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Abstract

Background Data on immune responses to SARS-CoV-2 in patients with Primary Antibody Deficiencies (PAD) are limited
to infected patients and to heterogeneous cohorts after immunization.

Methods Forty-one patients with Common Variable Immune Deficiencies (CVID), six patients with X-linked Agammaglobu-
linemia (XLA), and 28 healthy age-matched controls (HD) were analyzed for anti-Spike and anti-receptor binding domain
(RBD) antibody production, generation of Spike-specific memory B-cells, and Spike-specific T-cells before vaccination and
one week after the second dose of BNT162b2 vaccine.

Results The vaccine induced Spike-specific IgG and IgA antibody responses in all HD and in 20% of SARS-CoV-2 naive
CVID patients. Anti-Spike IgG were detectable before vaccination in 4 out 7 CVID previously infected with SARS-CoV-2
and were boosted in six out of seven patients by the subsequent immunization raising higher levels than patients naive to
infection. While HD generated Spike-specific memory B-cells, and RBD-specific B-cells, CVID generated Spike-specific
atypical B-cells, while RBD-specific B-cells were undetectable in all patients, indicating the incapability to generate this
new specificity. Specific T-cell responses were evident in all HD and defective in 30% of CVID. All but one patient with
XLA responded by specific T-cell only.

Conclusion In PAD patients, early atypical immune responses after BNT162b2 immunization occurred, possibly by extra-
follicular or incomplete germinal center reactions. If these responses to vaccination might result in a partial protection from
infection or reinfection is now unknown. Our data suggests that SARS-CoV-2 infection more effectively primes the immune
response than the immunization alone, possibly suggesting the need for a third vaccine dose for patients not previously
infected.

Keywords Primary antibody deficiencies - Common variable immune deficiencies - X-linked agammaglobulinemia -
COVID-19 - SARS-CoV-2 - BNT162b2 vaccine - Memory cells - Spike protein - Receptor-binding-domain

Introduction

The individual immune response to SARS-CoV-2 defines the
COVID-19 clinical evolution, ranging from asymptomatic to
mild, moderate, or severe disease with possible multi-organ
failure requiring intensive care support [1].

Due to the severely impaired immune response to infec-
Rita Carsetti and Isabella Quinti have contributed equally to this tion and immunization, patients with Primary Antibody
work. Deficiencies (PAD) [2] represent a potential at-risk group
in the current COVID-19 pandemic [3]. SARS-CoV-2
infected PAD patients have been reported [4—6] with a clini-
cal presentation varying from mild symptoms to death, with
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many asymptomatic patients also documented. We recently
showed [7] that Italian PAD patients showed a cumulative
incidence and infection-fatality rate similar to the SARS-
CoV-2 positive Italian general population. It is possible
to consider that the low incidence might be related to the
application of precautions measures our patients are used to
following since PAD diagnosis. Although the infection rate
and the infection-fatality rate were similar, the median age
at death of PAD patients was lower compared to the general
population, and most of these patients did not have predis-
posing comorbidities [7]. A low or even absent antibody
level is generating considerable anxiety in the PAD popula-
tion aware of their incapacity to mount an adequate antibody
response to infection and immunization [8].

Vaccination is the safest and most effective tool to achieve
a protective response in immunocompetent individuals in
whom recent data demonstrated the high efficacy of SARS-
CoV-2 immunization [9, 10].

The European Society for Primary Immune Deficiency
(ESID) recommends that PAD patients receive SARS-
CoV-2 immunization provided that vaccines are based on
killed/inactivated/viruses or on the use of mRNA [11]. The
rationale is, as for the influenza immunization, that immune
responses may be generated despite a low or even absent
antibody response [12]. We are running a study with the aim
to define the short- and long-term mechanisms of impaired
or preserved immune responses to SARS-CoV-2 immuniza-
tion in a population of adult PAD patients.

The immune response to vaccination occurs in the germi-
nal centers where the mechanisms of somatic mutation and
affinity-selection results in the generation of high-affinity
memory B-cells (MBCs) and long-lived memory plasma
cells that are indispensable elements of immunological
memory and exert protection in case of infection [13].
Other B-cell populations become transiently detectable in
the peripheral blood. Atypical Memory B-cells (ATM) are
mostly generated by extrafollicular reactions [14] where
antigen selection cannot occur. Plasmablasts (PBs) are short-
lived antibody producing cells found in the blood early after
vaccination. Most of them will die and only some will home
to the bone marrow and develop into long-lived plasma cells
[15]. Thanks to the availability of fluorescent Spike protein,
we have been able to determine the participation of the dif-
ferent cell types to the immune response in Healthy Donors
(HD) and PAD patients.

We present here data on early immune responses after
BNT162b2 immunization. In a cohort of immunized PAD
patients, naive for SARS-CoV-2 infection or previously
infected, we measured Spike-specific B- and T-cells and
serum antibodies before immunization and one week after
the second dose of the BNT162b2 vaccine. Results showed
lack of antibody responses in the majority of patients with
Common Variable Immune Deficiencies (CVID), and in all
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patients with X-linked Agammaglobulinemia (XLA). CVID
patients generated atypical B-cell responses, as well as a var-
iable response to the vaccination in terms of Spike-specific
T-cells. XLA patients produced specific T-cell responses at
the same extent of HD.

Methods
Study Design and Patients

We studied patients regularly followed by the Italian Care
Centers for adults with primary immune deficiencies in
Rome and Naples. The study was carried out in 47 patients
with PAD who agreed to undergo SARS-CoV-2 immuniza-
tion. Diagnosis of CVID and XLA was done according to
the ESID criteria (www.ESID.com). We also included 28
immunized age-matched health care workers of the Bambino
Gesu Children Hospital as healthy controls (HD). Eligible
patients were informed on the study, including its safety
profile and supply procedures, and signed the informed
consents for vaccination and for the immunological study.
The BNT162b2 vaccine was administered as prescribed, in
two doses, 21 days apart. Two blood samples were obtained
from each participant for serological and cellular immunity
assessment at time 0 (TO), before the first dose, and seven
days after the second dose (T1). During the study, patients
were allowed to continue their therapies, and were moni-
tored for their clinical status. The study was approved by
the Ethical Committee of the Sapienza University of Rome
(Prot. 0521/2020, July 13, 2020). The study was performed
in accordance with the Good Clinical Practice guidelines,
the International Conference on Harmonization guidelines,
and the most recent version of the Declaration of Helsinki.

