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Abstract

Clinical evidence indicates that the fatal outcome observed with severe acute respiratory
syndrome-coronavirus-2 infection often results from alveolar injury that impedes airway capac-
ity and multi-organ failure—both of which are associated with the hyperproduction of cytokines,
also known as a cytokine storm or cytokine release syndrome. Clinical reports show that both mild
and severe forms of disease result in changes in circulating leukocyte subsets and cytokine secre-
tion, particularly IL-6, IL-18, IL-10, TNF, GM-CSF, IP-10 (IFN-induced protein 10), IL-17, MCP-3,
and IL-1ra. Not surprising, therapies that target the immune response and curtail the cytokine
storm in coronavirus 2019 (COVID-19) patients have become a focus of recent clinical trials.
Here we review reports on leukocyte and cytokine data associated with COVID-19 disease in
3939 patients in China and describe emerging data on immunopathology. With an emphasis on
immune modulation, we also look at ongoing clinical studies aimed at blocking proinflammatory
cytokines; transfer of immunosuppressive mesenchymal stem cells; use of convalescent plasma
transfusion; as well as immunoregulatory therapy and traditional Chinese medicine regimes. In
examining leukocyte and cytokine activity in COVID-19, we focus in particular on how these levels
are altered as the disease progresses (neutrophil NETosis, macrophage, T cell response, etc.) and
proposed consequences to organ pathology (coagulopathy, etc.). Viral and host interactions are
described to gain further insight into leukocyte biology and how dysregulated cytokine responses
lead to disease and/or organ damage. By better understanding the mechanisms that drive the
intensity of a cytokine storm, we can tailor treatment strategies at specific disease stages and
improve our response to this worldwide public health threat.
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1 | INTRODUCTION

Since December 2019, the frequent incidence of pneumonia has
become a distinctive feature of the infection caused by a novel coron-
avirus (severe acute respiratory syndrome-coronavirus-2, SARS-CoV-
2) in Wuhan, Hubei province, China.! On February 11, 2020, the
World Health Organization (WHO) officially named this pneumo-
nia coronavirus disease 2019 (COVID-19).2 As of May 7, 2020, a
total of 3,672,238 confirmed cases and 254,045 deaths have been
reported in more than 214 countries (86,095 confirmed cases and
4643 deaths in China).3 Considering its worldwide reach and severity,
WHO declared the COVID-19 outbreak a global pandemic—the first
pandemic sparked by a coronavirus.# In contrast to the global infec-
tion rate reached by SARS-CoV-2, severe acute respiratory syndrome-
coronavirus (SARS-CoV, 2002-2003) and Middle East respiratory
syndrome coronavirus (MERS-CoV, 2012) were largely localized to
China and Saudi Arabia, respectively.® Like SARS-CoV-2, the outbreak
of SARS-CoV and MERS-CoV were also caused by the zoonotic coron-
avirus crossing the species barrier. The diseases caused by these three
coronaviruses share similarities in clinical presentations, such as pro-
gression toward severe acute respiratory syndrome®; yet COVID-19’s
clinical features remain distinct, including unique pulmonary presen-
tation on CT.” Specifically, with the SARS epidemic, dysregulation of
the immune system resulted in acute fevers and decreased CD4* and
CD8* T cell counts, yet lacked any evidence of pulmonary changes
upon imaging.8

The most common symptoms observed in COVID-19 patients are
malaise, dry cough, and high fever. Symptoms of diarrhea, hemop-
tysis, and headache are not uncommon.? Recently the Centers for
Disease Control and Prevention (USA) expanded target symptoms of
COVID-19 to include chills, repeated shaking with chills, muscle pain,
headache, sore throat, and loss of taste or smell. Disease can be mild
or progress toward dyspnea and/or hypoxemia, or even acute respi-
ratory distress syndrome (ARDS) and septic shock, which then can
lead to multiple organ dysfunction syndrome (MODS).1° The main rea-
son for death outcomes following SARS-CoV-2 infection is respira-
tory failure, with changes in heart and liver function as a secondary
or related consequence of disease.11-13 Epidemiologic data does sug-
gest certain groups are at particular risk for severe disease outcomes
(i.e., elderly, select preexisting conditions). Although we know there
is a link between disease severity, viral production, and a cytokine
storm or cytokine release syndrome (CRS), it is still unclear which
molecular triggers fuel the onset of the cytokine storm and why it can
quickly advance to ARDS or MODS, with a fatal outcome in a subset
of patients.1415 It remains unknown if the observed cytokine storm
and resulting leukocyte changes impact high- and low-risk individu-
als in the same way, and how these factors can turn an otherwise
natural protective cytokine response against infection into a lethal
pathogenic process.

In this article, we summarize reports on blood cytokine levels and
leukocyte activation to examine for differences in immunopathogen-
esis between mild and severe cases of COVID-19 in patients from
China. Data were obtained from reports from April 2019 to April 2020

(Supporting Information Fig. S1). We also discuss emerging concepts
on the interphase between leukocyte biology and disease pathogen-
esis. Last, we summarize findings from ongoing clinical trials in China
and United States that seek to control the onset or damage caused by

the cytokine storm to reduce both morbidity and mortality.

