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Background: Patients with inborn errors of immunity (IEI) are
at increased risk of severe coronavirus disease-2019 (COVID-
19). Effective vaccination against COVID-19 is therefore of
great importance in this group, but little is known about the
immunogenicity of COVID-19 vaccines in these patients.
Objectives: We sought to study humoral and cellular immune
responses after mRNA-1273 COVID-19 vaccination in adult
patients with IEIL

Methods: In a prospective, controlled, multicenter study, 505
patients with IEI (common variable immunodeficiency [CVID],
isolated or undefined antibody deficiencies, X-linked
agammaglobulinemia, combined B- and T-cell immunodeficiency,
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phagocyte defects) and 192 controls were included. All participants
received 2 doses of the mRNA-1273 COVID-19 vaccine. Levels of
severe acute respiratory syndrome coronavirus-2—specific binding
antibodies, neutralizing antibodies, and T-cell responses were
assessed at baseline, 28 days after first vaccination, and 28 days
after second vaccination.

Results: Seroconversion rates in patients with clinically mild
antibody deficiencies and phagocyte defects were similar to
those in healthy controls, but seroconversion rates in patients
with more severe IEI, such as CVID and combined B- and T-cell
immunodeficiency, were lower. Binding antibody titers
correlated well to the presence of neutralizing antibodies. T-cell
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responses were comparable to those in controls in all IEI
cohorts, with the exception of patients with CVID. The presence
of noninfectious complications and the use of
immunosuppressive drugs in patients with CVID were
negatively correlated with the antibody response.

Conclusions: COVID-19 vaccination with mRNA-1273 was
immunogenic in mild antibody deficiencies and phagocyte
defects and in most patients with combined B- and T-cell
immunodeficiency and CVID. Lowest response was detected in
patients with X-linked agammaglobulinemia and in patients
with CVID with noninfectious complications. The assessment of
longevity of immune responses in these vulnerable patient
groups will guide decision making for additional vaccinations. (J
Allergy Clin Immunol 2022;149:1949-57.)

Key words: Inborn errors of immunity, primary immunodeficiency
disorders, SARS-CoV-2, mRNA-1273 COVID-19 vaccine, immuno-
genicity, antibody response, T-cell response, CVID, CID, XLA

Inborn errors of immunity (IEI), also referred to as primary
immunodeficiencies, are a heterogeneous group of inborn disor-
ders affecting a single or multiple component(s) of the immune
system. Clinically, IEI are characterized by an increased suscep-
tibility to infections, autoimmune complications, autoinflamma-
tory diseases, allergies, and malignancies. Variants in more than
450 genes that give rise to IEI have been identified.'”

Reports on the severity of coronavirus disease-2019 (COVID-
19) in patients with IEI are conflicting. An early report in 94
patients demonstrated that IEI was not an independent risk factor
for severe COVID-19, but more recent studies showed increased
morbidity and mortality.” Importantly, common complications
in IEI include chronic lung diseases, such as bronchiectasis,
asthma, or interstitial lung disease, which are additional risk fac-
tors for severe COVID-19.*° Prevention of COVID-19 in patients
with IEI is therefore important. It has been demonstrated that
messenger RNA (mRNA)- and adenovirus-based COVID-19 vac-
cines are effective in preventing severe disease in the general pop-
ulation.”'” However, in IEI absent or disturbed response to
vaccination is a common finding,'' which may hamper effective
protection by immunization in this vulnerable group. Until now,
few studies in mainly patients with common variable immune
deficiency (CVID) were conducted,'*”'® showing that vaccination
in [EI was safe, and most patients developed severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2)-specific immune
responses.

In this study, we measured SARS-CoV-2—-specific immune
responses following vaccination with the mRNA-1273 COVID-
19 vaccine (Moderna) in 505 adult patients with IEI, and
compared these with responses in 192 adult controls. The patients
with IEI were stratified into cohorts of patients with CVID,
isolated antibody deficiencies (IgG subclass deficiency * IgA
deficiency, specific polysaccharide antibody deficiency [SPAD]),
undefined antibody deficiencies (patients with primary hypogam-
maglobulinemia and intact cellular immunity who do not fulfill
diagnostic criteria of any of the primary antibody deficiencies), X-
linked agammaglobulinemia (XLA), combined B- and T-cell
immunodeficiency (CID), and phagocyte defects (see this arti-
cle’s Methods section in the Online Repository at www.
jacionline.org). In XLA, an absent antibody response, with
conserved T-cell responses, would be expected, whereas variable,
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but diminished, antibody responses could be found in patients
with CVID, isolated antibody deficiencies, undefined antibody
deficiencies, and CID. Moreover, T-cell responses in patients
with CID and patients with CVID with immunologic or clinical
features of T-cell dysfunction could be diminished. We performed
a complete immunologic assessment, including the measurement
of SARS-CoV-2-specific binding and neutralizing antibodies and
T-cell responses at baseline, 28 days after the first vaccination,
and 28 days after the second vaccination.

