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ARTICLE INFO ABSTRACT
Keywords: Homologous booster, heterologous booster, and Omicron variants breakthrough infection (OBI) could improve
Inactivated vaccine booster the humoral immunity against Omicron variants. Questions concerning about memory B cells (MBCs) and T cells

Ad5-nCoV booster

Omicron variants breakthrough infection
Memory immunity

Binding antibody

immunity against Omicron variants, features of long-term immunity, after booster and OBI, needs to be explored.
Here, comparative analysis demonstrate antibody and T cell immunity against ancestral strain, Delta and Omicron
variants in Omicron breakthrough infected patients (OBIPs) are comparable to that in Ad5-nCoV boosted healthy
volunteers (HVs), higher than that in inactivated vaccine (InV) boosted HVs. However, memory B cells (MBCs)
immunity against Omicron variants was highest in OBIPs, followed by Ad5-nCoV boosted and InV boosted HVs.
OBIPs and Ad5-nCoV boosted HVs have higher classical MBCs and activated MBCs, and lower naive MBCs and
atypical MBCs relative to both vaccine boosted HVs. Collectively, these data indicate Omicron breakthrough
infection elicit higher MBCs and T cells against SARS-CoV-2 especially Omicron variants relative to homologous
InV booster and heterologous Ad5-nCoV booster.

1. Introduction et al., 2021). However, the SARS-CoV-2 spreading are not effectively
limited due to the gradual diminishing of protective humoral immunity

Accumulating studies demonstrated that vaccination might effec- induced by previous vaccination of ancestral strain based vaccine or
tively decreases clinical severity of severe acute respiratory syndrome infection, and the continuous emergence of variants of concerns (VOCs)
coronavirus 2 (SARS-CoV-2) breakthrough infected patients (Tregoning such as Omicron variants with 32 mutative site in spike protein relative
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to ancestral isolates (Tseng et al., 2022). To improve the immunity
against Omicron variants, homologous third inactivated vaccine (InV)
and heterologous boosters were implemented in many countries, such as
China (Wang K. et al., 2022; Xue et al., 2022). Our previous data along
with other published studies consistently demonstrated the neutralizing
antibody against Omicron variants elicited by homogenous third InV was
significantly lower than heterologous third vaccination with Ad5-nCoV
(Kong et al., 2022), and a recombinant protein subunit vaccine (Zhang
et al., 2022), as well as recombinant adenoviral vectored vaccine, and
mRNA vaccine (Costa Clemens et al., 2022). Apart from antibody, an
early surge of durable SARS-CoV-2 specific memory B cells (MBCs) play
key roles in viral clearance in Omicron variant breakthrough infected
patients (Kared et al., 2022; Muecksch et al., 2022). However, the
comparative analysis of durable MBCs response against SARS-CoV-2
(especially Omicron variants) induced by InV booster, Ad5-nCoV
booster and Omicron variants breakthrough infection (OBI) in previous
recipients with two doses of InV was not studied.

Durable and conserved T cells immunity response has pivotal pro-
tective roles in recovery of coronavirus disease 2019 (COVID-19) patients
as well, especially when protective humoral response was not effectively
elicited (Sette and Crotty, 2021; GeurtsvanKessel et al., 2022; Wolde-
meskel et al., 2022). As previous study supported T cell immunity against
SARS-CoV-2 might be induced by administration of InV (Melo-Gonzalez
et al,, 2021; Mok et al.,, 2022). These cellular immunity against
SARS-CoV-2 might be further increased by third booster, with peak
cellular immunity response by heterologous Ad5-nCoV booster, followed
by recombinant protein subunit vaccine and homogenous InV (Zhang
etal., 2022). Another study has demonstrated that T cell response elicited
by mRNA-1273 booster was highest in healthy peoples after two doses of
InV, and followed by the BNT162b2, AZD1222 and BBIBP booster
(Assawakosri et al., 2022). Additionally, robust T cell immunity against
spike and non-spike protein was observed in Omicron breakthrough
infected patients (OBIPs) with previous administration of two dose of
mRNA vaccine (Kared et al., 2022). As a whole, there is no direct com-
parison of protective memory B and T cell responses induced by OBI and
third booster following two doses of InV.

2. Material and methods
2.1. Study cohorts

This study was approved by the Ethics Committee of the Second
Affiliated Hospital of Guangzhou Medical University (Approval No. 2021-
hs-43) and Dongguan Ninth People's Hospital (Approval No. 2022-8). The
OBIPs were from Dongguan Ninth People's Hospital from February 25,
2022 to March 21, 2022, when the COVID-19 epidemic was caused by
Omicron subvariant BA.2. The vaccinated healthy volunteers (HVs) were
recruited to participating homologous InV (Sinopharm BIBP or Corona-
Vac) booster or heterologous Ad5-nCoV (CanSinoBio) booster as per their
wish in the Second Affiliated Hospital of Guangzhou Medical University.
The informed consent was obtained from all participants before partici-
pating in this clinical trial. Other clinical parameters including sex, age,
and vaccination history were obtained from medical record.

