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Single-cell
sequencing;

TCR sequencing;
Vaccination

vaccination single-cell transcriptome, TCR (T cell antigen receptor) and BCR (B cell antigen re-
ceptor) expression profile of vaccinated candidates. The bulk TCR sequencing analysis of COV-
ID-19 patients was also performed. Enrichment of a clonal CD8" T cell cluster expressing
specific TCR was identified in both vaccination candidates and COVID-19 patients. These clonal
CD8" T cells showed high expression of cytotoxicity, phagosome and antigen presentation
related genes. The cell—cell interaction analysis revealed that monocytes and dendritic cells
could interact with these cells and initiate phagocytosis via ICAM1-ITGAM and ITGB2 signaling.
Together, our study systematically deciphered the detailed immunological response during
SARS-CoV-2 vaccination and infection. It may facilitate understanding the immune response
and the T-cell therapy against COVID-19.

Copyright © 2022, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Corona Virus Disease 2019 (COVID-19) posed a severe threat
to public health. While extensive vaccination is an effective
strategy to prevent the COVID-19 pandemic, the detailed
molecular immune response is poorly understood. It has
been well characterized that neutralizing antibodies
secreted by B cells can prevent severe acute respiratory
coronavirus-2 (SARS-CoV-2) binding to angiotensin-con-
verting enzyme 2 (ACE2) on epithelial cells.”? While the
single-cell analysis has been performed with COVID-19
patients,> > the T cell response and repertoire dynamic
after vaccination and infection, especially at the single-cell
level, remains elusive. It has been shown that the duration
of immunologic memory of T cells is longer than B
cells.® Moreover, CD4" T cells can facilitate antibody pro-
duction by B cells and CD8" T cells can eliminate the
infected cells to restrict virus proliferation.” Thus, sys-
tematic illumination of the detailed T cells response during
SARS-CoV-2 infection and vaccination would be of great
importance to the understanding of the host defense
mechanism against SARS-CoV-2.

T cell antigen receptors (TCRs) are immunoglobin-like
molecules composed of the variable (V), diversity (D), join
(J) and constant (C) regions.® The specificity of the recog-
nition depends on the specific selection of the variable and
join gene segments during the rearrangement of TCR
genes.” The enrichment and selection of pathogen-specific
TCR-carrying T cells during maturation and differentiation
play a crucial role in adaptive immunity. The junction of
germline V, D, J and C regions forms the complementarity
determining region 3 (CDR3) region, which possesses the
highest variability in both «/B or v/d chains of TCR. The
structure of the CDR3 region determines the binding affinity
of TCR to the epitope-MHC complex.'® Due to the specificity
of TCR corresponding to the pathogen, the TCR clonotype
spectrum can reflect the immune status of individuals'' and
reflect the infection of a certain disease. Moreover, as CAR-
T-based therapy has been applied to many virus infectious
diseases including AIDS, EBV, HBV and HCV,'? the identifi-
cation of this TCR clonotype may facilitate the chimeric
antigen receptor T cell (CAR-T) therapy for COVID-19. The

integrated analysis of single-cell transcriptome and vdj
sequencing facilitates the identification of the unraveled
function of T cells, leading to further understanding of the
immune system.

This study aims to systematically delineate the land-
scape of the molecular events of immunological response,
especially T cells response during vaccination and SARS-
CoV-2 infection, by using single-cell transcriptome and
single-cell TCR/BCR analysis.

Methods
Design of the study

As shown in Figure 1A, human peripheral blood lymphocyte
was isolated from 2 vaccine candidates at 3 days pre 1st
vaccination, and 15 days post 2nd vaccination. Patients’
and healthy controls’ blood samples were also isolated.
Lymphocytes from vaccine candidates were subjected to
the single-cell transcriptome, TCR and BCR library con-
struction. Lymphocytes from patients and healthy control
were subjected to bulk TCR library construction.

