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BCR is composed of immunoglobulin 
molecules that form a type 1 
transmembrane receptor protein usually 
located on the outer surface of B cells.

TCR is a protein complex found on the surface 
of T cells, or T lymphocytes, that is responsible 
for recognizing fragments of antigen as 
peptides bound to MHC molecules. 

T-cell Receptor (TCR) and B-cell Receptor (BCR)



Overview of TCR Repertoire Sequencing
T-cell Clonotype Tracking by TCRb
Sequencing
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NAIR: Proposed Analysis Pipeline
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by multiparametric flow cytometry. For this analysis, we used
subjects with active disease at the date of sample collection,
with samples acquired between 2 weeks and 1 month from
symptom onset. We found 6 patients matching these selection
criteria, 5 from cohort 2 and 1 from cohorts 1 and 2, with a me-
dian number of 23 days after symptom onset. Unsupervised
cluster analysis clearly revealed 2 differentially abundant clusters
(DACs) in the T cell compartment of COVID-19 patients (Fig-
ure 4A). As annotation of the markers indicates, both clusters
contained cells expressing co-inhibitory receptors, namely
BTLA (B and T lymphocyte attenuator), previously described to
increase septic morbidity by inducing innate dysfunction (Shubin
et al., 2012), and programmed cell death protein-1 (PD-1) and

T cell immunoreceptor with Ig and immunoreceptor tyrosine-
based inhibition motif domain (TIGIT). Further analysis of the
expression of co-inhibitory receptors in each lymphocyte sub-
population confirmed that BTLA was strongly upregulated in
both CD4+ and CD8+ T cells compared to controls (Figures 4B
and 4C), indicating T cell activation and counterregulation in
both subsets (Fuertes Marraco et al., 2015). While Tim-3 upregu-
lation seemed to be a more important activation checkpoint for
the CD8+ subset, PD-1 upregulation was more pronounced on
the CD4+ subset, together with a strong downregulation of the
metabolically active ecto-50-nucleotidase CD73, which is also
involved in the modulation of innate immune activation during
viral immune response (Aeffner et al., 2015) (Figures 4B and

Figure 1. COVID-19 Disease Courses in Patients from Cohorts 1 and 2
Overview of COVID-19 disease course, intervention, and sample collection of patients infected with SARS-CoV-2 in cohort 1 (recovered) and 2 (active). pt,

patient.

See also Tables S1 and S2.
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Table S1. Patient characteristics. Related to Figure 1. 

 *requiring hospitalization; # requiring ventilation support; $according to Wu, C., et al. 2020a; HTN ± hypertension;  

CVD ± cardiovascular disease; DM ± diabetes; CRD ± chronic respiratory disease 

 

cohort patient ID age range [y] sex diagnosis severity respiratory 
status 

duration of 
sympt.[d] 

relevant risk 
factors$ 

1 

11 30-39 m PCR mild spont. breath. 25 none 
12 20-29 f PCR mild spont. breath. 19 none 
13 40-49 f serological mild spont. breath. 16 none 
14 50-59 m PCR mild spont. breath. 16 none 
16 20-29 m PCR mild spont. breath. 15 HTN 
17 30-39 f PCR mild spont. breath. 25 none 
18 30-39 m PCR mild spont. breath. 20 none 
26 40-49 m PCR mild spont. breath. 14 none 
27 20-29 m PCR mild spont. breath. 13 none 
28 30-39 f PCR mild spont. breath. 16 none 
29 30-39 m PCR mild spont. breath. 15 none 
32 20-29 f PCR mild spont. breath. 21 none 
33 30-39 m PCR mild spont. breath. 15 none 
34 40-49 m PCR mild spont. breath. 18 none 
35 60-69 f PCR mild spont. breath. 13 none 
38 20-29 f PCR mild spont. breath. 13 none 
45 30-39 m PCR asymptomatic spont. breath. NA none 

1&2 
6 60-69 f PCR moderate* spont. breath. 21 HTN, age 
7 70-79 f PCR moderate* spont. breath. 26 HTN, DM, age 

2 

19 20-29 m PCR moderate* spont. breath. 12 none 
39 30-39 m PCR moderate* spont. breath. 4 none 
1 60-69 m PCR fatal ECMO 28 cancer, age 
2 60-69 m PCR fatal ECMO 12 cancer 
3 70-79 m PCR fatal mech. vent. 25 cancer, age 
8 40-49 m PCR fatal ECMO 25d HTN 
9 60-69 m PCR fatal ECMO 23 HTN, CVD, age 
5 60-69 m PCR  severe# ECMO 42+ HTN, DM, age 

10 60-69 m PCR  severe# ECMO 47+ CRD, age 
20 50-59 m PCR moderate* spont. breath. 29 HTN, CVD 

