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Cross-reactivity in � uences
changes in human in � uenza A
virus and Epstein Barr virus
speci� c CD8 memory T cell
receptor alpha and beta
repertoires between young
and old

Fransenio Clark 1†, Anna Gil1†, Ishwor Thapa 2, Nuray Aslan1,
Dario Ghersi 2 and Liisa K. Selin1*

1Department of Pathology, University of Massachusetts Medical School, Worcester, MA, United States,
2School of Interdisciplinary Informatics, University of Nebraska at Omaha, Omaha, NE, United States
Older people have dif � culty controlling infection with common viruses such as
in� uenza A virus (IAV), RNA virus which causes recurrent infections due to a high
rate of genetic mutation, and Epstein Barr virus (EBV), DNA virus which persists in B
cells for life in the 95% of people that become acutely infected. We questioned
whether changes in epitope-speci � c memory CD8 T cell receptor (TCR)
repertoires to these two common viruses could occur with increasing age and
contribute to waning immunity. We compared CD8 memory TCR alpha and beta
repertoires in two HLA-A2+ EBV- and IAV-immune donors, young (Y) and older (O)
donors to three immunodominant epitopes known to be cross-reactive, IAV-
M158-66 (IAV-M1), EBV-BMLF1280-288 (EBV-BM), and EBV-BRLF1109-117 (EBV-BR).
We, therefore, also designed these studies to examine if TCR cross-reactivity could
contribute to changes in repertoire with increasing age. TCR high throughput
sequencing showed a signi � cant difference in the pattern of TRBV usage between
Y and O. However, there were many more differences in AV and AJ usage, between
the age groups suggesting that changes in TCR a usage may play a greater role in
evolution of the TCR repertoire emphasizing the importance of studying TRAV
repertoires. With increasing age there was a preferential retention of TCR for all
three epitopes with features in their complementarity-determining region (CDR3)
that increased their ease of generation, and their cross-reactive potential. Young
and older donors differed in the patterns of AV/AJ and BV/BJ pairings and usage of
dominant CDR3 motifs speci � c to all three epitopes. Both young and older donors
had cross-reactive responses between these 3 epitopes, which were unique and
differed from the cognate responses having features that suggested they could
interact with either ligand. There was an increased tendency for the classic IAV-M1
speci� c clone BV19-IRSS-JB2.7/AV27-CAGGGSQGNLIF-AJ42 to appear among
the cross-reactive clones, suggesting that the dominance of this clone may relate
to its cross-reactivity with EBV. These results suggest that although young and
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older donors retain classic TCR features for each epitope their repertoires are
gradually changing with age, maintaining TCRs that are cross-reactive between
these two common human viruses, one with recurrent infections and the other a
persistent virus which frequently reactivates.
KEYWORDS

in� uenza A virus (IAV)-M158-66 epitope, Epstein Barr virus (EBV)-BMLF1280-288 epitope,
Epstein Barr virus (EBV)-BRLF1109-117 epitope, T cell receptor (TCR) repertoire,
crossreactivity, aging
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Introduction

CD8 T cell recognition of virus-infected cells requires a spe� c
interaction between short peptides presented by HLA Class I mole
on infected cell surfaces and TCRab heterodimers on CD8 T cell
These virus epitope-speci� c memory CD8 T cells develop comp
TCR repertoires that are speci� c for that epitope. State-of-the-art hig
throughput and single cell sequencing provide a more unbi
understanding of antigen-speci� c TCR repertoires. CD8 T cell TC
repertoires to common viruses, IAV, cytomegalovirus (CMV)
highly diverse and individualized i.e.“private” (1). However, despit
this diversity there are clonotypes with“public” features,i.e.preferential
usage of particular variable (V) region or conserved or identical a
acid motifs within the complementarity-determining regions (CDRa/
b) for each epitope that appear to be favored for expansion, likely d
selection for optimal structural interactions (2, 3).

We have been studying TCR repertoires to both IAV and E
immunodominant epitopes in HLA-A2+ donors, focusing on IA
M1, EBV-BM and EBV-BR, in order to identify their pub
characteristics to better understand antigen-speci� c TCR selection
Our recent results in IAV-immune healthy donors would suggest
the number of contacts between TCR and peptide m
histocompatibility complex (pMHC) is a controlling factor
determining TCR selection (3) and that antigen-speci� c TCR
repertoires have evolved to permit“focused diversity”. It is likely
that public dominant TCR, if selected for best� t, can rapidly
recognize their antigen, while the highly private diverse side o
repertoire could be useful if the antigen mutates. The structure of
the TCR alpha and beta chain appear to play a role in interaction
the peptide/MHC complex to differing extents depending on
epitope. For instance, for many epitopes, including IAV-M1,
CDR3b plays the dominant role while for others, like EBV-BM, b
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chains contribute equally (3–6). The TCRa interaction often occurs
with CDR1 or CDR2 rather than the CDR3. However, in two rec
publications we have shown that CDR3a can play a critical role in
selection of the TCR repertoire to the EBV-BR epitope du
structural constraints (7, 8). We have also shown that EBV-BM a
EBV-BR repertoires are even more diverse and highly dynamic d
an in� ammatory response, acute infectious mononucleosis (A
(10,000 unique clonotypes/epitope/donor), than in heal
seropositive donors (1,000 unique clonotypes/epitope/donor
However, only 10% of the unique clonotypes present during A
persist into memory, while the other 90% are replaced in 6 mo
with a completely new repertoire (7). It is important that we study and
better understand epitope-speci� c TCR repertoire organization an
how it evolves particularly with increasing age. As individuals
virus-speci� c immunity appears to wane.

Generally, TCRb repertoire has been more extensively stud
than TCRa, largely because techniques to study it, both antibody
sequencing, were easier to develop than for TCRa or alpha chain.
However, it has become clear that TRAV gene segments can p
equally important role as TRBV in selection of antigen-spe� c
repertoires as seen in EBV-BR speci� c TCR repertoires in patient
with AIM ( 7, 8). As IAV-M1, EBV-BM, and EBV-BR TRBV
repertoires are relatively well-documented and well-studied, m
public TRBVs have been identi� ed. BV19 has been identi� ed as the
most dominant BV family used in response to IAV-M1 (3); BV20,
BV2, BV14, and BV29 in response to EBV-BM (7, 9–12) with anyone
individual donor usually using one or two of these dominan
Despite, the immunodominance of EBV-BR, it’s TCR repertoire is
under-studied until recently. EBV-BR is unique in its ability to
multiple different TRBV families with an average of 4-5 different o
dominating in any one donor and often pairing with the pub
TRAV8.1 (7–9).

In addition, our lab has worked extensively to describe the con
of TCR cross-reactivity and explore changes to TCR repertoi
mouse models (1, 13–15) using viruses such as vaccinia virus (VV) (16,
17), lymphocytic choriomeningitis (LCMV) (18), IAV (19), CMV (20)
and Pichinde virus (PV) (21, 22) that model chronic/persistent an
acute viral infections in humans. As the results of these studies rev
an intricate network of TCR cross-reactivity between these viruse
cause acute and persistent viruses, our lab naturally pursue
examination of TCR cross-reactivity in humans. Two of the m
common viruses that result in acute and persistent infections are
and EBV, respectively.
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Our research is among the� rst to directly demonstrate that TC
repertoire determines severity of disease in humans (23, 24). In our
studies using our well characterized AIM cohort we have docume
expansions of EBV-speci� c and cross-reactive CD8 T cells in prima
EBV infection and mapped a network of cross-reactive CD8 T
responses between EBV and another common human virus, IAV25,
26). AIM varies in severity from a mild transient� u-like illness to a
prolonged and severe syndrome. In 32 young adults with AIM
found that disease severity directly correlated with the frequenc
IAV-M1+ and IAV-M1+EBV-BM+ tetramer+ CD8 T cells (an
weakly with EBV-BM) (23). Moreover, memory IAV-M1-speci� c
CD8 T cell frequencies > 0.36% (direct ex vivo tetramer staining)
associated with a 5-fold greater risk of severe AIM. IAV-M1 tetra
+ cells were functionally cross-reactive, proliferating to and produ
cytokines to EBV-BM. Cross-reactive IAV-M1-speci� c CD8 T cells
associated with severe AIM had a distinct TRBV usage that corre
with disease severity (23).

However, this cross-reactivity between IAV-M1 and EBV-
may also protect against EBV infection depending on the T
repertoire. By early adulthood, 95% of the population has
infected with EBV, but 5% of individuals remain seronegative
when they should have been exposed and yet appear to resist inf
(27). We have identi� ed 5 rare individuals, who were EB
seronegative, who had elevated IAV-M1 tetramer+ CD8 T cel
frequenciesex vivo (24). EBV-BM or BR-stimulated cultures fro
these donors exhibited high frequencies of cross-reactive IAV
tetramer+ cells. These cultures produced IFNg to EBV epitopes an
lysed EBV-infected targets, suggesting that these individuals
indeed be protected from infection. They had highly uniqu
oligoclonal IAV-M1-speci� c TCR repertoires that differed fro
young EBV seronegative donors (24). Altogether, these two studi
link heterologous immunityvia cross-reactive CD8 T cells to CD
TCR repertoire selection, function, and disease outcome in a com
and important human infection.

To help us better understand how TCR repertoire may in� uence
disease outcome recent studies have shown that there is now e
data available from MHC/peptide structures and antigen-spe� c
TCR sequencing databases to develop novel algorithms that
assist in using the TCRa and TCRb repertoire sequences to
epitope-speci� c repertoires (6, 28). Paul Thomas and colleagues6)
developed an algorithm examining single cell TCR sequences
distance measure, TCRdist, that enabled visualization of the ep
speci� c repertoires through clustering and dimensionality reduct
To calculate TCRdist scores between 2 TCRs, each TCR i� rst
mapped to the amino acid sequences using a similarity-weig
Hamming distance, with a gap penalty introduced to capture
variation in length and a higher weight given to the CDR3 lo
This algorithm can help identify for any antigen-speci� c response th
preferential usage of TCR BV/BJ/AV/AJ and their preferentia
pairings. This algorithm also could de� ne the preferential usage
particular amino acids in certain positions of the CDR3 as comp
to other TCR in the antigen-speci� c population (motif 1) and a
compared to a naïve TCR repertoire (motif 2). This information
be used to identify which features of the TCR are public
important for interaction with that ligand. Once one is able
identify the distance between TCRs one can potentially predict
they cluster based on similar traits and potentially which antigen
Frontiers in Immunology 03
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might recognize and their potential to recognize two antigens an
cross-reactive. Mark Davis and colleagues (29) used a similar
approach called GLIPH to identify public features of TCR that w
activated byM. tuberculosisstimulation in infected patients. The
constructed the TCR and inserted them into Jurkat cells and scre
a plasmid library ofM. tuberculosispeptides to identify their ligands
These technologies would be particularly useful for de� ning TCRs
that recognize potentially cross-reactive low af� nity and hard to
identify ligands such as in autoimmune diseases, or cancer.

