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Background: Innate immunity, armed with pattern recognition receptors including Toll-
like receptors (TLR), is critical for immune cell activation and the connection to anti-
microbial adaptive immunity. However, information regarding the impact of age on the
innate immunity in response to SARS-CoV2 adenovirus vector vaccines and its
association with specific immune responses remains scarce.

Methods: Fifteen subjects between 25-35 years (the young group) and five subjects
between 60-70 years (the older adult group) were enrolled before ChAdOx1 nCoV-19
(AZD1222) vaccination. We determined activation markers and cytokine production of
monocyte, natural killer (NK) cells and B cells ex vivo stimulated with TLR agonist (poly (I:C)
for TLR3; LPS for TLR4; imiquimod for TLR7; CpG for TLR9) before vaccination and 3-5
days after each jab with flow cytometry. Anti-SARS-CoV2 neutralization antibody titers
(surrogate virus neutralization tests, sVNTs) were measured using serum collected 2
months after the first jab and one month after full vaccination.

Results: The older adult vaccinees had weaker vaccine-induced sVNTs than young
vaccinees after 1st jab (47.2±19.3% vs. 21.2±22.2%, p value<0.05), but this difference
became insignificant after the 2nd jab. Imiquimod, LPS and CpG strongly induced CD86
expression in IgD+CD27- naïve and IgD-CD27+ memory B cells in the young group. In
contrast, only the IgD+ CD27- naïve B cells responded to these TLR agonists in the older
adult group. Imiquimode strongly induced the CD86 expression in CD14+ monocytes in
the young group but not in the older adult group. After vaccination, the young group had
significantly higher IFN-g expression in CD3- CD56dim NK cells after the 1st jab, whilst the
older adult group had significantly higher IFN-g and granzyme B expression in CD56bright

NK cells after the 2nd jab (all p value <0.05). The IFN-g expression in CD56dim and
CD56bright NK cells after the first vaccination and CD86 expression in CD14+ monocyte
org January 2022 | Volume 13 | Article 8074541
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and IgD-CD27-double-negative B cells after LPS and imiquimod stimulation correlated
with vaccine-induced antibody responses.

Conclusions: The innate immune responses after the first vaccination correlated with the
neutralizing antibody production. Older people may have defective innate immune
responses by TLR stimulation and weak or delayed innate immune activation profile
after vaccination compared with young people.
Keywords: innate immune, neutralizing antibodies, SARS-CoV-2 vaccines, adenoviral vector vaccine, immunosenescence
BACKGROUND

With global spreading of SARS-CoV-2, COVID-19 pandemic has
caused tremendous impact on the entire world with fast-transmitted
illness and huge loss of lives. Rapid surge of severe COVID-19
infections not only threatened infected people, but also overloaded
medical resources and led to collapse of healthcare system in many
countries. The destructive impact of this pandemic on economic,
sociological, and psychological aspect is overwhelming. Vaccines for
the prevention of SARS-CoV-2 infection promise to be the fastest
and most effective way to control this pandemic. Up to now, there
are several COVID-19 vaccines available for clinical use and more
are under developments. Among them, the chimpanzee non-
replicating adenovirus vector vaccine, ChAdOx1 nCoV-19
(AZD1222) developed at Oxford University and produced by
AstraZeneca is one of the most widespread used vaccines around
the world (1). This AstraZeneca (AZ) vaccine was reported to have
an overall 70.4% vaccine efficacy against symptomatic disease after
two does and 100% of vaccine efficacy against severe COVID-19
infection and hospitalization in an early clinical study (2). Even with
this high overall protective effect, the protection efficiency in
different individuals may vary significantly. Importantly, the
efficacy of COVID-19 vaccine in people of different age groups is
not well studied, even though older adults is the most important risk
factor for developing severe COVID-19 disease (3, 4).

