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Purpose: Previous studies have demonstrated that the majority of patients with

an inborn error of immunity (IEI) develop a spike (S)-specific IgG antibody and T-

cell response after two doses of the mRNA-1273 COVID-19 vaccine, but little is

known about the response to a booster vaccination. We studied the

immune responses 8 weeks after booster vaccination with mRNA-based

COVID-19 vaccines in 171 IEI patients. Moreover, we evaluated the clinical

outcomes in these patients one year after the start of the Dutch COVID-19

vaccination campaign.

Methods: This study was embedded in a large prospective multicenter study

investigating the immunogenicity of COVID-19 mRNA-based vaccines in IEI

(VACOPID study). Blood samples were taken from 244 participants 8 weeks

after booster vaccination. These participants included 171 IEI patients (X-linked

agammaglobulinemia (XLA;N=11), combined immunodeficiency (CID;N=4),

common variable immunodeficiency (CVID;N=45), isolated or undefined

antibody deficiencies (N=108) and phagocyte defects (N=3)) and 73 controls.

SARS-CoV-2-specific IgG titers, neutralizing antibodies, and T-cell responses

were evaluated. One year after the start of the COVID-19 vaccination program,
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334 study participants (239 IEI patients and 95 controls) completed a

questionnaire to supplement their clinical data focusing on SARS-CoV-

2 infections.

Results: After booster vaccination, S-specific IgG titers increased in all COVID-19

naive IEI cohorts and controls, when compared to titers at 6 months after the

priming regimen. The fold-increases did not differ between controls and IEI

cohorts. SARS-CoV-2-specific T-cell responses also increased equally in all

cohorts after booster vaccination compared to 6 months after the priming

regimen. Most SARS-CoV-2 infections during the study period occurred in the

period when the Omicron variant had become dominant. The clinical course of

these infections was mild, although IEI patients experienced more frequent fever

and dyspnea compared to controls and their symptoms persisted longer.

Conclusion: Our study demonstrates that mRNA-based booster vaccination

induces robust recall of memory B-cell and T-cell responses in most IEI

patients. One-year clinical follow-up demonstrated that SARS-CoV-2

infections in IEI patients were mild. Given our results, we support booster

campaigns with newer variant-specific COVID-19 booster vaccines to IEI

patients with milder phenotypes.
KEYWORDS

inborn errors of immunity, primary immunodeficiency disorders, SARS-CoV-2, mRNA-
1273 COVID-19 vaccine, booster vaccination, immunogenicity, antibody response, T-
cell response
Introduction

Inborn errors of immunity (IEI), commonly referred to as

primary immunodeficiencies (PID), are a diverse group of

congenital disorders affecting single or multiple components of

the immune system. IEI result in increased susceptibility to

infections, and sometimes autoimmune complications,

autoinflammatory diseases, allergies and an increased risk for

malignancies. In many IEI disturbed or absent responses to

vaccination are found. During the COVID-19 pandemic, patients

with IEI were prioritized in the Dutch COVID-19 vaccination

program to receive 2 doses of an mRNA-based COVID-19
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vaccine (mRNA-1273). Multiple studies have investigated the

immunogenicity of COVID-19 vaccines in these patients. We and

others found that in patients with primary antibody deficiencies an

overall serologic response of 72% was observed, ranging from 0% in

X-linked agammaglobulinemia (XLA) patients, 52-81% in common

variable immunodeficiency (CVID) patients, to 100% in specific

polysaccharide antibody deficiency (SPAD) patients (1–3). In

patients with combined immunodeficiencies (CID), variable

serological responses have been described, ranging from 0 to

100%, although the numbers of studied patients were low and

clinical phenotypes heterogeneous (1, 2, 4, 5). In addition, SARS-

CoV-2 specific T-cell responses in IEI patients are reported to be

robust and comparable to those in controls (1, 6). Although

response rates after vaccination were promising, lower levels of

neutralizing antibodies were detected in IEI patients when

compared to controls, which raised questions about the long-term

protection and the need for booster vaccinations (1–3).

Recently, we reported the six-month immunogenicity of the

mRNA-1273 COVID-19 vaccine in our cohort of Dutch IEI

patients (7). Binding and functional antibody titers significantly

declined at six months after the second vaccination in both IEI

patients and controls, with no differences in decay rates. However,

antibody titers at 28 days after vaccination in patients with CID and

CVID were lower when compared to controls, and antibody titers
frontiersin.org
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dropped below the responder cut-off in these patients more

frequently at six months after completion of the priming regimen.

Moreover, most CVID patients that did not respond to the initial

regimen of two mRNA-1273 COVID-19 vaccines, did not respond

to a third vaccination either (7, 8).

In addition to declining antibody titers after the priming

regimen, the Omicron variant, which emerged in late 2021,

showed a sharp reduction in sensitivity to neutralizing antibodies,

leading to reduced or absent neutralization of this variant in healthy

individuals (9). Booster vaccination partially restored this

neutralizing capacity against Omicron (9–13). As a consequence,

adults, including IEI patients, were advised to receive booster

vaccinations. Although boosters enhance vaccine effectiveness,

their effects wane over time, leading to more breakthrough

infections (14). A Danish study found a correlation between

higher Spike (S)-specific antibody titers and a reduced risk of

breakthrough infections for the Delta variant, but this correlation

was not demonstrated for the Omicron variant (15).

Various studies have described the effects of boosters in

heterogeneous cohorts of IEI patients, showing an increase in

antibody titers and/or neutralizing capacities (8, 16). However, no

study has specifically analyzed the effects of boosters in different

subgroups of IEI patients, which is crucial to determine which specific

patients would benefit most from additional boosters. This

knowledge is essential for policy-making to allow for optimal

(booster) vaccination strategies in these different cohorts. While

clinical data on breakthrough infections in IEI patients after the

initial vaccination regimen is available, limited data exists on

breakthrough infections following booster vaccination (17, 18). A

large cohort study conducted in the United Kingdom demonstrated

an increased risk of hospitalization and mortality after breakthrough

infections following a mRNA booster dose in individuals with an

immunodeficiency compared to healthy subjects. However, the study

did not specifically examine this risk in IEI patients (19). Therefore, in

the present study, we investigated SARS-CoV-2-specific antibody and

T-cell responses after the administration of mRNA-based boosters in

171 IEI patients and 73 controls. Patients were categorized into

cohorts based on different types of immunodeficiencies. These

cohorts include XLA, CVID, CID, isolated antibody deficiencies

(IgG subclass deficiency ± IgA deficiency (IgG), SPAD, phagocyte

defects, and undefined antibody deficiencies. Additionally, we

measured neutralizing antibodies 8 weeks after booster vaccination

in participants who experienced breakthrough infections after

booster vaccination and compared them to those who did not have

breakthrough infections. Finally, we examined the clinical outcomes

of our IEI cohort for up to one year after the start of the Dutch

national vaccination campaign.
Methods

Ethical statement

The Vaccination Against COvid in Primary Immune Deficiencies

(VACOPID) study is a prospective, controlled, multicenter research

initiative carried out in seven academic hospitals in the Netherlands,
Frontiers in Immunology 03
involving patients with IEI. The study adheres to the principles of the

Declaration of Helsinki and has received approval from the Dutch

Central Committee on Research Involving Human Subjects (CCMO,

NL7647.078.21, EudraCT number 2021-000515-24), the Medical

Research Ethics Committee from Erasmus University Medical

Center (MEC-2021-0050) and the local review boards of all other

participating centers. Written informed consent was provided by all

participants before inclusion.
Study participants and design

A total of 505 patients with IEI and 192 non-IEI controls were

initially included and stratified into different cohorts (Table 1,

Figure 1). The study design and criteria for inclusion/exclusion are

described in detail in the Supplementary Material. The XLA, CID and

CVID cohorts are characterized by more severe clinical phenotypes.