Despite the development of robust EBV-speci� c humoral (30) and
cell-mediated immunity (31–34), EBV establishes persistencevia latent
infection of memory B cells (35). In healthy people, EBV is known t
continuously go into lytic cycle and the immunosuppression of an a
IAV infection may further increase the rate of reactivation. Thus
would predict that being infected with two viruses at the same
would greatly enhance selection of CD8 T cells that are cross-re
during acute IAV infection. We have evidence that not only IAV-M
but also EBV-BM and EBV-BR tetramer frequencies increase d
acute asymptomatic IAV with changes in their TCR repertoire (36).
Here, we dissected IAV-M1, EBV-BM and EBV-BR TCRab repertoires
in the two age groups, young and older donors, all persistently infe
with EBV and previously exposed to IAV. We show with the assist
of TCR dist analyses of not only TRBV, but the under studied TR
high throughput sequence and single cell data, that there are de� nable
changes in epitope-speci� c TCR repertoires to these two ubiquito
viruses with increasing age in� uenced by TCR cross-reactivity.
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Materials and methods

Study population

Our studies include young adults and older adults that
healthy, HLA-A2.01+, IAV-immune and EBV seropositive. E
serology was con� rmed by the presence of viral capsid antig
(VCA) IgG speci� c antibodies in addition to staining with EBV
speci� c tetramers. IAV immunity was con� rmed by staining with
IAV-speci� c tetramers. The young adults (Y) (18-21 years old) in
study were a part of an EBV Sero-surveillance cohort develope
Drs. Liisa Selin and Katherine Luzuriaga at University
Massachusetts Amherst (UMA). These donors were followed
freshman year to senior year, during which they donated blood on
semester. Older donors (O) (>60 years old) were volunteers acq
at University of Massachusetts Medical School (UMMS). Volunt
were allowed to donate up to 150ml blood in 3 months, in accorda
with our IRB. All participants in this study were required to sig
consent form. This study was approved by the Institutional Re
Board (IRB) committee at University of Massachusetts Med
School, Worcester, Massachusetts.
ed
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ow
ey

HLA-typing

Monoclonal antibodies speci� c to HLA-A2.01(clone BB7.2
Biolegend, San Diego, CA, HLA-B8.01 (clone BB7.1, Santa
Biotechnology, Dallas, TX), and HLA-B7.01 (clone 8.L.215 Bi
Abcam, Cambridge, MA) were added to 100ul of whole blood
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1011935
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


we
co
ce
l
to

blo
,
on
bu
LS

CD8 T
tide
e
) or
rm
+BR
rm
the

Clark et al. 10.3389/ � mmu.2022.1011935
stained for 30 minutes in the dark at room temperature. Cells
washed with 1ml of Hank’s Balanced Salt Solution (HBSS) (Gib
Grand Island, NY) and spun at 1330rpm for 4mins, 25°C. The
were incubated in the dark for 30 minutes, then washed with 1m
HBSS. PE Streptavidin (Biolegend, San Diego, CA) was added
cells and incubated for 30 minutes and washed. To lyse red
cells, 2ml of 1X BD FACS LysingSolution (Becton Dickinson
Waltham, MA) were added for 10 minutes. Cells were washed
with HBSS and spun. Cells were resuspended in 300ul FACS
(500ml HBSS, 2% Fetal Calf Serum) and analyzed on the
(Becton Dickinson, Waltham, MA).
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PBMC isolation

Fresh whole blood was mixed with Hank’s Balanced Sa
Solution (Gibco, Grand Island, NY) at 1:2 ration and half of
mixture was layered over 15mls of Ficoll-Paque Plus (GE Healt
Bio-Sciences, Pittsburgh, PA) (23). Layered cells were placed in
centrifuge and spun at 1800rpm for 40 minutes with no brake a
C. PBMC from the buffy coat were collected and washed twice
20ml HBSS.
igm
nd
n
-
te
c

es

lls
e
tides
CD8 T cell isolation

Counted and re-suspended PBMC in 20ml of anti-CD8 micro-
beads (Miltenyi Biotech, Auburn, CA) and 80ml of MACS buffer [4°C
Phosphate-buffered saline, 2.5g of Bovine Serum Albumin (S
Aldrich, St.Louis, MO)], 2ml 0.5M EDTA [pH 8.0 (Invitrogen, Gra
Island, NY)] degassed with sterile mesh� lter] per 107 cells based o
Miltenyi MACS system protocol (23). PBMC and anti-CD8+T micro
beads mixture were incubated in the dark at 4°C for 15 minu
Mixture was washed with 20ml of MACS buffer. Miltenyi Biote
MACS system was used to isolate CD8+T cells.
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CD8+ T cell short-term culture

HLA A*0201 speci� c transporter associated with antig
transport (TAP)-de� cient T2A2 cells, which express low amou
of MHC Class-I protein on their surface, were used as ant
presenting cells (3, 23, 24, 26). Cells were plated at 4 x 106 T2A2
(ATCC #CRL-1992) cells per 3ml of T2A2 media (500ml RP
10% Fetal Calf Serum, 1% HEPES, 1% Penicillin-Streptomyci
L-Glutamine) for 3 hours at 37°C with 1mM of peptide (� nal
concentration= 1mM). T2A2 cells were irradiated with 3000 R
and washed to remove unbound peptide. T2A2 cells re-suspend
T cell media [AIM-V (Gibco, Grand Island, NY) supplemented w
14% human AB serum [(Interstate Blood Bank INC, Memphis, T
16% MLA-144 supernatant (Rabin et al, 1981), 10 U/ml human
2 (Becton Dickinson, Waltham,MA), 1% L-Glutamine (Gibco
Grand Island, NY), 0.5%b-mercaptoethanol (Sigma-Aldrich
St.Louis, MO), 1% HEPES (Hyclone, Logan, UT)]. Plated 1 x6

of CD8+ T cells with 2 x105 T2A2 cells loaded with a single pepti
in a 4ml total volume of T cell media into a 12 well plate w
cultured for 3 weeks.
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Method to study crossreactivity

In these studies we assessed both types of cross-reactive
cells, single tetramer+ and double tetramer+ from IAV-M1 pep
stimulated short term cultures (23, 26). In order to examine singl
tetramer+ cross-reactive CD8 T cells we sorted EBV-BM (M1BM
EBV-BR (M1BR) tetramer+ cells from IAV-M1 stimulated short te
cultures for TCR high throughput sequencing. We also sorted M1
+ double tetramer+ cells from the IAV-M1 stimulated short-te
cultures of two young donors who had this population. We used
same methodologies as previously (23, 26), where we did all of the
same controls in our culture system, stimulating short term IAV-M
EBV-BM, EBV-BR, tyrosinase and CMV-pp65 cell lines on e
magnet sorted CD8 T cell population of each donor. This is a u
technique to study lower af� nity functional cross-reactivity as, w
observe crossreactive cells, for instance EBV-BR tetramer bi
cells growing in IAV-M1 stimulated cultures only and not growing
any of the other cultures which act as controls. With this method
study both functional single tetramer binding crossreactivity
double tetramer staining crossreactivity. This culturing techn
allows us to circumvent issues with tetramers blocking the bin
of the other tetramer during crossreactive responses due to diff
af� nities, as we have previously described can be a signi� cant problem
particularly ex vivo (23, 26).
a-

s.
h

Peptides

CD8+ T cells were stimulated with IAV-speci� c and EBV-speci� c
peptides that were synthesized to >90% purity (21st Century
Biochemical, Marlborough, MA). The following lytic EBV peptid
were used: EBV-BMLF1280-288(GLCTLVAML) and EBV-BRLF1109-

117(YVLDHLIVV). For IAV-M1 speci� c responses, CD8+ T ce
were stimulated with IAV-M158-66 (GILGFVFTL). T2-A2 cells wer
pulsed with peptides and used at concentration of 0.1 mg/ml. Pep
used for intracellular assays were used at a 1mg/ml concentrat
Dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO).
s
en
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1%

D
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Tetramers and dextramers

IAV-M1 tetramer, EBV-BMLF1 tetramer, EBV-BRLF1 tetram
were provided by in-house tetramer core facility and NIH Tetram
Core Facility (Atlanta, GA). These tetramers including IAV-M
dextramer (Immudex, Copenhagen, Denmark) were assembled
conjugated to either allophycocyanin (APC) or phycoerythrin (PE
brilliant violet (BV) 421. Tyrosinase (in-house tetramer core fac
and NIH Tetramer Core Facility, Atlanta, GA) and CMVpp65 (in-
house tetramer core facility and NIH Tetramer Core Facility, Atla
GA) were used as negative controls for all experiments.
0

e

Extracellular staining

3 x 105 freshly isolated or cultured CD8+ T cells were placed in
96 well plate. Cells were stained with tetramers and dextramers
minutes at room temperature (RT). Cells were washed twice
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FACS buffer (500ml Hank’s Balanced Salt Solution with 2% Fetal C
Serum). Cells were� xed using 100ml of Cyto� x (Becton Dickinson
Biosciences, San Jose, CA) for 5 mins in the dark at RT. The cell
washed, spun at 1330rpm for 4mins, 25°C and re-suspended in
buffer and prepared for� ow cytometry.
, C
le

, S
t

ion
mo
using
s a
s

or
. T
ine
an
CA
3

. C
en

ted.
t to

rsion
l
each
ta can
: gil-

Aria
d for
e

kit
col

ns of
d by

ant
Intracellular staining

Cell were prepared at 1 x 106 cells in 200ml of T cell media with
Golgi-Stop, Golgi-Plug (Becton Dickinson Biosciences, San Jose
which allowed the accumulation of cytokines in the Golgi-comp
and anti-CD107a/b antibodies (mAb eBioH4A3, eBiosciences
Diego, CA). Cultured cells were incubated for 5 hours at 37°C in
presence of 5mM of the same peptide used for 3-week stimulat
Cells were washed twice in FACS Buffer and spun down to re
unbound peptides and antibodies, the cells were washed twice
FACS buffer. Cells used in the cell surface stain with dextramer
tetramers were incubated for 30 minutes at RT. Cells were wa
twice and � xed. Cells were then permeabilized with Cyto� x/
Cytoperm (Becton Dickinson Biosciences, San Jose, CA) f
minutes at RT. Cells were washed twice using FACS buffer
following antibodies were used to detect production of cytok
anti-IFN-g (0.2mg clone B27, Becton Dickinson, San Jose, CA),
MIP-1b (0.2mg clone D21-1351, Becton Dickinson, San Jose,
and anti-TNF-a (mAb11, eBiosciences, San Diego, CA) for
minutes at RT. Cells were washed twice and� xed using Cyto� x
(Becton Dickinson Biosciences, San Jose, CA) for 20 minutes
were washed and spun at 1330rpm for 4mins, 25°C then re-susp
in FACS buffer for� ow cytometry.
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CD8 T cell sorting

Freshly isolated or cultured CD8+ T cells stained with tetram
and dextramers were collected into a 1.5ml FACS tubes with 40ml of
FACS buffer. In order to examine whether and how cross-reac
might in� uence or change TCR repertoire with increasing age we
assessed both types of cross-reactive CD8 T cells, single te
positive and double tetramer from IAV-M1 peptide short te
cultures (23, 26). In order to examine single tetramer+ cro
reactive CD8 T cells we sorted EBV-BM (M1BM) or EBV-
(M1BR) tetramer+ cells from IAV-M1 stimulated short term
cultures for TCR high throughput sequencing. These were pr
in both young and older donors. We also sorted M1+BR+ do
tetramer+ cells from the IAV-M1 stimulated short-term cultures
two young donors who had this population. Cells were sorted a
University of Massachusetts Medical School FACS Core Facility
Biosafety Level 3 (BSL-3) suite (UMASS Medical School, Worc
MA), using a BSL-3 BD FACS Aria Cell Sorter.
be
w

RT
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TcR V beta repertoire staining

The TcR V beta repertoire kit contained antibodies to 24 V
families (Beckman Coulter, Fullerton, CA). Cells were stained
these antibodies and tetramers or dextramers for 20 minutes at
Frontiers in Immunology 05
lf
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determine the V beta repertoire of antigen speci� c cells. The cells wer
washed twice in FACS Buffer and spun. Cell were resuspend
FACS buffer and analyzed using� ow cytometry.
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TCR repertoire high throughput sequencing

Tetramer-positive cells were sorted and then RNA isola
Following preparation of a cDNA library, samples were sen
Adaptive Biotechnologies, Seattle, WA). TCRa and TCRb
repertoires data were analyzed using ImmunoSEQ Analyzer ve
2.0, available online through Adaptive Biotechnologies.Supplementa
Table S4summarizes the TCR sequencing characteristics of
sorted population sequenced. The detailed TCR sequencing da
be accessedvia in the Adaptive Biotechnologies database at Email
review@adaptivebiotech.com; Password: gil2022review.
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Single cell PCR

Tetramer+ CD8 T cells were single cell sorted on FACS
(Becton Dickinson, San Jose, CA) into 96-well plates and prepare
total RNA isolation (Qiagen, Hilden, Germany). After revers
transcription into cDNA [SuperScript VILO cDNA synthesis
(Invitrogen)] the PCR was performed following the proto
previously described (8). CDR3 amplicons were puri� ed (ExoSAP-
IT) and sequenced with primers that recognized constant regio
TRAC and TRBC. Sanger DNA sequencing was performe
Genewiz (Cambridge, MA).

