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Abstract
Purpose CD8 cytotoxic T cells (CTLs) play a critical role in the clearance of virally infected cells. SARS-CoV-2-specific 
CD8 T cells and functional CTLs in natural infections and following COVID-19 vaccine in primary antibody deficiency 
(PAD) have not been reported. In this study, we evaluated T cell response following COVID-19 or COVID-19 mRNA vac-
cination in patients with PADs by assessing SARS-CoV-2 tetramer-positive CD8 T cells and functional CTLs.
Methods SARS-CoV-2-specific CD8 and functional CTLs were examined in a patient with X-linked agammaglobulinemia 
(XLA) and a patient with common variable immunodeficiency (CVID) following COVID-19 infection, and in 5 patients 
with CVID and 5 healthy controls 1 month following 2nd dose of COVID-19 mRNA vaccine (Pfizer-BioNTech). Cells 
were stained with SARS-CoV-2 spike protein–specific tetramers, and for functional CTLs  (CD8+  CD107a+ granzyme  B+ 
 perforin+), with monoclonal antibodies and isotype controls and analyzed by flow cytometry.
Results SARS-CoV-2-specific tetramer + CD8 T cells and functional CTLs in the patient with XLA following COVID-19 
infection were higher, as compared to healthy control subject following COVID-19 infection. On the other hand, SARS-
CoV2-tetramer + CD8 T cells and functional CTLs were lower in CVID patient following COVID19 infection as compared to 
healthy control following COVID-19 infection. SARS-CoV2-tetramer + CD8 T cells and functional CTLs were significantly 
lower in SARS-CoV2-naive CVID patients (n = 10) following vaccination when compared to SARS-CoV-2-naive healthy 
vaccinated controls (n = 10).
Conclusions CVID is associated with reduced SARS-CoV-2-specific CD8 T cells and functional CTLs in both natural 
SARS-CoV-2 infection and in response to SARS-CoV-2 mRNA vaccine, whereas natural infection in XLA is associated 
with a robust SARS-CoV-2-specific CD8 and functional CTL responses.

Keywords CTLs · SARS-CoV-2-specific CD8 T cells · XLA · CVID · Pfizer/BNT vaccine

Introduction

Immunity reduces susceptibility to infection, reduces infec-
tiousness, and reduces pathology. The magnitude of these 
components of immune efficacy depends on the levels of 
antibody and T cell immunity. However, over time, the lev-
els of antibody and T cells wane. High levels of immunity 
are required to prevent individuals from getting infected 
(sterilizing immunity). If there is insufficient immunity to 
prevent infection, partial immunity can nonetheless allow 

the individual to mount a more rapid response, which typi-
cally results in more rapid control of the infection, and 
consequently lowers transmission and pathology. Introduc-
tion of vaccines has resulted in a significant decline in both 
COVID-19 cases and particularly in mortality. Neutralizing 
antibodies play an important role in defense against trans-
mission from SARS-CoV-2 infection [1–8]. COVID-19 
mRNA vaccines are 94–95% effective in preventing severe 
disease that is associated with the presence of significant 
amount of neutralizing antibodies [9–11]. A number of 
patients with primary antibody deficiencies do not make 
specific antibodies against SARS-CoV-2; however, some of 
these patients when infected with SARS-CoV-2 had either 
mild clinical course of COVID-19 or those hospitalized and 
with no comorbidity risks recover [12–20]. This would sug-
gest that T cells may play an important role in determining 
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the clinical course of SARS-CoV-2 infection. Generally, 
neutralizing antibodies prevent viral entry to target cells 
and, therefore, play an important role in the prevention of 
spread of infection, whereas cytotoxic T cells (CTLs) and 
natural killer cells kill virus-infected target cells, therefore 
containing and clearing the infection. Several studies have 
reported SARS-CoV-2-specific T cell responses in various 
clinical spectra of COVID-19; however, there are limited 
data on CD8 T cells and CTLs [21–30]. It is unclear if the 
immune responses to natural SARS-CoV-2 infection in anti-
body deficiency diseases are different from those from vac-
cination. A few studies have examined immune responses in 
inborn errors of immunity [31]. However, in none of these 
studies, SARS-CoV-2-specific tetramer-positive CD8 T cells 
and functional CTLs were evaluated. In this study, we ana-
lyzed SARS-CoV-2-specific tetramer-positive CD8 T cells 
and functional CD8 CTLs in patients with XLA and CVID 
who were infected with SARS-CoV-2, and compared them 
with SARS-CoV-2-naive CVID patient and healthy controls 
following vaccination with two doses of Pfizer-BioNTech 
COVID-19 vaccine to determine the difference between 
natural infection and vaccine-induced T cell responses and 
difference in immune response to vaccine between SARS-
CoV-2-naive CVID patients and healthy controls. Our data 
show that following SARS-CoV-2 infection, XLA patient 
developed robust CD8 T cell responses, whereas CVID 
patient following SARS-CoV-2 infection had poor response 
as compared to healthy control following SARS-CoV-2 
infection. Furthermore, SARS-CoV-2-naive CVID patients 
following immunization with 2 doses of Pfizer vaccine had 
significantly lower SARS-CoV-2-specific CD8 T cells and 
functional CTLs as compared to healthy controls following 
vaccination.

