S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Clinical Commentary Review

SARS-CoV-2 Infection in the Inmunodeficient Host: ®
Necessary and Dispensable Immune Pathways

Giuliana Giardino, MD, PhD, Roberta Romano, MD*, Emma Coppola, MD*, Francesca Cillo, MD, Carla Borzachiello, MDD,
Martina De Luca, MD, Loredana Palamaro, PhD, Elisabetta Toriello, PhD, Rosaria Prencipe, PhD, Emilia Cirillo, MD, PhD,

and Claudio Pignata, MD, PhD Naples, Italy

Since its outbreak in late December 2019 in Wuhan, coronavirus
disease 2019 pandemic has posed a therapeutic challenge for the
world population, with a plenty of clinical pictures and a broad
spectrum of severity of the manifestations. In spite of initial
speculations on a direct role of primary or acquired immune
deficiency in determining a worse disease outcome, recent
studies have provided evidence that specific immune defects may
either serve as an experimentum naturae entailing this risk or
may not be relevant enough to impact the host defense against
the virus. Taken together, these observations may help unveil
pathogenetic mechanisms of the infection and suggest new
therapeutic strategies. Thus, in this review, we summarize
current knowledge regarding the mechanisms of immune
response against severe acute respiratory syndrome coronavirus 2
infection and clinical manifestations with a special focus on
children and patients presenting with congenital or acquired
immune deficiency. © 2021 Published by Elsevier Inc. on
behalf of the American Academy of Allergy, Asthma &
Immunology (J Allergy Clin Immunol Pract 2021;9:3237-48)

Key words: SARS-CoV-2; COVID-19; MIS-C; Inborn errors of
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) has emerged as a
novel infectious disease that spread worldwide, causing nearly 4
million deaths, presenting with pulmonary symptoms and, in
some cases, evolving to multiorgan failure and death.’ Since its
first description, the huge variability of the clinical manifestations
has prompted studies aimed at identifying risk factors and
predictors of worse outcome. To date, older age, male sex, and
preexisting comorbidities have been recognized as the main risk
factors of worse outcome. However, it has not yet been
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completely understood why, in rare occasions, younger patients
and even children develop severe COVID-19. The role of defects
of the innate immunity in predisposing to a worse outcome has
been hypothesized since the beginning of the pandemic.
However, although initally it was speculated that all the
immunocompromised patients were at increased risk of a worse
outcome, we are now understanding that the correct functioning
of specific branches of the immune system is pivotal to define the
outcome of the infection. On the other hand, even a complete
absence of an entire immune compartment, as observed in
agammaglobulinemic patients, is not always associated with a
worse outcome. In this review, we will summarize the mecha-
nisms of virus-host interaction and the immune alterations
responsible for worse outcome.

MECHANISMS OF IMMUNE RESPONSE TO SEVERE
ACUTE RESPIRATORY SYNDROME
CORONAVIRUS 2
Severe acute respiratory syndrome coronavirus 2
features

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is a member of the Coronavirinae subfamily, including HKU1
and OC43, which cause the common cold. In the past 2 decades,
new highly pathogenic human coronaviruses have emerged,
including severe acute respiratory syndrome coronavirus 1,
Middle Eastern respiratory syndrome coronavirus, and, more
recently, SARS-CoV-2>" causing acute respiratory distress syn-
drome (ARDS), with high morbidity and mortality. The natural
host of the progenitors of the novel coronavirus is the bat, and a
possible intermediate host for the passage to humans has been
recently identified in Malayan pangolin.” Human-to-human
transmission occurs through respiratory droplets.’

Virus-host interaction

SARS-CoV-2 reaches the pulmonary alveoli and attacks its
target cells, alveolar epithelial type 2 cells. The entrance in the host
cell is mediated by the angjotensin-converting enzyme 2 (ACE2)
receptor.”” Alveolar epithelial type 2 cells represent 83% of all
ACE2-expressing cells, but ACE2 receptors are also expressed in
kidney, heart, enterocytes, and endothelial cells. The binding
between ACE2 receptor and SARS-CoV-2 is mediated by the
spike protein (S protein),® composed of 2 subunits: S1, which is
the site of receptor-binding domain, and S2, which plays a critical
role in the fusion of viral and cellular membranes. After binding
ACE2 receptor, the S protein undergoes 2 steps of sequential
protease cleavage. S protein priming is mediated by endosomal
cysteine proteases, cathepsin B and L, or the serine protease such
as transmembrane protease serine 2.” Transmembrane protease
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Abbreviations used
ACE2- Angiotensin-converting enzyme 2
ARDS- Acute respiratory distress syndrome
COVID-19- Coronavirus disease 2019
ICU- Intensive care unit
IEI- Inborn errors of immunity
IFN-I- Type I interferon
MIS-C- Multisystemic inflammatory syndrome in children
NK- Natural killer
SARS-CoV-2- Severe acute respiratory syndrome coronavirus 2
S protein- Spike protein
TLR- Toll-like receptor