21 50-59 f PCR moderate* spont. breath. 31 DM., HTN, 
CVD 

22 70-79 m PCR  severe# mech. vent. 54+ HTN, CVD, 
DM, age 

23 70-79 m PCR moderate* spont. breath. 28 CVD, age 
24 80-89 f PCR moderate* spont. breath. 29+ HTN, DM,age 
25 60-69 m PCR  severe# ECMO 19+ age 
40 70-79 f PCR  severe# mech. vent. 24 HTN 
41 70-79 m PCR  severe# mech. vent. 22+ CVD 

44 70-79 m PCR  severe# ECMO 18+ HTN, CVD, 
CRD, age 

contained sequences from a total of 37 patients, including 69 time points, and overall >6.2 
million BCR and >8.3 million TCR sequences

recovered 
without medical 
intervention

hospitalized 
patients with 
active COVID-19

Article
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SUMMARY

We profiled adaptive immunity in COVID-19 patients with active infection or after recovery and created a
repository of currently >14 million B and T cell receptor (BCR and TCR) sequences from the blood of these
patients. The B cell response showed converging IGHV3-driven BCR clusters closely associated with
SARS-CoV-2 antibodies. Clonality and skewing of TCR repertoires were associated with interferon type I
and III responses, early CD4+ and CD8+ T cell activation, and counterregulation by the co-receptors BTLA,
Tim-3, PD-1, TIGIT, and CD73. Tfh, Th17-like, and nonconventional (but not classical antiviral) Th1 cell polar-
izations were induced. SARS-CoV-2-specific T cell responses were driven by TCR clusters shared between
patients with a characteristic trajectory of clonotypes and traceability over the disease course. Our data pro-
vide fundamental insight into adaptive immunity to SARS-CoV-2 with the actively updated repository
providing a resource for the scientific community urgently needed to inform therapeutic concepts and vac-
cine development.

INTRODUCTION

We are facing a pandemic of coronavirus disease 2019 (COVID-
19) that is forcing us to live with the causative zoonotic severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), at least
until a protective vaccine is developed.While there is no evidence
for age-dependent differences of viral loads inCOVID-19 patients,
only a fraction of individuals exposed to the virus is infected and
not all infected individuals develop the symptoms of COVID-19
(Wu and McGoogan, 2020). Similar to the two related viruses—
SARS-CoVand theMiddle East respiratory syndromecoronavirus
(MERS-CoV)—SARS-CoV-2 harnesses the widely expressed
angiotensin-converting enzyme 2 (ACE2) on the surface of host
cells as an entry receptor (Hoffmann et al., 2020; Walls et al.,
2020; Zhou et al., 2020). SARS-CoV-2 infection occurs in three
stages: an asymptomatic incubation period (with the potential,

however, of transmission to susceptible individuals), a mildly
symptomatic period in some patients, and, in!19% of confirmed
cases, progression to a severely symptomatic state with 5% of
critical disease courses (Rothe et al., 2020; Shi et al., 2020;
Wang et al., 2020; Wu and McGoogan, 2020). Inferring from the
pathophysiology of other coronaviruses, it is very likely that the ca-
pacity to mount a protective adaptive immune response plays a
decisive role if viral propagation can be stopped early or if the virus
will massively destroy tissues with high ACE2 expression, ulti-
mately leading to a severe inflammatory state with relevant organ
damage, specifically in the lungs and the kidneys (McKechnie and
Blish, 2020; Puelles et al., 2020; Shi et al., 2020). Based on these
assumptions, as long as no protective vaccine is available, anti-
viral and therapeutic approaches promoting adaptive immunity
would seem to be the most promising early in the disease,
whereas in later disease stages, it may be key to suppressing

442 Immunity 53, 442–455, August 18, 2020 ª 2020 Elsevier Inc.
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Facebook TCR/BCR Repertoire

Node Account Nucleotide clone

Distance Minimum number of accounts    
between two accounts

Number of nucleotide differences 
between two clones

Edge Relationship Only one nucleotide change between 
two nodes

Distance matrix Friendship info among a group Pairwise distances among clones

Attributes Photos or posts Meta data in nucleotide clone

Cluster Groups in FB A group of clones having direct or 
indirect connection

Image source: https://www.freecodecamp.org/news/deep-dive-into-graph-traversals-227a90c6a261/

Network Analysis



Levenshtein distance

• Cat       à fat  (transformation)    distance = 1
• Health à healthy (insertion)       distance = 1
• Sunny à sun (deletion)               distance = 2

Similar as 
• ATCG à ATGG    (transformation) distance = 1
• ATCG à ATTCG  (insertion)            distance = 1
• ATCG à ACG      (deletion)             distance = 1