Cell Isolation and Cryopreservation

Heparinized peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll Paque™ Plus 206 (Amersham Phar-
maciaBiotech) density-gradient centrifugation and imme-
diately frozen and stored in liquid nitrogen until use. The
freezing medium contained 90% Fetal Bovine Serum (FBS)
and 10% DMSO.

Detection of Antigen-Specific B-Cells

To detect SARS-CoV-2 specific B-cells, biotinylated pro-
tein antigens were individually multimerized with fluores-
cently labeled streptavidin at 4 °C for 1 h. Recombinant
biotinylated SARS-CoV-2 Spike (S1+S2; aal6-1211)
were purchased from R&D systems (BT10549). RBD
were generated in-house and biotinylation was performed
using EZ-LinkTM Sulfo-NHS-LC-Biotin reaction kit
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(ThermoScientific) following the manufacturer’s standard
protocol and dialyzed overnight against PBS. Recombinant
biotinylated Spike was mixed with streptavidin BUV395
(BD Bioscience) and streptavidin PE (BD Bioscience) at
25:1 ratio and 20:1 ratio, respectively. Biotinylated RBD
(kindly provided by Takis) was mixed with streptavidin-
FITC (BD Bioscience) at 2.5:1 ratio. Streptavidin PE-Cy7
(BD Bioscience) was used as a decoy probe to gate out
SARS-CoV-2 non-specific streptavidin-binding B-cells.
The antigen probes individually prepared as above were then
mixed in Brilliant Buffer (BD Bioscience). 5 x 10° previ-
ously frozen PBMC samples were prepared and stained with
antigen probe cocktail containing 100 ng Spike per probe
(total 200 ng), 27.5 ng of RBD and 20 ng of streptavidin-PE-
Cy7 at 4 °C for 30 min to ensure maximal staining quality
before surface staining with antibodies (listed in Supple-
mentary materials: Antibody for staining) was performed
in Brilliant Buffer at 4 °C for 30 min. MBCs were defined
as CD19+ CD24 + CD27 +CD38-, ATMs were identified
as CD19 +CD27-CD24-CD38- activated MBCs were gated
as CD19+ CD27 + CD24-CD38-, and PBs were identified
as CD19+CD24-CD38 + +CD27 + +. B-cells specific for
SARS-CoV-2 Spike protein were distinguished by their abil-
ity to bind biotin-labeled recombinant Spike into S + (PE
single positive) or S+ + (PE-BUV395 double positive).

Stained PBMC samples were acquired on FACS LSR-
Fortessa (BD Bioscience). At least 4 x 10° cells were
acquired and analyzed using FlowJo10.7.1 (BD Biosci-
ence). Phenotype analysis of antigen-specific B-cells was
performed only in subjects with at least 10 cells detected in
the respective antigen-specific gate.

Ex Vivo ELISpot Assay for IFNy Detection

We used an IFN+y ELISpot assay (Mabtech), as described
previously [16]. Briefly, isolated PBMCs were plated
in duplicate, 2x 10° cells/well, stimulated with 1 pg/ml
CRUDE PepMix™ SARS-CoV-2 (Spike Glycoprotein,
JPT), and incubated for 24 h at 37 °C. As a positive control,
PBMCs were stimulated with 5 pg/ml of phytohemagglu-
tinin-P (PHA, Sigma). As negative control, PBMCs were
plated in serum free CellGenixTM GMP (Cell Genix,
GMBH). The IFNy + spot-forming Unit (SFU) was counted
with EliScan (Epson) by Automated ELisa-Spot Assay
Video Analysis Systems (A.EL.VIS). Data were presented as
the percentage of IFNy SFUs obtained after pepMix stimu-
lation, compared to the total SFUs obtained in the positive
control condition (PHA).

ELISA for Specific IgG, IgA, and IgM Detection

A semi-quantitative in vitro determination of human
IgG and IgA antibodies against the SARS-CoV-2 was

performed on serum samples by using the Anti-SARS-
CoV-2 Spike ELISA (EUROIMMUN), according to the
manufacturer’s instructions. Values were then normalized
for comparison with a calibrator. Results were evaluated
by calculating the ratio between the extinction of samples
and the extinction of the calibrator. Results are reported
as the ratio between OD sample and OD calibrator. The
ratio interpretation was as follows: < 0.8 =negative, 20.8
to < 1.1 =borderline, > 1.1 = positive. To detect [gM anti-
RBD we developed an in-house ELISA [17]. 96-well
plates (Corning) were coated for 1 h at 37 °C with 1 pg/
mL of purified SARS-CoV-2 RBD protein (Sino Biologi-
cal). After washing with PBS 1x/0.05% Tween and block-
ing with PBS 1 x/1% BSA, plates were incubated for 1 h
at 37 °C with diluted sera (1:100). After washing again,
plates were incubated for 1 h at 37 °C with peroxidase-
conjugated goat anti-human IgM antibody (Jacksons
ImmunoResearch Laboratories). The assay was developed
with o-phenylenediamine tablets (Sigma-Aldrich) as a
chromogen substrate. Absorbance at 450 nm was meas-
ured, and IgM concentrations were calculated by interpo-
lation from the standard curve based on serial dilutions of
monoclonal human IgM antibody against SARS-CoV-2
Spike-RBD (Invivogen).

