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GRAPHICAL ABSTRACT

PUBLIC SUMMARY

= A single-cell atlas of dynamic immune responses to the SARS-CoV-2 inactivated vaccine.

= The proportion of CD16* monocytes and the antigen presentation pathway are elevated.
= Both CD4" T cells and CD8* T cells are activated by inactivated vaccine.
= Cell-cell communications between innate and adaptive immunity are enhanced.

= Tregs and co-inhibitory pathways are induced to maintain immune homeostasis.
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The BBIBP-CorV severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) inactivated vaccine has been authorized for emergency use and
widely distributed. We used single-cell transcriptome sequencing to charac-
terize the dynamics of immune responses to the BBIBP-CorV inactivated vac-
cine. In addition to the expected induction of humoral immunity, we found
that the inactivated vaccine induced multiple, comprehensive immune re-
sponses, including significantly increased proportions of CD16" monocytes
and activation of monocyte antigen presentation pathways; T cell activation
pathway upregulation in CD8" T cells, along with increased activation of CD4*
T cells; significant enhancement of cell-cell communications between innate
and adaptive immunity; and the induction of regulatory CD4"* T cells and co-
inhibitory interactions to maintain immune homeostasis after vaccination.
Additionally, comparative analysis revealed higher neutralizing antibody
levels, distinct expansion of naive T cells, a shared increased proportion of
regulatory CD4* T cells, and upregulated expression of functional genes in
booster dose recipients with a longer interval after the second vaccination.
Our research will support a comprehensive understanding of the systemic im-
mune responses elicited by the BBIBP-CorV inactivated vaccine, which will
facilitate the formulation of better vaccination strategies and the design of
new vaccines.

INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19) pandemic continues to
threaten human health. The global distribution of effective vaccines has an essen-
tial role in preventing and controlling pandemics.’

The BBIBP-CorV vaccine is the first whole inactivated virus vaccine
authorized by the World Health Organization.?® During studies of its immu-
nogenicity and safety, the preclinical trials of BBIBP-CorV in six mammalian
models and clinical trials involving healthy populations at different ages
demonstrated that it induced high levels of neutralizing antibodies and effi-
ciently protected against SARS-CoV-2 infection.” ® In addition to the essen-
tial role of humoral immunity, a recent study regarding the T cell response
to BBIBP-CorV vaccination suggested that cellular responses may be
involved in protective immunity.”

The development of single-cell RNA sequencing (scRNA-seq) has allowed the
in-depth profiling of peripheral immunity.® Recently, several single-cell studies
profiled antiviral immune responses elicited by COVID-19 vaccines, such as the
expansion of plasmacytoid dendritic cells (pDCs) and the emergence of inflam-
matory monocytes with high interferon (IFN)-stimulated gene expression after
vaccination.”'? Studies have also revealed enhancement of the IFN-y response
in terms of cellular immunity and the activation of humoral immunity,”'" which
confirmed that the comprehensive immune response induced by a vaccine
can be delineated using scRNA-seq.

In the present study, we comprehensively characterized the longitudinal
changes in peripheral immune cells at single-cell resolution from vaccine re-
cipients during a phase 1/2 trial and conducted comparative analysis of
different booster vaccine strategies. Our findings indicate that the SARS-
CoV-2 inactivated vaccine efficiently induced extensive immune responses
in both the innate and adaptive immune systems, revealing the potential pro-
tective mechanism and providing a reference for the use of booster doses of
this vaccine.
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Figure 1. Study design and single-cell analysis of PBMC dynamics in vaccine and placebo recipients (A) Flowchart of the study design. Eight participants received three doses of
placebo or -CorV vaccine, and blood samples were collected from these participants at eight time points divided before and after vaccinations. Then, scRNA-seq and B ce
laceb BBIBP-CorV i d blood | I d f h ici ight ti ints divided bef d af inati Th RNA d B cell
receptor dynamic analysis were conducted. Red dotted lines indicate inoculation days. niform manifold approximation and projection plot shows 15 cell types o )

d i lysi d d. Red dotted lines indi i lation d B) Unifi ifold imati d projection (UMAP) plot sh 15 cell 672,114
immune cells by unsupervised clustering. Each cell type is indicated by a different color. ar plots show the number of cells in each sample and the number of cells at each time
i lIs b ised cl ing. Each cell isindi d by a diff lor. (C) Bar pl h h ber of cells i h | dth ber of cell h ti
point. A, B, C, D, E, and G represent vaccine recipients, while F represents a placebo recipient. (D) Violin plots show the normalized expression levels of canonical markers defining cell
types in (B). oxplots show the proportions of selected cells at all time points. p values < 0. tudent's t test) are indicated.