To generate adequate immunity after vaccination, early innate
immune responses are crucial for subsequent signaling for T cell
activation and adaptive immune development. Innate immunity is
triggered via different pathways in the different formulations of
novel vaccines to induce immunity against SARS-CoV-2 infection.
For mRNA vaccine, the endosomal Toll-like receptor (TLR3 and
TLR7) bind to single-strand RNA (ssRNA) in the endosome, while
component in the inflammasome including MDA5, RIG-1, NOD2
and PKR binds to ssRNA and double-stranded RNA (dsRNA) in
the cytosol, all together leading to cellar activation and production
of inflammatory mediators (5). For the adenovirus vector vaccine
(AdV), it contains self-adjuvanticity properties because the
vector’s hexon protein itself is an intrinsic adjuvant to stimulate
innate immune responses (6). Following injection, the innate
immune recognition by AdV particles involved multiple pattern-
recognition receptors, such as Toll-like receptor 3 (TLR3), TLR7/8,
and in particular TLR9 to recognize dsDNA, ssRNA and ssDNA
of the viral vector. In antigen presenting cells including dendritic
cells (DCs) and macrophages, these innate immune stimulations
subsequently trigger the production of type I interferon (IFN),
org 2
multiple proinflammatory cytokine and chemokines. These
stimulated immune cells may express high levels of co-
stimulatory molecules to stimulate T cells in draining lymph
nodes where further activation of adaptive immune cells
including B cells occurs (7).

Aging is often associated with important immunological
alterations including changes in number of innate and
adaptive immune cells and different responses to immune
stimulations, leading to different of immune functions, termed
immunosenescence (8, 9). Changes in innate immunity with
aging includes reduced chemotaxis, aberrant cytokine production,
and weakened TLR signaling (10). This impairment in innate
immunity then affects the capacity to process and present antigen
to T cells and activate B cells, hence weakens adaptive immunity.
Immunosenescence has been increasingly considered a major
drawback for vaccine-induced immune response. The age-
associated decrease in TLR function in human DCs has been
linked with poor antibody response to influenza immunization,
showing the importance of innate immune system in vaccine
response and the influence of aging (11). It’s very likely that the
immunosenescence of the older adults will lead to no response or
sub-optimal response to vaccination, a potential risk for
breakthrough infection when encountering the defense against
new SARS-CoV2 variants. Recently, the emergence of two major
variants of concern (VOCs), the Delta (B.1.617.2) and Omicron
(B.1.1.529) variants have raised the concern that antibody generated
by two doses of COVID-19 vaccines are insufficient for protection
against infection. The neutralization activity after two doses of
COVID-19 vaccine were found to be lower against these two
VOCs in comparison with previous strains. In the real world, the
vaccine effectiveness also decreased greatly. The effectiveness of AZ
vaccine decreased from 74.5% for Alpha variant to 67.0% for Delta
variant while the effectiveness of BNT162b2 vaccine lowered from
93.7% for Alpha variant to 88.0% for Delta variant (12). For
Omicron variants, the decrease of protection was even more
obvious (13).

Several approaches had been adapted to boost immune response
in the elderly, including adding more potent adjuvants, changing
the route of administration, increasing the dose of immunogen, or
changing the vaccine composition with more immunogenic target
(14). High-dose inactivated influenza vaccine which contains four-
times hemagglutinin antigen than the standard influenza vaccine is
available for people older than 65 years old (15). In addition, vaccine
adjuvants, including TLR agonists or oil-in-water emulsion (MF59
and AS03 in influenza vaccine, and AS02 in recombinant herpes
January 2022 | Volume 13 | Article 807454
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zoster vaccine), which evoke stronger antigen presenting cells
activation and proinflammatory cytokines production, have been
used in vaccines for older people (16, 17). Recently, scientists had
proposed a new concept of system vaccinology incorporating the
concepts of immunobiography integrated with clinical,
immunological and “omics” data to identify biomarkers to guide
the precise development of vaccines for different population groups
(18). Therefore, there is an urgent need to elucidate the innate
immune response among vaccinees of different age populations and
the relationship between innate immune responses and the
protection effect after vaccination. In the current study, we
investigated peripheral blood immune cell activation and cytokine
secretion induced by TLR stimulation or AZ vaccine in older and
young age groups and measured the anti-SARS-CoV-2 spike
protein RBD antibody and neutralization antibody after
vaccination to identify the role of innate immunity in vaccine-
induced protection.
METHODS

