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August 27, 2020. The rapid spread of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory

syndrome—coronavirus 2 (SARS-CoV-2), has resulted in an unprecedented public health crisis
worldwide. Recent studies indicate that a hyperinflammatory syndrome induced by SARS-CoV-2
Albany St., Boston, MA contributes to disease severity and mortality in COVID-19. In this review, an overview of the
02118. E-mail: djones] @bu. pathophysiology underlying the hyperinflammatory syndrome in severe COVID-19 is provided. The
edu. current evidence suggests that the hyperinflammatory syndrome results from a dysregulated host
innate immune response. The gross and microscopic pathologic findings as well as the alterations in
the cytokine milieu, macrophages/monocytes, natural killer cells, T cells, and neutrophils in severe
COVID-19 are summarized. The data highlighted include the potential therapeutic approaches un-
dergoing investigation to modulate the immune response and abrogate lung injury in severe COVID-
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In  December 2019, severe acute respiratory
syndrome—coronavirus 2 (SARS-CoV-2) was identified in
Wuhan, China, as the cause of coronavirus disease 2019
(COVID—19).] SARS-CoV-2 represents a novel strain in the
coronavirus family, a group of enveloped, positive-sense,
singled-stranded RNA viruses. Additional members of this
family include the highly pathogenic strains SARS-CoV-1
and Middle East respiratory syndrome—coronavirus
(MERS-CoV). SARS-CoV-2 shares significant phyloge-
netic homology with two bat-derived SARS-like coronavi-
ruses, and primarily uses the angiotensin-converting enzyme
(ACE)-2 receptor in humans for cell entry.” After a likely
zoonotic spillover event, efficient human-to-human trans-
mission of SARS-CoV-2 was confirmed and resulted in the
rapid global spread of COVID-19.” The World Health Or-
ganization officially declared COVID-19 a pandemic in
March 2020.

Clinically, the disease presentation of COVID-19 is
markedly heterogeneous. Patients range from being asymp-
tomatic or having a mild upper respiratory illness to having
severe viral pneumonia that requires hospitalization and may
progress to cytokine storm, acute respiratory distress syn-
drome (ARDS), and death.” ® Nearly all patients with severe
COVID-19 present with bilateral lung involvement.” The

acute onset of impaired oxygenation with noncardiogenic
pulmonary infiltrates characterizes ARDS, which develops in
15% to 40% of patients with COVID-19—associated pneu-
monia.***’ Approximately 80% of patients with severe
disease need supplemental oxygenation, of whom 30% to
40% require mechanical ventilation.***’ The estimated
mortality rate in patients requiring mechanical ventilation
approximates 70% to 90%, and pulmonary failure represents
the primary cause of mortality due to COVID-19.%*

Akin to SARS-CoV-1 and MERS-CoV, increasing evi-
dence indicates that a hyperinflammatory response to
SARS-CoV-2 contributes to disease severity and death in
COVID-19.'" Patients with severe COVID-19 have elevated
clinical inflammatory markers and increased serum cytokine
and chemokine levels.” These markers of inflammation are
prognostic for the requirement of mechanical ventilation, the
development of ARDS, and death in COVID-19.#8%11.12
Postmortem analysis has identified a mononuclear inflam-
matory infiltrate with lymphocytes and macrophages in the
lungs, as well as evidence of hemophagocytosis in the bone
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marrow and reticuloendothelial organs.'” ' Collectively,
this hyperinflammatory response shares many biological
and clinical characteristics with the macrophage-activation
syndrome seen in virus-induced hemophagocytic lympho-
histiocytosis,'” suggesting a significant role of the host
innate immune system in the immunopathology of COVID-
19. Indeed, the efficacy of several immunomodulatory
agents in attenuating the immune response to SARS-CoV-2
and in abrogating lung injury is being investigated. In this
review, we discuss the inflammatory response in patients
with COVID-19; in particular, we highlight the data that
suggest that a dysregulated innate immune response drives
the hyperinflammatory syndrome in severe COVID-19.

Initial Pathologic Findings

The pathologic examination of decedents from COVID-19
has provided important insights into the pathogenesis of the
disease. The predominant pattern of lung injury associated
with COVID-19 has been identified as diffuse alveolar
damage accompanied by platelet—fibrin microthrombi in the
pulmonary vessels. On postmortem analysis, gross exami-
nation have revealed heavy, congested, and diffusely edem-
atous lung parenchyma, consistent with a clinical diagnosis
of ARDS.'"" Microscopy has identified diffuse alveolar
hemorrhage in different phases.'”'*'® Most cases have been
in the early or intermediate proliferative phase with edema,
while features consistent with the fibrotic phase were
rare.''*'® Histologic features accompanying the intra-
alveolar and interstitial exudate have included capillary
congestion, dilated alveolar ducts and collapsed alveoli, hy-
aline membrane formation, and desquamation of pneumo-
cytes.'>'® Desquamated pneumocytes have been reported to
have an apparent viral cytopathic effect and were present in
alveolar spaces.'”'® Electron microscopy has identified viral
particles within type 1 and type 2 pneumocytes,'*'> and
immunofluorescence has localized SARS-CoV-2 antigen to
the ACE2" bronchiolar epithelium.'®

It has been reported that in the majority of cases,
microthrombi were present in the small- and medium-sized
pulmonary arterial vessels.'*'®'® Increased levels of
CD61" megakaryocytes were also found in alveolar capil-
laries accompanying the microthrombi.'*'> Microthrombi
have been identified in nearly all major organs, including
the lung, heart, brain, and liver; the location of micro-
thrombi appears to correlate with endothelial ACE2
expression.'*”'® These microthrombi likely contribute to
organ dysfunction and mortality in COVID-19."*'°
Ackermann et al'® reported on a study comparing post-
mortem findings of lung tissue from patients infected with
COVID-19, influenza A (hemagglutinin type 1 and neur-
aminidase type 1; HINI1), and age-matched, uninfected
controls. Alveolar capillary microthrombi were ninefold as
prevalent in the lungs of COVID-19 patients compared to
those in patients with influenza A.'® In addition, COVID-19
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patients had increased numbers of ACE2" endothelial cells
and significant histologic changes to endothelial cell
morphology, including disruption of intercellular junctions,
cell swelling, and loss of contact with basement mem-
brane.'® Consistent with the findings from a previous study
evaluating endothelial cells from glomerular capillary
loops,'? electron microscopy identified SARS-CoV-2 viral
particles within alveolar endothelial cells.'® In vitro studies
have also shown that SARS-CoV-2 can directly infect an
engineered human blood vessel organoid via the ACE2 re-
ceptor.”’ These findings suggest that direct viral invasion by
SARS-CoV-2 may trigger endotheliitis and contribute to
endothelial injury in COVID-19. Further work is needed for
confirming these data as well as for elucidating the mech-
anism underlying the prothrombotic state in COVID-19.

