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ABSTRACT

People living with HIV (PLWH) exhibit accelerated aging, characterized by systemic inflammation, termed
“inflammaging.” While T-cell expansion is prevalent in PLWH, its connection to inflammaging remains unclear. In this
study, we analyzed the TCR{ repertoire of 257 healthy controls (HC) and 228 PLWH, revealing pronounced T cell
clonal expansion in PLWH. The expansion was only partially reversed following antiretroviral therapy (ART) and
closely associated with ART duration, CD4+ T and CD8+ T cell counts and the CD4/CD8 ratio. TCR-based age
modeling showed a continuous accelerated trajectory of aging in PLWH, especially in younger individuals, in stark
contrast to the nonlinear aging acceleration pattern seen in HC. Furthermore, using single-cell RNA combined TCR
sequencing and in vitro experiments, we identified GNLY+CD8+ T cells as the primary population driving clonal
expansion and maintenance in PLWH. These cells are characterized by high cytotoxicity and low exhaustion and are
activated by interleukin-15 (IL-15) in vitro. Notably, GNLY+CD8+ T cells predominantly express the pro-inflammatory
15 kDa form of granulysin(GNLY). The supernatant from IL-15-stimulated CD8+ T cells induces monocytes to secrete
inflammatory factors and disrupts the integrity of intestinal epithelial cells, which can be partially restored by the
anti-GNLY antibodies. These findings identify GNLY+CD8+ T cells as the central drivers of persistent clonal expansion,
highlighting their crucial role for mitigating inflammaging in PLWH.
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Introduction and dysbiosis [6,7]. However, the mechanisms that

HIV/AIDS is characterized by disrupted immune
homeostasis and decreased immune surveillance, lead-
ing to opportunistic infections, autoimmune diseases
and malignancies [1]. Antiretroviral therapy (ART)
significantly prevents AIDS-related complications
and prolongs life in people living with HIV (PLWH)
[2]. However, healthspan, as opposed to lifespan,
remains significantly shorter for PLWH, even for
those who started ART with CD4+ T cell counts
above 500 cells/ul, compared to uninfected adults
[3]. The primary concern is the onset of multiple
age-related morbidities [3], contributed by chronic,
systemic inflammation that increases with age, a pro-
cess termed “inflammaging” [4,5]. In PLWH, inflam-
maging is reported to coexist with many factors,
such as ongoing, low levels of HIV replication, ART-
induced mitochondrial toxicities, other co-infections

lead to exaggerated inflammaging in PLWH are not
well understood, and there is also a lack of appropriate
therapeutic strategies.

Abnormal expansion of CD8+ T cells takes place
during HIV-1 infection [8-10], which cannot be
restored even after more than a decade of ART
[11,12]. The idiosyncratic and persistent expansion of
CD8+ T cells [12-14] is associated with T cell senes-
cence, activation, dysfunction and chronic inflam-
mation [14,15], and has been linked to poor aging in
PLWH [10,16,17]. Additionally, the disturbances in T
cell clonal expansion are characteristic of age-related
changes [18] and have become a key indicator for asses-
sing biological age for healthy individuals [19]. More-
over, clonally expanded CD8+ T cells are a significant
source of various cytokines, including tumor necrosis
factor (TNF)-a and interferons (IFN)-y [20,21], which
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play a crucial role in inflammation. However, the
specific phenotypic characteristics of clonally expanded
CD8+ T cells in PLWH remain unclear, and the link
between such disturbed T cell pools and inflammaging
requires further investigation.

To conduct a comprehensive and unbiased analysis
of disrupted T cells in PLWH, we integrated bulk TCR
and single-cell RNA combined TCR sequencing to
delineate dynamic changes of TCR repertoire across
different stages of PLWH. We identified age-related
granulysin (GNLY)+CD8+ T cells as the primary sub-
population for clonal maintenance and expansion.
GNLY+CD8+ T cells exhibit high cytotoxicity and
low exhaustion markers, and are expanded by inter-
leukin-15 (IL-15) in vitro. The supernatant derived
from IL-15-stimulated CD8+ T cells demonstrates
pro-inflammatory effects on monocytes and disrupts
the integrity of intestinal epithelial cells. This disrup-
tion can be partially restored by the application of
anti-GNLY antibodies. Thus, these findings under-
score the crucial role of expanded GNLY+CD8+ T
cells in driving exacerbated inflammaging in PLWH.

Materials and methods
Clinical samples and characteristics

Two cohorts of people living with HIV (PLWH) were
recruited at the Fifth Medical Center of Chinese PLA
General Hospital in Beijing, China from January 2021
to March 2023. The inclusion criteria comprised being
over 18 years old and having a confirmed HIV-1 posi-
tive status. Exclusion criteria included pregnancy and
breastfeeding, as well as co-infection with hepatitis B
or hepatitis C viruses, tuberculosis and other opportu-
nistic infections [22].

For TCRP gene sequencing, a cross-sectional set of
228 PLWH was enrolled in this study. The age - and
sex-matched 257 HC were obtained from the healthy
TCRP database at Chengdu ExAb Biotechnology
[23]. Further details on the characteristics of each
group can be found in supplementary Table 1. An
additional cohort of 10 HC, 18 TP, 23 IR and 23
INR was used for flow analysis to validate the sequen-
cing results. Detailed clinical information is provided
in supplementary Table 2.

Sample collection and cell isolation

Samples were collected after participants signed
informed consent. Approximately 2 ml of fresh periph-
eral blood was collected via venipuncture with lavender
top tubes using ethylene diamine tetraacetic acid
(EDTA) as an anticoagulant. The plasma obtained
after centrifugation was stored at — 80°C for further
analysis. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque density gradient

centrifugation, and the cell number was counted with
a hemocytometer under a microscope.

TCRB gene sequencing and analysis

Total RNA purification and two rounds of polymerase
chain reaction (PCR) amplification of the TCRp gene
were performed according to a previously described
method [23]. Briefly, total RNA was extracted using
Trizol reagent (Invitrogen, USA) as per the manufac-
turer’s instructions, and its concentration was quan-
tified using a NanoDrop 2000 spectrophotometer
(Life Technologies, USA). The extracted RNA served
as a template for the first round of reverse transcrip-
tion-PCR (RT-PCR) amplification of the TCRp gene
using the QIAGEN One-Step RT-PCR kit (QIAGEN,
USA), with TRTmix and Vbmix primers used, which
are 1:1 mixtures designed based on the functional
human T-cell receptor B constant (TRBC) and P vari-
able (TRBV) alleles (Supplementary Table 3,4).
RT-PCR conditions were as follows: reverse transcrip-
tion, 50°C, 30 min; PCR activation, 95°C, 15 min; and
then, 20 cycles of reactions, 95°C, 30 s; 58°C, 30 s; and
72°C, 30 s. The product from first-round RT-PCR was
subsequently utilized as a template for a second round
of PCR amplification employing Vbmix primers and
barcode-containing hTCRCbBCX primers (Sup-
plementary Table 5) to enhance the amplification of
the TCRP gene. The PCR conditions were as follows:
activation, 95°C, 10 min and 20 cycles of reactions,
95°C, 30 s; 58°C, 30 s; and 72°C, 30 s. The PCR pro-
ducts of the two rounds were ultimately purified
with the DNA fragment purification kit (BioMag-
beads, China).

