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Immunogenicity of Pfizer-BioNTech COVID-19
vaccine in patients with inborn errors of
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Israel
Background: In mid-December 2020, Israel started a
nationwide mass vaccination campaign against coronavirus
disease 2019 (COVID-19). In the first few weeks, medical
personnel, elderly citizens, and patients with chronic diseases
were prioritized. As such, patients with primary and secondary
immunodeficiencies were encouraged to receive the vaccine.
Although the efficacy of RNA-based COVID-19 vaccines has
been demonstrated in the general population, little is known
about their efficacy and safety in patients with inborn errors of
immunity (IEI).
Objective: Our aim was to evaluate the humoral and cellular
immune response to COVID-19 vaccine in a cohort of patients
with IEI.
Methods: A total of 26 adult patients were enrolled, and plasma
and peripheral blood mononuclear cells were collected from
them 2 weeks following the second dose of Pfizer-BioNTech
COVID-19 vaccine. Humoral response was evaluated by testing
anti–SARS-CoV-2 spike (S) receptor-binding domain and
antinucleocapsid antibody titers and evaluating neutralizing
ability by inhibition of receptor-binding domain–angiotensin-
converting enzyme 2 binding. Cellular immune response was
evaluated by using ELISpot, estimating IL-2 and IFN-g
secretion in response to pooled SARS-CoV-2 S- or M-peptides.
Results: Our cohort included 18 patients with a predominantly
antibody deficiency, 2 with combined immunodeficiency, 3 with
immune dysregulation, and 3 with other genetically defined
diagnoses. Twenty-two of them were receiving immunoglobulin
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replacement therapy. Of the 26 patients, 18 developed specific
antibody response, and 19 showed S-peptide–specific T-cell
response. None of the patients reported significant adverse events.
Conclusion: Vaccinating patients with IEI is safe, and most
patients were able to develop vaccine-specific antibody response,
S-protein–specific cellular response, or both. (J Allergy Clin
Immunol 2021;148:739-49.)

Key words: Inborn errors of immunity, IEI, primary immunodefi-
ciency disorders, PIDD, SARS-CoV-2, COVID-19, vaccine, Pfizer-
BioNTech, CVID, XLA, NFKB1, STAT1-GOF, STAT3-LOF, HIES,
inhibiting antibodies

In late 2019 the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was identified and described as causing pneumonia
outbreak, known as coronavirus-induced disease-19 (COVID-19).1

Emerging as a local outbreak in Wuhan, China, it had soon
spread to cause a pandemic of acute respiratory syndrome that
can result in significant morbidity and mortality.2 So far, despite
recommendations for potential intervention strategies,3 severely
affected patients benefit mostly from supportive treatment.
Therefore, mass vaccination using highly effective anti–SARS-
CoV-2 vaccines remains the best hope to protect against severe
disease,4,5 limit viral spread,6,7 and hopefully end the pandemic.

While data are accumulating to support the effectiveness and
safety of the newly developed anti–SARS-CoV-2 vaccines, initial
studies enrolled mostly healthy volunteers, whereas data
regarding defined patient populations are still being gathered.
As such, patients with inborn errors of immunity (IEI) are of
special interest for several reasons. First, recent reports have
suggested that patients with IEI might be at increased risk of
developing severe COVID-198,9 and could therefore benefit from
a more ‘‘aggressive’’ immunization effort. On the other hand,
their underlying immune abnormality might impair the ability
of IEI patients to respond to the vaccine and develop anti–
SARS-CoV-2 protective immunity, thus leading to questions
regarding the benefit of the vaccination approach. In view of
this, characterizing the immune response of IEI patients following
SARS-CoV-2 vaccination is crucial, both for understanding their
degree of protection and for formulating an optimal immunization
regimen. Moreover, data gathered from analyses of the immune
response of IEI patients to the anti–COVID-19 vaccine could be
relevant to other patient populations, especially those with sec-
ondary and acquired immunodeficiency.

Anti–SARS-CoV-2 antibodies developed following infection
have been shown to possess neutralizing activity both in vitro and
in vivo,10-13 and a potential benefit of using neutralizing mAbs in
patients with mild-to-moderate disease has been suggested.14,15
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Nevertheless, the longevity of the antibody response and, thus, the
duration of humoral protection are as yet unknown, with several
studies suggesting a trend toward declining antibody levels over
time16 and others showing persistence of receptor-binding
domain (RBD)-specific memory B cells.17,18 In parallel, several
studies have highlighted the role of cellular immunity and the
long-term anti–SARS-CoV-2 T-cell response.19 As such, effec-
tive T-cell response was shown to be associated with milder
COVID-19,20,21 and robust and increasing cellular response was
shown to develop over time, with specific antiviral T cells de-
tected 6 to 8 months after infection.18,22 Interestingly, T cells
against the closely related SARS-CoV virus were detected as
long as 11 years after recovery,23 whereas no SARS-CoV
antigen–specific memory B cells or antibodies were detected 6
years after infection.24 Therefore, although neutralizing anti-
bodies play a role in protection against SARS-CoV-2 and an
orchestrated adaptive immunity can limit disease severity,21

when estimating vaccine immunogenicity, one should evaluate
both the humoral and cellular antivaccine immune response.
Such an evaluation is of even greater importance in patients
with IEI, as most of them show some level of impaired antibody
production, and evaluation of their postvaccine antibody titers
might give a false impression of unresponsiveness, thereby pre-
venting patients from getting vaccinated.

