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COVID-19: Coronavirus disease 2019

CVID: Common variable immunodeficiency

CXCL: CXC motif chemokine ligand

EUA: Emergency use authorization

HR: Hazard ratio

IFN: Interferon

JAK: Janus kinase

OR: Odds ratio

PEG: Polyethylene glycol

PID: Primary immunodeficiency

RCT: Randomized controlled trial

SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2

TLR: Toll-like receptor
Our understanding of risk factors and interventions
influencing outcomes from coronavirus disease 2019 (COVID-
19) has continued to evolve, revealing advances emerging
from hypotheses formed at the start of the pandemic.
Epidemiologic studies have shown that asthma control, rather
than a diagnosis of asthma, is a determinant of COVID-19
severity. Clinical outcomes in patients with primary
immunodeficiencies, even in those with impaired cellular
immunity, are variable. IL-6 has emerged as a reliable
biomarker of COVID-19 severity, and large clinical trials
have shown the potential for improving outcomes through
inhibition of IL-6 signaling in some patients. Studies of
genetic risk factors for severe COVID-19 have also revealed
the importance of interferon homeostasis in the defense
against severe acute respiratory syndrome coronavirus 2.
Because COVID-19 vaccines constitute the primary tool for
ending this pandemic, strategies have been developed to
address potential allergic and immune-mediated reactions.
Here, we discuss advances in our understanding of COVID-19
risk factors and outcomes within the context of allergic and
immunologic mechanisms. (J Allergy Clin Immunol
2022;149:569-78.)
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The enormity of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic galvanized an unabated
search for answers and interventions. This review focuses on
coronavirus disease 2019 (COVID-19) outcomes relevant to
allergic and/or immunologic disorders and mechanisms. These
include clinical outcomes in patients with asthma and primary
immunodeficiencies (PIDs), investigations of cytokines as pre-
dictors of COVID-19 severity, and comparisons of clinical trials
using biologics to target cytokine-driven inflammation. We also
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discuss immunologically driven reactions to COVID-19 vaccines
that did not emerge until the vaccines were available to the general
public. We synthesize common themes and notable differences
among studies, with the goal of highlighting immunologic
mechanisms underlying clinical outcomes that have emerged in
the past 2 years of the COVID-19 pandemic.
CLINICAL OUTCOMES IN PATIENTS WITH ASTHMA
At the start of the COVID-19 pandemic, asthma was investi-

gated as a risk factor for severe disease,1 given the known associ-
ation between asthma and respiratory infections.2-4 Two early
studies of patients from Wuhan, China, identified that asthma
occurred in less than 1% of patients with COVID-19.5,6 Subse-
quent studies have supported these initial findings that a diagnosis
of asthma is not correlated with severe disease,7-17 and multiple
studies have even reported a lower risk.5,17-20 The baseline
severity of asthma does not seem to impact the likelihood of a pos-
itive SARS-CoV-2 antigen test result or the severity of infec-
tion.10,15,16,19 Sunjaya et al17 performed a meta-analysis of
asthmatic patients with COVID-19 that included 57 studies, for
a total of 587,280 patients. Compared with those without asthma,
patients with asthma were found to have a 13% reduction in hos-
pitalization with COVID-19 (95% CI, 0.77-0.99; P 5 .03); there
was no significant difference in critical care admission, rates of
mechanical ventilation, or mortality. Hussein et al14 also per-
formed a meta-analysis of 107,983 patients and found that there
was no differential risk of hospitalization rate, critical care admis-
sion, or development of acute respiratory distress syndrome be-
tween asthmatic and nonasthmatic patients; however, asthmatic
patients had an increased rate of intubation (relative risk, 1.27;
95% CI, 1.02-1.58; P5 .03). The authors note that the age group
with the highest risk of intubation, spanning age 50 to 64 years,
also had high rates of elevated body mass index and obesity, 2
additional known risk factors for severe COVID-19. Similarly,
multiple studies have concluded that comorbidities in adults as
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well as baseline asthma control influence an individual’s risk for
severe COVID-19.10,19,21-23

Studies also investigated the risk of COVID-19 associated with
either allergic or TH2-low, nonallergic asthma. TH2-dependent
gene signatures and elevated circulating levels of IL-13 have
been found to be inversely proportional to the expression of the
angiotensin-converting enzyme 2 receptor, which enables
SARS-CoV-2 entry into cells,24,25 suggesting a mechanism for
reduced viral load in patients with allergic asthma. A number of
studies have found that individuals with nonallergic asthma had
a higher risk of SARS-CoV-2 test positivity, hospitalization,
need for intensive care, and/or death, as compared with TH2-
high asthmatic patients.5,21,22,26 In patients with allergic asthma,
eosinophilia before and during hospitalization with SARS-CoV-2
correlated with better outcomes, possibly due to antiviral proper-
ties of the eosinophils.1,16,27,28 In South Korea, Yang et al26 inves-
tigated the clinical implications of allergic disorders in the setting
of COVID-19, including data from 219,959 patients. Of 7340 pa-
tients with positive SARS-CoV-2 test results, those with nonal-
lergic asthma had a greater risk of severe clinical outcomes as
compared with those with allergic asthma (odds ratio [OR],
4.09; 95% CI, 1.69-10.52; P <.05), including critical care admis-
sions, intubation, or death.26 However, other studies found no sig-
nificant differences in outcomes between those with atopic versus
nonatopic asthma.1,19 These disparate results may arise from the
differences in genetic background, microbiota, environmental ex-
posures, and comorbidities, which lead to clinical variability
within each asthma endotype.29,30

