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1 | INTRODUCTION

Yunfei Wang

| Han Cao | Kangyang Lin | Cunbao Liu

Abstract

Waning antibodies and rapidly emerging variants are challenges for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine development. Adjusting
existing immunization schedules and further boosting strategies are under con-
sideration. Here, the immune responses induced by an alum-adjuvanted inactivated
SARS-CoV-2 vaccine in mice were compared among immunization schedules with two
or three doses. For the two-dose schedule, a 0-28-day schedule induced 5-fold
stronger spike-specific 1gG responses than a 0-14-day schedule, with only a slight
elevation of spike-specific cellular immunity 14 days after the last immunization. A
third homologous boost 2 or 5 months after the second dose for the 0-28-day
schedule slightly strengthened humoral responses (1.3-fold for the 0-1-3-month
schedule, and 1.8-fold for the 0-1-6-month schedule) 14 days after the last im-
munization. Additionally, a third homologous boost (especially with the 0-1-3-month
schedule) induced significantly stronger cell-mediated immunity than both two-dose
immunization schedules for all indexes tested, with a response similar to that induced
by a one-dose heterologous boost with BNT162b2 in clinical trials, according to
cellular immunity analysis (1.5-fold). These T cell responses were Th2 oriented, with
good CD4+ and CD8+ memory. These results may offer clues for applying a homo-

logous boosting strategy for alum-adjuvanted inactivated SARS-CoV-2 vaccines.
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Although two doses have been used for both mRNA (at O and 21 days
or 0 and 28 days) and inactivated (at O and 14 days or 1 and 28 days)

Since the first coronavirus 2019 (COVID-19) case was reported in
December 2019, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has infected 355 million people and caused 5.61
million deaths globally in late January 2022.'° Several vaccines,
including messenger RNA (mRNA) vaccines,”” adenovirus-based vac-

cines,®’ and inactivated vaccines,®” are being administered worldwide.

vaccines according to clinical trial results, only one dose was re-
commended for adenovirus-based vaccines due to both efficacy and
safety concerns.

Similar to observations for convalescent sera after natural
SARS-CoV-2 infection,’®*! neutralizing antibodies waned sig-

nificantly within months after vaccination.”>”*” Compared with
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mRNA vaccines that are dependent on intracellular production of
spike protein antigens and the ability of mRNA itself to mobilize
innate immune activity by inducing both higher neutralization titers

and strong cellular immunity,**?

alum-adjuvanted inactivated SARS-
CoV-2 vaccines induced lower neutralization titers and weaker cel-
lular immunity after two-dose immunization and exhibited a low
protection rate in clinical phase Ill trials.>?%?* To improve vaccine
efficacy, additional vaccination schedules with homologous or het-
erologous boost strategies for alum-adjuvanted inactivated SARS-
CoV-2 vaccines are being considered.?? 2%

For those who received the two-dose full-schedule immunization
with alum-adjuvanted inactivated SARS-CoV-2 vaccines, mRNA
vaccines and adenovirus-based vaccines are considered heterologous
boosts to increase not only humoral responses but also strengthen
cellular immunity.?>?#2° Correspondingly, reported homologous
boosting with the third dose of alum-adjuvanted inactivated SARS-
CoV-2 vaccine is mainly aimed at elevating neutralization titers
without fully evaluating the enhancement of cellular im-
munity.23'2(”29 In addition, the effects of the final boost intervals
should be carefully evaluated. In this report, we studied the humoral
and cellular immunity induced by two and three doses of an alum
adjuvant-inactivated SARS-CoV-2 vaccine in mice, and both were
administered according to the routine vaccination schedule. These
results may offer helpful clues for optimizing the homologous
boosting strategy for alum-adjuvanted inactivated SARS-CoV-2

vaccines.