Materials and Methods

Subjects A patient with XLA and a patient with CVID with 
mild-to-moderate COVID-19 infection, 10 SARS-CoV-2-na-
ive CVID patients, and 10 healthy controls following two 
doses of Pfizer-BioNTech COVID-19 vaccine were evalu-
ated. The patient with XLA was a 70-year-old man who had 
been on IgG replacement therapy since age 3 years. His lab-
oratory evaluation revealed absent circulating B cells, unde-
tectable IgA and IgM, and a pathogenic mutation in BTK 
gene. He also had bronchiectasis. He developed COVID-19 
disease in early 2021 manifested as mild pneumonia and 
recovered completely without any specific treatment or hos-
pitalization. The patients with CVID were diagnosed accord-
ing to European Society for Immunodeficiencies and Pan-
American Group for Primary Immunodeficiency criteria of 
low IgG and low IgA/IgM, and impaired response to vaccine 
[32]. No gene mutation studies were performed. One of the 

patients with CVID, a 67-year-old woman with infection-
only phenotype and untested genotype, developed a mild 
COVID-19 disease presenting as severe fatigue and mild 
pneumonia that also resolved without any complications or 
hospitalization. Blood samples were collected 29 days fol-
lowing COVID-19 infection in XLA patient, and 32 days 
following COVID-19 infection in CVID patient, and prior to 
next immunoglobulin infusion. Blood samples from healthy 
control were drawn 30 days following COVID-19 infec-
tion. Blood samples were drawn from 10 SARS-CoV-2-na-
ive CVID patients 4–5 weeks (mean = 31.8 days; median 
31.5 days) and 10 SARS-CoV-2-naive healthy controls 
4–6 weeks (mean = 32.4 days, median 31.0 days) following 
2nd dose Pfizer-BioNTech COVID-19 vaccine. Blood sam-
ples from healthy controls were obtained from UCI Institute 
for Clinical and Translational Science (ICTS). Patients with 
PAD were from UCI Immunology clinics. Demographic data 
on study patients are shown in Table 1.  CD3+,  CD4+, and 
 CD8+ T cells in COVID-19-infected patients were within 
normal ranges for healthy laboratory controls of institutional 
CLIA-certified laboratory.

Table 1  Clinical and immunological characteristics of antibody-defi-
cient patients

IgRT immunoglobulin replacement therapy, EFI# enzyme-facilitated 
immunoglobulin, SCIG subcutaneous immunoglobulin, HC healthy 
controls, DM II, type II diabetes mellitus, ITP idiopathic thrombocy-
topenia, NA not applicable
* XLA was diagnosed with BTK mutation (BTK c.1085A > G 
(p.His362Arg) hemizygous pathogenic)

Patients Age/gender IgRT COVID-
19 IgG 
antibod-
ies

Associated conditions

SARS-CoV-2-infected (RT-PCR +) and not vaccinated
  XLA* 70/M IVIG Negative Bronchiectasis
  CVID 67/F SCIG Negative Hashimoto’s thyroiditis, 

asthma
  HC 72/F NA Positive NA

SARS-CoV-2-naive and vaccinated
  CVID 65/M IVIG Negative DM II, allergic rhinitis
  CVID 76/M IVIG Positive None
  CVID 56/M EFI# Positive DM II, asthma, rhinitis, 

adrenal, insufficiency
  CVID 49/F IVIG Positive Hashimoto’s thyroiditis
  CVID 72/F IVIG Negative Allergic rhinitis
  CVID 56/F SCIG Negative Allergic rhinitis
  CVID 58/M IVIG Positive Hypothyroidism
  CVID 74/F IVIG Negative ITP, allergic rhinitis
  CVID 59/F EFI Negative None
  CVID 48/F SCIG Negative Hypothyroidism