Human project

94 blood donors were involved in the study, including dead
COVID-19 patients (n = 6), convalescent COVID-19 patients
(n = 50), healthy control (n = 36), and inactivated SARS-
CoV-2 vaccination candidates (n = 2) with vaccine was
provided by Wuhan institute of biological product (Wuhan,
China), which was produced by infection of SARS-CoV-2
WIV04 strain in Vero cell, and contains 0.5 ml with 200WU
SARS-CoV-2 antigen in a single dose. Lymphocytes were
isolated from blood contained in EDTA-K; tubes by a human
peripheral blood lymphocyte isolation kit (TBD, China)
following the manufacturer’s instructions. Lymphocytes for
bulk TCR/BCR sequencing were directly resuspended into
TRIzol reagent (Invitrogen, USA), while samples for 10X li-
brary construction were resuspended in RPMI supplemented
with 20% dimethyl sulfoxide (Thermo, USA) and 60% fetal
bovine serum (Gibco, USA) and stored in liquid nitrogen.
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Figure 1  Single cell transcriptome profiling of the vaccination candidates. (A) Design of the study. (B) tSNE plot of Donor 1 pre-
vaccination and post-vaccination. (C) Bar chart showing the percentage of different types of cells in Donor 1 and Donor 2 pre-
vaccination and post-vaccination. (D) Violon plot illustrating the expression of IL1B, CCL3, CCL3L1 and CXCL8 in CD14" monocytes,
CD8A, CD8B and GNLY in CD8" T cells of Donor 1 and Donor 2. (E) IL-1B and IL1RN projection on the tSNE map of Donor 1 and Donor
2, the orange filled dots indicate intermediate expression level, while the red indicates high expression level. (F) Heatmap showing
the cell—cell interaction probability among different cell types of Donor 1 and Donor 2, with red color indicates high probability,
with blue indicating low probability. (G) CD8" T cells centered interaction network in both Donor 1 and Donor 2 post-vaccination
with the molecular pairs in ligand (source cell) in left and receptor (target cell) in right. These interactions cannot be detected pre-
vaccination.
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RNA isolation and library construction

RNA isolation was conducted with standard TRIzol protocol
(Invitrogen, USA). Bulk TCR and BCR libraries were con-
structed by template switch and nested PCR-based proto-
col. Briefly, total RNA was reverse transcribed with
SMARTscribe (TAKARA, Japan) following the manufacturer’s
instructions using C-region specific primer corresponding to
TRAC and TRBC. 2 pl out of 10 ul solved cDNA was applied as
the template for the 1st nested PCR KAPA Hot Start Ready
Mix (KAPA, USA) following the manufacturer’s instructions.
2nd and 3rd nested PCR were conducted with Phanta Max
high fidelity polymerase (Vazyme, China), while the Illu-
mina adapters were added to the fragments in the 3rd
nested PCR. Beads-based purification was conducted after
the 1st and the 2nd nested PCR and the final library was
purified with cycle pure kit (Omega, USA). Single-cell
mRNA, TCR, BCR libraries were constructed on 10X platform
following the manufacturer’s instructions. The DNA library
was sequenced on Nova 2000 platform (Illumina, USA) under
PE150 protocol.

Bulk TCR data processing

The alignment and assembling of TCR clonotypes were
conducted with MIXCR.'> MiXCR result corresponding to
every sample was first imported into R package immunarch
(https://CRAN.R-project.org/package =immunarch) using
RepLoad function. Then group based unique clonotypes
were quantified using repExplore function under the “vol-
ume” function. The gene usage matrix demonstrating the
frequency of each clonotype corresponding to every sample
was outputted, student t-test and the median number of
frequencies of each clonotype were pair wisely analyzed
between every two groups. Clonotypes with significantly
different expression frequencies (P-value < 0.05) between
groups were selected and sorted by the ratio of the median
of 2 groups. Box plot were used for the visualization of the
data by inbuilt “vis” function of immunarch.

10X single-cell NGS data pre-processing

5’ single-cell mRNA sequence data were first aligned and
counted with function “count” of cellranger, then aggre-
gate using the "aggr” function by the molecular information
file in the output of count function. The count, barcode and
feature matrix corresponding to every donor was imported
into R package Seurat' and merged using the "merge”
function. The mitochondrial transcripts, mRNA features and
mRNA of every barcode (cell) were first quantified and the
cells with >25 mitochondrial transcripts or mRNA features
<200 or >4000 were removed. The count was then
normalized and clustering was conducted with “FindClus-
ter” function under the resolution of 1.0. The clustering
result was then subjected to R package SingleR' for cluster
annotation.