METHODS

Ethical statement

The Vaccination Against COvid in Primary Immune Deficiencies study
is a prospective, controlled, multicenter study performed among patients
with IEI from 7 academic hospitals in the Netherlands. The study adheres
to the principles of the Declaration of Helsinki and was approved by the
Dutch Central Committee on Research Involving Human Subjects
(CCMO, NL7647.078.21, EudraCT number 2021-000515-24), the Med-
ical Research Ethics Committee from Erasmus University Medical Center
(MEC-2021-0050), and the local review boards of all other participating
centers. All participants provided written informed consent before
enrollment.

Study participants and design

Patients with a clinical and/or genetic diagnosis of IEI, older than 18 years,
and who were treated in the outpatient clinic at one of the study sites were
eligible for participation. Pregnant patients or patients with an active
malignancy were excluded from participation. An extensive description of
the IEI diagnoses and all inclusion and exclusion criteria can be found in this
article’s Online Repository at www.jacionline.org. The study was initiated in
collaboration with the Dutch patient organization for primary immune defi-
ciencies (Stichting voor Afweerstoornissen), and patients were informed on
start of this study by the patient organization. Consequently, a high number
of interested patients were eligible for participation. Therefore, participants
were selected by draw. In total, 505 adult patients with IEI were included
and stratified into the following cohorts: CVID (n = 212), isolated antibody
deficiencies (IgG subclass deficiency = IgA deficiency; n = 133), SPAD
(n = 64), CID (n = 25), undefined antibody deficiencies (n = 23), XLA
(n = 21), phagocyte defects (n = 17), and “other” (n = 10). Detailed infor-
mation on the phenotype of patients with CID is summarized in Table E1 in
this article’s Online Repository at www.jacionline.org. The isolated IgG sub-
class deficiency * IgA deficiency and the SPAD cohorts, which are clinically
comparable, were analyzed as 1 group. A total of 192 adult controls, defined as
not diagnosed with IEI, were included. This control group consisted of part-
ners, siblings, or other family/household members from included patients
with IEI. Baseline characteristics, including medical history and medication
use, were recorded.
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Study participants received COVID-19 vaccination according to the
Dutch vaccination program against COVID-19 as implemented by the
Dutch Ministry of Health, Welfare and Sport. Vaccinations were prepared
and administered at study sites according to the manufacturer’s in-
structions. Patients with IEI and controls received a first vaccination with
the mRNA-1273 (100 pg) COVID-19 vaccine in the deltoid muscle at
study visit 1 (day 0). A nasopharyngeal swab was taken to exclude
(asymptomatic) natural SARS-CoV-2 infection. The second mRNA-1273
vaccination was administered at study visit 2 (interval between vaccina-
tions was 28 days). Study visit 3 was scheduled 28 days after visit 2.
Blood samples were collected at all visits. Severe adverse events were re-
corded during follow-up.

Immunogenicity

The analysis of humoral and cellular immune responses is extensively
described in this article’s Online Repository at www.jacionline.org. Briefly,
total immunoglobulin antibodies against the receptor-binding domain
(RBD) of SARS-CoV-2 were measured in serum by qualitative ELISA (Wan-
tai).'” Full spike (S) protein—specific binding antibodies were measured by a
quantitative anti-S IgG Luminex assay.'®'” Neutralizing antibodies against in-
fectious SARS-CoV-2 D614G (Global Initiative on Sharing All Influenza
Data: hCov-19/Netherlands/ZH-EMC-2498) in a selection of sera were as-
sessed in an infectious plaque reduction neutralization test (PRNT) on Vero-
E6 cells.”*! A pseudovirus neutralization assay was performed in the same
sample selection using a pseudovirus system based on SARS-CoV-2-S and
HIV-1-NL43 AEnv-NanoLuc reporter virus and HEK293T-ACE2 cells.”>*’
All binding and neutralization titers were normalized to the WHO Interna-
tional Standard for anti-SARS-CoV-2 immunoglobulin (NIBSC 20/136).
SARS-CoV-2-specific T-cell responses were assessed by IFN-vy release assay
(QuantiFERON, QIAGEN or Eurolmmun) at study visits 1, 2, and 3 as previ-
ously described.”""**