2.2. Whole blood samples collection and processing

The whole blood was drawn from HVs before third dose booster, at
median days of 33 [(interquartile range (IQR): 29.5-34.5)] post homol-
ogous InV booster, 30.5 (IQR: 28-33) days post Ad5-nCoV booster, and
OBIPs at median days of 32 (IQR: 26-36) post first RT-PCR positive. The
plasma was obtained by centrifugation at 3000 rpm for 15 min. Then,
equal modified RPMI 1640 culture medium (Cat*: 11875093, Gibco,
USA) was added in the remaining blood, followed by thorough mixing.
Finally, peripheral blood mononuclear cells (PBMCs) were isolated from
thorough mixed blood samples by Lymphoprep™ density gradient me-
dium (Cat#: 1114546, Alere Tech, USA).
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2.3. SARS-CoV-2 specific antibody detection

SARS-CoV-2 specific antibody titer including anti-spike-trimer anti-
body (IgG, IgG1, IgG2, IgG3, and IgG4), anti-ancestral-strain-, anti-Delta-,
anti-Omicron-receptor binding domain (RBD) IgG was measured using
enzyme linked immunosorbent assay (ELISA). In brief, ELISA plate was
coated with SARS-CoV-2 specific antigen at proper concentration over-
night. The SARS-CoV-2 specific antigen included SARS-CoV-2 ancestral-
spike trimer (Cat®: VISC2-5101, Dongkang Biotech, China), ancestral-
nucleocapsid protein (NP) (Cat”: VISC2-NPO1, Dongkang Biotech,
China), ancestral-RBD (Cat™?: VISC2-RB04, Dongkang Biotech, China),
Delta-RBD (Cat™: ncov-ps-Ag29, Fapon Biotech, China), and Omicron-
RBD (Cat”: ncov-ps-Ag41, Fapon Biotech, China). After blocking, 100
pL 3-fold diluted plasma (initially dilute for IgG, IgGl, IgG2 and
1gG3:1:20, IgG4:1:10) was added in each well, and incubated at 37 °C for
1 h. After thorough washing, 100 pL HRP labeled secondary antibodies
against human IgG (Cat®: 2010-05, 1:10,000, Southern Biotech, USA),
IgG1 (Cat#: 9054-05, 1:4000, Southern Biotech, USA), IgG2 (Cat#: 9060-
05, 1:2000, Southern Biotech, USA), IgG3 (Cat®: 9210-05, 1:4000,
Southern biotech, USA), and IgG4 (Cat?: 9200-05, 1:4000, Southern
Biotech, USA) was added in each well. The endpoint titer was determined
by the highest dilution, which gives an optical density (OD) value higher
than mean + 3 standard deviation (SD) OD values of 3 serum pools from
30 archived serum collected from HVs in the year 2019 at the same
dilution.

2.4. Detection of SARS-CoV-2 RBD specific MBCs

Ancestral strain, Delta variants and Omicron variants RBD specific
MBCs were determined using enzyme-linked immunospot (ELISPOT)
assay, as previously described (Jahnmatz et al., 2013). Briefly, 1.5 x 10°
PBMCs were stimulated with 1 pg/mL R848 (Cat#: tlrl-r848, InvivoGen,
USA) and 100 IU/mL recombinant human IL-2 (Cat#: 200-02-250,
Peprotech, USA) in RPMI-1640 (Cat®: 11875093, Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS) for 3 days. The ELISPOT
plates (Cat™: MBT-3654-WP-10, Mabtech, USA) were pre-coated with 10
pg/mL SARS-CoV-2 ancestral-S1 (Cat”: VISC2-S101, Dongkang Biotech,
China), ancestral-RBD (Cat™: VISC2-RB04, Dongkang Biotech, China),
Delta variants-RBD (Cat#: ncov-ps-Ag29, Fapon biotech, China), and
Omicron variants-RBD (Cat”: ncov-ps-Ag41, Fapon biotech, China) along
with 10 pg/mL anti-human IgG (Cat”: 109-035-088, Jackson Immu-
noResearch, USA). Following blocking with RPMI-1640 containing 10%
FBS (Cat”: CM1002L, Guangzhou Cellcook Biotech, China), 100,000
activated cells were added into ELISPOT plates and incubated at 37 °C in
5% CO- for 18 h. To determine the nonspecific binding, control wells
without coating target protein and anti-human IgG were also incubated
with 100,000 pre-stimulated cells. Then, the cells were discarded and the
plates were washed with PBST 6 times. 100 pL HRP-labeled Goat
Anti-Human IgG (H + L) (Cat#: A0201, 1/1000, Beyotime, China) in PBS
supplemented with 5% FBS were added to the plate wells and incubated
for 2 h at room temperature. Afterward, the plates were washed with PBS
6 times. Then, spots were developed with 3-amino-9-ethylcarbazole
(AEC) substrate (Cat”: 551951, BD Biosciences, USA) according to the
manufacturer's instructions. The ELISPOT plates were fully washed with
tap water. Finally, the spots were counted using the ImmunoSpot S6 UV
Analyzer (Cellular Technology Limited, USA). The spot-forming units
(SFU) of each well were determined by minus spots of the same sample in
the control wells. The SFU of each sample was calculated using the means
of duplicate wells and expressed as SFU/10° PBMCs.

