
 

 

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. 

 



ARTICLE IN PRESS

Ann Allergy Asthma Immunol 000 (2022) 1−10

Contents lists available at ScienceDirect
Review
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Key Messages

� Multiple international cohort studies have revealed the safety of coronavirus disease 2019 vaccines in patients with inborn errors of
immunity (IEI) despite a high rate of reactogenicity.

� Reviewed studies published to date have revealed antibody responses in approximately 73% of patients with IEI who received coronavirus
disease 2019 vaccination and spike-directed T cell immunity in most patients after vaccination.

� Risks for poor antibody response included diagnosis of common variable immunodeficiency, IEI with presence of autoimmune complica-
tions, agammaglobulinemia, and other causes of B cell aplasia, including recent treatment with rituximab.

� Further studies are ongoing to evaluate the duration of immunity after vaccination in those with IEI.
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Objective: To update clinicians on current evidence regarding the immunogenicity and safety of coronavirus dis-
ease 2019 (COVID-19) vaccines in patients with inborn errors of immunity (IEI).
Data Sources: Peer-reviewed, published studies in PubMed, clinical trials listed on ClinicalTrials.gov, and profes-
sional organization and governmental guidelines.
Study Selections: Literature searches on PubMed and ClinicalTrials.gov were performed using a combination of
the following keywords: primary immunodeficiency, COVID-19, SARS-CoV-2, and vaccination.
Results: A total of 26 studies met the criteria and were included in this review. Overall, antibody responses to
COVID-19 vaccination were found in 72% of study subjects, with stronger responses observed after messenger
RNA vaccination. Neutralizing antibodies were detected in patients with IEI, though consistently at lower levels
than healthy controls. Risk factors for poor antibody responses included diagnosis of common variable immuno-
deficiency, presence of autoimmune comorbidities, and use of rituximab. T cell responses were detectable in
most patients with IEI, with poorer responses often found in patients with common variable immunodeficiency.
Safety of COVID-19 vaccines in patients with IEI was acceptable with high rates of reactogenicity but very few
serious adverse events, including in patients with immune dysregulation.
Conclusion: COVID-19 vaccines are safe in patients with IEI and seem to be immunogenic in most individuals,
with stronger responses found after messenger RNA vaccinations.
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Introduction

Since its emergence, coronavirus disease 2019 (COVID-19) has
been a considerable threat to immunocompromised patients. From
the earliest days of the ongoing COVID-19 pandemic, patients with
underlying comorbidities or those with immunosuppression seemed
to be at increased risk of severe disease.1,2 The subsequent develop-
ment of effective vaccines targeting severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has been a critical tool in
combating the pandemic. However, vaccine immunogenicity and
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safety in patients with inborn errors of immunity (IEI), in whom vac-
cine responses are often abnormal, have been an important topic of
research. With the introduction of effective monoclonal antibodies
and antiviral medications targeting SARS-CoV-2, including descrip-
tions of increasing antibody titers against SARS-CoV-2 in immuno-
globulin preparations, the question of appropriate prophylactic
management of this population is an area of ongoing interest.

Here, we review the impact of the COVID-19 epidemic on patients
with IEI and the current data regarding the use of COVID-19 vaccines
in this patient population. Immunogenicity, efficacy, and safety in
patients on immunosuppressive medications will also be briefly sum-
marized given the frequent use of immunomodulatory therapy in
patients with IEI, including passive immunity for patients unlikely to
respond to vaccination. Finally, current recommendations for vacci-
nations in patient populations with IEI will be discussed.
Coronavirus Disease 2019 in Patients With Inborn Errors of
Immunity

Multiple case series have addressed the elevated morbidity and
mortality of COVID-19 in patients with IEI. Meyts et al3 published an
international case series of 94 patients with IEI representing a broad
spectrum of immune defects. From this cohort, the clinical presenta-
tion and risk factors for severe COVID-19, including chronic lung dis-
ease and increased age, were similar to the general population.
Intensive care unit admissions and mortality were elevated com-
pared with the general population and trended toward increased
severity at a younger age.On the basis of 100 patients, Shields et al
revealed that patients with IEI and secondary immunodeficiency
were at increased risk of morbidity and mortality from COVID-19,
including at younger ages, with risk factors for hospitalization includ-
ing prophylactic antibiotics, chronic liver disease, and chronic lung
disease. Many additional small case series have been published with
similar observations, including a meta-analysis which revealed a 1.3-
fold increased mortality in IEI.4-8 Certain IEIs have also been associ-
ated with particularly severe COVID-19, including patients who pro-
duce type I interferon autoantibodies or those with primary
interferon pathway defects.9,10 Unfortunately, the pandemic has had
a substantialimpact on psychosocial functioning and mental health in
patients with IEI and caregivers.8,11,12

The immunologic response to natural SARS-CoV-2 infection has
been investigated in patients with IEI. Kinoshita et al published the
first report of detectable serologic and cellular immunity to COVID-
19 in patients with IEI.13 Hanitsch et al reported 5 patients with IEI
and severe or fatal COVID-19 who had prolonged viral shedding for
up to 4 months and viremia in 3 of the 5 cases. All patients had
observable CD4+ T cell responses, but no humoral response to SARS-
CoV-2.14 Furthermore, persistent viral shedding and increased viral
replication have been found in multiple immunocompromised popu-
lations, leading to concern about immunocompromised persons serv-
ing as a viral reservoir, with intrahost viral evolution leading to novel
variants.15-17
Coronavirus Disease 2019 Vaccination in Healthy Individuals

To date, 3 vaccines (Moderna mRNA-1273, Pfizer BNT162B2, and
Johnson and Johnson Ad26.COV2.S) are available in the United States
after phase III clinical trials revealed robust prevention of COVID-19
disease.18-20 Although reactogenicity was common, all 3 vaccines
were immunogenic and effective. There were 2 vaccines that used a
2-primary dose messenger RNA (mRNA) platform for healthy individ-
uals (mRNA-1273 and BNT162B2), whereas the Ad26.COV2.S involves
a single dose of a replication-incompetent human adenovirus type 26
vector. Thus far, in the setting of an excellent safety profile,
BNT162B2 and mRNA-1273 have received full approval from the US
Food and Drug Administration (FDA). Owing to ongoing concerns
regarding increased risk of thrombosis with thrombocytopenia syn-
drome, emergency authorization of Ad26.COV2.S is now limited to
individuals for whom other COVID-19 vaccines are not accessible or
clinically appropriate, or in individuals who would not otherwise
receive COVID-19 vaccination.21 In addition to serologic response,
both CD4+ and CD8+ T cell responses have been detected in healthy
individuals after vaccinations with each vaccine although CD4+ T cell
responses are more robust than CD8+ T cell response (Fig 1).22-24

Although safe and effective, immunogenicity of vaccines in the
United States wanes in several months.25-27 T cell responses, how-
ever, seem to be more durable in healthy individuals than serologic
response.25 Thus, booster vaccinations are now recommended for all
COVID-19 vaccines per the US Centers for Disease Control as of March
2022.28 Emerging variants to SARS-CoV-2, most prominently Delta
and Omicron, have also challenged vaccine efficacy.29 Recipients of
BNT162B2 had detectable neutralizing antibodies to the Omicron var-
iant, but with reduced titers compared with the ancestral virus, Beta
or Delta variants.30 Similarly, Hoffman et al29 found that mRNA vacci-
nations resulted in neutralization of Omicron variant, but with neu-
tralizing titers 4 to 5 times lower than wild type virus, and Liu et al31

revealed that cellular responses to the Delta and Omicron variants
were more durable than antibody responses after vaccination with
AdV26.COV2.S or BNT162B2.
Response to Other Vaccinations in Inborn Errors of Immunity