2 | CYTOKINE RELEASE WITH EMERGING
CORONA VIRAL INFECTIONS: PROTECTIVE
VERSUS PATHOGENIC CYTOKINE STORM
RESPONSES

The release of cytokines in response to infection can lead to mild
or severe clinical manifestations. The hallmarks of a mild/nonlethal
cytokine release response to infection include increased local tem-
perature (heat), myalgia, arthralgia, nausea, rash, depression, and
other mild flu-like symptoms. Concurrent to immune activation, the
body launches compensatory-repair processes to restore tissue and
organ function. The term “cytokine storm” was first coined in 1993
to describe a graft- vs.-host disease.’® The term has since been
extended to describe the similar sudden cytokine releases associated
with autoimmune, hemophagocytic lymphohistiocytosis, sepsis, can-
cers, acute immunotherapy responses, and infectious diseases!”-20
Cytokine storm occurs when an immune system is overactivated by
infection, drug, and/or some other stimuli, leading to high levels of
cytokines (IFN, IL, chemokines, CSF, TNF, etc.) being released into
circulation with a widespread and detrimental impact on multiple
organs.2! The severe inflammatory responses induced by a cytokine
storm start locally and spread systemically, causing collateral dam-
age in tissues.2223 To date, it is unclear what determinants of the
host response to infection are responsible for triggering the inflam-
matory sequence leading to the clinical syndrome associated with high
cytokine release. In general, it is believed to be caused by an imbalance
in immune-system regulation (i.e., increase in immune cell activation
via TLR or other mechanism, decrease in anti-inflammatory response,
etc.), although the specific dysregulated molecular causes are still
unknown. A cytokine storm is nearly always pathogenic because of its
detrimental effects on the host. On the other hand, local and systemic
cytokine responses to infection are essential parts of the host’s initial
response to infection. Release of cytokines by natural killer (NK) cells
and macrophages, along with activated T cells and humoral responses
can help resolve infection, accompanied by effector mechanisms such
as antibody-dependent cell-mediated cytotoxicity (ADCC).2* These
responses are triggered to keep the pathogen in check. For example,
the local cytokines, such as IFN-a/f and IL-18, produced by epithe-
lial cells can protect nearby cells by stimulating IFN-stimulated gene
expression and concurrently activating immune competent cells such
as NK cells. This increases the NK cell’s lytic potential and fuels the
secretion of IFN-y.25 In addition to NK cells, once myeloid cells such
as resident macrophages are activated by IFN-y, it amplifies subse-
quent TLR-mediated stimulation. This includes the release of high
levels of TNF, IL-12, and IL-6, which, in turn, can further modulate
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NK cells.26 Although IL-12 acts to increase NK IFN-y secretion, high
IL-6 levels also may limit the immune response by its effects on the
cytotoxic activity of NK cells via the down-regulation of intracellular
perforin and granzyme B levels.2” As disease progresses, T cell and
antibody responses give rise to additional cytokine responses, lead-
ing to greater or sustained antigen release and added TLR ligands
from viral-induced cytotoxicity.28 Once these responses are in motion,
other host- or pathogen-related factors (i.e., decreases in pathogen
load, anti-inflammatory responses, genetics) work together to prevent
a dysregulated response or a CRS that, if allowed to develop, could
itself cause tissue damage and organ failure. For example, a lack of a
negative feedback mechanism by IL-10 and IL-4 would be expected to
increase the severity of cytokine responses toward a pathogenic CRS
or cytokine storm.2! On the other hand, targeting treatment to disrupt
the formation of cytokine storm by using pharmacologic agents, such
as tocilizumab (anti-1L-6), may stabilize the advanced cases from tran-
sitioning to a more critical state.27:27

At the onset of SARS-CoV-2 infection, there typically is a prefer-
ential infection of the respiratory track as a consequence of droplet-
based viral transfer. However, a recent study3° supports the theory
that SARS-CoV-2 also could potentially infect intestine enterocytes
directly through angiotensin-converting enzyme 2 (ACE2). ACE2 is
highly expressed on differentiated enterocytes and may help to explain
why diarrhea occurs with acute infection as well as the observed
fecal shedding. Consequently, having a broader infection footprint may
impact the source of inflammatory cascades to include tissues other
than the lung.

In COVID-19 disease, a cytokine storm is common in patients
with severe-to-critical symptoms; at the same time, lymphocytes
and NK cell counts are sharply reduced with elevations in levels of
D-dimer, C-reactive protein (CRP), ferritin, and procalcitonin.3! Con-
sequences of a lethal cytokine storm exhibit diffuse alveolar dam-
age characterized by hyaline membrane formation and infiltration of
interstitial lymphocytes.3233 The collateral tissue damage, organ fail-
ure, and poor outcomes of people with COVID-19 and its accompany-
ing uncontrolled inflammatory responses share similarities with SARS
and MERS. In severe SARS patients, the serum levels of IFN-y, IL-1,
IL-6, IL-12, TGF-8, MCP-1, and IL-8 were higher than patients with
mild-to-moderate symptoms.34:35 [L-18, IL-6, and IL-8 levels also were
increased in the patients severely infected by MERS-CoV.3¢ Leukocyte
and cytokine changes with severe-to-critical SARS-CoV-2 infection are

further detailed below.

3 | CHARACTERISTICS OF LEUKOCYTE
CHANGES AND CYTOKINE RELEASE DURING
MILD AND SEVERE COVID-19 INFECTION

Developing criteria to predict and diagnose a cytokine storm in
COVID-19 patients with surrogate biomarkers is key because the peak
levels of circulating cytokines are not routinely monitored for a change
in kinetics. In addition to CRP and ferritin, increases in D-dimer and
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procalcitonin have also been associated with a higher likelihood of
developing or continuing a cytokine storm in COVID-19 patients.3”
Of interest, elevated CRP and ferritin levels are associated with the
onset of a cytokine storm in patients receiving chimeric antigen recep-
tor T cell therapy.38 Further study of the changes that occur in leuko-
cyte and cytokine parameters, as described later, may help identify
biomarkers for a cytokine storm in COVID-19 patients. In the follow-
ing sections, we review 28 recently published studies and examine the
changes in circulating leukocytes and cytokine profiles of 3939 COVID
patients (see schematic for information on the process used for select-

ing literature in Supporting Information Fig. S1).

3.1 | Aberrant activation of innate immune cells
in COVID-19 infection

3.1.1 | Monocyte and macrophage

In humans, both monocytes and macrophages express ACE2 and con-
sequently can be infected by SARS-CoV and SARS-CoV-2,37 which
results in the activation and transcription of proinflammatory genes.*®
Intriguingly, infection caused by SARS-CoV-2 appears to markedly
down-regulate the expression of ACE2 on peripheral blood (PB) mono-
cytes on a per cell basis, which may be a secondary outcome to viral
binding.*? Whether this down-regulation of ACE2 receptors is a sur-
rogate to viremia remains to be determined. In addition, the expres-
sion of ACE2 was found on CD68* and CD 169+ macrophages in spleen
and lymph nodes of COVID-19 patients, providing further evidence
that SARS-CoV-2 infection may target ACE2 positive myeloid cells
throughout the body, including the spleen and lymph nodes.*?2 Infected
CD169* macrophages are mainly found in the red pulp section of
spleens. Moreover, macrophage-rich areas at marginal sites of lymph
nodes were more likely to test positive for viral nucleocaspid pro-
tein antigens. Of interest, previous studies have demonstrated that
CD169* macrophages are responsible for controlled levels of viral
replication in support of developing immunity as a result of a refractory
state to type | IFN-dependent activation.*3 This indicates that infec-
tion of CD169" macrophages might be a conduit for translocation of
SARS-CoV-2 to spleens and lymph nodes. This could be responsible for
added systemic viral replication, and may contribute to lower immunity
(see antigen-specific T cell section below). Human monocytic cell lines
THP-1 and U939 express ACE2,%! and thus may be useful in the in vitro
study of myeloid modulation and role of TLR interactions in triggering
activation before and after infection. Likewise, hACE2 transgenic mice
should be harnessed as an animal model to study the biophysiology as
well as the pharmacology of SARS-CoV-2 infection.#4