Although a diagnosis of asthma is not itself a risk factor for
severe COVID-19, studies have suggested that poorly controlled
asthma is associated with more severe disease. In a cohort of 24
patients requiring critical care for SARS-CoV-2 in February 2020,
all 3 of themechanically ventilated patients had received systemic
glucocorticoids for asthma exacerbations within 1 week of
admission.31 A retrospective study of 61,338 patients subse-
quently found that asthmatic patients who had used both broncho-
dilators and corticosteroids within 6 months of SARS-CoV-2
infection had higher risks of needing hospitalization, intensive
respiratory support, and critical care (OR, 1.47-1.66; P < .05).32

Adir et al33 compared the outcomes of SARS-CoV-2 infections
in a cohort of 80,602 adult asthmatic patients over 9 months, dur-
ing which time 10.2% tested positive for SARS-CoV-2. Chronic
steroid use and a higher number of filled steroid prescriptions
within the preceding year were associated with an increased
risk for severe disease, even after adjusting for comorbid condi-
tions, age, sex, and smoking.33 Biologics, including inhibitors
of IL-5/IL-5R (mepolizumab, reslizumab, and benralizumab),
the IL-4Ra inhibitor dupilumab, and the IgE inhibitor omalizu-
mab, did not increase the risk of moderate or severe COVID-
19.33 Additional studies have similarly found that the use of
biologics, in addition to short-term steroid use, did not increase
the risk of a severe COVID-19.10,16,18,22,33 From a public health
standpoint, metered-dose inhalers have been recommended over
nebulized treatments to minimize the risk of aerosolizing highly
infectious viral particles.34,35 Given the importance of maintain-
ing asthma control, multiple centers have endorsed the use of tele-
medicine and mobile applications for clinical care.34,36,37

Equitable access to patients and families is important, because
racial and ethnic minority populations have had higher rates of
positive test results and hospitalizations for COVID-19.15,16,38
CLINICAL OUTCOMES IN PATIENTS WITH PIDs
In contrast to asthma, PIDs are rare diseases. Thus, aside from a

few larger cohort studies, most outcome studies are limited to
single case reports or small case series. Overall, the association of
PID with severe outcomes from SARS-CoV-2 infection remains
variable. In the largest international study of SARS-CoV-2
infections in 94 patients with PIDs, Meyts et al39 found that the
overall case-fatality rate of 10% was concordant with the 1% to
20% case-fatality rate found in the global population at that
time; furthermore, 37% of the patients with PIDs had mild or
asymptomatic disease. Similarly, a study of 20 patients with
PIDs from a multicenter study in Israel also did not find an
increased risk of morbidity or mortality compared with the gen-
eral population.40 However, the UK Primary Immunodeficiency
Network reported a hospitalization rate of 53.3% and case-
fatality ratio of 37.5% in a cohort of 60 PID patients with
COVID-19, both of which exceed that of the reference popula-
tion.41 Smaller studies in Turkey and Iran also identified higher
case-fatality rates in patients with PIDs than for the general pop-
ulation in each study’s country.42,43 The variable association be-
tween PIDs and higher case-fatality rates arises from multiple
factors. Primary antibody deficiencies were the most common
PIDs in the international and UK studies, whereas combined im-
munodeficiencies were the most common PID subtype in the
studies from Israel, Turkey, and Iran. Meyts et al39 identified
similar rates of nonimmunologic COVID-19 risk factors,
including preexisting cardiac, pulmonary, or renal disease, in
the patients with PIDs compared with the general population;
however, all of the patients with PIDs and additional comorbid-
ities died. Shields et al41 showed greater prevalence of preexisting
pulmonary disease (62.5% vs 16.7%) and liver disease (12.5% vs
3.1%) in hospitalized patients with PIDs compared with that in
the general hospitalized population.41 The authors of these studies
note that differences in patient adherence to social distances, the
overall number of COVID-19 cases in each country, govern-
mental policies, and access to medical resources also influence
the outcomes of SARS-CoV-2 infection in immunologically
vulnerable individuals.39-43