Increased risk of poor adaptive immune responses in patients
with IEI leads to concern for decreased benefit from vaccination
(Fig 1). Thus, immunogenicity of vaccines, including influenza, has
been investigated in a spectrum of immunodeficiencies. Friedmann
et al found that only 1 of 17 patients with common variable immuno-
deficiency (CVID) had a humoral response to influenza vaccination.
However, most patients with CVID produced ICOS+ T follicular helper
cells and influenza virus-specific T cells, although at a lower magni-
tude than healthy controls (HC).32 Similar studies have also revealed
detectable T cell responses after influenza vaccination in patients
with CVID, primary antibody deficiency (PAD), and patients with X-
linked agammaglobulinemia (XLA), including in patients with
severely decreased to absent antibody responses.14,33 Some groups
have hypothesized that T cell immunity, even in the setting of subop-
timal serologic response, provides some protection against severe
influenza disease in patients with IEI, and thus advocate for inacti-
vated influenza vaccination.34,35
Response to Coronavirus Disease 2019 Vaccination in Inborn
Errors of Immunity

As of April 2022, 23 studies have been published evaluating
immunogenicity of COVID-19 vaccination in IEI (Table 1). Delmonte
et al published one of the first cohorts comparing HC with 81 diverse
patients with IEI and 2 patients with thymoma after completion of
their primary vaccination series (2 doses of mRNA vaccination
[n = 80] or 1 dose of AdV26.COV2.S [n = 3]). Of the patients with IEI,
85% developed detectable anti−S-antibodies after completing their
primary vaccination series. Certain genetic diagnoses (including auto-
immune polyendocrinopathy-candidiasis-ectodermal dystrophy
[APECED]), previous use of rituximab, CD3+ T cell count less than
1000, and CD19+ B cell count less than 100 were associated with
lower anti-spike immunoglobulin (Ig)G titers.36 Similarly, Bergman
et al assessed antibody responses to the receptor binding domain of
spike (RBD) in 90 patients with IEI within a larger case series of 449
immunocompromised patients after their primary vaccination series
with BNT162B2. Of the patients with IEI, 73% seroconverted after vac-
cination, including 68% of patients with CVID and 78% of patients



Figure 1. Overview of adaptive immune response to COVID-19 vaccination and potential disruption points for representative IEI. COVID-19, coronavirus disease 2019; CSR, class
switch recombination; CVID, common variable immunodeficiency; IEI, inborn errors of immunity; IFN, interferon; Ig, immunoglobulin; IL, interleukin; SCID, severe combined
immunodeficiency; SH, somatic hypermutation; TFH, T follicular helper; TNF, tumor necrosis factor.
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with monogenic disease. Two patients with hypomorphic severe
combined immunodeficiency owing to ARTEMIS deficiency and a
patient with CARD11 deficiency did not seroconvert, though overall
patients with IEI had higher seroconversion than patients with solid
organ transplants or chronic lymphocytic leukemia. In a follow-up
study addressing salivary spike-specific immunoglobulin G (IgG)
after vaccination, patients with IEI had weaker salivary responses,
although overall salivary titers did correlate with serum neutralizing
capacity.37 Lower seroconversion rates (33% for patients with CVID)
were observed by Fernandez et al.38 In the largest case series to date,
van Leeuwen et al assessed 505 patients with IEI after vaccination
with mRNA-1273. Overall, mild antibody deficiencies and phagocytic
defects had similar seroconversion to HCs, whereas more severe IEI,
including CVID and combined immunodeficiency (CID), had lower
seroconversion rates.39

In a longitudinal study in the United Kingdom, Ponsford et al
described 304 patients with IEI, 49 of whom had molecularly con-
firmed SARS-CoV-2 infection.55 Of these individuals, 2 patients, both
with CID, died of COVID-19 after vaccination, as compared with 9
patients who were unvaccinated. Furthermore, 67% had detectable
anti-spike IgG, with humoral responses absent in 3 patients with XLA
and 8 with CID, including the 2 deceased patients. Combined IgA and
IgM deficiency or decreased B cell count (<50E6 cells/L) were associ-
ated with lower humoral vaccine response. Pfizer mRNA vaccination
produced 50% higher postvaccination titers as compared with ChA-
dOx1-S NCoV-19, a replication deficiency adenoviral vector vaccine
authorized internationally. Age and previous SARS-CoV-2 infection
were not associated with significant differences in postvaccine titer
(P >.05).55 Similarly, higher antibody titers were observed by Barmet-
tler et al and Shields et al with mRNA vaccination.44,61 Immunogenic-
ity of COVID-19 booster doses in IEI, for a total of 3 doses in patients
receiving mRNA vaccines or 2 doses of Ad26.COV2.S, is also under
investigation. Barmettler et al assessed 31 patients with PAD, 3 of
whom received primary vaccination with Ad26.COV2.S after a heter-
ologous mRNA vaccine boost. All patients increased mean anti-spike
antibody levels to that of HC after primary series vaccination.44 This
finding is similar to reports of improved immunogenicity after
booster doses in patients with other mechanisms of
immunocompromise.63

Several studies have used immunophenotyping to understand the
impact of B cell dysfunction on serologic response to COVID-19 vacci-
nation in primary antibody deficiencies. In 17 patients with CVID
assessed after BNT162B2 vaccination, Abo Helo et al found that
patients with normal numbers of peripheral B cells and switched
memory B cells mounted a serologic response. In contrast, only 5 of 7
patients with decreased switched memory B cells despite normal
total B cells mounted a response, and responses were absent in
patients without peripheral B cells.40 Similar results were found by
Schultz et al, with number of naive B cells serving as a predictor for
response to mRNA vaccination.64 Pulvirenti et al compared humoral
responses in 34 previously SARS-CoV-2−infected patients with CVID
before vaccination, 38 SARS-CoV-2−naive patients with CVID after 2
vaccinations with BNT162B2, and 20 SARS-CoV-2−convalescent
patients with CVID after vaccination with BNT162B2.56 Detection of
spike-specific IgG was more common post SARS-CoV-2 natural infec-
tion as compared with post-vaccination. Furthermore, antibody
response was boosted by vaccination in previously SARS-CoV-2
−infected patients. The investigators postulated that SARS-CoV-2
infection primed a more efficient classical memory B cell response,
whereas BNT162B2 vaccination alone induced noncanonical B cell
responses in CVID characterized by CD19+CD27�CD24�CD38� atypi-
cal memory B cells with low binding capacity of IgG to spike pro-
tein.65 Similarly, Salinas et al investigated 41 patients with CVID and
6 with XLA after vaccination with BNT162B2. Anti-spike IgG was
found to be higher in patients with previous infection, and vaccina-
tion boosted response in most patients for whom data were available.
Patients with CVID generated atypical spike-specific B cells and unde-
tectable RBD-specific B cells, whereas HCs generated spike-specific
typical memory B cells and RBD-specific B cells.58

Although early studies focused mainly on seroconversion, several
studies have in addition evaluated functional activity of anti-spike
antibodies. A hierarchy of functional tests have included the follow-
ing: (1) anti-spike RBD antibody; (2) trimeric anti-spike antibody; (3)
neutralizing activity of antibodies against spike protein by



Table 1
Immunogenicity of COVID-19 Vaccines in Patients With IEI

Author Total number
of patients
with IEI

Vaccine IEI diagnosis Humoral immunity findings Cellular immunity findings

Abo Helo et al40 17 BNT162B2 CVID 65%a NR
Amodio et al41 21 BNT162B2 XLA, CVID, antibody deficiency 95% anti-spike RBD antibody, 86% anti-

trimeric spike Ab
76%b

Antoli et al42 28 BNT162B2, mRNA-1273, ChAdOx1
nCoV-19, Ad26.COV2.S

CVID 71.4% 71%

Arroyo-Sanchez et al43 18 BNT162B2, mRNA-1273, ChAdOx1 CVID 83% any, 50% neutralizing 83%
Barmettler et al44 62 BNT162B2, mRNA-1273, Ad26.COV2.