Monocytes from COVID-19 patients, although normal in number,
show an activated phenotype, as evidenced by their morphology (FSC-
high) and their capacity to produce IL-6, IL-10, and TNF.4! Activated
monocytes present in the PB of COVID-19 patients were charac-
terized by surface expression of CD11b, CD14, CD16, CD68, CD80,
CD163, and CD206. Activation of the PB monocytes was particularly
associated with disease severity and a poor prognosis.*! Expression
of CD163 and CD206 by PB monocytes from COVID-19 patients
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suggest a bias toward a M2 or regulatory phenotype, which
could impact adaptive antiviral effector T cell responses. Apart
from immune effects, expression of CD163 in activated mono-
cyte/macrophage has also been associated with hemophagocytic
lymphohistiocytosis syndrome,*> which could potentially contribute
to the hyperproduction of cytokine and immunologic pathogenesis
in COVID-19 patients.*¢

Wen et al.#7 also observed that an abundance of inflammatory
CD14**IL1p* and IFN-activated monocytes existed in the PB of
COVID-19 patients. In addition, SARS-CoV-2 was found to trigger
macrophages through ACE2, generating IL-6 expression in the spleen
and lymph nodes and IL-6, TNF, IL-10, and PD-1 expression from the
alveolar macrophages.#”48 This added mechanism might promote lym-
phocytopenia and contribute to a cytokine storm, initiating in the lung
as viral levels rise.4248

Autopsy reports indicated that inflammatory macrophages accu-
mulated in the lungs of COVID-19 patients.*? Single cell RNA sequenc-
ing confirmed that monocyte-derived FCN1* macrophages were the
predominant subset found in the bronchoalveolar lavage fluid (BALF)
of COVID-19 patients with ARDS, which might be indicative of cells
with high inflammatory and chemokine production.>® The transcrip-
tional analysis of BALF and PB mononuclear cells from COVID-19
patients revealed high levels of IFN-induced protein 10 (IP-10) and
MCP-1, which likely attracted the trafficking of macrophages to the
site of infection, a finding that is consistent with autopsy reports.>!

Orchestrated by delayed Type | IFN signaling, the activation and
accumulation of inflammatory monocyte/macrophage can result in a
dysregulated inflammatory response and apoptosis of T cells.>2 The
results of one ex vivo experiment in lung tissue®3 showed that SARS-
CoV-2 produced three times more infectious virus particles than did
SARS-CoV after 48 h. However, SARS-CoV-2 triggered fewer IFNs and
proinflammatory mediators than did SARS-CoV. This may contribute to
the virus’s ability to evade intrinsic innate responses at initial infec-
tion. Early type | IFN’s response may be particularly important. Pre-
liminary reports showed IFN-a2b significantly reduced the length of
time the virus could be detected in the upper respiratory tract; this,
in turn, reduced the duration of elevated blood levels for the inflam-
matory markers IL-6 and CRP.>* However, the mechanism underly-
ing SARS-CoV-2's ability to dampen initial innate responses at acute
infection and suppress Type-I IFNs to maximize viral release still needs

additional study.

3.1.2 | Neutrophils

As COVID-19 progresses, the number of neutrophils in circulation
gradually increase; thus, elevated neutrophil levels may be useful for
predicting the severity of disease.”> Zhang et al.>¢ reported that the
neutrophil-to-lymphocyte ratio (NLR) combined with I1gG might be a
better predictor than neutrophil count alone in predicting the sever-
ity of COVID-19. Neutrophil extracellular traps (NETs), which are
extracellular webs of DNA/histones released by neutrophils to control
infections, also are known to exacerbate inflammation.>”*8 Previous
studies have revealed that aberrant NETs might contribute to ARDS,
cystic fibrosis, excessive thrombosis, and cytokine storm (IL-1p).29-62

In severe cases of COVID-19, elevated levels of NETosis with cell-free
DNA and myeloperoxidase (MPO)-DNA have been noted frequently.63
Indeed, when neutrophils from uninfected persons were exposed to
serum from COVID-19 patients in vitro, it triggered NETosis, indi-
cating that patient sera may have the capacity to promote NETo-
sis in neutrophils.63* Apart from contributing to a cytokine storm,
increased NETosis likely also impacts the onset of venous and arte-
rial thrombosis in COVID-19 patients.®® This finding raises the hypoth-
esis that NETs may be a central dysregulated pathologic mechanism
driving cytokine release and multi-organ damage, ultimately leading
to respiratory failure and coagulopathy. Moreover, the transcriptional
analysis>? of BALF and PB mononuclear cells from COVID-19 patients
revealed that high levels of CXCL-2 and CXCL-8 may contribute to the
recruitment of neutrophils to the site of infection, further aggravating
the pulmonary inflammatory response. Given these findings, NETosis
may represent a viable therapeutic target for inhibiting CRS and organ
damage. Other important areas in neutrophil response such as interac-
tions with humoral (the role of IgA and CD89, IgG, and CD16, etc.) or

myeloid subsets remain unstudied.

3.1.3 | NKecells
Data on the NK cell response in COVID-19 is limited. In SARS, NK cells

were found to be useful in predicting disease severity and CD158b*
NK cells were associated with the presence of anti-SARS-CoV-specific
antibodies.¢¢¢7 Similarly, a recent study showed that the number of
NK cells in PB was decreased in patients infected with SARS-CoV-
2, especially in severe cases.®® But a separate report showed no dif-
ference in the number of CD167CD56% NK cells in mild vs. severe
cases.? Therefore, whether NK cells could be a predictor of COVID-
19 remains to be determined. Additional studies are needed to deter-
mine whether NK cells can impact viral control (i.e., directly or through
ADCC-mediated mechanisms) or contribute to cytokine release during
the disease course of COVID-19.

