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Abstract
Immune responses to coronavirus disease 2019 (COVID-19) mRNA vaccines in primary antibody deficiencies (PADs) are 
largely unknown. We investigated antibody and  CD4+ T-cell responses specific for SARS-CoV-2 spike protein (S) before and 
after vaccination and associations between vaccine response and patients’ clinical and immunological characteristics in PADs. 
The PAD cohort consisted of common variable immune deficiency (CVID) and other PADs, not meeting the criteria for CVID 
diagnosis (oPADs). Anti-S IgG, IgA, and IgG subclasses 1 and 3 increased after vaccination and correlated with neutralization 
activity in HCs and patients with oPADs. However, 42% of CVID patients developed such responses after the 2nd dose. A 
similar pattern was also observed with S-specific  CD4+ T-cells as determined by OX40 and 4-1BB expression. Patients with 
poor anti-S IgG response had significantly lower levels of baseline IgG, IgA,  CD19+ B-cells, switched memory B-cells, naïve 
 CD8+  T-cells, and a higher frequency of EM  CD8+  T-cells and autoimmunity compared to patients with adequate anti-S IgG 
responses. Patients with oPADs can develop humoral and cellular immune responses to vaccines similar to HCs. However, 
a subset of CVID patients exhibit impairment in developing such responses, which can be predicted by the baseline immune 
profile and history of autoimmunity.
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Introduction

Primary antibody deficiencies (PADs) are a diverse 
group of disorders that account for 50–60% of all pri-
mary immunodeficiencies [1–3]. PADs include com-
mon variable immune deficiency (CVID), IgG subclass 2 
deficiency (IgG2D), IgG deficiency (IgGD), and specific 
antibody deficiency (sAbD). It has been shown that many 
PAD patients are unable to mount an effective antibody 
response to pathogens and/or vaccines [3, 4]. Patients with 
immunodeficiencies have an increased risk for poor clini-
cal outcomes with coronavirus disease 2019 (COVID-19) 
[5, 6]. Thus, the inability of many of these patients to 
mount a substantial immune response to vaccination poses 
a particular challenge as vaccines are currently the most 
effective protection against COVID-19.

COVID-19 vaccines induce both humoral and cellu-
lar immunity as measured by SARS-CoV-2 spike protein 
(S)-specific IgG antibodies and responsive  CD4+ T-cells. 
Patients with various primary immunodeficiency disorders 
including inborn errors of immunity (IEI) and CVID were 
found to have reduced levels of SARS-CoV-2 S-specific 
IgG responses [7–11]. For instance, anti-S antibodies 
were detected in only 27 of 46 patients with IEI (58.7%) 
after 1 dose of COVID-19 mRNA vaccine and in 63 of 74 
fully immunized patients with IEI (85.1%). The impaired 
development of SARS-CoV-2 S-specific IgG response 
was associated with previous use of rituximab therapy, 
reduced baseline B and T cells counts, and specific gene 
defects including X-linked agammaglobulinemia (XLA), 
autoimmune lymphoproliferative syndrome (ALPS)-like 
disease, and autoimmune polyendocrinopathy-candidia-
sis-ectodermal dystrophy (APECED) [7–11]. In addition 
to humoral immunity, patients with ALPS-like disease 
and NF-κB1 mutations failed to mount T cell immune 
responses to COVID-19 vaccines [7, 10]. In patients with 
CVID, the development of both humoral and cellular 
immune responses to COVID-19 vaccines was delayed 
and reduced when compared to healthy controls (HC) [8].

Although studies indicate impaired vaccine responses 
in patients with PADs including CVID and specific gene 
defects, the immunogenicity of COVID-19 vaccines in 
patients with humoral immunodeficiencies such as IgGD, 
IgG2D, and sAbD remains largely unknown. Patients with 
such immunodeficiencies are known to have significantly 
increased sinopulmonary infections and non-infectious 
clinical manifestations including autoimmunity and malig-
nancy [12, 13]. To address this critical point, we evalu-
ated the humoral and  CD4+ T-cell immune responses to 
COVID-19 mRNA vaccines by analyzing anti-S IgG, IgA, 
IgM, and IgG subclasses (1, 2, 3, and 4), plasma neutral-
izing activity against the SARS-CoV-2 USA-WA 1/2020 

in vitro, and S-specific  CD4+ T-cell responses in patients 
with a wide spectrum of PADs prior to and following the 
1st and 2nd doses of COVID−19 mRNA vaccines. We 
correlated these findings with baseline immunoglobulin 
levels, immune cell profiles, and comorbidities to iden-
tify the possible predictors for poor COVID-19 vaccine 
responses in these patients.

Methods

Human Subjects

The study was reviewed and approved by the Yale University 
Institutional Review Board (IRB). The Informed consent for 
the study was obtained from all participating study subjects.

Patients with PADs (n = 22) were recruited from Yale 
Immunodeficiency clinics. We categorized patients into one 
of two groups, a group of CVID or a combined group of 
IgGD, IgG2D, and sAbD referred to as other PAD (oPAD). 
HCs (n = 15) were recruited as previously described [14]. 
After obtaining informed consent, samples were collected 
at three time points: prior to vaccination, three (Pfizer-BioN-
Tech) or four (Moderna) weeks after the 1st and 2nd doses 
of the Pfizer-BioNTech or Moderna COVID-19 mRNA 
vaccine. Clinical history and laboratory data were collected 
using the EPIC electronic medical record (Epic Systems 
Corporation, Verona, WI, USA).