Statistics: Pearson correlation and 2 way-ANOVA multi-vari
analysis with correction for multiple comparisons was used to an
data. TCRdist was used to analyze the paired single cell data [an
method from Dash et al. (6); Kamga et al. (8)]. A modi� ed version of
TCRdist was used to analyze the high throughput TRAV or TR
repertoire data, which is available on the following website:https://
github.com/thecodingdoc/tcrdistScripts.
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Results

Characteristics of patient populations and
CD8 T cell populations

For these TCR repertoires studies, we recruited and enr
healthy, IAV-and EBV-immune, HLA-A2.01+ donors. We used
age groups de� ned as young, 18-22 years old, and older, >60 year
(Supplemental Tables S1A, B). For the TCR high throughpu
sequencing studies, the average age of the 4 young EBV
positive donors was 19±1 years old, and for the 5 older EBV
positive donors was 71±4. We studied the two extremes of age a
earlier studies (36) indicated signi� cant changes in these particul
virus-speci� c TCR repertoires. Also, our understanding of epito
speci� c TCR repertoires in both young and older donors
comparison to middle-aged donors is still limited.

We have previously determined the CD8 memory T c
frequencies and TRBV repertoires by mAb staining to IAV-M
EBV-BM and EBV-BR epitope-speci� c responsesex vivoin these
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same individuals in a cross-sectional study (36). Here, we will
examine in more detail the differences in both TRBV and TR
usage in these two age groups by high throughput sequencin
single cell sequencing of tetramer positive cells. For these
extensive studies we need to use large numbers of cells so we di
term culture with peptide stimulation using a technique that we h
published on extensively (9, 23, 24) (Supplemental Figures S1A-D). In
previous studies (3, 9) and this manuscript, we showed that the sa
BV families are used before and after stimulation with peptide
there is a high degree of correlation but there are some shifts i
relative proportions that do not rule out differential expans
altogether (i.e. TRBV4/5/6 for IAV-M1, TRBV-3 for EBV-BRLF1
the current data). In particular, we will focus on studying not o
virus-speci� c differences, but also cross-reactive CD8 TCR repert
to assess if cross-reactivity may play a role in the co-evolutio
virus-speci� c TCR repertoires with increasing age (Supplementa
Figures S1A, B).
Ab
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g or
TRBV family usage and diversity as
measured by monoclonal antibody staining
for EBV epitope-speci � c responses differs
between young and older donors

Initially, using tetramer and TRBV monoclonal antibody m
co-staining of epitope-speci� c cells from short term culture on
Frontiers in Immunology 06
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larger number of donors (Supplemental Table S1) we observed tha
there were signi� cant differences in the pattern of TRBV usage
EBV-BM and EBV-BR speci� c responses between older and you
donors (EBV-BM older BV14 3-fold > young; EBV-BR older BV
3.5-fold > young) (Figure 1A). There also was a signi� cant change in
preferential hierarchy of TRBV usage for the two EBV-spe� c
epitopes within each donor group (Figure 1Aii-iii ). In EBV-BM
responses young preferentially used BV29.1, while older do
used BV29.1 and BV14.1. In EBV-BR responses, the y
preferentially used BV6.5, while older used BV28. Interestingly
IAV-M1 responses, TRBV19 was highly dominant in both group
has been previously reported for older and middle aged donors (6, 37,
38). These changes in TRBV usage, particularly in the EBV-sp� c
responses are consistent with ourex vivo� ndings (36) and are highly
suggestive that TRBV repertoire does evolve and change
increasing age.
Strong correlations in TRBV usage between
short-term cultured and ex vivo antigen-
speci� c responses

In order to determine if short-term culture would alter theex vivo
antigen-speci� c TCR repertoire we compared tetramer+ CD8 T
repertoires of the short-term cultured cells either by mAb stainin
high throughput sequencing toex vivomAb staining. The TRBV
A B

FIGURE 1

TRBV usage(A) as measured by mAb staining for EBV epitope-speci � c responses differs between young (Y) and older (O) donors. Following short-term
culture with either IAV-M1, EBV-BM or EBV-BR peptide, cognate (same speci � city as the stimulating peptide) tetramer+ cells in each culture were
stained with TRBV8 mAbs (Y n=12-13, O n=7-9). (A) Heatmap analysis shows that TRBV usage differed between Y and O donors in EBV-speci � c
responses either when frequency was directly compared between the groups or if the hierarchy of TRBV usage within the group was examined. A single
TRBV family, BV19, dominated IAV-M1-speci� c responses in both Y and O donors. The dominant BV usage for each speci � city is shown below each
heatmap. (B) Strong correlations in TRBV usage between short-term cultured and ex vivo antigen-speci � c responses. TRBV repertoire as assessed by
TRBV monoclonal antibody (mAbs) staining of ex vivo tetramer+ CD8 T cells were compared to those in short-term culture in the same donors as
assessed by BV mAb staining (i-iii) or TCR high throughput sequencing (iv-vi) (Y n=4, O n=4-5). Multi-variant 2-way ANOVA with adjusted p-value, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (A, B). Pearson’s correlation coef � cient (r), r and p values indicated on graph.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1011935
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


mA
e

e
c

-

es
C

t

rter
n
on of

iled
in

rted

tive
r

Clark et al. 10.3389/ � mmu.2022.1011935
repertoire frequencies in short term culture as measured by
staining or TCR high throughput sequencing when using the m
value for the same young and older donors (Supplemental Tabl
S1A), where data was available using both methods, dire
correlated with theex vivomAb staining results for IAV-M1, EBV
BM and EBV-BR epitope-speci� c responses (Figure 1Bi-iii). It should
be noted that we did observed some global functional differenc
the young and older cultured CD8 T cells (Supplemental Figures S1,
D), but this did not affect their TCR repertoires (Figure 1B). These
results suggest that our short-term culture method does no
signi� cantly alter epitope-speci� c TCR repertoires.
o
de
n
ys
DJ
s
ee

tio

most
tween
V of

V-
,
d

ally
uble

e
g
re
e
ng
Speci� c features of the CDR3 dominate in
IAV-M1 and EBV-cognate and cross-reactive
TCR repertoires with increasing age

There are certain general CDR3 features that have been rep
to dominate in antigen-speci� c CD8 T cell responses, which inclu
increased usage of amino acids with convergent recombinatio
(RAA) (increased usage of amino acids that have multiple wa
being derived) (39–41), increased N nucleotide additions to the V
joining region (NNA), and increased usage of multiple glycine
glycine runs (GGG). Multiple glycines, in particular, have b
associated with increased� exibility and cross-reactivity (42, 43).
There is some evidence, that there is a greater ease of genera
Frontiers in Immunology 07
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TCRs that use CDR3 with convergent recombination and sho
CDR3 (less N nucleotide additions) (44, 45). We were interested i
determining if with increasing age there was a greater selecti
TCR that have these features in both the virus-speci� c (cognate) and
cross-reactive repertoires. In order to obtain more deta
information about TCR repertoire changes in TRBV, but also
TRAV required TCR high-throughput sequencing of tetramer-so
epitope-speci� c and cross-reactive populations.

The IAV-M1, EBV-BM and EBV-BR cognate and cross-reac
TRBV and TRAV repertoires differed signi� cantly between the olde
and young donors in use of RAA, NNA and GGG (Figures 2A–C) as
summarized inSupplemental Table S2. As there were many signi� cant
differences between older and young, we will highlight some of the
important ones. The most consistent change in CDR3 features be
the groups, was an increased retention in older of GGG in the TRB
all � ve epitope-speci� c repertoires, cognate IAV-M1, EBV-BM, EB
BR, and cross-reactive M1BR and M1BM (Figure 2Ai-v), as well as
three of the TRAV epitope-speci� c repertoires, EBV-BM, EBV-BR an
M1BR (Figure 2Aii,iii,v). This suggests a greater retention of potenti
more� exible TRAV and TRBV chains or TCRs that could have do
usage as cross-reactive TCR with increasing age.

Older donors showed signi� cantly less NNA in TRBV cognat
IAV-M1, EBV-BM and EBV-BR speci� c responses than youn
(Figure 2Bi-v), which suggests a retention of TCR that a
potentially easier to make. However, the older cross-reactiv
responses, M1BM and M1BR, had more NNA than you
A

B

C

FIGURE 2

Speci� c features of the CDR3 dominate in IAV-M1 and EBV-cognate and cross-reactive TCR repertoires with increasing age. IAV-M1- and EBV-BM and
EBV-BR- speci� c (cognate) and cross-reactive short-term cultured cells from younger and older donors were tetramer-sorted for high throughput
sequencing (Y n=4, O n=4-5). M1BM or M1BR are cross-reactive EBV-BM or EBV-BR single tetramer+ cells sorted from IAV-M1 stimulated short term
cultures. Signi� cant differences were found in the number of glycines ( Ai-v, number of nucleotide additions ( Bi-v), and number of nucleotides per amino
acids (Ci-v) between Y and O and between the epitope speci � c and cross-reactive responses (Figure S1) for TRAV and TRBV. Multi-variant 2-way ANOVA
with adjusted p-value, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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suggesting that they are retaining longer CDR3 that may enh
their cross-reactivity. Older donors also showed a signi� cantly
increased usage of RAA in both TRAV and TRBV for EBV-
and EBV-BR-speci� c responses (Figure 2Ci-v) suggesting that TCR
easier to generate are retained with increasing age.

We also noted some differences in the overall pattern of TR
(Figure 3A) and TRBV (Figure 3B) CDR3 lengths in the IAV-M1 and
EBV epitope-speci� c responses between young and older donors. In
TRAV repertoires, the older used relatively similar CDR3 lengths t
young donors, except they used a shorter CDR3 (older, 10-m
younger, 11-mer) in the IAV-M1 response and a longer CDR3 (o
12-mer vs young: 9-mer) in the EBV-BR. Overall, the cross-rea
TRAV and TRBV of the cross-reactive M1BR and M1BM respo
used longer CDR3 than their corresponding cognate response a
older had even longer CDR3 than young in the TRBV (M1BR: o
13-mer vs young, 11-mer; M1BM: older, 14-mer vs young, 11-m

Overall, these results would suggest that with increasing age
is a preferential selection or retention of TCR that have CDR3 fea
that increase their ease of generation and cross-reactive poten
ma
TR

BM),
e
ic for
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J
M1:
oung,
TRAV, TRAJ, TRBV and TRBJ family usage in
IAV and EBV-speci� c and cross-reactive
responses differ between young and older

With the use of TCR high-throughput sequencing and heat
display we were able to show that there were changes not only in
Frontiers in Immunology 08
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but also TRAV family usage as well as J family usage with increasi
for all three epitope speci� c responses. For both age groups, all of
cognate responses predominantly used the classic public TRAV that hav
been previously reported (3, 7, 9), (IAV-M1: AV27, AV38; EBV-BM:
AV5, AV8, AV12; EBV-BR: AV8, AV12) (Figure 4Ai-iii). The cross-
reactive M1BR response used both AV8, AV12 but also AV5 (publ
EBV-BM), AV16, AV14 and AV21 (Figure 4Aiv). The cross-reactiv
M1BM response used AV5, AV8, AV12 but also, AV1, AV25, AV
AV38 (public for IAV-M1) and AV41 (Figure 4Aiv). There were
however, signi� cant differences in AV family usage between older
young in both cognate (IAV-M1: AV8, older>young; AV3
older<young; EBV-BM: AV5, older>young, AV29, older>young; EBV
BR: AV12, older<young; AV21, older>young) and cross-rea
responses (M1BR; AV21, older<young; M1BM: AV5, older>yo
AV12, older>young) (Supplemental Table S2; statistical analyses show
in Supplemental Table S3).

For both age groups, all of the cognate responses predomin
used the classic public TRAJ families that have been previ
reported (3, 7, 9), (IAV-M1: AJ42, AJ52; EBV-BM: AJ31, AJ1
EBV-BR: AJ34, A21) (Figure 4Bi-ii). The cross-reactive M1BR
response used both AJ34, AJ21 but also AJ31 (public for EBV-
AJ27, AJ26, AJ49 and DJ01.1 family (Figure 4Biv). The cross-reactiv
M1BM response did not use AJ31 but instead used AJ34 (publ
EBV-BR), AJ26, AJ33, AJ49, and AJ52 (public for IAV-M
(Figure 4Bv). There were, however, signi� cant differences in A
family usage between older and young in both cognate (IAV-
AJ51, older<young; AJ58, older<young; EBV-BM: AJ45, older>y
A B

FIGURE 3

TRAV and TRBV CDR3 lengths of IAV-M1 and EBV epitope speci� c responses differ between young and older donors. TRAV and TRBV CDR3 lengths
(amino acids) were determined for IAV-M1, EBV-BM, and EBV-BR cognate and cross-reactive short-term cultured CD8 T cells that were tetramer-sorted
and sequenced (Y n=4, O n=4-5). M1BM or M1BR are cross-reactive EBV-BM or EBV-BR single tetramer+ cells sorted from IAV-M1 stimulated short term
cultures. CMVpp65 epitope speci � c responses were used as a control, which included young and middle-aged donors (n=3). Heatmap analyses of
preferential TRAV CDR3 length usage shows different preferential hierarchies between different epitope-speci � c responses and for the same epitope
between Y and O in TRAV (A) and TRBV(B). Below heatmap is the hierarchy of the dominant CDR3 lengths used by the indicated response. Multi-variant
2-way ANOVA with adjusted p-value, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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AJ29, older<young) and cross-reactive responses (M1BR;
older<young; M1BM: AJ26, older<young; AJ34, older>young; A
older>young) (summarizedSupplemental Table S2, statistical
analyses shown inSupplemental Table S3).

