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Abstract

Introduction: In the trials of corona virus vaccines, detailed
analyses of subsets of lymphocytes were not carried out. We
present perhaps the most comprehensive immunological
analysis of 29 subsets of B and T cells in 2 healthy subjects
receiving 2 doses of the Pfizer SARS-CoV-2 (COVID-19) vac-
cine. Methods: Analyses were performed prior to vaccina-
tion, 3 weeks following the 1st dose, and 4 weeks following
the 2nd dose. Total, naive (Ty), and different memory and
effector subsets (Tcm, Tem, and Temga) of CD4+ and CD8+ T
cells; SARS-CoV-2 spike protein-specific tetramer+, and cyto-
toxic CD8+ T; subsets of T follicular cells (Tgy, Ten1, Ten2, Tey1/
Tey17,and Tey17); B-cell subsets (mature B cells, naive B cells,
transitional B cells, marginal zone B cells, class-switched
memory B cells, germinal center B cells, and CD21'°" B cells),
and plasmablasts; and regulatory lymphocytes (CD4+ Treg,
CD8+ Treg, Breg, and T cells) were evaluated with specific
monoclonal antibodies by flow cytometry. Results: A lack of
COVID-19 IgG antibodies after the 1st dose in one of 2 sub-
jects was associated with increased regulatory lymphocytes

and decreased plasmablasts. Seroconversion after the 2nd
dose in this subject was associated with decreased Ty cells
and increased plasmablasts. In both subjects, CD4 Tgy and
CD8 Tcym were markedly increased following the 2nd dose.
Tey1 and regulatory lymphocytes were increased (except
Breg) following the 1st dose. A striking increase in SARS-CoV-
2-specific CD8+ T cells was observed following the 2nd dose.
Conclusion: Our data support the need for 2nd dose of vac-
cine to induce strong SARS-CoV-2 CD8 T-cell specific re-
sponse and generation of memory subsets of CD4+ and
CD8+ T cells. Regulatory lymphocytes appear to play a role
in the magnitude of response. ©2021 5. Karger AG, Basel

Introduction

The COVID-19 pandemic has to date caused >217
million infections and 4.51 million deaths worldwide,
and 39.2 million infections and 639,000 deaths in the
USA. In December 2020, 2 mRNA vaccines (Pfizer and
Moderna) were given an Emergency Use Authorization
by the Food and Drug Administration. Pfizer vaccine has
recently been given full use authorization. In March 2021,
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Johnson & Johnson vaccine has also received the Emer-
gency Use Authorization. Both mRNA vaccines are given
in 2 doses, 3—4 weeks apart. They are reported to provide
94-95% protection from transmission of the virus. In
comparison, the Johnson & Johnson vaccine is a single-
dose vaccine with approximately 70% protection against
transmission of SARS-CoV-2 infection. During clinical
trials of these vaccines, a major emphasis was placed on
the production of neutralizing antibodies, and very little
emphasis was given to T-cell responses [1-3].

Clinical manifestations of patients infected with SARS-
CoV-2 virus range from asymptomatic to severe CO-
VID-19 clinical symptoms and even death. The develop-
ment of both antibody and T-cell responses has been re-
ported [4-14]. More recently, Dan et al. [15] reported the
presence of both T- and B-cell memory, and neutralizing
antibodies up to 6-8 months post-infection in convales-
cent individuals.

Neutralizing antibodies play an important role in the
prevention of viral infections; however, their role in de-
termining the course of disease is unclear. By contrast,
cytotoxic CD8+ T cells (CTLs) play an important role in
the clearance of viruses. Therefore, these CTLs may influ-
ence the clinical outcome of mild versus serious disease.