Statistical Analysis

Data from CVID and XLA patients have been separately
analyzed and compared with data of age-matched controls
(HD). Demographics were summarized with descriptive
statistics (median and IQR for continuous values). Immu-
nological, and clinical variables were compared between
the different study times. A univariate analysis assessed
the impact of variables of interest. Values were compared
by the non-parametric Kruskal-Wallis test and, if not sig-
nificant, the Wilcoxon matched pair signed-rank test or
the two-tailed Mann—Whitney U-test were used. Differ-
ences were deemed significant when P <0.05. Statistical
Package for Social Sciences version 15 (SPSS Inc., 233
South Wacker Drive, 11th Floor, Chicago) has been used
for the analysis.

Results
Patients

In the study on Spike-specific antibody responses, we
included 41 patients with CVID, 6 patients with XLLA, and
28 HD who received two doses of BNT162b2 vaccine.
Demographic, clinical, and immunological data at baseline
of all 47 patients enrolled and individual data are shown in
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Table S1 and Table S2. Immunoglobulin replacement treat-
ment was continued in all PAD patients.

Thirty-four CVID patients did not experience a previous
SARS-CoV-2 infection, as shown by negativity at the peri-
odical nasopharyngeal swab by PCR testing done every time
a patient is attending a hospital site and in all patients with
family contacts [7]. Seven CVID patients were vaccinated
with two doses of BNT162b2 vaccine at least 3 months
after recovering from a mild COVID-19. None of the PAD
patients was infected with SARS-CoV-2 after completing the
two doses vaccination cycle, with the exception of one CVID
patient who was infected two months after completing the
vaccination, when his Spike-specific IgG level was 2.5 OD
ratio. He was treated with monoclonal antibodies within 24 h
from the onset of a mild fever and since then he did not show
any additional COVID-19 symptoms. Twenty-six CVID, 6
XLA patients, and 28 HD were included in the study of the
specific B- and T-cell responses. We did not analyze specific
responses in 15 CVID patients due to the lack of samples.

SARS-CoV-2 Antibodies
Common Variable Immunodeficiency

CVID is the most prevalent symptomatic PAD [14] with
reduced or absent antibody response to infections and immu-
nization, paucity of switched memory B-cells and dysreg-
ulated T-cell responses. Spike-specific IgG and IgA, and
RBD-specific IgM antibodies were evaluated at TO and T1.
Antibodies to SARS-CoV-2 antigens in 41 CVID patients
and in 28 HD are shown in Fig. 1 and Table 1. In all HD,
anti-Spike IgG and IgA significantly increased in post-
immunization samples, while anti-RBD antibodies of IgM
isotype were already detectable at TO, reflecting the presence
of natural or cross-reactive antibodies [18]. [gM increased at
T1, with a wide variability between HD (Fig. 1).

*kkk,

*kkk

Among 34 CVID patients not previously infected by
SARS-CoV-2, we observed an interindividual variability
in the production of anti-Spike IgG and IgA (Fig. 1). In
more detail, 7/34 patients (20.6%) developed both anti-
Spike IgG and IgA antibodies (= 1.1 OD ratio), and one
patient responded with IgG only. However, the level of
antibodies in the few patients who produced specific IgG
and IgA was significantly lower than the level measured
in vaccinated HD (T1: CVID IgG median 5.88 OD ratio
IQR 5.06-7.83 vs HD 13.10 OD ratio IQR 9.98-16.00;
P <0.0001; IgA CVID median 6.00 OD ratio (IQR
1.43-16.00) vs HD 16.00 OD ratio (IQR 16.00-16.00)
P =0.006). Specific S1 IgA were related to total serum
IgA levels (R 0.48, P<0.0001). After vaccination, anti-
RBD IgM did not increase in CVID (TO0: 0.00 ug/mL (IQR
0-0.37) to T1: 0.00 pg/mL (IQR 0.00-0.52), P=0.061,
Fig. 1).

IgG were already detectable at TO (median 2.10 OD
ratio (IQR 0.25-4.16) in 4/7 CVID patients who were pre-
viously infected with SARS-CoV-2 (3-8 months before
vaccination), suggesting that IgG might persist after
primary infection in some patients. In 6/7 patients, IgG
increased at T1 (median 12.31 OD ratio (IQR 1.80-13.50),
showing that IgG were boosted by the subsequent immu-
nization with two doses of BNT162b2 vaccine (Fig. 1). To
note, CVID patients who were previously infected raised
higher anti-Spike IgG levels at T1 than patients naive to
SARS-CoV2 infection (P =0.0002).

X-linked Agammaglobulinemia
As expected, due to the lack of B-cells and the consequent
lack of serum antibody in XLA [19], anti-Spike- and anti-

RBD-specific antibodies were not generated after immu-
nization (Fig. 1).
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Fig. 1 RBD-specific IgM and Spike-specific IgG and IgA antibodies
in HD (blue circles), CVID patients (green circles), CVID previously
infected patients (pink circles) and XLA (red circles), before (TO,
dark color circles) and one week after the second dose (T1, lighter
color circles) of BNT162b2 vaccine. For each group the median
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Spike SARS-CoV-2 Memory B-Cells

High specificity and affinity are the most important char-
acteristics of protective MBCs, generated by the adaptive
immune system in response to infection or vaccination [20].
MBCs, ATM, activated MBCs, and PBs were identified by
flow-cytometry, based on the expression of CD19, CD27,
CD24, and CD38 markers (Fig. 2, gating strategy). MBCs
were identified as CD19 4+ CD24 4+ CD27 4+ CD38- cells;
ATMs were identified as CD19 + CD27-CD24-CD38- cells,
which are also CD21 negative [21, 22]. Activated MBCs
also lack CD21, but express CD27 [23, 24]. PBs were iden-
tified as CD19 + CD24-CD38 + + CD27 + +cells. Overall,
CVID patients showed lower frequency of MBCs and PBs,
and higher frequency of ATMs than HD at all study times
(Fig. 3, and Table 1). This baseline pattern that distinguishes
the B-cell populations of HD from those of CVID patients
affects the specific response to vaccination.