For both age groups, all of the cognate responses predomin
used the classic public TRBV families that have been previ
reported (3, 7, 9), (IAV-M1: BV19; EBV-BM: 10 different BV
including BV14, BV29, BV20, BV2, BV9, BV10; EBV-BR:
different BV including BV6, BV3, BV4, BV5, BV19, BV, 27, BV
(Figure 5Ai-iii). The cross-reactive M1BR response also use
different BV with a greater usage of BV3 than in cognate EBV
(Figure 5Aiv). The cross-reactive M1BM response used 11 diffe
BV including a greater usage of BV19 (public for IAV-M1) than
cognate EBV-BM responses. (Figure 5Aiv). Although the overal
hierarchy and pattern of BV family usage appeared to d
between older and young for each epitope, there were
signi� cant differences in BV family usage between older and y
in both cognate (EBV-BR: BV6, older<young; BV10, older>yo
and cross-reactive responses. There are only 13 different
families and there was dominant usage of BJ2.1, and BJ2.7
cognate and cross-reactive responses with no major differ
between older and young donors. (Supplemental Table S,
statistical analyses shown inSupplemental Table S3).
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Since we are interested in determining whether TCR cross-rea
could play a role in the changes in TCR repertoire with increasing age
these three epitopes it is noteworthy that AV8 and AV12 family are
dominantly used by all three epitope-speci� c responses, as well as, b
cross-reactive responses. Young donors used TRAV21 family in th
M1BR response, while older used TRAV21 in their cognate BR resp
Older had a dominant usage of TRAV5 in both cognate and cr
reactive BM responses, which may suggest cross-reactivity is pla
role in the dominant selection of this TRAV in EBV-BM responses.
public EBV-BR TRAV8 family usage was signi� cantly increased in th
older IAV-M1 response as compared to young. TRAV12 was common i
EBV-BM, EBV-BR and signi� cantly used more by older cross-react
M1BM than in young donors. The dominant TRAJ family for M1B
and M1BR responses differed from their cognate counterparts in y
and older suggesting that features of TRAJ may play a role in th
speci� city of TCR cross-reactivity. There is also a great deal of ov
between the dominant TRBV usage of the 3 cognate and 2 cross-re
responses, including BV19, BV3, BV7, BV27, BV6 and BV29. The
types of overlaps in AV, BV, BJ usage between epitope-speci� c responses
greatly increases the chance that these TCR repertoires could c
cross-reactive TCR.

Overall, the TCRb high throughput sequencing data
consistent with the mAb staining data showed in unpublis
A B

FIGURE 4

Signi� cant differences in TRAV and AJ family usage in IAV and EBV-speci� c and cross-reactive responses between young (Y) and older (O) donors. TRAV and AJ
families determined for IAV-M1, EBV-BM, and EBV-BR cognate and cross-reactive responses in short-term cultured CD8 T cells that were tetramer-sort ed and
sequenced (Y n=4, O n=4-5). M1BM or M1BR are cross-reactive EBV-BM or EBV-BR single tetramer+ cells sorted from I AV-M1 stimulated short term cultures .
(A) Heatmap analyses of TRAV(A) and AJ (B) family usage, showed signi� cant differences in epitope-speci � c responses between Y and O. Multi-variant 2-way
ANOVA with adjusted p-value, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (Also see Supplemental Table S3 for statistical analyses).
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manuscript before, in that there were fewer signi� cant direct
differences in TCRb usage than TCRa between young and
although there were hierarchy differences. If cross-reactivity is dr
the change in TCR repertoire with increasing age this may arise
the fact that there is a great deal of overlap in BV usage between
epitope-speci� c responses. These data could be interpreted to su
that perhaps TRAV usage may play a greater role in evolution o
TCR repertoire and in determining speci� city of TCR cross-reactivity
ou
lys
an

an
d

us
n t
ns
it

tt
r

ert

nd

naïve
ist
ces

of O

ed

naïve
V25/

.4x),
lder
in
A42

otif
lder
ing
-

all 3
above
TRAVand TRAJ gene usage, pairing and
CDR3 motifs of IAV-M1, EBV-BM and EBV-
BR differ between young and older donors

To examine changes in TRAV usage between older and y
donors in more detail we performed TCRdist quantitative ana
using the top 400 clonotypes by frequency in IAV-M1, EBV-BM
EBV-BR-speci� c TCR repertoires. TCRdist analysis quanti� es clusters
of TCRs with similar features, enabling the visualization
dimensionality of these clusters on a 2D projection of the TCR
landscape (6). The distance between 2 or more TCRs is calculated
a similarity-weighted Hamming distance, based on amino acids i
CDR loops that contact pMHC. A gap penalty is based on variatio
CDR length and the CDR3 loop is given a higher weight as
primarily responsible for antigen-speci� c recognition (6). In the
original TCRdist analysis program, epitope-speci� c single cell TCR
sequencing data can be presented as ribbon plots which show pa
of TCR AV/AJ/BV/BJ pairings (num_clones, indicates the numbe
clones analyzed). Genes are colored by frequency within the rep
with red>green>blue>cyan>magenta>black (6). The arrows indicate
fold increase usage of those V or J regions compared to naïve ra
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repertoire suggesting antigen-driven expansion (no. of arrow head
log2) (6). The CDR3 motif analysis in this program, enables
determination of which amino acids are commonly used in cer
positions of the CDR3, indicating that they may be important
antigen recognition based on the enrichment of certain amino a
when compared to a naïve background. The CDR3 motif ana
generates two motifs, motif 1 shows the amino acids which are enr
in comparison to the total tetramer+ population of that speci� city;
motif 2 shows the amino acids which are enriched compared to a
random CD8 T cell repertoire (6). Here, we have adapted the TCRd
program to analyze high throughput TRAV or TRBV sequen
(Figures 6–10; Supplemental Table S2).

As seen inFigure 6; Supplemental Figure S2, S4and summarized
Table S2there were differences in the pattern and speci� c TRAV and
TRAJ gene usage in IAV-M1, EBV-BM and EBV-BR responses
and Y donors consistent with the family usage data (Figure 4).

In the IAV-M1 repertoire, theAV/AJgene pairing analyses show
older like the young, retained enriched usage of certain signi� cantAV/AJ
gene pairings such as the public TRAV27/J42 (2x greater than
repertoire), AV38/AJ52 (8x), plus the less commonly described TRA
AJ42 (3x) (Figures 6A, B). However, the young had some atypicalAV/AJ
gene pairings not observed in older donors including V2/AJ42 (3
AV27/AJ37(4.8x), AV1.2/AJ33(7.8x) and AV1.2/AJ12(13x). The o
had enhanced usage of TRAV12.2, 8.6, and 24 which was not observed
young. Both older and young used the public AV27-GGGSQ-J
CDR3a motif, but the older did not maintain the public CDR3a m
AV38-FMxNAGGT-J52, that was observed in young. Instead, o
retained TCR with atypical AV families paired with AJ42 contain
variations of the public motif like, AV12.1/AV12.2/AV8.1- NxGGGSQ
TRAJ42 and AV12.2/8.1/2/5-NGGGSQ-AJ42. Interestingly, in
epitope-speci� c responses, AJ42 gene usage was increased
A B

FIGURE 5

Signi� cant differences in TRBV and BJ family usage in IAV and EBV-speci� c and cross-reactive responses between young (Y) and older (O) donors. TRBV
and BJ families determined for IAV-M1, EBV-BM, and EBV-BR cognate and cross-reactive responses in short-term cultured CD8 T cells that were
tetramer-sorted and sequenced (Y n=4, O n=4-5). M1BM or M1BR are cross-reactive EBV-BM or EBV-BR single tetramer+ cells sorted from IAV-M1
stimulated short term cultures. (A) Heatmap analyses of TRBV(A) and BJ (B) family usage, showed signi� cant differences in epitope-speci � c responses
between Y and O. Multi-variant 2-way ANOVA with adjusted p-value, *p < 0.05, **p < 0.01. (Also see Supplemental Table S3 for statistical analyses).
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random naïve repertoire. These data suggest AJ usage could enh
contribute to the cross-reactivity that exists between these 3 epito

In EBV-BM repertoire, older donors used only 2 dominant
retaining the public AV5 and AV12.2 family and 3 dominant
including AJ24,11, and 12, while young used 4 dominant AV inclu
AV5, 12.2, but also AV2, 1.2 and 2 dominant AJ in common with o
including AJ11, 12 but also used AJ42, 20, 30 (Figures 6A, B). TheAV/AJ
gene pairing analyses showed older donors, retained enriched usage of
public AV5/AJ31 (5.4x), as well as unique AV14/DV4/J24 (2x) and A
AJ42(6.6x) (also present in IAV-M1), and was the only one in com
with young donors who used it at 8x above the naïve random
repertoire. The young had some atypicalAV/AJgene pairings not observe
in older including, AV5/AJ37(5x), AV1.2/A31(6.5x), AV1.2/AJ12(5.5x
AV12.1/AJ12(6.88x), and AV12.3/AJ52(19x). Both young and older
the public CDR3a motif, AV5-CA(E/D)DxNARLM-AJ31. The older als
used a new CDR3a motif AV14-CAMRGGGMT-J42.
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ce or
s.

,
g
r,

2/
n
R

sed

In EBV-BR repertoire older and young donors retained increa
usage of the public AV8.1 and AV12.2 paired with multiple differ
AJ families (Figures 6A, B), further supporting our earlie
observations that TRAV8.1 plays a major role in EBV-BR T
repertoire selection (7). However, older had lost the public AV8.
8.3/16/12.2-VKDTDKL-J34 and in fact had no identi� able CDR3a
motif. It should be noted that this motif in young can associate w
multiple different AV besides AV8.1. This lack of a public moti
highly suggestive of more variable repertoires or private repert
between older donors. The AV/AJ gene pairing analyses showed
and young had enriched usage of AV2/AJ42 (7-8x), which was
used by the IAV-M1 and EBV-BM responses of both groups.
older also had increased usage of TRAV27/AJ42(5x), which is u
associated with being a public repertoire feature in IAV-
responses. The AJ gene usage was unique for older and youn
they both did have a dominant AJ42(2x) usage, as they did in IAV
A B

FIGURE 6

The TRAV and TRAJ gene pairing and CDR3 motifs for IAV-M1, EBV-BM and EBV-BR differ between young (Y) and older (O) donors. This was determined
after TCR high throughput sequencing of tetramer-sorted CD8 T cells in Y and O donors (Y, n=4; O, n=4-5) using ribbon-plot analyses. Ribbon plots
show patterns of TCR V-J pairings in TRAV in young (A, B) older donors (num_clones, indicates the number of clones analyzed). Genes are colored by
frequency within the repertoire with red>green>blue>cyan>magenta>black. The arrows indicate signi � cant fold increase usage of those V or J regions
compared to naïve random repertoire suggesting antigen-driven expansion (no. of arrow heads are log 2). Underneath each ribbon plot are the unique
clearly de� ned CDR3 motifs of the TRAV repertoire of the indicated antigen-speci � city. There can be multiple different CDR3 motifs for any one
speci� city. For each CDR3 motif, the upper motif 1 (labeled Mf1 in Y IAV-M1 as a representative) shows the amino acids which are enriched in
comparison to the total tetramer+ population of that speci � city; the lower motif 2 (labeled Mf2 in young IAV-M1 as a representative) shows the amino
acids which are enriched compared to a naïve random CD8 T cell repertoire. Both indicate that the identi � ed amino acids are important for an antigen
peptide/MHC contact. Naive repertoires do not generate motifs as this requires the presence of clonal expansions. (analysis method from Dash et al. ( 6);
Kamga et al. (8). The text within the bars joining particular AV and AJ regions indicate the fold increased usage of that pairing (and statistical signi � cance)
compared to a naïve random TCR repertoire. Bar in between the Mf1 and Mf2 depicts which part of the CDR3 is derived from the V (light grey), N (red), D
(black) and J (dark gray) regions.
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and EBV-BM responses. As mentioned earlier, AJ42 is one o
public features used by IAV-M1 responses (43).