In studies to date, all COVID-19 patients had a mononuclear
inflammatory infiltrate in the lung parenchyma, composed
primarily of lymphocytes and macrophages.'” '®'® The
lymphocytic infiltrate included both CD4" and CD8™ T cells
in the bronchiolar and alveolar interstitium, with a CD4 1 T-cell
predominance.'”'>'® CD4" T cells appeared to aggregate
around small vessels that often contained microthrombi.'*'”
Large numbers of CD68" macrophages and multinucleated
cells were also identified and localized to the alveolar
lumen.'*”'® The presence of macrophages appeared to corre-
late with disease advancement.'* These patient findings have
been recapitulated in phenotypic studies using transgenic mice
bearing human ACE2 infected with SARS-CoV-2, which
showed the characteristic interstitial pneumonia with infiltra-
tion of lymphocytes and macrophages in the alveolar inter-
stitium, as well as macrophages in the alveolar lumen.”'

A recent study identified the presence of hemophagocy-
tosis in the bone marrow and reticuloendothelial organs of
patients with COVID-19. Bryce et al'® reported a compre-
hensive autopsy series of 67 patients who succumbed to
COVID-19. In that study, hemophagocytic macrophages
were identified in the lymph nodes (9/11), spleen (9/22),
bone marrow (4/6), heart, and liver. Abnormally high mean
peak levels of C-reactive protein, ferritin, IL-6, IL-8, and
tumor necrosis factor (TNF)-a. accompanied the histopath-
ologic findings in these patients. The presence of hemo-
phagocytosis with concomitant elevations in inflammatory
cytokines suggests that alveolar macrophage activation can
induce a hemophagocytic lymphohistiocytosis phenotype in
patients with severe COVID-19. Severe cases of
SARS-CoV-1 infection shared similar pathologic findings.*

Cytokine Storm

Early studies reporting outcomes in COVID-19 identified
that elevated clinical inflammatory markers were prognostic
of disease severity and mortality.>'' Two multicenter,
retrospective studies in hospitalized patients in China eval-
uated predictors of mortality in COVID-19.*'" Non-
survivors had elevated C-reactive protein, lactate
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dehydrogenase, serum ferritin, and serum IL-6 levels at the
time of hospital admission compared to those in survi-
vors.®!'! In addition, nonsurvivors had elevated inflamma-
tory markers throughout the entire clinical course, and the
clinical deterioration that preceded death tracked with
increasing levels of inflammation.® The prevalence of
ARDS was also higher in the group with elevated inflam-
matory markers.’

Consistent with these initial clinical findings, plasma
sampling from patients with severe COVID-19 revealed a
proinflammatory cytokine profile. The initial report included
41 patients admitted to the hospital with COVID-19—related
pneumonia in Wuhan, China.” Compared to healthy adults,
patients with COVID-19 in that study had higher plasma
concentrations of IL-1B, IL-1Re, IL-7, IL-8, IL-10, basic
fibroblast growth factor, granulocyte colony-stimulating fac-
tor (G-CSF), granulocyte macrophage (GM)-CSF, interferon
(IFN)-y, induced protein (IP)-10/CXCL10, monocyte
chemotactic protein (MCP)-1/C-C motif chemokine ligand
(CCL)-2, macrophage inflammatory protein (MIP)-1a/CCL3,
MIP-1B/CCLA, platelet-derived growth factor, TNF-a, and
vascular endothelial growth factor.® The mean plasma con-
centrations of IL-2, IL-7, IL-10, G-CSF, IP-10/CXCL]10,
MCP-1/CCL2, MIP-1a/CCL3, and TNF-a were higher in
the subgroup in the intensive care unit versus those in
non—intensive care unit patients.” A study in 21 patients with
COVID-19 admitted with pneumonia reported similar find-
ings; patients with moderate or severe disease had abnor-
mally elevated levels of IL-18, IL-2 receptor (R), IL-6, IL-8,
IL-10, and TNF-a..”’ In a large-scale, retrospective study in
1484 patients at Mount Sinai Hospital (New York, NY),
plasma levels of IL-6, IL-8, and TNF-a. were higher in those
with severe COVID-19.'? Moreover, IL-6 and TNF-o levels
at the time of hospitalization were independently associated
with disease severity and mortality in that multivariate anal-
ysis.12 Elevated plasma levels of IL-6, IL-8, and TNF-« also
peaked before death in an autopsy series of COVID-19
patients, and correlated with pathologic evidence of hemo-
phagocytosis.'® These data suggest that a cytokine storm
underpins the immunopathology of severe COVID-19.

Tay et al”* proposed a possible mechanism underlying the
cytokine storm in severe COVID-19. SARS-CoV-2 is a
cytopathic virus that induces the death of infected cells during
viral replication.'*'®*° Viral replication in epithelial cells may
also cause high levels of pyroptosis,”® which is an inflamma-
tory form of programed cell death observed in infection with
cytopathic viruses.”’ Pyroptosis could represent an inciting
event for the hyperinflammatory response to SARS-CoV-2
infection.”® " IL-1B is released from cells undergoing
pyroptosis,”” and high levels are present in both serum and
bronchoalveolar fluid (BALF) in patients with severe COVID-
19.°! Pathogen-associated molecular patterns, such as viral
RNA, are also released by infected epithelial cells. Neigh-
boring lung epithelial cells and resident alveolar macrophages
detect the pathogen-associated molecular patterns using
several pattern-recognition receptors. The activation of the

pattern-recognition receptors and IL-1R stimulates the secre-
tion of proinflammatory cytokines, including IL-6, IFN-v,
MCP-1/CCL2, MIP-1a/CCL3, MIP-1B/CCL4, and IP-10/
CXCL4."* The cytokines then recruit activated macrophages
and T cells to the site of infection, whereby these immune
effector cells potentiate inflammation with additional cytokine
secretion and destruction of lung parenchyma. Similar to
SARS-CoV-1 and MERS-CoV, the cytokine profile observed
in patients with COVID-19 is consistent with a predominant
Thl cell— and classic M1 macrophage—polarized
response.'*? Consequently, a proinflammatory feedback
loop is established, triggering a cytokine storm that circulates
and causes local tissue damage as well as systemic effects, such
as septic shock, multiorgan failure, and hemophagocytosis in
reticuloendothelial organs.*'