3.1.4 | Dendritic cells and intraepithelial lymphocytes

Despite the role of dendritic cells and y6 T cells in respiratory
infections,”®71 there is currently no available evidence to show a link
between SARS-CoV2 infection and the modulation of myeloid or plas-
macytoid dendritic cells nor reports of how yé T cells may impact

the disease.”?

3.2 | Aberrant activation and changes in adaptive
immune cells during COVID-19 infection

Compelling evidence exists that COVID-19 is characterized by a
marked decrease in circulating T and B lymphocytes, particularly in
severe and critical stages of COVID-19 infection.47:68.73 Of note, such
lymphopenia in patients with severe COVID-19 frequently occurs
along with aberrant activation of monocytes/macrophages and an
increase of neutrophils.”4 Changes in leukocyte subsets associated
with mild vs. severe infection outcomes are described in the following
sections and summarized in Figure 1.
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FIGURE 1 Majorblood leukocyte, cytokine changes, and therapy strategies in mild vs. severe SARS-CoV-2 infection. Conceptual model of the
interplay between immune activation and clinical pathology from patients with mild vs. severe infection, as well as current therapeutic strategies
and possible outcome. Figure is made with BioRender (https://app.biorender.com/)

3.2.1 | Dysregulation of T cells after SARS-CoV-2 infection

T cell subsets change as COVID-19 infection progresses from mild
to severe. A single-cell sequencing study found target inflammatory
genes were highly expressed by CD4 T cells, and CD8 CTLs under-
went clonal expansion in the recovery stage of COVID-19 patients.*”
However, in patients advancing to severe disease, the number of T lym-
phocytes remained low as compared with mild-stage patients, with
the levels of helper T cell subsets, including Th1, Th2, and Th17, at
below-normal levels.®8 Indeed, numerous clinical reports show that
the decreased frequency of circulating lymphocytes, including CD4*
and CD8* T cells, is closely related to disease severity of COVID-
19.7576 Wang et al.”” found that elevated IL-6 levels occurred 1-2 d
prior to decreases in CD8% and CD4+ T cells. Liu et al.”® observed
that CD4* and CD8* T cell levels dropped to their lowest levels after
4 to 6 d of illness, whereas IL-10, IL-2, TNF, and other cytokines
reached peak levels. These studies suggest a negative relationship
between high levels of cytokines (e.g., IL-6, IL-10, IL-2, TNF) and lower
circulating T cells in severe patients infected by SARS-CoV-2, likely
because of redistribution of cells in tissue and/or activation of induced
cell death.”? SARS-CoV-2 infection might induce lymphocyte apop-
tosis by enhancing the P53 signaling pathway or the Fas signaling
pathway.*2>1 A decrease in circulating lymphocytes as a result of
tissue redistribution is consistent with the development of intersti-
tial pneumonitis, which is caused by mononuclear cell infiltration in
severe cases.

Weiskopf et al.89 reported that SARS-CoV-2-specific CD4* and
CD8* T cells were detected in the PB of COVID-19 patients with ARDS
at 14 d after the onset of symptoms. Furthermore, antigen-specific
central and effector memory responses were detected in virus-specific
CD4* T cells and CD8* T cells of ARDS patients, respectively. With
regard to cytokine secretion, they proposed that in cases of severe dis-
ease, the CD8* cytotoxic T cells predominantly secrete IFN-y, whereas
virus-specific CD4* T cells secrete expected levels of Th1 (IFN-y, TNF,
and IL-2) and Th2 (IL-5, IL-9, and IL-10) cytokines. In addition, Zheng
et al.81 reported that the proportion of multifunctional CD4+ T cells
(IFN-y, TNF, and IL-2, with more than two positive cytokines among
them) was reduced in severe COVID-19 patients when compared to
those with mild or no infection. As multifunctional T cells are asso-
ciated with better outcomes after vaccination,82 a decrease in multi-
functional CD4* T cells might infer a poor clinical outcome in patients
with severe COVID-19. In COVID-19 patients with ARDS, a decrease
in CD4* and CD8* T cells was associated with an increase in CD38*
(CD8 39.4%) HLA-DR* (CD4 3.47%) T cells.32 Zheng et al.81 and Chen
et al.83 further reported that CD8* T cells in the PB of COVID-19
patients exhibited an overactivated phenotype, which is indicative of
a sustained adaptive immune response (whether effective or not) in
addition to an innate immune response. Of interest, activated CD8%
T cell responses appear to be ineffective as patients advance to severe
stages of disease, as evidenced by the exhaustive phenotype of CD8
T cells (HLADR*TIGIT*CD8* T cells).8 Consistent with an onset of
T cell exhaustion, Chen et al.83 found that T cells in the PB of severe
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COVID-19 patients expressed high levels of PD-1 and Tim-3. The
expression levels of PD-1 and Tim-3 on T cells also was positively cor-
related with disease severity.

Activated T cells could also add fuel to the cytokine storm by fur-
ther stimulating inflammatory responses from innate immune cells.
For example, it was shown that the expression of IL-18, CSF1, and
CSF2 on T cells may bind to the IL-1R and colony stimulating factor
receptor (CSFR) expressed on monocytes, and further stimulate the
activation of monocytes.?” Th1 cells in patients with severe COVID-
19 were reported to stimulate the production of IL-6 by inflamma-
tory monocytes,3? which, together with Th17 cells,2* may directly
join innate immune cells in sparking the release of proinflammatory
cytokines further contributing to the cytokine storm and subsequent
organ damage.*7:84

Regulatory T cells (Tregs) play a critical role in dampening an exces-
sive inflammatory response as well as in antiviral immune responses.8>
Therefore, Tregs may be central to maintaining a balance between
antiviral immunity and the harmful cytokine storm. To date, the reports
regarding the Treg cells in COVID-19 patients remain inconsistent.
Some studies found up-regulated Treg cells in severe illness, whereas
others reported that the number of Tregs was reduced or unchanged
in COVID-19 patients.6877:86 Therefore, the role of Treg cells in the

pathogenesis of COVID-19 needs to be further clarified.