Sequencing libraries were assembled utilizing the
Thermal-Fisher Ion Plus Fragment Library Kit
(Thermo Fisher Scientific, USA), Ion Xpress Barcode
Adapter 1-16Kit (Thermo Fisher Scientific, USA)
and Agencourt AMPure XP (Thermo Fisher Scientific,
USA) according to the manufacturer’s instruction.
Automatic template preparation and chip loading
were performed on the Thermal-Fisher Ion Chef sys-
tem using the Ion 520/530 ExT-Chef-4rxns&4Init
NEW-For600 bp (Thermo Fisher Scientific, USA).
Subsequently, the Ion S5 system was utilized for
sequencing the TCRp variable region with the Ion
530 Chip Kit (Thermo Fisher Scientific, USA).

After high-throughput sequencing, each sample
was exported as a separate FASTA file based on the
barcode. VP, JB genes, and CDR3 amino acid
sequences were analyzed using a local IgBLAST pro-
gram. A “functional” TCRp sequence is a V-D-]J junc-
tion that produces a productive translation of the
TCRp peptide with non-empty CDR3. To unify the
number of clones for comparison, 30,000 functional
TCRP sequences were randomly selected from each
sample for all the following repertoire analyses.



Clonality and diversity indices of TCRS
repertoire

To accurately quantify clonality, considering both the
types and proportions of clonal expansion, we initially
defined large and big clones as unique TCRp CDR3
clonotypes accounting for >1% and 0.1-1% of 30,000
functional randomly selected sequences, respectively.
In addition, we combined the percentages represented
by the top 10 and 20 clones to evaluate the clonality of
the TCRP repertoire.

To assess diversity, we employed four mathematical
indices: Richness, Gini coefficient, Shannon entropy,
and D50. Richness measures the number of unique
clonotypes, while the Gini coeflicient quantifies the
evenness of distribution. Shannon entropy, which
integrates both clonotype richness and evenness, pro-
vides a comprehensive measure of diversity but is par-
ticularly sensitive to increases in low-frequency clones.
In contrast, D50 is a straightforward diversity metric
that focuses on dominant clones within TCR reper-
toire, thereby minimizing the influence of low-fre-
quency clones on the results [24,25].

ScRNA coupled scTCR sequencing

The raw scRNA-seq (10x Genomics) and scTCR-seq
data of CD4+T and CD8+ T cells were obtained
from the Genome Sequence Archive of the Beijing
Institute of Genomics Data Center, Chinese Academy
of Sciences [http://bigd.big.ac.cn/gsa-human, acces-
sion code: HRA000190, uploaded], which was pub-
lished by our group [2]. The Cell Ranger toolkit
V.3.1.0 was applied to align reads and generate the
gene-cell unique molecular identifier (UMI) matrix
against the human reference genome GRCh38 pro-
vided by 10x Genomics. Then the R software
(v.3.5.3) with the Seurat package (v.3.0.0) was used
for data quality control. We quantified the number
of genes and UMIs and kept high-quality cells with
more than 1000 UMIs, more than 500 genes detected
and no more than 10% of mitochondrial gene counts.
The Scrublet package (v.0.2.3) in Python (v.3.9.7) was
applied to each dataset to detect potential doublets
with an expected doublet rate of 6%, and the cells
with scores exceeding 0.5 were considered doublets
and filtered out. After these cells, the gene expression
matrices were normalized by NormalizeData function
in Seurat, and then processed for dimension
reduction, batch effect correction and unsupervised
clustering.

Polynomial regression and sliding window
analysis

We used the Stats R package (version 4.4.1) for
polynomial regression analysis, applying the poly
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(x, degree=3) function to perform polynomial
expansion on the independent indicators, and then
fitting the model using Im(y ~ poly(x, degree)). The
sliding window analysis was performed with DEswan
R package (version 0.1.0), 8 indicators were respect-
ively subjected to the sliding window analysis with
a window of 5 years by comparing groups in parcels
of 2 years.

Antibodies and flow cytometry

Anti-CD3-BUV395 (clone HIT3a), Anti-CD3-
BV605 (clone SK7), anti—-CD8-BUV496 (clone SK1),
anti-CD8-BUV737 (clone SK1), anti-CD56-BB700
(clone BI159), anti-Granzyme B-BV510 (clone
GB11), anti-Granulysin-AF488 (clone RB1), anti-
HLA-DR-Percp Cy5.5 (clone L243), anti-CCR7-
BUV395 (clone 3D12), anti-CD27-BUV496 (clone
M-T271), anti-CD28-Percp Cy5.5 (clone CD28.2),
anti-PD-1-BV650 (clone NATI105), anti-CD57-
BV421 (clone NK-1) and anti-CD45RA-PE/CY7
(clone HI100) were purchased from BD Bioscience.
anti-HLA-DR-BV421 (clone L1243), Anti-CD56-
BV711 (clone 5.1H11), anti-NKG2D-BV785 (clone
1D11), anti-KLRG1-PE (clone 14C2A07), anti-
CD38-PE/CY7 (clone HB-7), anti-T-bet-BV785
(clone 4B10), anti-PD-1-BV711 (clone NAT105)
and anti-Granulysin-PE/CY7 (clone DH2) were pur-
chased from BioLegend. Anti-Perforin-PE/CY7
(clone dG9) and anti-EOMES-PE (clone WD1928)
were purchased from Invitrogen and Thermo Fisher
Scientific.

For phenotypical staining, cryopreserved PBMCs
were thawed in a complete medium and then stained
extracellularly using surface antibodies for 30 minutes
at 4°C. The cells were subsequently washed with FACS
buffer. After washing, the cells were permeabilized and
fixed using the eBioscience™ Foxp3 Permeabilization/
Fixation Kit (Invitrogen) according to the manufac-
turer’s instructions. The cells were then incubated
for 30-50 minutes at 4°C with antibodies for intra-
cellular staining. Samples were acquired on a FACS
Canto II flow cytometer (BD Biosciences) and ana-
lyzed with FlowJo software v.10.

Immunoblotting

To distinguish the different expression levels of 9 and
15 kDa GNLY, CD8 + T cells were first isolated from
fresh PBMC using CD8 positive magnetic selection
(Miltenyi Biotech, Germany). Non-magnetically
labeled cells were then subjected to the NK cell nega-
tive magnetic selection (Miltenyi Biotech, Germany)
isolation kit to obtain negative enriched NK cells
and other cells captured by magnetic beads. Total pro-
teins were extracted with RIPA buffer supplemented
with 1x protease and phosphatase inhibitor cocktail
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(Beyotime Biotechnology, China) according to the
manufacturer’s instructions. Protein concentration
was determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, USA). Protein separ-
ation and detection were conducted with the auto-
mated Jess capillary-based electrophoresis system
using the manufacturer’s protocol (Protein Simple),
using the following antibodies: anti-human GNLY
(clone RBI1) and anti-human GNLY (clone DH2).
Total protein concentration was acquired by total
protein detection module (Protein Simple, USA) and
was used as a loading control. Chemiluminescence sig-
nals were analyzed using Compass for SW software
(Protein Simple, USA).