In-silico docking analysis

To compare the binding affinity of virus peptides with
various TCR clonotypes, the interactive conformations of

SARS-CoV-2 nucleocapsid peptide N105-113 in complex with
TRAV23- DV6- TRAJ52, TRBV7-6 -TRBJ2-1, TRAV3 -TRAJ17
and TRBV13- TRBJ2-3 were determined by Discovery Studio
2018 software. The X-ray structure of SARS-CoV-2 nucleo-
capsid peptide N105-113 was downloaded from RCSB Pro-
tein Data Bank (https://www.rcsb.org, PDB code: 7LGD).
The receptor and other redundant ligand structures were
deleted using the Hierarchy View. TRAV sequences were
downloaded from NCBI and the homology model was
created by the online modeling software SWISS-MODEL
(https://swissmodel.expasy.org/). Firstly, the created
proteins were prepared by Clean Protein tools to remove
the alternative conformations and to patch the missing
side-chain atoms. Then, the proteins and prepared N105-
113 peptide were inserted into the same Graphics View,
and selected as receptor and ligand, respectively. The
docking parameters were set as the following: Angular Step
Size was calculated as a defined value 15, RMSD Cutoff was
defined as 6.0, Interface Cutoff was defined as 9.0,
Maximum Number of Clusters was defined as 50, and other
parameters were defined as default. Finally, the docked
conformations were optimized and re-scored using Refine
Docked Protein tools. The docked protein complexes were
analyzed and visualized by Analyze Protein Interface
function, and the binding affinity between TCR clonotypes
and virus peptides was estimated by Z-dock Score. Mean-
while, the structure illustrations were generated with this
software.

Data visualization

tSNE plot was conducted by “dimplot” function of package
Seurat, tSNE projection table and barcode-cluster were
exported and imported to the aggregated loupe file for the
gene expression mapping on the tSNE map. Heatmap
demonstrating markers of clusters was generated using
Seurat.' Heatmap indicating the intensity of cell—cell
interaction was generated using CellPhoneDB."® Heatmap
showing the gene expression level, gene usage and fold-
change were generated using TBtools."” Alluvial plot of TCR
gene usage was generated using R package ggalluvial.
Boxplot showing the distribution of gene usage ratio among
groups was generated using ggplot2 (https://ggplot2.
tidyverse.org). KEGG pathway enrichment and map map-
ping were conducted using R package ClusterProfiler'® and
pathview." Interaction network visualization was con-
ducted by Cytoscape.?’ Volcano plot was generated by R
package ggplot2 and ggrepel (https://CRAN.R-project.org/
package =ggrepel).

Oligos in the bulk TCR library construction

The sequences of oligos are shown in Table 1.

Statistics

The P-value of gene usage in bulk TCR sequencing was
calculated by wilcox test, all the clonotype displayed in
Figure 4 is a statistical difference in the comparison with P-
value < 0.05.
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Table 1  Oligos used in the bulk-TCR library construction.

Oligo_name Sequence

Switch_adapter AAGCAGTGGTATCAACGCAGAGTACTCTT(rG)5
TRAC_RT_R ACACATCAGAATCCTTACTTTG

TRBC_RT_R CAGTATCTGGAGTCATTGA

SMART20_F CACTCTATCCGACAAGCAGTGGTATCAACGCAG
TRAC_1ST_nest_R TACACGGCAGGGTCAGGGT
TRBC_1ST_nest_R TGCTTCTGATGGCTCAAACAC

P5_2nd_nest_F
TRAC_2nd_nest_R
TRBC_2nd_nest_R

TCGTCGGCAGCGTC AGATGTGTATAAGAGACAG CACTCTATCCGACAAGCAGT
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG GGGTCAGGGTTCTGGATAT
GTCTCGTGGGCTCGG AGATGTGTATAAGAGACAG ACACSTTKTTCAGGTCCTC

N701 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGG
N702 CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGG
N703 CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGG
N704 CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGG
N705 CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGG
N706 CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGG
N707 CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGG
N708 CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGG
N709 CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGG
N7010 CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGG
N7011 CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGG
N7012 CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGG
N501 AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTCGGCAGCGTC
N502 AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTCGGCAGCGTC
N503 AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTCGGCAGCGTC
N504 AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTCGGCAGCGTC
N505 AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCGTCGGCAGCGTC
N506 AATGATACGGCGACCACCGAGATCTACACACTGCATATCGTCGGCAGCGTC
N507 AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTCGGCAGCGTC
N508 AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTCGTCGGCAGCGTC
Results mononuclear cells (PBMCs) were observed in both vacci-