B-cells specific for SARS-CoV-2 Spike protein were
distinguished by their ability to bind biotin-labeled Spike
protein. Thanks to the availability of biotin-labeled Spike
protein coupled to an extremely high brightness fluorescence
dye (PE) and the same biotin-labeled Spike protein coupled
to a moderate brightness fluorescent dye (BUV395) [25]
(Fig. 2, gating strategy) we were able to distinguish MBCs
with low (PE single positive, S +) or high binding capac-
ity (PE-BUV395 double positive, S+ +) for Spike protein.
RBD-specific B-cells were identified by RBD-biotin labeled
with streptavidin-FITC (Fig. S1).

All HD responded to immunization by generating a clas-
sical B-cell response with S+and S+ +MBCs (P=0.001
and P <0.0001, respectively) and S + + activated MBCs
(P=0.030). HD generated S+ ATMs (P=0.0001), and
S+and S+ +PBs (P<0.0001) (Fig. 3 and Table 1), dem-
o - onstrating that these populations are induced by the immune
response to vaccination [26]. The progression from single to
double positive memory B-cells is clearly demonstrated in
immunized HD. MBCs only positive for PE (S +) are mostly
of IgM isotype and present before immunization, as expected
by low-affinity innate/cross-reactive memory B-cells. In con-
trast, S + + MBCs appear only after immunization and are
of switched isotype (IgM-) because they are the product of
the germinal center reaction where affinity maturation and
class-switching has occurred (Fig. S2).

On the contrary, CVID patients did not generate classi-
cal and activated MBCs, but vaccination induced S + ATMs
B-cells only (P=0.019) (Fig. 3 and Table 1). This was
observed only in about one third of CVID patients, where
the frequency of S + ATMs at least doubled seven days after
the second dose of vaccine. ATMs originally observed in
tonsils and later in peripheral blood, are observed in condi-
tions of chronic antigen stimulation [27] and may be pro-
duced by extra-follicular reactions or failed and incomplete

XLA TOvs T1 XLA vs HD (T1)
P value
0.937

0.041

6
0-50.5
41.2-185

Median IQR (25th-75th) P value

37.5
152.5

P value

CVIDTOvs T1 CVID vs HD (T1) XLAn
0.001

0.151

0-9
0-35

26

Median IQR (25th-75th) P value

HDTOvs T1 CVIDn

0.041

0-68.7
70-250

28

Median IQR (25th-75th) P value

HDn
2.5
115

SFU x 10° cells)

SFU x 10° cells)
T1

Spike-specific
T-cells (IFN-g
TO

Spike-specific
T-cells (IFN-g

Table 1 (continued)
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germinal center reactions [28]. As expected, S+ + PBs were
produced in HD at T1, but not in CVID, except for three
patients who also produced specific IgG and IgA. About
one third of CVID patients were able to generate S + PBs
(P=0.001) that are possibly short-lived PBs derived from
the non-canonical pathway of ATMs.

In conclusion, the response to vaccination was not homo-
geneous among CVID patients: 8 of 34 patients developed
anti-Spike IgG after immunization. These responder patients
(R) had significantly higher levels of low-affinity S + ATMs
and S +PBs in comparison to patients who did not respond
(NR) (P <0.0001 and P =0.0034, respectively). None of
the CVID responder patients generated specific MBCs or
PBs (Fig. 4).

Among total Spike positive MBCs (S + plus S+ +), we
also identified RBD-specific cells. RBD + cells represent a
minority of the MBCs generated by vaccination and signifi-
cantly increased at T1 in HD (P <0.0001) (Table 1 and Fig.
S1). These cells with high specificity for the RBD of SARS-
CoV-2 producing most of the neutralizing antibodies are
undetectable in CVID patients indicating the incapability of
CVID B-cells to undergo somatic mutation in the germinal
center and thus to generate this new specificity.

XLA patients lack B-cells and consequently did not gen-
erate any specific B-cells (Table 1).

Spike SARS-CoV-2T- Cells

In HD, vaccination induced the generation of Spike-spe-
cific T-cells evaluated as Interferon gamma (IFN-y) Col-
ony Forming Units that significantly increased (from TO:
median 2.5 SFU (IQR 0-0.69) to T1: 115 median SFU (IQR
0.13-5.25), P=0.041). Differently from what observed after
influenza vaccination [29], in CVID patients, Spike-specific
T-cells producing IFN-y did not increase (from TO: median O
SFU (IQR 0-9) to T1: median 7 SFU (IQR 0-35), P=0.151)
and were significantly lower than in HD (P=0.0001). Nev-
ertheless, XL A patients developed a significant T-cell
response to vaccination. Indeed, Spike-specific T-cells were
detected in 5 out of 6 tested patients (from TO: median 37.5
SFU (IQR 0-50.5) to T1: median 152.5 SFU (IQR 41-185),
p=0.041), with a negligible difference compared to those
one established in HD (P =0.937).

Discussion

Effective vaccines against SARS-CoV-2 are being
administered worldwide with the aim of terminating the
COVID-19 pandemic. As for all immunizations, the effi-
cacy has been linked to the production of specific antibod-
ies, which increase in response to all vaccines in use [30,
31]. The majority of patients with PAD show clinical and

immunological characteristics implicating a functional
impairment of the B-cell compartment, and a dysregula-
tion of T-cell responses causing hypo-gammaglobulinemia
or agammaglobulinemia and susceptibility to a wide range
of microbial infections [32]. Despite the severely impaired
antibody responses, when infected with SARS-CoV-2, one
fourth of adult PAD patients remained asymptomatic and
half of them showed a mild disease [7]. It should be con-
sidered that a protective effect against severe COVID-19
could be due to the immune-modulatory effects on innate
immunity exerted by immunoglobulin therapy also when
administered at replacement dosages [33]. However, data on
immunogenicity of SARS-CoV-2 vaccine in patients with
Inborn Errors of Immunity are few and limited to anecdotal
cases or heterogeneous cohorts [34]. After infection, a robust
T-cells activity and humoral immunity against SARS-CoV-2
structural proteins in some patients with antibody deficiency
has been described in five patients [35]. Consistent with the
finding of a good antibody response after infection, also
immunization with an mRNA COVID-19 vaccine resulted
in high-level antibody titers in 11 patients with immune
deficiency [36] and in patients who were infected before
immunization [37].