serine 2 is expressed in nasal goblet and ciliated cells, esophagus,
ileum, colon, and cornea together with ACE2 receptor.m Given
its role in favoring virus entrance in the host cells, trans-
membrane protease serine 2 inhibitors, such as camostat mesylate
and nafamostat mesylate, have become a potential therapeutic
target for the treatment of COVID-19 (Figure 1)."

Activation of the immune system and phases of the
disease

The entry of SARS-CoV-2 into human cells triggers both an
innate and adaptive immune response to eliminate viral infec-
tion. Type I interferon (IFN-I) is directly produced by the res-
piratory epithelial cells. Retinoic acid—inducible gene I
cytoplasmic receptors recognize viral RNA and, interacting with
mitochondrial antiviral-signaling protein, induce IFN-IB tran-
scription. IFN-I activates natural killer (NK) lymphocytes that
kill infected cells inducing viral resistance. Toll-like receptor
(TLR)3, TLR7, TLRS, and TLRY, located on the endosomal
membranes of NK lymphocytes and plasmacytoid dendritic cells,
recognize viral RNA, activating the nuclear factor-Kappa B
pathway with the transcription of inflammatory cytokines IL-1,
IL-6, and TNF-0.."” The virus also triggers nucleotide-binding
and oligomerization domain (NOD)-like receptor pyrin domain-
containing 3 family in macrophages, leading to the activation of
the inflammasome, which synthesizes active IL-1 and IL-18,
contributing to the virus-induced inflammatory response.'’
Infected respiratory epithelial cells also present viral peptides to
CD8™" T cells, which, in turn, are activated and expand, leading
to cytotoxic virus-specific immune response.’* Dendritic cells
and macrophages present the antigens to CD4" T cells, which
differentiate into Tyl, Tyl7, and T follicular helper cells. T
follicular helper cells induce the production of plasma cells from
B cells. The early production of specific IgM reaches its peak in 7
days, whereas IgG and IgA appear a few days later.”” In non-
severe cases, adaptative immunity neutralizes the virus and ter-
minates the immune response. In these cases, the normal
immune response results in a typical self-limiting viral respiratory
disease. In this phase (phase 1), lung damage depends on the
cytopathic effect of the virus. When the adaptive immunity fails
to clear the infection, the prolonged stimulation causes excessive
cytokine release, leading to bilateral interstitial pneumonia with
disseminated inflammation (phase 2) and can culminate in
cytokine storm, sepsis, disseminated intravascular coagulation,
ARDS, and multiorgan failure. The severity of the clinical
manifestations depends on a fine balance between host immune
response and inflammation (Figure 2).'°
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Failure of the immune response and development of
cytokine storm

Different causes may explain the variability of severity. For
example, high doses of virus seem to hinder the immune
response, thus delaying viral clearance (phase 3), especially in
patients with other comorbidities.'” Moreover, SARS-CoV-2
can escape the pathways of innate immunity through several
mechanisms. SARS-CoV-2 components such as Nspl3,
Nsp15, and Orf9b can impair the activation of the IFN-1
pathway, inducing resistance against the host immune
response.'” To evade pattern recognition receptors , SARS-
CoV-2 modifies and shields its replicating RNA, through
the processes of guanosine-capping, methylation, and/or other
mechanisms.'””" Additional strategies to escape innate im-
munity are related to the interaction between viral proteins
and signaling mediators of the TLR/retinoic acid—inducible
gene I—like receptor pathways, such as TANK-binding ki-
nase 1 (TRAF-associated NF-kB activator) and interferon
regulatory factor 3, which results in an inhibition of signal
transduction.'® The escape from innate immunity receptors
leads to an impaired production of IFN-I, which has been
shown to be lower in patients with severe disease.”” Never-
theless, in patients with severe disease, a higher plasma
concentration of inflammatory cytokines, such as 1L-2, IL-7,
IL-6, IL-10, and TNE-a., was found.?> This cytokine storm is
caused by the massive recruitment of monocytes/macrophages
and neutrophils from the bloodstream to the site of infection,
eliciting an excessive and poorly controlled inflammatory
response and tissue damage/systemic inflammation.***?
Another mechanism implicated in the severity of SARS-
CoV-2 infection is represented by the antibody-dependent
enhancement. Antibody-dependent enhancement is due to
the presence of low-affinity IgG antibodies, which are unable
to eliminate the virus and facilitate its entry into the cell. The
antibody/S protein complex binds to the Fc receptor on
monocytes/macrophages and to alveolar epithelial cells, fa-
voring the entry of the virus in the cell.”*>”” This mechanism
also elicits a proinflammatory response.

