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Abstract

Common variable immunodeficiency (CVID) is characterized by hypogammaglobulinemia and/or a defective antibody
response to T-dependent and T-independent antigens. CVID response to immunization depends on the antigen type, the
vaccine mechanism, and the specific patient immune defect. In CVID patients, humoral and cellular responses to the cur-
rently used COVID-19 vaccines remain unexplored. Eighteen CVID subjects receiving 2-dose anti-SARS-CoV-2 vaccines
were prospectively studied. S1-antibodies and S1-specific IFN-y T cell response were determined by ELISA and FluoroSpot,
respectively. The immune response was measured before the administration and after each dose of the vaccine, and it was
compared to the response of 50 healthy controls (HC). The development of humoral and cellular responses was slower in
CVID patients compared with HC. After completing vaccination, 83% of CVID patients had S1-specific antibodies and
83% had S1-specific T cells compared with 100% and 98% of HC (p =0.014 and p =0.062, respectively), but neutralizing
antibodies were detected only in 50% of the patients. The strength of both humoral and cellular responses was significantly
lower in CVID compared with HC, after the first and second doses of the vaccine. Absent or discordant humoral and cellular
responses were associated with previous history of autoimmunity and/or lymphoproliferation. Among the three patients lack-
ing humoral response, two had received recent therapy with anti-B cell antibodies. Further studies are needed to understand
if the response to COVID-19 vaccination in CVID patients is protective enough. The 2-dose vaccine schedule and possibly
a third dose might be especially necessary to achieve full immune response in these patients.
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IgD~CD27" memory B lymphocytes is also frequent and
associates with reduced antibody production capacity [1, 2].

In clinical practice, the assessment of specific antibody
production after vaccination with T-dependent or T-inde-
pendent antigens provides essential information about the
severity of humoral alteration in CVID [3]. Patients with
CVID exhibit different humoral response to vaccines [4].
This variability could depend on the antigen nature, the vac-
cine formulation, or the particular patient defect. Together
with defective antibody production, CVID patients may also
present altered cellular immune response after vaccination
[5, 6]. Cellular response is crucial in the defense against
viruses, including SARS-CoV-2.

In the vast majority of healthy individuals, COVID-
19 vaccines induce strong cellular and humoral immune
responses, with discrete variations depending on the vac-
cine technology [7-10]. However, the response to COVID-
19 vaccination in patients with CVID is still unknown. In
addition, given the novelty of mRNA-based vaccines, there
is no information about their immunogenicity or protective
capability in CVID subjects.

Gathering accurate data about the immunogenicity of
COVID-19 vaccines in CVID patients is relevant to define
adequate preventive strategies in the context of the pan-
demic. Moreover, the study of humoral and cellular immune
responses to mRNA-based vaccines could lead to a better
understanding of CVID and may help to design novel inter-
ventions to improve the quality of life of these patients. For
these reasons, we aimed to characterize the cellular and
humoral response to COVID-19 vaccines in patients with
CVID.

Methods
Population and Sample Collection

We prospectively analyzed the immune response to COVID-
19 vaccines in CVID patients followed up by the Clinical
Immunology Unit at Hospital Universitario 12 de Octubre
(Spain). All the patients included in the study strictly met
diagnostic criteria for CVID according to the International
Consensus [2, 3]. CVID subjects with previous documented

SARS-CoV-2 infection were excluded. Patients who
refused vaccination or refused to accomplish the immuno-
genicity testing protocol were also excluded. All patients
were assigned to receive one of three different vaccines,
BNT162b2 (Pfizer-BioNTech), mRNA-1273 (Moderna), or
ChAdOx1 (Oxford-AstraZeneca), according to the National
Vaccination Strategy between February and June 2021. For
comparison purposes, we recruited a healthy control group
(HC) of 50 volunteers (mean age 45 years, 42/50 females)
vaccinated with BNT162b2.

The response to COVID-19 vaccines was evaluated in
peripheral blood samples obtained before vaccination, 14
to 16 days after the first dose and 28 to 32 after the second
dose. Patients under immunoglobulin replacement therapy
(IgRT) received the vaccine 1 or 2 weeks after the immu-
noglobulin infusion, depending on the treatment regimen
(weekly or monthly, respectively) (Fig. 1). All samples were
collected O to 4 days before the subsequent IgRT. Patients
not receiving IgRT were scheduled to start this treatment
after vaccination.