In the earliest report of COVID-19 outcomes in patients with
humoral immunodeficiencies, 2 patients with agammaglobulin-
emia and absent B cells had milder disease not requiring any
treatment, while 4 of 5 patients with common variable immuno-
deficiency (CVID) required mechanical ventilation and 1 died.44

In the study byMeyts et al,39 most patients (53 of 94) had primary
antibody deficiency, including 29 with CVID. Of these, 17 (32%)
were asymptomatic or had mild disease, whereas the remainder
(68%) required hospitalization and 7 patients (13%) died. Shields
et al41 reported higher mortality in the patients with CVID
compared with those with unspecified primary antibody defi-
ciency or X-linked agammaglobulinemia, but noted that individ-
uals with CVID were older. A report of SARS-CoV-2 infection in
a patient with CVID due to a loss-of-function variant in NFKB2
revealed how COVID-19 amplified the juxtaposition of immuno-
deficiency and hyperinflammation often seen in patients with
CVID.45-47 The patient’s respiratory arrest, cardiac arrhythmias,
cytokine storm, and transaminitis resolved after mechanical
ventilation, remdesivir, intravenous immunoglobulin, convales-
cent plasma, and a single dose of tocilizumab.45 Conversely, other
studies have noted mild disease in patients with CVID.40,48 The
range of clinical outcomes thus parallels the incomplete



J ALLERGY CLIN IMMUNOL

VOLUME 149, NUMBER 2

AL-MUSA ET AL 571
penetrance associated with some genetically defined subtypes of
CVID, such as NFKB1 or NFKB2 haploinsufficiency, as well as
the wide range of immunodeficiency seen in patient cohorts
with CVID.49,50

Because cellular immunity is critical for host defense against
viral infections, multiple studies have characterized the severity
of COVID-19 in patients with T-cell lymphopenia or dysfunction.
Meyts et al39 identified 14 patients with combined immunodefi-
ciency. Of these, 47% required hospitalization and an additional
20% required critical care.39 Cohort studies in which combined
immunodeficiencies constituted the most common PID also had
higher case-fatality rates than the general population.42,43 Patients
with a disorder encompassing combined immunodeficiency and
immune dysregulation, such as haploinsufficiency of cytotoxic
T-lymphocyte–associated protein 4 or deficiency of LPS-
responsive beige-like anchor protein, have been associated with
asymptomatic as well as more severe disease.39,51 Notably,
T-cell lymphopenia itself has not been universally associated
with severe COVID-19, as indicated by a report of male twin new-
borns with complete 22q11.2 syndrome who developed only fe-
vers and mild respiratory symptoms.52 Because both patients
had a strong type I interferon (IFN)-stimulated genes signature
attributed to congenital cytomegalovirus infections, the authors
postulated that increased innate immune activation may have
mitigated the severity of COVID-19 in these patients.52

The contributions of IFN signaling to immunity against SARS-
CoV-2 have been underscored by patients with hemizygous loss-
of-function Toll-like receptor (TLR)7 variants, leading to
impaired type I IFN and type II IFN responses.53-55 Complemen-
tarily, multiple studies have identified autoantibodies against type
I IFNs in patients with severe COVID-19.56-58 A study of 987 pa-
tients with severe COVID-19 pneumonia found that 10.2% had
neutralizing IgG autoantibodies against IFN-v, IFN-a, or both,
suggesting a crucial role for type I IFNs in immunity against
SARS-CoV-2.56 Plasmapheresis was effective treatment for a pe-
diatric patient with autoimmune polyendocrine syndrome 1, auto-
antibodies to type I IFNs, and severe COVID-19.59 Lastly,
enrichment of variants impairing TLR3- and IRF7-dependent
type I IFN immunity has been identified in some,60 but not
all,61,62 patient cohorts with severe COVID-19. As a mechanistic
counterpoint to the association of severe COVID-19 with
impaired IFN signaling, genetic variants increasing type I and II
IFN signaling have been identified in children with multisystem
inflammatory syndrome in children,63,64 a postinfectious pediat-
ric complication of SARS-CoV-2 characterized by diffuse im-
mune activation typically responsive to immunomodulatory
doses of intravenous immunoglobulin and glucocorticoid treat-
ment.65 Deleterious variants in genes known to restrain inflamma-
tion, specifically, SOCS1 (encoding suppressor of cytokine
signaling 1), CYBB (encoding the beta subunit of cytochrome
b), and XIAP (encoding X-linked inhibitor of apoptosis), were
identified in a single-center cohort of 17 patients with multi-
system inflammatory syndrome in children.63,64 Collectively,
these studies show the importance of IFN homeostasis in the im-
mune response to SARS-CoV-2 infection.
CYTOKINES AS PREDICTORS OF COVID-19