2 | MATERIALS AND METHODS

2.1 | Vaccines

An inactivated SARS-CoV-2 vaccine adjuvant with aluminum was
supplied by the Institute of Medical Biology, Chinese Academy of
Medical Sciences (IMBCAMS). The vaccine contains the KMS-1
SARS-CoV-2 strain (GenBank accession number MT226610.1) dou-
ble inactivated with formaldehyde plus B-propiolactone and ad-
juvanted with aluminum hydroxide; this is the same vaccine that was

used in phase Il clinical trial.>°

2.2 | Mouse studies

For immunogenicity studies, specific pathogen-free female Balb/C
mice (6-8 weeks, 20-22 g) were used. Mice were supplied by the
Central Animal Services of the IMBCAMS and maintained under
standard pathogen-free conditions before use. For each dose, mice
were administered 1/10 of the human immunogen dose in-
tramuscularly, that is, 15 enzyme-linked immunosorbent assay units
(EV) of viral antigen and 25 pg of aluminum hydroxide. Whole blood
samples were collected at different time points via the tail vein or
cardiac puncture. After centrifugation at 1000 g for 30 min, sera were
obtained and stored at -80°C before use. Mice were killed 2 weeks
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after the final immunization, and spleen cells were collected as

described elsewhere.**

2.3 | Detection of SARS-CoV-2 spike
protein-specific antibodies

The levels of spike protein-specific antibodies in serum samples
collected from immunized mice were determined by enzyme-linked
immunosorbent assay (ELISA). Recombinant S-trimer 6P proteins
(S protein) (Atagenix), which is produced by mammalian cells and
encoding mutated Met1-GIn1208 of SARS-CoV-2 spike protein
(F817-P, A892-P, A899-P, A942-P, K986-P, V987-P) were used to
precoat 96-well microplates at a final concentration of 2 pg/ml. After
incubation overnight at 4°C, the plates were washed three times with
PBST (phosphate-buffered saline containing 0.05% (v/v) polysorbate
20). Five percent (w/v) skim milk in PBS was used to block the plates
for 1 h, and serial dilutions of mouse sera were incubated for another
1 h. Goat anti-mouse IgG, IgG1, and IgG2a conjugated with horse-
radish peroxidase (HRP) (1:10 000, 1:500, and 1:2000, respectively;
Bio-Rad) were used as detection antibodies. After adding the mixed
substrate 3,3,5,5-tetramethylbenzidine (TMB, BD) for 5min, 1M
sulfuric acid was added to stop the reaction. The absorbance at
450 nm was detected with a spectrophotometer (BioTek Instruments,
Inc.). 1gG/1gG1/1gG2a titers were defined as the endpoint dilutions
showing cutoff signals above OD450=0.15, and antibody titers
lower than 50 at a dilution of 1:500 were defined as 50 for

calculations.*?

2.4 | Cytokine analysis

Spleen cells were suspended in RPMI (Roswell Park Memorial In-
stitute, Thermo Fisher) 1640 medium supplemented with 10% (v/v)
FBS (Biological Industries) and penicillin-streptomycin (Thermo
Fisher) at a final concentration of 1 x 10° cells/ml. Then, 100 ul of
cells was added to each well of a 96-well plate (Corning Inc.).
Recombinant S-trimer 6P protein, at a final concentration of 10 pg/
ml, was added to each well, and the same volume of PMA+
ionomycin (DAKEWE) was used as a positive control. After in-
cubation for 24 h at 37°C in a 5% CO, atmosphere, the super-
natant of cells was collected, and the contents of IL-2, IFN-v, IL-4,
and IL-13 were tested by ELISA. Briefly, unconjugated IL-2 (3 pg/
ml), IFN-y (4 pug/ml), IL-4 (3 pg/ml), and IL-13 (3 pg/ml) antibodies
(Invitrogen) dissolved in PBS were used to coat 96-well plates for
16 h at 4°C. After blocking with 5% (w/v) skim milk at 37°C for
another 1 h, 50 pl/well cell supernatant was added to each well and
incubated for 3h at room temperature. Biotin-conjugated anti-
bodies against IL-2, IFN-v, IL-4, and IL-13 (2 ug/ml, Invitrogen) and
HRP-conjugated streptavidin (1 ug/ml, Biolegend) were incubated
with the samples for 1 h and 30 min. The reaction was terminated,
and the results were detected as described above in the antibody

detection section.
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2.5 | Enzyme-linked immunospot (ELISPOT) assay