The cytokine storm

Cytokine storm is frequent in severe COVID-19 cases and
leads to the development of ARDS, disseminated intravascular
coagulation, and multiorgan failure, increasing infection-
associated mortality. It is characterized by unremitting high
fever, lymphadenopathy, hepatosplenomegaly, hyperferritinemia,
hemodynamic instability, cytopenia, and abnormalities of the
central nervous system with a frequent progression toward
multiorgan failure.”””” This condition has been described in
hemophagocytic lymphohistiocytosis, where the mutation of
genes involved in the granule release hinders cytotoxic activity of
NK and CD8" T cells or in other forms of congenital immune
deficiencies when a failure of viral clearance occurs.” Under
these conditions, the ineffective clearance of the antigenic stimuli
leads to macrophages and Tyl cells hyperactivation with exces-
sive secretion of proinﬂammatory cytokines, in particular IL-1,
IL-6, IL-8, and IL-10, which amplify the typical cytokine
storm hyperinflammatory state.”*”> Endothelial activation
mediated by IL-6 and IFN-Y is involved in the pathogenesis of
cytokine storm, contributing to hemodynamic instability,
capillary leak, and disseminated intravascular coagulation.”
Endothelial cells are stimulated to produce von Willebrand
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FIGURE 1. Virus-host interaction. SARS-CoV-2 protein S binds ACE2 receptor expressed on the surface of alveolar epithelial type 2. After
2 processes of cleavage, which involve the serine protease TMPRSS2, the viral particles are internalized and released into the cytoplasm.
As viral replication occurs, double-stranded DNA is recognized by the TLR3 in the endosome and RIG-I and MDA5 in the cytosol. On
activation, RIG-I-like receptors and TLRs induce signaling cascades, leading to the activation of transcription factors, such as NF-kB and
IRF, and ultimately to the production and release of inflammatory mediators, such as IFN-I and cytokines. SARS-CoV-2 is able to
compromise the production of IFN-I, through evasion mechanisms, including NSP15, which cuts the 5’ polyuridines, which would have
been recognized by MDA5, and ORF9b and NSP13, which interfere with signaling mediated by MAVS and TANK-binding kinase 1,
respectively. The importance of a rapid IFN-I—mediated response against the virus is also demonstrated by the fact that mutations in
IFN-I—related genes, indicated in red in the figure, are associated with a worse outcome. /RF, Interferon regulatory factor; MAVS,
mitochondrial antiviral-signaling protein; MDA5, melanoma differentiation—associated protein 5; NF-kB, nuclear factor kappa B; NSP,
Covs nonstructural protein; R/G-/, retinoic acid—inducible gene I; RLR, RIG-I—like receptor; TRIF, TIR-domain—containing adapter-inducing
IFN-B; TKB1, TANK-binding kinase 1; TMPRSS2, transmembrane protease serine 2.

induces Fas-mediated T-cell apoptosis.”® Severe patients also
have higher specific IgM and IgG titers.'” Finally, hospitalized
patients manifest significantly increased levels of C-reactive
protein, D-dimer, and procalcitonin, when compared with

factor and angiopoietin-II, as well as IL-6 itself, leading to a
hypercoagulability status.””

Predictors of worse outcome

Lymphopenia is considered a criterion of severity. In patients
with severe COVID-19, T cells and NK cells are usually low,
while B cells are at the lower levels of the normal range.””***" In
severe cases, significant reduction of regulatory T cells, causing
T-cell dysregulation and hyperinflammation, may be
observed.””"” Lymphocyte subscts express an exhausted pheno-
type as suggested by the high level of expression of programmed
death 1 and NK grouf 2 members A, on CD4 T cells and CD8§
T cells, respectively.”** Different mechanisms may explain
lymphopenia including increased apoptosis, pyroptosis induced
by IL-1B,>** direct infection of lymphocytes through CD147
protein,”” bone marrow suppression during cytokine storm, and
pulmonary sequestration. Cytokine excess, particularly IL-6,

patients with mild pathology.””