S
Primary antibody deficiency 59.7% after initial series; 14x higher after

booster 2erologic response
NR

Barrios et al45 17 BNT162B2 CVID 70.5% 82%
Bergman et al46 78 BNT162B2 CVID, XLA, CID, “monogenic” 73%
Bradley et al47 1 BNT162B2 WAS 100% 100%
Delmonte et al36 81 BNT162B2, mRNA-1273, Ad26.COV2.

S
SCID, APECED, CD40L, CID, CVID, FOXN1, hypo-
gammaglobulinemia, MagT1, immune dysre-
gulation, RAG, RALD, SASH3, STAT 3 LOF, STAT3
GOF, WAS, WHIM, XLA

85% NR

Fernandez-Salinas et al38 33 BNT162B2 CVID 33% NR
Goda et al48 30 ChAdOx1

BNT162b2 Booster
CVID 83% Any after booster

80% Neutralizing after mRNA booster
53% after ChAdOx1
83% after mRNA booster

Gupta et al49 10 BNT162B2 CVID NR Lower SARS-CoV-2 tetramer-specific CD8+ T
cells, lower CD8+ granzyme+ perforin+ T
cells

Hagin et al50 26 BNT162B2 XLA, hypogammaglobulinemia, STAT1 GOF, CVID,
STAT3 LOF, NFKB1, Complement deficiency,
IgG2 deficiency, CVID

69% 73%

Jalil, Abraham et al51 1 BNT162B2 CVID 100% NR
Jalil, Rowane et al52 1 BNT162B2 MagT1 100% NR
Oshiro et al53 1 Coronovac XLA 0% 100%
Pham et al54 33 BNT162B2, mRNA-1273 Hypo/agammaglobulinemia, XLA, CVID, SAD,

Good syndrome, CD40L, CTLA4 haploinsuffi-
ciency, PIK3R1 deficiency, ataxia telangiectasia,
ATP6AP1 deficiency

48% anti RBD-specific Ab; 6% with ACE2
receptor blocking activity > 50%

77% with detectable T cell specificity

Ponsford et al55 156 BNT162B2,
mRNA-1273, ChAdOx1

CVID, hypogammaglobulinemia, CID, SAD,
DiGeorge, XLA, STAT1 GOF, APECED, CD40L,
CGD, CTLA4, complement 2 deficiency, ADA2,
IFNGR1, CHH, STAT3 LOF, idiopathic CD4+ T cell
lymphopenia, WAS

67% NR

Pulvirenti et al56 58 BNT162B2 CVID 34% post-vaccination; 100% post-infec-
tion and vaccination serologic
response

1/9 after immunization, 0/3 convalescent and
immunized

Romano et al57 5 BNT162B2, mRNA-1273 CVID 80% NR
Salinas et al58 47 BNT162B2 CVID, XLA 20% 70% CVID, 83% XLA
Sauerwein et al59 73 BNT162B2 CVID, PAD 48% of CVID, 77% of PAD CVID nonresponders have defective vaccine

specific activation of CXCR5-negative CD4+
memory T cells and defective T follicular
helper cells. CVID responders and PAD
have intact vaccine specific activation of
CXCR5-CD4+ memory T cells

Schulz-Cherry et al60 25 mRNA-1273, BNT162B2 SAD, subclass deficiency, CVID, “other” 73% NR
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pseudoneutralizing antibody/angiotensin-converting enzyme 2
receptor blocking activity; and (4) in vitro viral neutralizing antibody
assays. Amodio et al investigated 21 patients with XLA, CID, and
unclassified antibody deficiency who received BNT162B2.41 Both HC
and patients with IEI had an increase in anti-spike antibody levels;
however, levels were lower in patients with IEI, and antitrimeric anti-
bodies, which correlate with neutralization, were present in HC but
absent in patients with IEI.66 The presence of less effective antibody
by neutralization or pseudoneutralization in patients with IEI was
also found in large case series recently published by Shields et al and
van Leeuwen et al.39,61 Similarly, in a study by Pham et al, 33 patients
with humoral defects were evaluated post-BNT162b2 or mRNA-1273
vaccine. Although 16 of 33 subjects had detectable RBD-specific IgG
responses, only 2 of 16 had an angiotensin-converting enzyme 2
receptor block activity more than 50%, suggesting that many patients
with IEI have suboptimal neutralization activity against SARS-CoV-
2.54

Many studies have sought to evaluate spike-specific T cell
responses after vaccination, especially in patients who are expected
to have poor or absent antibody responses. Amodio et al revealed
that all HC had T cell responses, but only 16 of 21 patients with IEI
had detectable cellular immune responses. Of note, in the patients
with IEI who have a T cell response, the magnitude of their T cell
response seemed to be greater than HC which may be a compensa-
tory mechanism for poorer antibody responses.41 Similarly, Arroyo-
Sanchez et al evaluated 18 patients with CVID, including 1 patient
who received ChAdOX1-S.43,67 Although 83% of patients with CVID
also have an anti-spike T cell response, the magnitude of both anti-
body and cellular responses in CVID was lower than HC. Hagin et al.
published a series of 26 patients, including CID, immune dysregula-
tion, and XLA. They found that 73% of patients exhibited a cellular
response.50 With specific regard to cytotoxic CD8+ T cells, Gupta et al
revealed that SARS-CoV-2−specific tetramer+ CD8+ T cells and func-
tional CD8+ 107a+ granzyme B+ perforin+ T cells were significantly
lower in 5 patients with CVID after BNT162B2 compared with HCs (P
≤.0003).49 Van Leeuwen et al also noted spike-specific T cell
responses that were comparable to HCs by Ifn-g release assay, with
exception of patients with CVID (67% responders vs 88% in HCs).
Finally, in 168 patients with IEI evaluated by Shields et al, 46% of indi-
viduals had detectable T cell responses. Importantly, the presence of
T cell response was associated with improved antibody responses.61

Though general vaccine response rates have been reassuring, the
durability of immunity in patients with IEI has been a critical ques-
tion. To this end, several recent studies have evaluated longitudinal
efficacy of COVID-19 vaccination in patients with IEI. Ponsford et al
noted that increased time since vaccination was associated with fall-
ing titers, similar to trends in HC. Shields et al also found a gradual
decrease in titers in the 6 months after vaccination, although higher
titers were observed in patients who received BNT162b2 vs ChA-
dOx1-S. Di Fusco et al evaluated the rate and severity of break-
through infections in immunocompromised patients who received
BNT162b2 vaccination during late 2020 to mid-2021. In their cohort,
7 of 3190 (0.22%) of patients with IEI had breakthrough infections in
the 8-month study period. This rate was comparable with patients
with rheumatologic conditions and patients receiving antimetabolite
therapy but lower than solid organ transplant recipients.68 There
were 11 breakthrough cases observed by Shields et al in a case series
of more than 500 patients with IEI, 10 of them occurred in recipients
of ChAdOx1-S.61