Thereby, within the CVID cohort, patients may also experience auto-

immune, granulomatous, lymphoproliferative and/or oncological

complications. Isolated IgG subclass deficiency ± IgA deficiency and

SPAD are clinically similar cohorts with a milder clinical phenotype,

and were studied as one group. The undefined antibody deficiency

cohort included patients with primary hypogammaglobulinaemia and

preserved T-cellular immunity who do not meet the diagnostic criteria

for any other primary antibody deficiencies. SARS-CoV-2 infections

reported by the participants were also tracked throughout the study. At

the beginning of the study, all study participants received two doses of

the mRNA-1273 COVID-19 vaccine, administered with a 28-day

interval, in accordance with the Dutch COVID-19 vaccination

program. Results of the immune responses at 28 days- and six

months following the second mRNA-1273 COVID-19 vaccine have

been previously published (1, 7).

A third mRNA-based COVID-19 vaccine was recommended by

the Dutch healthcare authorities to patients with CID or CVID who

use immunosuppressive drugs, or in specific individual cases, based

on proven or assumed non-response (20). These so-called third

vaccinations were mainly administered in October 2021 (Figure 1,

visit 5A). Alongside this third dose, a booster vaccination campaign

was launched, recommending mRNA-based boosters based on the

ancestral SARS-Cov-2 strain for adults who received their last

COVID-19 vaccination and/or had a SARS-CoV2 infection more

than three months ago. Both controls and IEI patients who were not

eligible for a third vaccination, and IEI patients who received a third

vaccination more than three months ago were eligible for this

booster vaccination. Most participants received their booster

vaccination in December 2021 and January 2022. The mRNA-

1273 (Moderna) and the BNT162b2 (Pfizer) vaccines were used as

boosters based on local availability and personal preferences and

were administered at public vaccination sites (Figure 1, visit 5B).

An amendment to the original study protocol was approved by

the Medical Research Ethics Committee from Erasmus University

Medical Center. With this amendment the immune responses of

mRNA-based COVID-19 booster vaccination in our patient cohort

could be studied. Participants of six academic centers were invited to

donate additional blood samples four to ten weeks after booster

vaccination. 171 IEI patients and 73 controls responded to this
frontiersin.org
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TABLE 1 Baseline characteristics of VACOPID participants that donated a blood sample after booster vaccination.
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Controls

X-linked
agamma-
globul-
inemia
(XLA)

Combined
Immunode-
ficiency (CID)

Common Variable
Immunodeficiency

(CVID)

Isolated IgG subclass deficien
Specific polysaccharide antib

deficiency (SPAD)

Baseline characteristics of participants that did not contract a SARS-CoV-2 infection before blood sample donation after boost

n 54 7 4 29 79

Male, n(%) 26 (48%) 7 (100%) 2 (50%) 12 (41%) 29 (37%)

Median age (IQR) 57 [27-73] 47 [27-63] 34 [22-55] 55 [19-79] 60 [22-77]

Booster vaccine

Moderna 31 3 1 12 45

Pfizer 20 3 3 15 31

mRNA booster, not
further specified

3 1 2 3

Immunoglobulin
replacement
therapy, n (%)

0 7 (100%) 1 (25%) 26 (90%) 42 (53%)

IEI with ≥ 1 non-
infectious
complication, n (%)

0 2 (29%) 2 (50%) 8 (28%) 21 (27%)

Immunosuppressive medication used in past 2 years and during the study

Prednisone/other
corticosteroid
treatment

1 1 9 22

Azathioprine 1 1

Anti-TNF-a 1

Hydroxychloroquine 1 2

Mycophenolate
mofetil

1

Other DMARDs 1

Methotrexate 1 2
c
o
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TABLE 1 Continued
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Controls

X-linked
agamma-
globul-
inemia
(XLA)

Combined
Immunode-
ficiency (CID)

Common Variabl
Immunodeficienc

(CVID)

Immunosuppressive medication used in past 2 years and during the study

Calcineurin
inhibitors

JAK inhibitors 1

SARS-Cov-2 infections in participants that donated a blood sample after booster vaccin

None 41 6 4 21

Before start of
the study

2 1 0 3

Between second
vaccination and
booster vaccination

3 0 0 2

Between booster
vaccination and
blood
sample collection

12 2 0 9

Between blood
sample collection
after booster
vaccination and end
of study

13 1 0 8

A, Fisher exact test; B, Wilcoxon rank-sum test; TNF, tumor necrosis factor; DMARD, disease modifying anti-rheumatic drug
a
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invitation. Three months after the third vaccination or booster, IEI

patients could receive another booster vaccination according to the

Dutch vaccination program. Blood was collected from 36 IEI patients

four to ten weeks after receiving this 4th dose (Figure 1, visit 6). The

study period ran until April 30th 2022. At the end of the study, all

participants that were initially included were asked to complete a

questionnaire to supplement their clinical data, regardless of whether

they had completed all study visits. This request was fulfilled by 338

participants (241 IEI patients and 97 controls).
Measurement of humoral and cellular
immune responses

The assays to evaluate humoral and cellular immune responses are

described more extensively in the Supplementary Material. Briefly, the

quantitative Luminex assay was used to measure S-specific IgG and

nucleocapsid (N) specific IgG, with results expressed as international

Binding Antibody Units per mL (BAU/ml) (21, 22). Participants with

S-specific IgG above 44.8 BAU/ml were considered seropositive (23).

Nucleocapsid (N)-specific IgG antibodies were analyzed to identify

participants who contracted COVID-19 before or during the study.

We selected a cutoff value with 100% specificity, measured in pre-

pandemic sera from healthy donors, to minimize the possibility of

false-positive results due to administration of (low levels of) N-specific

antibodies in IGRT (23, 24). Therefore, an infection with SARS-CoV-2

was defined as a history of a positive PCR test, positive antigen test,

and/or an N-specific IgG titer above 42.2 BAU/ml. We tested samples

for the presence of neutralizing antibodies from 104 participants (32

controls, 19 CVID, 53 IgG/SPAD) whose clinical information was

completed and who had not experienced COVID-19 until blood

collection after booster vaccination. We compared serum

neutralization capacity between participants who contracted

COVID-19 after blood sample collection and those who remained

uninfected, using a pseudovirus system targeting ancestral SARS-

CoV-2 and Omicron subvariants BA.1 and BA.2. Neutralization titers
Frontiers in Immunology 06
were expressed as International Units per mL (IU/ml) (25, 26). The

WHO International Standard for anti-SARS-CoV-2 immunoglobulin

(NIBSC 20/136) was used to normalize the IgG and neutralizing

antibody titers. T-cell responses were assessed in samples obtained

from the university hospitals of Leiden and Rotterdam using an

Interferon-gamma (IFN-ɣ) release assay (IGRA, QIAGEN)

including a peptide pool that covers the S protein (Ag2). The results

of the IGRA were quantified in IU IFN-ɣ/ml after subtraction of the

negative control value.
Statistical analysis

Categorical variables are displayed as numbers and percentages

and analyzed with Fisher’s exact test. Continuous variables are

presented as median ± interquartile range (IQR). The time interval

between booster administration and blood collection was corrected

for outliers. Outliers were defined as below the first quartile minus

1.5 times the IQR or above the third quartile plus 1.5 times the IQR.

Fold changes are displayed as the median of individual fold changes.

Results of the immunological assays were displayed in figures and

text with geometric means, medians, and (interquartile) ranges. The

Wilcoxon rank-sum test was used to analyze continuous variables

and the Wilcoxon signed rank test was used to analyze paired data.