In this study, we present comprehensive analysis of
various subsets of CD4+ T cells and CD8+ T cells, includ-
ing memory and effector CTLs, SARS-CoV-2-specific
CD8 T cells, subsets of B cells including class-switched
memory (CSM) B cells, germinal center (GC) B cells, and
antibody secreting cells (plasmablasts), as well as various
members of regulatory lymphocyte clubs in 2 healthy in-
dividuals prior to and following the 1st and the 2nd vac-
cination. Our data demonstrate increased immune re-
sponses following the 2nd vaccination, especially Tcy
and Ty subsets. Alterations in CD4 Treg, CD8 Treg, and
Trr may play a role in the generation of effective T and
antibody responses.

Materials and Methods

Subjects

A 76-year-old healthy male (subject 1) and a 52-year-old male
(subject 2) received both doses of Pfizer COVID-19 vaccine 3
weeks apart. Vaccination was uneventful. Blood samples were
drawn 2 weeks prior to the 1st vaccination, 3 weeks after the 1st
vaccination, and 4 weeks after the 2nd vaccination. The Institu-
tional Review Board (Human) of the University of California at
Irvine approved the protocol. Written consent that allows publica-
tion of data was obtained from the subject. The subjects have no
known history of any illnesses, including hypertension, diabetes,
kidney disease, psychological illness, or family history of genetic
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diseases. Subjects are HLA-A*0201+ and have served as healthy
control donors for our laboratories for >3 years and donating
blood every 4-6 months. Their lymphocyte subsets have been sta-
ble with minimal fluctuations of 5-7%. Patients tolerated both dos-
es without any side effects.

Antibodies and Reagents

The following monoclonal antibodies and their isotype con-
trols were purchased from various sources. Biolegend (San Diego,
CA, USA): CXCR5 AL488, CCR6 PE, CD38 BV 650, CD45RO
BV421, CD127 BV510, CD4 BV650, CD24 BV510, HLA-DR Per-
cp, CCR7 BV510, CD45RA BV650, CD8a AL700, CCR6 BV650,
CD45RA BV510, CXCR3 BV421, CD4 Percp, CD8 Percp, CD8a
BV605, CD19 Percp; BD Biosciences (San Jose, CA, USA): CD25
APC, FoxP3 PE, Mouse IgG1PE, CD25 FITC, ICOS AL647, PD-1
PE, CD27 FITC, IgD PE, IgM APC, CD21 BV421, CD107a PE,
GranzymeB AL647, Perforin FITC; MLB International (Woburn,
MA, USA): HLA-A*02:01 SARS-CoV-2 Spike Glycoprotein Tet-
ramer YLQPRTFLL.

Flow Cytometry

Phenotypic analysis was performed on whole blood prepara-
tions. 200 uL blood was used per combination for antibody stain-
ing. Following lysis using lysing buffer (BD Pharmaceuticals, San
Jose, CA, USA), cells were washed and fixed by 2% PFA, and
stained with monoclonal antibodies and isotype controls for 30
min at room temperature.

Regulatory Lymphocytes

Cells after surface staining were fixed and permeabilized by
Foxp3 staining buffer set (BD Bioscience) as per manufactures’
protocol, and were incubated with Foxp3 PE monoclonal antibody
and appropriate isotype control (mouse IgG1k-PE).

SARS-CoV-2-Specific Tetramer Staining

200 pL blood was mixed with 5 uL. CD8PerCP monoclonal
antibody and 10 uL HLA-A*0201 spike Tetramer PE, vortexed
gently, and incubated for 30 min at room temperature protected
from light. Red blood cells were lysed using 1 mL of Lyse Re-
agent supplemented with 0.2% formaldehyde Fixative Reagent
per tube. Tubes were centrifuged at 150 g for 5 min, and super-
natants were removed. Three milliliters of FACS buffer was add-
ed, and the tubes were centrifuged at 150 g for 5 min. Cell pellets
were resuspended in 500 uL of phosphate buffer saline and 0.1%
formaldehyde, and stored at 4°C for 1 h in the dark prior to
analysis by flow cytometry.