Although the natural course of COVID-19 is primarily
characterized by the function of the innate immune system,
with a secondary involvement of T- and B-cells, vaccines
are designed to force the adaptive immune system to gener-
ate neutralizing antibodies and memory B- and T-cells that
effectively protect from COVID-19.

Here we showed that while HD produced specific anti-
bodies and generated MBCs and activated MBCs with high
binding capacity that significantly increased after immuni-
zation, these responses are lacking in all XLLA and severely
impaired in CVID patients after SARS-CoV-2 immuniza-
tion, suggesting an incomplete response. Moreover, the few
CVID patients who responded to immunization by anti-
Spike IgG also developed ATMs and PBs with low binding
capacity for Spike, instead of a response by MBCs. These
responses are probably short-lived and should be reassessed
over time. Interestingly, in one third of CVID patients vac-
cination induced B-cells specific for recombinant Spike pro-
tein inside the ATM population, possibly suggesting that
the B-cell responses occurred mostly at extra-follicular sites
[38], as recently demonstrated [39]. In line with this hypoth-
esis, RBD + B-cells were undetectable in CVID patients,
whereas RBD + B-cells represent 20% of the specific anti-
Spike response in HD (unpublished data) able to develop
and successfully terminate the germinal center reaction [40].
Thus, CVID patients were able to respond to immunization
by two doses of BNT162b2 with atypical lineage B-cells
induced by a primary exposure to a novel antigen. It has
been suggested that atypical B-cells are short-lived activated
cells, in the process of differentiating into plasma cells [26,
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«Fig. 2 Gating strategy to identify S+and S+ +MBCs, PBs, ATM ,
and activated MBCs. One HD and two CVID subjects are shown. We
analyzed CD19+ B-cells, included in the live gate. SA PE-Cy7 was
used as a decoy probe to gate out streptavidin-binding B-cells from
further analysis. MBCs were identified as CD24+CD27+CD38-;
PBs as CD24-CD27+ +CD38+ +; ATMs as CD24-CD27-CD38-
CD21- -; and activated MBCs as CD24- CD38-CD21-CD27 +. Flow
cytometry plots show the staining patterns of SARS-CoV-2 anti-
gen probes in the indicated B-cell populations during the follow-up.
S +are B-cells that are Spike-PE+, but Spike-BUV395-. S+ +are
instead Spike-PE+and SpikeBUV395+. The color code identifies
Spike+and+ +in MBCs (blue), PBs (orange), ATMs (dark red) ),
and Activated MBCs (green)

41]. In addition, interesting information was gained by the
parallel study of the T-cell responses, showing a robust gen-
eration of Spike-specific T-cells in all but one patient with
XLA, and in HD. Specific-T-cell responses were induced in a
minority of CVID patients with a variable frequency. Based
on data on response to influenza virus immunization [11],
we expected a more efficient generation of specific T-cells.
However, this was not the case. While after influenza virus
immunization T-cells are generated after multiple expo-
sures to viral antigen following infection and immunization,
SARS-CoV-2 is a pathogen never encountered before, since
SARS-CoV-2 Spike and the RBD domains are district from
the S proteins of most members of the family of coronavirus
[42]. Then, it is possible that the first antigenic stimulation
was not sufficient to induce an early T-cell response.

Based on these data, how can we explain the paucity of
symptoms or the mild COVID-19 course in PAD patients,
and what might we expect after immunization?

To pathogens for which there is no preexisting immu-
nity, our organism reacts by rapidly engaging the innate
immune system with the intent to limit the infection. The
adaptive immune response develops slowly and needs two
weeks to generate the most specific and effective defensive
tools. However, the vast majority of PAD patients infected
with SARS-CoV-2 did not show signs of hyper-activation
of the innate immunity [3—5]. This could possibly be due
to the immunomodulatory effects on innate immune cells
of replacement with polyvalent immunoglobulins [33],
and to a poor adaptive immunity response. This pattern of
immune responses resembles what we have already shown in
asymptomatic immunocompetent subjects [43], and further
demonstrated that a balanced cytokine production resulting
from a functional but not hyper-reactive innate immunity
and a poor adaptive immunity are the conditions associated
with an early benign COVID-19 course. Our data are par-
tially in contrast to observations reported in small cohorts of
PAD, showing that the majority of CVID patients are able
to respond to the BNT162b2 vaccine [34]. Differently from
previous studies, we described a homogeneous cohort of
patients, separately analyzing CVID and XLA at different
time points.

In summary, a minority of PAD patients showed adap-
tive, atypical immune responses after SARS-CoV-2 immu-
nization. If these responses to vaccination might result in
a partial protection from infection or reinfection is now
unknown, since we do not know the levels of antibodies or
the frequency of specific B- and T-cells required to protect
from the infection.

It should be remembered here that each PAD patient
should be studied as unique in terms of cellular and humoral
responses due to the variability of their underlying immune
deficiency. In our series, antibody response after two doses
of BNT162b2 immunization—overlapping that of HD—was
found in one patient homozygous for TNFRSF13B mutation,
but not in two patients with a heterozygous TNFRSF13B
mutation. In a previous study, we demonstrated that CVID
patients with biallelic TNFRSF13B mutations responded
also to polysaccharide vaccines, while CVID with only one
TNFRSF13B mutation showed an impaired response to vac-
cination [44].

A major limitation of our study is the short time of obser-
vation after vaccination. We do not know if the antibody and
cellular responses might persist or decline over time, nor
if PAD patients might show delayed responses. However,
we do not expect to observe major changes in the immune
response to SARS-CoV-2 with time after immunization. Is
it possible to hypothesize a boost of specific B-cell immu-
nity? In those CVID patients who were previously infected
with SARS-CoV-2, IgG were detectable when they received
two vaccine doses administered at least three months after
SARS-CoV-2 infection recovery, suggesting that if IgG
were produced, they might persist after the primary infec-
tion. Moreover, in these previously infected CVID patients,
IgG response was boosted by the subsequent immuniza-
tion. After immunization, anti-Spike IgG were higher than
in patients who were not previously infected, showing that
SARS-CoV-2 infection more effectively primed the immune
response than the vaccine alone. Whether it may be useful
to administer a third vaccine dose to CVID patients not pre-
viously infected, should be demonstrated as suggested for
patients with solid organ transplantation undergoing immu-
nosuppressive treatment [45].