Peripheral Mononuclear Cell Purification

Peripheral blood was collected into sodium heparin tubes. 
Plasma was separated by centrifuging the tubes at 1800 rpm 
for 10 min and stored in 1.8 mL cryotubes (Thermo Fisher 
Scientific, Waltham, MA, USA) at − 80 °C until further anal-
ysis. Peripheral blood mononuclear cells (PBMCs) were iso-
lated by density gradient centrifugation using Ficoll-Paque 
™ PREMIUM sterile solution (Cytiva, Marlborough, MA, 
USA). After isolation, the cells were cryopreserved in fetal 
bovine serum Gibco ™ (FBS, Thermo Fisher Scientific) 
with 10% dimethyl sulfoxide ACS (DMSO; MP Biomedi-
cals, LLC, Solon, OH, USA) and stored in vapor phase liq-
uid nitrogen prior to use.

Enzyme‑Linked Immunosorbent Assay (ELISA)

The humoral response to the vaccines was evaluated by ana-
lyzing anti–SARS-CoV-2 spike protein receptor-binding 
domain (SRBD) antibodies (IgG, IgA, IgM, and IgG sub-
classes 1, 2, 3, and 4) and anti-SARS-CoV-2 nucleocapsid 
IgG in plasma. High-binding 96-well clear flat bottom poly-
styrene plates (Costar®, Corning, Durham, NC, USA) were 
coated with 1 µg/ml of SARS-CoV-2 Spike S1 + S2 ECD-His 
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Recombinant Protein (Sino Biological, Chesterbrook, PA, 
USA) or SARS-CoV-2 Nucleocapsid-His recombinant pro-
tein (Sino Biological, Chesterbrook, PA, USA) in 0.05 M 
carbonate solution (sodium bicarbonate buffer capsule; Mil-
lipore Sigma, Burlington, MA, USA) by incubating over-
night at 4 °C. Following the incubation, coating solution was 
discarded, and plates were blocked for 1 h with 3% (w/v) 
non-fat dry milk Omniblok ™ (AmericanBio, Canton, MA, 
USA) in PBS 1X at room temperature. The plates were then 
washed two times with ELISA wash buffer containing 0.05% 
(v/v) Tween 20 in PBS 1X. Plasma samples were diluted in 
1% (w/v) Omniblok ™ in wash buffer (1:200 for IgG, IgA, 
IgM, IgG1; 1:10 for IgG2, IgG3, and IgG4), pipetted into 
appropriate wells in duplicates, and incubated for 1 h at room 
temperature. Positive control (plasma know to have + anti-S 
IgG) and a blank well were included in each plate. The plates 
were then washed 5 times with the ELISA wash buffer, added 
with secondary antibodies diluted at 1:2000 (IgG) and 1:1000 
(IgA, IgM,  IgG1,  IgG2,  IgG3,  IgG4) at 75µL per well and 
incubated for 1 h at room temperature. Plates were washed 6 
times with the ELISA wash buffer and developed with TMB 
Substrate solution (BD OptEIA, BD Biosciences, San Diego, 
CA, USA) by incubating for 2–4 (IgG), 8–12 (IgA, IgM and 
 IgG1), and 15–20 min  (IgG2,  IgG3,  IgG4) in the dark. After 
adding stop solution (2 N sulfuric acid, R&D Systems, Min-
neapolis, MN, USA), the optical density (OD) of individual 
samples was measured at 450 nm using the Synergy ™ HT 
multi-detection microplate reader (Bio-Tek Instruments, 
INC., Winooski, VT, USA). The results of duplicate sam-
ples were averaged. The OD value from the blank was sub-
tracted from the average sample ODs to obtain the absolute 
absorbance reading. Arbitrary Unit (AU) was determined 
by dividing absolute absorbance reading of subjects by the 
absorbance reading of positive control.

Flow Cytometry

PBMCs were thawed and placed in 15-mL Eppendorf 
tubes with 9 mL of RPMI Medium 1640 (Gibco™) sup-
plemented with 1% penicillin, streptomycin, and glutamate 
and 10% fetal bovine serum (RPMI-CM) and centrifuged at 
1800 rpm for 10 min. Following centrifugation, cells were 
resuspended in 2 mL of RPMI-CM in 5 mL round-bottom 
polypropylene tubes (Falcon®, Corning) and incubated at 
37 °C for 7–8 h. Cells were counted and pipetted at 1 ×  106 
cells per well for T-cell stimulation. For the latter, cells 
were incubated for 18–20 h at 37 °C in 96-well clear round 
bottom cell culture microplate (Cat# 353077, Falcon®) 
with or without 2 µg/mL anti-CD28/CD49d antibody (BD 
Fastimmune, BD Biosciences, Cat# 347690), SARS-CoV-2 
Prot_S (Miltenyi Biotec, Cat#130–126-700, Bergisch Glad-
bach, Germany), or SARS-CoV-2 Prot_N (Miltenyi Biotec, 
Cat#130–126-698) in TexMACS™ media (Miltenyi Biotec, 