Cytokine measurements

An Aimplex multiplex immunoassays technology -
based kit (Quantobio, Beijing, China) was used for
the detection of plasma MIG, IP-10, MCP-1, IL-6,
IL-7,1L-12p70, IL-15 and IL-18 according to the man-
ufacturer’s instructions. The beads, pre-designed
according to detection requirements, bind to an
antibody specific to a particular cytokine, capturing
a target protein molecule from the sample. The
detailed experimental process involved the slow thaw-
ing of frozen plasma samples, a 60-minute incubation
to allow antigen capture by antibody-conjugated bead,
a 30-minute incubation of biotinylated-antibody
detection of targets, and a 20-minute streptavidin-PE
incubation step. Concentrations of cytokines in the
samples were determined by comparing the fluor-
escent signals of samples against a standard curve
generated from serial dilutions of known concen-
trations of the standards. The fluorescence intensities
of the beads were measured using a FACS Canto II
flow cytometer (BD Biosciences). Each sample was
tested in duplicate and the mean of the duplicates
was used for analysis. The data were processed using
FCAP Array 3.0 software.

Plasma concentrations of soluble CD14 (sCD14)
and peptidoglycan recognition proteins (PGRPs)
were detected using enzyme-linked immunosorbent
assay (ELISA). Human CD14 (R&D Systems, USA)
and human PGRPs (FineTest, China) were used, fol-
lowing the manufacturer’s instructions. Plasma
samples were diluted 1:500 for sCD14 and 1:2 for
PGRPs before detection.

The concentration of monokine induced by inter-
feron-gamma (MIG) and interferon gamma-inducible
protein 10 (IP-10) in the cell culture supernatant was
also detected by ELISA. Human CXCL9/MIG ELISA
kit (Multi Sciences, China) and human CXCL10/IP-
10 ELISA kit (Multi Sciences, China) were used,
following the manufacturer’s instructions. The cell
culture supernatant samples were diluted 1:100 for
MIG and IP-10 before dection.

In vitro cytokine and TCR stimulation
experiment

After thawing, magnetically sorted CD8+ T cells were
seeded into 96-well plates at a density of 3 x 10° cells
per well and stimulated for 48 hours with IL-12 (50
ng/mL, Biolegend), IL-15 (50 ng/mL, Biolegend), IL-
18 (50 ng/mL, Biolegend), and CD3/CD28 (25 ug/
mL, STEMCELL, Canada). Subsequently, the cells
were stained for flow cytometry analysis as described
previously.

Cell culture and co-culture

The THP-1 and NCM460 cell lines were cultured in
growth medium composed of RPMI 1640 (Gibco,
USA), supplemented with 10% fetal bovine serum
(Gibco, USA), and 100 U/mL penicillin-streptomycin
(Invitrogen, USA), under standard conditions of 5%
CO, at 37°C. Cells from the third to fifth passages
were used for all experiments.

CD8+ T cells were isolated from PBMCs using
CD8-positive magnetic bead sorting (Miltenyi Bio-
tech, Germany) and subsequently stimulated with
IL-15 (50 ng/mL) for 48 hours. Phorbol 12-myristate
13-acetate (PMA) (20 ng/ml, Merck, Germany) was
added during the last 2 hours of stimulation, and the
undiluted supernatant was harvested for subsequent
use.

In the monocyte stimulation experiment, THP-1
cells, which had been serum-starved overnight, were
treated with one of the following: fresh culture med-
ium, the collected supernatant, supernatant contain-
ing CD8+ T cells, or supernatant pre-incubated with
anti-GNLY antibodies (BioLegend, clone DH10) at
37°C for 30 minutes. After 48 hours of co-culture,
the supernatant from THP-1 cells was collected for
ELISA analysis.

For the intestinal epithelial cell stimulation exper-
iment, NCM460 cells were pre-seeded into a 24-well
plate at a density of 1 x 10° cells per well. After adher-
ence, the medium was replaced with fresh medium,
the collected supernatant, or supernatant pre-incu-
bated with anti-GNLY antibodies (BioLegend, clone
DH10) at 37°C for 30 minutes. Following 48 hours
of culture, the cells were harvested using trypsin.
The cell suspension was then dropped onto glass
slides, fixed with 4% paraformaldehyde for 15 min-
utes, and subjected to immunofluorescence staining
and analysis.

Immunofluorescence

The fixed NCM460 cells were incubated with the fol-
lowing primary antibodies at 37°C for 60 min: anti-
Claudin (1:1500 dilution, Abcam, UK), anti-ZO-1
(1:1800 dilution, Abcam, UK), and anti-Haptoglobin



(1:2000 dilution, Proteintech, China). Subsequently,
HRP-conjugated goat anti-mouse/rabbit IgG second-
ary antibodies were applied and incubated at 37°C
for 10 minutes. Signal amplification was then per-
formed using a 1x tyramine signal amplification sol-
ution, and cell nuclei were counterstained with
DAPI. All slides were scanned and imaged using the
Vectra 3 Multispectral Imaging System (Akoya Bio-
sciences) at magnifications ranging from 5- 20x. The
acquired data were analyzed using ImageScope soft-
ware (Version 12.4.3.5008). Ten representative fields
per image were selected, and semi-quantitative analy-
sis of mean fluorescence intensity was performed
using Image] software.

Statistical analysis

Data were statistically performed using IBM SPSS
Statistics version 27, while data visualization was con-
ducted through GraphPad Prism software (version
8.3.0) and Origin (version 2022). The Mann-Whitney
U test was used to compare the difference between two
unpaired groups, and Kruskal-Wallis test was used to
compare the multiple groups. Results are shown as
medians with quartiles (Q25, Q75). Values were
considered statistically significant at a two-tailed and
p<0.05.

Results
Perturbations of TCRp repertoire in PLWH

To explore the impact of HIV infection on TCR reper-
toire, we conducted a cross-sectional study analyzing
TCRp gene profiles from bulk RNA sequencing data
in 228 PLWH and 257 age - and gender-matched
healthy controls (HC) (Figure 1(A), Supplementary
Table 1). Compared to HC, the usage of V/JP genes
in PLWH was notably disrupted. Among functional
human V/Jp genes, 34 VB and 3 Jp genes showed sig-
nificant differences between the two groups
(Supplementary Figure 1A, B). Additionally, the length
of the third complementary-determining region
(CDR3) similarly exhibited Gaussian-like distribution,
peaking at 13-amino acids. However, the proportions
of 7-, 8-,9-, 10-, 11 - and 16-amino acids differed sig-
nificantly between these two groups (Supplementary
Figure 1C). Visualizations of TCR Vf - J gene usage
combinations revealed that nearly 70% of HC exhibited
uniform gene combinations (Supplementary Figure 1D
1-5), and the remaining 30% displayed biased gene
usage (Supplementary Figure 1D 6-8). In contrast,
over 50% of PLWH displayed a notably high pro-
portion of specific gene usage (Supplementary Figure
1E 1-8). Significant perturbation in TCR V/JB gene
usage indicates that HIV-1 infection modifies the clon-
ality and diversity of TCRp repertoire.
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To further quantify the impact of HIV infection on
TCR repertoire, we compared the clonality and diver-
sity between HC and PLWH groups. The results
revealed that PLWH had significantly elevated num-
bers of large and big clones compared to HC. Specifi-
cally, the median values for large clones were 7 in
PLWH versus 4 in HC, and for big clones, 46 in
PLWH versus 33 in HC (Figure 1(B,C)). We also cal-
culated the percentage of the top 10 and top 20 most
abundant clones in the TCRp repertoire, which
confirmed that PLWH exhibited higher levels of clonal
expansion. The top 10 and top 20 clones accounted for
18.5% and 22.8% of the total T cell repertoire in
PLWH, compared to 14.3% and 17.2% in HC (Figure
1(D,E)). In terms of diversity, the Richness, Shannon
entropy, and D50 indices were significantly reduced
in PLWH compared to HC, while the Gini coefficient
was markedly higher (Supplementary Figure 2A).
These findings indicate a significant clonal expansion
in the TCRp repertoire of PLWH, along with a sub-
stantial reduction in diversity.