Single-cell transcriptome profiling of the SARS-CoV-
2 vaccination candidates

To decipher the detailed immunological response during
inactivated SARS-CoV-2 vaccination, we collected 4 blood
samples from two candidates (Donor 1/Donor 2) 3 days
before vaccination (pre-vaccination) and 15 days after the
second dose of inactivated SARS-CoV-2 vaccination (post-
vaccination) for single-cell transcriptome and single-cell
TCR/BCR analysis (Fig. 1A). After the initial raw data filter,
41391 cells were obtained including 12611 cells from Donor
1, 8021 cells from Donor 2 pre-vaccination, 11353 cells from
Donor 1 and 9406 cells from Donor 2 post-vaccination.
These cells were classified into CD8" T cells, CD4" naive T
cells, CD4" central memory T cells (CD4" Tcm), naive B
cells, memory B cells, NK cells, IL2" NK cells, CD14"
monocytes, CD16" monocytes, CD1C* aDC (a non-inflam-
matory CD1C* dendritic cell with high expression of type-II
HLA comparing to inflammatory CD1C* dendritic cell CD1C*
bDC, which facilitates to strong antigen presentation) and
CD34™ pre-B cell by unbiased clustering analysis and an-
notated using singleR (Fig. 1B, S1TA—C).

After vaccination, a higher percentage of CD8" T cells,
Tcms, memory B cells in total peripheral blood

nation donors (Fig. 1C, S1D, E). The comparison of gene
expression in each cell type revealed a significantly higher
expression level of IL1B, CCL3, CCL3L1and CXCL8in CD14*
monocytes, and a higher expression level of GNLY, CD8A
and CD8B in CD8" T cell after vaccination compared to
that of pre-vaccination samples. Meanwhile, CCL3L1,
CXCL8 and IL-1B displayed a different level of up-regula-
tion in CD14" monocytes after vaccination in comparison
to that of the pre-vaccination (Fig. 1D, E, S3A). Moreover,
up-regulation of JUN and TNF in CD14" monocytes, CD16™
monocytes and CD1CT aDC cells post-vaccination
(Fig. S2A—C); IL10RA, IL6R in CD4* Naive T cells (Fig. S2D);
SELL (CDé62L), CCR7, PTPRC (CD45R) in CD4" Tcm
(Fig. S2E); JUN, FOSB, TRAV23-DV6 and TRBV7-6 in CD8* T
cells (Fig. S2F); GNLY, IL10RA in NK cells (Fig. S2G); IFI30,
IL3RA in naive B cell (Fig. S2H), JUN, TNF in memory B cells
(Fig. S21) were observed post-vaccination. Together, these
data showed that the gene profiles of immunocytes un-
derwent a dynamic change and were systematically acti-
vated post-vaccination.

To investigate the cell interaction network, the
expression of genes encoding secreted protein genes and
the corresponding receptor genes in each type of the cell
were analyzed by cellphonedb. Distinct cell interaction
patterns were observed among different cell types in pre-
and post-vaccination groups (Fig. 1F, S1F). For instance,
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Figure 2 TCR gene enrichment post-vaccination. (A—D) Heatmap of gene enrichment ratio corresponding to TRAV, TRAJ, TRBV
and TRBJ region. (E) Alluvial plot showing the paired chain TCR gene enrichment of CD8™ T cells in pre- or post-vaccination donors.
(F) Alluvial plot showing the paired chain BCR gene usage of pre- or post-vaccination donors. (G) Full length amino sequence of

TRAV23-DV6- TRAJ52- TRAC and TRBV7-6- TRBJ2-1- TRBC2.

before vaccination, CD1C* aDC of both donors showed a
high level of interaction with other types of cells. While
after vaccination, CD14* monocytes in both donors showed
higher interaction levels with other type of cells. After
vaccination, in both Donor 1 and Donor 2, CD8" T cells
showed potential interaction with memory B via CD27-
CD70, with CD16™ monocytes via RIPK- TNF, ADRB2- IL1B
and CCL4L2- FAR2, with CD1C* aDC via FAS- TNF, with
CD14" monocytes via CD52- SIGLEC10, TNFRSF1A- TNF,
ADRB2- IL1B, ITGaMb2- ICAM1, FAS- TNF, CD2- CD58 and
LAIR1- LILRB4. While these interactions were not detected
pre-vaccination (Fig. 1G, S3B).