Distance Matrix



Network property Definition* Illustration

Eigenvector
Principal eigenvector of t(A)*A, where 
A is the adjacency matrix of the graph: 

Authority Principal eigenvector of t(A)*A, where 
A is the adjacency matrix of the graph

PageRank Principal eigenvector of the 
normalized matrix of the graph

Closeness
Node centrality in a graph: 

Betweenness
Number of shortest paths through v: 

xv =
1
!

xt
t∈M (v)
∑

C(v) = 1
d(v,w)

w
∑

B(v) = δ st (v)
δ sts≠v≠t

∑

Supplementary Table 2

8

Human Sample CDR3s (nodes/graph)

D1-M 2’305’669

D2-M 1’836’019

D3-M 3’127’059

D1-Na 6’187’146

D1-Nb 5’716’124

D2-N 4’408’661

D3-N 6’348’502

Supplementary Table 3

Supplementary Table 2. Network local properties. *These properties are dimensionless. 

Supplementary Table 3. Human memory and naïve B cell network size. 
Size of memory (n=3) and naïve B-cell repertoire (n=4) networks.

Supplementary Table 1

Network property Definition (unit*) Illustration

Node (vertex)
The fundamental unit of which 

graphs are formed: v

Edge (link)
An unordered pair of distinct 

vertices: {v, w}

Degree
The number of edges incident 

to a vertex e: deg(v)

Largest component Largest subgraph in which any 
two vertices are connected

k-core
A maximal subgraph of a graph 

in which all vertices have 
degree of at least k

k=3 
k=2 
k=1

Clique A complete subgraph in a graph

Diameter
The length of the "longest 

shortest path" between any two 
vertices: max(v, w) d(v, w)

Assortativity 
coefficient

Pearson correlation coefficient 
of degree between pairs of 

linked nodes r ={-1,1}

Cluster  
size, number

Connected component of a 
graph in which any two nodes 

are connected

Number = 2 clusters 
Size = 3,6 

Clustering coefficient 
(transitivity)

The probability that the 
adjacent vertices of a vertex are 

connected

Density
The ratio of the number of 
edges and the number of 

possible edges

Centralization
Centrality score based on node-
level centrality c: 
sum(max(c(w), w) - c(v),v)

Average Degree
The average number of 
degrees per node: 2e/v

Neighborhood
 Set of all the nodes that are 
adjacent to a node v: N(v)

r > 0 r < 0
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Supplementary Table 1. Network global properties.
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Large-scale network analysis reveals the sequence
space architecture of antibody repertoires
Enkelejda Miho1,2,3, Rok Roškar4, Victor Greiff5 & Sai T. Reddy 1

The architecture of mouse and human antibody repertoires is defined by the sequence

similarity networks of the clones that compose them. The major principles that define the

architecture of antibody repertoires have remained largely unknown. Here, we establish a

high-performance computing platform to construct large-scale networks from comprehensive

human and murine antibody repertoire sequencing datasets (>100,000 unique sequences).

Leveraging a network-based statistical framework, we identify three fundamental principles

of antibody repertoire architecture: reproducibility, robustness and redundancy. Antibody

repertoire networks are highly reproducible across individuals despite high antibody

sequence dissimilarity. The architecture of antibody repertoires is robust to the removal of

up to 50–90% of randomly selected clones, but fragile to the removal of public clones shared

among individuals. Finally, repertoire architecture is intrinsically redundant. Our analysis

provides guidelines for the large-scale network analysis of immune repertoires and may be

used in the future to define disease-associated and synthetic repertoires.

https://doi.org/10.1038/s41467-019-09278-8 OPEN

1 Department of Biosystems Science and Engineering, ETH Zurich, 4058 Basel, Switzerland. 2 Institute of Medical Engineering and Medical Informatics,
School of Life Sciences, FHNW University of Applied Sciences and Arts Northwestern Switzerland, 4132 Muttenz, Switzerland. 3 aiNET GmbH, c/o
Switzerland Innovation Park Basel Area AG, Hochbergstrasse 60C, 4057 Basel, Switzerland. 4 Research Informatics, Scientific IT Services, ETH Zürich, 8001
Zürich, Switzerland. 5 Department of Immunology, University of Oslo, 0372 Oslo, Norway. Correspondence and requests for materials should be addressed to
V.G. (email: victor.greiff@medisin.uio.no) or to S.T.R. (email: sai.reddy@ethz.ch)
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Assortativity

Figure 2
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Patient: TRB−Pt−5−2, Beta chain, cluster size > 2

