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HIV-1-specific cytotoxic T cell responses are expanded during advanced HIV-1 infection but seem unable to effectively protect
the host against disease progression. These cells are able to produce gamma interferon and remain metabolically active but have
defective proliferative activities, shortened telomeric DNA, and other signs of accelerated aging. To investigate the molecular
mechanisms underlying the premature senescence of HIV-1-specific T cells, we focused here on the expression and function of a
group of six nucleoproteins that are responsible for protecting and maintaining the structural integrity of telomeric DNA and
are commonly referred to as “shelterin.” We show that in progressive HIV-1 infection, the two major shelterin components
TRF2 and TPP1 are selectively reduced in HIV-1-specific CD8 T cells, but not in T cells recognizing alternative viral species. This
coincided with increased recruitment of 53BP1, a prominent DNA damage response factor, to telomeric DNA sites and was asso-
ciated with elevated expression of the tumor suppressor p16™*?, which causes cellular growth inhibition in response to struc-

tural DNA damage. Notably, defective shelterin function and upregulation of p1

6™*? remained unaffected by experimental

blockade of PD-1, indicating a possibly irreversible structural defect in HIV-1-specific CD8 T cells in progressors that cannot be
overcome by manipulation of inhibitory cell-signaling pathways. These data suggest that shelterin dysfunction and ensuing up-

regulation of the tumor suppressor p16™**

infection.

I n the vast majority of individuals, infection with human immu-
nodeficiency virus type 1 (HIV-1) leads to a chronic progressive
infection with ongoing moderate to high-level viremia. This per-
sistent viral replication results in a proinflammatory state that is
characterized by high levels of circulating stimulatory cytokines
and by massive activation of T cells, B cells, and dendritic cells (2).
Moreover, continuous viral replication in lymphoid tissues of the
gut leads to destruction of the microanatomical mucosal barrier
and facilitates translocation of bacterial antigens, which further
augments generalized immune activation (5, 35). In a vicious cir-
cle, this immune activation increases the susceptibility of CD4 T
cells to HIV-1 infection and stimulates more effective HIV-1 rep-
lication. Together, these mechanisms exhaust the regenerative re-
sources of the immune system and cause generalized dysfunction
of multiple immune cells. Interestingly, due to alternative mech-
anisms of immune regulation (15-17), persistent HIV-1 replica-
tion and ensuing immune activation seem to affect CD4 and CD8
T cells differently. While CD4 T cells seem to undergo apoptosis
and physical elimination, as evidenced by progressively declining
cell numbers during chronic infection, CD8 T cells are numeri-
cally expanded but acquire a distinct functional and phenotypic
profile that closely resembles the aging and senescent cells typi-
cally encountered in elderly individuals (6, 13, 38). Functionally,
these cells remain metabolically active and are capable of execut-
ing specific lymphocellular effector functions, such as gamma in-
terferon secretion, but lose their ability for antigen-specific pro-
liferation and may develop immunosuppressive properties (14).
On a molecular level, these changes are combined with a progres-
sive loss of telomere length and a functional decline of telomerase,
an enzyme that is selectively expressed in lymphocytes to antago-
nize telomere erosion and cell aging (42). These specific func-
tional, phenotypic, and molecular properties seem to be particu-
larly pronounced in HIV-1-specific CD8 T cells, which may play
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promote accelerated aging of HIV-1-specific T cells during progressive HIV-1

an important role in HIV-1 immune control but are particularly
vulnerable to HIV-1-associated immune activation due to their
direct recognition of HIV-1 antigens (23). Indeed, telomere
length in these cells approaches the Hayflick limit of terminal se-
nescence, and the cells are highly dysfunctional during progressive
HIV-1 infection (4, 22, 28). The molecular mechanisms that con-
tribute to the specific senescent profile of CD8 T cells in progres-
sive HIV-1 infection are unclear.