3.2.2 | Bcellsand antibody production

Circulating B cells appear to be restored to normal levels in patients
upon recovery from COVID-19 and convalescent plasma (CP) infu-
sion (further discussed later) has been shown to be a potentially
effective treatment as reported in 6 severe COVID-19 patients.8”
These findings support the hypothesis that humoral immune responses
that boost SARS-CoV-2-specific antibodies are important in the host’s
resolution of SARS-CoV-2 infection and likely would help protect
against reinfection.’1888? Of interest, this ability to develop neu-
tralizing antibody production (and memory) after infection may not
be the same in all recovered patients. Recent data suggests that
as many as 30% of recovered patients who had a milder disease
course may develop low titers of neutralizing antibodies, which may
convey a higher risk for reinfection.?? Indeed, several studies have
detected higher antibody titers after recovery from more severe dis-
ease when compared with milder cases (i.e., higher antibody titer in
recovered elderly patients as compared with younger patients that
often have mild or asymptomatic disease). This suggests a disease
course with a stronger immune response may also lead to greater
protection against reinfection.?1 It is important to note that bind-
ing antibodies can also play a role in antibody-mediated phagocytosis
and antibody-dependent cytotoxicity. It remains to be determined if
patients with low total or neutralizing antibody titers will have higher
reinfection rates.

Similar to CD4* T, CD8* T cells, and NK cells, B cells were
also markedly decreased in severe COVID-19 patients, as compared
with mild patients, and the counts of B lymphocytes were negatively

associated with viral burden.>? Aside from protection, it also remains

undetermined if prior exposure may prime the body’s response, lead-
ing to antibody-dependent enhancement (ADE) effects for greater
infection or an amplification of inflammation cascades. Previously,
ADE had been reported in other viral infections, such as SARS-CoV;
thus, ADE, if present, may hinder the host’s ability to manage inflam-
mation in lung and other tissues.>2 An analysis of 173 COVID-19
patients, analyzed for SARS-CoV-2-specific IgM and IgGs, found that
those with severe or critical disease had a high titer of total anti-
bodies as well as a high IgG response, which were associated with
a poor outcome and prognosis.”? Whether the increase in antibody
titers during disease represents a secondary outcome of the host’s
response to high viral titers or whether an ADE mechanism could con-
tribute to a sudden rise in viral load and onset of a cytokine storm

remains undetermined.

3.3 | Aberrant cytokines associated with cytokine
storm in COVID-19 patients

Many proinflammation cytokines, such as IL-6, TNF, IL-1, IL-2, IL-17,
IFN-y, G-CSF, MCP-1 (macrophage inflammatory protein 1), IP-10
(IFN-y-induced protein 10), and others, were found to be significantly
elevated in severe COVID-19 patients (Table 1 and Fig. 1), a profile that
is similar to that found in patients with SARS and MERS.36:93.94

As shown in Table 1, the elevation of IL-6 was most frequently
measured and detected in severe cases of SARS-CoV-2 infection.
Zhou et al.3? reported that the pathogenic GM-CSF-producing
Th1 cells in severe COVID-19 patients induced IL-6 production from
CD14+*CD16" monocytes and, thus, accelerated the inflammation
associated with a cytokine storm. Elevated levels of IL-6 also were
found in patients with exacerbating disease progression as evidenced
by chest CT.?> Moreover, Chen et al.?¢ reported that the serum SARS-
CoV-2 viral load was closely associated with IL-6 levels in critical
patients (R = 0.902). High levels of IL-6 may also contribute to an
increase in neutrophil cells and decrease in lymphocytes. Clearly, IL-
6 may impact the development of ARDS in COVID-19 patients?” and
a rise in IL-6 may be a useful marker for severe disease onset. Fur-
thermore, as lung-centric coagulopathy can also play an important
role in the pathophysiology in the severe COVID-19 patients,”® IL-6
may contribute to this pathology by inducing coagulation cascades.?”
However, hypercoagulability, together with high levels of D-dimers,
fibrinogen, and CRP, in COVID-19 patients is distinct from the
disseminated intravascular coagulation described in more severe
inflammatory conditions.100.191 Fuyrther, the levels of IL-6 can vary
in COVID-19 patients relative to severity of disease.1102 |t was
recently shown that treatment with tocilizumab, an antibody that
blocks the IL-6 receptor, resulted in poor outcomes in COVID-19
patients and did not prevent progression to secondary hemophago-
cytic lymphohistiocytosis.103 This suggests that IL-6 may be a major
indicator but not the sole driver in the pathology of disease. It is pos-
sible too that the stage of disease may impact the benefit of IL-6
blockage therapy.
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TNF is a master proinflammatory cytokine that is involved in the
pathogenesis of autoimmune diseases such as rheumatoid arthri-
tis (RA); consequently, anti-TNF biologics have become a first-line
treatment for such diseases.1%4 High levels of TNF often are produced
in the initial response to infectious disease.1%5 A recent study shows
that the level of TNF (60-130 pg/mL) was higher than that of IL-6
(10-50 pg/mL) in the plasma of severe COVID-19 patients.* There-
fore, further investigation is warranted to define how TNF impacts
immunopathology as well as the effectiveness of anti-TNF therapy in
severe COVID-19 patients.

In addition to examining IL-6 and TNF, Yang et al.”3 studied 48
cytokines in the PB from COVID-19 patients, 14 of which were
markedly increased. Among these 14 cytokines, IP-10, MCP-3, and IL-
1ra were identified as biomarkers for severity and fatal outcomes of
disease. They also found that the level of IP-10 was markedly higher
in patients with severe compared with mild disease. A report from 10
COVID-19 patients with severe disease showed a marked elevation
of CCL5 (CC chemokine ligand 5, RANTES); importantly, treatment
with CCR5-blocking antibody resulted in decreased IL-6 blood levels,
lower IFN-related gene expression, reduced SARS-CoV-2 viral load,
and a restoration of the immune homeostasis.1% Liu et al.1%7 reported
that 38 cytokines in the PB of COVID-19 patients were significantly
increased, and 15 cytokines (IL-12, IL-1ra, IP-10, PDGF-BB [platelet-
derived growth factor-BB], TNF, IFN-y, M-CSF [macrophage CSF], IL-
17, HGF, G-CSF, IL-2, IL-4, IL-10, IL-1a, and IL-7) were associated with
severity of disease. In addition, some inflammatory markers, such as
CRP and D-dimer, were also markedly elevated.1%2 However, unlike
findings in SARS patients, 198 COVID-19 patients showed increases in
anti-inflammatory cytokines such as IL-10 and IL-4,74 indicative of an
increased Th2 response and subsequent pulmonary interstitial fibro-
sis. Last, the results of single-cell RNA sequence of early recovery
patients infected with SARS-CoV-2, showed that IL-18 and M-CSF may
be novel mediators in the inflammatory response associated with a
cytokine storm.*7-77