Cat#130–097-196). After incubation, cells were harvested 
and incubated for 10 min with LIVE/DEAD™ Fixable 
Near-IR Dead Cell Stain (Thermo Fisher Scientific, Cat# 
L10119) at room temperature to determine viable cells. 
Then the viable cells were analyzed for CD3, CD4, CCR7, 
CD45RA, OX40, and 4-1BB. In addition, unstimulated via-
ble cells were stained with appropriate antibodies for T- and 
B-cell subset analysis. The following fluorochrome-labeled 
antibodies were used: BUV 395 Anti-hCD3 (BD Horizon, 
BD Biosciences, Clone SK7, Cat#564001, 1:150), BV 711 
anti-hCD4 (BioLegend, San Diego, CA, USA, Clone SK3, 
Cat #344648, 1:150), BV510 anti-hCD8 (BioLegend, Clone 
SK1, Cat#344732, 1:150), PE-Cy5 anti-hCD45RA (BD 
Pharmingen, Cat#555490, 1:100), PE-Cy7 anti-hCCR7 (BD 
Biosciences, Cat#557648, 1:100), FITC anti-hCD134 OX40 
(BioLegend, Clone Ber-ACT35, Cat#350006, 1:50), PE anti-
hCD137 4-1BB (BioLegend, Clone 4B4-1 Cat#309804, 
1:50), anti-hCD185 CXCR5 (Invitrogen, Waltham, MA, 
USA, Clone MU5UBEE Cat#14–9185-82, 1:50), Alexa 
Fluor 488 anti-hCD279 (BioLegend, Clone EH12.2H7, 
Cat#329935, 1:50), Alexa Fluor 700 anti-hCD19 (BioLe-
gend, Clone H1B19 Cat#302225, 1:100), anti-hCD27 PB 
(Invitrogen, Clone 0323 Cat#48–0279-41, 1:50), PE/Cy7 
anti-hCD21 (BioLegend, Clone BU32 Cat#354911, 1:50), 
PE anti-hIgM (BioLegend, Clone MHM-88, Cat#314507, 
1:50), and Alexa Fluor 488 anti-hIgD (BioLegend, Clone 
IA6-2, Cat#348215, 1:50). Flow cytometry analysis was 
done using an LSR II instrument with FACSDiva (BD Bio-
sciences). Flow cytometry data was analyzed using FlowJo 
v10 software (BD, Ashland, OR, USA). Spike RBD-specific 
CD4 T-cell activation was determined by measuring effector 
memory  CD4+ T cells expressing OX40 and 4-1BB.

SARS‑CoV‑2 Surrogate Viral Neutralization Assay

The SARS-CoV-2 isolate USA-WA1-/2020 was used to 
study neutralization activity of patient plasma. The strain 
was deposited by the Centers for Disease Control and Pre-
vention and obtained through BEI Resources, NIAID, NIH: 
SARS-Related Coronavirus 2, Isolate USA-WA1/2020, 
NR-52281, kindly provided by Barney Graham at Vaccine 
Research Center of NIH. This was then cultured in Vero-
hACE2-TMPRSS2 which were prepared at a concentra-
tion of 1.25 cells/mL in 10 mL Dulbecco’s Modified Eagle 
Medium (DMEM, Thermo Fisher Scientific, Cat#11054020) 
with 10% heat-inactivated fetal bovine serum (FBS) and 
1% GlutaMAX (Thermo Fisher Scientific, Cat# 35050061). 
Subject plasma samples from three different time points 
were inactivated by incubation at 56 °C for 1 h. Samples 
were diluted three-fold in 8 serial dilutions in a 384-well 
plate (10 to 21,870 dilution; Corning, Cat#3764). Ten micro-
liter of diluted plasma was incubated with an equal volume 
of USA-WA1/2020 at a multiplicity of infection (MOI) of 
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0.5 at 37 °C for 30 min. Ten microliter of Vero-hACE2-
TMPRSS2 cells were transferred to appropriate well with 
virus/plasma mix, and the mixture was incubated at 37 °C 
for another 72 h to allow infection to proceed. 12.5 μL of 
Cell Titer Glo™ (Promega, Madison, WI, USA, Cat#G9241) 
was pipetted to each well, and plate was incubated at room 
temperature for 10 min before luminescence was read using 
Cytation5. Concentration to inhibit 50% of infection (IC50) 
was calculated using non-linear regression compared to 
mock-infected samples.

Statistical Analysis

Descriptive data were presented as means ± standard devia-
tions (SD)s. Continuous variables were analyzed using the 
Student t test or one-way ANOVA with the Dunnett’s test 
for multiple comparisons as appropriate. Categorical vari-
ables were analyzed using the Chi-square test. Data were 
analyzed with SPSS version 28.0 (IBM, Armonk, NY, USA) 
and Prism 9 (GraphPad Software, Inc., San Diego, CA, 
USA). P values of 0.05 or less were considered statistically 
significant.

Results

Cohorts and Patient Characteristics

Fifteen HCs and 22 patients with PADs were recruited from 
the pediatric or adult immunodeficiency clinics at Yale. One 
HC and six patients with PADs had SARS-CoV-2 infection 
confirmed with positive nucleic-acid assay prior to vac-
cination (Table 1). The rest of HCs and patients without 
positive nucleic acid assay for SARS-CoV-2 did not pre-
sent with increased IgG levels for SARS-CoV-2 nucleocap-
sid (Fig. S2B). We collected samples from 10 HCs and 17 
patients with PAD at baseline and following each COVID-19 
mRNA vaccination (Fig. 1). For the remaining subjects, we 
had samples following the 1st and 2nd doses (n = 3 HCs 
and 2 patients), before vaccination and after the 2nd dose 
(n = 1 HC and 1 patients) or after the 2nd dose (n = 1 HC 