Single-cell B and T cell receptor analysis of the
vaccination candidates

To further explore the specific TCR or BCR enriched after
vaccination, V and J regions gene usage of TRA (TCRa) and
TRB (T TCRB) chains were analyzed by single-cell TCR and
BCR sequencing assay (Fig. S4A). As illustrated in
Figure 2A—D, TRAV23-DV6, TRAJ-52, TRBV7-6 and TRBJ2-1
showed the highest expression level in the post-vaccina-
tion group. Moreover, the percentages of these TCRs were
significantly increased in comparison to the pre-vaccina-
tion group. To determine the paired chain TCR gene usage
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corresponding to each cell type, the barcode of each
cluster was imported to loupe vdj browser for single-cell
level paired chain TCR gene usage analysis. Our data
revealed an enrichment of a specific TCR clonal type in
CD8" T cells expressing TRAV23-DV6- TRAJ52- TRBV7-6-
TRBJ2-1 (Fig. 2E). While no enrichment of TCR sequence
was observed in CD4* naive T cell and CD4" Tcm (Fig. S4B,
C). Surprisingly, no significant enrichment of clonotypes
was observed in our BCR gene usage analysis, in both pre-
vaccination and post-vaccination groups (Fig. 2F), probably
due to the early-stage post-vaccination. The detailed
amino acid sequence of highly enriched CD8" T clonotypes
was provided in Figure 2G.

Gene expression feature of the clonal CD8* T cells

To investigate the characteristic of the T-cells expressing
TRAV23-DV6 and TRBV7-6, we projected these cells to tSNE
map and analyzed their expression profile. Figure 3A and
S5A demonstrated that these cells were enriched in CD8"
cells in post-vaccination group and formed an independent
cluster, suggesting that these cells may have distinct
expression profiles among T cells. The barcodes of CD8*
cells expressing TRAV23-DV6, TRAJ-52, TRBV7-6 and TRBJ2-
1 (clonal CD8" T cells) were then extracted to generate a
cell cluster for differentially expressed gene (DEG) analysis.
To systematically investigate the unique gene expression
pattern of this enriched T cell cluster, we conducted 3
comparisons from different aspects including clonal CD8% T
cells vs. nonclonal CD8* T cells post-vaccination, nonclonal
CD8" T cells post-vaccination vs. CD8" T cells pre-vacci-
nation, clonal CD8™ T cells post-vaccination vs. CD8" T cells
pre-vaccination.

As shown in Figure S7, the top 50 upregulated genes in
the clonal CD8" T cells vs. non-clonal CD8" T cells post-
vaccination were illustrated in the heatmap (Fig. S7A, B).
Next, KEGG analysis was performed to evaluate the
pathway enrichment of the significantly upregulated genes.
The enrichment of DEGs in the antigen presentation
pathway was observed in both comparisons of clonal CD8" T
cells vs. pre-vaccination CD8" T cells and clonal CD8" T
cells vs. non-clonal CD8* T cells post-vaccination. Type-lI
HLAs including HLA-DPA1, HLA-DPB1 and HLA-DRB1 showed
the highest expression level in the clonal CD8" T cells
compared to other groups. Furthermore, HLA-I-based an-
tigen presentation-related genes including CALR, TAP, HLA-
I and HLA-II also showed high expression levels in the clonal
CD8* T cells. These data suggest an intensive antigen pre-
sentation process occurring in these cells post-vaccination.

Interestingly, enrichment of DEGs in the phagosome
pathway was also observed in the clonal CD8" T cells
(Fig. 3B, S5B). Rab5 (a marker of early phagosome) and
TUBA/TUBB (sub-unit forming the tubulin protein),
LAMP2(lysosome marker), and vATPase (involved in the
acidification of phagosome or phagolysosome) were highly
expressed in the clonal CD8" T cells (Fig. S7C, D). Moreover,
the granzyme family including GZMA, GZMB, and GZMH
related to the cytotoxicity of CD8" T cells showed the
highest expression level in the clonal CD8" T cells. In
addition, a higher level of TNF and IFNG expression can also
be observed in the clonal CD8"' T cell (Fig. 3C). The DEGs

were then mapped to KEGG phagosome pathway
(hsa04145). Fibrinogen receptors complex including ITGAM/
ITGB2 (CR3), ITGA2/ITGB1, and ITGA5/ITGB1 were highly
expressed in the clonal CD8" T cells. Together, these data
suggest that this cluster of clonal CD8" T cells is equipped
with vigorous cell killing activity, phagocytosis and antigen
presentation functions.