Notably, the tropism of SARS-CoV-2 for ACE2™" type 2
pneumocytes may contribute to the development of cytokine
storm. Viral binding by SARS-CoV-2 to the ACE2 receptor is
primarily restricted to type 2 pneumocytes on the lung
epithelium.” Although typically associated with surfactant
production and alveolar repair, type 2 pneumocytes have a
specialized role in the innate immune response. Type 2
pneumocytes express toll-like receptors (TLRs) that activate
inflammatory NF-«B signaling in response to binding of viral
RNA.”> " The activation of NF-kB triggers the production of
cytokines that can induce an inflammatory program in resident
macrophages and recruit activated monocytes and T cells to the
lung. Accordingly, increased IL-6 levels in hyperplastic type 2
pneumocytes infected with SARS-CoV-2 have been
measured.”” ACE2" infected pneumocytes also have been
reported to express high levels of proinflammatory cytokines
(ie, MCP-1/CCL2, TNF-a, IL-1B, and IL-6) in an autopsy
series of patients with SARS-CoV-1 infection; cytokine
expression was unchanged in uninfected cells.”® Direct inva-
sion and stimulation of TLR-containing ACE2™" type 2 pneu-
mocytes may therefore exacerbate cytokine production in
COVID-19.

Dysregulated IFN signaling also likely has an impact on
the immunopathology of severe COVID-19. The findings
from initial studies have suggested that SARS-CoV-2 can
suppress IFN signaling and impair viral clearance from
infected cells. SARS-CoV-2 was reported to be sensitive to
pretreatment with types I and III IFNs in vitro.”” However, a
study using infected cell lines, primary bronchial cells, and a
ferret model with SARS-CoV-2 infection demonstrated
decreased type I and Il IFN signatures.”” Patients with
severe COVID-19 also appeared to have an impaired type I
IFN signature compared to that in mild or moderate cases.*’
Whole-blood transcriptome analysis revealed that the
expression of type I IFN was inversely correlated with the
viral load and NF-kB—driven inflammatory response (ie,
IL-6 and TNF-a levels) in COVID-19 patients.”’ Moreover,
a multicenter observational study reported that the admin-
istration of IFN-a2b early in the disease course of COVID-
19 improved in-hospital mortality in infected patients."’
These findings suggest that a weak IFN response during
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early infection with SARS-CoV-2 may allow for the
development of severe COVID-19.

Additional work is needed for ascertaining the mecha-
nism that SARS-CoV-2 employs to impair IFN signaling.
However, the findings from functional studies in other
pathogenic coronaviruses, such as SARS-CoV-1 and
MERS-CoV, have elucidated the viral proteins that antag-
onize IFN signaling and release. Example virulence mech-
anisms include the inhibition of TNF receptor—associated
factor family member—associated NF-kB activator—binding
kinase (TBK)-1—dependent phosphorylation, IFN regula-
tory factor 3 activation, and IFN production.”* ** A murine
model of SARS-CoV-1 infection also showed that delayed
type I IFN signaling and rapid viral replication induced a
hyperinflammatory state with lung pathology.”” These mice
had an excessive accumulation of activated macrophages in
the lung, as well as elevated cytokine levels and an inade-
quate virus-specific T-cell response.”” As such, impaired
viral clearance of SARS-CoV-2 due to the antagonism of
IFN signaling might enable continuous TLR stimulation and
pyroptosis of infected type 2 pneumocytes, thereby pro-
moting the hyperinflammatory state observed in severe
COVID-19.

Dysregulated Macrophage Activation

A proinflammatory macrophage microenvironment defines
the landscape of bronchoalveolar immune cells in patients
with severe COVID-19. In line with initial pathologic find-
ings, single-cell RNA sequencing (scRNA-seq) of BALF
collected from COVID-19 patients identified an abundance of
macrophages in severe disease.”'*** Further analysis revealed
that the macrophages are primarily inflammatory monocyte
derived, with a relative paucity of resident alveolar macro-
phages.”’ The macrophages in severe disease highly express
the genes ficolin-1 (FCNI) and SPPI, while in moderate
disease they preferentially express FABP4.”' Consistent with
the cytokine pattern in peripheral blood," macrophages
expressing FCNI and SPPI in BALF have gene-expression
signatures characteristic of classic M1 macrophages.”’
These macrophages express genes that encode peripheral
monocyte-like markers (ie, S100A8, FCNI, and CDI4),
chemokines (ie, MCPI/CCL2, MIPIA/CCL3, and INPI10/
CXCLI0), and inflammatory transcription factors (ie, NFKB,
STATI, STAT2, and IFN regulatory factors).

A profibrotic subset of alternative M2 macrophages that
express both profibrotic genes (ie, TREM2, TGFB1, and SPPI)
and immunoregulatory genes (ie, A2ZM and GPR3) was also
identified in patients with severe COVID-19.”' These findings
suggest that the pathogenic role of macrophages in severe
COVID-19 may extend beyond acute inflammation to include
pulmonary fibrosis. Early reports indicate fibrotic lung patterns
with reduced diffusion and total lung capacity in survivors of
severe COVID-19, as well as persistent ground-glass opacities
on imaging at the time of hospital discharge.””**
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Gene expression of cytokines and chemokines has been
reported to be markedly increased in lung macrophages.
Based on scRNA-seq data, lung macrophages from patients
with severe COVID-19 had increased expression of ILIB,
IL6, TNF, and genes encoding several chemokines,
including MCP1/CCL2, MIPIA/CCL3, MIP1B/CCLA4, and
MCP3/CCL7.*"*** These chemokines are potent recruiters
of inflammatory monocytes to the site of infection.
Conversely, patients with moderate disease have been re-
ported to express higher levels of CXCL16, which can bind
to the CXCRG6 receptor and attract CD8™ T cells that may be
specific for SARS-CoV-2.?" In both severe and moderate
cases, the gene expression levels of the CXCR3 ligands
CXCL9, CXCLI0, and CXCLI11 were higher compared to
those in healthy controls.”' These transcriptional changes in
lung macrophages also correlated with BALF cytokine
levels. Patients with severe disease had significantly higher
levels of proinflammatory cytokines in BALF, especially
IL-1B, IL-6, IL-8, TNF-a, and IFN-y.”"*’ Collectively,
these data suggest that lung macrophages recruit inflam-
matory monocytes and produce cytokines that contribute to
hyperinflammation in severe COVID-19.