In recent years, it has been recognized that telomere stability
and integrity are maintained by a group of nucleoproteins that are
located at terminal chromosomal DNA segments. This protein
complex, termed “shelterin,” consists of six molecules (telomeric-
repeat-binding factors 1 and 2 [TRF1 and TRF2], TRF1-interact-
ing nuclear protein 2 [TIN2], repressor/activator protein 1
[RAP1], TPP1, and protection of telomere 1 [POT1]) and is
charged with providing a protective cap on telomeric DNA that
conserves telomere integrity while simultaneously regulating the
enzymatic activity of telomerase (11, 30). In the present study, we
analyzed this shelterin complex in antigen-specific CD8 T cells
collected from persons with progressive and nonprogressive
HIV-1 infection. We show that several of these telomere mainte-
nance factors are selectively reduced in HIV-specific CD8 T cells
from progressors, which is associated with signs of a DNA damage
response and upregulation of the tumor suppressor pl6™ 4,
which induces cellular growth arrest and senescence. Thus, the
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TABLE 1 Clinical and demographic characteristics of study subjects

Age (yr) Sex CD4 T cell count

Subject group [median(range)] (male/female)

(cells/pl) [median(range)]

Viral load (copies/ml)
[median(range)]

Target epitopes of analyzed CTL
populations

Progressors (n = 11) 51.5 (39-72) 9/2 458 (331-568)

Controllers (n = 13) 45 (34-64) 12/1 843 (328-1,415)

139,000 (16,400-402,000) B8-FL8 (FLKEKGGL, HIV-1 nef)

B8-EI8 (EIYKRWII, HIV-1 p24)

A2-SL9 (SLYNTVATL, HIV-1 p17)
B27-KK10 (KRWIILGLNK, HIV-1 p24)
A11-QK10 (QVPLRPMTYK,, HIV-1 nef)
A11-KK9 (KIRLRPGGK, HIV-1 p17)
B7-IL-9 (IPRRIRQGL, HIV-1 gp41)
A2-NV9 (NLVPMVATYV, CMV pp65)
B8-FL9 (FLRGRAYGL, EBV EBNA-3a)
<50 (<50-1,037) B8-FL8 (FLKEKGGL, HIV-1 nef)
B8-EI8 (EIYKRWII, HIV-1 p24)
A2-SL9 (SLYNTVATL, HIV-1 pl7)
B27-KK10 (KRWIILGLNK, HIV-1 p24)
B7-IL-9 (IPRRIRQGL, HIV-1 gp41)
B57-KF11 (KAFSPEVIPME, p24)
A2-NV9 (NLVPMVATYV, CMV pp65)
B8-FL9 (FLRGRAYGL, EBV EBNA-3a)

reduced expression of shelterin proteins appears to represent an
important structural defect in HIV-1-specific CD8 T cells that
may contribute importantly to accelerated aging and immune de-
ficiency associated with progressive HIV-1 infection.

MATERIALS AND METHODS

Patients. HIV-1-infected individuals were recruited at the Massachusetts
General Hospital and affiliated hospitals. The clinical and demographical
characteristics of the study subjects are summarized in Table 1. These
HIV-1 patients were not undergoing antiretroviral therapy at the time of
study participation. All subjects gave written informed consent to partic-
ipate, and the study was approved by the Massachusetts General Hospital
Institutional Review Board.

Cell-sorting and flow cytometry studies. Peripheral blood mononu-
clear cells (PBMC) were stained with tetramers/pentamers (refolded with
epitopic HIV-1, Epstein-Barr virus [EBV], or cytomegalovirus [CMV]
peptides) for 20 min at room temperature, followed by 15 min of surface
staining with CD3 and CD8 antibodies, and processed by cell sorting at 70
Ib/in® using a 10-color fluorescence-activated cell sorter (FACS) ARIA
instrument. Electronic compensation was performed with antibody-cap-
ture beads stained separately with the individual antibodies used in the
test samples. Live sorting was performed in an appropriate and specifically
designated biosafety hood (Baker hood) according to an approved bio-
safety sorting protocol.

RT-PCR. Total RNA from sorted cells was extracted using the RNeasy
kit (Qiagen), and cDNA was generated by reverse transcription with ran-
dom hexameric primers at 50°C for 60 min according to standard proce-
dures. Quantitative SYBR green-based real-time (RT) PCR was then per-
formed using primers described previously (31). The PCR program
included 40 cycles, each at 95°C for 30 s, 60°C for 60 s, and 72°C for 30 s.
For the semiquantitative assessment of the mRNA expression of Rad17,
Ku80, Mrel1,Rad50, RPA1, human EST1A (hEST1A), p16™5*%, p21, and
p53, real-time quantitative PCR was carried out using commercially avail-
able TagMan Gene Expression Assays. The 3-actin gene was used as a
housekeeping gene.