Given the significant heterogeneity among PLWH,
we first categorized them into treatment-naive patients
(TP) and those receiving ART. The ART group was
further subdivided based on treatment duration: less
than 24 months (<24 m) and more than 24 months
(>24 m) (Supplementary Table 1). We found that as
the ART duration increased, clonality and diversity
gradually approached HC levels (Figure 1(F-I), Sup-
plementary Figure 2B), and these four clonal metrics
negatively correlated with ART duration time (Sup-
plementary Figure 3A). However, it is worth noting
that, compared to the TP group, there was no signifi-
cant recovery in clonality and diversity in the <24 m
group. Even beyond 24 months, ART still did not
fully restore the normal TCRp repertoire, with higher
clonality and lower diversity compared to HC. These
data suggest that prolonged ART therapy can partially
but not completely restore the clonal expansion in the
TCRP repertoire.

Most PLWH achieved virological suppression
within 1-3 months after ART, while only a minority
of patients continued to have detectable viral loads
or experienced virological rebound after three months.
Consequently, we divided the <24 m group into two
subgroups based on their virological response to
ART: “fast responders,” who achieved undetectable
viral loads within 3 months, and “slow responders,”
who took longer than 3 months to reach undetectable
levels. We observed that individuals with a rapid treat-
ment response exhibited lower clonality and higher
diversity (Figure 1(J-M), Supplementary Figure 2C),
indicating that the extent of clonal expansion is corre-
lated with treatment efficacy. Individuals with ART
over 24 months were further categorized into
immunological responders (IR) and immunological
non-responders (INR) groups based on their CD4+
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Figure 1. Perturbations of TCRB clonality in PLWH. (A) Schematic diagram of the workflow for bulk TCRS sequencing. (B-Q) Scatter
plots showing TCRp clonality metrics, normalized to 30,000 total sequences, across different groups. (B, F, J, N) Number of large
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patients (TP, n = 17), ART less than 24 months (<24 m, n = 77), ART more than 24 months (>24 m, n = 134), and HC; (J-M) fast and
slow virological response groups; (N-Q) immune non-responders (INR, n=53) and immune responders (IR, n = 81).

T cell counts. The clonality and diversity in IR were
better restored than INR (Figure 1N-Q, Supplemen-
tary Figure 2D). Moreover, clonal expansion indices
were significantly negatively correlated with CD4
counts and CD4/8 ratio, and positively correlated

with CD8 counts for IR and INR (Supplementary
Figure 3B-D). These findings indicate that T cell clonal
expansion is an indicator of treatment duration, thera-
peutic response and immune recovery in the context
of PLWH.



Features of TCRf repertoire extrapolate
accelerated aging in PLWH

Recent studies have shown that a TCR clock exists in
healthy individuals; that is, the TCR repertoire exhi-
bits an age-related trend and can serve as a predictor
of biological age [19,26,27]. However, it remains
unclear whether HIV infection disrupts this clock.
Building on this premise, we initially stratified HC
and PLWH into three groups according to WHO
guidelines: young (18-44 years old), middle-aged
(45-59 years old), and elderly (=60 years old). We
found that compared with HC, clonality was signifi-
cantly accelerated and diversity decreased in both
young and middle-aged PLWH groups, but there
was no significant difference in the elderly group
(Figure 2(A-D), Supplementary Figure 4A-D). These
results suggest that HIV infection contributes to
increased T-cell clonal expansion, particularly in
younger populations. Interestingly, no discernible
differences were observed between the young and

p<0.001 p<0.001 ns p<0.001 p<0.001 ns
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middle-aged groups within HC (except for the Rich-
ness). In contrast, the elderly group exhibited
increased clonality and reduced diversity compared
to the middle-aged group. Conversely, in PLWH, sig-
nificant differences were found between the young and
middle-aged groups (except for the number of big
clones). At the same time, clonal expansion and diver-
sity levels remained consistent between the elderly and
middle-aged groups. These findings suggest that
PLWH may experience premature aging.

vRecent studies indicate that human aging is not
linear, with potential clift-like aging nodes at specific
points [28,29]. To further explore the aging changes
in PLWH, we conducted a polynomial regression
analysis on eight indicators with age. The results
were consistent across the indicators, with D50 show-
ing the most pronounced trend (Figure 2(E-H), Sup-
plementary Figure 4E-H). HC displayed a nonlinear
aging profile, with accelerated changes occurring
before the age of 30 and after 55, while the period
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between 30 and 55 years old represents a relative pla-
teau. However, PLWH showed a more linear pattern
of accelerated aging after infection. Notably, the
aging level of PLWH at 20 years old already matches
or even exceeds the plateau level observed in HC
aged 30-55, with a crossover point occurring around
65 years old. Additionally, using sliding window analy-
sis, we found that HC displayed two distinct aging
peaks, around 28 and 54 years old (Figure 2(I)), with
significant differences in Shannon entropy and percen-
tage of top10/top20 clones. In contrast, PLWH did not
show any such peaks, which aligns with the polynomial
regression analysis (Figure 2(J)). These findings
suggest that HIV infection disrupts the phased aging
model seen in HC, resulting in continuous aging accel-
eration, with young PLWH exhibiting significantly
higher levels of aging compared to HC.

GNLY+CD8+ T cells were the primary cell
population for clonal maintenance and
expansion

To overcome the limitations of bulk TCR sequencing
in distinguishing T cell subgroups and allow deeper
exploration of clonally expanded cell phenotypes, we
enrolled another cohort of sorted CD4 + and CD8+ T
cells with single-cell RNA paired with TCR sequencing
data from HC (n = 4) and PLWH (n =9), including TP
(n=6) and ART (n=3) individuals (paired with TP
cases) (Supplementary Figure 5A)[2]. We obtained
51,747 CD4+ T and 53,570 CD8+ T cells, paired with
40,289 and 22,974 unique TCRs, respectively (Sup-
plementary Figure 5B-C). Dimensional reduction
analysis (uniform manifold approximation and projec-
tion, UMAP) was applied to CD8+ T and CD4+ T cells.
By pairing TCR information with phenotypic data, we
observed that cells exhibiting high-frequency clonal
expansion were predominantly localized within the
CD8+ T cell population (Supplementary Figure 5D).
Subsequently, clonal cells were categorized as hyperex-
panded (>10% of total unique clones), large (1-10%),
medium (0.1-1%), small (<0.1%), and unique clones
(no clonal expansion). Across HC, TP, and ART
groups, CD4+ T cells were primarily composed of
unique clones. In contrast, CD8+ T cells in HC con-
tained a small number of medium and small clones,
while the proportion of hyperexpanded, large, med-
ium, and small clones increased significantly to nearly
75% in TP, and decreased after ART but remained sig-
nificantly higher than in HC (Supplementary Figure
5E). These results underscored that CD8+ T cell clonal
expansion is greater than that of CD4+ T cells, which
aligns not only with observations in other diseases
[30,31], but also with the persistence of elevated CD8
+ T cell counts in PLWH, even after 12-year ART [12].