Determination of S1-Specific and NCP-Specific
Antibodies by ELISA

Serum IgG antibodies targeting the S1 and NCP proteins
were detected using the Euroimmun kits for ELISA (Anti-
SARS-CoV-2 ELISA, Euroimmun AG, Liibeck, Germany)
according to manufacturer’s instructions. Optical density
(OD) values were measured at 450 nm using the PR 3100
microplate reader (Bio-Rad Life Science, Marnes-La-
Coquette, France). In both cases, the results were semi-quan-
titatively evaluated by calculating the ratio of the OD value
of the sample over the OD value of the calibrator (relative
OD), with the following cut-off values: < 0.8, negative; > 0.8
to< 1.1, borderline; and > 1.1, positive.

Serum Neutralizing Antibodies Against S Protein

An hACE-2/spike antibody inhibition ELISA-based
method was used to determine the neutralizing activity
of the sera. Briefly, 96-well plates were coated with 8 ng/
ul of a chimeric version of a monoclonal anti-foldon anti-
body [11]. After blocking with 1% BSA, purified Hexapro
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[12]-derived construct containing D614G substitution was
captured by incubation at 1 ng/ul in blocking solution. Fol-
lowing protein incubation plates were washed with PBS,
and incubated with hACE-2 monomeric-StreTag recep-
tor (20 ng/ul) complexed with StrepTactin-HRP (1:2000).
Sera were incubated with the receptor-StrepTactin-HRP
and the OPD substrate (Sigma-Aldrich), and OD was
measured at 493—-620 nm. The background was determined
in parallel using a close conformation spike protein una-
ble to bind the hACE-2 receptor. A pool of anti-SARS-
CoV-2 antibodies-negative sera and hACE-2 monomeric
untagged receptor were used as negative and positive con-
trols, respectively. After subtraction of the background, the
percentage of neutralization was calculated as [1- (OD495-
620 test serum / OD495-620 negative control)] X 100%. In
all experiments, incubation of hACE-2 untagged recep-
tor at 200 ng/ul achieved a neutralization rate higher than
85%. Serial dilutions of each sample were tested in dupli-
cated. Neutralizing titer was defined as the serum dilution
that resulted in 50% reduction in the absorbance compared
with negative.

Determination of S1-Specific Cellular Inmunity
by FluoroSpot

Whole blood specimens were processed within 24 h from
sampling. Peripheral blood mononuclear cells (PBMCs)
were freshly isolated by density-gradient centrifugation
using Ficoll-Paque and seeded at 300,000 cells/well onto
IFN-y FluoroSpotTM plates (MabTech, Nacka Strand,
Sweden) with cell culture medium containing RPMI, 1%
L-glutamine, 1% penicillin/streptomycin, 10% fetal bovine
serum, and anti-CD28 monoclonal antibody (1 pug/ml).
Tests were performed in duplicate and 15-mer overlap-
ping peptides covering the S1 domain of the S protein
(166 individual peptides) (SARS-CoV-2 S1 scanning pool,
MabTech) were added at a final concentration of 1 pg/
ml. Negative control wells lacked peptides, and positive
control wells included anti-CD3 antibody (MabTech).
Assays were incubated for 16—-18 h at 37 °C. Spots were
counted using an automated IRIS™ FluoroSpot Reader
System (MabTech). To quantify specific cell-mediated
responses, spots of the negative control wells were sub-
tracted from the mean spots test wells. The results were
expressed as IFN-y-producing spot forming units (SFUs)
per 10° PBMCs. Results were excluded if negative control
wells had > 80 SFUs/10° PBMCs or positive control wells
had <400 SFUs/10° PBMCs. Responses were considered
positive if the results were at least three times higher than
the mean of the negative control wells and above the cut-
off values previously reported [13].

@ Springer

Statistical Analysis

Qualitative variables were expressed as absolute and rela-
tive frequencies. Categorical variables were compared
using the Fisher exact test. Quantitative data were reported
as the median with interquartile range. Student’s ¢ test or
Mann—Whitney U test were used for continuous variables.
Repeated measures were compared with the Wilcoxon
signed rank test or the McNemar test, as appropriate. Sta-
tistical analysis was performed with GraphPad Prism 8.0
(GraphPad Software, Inc., San Diego, CA).