in (B). (E) Boxpl how th i f selected cell Il ti i I 0.05 (Student’ indicated
RESULTS samples were collected from each participant on days 0, 14, 28, 42, 56, 70, 84,

Single-cell analysis of peripheral blood mononuclear cell dynamics in
vaccine recipients

To profile dynamic immune responses to the BBIBP-CorV SARS-CoV-2 inacti-
vated vaccine in humans, longitudinal blood samples were collected from six
vaccine recipients and two placebo recipients (Table S1). All participants
received three doses of vaccine (vaccine group) or placebo (placebo group).
Inoculations were administered to participants on days 0, 28, and 56. Blood

and 146 (Figure TA).

We performed scRNA-seq of 56 peripheral blood mononuclear cell (PBMC)
samples from the participants; we also performed bulk RNA-seq of 64 PBMC
samples. After quality filtering, we profiled 672,114 single cells from six vaccine
recipients and one placebo recipient (Figures 1B and STA). The number of cells
in each sample ranged from 74,759 to 137,446; the number of cells at each
time point ranged from 53,343 to 107,013 (Figure 1C). Unsupervised clustering
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was performed and 15 cell populations were identified on the basis of canonical
markers (Figures 1B and 1D). Then, we examined the single-cell dynamics of
PBMCs in these vaccine recipients at eight time points before and after the
three vaccinations. The proportions of CD16" monocytes, activated CD4"
T cells, and regulatory CD4" T cells dramatically increased after vaccination,
whereas the proportions of other cell types did not significantly change
(Figures 1E, S1B, and S1C). These findings indicated that scRNA-seq could
robustly measure dynamic peripheral immune responses induced by the inac-
tivated vaccine.

Vaccine-mediated stimulation of CD16* monocyte-dominated innate
immune responses

Vaccine-mediated induction of antigen-specific B and T cell responses re-
quires activation of the innate immune system, particularly with respect to an-
tigen-presenting cells (APCs).'> We subclustered monocytes (n = 25361) to
analyze the dynamic response of APCs to vaccination (Figure 2A). Re-clustering
revealed five clusters: non-classical CD16" monocytes (FCGR3AY;, CD16*
mono), CD16* complement-associated monocytes (FCGR3A*CT1QA'C1QB";
CD16*C1" mono), CD16"IFN* monocytes (FCGR3A'IFIT3Y; CD16*IFN* mono),
CD14" monocytes (CD14%; CD14* mono), and dendritic cells (CD1C*; DCs)
(Figure 2B). Cells in these clusters expressed high levels of MHC-II (HLA-DRA,
HLA-DRBT) and MHC-I (HLA-A, HLA-B) genes, indicating their antigen presenta-
tion capabilities (Figure 2C).

We first examined compositional changes in response to the vaccine.
The proportions of three CD16" monocyte states (CD16%, CD16°C1", and
CD16"IFN*) dramatically increased after the first vaccination (Figure 2D).
By contrast, we did not observe significant increases in CD14" monocytes
or DCs. CD16*IFN* monocytes mainly expressed genes related to the IFN
response; cells in these clusters may be directly related to the IFN response
(Figure S2A). The increased proportion of CD16*IFN™ monocytes indicated
that vaccination had caused the activation of IFN-mediated antiviral
immunity.

We also used pathway analyses to investigate changes in the functional
status of each subpopulation of myeloid cells after vaccination. The expres-
sion levels of genes in the MHC-Il antigen presentation pathway in CD16"
monocytes were significantly upregulated after the first vaccination (Fig-
ure 2E). Analysis of differentially expressed genes at dynamic time points
(Table S2) also showed that the expression of the MHC-II molecule HLA-
DRA began to significantly increase in CD16" monocytes at 14 days after
injection of the vaccine (Figure 2H). The expression levels of genes in the
MHC-I-mediated antigen processing and presentation pathways were signif-
icantly upregulated in CD14* monocytes and DCs (Figures 2F and 2G); the
expression levels of MHC-I molecules (HLA-A and HLA-B) in CD14" mono-
cytes were enhanced after the first vaccination (Figure 21). The activities of
several other immune response-related pathways and genes were also
significantly enhanced by vaccination (Figures 2E-2G, S2B-S2F, S3A, and
S3B). The pathway activity of positive regulation of memory T cell differenti-
ation by CD16" monocytes (Figure 2E) and CD8" T cell activation by CD14"
monocytes and DCs (Figures 2F and 2G) were upregulated after vaccination,
indicating that the abilities of APCs to stimulate T cell activation and differen-
tiation were enhanced by the vaccine.