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

node_color
● blue

cloneFractionPercent
●

●

●

●
●

0.00

0.01

0.02

0.03

0.04

Patient: TRB−Pt−7−4, Beta chain, cluster size > 2

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

cloneFractionPercent
●

●

●

●
●

0.00

0.01

0.02

0.03

0.04

colour
● red

Patient: TRB−Pt−5−2, Beta chain, cluster size > 2

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

node_color
● green

cloneFractionPercent
●

●

●

●
●

0.00

0.01

0.02

0.03

0.04

Patient: HD20−Mar2015−TCRb−S38.clones.txt, Beta chain, cluster size > 2
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Patient: TRB−Pt−5−2, Beta chain, cluster size > 2
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Supplementary Figure 1 B: Finding Public Clusters Workflow
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Beta chain, find public clone
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Bulid public clone network 
CASSLGTDTQYF

Build the 
network for 
each sample 

Pick the top K largest clusters 
or single node with large 
abundance within each 

sample 

Within each 
cluster, identify 
a representative 

clone

Build a new 
network based 

on those 
selected clones 

Generate 
public 

clusters

Assign global 
membership to the 

public clusters 
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Figure 1 A: Finding COVID-associated Clusters Pipeline

Identify COVID-associate TCRs 
based on Fisher’s exact test

Identify the TCRs that are in the 
same cluster with the COVID-

associated TCRs by network analysis 

Obtain the # of samples 
shared by a given TCR

Identify COVID-only TCRs

Assign global membership to the 
COVID-associated clusters by 

another network analysis
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7
8

TCR

# of 
COVID 
w/ TCR

# of 
HD w/ 

TCR

# of 
COVID 

w/o TCR

# of HD 
w/o 
TCR P-value

CASSLGETQYF 26 15 12 24 0.012

CASSIEGQLSTDTQYF 26 0 12 39 0.000

CASSLEETQYF 19 9 19 30 0.018

CASSLGGTEAFF 18 9 20 30 0.033

CASSSQETQYF 18 5 20 34 0.001

CASSLSYEQYF 18 8 20 31 0.017

CASSSSYEQYF 17 8 21 31 0.030

CASSLAGGTDTQYF 16 6 22 33 0.012

CASSLNTGELFF 16 6 22 33 0.012

CASRLGLAGGNEQFF 8 0 30 39 0.002

CASSSTDTQYF 15 7 23 32 0.046

CASSFQETQYF 15 5 23 34 0.010

CASSFTDTQYF 16 6 22 33 0.012

CASSLGNEQFF 14 5 24 34 0.018

CASSFGVAGGIYSPLHF 13 0 25 39 0.000

CASSLYRGTEAFF 5 0 33 39 0.025

…… …… …… …… …… ……

ARTICLESNATURE METHODS

TCRs are also phenotypically regulated in a similar manner. This 
also matches the findings by Dash et al.11 and Glanville et al.10 that 
T  cells of similar TCR sequences often target the same antigen, 
although these previous studies, mostly based on examining the 
TCR sequences alone, do not directly confirm or further investigate 
the functional relevance of their findings.

To fill in this void, we introduce tessa (Supplementary Note 1) 
to empirically map the functional relevance of the TCR repertoire. 
Our core rationale (Fig. 1c) is to take the expression profiles of the 
T cells and their TCR embeddings as the input, and maximize the 
association between them through a parametric model to capture 
the part of the functional variation of T cells accounted for by TCRs. 
In tessa, each digit of the 30-digit TCR embedding is adjusted by 
a weight to maximize the correlation between the expression of 
T cells and the TCR embeddings (Fig. 1d). Simultaneously, simi-
lar TCRs defined by the weighted embeddings are grouped into 

TCR networks reflective of antigen specificity (Fig. 1e). These 
two steps are alternated until tessa achieves convergence. In each 
alteration, we adjust weights of the embedding according to the 
TCR-expression correlations calculated from only the T cell clones 
within the same networks.

We applied tessa on the single-cell sequencing datasets that we 
collected, and discovered that the adjusted weights of the TCR 
embeddings independently determined from each dataset are simi-
lar to each other (Extended Data Fig. 3). The adjusted weights can 
be regarded as a characterization of the latent space where TCRs 
and expressions are best aligned. The pairwise Pearson correlation 
coefficients of the weight vectors from all datasets ranged from 
0.783 to 0.993. This suggests that tessa likely infused relevant phe-
notypic information, gleaned from single-T cell gene expression, 
into interpretation of the TCR sequences rather than irrelevant  
random noises.

CASSFYGSSTEAFFGQGOriginal CDR3 sequence

−1.34

0.46

−0.86

−1.02

−0.26

−0.59

−1.30

−0.73

1.57

−0.15

−0.23

1.40

−4.76

0.67

−2.65

−0.23

1.40

−4.76

0.67

−2.65

−1.01

−0.59

1.89

−0.40

0.41

0.26

0.83

3.10

−0.84

1.51

−0.38

1.65

1.33

1.04

2.06

−0.23

1.40

−4.76

0.67

−2.65

−0.23

1.40

−4.76

0.67

−2.65

−0.03

0.33

2.21

0.91

1.31

Atchley factor
encoded sequence ...

