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Abstract

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has become a public health emergency. The most common symptoms of COVID-19 are fever, cough, and fatigue.
While most patients with COVID-19 present with mild illness, some patients develop pneumonia, an important risk factor for
mortality, at early stage of viral infection, putting these patients at increased risk of death. So far, little has been known about
differences in the T cell repertoires between COVID-19 patients with and without pneumonia during SARS-CoV-2 infection.
Herein, we aimed to investigate T cell receptor (TCR) repertoire profiles and patient-specific SARS-CoV-2-associated TCR
clusters between COVID-19 patients with mild disease (no sign of pneumonia) and pneumonia. The TCR sequencing was
conducted to characterize the peripheral TCR repertoire profile and diversity. The TCR clustering and CDR3 annotation
were exploited to further discover groups of patient-specific TCR clonotypes with potential SARS-CoV-2 antigen specifici-
ties. Our study indicated a slight decrease in the TCR repertoire diversity and a skewed CDR3 length usage in patients with
pneumonia compared to those with mild disease. The SARS-CoV-2-associated TCR clusters enriched in patients with mild
disease exhibited significantly higher TCR generation probabilities and most of which were highly shared among patients,
compared with those from pneumonia patients. Importantly, using similarity network-based clustering followed by the
sequence conservation analysis, we found different patterns of CDR3 sequence motifs between mild disease- and pneumonia-
specific SARS-CoV-2-associated public TCR clusters. Our results showed that characteristics of overall TCR repertoire
and SARS-CoV-2-associated TCR clusters/clonotypes were divergent between COVID-19 patients with mild disease and
patients with pneumonia. These findings provide important insights into the correlation between the TCR repertoire and
disease severity in COVID-19 patients.

Keywords COVID-19 - T cell receptor - TCR repertoire - TCR sequencing - SARS-CoV-2

Che-Mai Chang and Po-Hao Feng contributed equally to this
work.
Corresponding authors: Kang-Yun Lee and Wei-Chiao Chang.

P< Kang-Yun Lee 4 Master Program in Clinical Pharmacogenomics
leekangyun@tmu.edu.tw and Pharmacoproteomics, School of Pharmacy, Taipei
54 Wei-Chiao Chang Medical University, Taipei, Taiwan

wce@tmu.edu.tw Department of Clinical Pharmacy, School of Pharmacy,
University of Southern California, Los Angeles, CA, USA
Ph.D. Program in Medical Biotechnology, College 6
of Medical Science and Technology, Taipei Medical

University, Taipei, Taiwan

Department of Clinical Pharmacy, School of Pharmacy,
Taipei Medical University, No. 250, Wuxing St., Xinyi Dist.,
Taipei 110, Taiwan

Division of Pulmonary Medicine, Department of Internal 7
Medicine, Taipei Medical University-Shuang Ho
Hospital, No. 291, Zhongzheng Rd., Zhonghe Dist.,
New Taipei City 235, Taiwan

Department of Pharmacy, Wan Fang Hospital, Taipei
Medical University, Taipei, Taiwan

Integrative Research Center for Critical Care, Wan Fang

Division of Pulmonary Medicine, Department of Internal Hospital, Taipei Medical University, Taipei, Taiwan

Medicine, School of Medicine, College of Medicine, Taipei
Medical University, Taipei, Taiwan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10875-021-01045-z&domain=pdf

1132

Journal of Clinical Immunology (2021) 41:1131-1145

Introduction

Beginning in December 2019, the newly emergent
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) rapidly became a pandemic (corona-
virus disease 2019; COVID-19). SARS-CoV-2 has
so far infected more than one hundred million people
and killed over two million people worldwide. The
clinical manifestations of patients with SARS-CoV-2
infection vary considerably, with 70-80% of patients
either asymptomatic or experiencing moderate symp-
toms, including fever, fatigue, dry cough, sore throat,
dyspnea, myalgia, and impaired taste and smell. About
15% of confirmed symptomatic cases have severe res-
piratory distress and shock, and these patients may rap-
idly progress into acute respiratory distress syndrome,
which requires intensive care. The known risk factors
for developing respiratory failure and acute respiratory
distress syndrome include old age, lymphopenia, high
lactate dehydrogenase (LDH), and high D-dimer [1].
Moreover, the viral load of SARS-CoV-2 was reported
to be predictive of COVID-19 mortality [2].

To quantify the high rate of COVID-19 transmission,
several studies have estimated the basic reproduction
number of SARS-CoV-2 at approximately 3.28, while
the World Health Organization (WHO) has estimated it
to be approximately 1.95 [3]. The precise interval during
which a patient infected with SARS-CoV-2 can trans-
mit infection to others is uncertain, but it has been sug-
gested that infected patients were most contagious during
the early stage of illness, when the level of viral RNA
in the upper airway appears to be highest [4]. He et al.
reported that the mean serial interval between the onset
of symptoms among 77 transmission pairs was 5.8 days,
suggesting that patients became infectious 2.3 days prior
to symptom onset and infectiousness peaked 0.7 days
before symptom onset and then declined over the course
of 7 days [5]. Recent studies showed that some patients
experience prolonged periods of detectable viral RNA
in the respiratory tract [6]; however, detectable viral
RNA does not always indicate the presence of infectious
virus. In addition, infectious virus was only detected in
stored respiratory specimens that had a high concentra-
tion of viral RNA (RT-PCR positive at cycle threshold
([Ct] <24)] [7], suggesting that the virus became less
infectious with prolonged storage. According to guid-
ance from the United States Centers for Disease Control
and Prevention (CDC), if viral RNA is still detectable in
upper respiratory specimens 3 days after clinical recov-
ery, the RNA concentrations are generally below the lev-
els at which replication-competent virus can be reliably
isolated [8].
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The clinical relevance of dynamic changes in the
immune landscape is still unclear in SARS-CoV-2 infec-
tion, especially with regard to T cells. As with any virus
infection, the adaptive immune response plays a central
role in clearing SARS-CoV-2. Thus, the T cell receptor
(TCR) repertoire is a key factor in viral clearance, since
it describes the ability of CD8" T cells to recognize vari-
ous viral antigens expressed on major histocompatibility
class I (MHC I) molecules in infected cells and dendritic
cells [9]. After activation by antigen recognition, T cells
undergo clonal expansion, during which activated T cells
rapidly proliferate to generate large numbers with identi-
cal TCRs to eliminate virus-infected cells [10]. Most of
the TCRs on circulating T cells are alpha and beta subunit
heterodimers, and the specificity for an antigen is shaped
by VDIJ recombination [11]. This process can generate up
to 10'° unique TCRs from the same heterodimer [12]. The
TCR repertoire dynamically changes in response to acute
and chronic infections, and exposure to antigen triggers
clonal expansion that skews the TCR repertoire to favor
T cells that have specificity for the antigen [13]. Such
dynamic changes in TCR repertoire in antiviral immunity
have been demonstrated by a longitudinal study of yellow
fever immunization in human [14]. Moreover, TCR anal-
ysis of influenza-positive individuals revealed several T
cell clonotypes with the same recurrent TCR motifs [15].
Therefore, we postulated that unique and dynamic changes
of the TCR repertoire occur in response to SARS-CoV-2
infection. In this study, we performed TCR sequencing
and analysis on peripheral blood lymphocytes of SARS-
CoV-2-infected patients and correlated features and char-
acteristics of their TCR repertoire with disease severity.