Volunteer Vaccination Study Design
Healthy adults within two age groups (25-35 years and 60-70
years) without any contra-indications for vaccine and pre-
existing immunocompromised conditions were eligible for this
study. Participants provided written informed consent upon
recruitment. The protocol of this study was reviewed and
approved by the Institutional Review Board (IRB) of National
Cheng Kung University Hospital (NCKU) (IRB no. A-BR-110-
051). Participants with preceding immunocompromised status,
receiving cytotoxic treatment, or immunosuppressants were
excluded. All participants received two doses of AstraZeneca
(AZ) SARS-CoV-2 vaccines with 8 to 12 weeks apart. Blood
samples were taken at 4 time points (before vaccination, 3-5 days
after both jabs and 1 month after full vaccination). Participants’
demographic data, clinical response after vaccination were
recorded for further analysis.

Innate Immune Cell Activation
Sample Processing
Peripheral blood mononuclear cells (PBMCs) were isolated with
Ficoll-Paque from heparinized whole blood samples collected from
young and older adult subjects before and 3 days after vaccination.
Isolated PBMCs were suspended with RPMI1640+10% FBS. Cells
isolated from subjects before first vaccination were stimulated with
TLR agonists including poly(I:C) (20 mg/ml, for TLR3),
lipopolysaccharides (LPS, 10 mg/ml, for TLR4), imiquimod (10
mg/ml, for TLR7) and CpG (20 ng/ml, for TLR9). All the TLR
agonists were from InvivoGen (San Diego, CA, USA, product
information in Supplementary Table 1). Stimulated cells were
cultured at 37°C for 3 days. On day 2, stimulated cells were treated
with protein transport inhibitor brefeldin A (BFA). Cells isolated
from vaccinated subjects were treated with brefeldin A (BFA)
immediately. Cells isolated from vaccinated subjects after
vaccination were treated with brefeldin A (BFA) immediately
without TLR-agonist stimulations then harvested one day after.
Frontiers in Immunology | www.frontiersin.org 3
Surface Markers and Intracellular Cytokines Analysis
With Flow Cytometry
BFA-treated PBMCs were washed twice with iced cold phosphate-
buffered saline (PBS). Cells were incubated with 10% of fetal bovine
serum (FBS) for 30 minutes. After blocking with 10% FBS, antibodies
against surface markers of NK, B cells, and monocytes were used. For
detecting NK cells, anti-CD3 APC, anti-CD56 FITC, and anti- CD16
APC/Cy7 were used. CD56dim NK is CD3-, CD16+ and CD56low and
CD56bright NK is CD3-, CD16- and CD56high in lymphocyte region.
For detecting B cells, anti-CD19 FITC, anti-IgD PE/Cy7, and anti-
CD27 APC/Cy7 were used. Naïve B cell is CD19+, IgD+ and CD27-,
double negative B cell is CD19+, IgD- and CD27-, Unswitched
memory cell is CD19+, IgD+ and CD27+, switched memory B cell
is CD19+, IgD- and CD27+. For detecting monocytes, anti-CD14
APC/Cy7, anti-CD68 PE/Cy7, anti-CD86 BB700 and anti-CD204
BV421 were used. All the staining monoclonal antibody were from
BD Biosciences (San Jose, CA, USA, product information in
Supplementary Table 1). After incubating with antibodies on ice
for 30 minutes, cells were washed twice with staining buffer
containing 2% FBS in PBS. Cells were fixed with 4%
paraformaldehyde for 15 minutes and washed twice with iced cold
PBS. Cell permeabilization were performed with a BD
permeabilization kit. In brief, fixed cells were incubated with 1x BD
Perm/Wash solution on ice for 15 minutes. After being washed with
Perm/Wash solution, the cells were incubated with antibodies against
intracellular proteins including anti-IFN-g PE/Cy7, anti-IFN-a PE,
anti-IL-10 APC anti-IL-6 PE, and anti-granzyme B BB700 on ice for
30 minutes. After wash twice with 1x BD Perm/Wash solution,
stained cells were analyzed with FACS Canto II flow cytometry. Data
was analyzed with FlowJo™ v10 software (TreeStar).