A
tc

hl
ey

 fa
ct

or
s

TCR encoder

−0.47 −0.39 0.23 −0.54 0.66 0.46 0.06 −0.56 −0.86 0.47 0.69 0.09 0.24 −0.12 0.37Embedded CDR3 sequence

dt

Pairwise distances
between TCR embeddings

Weighted with b

Cells

G
en

e 
ex

pr
es

si
on

 le
ve

ls

...

de

−1.45 0.06 −0.25 1.39 −0.78 −0.78 0.64 −0.24 −1.78 −0.99 −0.49 2.63 1.31 −0.20 −1.05

0.90 0.49 0.71 1.26 1.42 0.96 −0.06 −0.57 −0.83 0.19 1.14 0.77 1.57 −0.04 −0.23

0.75 −0.53 −0.18 1.09 0.61 −0.64 0.29 −1.10 1.02 −0.29 0.34 −1.91 0.38 0.80 −0.38

0.45 0.28 −1.00 −0.18 0.09 0.96 1.00 −1.78 1.19 1.21 0.41 0.19 −0.05 0.81 −0.50

−1.05 0.58 0.55 −0.71 −0.51 1.96 0.32 −0.37 −0.29 0.45 1.70 −1.08 0.40 −0.09 −1.72

2.66 0.15 0.77 0.07 0.49 1.73 0.47 −1.11 1.33 −0.69 −0.68 0.10 −2.93 −0.02 0.28

0.62 −0.08 0.16 −0.45 0.12 0.48 0.04 0.25 −0.76 −0.93 −1.16 1.29 0.45 −0.86 1.38

−1.48 1.03 −0.17 −1.00 1.60 0.74 0.81 0.43 0.95 1.00 1.60 −0.54 0.22 −0.91 0.34

−0.86 0.40 1.09 −0.54 0.54 −0.95 −0.35 −0.64 1.21 −0.67 1.19 0.18 −0.24 0.40 0.59

0.84 0.07 −0.01 0.62 −0.01 −2.11 −1.88 1.71 −1.24 −0.10 1.10 −0.47 −0.41 −1.01 0.42

−0.20 0.28 −0.14 0.12 1.44 −0.82 0.76 0.19 −1.21 1.42 −0.40 −0.91 −0.03 1.33 0.07

0.61 0.42 −0.59 −0.35 0.41 −1.25 0.11 0.84 0.92 −0.20 −0.61 0.48 2.06 −1.83 −1.80

0 −0.67 1.64 −0.14 0.97 1.46 −1.27 1.55 −0.65 −2.03 −0.19 −1.36 −0.63 1.16 −0.11

1.53 0.57 1.35 0.59 −2.06 −1.79 0.47 −0.32 −0.59 −1.37 0.28 −0.51 −0.86 0.38 1.33

2.11 0.38 −1.05 1.42 0.86 1.06 −0.12 −0.65 −0.79 0.27 1.70 0.30 1.77 −0.47 1.14

Pairwise distances between T cell transcriptomes
Averaged within clones

TCR distances (dt)
Min Max

G
en

e 
ex

pr
es

si
on

 d
is

ta
nc

es
 (
d e

)

M
in

M
ax

Model assumption
de = ak × dt + σ
in each network Networks

Priors

Generate

b ak

Contribute to assign TCRs
into networks in iterations

Update variables in iterations

Output

20

10

10

t-SNE-1

20 30

0

0

–10

–10

–20

–20

a b

c d e

To optimize estimation of the association between TCRs and transcriptomes 

TCR networks that are reflective of
the functional status of T cells

t-
S

N
E

-2

Fig. 1 | The tessa algorithm. a, A flowchart shows how the TCR sequences are encoded into numeric vectors that are amenable for mathematical 
operations. b, A heatmap indicating the scRNA-seq expression matrix, which was used to calculate the expression distances, and serves as another input 
into the tessa model. c, The core rationale of tessa: to combine the information from TCR and RNA expression. d, The two key processes of the tessa 
model to combine the information iteratively: updating variables to maximize the association in c and updating TCR network assignments according to the 
updated variables. e, A t-SNE plot intuitively shows tessa-identified networks of TCRs, which has incorporated expression information and can help achieve 
more refined estimation of the association in c within each network.
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Pgen
(OLGA )

Normalized 
Frequency

Bayes factor 𝐵𝐹! 1
:

𝐵𝐹! 𝑗
:

𝐵𝐹! 𝐾

Pseudo-pvalue
𝑃"#! (𝐹𝐷𝑅"#! )

𝑋 = log10(𝐵𝐹! 𝑗 )≥ 𝑥$
𝑍 = the number of 𝑋 ≥ 𝑥$

𝑋 ~ N(0, 𝜎2)
𝑍 ~Bin(K-1,p),  
𝑝 = 1 − Φ(𝑥$)

transformation, therefore, can handle sequences with different lengths. Network visualization was performed 
using R packages: Ape [21] and igraph [22]. 
Rationale 
7KRXJK�QHWZRUN�ILJXUHV�FRXOG�SURYLGH�OLPLWHG�LQVLJKWV�DERXW�WKH�UHSHUWRLUH��LW¶V�GLIILFXOW�WR� identify their function 
and obtain its statistical inference. There are two major types of network properties [22]: the global properties 
which describe the network as a whole, such as diameter and assortativity, and local properties that characterize 
clonal feature for each node in repertoire networks by authority and degree etc. Each property represents 
different feature of the network, for example, large positive assortativity is more likely a tree-structure while 
negative value closely represents a chain-like cluster. However, within each repertoire, there are thousands of 
clones and hundreds of clusters, each corresponding to its own local or global properties. Probability of 
generation (pgen) has been used to evaluate which specific amino acid sequences and sequence motifs are likely 
to be generated and found in repertoires [23]. It probabilistically annotates sequences and its modular structure 
can be used to investigate models of increasing biological complexity for different organisms. 
Statistical and Bioinformatic Analysis Methods 
To take into consideration the clonal abundance, we will first build network by LQFRUSRUDWLQJ� WKH�VHTXHQFHV¶�
abundance to construct weighted networks by using 'LMNVWUD¶V�DOJRULWKP�1HZPDQ�>24] and Brandes [25] (Fig 
2E), then quantify the network by properties11. We are in particular interested in the distribution of node degrees 
of a cluster, because if it follows power-law distribution, then it is more likely to be start-like structure, suggesting 
antigen-driven clones or targets expansion of certain antigen-responding clones after the treatment [12].  
Therefore, we are going to perform a formal test on the distribution of degrees of the nodes within a cluster 
follows a power-law distribution by the poweRlaw package [26]. We will discriminant if the power-law distribution 
could describe the best fit to the degree distribution by bootstrapping 100 times the power-law pvalue (Ppower-law) 
obtained from each sample after estimating the lowest degree. In addition, we will introduce Bayes factor to 
evaluate the importance of the clusters. For each cluster ܿ, 

ሺ݆ሻ)ൌܨܤ
൫ܯหܦ൯Ȁሺெሻ

ቀܯቚܦቁȀሺெೕሻ
 for �ܿ ് ݆ and ܿǡ ݆ ൌ ͳǡ ǥ ǡ  ,ܭ

where ܲሺܯሻ ൌ �σ א�ݍ �is the cumulative pgen of any clones belong to cluster ݇; and ܲሺܯȁܦሻ �are the normalized 
frequencies of cluster ݇�in the data, ݇ ൌ ͳǡǥ ǡܭ.  For each clone ܽ, we will calculate pgen

 by OLGA [23]. Each 
cluster ݇ has a vector of ܭ െ ͳ of ܨܤሺ݆ሻ values, we are interested in the proportion of ܺ = log10(ܨܤሺ݆ሻ)0.5, 
because log10(ܨܤሺ݆ሻ) that falls between the intervals of (0.5,1], (1,2] and >2, represents substantial, strong and 
decisive of chance presenting in the current data, respectively. Note that under the null hypothesis ܺ follows a 
normal distribution with mean of 0 and standard deviation of ߪ (ߪ will be estimated through the real data). Let ܼ 
be the number of log10(ܨܤሺ݆ሻ)0.5, then under the null hypothesis, ܼ follows a binomial distribution ܲሺܼȁሻ with 
probability of  ൌ  ݂ሺݔሻ݀ݔஶ

ଵ , where ݂ሺݔሻ is a normal density function. Then we will calculate a pseudo-pvalue 
ܲி
  = σ ܲሺܼȁሻஹ௭బ  for each cluster ܿǡ corresponding to the probability that cluster ܿ has no less ݖ of ܨܤሺ݆ሻ 0.5 

in the null model than in the data. Those clusters which have ܲி
  < 0.05 and Ppower-law  0.1 will be considered to 