Vaccine-mediated induction of activated and regulatory CD4" T cells and
activation of CD8* cytotoxic T cells

T cell-mediated cellularimmunity is critical for protection against SARS-CoV-2
infection.'® Therefore, to investigate the T cell and natural killer (NK) cell
responses elicited by the vaccine, we re-clustered T cells and NK cells with
more granularity (Figure 3A). Seven clusters of T cells and two clusters of NK
cells were identified: CD8*GZMH" cytotoxic T cells (CD8A*GZMH*; GZMH"
cyto T), activated CD4* T cells (CD4"; activated CD4* T), CD8* GZMK*
cytotoxic T cells (CD8A'GZMK™; GZMK™ cyto T), regulatory CD4" T cells (CD4*
IL2RA"; Treg), naive CD4" T cells (CD4"CCR7"; naive CD4" T), naive CD8"
T cells (CD8A*CCR7"; naive CD8* T), IFN* T cells (IFI144%; IFN* T), CD16* NK cells
(FCGR3A™; CD16" NK), and XCL1" NK cells (XCL1"; XCL1* NK) (Figure 3B).

The proportions of naive T cells, cytotoxic T cells and NK cells did not signifi-
cantly change after vaccination (Figures 3C and S4). However, vaccine-mediated
induction of activated and regulatory CD4" T cells was observed. The proportion

REPORT

of activated CD4" T cells and T cell activation pathway activity significantly
increased 14 days after the third vaccination, indicating that the third vaccination
could induce the proliferation of activated CD4" T cells (Figures 3C, 3D, and S5A).

Regulatory CD4" T cell expansion was detected 14 days after the second vacci-
nation, and the third vaccination further increased the proportion of regulatory
CD4" T cells (Figure 3C). Activation of regulatory CD4" T cells was also observed
after vaccination (Figures 3G and S5D). These findings suggested that the SARS-
CoV-2 inactivated vaccine could elicit robust production of regulatory CD4*
T cells. Regulatory CD4" T cells have a critical role in the maintenance of immune
homeostasis'* regulatory CD4* T cells induced by the vaccine may contribute to
the suppression of excessive immune responses and the prevention of allergic
responses. The expression of IL6R was significantly induced after the second
vaccination in both activated and regulatory CD4* T cells (Figures 3H and 3K;
Table S3); thus IL6-ILER signaling may play a critical role in regulating the balance
between effector and regulatory CD4" T cells in response to the SARS-CoV-2 in-
activated vaccine.

Although the proportion of CD8* cytotoxic T cells did not significantly change
(Figure 3C), the expression levels of genes in T cell activation pathways signifi-
cantly increased in these CD8" T cells after the third vaccination (Figures 3E,
3F, S5B, and S5C). In cytotoxic T cells (GZMK* cyto T, GZMH* cyto T) and
CD16" NK cells, the expression level of RUNX3, a transcription factor that regu-
lates the cytolytic activity of T cells,'® was significantly enhanced by the first
vaccination (Figures 31, 3J, and S6D). The expression levels of cytotoxicity-related
genes (GZMA, PRF1, GZMK, and NKG7) were also significantly upregulated after
the first vaccination, and their expression was enhanced by the second or third
vaccinations (Figures 3, 3J, and S6B-S6D). These results indicate that CD8"
T cell responses are elicited by the SARS-CoV-2 inactivated vaccine.

The overall expression levels of genes in type I IFN pathways and the expres-
sion levels of specific genes in those pathways (ISG20, XAF1, and IRF3) were
significantly increased in activated CD4" T cells and CD8" cytotoxic T cells after
vaccination, indicating that vaccination induced a broad IFN response in T cells
(Figures S6A-S6C and S7). Furthermore, the expression level of SELPLG, an im-
mune checkpoint regulator that promotes T cell exhaustion,'® was significantly
enhanced in CD8" cytotoxic T cells (Figures 31 and 3J); this finding suggested
that negative regulators of T cell responses may be induced by the vaccine to pre-
vent the excessive activation of effector T cells.

