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1. Introduction of immunity



What is immunity?

what is immunity?
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Immunity is the body's ability to defend against harmful pathogens (e.g., bacteria, viruses) and

foreign substances. It involves a complex network of cells, tissues, and organs collectively called

the immune system. Here's a breakdown:

Types of Immunity:

1. Innate Immunity:
o First line of defense: Immediate, nonspecific protection.
o Components:
= Physical barriers: Skin, mucous membranes.
= Cellular defenses: Phagocytes (e.g., macrophages) that engulf pathogens.
= Inflammation: Redness, swelling, and heat to isolate threats.
= Complement system: Proteins that enhance pathogen destruction.
ﬁ 2. Adaptive (Acquired) Immunity:
o Slower, targeted response: Develops over days; specific to pathogens.
o Components:
= Lymphocytes:
= B cells: Produce antibodies that neutralize pathogens.
= T cells:
= Helper T cells. Coordinate immune responses.
= Cytotoxic T cells. Kill infected cells.

= Memory cells: "Remember” pathogens for faster future responses (basis for vaccines).



Immunity is very important, and a hotspot in life science research

In 2024, it is the 50th anniversary of the founding of Ce//. To commemorate this milestone, Ce// plans to

launch a year-long series of anniversary events, including a special issue on /mmunology. On April 25th, Cel/

published an editorial article, emphasizing that immunology is a field for everyone, playing a crucial role in

multiple areas such as tumor immunology, neuroimmunology, immunometabolism, and reproductive

immunology. On the same day, Ce// published three heavyweight reviews, covering adaptive immunity, innate

immunity, and discussions on the latest perspectives in immunology, providing a comprehensive

interpretation of human immunology.
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Adaptive immune cell states and the primary response

B cells, CD4+ T cells, and CD8+ T cells acquire multiple differentiation fates during a normal immune response.
Naive T cells and B cells are quiescent cells. Upon activation, these cells undergo clonal expansion and acquire
effector function (effector phase). Following pathogen control, most effector cells undergo apoptosis

(contraction), leaving long-lived memory cells to provide continued immune surveillance (memory).
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The hallmarks of adaptive immune responses
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Here are the seven hallmarks of adaptive immunity: antigen — —
specificity (contributed by antigen receptor rearrangement and s
antigen presentation); clonal expansion and contraction
(contributed by antigen, co-stimulation, cytokines, and nutrients;

quiescence exit; and a balance of cell proliferation and death);
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cell helper function, and CD8+ T cell cytotoxicity); memory
response (contributed by recall response and self-renewal of
memory cells); exhaustion or functional adaptation (contributed by
chronic antigen stimulation, self-renewal, and hypo-
responsiveness); tissue adaptation (presented as protective tissue

immunity and tissue homeostasis); and self versus non-self

%%aptation)
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Major types of adaptive immune responses, including effector, memory,

exhausted T cell, and regulatory T cell responses

(A) Left: naive CD4+ T cells become activated via TCR activation
combined with co-stimulation and further respond to cytokines in
the microenvironment to differentiate into Th1, Th2, Th17, and Tfh

cells. These effector T cells express the unique transcription factors
T-bet, Gata3, RORgt, and Bcl6, respectively, and produce distinct
cytokines. Specifically, Th1 cells produce IFNg; Th2 cells secrete IL-
4, IL-5, and IL-13; Th17 cells synthesize IL-17, IL-21, and IL-22; and
Tfh cells generate IL-4 and IL-21. Right: the schematic highlights
the representative interconnectedness in the plasticity between
CD4+ helper T cell subsets. T helper cells with plasticity can display

phenotypes from two distinct CD4+ T cell lineages.

(B) Left: memory CD8+ T cells can de-differentiate from a subset
of effector cells or arise directly from stem-like memory precursors

that are derived from antigenstimulated naive T cells.