have high potential to be antigen-specific TCRs. We are going to validate our algorithm by applying it to VDJdb 
[27] and McPAS-TCR [28]. 
Aim 2. Develop computationally efficient methods to identify public or shared clusters across repertoires 
and assess their clinical relevance.  
Rationale  
Functionally, public (shared) clones are enriched for MHC-
diverse CDR3 sequences that were previously associated 
with autoimmune, allograft, and tumor-related reactions, 
and anti-pathogen-related reactions. When the public 
clones belong to the same subject from different time points 
or from different specimens, these public clones might be 
more likely to be antigen specific. Exhaustive search of 
public clones based on sequences is computationally 
expensive and results in only few or no public clones.  
Preliminary Data 
We have pre-tested our greedy search algorithm based on 
network, and have found the public TCRs in the baseline samples of the patients who received Sip-T before and 
post-treatment samples of newly-treated patients (Fig. 3A) and the TCRs shared by tumor samples from pre 
and post-treatment for Apexigen study (Fig. 3B), which might define T cells with potential antigen specificity. 
Statistical and Bioinformatic Analysis Methods 

Fig 3. Shared clusters. A. Shared clusters among retreated 
patients at baseline and naïve patients post-treatment in Sip-T 
study. B. Shared clusters between pre and post treatment for one 
patient in Apexigen study.  

𝐵𝐹" 𝑗 =
𝑃 𝑀" 𝐷 /𝑃(𝑀")
𝑃 𝑀# 𝐷 /𝑃(𝑀#)

It probabilistically annotates 
sequences to evaluate which 
specific sequences are likely 
to be generated and found 
in repertoires. 

TCR Sequence Count
Normalized 
frequency

TGTGCGAGAGGGCGATACTTTGACTACTGG 91 0.00606667
TGTGCGAGACTGGGGGGGCAGTGGCTGGTCAGGGACGGTATGGACGTCTGG 69 0.0046
TGTGCGAGAGAGAAGTCCTACGGTATGGACGTCTGG 66 0.0044
TGTGCGAGAGGAACGGGGAGCAGCTCGAACTACTACATGGACGTCTGG 66 0.0044
TGTGCGACCTTGGGTTGGTCCGAGGGCTGGTTCGACCCCTGG 66 0.0044
TGTGCCAGAGCTTACGGTGACTACGTGGAATACTGG 62 0.00413333
TGTGCGAGAGCGTATAGCAGCTCGTCCCATGTTGACTACTGG 62 0.00413333
TGTGCGAGAGGCCTAGCCGGTTCGCATGGCTACTGG 62 0.00413333
TGTGCGCATGGGTACGGTGACTTCGGGTACTGG 61 0.00406667
TGTGCGAGAGATCAGCCGGGCTGGGGCACGTCGGACTGG 61 0.00406667
TGTGCACGATGCTTACGTCCCCGCCTGGACTACTACTACATGGACGTCTGG 60 0.004
TGTGCGAGAGCGAGCAGCAGCTGGTACGGGAACTGGTTCGACCCCTGG 59 0.00393333
TGTGCGAGAGGGAGCAGCAGCTGGTCCCTCGGCTACTGG 59 0.00393333

Bayes Factor Adjusted Pvalue



Summary of Public Clusters
Table 3: Summary of public clusters. 

 
1 Public cluster ID is defined based on the network analysis across all samples. 
2 Motif analysis is among all TCR sequences within the corresponding public cluster. 
3 The number of the healthy donor (HD) samples which the corresponding public cluster belong to. 
4 The number of the Active COVID samples which the corresponding public cluster belong to. 
5 The number of the Recovered COVID samples which the corresponding public cluster belong to. 
6 Estimate (with 95% CI) and pvalue were obtained by a linear mixed model or a linear model. 
7 Summary of the coreness (local property) of the TRCs in the corresponding network cluster. 
8 The percentage of the significant TCRs within each public cluster based on Bayes factor FDR < 0.05. 
9 Summary statistics (median[Interquartile range IQR]) of pairwise correlation coefficients between the TCR sequences within the public cluster, where the amino acid sequences were 
transformed by Atchley factor by [ref]. 
10 The percentage of the TCRs in the public cluster matched with MIRA. 

Public 

Cluster 

ID1 

No. of 

TCRs 

Motif2 No. of HD 

Samples3 
No. of 

Active 

COVID 

Samples4 

No. of 

Recovered 

COVID 

Samples5 

Estimate (95%CI) 

Pvalue6 

Coreness7 

Median 

[Min,Max] 

The % of 

significant 

TCRs based 

on Bayes 

factor8 

Correlation of 

Atchley factor9 

Median [IQR] 

The % of 

TCRs 

matched 

with 

MIRA10 

Active COVID vs. 