Overall, these data suggest that while the classical public TRA
TRAJ genes were being used for all 3 epitope-speci� c repertoires, ther
are signi� cant differences in both AV and AJ usage and pairing
young and older donors. The overlap in certain gene usages be
epitopes would increase the potential for TCR cross-reactivity.
e

used
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ring
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d to
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TRBVand TRBJ gene usage, pairing and
CDR3 motifs of IAV-M1, EBV-BM and EBV-
BR differ between young and older donors

As seen inFigures 7A, B; Supplemental Figures S3, S5 and
summarizedSupplemental Table S2there were differences in th
pattern and speci� cTRBVandTRBJgene usage in IAV-M1, EBV-BM
Frontiers in Immunology 12
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and EBV-BR responses of older and young donors. Perhap
surprisingly, in the IAV-M1 TRBV repertoire, both older and you
donors maintained a signi� cantly greater usage of the public BV
(4x) the public BV19/BJ2.7(1.5x) in comparison to the naïve ran
TCR repertoire (Figures 7A, B). However, the older had increas
usage of the atypical BV21.1(4x), while young increased usage
atypical BV6.4(2x). Older donors also showed a signi� cant
enrichment of BJ2.6(2x) usage. Both older and young donors
the public CDR3b motif BV19-CASSIRSSYEGY-J2.7/2.3/2
Interestingly, this same motif but restricted to BV19/J2.7 pai
begins to dominate in the EBV-BM and EBV-BR TCR repertoire
the older but not the young. There appears to be enriched usa
‘IRSS” in the EBV-BM and BR repertoires of the older as compare
‘xRSx” in the IAV-M1 response. Older donors had another domin
CDR3b motif, V7.7/7.3/6.6/5.6/10.3/10.2/21.1-QSRANVLTF-
accounting for the enrichment of the unusual BJ2.6 usage in
A B

FIGURE 7

TRBV and TRBJ gene pairing and CDR3 motifs for IAV-M1, EBV-BM and EBV-BR CD8 T cell populations differ between young and older. This was
determined after TCR high throughput sequencing of tetramer-sorted CD8 T cells in Y and O donors (Y, n=4; O, n=4-5) using ribbon-plot analyses.
Ribbon plots show patterns of TCR V-J pairings in TRBV in young (A, B) older donors (num_clones, indicates the number of clones analyzed). Genes are
colored by frequency within the repertoire with red>green>blue>cyan>magenta>black. The arrows indicate fold increase usage of those V or J regions
compared to naïve random repertoire suggesting antigen-driven expansion (no. of arrow heads are log 2). Underneath each ribbon plot are the unique
clearly de� ned CDR3 motifs of TRBV repertoire of the indicated antigen-speci � city. There can be multiple different CDR3 motifs for any one speci � city.
For each CDR3 motif, the upper motif 1 (labeled Mf1 in young IAV-M1 as a representative) shows the amino acids which are enriched in comparison to
the total tetramer+ population of that speci � city; the lower motif 2 (labeled Mf2 in young IAV-M1 as a representative) shows the amino acids which are
enriched compared to a naïve random CD8 T cell repertoire. Both indicate that the identi � ed amino acids are important for an antigen peptide/MHC
contact. Naive repertoires do not generate motifs as this requires the presence of clonal expansions. (analysis method from Dash et al. ( 6); Kamga et al.
(8). The text within the bars joining particular BV and BJ gene regions indicate the fold increased usage of that pairing (and statistical signi � cance)
compared to a naïve random TCR repertoire. Bar in between the Mf1 and Mf2 depicts which part of the CDR3 is derived from the V (light grey), N (red), D
(black) and J (dark gray) regions.
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older donors. This same motif although not present in IAV-
repertoires in young was the most dominant motif in the EBV-
TRBV repertoire of the young (although associated with different
and the older. This is highly suggestive that this particular TR
motif may be selected into the IAV-M1 TCR repertoire becaus
cross-reactivity with EBV-BM. There was a second novel dom
CDR3b motif in the older BV4.1/17/9/7.2/5.8/5.4/4.3/4
SSQDWTGNTDT-J2.3, which was largely selected on BJ2.3
with multiple different BV. This same motif was also present in
EBV-BM repertoire of older but not young donors.

In the EBV-BM TRBV repertoire, there has been a complete sh
BV/BJ dominance hierarchy in older as compared to young dono
(Figures 7A, B). The older showed an increased usage of BV19/
(2.2x) pairing (public for IAV-M1 responses), which is a non-canon
pairing for EBV-BM responses in young, middle-aged donors or in
(7, 9). In comparison, young preferentially used the public gene pairing
BV29.1/BJ1.4(5x) and BV20.1/BJ1.3(5x). The older retained usage
public BV20.1/BJ1.3(7x). However, they also had increased usage of B
BJ2.2(4.5x), and BV3.2/1.4(7.9x) pairings, with increased usage o
(2x), and less typical BV4.1(2x), BV10.2(4x) and BV21.1(8x). Youn
donors also had increased usage of BV 21.1(2x), 10.2(2x), as w
BV6.4(2x) (not increased in older). For EBV-BM TRBV repertoire, o
had 8 unique CDR3b motifs never previously described, that
generated using several different BV, while young donors had on
predominant CDR3b motif. The CDR3 motif“QRANLVLT,” which
Frontiers in Immunology 13
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was generated with BJ2.6 associated with multiple BV was the dominan
motif for young, but the public motif,“QSPGG” associated with BV1
was also present co-mingled within the other motif. As noted abov
older CDR3b motifs contained strong overlaps with IAV-M1 mo
including multiple(x)BV-QRANLVLT-JB2.6 BV19-CASSIRSSYEQY-
multiple(x)BV-SSQDWTGNTDT-BJ2.3 suggesting these may
selected to dominate because of TCR cross-reactivity.

The EBV-BR TRBV repertoire had also completely shifted in TR
BJ dominance hierarchy in older as compared to young (Figures 7A, B).
Like EBV-BM, older had a dominant usage of the TRBV19/BJ2.7 pa
In contrast, young used multiple different BV relatively equally bu
TRBV6.4, 7.8, 13 and TRBV14 were signi� cantly above the naïv
repertoire. In contrast, older donors showed an increase usa
BV19, 10.2, and 21.1. Only older showed an increased usage
BJ1.6 gene. Older donors also hadan increased usage of BV28/BJ
(4.6x) and BV10.2/BJ1.1(5x). Young donors used 8 different CD
motifs, where the BJ portion appearedto be important in selection, whil
older had two major CDR3b motifs. The CDR3b motifs do not hav
dominant BV, but instead the BJ dominated including BJ2.1 and B
usage. In the older the most dominant motif was the IAV-M1 pu
BV19-CASSIRSSYEQY-27. The secondolder motif was a unique, V10.2
4.3/10.1-CASSxDGMNTEA-J1.1.

Overall, these results strongly suggest that as the TCR repe
narrows in older they are retaining TCR that are cross-reac
between two very common human viruses IAV and EBV, that
A B

FIGURE 8

The hierarchy of AV and AJ gene pairing and CDR3 motifs of cross-reactive M1BM, M1BR, and M1+BR+ CD8 T cell populations differ from cognate and
between young (A) and older donors (B). This was determined after TCR high throughput sequencing of tetramer-sorted CD8 T cells in Y and O donors
(Y, n=4; O, n=4-5) using ribbon-plot analyses ( 6, 8). The � gure legends of Figures 6, 7, provide a detailed description of the ribbon-plot analyses that is
applicable to this � gure. M1BM or M1BR are cross-reactive EBV-BM or EBV-BR tetramer+ cells sorted from IAV-M1 stimulated short term cultures. M1
+BR+ are double tetramer+ co-staining CD8 T cells sorted from the IAV-M1 short-term culture.
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are exposed to frequently, one with recurrent infections and the o
a persistent virus, which frequently reactivates.
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The hierarchy of TRAVand TRAJ gene
usage, pairing and CDR3 motifs of cross-
reactive M1BR, M1BM and M1+BR+ CD8 T
cell populations are unique and differ
between young and older donors

In order to examine whether and how cross-reactivity m
in� uence or change TCR repertoire with increasing age we as
both types of cross-reactive CD8 T cells, single tetramer+ and d
tetramer+ from IAV-M1 peptide stimulated short term cultures (23,
26). In order to examine single tetramer+ cross-reactive CD8 T
we sorted EBV-BM (M1BM) or EBV-BR (M1BR) tetramer+ c
from IAV-M1 stimulated short term cultures for TCR hig
throughput sequencing. We also sorted M1+BR+ double tetram
cells from the IAV-M1 stimulated short-term cultures of two you
donors who had this population. As seen inFigures 8A, B and
summarized SupplementalSupplemental Table S2there were
differences in the pattern and speci� c TRAV and TRAJ gene usa
Frontiers in Immunology 14
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in the cross-reactive vs their cognate counterpart in each donor g
suggesting they are unique populations with their own character
that make them capable of responding to two different antig
However, like the cognate repertoires the M1BR and M1
repertoires of older vs young donors differ suggesting that the
are retaining or developing a particular subset of cross-reactive T

The M1BR TRAV repertoire in older dramatically differed from
cognate EBV-BR. Older had increased usage of AV8.1(8x) (publ
for EBV-BR) and this could pair with many different AJ that a
showed increased usage including AJ34(2x), AJ21(4x) or AJ37(2x
contrasted with the EBV-BR repertoire, VA 12.2(2x) and AV8.1
usage were co-dominant and they paired with so many different AJ
none was dominant. In older all of the other features of TCRAV u
were unique to the cross-reactive M1BR as compared to the co
These included increased usage of AV8.6-AJx(18.9x), AV16
(10.9x), AV14-DV4-AJ21(6.9x), AV38.1-AJx(24.8x) (associated
IAV-M1), and V17-AJx(20.6x). Curiously, the cross-reactive M1
unlike the cognate EBV-BR, had a dominant CDR3a motif, AV
CAxKxTDKLIF-AJ34/37, which although not identical is reminisc
of the public EBV-BR motif seen in young and described in A
donors (7). This might suggest that IAV-M1 cross-reactivity even
AIM leads to the selection of these dominant clonotypes. These r
A B

FIGURE 9

The hierarchy of BV and BJ gene pairing and CDR3 motifs of cross-reactive M1BM, M1BR, and M1+BR+ CD8 T cell populations differ from cognate and
between young (A) and older donors (B). This was determined after TCR high throughput sequencing of tetramer-sorted CD8 T cells in Y and O donors
(Y, n=4; O, n=4-5) using ribbon-plot analyses ( 6, 8). The � gure legends of Figures 6, 7, provide a detailed description of the ribbon-plot analyses that is
applicable to this � gure. M1BM or M1BR are cross-reactive EBV-BM or EBV-BR tetramer+ cells sorted from IAV-M1 stimulated short term cultures. M1
+BR+ are double tetramer+ co-staining CD8 T cells sorted from the IAV-M1 short-term culture.
frontiersin.org
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suggest that there are unique AV/AJ pairings that lead to cross-re
responses that may be more stringent than cognate EBV-BR.

In contrast, the young cross-reactive M1BR response main
many of the same AV usage as the young cognate EBV-BR incl
AV2(2x), AV12.2(2x), AV1.2(2x). Young had increased usage o
atypical AV2-AJ42(9x) for M1BR, which appeared previously in
epitope-speci� c (cognate) responses of the young, but is not pre
in the older. Young donors showed unique pairings as compar
EBV-BR, such as, AV17-AJ21(10x), AV1.2-AJ33(7.3x), AV1.2-
(7.3x), AV14-DV4-AJ21(6.9x) (also present in older). Curiously
contrast to the older the young M1BR population did not yiel
CDR3 motif while their cognate EBV-BR had the public AV8
Frontiers in Immunology 15
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VKDTDKL-J34. These results might suggest that the older over
have selected more skewed, and narrow cross-reactive M1B
responses with public features compared to the young donors.