A significant expansion of inflammatory monocytes is also
present in the peripheral blood of COVID-19 patients. Flow
cytometric analysis have been used for identifying increased
populations of CDI14YCD16", GM-CSF'CDI14%, and
IL-6"CD14" subsets of inflammatory monocytes.””" The
percentage of CD14"CD16" monocytes producing IL-6 was
correlated with disease severity.”’ Data from scRNA-seq of
peripheral blood mononuclear cells demonstrated similar
findings, wherein CDI4'IL-1B* monocytes, IFN-activated
monocytes, and ILIB-associated inflammasome signatures
were observed.”” >* Akin to lung macrophages, inflamma-
tory monocytes in the peripheral blood showed an enrich-
ment of genes encoding cytokine signaling and inflammation
characteristic of classic M1 macrophages.”” The scRNA-seq
analysis additionally suggested that cytokine activation drives
the systemic expansion of monocyte populations in the pe-
ripheral blood of COVID-19 patients.””* Hence, the cyto-
kine environment likely generated by type 2 pneumocytes
and resident alveolar macrophages after SARS-CoV-2
infection triggered the expansion and recruitment of inflam-
matory monocytes to the lung.

Pathologic stimulation of TLR/IL-1R signaling represents a
significant mechanism activating inflammatory monocytes and
macrophages in COVID-19. It has been shown that after TLR/
IL-1R stimulation, Bruton tyrosine kinase (BTK) drives the
signaling cascade that activates both NF-kB and nucleotide-
binding oligomerization domain-containing protein—like
receptor protein (NLRP)-3 inflammasome secretion of
IL-18.7°°7°" Accordingly, recent data showed increased
phosphorylation of BTK in IL-6"CD14" monocytes derived
from patients with severe COVID-19.”" The entire population
of monocytes had phosphorylated BTK,”" consistent with the
notion of systemic monocytic activation. Transcriptomic
profiling of whole blood and single monocytes revealed similar
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findings. Patients with severe COVID-19 had increased
expression of TLR and ILIR and downstream signaling mol-
ecules (ie, MYDS8S, IRAK4, IRAKI, TRAF6, and RELA/
p65).>>7* The expression of these signaling molecules also
tracked with disease severity in one patient with longitudinal
samples.” Myeloid differentiation primary response protein
88 (MyD88) is an adaptor protein that triggers BTK activation
and mediates signaling for IL-1, IL-18, and all TLRs except
TLR3.°® MyD88~'~ mice infected with SARS-CoV-1
exhibited decreased lung pathology and cytokine levels as
well as impaired monocyte recruitment to the lung versus
MyDSSWT/W T mice.”’ Likewise, in a small cohort of severe
COVID-19 patients, treatment with a BTK inhibitor normal-
ized C-reactive protein and IL-6 levels and improved
oxygenation.”" The findings from these studies indicate that
targeting the TLR/IL-1R signaling cascade may attenuate the
hyperinflammatory response in severe COVID-19.

Impaired Natural Killer Cell Response

Studies have shown that peripheral natural killer (NK) cells
are depleted and exhibit an exhausted phenotype in patients
with severe COVID-19. Peripheral NK cell counts were
significantly lower in COVID-19 patients with severe disease
versus those in patients with mild disease or in healthy
controls.””®"~** Whereas antiviral cytotoxic CD56"™ NK
cells were primarily depleted in ventilator-dependent patients,
all COVID-19 patients had decreased cytokine-producing
CD56ME" NK cells peripherally.”” The uniform reduction of
CD56"€" NK cells suggests that peripheral NK cells do not
directly contribute cytokines toward the cytokine storm in
COVID-19. The percentage of peripheral NK cells express-
ing the activation markers CD16, CD107a, IFN-vy, IL-2, and
TNF-a was also significantly lower in COVID-19 patients
compared to healthy controls, as was the mean fluorescence
intensity of cytotoxic granzyme B.°"> scRNA-seq revealed
evidence of exhausted NK cells with increased transcription
of the inhibitory receptor genes LAG3, PDCDI, and
HAVCR2.°” Both NK and CD8" T cells also had increased
expression of the immune checkpoint natural killer group 2
member A (NKG2A), which inhibits cell cytotoxicity.”' The
successful treatment of COVID-19 is associated with the
reversal of functional NK cell exhaustion, as evidenced by
the down-regulation of NKG2A in the convalescent period.”’

It remains unclear whether the peripheral NK cell depletion
is due to the trafficking of cells to infected lung tissue or cell
death. A study employing bulk RNA-seq analyzed the immune
composition of BALF from COVID-19 patients collected a
median of 8 days after symptom onset.® The results demon-
strated no change in the proportion of activated NK cells, while
COVID-19 patients had a decreased proportion of resting NK
cells in BALF versus healthy controls.*® Conversely, a study
using scRNA-seq of BALF collected a median of 12 days after
symptom onset reported increased NK cells in COVID-19
patients.”’ The discrepant findings between studies could

have been attributed to the timing differences in BALF sample
collection, and suggest that NK cells may be recruited to the
lung later in the disease course of COVID-19.%* Trafficking of
NK cells is further supported by the expansion of lung mac-
rophages that produce CXCR3 ligands (CXCL9, CXCL10,
and CXCL11) in COVID-19.”' CXCR3 has been previously
shown to promote NK cell recruitment to the lung in influenza
infection.®” It is possible that cell death may also contribute to
peripheral NK-cell depletion, given that the transcription of
TP53 and apoptosis pathways in peripheral lymphocytes are
up-regulated in COVID-19 patients.”” While the absence of
ACE2 receptors makes SARS-CoV-2 infection of NK cells
unlikely,”* circulating cytokines could play a role, given that
peripheral NK-cell counts are inversely correlated with serum
IL-6 levels.” Additional studies are nonetheless needed for
delineating the processes involved in peripheral NK-cell
depletion, including whether the cytokine storm leads to
NK-cell apoptosis.