In addition to prevention, Bradley et al published a notable case
report of a male adult with Wiskott-Aldrich syndrome who had per-
sistent COVID-19 with undetectable humoral and equivocal T cell
response to SARS-CoV-2 on day 140 of illness who was subsequently
treated for COVID-19 with 2 doses of BNT162B2. Vaccines were well
tolerated. Two weeks after completion of his series, he had detectable
anti-spike cellular and humoral responses with declining SARS-CoV-2
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viral load on respiratory polymerase chain reaction. He was finally
SARS-CoV-2 virus clear at 72 days after his first vaccine dose and
218 days after his initial positive test result.47
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Safety of Coronavirus Disease 2019 Vaccinations in Inborn Errors
of Immunity

To date, COVID-19 vaccines have had an excellent safety profile in
patients with IEI (Table 2). Reactogenicity to mRNA vaccines is com-
mon in patients with IEI and seems to occur more frequently than in
the general population (Table 2). Common symptoms include fever,
myalgias, and fatigue, but severity does not seem to be increased in
patients with IEI. Given the high rates of reactogenicity and the rare
inflammatory events after COVID-19 vaccines, safety of the vaccines
in patients with IEI with autoimmune or autoinflammatory complica-
tions has been a particular concern for clinicians. Importantly, several
publications have noted limited to no marked flaring of autoinflam-
matory disorders after COVID-19 vaccination. Peet et al evaluated
130 patients with a variety of autoinflammatory disorders who
received one or more doses of COVID-19 vaccines (ChAdOx1-S or
BNT162B2), and no serious adverse reactions or hospitalizations
were reported after vaccination.69 Of note, most of these patients did
not interrupt immunomodulatory therapy during vaccination. Fur-
thermore, substantial inflammatory disease flares have not been
found after receipt of mRNA vaccines. In the limited number of
patients with IEI complicated by autoimmunity or primary immuno-
dysregulatory disorders, vaccinations have been similarly well toler-
ated without worsening of autoimmune conditions. In addition,
studies of patients with autoimmune conditions including systemic
lupus erythematosus, rheumatoid arthritis, and inflammatory bowel
disease have described excellent tolerance of COVID-19 vaccines
without notable induction of disease flares.70−72

Serious adverse events after COVID-19 vaccination have included
anaphylaxis, myocarditis, idiopathic thrombocytopenic purpura, and
vaccine-associated immune thrombotic thrombocytopenia.74−76

These events have been extremely rare, and to date, there has been
no evidence that patients with IEI are at higher risk for adverse events
after COVID-19 vaccinations. As immune thrombocytopenia (ITP) and
vaccine-associated immune thrombotic thrombocytopenia seem to be
antibody mediated, it is possible that use of immunoglobulin replace-
ment therapy may provide some risk reduction against these adverse
effects. However, given the small number of patients with IEI who
have been vaccinated, the true risk of these adverse effects remains
unclear. ITP and vaccine-induced thrombotic thrombocytopenia
(VITT) seem to be more highly associated with adenoviral vaccines,
and accordingly, in patients with thrombotic risks or history of ITP,
avoidance of adenoviral vaccines would be prudent.
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Immunosuppression and Coronavirus Disease 2019 Vaccine
Responses

Many patients with IEI require immunosuppressive therapy for
management of autoimmune or autoinflammatory disease, and
many such therapies could affect the efficacy and safety of vaccines. B
cell-targeting therapies have well described impacts on antibody pro-
duction, and T cell-targeting therapy may decrease induction of cyto-
toxic responses and T follicular helper cells. Delmonte et al. noted
that overall use of immunomodulators in patients with IEI did not
significantly affect the chances of antibody responses after COVID-19
vaccination, though patients treated with rituximab in the previous
5 years uniformly failed to generate SARS-CoV-2 antibodies after 2
vaccinations (P >.05).36 Notably, 4 patients receiving Janus kinase
inhibitors had intact antibody responses. Studies of COVID-19 vaccine
responses in non-IEI immunosuppressed populations have revealed
similar outcomes.15,46,77,78 However, data from van Leeuven et al



Figure 2. Proposed workflow for active and passive COVID-19 immunization in patients with IEI. COVID-19, coronavirus disease 2019; IEI, inborn errors of immunity; mRNA, mes-
senger RNA; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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revealed that COVID-19 vaccine nonresponders with IEI had statisti-
cally significantly increased autoimmune cytopenias, granulomatous
lymphocytic interstitial lung disease, and use of immunosuppressive
medications, including in a multivariable logistic regression model,
as compared with responders (P <.0001).39 A meta-analysis by Ram-
irez et al of more than 11,000 patients with autoimmune conditions
revealed humoral and cellular responses in 85% of patients overall,
but neutralizing antibody responses were less robust than in HC.
Anti-B cell therapy was also associated with poorer antibody
responses (37% overall from 9 studies) consistent with data from
patients with IEI.79
Immunoglobulin Replacement Therapy and Coronavirus Disease
2019 Vaccination

Patients with IEI frequently receive immunoglobulin replacement
therapy (IGRT) providing protection against many circulating and vac-
cine-preventable illnesses. The delay from plasma donation to prod-
uct (typically approximately 9 to 10 months) may affect coverage of
emerging viral variants. In addition, IGRT adversely affects active vac-
cination against pathogens that are targeted by donor antibodies.80

Studies evaluating SARS-CoV-2 antibody titers in commercial immu-
noglobulin products have revealed an increasing trend in titers over
time, but with lot-to-lot variability.81,82 A more recent study by Miller
et al revealed that the upward trend in neutralizing antibodies has
continued in commercially available products in 2021.83 Thankfully,
Delmonte et al did not note any difference in response to COVID-19
vaccination in patients with IEI who were receiving IGRT vs those
who were not.36 Many other case series similarly revealed preserved
antibody and cellular responses after vaccination in patients receiving
IGRT.40,56,58,62 Given the safety of the vaccines in patients with IEI and
the potential benefit of cellular responses, it is felt that vaccination of
those receiving IGRT is advisable. Longitudinal studies of SARS-CoV-2
titers in commercially available immunoglobulin preparations will be
useful to understand the potential impact of IGRT on diagnostics and
risk of COVID-19 in patients receiving this therapy.
Passive Immune Therapies Against Coronavirus Disease 2019

Passive immunotherapies, including monoclonal antibodies tar-
geting the spike RBD of SARS-CoV-2, have been developed and are
indicated for acute treatment, post-exposure prophylaxis, and lon-
ger-term preventative therapy of COVID-19. Preventative therapy,
currently authorized as tixagevimab co-packaged with cilgavimab, is
specifically intended for those who are not expected to mount ade-
quate responses to active vaccination, and therefore would be
appropriate for patients with IEI. During the delta variant surge, use
of monoclonal antibody therapy for breakthrough infections in high-
risk patients reduced hospitalization by 77%, and the number needed
to treat to prevent hospitalization of 1 immunocompromised patient
was 12.84 Furthermore, in patients with high risk of severe COVID-19
owing to APECED, monoclonal antibody therapy has been used suc-
cessfully to prevent disease progression.85 Unfortunately, evasion of
monoclonal antibody therapy with emerging variants develops rap-
idly. High-risk patients were found to have 74% reduction in progres-
sion to severe COVID-19 after receiving sotrovimab; however, the
FDA has recently reversed emergency use authorization because of
lack of efficacy against emerging Omicron subvariants.86 In contrast,
bebtelovimab has recently received FDA emergency use authoriza-
tion and maintains activity against the new Omicron BA.2 subvar-
iant.87 The full impact of monoclonal therapies on vaccine efficacy
remains unclear, though case reports of successful seroconversion
with vaccination post-monoclonal antibody therapy support active
immunization in this setting.60 Presently, vaccine doses are recom-
mended at least 2 weeks before giving a preventative monoclonal
antibody therapy to minimize the chance of interference (Fig 2),
though large studies of vaccine efficacy with or without monoclonal
antibody therapy have not been performed.
Limitations and Future Needs