Taken together, these results indicate that the SARS-CoV-2 inactivated vaccine
induced increased production of activated and regulatory CD4" T cells, along with
increased activation of CD8" cytotoxic T cells; these changes may contribute to
vaccine-induced T cell memory.

Dynamic changes in B cell functional status after vaccination

Long-term humoral immunity mediated by memory B cells and plasma cells is
critical for protection against SARS-CoV-2."” Through sub-clustering, we identi-
fied four B cell subsets: naive B cells (MS4A1*IGHD*CD19"; naive B), memory
B cells (MS4AT*IGHD™; memory B), IFN* B cells (MS4AT*IFI447IFI44L"; IFN*
B), and plasma cells (MZB1; plasma) (Figures 4A and 4B). The proportions of
B cell subsets did not significantly change before and after vaccination
(Figures 4C and S8A).

We measured the anti-receptor-binding domain IgG levels of all recipients on
the basis of the longitudinally collected plasma samples by enzyme-linked immu-
nosorbent assays (Figure 4D). Although the IgG antibody level exhibited minor
elevation after the first vaccination, the level significantly increased in most vac-
cine recipients after the second vaccination. Furthermore, the third vaccination
maintained the IgG antibody levels; thus, a high level of antibody remained detect-
able until 146 days after the initial vaccination. However, the plasma IgG levels in
two placebo recipients remained undetectable (Figure 4D).

On the basis of the results of bulk RNA sequencing, we analyzed changes in B
cell receptors before and after vaccination. Analysis of VDJ gene usage showed
dynamic changes in the IGHV-IGHJ pairing after vaccination. In previous studies,
IGHV3-23-IGHJ4 was identified as the most frequent pairing among COVID-19
patients with early recovery.'® Interestingly, IGHV3-23-IGHJ4 was detected as
one of the main clone types in all recipients (Figure S9). In the vaccine recipients,
an elevated IGHV3-23-IGHJ4 proportion was constantly observed in recipients A
and C, while decreased proportions were observed at some time points in other
recipients (Figures 4E and S9), reflecting individual differences in vaccine
responses.
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Figure 2. Dynamic changes in innate immune responses among myeloid cell subsets (A) UMAP plot shows the results of sub-clustering involving 25,3617 monocytes. (B) Dot plot
shows the expression levels of selected genes in the five subsets of myeloid cells. Dot color indicates mean expression level and dot size indicates the percentage of the cell expressing
the gene. (C) Violin plot shows the expression levels of MHC-Il and MHC-I genes in myeloid cell subsets. (D) Boxplots show the proportions of myeloid cell subsets in vaccine recipients
at all time points; bar plots show the proportions of myeloid cell subsets in one placebo recipient at all time points. p values < 0.05 (Student's t test) are indicated. (E-G) Changes in
functional pathways over time in monocyte subsets, the red line indicates the median expression level of vaccine recipients, the blue line indicates the expression level of the placebo
recipient, including CD16* monocytes (E), CD4* monocytes (F), and DCs (G). p values < 0.05 (Wilcoxon rank-sum test) are indicated. (H) Violin plot shows the dynamic changes in MHC-
Il expression levels over time in CD16" monocytes. *p < 0.05, **p < 0.01, and ***p < 0.001 (Wilcoxon rank-sum test). (1) Violin plots show dynamic changes in MHC-Il and MHC-I
expression levels over time in CD14" monocytes. *p < 0.05, **p < 0.01, and **p < 0.001 (Wilcoxon rank-sum test).

Pathway analyses were conducted to analyze vaccine-driven changes in B cell
functional status. After vaccination, a series of pathways that regulated B cell re-
ceptor signaling and type | IFN regulatory pathways were significantly upregu-
lated in naive B cells and memory B cells (Figures 4F, 4G, and S8B-S8D). These

results indicated that vaccination had a significant impact on B cell functional sta-
tus (i.e, the pathways responsible for the regulation of B cell receptor signaling
were activated), which could contribute to the generation of B cell memory
responses.
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Figure 3. Vaccine-mediated induction of T cell responses in T and NK cell subsets (A) UM