OUTCOMES
Characterizations of cytokines and chemokines are also

relevant to clinical outcomes from SARS-CoV-2 infection in
patients without underlying immune disorders.66 Most studies
have shown an association between increased IL-6 levels and se-
vere COVID-19.5,67-73 A 40-day longitudinal study of 1484 pa-
tients showed that elevated levels of IL-6, IL-8, and TNF-a
independently predict mortality in patients with COVID-19.74

A retrospective analysis of 548 patients hospitalized with
COVID-19 in China showed that an upward trend in circulating
IL-6 levels during hospitalization was a risk factor for mortality
(hazard ratio [HR], 2.63; 95% CI, 1.23-5.62).73 These results
have been supported by additional observational studies and a
meta-analysis of 10 studies showing that elevated IL-6 levels
were associated with mortality,68,72,75,76 the need for increased
respiratory support,67,69,74 and overall risk of severe dis-
ease.5,76-80 In addition to IL-6, multiple studies have highlighted
the elevated levels of chemokines in plasma and bronchial lavage
fluid from patients with severe COVID-19. These include chemo-
kines important for leukocyte recruitment and adhesion (CXC
motif chemokine ligand [CXCL]1, CXCL8, C-C motif ligand 2,
C-C motif ligand 7, and C-C motif ligand 8), as well as the
IFN-g–associated chemokines (CXCL9 and CXCL10).70,77,81,82

Zaid et al81 also found higher levels of IL-6, CXCL1, and
CXCL8 in bronchial lavage fluid from 45 patients with severe
COVID-19 compared with 25 controls,81 concordant with the
accumulation of proinflammatory monocyte-derived macro-
phages and neutrophils identified by single-cell RNA sequencing
in the bronchial lavage fluid from patients with severe COVID-
19.83 Longitudinal studies have shown prolonged elevation of
IL-6 during the clinical course of severe COVID-19, further
underscoring the hyperinflammatory nature of this disease.84,85

In contrast to the robust expression of IL-6 and inflammatory
chemokines, studies have highlighted the variable expression of
type I/II/III IFNs in patients with severe COVID-19. A study of 26
patients with severe COVID-19, none of whom received antiviral
or immunomodulatory therapies, found that most patients
exhibited increasing circulating concentrations of type I IFNs.84

Plasma levels of IFN-a peaked during the viral replication phase
in the first 10 days of illness and subsequently declined.84 Howev-
er, a minority (n 5 5) of patients generated minimal circulating
IFN-a throughout their hospitalization and required invasive
ventilation and a longer duration of critical care.84 Other studies
have similarly identified an association between reduced early
levels of circulating type I IFNs and severe COVID-19.58,86

Mechanisms identified thus far include neutralizing autoanti-
bodies against type I IFNs,56,57,59 as well as monogenic defects
in genes important for the generation of a type I IFN response
to viral infections, namely, TLR3, IRF7, and TLR7.53-55,60

Notably, studies have also shown that excessive type I IFN levels
are associated with mortality in patients with severe COVID-19.
A study of 201 patients identified distinct associations between
disease severity, cytokine levels at admission, and mortality
within 1 month of hospitalization.72 For patients with the most se-
vere disease requiring extracorporeal membrane oxygenation,
elevated levels of IL-6, TNF-a, IL-8, and IL-10 at admission
were associated with increased mortality. For patients
with COVID-19 requiring mechanical ventilation, but not extra-
corporeal membrane oxygenation, mortality was associated
with higher levels of type I IFN, TNF-a, and IL-10 at admission.72

For patients with moderately severe COVID-19 who did not
require mechanical ventilation, mortality was predominantly
associated with elevated type I IFNs at admission.72 Increased
levels of type I IFN in patients with moderately severe COVID-
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19 or those requiring mechanical ventilation were associated with
higher viral loads.72 Collectively, these studies show that
increased levels of specific cytokines are not universal biomarkers
of severe COVID-19. Rather, aberrantly low or high levels of cy-
tokines may reflect distinct pathways culminating in severe
COVID-19, including genetic risk factors, acquired autoanti-
bodies, or high viral loads.

Moderate to severe cases of COVID-19 are also associated with
increased levels of circulating IL-10. IL-10 is an anti-
inflammatory cytokine secreted by multiple cell types, including
monocytes, regulatory T cells, effector TH1 and TH2 cells, and
innate lymphoid cells.87,88 It inhibits antigen presentation and
proinflammatory cytokine secretion from monocytes and den-
dritic cells by reducing MHC class II expression and restrains
T-cell activation,87,88 in part through upregulating expression of
the suppressor of cytokine signaling protein 3, which inhibits
CD81 T-cell proliferation.89 Many studies have identified an as-
sociation between IL-10 levels and severe COVID-
19,5,70,72,77,79,90 a finding also seen in patients and mouse models
of other viral infections, such as influenza and respiratory syncy-
tial virus.91,92 This reflects the counterregulatory role of IL-10 in
restraining pathogen-induced immune cell activation.
OUTCOMES OF STUDIES USING BIOLOGICS TO