2.5. Detection of SARS-CoV-2 spike specific T-cell frequencies

SARS-CoV-2 (including Ancestral strain, Delta variants, and Omicron
variants) spike and specific T lymphocytes were detected using inter-
feron-y (IFNy) ELISPOT assay. In brief, 2 x 10° fresh PBMCs were added
into each well of anti-IFNy-antibody pre-coated ELISPOT plate (Cat”:
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1110002, Dakewe Biotech, China), and co-cultured with overlapping
peptide pools of ancestral spike (Cat®: RP30027, GenScript, China), Delta
variants spike (Cat#: RP30033, GenScript, China), Omicron variants
spike (Cat?: RP30121, GenScript, China) or ancestral NP (Cat™:
RP30013, GenScript, China) for 24 h, with dimethyl sulfoxide (Cat™:
41639-100 ML, Sigma, USA) as a negative control (NC). For positive
control, 2 x 10* PBMCs were stimulated with 1 pg/mL staphylococcal
enterotoxin B (Cat”: 11100-45-1, Merck, Germany). 100 pL biotinylated
antibody working solution was added to each plate well and incubated at
37 °C for 1 h. After that, 100 pL streptavidin-horseradish peroxidase
working solution was added into each well and incubated at 37 °C for 1 h.
Then, 100 pL AEC solution (Cat™: 551951, BD Biosciences, USA) was
added and incubated at room temperature for 30 min. Finally, the spots
were counted using the InmunoSpot®S6 UV Analyzer (Cellular Tech-
nology Limited, USA). The SFUs of each well were determined by sub-
tracting spots of the unstimulated wells from the peptide stimulated
wells. The SFU of each sample was calculated by using the means of
duplicate wells and expressed as SFU/10° PBMCs.

2.6. Flow cytometry analysis

Human PBMCs (1 x 107/mL) were resuspended in 100 pL FACS
buffer (DPBS contained 1% heat inactivated FBS) with 1 x 10° cells.
PBMCs were stained with the following fluorescein-labeled antibodies:
anti-human CD19 PE-Cy7 (Cat”: IM3628, Beckman, USA), anti-human
CD21 FITC (Cat#: 561372, BD Biosciences, USA), anti-human CD27
BB700 (Cat#: 566449, BD Biosciences, USA), anti-human CD71 APC
(Cat™: 334108, Biolegend, USA), anti-human IgD PE (Cat™: 12-9868-42,
Invitrogen, USA), anti-human IgG APC-H7 (Cat”: 561297, Biolegend
USA) for 30 min. Then, immunophenotype of MBCs was detected using
BD FACS LSR Fortessa flow cytometer (BD Biosciences, USA). Data were
analyzed using FlowJo software (Tree Star, USA).

2.7. Statistical analysis

Neutralizing antibody titers were expressed as geometric mean titers
(GMTs) and 95% confidence interval (CI). The continuous variables were
represent as mean (SD) or median (IQR). Categorical variables were
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described as the count and percentage. All the statistical analysis were
performed using GraphPad prism7.0. The Pearson chi-square was used to
determine the differences in proportions between two groups. The in-
dependent group t-test (normal distribution) and Mann-Whitney U (non-
normal distribution) were used to compare continuous variables between
groups. Paired data were analyzed using Wilcoxon test. A two-side P-
value < 0.05 was considered statistically significant.

3. Results
3.1. Baseline characteristics of enrolled OBIPs and vaccinated HVs

In total, 33 pre-vaccinated HVs with homologous InV booster, 21 with
Ad5-nCoV booster and 10 OBIPs were included in this study. The median
age of InV boosted HVs was significantly lower than Ad5-nCoV boosted
HVs and OBIPs (Table 1). The sex proportion of InV boosted HVs, Ad5-
nCoV boosted HVs and OBIPs was comparable (Table 1). There was no
significant difference for the inoculated inactivated vaccine brand among
InV boosted HVs, Ad5-nCoV boosted HVs and OBIPs (Table 1). The me-
dian time interval between third booster and second dose inactivated
vaccine administration of InV boosted HVs was 7 months, which was
significantly lower than that of Ad5-nCoV boosted HVs (Table 1). The
majority of homologous InV boosted HVs had not apparent adverse ef-
fects (AEs) (Table 1). However, all Ad5-nCoV boosted HVs reported
apparent AEs, with most reported AEs of myalgia (12/21, 57.1%), fol-
lowed by fever (8/21, 38.1%), fatigue (4/21, 19.1%), and oropharyngeal
pain (2/21, 9.5%) (Table 1). 80% (8/10) enrolled OBIPs had mild
manifestations, and 20% (2/10) were asymptomatic (Table 1). In addi-
tion, all the enrolled OBIPs were infected by Omicron variants BA.2.2 at
median of 9 month after second dose of inactivated vaccine, without
third booster (Table 1).

3.2. SARS-CoV-2 specific antibody in pre-vaccinated HVs after InV
booster, Ad5-nCoV booster and OBI

As expected, InV and Ad5-nCoV boosted HVs and OBIPs obtained
higher anti-spike-trimer IgG titer compared to pre-boosted HVs
(Fig. 1A). In addition, Ad5-nCoV booster elicited higher anti-spike-

Table 1
Baseline characteristics of enrolled Omicron variants breakthrough infected patients and vaccinated healthy volunteers.
Variables [n (%) or median (IQR)] 3 doses InV 2 doses InV + 3rd Ad5-nCoV OBIP (n = 10) P-value
Vaccinated HVs (n = 33) Vaccinated HVs (n = 21)

Age (years) 37 (28.5-45.5) 28 (25-38.5) 39 (33.8-56.3) 0.004

Sex

Female (%) 10 (30.3) 11 (52.4) 1(10.0) 0.053

Male (%) 23 (69.7) 10 (47.6) 9 (90.0)

Inactivated Vaccine brand of two dose 0.146
scheme

Two doses Sinopharm BIBP n (%) 14 5 5

Two doses CoronaVac n (%) 16 10 5

Sinopharm BIBP plus Corona Vac n (%) 3 6 0

The time interval between third booster or 7 (6-8) 9 (9-10) 9 (8.5-9.5) 0.007
breakthrough infection and second dose
inactivated vaccine administration (months)

Adverse effects

No abnormalities n (%) 23 (69.7) 0(0) <0.0001

Pain at injection site n (%) 8(24.2) 0 (0)

Fatigue n (%) 2(6.1) 4(19.1)