Ethical Approval

This study was approved by the Institutional Ethical Board
(20/167).

Results
Patient Cohort

From a population of 32 patients that fulfilled diagnostic
criteria for CVID and were being attended in our clinical
unit, 14 patients were excluded. Eleven patients were not
able to accomplish the immunogenicity testing protocol.
Two patients had previous history of COVID-19: one was
asymptomatic and had a positive PCR for SARS-CoV-2,
and the other had mild clinical manifestations. Both patients
had positive humoral and cellular immune responses against
the SARS-CoV-2 Sl-protein before vaccination. Finally,
one patient refused to be vaccinated and consequently was
excluded.

Eighteen patients met inclusion criteria and were fur-
ther eligible for the analysis (Table 1). The mean age of
the patients was 48.1 (22-72 years), and 67% (12/18) were
females. Among these CVID patients, 83% (15/18) had a
previous history of recurrent infections, which was the
most prevalent clinical manifestation (Fig. 2), 66% (12/18)
had autoimmune/lymphoproliferative complications, and
55% (10/18) had both recurrent infections and autoimmune/
lymphoproliferative manifestations. Most of the patients
(77%, 14/18) had some minor alteration of cellular immu-
nity (such as transitory mild lymphopenia) but only 22%
(P6, P7, P8, and P18) fulfilled late-onset combined cellu-
lar immunodeficiency criteria [14]. Fourteen patients were
under IgRT, 9 with intravenous and 5 with subcutaneous
immunoglobulins. Only P5, P6, and P14 received rituximab,
but years after CVID diagnosis or hypogammaglobuline-
mia detection. P4, P5, P6, and P14 received corticosteroid
therapy in the last years.

Regarding SARS-CoV-2 vaccination, 17 received the
2-dose mRNA vaccines (11 received BNT162b2 and 6
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Fig.2 Clinical manifestations in CVID patients. Each category does
not exclude other manifestations in the same patient. Number of
patients by manifestation: infections =15; autoimmunity =6; spleno-
megaly =6; lymphoproliferation=4; solid organ tumor=4; bronchi-
ectasis =2; lymphoma=2; cytopenias =1

Fig.3 Immune response rate

Humoral response

mRNA-1273) and 1 patient received the 2 doses of the
viral vector vaccine ChAdOx1. No serious adverse events
were registered after vaccination. Pre-vaccination and post-
second dose samples were available in all 18 patients. The
sample after the first dose was obtained in 14 out of the 18
patients. As expected, all included CVID patients had nega-
tive humoral and cellular immune responses against SARS-
CoV-2 pre-vaccination.

Immune Response Rate to Vaccination

After the first dose, 42% of CVID subjects showed positive
anti-SARS-CoV-2 antibody production compared with 84%
of HC (p=0.005) (Fig. 3a). After the second dose, 83% of
CVID patients and 100% of HC became anti-S1 IgG positive
(»p=0.016). Despite the increase in the antibody response
rate observed after the second dose in CVID patients (42%
vs 83%, p=0.027), the percentage of patients who were
positive for SARS-CoV-2 antibodies after complete vac-
cination remained lower than that observed in HC. Three
patients (P5, P6, and P8) did not produce specific antibodies
after full vaccination. To further assess the quality of the
humoral response to vaccination, we evaluated the serum
neutralization capacity in sera positive for anti-S1 antibod-
ies. After the first vaccination dose, among 15 patients who
made anti-S1 antibodies, 9 showed neutralization capacity.
Three patients with positive, but non-neutralizing anti-S1
antibodies after the first dose (P2, P13, and P15), developed
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neutralizing capacity after the second dose. Six patients with
anti-S1 antibodies (P3, P4, P10, P14, P17, and P18) were
not able to develop neutralizing antibodies after completing
the vaccination. In sum, among the global 18 CVID patients
cohort, after full vaccination, 83% developed anti-S1 anti-
bodies whereas neutralizing antibodies were only recorded
in 50% of them.

In order to evaluate a possible confounding role of the
IgRT and/or previous asymptomatic infections in the meas-
urement of anti-S1 antibodies, we tested for the presence
of anti-NCP (nucleocapsid) antibodies in all the 15 anti-
S1-positive sera obtained after full vaccination. Among
them, only 1 sample, belonging to patient P7, was positive
for anti-NCP antibodies. P7 did not refer previous COVID-
19 symptoms or positive results for anti-SARS-CoV-2 tests.
However, despite being negative for anti-S1 antibodies in the
pre-vaccination sample, anti-NCP antibodies were already
present.

