffering from severe COVID-19.4¢
Such response, paired with elevated IL-6 and
IL1RA cytokines suggest a link between COVID-
19 and cytokine release syndrome, characterized
by vigorous activation of vast numbers of white
blood cells resulting in exuberant release of proin-
flammatory cytokines that in turn activate more
white blood cells in a cascading fashion.?346:47
High concentrations of IL-6, a proinflammatory
cytokine, have also been correlated with lympho-
penia, increased severity of disease and mortal-
ity.2%48  Together, local and  systemic
inflammation, particularly when paired with risk
for secondary bacterial infections, increase the
risk of progression of disease to ARDS.*° A review
of 72 publications reported that 30% of patients
admitted to the ICU with COVID-19 went on to
develop lung edema, dyspnea, hypoxemia, or
ARDS and 65% of those who developed ARDS
died.*%0 Infection is one of the main inducers of
lung edema in ARDS, traditionally known to be
caused by neutrophil activation in other illnesses
such as influenza. However, given the high rate
of ARDS noted, it is uncertain whether SARS-
CoV-2 has a unique pathophysiologic immune
response that may further predispose to lung
injury.*®

Among the more feared complications of
COVID-19 infection are the development of
myocarditis and pericarditis. Importantly, while
cardiac involvement from COVID-19 infection
does occur, clinically significant myocarditis re-
mains a rare complication, with cases typically
mild and self-limited.>"%* In a study of 100
COVID-19 recovered individuals 78% demon-
strated myocardial inflammation on cardiac MRI,
directly associated with severity of illness, the
presence of cardiac symptoms, and time from
infection to imaging.®® Fortunately, most cases
are asymptomatic, with an analysis of nearly
1600 COVID-19 positive college athletes finding
only 5 who developed cardiac symptoms,
although cardiac MRI identified more than 7-times
greater number of individuals with evidence of car-
diac involvement. Fortunately, all individuals with
abnormal cardiac MRIs saw some degree of
improvement on serial imaging, again indicating
a largely self-limited disease course.®* In compar-
ison, vaccine-associated myocarditis remains
rare. Data from Israel found only 54 cases out of
2.5 million vaccinated individuals, with data from
the European Medicines Agency identifying even
lower rates of 1.6 per million Pfizer vaccines and
3.0 per milion doses of Moderna.’>°% Cases
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were predominantly among young or adolescent
males, with 76% described as mild. In fact, only
14 individuals in the Israeli data were found to
have reduced left ventricular systolic function,
with most having recovery of function at follow-
up. As opposed to myocarditis, pericarditis has
been observed more commonly among older pa-
tients and at a later time point with a median of
20 days after the most recent vaccine dose.®"
Multiple potential immunologic mechanisms
have been proposed as drivers of infection and
vaccine-associated  myocarditis.  Specifically
following infection, the two-leading hypothesis for
the mechanism of myocarditis include direct viral
infection of cardiac myocytes and a maladaptive
immune response, as described above. Interest-
ingly, histologic analysis of biopsy tissue from pa-
tients with SARS-CoV-2 infected myocarditis did
not display the classic lymphocytic pattern associ-
ated with viral myocarditis. This has led many to
believe that overactivation of the immune response,
particularly in the setting of severe COVID-19, likely
contributes to cardiac dysfunction through throm-
boinflammation and endothelial dysfunction.®”
Work has also specifically implicated CD68+
T-cells found in high numbers in the myocardium
of COVID-19 hearts, in the development of myocar-
ditis following infection.®® Vaccine-associated
myocarditis is thought to result from parallel,
though importantly different mechanisms. The pre-
viously noted nucleoside modifications to the
mRNA vaccines are designed in part to reduce
the innate immune system’s response to foreign
RNA molecules. At least some vaccine-associated
myocarditis cases may represent a breakthrough
of this innate immune response, a mechanism
associated with certain genetic predispositions.>®
Another proposed mechanism evokes molecular
mimicry of the S-protein transcribed from the deliv-
ered mRNA resulting in cross-reactivity with alpha-
myosin.®° Eosinophilic hypersensitivity has further
been implicated as a mechanism particularly given
the predilection for second or third dose and been
described with the smallpox vaccine, as well.®
Finally, sex hormones may play a role in the noted
male predominance of COVID-19 and vaccine-
associated myocarditis. Specifically, estrogen
may work to mitigate proinflammatory T-cells, while
testosterone may block the function of certain anti-
inflammatory cells, allowing for excess immune
activation and subsequent myocardial damage.®”

SUMMARY

The immune response to the novel SARS-CoV-2
virus is pivotal in both regaining health and poten-
tially attenuating the development of severe

disease. Early robust humoral response coupled
with a delayed cellular immune response is associ-
ated with severe disease. Further, dysregulated
immune response, including cytokine release syn-
drome, can lead to worse outcomes, particularly
via the development of ARDS. Finally, while rare,
infection and vaccine-associated myocarditis can
occur, though typically in mild and self-limited
forms. Importantly, our understanding of the im-
mune mechanisms underlying health and disease
in COVID-19 have been essential to the rapid
development of safe and effective vaccines, which
remain among our best tools for combating this
pandemic.

CLINICS CARE POINTS

e Humoral and cellular immune responses are
induced by both natural and vaccine medi-
ated COVID-19 antigenic exposure.

e The balance of early cellular and humoral im-
mune response is associated with the severity
of COVID-19 illness.

e Clinically significant COVID-19 vaccine medi-
ated myocarditis is rare.
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