According to the manufacturer's protocol, spleen cells (5 x 10° cells/
well) from immunized mice were seeded in 96-well plates for further
analysis with an ELISPOT assay kit (BD). Recombinant S-trimer 6P
protein at 20 ug/ml was used to stimulate S protein-specific T cell
responses, and the same volume of PMA +ionomycin was used as a
positive control. Spots were counted with an ELISPOT reader system

(Autoimmun Diagnostika GmbH) after immunoimaging.*®

2.6 | Flow cytometry

All of the following reagents were purchased from Biolegend. A total
of 1x10° splenocytes were incubated with 10 ug/ml S proteins at
37°C with 5% CO, for 2h, then 5pug/ml brefeldin A was added.
Splenocytes were incubated overnight under the same conditions to
block cytokines release. After washing with staining buffer, 100 ul of
Zombie NIR™ (Biolegend) was added to each vial for the incubation of
30 min. Then, 5 ug/ml anti-CD16/CD32 antibodies were added, and
the splenocytes were incubated at 4°C for 10 min to block nonspecific
binding of Fc receptors. Then, PC5.5 anti-mouse CD4, FITC anti-
mouse CD8, BV510 anti-mouse CD44, and BV421 anti-mouse CD62L
antibodies were added for another 30 min at 4°C. After washing with
permeabilization buffer, PE-tagged anti-mouse IFN-y and APC-tagged
anti-mouse IL-2 antibodies were added and incubated in the dark at
room temperature for 30 min. After staining, the cells were gated
(forward and side scatter, FSC/SSC), and samples with more than
20000 events for CD4+ or CD8+ T cells were analyzed with a
CytoFLEX flow cytometer (Beckman) and FlowJo_V10 software (BD).

2.7 | Statistical analysis

Data were analyzed with GraphPad Prism 9.2 (GraphPad Software
Inc.) and expressed as the mean +standard deviation. Significant
differences among experimental groups were analyzed by ordinary
one-way analysis of variance followed by Dunnett's multiple com-
parisons test, comparing the mean of each group with the mean of
the control group. Asterisks representing the p-value classification:
*p < 0.05; **p <0.01, ***p <0.001.

3 | RESULTS

3.1 | The immunization schedule with three doses
induces higher IgG titers than that does with two
doses

Four immunization schedules were designed, as follows: two doses
for Group a, 0-2 weeks (0-14 days); two doses for Group b, 0-4
weeks (0-28 days); three doses for Group c, 0-1-3 months
(0-28-84 days); and three doses for Group d, 0-1-6 months
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FIGURE 1 IgG antibodies elicited by different immunization

schedules for inactivated severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) vaccines. (A) Immunization schedules for
inactivated SARS-CoV-2 vaccines. Black arrows indicate vaccine
injections for each group of mice. The time points at which mouse
blood was collected and killed mice are shown as blue and red circles.
(B) S-specific IgG titers of immune serum from immunized mice.

N = 6. Data are shown as the mean with standard deviation.

PBS, phosphate-buffered saline

(0-28-168 days). Mice immunized with the same volume of PBS
were included as the control group. Mice were killed 14 days after
the final immunization in all groups (shown by red circles in
Figure 1A). Antisera from the immunized mice were collected before
each immunization and 2 weeks after the last immunization (shown
by blue circles in Figure 1A) for antibody measurement.

Regarding the interval between the first and the second im-
munization, 4 weeks was better than 2 weeks, with Groups b, c, and d
on Day 28 showing nearly triple the IgG titers than in Group a on Day
14 (Figure 1B). Regarding the interval between the second and third
immunization, the 2-month interval in Group c (from 12000 to
58 667, for a titer increase of 4.89-fold) did not appear to be sig-
nificantly different from the 5-month interval in Group d (from
12 667 to 64 000, for a 5.05-fold increase in the mean value).