Regarding the cellular immune response to COVID-
19 vaccines, 50% of CVID patients had positive cellular
response after the first dose, and 83% of them were posi-
tive after the second dose (p =0.062) (Fig. 3b). The cellular
response rate was decreased in CVID compared with HC,
both after the first dose (50% vs 88%, p=0.005) and after
full vaccination (83% vs 98%, p=0.054). Three patients (P4,
P8, and P15) failed to develop a specific cellular immune
response after complete vaccination.

The only two patients with positive antibody but no cellu-
lar response to vaccines (P4 and P15, Table 1) had a previous
oncologic history at a young age. P4 showed hipogamma-
globulinemia (IgG and IgA) with respiratory tract infections
and bronchiectasis since 10 years old. In 2017, at 19 years
old, she developed a Hodgkin lymphoma (stage IVB), which
was treated with bleomycin, etoposide, doxorubicin, cyclo-
phosphamide, vincristine, procarbazine, and prednisone with
a complete remission. Lymphocyte count has been normal
during the last 4 years except for a mild B cell lymphopenia
(60 cells/ul). P15 was diagnosed with CVID and antiphos-
pholipid syndrome in 2017. She presented a papillary thy-
roid microcarcinoma 2 years later which was surgically
removed. She is currently under corticoids therapy.

Patients who exclusively lacked humoral response (P5
and P6) had a low CD19+ B lymphocyte count (< 100 cells/
pl) after receiving rituximab in 2019 and 2018, respectively.
P5 received rituximab as part of the treatment for a gastric
mucosa-associated lymphoma developed 5 years after the
CVID diagnosis, and because of the presence of a granu-
lomatous-lymphocytic interstitial lung disease. P6 received
rituximab due to rheumatoid arthritis plus systemic lupus
erythematosus overlap syndrome which appeared 2 years
after CVID diagnosis. Both P5 and P6 shared some other
clinical characteristics like respiratory tract infection and
autoimmunity.

@ Springer

P8 was the only patient who failed to produce humoral
and cellular responses. She was a 59-year-old female with
type 2 diabetes who had been under IgRT for 3 years, and
was vaccinated with BNT162b2. At diagnosis, moderate
hypogammaglobulinemia was reported (IgG 379 mg/dl,
IgA 56 mg/dl, IgM 9 mg/dl). This patient lacked specific
antibody response after tetanus toxoid and Salmonella
typhi vaccination and did not respond to CMV-Quantiferon
despite a positive serology. She showed cellular impair-
ment (CD4 + lymphopenia of 122 cells/pl) and inflamma-
tory manifestations (hepatosplenomegaly and elevated
CD21'¥ B cells). This patient had not received anti-B cell
therapy (Table 1).

Finally, we found no differences in vaccine immu-
nogenicity regarding age, gender, comorbidities, or the
administered vaccine. IgRT did not affect the vaccination
response, at least in our CVID patients’ schedule, nor
did the immunoglobulin administration route (data not
shown).

Immune Response to Vaccination According
to Clinical Subsets of CVID

We further analyzed the response to vaccination in CVID
patients with exclusively recurrent infections (n=6) and in
those CVID with autoimmune/lymphoproliferative mani-
festation (n=12). Patients with only infectious diseases
had a lower antibody production rate than HC after the
first dose (25% vs 84%, p=0.024) and a lower cellular
response rate (25% vs 88%, p=0.012) (Fig. 3c and d).
Nevertheless, all six patients from this subgroup had posi-
tive SARS-CoV-2-specific antibodies and T cells after the
second dose, which meant they had a similar response rate
to HC after full vaccination (100% vs 100%, p=1, for
antibodies, and 100% vs 98%, p =1, for cellular response).
This result differed from the subgroup of CVID patients
with autoimmune/lymphoproliferative manifestation. In
this group, the humoral and the cellular response rates
were lower than in HC after the first dose (50% vs 84%,
p=0.031, and 60% vs 88%, p=0.052, respectively) (Fig. c
and d). The decreased rate of response to vaccination in
CVID patients with autoimmune/lymphoproliferative
manifestation was also observed after the second dose, at
the antibody level (75% vs 100%, p=0.006) and at the cel-
lular level (75% vs 98%, p=0.021). Administration of the
second vaccine dose significantly increased the humoral
and cellular response rate in patients with only infectious
diseases (p =0.033 and p =0.033, respectively); however,
it did not have an incremental effect in the response rate in
patients with autoimmune/lymphoproliferative manifesta-
tions (p =0.372 and p=0.651).
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Magnitude of Inmune Response to Vaccination