Fever n (%) 0(0) 8(38.1)

Myalgia n (%) 0(0) 12 (57.1)

Oropharyngeal Pain n (%) 0 (0) 2(9.5)

Clinical manifestation

Asymptomatic n (%) 2(20)

Mild n (%) 8 (80)

Underlying diseases

Hypertension n (%) 1(10)

Pulmonary inflammation n (%) 1(10)

Pulmonary bulla n (%) 1 (10)

OBIPs: Omicron variants breakthrough infected patients, HVs: Healthy volunteers, InV: inactivated vaccine, IQR: interquartile range.
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Fig. 1. Comparative analysis of anti-ancestral-spike-trimer-IgG. Serum were collected from vaccinated healthy volunteers (HVs) before third booster, at median of 33
days post inactivated vaccine (InV) booster and 30.5 days post Ad5-nCoV booster, and Omicron variants breakthrough infected patients (OBIPs) at median of 32 days
post infection. A Anti-spike-trimer-IgG titer in InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs were determined by ELISA. B-G Comparative analysis of SARS-
CoV-2 ancestral strain spike-trimer specific IgG subclass. Anti-spike-trimer-IgG1 (B), anti-Spike-trimer-IgG2 (C), anti-Spike-trimer-IgG3 (D), and anti-spike-trimer-IgG4
(E) titer in InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs were determined by ELISA. F The ratio of spike-trimer specific IgG1/1gG4 in InV boosted HVs, Ad5-
nCoV boosted HVs, and OBIPs. G The ratio of spike-trimer specific IgG1+IgG3/1gG4+IgG2 in InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. Data presented as
geometric mean titers (GMT) and 95% confidence interval. Dotted line: the detection limits. Statistical analyses were performed by Mann-Whitney U test.

trimer IgG titer than InV booster (Fig. 1A). Anti-spike-trimer IgG titer in
OBIPs was higher than that in HVs with homologous booster, and equal
to that in HVs with Ad5-nCoV booster (Fig. 1A). The spike-trimer spe-
cific IgG subclass analysis demonstrated anti-spike-trimer-IgG1 titer in
InV boosted HVs was significantly lower than that in Ad5-nCoV boosted
HVs and OBIPs (Fig. 1B). There was no difference for anti-spike-trimer-
IgG1l titer between Ad5-nCoV boosted HVs and OBIPs (Fig. 1B).
Regarding anti-spike-trimer-IgG3 titer, there was no significant differ-
ence between Ad5-nCoV boosted HVs and OBIPs, InV boosted HVs and
OBIPs (Fig. 1D). But, anti-spike-trimer-IgG3 titer in InV boosted HVs was
significantly lower than that in Ad5-nCoV boosted HVs (Fig. 1D). The
anti-spike-trimer-IgG2 and -IgG4 titer was markedly lower in both
vaccine boosted HVs and OBIPs compared to anti-spike-trimer-IgG1 and
-IgG3 titer (Fig. 1B-E). Furthermore, there was no significant difference
for anti-spike-trimer-IgG2 and -IgG4 titer among both vaccine boosted
HVs and OBIPs (Fig. 1C, E). Interestingly, the median of IgG1 and IgG4
titer ratio in individuals after homologous InV booster, Ad5-nCoV
booster, and OBI was higher than 1, with highest of Ad5-nCoV booster
(259.7), followed by OBI (94.76), and homologous InV booster (31.62)
(Fig. 1F), indicating a predominant IgG1 (Th1) response (Perez-Perez
et al., 2010). In addition, the ratio of IgG1+IgG3 and IgG2+IgG4 was
comparable among homologous InV booster, Ad5-nCoV booster and
breakthrough infection (Fig. 1G), indicating both vaccine booster and
OBI elicit similar IgG subclass with pro-inflammatory Fc response
(Farkash et al., 2021).

The comprehensive circulation of Delta and Omicron variants raise
extensive concern of the vaccine efficiency against these two variants
induced by third booster and OBIL Our results indicated that anti-
ancestral-RBD-IgG titers were significantly increased in InV boosted
HVs, Ad5-nCoV boosted HVs and OBIPs relative to pre-boosted HVs,
these three groups were comparable (Fig. 2A). Accordantly, the anti-
Delta-RBD-IgG and anti-Omicron-RBD-IgG titer were significantly
increased in both vaccines boosted HVs and OBIPs compared to pre-boost
(Fig. 2B and C). However, anti-Delta-RBD-IgG, anti-Omicron-RBD-IgG
titer in InV boosted HVs was consistently lower than Ad5-nCoV boosted
HVs and OBIPs, these two groups were comparable (Fig. 2B and C). It was
noteworthy that anti-Delta-RBD-IgG and anti-Omicron-RBD-IgG titer
elicited by both boosters and OBI was significantly decreased compared
to anti-ancestral-strain-RBD-IgG, with 6.9 fold and 55.9 fold decrease for
pre-boosted HVs, 3 fold and 55.9 fold decline for InV boosted HVs, 1.1
fold and 3.33 fold decline for Ad5-nCoV boosted HVs, 2.2 fold and 4.2
fold decline for OBIPs (Fig. 2D). This indicates that Ad5-nCoV booster are
better alternatives for third booster campaign in countries with these two
vaccine approval.