Regarding the final IgG titers 2 weeks after the last immunization,
the two-dose immunization schedule, 0-4 weeks (Group b), had a
clear advantage over 0-2 weeks (Group a), as the IgG titers had
grown fivefold at the endpoint (34 667 in the Group a vs. 176 000 in
Group b). Overall, the IgG titers of the three-dose immunization
schedule (234 667 in Group ¢, 320 000 in Group d, mean value) were
higher than those of the two-dose immunization schedule (34 667 in

Group a, 176 000 in Group b, mean value) at the endpoint.

3.2 | A three-dose immunization schedule of
0-1-3 months induced the most potent cell-mediated
immunity

The three-dose immunization schedule of 0-1-3 months (Group c in
Figure 2) induced the most potent cell-mediated immunity, followed
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by the schedule of 0-1-6 months (Group d in Figure 2). Although the Regarding ELISA analysis (Figure 2A), the IL-2 level was
difference between Group c and Group d was not significant, Group c 790.3 pg/ml in the supernatant of Group c splenocytes after SARS-
exhibited significantly stronger cell-mediated immunity than the two- CoV-2 spike protein stimulation, which was significantly higher than
dose immunization schedule (Group a or Group b) for all tested that in the supernatants of the groups subjected to the two-dose
indexes. immunization schedule (p = 0.006 for Group a, p =0.04 for Group b).
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FIGURE 2 Enzyme-linked immunosorbent assay (ELISA) and enzyme-linked immunospot (ELISPOT) assay performed with isolated
splenocytes from immunized mice. (A) IL-2 and IFN-y secreted by splenocytes upon stimulation with the S protein were detected by ELISA.
(B) IL-2-producing splenocytes after S protein stimulation. (C) IFN-y-producing splenocytes after S protein stimulation. Representative images of
spots around the mean value for the groups are also shown in the left panels of (B) and (C). N = 6, points represent individual mice. Data were
compared using one-way analysis of variance followed by Dunnett's multiple comparisons tests, with Group c as the control. *p < 0.05;

**p < 0.01. PBS, phosphate-buffered saline
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Although the IFN-y level was 4008 pg/ml in the supernatant of
Group c splenocytes after SARS-CoV-2 spike protein stimulation and
higher than that in the supernatants of the groups subjected to the
two-dose immunization schedule, the difference was only significant
compared with the Group a (p = 0.006).

Regarding ELISPOT analysis, the number of IL-2 secreting cells
(Figure 2B) in Group ¢ was 260.8 per 5 x 10° splenocytes after SARS-
CoV-2 spike protein stimulation, which was significantly higher than
that in the groups subjected to the two-dose immunization schedule
(p =0.008 for Group a, p = 0.04 for Group b). Although the number of
IFN-y secreting cells (Figure 2C) after SARS-CoV-2 spike protein
stimulation was 238.5 per 5 x 10° splenocytes in Group c and higher
than that in the groups subjected to the two-dose immunization
schedule, the difference was only significant compared with the
Group a (p =0.002), as observed for ELISA.

3.3 | The three-dose immunization schedule
yielded more potent Th-2-oriented responses

The three-dose immunization schedule of 0-1-3 months induced
titers of S-specific IgG2a antibodies (Group c in Figure 3B) equal to
those induced by the two-dose immunization schedule in Group b

(IgG2a titers = 40 000), followed by the 1gG2a titers induced in Group
d (IgG2a titers = 37 333) and Group a (IgG2a =22 667). Although no
significant difference was detected between the 1gG2a titer in Group
c and those in the other three groups, S-specific IgG1 antibodies
were disproportionately elevated for the groups subjected to the
three-dose immunization schedule (Figure 3A). The S-specific 1gG1
antibody titers induced in Group c were significantly higher than
those induced in the groups subjected to the two-dose immunization
schedule (p =0.005 for Group a, p =0.01 for Group b). Correspond-
ingly, Group c showed the highest 1gG1-to-IgG2a titer ratio, calcu-
lated to evaluate the Th1/Th2 balance (Figure 3C); this value was
significantly higher than that in the groups subjected to the two-dose
immunization schedule (p = 0.02 for Group a, p = 0.03 for Group b).