TARGET CYTOKINE SIGNALING
The hyperinflammatory state characteristic of moderate to

severe COVID-19 prompted studies to determine the role of
existing immunosuppressive therapies in the treatment of
this disease. Because of their anti-inflammatory effects,
glucocorticoids were investigated as therapeutic agents in the
treatment of COVID-19. Based on results from several clinical
trials, the National Institutes of Health treatment guidelines for
COVID-19 now recommend the use of systemic corticosteroids
in certain categories of hospitalized and nonhospitalized
patients.93 In tandem, biologics were also investigated early
in the pandemic as potential therapeutic agents. Here, we focus
our discussion on biologics that are known to inhibit cytokine
signaling and that have been investigated by multiple studies
(Fig 1).
IL-6 signaling
mAbs targeting the IL-6/IL-6R axis are used to treat cytokine

release syndrome caused by chimeric antigen receptor T cells as
well as macrophage activation syndrome.94 Although studies
have noted the lower levels of IL-6 in patients with severe
COVID-19 compared with those with cytokine release syn-
dromes,94 IL-6 has been studied as a possible target for the treat-
ment of COVID-19 due to the multiple mechanisms by which
elevated levels of IL-6 lead to immune dysregulation. These
include upregulation of suppressor of cytokine signaling protein
3, downregulation of IFN-g expression by CD81 T cells and nat-
ural killer cells, and reduced expression of granzyme B and per-
forin in natural killer cells.95 In a study of patients hospitalized
for moderate to severe COVID-19, serum IL-6 levels inversely
correlated with the frequency of granzyme A–expressing natural
killer cells.96 Inhibitors of IL-6 signaling include siltuximab,
which inhibits IL-6, as well as tocilizumab and sarilumab, both
of which inhibit IL-6RA. The binding affinity of sarilumab is
approximately 20-fold higher than that of tocilizumab to the IL-
6 receptor-a subunit.97

As the oldest biologic inhibitor of IL-6 signaling, tocilizumab
has been the most extensively studied in patients with COVID-19.
The Randomized Evaluation of COVID-19 Therapy (RECOV-
ERY) trial is the largest randomized controlled trial (RCT) to date
of tocilizumab in patients hospitalized for COVID-19, in which
2022 patients received tocilizumab in addition to standard care
and 2094 patients received standard care. By day 28, those treated
with tocilizumab had 0.85 times the rate of death compared with
those treated with standard care alone (95% CI, 0.76-0.94; P 5
.0028), manifested as a mortality rate of 31% in the tocilizumab
group compared with 35%mortality in the standard care group.98

The Evaluating Minority Patients with Actemra (EMPACTA)
trial enrolled participants from racial and ethnic minority popula-
tions with a high prevalence of COVID-19: 56% Hispanic or
Latino, 14.9% Black, 12.7% American Indian or Alaska Native,
12.7% non-Hispanic White, and 3.7% of other or unknown race
and/or ethnicity.99 This study, in which 249 patients were random-
ized to tocilizumab and 128 patients to placebo, found that a
significantly reduced percentage of those receiving tocilizumab
required mechanical ventilation: 12% of the tocilizumab group
required mechanical ventilation (95% CI, 8.5-16.9), compared
with 19.3% of the placebo group (95%CI, 13.3-27.4).99 However,
mortality at day 28 did not significantly differ between the 2
groups.99 In contrast, the Study to Evaluate the Safety and Effi-
cacy of Tocilizumab in Patients With Severe COVID-19 Pneu-
monia (COVACTA) RCT of 294 patients treated with
tocilizumab and 144 with placebo found no difference in clinical
status or mortality by day 28.100 In addition to the aforementioned
differences in racial and ethnic backgrounds of the study groups,
these studies differed in the proportions of patients withmoderate,
severe, and critical COVID-19 at the time of enrollment, with CO-
VACTA having the highest percentage of patients requiring me-
chanical ventilation (38.4% compared with 14% in
RECOVERY).98,100 Patients in the EMPACTA trial had the least
severe COVID-19, because this study excluded any patient who
required either noninvasive or invasive ventilatory support.99

Given the differences in findings from these and other RCTs, a
meta-analysis of 10,930 hospitalized patients with COVID-19
from 27 international RCTs was performed.101 Patients who
received tocilizumab had a lower rate of invasive mechanical
ventilation or death, compared with standard of care or placebo
(OR, 0.74; 95% CI, 0.66-0.82) and less mortality at day 28
(OR, 0.77; 95% CI, 0.68-0.87).101 No studies showed signifi-
cantly increased adverse safety events with tocilizumab treatment
in patients with COVID-19.101 Consequently, the Food and Drug
Administration granted emergency use authorization (EUA) for
tocilizumab use in patients aged 2 years or older who are hospital-
ized for COVID-19 requiring systemic corticosteroids and any
level of respiratory support.102