COVID-19 IN CHILDREN

Children have a limited role in COVID-19 pandemic.***’
As of June 2021, in the United States, children account for
approximately 14% of laboratory-confirmed cases reported to
the Centers for Disease Control and Prevention.’’ In the early
phases of the outbreak, children were rarely tested for the virus
because symptoms of COVID-19 are usually less severe and
most cases are asymptomatic or show mild to moderate clinical
features. 2427405178 1 September and October, the case
notification rate increased rapidly and so did the number of
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FIGURE 2. Activation of the immune system and phases of the disease. The entry of SARS-CoV-2 into human cells triggers both an innate
and adaptive immune response to eliminate viral infection. Both NK cells and CD4 and CD8 Tcells are involved in the adaptive response. In
particular, CD4 T cells differentiate into Tfh and Ty1 subtypes. Tfh induce the production of plasma cells from B cells, which produce
specific immunoglobulin. In nonsevere cases, adaptive immunity neutralizes the virus and terminates the immune response. Prolonged
stimulation of the innate branch of immunity causes excessive differentiation of CD4 cells into the Ty 1 subtype, with increased cytokine
release culminating in cytokine storm. Cytokine storm leads to bilateral interstitial pneumonia with disseminated inflammation, which
may culminate in sepsis, disseminated intravascular coagulation, ARDS, and multiorgan failure. The IEls that have been associated with
more severe outcomes are indicated in red, whereas the IEls for which a worse outcome can be predicted, based on data from the

literature, are indicated in green. Tfh, T follicular helper.
pediatric cases as compared with the start of the pandemic’’;
however, percentages of pediatric cases remain far below those
of adults.”

Children have higher probability to have extrarespiratory
symptoms”' as diarrhea and vomiting, The case-fatality rate for
children and adolescents in Europe is less than 1%, thus con-
firming that children may also experience a severe course of
disease. In a meta-analysis grouping more than 1000 children
younger than 5 years, 43% were asymptomatic and 7% required
intensive care unit (ICU) admission.®” Risk factors for a worse
outcome in children are age younger than 1 month, male sex,
presence of lower respiratory tract infection signs or symptoms at
presentation, and presence of a preexisting medical condition.””
Children with viral coinfection were more likely to require ICU
support.””

Children may also experience severe multisystem inflamma-
tion with clinical features in common with Kawasaki disease and
toxic shock syndrome. It can be associated with actual or pre-
vious positivity to SARS-CoV-2.* This syndrome has been
recently named multisystem inflammatory syndrome in children
(MIS-C).***” The main clinical features of MIS-C include fever,
gastrointestinal features, cardiovascular symptoms, and muco-
cutaneous alterations. Inflammatory markers in this syndrome

are significantly increased.”*”" Even though MIS-C has been
initially confused with Kawasaki disease, difference exists
between these 2 entities. In particular, in MIS-C, patients show
higher levels of C-reactive protein, neutrophils, ferritin, troponin,
D-dimer, and lower platelets levels. Moreover, in patients with
MIS-C, the prevalence of myocarditis and shock is higher.*”>”"
Patients developing MIS-C usually have a positive SARS-CoV-
2 serology although RT-PCR test results for SARS-CoV-2 are
usually negative, proving that MIS-C is a postinfectious
inflammatory process.”””*

COVID-19 IN IMMUNE COMPROMISED PATIENTS
Inborn errors of immunity

Inborn errors of immunity (IEIs) are listed by the Centers for
Disease Control and Prevention as risk factors for severe
COVID-19. However, evidence of the actual impact of different
IEIs on infection is limited, especially in the pediatric popula-
tion. In a small case series on 7 patients with primary antibody
deficiencies and COVID-19, a different clinical outcome be-
tween patients with common variable immune deficiency and
patients with X-linked agammaglobulinemia was reported, the
latter having a mild disease. The authors hypothesized that B
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lymphocytes might enhance the inflammatory response against
the virus through the release of IL-6, while an increased risk of
relapse may be hypothesized because of the absence of anti-
bodies.”””* The authors also argue in favor of an indirect
advantage for patients with X-linked agammaglobulinemia pro-
vided by the lack of Bruton’s tyrosine kinase. In myeloid/
macrophage cells, Bruton’s tyrosine kinase is, indeed, responsible
for the production of cytokines, such as TNF-0. and IL-6,”° and
for the activaton of NOD-like receptor pyrin domain-
containing 3 inflammasome with the secretion of IL-1B.”° In
an off-label clinical study on 19 hospitalized patients with
COVID-19 and severe hypoxia, who received a selective
Bruton’s tyrosine kinase inhibitor, acalabrutinib, normalization
of laboratory markers and improved oxygenation was observed
after the treatment.””

