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Current antiretroviral therapy (ART) guidelines recommend treating all children
with HIV-1 infection. This has changed from the broader use of ART to treat
children to improve morbidity and minimise mortality. However, prior to
current recommendations, not everyone with HIV-1 received timely
treatment. What happens to the paediatric immune system when HIV-1
replication is not appropriately supressed remains unclear. 11 samples from
adolescents with HIV-1 on ART and uninfected controls in the UK, aged 12-25
years, were examined; overall, adolescents with CD4" counts > 500/ul and a
viral load < 50 copies/ml were compared with adolescents with CD4™ counts <
500/ul and a viral load > 50 copies/ml at time of sampling. Measurements of
thymic output were combined with high throughput next generation
sequencing and bioinformatics to systematically organize CD4* and CD8" T
cellreceptor (TCR) repertoires. TCR repertoire diversity, clonal expansions, TCR
sequence sharing, and formation of TCR clusters in HIV-1 infected adolescents
with successful HIV-1 suppression were compared to adolescents with
ineffective HIV-1 suppression. Thymic output and CD4" T cell numbers were
decreased in HIV-1infected adolescents with poor HIV-1 suppression. A strong
homeostatic TCR response, driven by the decreased CD4" T cell compartment
and reduced thymic output was observed in the virally uncontrolled HIV-1-
infected adolescents. Formation of abundant robust TCR clusters and
structurally related TCRs were found in the adolescents with effective HIV-1
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suppression. Numerous CD4" T cell numbers in the virally controlled
adolescents emphasize the importance of high thymic output and formation
of robust TCR clusters in the maintenance of HIV-1 suppression. While the
profound capacity for immune recovery in children may allow better
opportunity to deal with immunological stress, when ART is taken
appropriately, this study demonstrates new insights into the unique
paediatric immune system and the immunological changes when HIV-1
replication is ongoing.

KEYWORDS

HIV-1, children, immune reconstitution, thymic output, antiretroviral therapy (ART), T
cell receptor repertoires, T cell receptor clonal expansions, high
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Introduction

Current antiretroviral therapy (ART) guidelines recommend
treating all children with HIV-1 (1). Recommendations have moved
from reducing short-term morbidity and mortality of children with
HIV-1 towards optimizing immune status to provide immune
protection into adulthood (2, 3). However, the impact of the
timing of ART introduction to children remains less clear, and in
resource-poor settings, many people currently living with HIV-1 are
not taking their ART as recommended or find it difficult to do so
due to lack of appropriate formulation availability. Children with
HIV-1 have a profound capacity for immune recovery following
ART due to their high thymic output, providing a reasonable T cell
output is maintained (3-9). The thymus is sensitive to events such
as HIV-1 infection although it does have a great capacity for
endogenous repair (10-12). Thymic output peaks at one year of
age, declining to much lower levels by early adulthood (13, 14). In
contrast to adults, who rely on peripheral T cell proliferation of
existing T cell clones, the unique immune capacity of children
allows the establishment of a highly diverse naive T cell population
(9, 11, 13-15). However, the capacity to fully recover from
immunological damage can be lost in children alongside
maintaining viral control and a high CD4" T cell count (1, 3). It
is well known that HIV-1 damages the T cell receptor (TCR)
repertoire diversity in children and particularly in adults with a
depletion of shared and structurally related TCRs (16-19). The TCR
repertoire has been shown to be heavily biased in HIV-1 individuals
with expanded clonotypes perhaps contributing to the persistence
of the HIV-1 reservoir (20). Measurements of TCR repertoires and
functional TCR clonotypes in children with HIV-1 is highly
relevant in finding a cure against HIV-1. Clarifying mechanisms
to specifically boost and maintain a high TCR repertoire and
cytotoxic T cells with high affinity for HIV-1 infected T cells may
contribute to a therapeutic vaccine approach (21).
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Some HIV-1-infected patients receiving ART through prior
guidelines have persistently low CD4" T cells despite sustained
viral suppression, so-called poor immunological responders.
Their early identification is important due to their higher
morbidity and mortality (22, 23). In contrast, HIV-1-infected
individuals may control viral replication and maintain CD4" T
cell numbers for long periods, even despite deferred ART (24-
27). In this study, we identified five groups. A) patients with
HIV-1 who received ART before the age of 5 years with efficient
viral control and CD4" counts > 500/, B) patients with HIV-1
receiving ART after 5 years of age with efficient viral control and
CD4" counts >500/ul, C) patients with HIV-1 receiving ART
after 5 years of age with poor viral control and CD4" counts <
500/pl, D) horizontally infected HIV-1 patients with efficient
viral control and CD4" counts > 500/ul, and E) HIV-1
uninfected controls. We have measured thymic output and
used high throughput TCR sequencing and bioinformatic
techniques to characterize the TCR repertoire. We have
obtained novel insight into the development and function of
the adaptive immune system in groups with different responses
to ART. The low sample size of this study is a limitation that
precludes definitive statistically analysis, hence the results and
conclusions will require validation in a larger cohort.

Materials and methods
Participants and samples

Peripheral blood mononuclear cells (PBMCs) from vertically
and horizontally infected children and young adults and
uninfected controls in the UK, all aged 12-25 years, had been
acquired as part of a vaccine study investigating the development
of humoral immunity (28). Patient characteristics are summarized
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in Table 1. Healthy young adults with no immunological disease
history formed the control group and no uninfected children aged
12 years were included in the study, which is the reason why these
individuals are 21-22 years of age. For our sub study, eligibility
criteria included being on any ART regimen at the time of blood
sampling and having at least 5 million viable PBMCs. For each
group the following criteria had to be met: A) vertically infected
patients initiating ART < 5 years of age with CD4" counts > 500/ul
and a viral load < 50 copies/ml at time of sampling, B) vertically
infected patients receiving ART > 5 years of age with CD4"
counts > 500/ul and a viral load < 50 copies/ml at sampling, C)
vertically infected patients receiving ART > 5 years of age with
CD4" counts < 500/l and a viral load > 50 copies/ml at sampling,
D) Horizontally infected patients on ART with CD4" counts >
500/ul and a viral load < 50 copies/ml at sampling, and E) HIV-1
uninfected controls (Table 1). Two patients met the eligibility
criteria in group A, two in group B, three in group C, two in group
D, and two healthy controls were chosen in group E. The study
was approved by the South Central - Hampshire A Research
Ethics Committee REF number: 17/SC/0218.

Fluorescence-activated cell sorting of
T cell subpopulations

Total PBMCs were thawed and washed in RPMI 1640
medium (Invitrogen) containing 10% fetal calf serum
(StemCell Technologies), 2 mM L-glutamine (Sigma), 100 U
penicillin and 100 pg/ml streptomycin (Invitrogen) (complete
medium, CM). Thawed PBMCs underwent FACS to isolate
CD4" cells and CD8" cell subsets for downstream high
throughput sequencing with T cell specific primers. The
antibodies used were CD4-APC (BD-Biosciences) and CD8-
APC-Cy7 (BD-Biosciences), and with a fixable live/dead stain
(AQUA, Invitrogen). PBMCs were fixed using Cell Fix (BD-
Biosciences). A CD3" antibody was excluded since only T cell
specific primers were used in the downstream analysis. Samples
were analysed on a FACSAria III cell sorter using FACSDiva
software v.8.0. The purity of each separated cell group was >95%
comparing the number of cells sorted with the Flow analysis and

TABLE 1 Patient characteristics.