Cytotoxic CD8+ T Cells

Cells were incubated for 30 min with CD8PerCP and CD107a
PE (a degranulation marker) for surface staining, lysed, fixed and
permeabilized by Fix Perm buffer (BD Biosciences), and then in-
cubated with Granzyme B AL647 and Perforin FITC monoclonal
antibodies and appropriate isotype control.

All Fluorescence Minus One controls and isotype controls were
stained and fixed by 2% PFA for flow cytometry. Cells were ac-
quired by BD FACS Celesta (Becton-Dickenson) and equipped
with BVR laser. Forward and side scatters and singlets were used
to gate and exclude cellular debris. 30,000 cells were acquired and
analyzed using FlowJo software (Ashland, OR, USA).
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Fig. 1. Effect of vaccine on subsets of CD4+ T cells: Ty and Tgyra were decreased following 1st vaccination fol-
lowed by partial recovery of Tgyra after the 2nd dose of vaccine. Tgy cells were markedly increased after the 2nd
dose. Ty, effector memory T cells; Tgyra terminally differentiated effector memory T cells; Ty, naive T cells.

Markers Used for Various Subsets

B-cell subsets were identified by the following cell surface mark-
ers: naive B cells: CD19+CD27-IgD+IgM+, transitional B cells:
CD19+CD38+IgM++, marginal zone (MZ) B  cells:
CD19+CD27+IgD+IgM+,IgM memoryBcells: CD19+CD27+IgM+,
CSM B cells: CD19+CD27+IgD-IgM~-, GC B cells: CD19+IgD-
CD27+/CD38+, plasmablasts: CD19+CD38++IgM—, mature B cells:
CD21"$"CD19+CD38-, CD21" B cells: CD19+CD38-CD21"",
Breg: CD19+CD24+CD38+.

Subsets of CD4+ and CD8+ T cells were identified with the fol-

lowing cell surface markers: naive (Ty): CD4+/
CD8+CD45RA+CCR7+, central memory (Tcy): CD4+/
CD8+CD45RA-CCR7+, effector memory (Tgy): CD4+/

CD8+CD45RA—-CCR7-, and terminally differentiated effector
memory (Tgygra): CD4+/CD8+CD45RA+CCR7-, CD8 Treg: CD
8+CD183+ICOS+CD25"¢"FoxP3+, CD4+Treg: CD4+CD25"sh.
CD127-Foxp3+.

Subsets of follicular helper T (TFH) cells were identified with
the following surface markers: cTpy: CD4+CXCR5+CD45RA-,
Tr1:CD4+CXCR5+CD45RA-CCR6-CXCR3+, Tp2: CD4+CXCR5+
CD45RA-CCR6-CXCR3—, Tgy17: CD4+CXCR5+CD45RA-CXCR3—
CCR6+, Tyl + Ty 17: CD4+CXCR5+CD45RA—-CCR6+CXCR3+,
Trr: CD4+CXCR5+CD45RA-CD25M8"Foxp3+.

Results

Effect of Vaccine on Subsets of CD4+ and CD8+

T Cells

Ty cells following antigenic stimulation undergo pro-
liferation and differentiation into effector and memory
populations. Based on their migration properties, expres-
sion of chemokine receptors, and distinct functions, they
have been divided into Tcy, Trym, and Teyra cells [16-
19]. We have analyzed these subpopulations of CD4+ and
CD8+ T cells prior to and following vaccination.

Corona Virus Vaccine and Lymphocyte
Subsets

Effect of Vaccine on CD4+ T Cells and Its Subsets

Data are shown in Figure 1. Ty cells and Tgyra were
decreased following the 1st dose, whereas a modest in-
crease in Ty was observed. Following the 2nd dose, a
marked increase in Ty cells and a partial recovery in
Temra cells was observed.