To further dissect the features of clonally expanded
cells, we performed cluster analysis on positively

related genes with a correlation coefficient (r) greater
than 0.1. Two distinct gene clusters were identified
(Figure 3(A)). UMAP visualization revealed that
cluster 2 genes were primarily concentrated in regions
with high clonal expansion (marked by a red circle),
and cluster 1 genes were evenly distributed across
the entire landscape (Figure 3(B)). We further ident-
ified overlapping clones within each individual for
the three individuals with paired TP and ART
samples. The overlapping clones were categorized as
expanded, contracted, or stable based on their post-
ART frequency (Figure 3(C)). Consistently, cluster 2
genes showed high expression in expanded and stable
clones (Figure 3(D)), confirming these genes were inti-
mately associated with clonal expansion and
maintenance.

Next, we aimed to identify appropriate phenotypic
markers of clonally expanded cells from these genes
positively correlated with clonal frequency. The top
10 genes were GNLY, GZMB, FCGR3A, FGFBP2,
GZMH, KLRD1, PRF1, NKG7, PRSS23 and CST7,
all belonging to cluster 2 genes (Figure 3(E)). These
genes exhibited varying degrees of high expression
in the clonal expansion regions (Supplementary
Figure 6A). Notably, GNLY, FCGR3A and PRSS23
were primarily concentrated in high clonal expansion
regions, suggesting these genes may be specific mar-
kers for highly clonally expanded cells. In contrast,
the other genes were generally expressed across
broader regions, suggesting their relatively low specifi-
city for clonal expansion. To identify practical indi-
cators of clonal expansion in vitro, we used flow
cytometry to verify the expression of these proteins.
Due to the availability of corresponding flow anti-
bodies, we successfully verified the expression of five
proteins—GNLY, GZMB, CD16, CD94 and Perforin
—corresponding to the genes GNLY, GZMB,
FCGR3A, KLRDI1 and PRFI, respectively. Among
these genes, GNLY emerged as the top candidate,
demonstrating distinct clustering at the protein level
and being gateable. In contrast, CD16 and CD9%4
exhibited lower protein levels and were ineffective as
indicators of clonal expansion. GZMB showed a posi-
tive expression rate exceeding 50%, whereas perforin
displayed less distinct clustering characteristics.
Co-expression analysis further revealed that approxi-
mately 98.37% of GNLY+CD8+ T cells co-expressed
GZMB, and 62.26% co-expressed perforin, indicating
strong consistency between GNLY and these genes
(Supplementary Figure 6B). Collectively, these
findings suggest that GNLY serves as the optimal mar-
ker for identifying CD8+ T cells with high clonal
expansion.

Furthermore, sc-RNA sequencing data analysis
revealed that the proportion of clonally expanded
cells among GNLY+CD8+ T cells reached up to 80%
across HC, TP, and ART groups. The proportions of
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Figure 3. GNLY as an optimal marker for highly clonally expanded CD8+ T cells. (A) Heatmap showing two clusters of genes posi-
tively associated with clonal frequency of CD8+ T cells (p <0.01, r>0.1). (B) UMAP plots depicting the clonal frequency and
expression distribution of two gene clusters in CD8+ T cells. Red circles highlight regions of high clonal expansion. (C) UMAP
plots visualizing expanded, contracted, and stable clones from overlapping clonal populations in three paired patients, with
color gradients representing cell density. (D) Violin plots comparing the expression scores of two gene clusters in expanded, con-
tracted, and stable clones pre — and post-ART. (E) Scatter plots illustrating genes positively correlated with the clonal frequency of
CD8+ T cells. The top 10 correlated genes are highlighted in red. (F) Bar plots showing the clonal size distribution of GNLY-CD8+ T
cells and GNLY+CD8+ T cells across HC, TP, and ART groups. Clones are categorized as hyperexpanded (>10% of total unique
clones), large (1-10%), medium (0.1-1%), small (<0.1%), and unique (no clonal expansion).

hyperexpanded and large clones were significantly
higher in GNLY+CD8+ T cells compared to GNLY-
CD8+ T cells, indicating that GNLY+CD8+ T cells
serve as a highly specific marker for clonally expanded

cells. In contrast, GNLY-CD8+ T cells only exhibited
an increased proportion of clonally expanded cells
during TP, which significantly decreased after ART
(Figure 6(F)). Validation using three matched samples
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pre - and post-ART confirmed this trend (Sup-
plementary Figure 6C, D), demonstrating that GNLY
+CD8+ T cells not only represent a highly clonally
expanded cell population but also exhibit robust clonal
maintenance potential.

GNLY+CD8+ T cells exhibit enhanced
cytotoxicity and low exhaustion characteristics

To reveal the phenotypic characteristics of persistent
clonal cell populations, we analyzed them at both the
transcriptional and protein levels. The genes in cluster
2 were primarily enriched in cell killing, positive
regulation of cell activation, and NK cell-mediated
cytotoxicity processes, while genes in cluster 1 were
enriched in cell differentiation, migration and acti-
vation pathways (Figure 4(A)). Subsequently, we
included 10 HC and 64 PLWH (18 TP, 23 IR and 23
INR) (Supplementary Table 2) for flow cytometry vali-
dation. The proportion of GNLY+CD8+ T cells was
significantly elevated in PLWH and increased further
after ART, with the INR group showing a notably
higher proportion than the IR group (Figure 4(B)).
The number of these cells increased significantly in
PLWH, and there was no significant difference across
the TP, IR and INR groups (Supplementary Figure
7A). This finding aligns with the characteristics of
clonal maintenance and expansion observed in the
transcriptional level, where the proportion increases
post-ART relative to the contraction of other clonal
populations, while the absolute count remains stable.

Additionally, CCR7 and CD45RA expression
analysis revealed that this cell population was mainly
of the terminally differentiated phenotype (Temra,
CD45RA + CCR7-) (Supplementary Figure 7B). Cor-
relation analysis showed that the proportion of GNLY
+CD8+ T cells in post-ART samples was positively
correlated with age (r=0.402, p=0.013) and nega-
tively correlated with the CD4/CD8 ratio (r=
—0.496, p=0.002). Additionally, the absolute count
of GNLY+CD8+ T cells also showed a tendency of
positive correlation with age (r=0.306, p=0.065)
and a negative correlation with the CD4/CD8 ratio
(r=-0.457, p=0.004) (Supplementary Figure 7C,
D). These results suggest that GNLY+CD8+ T cells
are closely associated with aging and clinical indi-
cators that reflect disease prognosis.