3.3. Ancestral strain, Delta and Omicron variant specific MBCs in pre-
vaccinated individuals after InV booster, Ad5-nCoV booster and OBI

Principally, MBCs might rapidly re-activate to differentiate the Ab-
secreting cells (ASCs), including plasmablasts and plasma cells
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Fig. 2. Comparative analysis of anti-RBD antibody against SARS-CoV-2. Serum were collected vaccinated healthy volunteers (HVs) before third booster, at median of
33 days post InV booster and 30.5 days post Ad5-nCoV booster, and OBIPs at median of 32 days post infection. Anti-ancestral-receptor binding domain (RBD)-IgG (A),
anti-Delta-RBD-IgG (B), and anti-Omicron-RBD-IgG (C) titer in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs were determined by ELISA. D
Paired analysis of anti-ancestral-RBD-, anti-Delta-RBD-, and anti-Omicron-RBD-IgG titer in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs.
Data presented as geometric mean titers (GMT) and 95% confidence interval. Dotted line: the detection limits. Statistical analyses were performed by Mann-Whitney

U test.

following a secondary infection that contributes to protection against
severe disease or death in VOC breakthrough infected patients (Sakhar-
kar et al., 2021; Quandt et al., 2022). Therefore, previously developed
MBCs ELISPOT assay, which detects antigen specific MBCs after agonist
R848 plus Interleukin (IL)-2 stimulation (Pinna et al., 2009), was applied
to determine SARS-CoV-2 specific MBCs in our study. By these method,
we found that ancestral-spike and ancestral-RBD specific MBCs were
significantly improved in both boosters and OBIPs compared to that in
pre-boosted HVs (Fig. 3A-C). Interestingly, ancestral-spike and
ancestral-RBD specific MBCs induced by Ad5-nCoV booster was signifi-
cantly higher than that by homologous InV booster (Fig. 3A-C). Mark-
edly, OBI significantly augment higher ancestral-spike and ancestral-RBD
specific MBCs than homologous InV booster and Ad5-nCoV booster
(Fig. 3A-C). Additionally, Delta-RBD and Omicron-RBD specific MBCs
were significantly elevated in Ad5-nCoV boosted HVs and OBIPs
compared to that in pre-boosted HVs (Fig. 3A, D, and E). Comparable
Delta-RBD specific MBCs were observed in Ad5-nCoV boosted in-
dividuals and OBIPs (Fig. 3A, D). However, OBIPs acquired higher
Omicron-RBD specific MBCs than Ad5-nCoV boosted individuals
(Fig. 3A, E). Compared with ancestral-RBD specific MBCs, Omicron-RBD,
but not Delta-RBD specific MBCs, declined significantly in Ad5-nCoV
boosted individuals and OBIPs, with 11.8 fold and 5.0 fold decrease for
Omicron RBD specific MBCs respectively (Fig. 3F).

3.4. Phenotypic analysis of MBCs in pre-vaccinated individuals after InV
booster, Ad5-nCoV booster and OBI

The change of frequency, absolute numbers and phenotype of MBCs
subsets in HVs ~32 days after booster vaccination or breakthrough
infection by compared to pre-boosted individuals was determined. Ac-
cording to the expression of CD27 and CD21 molecules, B cells (CD19™)
were sub-divided into classical MBCs (cMBCs, CD27"CD21 ™), activated
MBCs (aMBCs, CD27tCD21/'°%), and atypical MBCs (atMBCs,
CD27-CD21 /%) (Supplementary Fig. S1). The frequency and number
of total CD19™ B cell in InV boosted, Ad5-nCoV boosted individuals and
OBIPs were markedly increased compared to pre-boosted individuals
(Fig. 4A). There were no significant differences in total CD19" B cells
frequency among lymphocyte between InV boosted individuals and Ad5-
nCoV boosted individuals, Ad5-nCoV boosted individuals and OBIPs
(Fig. 4A), but the number of total CD19" B cells in Ad5-nCoV boosted
individuals higher than in InV boosted individuals and OBIPs (Fig. 4A) in
that the lymphocyte counts were significantly higher in Ad5-nCoV
boosted individuals compared to InV boosted individuals and OBIPs
(Fig. 4B). Subsequent phenotypic analysis revealed that cMBCs and
aMBCs frequency and number in InV boosted individuals was not
significantly changed compared to pre-boosted individuals, but that in
Ad5-nCoV boosted individuals and OBIPs was markedly increased
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Fig. 3. Comparative analysis of memory B cells against SARS-CoV-2 in vaccinated healthy volunteers (HVs) before third booster, at median of 33 days post InV booster
and 30.5 days post Ad5-nCoV booster, and OBIPs at median of 32 days post infection. A Representative images of ELISpot wells of ancestral-Spike-specific, ancestral-
RBD-specific, Delta-RBD-specific, and Omicron-RBD-specific memory B cells in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. B-E ancestral-
Spike-specific (B), ancestral-RBD-specific (C), Delta-RBD-specific (D), and Omicron-RBD-specific (E) memory B cells frequency were determined by ELISPOT assay in
pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. F Paired analysis of frequency-RBD-specific, Delta-RBD-specific, and Omicron-RBD-specific
memory B cells frequency in Ad5-nCoV boosted HVs and OBIPs. Data presented as spots forming units per 10° peripheral blood mononuclear cells. Statistical ana-

lyses were performed by Mann-Whitney U test.

(Fig. 4A). The frequency of at MBCs was significantly declined in both
vaccine boosted individuals and OBIPs compared to pre-boosted in-
dividuals (Fig. 4A). The declined at MBC number was only observed in
OBIPs (Fig. 4A).