The cell—cell communication network of the clonal
CD8* T cells

To further investigate the function of clonal CD8" T cells,
we analyzed the cell—cell communication network of these
clonal CD8" T cells with other cells using cellphonedb. Both
donors exhibited a high level of interaction between clonal
CD8" T cells and CD14" monocytes, CD16" monocytes and
CD1C* aDC (Fig. 3D, Fig. S5C). The potential cell in-
teractions of clonal CD8" T cells with CD14" monocytes,
CD16" monocytes and CD1C* aDC are likely mediated by
ICAM1-ITGAM/ITGB2 signaling pathway, revealing that
these cells may potentially initiate the phagocytosis of this
clonal CD8" T cells via ICAM1-ITGAM and ITGB2 signaling.
When compared to other CD8" T cells in the post-vaccina-
tion group, the clonal CD8" T cells showed higher proba-
bility of interaction to CD14" monocytes and CD16%
monocytes, likely via the CCL4- CCR5 pathway (Fig. 3E, S6E,
S6F).

In both Donors, the clonal CD8" T cells showed potential
interaction with memory B cells via IFNG- Type- Il IFNR and
TNFSF14- TNFRSF14 signaling; with CD16™ monocytes via
TNFSF14- TNFRSF14, ITGaMb2- ICAM1, TGFBR3- TGFB1 and
KLRF1- CLEC2B signaling; with CD1C* aDC via CD48- CD244,
TNFRSF14- MIF and ITGaMb2- ICAM1 signaling; with CD14"
monocytes via TNFSF14- TNFRSF14, ITGaMb2- ICAM1 and
CCR5- CCL4 signaling post-vaccination. Notably, these in-
teractions cannot be detected in nonclonal CD8" T cells
(Fig. 3E, S6A, S6B). Furthermore, we compared the DEGs of
CD14%* monocytes, CD16" monocytes, CD1C* aDC and
memory B cells pre- and post-vaccination. The up-regula-
tion of NFKBIA, NFKBIZ, CCL3, IL1B, CXCL8, CCL3L1, CCL4L2
in CD14" monocytes; IL1B, CXCL8, TNF, CCL3 in CD16"
Monocytes and CD1C*"aDC; TNF, JUN, HLA- DQB1 in memory
B cells were observed (Fig. 3F, S7E), which may facilitate
cell—cell communication between these cells via these
ligands.

Clonotype abundance and gene usage in COVID-19
patients

Next, we further explored the diversity and enrichment of
TCR clonotypes during SARS-CoV-2 infection. The quantifi-
cation of unique clonotypes and gene usage analysis was
performed on the PBMC from 36 healthy (H), 50 COVID-19
convalescent patients (C) and 6 COVID-19 dead patients
(D). As shown in Figure 4A and B, there were around 60,000
unique TRA clonotypes and around 150,000 TRB clonotypes
in the healthy controls group. In contrast, the dead and
convalescent groups showed more concentrated TRA
(~32,000 and ~ 30,000, respectively) and TRB clonotypes
(~40,000 and ~60,000, respectively) distribution. The
relative TRA and TRB clonotypes abundance analysis also
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revealed less TCR clonal expansion in healthy controls
(Fig. 4C, D).

The specific recognition of antigen by TCR relies on the
TCR sequence generated from the recombination of mul-
tiple clonotypes. To investigate the enriched clonotypes
during SARS-CoV-2 infection, the gene usage analysis among
different groups was performed by geneUsage function of
immunarch. V and J regions of TRA and TRB were analyzed
independently. The expression rate of each clonotype was
firstly compared between convalescent patients and
healthy control groups. Clonotypes including TRAV23DV6
for TRAV genes; TRAJ52 for TRAJ genes; TRBV7-6 for TRBV
genes; TRBJ2-1 for TRBJ genes have a significantly higher
percentage in total gene usage in convalescent patients
than that of the healthy control. Notably, the higher ratio
of TRAV23-DV6, TRAJ52, TRBV7-6 and TRBJ 2-1 could also
be observed in the up-regulated clonotypes in the post-
vaccination group (Fig. 4E—L).

Next, the potential interaction of these TCR candidates
with the SARS-CoV-2 antigen was investigated by structure
modeling. The full-length sequence of TRAV23-DVé6-
TRAJ52- TRBV7-6 -TRBJ2-1 (the most enriched clonotype in
the post-vaccination group) and TRAV3 -TRAJ17- TRBV13-
TRBJ2-3 (the clonotype has the lowest ratio in the post-
vaccination group which was used as a control), were
derived from the universal reference of vdj loupe browser,
and then submitted to swiss model for structure simulation.
It has been reported that the nucleocapsid of SARS-CoV-2
was an epitope for CD4" and CD8" T cells.?' The structure
of SARS-CoV-2 nucleocapsid epitope N105-113, was down-
loaded from RCSB PDB (https://www.rcsb.org/structure/
7LGD) and in-silico docked with TRAV23- DV6- TRAJ52,
TRBV7-6 -TRBJ2-1, TRAV3 -TRAJ17 and TRBV13- TRBJ2-3,
respectively. The binding affinity was then estimated by Z-
dock score, which suggested both TRAV23- DV6- TRAJ52 and
TRBV7-6 -TRBJ2-1 have a much higher affinity to nucleo-
capsid peptide than that of TRAV3 -TRAJ17 and TRBV13-
TRBJ2-3 (Fig. 4M—P).