To further analyze the phenotypic changes of these
cells across different groups, GNLY-CD8+ T and
GNLY+CD8+ T cells were gated in HC, TP, IR and
INR groups, respectively. We found that GNLY
+CD8+ T cells exhibited lower activation levels of
HLA-DR and CD38 compared to GNLY-CD8+ T
cells. However, these activation indexes were signifi-
cantly higher in PLWH than in HC, with the highest
levels observed in the TP group and INR levels sur-
passing IR after ART (Figure 4(C), Supplementary

Figure 7E). Moreover, GNLY+CD8+ T cells showed
a significant decrease in co-stimulatory molecules of
CD27 and CD28 in contrast to GNLY-CD8+ T cells,
with PLWH displaying lower levels than HC (Figure
4(D), Supplementary Figure 7F). Alongside this,
there was an increase in the aging marker CD57,
with PLWH showing higher CD57 levels than HC,
which continued to rise after ART (Figure 4(E), Sup-
plementary Figure 7G), indicating pronounced aging
characteristics in this cell population. Despite these
aging characteristics, GNLY+CD8+ T cells demon-
strated downregulation of PD-1 (Figure 4(F), Sup-
plementary  Figure 7H), indicating reduced
exhaustion, along with an enhanced cytotoxic pheno-
type characterized by elevated levels of GZMB, Per-
forin, CX3CR1 and T-bet (Figure 4(G),
Supplementary Figure 7I). Additionally, there was
upregulated expression of NK cell receptors such as
KLRGI and NKG2D (Figure 4(H), Supplementary
Figure 7]). These changes were more pronounced in
PLWH than in HC. These findings suggest that
GNLY+CD8+ T cells are characterized by enhanced
cytotoxicity and low exhaustion.

Bystander expansion of GNLY+CD8+ T cells

To explore potential driving signals for CD8+ T-cell
clonal expansion, we divided CD8+ T cells into five sub-
sets (CO1 — CO05) based on the expression profiles of
canonical gene markers (Figure 5(A,B)). As expected,
the C03 subset exhibited significantly high expression
of the GNLY gene, was predominantly enriched in
regions of high clonal expansion, and its proportion
continued to increase after ART (Figure 5(C)). We
further evaluated TCR-dependent signaling pathways
and bystander activation pathways in the CO03 subset
[32]. The results revealed that most TCR-dependent sig-
naling pathways and bystander activation pathways in
the C03 subset were significantly enhanced during TP.
However, after ART, most TCR signaling pathways
showed a downregulation trend, whereas bystander
activation pathways were maintained or further
enhanced (Figure 5(D)). These findings suggest that
enhanced bystander activation pathways may be a key
driver of the sustained clonal expansion of GNLY
+CD8+ T cells in PLWH after ART.

To verify the role of the bystander activation path-
way, we evaluated cytokine receptor expression on
GNLY+CD8+ T cells. We found that, compared to
HC, the expression levels of CD122, CD212 and
CD218 were significantly upregulated in PLWH.
Moreover, CD127, CD122 and CD218 levels contin-
ued to increase after ART, with INR levels surpassing
those of IR (Figure 5(E), Supplementary Figure 7K).
We further measured the plasma levels of the cyto-
kines corresponding to these receptors and found
that only IL-18 levels were significantly higher in
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with GNLY+CD8+ T cells, as well as differences among GNLY+CD8+ T cells across groups. (C-H) Comparison of marker expression
between GNLY-CD8+ T cells and GNLY+CD8+ T cells, as well as among GNLY+CD8+ T cell groups. (C) HLA-DR and CD38; (D) CD27
and CD28; (E) CD57; (F) PD-1; (G) GZMB, Perforin, CX3CR1, and T-bet; (H) NKG2D and KLRG1. The dashed box indicates samples that
are analyzed collectively as a unified group. The GNLY+CD8+ T cell groups include HC (n =10), TP (n=18),INR (n=23) and IR (n =
23); the PLWH group comprises TP, IR and INR; and the ART group includes IR and INR.



12 . H.-F. Wang et al.

pon o1 c02 C03 Co4 C05
hoid 2159 2204 — 053 [ 0050
oz D 550 0.204 0.043 0.239 0.758
we @ . 0.007 0.029 0.004
O o0 020 oso 2029 07s; 2004 0.026
o © 0.004 L
owr 0.04.
o @ .
e 060 1 0.40 .
-, [$) 10.15- r 10.50-
- £ . * =]
s 9 . . . 602
ccrr (030 B3 o0 o P2 0.25
o O * . ——
B ,
: . : - ' =

HC TP ART HC TP ART HC TP ART HC TP ART HC TP ART

co127 HC

PHOSPHORYLATION_OF_CD3_AND_TCR_ZETA_CHAINS

| GENERATION_OF_SECOND_MESSENGER_MOLECULES 1 4

TCR_SIGNALING

DOWNSTREAM_TCR_SIGNALING 05

TRANSLOCATION_OF_ZAP_70_TO_IMMUNOLOGICAL_SYNAPSE

TCR_PATHWAY cD218 cD212
T_CELL_RECEPTOR_SIGNALING_PATHWAY

-05
IL7_PATHWAY -1

CYTOKINE_SIGNALING_IN_IMMUNE_SYSTEM
INTERFERON_GAMMA_RESPONSE

TNFA_SIGNALING_VIA_NFKB

INTERLEUKIN_12_FAMILY_SIGNALING

INTERLEUKIN_15_SIGNALING
MYD88_DEPENDENT_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY

TCR signaling

CD122

Bystander activation

IL-12p70

I o > S

IL-15 | o *k r=0.346 r=0.489 0

GNLY-HC TP IR INR
S ) p<0.001
IL-18 | % o M fﬁ"/ r=0.333 r=0.424 g !

@ . 5
Sogee

L7 * | SRR SRS | =0406 r=-0.369

*p<=0.05 ** p<=0.01 *** p<=0.001
1-06-020206 1

Y e a— T
GNLY-HC TP IR INR

HC i1 ART
g o HG _ 207 _p=oo2t : _ 209 IL12 ; IL15 : L8 : TCR
o TP o ~0.011° : [0 : : G
2 =L : p=0.068 2 i _P=0.012
= ART £ 15"= : " p=0.068 S 1.5+ :
g6 5 p=0.008 PEL g
e 2 |z 3
& w 1.0 i) L 1.0+
a4 = s
o n 3
o @© @©
> 85 05 a
52 Qo Q 051
(o] 2 ]
P4 4
0 T T T T T [Clhe © 0.0~
Control IL-12 IL-15 IL-18 TCR R U SR T I OR EOR A LR DL L
GV VGV OGS FAETAERIAEECE

Figure 5. Enhanced bystander activation pathway in GNLY+CD8+ T cells. (A) UMAP visualization of CD8+ T cell subsets. (B) Violin
plots depicting the expression distribution of canonical cell markers across five CD8+ T cell clusters. (C) Box plots showing the
proportions of five CD8+ T cell subsets in HC, TP and ART groups. Each point represents one sample. (D) Heatmap displaying
gene set activities of C03 subset, quantified as normalized enrichment scores (NES) from GSEA, for TCR-dependent and bystander
activation pathways. (E) Radar chart and scatter plots showing the relative expression levels of CD127 (IL-7R), CD212 (IL-12R),
CD122 (IL-15R) and CD218 (IL-18R) across HC (n=10), TP (n =18), IR (n =23) and INR (n = 23) groups. (F) Heatmap, correlation
plots and r-value demonstrating the correlation among the proportion and absolute count of GNLY+CD8+ T, as well as the plasma
level of IL-7, IL-12p70, IL-15 and IL-18 in both IR and INR groups. (G-I) Line plots and scatter plots depicting changes in(G) the
proportion and (H, 1) fold change of GNLY+CD8+ T cells in HC, TP, and ART after different stimulation. Fold change values (H,
) are calculated relative to the control group. Control, medium; TCR, CD3/28 T cell activator.