In this article we have aimed to study a group of adult patients
with IEI and evaluate their early humoral and cellular immune
response to the Pfizer-BioNTech anti–COVID-19 vaccine. On the
basis of our analyses, we were able to conclude that most patients
with IEI respond safely to the vaccine and should therefore be
vaccinated.
METHODS

Study design
This study was approved by the institutional review board of the Tel Aviv

Sourasky Medical Center and registered under ClinicalTrials.gov identifier

NCT04724642. All adult patients with an established IEI diagnosis, who

visited our clinic between the end of January and mid-March 2021 were

offered the opportunity to join the study. After providing written informed

consent, IEI patients and healthy controls were included in the study. Partici-

pating donors received 2 doses of the mRNA-based Pfizer-BioNTech
COVID19 vaccine 3 weeks apart, and samples were collected 2 weeks after

the second vaccine dose. For convalescent donors, samples were collected 2

weeks after they recovered from COVID-19 (defined as 10 days following a

positive SARS-CoV-2 RT-PCR test and no symptoms for at least 3 days).

All subjects who gave consent were included in this report; no subject was

excluded.

PBMC isolation and stimulation
PBMCswere isolated by using Ficoll gradient density. Following isolation,

cells were stored in liquid nitrogen for later use, including flow cytometry–

based B-cell staining, and intracellular cytokine staining or ELISpot assay for

evaluation of peptide-induced cytokine production.

Evaluation of humoral response
Serology. The presence of anti–SARS-CoV-2 IgG antibodies was

evaluated by using a commercial automated SARS-CoV-2 IgG assay (Abbott,

Sligo, Ireland). The chemiluminescent microparticle immunoassay provided

qualitative and quantitative determination of anti–SARS-CoV-2 RBD IgG

antibody levels (SARS-CoV-2 IgG II Quant, catalog no. 6S60, Abbott) or

qualitative detection of antinucleocapsid antibodies (SARS-CoV-2 IgG,

catalog no. 6R86, Abbott). To differentiate between vaccinated and convales-

cent donors, plasma samples were evaluated for the presence of both antispike

(anti-S) IgG antibodies and antinucleocapsid (anti-N) IgG antibodies. The

results were provided in arbitrary units (AU) per milliliter, as defined by the

manufacturer as ranging between 0 and 40,000AU/mL for anti-S antibodies (a

level of >150 AU/mL was considered positive), and relative light units (RLU)

for anti-N antibodies (a level of >1.4 RLU was considered positive).
Serum ELISA
For serum ELISA, high-binding 96-well ELISA plates (Corning, c9018)

were coated with 1 mg/mL of RBD antigen in PBS 13 and held overnight at

48C. The following day, the coating was discarded and washed with ‘‘wash

buffer’’ containing PBS 13 and 0.05% Tween20, after which the plates

were blocked for 2 hours at room temperature (RT) with 200 mL of ‘‘blocking

buffer’’ containing PBS 13, 3% BSA (MP Biomedicals, Santa Ana, Calif), 20

mMEDTA, and 0.05%Tween20 (Sigma-Aldrich, St Louis, Mo). Plasma sam-

ples were diluted 4-fold in blocking buffer, starting from 1:100 with 7 consec-

utive dilutions (1:100, 1:400, 1:1600, 1:6400, etc), and incubated for 1 hour at

RT. The plates were then washed 3 times with washing buffer before the addi-

tion of secondary anti-IgG antibodies (Jackson ImmmunoResearch, West

Grove, Pa, 109-035-088) conjugated to horseradish peroxidase diluted

1:5000 in blocking buffer and incubated for 45 minutes at RT. Following 4

additional washes with wash buffer and a final wash with PBS 13, 100 mL

of 3,3’,5,5’-tetramethylbenzidine (Abcam, Cambridge, United Kingdom)

diluted 1:2 in double deionized water (DDW) was added to each well; absor-

bancewas read after 25 minutes at 650 nm (using a BioTek 800 TS absorbance

reader). Positive and negative controls were added to each plate, and the signal

was normalized to the controls for each plate.

RBD-ACE2 inhibition assay
For angiotensin-converting enzyme 2 (ACE2)-RBD inhibition ELISA,

high-binding 96-well plates were coated with 2 mg/mL of human ACE2 in

PBS 13 and held overnight at 48C. The next day, the plates were washed and
blockedwith blocking buffer for 2 hours at RT. Plasma sampleswere diluted 2-

fold in blocking buffer starting from 1:10 and incubated with biotinylated

RBD for 30 minutes at RT. The RBD-plasma mix was then applied to the

ACE2-coated plates and incubated for 20 minutes, followed by 3 washes.

Biotinylated RBD was detected with streptavidin conjugated to horseradish

peroxidase (Jackson ImmmunoResearch, 016-030-084).