— SR Tht —» 1PNy

e iLea
Gatad Th2 —» IL-5
- IL-13

alve

cD4*
™ | IL-17
RORyt Th17 —= IL-21

IL-22

IL-4

Bolg T —» %

Helper T cell fate and plasticity
™7

Thi7 ThiT

Thi/ Tha/

Acute antigen stimulation

Naive g Dandritic
coar = cell

Memaory Memory

Nai L Dendritic:
o ramm i
P tent
79X Jsl'm latio
Tpex

Lymphoid tissues

Dendritic. . cDar
C‘Sl.l ST offactor

R
iL-2 .-TfCTL.ﬂa T
consumption e »
TN — IL-10
TGF-p
IL-35

tmTORCY
CD39 CD73

N MY
ATP AMP  Adenosine

Lactic acid A0 Py ]

Lipids - =8 o
Glycolytic and ﬂﬁ o

lipid synthetic s
reprogramming s
Tumor cells




Functional importance of lymphocytes in non-lymphoid tissues in

maintaining tissue immunity and homeostasis
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Engineering adaptive immune responses for cell- and antibody-based therapies

TIL, CAR-T, and TCR-T are three prominent cellular immunotherapies
for cancer. For TIL therapy, T cells are isolated from the tumors for
expansion and reinfusion into tumor patients; for CAR-T cells, CARs
are engineered to recognize surface antigen independently of MHC-
mediated antigen presentation; for TCR-T, a specific TCR gene
recognizing the tumor antigen is ectopically expressed in T cells to
expand tumor-specific T cells for tumor killing, which requires
peptide-MHC (pMHC) expression on tumor cells. For CAR-T or TCR-
T therapies, new strategies have been developed to modify
intracellular signaling pathways in these tumor-specific T cells to
enhance tumor killing, such as CRISPR-mediated genome editing of
the TRAC or PDCDT locus or introduction of payloads (e.g.,
cytokines like IL-15 and dominant-negative [DN] TGF-p receptor)
expressed on T cells. These strategies increase the antitumor

function in these cellular therapies.
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2. Single cell TCR and BCR



The generation of antigen receptor (TCRs and BCR) diversity are

generated by the

The generation of antigen receptor diversity. TCRs and p
BCRs are generated by the process of V(D)J recombination,
which involves the fusion of separate V, D (on TCRP and
heavy chains), and J segments. Depicted is a TCRB-chain
recombination. Subsequent mRNA splicing brings the -
constant region together with the V(D)J fusion. This

process can result in a vast potential diversity, which is

process of V(D)J recombination
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TCR and BCR for diagnosis of many disease

B cell receptors (BCRs) and T cell receptors (TCRs) allow these immune
cells to recognize and respond to specific antigens on pathogens and
sometimes the body’ s own tissues. The genes encoding BCRs and TCRs
are generated by random recombination of segments in the genome of
individual cells during their development, and have potential as a diverse

set of sequence biomarkers associated with immune system activity.

BCR and TCR populations change after exposure to pathogens, after
vaccination, and in response to autoantigens in autoimmune conditions,
reflecting clonal expansion and selection of B cells and T cells during
immune responses. Sequencing and interpreting BCR and TCR genes
could provide a single diagnostic test for simultaneous assessment of

many diseases.
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TCR/BCR and deep learning

Recently, numerical feature representations of BCRs or TCRs derived from neural network methods, including
protein language models and variational autoencoders, have been applied to immune state classification and

for predictive applications such as therapeutic antibody optimization.
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DeepTCR: a deep learning framework for revealing sequence concepts within T-cell repertoires
Nat Commun, 2021



The main detection objects of scTCR (single-cell TCR sequencing) and
scBCR (single-cell BCR sequencing)

TCR and BCR are two distinct receptors, differing in both structure and function.

TCR V(D)J recombination: The majority of TCRs are composed of a and [ peptide chains (90-95%), while a minority of T cells
have TCRs composed of y and & peptide chains. Each peptide chain can be divided into several parts. The most important part of
them is the variable region. The variable region of the a chain is encoded by V and J gene segments, while the variable region of
the [ chain is encoded by V, D, and J gene segments.

BCR V(D)J recombination: BCR contain two heavy chains (H) and two light chains (k or A). The heavy chain is divided into the
variable region and other contact regions. The variable region of the light chain is encoded by V and J gene segments, while the
variable region of the heavy chain is encoded by V, D, and J gene segments.