Materials and Methods
Patient Enrollment

A total of nine COVID-19 patients diagnosed with SARS-
CoV-2 infection by quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) were enrolled in Taipei
Medical University-Shuang Ho Hospital, Ministry of Health
and Welfare, Taiwan. The patient classification for COVID-19
was performed according to Interim Guidelines for Clinical
Management of SARS-CoV-2 Infection (5th edition, March
26, 2020), published by Taiwan Centers for Disease Control
(Taiwan CDC). Based on criteria of the guidelines, three and
six of recruited patients were assigned to “mild disease” and
“pneumonia” groups, respectively. Both mild disease and
pneumonia groups of patients displayed common symptoms
of COVID-19, including fever, fatigue, and cough; however,
only pneumonia patients were diagnosed with pneumonia
throughout the course of the disease. According to Taiwan
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CDC regulation, all individuals testing positive for SARS-
CoV-2 were isolated in hospital until the RT-PCR tests for
SARS-CoV-2 showed three consecutive negative results.
Blood samples were collected from patients during hospitali-
zation. All COVID-19 patients of the study were recovered
and discharged after three consecutive negative results of
RT-qPCR test for SARS-CoV-2. Six (67%) of the patients
are male in our cohort, with an average age of 48.8 years old
(24-73). The study was approved by Taipei Medical Univer-
sity Joint Internal Review Board (TMU-JIRB: N202004076).
All patients were provided with and signed informed consents.

Sample Processing and TCRp Library Preparation

RNA was extracted from COVID-19 patients’ peripheral
blood mononuclear cells (PBMCs) using a Trizol-based
method (Thermo Fisher Scientific, MA, USA). Library
preparation of T cell receptor beta chain (TCRp) repertoire
for high-throughput sequencing (HTS) was performed as
previously described [16]. Purified RNA sample was first
subjected to template-switching reverse transcription pol-
ymerase chain reaction (RT-PCR) using SMARTer PCR
cDNA Synthesis Kit (Takara Bio USA, CA, USA) and a
modified cDNA synthesis (CDS) oligo (5'-CGG GGT ACG
ATG AGA CACCAT TTTTTT TTT TTT TTT TTT TVN-
3"). Full-length cDNAs synthesized from whole mRNA
transcripts were obtained and subsequently amplified using
Q5 High-Fidelity 2X Master Mix (New England Biolabs,
MA, USA) with a self-designed CDS oligo-specific primer
(5'-CGG GGT ACG ATG AGA CAC CA-3'). Following
first-strand cDNA synthesis and amplification, TCRp frag-
ments were enriched using Q5 High-Fidelity 2X Master
Mix with self-designed TRBC1/TRBC2-specific primer (5'-
TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA
CAG DVH DVT CTG ATG GCT CAA ACA CAG C-3')
and template-switching oligo-specific primer (5'-GTC TCG
TGG GCT CGG AGA TGT GTA TAA GAG ACA GGC
AGT GGT ATC AAC GCA GAG TAC-3"). Size selection
was performed to extract TCRP cDNA fragments with sizes
between 300 and 1000 base pairs (bp) by Pippin DNA Size
Selection System (Sage Science, MA, USA). [llumina index
and adaptor sequences were finally added to enriched TCRf
fragments using KAPA HiFi HotStart ReadyMix (Roche,
Basel, Switzerland) and Nextera XT Index Kit (Illumina,
CA, USA). AMPure XP reagent kit (Beckman Coulter, CA,
USA) was used for purification of PCR products through-
out the TCR library preparation. The final product of TCRf}
library was ready for subsequent HTS analysis.

TCRP Sequencing and Data Preprocessing

TCRp libraries constructed from different patients’
PBMC samples were pooled and sequenced using MiSeq

Reagent Kit v3 with 2x 300 bp read length (Illumina,
CA, USA). The demultiplexed sequencing files corre-
sponding to different patient’s TCR libraries were gen-
erated in a fastq format. The raw sequencing data was
subjected to adaptor trimming and quality filtering of
raw reads using Cutadapt [17] and Trimmomatic (LEAD-
ING:15 TRAILING:15 SLIDINGWINDOW:4:20 MIN-
LEN:50) [18]. Filtered reads were subsequently aligned
to variable (V), diversity (D), joining (J), and constant
(C) gene segments of T cell receptor beta locus (TRB)
for clonotype assembly of complementarity-determining
region 3 (CDR3) nucleic acid sequences by MiXCR soft-
ware (v 3.0.12) [19]. Furthermore, clonotypes with the
same CDR3 amino acid sequences were collapsed, and
the abundancy of each TCRf clonotype was recalculated.
Finally, the TCRp repertoire profile was constructed for
each COVID-19 patient and used for following TCRp
repertoire analysis. The rarefaction curve of TCRf reper-
toire was generated using VDJtools [20] for each subject
(Fig. S1).