HD 

Recovered COVID 

vs. HD 

Recovered COVID 

vs. Active COVID 

1 2092 
 

12 39 19 0.33 (0.02, 0.64) 
p= 0.039 

0.7 (0.38, 1.02) 
p <0.001 

0.37 (0.11, 0.63) 
p= 0.005 

1[1,6] 84.6% 0.37 
[0.2,0.53] 

28.7%  

2 1918 
 

13 40 18 -0.79 (-1.07, -0.51) 
p<0.001 

-0.49 (-0.79, -0.19)  
p= 0.001  

0.3 (0.06, 0.54) 
p= 0.015 

2[1,7] 95.3% 0.44 
[0.28,0.59] 

41.6%  

4 2321 
 

13 40 18 0.46 (0.09, 0.84) 
p= 0.016 

0.67 (0.25, 1.09) 
p= 0.002  

0.2 ( -0.14, 0.54) 
p= 0.24 

1[1,6] 90.4% 0.5 
[0.34,0.65] 

39.5%  

6 1585 
 

12 39 18 0.41 (0.02, 0.81) 
p= 0.041  

0.55 (0.11, 1) 
p= 0.014  

0.14( -0.2, 0.48) 
p= 0.424  

1[1,4] 86.1% 0.67 
[0.55,0.78] 

22.1%  

7 1011 
 

12 38 18 0.38 (0.08, 0.67) p 
= 0.012  

0.5 (0.19, 0.82)  
p= 0.002  

0.12 ( -0.13, 0.38) 
p= 0.342  

1[1,8] 90.4% 0.44 
[0.28,0.6] 

80.3%  

8 21799 
 

17 39 19 0.25 (-0.02, 0.51)  
p= 0.067  

0.46 (0.18, 0.73)  
p= 0.001  

0.21 ( -0.04, 0.46) 
p= 0.095  

2[1,9] 90.5% 0.43 
[0.27,0.59] 

50.5%  

9 782 

 

8 24 18 -0.82 (-1.27, -0.38)  
p <0.001  

-0.63 (-1.07, -0.19) 
p= 0.005  

0.19 ( -0.14, 0.53) 
p= 0.26  

1[1,6] 93.4% 0.54 
[0.4,0.68] 

26.3%  

11 894 

 

9 34 15 -0.07 (-0.48, 0.34)  
p= 0.733  

0.27 (-0.18, 0.73)  
p= 0.241  

0.35 (0.01, 0.68) 
p= 0.045  

1[1,9] 84.8% 0.6 
[0.46,0.74] 

29.0%  

16 493 
 

7 13 15 -0.41 (-0.75, -0.07) 
p= 0.017  

-0.25 (-0.56, 0.07) 
p= 0.12  

0.16 ( -0.12, 0.44) 
p= 0.262  

1[1,4] 97.0% 0.42 
[0.26,0.57] 

50.7%  

18 681 
 

12 27 18 0.13 ( -0.14, 0.4) 
p= 0.334  

0.34 (0.06, 0.61)  
p= 0.015  

0.21 ( -0.03, 0.44) 
p= 0.084  

3[1,8] 89.7% 0.67 
[0.55,0.84] 

48.9%  

22 698 

 

9 16 13 -0.36 ( -0.7, -0.02) 
p= 0.036  

-0.34 (-0.66, -0.02) 
p= 0.039  

-0.25 ( -0.79, 0.28) 
p= 0.352  

1[1,4] 92.1% 0.41 
[0.26,0.56] 

28.1%  

27 334 
 

5 12 10 -0.52 ( -0.9, -0.13) 
p= 0.008  

-0.39 (-0.77, 0) 
p= 0.051  

0.13 ( -0.18, 0.45) 
p= 0.409  

1[1,5] 92.8% 0.47 
[0.31,0.62] 

25.7%  

32 103 
 

4 9 8 -0.75 ( -1.39, -0.1) 
p= 0.023  

-1.18 (-1.84, -0.52) 
p <0.001  

-0.43 ( -0.95, 0.09) 
p= 0.104  

1[1,5] 77.7% 0.35 
[0.15,0.55] 

35.9%  

44 34 
 

0 8 4 NA NA -0.46 ( -0.82, -0.1) 
p= 0.012  

1[1,1] 52.9% 0.44 
[0.29,0.6] 

5.9%  
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Data: Public_cluster Color on match MIRA 1



• Used network analysis, other advanced machine learning techniques and 
statistical approaches, to interrogate and measure immune repertoire 
architecture in a clinical context.

• Developed customized search algorithms to identify disease associated 
clones and public shared clones.

• Implemented the proposed methods on different types of datasets that 
have a wealth of diverse and rich data to demonstrate the flexibility and 
power of the proposed tools. 

• Developed a comprehensive user-friendly bioinformatics tool with 
visualization to tackle the complexity of the immunosequencing data in a 
translational fashion.

Conclusion & Discussion



Future Work

• Incorporate the abundance into network analysis
• Adapt more features for scRNA-seq data
• A lot more…..

Future Work
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