A Th17-type cytokine storm caused by a mobilization of
Th17 responses has also been observed in both SARS and MERS
patients.10%110 |t was reported that a high number of CCR4* CCR6*
Th17 cells, which at least partially attributed to this immunopathol-
ogy, was also present in COVID-19 patient with ARDS.84 Markedly
elevated cytokines (i.e., IL-1, IL-17, TNF, and GM-CSF) in COVID-19
patients have been associated with Th17 responses.197 These findings
suggest that the Th17-type cytokine storm may lead or be associ-
ated with the onset of organ damage commonly observed in severe
COVID-19 patients.84

Taken together, staging of SARS-CoV-2 infection are commonly
divided into four stages (mild/common/severe/critical), all of which
may have different magnitudes of cytokine release. It is also possible
that the qualitative features of the cytokine storm between disease
stages may point to distinct host or pathogen triggers (e.g., cytokine
storm with or without concomitant bacterial pneumonia). Figure 2
summarizes the combined contribution of blood and lung tissue
infiltrates, and shows how added factors such as an accompanying
bacterial pneumonia may exacerbate cytokine responses.
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4 | TREATMENTS UNDER INVESTIGATION

AGAINST THE CYTOKINE STORM IN
COVID-19 INFECTION

Because of its central role in the pathogenesis of SARS-CoV-2 infec-
tion, the cytokine storm and its accompanying excessive inflamma-
tory responses have become a therapeutic target in the treatment of
COVID-19 patients. Immunotherapy strategies aimed at curtailing the
cytokine storm are under investigation in several countries (Table 2).
Additional therapies to indirectly reduce viral burden and secondarily
reduce the incidence of a cytokine storm are summarized in Support-
ing Information Tables S1-S4. Strategies to date do not address a spe-
cific type of cytokine storm but assume a “one size fits all” approach in

treating severe disease in all patients.

4.1 | Blockade of proinflammatory cytokine

Clinical reports showing that elevated levels of IL-6 are associated with
the immunopathology and disease severity of COVID-19111 have pro-
vided a strong scientific rationale for examining the effects of IL-6 or
its receptor antagonists (e.g., siltuximab and clazakizumab or sarilumab
and tocilizumab). In fact, tocilizumab has been recommended in China
to treat COVID-19 patients with bilateral pulmonary damage and
severe symptoms.112 Early clinical reports of tocilizumab showed that
fevers subsided in 20 severe patients within 1 d after the treatment
and 95% of these patients achieved recovery sufficient to allow them
to be released from the hospital within 2 wk.113 Guo et al.114 showed
that tocilizumab treatment (400 mg once through an iv. drip1%), atten-
uated overactivated inflammatory immune responses and boosted
antivirus immune responses mediated by B cells and CD8* T cells.
Furthermore, Luo et al.116 recommended that tocilizumab be given
repeatedly in low doses (80-240 mg per time) for maximal benefit.
Taken together, therapy to block IL-6 remains the most prevalent anti-
cytokine treatment under investigation. By contrast, there are no reg-
istered studies in the Chinese Clinical Trials Register (ChiCTR) to test
the effect of IL-1 inhibitors for the treatment of COVID-19. Although
IL-6 is an attractive therapy target, blocking IL-6 may not be ben-
eficial in all patients. As noted above, treatment with tocilizumab
can result in the onset of secondary hemophagocytic lymphohistio-
cytosis in COVID-19 patients.1%3 Similar to anti-IL-6, the effect of
antagonists against other inflammatory cytokines in attenuating a
cytokine storm is under investigation. As of May 6, 2020, a total of
49 clinical trials targeting cytokine inhibition were registered in the
ChiCTR and the National Institutes of Health’s Clinical Research Tri-
als (Table 2). In addition to anti-IL-6 strategies, antagonistic antibod-
ies directed against IFN-y, IL-1, IL-1R, TNF, IL-8, GM-CSF, GM-CSF
receptor, IL-17A, and CCR-5 are also under evaluation for their effect
on the cytokine storm or in mediating excessive immune activation
(Table 2). Other approaches to suppress proinflammatory cytokine in
CQOVID-19 patients have also been proposed. For example, given IL-
37’s ability to inhibit IL-14, IL-6, TNF, and CCL2, Conti and colleagues
hypothesized that IL-37 may be useful in the treatment of COVID-
19 patients with CRS.117 In another study, the CCL5-CCR5 axis was
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FIGURE 2 Severe SARS-CoV-2 infection: summary of aberrant activation of leukocytes and cytokine production contributing to a cytokine
storm and pathology. Conceptual model of observations associated with severe SARS-CoV-2 infection. The activation of monocytes/macrophages
and lymphocyte subsets in blood are likely to be major sources of cytokine release, together with the infiltration of leukocytes into lung tissue.
Alveolar injury is shown to be associated with cell infiltrates, the release of neutrophil extracellular traps (NETs), hyperplasia of type || pneumocytes,
among others, all of which could result in ARDS, lung insufficiency and a cytokine storm (exacerbated if combined with a superimposed bacterial
infection). COVID-19/bacterial pneumonia image provided by: Dr. Ana S. Kolansky, University of Pennsylvania. Figure is made with BioRender

(https://app.biorender.com/)

found to contribute to immunopathology% in critically ill COVID-19
patients with elevated levels of CCL5 (RANTES), as compared with
patients who had mild or moderate cases of disease. Blocking the CCR5
antibody with Leronlimab reduced IL-6 levels in critically ill COVID-19
patients and restored the CD4/CD8 ratio, leading to a marked reduc-
tion in SARS-CoV-2 plasma viremia.1%¢ Deng and colleagues have also
suggested that upstream targets, such as cyclic guanosine monophos-
phate (GMP) - adenosine monophosphate (AMP) synthase (cGAS),
anaplastic lymphoma kinase (ALK), and stimulator of interferon genes
(STING), may help reduce cell activation and cytokine release.118
Likewise, JAK-STAT signaling inhibitors (Baricitinib and Ruxolitinib)
have also been proposed for preventing CRS!1? (Table 2). Apart from
anticytokine treatment, cytokine therapy with IFN-a2b was reported
by Huazhong University of Science and Technology (Wuhan, China),
where treated patients saw reductions in their levels of IL-6 as well as a
shorter duration in viral shedding.>* IFN-beta-1b has also been noted
as beneficial when added to antiviral regimen that includes lopinavir
and ritonavir.120

4.2 | Transplantation of mesenchymal
stem cells (MSCs)