However, in the young donors we also had the unique cr
reactive double tetramer M1+BR+ population that was only isol
in two of four young donors. In the M1+BR+ repertoire there w
increased usage of AV27 (2x)(like IAV-M1), AV8.1(4x)(like EB
BR), AV25(2x)(unique) and AV3(2x)(unique), as well as AJ42
(like IAV-M1), AJ37(2x)(unique), AJ21(2x)(unique) and AJ27(
(unique). The most dominant pairings were AV27/AJ42(1.5x) (pu
for IAV-M1), AV8.1/AJ37(9.6x) (public for EBV-BR), AV27/AJ
(3.2x)(unique), AV25/AJ42(2x)(unique), AV3/AJx(15x)(unique)
A

B

C

D

E

F

FIGURE 10

Kernel Principle Components Analysis of single cell TCRab sequencing shows that the cross-reactive populations differ from cognate, at times using
combinations of TCR features speci � c for the two different ligands (A– F). Tetramer-sorted single cell CD8 T cells from representative Y and O donors
were transcribed into cDNA, then ampli � ed AV/AJ and BV/BJ gene combinations using primers from a published multiplex PCR technique ( 6, 8). TCR
single cell sequencing data was combined from Y and O donors (Y, n=2; O, n=2). Kernel Principal Components Analysis (kPCA) 2D projection plots were
used to show the AV/AJ/BV/BJ pairing of the single analyses ( 6). Each point on the plot represents a single TCR clone, the location of the clone is based
on TCRdist measurements which place similar TCR clones closer together on the 2D plot. Each clone can be tracked to determine the gene usage and
pairing by the color and location. Each of the four gene segments, TRAV, TRAJ, TRBV, and TRBJ (left to right) has a separate plot. The last two plots,
represent the CDR3 motif generated for TRAV/AJ and TRBV/BJ genes. (for details on sequences see Tables 1and S4).
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TABLE 1 Unique TCR public features (VJ usage and CDR3 motifs) of cross-reactive vs cognate single cell clones.

Epitope
speci� city CLONE ID AV CDR3a AJ BV CDR3b JB

A. IAV-M1 ES179M1-04 27*01 CAAGGSQGNLIF 42*01 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1-01 5*01 CAETGGGSQGNLIF 42*01 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1-02 27*01 CAGGGSSNTGKLIF 37*02 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1-14 27*01 CAGASGNTGKLIF 37*01 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1-16 27*01 CAGGGSQGNLIF 42*01 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1-17 27*01 CAGGGSSNTGKLIF 37*02 19*01 CASSIRSSYEQYF 2-7*01 1

D044M1-04 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQFF 2-7*01 4

D044M1-18 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQYF 2-7*01 11

D044M1-22 13-1*02 CAPSGGGSQGNLIF 42*01 19*02 CASSIRSSYNEQFF 2-7*01 3

ES556M1-07 27*01 CAGVDGGSQGNLIF 42*01 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1-08 16*01 CARKSYGQNFVF 26*01 19*01 CASSIRSSYEQYF 2-7*01 1

M1BM ES556M1BM-03 27*01 CAGGGSQGNLIF 42*01 19*01 CASSIRSSYEQYF 2-7*01 1

ES556M1BM-09 27*01 CAGGGSQGNLIF 42*01 19*01 CASSIRSSYEQYF 2-7*01 1

D044M1BM-08 27*01 CAGGGSQGNLIF 42*01 19*01 CASSIRSSYEQFF 2-7*01 1

BRM1 ES179BRM1-05 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQYF 2-7*01 9

ES179BRM1-09 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQYF 2-7*01 1

M1+BR+ ES179M1+BR+10 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQYF 2-7*01 1

ES179M1+BR+12 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQYF 2-7*01 2

D044M1+BR+02 27*01 CAGGGSQGNLIF 42*01 19*02 CASSIRSSYEQYF 2-7*01 2

B. IAV-M1 ES556M1-04 38-2/DV8*01 CAYSSSAGGTSYGKLTF 52*01 19*01 CASSIGLYGYTF 1-2*01 1

D044M1-10 38-2/DV8*01 CAYMINAGGTSYGKLTF 52*01 19*02 CASSIGVYGYTF 1-2*01 1

D044M1-01 38-2/DV8*01 CAYSPNAGGTSYGKLTF 52*01 19*02 CASSMGLYGYTF 1-2*01 2

EBV-BM D044BM-09 5*01 CAEPRDSNYQLIW 33*01 27*01 CASIGSGYPYNEQFF 2-1*01 13

D044BM-12 29/DV5*01 CVYRNSNARLMW 31*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

M1BM D044M1BM-07 12-2*01 CAVNNQAGTALIF 15*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

D044M1BM-14 12-2*01 CAVNSQAGNALIF 15*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

D044M1BM-20 38-2/DV8*01 CAYSPNAGGTSYGKLTF 52*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

D044M1BM-05 5*01 CAEPRDSNYQLIW 33*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

D044M1BM-22 5*01 CAEPRDSNYQLIW 33*01 27*01 CASIGSGYPYNEQFF 2-1*01 5

D044M1BM-19 5*01 CAEPRDSKYQLIW 33*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

BRM1 D044BRM1-05 5*01 CAEPRDSNYQLIW 33*01 27*01 CASIGSGYPYNEQFF 2-1*01 5

ES179BRM1-08 38-1*01 CAFMTNAGGTSYGKLTF 52*01 19*02 CASSQGSHGYTF 1-2*01 1

M1+BR+ D044M1+BR+03 24*01 CAPNSGYSTLTF 11*01 27*01 CASIGSGYPYNEQFF 2-1*01 1

C. M1BM ES556M1BM-08 27*01 CAGGGSQGNLIF 42*01 14*01 CASSQSPGGTGTF 2-7*01 1
F
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Red text highlights motifs. Color blocking highlights similarities.
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AV38/AJ52(17.3x)(public for IAV-M1), and AV14/DV4/AJ21(15
(unique). Two of the CDR3 motifs, exhibited glycine runs,“xGGGx,”
(AV27/13.1/8.1CAGx(G/S)GGGSQGNJ42) and (AV27/8.1/13.1
(A/S)GGGSQ/J42) and (AV38.1-FMxTNAGGTS/52) and w
variants of public motifs in IAV-M1 repertoires. This doub
tetramer+ population appears to combine features of both cog
responses, as well as having unique features.

In the M1BM repertoire the AV and AJ usage differed fr
cognate EBV-BM and IAV-M1 in the older, except in the increa
usage of AV5(4x) (public for EBV-BM) paired with many differen
AJ, AV8.1(2x) (public for EBV-BR) and AJ12.2(2x)(used by E
BM and EBV-BR). There was increased usage of unique pa
AV8.3-AJ49(9.3x), AV8.6-AJ4(9.8x) and AV12.1/AJ12(8.8x).
of the most dominant pairings once again was AV2-AJ42(9.3
(also seen in young). The 3 CDR3 motifs that were gener
contained AV5-AJ31 and AV8-AJ34 pairings and differed fr
those observed in the cognate EBV-BM response. The A
CAED-AJ31 motifwhich was identi� ed is perhaps a variant o
the public EBV-BM motif AV5-xEDNNAx-AJ3. A second mo
was unique AV5-CAESxGxLxF-AJ35/29/37. The AV8.1/16/
CAVKDTDKLI-AJ34/J23 motif is a variant of the public EB
BR motif.

Overall, these data suggest that young donors had most
such private diverse cross-reactive TCR repertoires that no m
were identi� ed for either M1BR or M1BM. In contrast, it wou
appear that older donors are most likely retaining selected c
reactive TCR that have been stimulated by both antigens at
point leading to clonal expansions and identi� able public features
The results also suggest rather logically, that a TCR that has
features of either cognate response may be more likely to be
reactive. However, these cross-reactive responses can also hav
unique public features, while displaying minor features if any o
cognate responses. We will use single cell sequencing to dete
whether the TCR AV/AJ/BV/BJ gene pairings in cross-reactiv
responses will demonstrate a combination of public repert
features of IAV and EBV (i.e. M1BR, AV8.1/AJ34 and BV19/BJ
The single cell data will allow the determination of factors/feat
that may provide a mechanism by which TCR cross-react
can occur.
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The hierarchy of TRBV and TRBJ gene
usage, pairing and CDR3 motifs of cross-
reactive M1BR, M1BM and M1+BR+ CD8 T
cell populations are unique and differ
between young and older donors

In the M1BR TRBV repertoire, older had a signi� cant increase in
unique BV/BJ pairings as compared to IAV-M1- or EBV-BR-spe� c
responses, such as, BV6.6-BJ2.5(2.7x), which had a unique
motif BV6.6(x24BV)-CASSPLTGAETQF-BJ2.5/2.3/1.1, BV11.
BJ2.5(4.8x), BV3.2(2x) which had a unique CDR3 motif BV
(x9BV)-KTYGY-J1.2. Also, there was an increased selection o
atypical BV21.1 with an 8-16-fold increase in all responses o
older including all 3 cognate epitope responses and the M1BM
M1BR cross-reactive responses. Unlike the cognate EBV-BR in
Frontiers in Immunology 17
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older or young there were 11 different distinct CDR3b motifs
were predominantly unique in older. This would suggest that th
are more stringent requirements for cross-reactive M1BR TCRb
cognate EBV-BR, which is largely selected on TRAV. These C
motifs were largely derived from the N region. They appeared to
highly variable TRBV usage, which was associated with parti
TRBJ suggesting that the BJ region may play a signi� cant role in
speci� city and selection of these cross-reactive TCR. They did
the CDR3b motif BVx-QSRANVLTF-BJ2.6, which was commo
IAV-M1, EBV-BM, and M1BM repertoires in older and dominant
young EBV-BM. Older in M1BR and young in M1+BR+ respon
had the CDR3 motif BVx-KTYGY-BJ1-2 which was not seen
cognate responses.

In young donors, the M1BR repertoire had increased usag
BV29.1(2x)(public for EBV-BM). There also was a signi� cant 3.7-fold
increase in the unique BV6.4/BJ2.3. Once again indicating
importance of TRBV in selection of EBV-BR cross-reactive T
the young donors had increased usage of several BV including,
(2x), BV14(2x), and BV10.2(4x). Young donors did not have a C
motif. The lack of CDR3 motifs as compared to older donors migh
with TRAV/AJ relate to the higher diversity and private nature
cross-reactive responses in young.

The M1+BR+ repertoire in the two young donors, had increa
usage of BV19(4x), (public for IAV-M1). As seen in the pairing
IAV-M1, in M1+BR+, BV19 is most commonly paired with BJ2
There were increases in unique BV3.2(2x), BVx-BJ2.1(7.7x) and
(2x) usage. The most dominant CDR3 motif was BV19-CASSIR
T)YEQYF/-2.7/2.3/2.2, which is most commonly used in IAV-
responses consistent with this TCRBV motif playing a role in T
cross-reactivity (see also Single cell sequenceTable 1). There was also
another unique CDR3 motif BV3.2/5.4/5.5/4.2/19/11.3-F9E/V)N
D)E-J2.5/2.7 most likely speci� c for cross-reactive responses (
Single cell sequenceTable 1).