Patients (age range) 48–76 (4 M/6 F) mean—61.3, median—58.6
Controls (age range) 44–77 (6 M/4 F) mean = 60.3, median = 59.0
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Antibodies and Reagents

Antibodies used included CD8 PerCP (clone SK1), gran-
zyme B Alexa647 (clone GB11), Perforin FITC (clone dG9), 
and CD107a PE (clone H4A3) all from BioLegend (San 
Diego), and HLA-A*02:01 SARS-CoV-2 Spike Glycopro-
tein Tetramer PE (YLQPRTFLL) from MBL International 
(Woburn, MA).

Methods

SARS‑CoV‑2‑Specific Tetramer‑Positive CD8 T Cells

Cells were analyzed by the following technique: 200 μL 
blood was mixed with 5 μL CD8PerCP monoclonal antibody 
and 10 μL HLA-A*0201 spike Tetramer PE (HLA-A*02:01 
SARS-CoV-2 Spike Glycoprotein Tetramer YLQPRTFLL), 
vortexed gently and incubated for 30 min at room tempera-
ture protected from light. Red blood cells were lysed using 
1 mL of Lyse Reagent supplemented with 0.2% formalde-
hyde fixative reagent per tube. Tubes were centrifuged at 
150 × g for 5 min and supernatants were removed. Three 
milliliters of FACS buffer was added, and tubes were centri-
fuged at 150 × g for another 5 min. Cell pellets were resus-
pended in 500 μL of phosphate-buffered saline (PBS) and 
0.1% formaldehyde and stored at 4 °C for 1 h in the dark 
prior to analysis by flow cytometry.

Functional Cytotoxic CD8 T Cells

Functional cytotoxic CD8 T cells (CTLs) were analyzed by 
the following technique: 200 µ blood samples were incubated 

for 30 min with CD8PerCP and CD107a PE (a degranulation 
marker) for surface staining; lysed, fixed, and permeablized 
by Fix Perm buffer (BD biosciences, San Diego, CA); and 
then incubated with granzyme B AL647 and Perforin FITC 
monoclonal antibodies (MLB International, Woburn, MA) 
and appropriate isotype control.

All fluorescent minus one (FMO) controls and isotype 
controls were stained and fixed by 2% paraformaldehyde for 
flow cytometry. Cells were acquired by BD FACS Celesta 
(Becton-Dickenson, San Jose, CA) equipped with BVR laser. 
Forward and side scatters and singlets were used to gate and 
exclude cellular debris. Thirty thousand cells were acquired 
and analyzed using FLOWJO software (Ashland, OR).

Gating Strategy

Representative pseudocolor plot was used for gating strat-
egy; gated lymphocytes were analyzed for singlet, live, 
and CD8 expressing cells. These  CD8+ cells were further 
analyzed for granzyme B and perforin expression, and for 
SARS-CoV-2 spike protein–specific tetramer-positive cells 
(Fig. 1).

Data are expressed as percent of total  CD8+-gated (100%) 
T cells. Total numbers of SARS-CoV-2 spike protein–spe-
cific tetramer-positive cells and functional CTLs were calcu-
lated by multiplying percentage with absolute  CD8+ T cell 
counts in the peripheral blood divided by 100.

Statistical analysis was performed by unpaired t-test using 
GraphPad Prism version 9.2.0 for Windows, GraphPad Soft-
ware, San Diego, CA, USA A value of P < 0.05 is considered 
significant.

Fig. 1  Gating strategy. Representative pseudocolor plot shows gating 
strategy. Gated lymphocytes were analyzed for singlet, live, and CD8 
expressing cells. These  CD8+ cells were further analyzed for gran-

zyme B and perforin expression, and for SARS-CoV-2 spike protein–
specific tetramer-positive cells
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Results

SARS‑CoV‑2 Spike Protein–Specific 
Tetramer‑Positive  CD8+ T Cells and Functional 
Cytotoxic CD8 T Cells in XLA and CVID Patient 
Following COVID‑19 Infection