Moreover, data available from T-cell immunity after
influenza virus vaccination in PAD [11] might suggest a pos-
sible strategy aimed to boost also the SARS-CoV-2 T-cell
specific responses by additional vaccine doses.

Since antibody titers are not a precise indicator of the
magnitude of memory cells [46] our strategy is to follow-
up our cohort by serological and cellular investigations.
The only epidemiological observation we have for now is
that one CVID patient experienced an infection by SARS-
CoV-2 three months after completing the two doses vac-
cination. He remained asymptomatic possibly due to the
prompt administration of monoclonal antibodies [47]. For
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Fig. 3 Peripheral blood B-cells subsets, low and high binding capac-
ity B-cells for recombinant Spike protein in HD (blue circles) and in
CVID (green circles) before (TO, dark color circles) and after two
doses of the BNT162b2 vaccine (T1, lighter color circles). We show
the frequencies of peripheral blood MBCs (panel a), Activated MBCs
(b), ATMs (c), and PBs (e) in HD (blue circles) and CVID (green
circles). The frequency of S+and S+ + B-cells inside each identi-
fied B-cell population is shown (e, f, g, and h). Medians are plotted
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as horizontal bars and statistical significance were determined using
two-tailed Mann—Whitney U-test or Wilcoxon matched-pairs signed-
rank test. *P<0.05, **P<0.01, ***P<0.001; ****P<0.0001.
N=28 HD and N=26 CVID patients. B-cells subsets were defined
as following: MBCs CD19 + CD24 + CD27 + CD38-; activated MBCs
CD19+, CD27 +CD24-CD38-; specific ATMs CD19 + CD27-CD24-
CD28-; PBs CD19+CD24-CD38+ +CD27+ +
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Fig.4 Spike-specific IgG,
low and high binding capac-
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now, SARS-CoV-2 positive CVID patients might benefit
from these new treatments. Prevention of infection may be
achieved by the presence of SARS-CoV-2 antibodies in the
coming lots of gamma globulins, regularly used to substitute
the missing or partial response to infections and vaccination.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-021-01133-0.

Author Contributions AFS, SZ, CFP, FL, RC, and 1Q, designed the
study and performed data analysis and manuscript preparation. EFS,
EPM, ST CQ, MG, CA, and SDC performed data experiments. AFS,
EPM, ST, and FP performed data analysis and helped with manuscript
preparation. CM, LB, CA, SA, LR, GC, and GS helped with collec-
tion of study samples and clinical information and with manuscript
preparation. All authors contributed to the article and approved the
submitted version.

Funding Open access funding provided by Universita degli Studi di
Roma La Sapienza within the CRUI-CARE Agreement. This work was
founded by Italian Ministry of Health RF2013-02358960 (grant) and
Italian Ministry of Health COVID-2020-12371817 (Grant).

Data Availability The authors confirm that the data supporting the find-
ings of this study are available within the article and its supplementary
materials.

Declarations

Ethical Approval The study was approved by the Ethical Committee
of the Sapienza University of Rome (Prot. 0521/2020, July 13, 2020).

Conflict of interest Authors declare that they have no conflict interest.

Consent to Participate/Publication All participants signed the informed
consents for vaccination and for the immunological study and provided
consent for publication of data.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical
and immunological features of severe and moderate coronavirus
disease 2019. J Clin Invest. 2020;130:2620-9.

2. Picard C, Bobby Gaspar H, Al-Herz W, Bousfiha A, Casanova JL,
Chatila T, et al. International union of immunological societies:

@ Springer

10.

11.

12.

13.

14.

16.

17.

18.

19.

2017 primary immunodeficiency diseases committee report on
inborn errors of immunity. J Clin Immunol. 2018;38:96—-128.
Babaha F, Rezaei N. Primary immunodeficiency diseases in
COVID-19 pandemic: a predisposing or protective factor? AmJ
Med Sci. 2020;360:740-1.

Meyts I, Bucciol G, Quinti I, Neven B, Fischer A, Seoane E,
et al. Coronavirus disease 2019 in patients with inborn errors
of immunity: An international study. J Allergy Clin Immunol.
2021;147:520-31.

Ho HE, Mathew S, Peluso MJ. Cunningham-rundles Ce. Clini-
cal outcomes and features of COVID-19 in patients with primary
immunodeficiencies in New York City. J Allergy Clin Immunol
Pract. 2021;9:490-3.

Quinti I, Lougaris V, Milito C, Cinetto F, Pecoraro A, Mez-
zaroma I, et al. A possible role for B cells in COVID-19? Les-
son from patients with agammaglobulinemia. J Allergy Clin
Immunol. 2020;146:211-3.

Milito C, Lougaris V, Giardino G, et al. Clinical outcome,
incidence, and SARS-CoV-2 infection-fatality rates in Italian
patients with inborn errors of immunity. J Allergy Clin Immunol
Pract. 2021;S2213-2198(21):00457-8.

Pulvirenti F, Cinetto F, Milito C, Bonanni L, Pesce AM, Leo-
dori G, et al. Health-related quality of life in common variable
immunodeficiency italian patients switched to remote assistance
during the COVID-19 pandemic. J Allergy Clin Immunol Pract.
2020;8:1894-9.

Polack FP, Thomas SJ, Kitchin N, et al. Safety and efficacy
of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med.
2020;383:2603-15.

Saad-Roy CM, Morris SE, Metcalf CJE, Mina MJ, Baker RE,
Farrar J, Holmes EC, et al. Epidemiological and evolutionary
considerations of SARS-CoV-2 vaccine dosing regimens. Sci-
ence. 2021;372:363-70.