and 2 patients). The patients with PADs met the diagnostic 
criteria for CVID (n = 12), IgG deficiency (IgGD, n = 5), IgG 
subclass 2 deficiency (IgG2D, n = 4), and specific antibody 
deficiency (sAbD, n = 1) [13]. The demographic and clini-
cal characteristics of patients are described in Table 1. Of 
note, patient 2 had confirmed PLC-γ-2 mutation (Table 1). 
Rest of the patients did not have confirmed diagnosis of 
monogenetic mutation. Patient 9 received rituximab about 
6 years ago, and the patient showed recovered B cell count 
 (CD19+ cells) of 149 cell/ul. The mean ages of the studied 
groups were similar (HCs, CVID, and oPAD, mean ± SD; 
40.5 ± 11.1, 42.7 ± 21.5, and 55.0 ± 18.3, respectively). The 
gender ratios were similar in HCs and CVID patients (per-
cent male: 47% and 39%, respectively); however, the pro-
portion of males in patients with oPAD was lower than in 
HCs and CVID patients (percent male: 20%, 47%, and 39%, 
respectively, p = 0.0009).

Patients with CVID Had a Slower Rise and Achieved 
a Lower Peak in Anti‑S IgG, IgA, IgG Subclasses 1 
and 3 Titers Compared to HCs and oPAD Patients 
After COVID‑19 mRNA Vaccination

Samples collected pre-vaccination, 3 weeks or 4 weeks 
after the 1st and 2nd doses of Pfizer-BioNTech or Mod-
erna vaccine, were applied to anti-S ELISA as described in 
the “Methods” section. After the first dose of the vaccine, 
all HCs and oPADs patients developed anti-S IgG, which 
continued to increase after the second dose (Fig. 2). The 
mean and two SDs of anti-S IgG titers in HCs were 0.5 ± 0.1, 
respectively, after the 2nd dose of vaccination. Based on 
these values, patients who had IgG titers equal or less than 
0.3 were classified as poor vaccine responders, and 5 out 
of 12 CVID patients (42%) met this criterion. Of note, we 
measured antibody response of two CVID patients after the 
3rd dose of vaccination. They received the 3rd dose about 
4 months after the 2nd dose. These two CVID patients ini-
tially presented with poor antibody response after the 1st 
and 2nd doses and remained unresponsive after the 3rd dose 
(Fig. S1). Anti-S IgG subclass 1 had a similar pattern as 

Fig. 1  Study design and 
schedule for sample collection. 
Peripheral blood was collected 
from healthy controls, patients 
with CVID,and other PADs 
at three time points: before, 3 
(Pfizer-BioNTech) or 4 (Mod-
erna) weeks after the 1st and 
2nd doses of the Pfizer−BioN-
Tech or Moderna COVID-19 
mRNA vaccine

0                                               1                                          2 
Time 
Point

1st dose 
COVID-19 

mRNA vaccine

Pre-
vaccination
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anti-S IgG. Anti-S IgA and anti-S IgG3 also increased in 
most HCs and oPAD patients following vaccination (Fig. 2) 
although anti-S IgG2, IgG4, and IgM did not demonstrate 
this incline (Fig. 2). Patients with SARS-CoV-2 infection 
prior to vaccination (marked with red dots in Fig. 2) had 
higher antibody titers in pre-vaccination samples which 
increased after the 1st dose but either plateaued or decreased 
after the 2nd dose (Fig. 2). Next, we compared antibody titer 
increase between pre and after 1st and 2nd doses of vaccines 
only among the patients who were not previously infected 
with SARS-CoV-2. While both HCs and oPAD showed 
a statistically significant increase in anti-S IgG and IgG1 
after the 1 and 2 doses, the CVID patient cohort showed 
statistically significant increase in anti-S IgG and neutraliza-
tion activity only after the 2nd dose (Fig. 3). Neutralization 
activity was significantly increased after 1st and 2nd doses 
in HCs but only after 2nd dose in PAD patients (Fig. 3). In 
HCs, anti-S IgG3 demonstrated a significant increase follow-
ing both doses. All three cohorts showed an increase in anti-
S IgA titer after each dose though it did not meet statistical 
significance. Of note, the antibody responses were similar 
between HCs who received Pfizer and Moderna mRNA vac-
cines (data not shown).

Neutralization Activity Against the SARS‑CoV‑2 
WA 1/2020 In Vitro Correlated with Anti‑S IgG, IgA 
and IgG Subclasses 1 and 3

Both HCs and study subjects displayed an increase in plasma 
neutralization activity after the 1st and/or 2nd dose of the 
vaccines (Figs. 2 and 3). We then determined the associa-
tion between the fold change in neutralization activity and 
anti-S immunoglobulins measured at baseline and after the 
2nd dose only in patients without prior SARS-CoV-2 infec-
tion. Fourteen patients without prior SARS-CoV-2 infection 
and with available data (neutralization activity and anti-S 
immunoglobulins levels of prior and after 2nd dose of vac-
cination) were included in this analysis. We found an asso-
ciation between fold change of neutralization activity and 
anti-S IgG in both HCs and PADs (anti-S IgG, HC: r = 0.7, 
p = 0.01, PAD: r = 0.6, p = 0.01) (Fig. 4). For the fold change 
of anti-S IgG1, only HC showed significant association with 
the fold change of neutralization although PADs had a trend 
of association (anti-S IgG1, HC: r = 0.8, p = 0.004, PAD: 
r = 0.5, p = 0.06) (Fig. 4). A similar association was also 

noted between fold change of neutralization activity and 
anti-S IgA titers in HC (IgA, HC: r = 0.8, p = 0.004) but not 
in PADs (Fig. 4). IgG subclasses 2 and 4 and IgM had no 
relationship with neutralization activity (Fig. 4).