The cytokine milieu also may confer the exhausted pheno-
type of peripheral NK cells in COVID-19. In particular, studies
have reported that IL-6 and TNF-o impaired the cytolytic
function of NK cells.”*°"-°>%“"%% In healthy donor NK cells,
in vitro stimulation of the soluble IL-6R by IL-6 reduced the
production of perforin and granzyme, which can be reversed
by IL-6R antagonism with tocilizumab.®® These findings
suggest that IL-6 might hasten the down-regulation of gran-
zyme expression on NK cells reported in COVID-19.°’
However, additional experiments are needed for confirming
these findings in NK cells derived from COVID-19 patients.
The decreased expression of CD16 on NK cells indicates that
reduced NK-cell licensing is also likely occurring; CD16
expression was reported to be inversely correlated with serum
IL-6 levels in COVID-19 patients.62 In addition, ligand-
receptor analysis with scRNA-seq of peripheral blood
revealed interactions between inflammatory monocytes and
NK cells in severe COVID-19.”* The data showed that TNF-a.
may interact with its receptor, TNFR1, on NK cells.” The
impact of this cytokine—receptor interaction in COVID-19
needs investigation, but in the tumor microenvironment it re-
sults in the down-regulation of the major NK cell—activating
receptor NKp46, especially on CD56"E" NK cells.®” Taken
together, these findings suggest that crosstalk with monocytes
and macrophages via cytokines might mediate NK-cell
dysfunction and impair the clearance of SARS-CoV-2.°®
Persistent infection with SARS-CoV-2 could subsequently
exacerbate the proinflammatory feedback loop underlying the
cytokine storm in severe COVID-19.

Role of T Cells in Hyperinflammation

The occurrence of a profound lymphopenia in patients with
COVID-19 is well established. The absolute lymphocyte
count is prognostic of disease severity and mortality, with
significant reductions in peripheral CD4" and CD8" T
cells reported in both moderate and severe cases of
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COVID-19.%%%11:2361.53 gerym cytokine levels are inversely
correlated with CD4" and CD8" T-cell counts, and improved
cytokine levels have been associated with the reversal of
lymphopenia in the convalescent period of recovered
patients.”*'>°"%% In decedents who had lymphopenia, au-
topsy evaluations have revealed the extensive cell death of
lymphocytes in the lymph nodes and spleen; SARS-CoV-
2—infected spleens and lymph nodes also were found to have
overexpressed the apoptotic protein Fas.'**” Likewise, tran-
scriptomic analysis identified up-regulation of apoptotic
pathways in lymphocytes from the peripheral blood of
COVID-19 patients.”” Hemophagocytic macrophages present
in the spleen and lymph nodes accompanied the lymphocyte
depletion,'® suggesting a role for aberrantly activated mac-
rophages in lymphopenia. These macrophages have been
found to express high levels of IL-6, which may promote
lymphocyte necrosis and apoptosis.”” Indeed, antagonism of
the IL-6R with tocilizumab resulted in increased peripheral
lymphocyte counts in COVID-19.° Trafficking of peripheral
T cells to the lung also likely contributes to the lymphopenia.
As previously discussed (/nitial Pathologic Findings), au-
topsy studies have reported a pulmonary lymphocytic inter-
stitial infiltrate with CD4" and CD8" T cells,” '* and
scRNA-seq of BALF identified a heterogeneous expansion of
CDS8™" T cells.”’ Additional studies are needed for clarifying
the mechanism and functional impact of lymphopenia, such
as on the clearance of SARS-CoV-2.

The T-cell composition of surviving lymphocytes may
exacerbate the hyperinflammatory state in COVID-19. In
conjunction with IL-6— and GM-CSF—producing mono-
cytes, patients with severe COVID-19 have been found to
have increased proportions of pathogenic Th1 CD4" T cells
that express IL-6, GM-CSF, and IFN-y.°" In particular,
patients requiring intensive care unit admission had signif-
icantly higher proportions of Thl cells co-expressing GM-
CSF and IFN-y.°" These Thl cells can produce proin-
flammatory cytokines that contribute to the cytokine storm
and migrate to the lung to potentiate tissue damage. Zheng
et al®' postulated that GM-CSF links the activation of in-
flammatory monocytes and Thl cells in severe cases.
Moreover, flow cytometry has revealed decreased levels of
immunosuppressive T-regulatory cells in patients with se-
vere COVID-19.%* scRNA-seq of peripheral blood similarly
identified depleted T-regulatory cells, as well as up-
regulated inflammatory and cytokine pathways in CD4" T
cells.”” These findings collectively suggest that the reduc-
tion in T-regulatory cells disrupts immune homeostasis and
promotes a central role for CD4" Thl cells in the patho-
genesis of COVID-19—related hyperinflammation.

Neutrophils and Neutrophil Extracellular Traps
Increasing evidence indicates that the dysregulated myeloid

response to SARS-CoV-2 extends to neutrophils in severe
COVID-19. An elevated absolute neutrophil count and
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neutrophil/lymphocyte ratio have been reported to be
prognostic of ARDS and death in COVID-19.*%%!!-12:23
Patients with severe COVID-19 also had increased levels
of neutrophil extracellular traps (NETs),”">”" which are webs
of DNA material with antimicrobials and oxidant enzymes
extruded by neutrophils to control infections. Serum sam-
ples collected from patients hospitalized with COVID-19
had higher levels of cell-free DNA, myeloperoxidase
(MPO)—DNA complexes, and citrullinated histone H3 (Cit-
H3) compared to those from patients with mild/moderate
disease and healthy controls’®!; the latter two markers are
considered specific for NET remnants. Elevated plasma
MPO—DNA complexes have been associated with a
decreased PaO,/FiO, ratio, a need for mechanical ventila-
tion, and death in COVID-19.”%! Increasing levels of
MPO—DNA complexes also tracked with oxygen deterio-
ration in patients with longitudinal samples.’' The milieu of
patients with COVID-19 appears to promote the formation
of NETSs, as the exposure of healthy neutrophils to serum
collected from hospitalized COVID-19 patients has been
reported to trigger significant NETosis.””””" Further work is
needed for delineating the mechanism of NET formation in
COVID-19, but the activation of neutrophils by viral nucleic
acids and cytokines might have a role.”’”"*

Importantly, NETs may contribute to the development of
lung injury and microthrombi in COVID-19. Dysregulated
NETosis has been previously shown to cause excessive lung
injury and immunothrombosis in response to other respira-
tory viruses and bacteria.”” A recent study that evaluated
autopsy lung specimens for NETSs reported pathologic evi-
dence suggestive of dysregulated NETosis in COVID-19.”
Immunofluorescence revealed a neutrophilic infiltrate in the
lungs, with numerous Cit-H3" and MPO™ neutrophils as
well as lattices of extracellular DNA with Cit-H3 and
MPO.”” In addition, the study reported the co-localization of
Cit-H3" neutrophils likely undergoing NETosis with
platelet factor 4—positive platelets in pulmonary blood
vessels,”” suggesting a possible role of NET and platelet
interaction in microthrombi formation in COVID-19.
Whether excessive immunothrombosis by NETSs triggers
platelet aggregation and the prothrombotic state in
COVID-19 warrants investigation.