Then, MBCs subsets were assessed based on CD27 and IgD expression
level, i.e. B cells were subdivided into naive B cells (CD27 IgD™),
switched MBCs (sMBC, CD27'IgD™), un-switched MBGCs (uMBCs,
CD27"1gD™), and double negative B cells (DN, CD27 IgD™) (Supple-
mentary Fig. S1). This study revealed that DN MBCs frequency was
significantly decreased in both vaccine boosted individuals and OBIPs
compared to pre-boosted individuals, their number was only declined
markedly in OBIPs (Fig. 4C). The frequency of naive B cells were
increased in InV boosted individuals, but not in Ad5-nCoV boosted in-
dividuals and OBIPs (Fig. 4C). However, naive B cells number was
elevated in both vaccine boosted individuals and OBIPs (Fig. 4C). The
frequency of uMBCs increased in Ad5-nCoV boosted individuals and
OBIPs, but its number was significantly enhanced in both vaccine boos-
ted individuals and OBIPs, with higher uMBCs frequency and number in
Ad5-nCoV boosted individuals and OBIPs compared to InV boosted in-
dividuals (Fig. 4C). The number of sMBCs, but not frequency, was
increased in both vaccine boosted individuals and OBIPs, along with

higher sMBCs frequency and number in Ad5-nCoV boosted individuals
and OBIPs compared to InV boosted individuals (Fig. 4C).

Moreover, SMBCs were further sub-divided into activated switched
MBCs (act-sMBCs, CD27 "IgD~CD71%) and classical switched MBCs (c-
sMBCs, CD27 "IgD~CD717), and uMBCs were further sub-divided into
activated un-switched MBCs (act-uMBC, CD27"IgD*CD71") and clas-
sical un-switched MBCs (c-uMBCs, CD27tIgD*CD71") according to
the expression of activation marker CD71 (Supplementary Fig. S1).
Interestingly, the act-uMBCs frequency and number was only
enhanced in Ad5-nCoV boosted individuals (Fig. 4D). The frequency of
c-uMBCs was increased in Ad5-nCoV boosted individuals and OBIPs,
their numbers were increased in both vaccine boosted individuals and
OBIPs (Fig. 4D). The frequency of act-sMBCs was decreased in InV
boosted individuals, increased in OBIPs, their number was signifi-
cantly increased in Ad5-nCoV boosted individuals and OBIPs (Fig. 4D).
Although there was no significant difference of c-sMBCs frequency in
both vaccine boosted individuals and OBIPs compared to pre-boosted
individuals (Fig. 4D). The number of c-sMBCs were significantly
increased in both boosted individuals and OBIPs, with higher number
in Ad5-nCoV boosted individuals and OBIPs relative to InV boosted
individuals (Fig. 4D).
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3.5. Ancestral, Delta and Omicron variant specific T cells in pre-vaccinated
individuals after InV booster, Ad5-nCoV booster and OBI

Durable and conservative SARS-CoV-2 specific memory T cell im-
munity could rapidly re-activate after re-infection of VOC, have critical
roles in the protection against severe COVID-19 (Sette and Crotty, 2021;
Choi et al., 2022; Jung et al., 2022; Kedzierska and Thomas, 2022). Here
in this study, we performed an IFN-y ELISpot following stimulation with
pooled overlapping 15-mer peptides spanning the full length of ances-
tral-, Delta-, Omicron-spike, or ancestral-NP. The number of effector T
cells against ancestral-, Delta- and Omicron-spike in both boosters and
OBIPs were significantly raised relative to pre-boosted HVs (Fig. 5A-D).
The number of effector T cells against ancestral-, Delta- and
Omicron-spike in HVs with homologous InV booster were lower than that
in individuals with Ad5-nCoV booster and OBIPs, these two groups had
comparable effector T cells against ancestral-, Delta- and Omicron-spike
(Fig. 5A-D). Of note, the effector T cells counts against Delta-spike and
Omicron-spike significantly declined compared to effector T cells against
ancestral-spike in HVs with InV booster and Ad5-nCoV booster (Fig. 5E).
However, comparable effector T cells counts against ancestral-, Delta-
and Omicron-spike were observed in OBIPs (Fig. 5E). Additionally,
effector T cells against ancestral-NP were increased in individuals after
both booster and OBIPs (Fig. 5F). Among them, OBIPs obtained higher
effector T cells response towards ancestral-NP, which were conserved
between SARS-CoV-2 VOCs, than HVs following InV booster and
Ad5-nCoV booster (Fig. 5F). These data indicate that Ad5-nCoV booster
and OBI might lead to higher effector T cells against ancestral-, Delta- and
Omicron-spike compared to InV booster. Principally, OBI could also
induce higher effector T cells against other key protein of SARS-CoV-2
NP, which are conserved between different VOCs (Kared et al., 2022).