Much progress has been made to understand COVID-19 vaccine
responses in patients with IEI, but many questions remain unanswered.
Ideal vaccine regimens, timing of boosters, and the duration of protec-
tion after vaccination in IEI remain unclear. To date, most of the studies
have been conducted in the United States and Europe, and therefore lit-
tle data are available regarding the numerous additional platforms and
vaccines used around theworld.88 At this time, only 1 study in 1 patient
addresses Coronovac, which uses a whole inactivated virus.53 The pre-
ponderance of data are from mRNA vaccines which pose an interna-
tional vaccination challenge given the need for cold chain and freezer
storage. With the prevalence of IEI globally, and the observed increased
immunogenicity of mRNA vaccinations in this patient population, dis-
tribution and availability to patients with immunodeficiency are criti-
cal. Fortunately, preliminary data on uptake of COVID-19 vaccination in
patients with IEI are encouraging. Ponsford et al reported that 93% of
302 patients with IEI in the United Kingdom had received their second
dose by September 2021, whereas only 14 patients declined.55

Efficacy and immunogenicity may be mildly compromised in
patients with IEI, but COVID-19 vaccines with available data seem to
have a favorable safety profile, even in the setting of autoimmune and
autoinflammatory diseases. Thus, although benefit may be limited in
some patients, risk is also minimal for non-live vaccination platforms.



Figure 3. COVID-19 vaccination in IEI: key points. CID, combined immunodeficiency;
COVID-19, coronavirus disease 2019; CVID, common variable immunodeficiency; IEI,
inborn errors of immunity; Ig, immunoglobulin; mRNA, messenger RNA; PAD, primary
antibody deficiency.
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Vaccination, especially if an mRNA vaccine is available, should be
strongly recommended to most, if not all, patients with IEI. Given the
stronger immunogenicity observed in mRNA vaccines (mRNA-1273
and BNT162B2) compared with adenovirus-based vaccines, including
in patients with IEI, and the association between adenoviral vaccines
and very rare but serious complications owing to VITT, mRNA vaccines
should be preferred in the IEI population when available.61
Conclusion

COVID-19 continues to pose a great risk to patients with IEI; and
vaccination against SARS-CoV-2 remains the best preventative tool in
reducing hospitalizations and deaths. In 26 available studies where
1439 patients with IEI have been vaccinated against SARS-CoV-2,
overall serologic response rate is favorable at 72%. Adaptive immune
responses are heterogeneous, with poorer antibody responses in B
cell dysfunctional and aplastic patients, but cellular immunity may
offer compensatory protection. Studies to date of breakthrough infec-
tions after vaccination do give cause for optimism, including in
eTable 1
Online Resources for COVID-19 Vaccination in IEI

Organization Web resource

American Academy of Allergy Asthma &
Immunology

https://www.aaaai.org/Tools-for-the-Public/

American Cancer Society https://www.cancer.org/treatment/treatmen
cines-in-people-with-cancer.html

American College of Allergy, Asthma, &
Immunology

https://acaai.org/news/allergy/

American College of Rheumatology https://www.rheumatology.org/Portals/0/Fil
American College of Rheumatology https://www.rheumatology.org/Portals/0/Fil
American Society of Transplantation https://www.myast.org/sites/default/files/as

https://www.myast.org/covid-19-vaccine-fa
European Society for Immunodeficiency https://esid.org/COVID-19/ESID-COVID-19-S
Immune Deficiency Foundation https://primaryimmune.org/news/covid-19-

category/covid-19?page=1
International Organization for the Study
of Inflammatory Bowel Disease

https://ioibd.org/wp-content/uploads/2021/0

International Society of Heart and Lung
Transplantation

https://ishlt.org/covid-19-information

National Comprehensive Cancer Network https://www.nccn.org/covid-19
US Centers for Disease Control and
Prevention

https://www.cdc.gov/vaccines/covid-19/clin
www.cdc.gov/coronavirus/2019-ncov/vacc

World Health Organization https://www.who.int/publications/i/item/W

Abbreviations: COVID-19, coronavirus disease 2019; IEI, inborn errors of immunity.
patients with IEI (Fig 3).39 As the data rapidly evolve, professional
organizations will continue to be an essential source for updated
guidance, including resources listed in eTable 1. Additional longitudi-
nal studies of vaccine efficacy in IEI are currently underway
(NCT04852276) and it is hoped to provide further guidance to clini-
cians and patients regarding best methods to prevent COVID-19 in
this population.42,45,48,51,52,57,59,73
Supplementary Data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.anai.2022.06.009
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12. Akda�g B, €Onder A, Gizli Çoban O, Uygun DFK, Adanır AS, Erdem A, et al. Psychologi-
cal state of parents of children with primary immunodeficiencies during the
COVID-19 pandemic. Pediatr Allergy Immunol Pulmonol. 2022;35(1):12–18.

13. Kinoshita H, Durkee-Shock J, Jensen-Wachspress M, Kankate VV, Lang H, Lazarski
CA, et al. Robust antibody and T cell responses to SARS-CoV-2 in patients with
antibody deficiency. J Clin Immunol. 2021;41(6):1146–1153.

14. Hanitsch LG, L€obel M, Mieves JF, Bauer S, Babel N, Schweiger B, et al. Cellular and
humoral influenza-specific immune response upon vaccination in patients with
common variable immunodeficiency and unclassified antibody deficiency. Vaccine.
2016;34(21):2417–2423.

15. Haidar G, Mellors JW. Improving the outcomes of immunocompromised patients
with coronavirus disease 2019. Clin Infect Dis. 2021;73(6):e1397–e1401.

16. McCormick KD, Jacobs JL, Mellors JW. The emerging plasticity of SARS-CoV-2. Sci-
ence. 2021;371(6536):1306–1308.

17. Kemp SA, Collier DA, Datir RP, Ferreira IATM, Gayed S, Jahun A, et al. SARS-CoV-2
evolution during treatment of chronic infection. Nature. 2021;592(7853):277–
282.

18. Sadoff J, Gray G, Vandebosch A, C�ardenas V, Shukarev G, Grinsztejn B, et al. Final
analysis of efficacy and safety of single-dose Ad26.COV2.S. N Engl J Med. 2022;386
(9):847–860.

19. El Sahly HM, Baden LR, Essink B, Doblecki-Lewis S, Martin JM, Anderson EJ, et al.
Efficacy of the mRNA-1273 SARS-CoV-2 vaccine at completion of blinded phase. N
Engl J Med. 2021;385(19):1774–1785.

20. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety and
efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med. 2020;383
(27):2603–2615.

21. https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-
update-fda-limits-use-janssen-covid-19-vaccine-certain-individuals. Accessed
July 6, 2022.

22. Walsh EE, Frenck RW, Jr Falsey AR, Kitchin N, Absalon J, Gurtman A, et al. Safety
and immunogenicity of two RNA-based Covid-19 vaccine candidates. N Engl J Med.
2020;383(25):2439–2450.

23. Sadoff J, Le Gars M, Shukarev G, Heerwegh D, Truyers C, de Groot AM, et al. Interim
Results of a phase 1-2a trial of Ad26.COV2.S Covid-19 vaccine. N Engl J Med.
2021;384(19):1824–1835.

24. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN, et al. An
mRNA vaccine against SARS-CoV-2 - preliminary report. N Engl J Med. 2020;383
(20):1920–1931.

25. Collier AY, Yu J, McMahan K, Liu J, Chandrashekar A, Maron JS, et al. Differential
kinetics of immune responses elicited by Covid-19 vaccines. N Engl J Med.
2021;385(21):2010–2012.

26. Falsey AR, Frenck Jr RW, Walsh EE, Kitchin N, Absalon J, Gurtman A, et al. SARS-
CoV-2 neutralization with BNT162b2 vaccine dose 3. N Engl J Med. 2021;385
(17):1627–1629.

27. Pegu A, O’Connell SE, Schmidt SD, O’Dell S, Talana CA, Lai L, et al. Durability of
mRNA-1273 vaccine-induced antibodies against SARS-CoV-2 variants. Science.
2021;373(6561):1372–1377.

28. Interim Clinical Considerations for Use of COVID-19 Vaccines Currently Approved
or Authorized in the United States; 2022. https://www.cdc.gov/vaccines/covid-19/
clinical-considerations/covid-19-vaccines-us.html. Accessed July 06, 2022.

29. Hoffmann M, Kr€uger N, Schulz S, Cossmann A, Rocha C, Kempf A, et al. The Omi-
cron variant is highly resistant against antibody-mediated neutralization: implica-
tions for control of the COVID-19 pandemic. Cell. 2022;185(3):447-456.e11.

30. Lu L, Mok BW, Chen LL, Chan JMC, Tsang OTY, Lam BHS, et al. Neutralization of
SARS-CoV-2 Omicron variant by sera from BNT162b2 or Coronavac vaccine recipi-
ents [e-pub ahead of print]. Clin Infect Dis. 2021. doi:10.1093/cid/ciab1041,
Accessed July 06, 2022.

31. Liu J, Chandrashekar A, Sellers D, Barrett J, Lifton M, McMahan K, et al. Vaccines elicit
highly cross-reactive cellular immunity to the SARS-CoV-2 omicron variant. medRxiv.
2022. https://doi.org/10.1101/2022.01.02.22268634. 2022.01.02.22268634.

32. Friedmann D, Goldacker S, Peter HH, Warnatz K. Preserved cellular immunity
upon influenza vaccination in most patients with common variable immunodefi-
ciency. J Allergy Clin Immunol Pract. 2020;8(7):2332-2340.e5.

33. Liu Y, Wu Y, Lam KT, Lee PP, Tu W, Lau YL. Dendritic and T cell response to influ-
enza is normal in the patients with X-linked agammaglobulinemia. J Clin Immunol.
2012;32(3):421–429.

34. Medical Advisory Committee of the Immune Deficiency FoundationShearer WT,
Fleisher TA, Buckley RH, Ballas Z, Ballow M, et al. Recommendations for live viral
and bacterial vaccines in immunodeficient patients and their close contacts. J
Allergy Clin Immunol. 2014;133(4):961–966.

35. Martire B, Azzari C, Badolato R, Canessa C, Cirillo E, Gallo V, et al. Vaccination in
immunocompromised host: recommendations of Italian Primary Immunodefi-
ciency Network Centers (IPINET) [published correction appears in Vaccine.
2018;36(50):7753]. Vaccine. 2018;36(24):3541–3554.

36. Delmonte OM, Bergerson JRE, Burbelo PD, Durkee-Shock JR, Dobbs K, Bosticardo
M, et al. Antibody responses to the SARS-CoV-2 vaccine in individuals with various
inborn errors of immunity. J Allergy Clin Immunol. 2021;148(5):1192–1197.

37. Healy K, Pin E, Chen P, S€oderdahl G, Nowak P, Mielke S, et al. Salivary IgG to SARS-
CoV-2 indicates seroconversion and correlates to serum neutralization in mRNA-
vaccinated immunocompromised individuals.Med (N Y). 2022;3(2):137-153.e3.

38. Fernandez Salinas A, Piano Mortari E, Terreri S, Milito C, Zaffina S, Perno CF, et al.
Impaired memory B-cell response to the Pfizer-BioNTech COVID-19 vaccine in
patients with common variable immunodeficiency. J Allergy Clin Immunol.
2022;149(1):76–77.

39. van Leeuwen LPM, GeurtsvanKessel CH, Ellerbroek PM, de Bree GJ, Potjewijd J,
Rutgers A, et al. Immunogenicity of the mRNA-1273 COVID-19 vaccine in adult
patients with inborn errors of immunity. J Allergy Clin Immunol. 2022;149
(6):1949–1957.

40. Abo-Helo N, Muhammad E, Ghaben-Amara S, Panasoff J, Cohen S. Specific antibody
response of patients with common variable immunodeficiency to BNT162b2 corona-
virus disease 2019 vaccination. Ann Allergy Asthma Immunol. 2021;127(4):501–503.

41. Amodio D, Ruggiero A, Sgrulletti M, Pighi C, Cotugno N, Medri C, et al. Humoral and
cellular response following vaccination with the BNT162b2 mRNA COVID-19 vac-
cine in patients affected by primary immunodeficiencies. Front Immunol. 2021;12:
727850.

42. Antoli A, Rocamora-Blanch G, Framil M, Mas-Bosch V, Navarro S, Bermudez C, et al.
Evaluation of humoral and cellular immune responses to the SARS-CoV-2 vaccine
in patients with common variable immunodeficiency phenotype and patient
receiving B-cell depletion therapy. Front Immunol. 2022;13:895209.

43. Arroyo-S�anchez D, Cabrera-Marante O, Laguna-Goya R, Almendro-V�azquez P, Car-
retero O, Gil-Etayo FJ, et al. Immunogenicity of anti-SARS-CoV-2 vaccines in com-
mon variable immunodeficiency. J Clin Immunol. 2022;42(2):240–252.

44. Barmettler S, DiGiacomo DV, Yang NJ, Lam T, Naranbhai V, Dighe AS, et al.
Response to SARS-CoV-2 initial series and additional dose vaccine in patients with
predominant antibody deficiency. J Allergy Clin Immunol Pract. 2022;10(6):1622-
1634.e4.

45. Barrios Y, Franco A, Alava-Cruz C, Cuesta-Martin R, Camara C, Matheu V. Easy
approach to detect cell immunity to COVID vaccines in common variable immuno-
deficiency patients. Allergol Immunopathol (Madr). 2022;50(3):101–105.

46. Bergman P, Blennow O, Hansson L, Mielke S, Nowak P, Chen P, et al. Safety and effi-
cacy of the mRNA BNT162b2 vaccine against SARS-CoV-2 in five groups of immu-
nocompromised patients and healthy controls in a prospective open-label clinical
trial. EBiomedicine. 2021;74:103705.

47. Bradley RE, Ponsford MJ, Scurr MJ, Godkin A, Jolles S. Immunodeficiency Centre for
Wales. Persistent COVID-19 infection inWiskott-Aldrich syndrome cleared follow-
ing therapeutic vaccination: a case report. J Clin Immunol. 2022;42(1):32–35.

48. Goda V, Kriv�an G, Kulcs�ar A, G€onczi M, Tasn�ady S, Matula Z, et al. Specific antibody
and the T-cell response elicited by BNT162b2 boosting after two ChAdOx1 nCoV-
19 in common variable immunodeficiency. Front Immunol. 2022. https://doi.org/
10.3389/fimmu.2022.907125.