Multisystem Inflammatory Syndrome in
Children

Recent case series of children have identified a hyper-
inflammatory vasculopathy associated with COVID-19,
deemed the multisystem inflammatory syndrome in chil-
dren (MIS-C).”*"7 This syndrome has been reported to
have a wide range of clinical presentations that overlap with
Kawasaki disease, toxic shock syndrome, and macrophage-
activation syndrome/hemophagocytic lymphohistiocytosis.
Nearly all patients with MIS-C have presented with
fever.”*"” Multiple organ systems have been reported to be
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involved in most patients, with the gastrointestinal (92%),
cardiovascular (80%), hematologic (76%), mucocutaneous
(74%), and respiratory (70%) systems most commonly
involved.”* The majority of patients have required admis-
sion to the intensive care unit for treatment.”*”” Invasive
and noninvasive mechanical ventilation for respiratory
insufficiency or failure has been needed in 20% and 17% of
patients, respectively.”* The mortality rate from MIS-C has
been estimated as approximately 0% to 2%.”""’

An important finding in MIS-C has been the high inci-
dence of cardiovascular involvement. In reports from the
United States and Europe, the majority of patients had
elevated brain natriuretic peptide and troponin levels.”*~"’
Nearly half of the patients had hypotension or cardiogenic
shock, which prompted vasopressor support in one-quarter
of patients.”*””  On echocardiography, ventricular
dysfunction (ejection fraction <55%) was identified in
approximately half of patients.”*” "’ Approximately 8% to
21% of patients also had coronary artery aneurysm identi-
fied in either the left descending artery or the right coronary
artery, consistent with a Kawasaki-like vasculitis presenta-
tion of MIS-C.”*""’

The immunologic findings in MIS-C have been similar to
those described in adults with severe COVID-19. Nearly all
MIS-C patients had multiple laboratory markers of inflam-
mation, including an elevated erythrocyte sedimentation rate,
C-reactive protein, and ferritin.”*~’” Serum cytokine analysis
showed elevated IL-6, IL-10, and soluble IL-2R levels.’® Pa-
tients with MIS-C also displayed lymphopenia, including
reduced levels of CD4" and CD8" T cells as well as NK
cells.”® Notably, the majority of MIS-C patients had positive
SARS-CoV-2 serologies,’” and the median time interval
elapsed between COVID-19 symptom onset and MIS-C
symptom onset was 25 days.”* These findings support the
current hypothesis that MIS-C represents an immune-mediated
SARS-CoV-2 postinfectious process.”*’® Although MIS-C is
a rare complication of COVID-19, additional studies are
needed for understanding the pathophysiology, therapeutic
management, and long-term sequelae of this complication.

Therapeutic Targeting of Hyperinflammation

The evidence of a dysregulated host immune response has
prompted the investigation of immunomodulatory therapies
for abrogating lung injury in COVID-19. There are >2500
studies of COVID-19 currently registered with clinicaltrials.
gov, including many evaluating immunomodulators alone or
in combination with other agents. These clinical trials will
need to determine the optimal disease stage of COVID-19
at which immunomodulators are most effective and safe in
patients with hyperinflammation. The published clinical
trials of immunomodulators in COVID-19 are reviewed in
the subsequent paragraph and the developmental stage of
each clinical approach as well as ongoing randomized
studies are summarized in Table 1.
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Corticosteroids have widespread inhibitory effects on the
immune system and are efficacious in managing acute in-
flammatory processes. The randomized, controlled, open-
label RECOVERY trial (Dexamethasone in Hospitalized
Patients with Covid-19—preliminary report)’® evaluated the
efficacy of the corticosteroid dexamethasone (n = 2104)
versus usual care (n = 4321) in hospitalized COVID-19
patients. Dexamethasone 6 mg once daily was given for
up to 10 days. The study demonstrated a significantly lower
28-day mortality in patients randomized to receive dexa-
methasone versus usual care (22.9% versus 25.7%;
P < 0.001).”% In a prespecified subgroup analysis, dexa-
methasone reduced 28-day mortality by 36% in patients on
mechanical ventilation (HR = 0.64; 95% CI, 0.51 to 0.81)
and by 18% in patients receiving oxygen without mechan-
ical ventilation (HR = 0.82; 95% CI, 0.72 to 0.94), whereas
dexamethasone had no benefit in patients receiving no res-
piratory support (HR = 1.19; 95% CI, 0.91 to 1.55).”
Dexamethasone was also more effective in patients ran-
domized to receive treatment for >7 versus <7 days after
the onset of COVID-19 symptoms (P < 0.001).”® Dexa-
methasone was the first therapy reported to improve survival
in patients with COVID-19.

The identification of respiratory support as a predictor of
dexamethasone efficacy has provided insights into the dis-
ease stages of COVID-19. Previous studies have shown that
inflammatory markers track with disease progression and
clinical deterioration in COVID-19.*%%'""'%23 Consistent
with these findings, the benefit of immune suppression with
dexamethasone was apparent in only patients requiring
respiratory support, as well as those randomized to receive
treatment for >7 days after symptom onset.”® These data
suggest that the patients were in a later disease stage
dominated by immunopathology. Conversely, patients not
requiring respiratory support, who were likely without sig-
nificant inflammation, had no benefit, and a trend of
increasing death rate from dexamethasone treatment.’® It is
possible that dexamethasone may have suppressed the viral
clearance of SARS-CoV-2 in these patients. The majority of
patients without respiratory support had symptoms for <1
week at the time of randomization,’® which corresponds to
the timing of peak viral replication of SARS-CoV-2.”’ The
use of systemic corticosteroids have been shown to impair
viral clearance in patients with SARS-MERS or SARS-
CoV-1 infection.***' Longitudinal evaluation of inflamma-
tory markers and viral loads with dexamethasone use will
further clarify these findings in COVID-19.