Flow cytometry anti-RBD B-cell receptor staining
PBMCs were rapidly thawed at 378C and washed in 50 mL of warm RPMI

1640 medium. The cells were resuspended in 1% BSA in PBS 13 and 2 mM

http://ClinicalTrials.gov
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EDTA, and stained with anti–CD19 fluorescein isothiocyanate (FITC)

(Miltenyi Biotec, Bergisch Gladbach, Germany, 130-113-645), anti–IgG

phycoerythrin (PE) (Miltenyi Biotec, 130-119-878), anti–IgA VioBlue

(Miltenyi Biotec, 130-113-479), and labeled biotinylated RBD via

streptavidin-allophycocyanin (APC) (Miltenyi Biotec, 130-106-792).
Evaluation of cellular response: ELISpot assay
Following initial evaluation of cytokine production by flow cytometry and

with the understanding that stimulation with a pooled M-peptide mix induces

the strongest IFN-g and IL-2 production (see Fig E3, A and B in this article’s

Online Repository at www.jacionline.org), further evaluation of the anti-S

(antivaccine) cellular response was evaluated by using ELISpot assay for

detection of peptide-induced IFN-g and IL-2 secretion (Human IFN-g/IL-2

Dual ELISpot, catalog no. 874.040.005S, Diaclone, Besançon, France) ac-

cording to the manufacturer’s instructions. For this purpose, donor cells

were plated at 100,000 cells/100 mL and stimulated with the relevant peptides

for 19 hours at 378C. The cells were stimulated with spike (S) glycoprotein

peptides for evaluation of antivaccine response (peptide concentration 0.9

nmol/mL), membrane (M) glycoprotein peptides for evaluation of previous

exposure to SARS-CoV-2 and detection of convalescent samples (peptide con-

centration 0.9 nmol/mL), or phorbol myristate acetate/ionomycin as a control

to confirm cell viability and responsiveness (phorbol myristate acetate concen-

tration 5 ng/mL, ionomycin concentration 500 mg/mL) in addition to presti-

mulation trypan blue staining. Cytokine detection was evaluated by manual

spot counting and confirmed by using ImageJ/Fiji software (https://imagej.

net/Fiji). The peptides used for stimulation included a pool of lyophilized pep-

tides of the viral S-glycoprotein or M-glycoprotein (Miltenyi’s PepTivator

SARS-CoV-2 Prot_S and Prot_M). Per the manufacturer’s information, these

peptide pools consisted of 15-mer sequences with 11–amino acid overlap,

covering the immunodominant sequence domains of the S-glycoprotein

(amino acids 304-338, 421-475, 492-519, 683-707, 741-770, and785-802,

and the sequence end 885-1273), and the complete sequence of the M-glyco-

protein. On the basis of 2 control groups of prevaccinated individuals (n5 8)

and convalescent mildly affected individuals (n5 4), we set the threshold for

positive cellular response at 4 spots per well.
Statistical analysis
Continuous variables are presented as means with SDs and were compared

by using either the Student t test or ANOVA as described below. A simple

linear regression test was used to calculate correlation where indicated. All an-

alyses were calculated using GraphPad software.
RESULTS

Patient characteristics
A total of 26 adult IEI patients who had been followed in a

single center at the Tel Aviv Souraski Medical Center were
included (for patient characteristics, see Table I). Patients were re-
cruited after signing an informed consent form, and blood samples
for plasma and PBMCs were collected 2 weeks after the second
dose of the COVID-19 vaccine. The average patient age was
48.4 years, and the male-to-female ratio was 11:15 (57.6%
females). IEI patients were classified into 3 major groups: (a)
patients with X-linked agammaglobulinemia (XLA) (n 5 4); (b)
17 patients without XLA but with a predominantly antibody defi-
ciency, including 2 with nuclear factor-kB1 (NF-kB1) haploinsuf-
ficiency (NFKB1-HI), 3 with hypogammaglobulinemia, 1 with
selective IgG2 deficiency, and 1 with combined immunodeficiency
(CID); and (c) patients with immune dysregulation and other
defined defects, including 2 autoimmune lymphoproliferative syn-
drome (ALPS)-like patients, 1 signal transducer and activator of
translation-1 (STAT1) gain of function (STAT1-GOF) patient,
1 STAT3 loss-of-function (STAT3-LOF) patient, and 1 patient
with complete complement C4 deficiency. All the patients with
common variable immunodeficiency (CVID) fulfilled the European
Society for Immunodeficiencies (ESID) 2019 criteria for diagnosis
of probable CVID,25 except for 1 patient who did not have a
significant history of infections and was classified as having hypo-
gammaglobulinemia. While the ESID registry criteria require
patients with CVID to have either poor antibody response or a
low percent of switched memory B cells, we routinely base our
diagnosis on an abnormal B-cell immunophenotyping with low
switched memory B cells (except for 2 patients in this cohort
who were diagnosed many years ago on the basis of very low
immunoglobulin levels [IgG level ; 150 mg/dL] and recurrent
sinopulmonary infections).

In addition to the 26 patients with IEI, we also tested 1 non-IEI
vaccinated patient who had been treated with rituximab, and 1
convalescent unvaccinated patient with selective antibody (IgG1
and IgG3) deficiency.

Of the 26 patients, 22 were receiving immunoglobulin
replacement therapy (5 with subcutaneous immunoglobulin and
17 with intravenous immunoglobulin [IVIG]), including 1 patient
with STAT3-LOF pathogenic variant and 1 ALPS-like patient.
Preferably, patients on IVIG received their COVID-19 vaccine at
least 1 week apart from their IVIG infusion (either before or
after).
Safety
The vaccines were generally well tolerated, with limited

injection site pain being the most common reported adverse event
in 9 of 26 patients following the first dose of the vaccine.
Following the second dose of the vaccine, 3 patients reported
fever (including a patient with ALPS-like disease who experi-
enced a body temperature of up to 398C for 3 days). One patient
with CVID reported unilateral axillary lymphadenopathy that
lasted 5 days. The adverse events were similar to those previously
described,4 and none of the patients reported long-lasting adverse
effects.
Humoral response
Humoral response was evaluated by using commercially

available serology assays, ELISA assays for detecting anti-RBD
antibodies and neutralizing activity, and flow cytometry using
fluorophore-conjugated recombinant RBD for detecting specific
anti-RBD B cells.