SARS‑CoV‑2 Spike Peptides Specific  CD4+ T‑Cell 
Response Showed Similar Trend as Humoral 
Response to COVID‑19 mRNA Vaccines

We next studied  CD4+ T-cell response specific for SARS-
CoV-2 S or nucleocapsid peptides before and after COVID-
19 mRNA vaccine. Previous studies identified  CD4+ T cells 
specific for antigens including S protein in peripheral blood 
based on combinational expression of activation-induced 
markers (AIM) such as OX40 and 4-1BB [15–17]. Here, we 
took the same approach to identify  CD4+ T cells to antigenic 
stimulation including S and nucleocapsid peptides. Thawed 
PBMC showed > 95% viability after in vitro stimulation 
with S or nucleocapsid peptides. Viable cells were gated for 
OX40 and 4-1BB expressing effector memory (EM)  CD4+ 
T-cells  (CD3+CD4+CCR7−CD45RA±) (Fig.  5A) which 
were specific for spike peptides or nucleocapsid specific 
EM  CD4+ T cells after stimulation with respective antigen. 
Similar to humoral response, HCs and oPAD patients had 
an increase in the frequency of S-specific  CD4+ T cells after 
the 1 dose of the vaccine although the increase in oPAD 
patients did not reach the level of significance. In CVID 
patients, S-specific  CD4+ T-cells did not increase after the 
first dose of the vaccine. All three groups had an incre-
mental increase in S-specific  CD4+ T cells after each dose 
(Fig. 5B and C). We also evaluated  CD4+ T-cell responses 
to SARS-CoV-2 nucleocapsid protein which is present in 
live virus but not in COVID-19 mRNA vaccine. Subjects 
with prior SARS-CoV-2 infection showed an increase in 
nucleocapsid-specific  CD4+ T cells which did not change 
after vaccination (Fig. S2). Patients without known history 
of prior SARS-CoV-2 infection did not have an increase in 
nucleocapsid-specific  CD4+ T cells (Fig. S2). In addition 
to the EM population, we analyzed S protein-specific cells 
in the central memory (CM)  CD4+ T-cell population. The 
frequency of this cells was quite small ranging from 0.05 to 
0.3% of the total CM population and did not change with 
vaccination (data not shown).

Lower Baseline IgG and IgA, a Lower Proportion 
of B Cells Including Switched Memory B cells, 
Higher Proportion of Memory CD8 T Cells, 
and an Autoimmune History Were Associated 
with Poor COVID‑19 mRNA Vaccine Response

We measured  CD8+ T-cell subsets (naïve, central 
memory (CM), effector memory (EM), and  CD45RA+ 
EM),  CD19+ B-cell subsets  (CD27−CD21low cells 

Fig. 2  Changes in SARS-CoV-2 serology in healthy controls (HCs), 
patients with CVID, and other PADs (oPADs) before and after the 1st 
and 2nd doses of COVID-19 mRNA vaccines. The changes of anti-S 
IgG, IgA, IgM, IgG subclasses 1, 2, 3, and 4 and neutralization activ-
ity to SARS-CoV-2 USA-WA 1/2020 before and after the 1st and 
2nd doses of vaccines are shown in healthy controls (HCs), patients 
with CVID, and other PADs (oPAD). Subjects who had SARS-CoV-2 
infection prior to vaccinations were marked as red

◂
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and  CD27+IgD−IgM− switched memory B cells 
(smB)), and circulating T-follicular helper (cTfh) cells 
 (CD3+CD4+CD45RA−  CCR7−CXCR5+PD-1+ and PD-1−) 
from unstimulated PBMCs (Fig. S3). The frequency of 
individual cell subsets was compared between vaccine 
responders vs. poor responders. The levels of baseline IgG 
(mean ± SD, 671 ± 240 and 228 ± 119 mg/dL, p < 0.0001), 
IgA (110 ± 78 and 47 ± 28 mg/dL, p = 0.001), IgG subclass 
1 (mean ± SD, 443 ± 148 and 99 ± 86 mg/dL, p = 0.01), and 
IgG subclass 2 (mean ± SD, 163 ± 105 and 43 ± 22 mg/
dL, p = 0.02) were significantly lower in poor respond-
ers than in responders (Table 2). The frequency of CD19 
(mean (%) ± SD, 8 ± 5 and 5 ± 2, p = 0.02), smB cells (mean 
(%) ± SD, 23 ± 12 and 9 ± 2, p = 0.004), and naïve CD8 + T 
cells (mean (%) ± SD, 36 ± 21 and 27 ± 18, p = 0.02) was 
significantly lower in poor responders (Table 2), while the 
frequency of EM  CD8+ T cells (mean (%) ± SD, 26% ± 12 
and 30 ± 12%, p = 0.047) was significantly higher in poor 
responders. The poor responders had a trend towards the 
increased frequency of  CD19+CD27−CD21low B (mean 
(%) ± SD, 38 ± 27, and 55 ± 26%, p = 0.166) and EMRA 
 CD8+ T cells (mean (%) ± SD, 24 ± 20, and 32 ± 14%, 
p = 0.126), which have been shown to be associated with sys-
temic autoimmunity and immunosenescence, respectively, 
compared to responders (Table 2) [18]. Poor responders had 
a higher frequency of autoimmune disorders (80% vs. 17%, 
p = 0.017) than responders.