AP plot shows the results of sub-clustering involving 557,551 T and NK cells. (B) Dot plot

shows the expression levels of selected genes in the nine subsets of T and NK cells. Dot color indicates mean expression level and dot size indicates the proportion of cells expressing
the gene. (C) Boxplots show the proportions of T and NK cell subsets in vaccine recipients at all time points; bar plots show the proportions of T and NK cell subsets in one placebo
recipient at all time points. p values < 0.05 (Student's t test) are indicated. (D-G) Changes in T cell activation and positive regulation of T cell activation pathways over time in T cell
subsets; the red line indicates the median expression level of vaccine recipients, including activated CD4" T cells (D), GZMK" cytotoxic T cells (E), GZMH* cytotoxic T cells (F), and Treg
cells (G). p values < 0.05 (Wilcoxon rank-sum test) are indicated. (H-K) Violin plots show dynamic changes in the expression levels of selected genes over time in T cell subsets,

including activated CD4"* T cells (H), GZMK" cytotoxic T cells (1), GZMH" cytotoxic T cells (J

Differentially expressed gene analysis (Table S4) revealed that the
expression level of CD81, which is reportedly important for B cell activation
and antibody production,'® was significantly enhanced in naive B cells after
vaccination (Figure 4H). Moreover, the expression levels of antibody-encod-

), and Treg cells (K). *p < 0.05, **p < 0.01, and **p < 0.001 (Wilcoxon rank-sum test).

ing genes (IGHAT and IGHA?2), a transcriptional factor required for plasma
cell differentiation (XBPT), and antibody secretion-related genes (SSR7,
SSR2, SSR3, SSR4, SEC11C, SEC61A1, and SEC61G) were significantly upre-
gulated; these findings were consistent with the heightened antibody
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Figure 4. Dynamic changes in functional status among B cell subsets (A) UMAP plot shows the results of sub-clustering involving 75,204 B cells. (B) Dot plot shows the expression
level of selected genes in four subsets of B cells. Dot color indicates mean expression level and dot size indicates the proportion of cells expressing the gene. (C) Boxplots show the
proportions of memory B and plasma cells in six vaccine recipients at all time points; bar plots show the proportions of memory B and plasma cells in one placebo recipient at all time
points. p values < 0.05 (Student’s t test) are indicated. (D) Line chart shows the dynamic changes in anti-receptor-binding domain IgG levels in six vaccine recipients and two placebo
recipients, as determined by enzyme-linked immunosorbent assays. (E) Bar plot shows the proportion of IGHV3-23-IGHJ4 pairs in six vaccine recipients and two placebo recipients.
The proportion of IGHV3-23-IGHJ4 pairs in each time point is minus the proportion on day 0. (F and G) Changes in pathways regulating B cell receptor signaling over time in memory B
cells (F) and plasma cells (G); the red line indicates the median expression level of vaccine recipients, the blue line indicates the expression level of the placebo recipient. p values < 0.05
(Wilcoxon rank-sum test) are indicated. (H) Violin plot shows the expression level CD81 at dynamic time points in naive B cells. *p < 0.05, *p < 0.01, and ***p < 0.001 (Wilcoxon rank-
sum test). (I) Violin plots show dynamic changes in the expression levels of IGHAT, XBP1, and SSR3 over time in plasma cells. *p < 0.05, **p < 0.01, and ***p < 0.001 (Wilcoxon rank-
sum test).

response after the second vaccination (Figures 41 and S8E). The significant In summary, inoculation using the SARS-CoV-2 inactivated vaccine elicited acti-
upregulation of TLR70, TFEB, and IGHM was observed in memory B cells  vation of the B cell receptor pathway in B cells, secretion of SARS-CoV-2-specific
(Figure S8F). antibodies, and generation of long-term B cell immune memory.

6 The Innovation 4(1): 100359, January 30, 2023 www.cell.com/the-innovation


http://www.thennovation.org
http://www.thennovation.org

Dynamic interactions between innate and adaptive immunity after
vaccination

Crosstalk between innate and adaptive immunity is critical for generating
vaccine-induced immunological memory and protective immune responses to
pathogens.'” To assess changes in the interactions between innate and adaptive
immunity after vaccination, we used the CellPhoneDB to identify potential ligand-
receptor pairs among all cell types (Figure $10).%°

We observed a significantly increased number of ligand-receptor pairs
among total immune cells after the first vaccination and further enhancement
by the second vaccination in five out of six donors (Figure 5A), the slight reduc-
tion followed by the delayed elevation in the sixth donor may reflect individual
differences in vaccine-induced immune responses. As we further calculated the
number of ligand-receptor pairs in immune cell subsets, similar enhancements
in activated CD4" T, GZMK" cyto T, and CD16"IFN" monocytes were observed,
though the increased tendency was not significant in memory B cells until
14 days after the second inoculation (Figure 5B). Accordingly, the overall rise
in the number of interaction pairs indicated that the inactivated vaccine induced
extensive cell-cell communication among immune cells (Figures 5A and 5B;
Table S5).