Data for SARS-CoV-2-specific tetramer-positive  CD8+ T 
cells and functional cytotoxic CD8 T cells are shown in 
Fig. 2. Absolute  CD8+ T cell counts in peripheral blood 
in XLA patient was 265, CVID patient 230, and healthy 
control was 310. SARS-CoV-2 spike protein–specific 

tetramer-positive CD8 T cells following SARS-CoV-2 
infection were increased (12.2%; total # 32.33) in XLA 
patient (A) and decreased (0.61%; total # 1.4) in CVID 
patient (B) following SARS-CoV-2 infection (B) as com-
pared to healthy control (1.10%; total # 3.41) following 
SARS-CoV-2 infection (C). Functional CD8 CTLs  (CD8+ 
 CD107a+ granzyme  B+  perforin+) were increased (82.9%; 
total # 219.68) in XLA patient following SARS-CoV-2 
infection (D), decreased (9.04%; total # 21.62) in SARS-
CoV-2-infected CVID patient (E), as compared to healthy 
control (35.4%; total # 109.74) following SARS-CoV-2 
infection (F).

Fig. 2  SARS-CoV-2 spike protein–specific tetramer-positive CD8 
T cells and functional CTLs following SRAS-CoV-2 infection. Data 
are shown in Fig.  1.  CD8+-gated T cells were further characterized 
for SARS-CoV-2 spike protein–specific tetramer-positive CD8 T 
cells. SARS-CoV-2-specific CD8 T cells in XLA patient (A) were 
increased, and decreased in CVID patient (B), as compared to healthy 

control (C) following SARS-CoV-2 infection. Cytotoxic CD8 T lym-
phocytes (CTLs) are  CD8+- and  CD107a+-gated cell that were fur-
ther characterized for the expression of granzyme B and perforin. 
 CD8+  CD107a+ granzyme  B+  perforin+ CTLs in XLA (D) were 
increased, and reduced in CVID patient (E) as compared to healthy 
control (F) following SARS-CoV-2 infection
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SARS‑CoV‑2 Spike Protein–Specific 
Tetramer‑Positive  CD8+ T Cells and Functional 
Cytotoxic CD8 T Cells in SARS‑CoV‑2‑Naive 
Vaccinated Patients

A representative flow cytograph of SARS-CoV-2 spike 
protein–specific tetramer-positive  CD8+ T cells and func-
tional CTLs is in shown in Fig. 3. SARS-CoV-2-naive CVID 
patient following vaccination had significantly decreased 
SARS-CoV-2 spike protein–specific tetramer-positive  CD8+ 
T cells (A) and functional CD8 CTLs (C) as compared to 
SARS-CoV-2 spike protein–specific tetramer-positive  CD8+ 
T cells (B) and functional CTLs (D) in SARS-CoV-2-naive 
COVID-19-vaccinated healthy control (Fig. 4).

Discussion

A growing number of studies have been published on both 
humoral and cellular immune responses in various clinical 
stages of SARS-CoV-2 infection [21–30]. Furthermore, 
studies investigating vaccine responses predominantly 

focused on the production of specific antibodies while 
very few studies examined the T cell response evaluated 
by SARS-CoV-2-specific tetramer-positive CD8 T cells and 
functional CTLs [21–30]. Several reports around the world 
on mild-to-moderate COVID-19 in patients with primary 
antibody deficiencies suggested an important role of T cells 
in modifying severity of the disease [12–19, 31, 33, 34]. 
However, data on specific immune responses to COVID-19 
in patients with inborn errors of immunity (IEI) are limited 
[31, 33, 34]. In addition, there have been no studies evaluat-
ing SARS-CoV-2-specific CD8 T cells and functional CTLs 
in patients with IEI.

One of the limitations of our study is that in natural 
SARS-CoV-2 infection group, we have only one patient with 
XLA and CVID, and a healthy control. A study of larger 
cohort of patients and healthy controls with natural infection 
is needed to draw a definitive conclusion. Several investi-
gators have studied immune responses in mild-to-moderate 
COVID-19 disease. Ni et al. reported SARS-CoV-2-specific 
T and B cell responses in COVID-19 convalescent indi-
viduals [2]. They observed a correlation between neutral-
izing antibody titers and T cell responses. However, CTLs 