SARS-CoV-2 Antibody Assay
Surrogate SARS-CoV-2 Neutralization Test (sVNT)
The cPass SARS-CoV-2 Neutralization Antibody Detection Kit
(GenScript, Piscataway, NJ) was performed according to the
manufacturer’s instructions (19). Briefly, patient sera were mixed
with sample dilution buffer (1:10) and horseradish peroxidase
conjugated recombinant SARS-CoV-2 receptor binding domain
(HRP-RBD) fragments. The pre-incubation step allows for the
binding of circulating neutralizing to the HRP-RBD. After 30
minutes at 37°C, the mixture will be added to a capture plate
which had been precoated with the ACE2 protein. Any unbound
HRP-RBD or HRP-RBD bound to non-neutralization antibodies
was bound to the plate while the circulating neutralization antibody
HRP-RBD complexes remained in the supernatant and was
removed during the wash step. After washing, tetramethyl
benzidine substrate solution was added followed by the Stop
Solution which quenched the reaction, turning the well color
yellow. The plates were immediately read at 450 nm on a
microtiter plate reader.

Signal inhibition was calculated as follows: Percent Signal
Inhibition= (1-average optical density value of a sample/average
optic density value of negative control)*100%

The test results were interpreted as positive when the percent
signal inhibition was ≥30%, which is the cut-off for signal
inhibition claimed by the manufacturer.
January 2022 | Volume 13 | Article 807454

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shen et al. Innate Immunity in COVID-19 Vaccination
Anti-SARS-CoV-2 Total Antibody (Roche Elecsys)
Roche Elecsys anti-SARS-CoV-2 S (Roche Diagnostics; hereafter
called Roche S), an automated electrochemiluminescence
immunoassay for the quantitative determination of pan-
immunoglobulin to RBD of the spike protein of SARS-CoV-2
was used. The assay was performed on Roche cobas e601 system
(Roche Diagnostics) as described before and used plasma or
serum from vaccinated volunteers for measurement (20).

Statistical Analysis
Descriptive analyses of numerical variables were presented as
mean and standardized deviation (Mean ± SD), and categorical
variables were presented as frequency and percentage. Means of
continuous variables were assessed with the Student’s t test,
Wilcoxon signed-rank and 1-way ANOVA. A P-value of< 0.05
was considered statistical significance. All statistical analyses
were performed using Prism software (GraphPad Software).
RESULTS

Older Adult Vaccinees Had Distinct
Immune Cell Composition Proportions and
Weakened First-Dose Antibody Response
A total of 15 young and 5 older adult people were recruited into
this study with mean ages of 29.9 and 66.4 years, respectively.
Before vaccination, these two groups did not differ in baseline
hemogragm, including total white blood cells, platelet counts, or
hemoglobin level (Table 1). However, the older adult vaccinees
had less neutrophils, higher lymphocytes, higher CD56+ NK cell,
and CD19+ B cells compared to young vaccines (Table 1, all
p value < 0.05). The older adult vaccinees had weaker 1st dose
antibody response than young vaccinees (sVNT: 21.2 ± 22.2% vs.
47.2 ± 19.3%, p value <0.05). However, both groups
Frontiers in Immunology | www.frontiersin.org 4
demonstrated good booster response after the 2nd jab and had
no statistically different antibody levels even though some
vaccinees in the older adult group still had low antibody
levels (Figure 1).