TCRp Repertoire Diversity Profile and Index

To establish the diversity profile of each individual’s
TCRp repertoire, we calculated Hill’s numbers (*D), a
series of diversity indices, according to the equation as
follows:

1
n T—a
i=1

where n is the total number of clonotypes and p; means
the frequency of the ith clonotype in TCRp repertoire. The
a value indicated different orders of the repertoire diversity,
representing distinct extents of weighting on abundant clo-
notypes in TCR repertoire. In the study, we computed Hill’s
numbers of order a values from 0 to 5 for each TCRp reper-
toire of COVID-19 patients and transformed Hill’s number
into Rényi entropy (“H) for visualization, according to the
equation as follows:

“H = 1n(®D)

The means and the 95% confident intervals (CIs) of Rényi
entropies at different @ values were calculated for mild dis-
ease and pneumonia groups. Accordingly, the patient group-
specific diversity profile curve was built using a locally esti-
mated scatterplot smoothing (LOESS) function deployed in
R software. In addition, several common diversity indices,
including Shannon entropy (Shannon index), inverse Simp-
son index, and Pielou’s evenness index, were calculated for
comparing differences in TCRp repertoire diversities between
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patients with mild disease and pneumonia. Equations of the
diversity indices are shown as follows:

Shannon index = H' = = Y!  p; X 1n(p;)

. . _ 1 _ n 2
Inverse Simpson index = 7= Qi D;

n
. . > pXIn(p
Pielou's evenness index = J' = Z"*)(’)

n

Principal Component Analysis and Calculation
of Repertoire Dissimilarity Index Calculation for V
Gene, J Gene, and CDR3 Length Profiles

The gene usage of TRBV and TRBJ was measured by calcu-
lating occurrences of each V and J gene segment of unique
TCRp clonotypes in each patient’s repertoire. The CDR3
length usage was estimated by frequencies of CDR3 amino
acid lengths of unique TCR clonotypes within the TCRf
repertoire of each patient. The count matrices based on
usages of V and J gene and CDR3 length were generated
and subjected to principal component analysis (PCA) and
repertoire dissimilarity index (RDI) calculation. PCA was
performed using a prcomp() R function with default param-
eters. RDI were computed between pairwise combinations of
intragroup patients with mild disease and pneumonia using a
rdi() function of rdi R package based on an analytic method
as previously described [21, 22]. The CDR3 length distribu-
tion for comparison was constructed by counting numbers
of each CDR3 length from all TCR repertoires of patients
in the same group. The statistical difference between the
CDR3 length distribution of different patient groups was
determined using a Kolmogorov—Smirnov (KS) test.

Clustering, Generation Probabilities (P.,)
Estimation, Annotation, and Assignment of TCRf
Clonotypes

To group TCRp clonotypes with a high possibility of hav-
ing the same or similar antigen specificity, we analyzed
pooled TCRp repertoires from all of the nine COVID-19
patients using a reported clustering tool—GLIPH2 (group-
ing of lymphocyte interaction by paratope hotspots ver-
sion 2) algorithm [23, 24]. A reference TCRf dataset of
combined naive CD4% and CD8* repertoires and default
parameters recommended by the GLIPH?2 developer (http://
50.255.35.37:8080/) were adopted. The GLIPH2 analysis
identified both global- and motif-based TCR clusters based
on CDR3 sequence similarity (hamming distance of same-
length CDR3) and motif enrichment of TCRp clonotypes.
Based on the GLIPH2 clustering results, we further pre-
dicted theoretical generation possibilities (P,,.,) of CDR3

gen
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amino acid sequences of clustered TCRf clonotypes using
an established OLGA (Optimized Likelihood estimate of
immunoGlobulin Amino-acid sequences) algorithm [25].

Following the clustering analysis by GLIPH2, we next
annotated clustered TCRf clonotypes with potential anti-
gen specificities against SARS-CoV-2 epitopes by matching
TRBYV gene segments and CDR3 amino acid sequences of
clustered clonotypes to that of known SARS-CoV-2-specific
clonotypes of a combined COVID-19 TCR dataset. Herein,
two released TCR datasets from VDJdb [26] and Immune-
CODE [27] were downloaded and merged as a reference
dataset, and a TCR annotation tool, VDJmatch [28], was
used to annotate each global-clustered TCRf clonotype with
single or multiple SARS-CoV-2 epitope specificity accord-
ing to matching rules as follows: (1) The V gene segment
of querying TCR clonotype was matched to that of SARS-
CoV-2-specific TCR clonotypes in the reference dataset.
(2) CDR3 amino acid sequences were matched between que-
rying and reference SARS-CoV-2-specific TCRp clonotypes
with one or less substitution. For each motif-based cluster,
the enriched CDR3 motif amino acid sequence, determined
by GLIPH2 analysis, of querying TCRf clonotype was
searched in substrings spanning IMGT (the international
ImMunoGeneTics information system)-defined positions
107-116 within CDR3 amino acid sequences of SARS-CoV-
2-specific TCRp clonotypes in the reference dataset. Accord-
ingly, motif-clustered clonotypes with enriched CDR3 motif
sequences discovered in the reference dataset were anno-
tated with corresponding SARS-CoV-2 antigen specificities.
Finally, those of global- or motif-based TCR clusters con-
taining at least one SARS-CoV-2-annotated TCRf clonotype
were assigned potential SARS-CoV-2-specific (or SARS-
CoV-2-associated) TCRp clusters.