Log-rank tests were used to compare breakthrough infections after

booster vaccination. P-values below 0.05 were considered

statistically significant.
Software

Study data were collected in an online electronic data capture

system (Castor©, Amsterdam, the Netherlands), compliant to the

General Data Protection Regulation (GDPR). R studio was used for

statistical analyses. Graphs were prepared with GraphPad PRISM,

version 9.1.2 (San Diego, CA, USA).
FIGURE 1

Study design. Study design including study visits, number of participants per study visit and median intervals between study visits or between
vaccination and study visits. Study visit 5 is divided into part A and B. Part A are participants receiving a third vaccination. In our study, these
participants are CVID patients who use immunosuppressive drugs, or in specific individual cases when a medical specialist had reasonable
arguments to make an exception to the aforementioned indications, based on proven or assumed non-response. Part B are participants who
received a regular booster vaccination. Results of study visits 1, 2 and 3, 4 and 5A were published previously (blue and green panels). Results of study
visit 5B and 6 (pink panels) are included in this study.*The mRNA-1273 (Moderna)- and the BNT162b2 (Pfizer) vaccines were used as third vaccination
or booster vaccination based on local availability and personal preferences and were administered at public vaccination sites.
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Results

Blood samples were collected from a total of 244 participants

(171 IEI and 73 controls) who received a booster vaccination

(Figure 1). The median time between the second vaccination of

the priming regimen and the booster vaccination was 258 days (IQR

244-267), the median time between the blood sample taken 6

months after second vaccination and booster vaccination was 74

days (IQR 61-85) and the median time between booster

administration and blood sample collection was 59 days (IQR 49-

67). None of these participants had previously received a third

vaccine. Eight participants (2 controls, 6 IEI) were excluded from

analysis due to outlying intervals between booster administration

and blood sample collection (>94 days). Forty IEI patients and 17

controls who had contracted COVID-19 before- or during the study

were analyzed separately. COVID-19 was diagnosed by PRC or

antigen test in 50 participants (13 controls, 37 IEI), while 7 (4

controls, 3 IEI) were diagnosed by anti-N antibodies above 42.2

BAU/ml. After excluding the participants who had contracted

COVID-19, 125 IEI patients and 54 controls remained eligible for

the main analysis of the booster vaccination study. Their baseline

characteristics are displayed in Table 1. As the numbers of patients

with phagocyte defects and undefined antibody deficiencies were

low, findings regarding these cohorts are reported in detail in the

Supplementary Material (Supplementary Figure 1).
Booster vaccination increases SARS-CoV-2
S-specific IgG titers in IEI patients

To determine to what extent SARS-CoV-2 S-specific antibody

titers increase after booster vaccination, S-specific IgG titers at 6

months after the second vaccination were compared with S-specific

IgG titers 6-10 weeks after booster vaccination. No differences were

observed in responses following either a mRNA-1273 (Moderna) or

BNT162b2 (Pfizer) booster (Supplementary Figure 2); the results

hereafter represent the pooled outcomes. Booster vaccination

increased SARS-CoV-2 S-specific IgG titers in all cohorts when

compared to the titers six months after the second vaccination. The

geometric mean titer (GMT) of S-specific IgG in the control cohort

increased 9.7-fold, from 533 to 5050 BAU/ml (P<.0001) (Figure 2). The

GMT’s of the CVID and IgG/SPAD cohorts (in total) also increased

significantly (CVID: 7.8 fold from 322 BAU/ml to 2670 BAU/ml

(P<.0001), IgG/SPAD: 13.4-fold from 367 to 4950 BAU/ml (P<.0001)).

When stratifying these cohorts based on the use of immunoglobulin

replacement therapy (IGRT), S-specific IgG still increased significantly

in CVID patients on IGRT (8.7 fold from 296 BAU/ml to 2545

BAU.ml (P<.0001)) and IgG/SPAD patients with and without IGRT

use (with IGRT: 17.9 fold from 249 BAU/ml to 4985 BAU/ml

(P<.0001), without IGRT: 9.9 fold from 563 BAU/ml to 4919 BAU/

ml (P<.0001)). No significant increase was observed in the smaller

cohorts, consisting of the CVID cohort without use of IGRT (N=3) and

the CVID cohort (N=4)(7.3 fold from 647 BAU/ml to 4070 BAU/ml

(P=.50), and 14.8-fold from 181 to 2350 BAU/ml (P=.13), respectively)

(Figure 2). Although the geometric mean titer (GMT) of S-specific IgG
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in the XLA cohort increased significantly, this titer is still very low (6.3-

fold from 24 to 94 BAU/ml (P=.03)) and this effect should be

contributed to IGRT. The GMT’s of S-specific IgG after booster

vaccination did not differ between patients in the CVID and IgG/

SPAD cohort who received IGRT and those who did not (P=.65 and

P=.77, respectively) (Figure 2A). However, fold changes of the IgG/

SPAD patients who use IGRT were significantly higher compared to

the fold changes of IgG/SPAD patients who did not use IGRT (P=.03)

(Figure 2B). Fold changes did not differ between (total) IEI cohorts and

controls, except for the XLA cohort (P=.02). Trajectories of the GMTs

of the different cohorts are shown in Figure 2C. This figure also

includes previously reported results of CVID participants that received

a third vaccination (instead of a booster vaccination) (7).
COVID-19 does not result in higher
SARS-CoV-2 S-specific IgG titers after
booster vaccination

In total, 15 controls and 40 IEI patients who donated a blood

sample after receiving a booster vaccination contracted COVID-19

before this blood donation. The majority of infections occurred

before the first vaccination (N=15, 27.3%) or between the booster

vaccination and the collection of the blood sample (N=30, 55%)

(Table 1). GMT of participants who contracted COVID-19 before

or during the study were similar to those who did not contract

COVID-19 (Supplementary Figure 3).
Neutralizing antibodies in the IgG/SPAD
cohort as correlate of protection against
breakthrough infections

Neutralizing antibodies were compared between participants who

contracted COVID-19 after blood sample collection and those who

remained uninfected, focusing on our largest cohorts (controls (N=32),

CVID (N=19) and IgG/SPAD (N=53)). The follow-up duration after

blood sample collection was comparable between participants who did

and who did not contract COVID-19 (median 67 days (IQR 62-72)

and 66 days (IQR 58-72) respectively, P=.18). Significantly lower

neutralizing antibody titers were found in IgG/SPAD patients who

developed COVID-19 shortly after blood sample collection (ancestral:

P=.0021, BA.1: P=.0012, BA.2: P=.0041) (Supplementary Figure 4).