Aberrant TLR-Induced Monocyte
and B Cell Activations in PBMCs
of Older Adult Subjects
We collected blood samples before and 3 days after the first and
second ChAdOx1 nCoV-19 vaccination. Before the vaccination,
their PBMCs were first stimulated with TLR agonists and
analyzed with flow cytometry. There were no significant
differences in the percentages of cytokine-expressing cells after
TLR-agonists stimulation in young and older adult groups (data
not shown). Among the parameters we examined, no significant
differences in the induced expression of IFN-g and granzyme B
levels in NK cells between young and older adult subjects were
found (Figures 2A, B). However, we found that imiquimod-
induced CD86 expression on monocytes was higher in young
subjects when compared with that in older adult subjects.
(Figure 2C). Poly(I:C)-induced IL-6 and CpG-induced IL-10
expressions in monocytes, however, were stronger in the older
adult group. (Figure 2C). Moreover, all the TLR agonists except
poly (I:C) induced significantly higher IFN-a production and
CD86 cell-surface expression in IgD+CD27- naïve B cells in
young and older adult vaccinees but there were no significant
differences in TLR-induced CD86 expression in IgD+ CD27-

naïve B cells and IgD+CD27+ unswitched memory B cells
between young and older adult subjects (Figure 2D). TLR-
induced CD86 and IFN-a expression levels from IgD-CD27-

double-negative (DN) B cells and IgD-CD27+ switched memory
B cells were significantly lower in older adult subjects when
compared with young subjects (Figure 2E). These findings
indicated that there are aberrant TLR-induced monocyte and B
cell activation in the older adult subjects.
TABLE 1 | Demographic information, baseline hemogram, immune cells distribution and antibody response post vaccination of the vaccinees by age group.

Group Young vaccinees (n=15) Older adult vaccinees (n=5) p value

Age 29.9 ± 7.3 66.4 ± 1.9 <0.001
Male/Female ratio 1.5 4 0.786
Baseline hemogram
WBC (x k/cmm) 6720 ± 2144 5540 ± 720 0.29
Hb (g/dl) 13.9 ± 0.9 14.1 ± 0.9 .66
Platelet (x k/cmm) 239.3 ± 71.9 225.4 ± 55.4 .74
Neutrophil (%) 63.9 ± 5.7 50.6 ± 5.5 < 0.01
Lymphocyte (%) 26.02 ± 4.4 37.5 ± 5.3 < 0.01
NK cells/lymphocytes (%) 12.1 ± 5.8 22.1 ± 8.1 0.0073
Monocyte (%) 7.2 ± 1.3 8.0 ± 1.5 .37
Post-vaccination antibody
2 months after 1nd dose
Anti-SARS-CoV-2 Ab (Roche, cutoff index, COI) 125.0 ± 66.3 54.1 ± 55.9 0.046
Anti-SARS-CoV-2 sVNT (%) 47.2 ± 19.3 21.2 ± 22.2 0.02

1 month after 2nd dose
Anti-SARS-CoV-2 Ab

(Roche, cutoff index, COI)
641.2 ± 258.3 657.0 ± 582.6 0.956

Anti-SARS-CoV2 sVNT (%) 78.0 ± 13.7 61.3 ± 42.2 0.181
January 2022 | Volume 13 | Article
Data are shown as mean ± standard deviation.
Numbers in bold indicates statistical significance (p value < 0.05).
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Delayed NK and Monocyte Activation in
the Older Adult Subjects After
ChAdOx1 nCoV-19 Vaccination
We then investigated the phenotypes of NK and monocyte
activation 3 days after vaccinations in the young and older
adult groups. We found that the expressions of IFN-g in
CD56dim and CD56bright NK cells were enhanced after the first
vaccination in the young group but not in the older adult group
(Figures 3A, B). However, the expressions of IFN-g in CD56dim

and CD56bright NK cells and granzyme B expression in
CD56bright NK cells were enhanced after the second
vaccination in the older adult group. We also found that in the
older adult group, the percentages of IFN-g- and granzyme
B-producing NKs were reduced after the first vaccination and
the percentages restored after the second vaccination
(Supplementary Figures 1A, B). In monocytes, we found that
the cells isolated from the older adult subjects produced
significantly lower levels of CD86 when compared with young
subjects, who had higher and increasing CD86 expression levels
after the 1st and the 2nd vaccinations. (Figure 3C). Moreover, the
IL-6 and IFN-a levels in monocytes and the percentage of IL-6-
producing monocytes were significantly higher in the older adult
group before vaccination but decreased after the 1st and 2nd