Group A A B
Patient ID 1 2 3

Age in years (months) 13 (4) 12 (9) 19 (8)
HIV transmission Vertical ~ Vertical ~ Vertical
On ART yes yes yes
Age when ART was started, years (months) 2 (10) 4(9) 13
CD4+ count/pl 1190 840 890
Sex F F F

*Date of first positive test.
N/A, not applicable.
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number of cells pre-sorting. Sorted cell numbers varied between
200.000-1.000.000 cells. The variation in cell numbers was
accounted for in the bioinformatic analysis subsampling all
TCR reads down to the same number as described below.

For all flow cytometry datasets, the gating strategy used
forward scatter and side scatter to define our cell population and
to exclude debris. Duoblets were removed before choosing live
cells for further quantification of all the antibodies using two
parameter density plots. FMOs and unstained controls were
used in order to identify the positive dataset. Backgating was
used to confirm gating strategies. For gating strategy
see Figure 1SA.

Cell stimulation for CXCL8 detection

Naive T cells have an enhanced capacity to produce C-X-C
motif chemokine ligand 8 (CXCL8), which is an important T cell
effector function in human infants (29, 30). PBMCs were
stimulated with phorbol myristate 13-acetate (PMA) (Sigma
10ng/ml) and ionomycin (1 pg/ml Sigma) in the presence of
brefeldin A (BFA) (20 pg/ml Sigma) in CM for 3.5 hours at 37°C
with 5% CO, before intracellular stained with IL-8-AF488
(CXCLS8). A negative control for CXCL8 was used with BFA
only. The CXCL8 cytokine production shown in the results
section is from PMA/ionomycin stimulated PBMCs. The BFA
only control showed by large the same pattern as the stimulated
cells, however with decreased CXCL8 production as expected
(not shown).

Flow cytometry for surface and
intracellular staining

PMA/ionomycin-stimulated PBMCs were stained using
fixable AQUA live/dead stain (Invitrogen) and the following
antibodies: CD3-BUV395 (Invitrogen), CD4-BV605 (BD
Biosciences), CD45RA-PerCPVio700 (BD Biosciences), CD31-
BV421 (BD Biosciences), CD45RO-PE (BD Biosciences), and
CD8-APC-Cy7 (BD Biosciences) in FACS buffer (phosphate-

B C C C D D E E
4 5 6 7 8 9 10 11
18 (7) 14 (3) 18 (11) 15 (3) 21 (11) 25 (7) 21 (11)  22(1)
Vertical ~ Vertical =~ Vertical ~ Vertical Horizontal Horizontal N/A N/A
yes yes yes yes yes yes N/A N/A
13 (11) 10 (4) 10 (4) 5 (4) 15 (8)* 22 (7)* N/A N/A
740 220 160 320 800 590 920 924
F M M F F M M M
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buffered saline containing 0.2% bovine serum albumin and
0.02% sodium azide). PBMCs were fixed and permeabilised
(Foxp3, eBioscience). The PBMCs were intracellular stained
with Ki67-AF647 (BD Pharmigen, measured in un-stimulated
PBMC:s) and IL-8-AF488 (CXCLS8, BD Biosciences, measured in
stimulated PBMCs) and incubated in the dark on ice for 1 hour.
Samples were analyzed on an LSRII (Becton Dickinson) using
FACSDiva software v.8.0. Subsequent data analysis was
performed using FlowJo software 10.4. For gating strategy
see Figure 1SB.

Real-time PCR for TRECs

Real-time quantitative polymerase chain reaction (qPCR)
was carried out for T cell receptor excision circles (TRECs) and a
human control gene, T cell receptor alpha constant gene
(TRAC), on a TagMan 7500 Fast system (Applied Biosystems)
using 12.5 pl TagMan Universal Master Mix and 5 ul DNA. SJ
TRECs forward primer (5-CAC ATC CCT TTC AAC CAT
GCT-3’) and probe (5-FAM-ACA CCT CTG GTT TTT GTA
AAG GTG CCC ACT-TAMRA-3’) were those designed by
Douek et al. (31), while the reverse primer for S] TRECs (5’-
TGC AGG TGC CTA TGC ATC A-3’), together with the
forward (5-TCC CTT AGT GGC ATT ATT TGT ATC ACT-
3’) and reverse (5-AGG AGC CAG CTC TTA CCC TAG AGT-
3’) primers and probe (5-HEX-TCT GCA CGG GCA GCA
GGT TGG-TAMRA-3’) for S] KRECs and the oligonucleotides
and probe for TRAC gene (forward 5-TGG CCT AAC CCT
GAT CCT CTT-3’, reverse 5-GGA TTT AGA GTC TCT CAG
CTG GTA CAC-3’ and probe 5-FAM-TCC CAC AGA TAT
CCA GAA CCC TGA CCC-TAMRA-3’) were designed in
Sottinis laboratory using Primer Express software version 3.0
(Applied Biosystems) as previously described (32, 33). The PCR
assay for the three genes with the same standard protocol
consisted in a first step at 50°C for 2 min, an initial heating at
95°C for 10 min, followed by 45 cycles of denaturation at 95°C
for 15 s and a combined primer/probe annealing and elongation
at 60°C for 1 min. A standard curve was generated
for TRECs and TRAC using serial dilutions of the TREC/
KREC/TRAC plasmid kindly provided by Sottinis laboratory.
The number of TRECs per cell was calculated using the copy
number ratio of TRECs : TRAC and multiplying by 2 to account
for the presence of two copies of the TRAC gene in a diploid cell.

Modelling thymic output

A model-based method for estimating thymic output and its
validation using thymus size and cellularity from 0 to 20 years of
age has previously been described in detail (14). The model was
based on thymuses derived from patients between 0 to 20 years
of age, but in the current study we have performed the
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mathematical model on group D and E too as done previously
(6). In short, an explicit expression for thymic export in terms of
total naive cell numbers, naive cell TREC content, and Ki67
expression is given as:

Thymic export (cells/day) = 6(t)
d N
- (e o) 20

where c is a constant representing the average TREC content of
thymic emigrants entering the peripheral naive T cell
population, y(f) is the flow cytometry-estimated Ki67 fraction
of naive CD4" T cells, A is the duration of Ki67 expression, T is
the qPCR-estimated TREC concentration in the sorted naive
CD4" T cell population, and N(#) is the total size of the naive
CD4" T cell pool calculated from the clinical trial unit’s
lymphocyte counts from fresh PBMC samples. Estimated total
body CD4*, CD45RA", CD31" T cell numbers N(t) were
calculated as previously described, referring to the linear
relationship between blood volume and body weight (13, 34).
Parameter values ¢ and A were obtained as described
previously (14).