Immunofluorescence studies. HIV-1-specific CD8 T cells were iso-
lated by cell sorting as described above. The cells were then deposited onto
positively charged slides, fixed with methanol at —20°C for 20 min, and
rehydrated with phosphate-buffered saline (PBS) for 10 min. Following
incubation with Target Retrieval Solution (Dako Cytomation) at 95°C for
40 min, the slides were allowed to cool for 20 min at room temperature
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and incubated with blocking solution for 1 h (1% cold water fish gelatin,
0.5% Triton X, 0.5% donkey serum in PBS) (9). The slides were subse-
quently stained with primary antibodies (mouse monoclonal anti-TRF1
from Abcam and rabbit polyclonal anti-53BP1 from Novus Biologicals) at
1:300 dilution in blocking solution at 4°C overnight in a moist chamber.
Secondary antibodies (Alexa 488-conjugated donkey anti-mouse and Al-
exa 555-conjugated donkey anti-rabbit polyclonal antibodies from Invit-
rogen) were applied at 1:500 dilution in blocking solution and incubated
at 37°C for 1 h. The cells were washed thoroughly after primary- and
secondary-antibody incubations with washing solution (0.1% Triton X,
1% bovine serum albumin [BSA] in PBS). The slides were counterstained
with DAPI (4',6-diamidino-2-phenylindole), mounted with 70% glycerol
and 0.5% N-propyl gallate (Sigma-Aldrich) to prevent photobleaching,
and visualized using confocal microscopy (LSM510; Zeiss) and Zen Im-
aging software (Zeiss).

siRNA-mediated gene knockout. CD4 T cells were nucleofected using
the Nucleofector device (Lonza) according to the manufacturer’s proto-
col. Briefly, CD4 T cells were suspended in 100 .l of transfection solution
(Lonza), and p16™***_specific or control small interfering RNA (siRNA)
(Dharmacon) was added at a concentration of 4 nmol/ml. Samples were
then transferred into nucleofection cuvettes and transfected using
program T-023. Afterward, the cells were resuspended in culture me-
dium supplemented with 20% fetal calf serum. Twenty-four hours
after infection, expression of p16 "™<*? was assessed using quantitative
RT-PCR.

Proliferation assays. PBMC were first suspended at 10%/mlin PBS and
incubated at 37°C for 7 min with 0.25 uM carboxyfluorescein succinimi-
dyl ester (CFSE) (Molecular Probes). After the addition of serum and
washes with PBS, the cells were suspended at 10%/ml in medium (RPMI
1640 supplemented with glutamine, 10% human serum, penicillin, and
streptomycin). Pools of overlapping HIV-1-specific peptides representing
the entire amino acid sequence of HIV-1 Gag were then added at a con-
centration of 20 ng/ml/peptide. On day 6, cells were harvested, washed
with PBS, and stained with tetramers/pentamers and monoclonal anti-
bodies (MAbs) (CD8 allophycocyanin [APC] and CD3 peridinin chloro-
phyll protein [PerCP]; BD Biosciences). The cells were then washed and
fixed in 1% paraformaldehyde and subjected to flow cytometric analysis.
In the indicated experiments, PBMC were initially exposed to a PD-L1-
blocking antibody for 16 h (0.5 mg/ml; BioLegend Inc.) and washed once
before continuing incubation.
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FIG 1 Altered expression of shelterin components in HIV-1-specific CD8 T cells from progressors. Box-and-whisker plots show the mRNA expression intensities (the
minimum, the maximum, and the 25th, 50th, and 75th percentiles) of the indicated gene products in sorted HIV-1-specific CD8 T cells or autologous CMV/EBV-specific
CD8 T cells or bulk CD8 from HIV-1 progressors or controllers. Gene expression was normalized to the housekeeping B-actin gene. Significance was tested using
one-way analysis of variance (ANOVA), followed by post hoc analysis using the Tukey test for multiple comparisons (*, P < 0.05; **, P < 0.01).