vaccination. However, there were no significant changes in the
percentages of IFN-a-expressing monocytes between young and
Frontiers in Immunology | www.frontiersin.org 5
older adult groups after vaccinations (Supplementary
Figure 1C). We also found that the IL-10 levels in monocytes
were enhanced after the first vaccination in both young and older
adult groups. The percentages of IL-10-expressing monocytes in
young subjects were enhanced after the first and second
vaccination. However, the percentage of IL-10-expressing
monocytes was lowered in the older adults after the second
vaccination. There were no significant differences between young
and older adult groups regarding the expression of CD86 and
IFN-a 3 days after the 1st and 2nd jabs on B cells. (data
not shown).

Stronger NK and Monocyte Activation
After the First Vaccination and TLR-
Induced DN B Cell Activation in Subjects
With Higher Early Antibody Levels
We next investigated whether the innate immune activation
correlated with neutralization antibody titers induced by
ChAdOx1 nCoV-19 vaccination. We compared the sVNT 2
months after the 1st vaccination and 1 month after the second
vaccination from the whole cohort simultaneously.We found that
subjects whose early levels of sVNT were higher tended to have
higher sVNT 1 month after the second vaccination (Figure 4).
Therefore, we divided the young subjects into high (black) and
low groups (blue) according to the sVNT. The high sVNT, low
A

B

FIGURE 1 | Humoral response after ChAdOx1 nCoV-19 vaccination in young and older adult groups. Anti-SARS-CoV-2 total antibody (left panel, Roche Elecsys),
and sVNT (right panel, cPass) were measured using serum collected 2 months after the first dose of vaccination (A), and 1 month after the 2nd dose of vaccination
(B) in young and older adult groups. Statistical significance was determined using t-test between 2 groups. (*p value < 0.05).
January 2022 | Volume 13 | Article 807454
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sVNT and older adult group all demonstrated significant booster
effect and had higher sVNT one month after full vaccination than
two months after 1st jab (all p value < 0.05). Next, we compared
the innate immune activation between high and low sVNT
groups and the older adult subjects. We found that IFN-g
Frontiers in Immunology | www.frontiersin.org 6
productions in CD56dim and CD56bright NK cells were higher in
the high sVNT group after the first vaccination. The IFN-g
productions in CD56dim and CD56bright were lower in both
older adult subjects and young subjects with lower sVNT.
However, there were no differences in IFN-g productions in
A B

C

D

E

FIGURE 2 | Aberrant TLR-induced monocyte and B cell activation in the older adult subjects. PBMCs were isolated from young (black bars) and older adult
subjects (gray bars) before vaccination. TLR-induced IFN-g (A) and granzyme B (B) expression in CD3-CD56dim or CD3-CD56brightNK cells; CD86, IL-6, IL-10, and
IFN-a in monocytes (C); CD86 (D) and IFN-a (E) in B cells of the young and older adult vaccinees were detected after 3 days of stimulation. Statistical significance
was determined using ANOVA with Tukey’s multiple-comparisons testing between all groups. (Black: young vaccinees; Grey: older adult vaccinees) (*p value < 0.05;
**p value <0.01; ***p value < 0.001).
January 2022 | Volume 13 | Article 807454
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CD56dim NK cells after the second vaccination and IFN-g
productions in CD56bright NK cells were higher when compared
with young subjects with higher sVNT (Figures 5A, B). We also
found that monocyte CD86 expressions were higher in the high
sVNT group after the first vaccination. Meanwhile, anti-
inflammatory cytokine IL-10 expressions from young
monocytes of the lower sVNT group were higher (Figure 5C).
Frontiers in Immunology | www.frontiersin.org 7
Moreover, we found that DN CD86 expression was significantly
lower in older adult subjects 3 days after 2nd vaccination
(Figure 5D). Moreover, LPS- and imiquimod-induced DN B
cells had higher CD86 expressions in the high sVNT group when
compared with subjects with lower sVNT and older
adult subjects.
DISCUSSION