We observed that cellular interactions between innate and adaptive immunity
were significantly enhanced in response to vaccination through ligand-receptor
pairs of chemokines, cytokines, and co-stimulatory and co-inhibitory pathways.
The proportions of CD16"C1* monocytes and CD16*IFN™ monocytes dramati-
cally increased after vaccination (Figure 2D); their interactions with several sub-
sets of T cells (GZMK" cyto T, GZMH" cyto T, IFN* T, and activated CD4" T)
were also significantly enhanced through chemokine-receptor pairing (CCL3-
CCR5, CXCL10-CXCR3, and CXCL16-CXCR6) (Figure 5C). These results sug-
gested that chemokine production in innate immune cells was stimulated by
vaccination; the increased levels of chemokines may promote the recruitment
and activation of T cells.

Co-stimulatory pathways are essential for T cell activation by APCs.”" Multiple
co-stimulatory ligand-receptor interactions (CD226-PVR, CD28-CD80, CD40LG-
CD40, and ICOS-ICOSLG) between T cells (GZMK" cyto T and activated CD4"*
T) and APCs (CD16*C1* monocytes, CD16"IFN* monocytes, DCs, and IFN* B
cells) were significantly enhanced after vaccination, indicating that sustained
co-stimulatory pathway activity had been induced by vaccination (Figures 5D
and S117). The balance of co-stimulatory and co-inhibitory pathways is critical
for regulating T cell responses.?’ Notably, several ligand-receptor interactions
of co-inhibitory pathways (TIGIT-PVR, CD96-PVR, CTLA4-CD86, and CTLA4-
CD80) between T cells and APCs were increased after vaccination (Figures 5E
and S11), which implies a negative control mechanism to prevent vaccine-medi-
ated induction of excessive T cell responses.

Although no significant changes were observed in the proportions of IFN*
T cells, we found that interactions between IFN* T cells and APCs (CD16*C1*
monocytes, CD16"IFN* monocytes, and DCs) were significantly enhanced after
each vaccination via IFNG-type Il IFNR (Figure 5F). Furthermore, the CSF1-
CSR1R interaction score was enhanced by the second vaccination among IFN*
T cells, activated CD4* T cells, CD16"C1" monocytes, and CD16*IFN* monocytes
(Figure 5F). These results suggest that IFN* T cells and activated CD4" T cells
may provide cytokine feedback signals to modulate innate immune cells in
response to vaccination.

Taken together, our cell-cell communication analysis indicated that vaccination
elicited extensive interactions between innate and adaptive immunity; these inter-
actions may be critical for establishing long-term immunological memory and im-
mune homeostasis in response to the vaccine.

Validation of the enhancement of vaccine-elicited immune responses by
in vitro experiments

To confirm the findings from our sScRNA-seq data, we performed in vitro exper-
iments on longitudinal plasma from validation cohort 1, which enrolled six vac-
cine recipients who had received injections at the same time points as the previ-
ous discovery cohort (Table S1). A similar dynamic tendency of 1gG antibody
levels with the previous discovery cohort was observed in validation cohort 1
(Figures 4D and S12A). We further examined antibody function by a pseudotyped
virus neutralization assay, and the neutralizing antibody titers were not signifi-
cantly increased until the second and third doses (Figure S12B). The highest titer
was at 14 days after the third vaccination (Figure S12B), which suggested the
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limited protection of the first vaccination and the necessity of prime-boost vac-
cine strategies. We then tested whether vaccine-induced antibodies were influ-
enced by sex or age in these two cohorts (n = 12), but no significant differences
were observed at any time points (Figures S12C, S12D, S13A, and S13B).