Genomic DNA and RNA isolation from
FACS-sorted fixed cells

We developed a modified protocol for isolation of genomic
DNA and RNA from fixed cells as previously reported (9, 35).
Genomic DNA was extracted from low numbers (200,000-
400,000) of CD4™ T cells using the DNA Microextraction Kit
(QIAGEN). Briefly, cells were re-suspended in 100 pl buffer ATL
and 10 pl proteinase K and incubated at 56°C for 1 hour and
then 90°C for 1 hour to reverse the partial formaldehyde
modification of the nucleic acids. Genomic RNA from sorted
CD4" and CD8" T cells was extracted in two steps. In the first
step, the formalin-fixed, paraffin-embedded tissue RNeasy kit
(QIAGEN) was used. The cells were re-suspended in 150 pl
buffer PKD, 10 ul proteinase K, and incubated at 56°C for 15
minutes and then at 80°C for 15 minutes. Next, the RNeasy
Micro kit (QTAGEN) was used. RNA quantity and quality were
verified on a Nanodrop and Qubit fluorometer (Thermo
Fischer Scientific).

TCR repertoire sequencing

TCR repertoire libraries were prepared using a RNA-based
3" RACE protocol incorporating unique molecular identifiers for
quantitative TCR sequencing. The unique molecular identifier
(UMI)-based RACE protocol is now considered a gold standard.
The method provides a template switch effect allowing
continuous replication of the entire oligonucleotide. It captures
all TCR variants present in the sample and only one primer set is

frontiersin.org


https://doi.org/10.3389/fimmu.2022.860316
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sandgaard et al.

required per reaction avoiding the use of multiple primer sets
and thus any amplification bias. Full details of the method have
recently been published (36-38). Between 200-500 ng RNA from
FACS sorted CD4" and CD8" cells were used in the beginning of
the TCR protocol for cDNA synthesis. Up to 12 final amplicon
products were pooled together in the end and loaded, at 12pM
concentration, on an Illumina MiSeq, using a version 2
chemistry 2x250PE kit.

Data analysis

The FASTQ files produced on the MiSeq were processed
using the Decombinator package (39, 40). Decombinator, which
incorporates barcode dependent correction for sequencing error
and PCR bias, annotates each TCR sequence according to V gene
and ] gene usage, and the highly variable complementary-
determining region 3 (CDR3) sequence. The output from
Decombinator is then grouped according to UMIs which is
incorporated into each cDNA molecule by the ligation step.
Within multiple identical TCR sequences in the same UMI
group of equal abundance one is chosen arbitrarily and the
rest discarded. The barcode information is essential since the
probability of two identical TCRs having the same 12-mer
barcode is very low. Identical TCR sequences in the same UMI
group are discarded since they were most likely derived from the
same TCR cDNA molecule by PCR/sequence error. The number
of different UMIs paired with a single identical TCR sequence
provides the frequency of the sequence in the sample.

The distribution of TCR abundances in each repertoire was
summarised using the Gini coefficient, a measure of distribution
inequality. The scale ranges from 0 to 1, where 0 = completely
equal (x clones, all with identical frequencies) and 1 =
completely unequal (i.e., tending towards sample
oligoclonality). Because the Gini coefficient is affected by total
population size and due to variation in numbers of cells sorted
and RNA extracted, all repertoires were subsampled to the same
number of reads at 5000 TCR sequences. The ratio between
CD4" cells/CD8" cells sorted was 0.6. This was accounted for in
the subsampling analysis. Gini indices were computed using the
ineq package (version 0.2.13) in the R environment (version
3.3.2). Minimum subsampling depth for each sample was
algorithmically determined to preserve sample distribution as
recently published (38).

In response to antigens, structurally related TCRs expand in
clusters with identical continuous amino acids (AA) in their
sequences (motifs) (41, 42). First, the presence of TCR clusters
using a shared triplet metric of similarity was computed as
previously described (43). The algorithm returns clusters of
enriched motifs of three AA, presenting the TCRs as nodes in
a network. Second, the Hamming distance metric was computed
visualizing the number of AA differences between TCRs. The
model examines two pairwise TCRs of equal length at a time
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creating a TCR similarity network. A Hamming distance of 1
reflects a single AA change between two neighboring TCRs.
Third, we examined which TCRs are predicted to bind the same
MHC-restricted peptide antigen utilising the algorithm
“Grouping Lymphocyte Interactions by Paratope Hotspots”
(GLIPH) (42). GLIPH returned lists of significant, locally
enriched motifs of four continuous amino acids that were
more than 10-fold enriched in our T cell population. The T
cell population was compared with a repeat random sampling of
a large database with naive T cell receptor CDR3s from 12
healthy individuals at the same sequencing depth. In our
analysis, only continuous 4mer motifs was searched for,
excluding the first three and last three amino acid residues in
the CDR3 because they are not observed to be in contact with
antigens, as recently published (42). GLIPH then searched for
and returned TCR groups that are predicted to bind the same
MHC-restricted peptide antigen combining global and local
TCR sequence similarity, structural peptide antigen contact
propensity, V-segment bias, CDR3 length bias and clonal
expansion bias.

The R package ggplot2 (version 2.2.1) and Prism (version 8)
were used for all data visualisations. All manual data analyses
were executed using custom scripts written in R (version 3.3.2)
and Python (version 3.7.3). The Decombinator package v3.1 was
executed using Python (version 2.7.3). All software is freely
available at https://github.com/innate2adaptive/Decombinator.
The raw FastQ files are deposited at the Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra with accession to the SRA
data: PRINA797937).

The statistical test used for comparisons between virally
supressed HIV-1 adolescents with CD4" counts > 500/ul in
group A and B compared to group C (HIV-1 adolescents with
unsuppressed viremia and CD4" counts < 500/ul) was an unpaired,
non-parametric ¢-test assuming no Gaussian distribution. The low
numbers of patients included was a limitation, which precludes a
clear and statistically significant conclusion.

Results

Thymic output is highest in virally
controlled HIV-1 children and
adolescents

The five clinical groups are shown in Figure 1A. Viral load was
higher in group C compared to the other groups in whom HIV-1
was controlled (Figure 1B). In parallel, age-normalised CD4" T cell
numbers were significantly lower (P < 0.0026), whereas age-
normalized CD8" T cell numbers were slightly higher (not
significant (ns)) in group C compared to the virally supressed
HIV-1 adolescents in group A and B (Figures 1C, D). Age
normalised T cell numbers were calculated from published age-
matched lymphocyte population reference values and y axes in
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Figures 1C, D, G shows the patients T cell number/expected T cell
number for age (44). The reference values are previously published
and may not represent the exact true number, which could be why
group E seems low in Figure 1D. The nuclear protein, Ki67,
measures proliferation as it accumulates in dividing cells during S,
G2, and M phases during the cell cycle followed by degradation
upon cell cycle exit (45). Ki67" naive CD4™ T cells were significantly
higher in group C (P < 0.0444) compared to the adolescents
supressing HIV-1 in group A and B (Figure 1E). CXCL8
production (%) in the naive CD4" T cells was significantly lower
in group C (P < 0.0192) compared to the adolescents suppressing
HIV-1 in group A and B, with a decreasing trend from group A to E
(Figure 1F). Age-normalised thymic output measurements
(estimated by the mathematical model) were significantly lower
in group C (P < 0.0387) compared to the adolescents suppressing
HIV-1 in group A and B, with the youngest virally controlled HIV-
1 adolescents reaching the highest values (Figure 1G).