Discussion

Our study provided a landscape of the immune response
after COVID-19 inactivated vaccine vaccination. However,
only two samples were involved for single cell TCR and BCR
sequencing, TCR clonotype enrichment was validated in 50
convalescent patients and 6 dead patients. We observed
slightly more concentrated TCR enrichment in the COVID-19
patients compared to healthy control, which correlates
with the single cell TCR sequencing study. Moreover, we
also observed the enrichment of the same TCR identified by
single-cell TCR sequencing in the patients, suggesting the
reliability of these data.

Illumination of the adaptive immunity during SARS-CoV-2
vaccination and infection is crucial to the understanding of
the pathogenesis of SARS-CoV-2 and may provide a theo-
retical basis for the therapy and prevention for COVID-19.
Here we systematically delineated the detailed immuno-
logical response during SARS-CoV-2 vaccination and
infection at the single-cell level. Our single transcriptome
analysis revealed activation of different immunocyte types
post-vaccination. The up-regulation of pro-inflammatory

cytokines including 1L1B, CCL3, and CXCL8 in CD14"
monocytes was observed, which was constant with previous
single-cell transcriptome studies of COVID-19 patients.® It
has been shown that CCL3 secreted by CD14" monocytes
can recruit T cells and monocytes to the Antigen
Presentation Cells, initiate the active antigen presentation
and enhance CD8' T cells mediated cell Kkilling
activity.?” Constantly, we found that TCR co-receptor sub-
unit CD8A and CD8B which are involved in antigen presen-
tation and the cytotoxicity gene GNLY were both up-
regulated in CD8" T cells post-vaccination. These data
suggested that, upon vaccination, CD14" monocytes may
induce enhanced antigen presentation and cytotoxic ac-
tivity of CD8" T cells, probably via CCL3.

During the immune response, the immunocytes undergo
dynamic interaction with each other. Although several
studies have demonstrated the immune response to SARS-
CoV-2 at the single-cell transcriptome level, the transcrip-
tion analysis-based cell—cell interactions network has been
rarely reported. Our study revealed a distinct cell—cell
interaction network upon vaccination, such as the potential
interactions between CD14" monocytes and CD8* T cells via
TNF- TNFRSF1A signaling post-vaccination. As TNF can
activate the NF-xB signaling pathway through
TNFRSF1A,2>%* it may lead to the maturation of CD8" T
cells. Moreover, we showed that CD8" T cells may interact
with memory B cells by the CD27-CD70 pathway. It has been
reported that CD70 can facilitate the activation and
immunoglobin synthesis of B cells.”” In line with this, our
data demonstrate the increasement of memory B cells post-
vaccination. It would be of great interest to further inves-
tigate how these dynamic interactions regulate the acti-
vation and proliferation of the immunocytes during SARS-
CoV-2 vaccination and infection.

A lot of studies indicated that CD4" T cells were the
main participants in the virus infection. It has also been
demonstrated that CD8" also facilitates the immune
response to various viruses, including HIV,?® influenza
virus,?” and SARS-CoV-2.2% In our study, the samples were
collected at the early phase post-vaccination (15 days post
2nd vaccination), CD8" T cells might be the first cells with
clonotype enrichment. With the extension of the time after
vaccination, the enrichment of BCR and TCR clonotypes on
CD4™ T cells might be observed.