Similarly, IgG/SPAD participants with relatively low titers of

neutralizing antibodies against the ancestral virus, BA.1, and BA.2

(below the median of 283 IU/ml, 82.5 IU/ml, and 136 IU/ml

respectively) had a significantly higher risk of contracting a

breakthrough infection during the initial months after blood sample

collection (Ancestral: hazard ratio 3.5, 95% confidence interval [1.02-

12.17], P=.047. BA.1 and BA.2: hazard ratio 5.2, 95% confidence

interval [1.50-17.92], P=.0093). The same trend was seen when

comparing binding antibodies, with anti-S antibodies being

significantly lower in IgG/SPAD participants who developed

COVID-19 shortly after blood sample collection (IgG/SPAD:

P=0.006, controls: P=.30, CVID: P=.18).
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B

C

A

FIGURE 2

S-specific IgG pre- (28 days and six months after second vaccination) and post-boost (+/- 8 weeks after booster vaccination). (A) S-specific IgG
measured by Luminex for controls and different cohorts of inborn errors of immunity (IEI) patients 28 days after second vaccination, six months after
the second vaccination, and eight weeks after booster vaccination. The number of participants per cohort correspond to Table 1. The CVID and IgG
cohort were stratified based on IGRT use. Results are expressed in binding antibody units per milliliter (BAU/mL). The dotted line is the pre-defined
responder cut-off (resp). Data in panel A are presented in box-and-whisker plots. The horizontal lines of the box-and-whisker plots indicate the
median, the bounds of the boxes indicate the interquartile range, and the whiskers indicate the range. All datapoints are shown. The numbers below
the box-and-whisker plots indicate the geometric mean titers (GMT) per time point. Participants not using immunoglobulin replacement therapy
(IGRT) are shown as circles, participants using IGRT are shown as squares. IgG titers were compared per cohort using the Wilcoxon paired signed
rank test. The SPAD cohort is indicated with white symbols (with orange borders) while the IgG cohort is indicated with orange symbols. (B) Fold
changes of IgG antibodies post-boost (+/- 8 weeks after booster vaccination) compared to 6 months after primary regimen of each cohort in total
plus the fold changes the CVID and IgG/SPAD cohort stratified by IGRT use. Data in panel B are presented in scatter dot plots. The horizontal lines
indicate the median, the whiskers indicate the interquartile range. All data points are shown. The dashed line represents a fold change of 1, where
the titer at 6 months after primary regimen is equal to the titer after booster. All data points above the dashed line represents a fold increase, all data
points below the dashed line a fold decrease. The numbers below indicate the median fold change. Fold changes were compared per cohort using
the Wilcoxon rank-sum test. (C) Trajectories of the GMTs after third vaccination (CVID) and booster vaccination (all cohorts). The results of CVID
participants receiving a third vaccination have also been published previously. A subset of these CVID participants received a booster after their third
vaccination (fourth dose in total, named post-boost after 3rd vaccination on the x-axis). The results after booster vaccination of the CVID cohort and
the other cohorts were computed only on those who donated blood after booster vaccination. Color coding is the same in all figures. S, Spike; XLA,
X-linked agammaglobulinemia; CID, Combined Immunodeficiency; CVID, Common Variable Immunodeficiency; IgG, Isolated IgG subclass
deficiency ± IgA deficiency; SPAD, Specific polysaccharide antibody deficiency; * = P<.05, ** = P<.01, *** = P<.001, **** = P<.0001.
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Booster vaccination increases SARS-CoV-2
specific T-cell responses

SARS-CoV-2-specific T-cell responses after booster

vaccination were assessed in samples collected from two study

sites using the QIAGEN assay (Figure 3A). In this assay, IFN-g
levels after booster vaccination increased significantly from 0.45

IU/ml to 0.61 IU/ml in the control cohort (P<.001) and from 0.30

IU/ml to 0.71 IU/ml in the IgG/SPAD cohort (P<.0001) compared
Frontiers in Immunology 09
to the IFN-g levels 6 months after the primary regimen. No

significant increase was observed in the other (smaller) cohorts

(XLA: 0.34 to 0.81 IU/ml (P=.88), CID: 0.09 to 0.20 IU/ml (P=.50),

CVID: 0.36 to 0.51 IU/ml (P=.08). IFN-g levels did not increase

after booster vaccination compared to the initial response, and

IFN-g levels after booster were not statistically different between

controls and IEI cohorts. Of the 101 participants analyzed, 15

(9%) did not have IFN-g levels above the responder cut-off of 0.15
IU/ml (4 controls, 1 CID, 4 CVID and 6 IgG/SPAD), but all these
B

A

FIGURE 3

SARS-CoV-2-specific T-cell responses pre-boost (28 days and six months after second vaccination) and post-boost (+/- 8 weeks after booster
vaccination). (A) SARS-CoV-2-specific T-cell responses measured by an interferon g (IFN-g) release assay (QIAGEN) after stimulation of whole blood
28 days and six months after second vaccination and eight weeks after booster vaccination. Lower limit of detection (LLOD) is.01 IU/ml and
responder cut off (resp) is.15 IU/ml. Results are expressed as international units/milliliter (IU/mL). The dotted line is the pre-defined responder cut-off
(resp). Data is presented in box-and-whisker plots. The horizontal lines of the box-and-whisker plots indicate the median, the bounds of the boxes
indicate the interquartile range, and the whiskers indicate the range. All datapoints are shown. The numbers above the box-and-whisker plots
indicate the geometric mean titer (GMT). Within each cohort, IFN-g levels at 28 days and six months were compared using Wilcoxon paired signed
rank test. The SPAD cohort is indicated with white symbols while the IgG cohort is indicated with orange symbols. (B) Correlation between IgG titers
and T-cell responses 8 weeks after booster vaccination. The dotted horizontal line is the responder cut-off of the QIAGEN interferon-gamma
release assay (0.15 IU/mL). The dotted vertical line is the responder cut-off of the Luminex assay (44.8 BAU/ml). Color coding is the same in all
figures. XLA, X-linked agammaglobulinemia; CID, Combined Immunodeficiency; CVID, Common Variable Immunodeficiency; IgG, Isolated IgG
subclass deficiency ± IgA deficiency; SPAD, Specific polysaccharide antibody deficiency; *** = P<.001, **** = P<.0001.
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T-cell non-responders had SARS-CoV-2 S-specific IgG titers

above the cut-off level (44.8 IU/ml) (Figure 3B).
CVID cohort

Clinically, CVID patients are known to experience recurrent

(bacterial) infections with varying severity. A number of CVID

patients show additional autoimmune, granulomatous,

lymphoproliferative and/or oncological complications (27). As

reported previously, fifty CVID patients of our cohort received a

third vaccination (7). Fifteen of them also donated blood samples

after receiving a fourth dose (administered at least three months

after the third vaccination). After this fourth dose, the GMT of anti-

S IgG increased from 37 BAU/ml to 100 BAU/ml (P=.0006)

(Figures 2C, 4A). Although this was a significant increase, the

GMT is still considered low compared to the trajectories of the

other cohorts. Fourteen of these participants received IGRT, which

may also explain the increase due to increasing levels of anti-S

antibodies in those preparations at the time (24). Previously, we

found that the presence of a noninfectious complication with or

without the use of immunosuppressive medication was negatively

associated with response after two mRNA-1273 vaccinations. This

association persisted after administration of a third dose of a mRNA

COVID-19 vaccine (third vaccination or booster) (Figure 4B)

(Supplementary Table 1).
Clinical outcomes one year after primary
vaccination regimen

After one year of follow-up, 243 study participants had

contracted at least one SARS-CoV-2 infection (66 controls, 178
Frontiers in Immunology 10
IEI patients) (Table 2). Reinfections with SARS-CoV-2 were

reported in 5 controls (7%) and 20 IEI patients (10%). Eleven

participants were admitted to a hospital because of COVID-19.

Main reasons for admission included symptomatic illness by

COVID-19 and/or admission to day clinics for (experimental)

monoclonal antibody treatment (Table 3). The binding antibody

titers, measured 28 days after second vaccination, were not different

between CVID and IgG/SPAD patients who were hospitalized due

to COVID-19 related illness and patients from the same cohorts

who were not hospitalized (P=.48 and P=.45 respectively). The

number of hospitalized patients in which T-cell response was

evaluated was too low to correlate T-cell responses with risk of

hospitalization due to COVID-19 (data not shown). Clinical data

on the occurrence of COVID-19 has been completed up to the study

endpoint in 338 participants (241 patients with IEI and 97 controls)

(Table 2). Of these 338 participants, two CVID patients and one

CID patient died during the study. Their causes of death were

unrelated to COVID-19. Of the remaining 335 participants, 130

infections occurred in the IEI patients and 50 in the control cohort,

resulting in similar infection rates (54% and 52% respectively). Most

participants were infected after the Omicron lineages became

dominant. COVID-19 related symptoms including cough,

dyspnea, fever, nasal congestion, throat pain, and the duration of

symptoms were evaluated by a COVID-19 questionnaire. IEI

patients experienced significantly more frequent fever and

dyspnea compared to controls (40% and 37% in IEI patients, 16%

and 8% in controls respectively, P=.024 and P=.002). Additionally,

symptom duration was significantly longer (IEI median 8 days [IQR

5-14], controls median 5 days [IQR 3-7], P<.0001) (Table 2).