Serology. To differentiate between vaccinated and convales-
cent donors, serum samples were tested for the presence of both
anti-S and anti-N antibodies, under the assumption that conva-
lescent individuals would test positive for both antibodies
whereas vaccinated individuals would test positive for anti-S
antibodies only. Four recently recovered mildly affected conva-
lescent patients, 11 prevaccinated patients, and 11 healthy
vaccinated donors were included.

As can be seen in Fig 1, A, vaccinated individuals had overall
higher titers of anti-S antibodies compared with convalescent
controls (11906.2 6 7909.2 AU/mL vs 549.9 6 350.9 AU/mL
[P5 .0149]). IEI patients showed a wide range of anti-S antibody
titers, ranging from undetectable levels to normal-to-high titers
(Figs 1, A and 2, A and see Table E1 in this article’s Online Repos-
itory at www.jacionline.org). Of the 26 patients with IEI, 18 tested
positive for anti-S antibodies. As expected, ‘‘B-cell–negative’’

http://www.jacionline.org
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TABLE I. Patient characteristics

Patient

no.

Age

(y) Sex

Underlying

diagnosis Genetics

Clinical manifestations/

complications IgRT

Immunomodulator/

antibiotic

1 40 M XLA c.3G>A; p.M1I Bronchiectasis Y None

2 51 M XLA c.952T>C; p.S318P Bronchiectasis and conjunctivitis Y None

3 49 M XLA Yes* Y None

4 42 M XLA c.163111G>T Bronchiectasis, Haemophilus

influenzae conjunctivitis

Y None

Rit 56 F Hypogammaglobulinemia No YIg, B-cell lymphopenia,

myasthenia gravis

Y Rituximab

5 37 M STAT1-GOF mutation c.1310C>T; pT437I CMC, recurrent oral ulcers N Ruxolitinib

6 21 F ALPS-like disease BCL6B VUS LAD, ITP, AIN, AIHA N Rapamycin

7 51 M CVID/ALPS-like disease N YIg, LAD, pulmonary HTN,

s/p splenectomy for ITP

Y Prophylactic co-trimoxazole

8 41 M STAT3-LOF mutation (HIES) c.1144C>T; p.R382W Pneumatocele, s/p partial

lobectomy, after

AVR d/t MRSA endocarditis

Y Co-trimoxazole and

azithromycin

9 48 M CID Negative YIg, massive splenomegaly,

s/p DLBCL (-3 y)

Y Prophylactic co-trimoxazole

10 32 F NFKB1-HI c.509TinsGGTGCAA;

p.L170ins exon 7/24fs

Hypogammaglobulinemia,

LAD, AIN

N None

11 72 M NFKB1-HI None N None

12 36 F Complete C4 deficiency Yes Cryoglobulinemia, YIg Y Rituximab (-2 y)

13 27 F Selective IgG2 deficiency No YIg, recurrent pneumonia Y None

14 37 F CVID No YIg, aHUS, recurrent pneumonia Y None

15 38 M CVID No YIg, IBD-like Y None

16 39 F CVID No YIg, NRH Y None

17 45 F CVID No YIg, T1D, lymphocytic infiltrates

on GI biopsy specimens

Y None

18 46 F CVID Negative YIg, recurrent pneumonia, history

of Crohn-like disease

Y None (azathioprine

in the past)

19 50 F CVID No YIg, vitiligo Y None

20 59 F CVID No YIg Y None

21 60 F CVID No YIg, s/p breast cancer Y None

22 64 F CVID No YIg, IBD-like Y None

23 65 F CVID No YIg Y None

24 67 F CVID No YIg Y None

25 72 M Hypogammaglobulinemia No YIg N None

26 73 F CVID Negative YIg, lung nodules, sarcoma Y None

Con 37 F Selective IgG1 and IgG3 deficiency No YIg, recurrent pneumonia Y None

aHUS, Atypical hemolytic uremic syndrome; AIHA, autoimmune hemolytic anemia; AIN, autoimmune neutropenia; AVR, aortic valve replacement; CMC, chronic mucocutaneous

candidiasis; Con, convalescent; DLBCL, diffuse large B-cell lymphoma; d/t, due to; F, female; GI, gastrointestinal; HIES, hyper IgE syndrome; HTN, hypertension; IBD,

inflammatory bowel disease; YIg, hypogammaglobulinemia; IgRT, immunoglobulin replacement therapy; ITP, idiopathic thrombocytopenic purpura; LAD, lymphadenopathy; M,

male; N, No; NRH, nodular regenerative hyperplasia; Rit, After rituximab; s/p, status post; STAT3-LOF, STAT3 loss-of-function; T1D, type I diabetes; VUS, Variant of uncertain

significance; Y, yes.