Statistical analysis

Sample size. A sample size calculation was performed for patients
with IgG subclass deficiencies *+ IgA deficiency and SPAD. A total of 175
participants were required, assuming immunogenicity of 75% in this cohort
with alpha 0.05 and beta 0.2 (compared with an assumed immunogenicity of
90% in the controls). A total of 200 participants were assigned to the control
group. For the other cohorts with IEI, no power calculation was made because
of the heterogeneous character of these cohorts.

Statistical analysis plan. Baseline characteristics were described
for the patients with IEI and controls. Categorical variables were displayed as
numbers and percentages and analyzed with Pearson chi-square test or with
Fisher exact test when the (expected) cell count was less than 5. Continuous
baseline variables were presented as mean * SD and analyzed using
independent ¢ test. P values less than .05 were considered statistically
significant.

The primary end point was defined as seroconversion rates 28 days after
vaccination of patients with IEI compared with controls. Participants were
classified as responders or nonresponders on the basis of a qualitative RBD-
specific total immunoglobulin ELISA and compared by Fisher exact test.

Levels of binding antibodies, neutralizing antibodies, and SARS-CoV-2—
specific T-cell responses were defined as secondary end points. Differences in
response rates were calculated by Fisher exact test. Log-transformed results
were displayed in figures and text as geometric mean titer (GMT) % 95% CI
and were analyzed by Mann-Whitney U test. Multivariate logistic regression
was performed in the cohort with CVID, to associate patient characteristics
with seroconversion. To avoid overfitting, 3 variables were chosen on the basis
of univariate analysis and clinical relevance. Spearman p test was used to
perform correlation analysis.

Software. Study data were collected and stored in an online database
(Castor, Amsterdam, the Netherlands), which is compliant with the General
Data Protection Regulation. SPSS (SPSS Statistics 25, IBM, New York, NY),
R studio, and GraphPad PRISM, version 9.1.2 (San Diego, Calif) were used for
statistical analyses. Graphs were made with GraphPad PRISM.
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RESULTS
Baseline characteristics

A total of 505 adult patients with IEI and 192 adult controls
without IEI were screened for eligibility; 682 participants
completed all 3 study visits. The most frequent reason for drop-
out of 15 study participants was contracting COVID-19 after the
first vaccination (Fig 1). Of the 682 participants, 51 were found to
have a history of a proven COVID-19 infection. These partici-
pants were excluded for primary end-point analysis (but were
analyzed separately), leaving 631 participants eligible for evalu-
ation of the primary end point of this study (Table I).

Seventy percent of the patients with IEI received immuno-
globulin replacement therapy (Table I). Most frequent noninfec-
tious complications in patients with IEI were autoimmune
complications (n = 71), enteropathies (n = 42), lymphoprolifer-
ative complications (n = 33), and granulomatous-lymphocytic
interstitial lung disease (n = 30). In the past 2 years, any immu-
nosuppressive medication was used by 21.0% of the patients with
IEI and in 2.9% of controls (P <.0001). The mean interval be-
tween the first and second vaccinations was 28.4 £ 1.78 days,
and between the second vaccination and the third visit was
28.7 = 3.78 days.

Seroconversion based on RBD-specific binding
antibodies

Seroconversion, defined as the primary end point, was based on
the detection of total immunoglobulins (ratio >1) against RBD in
a qualitative ELISA. After the first vaccination, the seroconver-
sion rate of the controls was 97%. This was significantly higher
than the seroconversion rates found in the XL A cohort (11%; P <
.0001), the CID cohort (71%; P = .00024), the CVID cohort
(57%; P <.0001), and the IgG/SPAD cohort (90%; P = .0084)
(Fig 2). Patients with phagocyte defects (87%; P = .10) and pa-
tients with undefined antibody deficiency (88%; P =.11) showed
comparable seroconversion rates after the first vaccination
compared with controls. Clinical details of the seroconverted pa-
tients with XL A are summarized in Table E2 in this article’s On-
line Repository at www.jacionline.org.