PLWH compared to HC, with an increasing trend
after ART (Supplementary Figure 8A-D). Correlation
analysis revealed a significant positive correlation
between the proportion of GNLY+CD8+ T cells and
both plasma levels of IL-15 and IL-18. Additionally,
the absolute count of GNLY+CD8+ T cells was posi-
tively correlated with IL-15, IL-12p70 and IL-18 levels
(Figure 5(F)). For further validation, we stimulated
CD8+ T cells in vitro using IL-12, IL-15, IL-18, and
CD3/CD28 antibodies to mimic bystander activation
pathways and TCR-dependent signaling pathways,
respectively. The results revealed that IL-15 signifi-
cantly increased the proportion of GNLY+CD8+ T
cells in HC, TP, and ART groups, also inducing upre-
gulation of HLA-DR, granzyme B (GZMB), and per-
forin expression, whereas in the HC group, TCR
stimulation produced similar effects, this response
level decreased in TP but was partially restored after
ART (Figure 5(G-I), Supplementary Figure 9A-C).
Collectively, these findings validate that bystander
activation pathways play a crucial role in the clonal
expansion of GNLY+CD8+ T cells at different stages.

Pro-inflammatory characteristics of GNLY+CD8
+ T Cells

GNLY was reported to be expressed late after T cell
activation [33], along with the expression of cytotoxic
particles including GZMB and perforin. Recent
studies have shown that the two isoforms of GNLY
have completely different localizations and functions
[34-36]. The 9 kDa GNLY, commonly regarded as a
cytotoxic effector molecule, is enriched in dense gran-
ules along with GZMB and Perforin and capable of
directly killing bacteria and other pathogens. In con-
trast, the 15 kDa GNLY, initially thought to be merely
a precursor molecule, has been shown to function as
an immune alarmin but lacks cytotoxic activity.

To examine the exact form of GNLY in CD8+ T
cells, we first selected two monoclonal antibodies of
GNLY for flow cytometry staining, which have been
reported that clone RBI recognizes total GNLY
protein, while clone DH2 only recognizes the 9 kDa
isoform [37]. We gated the cells with substantial
GNLY expression, including NK cells and CD8+ T
cells, and compared the proportions of different iso-
forms of GNLY. As expected, total GNLY (clone
RB1) expression on NK cells was significantly higher
than that on CD8+ T cells. Notably, the proportions
of 9 kDa GNLY (clone DH2) on NK and CD8+ T
cells were 38.9% and 4.8%, respectively, and the ratio
of 9 kDa/total GNLY was also significantly different
between the two cell types (Figure 6(A)). Notably,
CD8+ T cells predominantly express 15 kDa GNLY,
with a proportion as high as 80%.

To further validate this finding, we initially used
magnetic beads to sort NK cells and CD8+ T cells
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from PBMCs and subsequently used a polyclonal
anti-GNLY antibodies (R&D Systems)[38] to dis-
tinguish different isoforms of GNLY via digital Wes-
tern blotting. As shown in Figure 6(B), NK cells
exhibited 9 and 15 kDa forms of GNLY, whereas
CD8+ T cells only displayed the 15 kDa form. After
normalizing for total protein content, it was evident
that 9 kDa GNLY was predominantly expressed in
NK cells. Conversely, in CD8+ T cells, GNLY was
mainly present as the 15 kDa form.

Given the potential pro-inflammatory effects of 15
kDa GNLY, we investigated the levels of inflammatory
factors (MIG, IP-10, MCP-1 and IL-6) in the plasma.
The results showed that only IP-10 and MIG were sig-
nificantly higher in PLWH compared to HC, peaking
in the TP group and decreasing significantly after
ART, with INR levels remaining higher than IR.
MCP-1 and IL-6 levels did not show significant stat-
istical differences (Supplementary Figure 8E-J). Since
intestinal inflammation is a significant contributor to
inflammaging [39], we also examined relevant indi-
cators of intestinal damage and microbial transloca-
tion, including Zonulin, PGRPS and sCD14, all of
which exhibited significant elevation in PLWH (Figure
6(C,D)). Correlation analysis revealed that the pro-
portion of GNLY+CD8+ T cells was positively corre-
lated with IP-10, MIG, Zonulin, PGRPS and sCD14,
and the absolute count was positively correlated with
IP-10, MIG, Zonulin and PGRPS (Figure 6(E)),
suggesting that GNLY+CD8+ T cells are closely
associated with ongoing inflammaging in PLWH.

GNLY derived from CD8+ T cells activates
monocytes and disrupt intestinal epithelial cells

To further explore the pro-inflammatory mechanisms
of GNLY+CD8+ T cells, purified CD8+ T cells were
initially stimulated with IL-15 to upregulate GNLY,
and then PMA was added to enhance the release of
15 kDa GNLY into the cell supernatant [38].
Subsequently, the GNLY-enriched supernatant was
collected, and fresh culture medium was used as a con-
trol for subsequent functional experiments
(Figure 7(A)). The results revealed that the super-
natant from stimulated CD8+ T cells significantly
induced THP-1 cells to secrete IP-10 and MIG,
while the combination of stimulated CD8+ T cells
and their supernatant exhibited even stronger pro-
inflammatory effects. This effect could be partially
neutralized by anti-GNLY antibodies, suggesting that
GNLY contributes partially to the pro-inflammatory
response (Figure 7(B)).

To assess the impact on the intestinal barrier, we
used the intestinal epithelial cell line NCM460. The
supernatant from stimulated CD8+ T cells signifi-
cantly disrupted the tight junction proteins Claudin
and ZO-1 and induced the upregulation of zonulin
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Figure 6. Pro-inflammatory potential of GNLY+CD8+ T Cells. (A) Representative flow cytometry and scatter plots illustrating the
distribution of two isoforms of GNLY in NK and CD8+ T cells. (B) Capillary-based automated Western immunoblotting demonstrat-
ing protein expression levels of 9 and 15 kDa GNLY protein in isolated NK, CD8+ T and NK-,CD8-depleted PBMC from HC (n = 1)
and PLWH (n = 2). GNLY expression levels were quantified and normalized to the total protein concentration. (C-D) Radar chart (C)
and scatter plots (D) depicting the plasma level of IP-10, MIG, zounlin, PGRPS and sCD14 across HC (n=11), TP (n=13), IR (n=19)
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(Figure 7(C)). Similarly, anti-GNLY antibodies par-
tially reversed this effect, indicating that GNLY
directly disrupts the intestinal barrier. Collectively,
these findings demonstrate that GNLY+CD8+ T cells
play a significant role in sustaining high levels of
inflammation.