Subsequent regression analyses revealed that variables including

gender, age, underlying disease, use of IGRT and/or

immunosuppressive medication were not able to explain the

observed difference in symptom duration (data not shown).
BA

FIGURE 4

SARS-CoV-2-specific IgG in CVID participants. (A) S-specific IgG measured by Luminex for CVID patients that received a third dose and a (fourth)
booster dose after the initial regimen of 2 mRNA-1273 COVID-19 vaccines. S-specific IgG was measured 28 days after second vaccination, six
months after the second vaccination, five weeks after third vaccination and eight weeks after booster vaccination. (B) S-specific IgG measured by
Luminex for CVID patients after a third dose of a mRNA COVID-19 vaccine (either a third vaccination of a booster dose) stratified by the presence of
non-infectious complications. The following non-infectious complications were defined: Autoimmune cytopenia, organ specific autoimmunity,
systemic autoimmunity, enteropathy, malignancy, lymphoproliferative diseases, granulomatous lymphocytic interstitial lung disease (GLILD), and
other granulomatous diseases. (A, B) Results are expressed in binding antibody units per milliliter (BAU/mL). The dotted line is the pre-defined
responder cut-off. Data in panels A and B are presented in box-and-whisker plots. The horizontal lines of the box-and-whisker plots indicate the
median, the bounds of the boxes indicate the interquartile range, and the whiskers indicate the range. All datapoints are shown. The numbers below
the box-and-whisker plots indicate the geometric mean titer (GMT) per timepoint. IgG titers were compared per cohort using the Wilcoxon paired
signed rank test. CVID, Common Variable Immunodeficiency; *** = P<.001, **** = P<.0001; ns = not significant.
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TABLE 2 Total SARS-CoV-2 infections and detailed information on SARS-CoV-2 infections.
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Discussion

This study investigated the effect of mRNA-based COVID-19

booster vaccination in a group of 171 IEI patients. Booster

vaccination increased S-specific IgG titers in all cohorts when

compared to the titers six months after the priming vaccination

regimen. In addition, we found that lower neutralizing antibody

titers after booster vaccination in the IgG/SPAD cohort were

predictive of developing COVID-19 shortly thereafter. Clinical

evaluation of the IEI cohort one year after primary vaccination

showed that incidence of COVID-19 was comparable between IEI

patients (54%) and controls (52%) and only 11 out of 177 IEI

patients that contracted COVID-19 were admitted to hospital, none

of whom required admission to an intensive care unit.

The increase in antibody titers after booster vaccination in

patients with IEI suggests that the first two mRNA-1273

vaccinations induced immunological memory, which is also

known from previous studies in non-IEI cohorts (28). Specifically,

the IEI cohorts with milder clinical phenotypes, such as the IgG

subclass deficiency ± IgA deficiency (IgG) and specific

polysaccharide antibody deficiency (SPAD), show similar

trajectories of antibody titers compared to the control cohort. The

fold increase of S-specific IgG titers following booster vaccination,

in comparison to titers 6 months after the primary vaccination

regimen, were similar between control- and IEI cohorts (except

XLA). However, fold changes were significantly higher in IgG/

SPAD participants that received IGRT compared to IgG/SPAD

participants who did not. IgG/SPAD patients on IGRT generally

have a more profound immunodeficiency and, as a result, exhibited

significantly lower antibody titers 28 days and 6 months after the

primary regimen compared to IgG/SPAD participant who did not

receive IGRT. The findings of the higher fold changes after booster

vaccination in these participants remain to be explained. Outliers in

our dataset could contribute to this result, and the use of IGRT may

explain some of the additional increase. However, we believe that

the higher fold change cannot be fully attributed to the effect of

IGRT, given the modest absolute increase in the XLA patients and

the considerably lower fold change in the CVID patients

receiving IGRT.

We found that IgG/SPAD patients with lower neutralizing

antibody titers after booster vaccination had a higher risk of

developing breakthrough infection during the following months.

This is consistent with previous research investigating the

importance of neutralizing antibodies as a correlate of protection

against symptomatic SARS-CoV-2 infection (29, 30). In both the

CVID and the control cohort, we did not find differences in titers

between participants who did or did not experience breakthrough

infections. This was possibly due to the lower sample sizes of these

cohorts, but possible confounders such as differences in living

situations or (protective) behavior could not be excluded.

Results from the CVID cohort, which constitutes the largest

cohort in this study, are more difficult to interpret. This cohort

encompasses a heterogeneous group of patients, and the

vaccination regimens within this group varied. Some individuals

received a third vaccination in addition to the priming vaccination

regimen. These were primarily CVID patients who were using
T
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immunosuppressive drugs and/or exhibited proven or assumed

non-response to the priming COVID-19 vaccination regimen (7).

In addition to the limited impact of this third vaccination on S-

specific IgG titers (7), our study revealed that an extra booster

vaccination in this group (resulting in a total of four doses) did not

result in a substantial increase of S-specific IgG antibodies either.

The observed small increase in S-specific IgG antibodies likely

reflected the general rise of these antibodies in IGRT

preparations, as evidenced by the parallel trajectory of the

increase of antibodies in the XLA cohort (Figure 2B). This finding

is consistent with other studies that showed increasing titers of

SARS-CoV-2-specific antibodies in IGRT preparations during our

study period (16, 31–33). CVID patients who received a booster

vaccination instead of a third dose generally exhibited a milder

clinical disease and demonstrated an antibody trajectory

comparable to that of controls.

The GMTs of the S-specific T-cell responses, as determined by

measuring IFN-g levels after stimulation of whole blood with

peptides covering the S protein, increased after the booster

vaccination compared with the levels observed at six months after

the second vaccination. This confirms the presence of

immunological memory, although the increase in T-cell responses

was not statistically significant in all cohorts. This could be

explained by the timing of blood collection. Previous studies

demonstrated that T-cell responses after booster vaccination

demonstrate the greatest increase within the first week post-

vaccination, followed by a slight decline in the subsequent month

(28, 34). Given that our assessment of T-cell responses was

performed on average eight weeks after booster vaccination, it is

plausible that our measured GMTs already started decreasing. In
Frontiers in Immunology 13
previous studies, cross-reactive CD4+ and CD8+ T-cells were

detected after booster vaccination with monovalent mRNA-based

vaccines, and these T-cells cross-reacted with the Omicron BA.1

variant (9, 35, 36). Notably, IFN-g levels did not show significant

differences between the control and IEI cohorts in our study. This

suggests that IEI cohorts may also have developed cross-reactive T-

cells following vaccination, which potentially protect them against

severe disease after infection with an emerging SARS-CoV-2

variant. The advantageous role of COVID-19 mRNA vaccination

in patients with IEIs was also recently demonstrated in another

study that examined the breadth and epitope specificity of SARS-

CoV-2-specific T cell receptor clonotypes (37).