ESID positions on SARS-CoV-2 infections in Inborn errors of
immunity [Cited 2021 June 14th]. https://esid.org/COVID-19/
ESID-COVID-19-Statement

Friedmann D, Goldacker S, Peter HH, Warnatz K. Preserved
cellular immunity upon influenza vaccination in most patients
with common variable immunodeficiency. J Allergy Clin Immu-
nol Pract. 2020;8:2332—-40.

Mesin L, Ersching J, Victora GD. Germinal center B cell
dynamics. Immunity. 2016;45:471-82.

Braddom AE, Batugedara G, Bol S, Bunnik EM. Potential func-
tions of atypical memory B cells in plasmodium-exposed indi-
viduals. Int J for Paras. 2020;50:1033-42.

. Pollard AJ, Bijker EM. A guide to vaccinology: from

basic principles to new developments. Nat Rev Immunol.
2021;21:83-100.

Quintarelli C, Dotti G, Hasan ST, De Angelis B, Hoyos V, Err-
ichiello S, et al. High-avidity cytotoxic T lymphocytes specific for
anew PRAME-derived peptide can target leukemic and leukemic-
precursor cells. Blood. 2011;117:3353-62.

Carsetti R, Zaffina S, Piano Mortari E, Terreri S, Corrente F, Cap-
poni C, et al. Different innate and adaptive immune responses to
SARS-COV-2 infection of asymptomatic, mild, and severe cases.
Front Immunol. 2020;11:610300.

Selva KJ, van de Sandt CE, Lemke MM, Lee CY, Shoffner SK,
Chua BY, et al. Systems serology detects functionally distinct
coronavirus antibody features in children and elderly. Nat Com-
mun. 2021;12:2037.

Lougaris V, Soresina A, Baronio M, Montin D, Martino S, Signa
S, et al. Long-term follow-up of 168 patients with X-linked agam-
maglobulinemia reveals increased morbidity and mortality. J
Allergy Clin Immunol. 2020;146:429-37.

. Tangye SG, Tarlinton DM. Memory B cells: effectors of long-

lived immune responses. Eur J Immunol. 2009;39:2065-75.


https://doi.org/10.1007/s10875-021-01133-0
http://creativecommons.org/licenses/by/4.0/
https://esid.org/COVID-19/ESID-COVID-19-Statement
https://esid.org/COVID-19/ESID-COVID-19-Statement

Journal of Clinical Immunology (2021) 41:1709-1722

1721

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Ehrhardt GR, Hsu JT, Gartland L, Leu CM, Zhang S, Davis RS,
et al. Expression of the immunoregulatory molecule FcRH4
defines a distinctive tissue-based population of memory B cells.
J Exp Med. 2005;202:783-91.

Fecteau JF, Coté G, Néron S. A new memory CD27-IgG+ B cell
population in peripheral blood expressing VH genes with low
frequency of somatic mutation. J Immunol. 2006;177:3728-36.
Avery DT, Ellyard JI, Mackay F, Corcoran LM, Hodgkin PD,
Tangye SG. Increased expression of CD27 on activated human
memory B cells correlates with their commitment to the plasma
cell lineage. J Immunol. 2005;174:4034—42.

Lau D, Lan LY, Andrews SF, Henry C, Rojas KT, Neu KE, et al.
Low CD21 expression defines a population of recent germinal
center graduates primed for plasma cell differentiation. Sci Immu-
nol. 2014;2:eaai8153.

Relative fluorochrome brightness. https://www.bu.edu/flow-cytom
etry/files/2014/09/Fluorochrome-Chart-Relative-Brightness.pdf.
Sutton HJ, Aye R, Idris AH, Vistein R, Nduati E, Kai O,
Mwacharo J, et al. Atypical B cells are part of an alternative line-
age of B cells that participates in responses to vaccination and
infection in humans. Cell Rep. 2021;34:108684.

Braddom AE, Batugedara G, Bol S, Bunnik EM. Potential func-
tions of atypical memory B cells in Plasmodium-exposed indi-
viduals. Int J Parasitol. 2020;50:1033-42.

Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV,
Wang X, et al. Distinct effector B cells induced by unregulated
toll-like receptor 7 contribute to pathogenic responses in systemic
lupus erythematosus. Immunity. 2020;52:203.

Hanitsch LG, Lobel M, Mieves JF, Bauer S, Babel N, Sch-
weiger B, et al. Cellular and humoral influenza-specific immune
response upon vaccination in patients with common variable
immunodeficiency and unclassified antibody deficiency. Vaccine.
2016;34:2417-23.

Saad-Roy CM, Morris SE, Metcalf CJE, Mina MJ, Baker
RE, Farrar J, et al. Epidemiological and evolutionary consid-
erations of SARS-CoV-2 vaccine dosing regimens. Science.
2021;372:363-70.

Moore JP. Approaches for optimal use of different COVID-19
vaccines: issues of viral variants and vaccine efficacy. JAMA.
2021;325:1251-2.

Seidel MG, Kindle G, Gathmann B, Quinti I, Buckland M, van
Montfrans J, et al. ESID Registry working party and collaborators.
The european society for immunodeficiencies (ESID) Registry
working definitions for the clinical diagnosis of inborn errors of
immunity. J Allergy Clin Immunol Pract. 2019;7:1763-70.
Quinti I, Mitrevski M. Modulatory effects of antibody replace-
ment therapy to innate and adaptive immune cells. Front Immunol.
2017;8:697.

Hagin D, Freund T, Navon M, Halperin T, Adir D, Marom R,
et al. Immunogenicity of Pfizer-BioNTech COVID-19 vaccine in
patients with inborn errors of immunity. J Allergy Clin Immunol.
2021;S0091-6749:00887-93.

Authors and Affiliations

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kinoshita H, Durkee-Shock J, Jensen-Wachspress M, Kankate
VYV, Lang H, Lazarski CA, Keswani A, et al. Robust antibody
and T cell responses to SARS-CoV-2 in patients with antibody
deficiency. J Clin Immunol. 2021;41:1146-53.