Seroconversion rates, measured 28 days after the second
vaccination, were comparable in patients with selective IgG
subclass deficiency = IgA deficiency/SPAD (IgG/SPAD)
(98.3%), undefined antibody deficiencies (100%), and phagocyte
defects (100%), when compared with controls (100%). Signifi-
cantly lower seroconversion rates were found in the XLLA cohort
(15%; P <.0001), the CID cohort (91%; P =.012), and the CVID
cohort (81%; P = .0001) (Fig 2).

Fifty-one of 682 participants (12 of 192 [6.3%] controls and 39
of 505 [7.7%] patients with IEI) were considered as COVID-19
recovered patients on the basis of detection of S-specific binding
antibodies at baseline, or positive PCR result before study
inclusion. Forty-six experienced mild disease with spontaneous
recovery, not necessitating hospital admission. Five patients had
been admitted to a hospital, of which 1 was admitted to an
intensive care unit. Baseline characteristics of this recovered
cohort are reported in Table E3 in this article’s Online Repository
at www.jacionline.org. At baseline, antibodies (ratio >1) were
found in 36 of 39 patients with IEI (92.3%) and in all 12 controls.
One of the 3 nonresponders (IgG/SPAD cohort) seroconverted af-
ter first vaccination. The other 2 patients (XLA and CVID
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FIG 1. Subject enrollment and outcome after 3 visits. In total, 697 patients signed informed consent (505
patients with IEIl, 192 controls). Fifteen participants did not complete the 3 visits (10 patients with IEl, 5
controls). A total of 51 participants (39 patients with IEl, 12 controls) were considered as COVID-19 recovered
patients and are discussed separately. The 631 remaining participants (456 patients with IEl, 175 controls)
are described in detail in Table I.
TABLE I. Baseline characteristics of the 631 participants eligible for primary end-point evaluation
Characteristic Patients with IEI (N = 456) Controls (N = 175) P value
Sex: male, n (%) 184 (40.4) 100 (57.1) .00015%*
Age (y), mean = SD 49.0 = 14.9 51.6 = 13.8 .052F
IEI diagnosis, n (%)
Antibody deficiency
CVID 196 (43.0)
Isolated IgG subclass deficiency * IgA deficiency 121 (26.5)
SPAD 58 (12.7)
Undefined antibody deficiency 16 (3.5)
Absent B cells§
XLA 19 4.2)
Autosomal-dominant agammaglobulinemia 1(0.2)
CID 22 (4.8)
Phagocyte defects 15 (3.3)
Other|| 8 (1.7)
Immunoglobulin replacement therapy, n (%) 319 (70.0) 0
Noninfectious complications, n (%)
Autoimmune cytopenias 26 (5.7) 0
Other autoimmune diseases 71 (15.6) 1 (0.6)
Enteropathies 42 (9.2) 2 (1.1)
Lymphoproliferative diseases 33 (7.2) 0
Granulomatous-lymphocytic interstitial lung disease 30 (6.6) 0
Granulomatous complications affecting other organs 11 (2.4) 0
Malignancies 21 (4.6) 2 (1.1)
Most frequent other comorbidities, n (%)
Asthma 8 (1.7) 3(1.7)
Bronchiectasis 10 (2.2) 0
Cardiac diseasesq 5(1.1) 5@2.9)
Diabetes 2 (0.4) 2 (1.1
Hypertension 6 (1.3) 17 (9.7)
Immunosuppressive medication in past 2 y, n (%) 96 (21.1) 5.9 <.0001*

*Pearson’s x° test.
fIndependent 7 test.

{Patients with primary hypogammaglobulinemia and intact cellular immunity who do not fulfill diagnostic criteria of any of the other primary antibody deficiencies.
*In the text, this cohort is referred to as XLA, although it also includes 1 participant with autosomal-dominant agammaglobulinemia (TCF3 mutation).

||[Patients with an unknown classification of their IEI, high B-cell numbers, or hyper-IgM syndrome.
ﬁncluding myocardial infarction, chemotherapy-induced cardiomyopathy, coronary artery bypass grafting, arrhythmias, and heart valve diseases.