CDR3: The BCR/TCR has a region known as the CDR, which plays a crucial role in antigen recognition. The CDR consists of CDRT,
CDR2, and CDR3. Among them, CDR3 is formed by the encoding of V, D, and J genes, which has a higher degree of diversity and
directly determines the antigen-binding specificity of TCR/BCR.
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10X Genomics library preparation of 5° scRNA and scTCR/scBCR

Chromium Single Cell

Universal 5' Gene Expression

@ This assay requires Chromium X/iX instrument Firmware v2.0 or newer. Refer to the Chromium X Series Firmware Update Procedure for
details

What is Universal 5' Gene Expression?

Chromium Universal 5' Gene Expression allows analysis of full-length, paired B-cell or T-cell receptor
(BCR/TCR) sequences, surface protein expression, and 5’ gene expression, all from a single cell.

Find user guides Get started




10X Genomics library preparation of 5° scRNA and scTCR/scBCR
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3. Analysis of scTCR and scBCR data 1: from 10X Genomics raw data (.fastq format) to

contig files by cellranger vd|




10X Genomics scRNA+scTCR/scBCR rawdata in .fastq format

Path to rawdata/scRNA:

Subol S1 Lee1 R1 001.f

Sub@l_S1_Lee1 R2 0e1.
Sub@1l_S1_L002 R1_001.
Subo1l_S1_Lee2 R2_001.
Sub@l_S1 Lee3 Rl _001.
Subo1l_S1_Lee3 R2_ 0e1.

Sub@2_S1_Leo1 R1 001.
Sub@2_S1_Leo1 R2 001.
Sub@2_S1_Le02 R1 001.
Sub@2_S1_L0e02 R2 001.
Sub@2_S1 L3 R1 001.
Sub@2_S1 L3 R2 001.

Path to rawdata/scTCR:

Sub@l S1 Lee1 R1 001.f

Sub@l_S1_Lee1l R2_001.
Sub@1l_S1 L0902 R1 001.
Sub@1l_S1_L002 R2_001.
Sub@l_S1 Lee3 Rl 001.
Sub@1l_S1_L003 R2_ 001.

Sub@2_S1_Leo1 R1 001.
Sub@2_S1_Leo1 R2 001.
Sub@2_S1_Le02 R1 001.
Sub@2_S1_L0e02 R2 001.
Sub@2_S1_Le03 R1 001.
Sub@2_S1_L0e03 R2 001.

g 09 09

0q 0Q 0Q

N N N N N N

Path to rawdata/scBCR;:

Sub@1l_S1 Leo1 R1_001.

Sub@l_S1_Lee1l R2_0e1.
Sub@1l_S1_L002 R1_001.
Subo1l_S1_Le02 R2_001.
Sub@l_S1 Lee3 R1_001.
Subo1l_S1_Lee3 R2 001.
Sub@2_S1_Leel R1 0o1l.
Sub@2_S1 Leel R2 001l.
Sub@2_S1_Lee2 R1 001l.
Sub@2_S1 Lee2 R2 001l.
Sub@2_S1_Lee3 R1 001l.
Sub@2_S1 Lee3 R2 001l.

Same filename in different directory, just the same filename, not the same file!



10X Genomics scRNA+scTCR/scBCR rawdata in .fastq format

1 O M cenomics Products Resources Support Hub Company Store Q Search

Publications

Immunology (659 Human (980) Blood (558) Nature (78) Universal 5' Gene Expression (-

Cancer Research (539) Mouse (519) Tumor - solid (388) Cell (65) Universal 3' Gene Expression (7264)
Infectious Disease (113) Primate (197 Lymph Node (130 Nature Immunology (63) Spatial Gene Expression for Fresh Frozen (7
Immuno-oncology (97) Rat (7 Spleen (126) Immunity (61 Linked-Reads Genomics (431)
Neuroscience (62) Other - Mammal (4) Lung (97) Cell Reports (57) Epi ATAC (407)

Assay Method (50) Hamster (2) Bone Marrow (95) Epi Multiome ATAC (274)

Computational Method (43) Drosophila (2) Skin (69) Spatial Gene Expression for FFPE (136

In Situ Gene Expression (52)

Flex Gene Expression (27)

Single Cell CNV (25)