While the humoral immune reaction is indispensable for
adaptive immunity, the detailed T-cell response after SARS-
CoV-2 vaccination and infection, especially at a single-cell
level, was poorly characterized. The absence of significant
BCR enrichment suggested that the T cells might dominate
the adaptive immune responses in the early phase post-
vaccination. By single-cell TCR-seq, we observed intense
TCR clonotype TRAV23-DV6- TRAJ52, TRBV7-6 -TRBJ2-1,
TRAV3 -TRAJ17 were significantly enriched in CD8" T cells
post-vaccination. While we did not observe any clonotypes
with a significant change between dead COVID-19 patients
and convalescent COVID-19 patients (or individuals), healthy
control groups, enriched clonotypes detected in single-cell
sequencing also showed a significantly higher percentage in
COVID-19 patients in comparison to the healthy controls.
Notably, the TCR clonotype TRBV7-6 and TRBJ2-1 have also
been identified with a higher percentage in COVID-19 pa-
tients in previous studies,?®*° indicating the crucial role of
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these TCR in SARS-CoV-2 clearance. Our molecular docking
analysis also suggests a high interaction affinity of these TCR
clonotypes with the epitope of nucleocapsid protein of SARS-
CoV-2. delta SARS-CoV-2 shares the same protein sequence
of the epitope with the current vaccine strain’®. Moreover,
the Omicron strain showed high sequence similarity with the
vaccine strain on nucleocapsid coding region, implying this
T-cell clonotype could be still effective in the protection of
delta SARS-CoV-2. As CAR-T-based therapy has been applied
to many virus infectious diseases including AIDS and EBV
infection,'?*" the identification of this TCR clonotype may
facilitate the development of CAR-T therapy on COVID-19.

Our single-cell gene expression and cell—cell interaction
analysis revealed the strong activities of phagocytosis and
antigen presentation in the clonal CD8" T cells. While the
phagocytosis function of CD4" T cells has been reported, it
is not considered as the main function of T cells.*? These
data may uncover an uncanonical function of CD8" T cells.
We hypothesized that these clonal CD8" T cells might be
able to induce the apoptosis of SARS-CoV-2 containing cells
and then engulf the debris with antigens. The antigen is
subsequently processed and presented onto the HLA mol-
ecules, which could be recognized by other clonal CD8% T
cells and induce the secretion of cytokines.

A recent COVID-19 vaccine study showed increasement
in TNF and IFN-y secretion by CD4" T cells after
vaccination.?® Our single-cell expression analysis showed
high expression of TNF and IFN-y post-vaccination in the
clonal CD8" T cells. It has been shown that IFN-y promotes
the synthesis of TNF and the high expression of IFN-y may
induce extended TNF production in clonal CD8" T cells in a
self-activation manner. Moreover, TNF has been reported
to stimulate the secretion of IL-1B and CXCL8 in
monocytes.>* Our single-cell expression profile and
cell—cell interaction data suggested that the higher
expression of IL-1B and CXCL8 by CD14" monocytes post-
vaccination may be due to the extended secretion of TNF
by clonal CD8" T cells.

According to another single-cell sequencing study of
mRNA vaccine® which collect the sample at a similar time
point as our study (2 weeks after 2nd vaccination). This
study showed a different TCR enrichment post-vaccination,
while the TCR enrichment can be observed in both CD4*
and CD8" T cells and BCR clonotype enrichment can be
observed in B cells. Considering the instruction of inacti-
vated vaccine that antibody could be detected 1 month
after 2nd vaccination. This might indicate that the mRNA
vaccine might induce a more rapid immune response than
the inactivated vaccine. This study also highlights diverse
TCR clonotype enrichment in patients, while this phenom-
enon can also be observed in our study, this might be due to
the different epitope presentation processes in different
individuals. Compared to the patients, vaccine candidates
showed a more concentrated TCR clonotype enrichment.
Another study also highlights a fully functional CD8" T cell
response from one week after the first bnt162b2 vaccine,
while CD4" T cell response and B cell response were hardly
detectable. Indicating earlier activation of CD8* T cells.>®

The profiling of TCR enrichment might facilitate the
development of CAR-T therapy against COVID-19. The CAR-
T cell contains a TCR to target the cells expressing a specific

epitope, which enables the CAR-T cells to eliminate target
cells. Currently, CAR-T has been widely used to treat
various tumors, but it could also be applied to treat dis-
eases caused by intracellular pathogens including bacteria
and viruses. The identification of SARS-CoV-2 specific TCR
may contribute to engineering CAR-T cells to eliminate
SARS-CoV-2 infected target cells for future studies.

Conclusion

Together, we delineated the single-cell transcriptome
landscape and TCR dynamic of inactivated SARS-CoV-2
vaccination candidates. The specific TCR enrichment has
also been identified in the COVID-19 vaccination candi-
dates. Our data revealed a robust clonal CD8" T cell im-
mune response and uncovered an uncanonical phagocytosis
activity and antigen presentation function of the clonal
CD8" T cells post-vaccination. It could provide a better
understanding of the immunological response during SARS-
CoV-2 vaccination/infection and thus facilitate the devel-
opment of T-cell-based therapy against COVID-19.
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