J ALLERGY CLIN IMMUNOL
VOLUME 149, NUMBER 6

VAN LEEUWEN ET AL 1953

A Controls XLA SPAD Phag def Undef
N =175 N =20 N =58 N =15 N=16
~ 20
'9 max - messssssssssgess | ———————fS--EGmaa-- 2 —----—— - —EER-—- - - - G- - - - - S -GEgEm—- - - == - g —GEgEmD- - —————— 0886 — -
‘5 g
£ s g
a 1/ ‘
-] o
e 10 i
' °
S s i
< ° s
ud resp g ] ———f .
=S f =kt 3 <L ;
Pre Post1 Post2 Pre Post1 Post2 Pre Post1 Post2 Pre Post1 Post2 Pre Post1 Post2 Pre Post1 Post2 Pre Post1 Post2 Pre Post1 Post2
B RBD-specific binding antibodies RBD-specific binding antibodies Cc S-specific binding antibodies
Post-vaccination 1 Post-vaccination 2 Post-vaccination 2
20
—~ max -—-e--- - - - - -- = o0,
R T ) TR E 2 < toe
=l Qo s 02 000° o = ° 00 | ©o
" 15 9 o . 8 0% =) o %0 %
S & b =3 . 2 > o e
—~ RS . oJe Omeo T
e % . £ .7 .83 2
e 10 as® ° %o s : : ZO; uI, o ©00° e °
' w b 8 ° o® ° X 102 L 0% e
e [ ) [} v
2 % ° %e® o S res T ° ol
c 5 Q%SKJ oo ® ° ° ° = P (] R
' YSEU: ;.3 EnTTE Y
J
resp 28 __0° g - °oo0 l 0% ° -1 °e Comm®
000"  emmms  Seos® ° H s ©°° Qud o0 0 ° T
Controls  XLA (@]»] cvID 19G Phag Undef Controls  XLA cib VI 19G Phag Undef Controls  XLA CIb CvID 19G Phag Undef
SPAD  def SPAD def SPAD def

170/175 2/19 15/21 111/195  160/178 13/15 14/16 174/174 3/20 20/22

158/196

176/179 15/15 16/16 174/174 3/20 20/21 154/189  179/179 14/14 16/16

FIG 2. SARS-CoV-2-specific binding antibodies. A, Levels (GMT + 95% Cl) of total RBD-specificimmunoglob-
ulins at baseline (pre), after vaccination 1 (post 1), and after vaccination 2 (post 2) in all different patients with
PID. Symbols show individual data points, violin plots reflect data distribution, and lines connect the GMT. B,
Comparison of total RBD-specific immunoglobulins (GMT + 95% Cl) after vaccination 1 (/eft panel) and after
vaccination 2 (right panel) between groups. Lower level of detection is a ratio of 0, and responder (resp) cutoff
is a ratio of 1 (black dotted line). A ratio of 18 is the maximum dynamic range of the assay. Number of par-
ticipants above responder cutoff is indicated beneath the x-axis. C, Comparison of S-specific antibodies
(GMT = 95% CI) after vaccination 2 between groups. LLoD is 1 BAU/mL, and responder (resp) cutoff is set
at 22.87 BAU/mL (black dotted line). Number of participants above responder cutoff is indicated beneath
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cohorts) remained seronegative after 2 vaccinations (see Fig E1 in
this article’s Online Repository at www.jacionline.org).

Quantitative evaluation of S-specific antibodies

The GMT of SARS-CoV-2 S-specific IgG antibodies of the
control cohort was 3503 BAU/mL (95% CI, 3098-3961).
Significantly lower GMTs were found in the XL A cohort (14.51
BAU/mL; 95% CI, 6.186-34.02; P <.0001), the CID cohort (1204
BAU/mL; 95% CI, 584.7-2479; P = .0019), the CVID cohort
(345.4 BAU/mL; 95% CI, 240.4-496.1; P < .0001), the IgG/
SPAD cohort (2414 BAU/mL; 95% CI, 2073-2811; P =
.00081), and the undefined antibody deficiency cohort (1274
BAU/mL; 95% CI, 711.5-2282; P < .00049). Patients with a
phagocyte defect showed similar GMTs compared with controls
(3991 BAU/mL; 95% CI, 2285-6969; P = .27) (Fig 2).