Discussion

HIV infection primarily targets CD4+ T cells and
restoring normal CD4+ T counts has consistently
been a key indicator of successful immune reconstitu-
tion in PLWH [40,41]. Nevertheless, HIV also impacts
other immune cells, including CD8+ T cells, which are
crucial for controlling viral replication [42,43].
Despite this, the expanded pool of CD8+ T cells
does not appear to significantly enhance viral control
but instead contributes to inflammaging and adverse
events in PLWH [13,44,45]. In this study, we applied
bulk TCR sequencing to illustrate the changes in T
cell clonal expansion across different stages of HIV
infection. We found that PLWH, even after long-
term ART, exhibit high level of T-cell clonal expan-
sion, which is associated with the treatment duration,
virological response, and immune reconstitution. Fur-
thermore, by integrating single-cell RNA with TCR
sequencing, we identified GNLY+CD8+ T cells as
the subpopulation responsible for clonal expansion
and maintenance in PLWH. We elucidated the charac-
teristics of GNLY+CD8+ T cells, including low
exhaustion, high cytotoxicity, and predominant
expression of the pro-inflammatory 15 kDa GNLY
isoform. Additionally, IL-15 significantly stimulated
their expansion and activation. Functional exper-
iments demonstrated that degranulated CD8+ T cells
activate monocytes to secrete inflammatory factors
and disrupt the integrity of intestinal epithelial cells
through the release of GNLY. These findings highlight
GNLY+CD8+ T cells as a critical population driving
abnormal CD8+ T-cell clonal expansion and a poten-
tial contributor to inflammaging in PLWH.

Aging is a complex and multifactorial process of
physiological changes strongly associated with various
human diseases. A growing number of studies have
comprehensively explored the molecular changes
that occur during aging using omics profiling to
build “aging clocks’, such as epigenomic clocks,
inflammatory clocks and gut microbiome clocks
[26,39,46]. In light of this, PLWH exhibit accelerated
biological aging as measured by epigenetic aging
clocks compared to HC [47,48]. The human TCR
repertoire changes with age [27], and has also been
used to model a TCR clock [26]. In this study, we
defined indices reflecting T-cell clonal expansion,
and modeled the age-related trends by these TCR indi-
ces for HC and PLWH, respectively. We found that
HC exhibit nonlinear patterns of aging, with

substantial dysregulation occurring at approximately
33 years and 55 years of chronological age. The non-
linear patterns of aging by TCR indices align with
the results of a recent multi-omics study [28]. How-
ever, we found that the specific nodes occur earlier
than the results from multi-omics. We hypothesize
that human aging is not synchronized across different
omics layers, exhibiting a spatiotemporal order in
which TCR aging occurs earlier than other omics,
such as proteomics. In contrast, PLWH showed a lin-
ear pattern of accelerated aging, with a start below the
plateau stage in HC aged 30-55 as early as in their
twenties. These findings indicate that clonally
expanded T cells are closely associated with the accel-
erated aging observed in PLWH. Unlike similar life
expectancy between PLWH and HC, premature
aging reflected by TCR repertoire may highlight the
disparity in overall health in PLWH. However, due
to the limitations of bulk TCR sequencing data, we
cannot accurately distinguish the contributions of
CD4+ T cells and CD8+ T cells to these phenomena.
Based on previous reports [49], the clonal expansion
of CD8+ T cells significantly increases in the elderly
population and is considered a key marker of immune
aging. We hypothesize that the premature aging trend
observed in our study may primarily be driven by CD8
+ T cells. Analyzing and modeling purified CD4 + and
CD8+ T cells separately would likely yield more
definitive results in the future.

The phenotypic characteristics of GNLY+CD8+ T
cells are consistent at the transcriptomic and protein
level. Despite exhibiting senescence, these clonal cells
displayed high cytotoxicity and low exhaustion.
Although we were not able to dissect whether the clon-
ally expanded cells were explicitly responsive to anti-
gens such as HIV, CMV, or EBV, it has been
reported that this oligoclonal T-cell expansion in
PLWH is not specific to any of these antigens [9]. In
addition, the de novo NK cell receptors and the down-
regulation of its co-stimulatory molecules make this
group of cells acquire the activation pathway of innate
TCR-independent response [50,51], which may also be
responsible for impaired specific antiviral immunity in
vivo and proliferation of CD8+ T cell clonal expan-
sions in vitro [52]. Recent reports have found that
chronic antigen stimulation may induce changes in
the CD8+ T-cell receptor repertoire, leading to the
expression of NK cell receptors, which are more sensi-
tive to bystander activation through innate cytokines,
including IL-12, IL-18 and IL-15 [53-55]. The type
and density of NK cell receptors and other phenotypic
changes confer strong functional heterogeneity in these
cells. Their roles range from providing immune protec-
tion in long-lived elderly individuals to contributing to
immunosuppression and immune escape in cancer
patients. Thus, these clonal CD8+ T cells may have
undergone a state transition from TCR-dependent to



TCR-independent stimulation and still retain crucial
effector function. In our study, the enhancement of
bystander activation signaling pathways in GNLY
+CD8+ T cells after ART, combined with high
expression of cytokine receptors, elevated plasma cyto-
kine levels, and the significant induction of GNLY
+CD8+ T-cell expansion and activation by IL-15 in
vitro, highlights the critical role of bystander activation
in the clonal maintenance and expansion of these cells.

HIV infection disrupts the intestinal epithelial
barrier [56,57], increasing gut permeability to microor-
ganisms and their products [58]. This enhanced per-
meability can lead to local and systemic
inflammation. However, long-term ART is unable to
repair the damage to the gut’s epithelial barrier caused
by HIV, resulting in ongoing microbial translocation
and inflammation. Functional experiments demon-
strated that the supernatant of IL-15-stimulated CD8
+ T cells significantly activates monocytes to secrete
inflammatory factors and disrupts the integrity of intes-
tinal epithelial cells. Furthermore, anti-GNLY anti-
bodies effectively alleviate these effects, indicating that
GNLY derived from CD8+ T cells plays a critical role
in sustaining high levels of inflammation and intestinal
barrier damage in PLWH. Collectively, our findings
demonstrate that GNLY+CD8+ T cells, enhanced by
bystander activation pathways, are the primary cell
population responsible for clonal expansion and main-
tenance highlighting these cells as a significant contri-
butor to exacerbating inflammaging for PLWH.

In summary, we delineated the dynamic pertur-
bations of the TCR repertoire at different stages of
HIV infection, characterized by significant clonal
expansion, which is associated with clinical prognosis
and premature aging in PLWH. Further analysis
identified GNLY+CD8+ T cells as the primary popu-
lation undergoing continuous clonal expansion both
before and after ART, with a critical role in promoting
inflammation and disrupting the intestinal barrier.
Our study highlights new research directions for a
deeper understanding of inflammaging in HIV
infection.
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