4. Discussion

During the study, comparative analysis demonstrated that Ancestral
strain, Delta and Omicron specific binding antibody, MBCs and effector T
cells were significantly increased in InV and Ad5-nCoV boosted in-
dividuals and OBIPs relative to pre-boosted HVs. Moreover, antibody IgG
against ancestral-spike and ancestral-RBD, Delta-RBD, and Omicron-RBD
in OBIPs and Ad5-nCoV boosted individuals was comparable and is
higher than that in InV boosted individuals. However, the degree of
reduction of anti-Delta-RBD- and anti-Omicron-RBD-IgG titer relative to
anti-ancestral-RBD-IgG titer in InV boosted individuals was higher than
that in Ad5-nCoV boosted individuals and OBIPs, indicating lower anti-
body affinity maturation potential induced by InV booster relative to
Ad5-nCoV booster and OBI (Pape et al., 2021). In agreement with pre-
vious study which indicates that SARS-CoV-2 infection is a stronger
stimulus for affinity maturation than a single mRNA vaccination (Pape
et al., 2021; Sokal et al., 2021), our study showed that OBI might induce
stronger MBCs directed to Omicron-RBD than that Ad5-nCoV and InV
booster. These stronger Omicron-RBD specific MBCs will benefit the
rapid generation of ASCs against the evolving Omicron variants, which
finally will contribute to controlling the Omicron infection in the future
(Goel et al., 2022).
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OBI induced higher binding antibody titers against ancestral-RBD and
Delta-RBD compared to that against Omicron-RBD. Consistently, previous
studies demonstrated Omicron breakthrough infection induced higher
neutralizing antibody titer against Delta than that against Omicron variants
as well (Khan et al., 2022). This phenomenon is designated as original
antigenic sin, which were reported in some study on the SARS-CoV-2
vaccination or infection (Kong et al., 2022). In addition, recent study
demonstrated SARS-CoV-2 infection are more likely to elicit antigenic
sin-like antibodies relative to mRNA vaccine administration (Anderson et al.,
2022). The underlying mechanism might be related to previous vaccination
or infection induced pre-activated memory B cells, which outcompete
mutated variants specific naive B cell after new mutated variants break-
through infection, thereby boosting high antibody against conserved epi-
topes (van Zelm, 2022). Compared to Omicron variants spike, Delta variants
spike is more similar to ancestral spike. Therefore, the antibody titers against
ancestral spike and Delta variants spike was higher than that directed to
omicron variants after omicron variant breakthrough infection.

In line with previous study on COVID-19 patients and mRNA vaccine
inoculated healthy individuals (Farkash et al., 2021; Luo et al., 2021),
SARS-CoV-2 spike trimer specific IgG subclass mainly consist of IgG1 and
IgG3 in both vaccine boosted individuals and OBIPs, while IgG2 and IgG4
were barely detected. These increased IgG subclass (IgG1l and IgG3)
confer increased capability to engage FcyR pathways, therefore contrib-
utes to great antiviral inflammatory reaction in our OBIPs with mild
symptoms (Farkash et al., 2021). Besides, the post-translational modifi-
cations of IgG Fc region have critical roles in the immunity, such as a
trend of higher levels of I[gG1 with a fucosylated Fc glycans was observed
in severe COVID-19 patients (Chakraborty et al., 2021). Interestingly,
elevation in IgG1 sialylation, fucosylation, and galactosylation was found
in mRNA vaccinated healthy individuals, which was positively related to
the higher anti-SARS-CoV-2 IgG titers (Farkash et al., 2021). Therefore,
modification of IgG sub-class in InV boosted and Ad5-nCoV boosted in-
dividual still need to be explored further.

Phenotypic analysis indicated that uMBC, and sMBC number was
increased in InV boosted individuals, of them c-uMBC, and c-sMBC
number, but not act-uMBC and act-sMBC, was enhanced compared to
pre-boosted individuals. Correspondingly, recent study has shown that
CD71" RBD specific MBCs percentage at 1 month, after third dose of
mRNA vaccine was lower than that after second dose of mRNA vaccine
(Muecksch et al., 2022). This phenomenon might be linked to rapid
maturation of actMBCs as resting MBCs or lower level of actMBCs at ~32
days post InV booster (Sokal et al., 2021). By contrast, Ad5-nCoV booster
and OBI induced higher frequency and total number of uMBCs and
sMBCs, among them act-sMBCs number was markedly higher in
Ad5-nCoV boosted individuals and OBIPs compared to pre-boosted in-
dividuals and InV boosted individuals. Given uMBCs are a transition
stage from naive MBCs to sMBCs (Moroney et al., 2020), the significant
enhancement of uMBCs and sMBCs in Ad5-nCoV boosted individuals and
OBIPs suggests higher B cell immunity might be induced. While com-
parison with pre-boosted individuals and InV boosted individuals,
Ad5-nCoV boosted individuals and OBIPs obtain higher ¢cMBCs and
aMBCs, which are pre-disposed to differentiate into antigen specific
antibody-secreting cells upon re-exposure of antigen (Sutton et al.,

Fig. 4. Analysis of the frequency and numbers of B cells and related phenotypes in vaccinated healthy volunteers (HVs) at median of 33 days post inactivated vaccine
(InV) booster and 30.5 days post Ad5-nCoV booster, and OBIPs at median of 32 days post infection by comparison with pre-boosted HVs. A The frequency of total
CD19* B cells among lymphocyte, classical memory B cells (¢MBC, CD27"CD21"), activated memory B cells (aMBC, CD27*CD21~/1°%), atypical memory B cells
(atMBC, CD27~CD21 /") among CD19" B cells and the number of each subsets were determined by flow cytometry analysis in pre-boosted HVs, InV boosted HVs,
Ad5-nCoV boosted HVs, and OBIPs. B The lymphocyte numbers in vaccinated healthy volunteers (HVs) before third booster, at median of 33 days post InV booster and
30.5 days post Ad5-nCoV booster, and OBIPs at median of 32 days post infection. C The frequency of naive B cells (CD27 IgD"), double negative B cells (DN,
CD27 IgD"), switched memory B cells (sMBC, CD27 "IgD ), un-switched memory B cells (uMBC, CD27 "IgD™) and the number of each subsets in pre-boosted HVs, InV
boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. D The frequency of activated switched memory B cells (act-sMBC, CD27IgD"CD71%) and classical switched
memory B cells (¢-sMBC, CD27 " IgD~CD71"), activated un-switched memory B cells (act-uMBC, CD27*IgD"CD71") and classical un-switched memory B cells (c-
uMBC, CD27'1gD*CD71") among CD19" B cells and the number of each subsets in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. Data
presented as mean (standard deviation, SD) number per 10° peripheral blood mononuclear cells or frequency. Statistical analyses were performed by Mann-Whitney
U test.
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Fig. 5. Comparative analysis of SARS-CoV-2 specific effector T cells in vaccinated healthy volunteers (HVs) before third dose booster, at median of 33 days post
inactivated vaccine (InV) booster and 30.5 days post Ad5-nCoV booster, and OBIPs at median of 32 days post infection using interferon-y (IFNy) enzyme-linked
immunospot (ELISPOT) assay. A Representative images of ELISPOT wells of ancestral-Spike-specific, Delta-Spike-specific, Omicron-Spike-specific and ancestral
nucleocapsid protein (NP) effector T cells in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. (B-D) ancestral-Spike-specific (B), Delta-Spike-
specific (C), and Omicron-Spike-specific (D) effector T cells frequency in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. E Paired analysis of
ancestral-Spike-specific, Delta-Spike-specific, and Omicron-Spike-specific effector T cells frequency in InV boosted HVs, Ad5-nCoV boosted HVs and OBIPs. F Ancestral
NP-specific effector T cells frequency in pre-boosted HVs, InV boosted HVs, Ad5-nCoV boosted HVs, and OBIPs. Data presented as spots forming units per 10° pe-
ripheral blood mononuclear cells. Statistical analyses were performed by Mann-Whitney U test.