Statistics. Data from different study cohorts were expressed using box-and-
whisker plots. Statistical comparisons were made using Student ¢ tests with Bon-
ferroni corrections for multiple comparisons as appropriate.

RESULTS

Shelterin disintegration in HIV-1-specific CD8 T cells. Shel-
terin proteins represent a group of the six nucleoproteins TRF1,
TRF2, TIN2, RAP1, TPP1, and POT]1, which are located at telo-
meric chromosomal DNA ends and have specific functions in pro-
tecting telomere integrity and positively or negatively regulating
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telomerase activity. To investigate shelterin expression in HIV-1-
specific CD8 T cells, we initially analyzed the mRNA encoding
these proteins in tetramer-positive HIV-1- or CMV/EBV-specific
CD8 T cells sorted from untreated HIV-1-infected persons with
progressive or spontaneous control of HIV-1 replication. Autolo-
gous bulk CD8 T cells were analyzed for reference purposes. As
shown in Fig. 1, we observed that the mRNA expression of TRF2
and TPP1, two prominent members of the shelterin complex that
are critically involved in telomere homeostasis, was significantly
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FIG 2 Colocalization of the DNA damage response factor 53BP1 and TRF1 in HIV-1-specific CD8 T cells. Lymphocytes were labeled with anti-53BP1 (red) and
anti-TRF1 (green) antibodies; DAPI was used as a nuclear counterstain. (A) Representative examples of 53BP1 and TRF1 staining in sorted tetramer-positive
HIV-1-specific CD8 T cells. The arrows indicate costaining of TRF1 and 53BP1 as TIF. The images are shown at a magnification of X 100. (B) Cumulative analysis
of 53BP1/TRF1 colocalization in HIV-1-specific CD8 T cells. A total of 120 cell nuclei (a single focal plane for each nucleus) from progressors and controllers (n =

5 each) were analyzed. Significance was tested using a two-sided, unpaired t test.

reduced in HIV-1-specific CD8 T cells from progressors com-
pared to those from controllers. There was also a trend toward
stronger expression of POT1 mRNA in HIV-1-specific cytotoxic T
cells from controllers; however, this did not reach statistical sig-
nificance (P = 0.09). The mRNA expression pattern of TRFI, a
negative regulator of telomerase activity (39), showed the opposite
pattern, with significant upregulation in HIV-1-specific CD8 T
cells from progressors compared to those from controllers. Nota-
bly, the mRNA expression of the analyzed shelterin proteins did
not differ between CMV/EBV-specific CD8 T cells or bulk CD8 T
cells from the two patient populations. We also analyzed the
mRNA expression profile of an array of additional telomere main-
tenance genes that have adjunct functions in maintaining telo-
mere integrity, including Rad17, Ku80, Mrel1l, Rad50, RPA1, and
hEST1A genes. However, there were no significant differences in
the mRNA expression levels for any of these genes between HIV-1
controllers and progressors (data not shown). Overall, these re-
sults indicate altered mRNA expression of shelterin components
in HIV-1-specific CD8 T cells from progressors and suggest that
defective shelterin structure may be involved in the accelerated
aging observed previously in HIV-1-specific CD8 T cells.
Shelterin dysfunction leads to a DNA damage response in
HIV-1-specific CD8 T cells. Prior studies have shown that loss of
the shelterin proteins can lead to “naked” telomeric DNA that
elicits a DNA damage response and leads to the recruitment of
DNA repair enzymes to chromosomal DNA ends (7, 19). The
telomeric accumulation of such DNA repair factors can be visual-
ized as “telomere dysfunction-induced foci” (TIF) and represents
amolecular correlate of shelterin dysfunction (36). To investigate
whether the alterations in shelterin composition in HIV-1-specific
CD8 T cells from progressors is associated with such a DNA dam-
age response at telomeric DNA sites, we analyzed the subcellular
localization of the DNA damage response factor 53BP1. For this
purpose, tetramer-positive HIV-1-specific CD8 T cells from con-
trollers and progressors were sorted, and the possible recruitment
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of 53BP1 to telomeric DNA sites was analyzed by performing co-
immunofluorescence staining of these proteins and the telomeric
protein TRF1, which exclusively localizes to chromosomal DNA
ends. As shown in Fig. 2, we observed that most of the visualized
TRF1 molecules at telomeric DNA in HIV-1-specific CD8 T cells
from progressors colocalized with 53BP1, indicating that 53BP1 is
preferentially recruited to telomeric DNA in these cells. In con-
trast, molecular sites of TRF1 in HIV-1-specific CD8 T cells from
controllers less frequently costained with 53BP1 (Fig. 2). These
data are consistent with a cellular DNA damage response that
occurs at telomeric DNA sites in HIV-1-specific CD8 T cells from
progressors.