Fig. 3  SARS-CoV-2 spike protein–specific tetramer-positive CD8 T 
cells and functional CTLs in SRAS-CoV-2 infection-naive vaccinated 
patients.  CD107a+ granzyme  B+ and  perforin+ CD8 T cells. A repre-
sentative cytoflourograph is shown in Fig. 2. SARS-CoV-2 spike pro-
tein–specific tetramer-positive CD8 T cells were decreased in CVID 

patient (A), as compared to healthy control (B) following 2 doses of 
vaccine.  CD8+  CD107a+ granzyme  B+  perforin+ CTLs were reduced 
in CVID patient (C) as compared to healthy control (D) following 2 
doses of Pfizer/BioNTech vaccine
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or tetramer-positive CD8 T cells were not reported. Rha 
et al., using cytokine secretion assays combined with MHC 
class I multimer staining, revealed that the proportion of 
interferon-γ (IFNγ)-producing cells was significantly lower 
among SARS-CoV-2-specific CD8 T cells than those spe-
cific to influenza A virus in COVID-19 convalescent indi-
viduals [35]. Peng et al. studied SARS-CoV-2-activated CD4 
and CD8 T cells using pentamers in convalescent individuals 
following COVID-19 [36]. They observed increased mem-
brane and nucleocapsid-specific CD8 T cells as compared 
to spike protein–specific CD8 T cells in mild disease; no 
difference was observed in  CD107+  CD8+ T cells between 
mild and severe disease. These investigators did not exam-
ine granzyme and perforin markers. Steiner et al. examined 
SARS-CoV-2 peptide pool (spike and nucleocapsid)–stimu-
lated T cells in previously healthy SARS-CoV-2 antibody-
positive and antibody-negative convalescent COVID-19 
patients, who had mild disease [34]. Using cytokine poly-
functionality in CD4 T cells and  CD8+  CD137+ T cell cri-
teria of T cell responses, they observed no difference in T 
cell responses among seropositive and seronegative COVID-
19 patients, suggesting a good response in both groups. In 
peptide-stimulated SARS-Cov-2-specific T cell responses, 
peripheral blood mononuclear cells are stimulated with mul-
tiple peptides for CD4 and CD8 T cells for 20–24 h and 
expression of activation marker is assayed. In this assay, 
T cells cross-reactive to exposure to previous corona virus 
may also be activated. Similar to the case reported by Peng 
et al., our XLA patient with SARS-CoV-2 infection had 

increased number of SARS-CoV-2-specific tetramer-pos-
itive CD8 T cells as compared to SARS-CoV-2 infection 
healthy control [36]. However, in contrast to the Peng et al. 
[36], where there was no difference in  CD8+  CD107+ cells, 
we observed increased functional CTLs  (CD8+  CD107a+ 
 perforin+ granzyme  B+). In contrast, the patient with CVID 
who had COVID-19 infection had decreased CTLs as well 
as decreased SARS-CoV-2-specific tetramer-positive CD8 
T cells as compared to healthy subject who had COVID-
19 infection. These data demonstrate distinctly different 
SARS-CoV-2-specific CD8 and CTL responses in XLA 
and CVID following mild-to-moderate COVID-19 infec-
tion as compared to healthy controls. Since clinical course 
in both XLA patient and CVID patient was mild and both 
cases were SARS-CoV-2 spike IgG antibody–negative, CD8 
T cell responses were remarkably different suggesting that 
additional immune responses (i.e., NK cells, unconventional 
T cells) may also play a role the clinical outcome of SARS-
CoV-2 infection. Chen and Wherry suggested that robust 
clonal expansion of  CD8+ T cells may be associated with 
milder disease or recovery [21]. Jouan et al. reported that 
 CD69+ iNKT and  CD69+ MAIT cells may be predictive 
of clinical course and disease severity [37]. Carcetti et al. 
observed high frequency of NK cells was associated with 
asymptomatic and mild SARS-CoV-2 infection [38].

Our XLA patient with COVID-19 displayed very high 
SARS-CoV-2 tetramer-positive CD8 T cells that may 
suggest a compensatory mechanism for lack of antibody 
response to change the clinical course of the disease. This 