Poor HIV-1 control drives increased
clonal expansions in CD4" and CD8™
T cells

The Gini coefficient of the CD4" TCRs was higher (ns) in
group C compared to the other groups, suggestive of clonal
expansions (Figure 2A). The o chain Gini index was consistently

10.3389/fimmu.2022.860316

greater than the beta chain - a reflection of the lower diversity of
TCR o due to the absence of a D gene (Figure 2A). When
subsampling all alpha and beta TCR chains together from all
patients, a few Gini coefficients were excluded, one due to too
few reads and one due to too many reads (one in group B and
one in group C). The number of clonally expanded TCRs is
reflected in the abundance distribution (number of times the
same TCR sequence are observed) (Figure 2B). The clonally
expanded TCRs in individual CD4" TCR repertoires were
higher, particularly in one patient in group C, compared to the
other individuals, most likely reflecting a higher proportion of
effector/memory CD4" T cells corresponding to a higher Gini
coefficient as previously reported (Figure 2B) (9, 16). In the
CD8" TCRs, small Gini index increases were also observed in
group C (ns) compared to the other groups but with less o/
chain differences (Figure 2C). The minor Gini index increase
observed in group C was confirmed by a minor increase in the
number of more abundant TCR sequences in group C compared
to the other groups (Figure 2D). In general, in all the patients,
higher CD8" TCR Gini coefficients were observed than CD4™
TCRs reflecting a higher proportion of memory T cells in the
CD8" population as expected (9, 16). The frequency distribution
goes above 90% in all the CD8" TCRs (Figure 2D), and to
visualize the clonal expansions, the threshold in the CD8" figures
were set to 10%.

A
A HIV adolescents on early ART, good viral control, high CD4+ T cell count
B HIV adolescents on deferred ART, good viral control, high CD4+ T cell count
(o HIV adolescents on deferred ART, not virally controlled, low CD4+ T cell count
B a000 D HIV adults on ART, good viral control, high CD4+ T cell count
s00(,]. E HIV uninfected controls
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FIGURE 1

Viral load, age-normalised CD4* and CD8" T cell numbers, CXCL8 T cell production, and thymic output in adolescents with HIV-1. (A) Overview
of the different groups. (B) Viral load (copies per ml). (C) Age-normalised CD4" T cell counts. (D) Age-normalised CD8" T cell counts. (E) Ki67
production in naive CD4*, CD45RA™, CD31* T cells (%). (F) CXCL8 production in naive CD4*, CD45RA*, CD31" T cells (%). (G) Thymic output
(number of recent thymic emigrants measured by the mathematical model). Black lines: median(IQR). *P < 0.05, **P< 0.005.
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FIGURE 2

TCR abundance distribution in CD4* and CD8" T cells in adolescents with different responses to HIV-1 (A) The degree of clonal expansion in
the CD4" TCR repertoire measured using the Gini coefficient in TCR alpha (blue) and TCR beta sequences (pink). (B) Individual TCR sequence
abundance distribution in the CD4" TCR repertoire. (C) The degree of clonal expansion in the CD8"* TCR repertoire measured using the Gini
coefficient in TCR alpha (blue) and TCR beta sequences (pink). (D) Individual TCR sequence abundance distribution in the CD8* TCR repertoire.

Black lines: median(IQR).
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Poor HIV-1 control is associated with a
specific and non-specific homeostatic
clonal TCR response

We identified several CDR3 sequences that were shared
between individuals, and the differences in abundances of
these TCRs was visualized between groups (Figure 3). In the
majority of the groups, identified shared sequences in the CD4"
TCR repertoire appeared to have low frequency abundances
(frequency <10), reflecting mainly a naive repertoire (9, 16).
However, group C had profound increased abundances in their
shared CD4" TCR clones compared to all other groups
(Figure 3A). The fact that the shared TCRs had increased
abundances in group C compared to the HIV-1 uninfected
controls suggests a random HIV-1 non-specific homeostatic
clonal TCR response. The shared TCRs in the CD8" T cell
compartment included much higher abundancies, which most
likely reflect the TCRs shifting into an effector/memory
repertoire as expected (9, 16). Group C had higher abundances
in some of their CD8" TCR clones compared to the other
groups; however, lower abundances were also observed in
others (Figure 3B). Furthermore, it was observed that the
virally controlled HIV-1 children in group A generally had
lower CD8" TCR abundances than the others, reflecting a
more naive CD8" TCR repertoire, attesting to their higher
thymic output and younger age (Figure 3B) (9, 16).

We then identified the percentage of each patient’s CD8"*
CDR3s being shared between patients or being unique to the
sample. The two samples from Group A are sequentially
compared to the three samples from the Group C patients
(Figure 3C). The shared CDR3s in group C show numerous
clonal expansions compared to group A, attesting to their higher
peripheral proliferation (Ki67) and low TCR repertoire diversity
compared to the patients who are fully HIV-1 supressed. The
same pattern was shown between groups B, D and E compared
to group C (not shown). CDR3s from CD8" T cells shared
between all individuals in the study are shown in Figure 3D.
Patient 4 was not included as there were not a sufficient number
of reads for this analysis. HIV-1 patients who are fully
suppressed are in general showing higher percentages of
unique sequences with multiple shared CDR3s of low
frequencies except patient 9 who was horizontally infected.
Within sequences shared between all patients, group C had in
general more expanded CDR3s. Shared CD4" TCRs and TCRS
shared between all patients in the o chain are shown in
Supplementary Figures 2SA-C.

The expanded public (shared) TCRs included some
sequences previously annotated as recognising EBV, HIV-1,
and CMV; however, the TCRs shared between the HIV-1
adolescent with poor viral suppression (group C) and
uninfected controls were not previously annotated, consistent
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with increased random HIV-1 non-specific homeostatic clonal
expansions (Table 2).

Poor HIV-1 control is associated with
loss of TCR clusters and decreased TCR
repertoire diversity

Closely related TCRs have similar CDR3 regions with the
same continuous amino acids (AA) in their sequences called
motifs, observed to react to the same antigens (41, 42). To
examine the presence of effective TCRs in response to antigens,
we looked for TCR clusters (with the same motifs) across the
groups. We used a shared triplet metric of similarity that returns
clusters of enriched motifs of three amino acids as recently
reported (9, 43). Clusters from each individual are visualised as
nodes in a network, each node representing a CDR3. We
observed a higher number of structurally related TCR clusters
in the HIV-1 controlled adolescents and uninfected controls
compared to group C in both the CD8" (Figure 4A) and CD4"
TCR repertoires (Figure 3S). We measured the number of CD8"
TCRs in a cluster (the number of nodes in Figure 4A), as a
proportion of the number of total TCRs being clustered for each
sample. The metric is seen in Figure 4B; there is a decreasing
trend in group C compared to the virally controlled adolescents
with HIV-1 (P < 0.0559).