The cytokine storm in patients with severe COVID-19
has prompted the evaluation of selective cytokine inhibitors.
Tocilizumab, a recombinant humanized monoclonal anti-
body directed against both the soluble and membrane-bound
forms of IL-6R, has been reported to be effective in the
treatment of the cytokine-release syndrome associated with
chimeric antigen receptor T-cell therapy.*”* Case series
have suggested that tocilizumab is effective in the treatment
of severe COVID-19, wherein patients had rapid decreases
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Table 1  Selected Candidate Immunomodulator Therapies for Severe COVID-19
Drug class Rationale Clinical evidence Current status
Corticosteroids Broad immunosuppression Randomized, controlled RECOVERY trial Treatment with dexamethasone has

IL-6 antagonists

IL-1 antagonists

BTK inhibitors

Activity in cytokine release syndrome

associated with CAR T cell therapy

Activity in macrophage activation
syndrome and hemophagocytic
lymphohistiocytosis

Inhibits TLR signaling and cytokine
production in activated
macrophages; prevents lethal lung
injury in mouse influenza model

Hydroxychloroquine In vitro activity against SARS-CoV-2;

inhibits TLR signaling and cytokine

production

showed dexamethasone decreased
28-day mortality vs supportive care
(22.9% vs 25.7%) in hospitalized
COVID-19 patients; subgroup
analysis revealed improved survival
for patients on mechanical
ventilation (HR = 0.64; 95% (I,
0.51—0.81) and patients requiring
supplemental oxygenation but not
on mechanical ventilation

(HR = 0.82; 95% CI, 0.72—0.94),
but no survival benefit for patients
not requiring supplemental
oxygenation (HR = 1.19; 95% (I,
0.91—1.55)

Limited; retrospective,

nonrandomized cohort studies
suggest that benefit in severe
COVID-19, but confirmation
required

Limited; retrospective,

nonrandomized cohort studies
suggest that benefit in severe
COVID-19, but confirmation
required

Limited; possible benefit suggested

from small case series and
uncontrolled pilot study that
showed normalization of
inflammatory markers (ie, CRP,
IL-6) and improved oxygenation
with treatment, but confirmation
required

Inconsistent results from

retrospective, nonrandomized
cohort studies; recent randomized,
controlled trials demonstrated no
benefit in COVID-19 patients with
mild/moderate or severe disease as
well as when used for post-exposure
prophylaxis

been incorporated into NIH
COVID-19 Treatment Guidelines for
hospitalized patients who are on
mechanical ventilation and
patients who require supplemental
oxygenation but not on mechanical
ventilation*

Randomized, controlled trials in

progress (NCT04306705,
NCT04346355, NCT04320615,
NCT04331808, NCT04335071,
NCT04322773, NCT04333914,
NCT04330638)

Randomized, controlled trials in

progress (NCT04341584,
NCT04324021, NCT04330638)

Randomized, controlled trials in

progress (NCT04375397,
NCT04380688, NCT04382586)

Emergency Use Authorization revoked

by US FDA on June 15, 2020

Detailed information for each clinical trial can be accessed by searching the unique NCT identifier number on www.clinicaltrials.gov.

*https://www.covid19treatmentguidelines.nih.gov/immune-based-therapy/immunomodulators/corticosteroids, last accessed August 19, 2020.

thttps://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-chloroquine-and,
last accessed August 19, 2020.

BTK, Bruton tyrosine kinase; CAR, chimeric antigen receptor; CRP, C-reactive protein; FDA, US Food and Drug Administration; HR, hazard ratio; NIH, National
Institutes of Health; RECOVERY, Randomized Evaluation of Covid-19 Therapy’®; TLR, toll-like receptor.

in inflammatory markers (ie, C-reactive protein, ferritin, D-
dimer) and improved oxygenation (ie, PaO,/FiO, ratio) and
lymphocyte count.** *° Two recent nonrandomized,
observational studies recapitulated these findings and
demonstrated that tocilizumab might improve survival in
severe COVID-19.%"** Somers et al*’ reported that tocili-
zumab use was associated with a 45% reduced risk for death
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versus supportive care in patients with COVID-19 on me-
chanical ventilation (HR = 0.55; 95% CI, 0.33 to 0.90).
Tocilizumab use was also associated with an increased risk
for superinfections in this population of mechanically
ventilated patients (54% versus 26%; P < 0.001), although
there was no difference in the 28-day case fatality rate
among patients receiving tocilizumab with and without
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Disease mechanism of severe COVID-19 after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. SARS-CoV-2 primarily

infects type 2 pneumocytes expressing the ACE2 receptor in alveoli. The active viral replication of SARS-CoV-2 causes the host cell to undergo pyroptosis and
release viral nucleic acids and proinflammatory cytokines. These are recognized by pattern-recognition receptors on neighboring pneumocytes and resident
alveolar macrophages, which trigger the production of proinflammatory cytokines and chemokines, including IL-1B, IL-6, IL-8, GM-CSF, TNF-a, IFN-v, IP-10/
CXCL10, MCP-1/CCL2, MIP-1a./CCL3, and MIP-1B/CCL4. Inflammatory monocytes, CD4* and CD8™ T cells, neutrophils, and NK cells are then recruited to the
lung parenchyma and interstitium. The monocyte-derived classic M1 macrophages and CD4™ T cells exacerbate inflammation by producing additional cyto-
kines; a profibrotic subset of alternative M2 macrophages are also recruited to the lung. A proinflammatory feedback loop is established that triggers a
circulating cytokine storm and leads to acute respiratory distress syndrome, septic shock, and hemophagocytic macrophages in reticuloendothelial organs.
Direct invasion of ACE2" endothelial cells by SARS-CoV-2 may also trigger an endotheliitis in the pulmonary vasculature. pBTK, phosphorylated Bruton’s

Tyrosine Kinase.

superinfection (22% versus 15%; P = 0.42).87 Likewise, in
patients admitted with COVID-19—related pneumonia,
Guaraldi et al*® reported that tocilizumab use was associated
with a 39% reduced risk for invasive mechanical ventilation
or death versus supportive care (HR = 0.61; 95% CI, 0.40
to 0.91; P = 0.02).