We next examined the enrichment of TCRp clusters in
either mild disease, pneumonia, or both groups of patients.
For TCRp clusters with all TCRp clonotypes from the iden-
tical group of patients, the corresponding mild disease- or
pneumonia-specific cluster was assigned. For those of clus-
ters with TCRp clonotypes contributed from both mild dis-
ease and pneumonia patients, absolute differences of median
frequencies between TCRp clonotypes from patients with
mild disease and pneumonia were computed with 9999
permutations for cluster assignment. In this case, all TCRf
clonotypes within each cluster were randomly assigned to
mild disease or pneumonia group, and the median frequency
difference between reassigned clonotypes of mild disease
and pneumonia groups was then computed. We repeated the
permutation step 9999 times for each TCRf cluster with
clonotypes from both mild disease and pneumonia patients
and then calculated the probability (as the p value) of that
original median frequency difference was larger than/
smaller than/equal to median frequency differences from
9999 permutation plus one original estimation. Based on the
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permutation test, TCRf clusters with significant difference
(p value <0.05) between median frequencies of clustered
TCRP clonotype from different patient groups were classi-
fied as either mild disease- or pneumonia-specific clusters;
otherwise, they were assigned shared-specific clusters. Fur-
thermore, the publicity of each mild disease-/pneumonia-/
shared-specific cluster was determined by the number of
mild disease/pneumonia/all patients contributing clustered
TCRp clonotypes to the cluster. The low, medium, and high
levels of sharing were used to represent the extent of pub-
licity of each TCR} cluster based on the number of patients
contributing clustered clonotypes to the mild disease- (clus-
tered clonotypes from 2 or 3 of patients with mild disease
as medium or high level of sharing), pneumonia- (clustered
clonotypes from 2, 3—4, or 5-6 of patients with pneumonia
as low, medium, or high level of sharing), or shared-specific
(clustered clonotypes from 2-3, 4-6, or 7-9 of all patients
as low, medium, or high level of sharing) cluster. For those
of TCRp clusters, where all of clustered clonotypes derived
from the same patient, they were assigned private.

Network Analysis of TCRp Clonotypes

To establish public SARS-CoV-2-associated TCR networks,
we selected TCRp clonotypes from mild disease- and pneu-
monia-specific TCRp clusters that were annotated with poten-
tial SARS-CoV-2 antigen specificity and determined as high
level of sharing. TCRf clonotypes with identical amino acid
sequence but from different TCRp clusters or patients were
collapsed and displayed as one vertex on the network graph.
All TCRp clonotypes within the same cluster were linked
together. In addition, the hamming distance between TCRf
clonotypes from different GLIPH2 clusters was calculated, and
those with same-length and highly similar CDR3 sequences
(hamming distance equal to or less than one) were connected

or overlapped. We further re-grouped TCRp clonotypes for
mild disease- and pneumonia-specific TCR similarity network
using a clusters() function of igraph R package. Accordingly,
TCRp clonotypes from different GLIPH2-defined clusters but
linked together based on high inter-group similarity were re-
clustered in the new TCR cluster.

Visualization of Sequence Conservation of TCR
Clonotypes

To visualize CDR3 sequence conservation of re-clustered
TCRp clonotypes, the logo plotting was performed using
a ggseqlogo R package. For TCR clonotypes from motif-
based clusters with diverse length of CDR3 sequences, their
CDR3 amino acid sequences were transformed into a gapped
sequence format according to the IMGT numbering system
(http://www.imgt.org/). The length of transformed sequences
was determined by the maximum CDR3 length of TCRp clo-
notype for each motif-based TCRp cluster. A gapped align-
ment was then performed for logo plotting of motif-based
TCRP clusters. In addition, the consensus region of GLIPH2-
identifying enriched motif sequence for each motif-based
cluster was determined by searching the most frequently
observed positions of the start and end of the motif sequence
among motif-clustered TCRp clonotypes. For global-based
clusters, the diversity of each IMGT-defined CDR3 posi-
tion was evaluated by Shannon entropy. CDR3 sequences
of each clonotypes were transformed into gapped sequences
with specific length, which was determined by the maximal
CDR3 length of all global-based re-clustered clonotypes, as
described above. The Shannon index of each CDR3 position
among TCRp clonotypes of each global-based cluster was
calculated, and the mean of Shannon indices of each CDR3
position across 104 to 118 among clusters from the same
patient-specific type was then evaluated.

Table 1 Characteristics of

; Subject Age Sex Pneumonia severity PCR test Day of Group®
COVID-19 patients . : . . . . samplin gi
Diagnosis  Sampling Diagnosis ~ Sampling
P01 48 Male 1 0 Positive Negative 24 Pneumonia
P02 24 Male 0 0 Positive Positive 15 Mild disease
P03 71 Female 0O 0 Positive Positive 16 Mild disease
P04 62 Male 2 1 Positive Positive 23 Pneumonia
P05 46 Female 1 0 Positive Negative 17 Pneumonia
P06 73 Male 1 0 Positive Positive 29 Pneumonia
P07 30 Male 1 0 Positive Positive 29 Pneumonia
P08 54 Male 0 0 Positive Positive 18 Mild disease
P09 31 Female 1 0 Positive Positive 53 Pneumonia

"The pneumonia severity was denoted by scores of 0 (none), 1 (mild), and 2 (severe)

*Duration of days from diagnosis to sampling

SAll patients were classified into pneumonia (pneumonia severity score of diagnosis>0) or mild disease
(pneumonia severity score of diagnosis=0) group
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Statistical Analysis

All of TCR repertoire analysis and statistical calculation
were performed using R software. All figures were generated
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using the ggplot2 [29] and ggpubr R package. Wilcoxon
rank sum test was used for the comparison of TCRp rep-
ertoire diversity, RDI, and cumulative TCRf clonal pro-
portion. 7-test was used for comparison of cluster P, and
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«Fig. 1 Disease course and TCRp repertoire profiles in COVID-19
patients. a A swimmer’s plot illustrated an overview of disease pro-
gression in three of patients with mild disease (blue bar) and six of
patients with pneumonia (red bar) COVID-19 patients. All patients
were recorded from day O after diagnosis (symbol of “(0)”) with
SARS-CoV-2 infection based on RT-PCR test (symbol of “+” and
“-” for positive and negative results, respectively). Blood samples
were collected (symbol of “00”) from patients during the conva-
lescent phase. All patients were discharged (symbol of “m=”) after
3~10 weeks of hospitalization. b Dominant TCRf clonotypes with
abundances larger than 0.1% were illustrated with different colors for
TCRp repertoire profiles of patients with mild disease (colored by
blue) and pneumonia (colored by red) in pie charts. TCRp repertoire
diversity were estimated by calculating Shannon index (H'), inverse
Simpson index (i) and Pielou’s evenness index (J')

frequencies. Chi-square test was used for comparison of
distribution of sharing levels among clusters. KS test was
used for comparison of CDR3 length distribution. Kendall
rank correlation was used to test associations between bio-
logical/biochemical measurements and the repertoire diver-
sity index. Examining the difference in age and sex between
patient groups was performed using #-test and Fisher’s exact
test. The statistical significance was defined by a p value
less than 0.05, and p values <0.05,<0.01, or<0.001 were
denoted by “*,” “¥* > or ‘x>