*Genetically confirmed but patient preferred to not publish the pathogenic variant.
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patients with XLA (and a non-IEI rituximab-treated patient )
failed to produce anti-S antibodies (2.86 6 1.18 AU/mL). After
exclusion of the 4 patients with XLA, 18 of 22 patients (81.8%)
developed anti-S antibodies. Of those 18 patients, 13 were
receiving immunoglobulin replacement therapy for diagnosis of
CVID. The 4 non-XLA IEI patients who were tested negative
for anti-S antibodies included 1 patient with ALPS-like disease,
1 patient with CID, and 2 patients with CVID. Analyzing the
different groups of patients with IEI (Fig 2, A) showed that pa-
tients with CVID had lower anti-S antibody levels than did
healthy vaccinated controls (4993.5 6 6239.8 AU/mL vs
11906.15 6 7909.2 AU/mL [P 5 .0225]). Further analysis
showed that within the group of patients with CVID/hypogamma-
globulinemia, there was a trend toward lower anti-S antibody ti-
ters in older patients (aged >59 years [n 5 7]) compared with
younger (aged <50 years [n 5 7]) individuals (2105.7 6 3978.3
AU/mL vs 7888.4 6 7005.3 AU/mL [P 5 .082]). This trend
became statistically significant when healthy vaccinated individ-
uals were compared with older CVID patients (11906.15 6
7909.2 AU/mL vs 2105.7 6 3978.3 AU/mL, respectively [P 5
.0081]), nearly significant when older healthy vaccinated donors
(n5 4) were compared with older CVID patients (6547.76 872.0



FIG 1. Humoral anti-S response: general. Anti–SARS-CoV2 humoral response was evaluated 2 weeks

following a second vaccine dose. A, Titers of prevaccinated donors (B) (pink [n 5 11]), donors with IEI (IEI)

(bordeaux [n 5 26]), healthy vaccinated donors (HV) (yellow [n 5 11]), and recently convalescent mildly

affected healthy donors (HC) (green [n 5 4]) are shown. Dotted line marks a titer threshold of 150 AU/mL,

with higher titers considered positive. Of note, the anti-S antibody titers of vaccinated individuals were

higher than those of convalescent donors, whereas the samples from patients with IEI showed significant

variability. B, Values of the AUC for anti-RBD IgG are shown. Here too, vaccinated individuals had higher

anti-RBD titers than did convalescent donors (n 5 13 HC). C, Inhibition percentage of RBD-ACE2 binding

by donors’ sera. Zero inhibition was set on the basis of the average value of the patients before vaccination.

The 1-way ANOVA test was performed for statistical analysis. D, Pie charts representing the division of each

group according to different anti-RBD IgG titers. E, Correlation between IgG AUC and sera inhibition for all

donors is shown. Correlation was calculated by a simple linear regression test. All analyses were calculated

using GraphPad software.
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AU/mL vs 2105.76 3978.3 AU/mL [P5 .0594]), but nonsignif-
icant when younger healthy vaccinated donors (n 5 7) were
compared with younger CVID patients (14968.4 6 8590.6 AU/
mL vs 7881.46 7005.3 AU/mL [P5.116]). However, comparing
younger and older healthy vaccinated donors showed a similar
trend, with older individuals having a tendency toward lower
anti-S titers than younger healthy individuals (14968.4 6
8590.6 AU/mL vs 6547.76 872.0 AU/mL [P5 .088]). Although
not statistically significant, this trend could suggest that older in-
dividuals respond with lower antibody production than do
younger individuals, independent of their immunologic back-
ground. When anti-N antibody titers were tested, all of the indi-
viduals other than convalescent donors were negative, with a
single convalescent IEI patient (selective IgG1 and IgG3 defi-
ciency) testing negative to anti-N antibodies (see Table E1 and
Fig E1 in this article’s Online Repository at www.jacionline.org).
ELISA. The SARS-CoV-2 Spike protein RBD is the part of the
virus responsible for viral entry through attachment to ACE2
receptor.26 In view of this fact, RBD was previously identified as
one of the key determinants for neutralizing antibodies, with high
correlation between anti-RBD antibody titers and serum neutral-
ization.27,28 Therefore, we next sought to determine the levels of
anti-RBD IgG in the plasma of donors with IEI. For this purpose,
serially diluted serum samples were incubated with plate-bound
RBD, and the area under curve (AUC) was calculated for each
sample. In accordance with the commercial anti-S test results,
healthy vaccinated individuals (n 5 11) had higher titers than
did convalescent donors (n5 12); this was true for patients recov-
ering from severe, moderate, and mild COVID-19 (Fig 1, B and
D) (an AUC for healthy vaccinated individuals of 4.954 vs an
AUC for convalescent individuals of 2.872 [P 5 .0101]). Simi-
larly, healthy vaccinated individuals also had higher average titers

http://www.jacionline.org


FIG 2. Groups of patients with IEI and a humoral anti-S response. A, Subdividing IEI according to different

disease categories showed that as expected, all B-negative donors (4 donors with XLA and 1 post–rituximab

treatment donor) tested negative for anti-S antibodies. In addition, younger patients with CVID (n 5 7)

showed a trend toward higher titers than older patients with CVID (n 5 7), and older patients with CVID

had lower titers of anti-S antibodies than healthy vaccinated donors. B and C, Values of the AUC for anti-