A retrospective study conducted on a cohort of 94 patients,
median age 25 to 34 years, with SARS-CoV-2 infection and IEI
including antibody deficiency, innate immune defect, combined
immunodeficiency, phagocyte defect, immune dysregulation syn-
drome, autoinflammatory disorders, and bone marrow failure
showed that more than half the subjects were managed as in-
patients while a mild clinical picture was observed in more than
30% of patients. Asymptomatic or mild clinical picture was
observed in patients affected with X-linked agammaglobulinemia
or ZAP70, PGM3, and STAT3. Similar to the general population,
a male predominance was noted, not only for infection incidence
but also for ICU admission. Also, the association between pre-
existing risk factors (eg, kidney, lung, or heart disease, diabetes,
and obesity) and severe COVID-19 mirrored the general popu-
lation.""”” However, the authors underlined the younger age of
severely affected patients and an increased ICU admission rate in
IEL”® In a recent study on patients affected with IEI or symp-
tomatic secondary immune deficiency, authors found higher
morbidity and mortality from COVID-19 among adult patients,
when compared with the general population and survival of all the
pediatric patients.”” In a retrospective study in Israel, only 20 of
1000 patients with IEI experienced COVID-19, all displaying a
mild disease course, without need of hospitalization and 35% were
even asymptomatic.' "’ In a study on an Italian cohort, a total of
131 cases of SARS-CoV-2 infection were notified among 3263
patients with IEI, including adult and pediatric patients. The
outcome was similar to what was previously reported. In addition,
we described a longer duration of viral shedding among patients
with humoral immunodeficiencies.'*’

However, defects at 8 loci implicated in the TLR3- and
interferon regulatory factor 7—dependent IFN-I immunity were
identified in 23 of 659 patients presenting with life-threatening
COVID-19 pneumonia.'”*

In this scenario, the identification in 3 patients with auto-
immune polyendocrinopathy syndrome type I who suffered from
life-threatening COVID-19 pneumonia of anti—IFN-I autoan-
tibodies paved the way to investigating the impact of these
neutralizing autoantibodies.'” Bastard et al'" compared
anti—IFN-I autoantibodies among patients with either critical or
asymptomatic/mild disease and healthy controls. In the latter
group, only 4% were positive, whereas patients with asymp-
tomatic or mild clinical picture were negative. In contrast, high
titers of neutralizing anti—IFN-I autoantibodies were found in
more than 10% of patients with severe disease, especially men
(12.5% vs 2.6% of women), partially contributing to explain the
sex bias. One of the women with life-threatening COVID-19
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and autoantibodies had X chromosome—linked incontinentia
pigmenti.'”* Finally, an enhanced IFN signaling leading to an
increased immune cell activation was noted in 2 pediatric pa-
tients who presented with infection-related Evans syndrome and
MIS-C. Next-generation sequencing revealed heterozygous loss-
of-function mutations in SOCSI gene, a negative regulator of
type 1 and type II IFN signaling, unleashing a hyper-

) 105
inflammatory response.

Secondary immune deficiency

The study of patients with acquired immunodeficiency further
confirmed the hypothesis that an immunosuppressive status
alone may not be responsible for a worse prognosis. In a
systematic review on the impact of immunosuppressive condition
on SARS-CoV-2 infection outcome, patients affected with leu-
kemia and patients who had undergone liver transplantation had
an overall favorable disease course, as compared with the general
population.'”>'*” In a study by D’Antiga,” in a cohort of 200
pediatric transplant patients, 3 developed SARS-CoV-2 infec-
tion, in the absence of pulmonary disease. Therefore, immuno-
suppression has been proposed by the authors as a protective
factor, preventing tissue damage. In addition, similarly to general
population, age, obesity, diabetes, and cardiovascular disease
were identified as risk factors for a worse outcome in immuno-
compromised hosts. In a small series on 8 immunocompromised
patients with COVID-19, symptoms ranged from mild febrile
syndrome to moderate respiratory distress requiring oxygen
therapy. The cohort included patients who were on hemodialysis
or who had undergone solid-organ or hematopoietic stem cell
transplantation, on immunosuppressive treatment. In 62% of
the cases, their monitoring was performed as outpatients,
considering hospitalization only in the presence of respiratory
distress or hyperpyrexia. Chemotherapy within a month before
COVID-19 diagnosis as well as metastatic disease did not
represent a significant risk of severe COVID-19 in patients with
cancer, who displayed a mild disease course, as reported by
Robilotti et al.'"”