Results

Clinical Characteristics and TCRp Repertoire
Profiles of COVID-19 Patients with Mild Disease
and Pneumonia

In the study, we recruited nine COVID-19 patients, who
were diagnosed with SARS-CoV-2 infection confirmed
by polymerase chain reaction (PCR) test. These patients
were categorized into mild disease (n=3) and pneu-
monia (n=6) groups according to pneumonia severity,
scored by 0 (no pneumonia), 1 (mild pneumonia), and
2 (severe pneumonia) at time of diagnosis (Table 1 and
Fig. S2). Most of patients showed no symptom of pneu-
monia at time of sample collection except PO4, who still
had mild pneumonia at days 23 from diagnosis (Table 1).
No statistically significant difference in age or sex was
observed between the two groups of patients (Table S1).
All patients were hospitalized, recovered, and then dis-
charged in 22 ~ 71 days, and their convalescent peripheral
blood samples were collected at days 15 ~53 after diag-
nosis for T cell receptor (TCR) sequencing (Fig. 1a). Pro-
filing of TCR beta chain (TCRp) repertoire showed that
the overall frequencies of abundant TCRf clonotypes
(> 0.1%) were relatively higher in patients with pneumo-
nia compared with those with mild disease (Fig. 1b and
Fig. S3a,c). In addition, potentially higher cumulative

proportions of TCRp clonotypes with medium- to hyper-
(>0.01%) and hyper-abundant (> 1%) clone sizes were
observed in patients with pneumonia, relative to those
with mild disease (Fig. S3b,d), although not statistical
significance was revealed. These results showed that
pneumonia patients had more expanded TCRp clonotypes
than patients with mild disease in the convalescent stage.

Differences in TCRP Repertoire Diversities
Between COVID-19 Patients with Mild Disease
and Pneumonia

Based on the observed difference in clonotype distribution
between mild disease and pneumonia groups described
above, we next compared characteristics of TCRf rep-
ertoire between two groups of COVID-19 patients. The
diversity profiles based on Rényi entropy (“H) showed that
the average “H of pneumonia patients was lower than those
of patients with mild disease when o> 0, which tended to
weight abundant clonotypes when calculating “H (Fig. 2a).
Common diversity indices, including Shannon index (H/),
inverse Simpson index (%), and Pielou’s evenness index
(J)), between two groups of patients also revealed that
TCRP repertoire diversity was slightly reduced in pneumo-
nia patients (Fig. 2b). Such results suggested that during
convalescent phase, pneumonia patients may have lower
peripheral T cell repertoire diversity compared with indi-
viduals with mild disease.

To explore whether combinatorial and junctional
diversities between two groups of patients were also
divergent, we next examined variable gene usage and
complementarity-determining region 3 (CDR3) length
distribution of COVID-19 patients’ TCRp repertoire.
The variable gene usage was determined by frequen-
cies of TRBV or TRBJ genes used by each unique TCRp
clonotype, while CDR3 length usage/distribution was
evaluated by lengths of CDR3 amino acid sequences
of each unique clonotype. Profiling of TCRf variable
gene usage revealed no obvious difference in V and J
gene usage between patients with mild disease and pneu-
monia (Fig. S4a,b). The principal component analysis
(PCA) also showed that both V and J gene usage were
not biased by patient group; however, the usage of CDR3
lengths was skewed and distinct between patients with
mild disease and pneumonia (Fig. 2c). A two-sample KS
test indicated a significant difference in CDR3 length
distribution between patients with mild disease and
pneumonia (Fig. S4c). Compared to individuals with
mild disease, pneumonia patients had higher frequen-
cies of longer CDR3 lengths. We further calculated rep-
ertoire dissimilarity indices (RDI) [21, 22] for V and J
gene usage and CDR3 length distribution of peripheral
TCRp repertoire and compared intragroup dissimilarities
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between mild disease and pneumonia groups. Compari-
son of intragroup RDI showed that dissimilarities of V,
J, and CDR3 length usage among pneumonia patients
was potentially higher than that among patients with
mild disease, suggesting that patterns of combinatorial
and junctional diversities were more distinct between

@ Springer

pneumonia patients (Fig. 2d). In addition, we examined
whether TCR repertoire diversity was correlated with
clinical features of COVID-19 patients. However, no
significant difference was observed between Pielou’s
evenness index and any biochemical measurement in our
COVID-19 patient cohort (Fig. S5).
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«Fig. 2 Characterization of TCRf repertoire diversities in COVID-19
patients with mild disease and pneumonia. a The diversity profile
showed TCR repertoire diversities based on average Rényi entropies
(y-axis) calculated with alpha values (x-axis) from O to 5 in mild dis-
ease (blue points) and pneumonia (red points) groups of patients. The
Rényi entropy was surrogated by Shannon index of TCRf repertoire
when alpha value was equal to 1. The LOESS function was used to
perform curve fitting and estimation of 95% confidence interval (CI)
for TCRp repertoire diversity profiles of mild disease (blue line and
shading) and pneumonia (red line and shading) patients. b Compari-
son of TCRp repertoire diversity between patients with mild disease
(colored blue) and pneumonia (colored red) was evaluated by Shan-
non indices (left panel), inverse Simpson indices (middle panel) and
Pielou’s evenness indices (right panel) of two groups of patients. The
difference between groups was calculated using Wilcoxon rank sum
test. ¢ Principal component analysis (PCA) for TRBV (left panel),
TRBJ (middle panel), and CDR3 length (right panel) usage of TCRp
repertoire in patients with mild disease (colored blue) and pneumo-
nia (colored red) patients was illustrated. The 95% CI was shown by
colored ellipses for mild disease (blue) and pneumonia (red) groups.
d Comparison between intragroup repertoire similarity index (RDI)
values for TRBV (left panel), TRBJ (middle panel), and CDR3 length
(right panel) usage of TCRp repertoire of patients with mild disease
(colored blue) and pneumonia (colored red) patients was illustrated.
The difference between groups was calculated using Wilcoxon rank
sum test. p Values larger than 0.05 were considered to be not statisti-
cally significant and were not shown