We then further surveyed for specific CDR3 structures such
as AA sequence similarities using the Hamming distance metric
in the CD8" T cell compartment, because this population most
likely reflected a memory population in our study (attesting to
the high Gini coefficients in Figure 2). The model tests two
pairwise CDR3s of equal length at a time and shows the number
of AA differences between CDR3 sequences. A Hamming
distance of 1 reflects a single AA change between two
neighbouring CDR3s. The differences in Hamming distances
were not major; however, the HIV-1 uncontrolled adolescents
had greater frequencies of the lowest Hamming distances
compared to the HIV-1 controlled patients, which suggests a
lower TCR repertoire diversity (Figure 4C).

Finally, we examined clustering TCRs according to their
CDR3 sequence similarity and motif conservation using GLIPH
(42). GLIPH predicts which TCRs can recognise and respond to
the same MHC-restricted peptide antigens. The algorithm yields
several lists of significant, locally enriched motifs detected within
thousands of CDR3s in each individual. We found a higher
number of enriched amino acid motifs in the HIV-1 controlled
adolescents and uninfected controls compared to group C
(Table 3). The GLIPH algorithm then estimates the number of
similar antigen specificity groups likely to react to the same
antigens within the TCR repertoire (Table 3). Overall, we
observed a lower number of specificity groups in group C,
reflecting a decreased TCR repertoire diversity.
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The abundance differences of the public TCR repertoire in children with different responses to HIV-1. The y axis shows the abundance of shared
TCRs (dots) between groups. Lines are connecting identical shared TCRs between two groups. (A) CD4* TCR repertoires and (B) CD8* TCR
repertoires. (C, D) Shared CDR3s between patients from CD8" T cells are shown with connecting grey lines. Left panels show o chain samples;
right panels show B chain samples. The horizontal bar represents a sample, with white space showing the percentage of CDR3s unique to that
sample within each panel, and these constitute the majority of each sample. Within each of the six panels, all the CDR3s occurring in more than
one sample are coloured and separated by black outlines, thus many CDR3s shared at low frequencies appear black. A broad coloured band
indicates that the CDR3 has expanded multiple times. Within each panel, a given colour represents the same CDR3; grey lines overlaid show
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TABLE 2 Public TCR sequences compared to VDJdb.

CDR3 Epitope
CAGPGSQGNLIF GILGFVFTL
CAVMDSNYQLIW NLVPMVATV
CAVPYSGGGADGLTF GILGFVFTL
CAVSGYSTLTF LLWNGPMAV
CAVKDTDKLIF YVLDHLIVV
CAVNDYKLSF LLWNGPMAV
CAVRDSNYQLIW NLVPMVATV
CAASGGSYIPTF LLWNGPMAV
CAAGGSQGNLIF GLCTLVAML
CAVMDSNYQLIW NLVPMVATV
CAVSRGGSNYKLTF TAFTIPSI
CASNTGNQFYF NLVPMVATV
CAVGGSQGNLIF GILGFVFTL
CAVKDTDKLIF YVLDHLIVV
CAVRDSNYQLIW NLVPMVATV
CAVSSNDYKLSF LLWNGPMAV
Discussion

This current study reports on the detailed immunological
differences between children and adolescents receiving different
ART strategies leading to different CD4" T cell numbers and
viral loads at time of sampling. We highlight how thymic output
and a high TCR repertoire diversity are driving important TCR
clusters to keep HIV-1 reservoirs suppressed.

In the current study, adolescents with poor HIV-1 control
had significantly decreased thymic output, decreased CXCL8
production within the naive CD4" T cell population, increased
homeostatic proliferation measured by Ki67, and profound
changes in TCR repertoires, signifying the need for immune
enhancement as previously described (22).

The increased clonal expansions in group C combined with
increased proliferation by Ki67 in the CD4" T cell repertoire
suggests a homeostatic replenishment driven by the contracted
CD4" T cell compartment and decreased thymic output. The
numerous shared TCRs between uninfected controls and group
C with low HIV-1 viral control were seen to highly expand in
group C, demonstrating a HIV-1 non-specific and random
homeostatic replenishment of the T cell repertoire (46-48).
Clonal expansions, perturbations in TCR repertoires and
higher peripheral proliferation rates are compromising the
repertoire diversity and implying premature immune ageing in
the adolescents with poor viral control as previously described
(9, 16, 19, 49-51).

We observed more TCR clusters and a higher number of
enriched motifs and antigen specificity groups in the HIV-1
controlled children and adolescents compared to the HIV-1
adolescents lacking viral control. These results suggest that the
formation of focused, structurally related TCR clusters against
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Epitope.species TCR Chain
InfluenzaA CD8+ o
CMV CD8+ o
InfluenzaA CD8+ o
YellowFeverVirus CD8+ o
EBV CD8+ o
YellowFeverVirus CD8+ o
CMV CD8+ o
YellowFeverVirus CD8+ o
EBV CD4+ o
CMV CD4+ o
HIV-1 CD4+ o
CMV CD4+ o
InfluenzaA CD4+ o
EBV CD4+ o
CMV CD4+ o
YellowFeverVirus CD4+ o

antigens are important in HIV-1 eradication in accordance with
previous findings (24-27, 52). We found that some of the clonally
expanded TCRs were likely to be specific to HIV-1, CMV, and
EBV in agreement with a recent study, implying the persistence of
CMVs and other latent infections that induces antigenic
stimulation, which would favour the maintenance of HIV-1-
infected cells in group C (20). This in turn may explain why
group C cannot control HIV-1 due to their significant lack of
important HIV-1 suppressive TCR clusters and structurally
related TCRs. However, in relation to antigen specificity using
the VDJdb, one single chain match does not conclude receptor
specificity, which is a limitation to the current study. A rationale
for the development of therapeutic strategies aimed at limiting
antigen-driven proliferation during ART has recently been
suggested to reduce the HIV-1 reservoir, which may be achieved
by decreasing the antigen load of treatable pathogens such as
CMV (20). The antigen driven proliferation could further be the
result of inadequate adherence to ART. It is well known that
cytotoxic T cell clonotypes with high affinity for HIV-1 infected
cells is associated with HIV reservoir killing and the ability to
boost and maintain these clonotypes are of high importance in
finding a cure against HIV-1 (21). The lack of specific clonotype
antigen specificity is a limitation to our study and functional
studies of T cell reactivity will be required to confirm the antigen-
specificity of the T cells responding to ART. Further, only 11
patients were included in the study with differences in age and sex
in our small groups which is a limitation that precludes a clear and
statistically significant conclusion.

In conclusion, our study documents differences in both
CD4" and CD8" T cell repertoires between virally controlled
HIV-1-infected - and virally uncontrolled HIV-1-infected
children and young adults. The changes reflect a strong
homeostatic, however both specific and HIV-1 non-specific
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T cell receptor clustering in children with different responses to HIV-1 (A) Structurally related CDR3s with the same motifs in their sequences forming
network clusters (shown as nodes) in the CD8" T cell population. (B) TCR clusters (nodes) as a proportion of the number of total TCRs being
clustered for each sample, showing median (IQR). (C) The distribution of pairwise Hamming distances between CDR3s in the CD8" T cell repertoires.
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TABLE 3 TCR clustering characteristics in the CD8* T cell population.