Squire J, Joshi A. Seroconversion after coronavirus disease 2019
vaccination in patients with immune deficiency. Ann Allergy
Asthma Immunol. 2021;S1081-1206(21)00362-8.

Romano C, Esposito S, Donnarumma G, Marrone A. Detection of
neutralizing anti-severe acute respiratory syndrome coronavirus 2
antibodies in patients with common variable immunodeficiency
after immunization with messenger RNA vaccines. Ann Allergy
Asthma Immunol. 2021 A;S1081-1206(21)00523-8.

Takemori T, Kaji T, Takahashi Y, Shimoda M, Rajewsky K. Gen-
eration of memory B cells inside and outside germinal centers.
Eur J Immunol. 2014;44:1258-64.

Sosa-Hernandez VA, Torres-Ruiz J, Cervantes-Diaz R, Romero-
Ramirez S, Paez-Franco JC, Meza-Sanchez DE, et al. B cell sub-
sets as severity-associated signatures in COVID-19 patients. Front
Immunol. 2020;11:611004.

Woodruff MC, Ramonell RP, Nguyen DC, Cashman KS, Saini AS,
Haddad NS, et al. Extrafollicular B cell responses correlate with
neutralizing antibodies and morbidity in COVID-19. Nat Immu-
nol. 2020;21:1506-16.

Sokal A, Chappert P, Barba-Spaeth G, Roeser A, Fourati S,
Azzaoui I, et al. Maturation and persistence of the anti-SARS-
CoV-2 memory B cell response. Cell. 2021;184:1201-13.

Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-CoV-2
and COVID-19. Nat Rev Microbiol 2021; 141-154.

Carsetti R, Quinti I, Locatelli F. COVID-19 - pathogenesis and
immunological findings across the clinical manifestation spec-
trum. Curr Opin Pulm Med. 2021;27:193-8.

Pulvirenti F, Zuntini R, Milito C, Specchia F, Spadaro G, Dan-
ieli MG, et al. Clinical associations of biallelic and monoallelic
TNFRSF13B variants in italian primary antibody deficiency syn-
dromes. J Immunol Res. 2016;2016:8390356.

Kamar N, Abravanel F, Marion O, Couat C, Izopet J, Del Bello
A. Three Doses of an mRNA Covid-19 Vaccine in Solid-Organ
Transplant Recipients. N Engl J Med 2021;NEJMc2108861.
Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al.
Immunological memory to SARS-CoV-2 assessed for up to 8
months after infection. Science. 2021;371:eabf4063.

Taylor PC, Adams AC, Hufford MM, de la Torre I, Winthrop K,
Gottlieb RL. Neutralizing monoclonal antibodies for treatment of
COVID-19. Nat Rev Immunol. 2021;21:382-93.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Ane Fernandez Salinas'% - Eva Piano Mortari? - Sara Terreri? - Concetta Quintarelli** - Federica Pulvirenti® -
Stefano Di Cecca® - Marika Guercio® - Cinzia Milito' - Livia Bonanni® - Stefania Auria’ - Laura Romaggioli' -
Giuseppina Cusano’ - Christian Albano? - Salvatore Zaffina%’ - Carlo Federico Perno®® - Giuseppe Spadaro'® -
Franco Locatelli*!" - Rita Carsetti®>'? . Isabella Quinti’

1

Department of Molecular Medicine, Sapienza University
of Rome, Viale Dell’Universita, 37, Rome, Italy

2

Diagnostic Immunology Research Unit, Multimodal
Medicine Research Area, Bambino Gesu Children’s Hospital,
IRCCS, Viale Di San Paolo, 15, Rome, Italy

@ Springer


https://www.bu.edu/flow-cytometry/files/2014/09/Fluorochrome-Chart-Relative-Brightness.pdf
https://www.bu.edu/flow-cytometry/files/2014/09/Fluorochrome-Chart-Relative-Brightness.pdf
http://orcid.org/0000-0002-3328-7584

1722

Journal of Clinical Immunology (2021) 41:1709-1722

Department Onco-Haematology, and Cell and Gene Therapy,
Bambino Gesu Children Hospital, IRCCS, Rome, Italy

Department of Clinical Medicine and Surgery, University
of Naples Federico II, Naples, Italy

Regional Reference Centre for Primary Immune Deficiencies,
Azienda Ospedaliera Universitaria Policlinico Umberto I,
Rome, Italy

Occupational Medicine/Health Technology Assessment

and Safety Research Unit, Clinical-Technological Innovations
Research Area, Bambino Gesu Children’s Hospital, IRCCS,
Viale di San Paolo, 15, Rome, Italy

Health Directorate, Bambino Gesu Children’s Hospital,
IRCCS, Piazza Sant’Onofrio, 4, Rome, Italy

@ Springer

Multimodal Medicine Research Area, Bambino Gesu
Children’s Hospital, IRCCS, Piazza Sant’Onofrio, 4, Rome,
Italy

Microbiology and Diagnostic Immunology Unit, Bambino
Gesu Children’s Hospital, IRCCS, Piazza Sant’Onofrio, 4,
Rome, Italy

Department of Translational Medical Sciences, University
of Naples Federico II, 80131 Naples, Italy

Dipartimento Materno-Infantile E Scienze Urologiche,
Sapienza University of Rome, Rome, Italy

Diagnostic Immunology Clinical Unit, Bambino Gesu
Children’s Hospital, IRCCS, Viale Di San Paolo,15, Rome,
Italy



	SARS-CoV-2 Vaccine Induced Atypical Immune Responses in Antibody Defects: Everybody Does their Best
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study Design and Patients
	Cell Isolation and Cryopreservation
	Detection of Antigen-Specific B-Cells
	Ex Vivo ELISpot Assay for IFNγ Detection
	ELISA for Specific IgG, IgA, and IgM Detection
	Statistical Analysis

	Results
	Patients
	SARS-CoV-2 Antibodies
	Common Variable Immunodeficiency
	X-linked Agammaglobulinemia

	Spike SARS-CoV-2 Memory B-Cells
	Spike SARS-CoV-2 T- Cells

	Discussion
	References