The strength of humoral and cellular responses was signifi-
cantly lower in CVID patients compared to HC. Administra-
tion of the second dose increased the magnitude of the anti-
body response in CVID, from a level of anti-S1 antibodies
of 1.2 to 8.4 (p=0.002); however, these antibody levels were
consistently lower than in HC, after the first dose (1.2 vs 8.6,
p=0.014) and after the second dose (8.4 vs 32.2, p=0.0001)
(Fig. 4a). Similarly, the second vaccine dose increased the
magnitude of the cellular response in CVID, from a median
of 27 to 113 SFU/10° PBMC (p=0.018); however, the levels
of specific T cells were lower than in HC, after the first dose
(median of 27 vs 136 SFU/10° PBMC, p=0.001) and after
the second dose (median of 113 vs 408 SFU/10° PBMC,
p=0.010) (Fig. 4b).

When we analyzed by CVID patient subgroup, we
observed a similar behavior. There was a discrete increase
in antibody levels after the second dose in patients with
only infectious diseases (from 0.5 to 9.3, p=0.125) and in
patients with autoimmune/lymphoproliferative manifesta-
tions (from 3.4 to 5.3, p=0.018) (Fig. 4c). Nevertheless,
the antibody response in both patient subgroups was signifi-
cantly weaker than in HC after full vaccination (p =0.0001
and p=0.0001). Regarding the strength of the cellular
response, there was a non-significant increase of specific
T cells after the second dose in patients with only infec-
tious diseases (from median of 17 to 306 SFU/10° PBMC,
p=0.125) and in patients with autoimmune/lymphoprolif-
erative manifestations (from median of 32 to 57 SFU/10°
PBMC, p=0.084) (Fig. 4d). The cellular response in both
patient subgroups was also significantly weaker than in HC
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after full vaccination (p =0.046 and p =0.008). When com-
paring the CVID subgroup of patients with only infectious
diseases vs patients with autoimmune/lymphoproliferative
manifestations, the differences in the magnitude of both
humoral (9.3 vs 5.3 respectively, p=0.151) and cellular
(306 vs 57 SFU/10° PBMC respectively, p=0.157) immune
responses did not reach significance.

CVID Patients’ Follow-up After Vaccination

The evolution of all CVID patients was evaluated 3 months
after all the patients completed the vaccination schedule.
Only one patient (P10) referred contact or exposure to
COVID-19 cases. P10 produced anti-S1 antibodies and cel-
lular response after vaccination but he did not show neu-
tralization capacity. Six days after the exposure, and 68 days
after completing the vaccination schedule, this patient expe-
rienced COVID-19-related symptoms. He started referring
intense myalgia and weakness, without fever or dyspnea.
He was evaluated at the emergency room, showing 95% of
oxygen saturation with adequate respiratory and heart rates.
RT-PCR was positive for SARS-CoV-2 in a sample obtained
via mucosal nasal swab. Ten days of quarantine at home was
recommended without treatment. The symptom lasted 5 days
and included cough, ageusia, and anosmia. Despite his back-
ground of obesity, smoking habit, and hypertriglyceridemia,
he is now completely asymptomatic without sequels of the
disease.

Discussion

In this work, we show a detectable SARS-CoV-2 specific
humoral and cellular response in most CVID patients. Spe-
cifically, 83% of CVID patients had positive S1-specific
antibodies and T cells after full vaccination. However, the
development of these responses was slower, with a lower
quality and less potent when compared to HC.