RBD IgG and inhibition percentage of RBD-ACE2 binding by donors’ sera are shown. Zero inhibition was

set on the basis of the average value of the patients before vaccination. For simplicity, data for only post-

vaccination IEI donors are shown. Here too, younger patients with CVID had higher anti-RBD titers and

showed higher inhibition compared with older patients with CVID. For statistical analysis, an unpaired Stu-

dent t test between younger and older groups of CVID patients was performed.
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compared with IEI donors (an AUC for healthy vaccinated indi-
viduals of 4.954 vs an AUC for individuals with IEI of 2.723
[P 5 .0011]), although the samples from IEI patients showed a
high distribution range. Here too, analysis of CVID samples ac-
cording to patient age showed higher titers in younger CVID pa-
tients compared with older patients with CVID (average titers of
4.118 vs 2.122 [P5 .036]) (Fig 2,B). Next, we tested the ability of
plasma samples to inhibit SARS-CoV-2 attachment to host cells
by assessing the level of serum antibodies that interfere with
RBD-ACE2 interaction.13 As we previously reported, anti-RBD
IgG level correlated well with the ability of serum samples to
inhibit RBD-ACE2 binding in a competitive ELISA assay (Figs
1, C and E and 2, C). When patients with XLA were excluded,
18 of 21 IEI patients (85.7%) showed some level of RBD-
ACE2 inhibition, suggesting that the majority of vaccinated IEI
patients produced specific anti-RBD antibodies that were able
to block SARS-CoV-2 infection. Here too, younger CVID pa-
tients showed higher average RBD-ACE2 inhibition than did
older patients with CVID (average 68.98% vs 21.98%,
[P 5 .019]) (Fig 2, C).

Specific anti-RBD B cells. To estimate the level of B-cell
response following vaccination, we stained PBMC samples of IEI
patients and healthy controls for the general B-cell markers
CD19, IgG, IgA, as well as for fluorophore-conjugated RBD to
detect RBD-specific memory B cells. Representative images of
the gating strategy are shown in Fig E2 (in this article’s Online
Repository at www.jacionline.org). As can be seen, RBD-
binding B cells (IgG1 and IgA1) were detected in convalescent
individuals, healthy vaccinated donors, and patients with CVID.
Because of the limited number of PBMCs, we were not able to
complete this assay on all samples from IEI patients.

Taken together, these results suggest that majority of vacci-
nated IEI patients are able to produce a significant antibody
response, including non-XLA patients with predominantly anti-
body deficiency.
Cellular response
We next studied the antivaccine cellular response by stimu-

lating PBMCs with different SARS-CoV-2 pooled peptide mixes
of either the S- or the M-glycoproteins, and evaluating IL-2 and
IFN-g production by using ELISpot. Although anti-N antibodies
were used for serologic evaluation of prevaccine viral exposure,
we previously observed that stimulation of convalescent PBMCs
with pooled peptide mix of the nucleocapsid protein (N) resulted
in lower cytokine production than did stimulation with M- or S-
peptides (evaluated by intracellular staining for IL-2 and IFN-g
[see the Methods section and Fig E3, A and B in this article’s On-
line Repository at www.jacionline.org]). We therefore chose to
use an S-peptide mix for evaluation of antivaccine cellular
response, and an M-peptide mix for evaluation of previous expo-
sure and convalescence. On the basis of control groups of prevac-
cinated individuals (n 5 7) and mildly affected convalescent
individuals (n 5 4), we set the threshold for positive cellular
response at 4 spots per well. According to this set threshold, 19
of 26 of patients with IEI (73.1%) had a positive cellular response
to S-peptides, including all 4 patients with XLA (Fig 3, A and B
and see Table E1). The 7 nonresponders included 1 patient with
ALPS-like disease, 2 patients with NFKB1-HI, 2 young patients
with CVID, and 2 older patients with CVID. Only 1 of these non-
responders (the patient with ALPS-like disease) also failed to pro-
duce anti-S antibodies. The remaining 6 patients tested positive
for anti-S antibodies, although 3 of them had a low-positive
anti-S antibody titer of less than 400 AU/mL (see Table E1).

Similar to what we observed in the antibody assays, here too,
the vaccine induced a strong cellular response with a trend toward
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FIG 3. Cellular response. A, Number of ELISpot dots per well for prevaccinated donors (B) (n 5 7), recently

convalescent mildly affected donors (n 5 4), healthy vaccinated donors (n 5 11) (HV), donors with IEI (n 5
26), and 1 convalescent patient with IEI are shown. Similar to what was observed with anti-S antibody titers,

healthy vaccinated donors showed a trend toward a higher number of IL-2/IFN-g spots than convalescent

individuals. Dotted line marks a threshold of 4 spots per well, which we considered positive on the basis

of samples from prevaccinated and convalescent individuals. B, Dividing IEI according to different disease

categories showed a stronger cellular response in B-negative patients (4 donors with XLA and 1 post–

rituximab treatment donor) compared with healthy vaccinated donors (average 58.6 vs 12.55 [P 5 .0073])

or with B-cell–positive IEI donors (average 58.6 vs 15.35 [P 5 .0056]). A 1-way ANOVA test was performed

for the statistical analysis. For the purpose of logarithmic presentation, 0 points are presented with a value

of 0.01. HC, Recently convalescent mildly affected healthy donor.
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statistical significance when convalescent individuals were
compared with healthy vaccinated donors (average number of
spots 6.25 6 3.5 vs 13.2 6 6.79 [P 5 .079]) (Fig 3, A).

In contrast to what was observed when analyzing the humoral
response data, there were no statistically significant differences
between healthy vaccinated donors and patients with IEI at any
age group, with an average number of spots of 13.2 6 6.79 vs
23.14 6 35.36 (P 5 .356) for all patients with IEI (Fig 3, A),
13.2 6 6.79 vs 19.42 6 34.15 (P 5 .446) for older patients
with CVID, and 13.2 6 6.79 vs 13.57 6 13.77 (P 5 .942) for
young patients with CVID.