Virus neutralization determined by 2 different
neutralization tests

Additional functional serological tests were performed with
samples from the CID and CVID cohorts, and compared with a
random selection of sera from controls (pseudovirus neutraliza-
tion and infectious virus neutralization assays, Fig 3). In addition,
a selection of sera from patients with IgG deficiency/SPAD was
included. Based on the infectious neutralization test, neutralizing
antibodies (>28.57 IU/mL, corresponding to a titer of 40) were

detected in 100% of sera obtained from both controls (n = 24)
and patients with IgG deficiency/SPAD (n = 31). Comparable
to controls, 86% of the patients with CID developed neutralizing
antibodies (P = .094), but a significantly lower response rate was
observed in patients with CVID (response rate of 72%; P =
.0015). GMT of the control cohort in the infectious neutralization
test was 694 IU/mL (95% CI, 504-955), significantly higher than
the titers/dilutions found in the other cohorts (CID: 236 IU/mL,
95% CI, 113-494, P = .019; CVID: 106 IU/mL, 95% CI, 84-
133, P < .0001; IgG deficiency/SPAD: 407 IU/mL, 95% ClI,
294-566, P = .011). Neutralization results in the 2 different
neutralization tests correlated excellently (» = 0.93). S-specific
binding antibodies were significantly correlated to pseudovirus
neutralization as well (r = 0.83) (see Fig E2 in this article’s On-
line Repository at www.jacionline.org).

T-cell responses

Levels of SARS-CoV-2—specific T cells were determined in
samples obtained from 4 of 7 study sites, with 2 different IFN-vy
release assays (QIAGEN, Fig 4, and Eurolmmun [see Fig E3 in
this article’s Online Repository at www.jacionline.org]). In the
QIAGEN assay using a peptide pool covering the S protein
(Ag2), SARS-CoV-2—specific T cells were detectable (IFN-vy
levels > 0.15) in 59 of 67 controls (88%). When comparing the
different IEI cohorts, only in the CVID cohort significantly lower
responder rates were found when compared with controls (67% vs
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FIG 3. SARS-CoV-2-specific neutralizing antibodies. A, Comparison of neutralizing antibodies (GMT = 95%
Cl) determined by pseudovirus neutralization test after vaccination 2 between groups. LLoD isa 10 IU/mL. B,
Comparison of neutralizing antibodies (GMT *+ 95% CI) determined by PRNT after vaccination 2 between
groups. LLoD is 14.29 IU/mL, and responder (resp) cutoff is 28.57 IU/mL (black dotted line). Number of par-
ticipants above responder cutoff is indicated beneath the x-axis. Patients with IgG deficiencies and patients
with SPAD are combined, but the original color coding (Fig 2, A) is maintained. LLoD, Lower level of detec-
tion; PRNT, plaque reduction neutralization test; VNT, virus neutralisation test.

88%; P = .010) (Fig 4). In addition, when comparing geometric
mean [FN-vy levels in serum after stimulation, all cohorts were
comparable to controls with the exception of the CVID cohort
(0.33 IU/mL, 95% CI, 0.20-0.57, compared with 0.84 IU/mL,
95% CI, 0.59-1.12, P =.019). Results obtained with an RBD pep-
tide pool (Agl; see Fig E4 in this article’s Online Repository at
www.jacionline.org) and the Eurolmmun assay (Fig E3) were
comparable to the results described above.

Limited correlation was observed between S-specific binding
antibodies and T-cell responses (Fig E2; R = 0.30). However,
most patients with IEI and controls with detectable binding
antibody responses also developed T-cell responses with the
exception of the patients with XLLA, who exclusively developed
T-cell responses.

Clinical characteristics of responders and
nonresponders in the CVID cohort

In the CVID cohort, we observed a large variation in antibody
and T-cell responses, spreading from nonresponders to responders
comparable to controls. This cohort was also consistently lower in
responder rates, levels of binding and neutralizing antibodies, and
T-cell responses when compared with controls (Figs 2-4). Clini-
cally, patients with CVID are known to experience recurrent (bac-
terial) infections with varying severity. Some patients with CVID
have additional autoimmune, granulomatous, lymphoprolifera-
tive, and/or oncological complication.25 In our cohort, noninfec-
tious complications were more frequent in nonresponders (29 of
35), compared with responders (83 of 154) (P <.0001) (Table
II). Thereby, the GMT of patients with CVID with multiple com-
plications was significantly lower compared with that of patients

with CVID without noninfectious complications or a single
noninfectious complication (see Fig E6 in this article’s Online
Repository at www.jacionline.org). Higher age (P = .017), auto-
immune cytopenia (P < .0001), lymphoproliferative diseases
(P <.0001), granulomatous-lymphocytic interstitial lung disease
(P <.0001), and the concomitant use of immunosuppressive medi-
cation (P = .019) were significantly more present in nonre-
sponders (Table II). The presence of a noninfectious
complication in combination with or without the use of immuno-
suppressive medication was negatively associated with being a
responder in a multivariable logistic regression model (adjusted
odds ratios of 0.099, 95% CI, 0.025-0.32, P = .00028, and 0.19,
95% CI, 0.053-0.55, respectively) (see Table E4 in this article’s
Online Repository at www.jacionline.org). Noninfectious com-
plications were also more present in patients with CVID with a
lower T-cell response (see Table ES5 in this article’s Online Repos-
itory at www.jacionline.org). The presence of a monogenic defect
was not associated with a poorer antibody response (Table II).