Discussion

Although it has been shown that patients with PADs who 
meet criteria for CVID and/or carry specific gene defects 
showed reduced responses to COVID-19 mRNA vaccines, it 
remains largely unknown whether reduced immunogenicity 
is an important consideration for patients with other PADs 
such as IgGD, IgG2D, and sAbD. In this study, we ana-
lyzed anti-S IgG, IgA, IgM, and IgG subclasses (1, 2, 3, and 
4), neutralization activity against SARS-CoV-2 USA-WA 
1/2020 in vitro, and S-specific  CD4+ T-cell responses in 
patients with a wide spectrum of PADs prior to vaccination 
and after the 1st and 2nd doses of the COVID-19 mRNA 
vaccines. We also looked at association between patients’ 
baseline immune profiles and comorbidities and efficacy of 

vaccine response. Our study shows that patients with IgGD, 
IgG2D, and sAbD develop anti-S IgG and IgG1 responses 
at the levels comparable to HCs following the 1st and 2nd 
doses of the COVID-19 mRNA vaccines. However, these 
responses were found in only some patients with CVID after 
the 2nd dose of the vaccines. A similar pattern was also 
observed in measuring neutralization activity against SARS-
CoV-2 USA-WA 1/2020, and S protein-specific  CD4+ T-cell 
responses. As defined based on the mean and two SDs of 
anti-S IgG titers in HC, the poor vaccine responders among 
PAD patients were those with autoimmune diseases and 
low levels of baseline IgG, IgG1, IgG2,  CD19+ B, switched 
memory B cells, naïve  CD8+ T cells, and higher levels of 
EM  CD8+ T cells.

PADs are a diverse group of disorders including CVID, 
IgGD, IgG2D, and sAbD. Most patients with CVIDs are 
unable to produce an effective antibody response to patho-
gens or vaccination [3, 4]. In fact, the International Consen-
sus Document 2016 criteria for CVID require impaired vac-
cine responses for diagnosis, unless the patient has profound 
hypogammaglobulinemia (IgG < 1 g/L)[19], although Amer-
atunga et al. suggested criteria not requiring impairment in 
vaccine responses to establish a diagnosis of CVID [20], 
recognizing that some patients with CVID can respond to 
vaccines. In patients who did not meet criteria for CVID in 
the New Zealand hypogammaglobulinemia study (NZHS), 
vaccine responses varied depending on the type of vaccine. 
Most patients enrolled in this study had excellent responses 
to Haemophilus influenzae type B (HIB) vaccine and tet-
anus toxoid but not to diphtheria toxoid or Streptococcus 
pneumoniae [21]. In our study, we noticed an increase in 
the levels of anti-S IgG and IgG1 in both HC and patients 
with oPAD including IgGD, IgG2D, and sAbD after the 1st 
and 2nd doses of the COVID-19 mRNA vaccines. How-
ever, some patients with CVID failed to mount significant 
humoral immune responses as measured by anti-S IgG and 
IgG1 levels after the 1st dose of the vaccines. With the 2nd 
dose, only 7 of 12 (58%) CVID patients achieved significant 
vaccine responses based on anti-S IgG response in compari-
son to HC. These findings are in line with the results of a 
recent study that analyzed immune responses to COVID-19 
mRNA and DNA vaccines in patients with inborn errors of 
immunity, including disorders encompassing STAT3 domi-
nant negative mutations (n = 26), APECED (n = 14), CVID 
(n = 7), and hypogammaglobulinemia (n = 5)[9]. Anti-S anti-
bodies were detected in 27 of 46 patients (58.7%) after the 
1st dose of mRNA vaccine and in 63 of 74 fully immunized 
patients (85.1%) [9]. Similar findings were also reported by 
other groups studying COVID-19 mRNA vaccine responses 
in patients with different types of PIDs [7–11]. In 18 CVID 
subjects receiving 2-dose anti-SARS-CoV-2 vaccines, 83% 
of the patients had S-specific antibodies after completing 
vaccination [8]. These findings indicate that a substantial 

Fig. 3  The development of humoral immune responses to COVID19 
mRNA vaccines is distinct in healthy controls (HCs), patients with 
CVID, and other PADs (oPAD). Scatter graphs showing anti-S IgG, 
IgA, IgM, IgG subclasses 1, 2, 3, and 4, and neutralization activity 
to SARS-CoV-2 USA-WA 1/2020 before and after 1st and 2nd doses 
of vaccines in healthy controls (HCs), patients with CVID, or other 
PADs (oPADs) who previously did not have SARS-CoV-2 infection. 
P values were obtained by ANOVA followed by post hoc analysis 
with the Dunnett’s test

◂
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proportion of patients with PADs, including CVID and 
inborn errors of immunity, cannot develop anti-S IgG 
responses following COVID-19 mRNA vaccination. Since 
these five CVID patients who did not present with anti-S 
antibody response after vaccinations were all receiving IgG 

replacement therapy, it is unlikely that passive immuniza-
tion from IgG replacement therapy affected the results of 
anti-S antibody analysis in our patients. We also measured 
anti-S IgG response after the 3rd dose of mRNA vaccines 
in two CVID patients who initially presented with poor 
response to first two doses of COVID-19 mRNA vaccines. 
These patients continued to have poor response after the 3rd 
dose of mRNA vaccines, suggesting that CVID patients who 
have failed to mount antibody response to first two doses of 
mRNA vaccines less likely develop antibody response to 
subsequent dose(s) of COVID-19 mRNA vaccines.