Divergent Characteristics of SARS-CoV-2 Associated
TCRB Clusters Between COVID-19 Patients with Mild
Disease and Pneumonia

The overall characteristics of TCRf repertoire in COVID-19
patients suggested that patients with mild disease and pneu-
monia expressed distinct T cell repertoire dynamics during
SARS-CoV-2 infection. To further discover and analyze TCRf
clonotypes potentially specific to SARS-CoV-2 antigens
in COVID-19 patients, we next performed TCR clustering
and annotation for grouping and predicting antigen specifi-
cities of clonotypes, respectively. The GLIPH2 (grouping of
lymphocyte interaction by paratope hotspots version 2) [24]
algorithm was used to cluster TCRp clonotypes with high
probabilities of shared antigen specificities in pooled TCRf
repertoires from all of the nine patients with mild disease and
pneumonia. Prediction of SARS-CoV-2-specific TCRp clo-
notypes was performed by matching TCRf3 CDR3 or enriched
motif sequences against reported SARS-CoV-2 specific TCRs
from two recently announced COVID-19 TCR datasets col-
lected in VDJdb and ImmuneCODE [26, 27, 30]. We next
calculated absolute difference of median frequencies between
TCRP clonotypes from patients with mild disease and pneu-
monia for each TCR cluster and determined whether the clus-
ter was enriched with clonotypes from either mild disease,
pneumonia, or both groups of patients based on exclusivity
of patient group and permutation test of clustered TCRp clo-
notypes. In addition, predicted generation probabilities (Py,,)
of TCR clonotypes were computed using the OLGA (Opti-
mized Likelihood estimate of immunoGlobulin Amino-acid

sequences) [25] algorithm in order to interrogate whether
the selection pattern of TCRf clonotypes/clusters between
patients with mild disease and pneumonia was different. We
integrated above information and identified potential SARS-
CoV-2-specific (SARS-CoV-2-associated) TCRp clusters that
were enriched with clonotypes from either mild disease, pneu-
monia, or both groups of COVID-19 patients (defined as mild
disease-, pneumonia-, and shared-specific clusters) and exhib-
ited diverse cluster median Pgen values, frequencies, and levels
of sharing (Fig. 3a). The statistical analysis showed that the
overall median Py, of SARS-CoV-2-associated pneumonia-
specific clusters was significantly lower than that of SARS-
CoV-2-associated mild disease- and shared-specific clusters
(means of cluster median Py, of SARS-CoV-2-associated mild
disease-, pneumonia-, and shared-specific clusters: 1.72x 1077,
7.95x107%, and 1.89x 10™), while no significant difference in
overall median P, was observed between the latter two types
of SARS-CoV-2-associated clusters (Fig. 3b). Such results
suggested that some TCRp clonotypes with higher P, and
potential SARS-CoV-2 specificity may be public and either
exclusively or widely present in COVID-19 patients with
mild disease. In contrast, overall median frequencies between
SARS-CoV-2-associated mild disease- and pneumonia- and
shared-specific TCRp clusters were not significantly differ-
ent (Fig. 3c). Further investigating the distribution of sharing
level of SARS-CoV-2-associated TCR clusters revealed that
mild disease-specific clusters were mostly public (clustered
clonotypes from all individuals with mild disease), whereas
pneumonia-specific clusters were mainly private (clustered
clonotypes from one or two pneumonia patient(s)) (Fig. 3d).
Since our findings showed that the distribution of sharing
level was divergent between different patient group-specific
TCR} clusters, we next separated all SARS-CoV-2-associated
TCRp clusters into three groups (private and low level of shar-
ing, medium level of sharing and high level of sharing) based
on the number of patients contributing clonotypes to the clus-
ter and examined differences in median P, and frequency
between mild disease- and pneumonia- and shared-specific
clusters at different levels of sharing. Our results showed that
among SARS-CoV-2-associated TCRp clusters at high level
of sharing, the overall median P,,, of SARS-CoV-2-associated
mild disease-specific clusters was significantly higher than
that of SARS-CoV-2-associated pneumonia-specific clusters
(Fig. 3e). In addition, the overall median Poen of SARS-CoV-
2-associated shared-specific clusters was significantly higher
than that of SARS-CoV-2-associated pneumonia-specific clus-
ters at any level of sharing, while no significant difference of
overall median P, was observed between SARS-CoV-2-as-
sociated mild disease- and shared-specific clusters at low level
(including private clusters) or high level of sharing (Fig. 3e).
Of note, a significant difference of overall median P, between
mild disease- and shared-specific clusters at medium level of
sharing was detected (Fig. 3e). Such results supported our
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«Fig. 3 Characterization of SARS-CoV-2-associated TCRf clusters
enriched with TCRf clonotypes from mild disease group, pneumonia
group, and both groups of patients. a The distribution of transformed
absolute difference of cluster median TCRp frequencies (x-axis)
and cluster median TCRf generation probabilities (P,,) (y-axis) of
GLIPH2-identifying clusters was shown. Each circle represented
one TCRp cluster. The color and size of circles represented differ-
ent patient-specific types and levels of sharing for TCRf clusters,
respectively. Only mild disease-, pneumonia-, and shared-specific
TCRP clusters with potential SARS-CoV-2 specificities were colored
by blue, red, and green, respectively. The sharing level was denoted
by private and low level of sharing, medium level of sharing, and
high level of sharing. The value X for x-axis represented the abso-
lute difference between median frequencies of clustered clonotypes
contributed from pneumonia and mild disease groups of patients for
each cluster. The value Y for y-axis indicated the median generation
probability of all clonotypes within each cluster. b, ¢ Comparison of
cluster median P, and frequencies between SARS-CoV-2-associated
mild disease- and pneumonia- and shared-specific TCRp clusters was
performed. Two-sided p values were shown from #-test. d Proportions
of private and low level of sharing, medium level of sharing, and high
level of sharing were compared between SARS-CoV-2-associated
mild disease- and pneumonia- and shared-specific TCRp clusters. p
Values were shown from chi-square test. e, f Comparison of cluster
median P, and frequencies between SARS-CoV-2-associated mild
disease- and pneumonia- and shared-specific clusters, grouped by pri-
vate and low level of sharing, medium level of sharing, and high level
of sharing, was performed. Two-sided p values were shown from
t-test. p Values larger than 0.05 were considered to be not statistically
significant and were not shown