Serious adverse events in patients with IEl after
mRNA-1273 COVID-19 vaccine

During follow-up, 9 severe adverse events were reported. Three
patients experienced shortness of breath following the first
vaccination. On evaluation no abnormalities were found and
complaints diminished spontaneously. The second vaccination
followed without problems in these patients. One patient was
admitted 2 months after vaccination because of cerebral hemor-
rhage and thrombosis, 1 patient because of diverticulitis. One
patient was admitted because of COVID-19 infection after the
first vaccination and 1 patient because of dyspnea and low oxygen
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levels, probably related to underlying pulmonary condition. In the
control group, 1 study participant experienced bradyarrhythmia
following vaccination, with spontaneous recovery, and 1 partic-
ipant suffered from ongoing tinnitus after full vaccination.

DISCUSSION

This study investigated the immunogenicity of mRNA-1273
COVID-19 vaccination in a large cohort of adult patients with IEI.

In patients with mild antibody deficiencies, seroconversion
rates were comparable to those in controls The mRNA-1273
vaccine seemed to mount a robust antibody response, whereas
these patients are known for diminished or absent response to
polysaccharide vaccines.'' Although seroconversion rates were
comparable to those found in controls, levels of (neutralizing) an-
tibodies were lower. Because neutralizing antibodies are consid-
ered an important correlate of protection, the lower levels of
neutralizing antibodies potentially warrant booster vaccination.”®
This holds especially true with the recent emergence of SARS-
CoV-2 variants of concern, which can (partially) escape
vaccine-induced antibodies. Presently, long-term immunoge-
nicity data are lacking and waning of antibody response will be
assessed in future studies. In addition to antibody response, the
assessment of memory B- and T-cell responses is important to

understand vaccine-induced immunity in patients with IEL. In
this study, T-cell responses after vaccination in these patients
were comparable to those in controls, implicating that the induc-
tion of T-cell responses by mRNA-1273 vaccination is not
disturbed.

As expected, antibody responses were not present in most
patients with XLA. XLA is caused by a genetic defect in Bruton
tyrosine kinase gene, which results in agammaglobulinemia and
(near) absence of CD19" B cells.”> Three patients with XLA
developed an antibody response. The positive antibody responses
in these patients could be explained by residual B-cell function
due to hypomorphic gene variant defects, and/or as a result of
incomplete penetrance.27 Because anti-SARS-CoV-2 antibodies
were not present in immunoglobulin preparations at time of eval-
uation of the response in our study, the increase in titers reflects a
true immune response in these patients with XLA. Interestingly,
all patients with XL A developed a robust SARS-CoV-2—specific
T-cell response, indicating that patients who lack B cells could
still benefit from mRNA-1273 vaccination.”*’

Most patients with CVID developed SARS-CoV-2—-specific
antibody and/or T-cell responses. Several clinical characteristics,
such as age and noninfectious complications, differed between
responders and nonresponders. The association of inadequate
responses with age has been previously described.'> However, the
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TABLE Il. Differences in patient characteristics between responders and nonresponders in patients with CVID
Responder (Luminex-S > Nonresponder (Luminex-S <
22.87 BAU/mL) 22.87 BAU/mL)