Different articles focused on COVID-19 infection in patients
receiving immunosuppressive medications as treatment for
rheumatic or inflammatory diseases. By far, evidence suggests not
to withdraw this treatment with no need for dose adjustment
unless specific symptoms are present.'””""" Haberman et al''”
reported on a case series of patients with immune-mediated in-
flammatory diseases, including rheumatoid arthritis, psoriatic
arthritis, ankylosing spondylitis, psoriasis, and inflammatory
bowel disease on anticytokine biologic therapy: among them, the
incidence of hospitalization did not exceed that of the general
population, implying that the use of biologics is not associated
with worse COVID-19 outcome.''? Similarly, among 8 children
with inflammatory bowel disease diagnosed with COVID-19, a
mild infection was noticed, although they were on immuno-
modulators treatment.’'” However, glucocorticoid use at a
prednisone-equivalent dose of greater than or equal to 10 mg/
d has been associated with an increased odds of hospitalization,
in keeping with earlier reports showing an augmented infection
risk with a higher dose of glucocorticoids.'' "

Patients coinfected with HIV and SARS-CoV-2 displayed
clinical, biochemical, and radiological findings that appeared
similar to those of the general population with COVID-19,
suggesting that similar standard of care should be warranted
for both. HIV-positive patients with lower CD4 often have a



TABLE I. Main characteristic of patients with IEl and SARS-CoV-2 infection

IEl type (no. of patients) Outcome Note Reference
CVID (5) 20% death; mild disease course and favorable outcome in Authors speculate on a role of B lymphocytes in virus-induced 93,94
XLA (1) agammaglobulinemic patients in contrast to severe course and need for inflammation
ARA (1) mechanical ventilation in patients with CVID
APECED (1) Life-threatening COVID-19 pneumonia needing mechanical ventilation and Beccuti et al'”® speculate on an increased infection risk in patients with 103,104
ICU admission in a patient with anti—type I IFN autoantibodies adrenal insufficiency, while Bastard et al'®* highlighted the contribution
of anti—type I IFN autoantibodies to disease outcome
PAD (53) 9% death; mild disease course in 37% of patients. All adult patients who Risk factors for severe COVID-19 in patients with IEI mirror those of the 98
CID (14) died presented with preexisting comorbidities general population and IEI itself does not represent an independent risk
IDS (9) factor. However, patients with a severe course requiring ICU admission
Autoinflammatory disorder (7) are younger compared with the general population
Phagocyte defect (6)
Innate immune defect (3)
Bone marrow failure (2)
CVID (23) 17% death; 20% infection-fatality ratio, 31.6% case-fatality ratio, 37.5% Patients with IEIs succumb to COVID-19 at a younger age. Morbidity and 99
PAD (12) inpatient mortality in patients with IEIs mortality in patients with IEI exceed that of the general population
CID 4)
XLA (4)
CGD (3)
NF-kB deficiency (2)
Others (12)
WAS (1) Mild course in a patient who underwent gene therapy (GT) 5 mo before GT-induced immune reconstitution enabled an adequate response against 98,118
infection the infection
Good syndrome (1) Death Authors hypothesize the role of immune dysfunction or anatomical 119
alterations predisposing the patient to a fatal infection outcome
PAD (1) Mild disease course treated with supportive measures and no need for ICU 120
admission
CVID 4) 30% asymptomatic, 65% mild disease course; the whole IEI cohort was Authors point out the possible role of social distancing and precautions in 100
HIGM 4) treated as outpatient determining the mild disease course observed in the cohort
CID (5)
XLA (2)
CGD (2)
Others (3)
NFKB2 LOF Life-threatening COVID-19 pneumonia needing mechanical ventilation and Authors emphasize how aggressive management of the consequences of 121
ICU admission underlying immune dysregulation in the patient enabled his recovery
from severe SARS-CoV-2 infection
CID (10) 42% death Authors observed a reverse pattern of age and a 10-fold higher mortality 122
PAD (4) Almost all patients who succumbed were younger than 10 y. All subjects rate in SARS-CoV-2—infected patients with IEIs compared with the
Phagocyte defect (2) with IEI with SARS-CoV-2 infection were hospitalized population
IDS (2)

Autoinflammatory disorders (1)

APECED, Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy; ARA, autosomal-recessive agammaglobulinemia; CGD, chronic granulomatous disease; CID, combined immune deficiency; CVID, common variable immune
deficiency; HIGM, hyper-IgM syndrome; /DS, immunedysregulation syndrome; NFKB2 LOF, nuclear factor kappa B loss of function; PAD, primary antibody deficiency; XLA, X-linked agammaglobulinemia.
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TABLE Il. Main characteristics of patients with acquired immunodeficiencies and SARS-CoV-2 infection

Acquired immunodeficiency (no. of patients)

Principal diagnosis (no. of patients)

Outcome (no. of patients)

Note Reference

Prednisolone and mycophenolate mofetil (1) SLE (1)

Steroid (1)

Chemotherapy (1)

MTX (1)

Canakinumab (3)

Sirolimus (2)

Tacrolimus (1)

Ruxolitinib (1)