Effect of Vaccine on CD8+ T Cells and Subsets

A marked decrease in CD8+ T cells was observed fol-
lowing the 1st dose with little or no recovery following the
2nd dose. Tcy cells were unchanged following the 1st
dose; however, following the 2nd dose, a marked increase
was observed. Changes in Tgy and Tgyra following the
Ist and the 2nd dose were different among 2 subjects
(Fig. 2).

Wealso analyzed de novo SARS-CoV-2-specific CD8+
T cells, using specific tetramers and functional CTLs as
determined by the expression of degranulation marker
CD107a, along with perforin (Fig. 3). After the 2nd dose,
an increase in functional (CD107a+) granzyme B-posi-
tive and perforin-positive CTLs was observed in subject
1 as compared to the 1st dose, whereas in subject 2, no
changes were observed. SARS-CoV-2-spike protein-spe-
cific tetramer-positive CD8+ T cells were markedly in-
creased after the 2nd dose as compared to the 1st dose.

Effect of Vaccination on Tgy Cells and Subsets

The Ty cells are major CD4+ T helper subsets that are
essential for B-cell differentiation into immunoglobulin
producing plasma cells, as well as for GC formation and
generation of memory B cells [20-22]. The GC is the pri-
mary site for class-switched DNA recombination and af-
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Fig. 2. Effects of vaccine on subsets of CD8+ T cells. CD8 subsets were analyzed using various markers (see Meth-
ods). Tcy cells were markedly increased following 2nd vaccination; changes in Tgy and Tgyra were different
among 2 subjects. T¢y, central memory T cells; Tgyy, effector memory T cells; Tgyvra terminally differentiated

effector memory T cells.
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Fig. 3. Effects of vaccine on SARS-CoV-2-specific CD8+ T cells
and functional CTL CD8+ T cells. SARS-CoV-2 spike protein tet-
ramer-specific CD8+ T cells were markedly increased after the 2nd
dose of vaccination. Changes in functional CTL (CD107a+ gran-
zyme+ perforin+) cells were different among 2 subjects. CTLs, cy-
totoxic CD8+ T cells.

finity maturation. Tgy cells in the GC regulate class-
switched DNA recombination and selection of high-affin-
ityantibody-producing B cells. Accordingto the expression
of CXCR3 and CCR6 on CD4+CXCR5+ Ty cells, they are
divided into 3 different subsets of Ty cells with different
functions [23] . They include TFHL TFH2) TFHI/TFH 1 7, and
Trul7; all are able to efficiently induce antibody response
by memory B cells. We observed that Tgy, Tryl, and
Trul/17 cells were increased following the 1st dose, and
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Tryl returned to original levels after the 2nd vaccination
(Fig. 4). No changes were observed in Tgy17 cells.

Effect of Vaccination on B Cells and B-Cell Subsets

B-cell development initiates in the bone marrow, and
activation, proliferation, and differentiation occur in the
peripheral lymphoid tissues, including the lymph nodes
and spleen [24-26]. Immature B cells leave the bone mar-
row as transitional B cells. A major population of transi-
tional B cells migrate to lymphoid follicles, and a minor
population migrates to the MZ. In the follicle, antigen
binding to the B-cell receptor activates B cells. These an-
tigen-activated B cells interact with Tgy cells, and follicu-
lar dendritic cells, where they undergo proliferation and
form GCs. In the GCs, B cells undergo immunoglobulin
class-switched recombination and selection of high-af-
finity antibody producing B cells. Subsequently, B cells
leave the GCs to differentiate into long-lived plasma cells
and home into the bone marrow to produce antibodies of
different isotypes and subclasses. A small population of
GC B cells leave the GCs to become CSM B cells. The MZ
B cells after interacting with antigens differentiate into
short-lived antibody-secreting plasmablasts, and a small
population is retained as IgM memory B cells. We exam-
ined all these subsets of B cells.