Group A A B
Patient ID 1 2

Numbers of significantly enriched local motifs 304 352 264
Numbers of significant antigen specificity groups  769.167  823.545  345.558

response, driven by the contracted CD4" T cell compartment
and reduced thymic output in the adolescents with ongoing viral
replication. The immunological advantages in the virally
controlled adolescents highlight the importance of a high
thymic output, diverse TCR repertoire and formation of
robust TCR clusters in the maintenance of HIV-1 suppression.
The capacity for immune recovery in children allow them a
better opportunity to deal with immunological stress such as
HIV-1, when HIV-1 replication is supressed (3, 4, 6-11).
However, this present study demonstrates the importance of
ART during childhood and adolescence, not only to increase
survival, but to reach the highest capacity of immune function
later in life.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/, PRINA797937.

Ethics statement

The studies involving human participants were reviewed and
approved by the South Central - Hampshire A Research Ethics
Committee REF number: 17/SC/0218. Health Research
Authority 2 Redman Place, Stratford, London, E20 1JQ.
Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

Author contributions

KS performed the Flow cytometry and NGS experiments,
applied the mathematical and bioinformatic analysis to the data,
created the data presentation/visualization, and wrote the original
draft. NK designed the study aims and acquired the financial
support of the study. NK and AG oversaw and had leadership
responsibility for the research planning and execution and
contributed to drafting the manuscript. AG designed and
supervised the NGS methodology. BC developed the NGS
methodology. BC supervised the bioinformatics. TG contributed
to performing NGS experiments. TA contributed to performing
bioinformatics and designed the data visualization in Figure 2. SA

Frontiers in Immunology

12

10.3389/fimmu.2022.860316

C C C D D E E

5 6 7 8 9 10 11

214 219 166 276 270 274 321
110.021 124.010 29.153 452.807 357.882 311.012 714.301

designed and performed the TRECs analysis. DG designed the
CXCL8 methodology. BC, TA, DG and TG contributed to
drafting the manuscript. MH, SE, AR, SP and HB contributed
to the conception and design of the study and writing the
manuscript draft. All authors contributed to manuscript revision
and read and approved the submitted version.

Funding

This work was supported by Reuben Centre for Virology and
Metagenomics, Action Medical Research, ViiV, UK Medical
Research Council, United Kingdom, the Health Research
Foundation of Central Denmark Region, Aarhus University
Research Foundation, and the Lundbeck Foundation,
Denmark. The funding source had no involvement in the
study design, data collection, analysis, interpretation, or
drafting of the paper. The corresponding author confirms that
she had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.860316/full#supplementary-material.

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860316/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.860316/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.860316
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sandgaard et al.

References

1. Cotton MF, Violari A, Otwombe K, Panchia R, Dobbels E, Rabie H, et al.
Early time-limited antiretroviral therapy versus deferred therapy in south African
infants infected with HIV: Results from the children with HIV early antiretroviral
(CHER) randomised trial. Lancet (2013) 382(9904):1555-63. doi: 10.1016/S0140-
6736(13)61409-9

2. Bamford A, Turkova A, Lyall H, Foster C, Klein N, Bastiaans D, et al.
Paediatric European network for treatment of AIDS (PENTA) guidelines for
treatment of paediatric HIV-1 infection 2015: Optimizing health in preparation
for adult life. HIV Med (2018) 19(1):el-e42. doi: 10.1111/hiv.12217

3. Paediatric European Network for Treatment of, A. Response to planned
treatment interruptions in HIV infection varies across childhood. AIDS (2010) 24
(2), 231-41. doi: 10.1097/QAD.0b013e328333d343

4. Klein N, Sefe D, Mosconi Z, Ilaria M, Castro H. The immunological and
virological consequences of planned treatment interruptions in children with HIV
infection. PLoS One (2013) 8(10):76582. doi: 10.1371/journal.pone.0076582

5. El-Sadr WM, Lundgren JD, Neaton JD, Gordin F, Abrams DA, et al. CD4+
count-guided interruption of antiretroviral treatment. N Engl ] Med (2006) 355
(22):2283-96. doi: 10.1056/NEJM0a062360

6. Sandgaard KS, Lewis J, Adams S, Klein N, Callard R. Antiretroviral therapy
increases thymic output in children with HIV. AIDS (2014) 28(2):209-14.
doi: 10.1097/QAD.0000000000000063

7. Lewis J, Walker AS, Castro H, De Rossi A, Gibb DM. Age and CD4 count at
initiation of antiretroviral therapy in HIV-infected children: Effects on long-term
T-cell reconstitution. J Infect Dis (2012) 205(4):548-56. doi: 10.1093/infdis/jir787

8. Picat MQ, Lewis ], Musiime V, Prendergast A, Nathoo K, Kekitiinwa A.
Predicting patterns of long-term CD4 reconstitution in HIV-infected children
starting antiretroviral therapy in Sub-Saharan Africa: A cohort-based modelling
study. PLoS Med (2013) 10(10):1001542. doi: 10.1371/journal.pmed.1001542

9. Sandgaard KS, Margetts B, Attenborough T, Gkouleli T, Adams S, Holm M,
et al. Plasticity of the immune system in children following treatment interruption in
HIV-1 infection. Front Immunol (2021) 12:643189. doi: 10.3389/fimmu.2021.643189

10. Kinsella S, Dudakov JA. When the damage is done: Injury and repair in
thymus function. Front Immunol (2020) 11:1745. doi: 10.3389/fimmu.2020.01745

11. van den Broek T, Delemarre EM, Janssen WJM, Nievelstein RAJ, Broen JC,
Tesselaar K, et al. Neonatal thymectomy reveals differentiation and plasticity
within human naive T cells. J Clin Invest (2016) 126(3):1126-36. doi: 10.1172/
JCI84997

12. Rodewald HR. The thymus in the age of retirement. Nature (1998) 396
(6712):630-1. doi: 10.1038/25251

13. Bains I, Antia R, Callard R, Yates AJ. Quantifying the development of the
peripheral naive CD4+ T-cell pool in humans. Blood (2009) 113(22):5480-7.
doi: 10.1182/blood-2008-10-184184

14. Bains I, Thiébaut R, Yates AJ, Callard R. Quantifying thymic export:
Combining models of naive T cell proliferation and TCR excision circle
dynamics gives an explicit measure of thymic output. J Immunol (2009) 183
(7):4329-36. doi: 10.4049/jimmunol.0900743

15. Steinmann GG, Klaus B, Muller-Hermelink HK. The involution of the
ageing human thymic epithelium is independent of puberty. a morphometric
study. Scand ] Immunol (1985) 22(5):563-75. doi: 10.1111/j.1365-
3083.1985.tb01916.x

16. Heather JM, Best K, Oakes T, Gray ER, Roe JK, Thomas N. Dynamic
perturbations of the T-cell receptor repertoire in chronic HIV infection and
following antiretroviral therapy. Front Immunol (2015) 6:644. doi: 10.3389/
fimmu.2015.00644

17. Chen H, Ndhlovu ZM, Liu D, Porter LC, Fang JW, Darko S, et al. TCR
clonotypes modulate the protective effect of HLA class I molecules in HIV-1
infection. Nat Immunol (2012) 13(7):691-700. doi: 10.1038/ni.2342