The M1BM TRBV repertoires of both older and young are v
different in hierarchy and usage from each other and from the cog
EBV-BM. In older there was increased usage of BV3.2(2x), BV
(2x) and BV29(2x)(public for EBV-BM), 29.1/BJ1.4(6.7x), BV2/
(4.9x), BV20.1/J1.3(8.6x) and BV5.1/2.7(2.9x). The most widely
BV amongst most epitope responses for older, BV21.1, was incr
16-fold. The most common CDR3 motif was BV14(x9BV
ASSQSPGG-J2.5/2.1/1.1/2.2/2.6/2.4, which is a variant of the
EBV-BM motif. The CDR3 motif“QSRANVTL” was associated wit
BJ2.6 usage and was present in the cognate EBV-BM responses
M1BM responses for older. The BJ usage appeared to be the
dominant speci� city and selection factor of the CDR3 motifs.
contrast, young had increase usage of BV14(2x) (public for EBV-
There was increased usage of unique BV including BV11.3(2x
BV10.2(4x). BV21.1 found in several other responses in older u
was increased 16-fold. There were 4 unique CDR3 motifs w
largely differed from older and young cognate EBV-BM and Y M
BM except for the BVx-QSRANVLTF-BJ2.6. There appeared, as
M1BR, to be stringent requirements in BV and BJ usage as w
CDR3 motifs in the cross-reactive M1BM TCR in both young a
older donors. This only makes sense as the cross-reactive TCR
recognize two different epitopes, while cognate-speci� c TCR are only
have to recognize one epitope.
frontiersin.org
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Single cell TCR sequencing and
TCR cross-reactivity

Since we postulate that TCR cross-reactivity is playing a ro
repertoire evolution with increasing age we more closely exam
TCR repertoire of cognate and cross-reactive tetramer-sorted C
cells at the single cell level. For these studies as we were add
features of cognate and cross-reactive TCR we pooled the d
young and older donors. We were interested in addressing
particular questions. First, we wanted to determine if there
evidence that the TRBV‘IRSS” motif expressing clones, which a
public for IAV-M1 repertoires were actually preferentially selecte
the cross-reactivity with the EBV epitopes with increasing age
suggested by our high throughput sequencing data. Secon
wanted to determine if there was any evidence that the c
reactive clones had TCR features that would increase their abi
interact with two antigens. For this type of comparison the Ke
Principal Components Analysis (kPCA) 2D projection plots wh
show the AV/AJ/BV/BJ pairing of the single cell analyses (6) was
highly useful. Each point on the plot represents a single TCR c
and the location of the clones is based on TCR dist measurem
placing similar TCR clones closer together on the 2D plot. Each
can be tracked to determine the gene usage and pairing by the
and location.

At a glance it is clear that the characteristics including CD
motifs and distributions of the TCR clones are unique for e
epitope and for each of the cross-reactive populations (Figure 9,
Supplemental Table S4). The cognate IAV-M1, EBV-BM and EBV
BR had many characteristics that have been previously identi� ed and
shown in the high throughput sequencing data. It should be n
that these single cell studies identi� ed a new EBV-BM speci� c TRAV
motif AV-12.1-CVVNGxDS-AJ12.1. It appeared to pair with TR
motif TCRBV2-CASS.GtVap-BJ2.2. The pKCA analyses (Figure 9)
andTable 1showing the single cell sequences of cross-reactive c
that are M1BR, M1+BR+ and M1BM, as well as BRM1 speci� c, and
contrast them to clones with some similar features, if there are a
IAV-M1, EBV-BM, EBV-BR-speci� c, demonstrate� ndings
compatible with our hypothesis that certain TCR clones
preferentially retained in the older due to TCR cross-reactivity.
instance, there is a clear selection for clones speci� cally expressin
AV27-CAGGGSQGNLIF-AJ42 paired with BV19-CASSIRSSYE
JB2.7/2.1 in the M1+BR+, BRM1 and M1BM cross-reac
populations suggesting that this unique clone which dominates
EBV-BM and EBV-BR TCR repertoires of older donors has s
ability to interact with all 3 epitopes (Table 1A). It may be at differing
af� nities to the different epitopes which might make it dif� cult to
derive a crystal structure to determine exactly how it interacts
EBV-BM and EBV-BR, although it does appear to bind EBV-BM
EBV-BR tetramers. If this type of clone which is most likely
optimum for EBV control begins to dominate the EBV-BM and EB
BR TCR repertoires in older donors they may have dif� culty
controlling this persistent virus, perhaps enhancing chance
developing EBV-associated cancers (27).

There is also a new unique cross-reactive TCR that predomi
in the M1BM repertoire AV5-CAEPRDSNYQLIW-J33.1 paired w
BV27-CASIGSGYPYNEQFF-2.1, where the AV5 usage is pub
EBV-BM and the motif could be a variant that could recognize E
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BM, while the BV27 has been shown in our studies to be used b
three epitope-speci� c responses, but this clone contains a CDR
motif reminiscent of the public IAV-M1 BV19-xGxY-J2.1 (3) as
shown in theTable 1B, which obligately pairs with AV38/AJ52
the cognate IAV-M1 response. A second cross-reactive M1BM
has a public IAV-M1-speci� c TCRa, AV27-CAGGGSQGNLIF-4
pai red wi th a publ ic EBV-BM-spec i� c TCRb, BV14-
CASSQSPGGTGTF-2.7. This clone is EBV-BM tetramer+ but
to proliferate in response to IAV-M1 peptide. Without an appropri
TCRb, it is most likely low af� nity to IAV-M1 and unlikely to bind
IAV-M1 tetramer, but could easily proliferate during an acute I
infection like it did in the IAV-M1 stimulated short term culture, y
not being an optimum response to protect against IAV infection

The cross-reactive M1BR repertoire, had increased usage of
expressing the public EBV-BR-speci� c AV8.1-CAVKDTDLIF-AJ34
(or variants of it) paired with multiple different TCRb chains some
which did express the IAV-M1 public BV19 family (Table 1D). Once
again, as these M1BR clones are high af� nity to EBV-BR, but low
af� nity to IAV-M1 it would not be ideal for them to start to
proliferating during acute IAV infection. There was one M1+B
clone which did stain with both tetramers, AV16-CALKDTDKLI
AJ34 paired with BV25-CASSEWFSYNEQFF-BJ2.1 which mig
interesting for future crystal structure studies to determine exactly
this TCR can interact with both ligands (Table 1D). There are also othe
completely unique clones without public features that are able to
both tetramers that could be used for crystal structure studies (Table
S6). There was also a relatively unique public M1BR cross-reactive
which expressed the public EBV-BR AV8.1 with a relatively unkn
motif AV8.1-CAxGNNNARLMF-J31.1 paired with a unique cro
reactive motif BV3.2-CASSQALTDYGYTF-1.2. Once again this c
is most likely low af� nity to IAV-M1 (i.e. BR tetramer+ in an IAV-M1
culture), but capable of proliferating during IAV infection resulting i
less than optimum functional response which is suggested by th
that epitope-speci� c responses in older proliferated better than you
but had decreased ability to produce cytokines (Supplementa
Figure S1).
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Discussion

Our study shows that IAV and EBV epitope-speci� c TCR
repertoires change with increasing age and that TCR cros
reactivity likely plays a role inthe repertoire changes betwe
young and older donors. TCR high-throughput sequencing
tetramer-sorted epitope-speci� c and cross-reactive populations, a
accessing TCR algorithms, such as, TCRdist (6), allowed us to obtain
detailed information about TCR repertoire changes in not o
TRBV/BJ, but also in TRAV/AJ usage. TCRa and TCRb repert
directed at the HLA-A2-restricted immunodominant epitopes IA
M1, EBV-BM and EBV-BR cognate and cross-reactive respo
differed signi� cantly between the older and young donors at ev
level we examined including CDR3 features, V and J usage an
pairing. Overall, these results strongly suggest that as the
repertoire narrows in older they are retaining TCR that are cr
reactive between these two very common human viruses IAV
EBV, that we are exposed to frequently, one with recurrent infec
and the other a persistent virus, which frequently reactivates
frontiersin.org
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Clark et al. 10.3389/ � mmu.2022.1011935
example, both high throughput sequencing and single cell seque
suggest that a cross-reactive TCR clone AV27-CAGGGSQGNLI
42 paired with BV19-CASSIRSSYEQY-JB2.7/2.1 previous
considered to be a public clone in the IAV-M1 TCR repertoire3)
begins to dominate the EBV-BM and EBV-BR speci� c TCR
repertoires in the older donors. This result suggests that the c
reactivity with EBV-speci� c epitopes, leads to it being tweak
whenever EBV reactivates over a lifetime, making this clon
public that we have found it in the IAV-M1 repertoire of all the
+ HLA-A2+ donors we have examined. However, these cross-re
responses may not be optimal for control of one of these vir
Cross-reactivity, with dual use of TCR may be the only alternativ
an aging immune response (46), where the thymus has involuted a
TCR repertoire keeps narrowing to help control a multitude
pathogens. This increased use of cross-reactive TCR may at
level save lives, but it may also contribute to the waning of v
speci� c immunity with increasing age.

Our results suggest that with increasing age there is a prefer
retention of TCR that have CDR3 features that increase their ea
generation (39–41) (44, 45), like the use of convergent recombina
amino acids and fewer N nucleotide additions, and cross-rea
potential by the use of glycine runs that are thought to be m
� exible (42, 43) (47) (Figures 2A–C; summarized inSupplementa
Table S2). Also, we were able to show that there were changes no
in TRBV, but also TRAV family usage, as well as, J family usage
increasing age for all three epitope speci� c responses. The TCRb hi
throughput sequencing data was consistent with the mAb sta
data, in that there were fewer signi� cant direct differences in TCR
usage than TCRa usage between young and older. If cross-reac
driving the change in TCR repertoire with increasing age this
arise from the fact that there is a great deal of overlap in BV u
between these epitope-speci� c responses. These data could
interpreted to suggest that perhaps TRAV usage may play a g
role in evolution of the TCR repertoire and in determining
speci� city of TCR cross-reactivity further emphasizing t
importance of studying TCRAV repertoire.

Here, we adapted the TCRdist program to analyze h
throughput TRAV/AJ or TRBV/BJ sequences (Figures 6–10;
Supplemental Table S2) were able to show there were difference
the pattern and speci� c TRAV/AJ and TRBV/BJ gene usage, pair
and CDR3 motifs in IAV-M1, EBV-BM and EBV-BR and cro
reactive responses of older and young donors. The cognate res
used public TCRa and TCRb features for all 3 epitope-spe� c
repertoires, however, there were unique public features de� ned for
the cross-reactive responses that differed from their cog
counterparts suggesting they are unique populations with their
characteristics, that make them capable of responding to two diff
antigens. The overlap in certain AV gene usages between ep
such as AV8 and AV12, would increase the potential for TCR c
reactivity. Interestingly, AV12 has been found to be a public resp
in HLA-A2-restricted SARS-CoV2 YLQ epitope responses (48). As
mentioned above, surprisingly, in the older donors the m
dominant motif in the EBV-BM and EBV-BR TRBV repertoir
was BV19-CASSIRSSYEQY-27, which known for being a p
motif for IAV-M1. Overall, these results strongly suggest that as
TCR repertoire narrows in older donors they are retaining TCR
are cross-reactive between two very common human viruses IAV
Frontiers in Immunology 19
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EBV, that we are exposed to frequently, one with recurrent infec
and the other a persistent virus, which frequently reactivates.

However, like the cognate repertoires, the cross-reactive M
and M1BM repertoires of older vs young donors differ suggesting
the older donors are retaining or developing a particular subs
cross-reactive T cells. Overall, these data suggest that young d
had most likely such private cross-reactive TCR repertoires tha
motifs were identi� ed for either M1BR or M1BM. In contrast,
would appear that older donors are most likely retaining sele
cross-reactive TCR that have been stimulated by both antige
some point leading to clonal expansions and identi� able public
features. The results also suggest that a TCR that has some fe
of cognate responses may be more likely to be cross-reactiv
However, these cross-reactive responses can also have
unique public features, while displaying minor features if any of
cognate responses.