finding of that the cluster median P, was significantly lower
in SARS-CoV-2-associated pneumonia-specific clusters, espe-
cially in those at high level of sharing, relative to mild disease-
specific ones. When comparing clonal frequencies between
clusters within different groups of sharing level, we observed
a significant difference in cluster median frequencies between
SARS-CoV-2-associated mild disease- and pneumonia- and
shared-specific clusters at medium level of sharing (Fig. 3f).
At high level of sharing group, shared-specific clusters had sig-
nificantly higher cluster median frequencies than pneumonia-
specific clusters; however, no significant difference in the clus-
ter median frequency was observed between mild disease- and
pneumonia-specific clusters (Fig. 3f). These findings suggested
that SARS-CoV-2-associated TCRf clonotypes/clusters may
exhibit different characteristics, which are correlated with VDJ
recombination and TCR clonal expansion, between COVID-19
patients with mild disease and pneumonia.

Distinct Patterns of Clustered TCRp CDR3
Similarity Network and Sequence Conservation
Between COVID-19 Patients with Mild Disease
and Pneumonia

Our clustering analysis revealed distinct characteristics
between potential SARS-CoV-2-specific TCRp clusters
enriched and highly shared by COVID-19 patients with
mild disease and pneumonia. We next constructed similarity

networks for TCRf clonotypes from public SARS-CoV-
2-associated mild disease- and pneumonia-specific clus-
ters. To address this, TCRp clonotypes from SARS-CoV-
2-associated clusters at high level of sharing were selected,
and those with high global similarity (hamming distance of
same-length TCRP CDR3 sequences equal to and less than
one) or clustered by GLIPH2 algorism (global- or motif-
based prediction) were connected to depict unweighted simi-
larity networks of TCRf clonotypes from mild disease- and
pneumonia-specific TCR clusters (Fig. 4a). The clonotype
network of public SARS-CoV-2-associated mild disease-
specific TCRp clusters exhibited a larger extent of cross-
group relationship (edges colored green) between clonotypes
from different global-based clusters, compared with the
clonotype network of public SARS-CoV-2-associated pneu-
monia-specific clusters (Fig. 4a). Such result suggested that
TCRP clonotypes from different global-based SARS-CoV-
2-associated clusters still exhibit similar characteristics,
although they were considered to possess divergent antigen
specificities based on GLIPH2 clustering algorithm. We pre-
sumed that TCRf clonotypes of connected TCRp clusters
may still have high probability of sharing SARS-CoV-2 anti-
gen specificity. We thus combined these connected clusters
for each public mild disease- and pneumonia-specific cluster
network. The CDR3 sequence conservations of the top five
largest merged clusters were characterized (Fig. 4b). Com-
pared to public SARS-CoV-2-associated pneumonia-specific
TCRp clusters, TCRp clonotypes from mild disease-specific
clusters showed highly diverse sequences within CDR3
central region (Fig. 4c), where the primary contact site of
CDR3 motif for antigen recognition was reported [23]. In
addition, we observed that motif-based SARS-CoV-2-asso-
ciated TCRp clusters (edges colored blue) were exclusive
to the public pneumonia-specific cluster similarity network
(Fig. 4a). These motif-based pneumonia-specific clusters
revealed a shared pattern of SARS-CoV-2-associated CDR3
motif position (Fig. 4d). Taken together, our results revealed
several discrepancies between TCRp clonotypes from public
SARS-CoV-2-associated mild disease- and pneumonia-spe-
cific TCRp clusters, suggesting that patients with mild dis-
ease and pneumonia have underwent distinct T cell response
during SARS-CoV-2 viral infection and therefore exhibited
different characteristics of public TCR clonotypes/clusters
in the convalescent stage.

Discussion

Here, we applied an immunosequencing approach to pro-
file peripheral TCRp repertoires of COVID-19 patients
with mild disease and pneumonia in the convalescent
stage. Results suggested a distinct diversity and revealed
a skewed CDR3 length usage in TCRp repertoires of
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pneumonia patients compared with individuals with mild
disease. Furthermore, we found that the overall generation
probabilities (P,,) and the dominant level of sharing were
significantly different between mild disease- and pneumo-
nia-specific TCR clusters. Specifically, divergent patterns
of CDR3 sequence diversity and motif usage between pub-

lic mild disease- and pneumonia-specific TCRf clusters
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were identified. Consistent with previous studies that indi-
cated a decreased TCR repertoire diversity in COVID-19
patients compared with healthy individuals [31, 32], our
findings revealed a slight reduction in TCRp repertoire
diversity in pneumonia patients. Such findings are compa-
rable to a recent report showing that the single-cell TCR
repertoire diversity is decreased in patients with severe
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«Fig.4 The similarity network and CDR3 sequence conservation of
TCRp clonotypes of public SARS-CoV-2-associated mild disease-
and pneumonia-specific clusters. a Network graphs illustrated simi-
larities between TCRp clonotypes from SARS-CoV-2-associated mild
disease- (left panel) and pneumonia-specific (right panel) clusters
with high level of sharing. Each vertex indicated a TCRf clonotype
with unique CDR3 amino acid sequence. Edges represented high
similarities between TCRf clonotype based on global- (grey line) and
motif-based (blue line) clustering by GLIPH2 algorithm as well as
calculated small hamming distance (equal to one) between cross-clus-
ter clonotypes with same CDR3 sequence length (green line). Vertex
size indicated the frequency of clonotypes among all patients. SARS-
CoV-2-annotated TCRf clonotypes were colored by red. b Logo plots
illustrated CDR3 amino acid sequences of top 5 largest SARS-CoV-
2-associated mild disease- (left panel) and pneumonia-specific (right
panel) TCRp clusters from single and merged cross-group GLIPH2
global-based TCR clusters in (a). ¢ The mean of Shannon entropy of
each CDR3 amino acid position among all public SARS-CoV-2-as-
sociated mild disease- (blue line) and pneumonia-specific (red line)
GLIPH2 global-based TCRp clusters were shown. The CDR3 region
with high structural contact probabilities (107-116) was highlighted
by the yellow box. d Sequence logos of annotated TCRf clonotypes
from SARS-CoV-2-associated pneumonia-specific GLIPH2 motif-
based TCRp clusters in (a) were shown. The label on x-axis repre-
sented positions of CDR3 amino acid defined by IMGT. The con-
sensus region of enriched motif sequence in each motif-based TCRf
cluster was highlighted by the yellow box