In both subjects, MZ B cells and CD21°" B cells were
increased, and plasmablasts were decreased following the
2nd dose (Fig. 5). However, changes in transitional B cells,
CSM B cells, GC, and plasmablasts were different among
both subjects. In subject 1, seroconversion following the
2nd dose was associated with increased plasmablasts.
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Fig. 4. Ty cells’ response to vaccine: Tgy, Typl, Tgy2, Tpyl7, and Tryl/17 were measured using a combination
of surface markers. Ty, Tryl/17, and Tgyl were increased following the 1st dose. No effect was observed on
Trul7 cells. Ty, follicular helper T cells.
B cell Naive MZ CSM Ger. Cent
8 80 254 30 25+
2 //. 7 §-< N J i
N 20
= 15 1.5 1
o 41 —" 40
2 10 1.0
2 104
[a - -
2 20 5| 05 4
0 T T T 0 T T T 0 T T T 0 T T T 0 T T T
Pre Post 1 Post 2 Pre Post 1 Post 2 Pre Post 1 Post 2 Pre Post 1 Post 2 Pre Post 1 Post 2
CD21low Plasmablast Transition
15 0.8 4 59
< 0.6 47
s 10
3 34
° 0.4
= 2+
3 5
o 0.2 4
14 —e—Sub 1
—=— Sub 2
0 T T T 0 T T T 0 T T T
Pre Post Post Pre Post Post Pre Post Post
1 2 1 2 1 2
Fig. 5. Response of B cells to vaccine: MZ B cells and CD21'°% B cells were increased, whereas plasmablasts were
decreased following the 2nd dose. In subject 1, plasmablasts increased when this subject developed COVID-19
antibodies. MZ, marginal zone.
Effect of Vaccination on Regulatory Lymphocytes were evaluated (Fig. 6). In both subjects, following the 1st

The members of regulatory lymphocyte club include dose, CD4 Treg, CD8 Treg, and Ty cells were increased
CD4+ Treg, CD8+ Treg, Ty, and Breg [27-34]. They play  following the 1st dose. However, following the 2nd dose,
animportantrole inimmune homeostasis. All4 members responses of CD4+ Treg and CD8+ Treg were different
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Fig. 6. Changes in regulatory lymphocytes after vaccination. CD4+ Treg, CD8+ Treg, and Tgg were increased
following the 1st dose of vaccine. After 2nd vaccination, Tgr decreased when plasmablasts increased and CO-
VID-19 antibodies became positive (subject 1). Breg were essentially unchanged.
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Fig.7.SARS-CoV-2-specific IgG antibodies following vaccination.
SARS-CoV-2 spike 1-specific IgG antibodies were measured 3
weeks after the 1st dose and 4 weeks after the 2nd dose by the che-
miluminescent assay (semiquantitative). The VI of <0.99 is con-
sidered negative, and the VI of 1.0 is considered positive. Subject
1 had equivocal titers. Titers in both subjects were markedly in-
creased following the 2nd dose. VI, value index.

among 2 subjects. Tgg cells decreased after the 2nd dose.
Breg remained relatively stable.

SARS-CoV-2 Spike-Specific IgG Antibodies
IgG antibodies specific to SARS-CoV-2 spike protein
1 were measured by semiquantitative chemiluminescent
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immunoassay performed on the ADVIA Centaur XPT
platform, prior to vaccination, 3 weeks following the 1st
dose, and 4 weeks following the 2nd dose at the same time
when lymphocyte studies were performed. Data are ex-
pressed as an index value (IV). An IV < 0.99 is considered
negative, and an IV > 1.0 is considered positive. Data are
shown in Figure 7. Subject 1 had an equivocal result (IV
=0.99) following the 1st dose; however, subject 1 made a
strong antibody response following the 2nd dose (IV =
50.4). Subject 2 had a positive antibody response (IV =
3.8) following the 1st dose that was further increased (IV
= 42.9) following the 2nd dose of vaccine. These data re-
inforce the need for the 2nd dose to obtain a strong anti-
body response.