18. Robins HS, Srivastava SK, Campregher PV, Turtle CJ, Andriesen ], Riddell
SR, et al. Overlap and effective size of the human CD8+ T cell receptor repertoire.
Sci Transl Med (2010) 2(47):47ra64. doi: 10.1126/scitranslmed.3001442

19. Gabriel B, Medin C, Alves J, Nduati R, Bosire RK, Wamalwa D. Analysis of
the TCR repertoire in HIV-exposed but uninfected infants. Sci Rep (2019) 9
(1):11954. doi: 10.1038/s41598-019-48434-4

20. Gantner P, Pagliuzza A, Pardons M, Ramgopal M, Routy J-P, Fromentin R.
Single-cell TCR sequencing reveals phenotypically diverse clonally expanded cells
harboring inducible HIV proviruses during ART. Nat Commun (2020) 11(1):4089.
doi: 10.1038/s41467-020-17898-8

21. Lima NS, Takata H, Huang S-H, Haregot A, Mitchell J, Blackmore S, et al.
CTL clonotypes with higher TCR affinity have better ability to reduce the HIV
latent reservoir. J Immunol (2020) 205(3):699-707. doi: 10.4049/
jimmunol. 1900811

Frontiers in Immunology

13

10.3389/fimmu.2022.860316

22. Rb-Silva R, Nobrega C, Azevedo C, Athayde E, Canto-Gomes J, Ferreira I.
Thymic function as a predictor of immune recovery in chronically HIV-infected
patients initiating antiretroviral therapy. Front Immunol (2019) 10:25. doi: 10.3389/
fimmu.2019.00025

23. van Lelyveld SF, Gras L, Luuk K, Zhang A S, De Wolf F, Wensing AM]J, et al.
Long-term complications in patients with poor immunological recovery despite
virological successful HAART in Dutch ATHENA cohort. AIDS (2012) 26(4):465-
74. doi: 10.1097/QAD.0b013e32834{32f8

24. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA. HIV
Nonprogressors preferentially maintain highly functional HIV-specific CD8+ T
cells. Blood (2006) 107(12):4781-9. doi: 10.1182/blood-2005-12-4818

25. Casado C, Colombo S, Rauch A, Martinez R, Giinthard HF, Garcia S. Host
and viral genetic correlates of clinical definitions of HIV-1 disease progression.
PLoS One (2010) 5(6):¢11079. doi: 10.1371/journal.pone.0011079

26. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, Hallahan
CW, et al. HIV-Specific CD8+ T cell proliferation is coupled to perforin expression
and is maintained in nonprogressors. Nat Immunol (2002) 3(11):1061-8.
doi: 10.1038/ni845

27. Pernas M, Tarancon-Diez L, Rodriguez-Gallego E, Gomez J, Prado ]G,
Casado C. Factors leading to the loss of natural elite control of HIV-1 infection. J
Virol (2018) 92(5):¢01805-17. doi: 10.1128/JVL.01805-17

28. Eisen S, Hayden C, Young CJ, Gilson R, Jungmann E, Jacobsen MC. B-cell
development and pneumococcal immunity in vertically acquired HIV infection.
AIDS (2016) 30(12):1867-76. doi: 10.1097/QAD.0000000000001132

29. Das A, Rouault-Pierre K, Kamdar S, Gomez-Tourino I, Wood K, Donaldson
I, et al. Adaptive from innate: Human IFN-Gamma(+)CD4(+) T cells can arise
directly from CXCL8-producing recent thymic emigrants in babies and adults. J
Immunol (2017) 199(5):1696-705. doi: 10.4049/jimmunol.1700551

30. Gibbons D, Fleming P, Virasami A, Michel M-L, Sebire NJ, Costeloe K, et al.
Interleukin-8 (CXCL8) production is a signatory T cell effector function of human
newborn infants. Nat Med (2014) 20(10):1206-10. doi: 10.1038/nm.3670

31. Abbas AK, Lichtman AH. Immunology. functions and disorders of the
immune system. third Ed. United States, Philadelphia, PA:Saunders/Elsevier,
(2009).

32. Adams SP, Kricke S, Ralph E, Gilmour N, Gilmour KC. A comparison of
TRECs and flow cytometry for naive T cell quantification. Clin Exp Immunol
(2018) 191(2):198-202. doi: 10.1111/cei.13062

33. Sottini A, Ghidini C, Zanotti C, Chiarini M, Caimi L, Lanfranchi A, et al.
Simultaneous quantification of recent thymic T-cell and bone marrow b-cell
emigrants in patients with primary immunodeficiency undergone to stem cell
transplantation. Clin Immunol (2010) 136(2):217-27. doi: 10.1016/
j.clim.2010.04.005

34. Linderkamp O, Versmold HT, Riegel KP, Betke K. Estimation and
prediction of blood volume in infants and children. Eur ] Pediatr (1977) 125
(4):227-34.

35. Russell JN, Clements JE, Gama L. Quantitation of gene expression in
formaldehyde-fixed and fluorescence-activated sorted cells. PLoS One (2013) 8
(9):¢73849. doi: 10.1371/journal.pone.0073849

36. Oakes T, Heather JM, Best K, Byng-Maddick R, Husovsky C, Ismail M, et al.
Quantitative characterization of the T cell receptor repertoire of naive and memory
subsets using an integrated experimental and computational pipeline which is
robust, economical, and versatile. Front Immunol (2017) 8:1267. doi: 10.3389/
fimmu.2017.01267

37. Uddin I, Kroopa J, Oakes T, Heather JM, Swanton C, Chain B. An
economical, quantitative, and robust protocol for high-throughput T cell
receptor sequencing from tumor or blood. Methods Mol Biol (2019) 1884:15-42.
doi: 10.1007/978-1-4939-8885-3_2

38. Gkazi AS, Margetts BK, Attenborough T, Mhaldien L, Standing JF, Oakes T.
Clinical T cell receptor repertoire deep sequencing and analysis: An application to
monitor immune reconstitution following cord blood transplantation. Front
Immunol (2018) 9:2547. doi: 10.3389/fimmu.2018.02547

39. Thomas N, Heather J, Ndifon W, Shawe-Taylor J, Chain B. Decombinator:
A tool for fast, efficient gene assignment in T-cell receptor sequences using a finite
state machine. Bioinformatics (2013) 29(5):542-50. doi: 10.1093/bioinformatics/
btt004

40. Heather JM, Ismail M, Oakes T, Chain B. High-throughput sequencing of
the T-cell receptor repertoire: Pitfalls and opportunities. Brief Bioinform (2017) 19
(4):554-565. doi: 10.1093/bib/bbw138