Fig. 4  Cumulative data for 
SARS-CoV-2-specific CD8 
T cells and functional CTLs 
in SARS-CoV-2-naive CVID 
patients and controls following 
2 doses of vaccine. Ten SARS-
CoV-2-naive CVID patients and 
10 healthy controls received 
2 doses of Pfizer vaccine and 
blood samples were simulta-
neously analyzed 4–6 weeks 
following 2nd dose. Data show 
that SARS-CoV-2 spike pro-
tein–specific tetramer-positive 
CD8 T cells are significantly 
reduced (P < 0.0007) in SARS-
CoV-2-naive CVID patients 
as compared to SARS-CoV-
2-naive healthy controls (A) fol-
lowing vaccination. Functional 
CTL CD8 T cells were also 
significantly lower (P < 0.0003) 
in SARS-CoV-2-naive CVID 
patients as compared to SARS-
CoV-2-naive healthy subjects 
(B)
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is similar to the observations of CD8 T cells in patients 
with hematological malignancies with impaired humoral 
immunity. Bange et al. [39], in a large cohort of COVID-19 
patients with hematological malignancies with impaired B 
cell responses, preserved CD8 T cell response which were 
associated with lower viral load and mortality. They also 
reported that depletion of B cells with anti-CD20 therapy 
was not associated with increased mortality compared to 
other hematological cancer, when adequate CD8 T cells 
were present.

Steiner et al. [34] reported decreased HCoV strains and 
SARS-CoV-2 cross-reactive T cells in unexposed patients 
with CVID. Kinoshita et al. [33] reported antibody and T 
cell responses specific to spike and nucleocapsid at day 33 
and 76 cells following infection in 3 members in a family 
with varying degree of antibody deficiency, one patient each 
with CVID, hypogammaglobulinemia, and specific antibody 
deficiency who developed mild COVID-19, and in 2 unre-
lated CVID patients who also developed mild disease. All 
except one patient had detectable antibodies against NP and 
S proteins. All patients made CD4 T cell responses to S, 
NP. and M proteins; however, patients and control did not 
show CD8 T cell responses. CD107a expression was mini-
mal and did not differ between patients and controls. In all 
these studies, cells were stimulated with peptides; however, 
no tetramers were used to examine SARS-CoV-2-specific 
T cells. In our study, we examine de novo tetramer-posi-
tive SARS-CoV-2-specific CD8 T cells. Castano-Jaramillo 
et al. [12] reported clinical course of 31 adult and pediatric 
patients with different inborn errors of immunity. Sixteen 
percent of patients died. Hospitalization and mortality did 
not differ between 7 XLA and 11 CVID patients.

Safety, efficacy, and immunogenicity of various COVID-
19 vaccines have been reported [9–11, 31, 40, 41]. However, 
there are limited data on T cells, especially CTLs, from clin-
ical trials of current vaccines. Anderson et al. [9] reported 
that in Moderna vaccine (SARS-CoV-2 mRNA-1273) 
clinical trial in adults who were 71 years and older, there 
was induction of  TH1  CD4+ T cell response in response to 
S-specific peptide pool characterized by increased cytokines, 
IL-2 > TNF-α > IFNγ.  TH-2 responses (IL-4, IL-13) were 
unaffected. Sahin et  al. [11] also reported skewed  TH1 
responses in both CD4 and CD8 T cells induced with 
receptor binding domain (RBD) peptide. Data on vaccine 
response in PAD are even more limited, and no data have 
been reported for SARS-CoV-2-specific CD8 and functional 
CTLs. Recently, Salinas et al. [42] reported T and B cell 
responses in patients with XLA and CVID 1 week following 
SARS-CoV-2 BNT162b2 vaccine. They observed normal 
response in majority of XLA patients, whereas Hagin et al. 
[43] reported increased IFNγ-producing T cells in all 4 XLA 
patients, whereas 4 of 12 CVID patients did not make T cell 
responses to S peptide. No data for SARS-CoV-2-specific 

CD8 or functional CTLs were reported. Increased IFNγ-
producing T cells following vaccination reported by Hagin 
et al. [43] are similar to marked increased SARS-CoV-2 
spike protein–specific CD8 and functional CTLs in our 
XLA patient following SARS-CoV-2 infection. In our 
SARS-CoV-2-naive CVID patients following vaccination, 
we observed significantly decreased SARS-CoV-2-specific 
tetramer-positive CD8 cells and functional CTLs. This is 
similar to decreased IFNγ-producing T cells reported by 
Salinas et al. [42] and Hagin et al. [43].

In summary, patients with XLA appear to have increased 
SARS-CoV-2 spike protein–specific CD8 T cells and func-
tion CTL response, whereas CVID patients appear to have 
impaired CD8 T cell responses to SARS-CoV-2 infection. 
Furthermore, SARS-CoV-2-naive patients have impaired 
SARS-CoV-2 spike protein–specific CD8 T cells and func-
tional CTL response to Pfizer-BioNTech vaccine as com-
pared to healthy controls following vaccination. This may 
suggest a need for additional/frequent booster vaccination 
in patients with CVID.
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