Discussion

We present the 1st comprehensive study in 2 healthy
subjects of the effect of SARS-CoV-2 vaccination on
immune responses. Although few immunological re-
sponses were reported in vaccine clinical trials, no com-
prehensive cellularimmunological data were published,
and majority of the data were specifically for neutral-
izing antibodies. Sahin et al. [1] reported a 3.5-fold in-
crease in neutralizing the antibody response at a high
dose of vaccine as compared to only 0.7-fold increase
with the low dose COVID-19 vaccine on day 43. This
observation may be of help to use different vaccine dos-
es in designing vaccine trials in children and adoles-
cents. Xia et al. [35] and Zhang et al. [36] reported in-
duction of antibody responses to inactivated SARS-
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CoV-2 vaccine, BBIBP-CorV, at different doses in all
vaccine recipients on day 42. Furthermore, 2-dose im-
munization induced higher neutralizing antibody re-
sponses than a single immunization. Our subject 1 had
equivocal IgG antibody response 3 weeks post the 1st
dose; however, subject 1 was positive at 4 weeks after
the 2nd dose (42nd day following the 1st dose). We did
not examine titers of neutralizing versus non-neutral-
izing antibodies. These data would suggest that the 2nd
dose of corona virus vaccine is required to achieve high
levels of specific antibodies. This may explain approxi-
mately lower 70% protection by the single dose Johnson
& Johnson vaccine. The equivocal antibody response
after 1st vaccination in our case was associated with an
increase in GC cells but decreased plasmablasts. An in-
crease in CD8+ Treg might explain decreased plasma-
blasts and decreased antibody production without sup-
pressing GC cells. We have reported that CD8+ Treg
inhibits plasmablasts without affecting other B-cell
subsets including GC [37] and inhibit immunoglobulin
production [38]. This cannot be sole mechanisms since
subject 2 was antibody positive after the 1st dose and
had increase in CD8 Treg; however, increase in CD8
Treg in subject 2 was modest as compared to that in
subject 1. Tgg cells also regulate antibody production
[34], and therefore, an increased Tgg might have also
contributed to equivocal antibody response following
the 1st vaccination in subjects 1. A decrease in Tgy cells
following the 2nd vaccination might have contributed
to positive antibody responses associated with further
increase Tgy cells, and GC cells. Subject 2 had no ap-
preciable changes in Tgr and CG B cells. These data
demonstrate a possible role of Tgy in the generation of
SARS-CoV-2-specific antibodies.

There are limited data on T cells from clinical trials of
current vaccines. Anderson et al. [3] reported that in the
clinical trial of the Moderna vaccine (SARS-CoV-2
mRNA-1273), older adults (71 years and older) had in-
duction of Tyl CD4+ T-cell responses in response to S-
specific peptide pool characterized by increased cyto-
kines, IL-2 > TNF-a > IFN-y. Ty-2 responses (IL-4 and
IL-13) were unaffected. Sahin et al. [1] also reported
skewed Tyl responses in both CD4+ and CD8+ T cells
induced with the receptor binding domain peptide. In
our subject, we did an extensive analysis of both CD4+
and CD8+ T cells. Analysis of CD8+ T cells and subsets
in our subject revealed interesting and somewhat unex-
pected results. Following the 1st vaccination, the percent-
age of total CD8+ T cells was severely decreased. Follow-
ing the 2nd vaccination, a partial recovery of total CD8+