Cellranger vdj: rawdata — contig files

Example cmd in shell:

/xtdisk/jiangl group/yuchw/software/cellranger-8.0.0/bin/cellranger vdj \
--id=Subol \
--sample=Sub@l \

--reference=/xtdisk/jiangl group/yuchw/reference/10X ref/GRCh38/refdata-cellranger-vdj-GRCh38-alts-ensembl-7.1.0 \
--fastqs=/p300s/ligchA jianglgroup/ligchA/301 LiPing/batch5_ 20250223/data/UDA_scTCR \

--localmem=200 \
--localcores=10

Example output:

[ligchA@loginb2:/

$ 1s Sub@l/outs/
airr_rearrangement.tsv
all contig.bam

all contig.bam.bail

all contig.fasta

all contig.fasta.fail
all contig.fastq

all contig annotations.bed concat_ref.bam.bai
all contig annotations.csv | concat ref.fasta
all contig annotations.json concat ref.fasta.fai

cell barcodes.json
clonotypes.csv
concat_ref.bam

consensus.bam
consensus.bam.bai
consensus.fasta

consensus.fasta.fai
consensus_annotations.csv
donor_regions.fa

filtered contig.fasta

filtered contig.fastq
filtered contig annotations.csv

metrics_summary.csv
vdj contig info.pb

VC

web_summary.html

https://www.10xgenomics.com/support/software/cell-ranger/latest



Content of contig files

less Sub01/outs/all contig annotations.csv:

barcode,is_cell,contig_id,high_confidence,length,chain,v_gene,d_gene,j gene,c_gene,full length,productive,fwrl,fwrl _nt,cdrl,cdrl_nt,fwr2,fwr2_nt,cdr2,cdr
AAACCCATCAGCATTG-1 ,AAACCCATCAGCATTG-1_contig 1, >, 348, TRB, TRBV27, , TRBJ1-5,TRBC1, f €, 55555335y CASSFDLVGPQHE , TGTGCCAGCAGTTTCGATTTAGTAGGAC
AAACCCATCATTATCT-1,false, AMACCCATCATTATCT-1_contig 1,false,511,TRB,TRBV12-3,,TRBI2-1,TRBC2,true,true,,,,,,,,»,CASSLISGVNNEQFF , TGTGCCAGCAGT TTAATTAGCGGGGT
AAACCGGAGATTCAGT-1 ,AAACCGGAGATTCAGT-1_contig 1, -,449,TRB, TRBV25-1, , TRBI2-1, TRBC2,true,true, ,,,,,,,»» » CASSEPGLEQFF , TGTGCCAGCAGTGAACCGGGGCTTGAGCA
AAACGCTGTGTTCGCT-1,false, ADACGCTGTGTTCGCT-1_contig 1,false,512,TRB,TRBV7-9,,TRBI2-3,TRBC2,true,true,,,,,»»» s CASRHPIRTDTQYF , TGTGCCAGCCGGCACCCGATCAGGACAG
AAAGCCTGTAGTCGCA-1, f ,AAAGCCTGTAGTCGCA-1_contig 1, ,362, TRB, TRBV7-3, TRBD1, TRBJ2-1,TRBC2,true,false,,,, 15, » CASSLGGRGEQFF , TGTGCCAGCAGCTTAGGCGGGAG
AAAGCGTAGCGTAGCT-1, false, AAAGCGTAGCGTAGCT-1_contig 1,- 433,TRB,TRBVA-1, ,TRBI2-7, ,true,true,,, ., » » CASSOAPWVVLNYEQYF , TGCGCCAGCAGCCAGGCCCCGTGGGTGGTG
AAATGACCACACGTCA-1,f ,AAATGACCACACGTCA-1_contig 1, »,549, TRB, TRBV3@, , TRBJ2-7, TRBC2, true,true,,,,,,,,,» » CAWSVQSGSLEQYF , TGTGCCTGGAGTGTACAAAGCGGGAGCCT
AAATTGCTCAAGTCCA-1,false, AAATTGCTCAAGTCCA-1_contig 1,false,396,TRB,TRBV6-2,,,,f Co R 2