To verify the functional pathways engaged in the vaccine-induced immune
response, we determined the plasma levels of cytokines and chemokines among
the 12 volunteers before vaccination (0 days) and every 14 days after the vaccine
injection (14, 42, and 70 days) (Figures S12E-S12G and S13E). First, we discov-
ered a significant elevation in the concentration of IL-2Re. 14 days after the first
inoculation (Figure S12E), which may correlate with the high levels of Treg cells
induced by vaccines.?? The concentrations of MIP-Ta. (CCL3), M-CSF (CSF1),
and IP-10 (CXCL10) were also significantly increased at 14 days, which was in
line with enhancement of the CCL3-CCRS5, CSF1R-CSF1, and CXCL10-CXCR3
pairs in the cell-cell communication results (Figure S12F). There were no signifi-
cant variations in these concentrations between different sexes or ages
(Figures S12D, S13C and S13D). In addition, the plasma level of IL-1B has been
reported to be higher in patients with COVID-19 infection,”® and MCP-1, which
is a vital cytokine for the activation and transition of APCs, increased after
mRNA vaccine inoculation in mice,?* and both of these factors were significantly
increased after BBIBP-CorV inactivated vaccine inoculation (Figure S12G). TNF-B
was also elevated after vaccination (Figure S12G). All of these results confirmed
the vaccine-induced enhancement of the immune response.

Comparison of the immune responses led by different booster dosing
strategies

To further understand the immune responses to different vaccination strate-
gies for the third dose, we recruited validation cohort 2 enrolling six volunteers
who received the third dose more than 9 months after the second vaccination
(Figure 6A; Table ST). Analyses by sScRNA-seq of PBMCs and a pseudotyped virus
neutralization assay of plasma were also conducted in five individuals from vali-
dation cohort 2 (Figures 6B and 6C). We integrated the scRNA-seq data of the
validation cohort 2 with the discovery cohort on days 56 and 70, who received
a booster dose 1 month after the second dose, and then re-clustered the T and
NK cells, and B cells and myeloid cells, and further annotated their subsets (Fig-
ure 6B). Although a shared significant increase in neutralizing antibody titers
14 days after the booster dose was observed in the previous two cohorts (n =
12, vaccine recipients in the discovery cohort and validation cohort 1, who
received the third dose 1 month after the second injection) and validation cohort
2 (Figure 6C), a substantially higher titer in validation cohort 2 was noted (Fig-
ure 6C), which was consistent with the results of recent booster dose studies.?**

Then, we compared the differences in immune subsets elicited by the third
dose between the discovery cohort and validation cohort 2. Notably, the signif-
icantly elevated proportions of naive CD4" T cells and naive CD8" T cells iden-
tified in validation cohort 2 with a more than 9 month interval after the second
dose, were not observed in the previous discovery cohort with a 1-month inter-
val (Figure 6D). This suggested that immunization after a longer interval may
induce expansion of naive T cells in the circulation or greater release from
the thymus into the circulation. The shared expansion of Treg cells after the
third vaccination was identified in the two cohorts, which revealed that the regu-
lation of immune homeostasis mediated by Treg cells was also induced by the
booster dose (Figure 6D). The upregulation of IFN pathway genes IRFT and
STAT1 in CD16" mono and CD14" mono cells, as well as the antigen-present-
ing-related gene HLA-DRA and TNF in CD16" mono cells was more pronounced
in validation cohort 2 than in the discovery cohort, which indicated the more
active state of APCs following the third immunization with a longer interval (Fig-
ure 6E). The significantly increased expression of the GATA3 gene, an important
transcription factor involved in the maintenance of cytotoxic T cells and the pro-
duction of IFN-y,>” was observed in the GZMK" cyto T cells of validation cohort
2 (Figure 6E), which showed the strengthened function of cytotoxic T cells in
recipients with a 9-month interval, together with the upregulated expression
of IFNG in GZMH" cyto T cells. In addition, elevated expression levels of activa-
tion marker CD69 were observed in memory B cells, activated CD4* T cells,
GZMK* cyto T cells, and GZMH* cyto T cells in the two cohorts after the
booster dose, which highlighted the activation of adaptive immune responses
induced by vaccines (Figure 6E). Crosstalk between some subsets of innate im-
mune cells and adaptive immune cells were also intensified in validation cohort
2. The interactions between CD16* C1" monocytes and two T cell subsets
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Figure 5. Dynamic changes in interactions between innate and adaptive immunity (A) Boxplots show the numbers of interaction pairs among overall immune cells over time in six
vaccine recipients; sample points from the same recipient are connected via lines in the same color. p values < 0.05 (Student’ s t test) are indicated. (B) Bar and line plots show the
numbers of interaction pairs in selected cell subsets over time in six vaccine recipients; sample points from the same recipient are connected via lines in the same color. p values < 0.05
(Student’ s t test) are indicated. (C—F) Dot plots show the potential ligand-receptor pairs among innate immune cell subsets and adaptive immune cell subsets over time, including
chemokine-receptor pairs indicative of interactions between monocyte and T cell subsets (C), co-stimulatory ligand-receptor pairs indicative of interactions between T cell and APC
subsets (D), co-inhibitory ligand-receptor pairs indicative of interactions between T cell and APCs subsets (E), and IFNG-type Il IFNR and CSF1-CSR1R pairs (F). Dot colors show the