p16™***_mediated growth inhibition in HIV-1-specific CD$§
T cells from progressors. Cellular DNA damage related to shel-
terin/telomere dysfunction may put cells at risk for malignant
transformation and can lead to activation of tumor suppressor
mechanisms that can arrest the cell cycle (26). These tumor sup-
pressor mechanisms involve cyclin-dependent kinase inhibitors,
suchas p16™* or p21 and its upstream regulator p53. To analyze
whether such tumor suppressor genes are upregulated in HIV-1-
specific CD8 T cells from progressors or controllers, we tested
their mRNA expression in sorted tetramer-positive HIV-1-spe-
cific CD8 T cells from our two study cohorts. Autologous CMV/
EBV-specific CD8 T cells and bulk CD8 T cells were analyzed for
comparison purposes. While neither p21 nor p53 was differen-
tially expressed between progressors and controllers from any of
the analyzed cell compartments (data not shown), we did observe
that p16™ ** was significantly upregulated in HIV-1-specific CD8
T cells from progressors (Fig. 3A). This suggests that depletion of
shelterin proteins in HIV-1-specific CD8 T cells leads to a DNA
damage response that induces upregulation of the tumor suppres-
sor gene p16™**, To investigate whether p16™*** upregulation
may be responsible for the defective proliferative activities of HIV-
1-specific CD8 T cells described previously, we performed func-
tional T cell proliferation assays after inhibition of p16™%** using
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p21, and p53 in sorted HIV-1, CMV/EBV, or bulk CD8 T cells from HIV-1 progressors or controllers. Gene expression was normalized to the housekeeping
{3-actin gene. Significance was tested using one-way ANOVA, followed by post hoc analysis using the Tukey test for multiple comparison (¥, P < 0.05). (B and C)
p16™ 4 inhibits the proliferative activities of HIV-1-specific CD8 T cells. (B) Dot plot of the proliferative activities of CD8 T cells following stimulation with gag
peptides in the presence or absence of siRNA-mediated downregulation of p16™¥%2, The percentages indicate the proportions of CESE'" CD8 T cells. (C)
Proliferative activities of gag-specific CD8 T cells in the presence or absence of p16™*** downregulation. Cumulative data from 2 independent experiments are

shown. The error bars indicate standard deviations.

targeted siRNA-mediated gene knockout. As demonstrated in Fig.
3B and C, we found that HIV-1-specific CD8 T cells that had lost
their proliferative abilities regained proliferative activity following
knockout of p16™**, consistent with an inhibitory effect of
p16™%4 on cell cycle progression. In conclusion, these experi-
ments suggest that upregulation of p16™*** can contribute to a
functional inhibition of HIV-1-specific CD8 T cell proliferation in
progressive infection.

Shelterin dysfunction and p1 upregulation are not af-
fected by PD-L1 blockade. Prior studies have shown that anti-
body-mediated blockade of PD-1/PD-L1 can lead to increased
proliferative activities of HIV-1-specific CD8 T cells from pro-
gressors (10, 37) and may improve clinical outcomes of simian
immunodeficiency virus (SIV) infection in rhesus macaques (41).
These beneficial effects may be related in part to increased telo-
mere length and telomerase activity in HIV-1-specific CD8 T cells
following exposure to PD-1/PD-L1-inhibiting antibodies (23). To
investigate whether blockade of PD-L1 also affects the expression
of shelterin proteins in HIV-1-specific CD8 T cells, we analyzed
the mRNA expression of the shelterin components in HIV-1-spe-
cific CD8 T cells that proliferated after stimulation with overlap-
ping HIV-1 gag peptides in the presence or absence of PD-L1
antibodies. In agreement with prior work, we observed that the