41. Dash P, Fiore-Gartland AJ, Hertz T, Wang GC, Sharma S, Souquette A, et al.
Quantifiable predictive features define epitope-specific T cell receptor repertoires.
Nature (2017) 547(7661):89-93. doi: 10.1038/nature22383

frontiersin.org


https://doi.org/10.1016/S0140-6736(13)61409-9
https://doi.org/10.1016/S0140-6736(13)61409-9
https://doi.org/10.1111/hiv.12217
https://doi.org/10.1097/QAD.0b013e328333d343
https://doi.org/10.1371/journal.pone.0076582
https://doi.org/10.1056/NEJMoa062360
https://doi.org/10.1097/QAD.0000000000000063
https://doi.org/10.1093/infdis/jir787
https://doi.org/10.1371/journal.pmed.1001542
https://doi.org/10.3389/fimmu.2021.643189
https://doi.org/10.3389/fimmu.2020.01745
https://doi.org/10.1172/JCI84997
https://doi.org/10.1172/JCI84997
https://doi.org/10.1038/25251
https://doi.org/10.1182/blood-2008-10-184184
https://doi.org/10.4049/jimmunol.0900743
https://doi.org/10.1111/j.1365-3083.1985.tb01916.x
https://doi.org/10.1111/j.1365-3083.1985.tb01916.x
https://doi.org/10.3389/fimmu.2015.00644
https://doi.org/10.3389/fimmu.2015.00644
https://doi.org/10.1038/ni.2342
https://doi.org/10.1126/scitranslmed.3001442
https://doi.org/10.1038/s41598-019-48434-4
https://doi.org/10.1038/s41467-020-17898-8
https://doi.org/10.4049/jimmunol.1900811
https://doi.org/10.4049/jimmunol.1900811
https://doi.org/10.3389/fimmu.2019.00025
https://doi.org/10.3389/fimmu.2019.00025
https://doi.org/10.1097/QAD.0b013e32834f32f8
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1371/journal.pone.0011079
https://doi.org/10.1038/ni845
https://doi.org/10.1128/JVI.01805-17
https://doi.org/10.1097/QAD.0000000000001132
https://doi.org/10.4049/jimmunol.1700551
https://doi.org/10.1038/nm.3670
https://doi.org/10.1111/cei.13062
https://doi.org/10.1016/j.clim.2010.04.005
https://doi.org/10.1016/j.clim.2010.04.005
https://doi.org/10.1371/journal.pone.0073849
https://doi.org/10.3389/fimmu.2017.01267
https://doi.org/10.3389/fimmu.2017.01267
https://doi.org/10.1007/978-1-4939-8885-3_2
https://doi.org/10.3389/fimmu.2018.02547
https://doi.org/10.1093/bioinformatics/btt004
https://doi.org/10.1093/bioinformatics/btt004
https://doi.org/10.1093/bib/bbw138
https://doi.org/10.1038/nature22383
https://doi.org/10.3389/fimmu.2022.860316
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sandgaard et al.

42. Glanville J, Huang H, Nau A, Hatton O, Wagar LE, Rubelt F, et al.
Identifying specificity groups in the T cell receptor repertoire. Nature (2017),
94-8, 547(7661). doi: 10.1038/nature22976

43. Kroopa J, de Massy MR, Ismail M, Reading JL, Uddin I, Woolston A, et al.
Spatial heterogeneity of the T cell receptor repertoire reflects the mutational
landscape in lung cancer. Nat Med (2019) 25(10):1549-59. doi: 10.1038/s41591-
019-0592-2

44, Huenecke S, Behl M, Fadler C, Zimmermann SY, Bochennek K, Tramsen L,
et al. Age-matched lymphocyte subpopulation reference values in childhood and
adolescence: Application of exponential regression analysis. Eur ] Haematol (2008)
80(6):532-9. doi: 10.1111/j.1600-0609.2008.01052.x

45. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H, et al. Cell
cycle analysis of a cell proliferation-associated human nuclear antigen defined by
the monoclonal antibody ki-67. J Immunol (1984) 133(4):1710-5.

46. Hazenberg MD, Otto SA, Cohen Stuart JW, Verschuren MC,
Borleffs JC, Boucher CA, et al. Increased cell division but not thymic dysfunction
rapidly affects the T-cell receptor excision circle content of the naive T
cell population in HIV-1 infection. Nat Med (2000) 6(9):1036-42. doi: 10.1038/
79549

Frontiers in Immunology

14

10.3389/fimmu.2022.860316

47. Hazenberg MD, Otto SA, Hamann D, Roos MTL, Schuitemaker H, de Boer
RJ, et al. Depletion of naive CD4 T cells by CXCR4-using HIV-1 variants occurs
mainly through increased T-cell death and activation. AIDS (2003) 17(10):1419—
24. doi: 10.1097/00002030-200307040-00001

48. Vrisekoop N, van Gent R, de Boer AB, Otto SA, Borleffs JCC, Steingrover R,
et al. Restoration of the CD4 T cell compartment after long-term highly active
antiretroviral therapy without phenotypical signs of accelerated immunological
aging. J Immunol (2008) 181(2):1573-81. doi: 10.4049/jimmunol.181.2.1573

49. Goronzy JJ, Weyand CM. T Cell development and receptor diversity during
aging. Curr Opin Immunol (2005) 17(5):468-75. doi: 10.1016/j.c0i.2005.07.020

50. Mahajan VS, Leskov IB, Chen JZ. Homeostasis of T cell diversity. Cell Mol
Immunol (2005) 2(1):1-10.

51. Naylor K, Li G, Vallejo AN, Lee W-W, Koetz K, Bryl E, et al. The influence
of age on T cell generation and TCR diversity. ] Immunol (2005) 174(11):7446-52.
doi: 10.4049/jimmunol.174.11.7446

52. Chan HY, Zhang ], Garliss CC, Kwaa AK, Blankson JN, Smith KN. A T cell
receptor sequencing-based assay identifies cross-reactive recall CD8(+) T cell

clonotypes against autologous HIV-1 epitope variants. Front Immunol (2020)
11:591. doi: 10.3389/fimmu.2020.00591

frontiersin.org


https://doi.org/10.1038/nature22976
https://doi.org/10.1038/s41591-019-0592-2
https://doi.org/10.1038/s41591-019-0592-2
https://doi.org/10.1111/j.1600-0609.2008.01052.x
https://doi.org/10.1038/79549
https://doi.org/10.1038/79549
https://doi.org/10.1097/00002030-200307040-00001
https://doi.org/10.4049/jimmunol.181.2.1573
https://doi.org/10.1016/j.coi.2005.07.020
https://doi.org/10.4049/jimmunol.174.11.7446
https://doi.org/10.3389/fimmu.2020.00591
https://doi.org/10.3389/fimmu.2022.860316
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The importance of taking ART appropriately in children and adolescents with HIV-1 to reach the highest capacity of immune function later in life
	Introduction
	Materials and methods
	Participants and samples
	Fluorescence-activated cell sorting of T cell subpopulations
	Cell stimulation for CXCL8 detection
	Flow cytometry for surface and intracellular staining
	Real-time PCR for&nbsp;TRECs
	Modelling thymic output
	Genomic DNA and RNA isolation from FACS-sorted fixed cells
	TCR repertoire sequencing
	Data analysis

	Results
	Thymic output is highest in virally controlled HIV-1 children and adolescents
	Poor HIV-1 control drives increased clonal expansions in CD4+ and CD8+ T cells
	Poor HIV-1 control is associated with a specific and non-specific homeostatic clonal TCR response
	Poor HIV-1 control is associated with loss of TCR clusters and decreased TCR repertoire diversity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