interaction scores calculated using the CellPhoneDB, while dot sizes indicate p values.

(GZMK* cyto T and GZMH" cyto T) through CCL3-CCR5 were enhanced after
the booster dose vaccination with a 9-month interval, while enhancement of
the interactions between CD16" IFN* monocytes and these two T cell subsets
through CXCL10-CXCR3 were observed in the two cohorts (Figure 6F). Interest-
ingly, the expression of IFNG-type Il IFNR between IFN* T cells and GZMK" cyto

T with APCs (CD16'C1* monocytes and DCs) was depleted 9 months after the
second vaccination, but the booster dose drastically induced its expression
again in validation cohort 2 (Figure 6F). The co-stimulatory pairing of CD28—
CD80 between IFN* B cells with activated CD4" T cells and GZMK" cyto
T cells were also enhanced in validation cohort 2 (Figure 6F). Collectively, we
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Figure 6. Changes in the immune response after the third dose vaccination using different booster dosing strategies (A) Flowchart of the sampling design for validation cohort 2
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evaluated and compared the diverse immune responses led by different
booster dosing strategies, and revealed that a higher level of neutralizing anti-
bodies, distinct expansion of naive T cells, and shared elevation of the Treg pro-
portion, together with significant upregulation of functional genes and cellular
interactions were evident in individuals with a longer interval between the sec-
ond and third vaccinations.

DISCUSSION

In recent studies of the COVID-19 vaccine, vaccine-induced immune re-
sponses have been widely reported, such as the enhancement of innate immu-
nity, generation of CD4" and CD8" memory T cell subsets, as well as the devel-
opment of antigen-specific memory B cells.'>??% In our study, the specific
features of the immune dynamics elicited by BBIBP-CorV were investigated
and are detailed below.

The BBIBP-CorV SARS-CoV-2 inactivated vaccine induced a series of immune
regulatory mechanisms that suppressed excessive responses by immune cells,
which could aid the maintenance of immune homeostasis after vaccination. First,
the proportion of CD4" regulatory T cells was significantly increased. Second, the
expression of the immune checkpoint regulator SELPLG was upregulated in CD8*
cytotoxic T cells. Finally, co-inhibitory interactions between T cells and APCs were
significantly enhanced. These results indicate that inactivated vaccine activates
the immune system, while providing a negative feedback regulation mechanism
to ensure that immune homeostasis is maintained and excessive immunity is
prevented during the establishment of immune protection. Thus, methods to
enhance the protective effects of vaccines while maintaining immune homeosta-
sis may be essential for the future development of vaccines with greater efficacy
and fewer side effects.

Regarding concerns about the influence of booster doses on the immune
response, a comparative analysis of individuals administered different booster
dosing strategies was conducted. In the interest of brevity, our study found
that longer intervals between the second and third inoculation could trigger higher
levels of neutralizing antibodies, which was consistent with a recent report on in-
activated vaccine CoronaVac.”® We further discovered the distinct expansion of
naive T cells and the shared elevation of the Treg proportion in individuals with a
longer interval between the second and third vaccinations. The stronger active
signatures of functional genes and cellular interaction pairs were also observed.
Therefore, a suitable interval prior to the third dose must be established to
improve the protective effects of the vaccine.

In summary, our study revealed that innate and adaptive immune cells were
activated after the administration of the SARS-CoV-2 inactivated vaccine; our
findings also demonstrated extensive crosstalk between innate immune cells
and adaptive immune cells after vaccination. Furthermore, our results showed
a potential role for immune regulatory mechanisms in the maintenance of im-
mune homeostasis after vaccination. Our findings support a comprehensive un-
derstanding of the immune responses elicited by the SARS-CoV-2 inactivated
vaccine; they also provide insights that will be useful in the optimization of vacci-
nation strategies.
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