Regarding Th2 oriented cytokines from ELISA analysis, the IL-4
level (Figure 3D) was 3723 pg/ml in the supernatant of Group c
splenocytes after SARS-CoV-2 spike protein stimulation, which was
significantly higher than that in the supernatants of the groups sub-
jected to the two-dose immunization schedule (p = 0.02 for Group a,
p =0.01 for Group b). The IL-13 level (Figure 3E) was 6 245 pg/ml in
the supernatant of Group c splenocytes after SARS-CoV-2 spike
protein stimulation, which was significantly higher than that in the
supernatants of the other three groups (p <0.001 for Group a and
Group b, p =0.004 for Group d).
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FIGURE 3

1gG subtypes and Th2 oriented cytokines elicited by different immunization schedules for inactivated severe acute respiratory

syndrome coronavirus 2 vaccines. (A) S-specific I1gG1. (B) S-specific 1gG2a. (C) 1IgG1/1gG2a ratio. (D) and (E) IL-4 and IL-13 secreted by
splenocytes upon stimulation with the S protein. N = 6, points represent individual mice. Data were compared using one-way analysis of
variance followed by Dunnett's multiple comparisons tests, with Group c as the control. *p < 0.05; **p < 0.01; ***p < 0.001. PBS,

phosphate-buffered saline
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3.4 | The three-dose immunization schedule
induced higher proportions of CD4+ and
CD8+ memory T cells in mice

As T cells become activated or progress to the memory stage, CD44
expression increases from low or moderate levels to high levels. Thus,
CD44 has been reported to be a valuable marker for memory cell
subsets. The expression of CD62L has also been used to distinguish

naive, effector, and memory T cells.>**%¢ Once reactivated by

MEDICAL VIROLOGY

antigens, memory CD4+ cells could assist with the production of
antibodies by B cells, and memory CD8+ cells could help increase the
production of cytotoxic T lymphocytes. In brief, CD44+/CD62L+ cells
were used to gate memory T cells.

The three-dose immunization schedule of 0-1-3 months in-
duced CD4+ (Figure 4A) and CD8+ (Figure 4B) memory T cell num-
bers comparable to those induced by the three-dose immunization
schedule of 0-1-6 months. CD4+ memory T cell numbers (Figure 4A)

in Group c were significantly higher than those in the two-dose
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FIGURE 4 CD4+ and CD8+ memory T cell analysis by flow cytometry. (A) CD4+ memory T cells. (B) CD8+ memory T cells. Pseudocolor
images displaying representative results near the average value for gated CD44+/CDé62L+ cells are listed in the left panels of (A) and (B). N = 6,
points represent individual mice and three data points for which the cells clotted in the Group a were eliminated. Data are shown as the mean
with standard deviation and were compared using one-way analysis of variance followed by Dunnett's multiple comparisons tests, with Group c
as the control. *p < 0.05; **p < 0.01. PBS, phosphate-buffered saline
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immunization schedule groups on effector memory cells (p = 0.03 for
Group b) and central memory cells (p = 0.007 for Group a, p = 0.03 for
Group b). Similar tendencies were also observed when CD8+ memory
T cells (Figure 4B) were compared between Group ¢ and the two-
dose immunization schedule groups on effector memory cells
(p=0.01 for Group b) and central memory cells (p = 0.003 for Group
a, p =0.02 for Group b).

4 | DISCUSSION

Waning antibodies and rapidly emerging variants are two great
challenges for developing SARS-CoV-2 vaccines in all forms. Two-
dose immunization with alum-adjuvanted inactivated SARS-CoV-2
vaccines induced relatively lower neutralization titers and weaker
cellular immunity than other forms of SARS-CoV-2 vaccines, for ex-
ample, mRNA/adenovirus vaccines, which indicates the urgent need
for an immune boost.