Although the response to M-peptides was mostly limited to
convalescent individuals (see Fig E4, A and B in this article’s
Online Repository at www.jacionline.org), we were able to iden-
tify 2 healthy vaccinated individuals who responded toM-peptide
stimulation (with 31 and 8 spots, respectively [see Fig 5, A and B
in this article’s Online Repository at www.jacionline.org]) but
tested negative for anti-N antibodies. This response could have
been due to cross-reactivity, nonspecific activation, or possible
convalescence from asymptomatic COVID-19. In addition, 1 pa-
tient with CID had a very strong response to both S- and M- pep-
tides (67 and 161 spots, respectively [see Fig E6 in this article’s
Online Repository at www.jacionline.org]) but tested negative
for both anti-S and anti-N antibodies. This patient has longstand-
ing lymphopenia with an absolute lymphocyte count of approxi-
mately 300/mL; therefore, nonspecific activation was suspected,
although we did not have an unstimulated control to confirm
our suspicion. All 3 subjects denied a history of symptomatic
COVID-19 and never had a positive RT-PCR test result for
SARS-CoV-2 RNA.
Specific patients
Patients with XLA. As expected, all 4 patients with XLA

tested negative for anti-S and anti-N antibodies and failed to show
IgG or IgM binding to RBD antigen by ELISA. Similarly, 1
patient with hypogammaglobulinemia following anti-CD20
treatment (and an absolute CD19 count of 0/mL) did not show
any evidence of humoral response. However, all 5 B-cell–
negative patients showed significant cytokine secretion in
response to S-peptide stimulation and were able to generate a
stronger cellular response even when compared with healthy
vaccinated donors (number of spots 58.66 65.15 vs 12.56 6.79
[P5 .0073]), or B-positive IEI patients (58.66 65.15 vs 15.356
19.63 [P5 .0056]), suggesting that their anti-S cellular response
was preserved (Figs 3, B and Fig 4, A). In addition, all 5 B-nega-
tive patients (4 donors with XLA and 1 post–rituximab treatment
donor) did not respond toM-peptide stimulation, emphasizing the
specificity of their enhanced anti-S T-cell response (Fig 4, A-C
and see Fig E4, B).

NFKB1-HI. Our cohort included 2 patients with NFKB1-HI,
a 32-year-old female and her 72-year-old father. Although the
daughter had a history of lymphadenopathy, autoimmune
neutropenia, and mild hypogammaglobulinemia (IgG level
; 500 mg/dL with no significant history of infection and
currently off immunoglobulin replacement therapy), her father
was asymptomatic and was incidentally diagnosed by trio
whole exome sequencing while his daughter’s symptoms were
being investigated. Both NFKB1-HI donors failed to show
cellular response (both exhibited only 2 S-induced spots [see
Fig E6]). Despite that, the father showed a good antibody
response (titer of 7102.7 AU/mL), whereas his daughter had
a weak positive response (titer of 202.5 AU/mL [positive
>150 AU/mL]). While patients with NFKB1-HI can present
with a wide range of clinical symptoms,29 the absent T-cell
response in these 2 family members suggests that the vaccine
response in patients with NF-kB pathway defects should be
evaluated further.

STAT1-GOF. Our cohort included 1 patient with STAT1-GOF
pathogenic variant who had a history of chronic mucocutaneous
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FIG 4. B-negative ELISpot results. Images of S-pool–stimulated (upper images) and M-pool–stimulated

(lower images) PBMCs are shown. A, Strong cellular response with a high number of IL-2/IFN-g spots

can be clearly seen in PBMCs samples of XLA1, XLA2, XLA4, and rituximab-treated donors. B and C, Images

of 7 younger (aged <50 years) healthy vaccinated (HV) individuals (B) and 5 convalescent (Con) donors (C)

are shown as controls. One of the convalescent samples is from a selective IgG1 and IgG3-deficient patient

(IEI-Con).
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candidiasis and recurrent oral ulcers, and was currently on low-
dose ruxolitinib treatment (5 mg twice daily). Evidence suggests
that pathogenic STAT1-GOF variants can result in an enhanced
type I interferon response30,31; therefore, there is a theoretical
concern that STAT1-GOF patients would experience more
significant adverse events following an mRNA-based vaccine,
with exacerbation of underlying autoimmunity or development
of new inflammatory symptoms. Despite that, our patient did
not report any significant adverse events other than transient
mild weakness after the second dose of vaccine. Interestingly,



FIG 5. T-cell immunophenotyping of 5 T-cell nonresponders. T-cell immunophenotyping of prevaccine

samples that were available for 5 of the 7 nonresponders IEI patients showed that 4 of 5 donors had an

abnormal CD4/CD8 ratio of less than 0.8. All 5 donors had a normal absolute lymphocyte count without CD4

lymphopenia.
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he had the highest anti-S antibody titer in our cohort (>29,000
AU/mL).