2021), indicating robust MBCs response of Ad5-nCoV booster and OBI.
Previous study has shown that SARS-CoV-2 specific cMBCs and atMBCs
markedly expanded after two doses of mRNA vaccine in SARS-CoV-2
infected subjects compared with SARS-CoV-2 naive subjects (Pape
et al., 2021). However, our study demonstrated total atMBCs frequency
was declined in both vaccine boosted subjects and OBIPs. Additionally,
atMBCs number in OBIPs, but not in both vaccine boosted individuals,
decreased significantly compared to pre-boosted individuals. Accumu-
lating data demonstrated ASCs from atMBC secrete lower level of IgM,
IgG1 to IgG3 than ASCs from cMBC (Hopp et al., 2022). Moreover, atMBC
are supposed to be exhausted due to overexpression of a large range of
inhibitory receptors that reduce their effector functions and proliferative
potential (Dauby et al., 2014). Additionally, atMBC are expanded in
COVID-19 patients, with significantly higher proportion of atMBCs in
patients who died than in those who survived (Oliviero et al., 2020).
Herein, decrease of atMBCs induced by both vaccine booster and OBI,
especially significantly decline of atMBCs number in OBIPs, along with
enhance of cMBCs and aMBCs in Ad5-nCoV boosted individuals and
OBIPs indicate Ad5-nCoV and OBI induce robust effector MBCs.
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Here, our study demonstrated that Ad5-nCoV booster elicited higher
effector T cells against ancestral-, Delta- and Omicron-spike compared to
InV booster, along with previous study indicating Ad5-nCoV is a potential
alternative for generating robust T cell immunity against SARS-CoV-2
(Zhang et al., 2022). It should be mentioned that InV could induce
cellular immunity targeted to spike, NP and other non-structural proteins
(Mok et al., 2022). Interestingly, OBI leads to comparable effect on T cells
against ancestral-, Delta- and Omicron-spike with Ad5-nCoV booster, and
stronger than InV booster. Moreover, effector T cells directed to NP was
also robustly elicited in OBIPs relative to Ad5-nCoV and InV booster. It is
plausible that other conserved non-structural proteins specific effect T
cells might been effectively stimulated by OBI, compared to vaccine
booster (Choi et al., 2022; Kared et al., 2022). Therefore, these enhanced
T cell immunity against multiple conserved peptide from multiple target
protein of SARS-CoV-2 will be of great importance for restricting novel
mutated SARS-CoV-2 infection in the future (Koutsakos et al., 2022;
Wang C. Y. et al., 2022).

Limitations to this study include low sample size and the age of Ad5-
nCoV booster group was significantly lower than InV booster group and
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OBIPs. Previous studies showed that age had some degree of influence on
the immunogenicity after SARS-CoV-2 vaccination (Toapanta-Yanchapaxi
et al., 2022; Wang F. et al., 2022). The negative effects were apparent for
age above 80 years when the immunity response was not greatly induced
by first dose of mRNA vaccine (Toapanta-Yanchapaxi et al., 2022).
However, the heterogeneous immunogenicity related to age was dimin-
ished after second dose of mRNA booster (Faro-Viana et al., 2022) and
homologous inactivated vaccine booster (Xin et al., 2022), which stimu-
late higher immunitiy response. In addition, we and others consistantly
proved Ad5-nCoV booster on top of two doses inactivated vaccine scheme
had higher antibody titers against AS and Omicron variants compared to
homolougous inactivated vaccine booster in age matched population
(Kong et al., 2022; Li et al., 2022), indicating age difference have little
influence on the conclusion on the antibody in our study. But, the younger
HVs in Ad5-nCoV booster group might bias to higher SARS-CoV-2 specific
effect T cell counts after two doses of incativated vacinne than that in InV
booster group (Channappanavar and Perlman, 2020), as shown in our
study for ancestral strain-NP specific effector T cells.

5. Conclusions

Conclusively, the Ad5-nCoV booster might leads to stronger SARS-
CoV-2 ancestral strain spike specific memory B and T cells immunity
response than InV booster. Moreover, Ad5-nCoV booster induce com-
parable Omicron variants specific T cells immunity to that in OBIPs.
Compared to both vaccine boosted healthy individuals, OBIPs could ac-
quire higher memory B cells immunity against Omicron variant.
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