Although tocilizumab has been the most extensively studied
inhibitor of IL-6 signaling in patients with COVID-19, investi-
gators have also studied the effect of sarilumab and siltuximab on
COVID-19. The Randomised, Embedded, Multi-factorial, Adap-
tive Platform Trial for Community-Acquired Pneumonia
(REMAP-CAP) RCT of 803 patients (353 to tocilizumab, 48 to
sarilumab, and 402 to control) found that patients treated with
either tocilizumab or sarilumab hadmore organ support–free days
(median adjusted OR of 1.64 for tocilizumab, with a 95% credible
interval of 1.25-2.14, and 1.76 for sarilumab, with a 95% credible



FIG 1. Mechanisms of biologics targeting cytokine signaling in COVID-19. Baricitinib inhibits JAK1 and

JAK2 signaling and is associated with reductions in circulating levels of IL-6. Siltuximab is an mAb to IL-6,

whereas tocilizumab and sarilumab are mAbs against soluble and membrane-bound IL-6 receptors.

Anakinra competitively binds the IL-1R1 receptor.

TABLE I. Key advances in 2021 in the knowledge of COVID-19 clinical outcomes

Topic Lessons learned

Asthma and COVID-195,7-19,21-23,31-33 d A diagnosis of asthma is not a risk factor by itself

d Adequate asthma control is the best way to reduce the risk of COVID-19–related morbidity

and mortality

d Continuation of controller medications, including biologics, is safe

PIDs and COVID-1941-43,45-52,127,128 d Clinical outcomes are widely variable within this population, with no single disorder

universally associated with poor outcomes

d Most patients with PIDs studied thus far generate spike-specific responses after COVID-19

vaccination

The role of cytokines in

COVID-195,58,67-74,76-86,94,98,101,103-105,108,110,111
d IL-6 is a predictor of severe COVID-19 in many patients

d Impaired IFN signaling is a risk factor for severe COVID-19

d Excessive IFN signaling correlating with increased viral load can also be a feature of

severe COVID-19

d Inhibition of IL-6 or JAK signaling can improve clinical outcomes in some patients without

incurring an increased risk of infections

COVID-19 vaccines142 d Most allergic and adverse events associated with COVID-19 vaccines are not

contraindications to vaccination
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interval of 1.17-2.91) compared with those receiving standard
care.103 In addition, survival at 90 days was improved in patients
who received either therapeutic (HR, 1.61; 95% credible interval,
1.25-2.08).103 In contrast, the Sarilumab COVID-19Global Study
Group found no significant differences in clinical improvement
scores or survival after sarilumab treatment.104 This double-
blind, international RCT of 419 patients hospitalized with
COVID-19 comprised 159 patients randomized to 200 mg of sar-
ilumab, 173 patients to 400 mg sarilumab, and 84 patients ran-
domized to placebo; each patient received 1 dose, with the
option of a second dose using the study’s benefit-risk assessment
protocol.104 Notably, sample size and disease severity differed be-
tween this study and the REMAP-CAP study. The Sarilumab
COVID-19 Global Study Group excluded all patients with
dysfunction in 2 or more organ systems and enrolled 332 patients
to sarilumab, compared with 48 in the REMAP-CAP study. Sil-
tuximab is the least studied of biologic inhibiting IL-6 signaling,
as a multicenter RCTof siltuximab for patients requiring ventila-
tory support for acute COVID-19 is ongoing. The SISCO (Siltux-
imab in Severe COVID-19) observational, control cohort study of
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30 patients in the siltuximab group and 188 patients in the stan-
dard care group showed that siltuximab use improved ventilation
status and increased survival.105 Collectively, these studies have
shown the potential for clinical benefit with anti–IL-6/IL-6R
blockade in some patients hospitalized with COVID-19, without
an increase in adverse events.
Janus kinase inhibitors
In targeting members of the Janus kinase (JAK) family (JAK1,