T-cell nonresponders. As already mentioned, 7 patients
with IEI failed to show an anti-S cellular response on our ELISpot
assay (see Figs E6 and E7 in this article’s Online Repository at
www.jacionline.org). These included 2 patients with NFKB1-
HI, 1 patient with ALPS-like disease, and 4 patients with
CVID. There was no common T-cell immunophenotyping feature
shared by all the nonresponding individuals other than an inverted
CD4/CD8 ratio in 4 of 5 available prevaccine T-cell immunophe-
notyping samples (all in the presence of normal absolute lympho-
cyte counts [Fig 5]).
DISCUSSION
Immunization is the most efficient intervention for preventing

infectious diseases, and mass vaccination against SARS-CoV-2
has proved extremely successful, with the potential to control the
COVID-19 pandemic, limit viral spread, and prevent severe
illness.32 However, data regarding the effectiveness of anti–
SARS-CoV-2 vaccine in immunocompromised populations,
including in patients with IEI, are still being collected. In this
study we evaluated the humoral and cellular immune response
to the mRNA-based Pfizer-BioNTech anti–COVID-19 vaccine
in a small cohort of 26 adult patients with IEI. Our data show
that the majority of patients with IEI were able to respond to
the vaccine with significant levels of neutralizing antibodies,
cellular response, or both. In fact, when patients with XLA
were excluded, 18 of 22 IEI patients (81.8%) tested positive for
anti-S antibodies, and serum samples of 18 of 21 (85.7%) IEI
patients showed ability to inhibit RBD-ACE2 interaction,
suggesting that these patients were able to produce specific
anti-RBD neutralizing antibodies. As for cellular response, 19
of 26 patients (73.1%) showed IL-2/IFN-g secretion in response
to stimulation with pooled S-peptide mix, with patients with
XLA (n 5 4) showing stronger cytokine secretion.

Our study has several major limitations. First, the small number
of patients with diverse underlying diagnoses makes it difficult to
draw firm conclusions. In addition, our samples were collected 2
weeks after the second vaccine dose. Therefore, the data are
limited to the early postvaccine period, without any ability to
predict how long the induced response would last. Finally, the
short-term follow-up did not allow us to learn whether the
presence of neutralizing antibodies or positive cellular response
can confer protection against infection. In fact, 1 of our patients
with IEI who did not participate in this study, and for whom we
did not have serum or PBMC samples (a 51-year-old female with
CID, lymphopenia, and active bowel disease who was receiving
IVIG and systemic steroids), got infected with SARS-CoV-2 3
weeks after her second vaccine dose. However, she experienced
only mild COVID-19 and was able to clear the virus after 18 days.

Despite those limitations, several points can be made. First, we
did not see unusual or severe adverse events in our cohort. Three
of the patients were categorized as having ‘‘dysregulation,’’
including 1 patient with STAT1-GOF pathogenic variant and 2 pa-
tients with presentation of ALPS-like disease. Our STAT1-GOF
patient (patient 5) reported transient mild weakness after the sec-
ond vaccine dose; 1 of the patients with ALPS-like disease (pa-
tient 7) reported no adverse symptoms, whereas the second
patient (patient 6) reported fever (ie, body temperatures as high
as 398C for 3 days) and a large local reaction. Nevertheless, her
counts remained stable. All other adverse events reported were
consideredmild and were similar to those described in the general
population.
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Second, age-dependent vaccine response has been described
(reviewed in Gustafson et al33). Similarly, we observed that older
patients with CVID had an overall tendency toward lower anti-S
antibody titers and lower RBD-ACE2 inhibition. This tendency
was not observed when younger and older healthy vaccinated do-
nors were compared. On the basis of previous reports of patients
with XLAwho were able to clear SARS-CoV-2 and did not expe-
rience severe COVID-19,34,35 it might be reasonable to assume
that humoral response is not central for anti–SARS-CoV-2 activ-
ity. Despite this, the lower antibody titers observed in older pa-
tients with CVID could imply that a third vaccine dose should
be considered in selected patients.

Third, the cellular response observed in patients with XLA is
reassuring. Our cohort included only 4 patients with XLA, but all
4 of them developed a robust cellular response with a higher level
of cytokine production than that exhibited by other IEI patients ,
healthy vaccinated individuals, or convalescent patients. A fifth
patient, who had rituximab-treated myasthenia gravis (with an
absolute B-cell count of 0/mL), also showed strong T-cell
response. A similar response of patients with XLA to influenza
vaccine has been described before.36 These results suggest that
B-cell–negative patients, either because of primary defects or
because of B-cell–depleting therapies, can still benefit from
vaccination. In addition, the fact that only 1 of our T-cell nonre-
sponders failed to produce anti-S antibodies suggests that absent
antibody response does not mean lack of protection.

Finally, 1 of the criteria for the diagnosis of CVID is poor
antibody response to vaccines. In addition, testing antibody
response to neoantigen challenges (such as rabies vaccine,
typhoid vaccine or cX174) is being used for evaluating antibody
production in patients who are already receiving immunoglobulin
replacement therapy. Therefore, evaluating the humoral response
to SARS-CoV-2 or the COVID-19 vaccine in convalescent or
vaccinated patients with IEI, could have been considered another
neoantigen challenge. However, the high percentage of respond-
ing IEI patients, including our patients with a well-established
diagnosis of CVID, suggests that vaccine response should be
interpreted carefully and that a positive antibody response does
not rule out clinically significant antibody deficiency. It should be
noted that we routinely use B-cell immunophenotyping for
establishing a diagnosis of CVID and not evaluation of vaccine
response, and therefore, we cannot compare our patients’
response to the COVID-19 vaccine with their response to other
vaccine challenges.

Altogether, our results support the safety and efficacy of the
anti–SARS-CoV-2 vaccine and argue in favor of vaccinating
patients with IEI.

We would like to thank our patients and our dedicated medical teams.

Clinical implications: The majority of patients with IEI are
likely to safely mount a humoral or cellular immune response
to the anti–SARS-CoV-2 vaccine. Patients with IEI should be
encouraged to get vaccinated.
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