Methotrexate (1)

Prednisone and tacrolimus (2)
Chemotherapy (2)

Cyclosporine and prednisone (2)
Prednisone and tacrolimus (1)
Tacrolimus and azathioprine (1)
Immunosuppressive chemotherapy (98)

Methotrexate (17)
Hydroxychloroquine (8)

Oral glucocorticoids (8)
TNF inhibitor (38)

Other (15)

Prednisone (12)
Immunosoppressive agent (7)

Prednisolone (189)
DMARDs (492)

Nephrotic syndrome (1)
Extrarenal rhabdoid tumor (1)
AID (3)

FMF (1)

Renal trasplant (3)

HSCT (1)

T-ALL (1)

Trasplant kidney/liver (2)
Ewing sarcoma (1)
Wilms tumor (1)

Heart transplant (4)

Cancer (leukemia, lymphoma, CSN
tumor, solid tumor) (98)

Psoriatic arthritis (21)
Rheumatoid arthritis (20)
Ulcerative colitis (17)
Crohn disease (20)
Other (9)

SLE (17)

Rheumatoid arthritis (230)

Systemic lupus erythematosus (85)

Psoriatic arthritis (74)

Axial spondyloarthritis or other
spondyloarthritis (48)

Vasculitis (44)

Sjogren syndrome (28)

Other inflammatory arthritis (21)

Inflammatory myopathy (20)

Gout (19)

Systemic sclerosis (16)

Polymyalgia rheumatica (12)

Other (38)

All recovered without any sequelae

All recovered without any sequelae
Mild course

Secondary HLH (1)

Mild course

Mild course

Severe course (17)
Mechanical ventilation (7)
Death (4)

Required hospitalization (14)
Admission to intensive care (1)
Invasive mechanical ventilation (1)
Death (1)

Required hospitalization (14)
Admission to intensive care (7)
Invasive mechanical ventilation (5)
Death (4)

Required hospitalization (277)
Death (55)

The clinical course after SARS-CoV-2 infection was 123
not different compared with the general population

The clinical course after SARS-CoV2 infection was 124
not different compared with the general population

The clinical course after SARS-CoV-2 infection was 125
not different compared with the general population

The clinical course after SARS-CoV-2 infection was 126

not different compared with the general population

Pediatric cancer patients have milder disease compared 127
with adults with malignancies

Young patients have a mild SARS-CoV-2 clinical 128
course

Pediatric cancer patients have a higher risk of severe 129

course after SARS-CoV-2 infection compared with
the general population, but the risk is lower
compared with the adult counterparts
The clinical course after SARS-CoV-2 infection was 112
not different compared with the general population

130

The clinical course after SARS-CoV-2 infection was 114
not different compared with the general population

(continued)

6 HIFGNNN ‘6 INNTOA

12vHd TONNINI NITD ADHITIV I

1V 13 ONIQYVvID

€vce



TABLE Il. (Continued)

Acquired immunodeficiency (no. of patients)

Principal diagnosis (no. of patients)

Outcome (no. of patients)

Note

Reference

HIV (5)

HIV (5)

HIV (33)

HIV (38)

HIV (88)

HIV (31)

All 5 patients were symptomatic and required
hospitalization.

Oxygen therapy (2)

Required hospitalization (5)

Admission to intensive care (2)

Invasive mechanical ventilation (1)

Critical course (8)

Required hospitalization (8)

Admission to intensive care (6)

Invasive mechanical ventilation (4)

Death (3)

Severe course (13)

Admission to intensive care (6)

Invasive mechanical ventilation (5)

Death (2)

Severe course (18)

Death (18)

Severe/critical course (28)

Mechanical ventilation (8)

Death (8)

The clinical course after SARS-CoV-2 infection was
not different compared with the general population

The clinical course after SARS-CoV2 infection was
not different compared with the general population

The clinical course after SARS-CoV2 infection was
not different compared with the general population

The clinical course after SARS-CoV-2 infection was
not different compared with the general population

131

136

AID, Autoinflammatory diseases; CNS, central nervous system; DMARD, disease-modifying antirheumatic drug; HLH, hemophagocytic lymphohistiocytosis; HSCT, hematopoietic stem cell transplantation; FMF, familial Mediterranean

fever; MTX, metothrexate; SLE, systemic lupus erythematous; T-ALL, T-cell acute lymphoblastic leukemia.
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more severe disease course, higher IL-6 levels, and an increased
risk of mortality. te.117

Characteristics of immunocompromised patients, with both
IEI and acquired immunodeficiency, who tested positive for
SARS-CoV-2 are collectively summarized in Tables I and II.