MSCs are adult stem cells that have the ability to self-replicate and
which show potential for differentiation into multiple cell types.121
MSCs have the potential to impact anti-inflammatory activities by pro-
ducing immunosuppressive cytokines and by directly interacting with

and inhibiting the activation of immune cells.12! Leng et al®8 reported
that 7 COVID-19 patients in Beijing Youan Hospital (Beijing, China)
were given MSCs (ChiCTR2000029990). In this report, 14 d after
transplantation with MSCs, patients showed an increase in peripheral
lymphocytes and CD14*CD11c*CD11b™d regulatory DC cells,
accompanied by an increase in IL-10 and a decrease in TNF. Those
patients also saw a decrease in cytokine-producing CXCR3+tCD4*
T cells, CXCR3*tCD8™" T cells,and CXCR3* NK cells. As of May 6, 2020,
a total of 40 clinical trials evaluating the efficacy of MSCs transplan-
tation in the treatment of COVID-19 patients have been registered in
ChiCTR and NIH (Table 2 and Supporting Information Table S1).

4.3 | Transfusion of convalescent plasma

CP transfusion has been recommended for the treatment of patients
experiencing a sudden disease progression and those with critical and
severe disease, according to the Guidelines of Diagnosis and Treatment of
COVID-19 (7th ed., China).112 It was previously shown that CP treat-
ment could reduce the levels of cytokines in patients with severe
influenza.122 Yang et al.”3 reported that the viremia of 10 COVID-19
patients was controlled and the lymphocyte counts increased after 7 d
of CP transfusion. Similar beneficial effects also were reported in 6
severe COVID-19 patients.8” However, results from patients receiving
CP remain limited as questions remain related to the optimal dose and
best therapeutic window for administering CP. For example, patients
in the early phases of infection have not been studied. In addition, CP
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often is combined with other treatments making it difficult to con-
clusively evaluate the true benefit of CP alone.11? Importantly, the
question of whether harmful ADE could be induced by CP therapy
remains under study.11? Directly removing cytokines (and other tox-
ins) through blood purification using continuous renal replacement
therapy, hemoadsorption, hemoperfusion, and blood exchange have
also been proposed as a way of containing the cytokine storm. Luo
et al.123 reported findings from three patients treated with plasma
exchange in the First Affiliated Hospital of Bengbu Medical College
(Bengbu, China). Their results showed that the level of IL-6 was
decreased and lymphocyte count increased after treatment. Current
clinical trials testing the therapeutic effect of CP and blood purification

are summarized in Table 2 and Supporting Information Table S2.

4.4 | Chloroquine (CQ) or hydroxychloroquine (HCQ)
plus azithromycin

CQ or HCQ have been proposed as antiviral agents in the treatment
of both mild and severe cases of COVID-19.124 These compounds
increase the pH of endosomes, which may reduce SARS-CoV-2 infec-
tion by inhibiting Cathepsin L, an enzyme that is vital for cleavage of
the viral Spike protein,12° leading to viral entry. CQ or HCQ also have
the anti-inflammatory effects, regulating myeloid activity by limiting
its impact on endocytic TLR receptors (TLR 3, 7, 9) and reducing pep-
tide binding on MHC class |l proteins.126127 Use of CQ or HCQ as
treatment for COVID-19 has commonly been joined with azithromycin
to prevent bacterial infections. Azithromycin also is often used clini-
cally to dampen lung inflammation in other conditions such as cystic
fibrosis and chronic obstructive pulmonary disease, providing added
rationale for its use in COVID-19.128 Gautret et al.12? treated COVID-
19 patients (n = 20) with 600 mg of HCQ daily, with some patients
(n=6) also receiving concurrent azithromycin, depending on their clin-
ical manifestation. Results support the finding that HCQ treatment
can reduce viral load and its effect might be reinforced by concurrent
use of azithromycin, which as noted above could be the result of the
antibiotic’s immunomodulatory effect as seen with other respiratory
diseases. Lu et al. (n = 13)130 and Zhang et al. (n = 31)13! (registered
number: NCT04261517 and ChiCTR2000029559, shown in Support-
ing Information Table S3) also reported that early treatment with HCQ
showed better outcomes (negative COVID-19 nucleic acid of throat
swabs, shorter time to clinical recovery, or shorter cough remission
time). In a retrospective study from Yu et al.,132 HCQ reduced the level
of IL-6 and decreased mortality of critical COVID-19 patients (n = 48),
suggesting that HCQ could be an effective treatment in critical COVID-
19 patients.

Of note, it is still unknown if HCQ has differing effects on cytokine
and leukocyte levels when it is administered at different stages of dis-
ease; therefore, the effect of HCQ on the immunopathology of CRS
in COVID-19 patients has yet to be determined. Likewise, the thera-
peutic benefit of HCQ has been challenged by data showing that long-
term use of HCQ in systemic lupus erythematosus (SLE) patients did
not prevent the onset of severe COVID-19 in a subset of SLE patients
(n=17).133 Furthermore, high CQ doses (600 mg) used in severe cases
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may lead to arrhythmias and cardiac complications.134 Although anec-
dotal reports suggest that CQ or HCQ may possess better efficacy in
the treatment of early COVID-19, to date, limited clinical studies have
been published. Whether the efficacy of HCQ is different in patients
with varying degrees of severity and whether its clinical benefit, if con-
firmed, is because the drug limits immune responses (i.e., preventing
a cytokine storm) or because it directly inhibits viral infection has not
been fully explored. So far, a total of 83 clinical trials testing the pre-
ventative or therapeutic effects of HCQ or CQ on COVID-19 have now
been registered (Table 2 and Supporting Information Table S3).