49. Gupta S, Agrawal S, Sandoval A, Su H, Tran M, Demirdag Y. SARS-CoV-2-Specific
and functional cytotoxic CD8 cells in primary antibody deficiency: natural infec-
tion and response to vaccine [e-pub ahead of print]. J Clin Immunol. 2022.
doi:10.1007/s10875-022-01256-y, Accessed July 06, 2022.

50. Hagin D, Freund T, Navon M, Halperin T, Adir D, Marom R, et al. Immunogenicity of
Pfizer-BioNTech COVID-19 vaccine in patients with inborn errors of immunity. J
Allergy Clin Immunol. 2021;148(3):739–749.

51. Jalil M, Abraham JM, Hostoffer R. The successful vaccination of an IVIgG naive CVID
patient with an mRNA COVID-19 vaccine. Allergy Rhinol (Providence). 2021;12:
21526567211049744.

52. Jalil M, Rowane M, Rajan J, Hostoffer R. Successful anti-SARS-CoV-2 spike protein
antibody response to vaccination in MAGT1 deficiency. Allergy Rhinol (Providence).
2021;12: 21526567211056239.

53. Oshiro TM, da Silva LT, Ortega MM, Perazzio SF, Duarte A, Carneiro-Sampaio M.
Patient with agammaglobulinemia produces anti-SARS-CoV-2 reactive T-cells
after CoronaVac vaccine. Clinics (Sao Paulo). 2022;77: 100007.

54. Pham MN, Murugesan K, Banaei N, Pinsky BA, Tang M, Hoyte E, et al. Immunoge-
nicity and tolerability of COVID-19 messenger RNA vaccines in primary immuno-
deficiency patients with functional B-cell defects. J Allergy Clin Immunol. 2022;149
(3):907-911.e3.

55. Ponsford MJ, Evans K, Carne EM, Jolles S. Immunodeficiency Centre for Wales and
Division of Population Medicine. COVID-19 vaccine uptake and efficacy in a
national immunodeficiency cohort. J Clin Immunol. 2022;42(4):728–731.

56. Pulvirenti F, Fernandez Salinas A, Milito C, Terreri S, Mortari EP, Quintarelli C, et al.
B cell response induced by SARS-CoV-2 infection is boosted by the BNT162b2 vac-
cine in primary antibody deficiencies. Cells. 2021;10(11):2915.

57. Romano C, Esposito S, Donnarumma G, Marrone A. Detection of neutralizing anti-
severe acute respiratory syndrome coronavirus 2 antibodies in patients with com-
mon variable immunodeficiency after immunization with messenger RNA vac-
cines. Ann Allergy Asthma Immunol. 2021;127(4):499–501.

58. Salinas AF, Mortari EP, Terreri S, Quintarelli C, Pulvirenti F, Di Cecca S, et al. SARS-
CoV-2 vaccine induced atypical immune responses in antibody defects: everybody
does their best. J Clin Immunol. 2021;41(8):1709–1722.

59. Sauerwein KMT, Geier CB, Stemberger RF, Akyaman H, Illes P, Fischer MB, et al.
Antigen-specific CD4(+) T-cell activation in primary antibody deficiency after
BNT162b2 mRNA COVID-19 vaccination. Front Immunol. 2022;13: 827048.

60. Schultz-Cherry S, McGargill MA, Thomas PG, Estepp JH, Gaur AH, Allen EK, et al.
Cross-reactive antibody response to mRNA SARS-CoV-2 vaccine after recent
COVID-19-specific monoclonal antibody therapy. Open Forum Infect Dis. 2021;8
(9):ofab420.

61. Shields AM, Faustini SE, Hill HJ, Al-Taei S, Tanner C, Ashford F, et al. SARS-CoV-2
vaccine responses in individuals with antibody deficiency: findings from the COV-
AD study [e-pub ahead of print]. J Clin Immunol. 2022. doi:10.1007/s10875-022-
01231-7, Accessed July 06, 2022.

62. Squire J, Joshi A. Seroconversion after coronavirus disease 2019 vaccination in patients
with immune deficiency. Ann Allergy Asthma Immunol. 2021;127(3):383–384.

63. Parker EPK, Desai S, Marti M, Nohynek H, Kaslow DC, Kochhar S, et al. Response to
additional COVID-19 vaccine doses in people who are immunocompromised: a
rapid review. Lancet Glob Health. 2022;10(3):e326–e328.

64. Schulz E, Hodl I, Forstner P, Hatzl S, Sareban N, Moritz M, et al. CD19+IgD+CD27-
naive B cells as predictors of humoral response to COVID 19 mRNA vaccination in
immunocompromised patients. Front Immunol. 2021;12:803742.

http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0012
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0012
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0012
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0012
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0012
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0012
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0013
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0013
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0013
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0014
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0014
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0014
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0014
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0014
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0015
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0015
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0016
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0016
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0017
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0017
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0017
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0018
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0018
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0018
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0018
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0019
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0019
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0019
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0020
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0020
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0020
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-limits-use-janssen-covid-19-vaccine-certain-individuals
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-limits-use-janssen-covid-19-vaccine-certain-individuals
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0022
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0022
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0022
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0023
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0023
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0023
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0024
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0024
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0024
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0025
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0025
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0025
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0026
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0026
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0026
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0027
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0027
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0027
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html
https://www.cdc.gov/vaccines/covid-19/clinical-considerations/covid-19-vaccines-us.html
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0029
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0029
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0029
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0029
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0029
https://10.1093/cid/ciab1041
https://doi.org/10.1101/2022.01.02.22268634
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0032
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0032
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0032
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0032
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0033
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0033
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0033
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0034
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0034
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0034
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0034
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0035
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0035
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0035
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0035
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0036
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0036
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0036
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0037
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0037
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0037
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0037
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0037
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0038
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0038
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0038
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0038
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0039
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0039
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0039
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0039
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0044
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0044
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0044
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0049
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0049
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0049
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0049
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0081
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0081
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0081
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0081
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0081
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0052
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0052
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0052
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0052
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0052
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0041
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0041
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0041
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0041
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0041
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0082
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0082
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0082
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0067
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0067
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0067
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0067
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0067
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0057
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0057
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0057
https://doi.org/10.3389/fimmu.2022.907125
https://doi.org/10.3389/fimmu.2022.907125
https://10.1007/s10875-022-01256-y
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0054
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0054
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0054
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0083
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0083
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0083
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0084
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0084
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0084
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0080
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0080
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0080
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0051
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0051
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0051
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0051
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0051
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0040
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0040
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0040
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0046
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0046
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0046
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0085
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0085
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0085
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0085
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0048
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0048
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0048
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0086
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0086
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0086
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0078
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0078
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0078
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0078
https://doi.org/10.1007/s10875-022-01231-7
https://doi.org/10.1007/s10875-022-01231-7
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0073
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0073
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0043
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0043
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0043
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0045
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0045
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0045
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0045


10 J.R. Durkee-Shock and M.D. Keller / Ann Allergy Asthma Immunol 00 (2022) 1−10

ARTICLE IN PRESS
65. Quinti I, Locatelli F, Carsetti R. The immune response to SARS-CoV-2 vaccination:
insights learned from adult patients with common variable immune deficiency.
Front Immunol. 2021;12:815404.

66. Wang C, Li W, Drabek D, Okba NMA, van Haperen R, Osterhaus ADME, et al. A
human monoclonal antibody blocking SARS-CoV-2 infection. Nat Commun.
2020;11(1):2511.

67. Falsey AR, Sobieszczyk ME, Hirsch I, Sproule S, Robb ML, Corey L, et al. Phase 3
safety and efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 vaccine. N Engl J
Med. 2021;385(25):2348–2360.