AACACCCAGCTCAGTA-1, f ,AACACCCAGCTCAGTA-1 contig 1, 585, TRA, TRAV17Z, , TRAJA4A, ,true, false, ,,,5555255352518,2,,,

AACACGCTCCGTACAA-1 lse, AACACGCTCCGTACAA-1 contig 1,fal 479,TRB, TRBV20-1,,TRBJ1-6,TRBC1, true tr‘ue, 333333555 CSARKGNSPLHF , TGCAGTGCTAGGAAGGGGAATTCACCCCT
AACCCCGAGAGCGTGA-1, false, AACCCCGAGAGCGTGA-1_contig 1, 491,TRB, TRBV7-2, , TRBJ2-5, TRBC2, f: vs 333353 CASSLGYEQETQYF , TGTGCCAGCAGCTTAGGGTACGAACA
AACGAAGGTAGGCCCG-1,false, AACGAAGGTAGGCCCG-1_contig 1,false,445,TRB,TRBV28-1,,TRBI2-3,TRBC2,true,false,,,,, 5,5, CSARDSGGADTQYF , TGCAGTGCTAGAGATTCCGGGGGTGC
AACGCATGTCTCGCCA- ,AACGCATGTCTCGCCA-1_contig 1, »,462,TRB, TRBV28, , TRBJ2-1, TRBC2, true,true,,,,,,,,,» » CASSPLAGENEQFF , TGTGCCAGCAGTCCACTAGCGGGAGAGAA
AACTACCCACAAGCCC- ,AACTACCCACAAGCCC-1_contig 1, 489,TRB,TRBV7-3, ,TRBI1-2,TRBCL,true,true,,,,,,,,»» » CASSPGPANCGYTF , TGTGCCAGCAGCCCCGGACCCGCTAACT
AACTAGAAGCGAACAG- ,AACTAGAAGCGAACAG-1 contig 1, >,572,TRB, TRBV7-3, , TRBJ1-4, TRBC1, = C ) s 25333353 CASSFRVGTEAFF , TGTGCCAGCAGCTTCAGGGTAGGCACT
AACTCTACAATACCTA- ,AACTCTACAATACCTA-1_contig 1, 422, TRB,TRBV5-6, ,TRBI2-1, ,true,true, ,, 5,555 » s CASSLATGEQFF , TGTGCCAGCAGCTTGGCAACAGGTGAGCAGTTCTT
AAGCAAGGTCACCGCC-1,false,AAGCAAGGTCACCGCC-1_contig 1, 582, TRB, TRBV7-2, ,TRBJ2-2, TRBC2,true,true, 5,555 5 s s CASSSRGGYSGELFF , TGTGCCAGCAGCTCCCGGGGAGGATAC
AAGCCAGAGATCGATT-1, 1 ,AAGCCAGAGATCGATT-1_contig 1, ,352, TRA, TRAV9-2, , TRAJ37, TRAC, true,false,,,,,, ., »CALMDGSGNTGKLIF , TGTGCTCTGATGGACGGCTCTGGCAACA
AAGCGGCAGAGAGTTA-1, f ,AAGCGGCAGAGAGTTA-1 contig 1,false,466,TRB,TRBV5-1,,TRBI1-2,TRBC1,true,true,,,,,,,,,,, CASSLATNYGYTF , TGCGCCAGCAGCTTGGCCACCAACTATGG
AAGCGTACAACGTTTA-1 ,AAGCGTACAACGTTTA-1 contig 1,- 410, TRB, TRBV7-3, ,TRBI1-1,,false SE, 5332553 CASSFRVGTEAFF , TGTGCCAGCAGCT TCAGGGTAGGCACTGAAGC
AATACAACACTGGAGG-1, false, AATACAACACTGGAGG-1_contig 1,false,479,TRA,TRAV38-2/DV8, , TRAJ53, TRAC, true,true,,,,, 5, CAYRSSGGSNYKLTF, TGTGCTTATAGGAGTAGTGGAGGT
AATATGCTCACATATA-1 ,AATATGCTCACATATA-1_contig 1, 665, TRB, TRBVA-1, ,TRBI2-7,TRBC2,true,true,,, ,, 5 s CASSHGLAGAYEQYF , TGCGCCAGCAGCCACGGACTAGCGGGG
AATCTAGGTGCTCGTT-1,false, AATCTAGGTGCTCGTT-1_contig 1,fal 499,TRB, TRBV7-3, ,TRBJ1-1,TRBC1,true,true,,,,, 5, CASSFRVGTEAFF, TGTGCCAGCAGCTTCAGGGTAGGCACTGA
AATCTGGTCCCCTAGC-1 ,AATCTGGTCCCCTAGC-1_contig_1,- 483,TRB, TRBV5-1, ,TRBJ1-4,TRBC1, tr‘ue tr‘ue, 53353555555 CASSLTGPLEEKLFF, TGCGCCAGCAGCTTAACCGGGCCTCTG
AATGCCCAGAAGGTTA-1 se, AATGCCCAGAAGGTTA-1 contig 1,false,445,TRD,TRDV1,,TRBJ1-1,TRBC1,fal: S€, 55552355 ,CALGSQGWTEAFF, TGTGCTCTTGGGTCACAGGGTTGGACTGA
AATGGCACAGTGCATT-1 ,AATGGCACAGTGCATT-1_contig 1,1 521,TRB, TRBV7-9, ,TRBJ2-7,TRBC2,true,true, ,,,, 55 s » CASSSOGTKWEQYF , TGTGCCAGCAGCTCCCAGGGGACGAAGT
AATGGGTAGAGGAGCC-1, false,AATGGGTAGAGGAGCC-1_contig 1,false,501,TRA,TRAV27, ,TRAJ26, TRAC, true, true, ,,, 5555, CAGPNFVF, TGTGCAGGACCAAATTTTGTCTTT, , ,5304,1, , ,
AATGGGTAGAGGAGCC-1, ,AATGGGTAGAGGAGCC-1_contig 2,false,477,None, ,,TRAJ38,TRAC, fal 3335555555555 ,4898,1,,,