According to our results, COVID-19 vaccines may
induce a high rate of detectable specific antibodies in CVID
patients. Previous data has shown that 0-20% of patients had
a humoral response to the influenza A vaccine [19-23]. The
response rate was close to 20% after one dose of polysac-
charide vaccines [5] and 64% after two doses of tetanus con-
jugated vaccine (compared with 93% in the general popula-
tion) [24, 25]. Cellular responses after vaccination are much
less explored. Diminished or normal IFN-y T cell responses
against influenza virus have been reported in CVID follow-
ing vaccination [26, 27].

Regarding the immunogenicity of COVID-19 vaccines in
CVID patients, the high response rate recorded in our work
agrees with data from Squire and coworkers, who showed

@ Springer

that all 6 CVID subjects analyzed by them developed specific
anti-S1 antibodies after 2 doses of the vaccine [28]. Simi-
larly, a second work studying a wider spectrum of immuno-
deficiencies showed that among 12 CVID subjects, 10 and
8 had adequate humoral and cellular response, respectively,
after completing the vaccination schedule [29]. In addi-
tion, no serious adverse events were observed. Whether the
observed immunogenicity of the COVID-19 vaccines may
be related to the mRNA vaccine technology remains to be
explored.

Despite the proportions of CVID patients responding to
COVID-19 vaccination seem encouraging, the development
of the immune response was slower in CVID than in HC,
since most CVID patients needed 2 doses to become immu-
nized. Moreover, we found a discordant capacity to produce
virus-specific antibodies (83% of vaccinated patients) and
virus-neutralizing antibodies (50% of vaccinated patients),
suggesting that either one or both quantity and quality of the
humoral immune response to COVID-19 vaccination may be
suboptimal in CVID subjects. Interestingly, 2 out of the 3
patients who did not make antibodies after full vaccination
had been receiving rituximab during the 2 previous years.
In addition, after completing vaccination, CVID patients
made significantly lower antibody levels and weaker cellular
responses than HC. It has been suggested that some degree
of isolated cellular response might provide protection against
SARS-CoV-2 [30]. This concept might be related with our
observation on patient P10 who contracted COVID-19 after
vaccination but recovered at home without any treatment,
despite not having made neutralizing antibodies and pre-
senting severity risk factors. Further studies are needed to
understand if the observed responses to vaccination in CVID
patients are potent enough to provide adequate protection, or
if CVID patients might benefit from a third vaccination dose.

During the first half of 2021, an elevation of anti-SARS-
CoV-2 antibody levels has been reported in IgRT products
[31]. By demonstrating the absence of anti-NCP antibodies
in sera after vaccination, we discarded the possibility that
the anti-S1 antibodies detected would come from the IgRT
and/or previous asymptomatic SARS-CoV-2 infection. Only
one patient who seroconverted for anti-S1 antibodies after
vaccination showed also anti-NCP antibodies, which were
already present in the pre-vaccination sample. Whether the
concomitant presence of anti-S1 and anti-NCP antibodies
in this patient could be related to a previous SARS-CoV-2
infection, other coronavirus species infection or transference
of antibodies by IgRT remains unknown.

CVID patients with autoimmune/lymphoproliferative
manifestations have the worst disease course [32]. Discord-
ant or absent antibody and cellular responses appeared asso-
ciated with this complications in our CVID cohort. Simi-
larly, Rezaei and coworkers reported significantly increased
rates of splenomegaly and autoimmunity among CVID
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patients who did not produce specific antibodies after the
meningococcal polysaccharide vaccination [33].

The results of this study are limited by the relatively small
number of patients included. The study was underpowered
to evaluate vaccine immunogenicity in the different CVID
subgroups, and it was not possible to evaluate the impact
of different vaccine technologies or different IgRT strate-
gies. These questions should be addressed studying wider
multicentric cohorts.

In conclusion, in CVID patients, the 2-dose COVID-
19 vaccine schedule seems to be especially necessary to
develop specific antibodies and T cell response. Further
studies may clarify the levels of specific antibodies and T
cells which are needed to confer clinical protection. After
vaccination, CVID subjects with autoimmune/lymphoprolif-
erative manifestations may be at higher risk of SARS-CoV-2
infection due to the lower response in this particular popula-
tion. Lack of antibody response was found associated with B
lymphopenia after B cell depletion therapy, and absence of
cellular response was observed in association with previous
oncologic history and defects in the cellular immunity com-
partment. Compared to previous vaccines, the new mRNA
vaccine technology could be useful for the prevention of
future recurrent infections in CVID patients by inducing a
stronger immune response.
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