Corona Virus Vaccine and Lymphocyte
Subsets

T cells was associated with increased CD8+ Ty cells. The
mechanism of marked decrease in total CD8+ T cells is
unclear. Dan et al. [15] also reported decreased memory
CD8+ T cells in subjects who had recovered from CO-
VID-19. CTLs are known to play an important and criti-
cal role in the elimination of viruses, therefore potential-
ly influencing the clinical course of COVID-19. In our
subject, SARS-CoV-2 spike protein-specific tetramer-
positive CD8+ T cells were markedly increased following
the 2nd dose as compared to the 1st dose. Functional CTL
(CD107a+ granzyme B+ and perforin+) CD8 T cells were
increased in subject 1 and remained unchanged in subject
2. Therefore, these data demonstrate development of
SARS-CoV-2-specific CD8+ T cells, even in the absence
of antibody response (subject 1). Tcy and Tgy cells are
localized in lymphoid and non-lymphoid tissues, respec-
tively. Ty cells respond to antigen presented by dendrit-
ic cells in the spleen and lymph nodes, whereas Tgy; cells
mediate effector functions at extra-lymphoid sites [16,
19]. The increase in CD8 Ty cells and CD4 Ty, cells fol -
lowing the 2nd vaccination may provide critical immune
responses at lymphoid and non-lymphoid tissues, respec-
tively.

Next, we compared our vaccine data with published
data for SARS-CoV-2-infected COVID-19 individuals
who had mild disease and/or recovered from COVID-19,
to assess the effect of vaccination versus natural infection,
on immune responses. SARS-CoV-2-specific T cells have
been identified in Ty, Ter, and Teyra subsets [9]. There
are limited studies of various subsets including naive, and
memory subsets of CD4+ T cells and CD8+T cells in CO-
VID-19.Zangetal. [13] compared T-cell subsets in severe
and mild-to-moderate COVID-19 cases with healthy
controls. They observed no difference in CD8+ Ty cells
among 3 groups; however, both groups of patients exhib-
ited increased percentages of CD8+ Ty cells as com-
pared to healthy controls. Furthermore, CD8+ Tgygra
were higher in severe cases than CD8+ Tgyra in mild-to-
moderate COVID-19 cases and healthy controls. Mathew
etal. [39] also reported increased CD8+ Ty ra; however,
they observed decreased CD8+ Tgy cells in recovered pa-
tients as compared to healthy controls. Both our subjects
had increase in CD8 Ty cells. However, changes in
CD8+ Tgym and CD8+ Tgyra were different among both
subjects following 2nd vaccination; subject 1 had in-
creased CD8+ Tgyra and subject 2 had increased CD8+
Tem.

Mathew et al. [39] reported decreased CD4+ Ty and
increased CD4+ Tgyra in recovered patients as com-
pared to healthy controls. Zhang et al. [13] also observed

Int Arch Allergy Immunol 7
DOI: 10.1159/000520046



increased CD4+ Tgyra cells; however, no changes were
observed in CD4+ Ty cells. Our subjects had increased
CD4+ Tgy and decreased CD4+ Tgyra. Therefore, CD4+
T cell responses following corona virus vaccination ap-
pear to differ from those of natural infection. A number
of factors may have contributed to these differences, in-
cluding the timing of tests performed in relation to infec-
tion and the dose of virus.

The Tgy cells are major CD4+ T helper subsets that are
essential for B-cell differentiation into immunoglobulin-
producing plasma cells, and for GC formation, the pri-
mary site for classKswitched DNA recombination, and af-
finity maturation [21-23]. According to secretion of the
cytokines and expression of chemokines receptors, Ty
cells have been divided into several subtypes. Tgy1, Try2,
Tryul/Trul7, and Tryl7 are able to efficiently induce an-
tibody response by memory B cells. Thevarajan et al. [40]
observed the appearance of plasmablasts and Tgy cells at
7 days of SARS-CoV-2 infection peaking at day 8 and
were present during convalescence. These changes were
associated with the development of IgM and IgG anti-
SARS-CoV-2 antibodies. Mathew et al. [39] observed in-
creased activated (ICOS+) Tgy cells but observed no dif-
ference in PD1+ Ty cells in COVID-19 patients. In the
present subject, we also observed increased Tgy1 cells fol-
lowing the 1st dose; however, they returned to the base-
line level following the 2nd dose. Gupta et al. [41] report-
ed no significant changes in Tgy17 cells in an immuno-
competent patient with mild COVID-19 disease. We also
did not observe appreciable changes in Tgy17 cells fol-
lowing vaccination. The changes in other subsets of Ty
cells were variable among 2 subjects.