In our study, IEI patients and controls had similar incidence

rates of COVID-19. However, a Danish study with 313 CVID

patients and 2504 controls found a higher incidence of SARS-

CoV-2 among CVID patients. Despite this disparity, several

similarities were observed between their study and ours. The

majority of infections occurred after the emergence of the

Omicron variant, and while the CVID group faced an increased

risk of hospitalization due to COVID-19, their risk for mechanical

ventilation and mortality did not differ significantly from the

general population (38). On the other hand, other studies

examining SARS-CoV-2 infections in IEI patients did identify an

elevated case fatality rate, particularly in younger age groups, as well

as an increased risk of intensive care admission (39). The prolonged

duration of symptoms observed in IEI patients compared to

controls in our study aligns with several other studies (39, 40).

This study has several limitations. Despite having 505 IEI

patients and 192 controls at the beginning of this prospective

cohort study, only 171 IEI and 73 controls donated blood
TABLE 3 Hospital admissions of IEI patients related to COVID-19.

Cohort Reason admission Dominant strain
during admission

Treatment

1 CVID Illness caused by COVID-19 Alpha (B.1.1.7) Convalescent plasma treatment
Corticosteroid treatment

2 CVID Admission at day clinic for experimental treatment Delta (B.1.617.2) Casirivimab/Imdevimab

3 CVID Admission at day clinic for monoclonal antibody treatment Omicron (B.1.1.529) Sotrovimab

4 IgG Illness caused by COVID-19 Omicron (B.1.1.529) Corticosteroid treatment

5 CVID Illness caused by COVID-19 Omicron (B.1.1.529) Albuterol/ipratropium combination
Antibiotics for prevention of
secondary infection

6 CVID Admission at day clinic for monoclonal antibody treatment Omicron (B.1.1.529) Sotrovimab

7 CVID Urosepsis. No clinical symptoms of COVID-19, was tested
because of contact tracing

Omicron (B.1.1.529) Antibiotic treatment for urosepsis

8 CVID Illness caused by COVID-19 Omicron (B.1.1.529) Corticosteroid treatment
Antibiotics for prevention of
secondary infection

9 CVID Illness caused by COVID-19 Omicron (B.1.1.529) Medical observation

10 IgG Illness caused by COVID-19 Omicron (B.1.1.529 Short-term observation because
of pregnancy

11 CVID Illness caused by COVID-19 Omicron (B.1.1.529) Tocilizumab
Corticosteroid treatment
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following booster vaccination. Several reasons can be identified.

One center did not complete the study. Moreover, despite being

approached, many participants remained unresponsive. This could

be due to lack of urgency because of the milder disease caused by the

Omicron variant, which emerged around the time of the booster

immunizations. However, it is impossible to rule out response bias,

and the limited participants per cohort reduced the power of this

study. Nevertheless, we were able to examine the immunogenicity of

the booster vaccination in a relatively large number of IEI patients,

in order to get a robust understanding of the “boostability” of IEI

patients compared to controls. Furthermore, the assays we used in

this study, for example the Luminex assay and the IGRA assay, are

not able to identify whether the respective S-specific IgG antibodies

or IFN-g levels were derived from a memory B- and T-cells (recall

response) or a de novo immune response. We assume that booster

vaccination induces a recall response based on previous studies

which have shown that S-specific IgG rapidly increases within 7

days after booster vaccination (28, 34). In addition, other studies

demonstrated B- and T-cell memory by using assays that can

specifically measure memory markers (9, 35, 41). In addition, the

IGRA test used in this study focuses on the (S-specific) production

of INF-g and does not provide data on the quantity of SARS-CoV-2

specific T-cells. Finally, increasing concentrations of anti-S

antibodies in IGRT could potentially have an effect on our results

(32, 33). However, in our studies we found very low concentrations

of antibodies in patients with XLA and we therefore consider the

effects of IGRT to be limited at the time of our studies.

Our study implies that mRNA-based booster vaccination

induces robust recall of memory B-cell and T-cell responses in

IEI patients with a milder phenotype (CVID without non-infectious

complications, SPAD, isolated antibody deficiencies, phagocyte

defects, undefined antibody deficiencies). Although many

participants were infected with the Omicron variant during the

final months of the study period, the clinical outcomes remained

favorable. The mild clinical presentation may potentially be

explained by the broad cross-reactivity of T-cells, considering the

limited neutralizing antibody response against Omicron following

booster vaccination. Recently, a monovalent mRNA vaccine against

the omicron XBB variant resulted in higher antibody titers

compared to a bivalent variant (against the omicron XBB and

omicron BA.4/BA.5 variants) in a non-IEI cohort and was

recommended by the U.S. FDA for use in 2023-2024

immunizations (42). To our knowledge, there is currently no data

available on variant-specific booster vaccination in IEI patients.

However, we recommend these monovalent omicron XBB boosters

to IEI patients with milder clinical phenotypes, given the favorable

results observed thus far in our cohort (1, 7). It is more difficult to

make a recommendation for severe IEI patient such as XLA and

CVID with complicated disease. These patients are likely to have a

persistently poor antibody after (variant-specific) booster

vaccinations. Besides, the usefulness of giving virus-specific

boosters for the aim of boosting (cross-reactive) T-cell responses

is not clear yet. Rising levels of (neutralizing) antibodies in IGRT

preparations offer perspective in these patients, although these

preparations may have limited effect against newer variants

because of the delay between plasma donations and their clinical
Frontiers in Immunology 14
use in IGRT preparations (24). Lastly, we argue that continued

research into other therapies, such as antivirals, is needed to protect

IEI patients from severe illness after contracting COVID-19 as well

as for other endemic viruses and future virus outbreaks.
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13 Princess Máxima Center for Pediatric Oncology, Utrecht,

The Netherlands
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Funded by

ZonMw (10430072010006).
Conflict of interest

JP received a grant from GlaxoSmithKline for an improvement

of clinical care project and received support from Prothva

Biosolutions for attending meetings and cover of travel expenses.

JP participates in an Advisory Board for Janssen. FV received a

grant from ZonMW for a study on lanadelumab in COVID-19, and
Frontiers in Immunology 15
consulting fees from GSK made to his department. VD received

consulting fees from GlaxoSmithKline, Pharming NV for Advisory

board meetings and honoraria for lectures from Takeda

Pharmaceutical Company, Kedrion, AstraZeneca.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1390022/

full#supplementary-material
References
1. 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–
57. doi: 10.2139/ssrn.4001461

2. 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. J Clin Immunol. (2022) 42:923–34. doi: 10.1007/s10875-022-
01231-7

3. Durkee-Shock JR, Keller MD. Immunizing the imperfect immune system:
Coronavirus disease 2019 vaccination in patients with inborn errors of immunity.
Ann Allergy Asthma Immunol. (2022) 129(5):562–71. doi: 10.1016/j.anai.2022.06.009

4. Ponsford MJ, Evans K, Carne EM, Jolles SImmunodeficiency Centre for W and
Division of Population M. COVID-19 vaccine uptake and efficacy in a national
immunodeficiency cohort. J Clin Immunol. (2022) 42:728–31. doi: 10.1007/s10875-
022-01223-7

5. 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):1192–7.
doi: 10.1016/j.jaci.2021.08.016

6. Steiner S, Schwarz T, Corman VM, Jeworowski LM, Bauer S, Drosten C, et al.
Impaired B cell recall memory and reduced antibody avidity but robust T cell response
in CVID patients after COVID-19 vaccination. J Clin Immunol. (2023) 43(5):869–81.
doi: 10.21203/rs.3.rs-2409532/v1

7. van Leeuwen LPM, Grobben M, GeurtsvanKessel CH, Ellerbroek PM, de Bree GJ,
Potjewijd J, et al. Immune responses 6 months after mRNA-1273 COVID-19
vaccination and the effect of a third vaccination in patients with inborn errors of
immunity. J Clin Immunol. (2023) 43(6):1104–17. doi: 10.1007/s10875-023-01514-7