Characteristic (N = 154) (N = 35) P value
Sex: male, n (%) 62 (40.3) 14 (40.0) .997
Age (y), mean = SD 46.3 = 16.4 51.5 = 10.0 .017*
Genetic defect known, n (%) 23 (14.9) 6 (17.1) 744
Noninfectious complications present, n (%) 83 (53.9) 29 (82.9) .002
Autoimmune cytopenia 8 (5.2) 12 (34.3) <.0001
Other autoimmune diseases 28 (18.2) 11 (31.4) .080
Enteropathy 22 (14.3) 3 (8.6) .580
Malignancy 9 (5.8) 5 (14.3) .143
Lymphoproliferative diseases 12 (7.8) 16 (45.7) <.0001
Granulomatous-lymphocytic interstitial lung disease 13 (8.4) 15 (42.9) <.0001
Other granulomatous diseases 3(1.9 4 (11.4) .023
Immunosuppressive medicine(s) used in last 2 y,* n (%) 37 (24.0) 16 (45.7) .010
Immunosuppressive medicine(s) used during vaccination period, n (%) 29 (18.8) 13 (37.1) .019
Steroids 16 (10.4) 6 (17.1) 254
Anti-TNF-a 4 (2.6) 3 (8.6) 120
Azathioprine 3(1.9) 3 (8.6) .078
Rituximab (year of treatment) 2 (1.3) (2017) 2 (5.7) (2014, 2017, 2020) 157

*Independent ¢ test. All other P values are calculated using Pearson x* test, except for parameters with total (expected) cell counts <5 (Fischer exact test).

negative association of antibody responses with noninfectious
complications in IEI is a novel finding. The occurrence of autoim-
mune, autoinflammatory, and lymphoproliferative complications
points toward more severe immune dysregulation in these pa-
tients, which could explain the lower responses. Moreover, we
showed that the number of noninfectious complications is corre-
lated with poorer antibody response, which supports this hypoth-
esis. We could not find an association between the presence of a
monogenic defect in CVID and poor response. The numbers of
included patients with CVID using specific immunosuppressive
medication in this study was too low to link specific treatment
to reduced vaccination responses and should be evaluated in
future registration studies. Previous studies did show a negative
impact of B-cell-depleting therapies (rituximab) and mycophe-
nolate on COVID-19 vaccination responses.”*” Altogether, our
results suggest a need for personalized vaccination regimens
and follow-up in specific subgroups of patients with CVID.

We included a low number of patients with CID (22 in total) in
our study, with heterogeneous clinical phenotypes, which makes
it difficult to draw definite conclusions on the immunogenicity of
the mRNA1273 COVID-19 vaccine. However, our findings of
antibody and T-cell response rates being comparable to those in
controls should encourage vaccination of patients with CID.

Finally, in patients with phagocyte defects, no disturbed
antibody or T-cell responses were found, which is in line with
the underlying defects in these patients, in whom disease is
characterized by a defect in phagocyte number and/or function,
while antibody and T-cell functions are not affected.

In our study, the assessment of the initial immune response
following COVID-19 vaccination in patients with IEI was limited
to the mRNA-1273 COVID-19 vaccine. In the Netherlands,
mRNA-based vaccines have been the vaccines of choice for
immunocompromised patients. Previous studies in small cohorts
of patients with IEI vaccinated with BNT162b2 mRNA COVID-
19 vaccine showed comparable results to our study.lz’13 Long-
term follow-up of patients with IEI on vaccination is essential
to better understand COVID-19 vaccine immunogenicity, and

the additional evaluation of booster vaccinations will be impor-
tant in the near future. This is specifically important as novel var-
iants of concern are continuously emerging, such as the Omicron
BA.1 and BA.2, which can efficiently evade antibody responses.”’
However, vaccine-induced T-cell responses are cross-reactive to
circulating variants.*>*

In conclusion, we show distinct differences in responses
between cohorts or subgroups of patients with IEI, based on
underlying disease and immune defects. Ninety percent of
included patients suffered from a predominantly antibody
deficiency. In more than 80% of these patients, seroconversion
and T-cell response were demonstrated. In specific subgroups of
patients with IEI, diminished responses were found.

On the basis of our data, all patients with IEI should receive full
COVID-19 vaccination, because this population is at risk of
severe clinical course after infection. In addition, we show that
patients with XL A could benefit from COVID-19 vaccination
despite the absence of functional antibody responses by mounting
a cellular response. Additional vaccinations should be considered
for patients with IEI who are likely to have suboptimal antibody
response, although not all patients may benefit from these.” It
will therefore still be important to maintain precautionary mea-
sures for patients with IEI after additional vaccination. In specific
subgroups of patients with IEI, personalized vaccination regi-
mens or temporary reduction of immunosuppressive medication
before :/iaccination could be considered, when clinical condition
allows.™

Clinical implications: Most patients with IEI mount an immune
response after a standard primary vaccination series with

mRNA-1273 COVID-19 vaccine, but variable efficacy may
necessitate disease-specific or personalized booster regimens.
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