AATTACCAGCTCATGA-1,false, AATTACCAGCTCATGA-1_contig 1,false,401,TRA,TRAV13-1,,,TRAC, I T

Sub@1/outs/all contig annotations.csv
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4. Analysis of scTCR and scBCR data 2: scRepertoire



scRepertoire in action

scRepertoire m Getting Started Install Vignettes ~ News/Changelog Reference FAQ

scRepertoire

Introduction saﬁ"'éper._,,;o"iréé

Single-cell sequencing is an emerging technology in the field of immunology and oncology that allows ¢

researchers to couple RNA quantification and other modalities, like immune cell receptor profiling at the level of
an individual cell. A number of workflows and software packages have been created to process and analyze single-cell transcriptomic
data. These packages allow users to take the vast dimensionality of the data generated in single-cell-based experiments and distill the
data into novel insights. Unlike the transcriptomic field, there is a lack of options for software that allow for single-cell immune receptor
profiling. Enabling users to easily combine RNA and immune profiling, the scRepertoire framework supports use of 10x, AIRR, BD,
MiXCR, Omniscope, TRUST4, and WATSR single-cell clonal formats and interaction with popular R-based single-cell data pipelines.

https:.//www.borch.dev/uploads/screpertoire/
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Integration of scTCR/scBCR and scRNA data

Calculate the distribution of clonotypes with different abundances across
various cell types (function: DimPlot): It was found that in healthy
individuals, mild patients, and severe patients, the clonotypes with the
highest frequency in each group were mainly located in CD8+ effector T
cells (CD8 TEM). Moreover, as the severity of the disease increased, the

abundance of clonotypes in all types of T cells generally rose gradually.

scTCR control scTCR mild disease

10

UMAP_1 UMAP_1

UMAP_2

101

scRNA

5 10
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sCTCR severe disease
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Integration of scTCR/scBCR and scRNA data

Use a stacked bar chart to calculate the proportion of clonotypes with different abundances in
each cell type (function: clonalOccupy): As the disease severity increases, the abundance of
clonotypes in all types of T cells generally rises gradually. The most significant changes are
observed in CD4+ cytotoxic T cells (CD4 CTL), CD8+ proliferating T cells (CD8 Proliferating),
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Thank you!
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