By using single cell sequencing we were able show some of the facto
or features that may help a TCR to recognize two different epitopes
single cell clones, further con� rmed at a glance that the characterist
including CDR3 motifs and distributions of the TCR clones are uniqu
for each epitope and for each of the cross-reactive populations (Figure 9;
Supplemental Table S4). They also further con� rmed that the TRBV
BV19/IRSS/J2.7 motif expressing clones, which are public for IAV
repertoires were actuallypreferentially selected by cross-reactivity w
the EBV epitopes. They also provided evidence that the cross-react
clones had TCR features that would increase their ability to interact
two antigens. For instance, there is a clear selection for clones spec� cally
expressing AV27-CAGGGSQGNLIF-AJ42 paired with BV
CASSIRSSYEQY-JB2.7/2.1 in theM1+BR+, BRM1 and M1BM cross
reactive populations suggesting that this unique clone which dominate
the EBV-BM and EBV-BR TCR repertoire of older donors has s
ability to interact with all 3 epitopes (Table 1A). It may be at differing
af� nities to the different epitopes which might make it dif� cult to derive a
crystal structure to determine exactly how it interacts with EBV-BM
EBV-BR (although it does appear to bind all three tetramers). If this
of clone which is most likely not optimum for EBV control begins
dominate the EBV-BM and EBV-BR TCR repertoires in older don
they may have dif� culty controlling this persistent virus, enhanci
chances of developing cancers. There is also a new unique
reactive TCR that predominates in the M1BM repertoire AV
CAEPRDSNYQLIW-J33.1 paired with BV27-CASIGSGYPYNEQ
2.1, where the AV5 family is public for EBV-BM and the motif co
be a variant that could recognize EBV-BM, while the BV27 family
been shown in our studies to be used by all three epitope-sp� c
responses, but this clone contains a CDR3b motif reminiscent o
public IAV-M1 BV19-xGxY-J2.1 (3) as shown in theTable 1B, which
obligately pairs with AV38/AJ52 in the cognate IAV-M1 response.
second cross-reactive M1BM clone has a public IAV-M1-speci� c TCRa,
AV27-CAGGGSQGNLIF-J42 pairedwith a public EBV-BM-speci� c
TCRb, BV14-CASSQSPGGTGTF-J2.7.This clone is EBV-BM tetrame
+ but able to proliferate in response toIAV-M1 peptide. Possibly withou
an appropriate TCRb, it is likely low af� nity to IAV-M1 and unlikely to
bind IAV-M1 tetramer, but could easily proliferate during an acute I
infection, yet not be an optimum response to IAV.

The cross-reactive M1BR repertoire, had increased usage of
expressing the public EBV-BR-speci� c AV8.1-CAVKDTDLIF-AJ34
(or variants of it) paired with multiple different TCRb chains some
frontiersin.org
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which did express the IAV-M1 public BV19 family (Table 1D). Once
again, as these M1BR clones are likely high af� nity to EBV-BR, but low
af� nity to IAV-M1 it would not be ideal for them to start t
proliferating during acute IAV infection. There was also a relati
unique public M1BR cross-reactive TCR which expressed the p
EBV-BR AV8.1 with a relatively unknown motif AV8.
CAxGNNNARLMF-J31.1 paired with a unique cross-reactive m
TCRb BV3.2-CASSQALTDYGYTF-1.2. This clone is most likely
af� nity to IAV-M1 but capable of proliferating during IAV infectio
resulting in a less than optimum responses.

These studies highlight how important the develop of new t
and algorithms to study TCR repertoires, such as TCRdist and G
(6, 29), can lead to our better understanding the evolution of antig
speci� c repertoires. Other investigators are developing models
may assist us in predicting TCR speci� city and cross-reactivity (28,
47–49). Developing more advanced computational methods
designing highly speci� c and potent TCR for use in engineering
cell therapies requires large amounts of accurate data on an
speci� c TCR repertoires and MHC-peptide complexes. Take
together all of these� ndings suggest that we have� nally reached a
paradigm shifting moment in our understanding of TCR struct
and repertoire that could lead to a much better understanding
cell mediated diseases and/or the development of T ce
speci� c treatments.

Disease etiology and diagnosis by TCR repertoire analy
beginning to gain more attention as technology improves (50).
Several lines of evidence suggest that EBV-speci� c CD8 T cells are
important for the control of EBV long term (51), including successfu
treatment of EBV-associated lymphoproliferative disorders and
transplant associated EBV infections by adoptive transfer of E
speci� c CD8 T cells (52, 53). Recently, using high-throughp
sequencing in multiple sclerosis (MS) patients, a disease asso
with EBV-induced acute infectious mononucleosis, the T
repertoire from the cerebrospinal� uid was found to be enriched i
EBV-reactive CD8 T cells that were distinct from the blood37. TCR
repertoires are increasingly being linked to disease (50) like recovery
from cancer (54, 55), and our work which suggests that TC
repertoire differences contribute to protection against infectio
impact disease severity (23, 24). Recent work (56) suggests tha
defective CD8 T cell control of EBV reactivation in multip
sclerosis (MS) patients leads to an expanded population of
infected, autoreactive B cells; this is supported by preliminary re
of a Phase I clinical trial that demonstrated improvement of
symptoms following infusion of autologous EBV-speci� c CD8 T cells
which are thought to bring the virus under control (57). These type
of T cell therapies make it imperative that more-advanced met
integrating computational biology and structural modeling bec
available for designing highly speci� c and potent TCRs. Methods
predict optimum TCR features to be recognized and activated
particular antigen and for identifying TCR antigen-speci� city groups
without the need to isolate antigen-speci� c T cells would be highl
valuable and are beginning to be developed (6, 29). Recently, progres
has been made in developing algorithms that identify crossrea
epitopes, between strains of similar viruses like IAV
coronaviruses (58).

These results also impact our understanding of the cur
COVID19 pandemic, where a disease caused by the severe
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respiratory syndrome coronavirus-2 (SARS-CoV-2), can prese
many forms. It generally causes a mild and sometimes asympto
disease in children but is more pathogenic in adults and can be
severe in aged populations, especially in individuals with pre-ex
conditions. Yet, individuals of similar age and health status
experience widely different disease processes and severity. In
cases lungs may encounter a highly in� ammatory cytokine storm an
be full of CD8 T cells experiencing various degrees of cl
exhaustion (59). Reasons for the variation in pathogenesis
unknown and could be in� uenced by viral dose and genetics of
host, but it is likely that T cell-dependent heterologous immunity
cross-reactivity play a role (60). In mouse models, virally induce
pathologies have been linked to cross-reactive epitopes and ca
widely among individuals, even those with similar genetics
infection histories. In severalmodels with syngeneic host
variability in the pathogenesis has been linked to the priv
speci� city of the T cell repertoire responding to the cross-reac
epitope (17, 18, 25). Even genetically identical hosts have differ
naïve TCR repertoires as well as different TCR repertoires to the
epitope of a pathogen. These results suggest that how an indiv
would respond to SARS-CoV-2 would be dependent in part on
person’s TCR repertoire and history of previous infections.

Heterologous immunity is likely common in human viru
infections, and, like COVID-19 pathogenesis, there are seve
common human viruses that cause more severe disease in
than in children. Here, the disease in adults is usually associated
more immunopathological lesions. These include such viruse
measles, mumps, chicken pox, and EBV. Like SARS-CoV2,
causes mild to subclinical infections in children, but it can ca
acute infectious mononucleosis (AIM) in young adults. AIM,
HLA-A2+ individuals, is associated with a high frequency of CD
cells producing high levels of interferon gamma and being c
reactive between EBV and IAV (23, 26, 61). In fact, the severity o
AIM directly correlated with frequency of reactivated IAV-M158

tetramer+ cells and its’ TCRBV usage. The main pathognomon
feature of AIM is the potent CD8 T cell response, much like
occurring in lungs of severe COVID-19 cases (62). Interestingly, a
recent report examining TCR repertoires suggest that in HLA-
patients certain SARS-CoV-2 epitope-speci� c responses are also cro
reactive with IAV epitopes and in they have been found to use
TRBV sequence‘CASS(I/x)RS(T/A/S)EQYF” (63). This suggests tha
prior immunity to IAV can predispose hosts to severe EBV infect
but may also effect SARS-CoV-2 infection outcome. In an attem
model this in the absence of EBV infection, mice immune to IAV w
challenged intranasally with lymphocytic choriomeningitis virus
(LCMV). These mice developed a severe pneumonia that
dependent on cross-reactive CD8 T cell responses to either o
epitope pairs, depending on the private speci� city of the response
Interestingly, the development of this pneumonia was blocke
injecting IAV-immune mice with antibody to IFNg prior to th
LCMV challenge (19)

These similarities betweenCOVID-19 pathogenesis an
heterologous immunity would suggest that there may be cr
reactive epitopes between SARS-CoV-2 and previously encou
infections, though it is usually hard to predict where cross-reactiv
would occur. However, humans get infected with a number of o
coronaviruses that cause common colds and serologically cross
frontiersin.org
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with SARS-CoV-2, providing a challenge for the developmen
antibody screening tests. Further, studies using an algorithm for
epitopes have predicted many potential cross-reactivities acr
variety of class 1 MHC molecules (64–66). Other recent report
document some CD4 and CD8 T cell cross-reactivity betwee
SARS-CoV-2 and other coronaviruses (67–70). One of these studie
suggests that if there is a broader cross-reactive epitope usa
patients may be more likely to have milder disease (68). Another
study actually correlates severity of acute COVID to speci� c cross-
reactive TCR repertoires between coronaviruses in HLA-A
patients (70). If such cross-reactivity exists, it may be an issu
the development of the much-needed vaccines for SARS-C
However, the presence of cross-reactive T cell epitopes in co
vaccines may lead to high variability in the outcomes (21). Further,
when epitopes cross-react only partially with a memory T cell
speci� c to another epitope, the T cell response that develops m
very narrow and oligoclonal, with a potential to allow for T cell-esc
mutants (61). The presence of a narrow oligoclonal repertoire like
see in the older donors to a T cell epitope during an acute infecti
likely a product of this cross-reactivity process. Interestingly, a re
study showed that exposure order determined the distribu
between spike-speci� c and non-spike-speci� c responses in
COVID19 CD8 T cell response (71). Vaccination after infection
lead to expansion of spike-speci� c T cells and differentiation t
CCR7(neg)CD45RA(pos) effectors. In contrast, individuals hav
breakthrough infection after vaccination, developed vigorous
spike-speci� c responses. Their extensive epitope-speci� c T cell
antigen receptor (TCR) sequence analyses showed tha
exposures elicited diverse repertoires characterized by shared
TCR motifs, with no evidence for repertoire narrowing from repea
exposure (71). Given our present results and all of these issue
suggest that the examination of T cell cross-reactivity and
repertoire should be given high priority in COVID-19 research.
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SUPPLEMENTARY FIGURE 1

Function of IAV-M1- and EBV-speci � c CD8 T cell responses differ between
young (Y) and older (O) donors. Functionality was assessed by examining
antigen-speci � c proliferation using tetramer staining in short-term culture (A-
C) and by cytokine production (D). CD8 T cells were cultured and re-stimulated
for 3 weeks in the presence of T2-cells pulsed with speci � c peptides, IAV-M1,
EBV-BM, EBV-BR, and tyrosinase, a self-peptide derived from melanocytes as a
control. Representative FACS plot of a young (A) and an older donor (B) shows
antigen-speci � c proliferative capacity as measured by tetramer staining in
short-term culture. The upper row is single tetramer staining speci � c to the
stimulating peptide (cognate) and the lower row is co-staining with two
tetramers showing proliferation of cross-reactive CD8 T cell responses in
IAV-M1-stimulated short-term cultures. In both O and Y donors IAV-M1
stimulation in culture resulted in the proliferation of two types of IAV-M1 and
EBV cross-reactive responses as we have previously reported (23, 61), IAV-M1
+EBV-BR+ (M1+BR+) and IAV-M1+EBV-BM+ (M1+BM+) tetramer co-staining
CD8 T cells or EBV-BR (M1BR) or EBV-BM (M1BM) single tetramer staining cells.
C) Older donors had higher frequencies of EBV-BM and EBV-BR than young
donors as shown in a heatmap of mean tetramer frequencies (Y n=8-11; O n=7-
9). For the cognate (same as peptide used to stimulate culture) responses, in Y
the IAV-M1 tetramer frequency was signi � cantly greater than EBV-BR (p=**); in
older donors the EBV-BM tetramer frequency was signi � cantly greater than
IAV-M1 (p=****) and EBV-BR (p=****). D) Y donors had higher frequencies than
older donors of IFN g+MIP1beta+ cytokine-producing CD8 T cells in IAV-M1 (i),
EBV-BM (ii) and EBV-BR (iii) stimulated short-term cultures. Short-term cultured
CD8 T cells were stimulated with indicated peptides. Controls were PMA and
Ionomycin or no peptide stimulation (gated on cognate tetramer+ cells). Multi-
variant 2-way ANOVA with adjusted p-value, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. The speci � city of the culture is represented by a unique color,
IAV-M1 is red, EBV-BM turquoise blue, and EBV-BR dark blue, these are retained
throughout the manuscript. These results suggest that there are functional
differences in EBV-speci � c responses between these two age groups. It would
appear that the EBV-speci � c responses have greater proliferative capacity, but
decreased ability to produce cytokines such as IFN gand MIP1b in older donors.
Interestingly, the IAV-M1 proliferative capacity and the ability to induce cross-
reactive responses with EBV does not differ between young and older.
frontiersin.org
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