THERAPEUTIC APPROACHES TO SARS-CoV-2 IN
IEIl

Therapeutic strategies for the treatment of severe COVID-19
in IEI are not different from those used in the general popula-
tion. Among the different antiviral drugs, remdesivir is the
preferred agent in adults and children. It is a monophosphate
prodrug that, once activated to C-adenosine nucleoside
triphosphate analogue, binds to viral RNA-dependent RNA
polymerase, prematurely terminating the RNA chain.'””'?
Based on randomized clinical trials in adult population treated
with remdesivir, the Food and Drug Administration authorized
its emergency use in pediatric patients with normal renal and
liver function also. A phase 2/3 clinical trial (NCT04431453) to
evaluate the safety, tolerability, pharmacokinetics, and efficacy of
remdesivir in patients younger than 18 years is underway.'”’
Alternative options in patients who are not eligible for the
treatment with remdesivir or when remdesivir is not available
include  lopinavir/ritonavir, ~a  Food  and  Drug
Administration—approved protease inhibitor indicated for
treatment of HIV.**!'%" However, recent reports claimed no
benefits of this agent in pediatric and adult populations.

A preventive anticoagulant therapy with subcutaneous enox-
aparin may be considered for patients in whom a higher inci-
dence of thrombotic complications has been observed.'** Since
the beginning of the pandemic, chloroquine and hydroxy-
chloroquine have emerged as potential drugs for their supposed
antiviral and immunomodulatory effects and their use was
initially approved by the Food and Drug Administration.’**"**
Recently, because of safety concerns regarding high risk for ar-
rhythmias and QT-interval prolongation outweighing the limited
evidence of its efficacy, National Institutes of Health guidelines
have recommended against these drugs.'*> A progressive deteri-
oration of respiratory function and a marked increasing trend of
IL-6 and/or D-Dimer and/or ferritin and/or C-reactive protein
may suggest adding immunomodulatory agents. As for the use of
glucocorticoids, preliminary results of the controlled multicenter
clinical trial Randomised Evaluation of COVID-19 Therapy
(RECOVERY) support the use of dexamethasone in patients
needing ventilatory assistance, reducing mortality.l4(’ Thus,
dexamethasone 0.2 to 0.4 mg/kg (maximum 6mg) in patients
requiring oxygen may be considered. Also, methylprednisolone,
at either low or high dose up to 30 mg/kg, has been associated
with a decrease in death risk among patients experiencing dete-
riorating clinical conditions such as ARDS."*” The main limi-
tations to the use of corticosteroids in COVID-19 are the
potential delayed viral clearance, the increased risk of secondary
infections,*® and the possible cornplications.l/'() However,
treatment stopping is not needed in patients with other under-
lying conditions. Other immunomodulatory agents are being
evaluated for their potential roles in the context of hyper-
inflammatory syndrome due to cytokine release including
convalescent plasma, intravenous immunoglobulins, anakinra,
tocilizumab, and Janus Kinase (JAK) inhibitors. Anakinra is a
nonglycosylated human IL-1 receptor antagonist, acting against
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proinflammatory cytokines IL-1ot and -1B, that reduces both
need for intensive care and mortality among patients with
COVID-19 severe forms.'”” Although preclinical data and
observational studies support treatment with tocilizumab, no
randomized controlled trial has proved, so far, the effectiveness or
the safety of this biologic drug in COVID-19."”" In keeping with
available, yet inconclusive data, National Institutes of Health
guidelines recommend against its use. Convalescent plasma has
displayed some efficacy in reducing inflammatory markers, pul-
monary lesions, and mortality. However, only case reports of few
critically ill adults and 1 pediatric patient are available.

CONCLUSIONS

The outcome of SARS-CoV-2 infection in both adult and
pediatric patients mainly depends on underlying risk factors
including older age, male sex, obesity, and preexisting comor-
bidities such as chronic lung disease.

Recent studies suggest that IEIs do not represent an inde-
pendent risk factor for severe SARS-CoV-2 infection. However, a
severe disease course leading to ICU admission or death has been
documented at a younger age in patients affected with specific
IEI compared with the general population, suggesting a role for
selected branches of the immune system in the response to
SARS-CoV-2. Similarly, secondary immunosuppression does not
significantly impact the disease outcome. However, several as-
pects of this novel infection in the immunocompromised host
still remain to be clarified. For example, especially in patients
suffering from humoral immune defects, it is necessary to clarify
the viral load kinetics and duration of viral shedding, whether the
virus may persist and establish a state of chronic infection, the
risk of reinfection, and the effectiveness of active immune-
prophylaxis. Further studies on larger populations, with longer
follow-up, are needed to deal with these unanswered questions.
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