8. Shields AM, Faustini SE, Hill HJ, Al-Taei S, Tanner C, Ashford F, et al. Increased
seroprevalence and improved antibody responses following third primary SARS-CoV-2
immunisation: an update from the COV-AD study. Front Immunol. (2022) 13:912571.
doi: 10.3389/fimmu.2022.912571

9. GeurtsvanKessel CH, Geers D, Schmitz KS, Mykytyn AZ, Lamers MM, Bogers S,
et al. Divergent SARS-CoV-2 Omicron-reactive T and B cell responses in COVID-19
vaccine recipients. Sci Immunol. (2022) 7:eabo2202. doi: 10.1126/sciimmunol.abo2202
10. Nemet I, Kliker L, Lustig Y, Zuckerman N, Erster O, Cohen C, et al. Third
BNT162b2 vaccination neutralization of SARS-CoV-2 omicron infection. New Engl J
Med. (2021) 386:492–4. doi: 10.1056/NEJMc2119358

11. Sablerolles RSG, Rietdijk WJR, Goorhuis A, Postma DF, Visser LG, Geers D,
et al. Immunogenicity and reactogenicity of vaccine boosters after Ad26.COV2.S
priming. N Engl J Med. (2022) 386:951–63. doi: 10.1056/NEJMoa2116747

12. Vietri MT, D’Elia G, Caliendo G, Passariello L, Albanese L, Molinari AM, et al.
Antibody levels after BNT162b2 vaccine booster and SARS-CoV-2 Omicron infection.
Vaccine. (2022) 40:5726–31. doi: 10.1016/j.vaccine.2022.08.045

13. Thompson MG, Natarajan K, Irving SA, Rowley EA, Griggs EP, Gaglani M, et al.
Effectiveness of a third dose of mRNA vaccines against COVID-19-associated
emergency department and urgent care encounters and hospitalizations among
adults during periods of delta and omicron variant predominance - VISION
network, 10 states, August 2021-January 2022. MMWR Morb Mortal Wkly Rep.
(2022) 71:139–45. doi: 10.15585/mmwr.mm7104e3

14. Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. Covid-
19 vaccine effectiveness against the omicron (B.1.1.529) variant.New Engl J Med. (2022)
386:1532–46. doi: 10.1056/NEJMoa2119451

15. Stærke NB, Reekie J, Nielsen H, Benfield T, Wiese L, Knudsen LS, et al. Levels of
SARS-CoV-2 antibodies among fully vaccinated individuals with Delta or Omicron
variant breakthrough infections. Nat Commun. (2022) 13:4466. doi: 10.1038/s41467-
022-32254-8

16. Zimmerman O, Altman Doss AM, Kaplonek P, Liang CY, VanBlargan LA, Chen
RE, et al. mRNA vaccine boosting enhances antibody responses against SARS-CoV-2
Omicron variant in individuals with antibody deficiency syndromes. Cell Rep Med.
(2022) 3:100653. doi: 10.1016/j.xcrm.2022.100653

17. Shields AM, Tadros S, Al-Hakim A, Nell JM, Lin MMN, ChanM, et al. Impact of
vaccination on hospitalization and mortality from COVID-19 in patients with primary
and secondary immunodeficiency: The United Kingdom experience. Front Immunol.
(2022) 13:984376. doi: 10.3389/fimmu.2022.984376

18. Di Fusco M, Moran MM, Cane A, Curcio D, Khan F, Malhotra D, et al.
Eva lua t ion o f COVID-19 vacc ine break through in fec t ions among
immunocompromised patients fully vaccinated with BNT162b2. J Med Econ. (2021)
24:1248–60. doi: 10.1080/13696998.2021.2002063
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1390022/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1390022/full#supplementary-material
https://doi.org/10.2139/ssrn.4001461
https://doi.org/10.1007/s10875-022-01231-7
https://doi.org/10.1007/s10875-022-01231-7
https://doi.org/10.1016/j.anai.2022.06.009
https://doi.org/10.1007/s10875-022-01223-7
https://doi.org/10.1007/s10875-022-01223-7
https://doi.org/10.1016/j.jaci.2021.08.016
https://doi.org/10.21203/rs.3.rs-2409532/v1
https://doi.org/10.1007/s10875-023-01514-7
https://doi.org/10.3389/fimmu.2022.912571
https://doi.org/10.1126/sciimmunol.abo2202
https://doi.org/10.1056/NEJMc2119358
https://doi.org/10.1056/NEJMoa2116747
https://doi.org/10.1016/j.vaccine.2022.08.045
https://doi.org/10.15585/mmwr.mm7104e3
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1038/s41467-022-32254-8
https://doi.org/10.1038/s41467-022-32254-8
https://doi.org/10.1016/j.xcrm.2022.100653
https://doi.org/10.3389/fimmu.2022.984376
https://doi.org/10.1080/13696998.2021.2002063
https://doi.org/10.3389/fimmu.2024.1390022
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


van Leeuwen et al. 10.3389/fimmu.2024.1390022
19. Bedston S, Almaghrabi F, Patterson L, Agrawal U, Woolford L, Anand SN, et al.
Risk of severe COVID-19 outcomes after autumn 2022 COVID-19 booster
vaccinations: a pooled analysis of national prospective cohort studies involving 7.4
million adults in England, Northern Ireland, Scotland and Wales. Lancet Reg Health
Eur. (2024) 37:100816. doi: 10.1016/j.lanepe.2023.100816

20. RIVM. Vaccinatie bij afweerstoornis: Rijksinstituut voor Volksgezondheid en
Milieu (2021). Available online at: https://www.rivm.nl/covid-19-vaccinatie/vragen-
achtergronden/afweerstoornis.

21. Grobben M, van der Straten K, Brouwer PJ, Brinkkemper M, Maisonnasse P,
Dereuddre-Bosquet N, et al. Cross-reactive antibodies after SARS-CoV-2 infection and
vaccination. Elife. (2021) 10. doi: 10.7554/eLife.70330

22. Keuning MW, Grobben M, de Groen AC, Berman-de Jong EP, Bijlsma MW,
Cohen S, et al. Saliva SARS-CoV-2 antibody prevalence in children. Microbiol Spectr.
(2021) 9:e0073121. doi: 10.1128/Spectrum.00731-21

23. Keuning MW, Grobben M, BijlsmaMW, Anker B, Berman-de Jong EP, Cohen S,
et al. Differences in systemic and mucosal SARS-CoV-2 antibody prevalence in a
prospective cohort of Dutch children. Front Immunol. (2022) 13. doi: 10.3389/
fimmu.2022.976382

24. Lindahl H, Chen P, Åberg M, Ljunggren HG, Buggert M, Aleman S, et al. SARS-
CoV-2 antibodies in commercial immunoglobulin products show markedly reduced
cross-reactivities against omicron variants. J Clin Immunol. (2023) 43:1075–82.
doi: 10.1007/s10875-023-01486-8

25. Schmidt F, Weisblum Y, Muecksch F, Hoffmann HH, Michailidis E, Lorenzi
JCC, et al. Measuring SARS-CoV-2 neutralizing antibody activity using pseudotyped
and chimeric viruses. J Exp Med. (2020) 217. doi: 10.1084/jem.20201181

26. Brouwer PJM, Brinkkemper M, Maisonnasse P, Dereuddre-Bosquet N, Grobben
M, Claireaux M, et al. Two-component spike nanoparticle vaccine protects macaques
from SARS-CoV-2 infection. Cell. (2021) 184:1188–200 e19. doi: 10.1016/
j.cell.2021.01.035