We noticed increased levels of anti-S-specific IgG, 
IgG1, IgG3, and IgA in HC after COVID mRNA vaccina-
tion although patients with CVID and oPAD had increased 
levels of only anti-S-specific IgG and IgG1. The increased 
levels of anti-S-specific IgG likely reflect anti-S protein-
specific IgG1 since IgG1 is the most abundant IgG subclass 
accounting for approximately 60% of total IgG [22]. Our 
observations are in line with the principle that COVID-19 
mRNA vaccines induce the expression of SARS-CoV-2 
spike protein, which triggers B-cells receiving T-cell help 
through MHC-class II, resulting in IgG1 and/or IgG3 class 
switching [22]. It may be beneficial to have class switching 
to several Ig classes and IgG subclasses given the different, 
albeit partially overlapping, functions of each. For instance, 
IgG1 and IgG3 potently activate complement by binding to 
C1q, while secretory IgA can provide mucosal immunity 
to microorganisms, including viruses. Furthermore, mono-
meric IgG3 binds more efficiently than monomeric IgG1 to 
FcγRIIa, FcγRIIIa and FcγRIIIb [23]. The relatively short 
half-life of IgG3 supports the potent pro-inflammatory func-
tion of IgG3 as it can limit the potential of excessive inflam-
matory responses. Of interest, patients with COVID-19 who 
required intensive care unit (ICU) admission had elevated 
levels of IgG3 compared to those treated on the floor or as 
outpatients [24].

In our study, we assessed titers of all immunoglobulin 
serotypes and IgG subclasses against SARS-CoV-2 spike 
protein as well as plasma neutralization activity against 
SARS-CoV-2 USA-WA 1/2020 strain before and after 
immunization with COVID-19 mRNA vaccines. A previ-
ous study showed that S-specific antibodies, primarily IgM 
and IgG1 in convalescent plasma of COVID-19 patients, 
exhibited neutralization activity to pseudovirus bearing 
the SARS-CoV-2 spike protein [25]. IgM and IgG1 were 
found to contribute most to SARS-CoV-2 neutralization 
[25]. Indeed, IgG1 and IgG3 subclasses are the main IgG 
subclasses induced by natural SARS-CoV-2 infection and 
COVID-19 vaccination [26, 27]. In our study, we found 
gradually rising titers of anti-S IgG and IgG1 in HC and 
patients with oPAD after the 1st and 2nd doses of the 
COVID-19 mRNA vaccines. Anti-S IgG3 also increased in 
HC but not in patients with CVID or oPAD. To the best of 
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Fig. 4  Correlation of anti-S immunoglobulin titers with neutralization 
activity to SARS-CoV-2 USA-WA 1/2020 in healthy controls (HCs) 
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between pre-vaccination and anti-S IgG after 2nd dose of vaccines. 
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our knowledge, this is the first study to demonstrated neu-
tralization activity to live SARS-CoV-2 WA-2020 strain in 
relation to all anti-S immunoglobulin serotypes and IgG sub-
classes in patients with PAD after SARS-CoV-2 vaccination. 

The levels of anti-S IgG and IgG1 responses to the vaccine 
correlated with neutralization activity to the SARS-CoV-2 
WA 1/2020 strain in vitro, supporting the implication of 
anti-S IgG and IgG1 in neutralizing SARS-CoV-2 virus in 
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cells (7-AAD+ cells) from total lymphocytes,  CCR7−CD45RA± 
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population followed by gating OX40 and 4-1BB expressing cells. B 
Trends and C mean ± SD for the frequency of  OX40+ and 4-1BB+ 
cells in EM  CD4+ T cells are shown pre and after the 1st (1) and 
2nd (2) doses of vaccines (C) in healthy controls (HC), patients with 
CVID and other PADs (oPAD). P values were obtained by ANOVA 
followed by post hoc analysis with the Dunnett’s test
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SARS-CoV-2-vaccinated individuals. This finding also sug-
gests that patients with selective IgG2D likely produce intact 
humoral immune response to COVID-19 mRNA vaccine.

We assessed cellular immune responses to COVID-19 
mRNA vaccines in patients with PAD by measuring EM 
 CD4+ T cells expressing OX40 and 4-1BB in PBMCs stimu-
lated with SARS-CoV-2 S peptides. OX40 and 4-1BB are 
members of the tumor necrosis factor receptor (TNFR) fam-
ily, which has a key role in promoting T-cell clonal expan-
sion and immune responses [25, 28, 29]. These molecules 
have been utilized as markers for  CD4+ T-cell activation 
in patients with COVID-19 [25, 28, 29]. Following the 1st 
and 2nd doses of COVID-19 mRNA vaccines, the pattern of 
S-specific  CD4+ T-cell response as determined by the fre-
quency of  OX40+4-1BB+  CD4+ T cells was similar to that 
of anti-S IgG in both HC and patients with PADs, suggest-
ing the interface of  CD4+ T and B cells in developing both 
cellular and humoral immunogenicity to the vaccine. Many 
patients with PADs also present with non-infectious compli-
cations including autoimmune disorders and malignancies, 
and suppression and/or dysregulation of B and T cells are 

described in PADs [3, 13, 30, 31]. Protection through immu-
nizations is achieved by developing an orchestrated immune 
response in different cellular subsets including B and T cells, 
a process that has been shown to be either suppressed or 
dysregulated in PADs [25, 32]. Therefore, monitoring both 
humoral and cellular immunity to COVID-19 vaccines in 
patients with PADs likely provides important information for 
assessing the development of protective immune responses 
to the vaccines.