Mathew et al. [39] reported decreased naive and CSM
B cells, and increased non-class-switched IgM memory B
cells, transitional B cells, and antibody secreting cells
(plasmablasts) in recovered patients as compared to
healthy controls. There are no detailed data on various B-
cell subsets following vaccination. In both our subjects
following the 2nd vaccination, an increase in MZ B cells
and CD21!°" was observed. In subject 1, the status of CO-
VID-19 antibodies correlated with circulating plasma-
blasts and decreased following the 1st dose of vaccine
when COVID-19 antibodies were equivocal, and plasma-
blasts increased when the subject became antibody-posi-
tive following the 2nd dose of vaccine.

CD21 forms a complex with CD19 and CD81 to act as
a B-cell co-receptor. This population of B cells is distinct
from other B-cell subpopulations as it resembles innate-
like B cells [42]. Woodruff et al. [43] observed increased
CD21"°¥ B cells in mild cases of COVID-19. In our sub-
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ject, CD21"°% B cells were also increased following vacci-
nation.

Regulatory lymphocytes play a critical role in immune
homeostasis and immunological tolerance [28, 30, 31,
33]. However, Zhangetal. [13] did not find any difference
in CD4+ Treg among mild, severe cases, and healthy con-
trols. However, in our subjects, CD4+ Treg cells were in-
creased following vaccination. There are no published
data on CD8 Treg, Breg, and Ty cells in mild COVID-19
disease. We observed an increase in both CD8 Treg and
TFR after the 1st dose. In subject 1, Trr decreased follow-
ing the 2nd dose that correlates with the increase in GC
cells, appearance of plasmablasts, and positive COVID-19
antibodies. Therefore, TFR may play a role in COVID-19
production following vaccination.

In summary, our data clearly demonstrate that the 2nd
dose of mRNA vaccine is required to obtain high levels of
T- and B-cell immune responses. Our data also show that
vaccine could induce SARS-CoV-2-specific T-cell re-
sponses before the development of antibody response.
Furthermore, regulatory lymphocytes, especially Tgg,
may play an important role in the generation of SARS-
CoV-2-specific antibodies. Finally, our study suggests
that immune responses following vaccination may be dif-
ferent from those from natural infections. One of the fac-
tors for heterogeneity of certain immune responses to
mRNA COVID-19 vaccine in our 2 subjects could be age
difference. However, that appears unlikely because im-
mune responses to vaccine were better in subject 1 (76
years) than in subject 2 (52 years), suggesting that vaccine
may be equally effective in aged subjects.

The main limitation of the study is the analysis on 2
men. Therefore, this study does not address whether
vaccine responses will be different between male and
female, and if the vaccine responses in younger indi-
viduals (18-50 years) would be different from those in
older subjects. Baden et al. [2] observed similar efficacy
of the mRNA-1273 SARS-CoV-2 vaccine between
males and females. However, because of the small num-
ber of cases, authors were unable to evaluate the effi-
cacy of the vaccine in aged individuals and different
ethnic groups. A phase I study of the Moderna vaccine
observed that antibody responses in older subjects were
similar to those seen in younger people [3]. However, a
number of older subjects were small. Moderna mRNA
vaccine showed a 95.6% virus efficiency (VE) for people
younger than 65 years, but the VE dropped to 86.4% for
people older than 65 years. Pfizer mRNA vaccine
showed a VE of 94.7% in individuals older than 65
years, which is comparable to that observed in younger
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population [44]. Therefore, comprehensive studies
similar to ours are needed in a large cohort of individu-
als to address some of these limitations.
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