68. Di Fusco M, Moran MM, Cane A, Curcio D, Khan F, Malhotra D, et al. Evalua-
tion of COVID-19 vaccine breakthrough infections among immunocompro-
mised patients fully vaccinated with BNT162b2. J Med Econ. 2021;24
(1):1248–1260.

69. Peet CJ, Papadopoulou C, Sombrito BRM, Wood MR, Lachmann HJ. COVID-19 and
autoinflammatory diseases: prevalence and outcomes of infection and early experi-
ence of vaccination in patients on biologics. Rheumatol Adv Pract. 2021;5(2). rkab043.

70. Bartels LE, Ammitzbøll C, Andersen JB, Vils SR, Mistegaard CE, Johannsen AD, et al.
Local and systemic reactogenicity of COVID-19 vaccine BNT162b2 in patients with
systemic lupus erythematosus and rheumatoid arthritis. Rheumatol Int. 2021;41
(11):1925–1931.

71. Ben-Tov A, Banon T, Chodick G, Kariv R, Assa A, Gazit S, et al. BNT162b2 messenger
RNA COVID-19 vaccine effectiveness in patients with inflammatory bowel disease:
preliminary real-world data during mass vaccination campaign. Gastroenterology.
2021;161(5):1715-1717.e1.

72. Hadi YB, Thakkar S, Shah-Khan SM, Hutson W, Sarwari A, Singh S. COVID-19 vacci-
nation is safe and effective in patients with inflammatory bowel disease: analysis
of a Large Multi-institutional Research Network in The United States. Gastroenter-
ology. 2021;161(4):1336-1339.e3.

73. Squire JD, Joshi AY. Safety of COVID-19 vaccination in immune-deficient patients
receiving supplemental immunoglobulin therapies. J Clin Immunol. 2021;41
(7):1527–1530.

74. Oster ME, Shay DK, Su JR, Gee J, Creech CB, Broder KR, et al. Myocarditis cases
reported after mRNA-based COVID-19 vaccination in the US from December 2020
to August 2021. JAMA. 2022;327(4):331–340.

75. Simpson CR, Shi T, Vasileiou E, Katikireddi SV, Kerr S, Moore E, et al. First-
dose ChAdOx1 and BNT162b2 COVID-19 vaccines and thrombocytopenic,
thromboembolic and hemorrhagic events in Scotland. Nat Med. 2021;27
(7):1290–1297.
76. Greinacher A, Selleng K, Palankar R, Wesche J, Handtke S, Wolff M, et al. Insights in
ChAdOx1 nCoV-19 vaccine-induced immune thrombotic thrombocytopenia.
Blood. 2021;138(22):2256–2268.

77. Furlan A, Forner G, Cipriani L, Vian E, Rigoli R, Gherlinzoni F, et al. COVID-19 in B
cell-depleted patients after rituximab: a diagnostic and therapeutic challenge.
Front Immunol. 2021;12:763412.

78. Ligumsky H, Safadi E, Etan T, Vaknin N, Waller M, Croll A, et al. Immunogenicity
and safety of the BNT162b2 mRNA COVID-19 vaccine among actively treated can-
cer patients. J Natl Cancer Inst. 2022;114(2):203–209.

79. Ramirez GA, Asperti C, Cucca V, Yacoub MR. Challenges to vaccination against SARS-
CoV-2 in patients with immune-mediated diseases. Vaccines (Basel). 2021;9(10):1147.

80. Siber GR, Werner BG, Halsey NA, Reid R, Almeido-Hill J, Garrett SC, et al. Interfer-
ence of immune globulin with measles and rubella immunization. J Pediatr.
1993;122(2):204–211.

81. Karbiener M, Farcet MR, Schwaiger J, Powers N, Lenart J, Stewart JM, et al. Plasma
from post-COVID-19 and COVID-19-vaccinated donors results in highly potent
SARS-CoV-2 neutralization by intravenous immunoglobulins [e-pub ahead of
print]. J Infect Dis. 2021. doi:10.1093/infdis/jiab482, Accessed July 06, 2022.

82. Volk A, Covini-Souris C, Kuehnel D, De Mey C, R€omisch J, Schmidt T. SARS-CoV-2
neutralization in convalescent plasma and commercial lots of plasma-derived
immunoglobulin. BioDrugs. 2022;36(1):41–53.

83. Miller AL, Rider NL, Pyles RB, Judy B, Xie X, Shi PY, et al. The arrival of SARS-CoV-2-
neutralizing antibodies in a currently available commercial immunoglobulin. J
Allergy Clin Immunol. 2022;149(6):1958–1959.

84. Bierle DM, Ganesh R, Tulledge-Scheitel S, Hanson SN, Arndt LL, Wilker CG, et al.
Monoclonal antibody treatment of breakthrough COVID-19 in fully vaccinated
individuals with high-risk comorbidities. J Infect Dis. 2022;225(4):598–602.

85. Ferr�e EMN, Schmitt MM, Ochoa S, Rosen LB, Shaw ER, Burbelo PD, et al. SARS-CoV-
2 spike protein-directed monoclonal antibodies may ameliorate COVID-19 compli-
cations in APECED patients. Front Immunol. 2021;12:720205.

86. Gupta A, Gonzalez-Rojas Y, Juarez E, Casal MC, Moya J, Falci DR, et al. Effect of
sotrovimab on hospitalization or death among high-risk patients with mild to
moderate COVID-19: a randomized clinical trial. JAMA. 2022;327(13):1236–1246.

87. Westendorf K, Zentelis S, Wang L, Foster D, Vaillancourt P, Wiggin M, et al. LY-
CoV1404 (bebtelovimab) potently neutralizes SARS-CoV-2 variants. Cell Rep.
2022;39(7): 110812.

88. WHO. Coronavirus (COVID-19) Dashboard; 2022. https://covid19.who.int.
Accessed July 06, 2022.

http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0047
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0047
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0047
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0047
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0050
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0050
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0050
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0053
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0053
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0053
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0056
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0056
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0056
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0056
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0058
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0058
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0058
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0059
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0059
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0059
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0059
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0060
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0060
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0060
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0060
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0060
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0061
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0061
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0061
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0061
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0061
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0087
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0087
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0087
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0062
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0062
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0062
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0063
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0063
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0063
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0063
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0064
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0064
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0064
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0065
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0065
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0065
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0065
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0066
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0066
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0066
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0068
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0068
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0069
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0069
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0069
https://10.1093/infdis/jiab482
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0071
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0071
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0071
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0071
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0072
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0072
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0072
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0074
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0074
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0074
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0075
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0075
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0075
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0075
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0075
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0076
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0076
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0076
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0077
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0077
http://refhub.elsevier.com/S1081-1206(22)00529-4/sbref0077
https://covid19.who.int

	Immunizing the imperfect immune system
	Coronavirus disease 2019 vaccination in patients with inborn errors of immunity
	Introduction
	Coronavirus Disease 2019 in Patients With Inborn Errors of Immunity
	Coronavirus Disease 2019 Vaccination in Healthy Individuals
	Response to Other Vaccinations in Inborn Errors of Immunity
	Response to Coronavirus Disease 2019 Vaccination in Inborn Errors of Immunity
	Safety of Coronavirus Disease 2019 Vaccinations in Inborn Errors of Immunity
	Immunosuppression and Coronavirus Disease 2019 Vaccine Responses
	Immunoglobulin Replacement Therapy and Coronavirus Disease 2019 Vaccination
	Passive Immune Therapies Against Coronavirus Disease 2019
	Limitations and Future Needs
	Conclusion
	Supplementary Data
	References