COVID-19 compared with those classified as mild severity
[33]. In addition, we further found that TCRp repertoire
of pneumonia patients contained longer lengths of CDR3
sequences compared to patients with mild disease. Such
phenomenon was previously observed in severe COVID-
19 patients’ B cell receptor (BCR) repertoires, where the
length of CDR3 nucleic acid sequence of BCR clonotypes
with top copy numbers was significantly longer, compared
with patients with moderate severity or healthy individu-
als [34]. Taken together, we suggested that compared
to COVID-19 patients with mild illness, patients with
pneumonia should possess stronger and prolonged T cell
responses with a larger extent of TCR clonal expansion
(reflected by the slight decrease in repertoire diversity) and
a distinct CDR3 feature (reflected by the skewed CDR3
length) throughout SARS-CoV-2 infection. Such infer-
ence has been supported by previous researches showing
that severe COVID-19 patients exhibit increased T cell
activation markers and IFN-y—producing T cell popula-
tions, while asymptomatic/mild patients seemed to have a
weaker or limited immune response to SARS-CoV-2 infec-
tion [35, 36].

In this study, a framework for TCR clustering, annotation,
and classification was used to identify groups of TCRp clo-
notypes with probably high similarity in antigen specificity
against known SARS-CoV-2 epitopes. We determined SARS-
CoV-2-associated mild disease-, pneumonia-, and shared-
specific clusters based on enrichment of clustered clonotypes
in each patient group. Then, we estimated the theoretical P,

gen

of TCRp clonotype for each SARS-CoV-2-associated cluster.

We found that the overall P, was significantly higher in
mild disease- and shared-specific clusters, relative to pneu-
monia-specific clusters. The findings suggested that such
clustered SARS-CoV-2-associated TCRp clonotypes were
public TCRs and probably generated via a convergent VDJ
recombination [25, 37]. Indeed, we observed a skewed distri-
bution of publicity in SARS-CoV-2-associated mild disease-
specific TCR clusters, most of which were highly shared
across patients with mild disease. On the contrary, most of
SARS-CoV-2-associated pneumonia-specific TCRp clusters
were private or lowly shared among pneumonia patients. In
addition, the sequence conservation analysis of public SARS-
CoV-2-associated TCRp clusters revealed distinct patterns of
CDR3 sequence motifs between mild disease- and pneumo-
nia-specific clusters. These results indicated that COVID-
19 patients are very likely to share similar T cell immune
responses; however, individuals with different symptom
status could develop divergent T cell antigen recognition or
expansion strategies, which are reflected by their TCR rep-
ertoires. On the other hand, the compositions and dynamics
of individual TCR repertoires might associate with disease
symptoms and severity of COVID-19 [31].

There are some limitations worth noting. First, we were
only able to analyze a small cohort of COVID-19 patients,
which might influence the statistical power. Second, the
time point of sampling for patients with mild disease
(15-18 days) and pneumonia (17-53 days) was different.
Such factors might affect the profiling of TCR repertoire
in different patients, since SAS-CoV-2-specific TCR clono-
types are dynamic throughout the course of viral infection
[38, 39]. Nevertheless, TCR repertoire status of COVID-
19 patients in our study should still predominantly reflect
a stable SARS-CoV-2-responding T cell immunity as they
were in the convalescent stage at the time of sample collec-
tion. Moreover, the unavailability of patients’ HLA typing
data limited the analysis for TCR clustering and annotation
of SARS-CoV-2 specificity. Inclusion of HLA typing data
from COVID-19 patients would be helpful for the discov-
ery and following validation of SARS-CoV-2-specific TCR
clonotypes. In addition, functional validation for clustered
SARS-CoV-2-associated TCRf clonotypes is very impor-
tant. Experiments such as MHC-tetramer staining [40] or
yeast-display screening [41, 42] coupled with immunose-
quencing will allow us to determine whether these TCRf
clonotypes possess antigen specificities for SARS-CoV-2
epitopes in future studies. Finally, our TCR annotation
analysis was based on known SARS-CoV-2 epitope-spe-
cific TCRs from two public datasets [27, 30], and there-
fore, SARS-CoV-2-unannotated clustered TCRf clonotypes
and the unknown SARS-CoV-2 antigen specificities may
have been discarded. Those non-SARS-CoV-2-annotated
TCRP clusters with simultaneous high level of sharing and
low overall P, might contain novel SARS-CoV-2-specific
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TCRp clonotypes that could be of great interest, as previ-
ously suggested [31]. A larger SARS-CoV-2-specific TCR
dataset would capture more TCRp clonotypes/clusters with
SARS-CoV-2 antigen specificities.

In summary, our study revealed that COVID-19 patients with
mild disease and pneumonia exhibited distinct features of TCR
repertoire and SARS-CoV-2-associated TCRp clonotypes/clus-
ters, suggesting a divergence in T cell response between mild
disease and pneumonia patients infected with SARS-CoV-2.
These findings provided a better understanding of the role of T
cell immunity in SARS-CoV-2 infection.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10875-021-01045-z.
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