Two nonrandomized, observational studies have also eval-
uated the efficacy of the IL-1R antagonist anakinra in blocking
the activity of IL-1P and inflammasome signaling in patients
with severe COVID-19.*"" Anakinra has been reported to be
effective in patients with secondary hemophagocytic lym-
phohistiocytosis, including when triggered by viral infections,
as well as sepsis in those with hyperinflammation.”’”* In se-
vere COVID-19, anakinra use was associated with a rapid
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reduction in C-reactive protein and a progressive improvement
in respiratory function (ie, PaO,/FiO, ratio).*””? Cavalli et al®”
reported a higher 21-day survival with anakinra use versus
supportive care (90% versus 56%; P = 0.009), and Huet et al”’
showed that anakinra use was associated with a 78% decreased
risk for mortality versus supportive care (HR = 0.22;95% CI,
0.10 to 0.49; P = 0.0002). Similar to IL-6R antagonism with
tocilizumab, anakinra use also was associated with an
increased risk for infection.®””° Randomized, controlled
studies of the clinical benefits of tocilizumab, anakinra, and
additional selective cytokine inhibitors in severe COVID-19
are ongoing.

The dependence on BTK to transmit proinflammatory
TLR/IL-1R signaling in monocytes has prompted the
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consideration of BTK inhibitors in the abrogation of the
cytokine storm in COVID-19. BTK inhibitors are approved
and widely used in patients with B-cell malignancies and
chronic graft-versus-host disease. In these patients, the use
of the BTK inhibitor ibrutinib was associated with markedly
reduced levels of inflammatory cytokines and chemokines
(ie, IL-6, TNF-a, GM-CSF, IP-10/CXCL10, MCP-1/CCL2,
MIP-10/CCL3, and MIP-1B/CCL4) that overlap with those
elevated in the plasma and BALF in severe COVID-19
patients.””*” Ibrutinib was reported to block pulmonary
cytokine production and fatal lung injury in a murine model
of influenza.”® Treon et al’’ first reported a possible clinical
benefit of ibrutinib in a case series of Waldenstrom
macroglobulinemia patients infected with COVID-19.
Results from a pilot study of another BTK inhibitor, aca-
labrutinib, were subsequently reported in patients hospital-
ized with severe COVID-19 (n = 19).5 " After the initiation
of acalabrutinib treatment, most patients had normalization
of C-reactive protein, IL-6, and lymphocyte levels.”’ This
decrease in inflammation was correlated with improved
respiratory function and oxygenation; 73% of patients
requiring supplemental oxygenation were discharged on
room air, and 50% of patients on mechanical ventilation
were extubated.’’ Randomized, controlled studies evalu-
ating the BTK inhibitors ibrutinib, acalabrutinib, and
zanubrutinib in severe COVID-19 are ongoing and results
are awaited.

Hydroxychloroquine has been proposed as a treatment of
COVID-19 based on in vitro activity against SARS-CoV-2.
Although the mechanism of antiviral activity is poorly
defined, hydroxychloroquine has been reported to increase
the pH of endosomes used by the virus for cell entry and to
interfere with viral binding to cellular receptors.”® Anti-
inflammatory activity with hydroxychloroquine has also
been demonstrated, including the inhibition of TLR
signaling and cytokine production.”” Nonrandomized,
observational studies have reported conflicting results on the
clinical benefit of hydroxychloroquine in severe COVID-
19.199719 However, recent results from randomized,
controlled clinical trials have indicated that hydroxy-
chloroquine is not effective in hospitalized patients with
severe COVID-19.'%7197 Iy addition to dexamethasone, the
RECOVERY trial also evaluated the use of hydroxy-
chloroquine (n = 1561) versus usual care (n = 3155) in
hospitalized COVID-19 patients.'”* The study found no
difference in 28-day mortality between patients randomized
to receive hydroxychloroquine versus usual care (26.8%
versus 25.0%; P = 0.18).”)4 Moreover, hydroxy-
chloroquine was associated with a longer time to discharge
(median, 16 versus 13 days) and with an increased risk for
mechanical ventilation or death among patients not on
invasive mechanical ventilation at baseline compared to
usual care (HR = 1.12; 95% CI, 1.01 to 1.25)."%* The
World Health Organization recently discontinued the
SOLIDARITY study, a randomized, controlled trial of
hydroxychloroquine versus supportive care in hospitalized
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COVID-19 patients, as hydroxychloroquine did not reduce
mortality (WHO, https://www.who.int/news-room/detail/04-
07-2020-who-discontinues-hydroxychloroquine-and-lopinavir-
ritonavir-treatment-arms-for-covid-19, last accessed July 18,
2020). Randomized, controlled studies of
hydroxychloroquine in patients with mild or moderate
COVID-19 disease as well as postexposure prophylaxis
similarly showed no clinical benefit.'"> "%’

Conclusion

The rapid spread of SARS-CoV-2 infection has resulted in
an unprecedented public health crisis worldwide. Although
the majority of cases of COVID-19 are asymptomatic or
mild, COVID-19 can manifest as severe viral pneumonia
that leads to the need for mechanical ventilation, or death.
The natural history of COVID-19 includes an initial stage of
viral replication that can be followed by a second stage of
immunopathology driven by a hyperinflammatory response
to SARS-CoV-2 infection. This review presented the current
evidence indicating that a dysregulated host innate immune
response underlies the hyperinflammatory syndrome in
COVID-19; the disease mechanism is summarized in
Figure 1. The syndrome shares overlapping features with a
viral-induced hemophagocytic lymphohistiocytosis,
including evidence of macrophage activation with a cyto-
kine storm, NK-cell and CD8' T-cell impairment, and
hemophagocytic macrophages. Therapies modulating the
immune response may be crucial for treating and preventing
immunopathology in patients who progress to severe dis-
ease. Given the rapidly evolving nature of the COVID-19
pandemic, studies in which the peer-review process has
not yet been completed were discussed herein to present the
most recent data available, but the findings should be
interpreted with caution as the conclusions may change.
Future studies are needed for identifying the exact drivers of
the pathologic inflammation and biomarkers that predict a
hyperinflammatory response to SARS-CoV-2 infection. The
results of these studies will enable the identification of the
most appropriate immunomodulating agents as well as the
optimal timing of such interventions to achieve maximal
therapeutic benefit in patients with COVID-19.
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