JAK2, JAK3, and TYK2), JAK inhibitors reduce immune cell
activation and cytokine secretion and are used to treat inflamma-
tory conditions, including graft versus host disease, rheumatoid
arthritis, juvenile idiopathic arthritis, psoriatic arthritis, and
myelofibrosis.106 These drugs differ in their specificity: upadaci-
tinib is a selective JAK1 inhibitor, fedratinib targets JAK2, ruxo-
litinib and baricitinib inhibit JAK1 and JAK2, and tofacitinib
inhibits JAK1, JAK2, and JAK3.106,107 Adverse reactions com-
mon to all JAK inhibitors include increased infections, cytope-
nias, and transaminitis. In addition, long-term usage of
tofacitinib, baricitinib, and upadacitinib has been associated
with an increased risk of malignancy.106 Baricitinib is the only
JAK inhibitor with Food and Drug Administration EUA for the
treatment of COVID-19. The ACTT-2 (Adaptive COVID-19
Treatment Trial 2) double-blind, placebo-controlled trial was
composed of 515 patients treated with remdesivir and baricitinib
and 518 patients treated with remdesivir and placebo. The
baricitinib-remdesivir group had a median of 7 days until recov-
ery, compared with 8 days for the placebo-remdesivir group (HR,
1.15; 95%CI, 1.00-1.31;P5.047), with a lower rate of secondary
infections and serious adverse events.108 There were no signifi-
cant differences in mortality between the 2 groups.108 In contrast,
the Efficacy and safety of baricitinib for the treatment of hospital-
ised adults with COVID-19 (COV-BARRIER) double-blind pla-
cebo-controlled study of 764 patients with baricitinib and 761
patients with placebo showed no differences in survival, progres-
sion to ventilatory support, or adverse events between the 2
groups.109 Of note, only 19% of the patients in the COV-
BARRIER received remdesivir, in contrast to 100% of the pa-
tients in ACTT-2. Other observational and meta-analysis studies
showed that the use of baricitinib was associated with reductions
in circulating levels of IL-6, monocyte chemotactic protein 3, IL-
10, CXCL10, and IFN-g,70 decreased mortality,110,111 and
decreased need for mechanical ventilation.110 Initially, the Food
and Drug Administration issued an EUA for the use of bariticinib
only in combination with remdesivir for the treatment of COVID-
19, but subsequently expanded this EUA to include patients hos-
pitalized with COVID-19 aged 2 years or older who require any
form of respiratory support. In 1 RCT, improvement with ruxoli-
tinib use was limited in significance to faster improvement on
lung computed tomography and recovery from lymphopenia,112

whereas a meta-analysis that included 2 additional clinical trials
concluded that ruxolitinib use reduces the risk of death (relative
risk, 0.33; 95% CI, 0.13-0.88; P 5 .0.3).110
IL-1 antagonists
Inhibitors of IL-1 signaling are used for treating hemophago-

cytic lymphohistiocytosis and macrophage activation syndrome
as well as monogenic autoinflammatory disorders.113-118 Of the 3
available IL-1b antagonists, anakinra, canakinumab, and
rilonacept, anakinra, which competitively inhibits the IL-1 type
I receptor, has been the most extensively studied in patients
with COVID-19. Several observational studies early in the
pandemic suggested that treatment with anakinra reduced mortal-
ity, without any increase in secondary infections or other adverse
events.119-121 Based on these outcomes, the suPAR-guided Ana-
kinra treatment for Validation of the risk and Early management
of SRF by COVID-19 (SAVE-MORE) double-blind, placebo-
controlled clinical trial randomized 405 patients to anakinra and
189 patients to placebo.122 Those who received anakinra had
reduced risk of worse clinical status at day 28 (adjusted propor-
tional odds of 0.36; 95% CI, 0.26-0.5) and lower mortality (HR,
0.45; P 5 .045).122 Similarly, a meta-analysis of 1185 patients
from 9 randomized controlled, comparative, and observational
studies found reduced mortality in those treated with anakinra
compared with placebo (adjusted OR, 0.32; 95% CI, 0.20-
0.51).123 Additional RCTs are needed to determine whether treat-
ment with anakinra benefits patients with COVID-19.
VACCINES
The mechanisms and efficacy of COVID-19 vaccines in the

general population have been extensively reviewed else-
where.124-126 Therefore, this section will address topics specific
to the patient populations with immunologic or allergic diseases.
Vaccine responses in patients with PIDs
At the time of this study, studies have begun to investigate the

response to COVID-19 vaccines in patients with PIDs. An early
study assessing cellular and humoral immunity following 2 doses
of the Pfizer-BioNTech vaccine in 22 patients with PID
showed that 81% (excluding 4 patients with X-linked
agammaglobulinemia) generated antispike antibodies; 73% of
the cohorts generated polyfunctional T-cell responses to spike
peptide stimulation, although only 2 patients with cellular defects
were studied.127 A larger study of 81 patients with PIDs showed
that 85.1% of patients generated detectable antispike antibodies;
lower rates of seroconversion were associated with prior
use of rituximab, T- or B-cell lymphopenia, and a history
of autoimmune polyendocrinopathy–candidiasis–ectodermal
dystrophy requiring chronic immunosuppressive therapy.128 As
increasing numbers of patients with immunodeficiency begin to
receive a third booster dose, future studies are needed to
determine the real-world impact of additional vaccine doses in
mitigating severe COVID-19 in these patients.
Allergic reactions to COVID-19 vaccines
The phase 3 clinical trials of COVID-19 vaccines showed no