In the present study, we showed that young and older vaccinees
had different baseline immune cell distribution and activities.
Older adult subjects had diminished TLR-induced monocyte and
B cell activation compared to young subjects. The immune cells
activation and intracellular cytokine expression following
vaccination are different in older and young vaccinees.
Importantly, we found that TLR-induced B cell activation and
first-dose vaccination-induced and NK and monocyte activation
correlate with the vaccine-induced neutralization antibody levels.

TLRs had been proved to be pivotal immune activators which
bridges the innate and adaptive immunity. SARS-CoV-2 was
known to trigger the innate immune system through TLRs 3, 7,
and 8 during the early infection. The dysfunction of TLRs has
been reported to be associated with severe COVID cases (21).
Aging process comes with several immunological changes
described as immunosenscence and inflammaging as two
significant aspects of immune dysfunction in older adult
people (9). Some immune functions weaken with aging
(immunosenescence) while other inflammatory activity may
become stronger when people become old (inflammaging). In
A B

C

FIGURE 3 | NK cell and monocyte activation 3 days after ChAdOx1 nCoV-19 vaccination. PBMCs were isolated from young (black bars) and older adult vaccinees
(gray bars) 3 days after the first and second vaccinations. IFN-g (A) and granzyme B (B) expression in CD3-CD56dim or CD3-CD56brightNK cells; CD86, IL-6, IL-10, and
IFN-a in monocytes (C) of the young and older adult vaccinees were analyzed by flow cytometry. Statistical significance was determined using ANOVA with Tukey’s
multiple-comparisons testing between all groups. (Black: young vaccinees; Grey: older adult vaccinees). (*p value < 0.05; **p value <0.01; ***p value < 0.001).
FIGURE 4 | Neutralization antibody titers 2 months after the first vaccination
correlated with neutralization antibody titers 1 month after the second
vaccination. The SARS-CoV-2 surrogate virus neutralization antibody titers
(sVNT) were measured 2 months after the first vaccination and 1 month after
the second vaccination. The high sVNT, low sVNT and older adult group all
demonstrated higher sVNT 1 month after the second vaccination than 2
months after first vaccination. Statistical significance was determined using
Wilcoxon signed rank test between 2 groups. (***p value < 0.001).
January 2022 | Volume 13 | Article 807454
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our experiments, innate immune cells of young vaccinees
responded more strongly and more efficiently to TLR agonist
stimulation, especially more B cell activation either in CD86
expression or IFN-a production, and more monocyte with CD86
Frontiers in Immunology | www.frontiersin.org 8
expression when compared to older vaccinees, reflecting the
immunosenscence in older adult people. The older adult group
had notably higher IFN-g and granzyme B expression in
CD56bright NK cells after the 2nd jab (Figures 3A, B),
A B

C

D

FIGURE 5 | Stronger NK and monocyte activation after the first vaccination and TLR-induced IgD-CD27-double-negative (DN) B cell activation in subjects with
higher early antibody levels IFN-g expressions in CD3-CD56dim (A) or CD3-CD56bright (B) NK cells; CD86, IL-6, and IL-10 expression in monocytes (C) 3 days after
the first vaccination were compared between high and low sVNT groups of the young vaccinees and the older adult vaccinees. (D) CD86 expression 3 days after the
first vaccination and CD86 levels after LPS, imiquimod, and CpG stimulation were compared between high and low sVNT groups. Statistical significance was
determined using ANOVA with Tukey’s multiple-comparisons testing between all groups. (*p value < 0.05; ** p value < 0.01; ***p value < 0.001).
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representing the inflammaging which may be too late to induce
early protective antibody production.