We explored the possible clinical and immunological 
parameters that predict poor responses to COVID-19 mRNA 
vaccines in patients with PAD. When responders were 
defined as having anti-S IgG titers above 0.4 after the 2nd 
dose of vaccination (based on anti-S IgG titers in HC), all 
oPAD patients were responders, while 42% of CVID patients 
were poor responders. The poor responders had significantly 
lower baseline IgG, IgA, total B, and smB cells compared 
to the responders, indicating that a fully functional humoral 
arm of the immune system is essential for the development 
of anti-S IgG response to COVID-19 mRNA vaccines. Poor 
responders also had a trend towards increased frequency 

Table 2  Characteristics between 
responder and non-/weak 
responder

Abbreviations: CM central memory, EM effector memory, EMRA CD45RA positive EM, cTfh circulating T 
follicular helper cells. P-values marked with bold indicate statistically significant p-values

Responder (n = 18) Non-/weak responder 
(n = 5)

P

Gender (male) 17% 0% 0.999
Autoimmunity 17% 80% 0.017
Malignancy 17% 50% 0.210
Age 48 ± 20 50 ± 10 0.790
Baseline values prior to initiation of IgG replacement

  IgG 671 ± 240 228 ± 119  < 0.0001
  IgM 86 ± 111 241 ± 354 0.215
  IgA 110 ± 78 47 ± 28 0.001
  IgG1 443 ± 148 99 ± 86 0.010
  IgG2 163 ± 105 43 ± 22 0.022
  IgG3 34 ± 23 29 ± 10 0.110
  IgG4 14 ± 15 6 ± 7.2 0.155

Laboratory data (%)
  CD3 72 ± 7 78 ± 12 0.177
  CD4 66 ± 10 53 ± 20 0.228
  CD8 20 ± 8 15 ± 12 0.118
  CD8 naive 36 ± 21 27 ± 18 0.021
  CD8 CM 11 ± 8 9 ± 10 0.465
  CD8 EM 26 ± 12 30 ± 12 0.047
  CD8 EMRA 24 ± 20 32 ± 14 0.126
  CD19 8 ± 5 5 ± 3 0.023
  CD19  CD27+  IgD−IgM− 23 ± 12 9 ± 2 0.004
  CD19  CD27−  CD21low 38 ± 27 55 ± 26 0.166
  cTfh (PD-1+) cells 2.5 ± 1.4 3.3 ± 3 0.555
  cTfh (PD-1-) cells 8.5 ± 2.6 9.8 ± 3.1 0.425
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of EM and EMRA  CD8+ T cells compared to responders. 
EMRA  CD8+ T cells are known to have senescent charac-
teristics and expand with aging, chronic infections, auto-
immune disorders, and malignancies [33–36]. In poor vac-
cine responders, we also noticed an increased frequency 
of  CD21low B cells, a lymphocyte population found to be 
expanded in CVID patients with autoimmune disorders [37, 
38]. Consistent with our findings, Gardulf et al. reported the 
association of a poor humoral influenza A (H1N1) vaccine 
response with the increased frequency of memory  CD8+ T 
and  CD21low B cells as well as with non-infectious com-
plications including autoimmune manifestations in patients 
with CVID [39]. Our data thus support that a set of clinical 
and immune parameters, including history of autoimmune 
diseases and baseline profile of immunoglobulins, B- and 
T-cell subsets, could serve as predictive markers for humoral 
immune responses to COVID-19 mRNA vaccines in patients 
with CVID.

The limitations of our study include the relatively small 
numbers of patients with various types of PADs and the 
lack of long-term follow up of vaccine-specific immune 
responses. Further investigations of the immunogenicity to 
COVID-19 mRNA vaccines over the long term in a larger 
cohort of PAD patients are warranted to properly counsel 
patients with PADs regarding immune protection against 
SARS CoV-2 virus during this time of the COVID-19 
pandemic.

It has been a challenge for the clinicians to counsel 
patients with PADs regarding their protection from COVID-
19 after administering COVID-19 vaccines because com-
mercially available anti-SARS-CoV-2 spike protein sero-
logic test do not provide protective range of the antibody 
titer after vaccination. We believe that the results of our 
study provide new insights into the immunologic response 
to COVID-19 vaccination and reasonable markers for risk 
stratification for vaccine immunogenicity in PAD patients 
which may assist clinicians to identify patients with an 
increased risk of poor response to COVID-19 vaccines and 
counsel them accordingly.

In summary, we demonstrated that anti-S IgG, IgA, and 
IgG subclasses 1 and 3 increased after COVID-19 mRNA 
vaccination and correlated with neutralization activity 
against the SARS-CoV-2 WA 1/2020 strain in vitro in HCs 
and patients with oPADs including IgGD, IgG2D, and 
sAbD. However, a subset of patients with CVID developed 
such responses only after the 2nd dose of the vaccines. A 
similar pattern was also observed by measuring neutrali-
zation activity against the SARS-CoV-2 USA-WA 1/2020 
strain and S protein-specific  CD4+ T-cell responses. The 
poor vaccine responders in patients with PADs were ones 
with autoimmune diseases and low levels of baseline IgG, 
IgG1, IgG2,  CD19+ B cells, switched memory B cells and 
naïve  CD8+ T cells, and high level of EM  CD8+ T cells.
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