significant difference in the incidence of anaphylaxis between
those who received placebo and vaccine.129 As of the time of this
publication, the rates of anaphylaxis to COVID-19 mRNA vac-
cines have been found to be comparable to those of other vac-
cines.130 A study of 64,900 health care workers reported that
higher rates of allergic reactions occurred in females and patients
with a previous history of atopy or other allergies within 30 mi-
nutes of the dose.131 Vaccine administration has not been associ-
ated with exacerbation of mastocytosis.132,133 Allergic reactions
to COVID-19 vaccines were initially attributed to polyethylene
glycol (PEG) and polysorbate 80, 2 hydrophilic polymers used
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as excipients in the mRNA-based COVID-19 vaccines as well as
other medical and cosmetic products.134,135 Approximately 4
cases of PEG-associated anaphylaxis occur in the United States
annually.134 Skin testing for PEG or polysorbate 80 was initially
suggested as a risk-stratification strategy for those with suspected
allergic reactions to the vaccines.129,134,135 However, positive skin
testing result to PEG or polysorbate and/or a history of immediate
reaction to the first COVID-19 vaccination were not found to be
predictive of allergic reactions to the second dose.135,136 Thus,
empiric skin testing with PEG, polysorbate, or SARS-CoV-2 vac-
cines is not recommended, except for patients in whom anaphy-
laxis to the first dose is strongly suspected.129 In these cases,
allergy consultation to determine graded dosing or switching vac-
cine types was recommended.129 An observation period of 30 mi-
nutes (compared with 15 minutes) after the second dose was
suggested for those who developed a severe allergic reaction to
their first dose,135 but this is not routinely recommended because
it does not change outcomes.129 Oral glucocorticoids are not rec-
ommended as premedication for patients at risk for allergic reac-
tions due to the potential for reduced immunity to the vaccine.129

In addition to anaphylaxis, both immediate and delayed-type
cutaneous reactions were reported.137-140 Immediate cutaneous
reactions included rashes, hives, or angioedema, and were not
found to recur in a cohort of 49,197 vaccinated health care
workers.137 More severe, but less common cutaneous reactions
include delayed subepidermal blistering eruptions developing a
median of 1 week after either the first or second vaccination
dose.140 The eruptions lasted a median of 3 weeks; treatments
used include topical or systemic glucocorticoids, doxycycline,
and nicotinamide.140 In a series of 13 patients with subepidermal
blistering eruptions, 5 developed the eruption after the first dose;
of these, 3 patients received the second dose, which was tolerated
without any recurrence of blistering.140 It has been suggested that
reactions after the first dose of the COVID-19 vaccine could also
indicate non-IgE mechanisms, including direct complement or
mast cell activation from the lipid nanoparticle or the RNA it-
self.141,142 Vasovagal or anxiety-related responses are also
possible and can often be confused with anaphylaxis.142

Vaccine-induced immune thrombotic thrombocytopenia is
rare, a nonallergic, immune-mediated adverse event associated
with 2 adenoviral vector-based vaccines, the ChAdOx1 and
Ad26.COV2.S vaccines.143,144 The symptoms of atypical throm-
bosis developed within 2 weeks of the first dose in patients who
were found to have autoantibodies against platelet factor 4.143

Anti–platelet factor 4 antibodies are most commonly seen as an
adverse reaction to heparin, but the patients with vaccine-
induced immune thrombotic thrombocytopenia had no history
of receiving heparin.145,146 The mechanisms underlying this phe-
nomenon remain unknown, because studies have not identified a
correlation between the development of anti–SARS-CoV-2 anti-
bodies and anti–platelet factor 4 antibodies.143,147 Because
vaccine-induced immune thrombotic thrombocytopenia is poten-
tially fatal, this is an absolute contraindication for revaccination
with the ChAdOx1 vaccine, but the vaccine remains available
to the general population due to the rarity of this adverse event.
CONCLUSIONS
Collectively, these studies highlight advances that have been

achieved in mitigating the risks of severe COVID-19 (Table I).
For patient with asthma, these studies have revealed the
contributions of asthma control, rather than merely the diagnosis
of asthma, in influencing COVID-19 severity. For patients with
PIDs, unpredictable clinical outcomes have underscored the
importance of COVID-19 vaccination, further supported by in-
vestigations showing the generation of spike-specific antibodies
and T cells in most patients with PIDs studied thus far. The iden-
tification of genetic variants either impairing IFN signaling in a
subgroup of patients with severe COVID-19 or increasing IFN
signaling in those with multisystem inflammatory syndrome in
children has highlighted the importance of a balanced immune
response to SARS-CoV-2 infection. Concordant with this, clinical
outcomes can be improved in some patients with severe COVID-
19 through inhibition of mediators downstream of IFN signaling,
such as IL-6 and JAK signaling. Future studies delineating the
mechanistic nuances governing the immunobiology of SARS-
CoV-2 infections will enable the development of interventions
for better clinical outcomes.

We thank Dr Raif S. Geha for his insightful input and guidance during the

writing of this manuscript.
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