NK cells are innate lymphoid cells that respond rapidly during
primary infection and have adaptive characteristics enabling them
to integrate innate and acquired immune responses. They are
recently recognized as a key regulator of vaccine-elicited T and B
cell responses and memory cells that contribute to pathogen
control. This critical role of NK cell activation in vaccine-
induced immunity is demonstrated in vaccination against
pathogens including influenza, yellow fever, and tuberculosis
(22). A previous study examining the draining lymph nodes after
influenza vaccination showed that NK cells are recruited regional
lymph nodes and activated by type I IFNs produced by LN
macrophages. The activated NK cells subsequently produced
IFN-g, which in turn regulates the recruitment of IL-6+ CD11b+

dendritic cells (23). Actually, NK cells make both early and
sustained IFN-g responses after vaccination and represent over
70% of all IFN-g-secreting cells (24). The activation of NK cells is
critical of IL-2-secreting effector memory T cells and overall
vaccine-induced response. Therefore, researchers proposed using
the assays NK cell IFN-g production, and NK cytotoxicity as the
tool for evaluating correlates of vaccine-induced immunity (25).
Our study demonstrated that IFN-g expressions in NK cells after
1st jab correlated with SARS-CoV-2 vaccine-induced neutralizing
antibody, which echoes previous findings. Since NK cells may play
essential roles in developing efficacious vaccine-induced protection,
there are discussions about NK cell-mediated modulation of the
immune response and its implication on immunization strategies
and the development of next-generation vaccines (26, 27).

Naïve B cells differentiate to antibody-producing plasma cells
after vaccine stimulation to produce protective antibodies. The DN
B cells, previously characterized as unconventional memory B cells
with negative expression of both CD27 and surface IgD, were
detected in healthy individuals at low levels within peripheral
blood and tonsils but are expanded in peripheral blood of older
adult patients with systemic lupus erythematosus (28, 29). The role
of DNB cells in the humoral immune response remains unclear, but
recent research has demonstrated their proinflammatory ability in
autoimmune disease and protective ability following vaccination. In
the present study, we demonstrated that the degree of CD86
expression of DN B cells after LPS or imiquimod stimulation
positively correlated with vaccine induced neutralization antibody.
This suggests that DN B cells might constitute a significant transient
population during the B cell maturation process, and its activation
by innate stimulation may set the stage for subsequent vaccine-
induced antibody production.
CONCLUSION

Although the changes in the immune system in the older adults
have been studied in recent years, the effects of aging on the innate
immune activation and consequently unresponsiveness to novel
COVID-19 vaccination are still unknown (9). We first found that
TLR-induced monocyte and B cell activation was dampened in the
older adult subjects. Different activation and intracellular protein
expression profiles induced by different TLR agonists may provide
Frontiers in Immunology | www.frontiersin.org 9
further information about the critical point, which may lead to
abnormal vaccine responses in older adults. We also found that
TLR-induced B cell activation and the first vaccination-induced NK
and monocyte activations were related to the neutralization
antibody elicited by the ChAdOx1 nCoV-19 vaccination.
Therefore, innate immune activation is crucial for the successful
activation of protective humoral immunity during vaccination,
especially with the wildly adopted viral vector vaccines (30).
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Supplementary Figure 1 | Cytokine-producing NK and monocyte 3 days after
ChAdOx1 nCoV-19 vaccination. PBMCs were isolated from young (black bars)
and older adult vaccinees (gray bars) 3 days after the first and second
vaccinations. The percentage of IFN-g- (A) and granzyme B- (B) expressing
cells in CD3-CD56dim or CD3-CD56brightNK cells; IL-6-, IL-10-, and IFN-a-
Frontiers in Immunology | www.frontiersin.org 10
expressing monocytes (C) of the young and older adult vaccinees were
analyzed by flow cytometry. Statistical significance was determined using
ANOVA with Tukey’s multiple-comparisons testing between all groups. (Black:
young vaccinees; Grey: older adult vaccinees). (*p value < 0.05; **p value <
0.01; ***p value < 0.001).
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