A heterologous boost for two-dose immunized alum-adjuvanted
inactivated SARS-CoV-2 vaccines was reported to elevate humoral re-
sponses and strengthen cellular immunity. Adenovirus-based vaccines
alone induced both high SARS-CoV-2 neutralization antibodies and
SARS-CoV-2 spike-specific T cell responses. When used as a one-dose
heterologous boost vaccine for two-dose immunized alum-adjuvanted
inactivated SARS-CoV-2 vaccines in mice, adenovirus-based vaccines
elevated the humoral responses 100-fold and strengthened cellular
immunity by 30-fold.?* As the most widely administered mRNA vaccine
worldwide, BNT162b2, dependent on intracellular production of spike
protein antigens and the innate immunity mobilization activity of mRNA
itself, induced both high titers of SARS-CoV-2 neutralization antibodies
and strong SARS-CoV-2 spike-specific T cell responses.'? When used as
a one-dose heterologous boost vaccine for two-dose immunized alum-
adjuvanted inactivated SARS-CoV-2 vaccines in clinical trials,
BNT162b2 elevated the humoral responses by 70-fold, but cellular
immunity was strengthened by 1.5-fold.”®

In this study, in mice, the two-dose immunization schedule of
0-28 days for alum-adjuvanted SARS-CoV-2 vaccines induced 5-fold
stronger spike-specific IgG responses than the 0-14 day schedule 14
days after the final immunization (Figure 1), which is consistent with a
clinical trial for the comparison of a two-dose immunization schedule
for alum-adjuvanted SARS-CoV-2 vaccines.?’ Homologous boosting
2 months after the last immunization in the 0-28-day group (i.e.,
0-28-84 days) strengthened the humoral response by 1.3-fold, and
homologous boosting 5 months after the last immunization in the
0-28-day group (i.e., 0-28-168 days) strengthened the humoral re-
sponse by 1.8-fold. These results were consistent with a clinical re-
port that the third dose of alum-adjuvanted inactivated SARS-CoV-2
vaccines slightly elevated (<1.5-fold) the geometric mean antibody
titers.? Considering the rapidly waning nature of SARS-CoV-2 hu-
moral responses, the intensified antibody responses elicited by a third
immunization, which were stronger than those induced by the two-
dose immunization schedule, suggest that good immune memory is

induced after alum-adjuvanted SARS-CoV-2 vaccination.”*?’

Although antibody responses recalled by the third dose of alum-
adjuvanted inactivated SARS-CoV-2 vaccines can neutralize emer-
ging SARS-CoV-2 variants, including the alpha, beta, and delta var-
iants, cellular immunity may also play important roles, considering the
linear characteristics of viral epitopes.”® Although the third im-
munization induced significantly stronger cell-mediated immunity
than both two-dose immunization schedules for all of the indexes
tested, the response was strengthened by less than 2-fold (Figure 2),
which is similar to the effect of a one-dose heterologous boost with
BNT162b2 in clinical trials for cellular immunity analysis (1.5-fold).?”
On the other hand, the cellular immunity induced by the third dose of
alum-adjuvanted inactivated SARS-CoV-2 vaccine showed the typical
Th2 orientation (Figure 3), different from the Th1 orientation induced
by the initial mRNA vaccine immunization.'”***” Flow cytometry
analysis showed higher proportions of CD4+ and CD8+ memory T
cells in the three-dose immunization group (Figure 4), indicating
easier recall of both humoral and cellular immunity when responding
to virus infection.

In conclusion, for the two-dose immunization schedule for alum-
adjuvanted inactivated SARS-CoV-2 vaccines, the immunization
schedule of 0-28 days was slightly superior to that of 0-14 days. A
third homologous boost 2 months or 5 months after the second
immunization slightly strengthened the humoral responses, but the
0-1-3-month immunization schedule significantly strengthened
spike-specific cellular immunity, with a Th2 orientation and good T

cell memory.
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