27. Picard C, Bobby Gaspar H, Al-Herz W, Bousfiha A, Casanova JL, Chatila T, et al.
International union of immunological societies: 2017 primary immunodeficiency
diseases committee report on inborn errors of immunity. J Clin Immunol. (2018)
38:96–128. doi: 10.1007/s10875-017-0464-9

28. Tan NH, Geers D, Sablerolles RSG, Rietdijk WJR, Goorhuis A, Postma DF, et al.
Immunogenicity of bivalent omicron (BA.1) booster vaccination after different priming
regimens in health-care workers in the Netherlands (SWITCH ON): results from the
direct boost group of an open-label, multicentre, randomised controlled trial. Lancet
Infect Dis. (2023) 23(8):901–13. doi: 10.1016/S1473-3099(23)00140-8

29. Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing antibody levels are highly predictive of immune protection from
symptomatic SARS-CoV-2 infection. Nat Med. (2021) 27:1205–11. doi: 10.1038/
s41591-021-01377-8

30. Cromer D, Steain M, Reynaldi A, Schlub TE, Khan SR, Sasson SC, et al. Predicting
vaccine effectiveness against severe COVID-19 over time and against variants: a meta-
analysis. Nat Commun. (2023) 14:1633. doi: 10.1038/s41467-023-37176-7
Frontiers in Immunology 16
31. Raphael A, Shamriz O, Tvito A, Magen S, Goldberg S, Megged O, et al. SARS-
CoV-2 spike antibody concentration in gamma globulin products from high-
prevalence COVID-19 countries are transmitted to X-linked agammaglobulinemia
patients. Front Immunol. (2023) 14:1156823. doi: 10.3389/fimmu.2023.1156823

32. Lindahl H, Klingström J, Da Silva Rodrigues R, Christ W, Chen P, Ljunggren
HG, et al. Neutralizing SARS-CoV-2 antibodies in commercial immunoglobulin
products give patients with X-linked agammaglobulinemia limited passive immunity
to the omicron variant. J Clin Immunol. (2022) 42(6):1–7. doi: 10.1007/s10875-022-
01283-9

33. Nielsen BU, Drabe CH, Barnkob MB, Johansen IS, Hansen AKK, Nilsson AC,
et al. Antibody response following the third and fourth SARS-CoV-2 vaccine dose in
individuals with common variable immunodeficiency. Front Immunol. (2022)
13:934476. doi: 10.3389/fimmu.2022.934476

34. Luca MZ, Ngoc HT, Wim JRR, Daryl G, Roos SGS, Susanne B, et al. Distinct
COVID-19 vaccine combinations result in divergent immune responses. medRxiv.
(2023). 2023.08.25.23294606. doi: 10.1101/2023.08.25.23294606

35. Geers D, Shamier MC, Bogers S, den Hartog G, Gommers L, Nieuwkoop NN,
et al. SARS-CoV-2 variants of concern partially escape humoral but not T-cell
responses in COVID-19 convalescent donors and vaccinees. Sci Immunol. (2021) 6.
doi: 10.1126/sciimmunol.abj1750

36. Maringer Y, Nelde A, Schroeder SM, Schuhmacher J, Hörber S, Peter A, et al.
Durable spike-specific T cell responses after different COVID-19 vaccination regimens
are not further enhanced by booster vaccination. Sci Immunol. (2022) 7:eadd3899.
doi: 10.1126/sciimmunol.add3899

37. Delmonte OM, Oguz C, Dobbs K, Myint-Hpu K, Palterer B, Abers MS, et al.
Perturbations of the T-cell receptor repertoire in response to SARS-CoV-2 in
immunocompetent and immunocompromised individuals. J Allergy Clin Immunol.
(2023). doi: 10.1016/j.jaci.2023.12.011

38. Katzenstein TL, Rasmussen LD, Drabe CH, Larsen CS, Hansen AE, Stærkind M,
et al. Outcome of SARS-CoV-2 infection among patients with common variable
immunodeficiency and a matched control group: A Danish nationwide cohort study.
Front Immunol. (2022) 13:994253. doi: 10.3389/fimmu.2022.994253

39. Tangye SGconsortium CHGE. Impact of SARS-CoV-2 infection and COVID-19
on patients with inborn errors of immunity. J Allergy Clin Immunol. (2023) 151:818–31.
doi: 10.1016/j.jaci.2022.11.010

40. Giardino G, Milito C, Lougaris V, Punziano A, Carrabba M, Cinetto F, et al. The
impact of SARS-CoV-2 infection in patients with inborn errors of immunity: the
experience of the Italian primary immunodeficiencies network (IPINet). J Clin
Immunol. (2022) 42:935–46. doi: 10.1007/s10875-022-01264-y

41. Goel RR, Painter MM, Lundgreen KA, Apostolidis SA, Baxter AE, Giles JR, et al.
Efficient recall of Omicron-reactive B cell memory after a third dose of SARS-CoV-2
mRNA vaccine. Cell. (2022) 185:1875–87 e8. doi: 10.1016/j.cell.2022.04.009

42. Spyros C, Nichole M, Jordan LW, Brandon E, Adam B, Joanne ET, et al. Safety
and immunogenicity of XBB.1.5-containing mRNA vaccines. medRxiv. (2023).
2023.08.22.23293434. doi: 10.1101/2023.08.22.23293434
frontiersin.org

https://doi.org/10.1016/j.lanepe.2023.100816
https://www.rivm.nl/covid-19-vaccinatie/vragen-achtergronden/afweerstoornis
https://www.rivm.nl/covid-19-vaccinatie/vragen-achtergronden/afweerstoornis
https://doi.org/10.7554/eLife.70330
https://doi.org/10.1128/Spectrum.00731-21
https://doi.org/10.3389/fimmu.2022.976382
https://doi.org/10.3389/fimmu.2022.976382
https://doi.org/10.1007/s10875-023-01486-8
https://doi.org/10.1084/jem.20201181
https://doi.org/10.1016/j.cell.2021.01.035
https://doi.org/10.1016/j.cell.2021.01.035
https://doi.org/10.1007/s10875-017-0464-9
https://doi.org/10.1016/S1473-3099(23)00140-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41467-023-37176-7
https://doi.org/10.3389/fimmu.2023.1156823
https://doi.org/10.1007/s10875-022-01283-9
https://doi.org/10.1007/s10875-022-01283-9
https://doi.org/10.3389/fimmu.2022.934476
https://doi.org/10.1101/2023.08.25.23294606
https://doi.org/10.1126/sciimmunol.abj1750
https://doi.org/10.1126/sciimmunol.add3899
https://doi.org/10.1016/j.jaci.2023.12.011
https://doi.org/10.3389/fimmu.2022.994253
https://doi.org/10.1016/j.jaci.2022.11.010
https://doi.org/10.1007/s10875-022-01264-y
https://doi.org/10.1016/j.cell.2022.04.009
https://doi.org/10.1101/2023.08.22.23293434
https://doi.org/10.3389/fimmu.2024.1390022
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunogenicity of COVID-19 booster vaccination in IEI patients and their one year clinical follow-up after start of the COVID-19 vaccination program
	Introduction
	Methods
	Ethical statement
	Study participants and design
	Measurement of humoral and cellular immune responses
	Statistical analysis
	Software

	Results
	Booster vaccination increases SARS-CoV-2 S-specific IgG titers in IEI patients
	COVID-19 does not result in higher SARS-CoV-2 S-specific IgG titers after booster vaccination
	Neutralizing antibodies in the IgG/SPAD cohort as correlate of protection against breakthrough infections
	Booster vaccination increases SARS-CoV-2 specific T-cell responses
	CVID cohort
	Clinical outcomes one year after primary vaccination regimen

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Group members of VACOPID research group
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