4.5 | Traditional Chinese medicine (TCM), steroids,
and other therapeutic approaches

According to the Guidelines of Diagnosis and Treatment of COVID-19
(7th ed., China), TCM is recommended in the management and treat-
ment of COVID-19 patients in China. Inspired by the purported effi-
cacy of TCM in the treatment of SARS, more than 85% of patients
in different stages of COVID-19 in China were treated with a vari-
ety of TCM herbal medicines (see Yang et al.,13%). TCM strategies
selected for COVID-19 were selected based on their immunosuppres-
sive and anti-inflammatory properties, as determined by their use in
clinics.13¢-142 There also is evidence that the immunosuppressive fea-
tures of TCM may convey beneficial effects in the prevention and
treatment of a cytokine storm.11* A retrospective study reported
that matrine and sodium chloride Injection could markedly improve
lymphopenia in COVID-19 patients, possibly by inhibiting pulmonary
inflammatory cytokines.13144 |n an in vitro experiment, Zhu et al.14>
found that liquiritin could markedly inhibit replication of SARS-CoV-
2 by mimicking type | IFN. Ma Xing Shi Gan decoction (MXSGD) is
a multiple component TCM preparation recommended by the Guide-
lines for use in China. Findings from a network pharmacologic study
and KEGG enrichment analysis indicate that MXSGD has a number
of beneficial effects, including inhibiting cytokine storm.3? To identify
additional TCM with the capacity to inhibit cytokine storm in COVID-
19 patients, Ren and colleagues!4¢ screened the TCM database 2009
(TCMD 2009). They searched for compounds that impacted the arachi-
donic acid (AA) metabolic pathway because it is essential for the
synthesis of cytokines. Their study revealed magnolignan I, lonicerin,
and physcion-8-O-p-D-glucopy-ranoside were the most potent AA
inhibitors and, consequently, suggested that herbal medicines which
included these agents might be most useful in dampening a cytokine
storm in patients.14¢ We anticipate additional TCM strategies will
be identified for the management of cytokine storm in COVID-19
patients. For example, ulinastatin, a natural anti-inflammatory sub-
stance from fresh human urine is believed to inhibit cytokine release
and subsequent tissue injury'#” and is currently under investigation as
a treatment of COVID-19 patients.148

In addition to TCM, corticosteroid treatment has been shown to
dampen the inflammatory cascade from a cytokine storm.14? A recent
study found that early and short-term administration of methylpred-
nisolone could improve the clinical outcome in moderate-to-severe
COVID-19 patients.10 Although useful in critical patients as a tool for
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managing host inflammatory responses, corticosteroids are not recom-
mended in high doses nor for prolonged periods of time as they may
dampen normal immune responses that could help contain the viral
infection.146:151.152 Nevertheless, there are a number of ongoing clini-
cal trials (Table 2 and Supporting Information Table S4) that may show
if and when safe and beneficial corticosteroid-based treatment is indi-
cated for treating in COVID-19.

Last, several immunomodulatory therapies, including recombinant
human IFN-alpha, rhG-CSF, iv. immunoglobulin, antibody, vaccine,
nutritional supplements (zinc, vitamin C, and vitamin D3), colchicine,
and cellular therapy are also under investigation for inhibiting a

cytokine storm (Table 2 and Supporting Information Table S4).

5 | CLOSING REMARKS

It is generally believed that the cytokine storm triggered by SARS-
CoV-2 infection is a central mediator for the lung injury and result-
ing ARDS found in cases of severe or critical COVID-19 patients. We
present several leukocyte and cytokine changes that may help define
the progression of COVID-19 from an initial to a late stage in both
mild and severe cases. However, more needs to be learned regard-
ing how elevations in specific cytokine(s) combinations (using stan-
dardized methods and defined ranges) could be used to describe each
stage of the inflammatory response as the disease progresses. Apart
from commonly used surrogates of disease progression (D-dimer, CRP,
ferritin, and procalcitonin levels) with emphasis on D-dimer and fer-
ritin, cytokine-based biomarkers still lack consensus on cut-off values
for assessing disease progression (other than a pattern of a rise with
severity). Disease staging with an integration of cellular (neutrophilia,
decreases in lymphocytes, etc.), soluble plasma markers (D-dimer, etc.)
together with cytokine changes also remains to be pursued. Based
on currently reported clinical data to date, priority could be placed
on combining elevations of IL-6, TNF, IL-1p, IP-10, D-dimer, and fer-
ritin with changes in circulating and activation states of myeloid, neu-
trophil, and T cell responses, which together could provide improved
biomarkers for progression to CRS and severe COVID-19 patients.
Although age, combined comorbidities (cardiovascular disease, dia-
betes, etc.), and bacterial infection have also emerged as risk fac-

153-155 it remains unclear how each of these

tors for severe disease,
conditions changes the immunoregulatory cascade, characteristics of
the cytokine storm, coagulopathy, and other inflammatory outcomes.
Defining shared or population-specific “triggers and amplifiers” of a
cytokine storm at specific disease stages will advance novel precision
medicine strategies.

Other factors known to contribute to disease pathogenesis (such
as host genetics and epigenetics, microbiome, mucosal infection apart
from lung, immunoregulatory networks, aging, co-occurring disease,
exosomes, complement, neurologic, endocrine, and polydrug environ-
ments, etc.) have yet to be fully investigated. For example, Fogarty
et al.?8 reported a potential 3-4-fold higher thrombotic risk in Cau-
casians, which underscores the potential impact that race and eth-
nicity may have on disease outcomes. Although coagulopathy seems

to be a severe complication in COVID-19 infection, it may not nec-
essarily be related to disease severity or exclusively present during
or after a cytokine storm.2>¢ |t remains undetermined how the onset
of coagulopathy in the absence of compromised lung capacity (ven-
tilation/perfusion) or CRS may be related to early press reports of
higher stroke incidence in young and middle-aged infected patients in
the United States. Indeed, it has been proposed that, in predisposed
individuals, alveolar viral damage may trigger an underlying inflam-
matory reaction promoting a microvascular pulmonary thrombosis
or endothelial thromboinflammatory syndrome affecting microvas-
cular beds beyond the lung (e.g., brain and other vital organs).157
How immune factors identified in this review (e.g., NETosis, IL-6,
macrophage activation, antibody response, etc.) may contribute to
damage to microvascular beds or how this damage predisposes inci-
dence of a CRS remains to be determined. Therefore, there is a need
to identify leading molecular triggers of multi-organ failure after a
cytokine storm in order to prevent added lethal outcomes.

Regarding therapy, the timing and the best ways to combine vari-
ous treatments also remains to be determined (e.g., early antiviral ther-
apy followed by anti-CRS therapy when that occurs).158 There is also
a need to extend immunopathogenesis studies beyond adults. Based
on studies of COVID-19 clinical features in pregnancy, it is known that
neonates can be different from adults.1>%160 For example, children
rarely progress with a disease course requiring ICU care. Regrettably,
the limited clinical trial activity focusing on children remains a missed
opportunity to better address how to treat and limit transmission in
this group.161

Greater advances in all of these areas will allow for selective treat-
ments both to target key pathogenic components of the cytokine storm
and further advance highly targeted precision medicine strategies.
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