6INKa
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proportion of CD8 T cells proliferating after stimulation with gag
was 1.5- to 2.5-fold elevated in the presence of PD-L1 antibodies
(data not shown). However, expression of none of the shelterin
components was significantly affected by exposure of cells to
PD-L1 antibodies (Fig. 4). We also observed no effect of PD-L1
blockade on other telomere maintenance genes, such as Radl7,
Ku80, Mrell, Rad50, RPA1, and hEST1A genes (data not shown).
As expected, expression of the cell cycle inhibitor p16™*** was
higher in nonproliferating HIV-1-specific CD8 T cells than in pro-
liferating CD8 T cells, but there was no detectable impact of
PD-L1 antibodies on p16™** expression. Overall, these results
suggest that altered expression of shelterin components and up-
regulation of the cell cycle inhibitor p16™*** are not related to
PD-L1-dependent growth characteristics of HIV-1-specific CD8
T cells and may represent a structural defect in HIV-1-specific
CD8 T cells that cannot be overcome by PD-L1 blockade.

DISCUSSION

A growing number of observations indicate a role for accelerated
aging in HIV-1 disease pathogenesis (1, 29). Indeed, many of the
immunological alterations observed in progressive HIV-1 infec-
tion, such as naive-T-cell losses, elevations in total serum IgG
levels, thymic dysfunction, impaired mucosal immunity, and al-

jviasm.org 5537


http://jvi.asm.org

Lichterfeld et al.

A POT1 TPP1 TRF2
_ 0.0045 _ 0.020- _ 0.006+
S S ) p=0.01
(%} (7] (7]
@ 0003 3 0015 o —
S g S 0.004- p=0.03
(0] [0} o
< 0002+ < 00101 g
o o o
€ € S 0.002
2 0001 2 0005 2
5 5 L & &
o 0 o %
0.000- 0.000- 0.000-
CFSElw  CFSEhish CFSElw CFSEhish CFSElw CFSEhish
TRF1 TIN2 RPA1
0.0251 0.084 0.104
= = =
S S S
[} 73 73
g 0.0204 § 0.06- g 0.084
8 00154 g g o006
< < 0047 <
o E ['4 o -
L 0010 X X 004
% 0.0054 % 0024 % 0.024
® ® e o
0.000- 0.00- 0.00-
CFSEw  CFSEMe" CFSElw  CFSEnish CFSElw CFSEhiah
B p16 )
0.03 'p-OT 1 Control IgG antibody
c P P I PD-L1 antibody
2 p<0.01
[%]
o
g 002
o
2
€ 001
H
©
o
0.00+T—F—

CFSElw CFSENih

FIG 4 PD-L1 blockade does not correct shelterin dysfunction in HIV-1-specific CD8 T cells. PBMC from HIV-1 progressors were labeled with CFSE and
stimulated with overlapping peptides corresponding to HIV-1 gag. On day 6, proliferating CFSE'*™ and nonproliferating CFSE"" tetramer-positive CD8 T cells
were sorted. (A and B) Box-and-whisker plots reflecting shelterin gene expression (A) or p16 expression (B) in proliferating versus nonproliferating HIV-1-
specific CD8 T cells in the presence or absence of PD-L1 blocking antibodies. Gene expression data were normalized to the housekeeping B-actin gene.

Significance was tested using two-sided unpaired ¢ tests.

terations in fat or carbohydrate metabolism, are all reminiscent of
typical changes observed in the elderly. However, accelerated ag-
ing in HIV-1 infection may be particularly visible in HIV-1-spe-
cific cytotoxic T cells, which may be most susceptible to HIV-1-
associated immune activation due to direct recognition of HIV-1
antigens. Indeed, previous work indicated a severe shortening of
telomeric DNA in HIV-1-specific cytotoxic T cells and associated
profound reduction of telomerase activity (23) in comparison to T
cells specific for other viral pathogens. The present work extends
these findings and demonstrates that telomere shortening in HIV-
1-specific CD8 T cells is associated with disintegration of the shel-
terin complex, which under physiological conditions serves as a
protective cap at telomeric DNA ends and regulates the enzymatic
activity of telomerase. In the setting of a defective shelterin com-
plex, telomeres are exposed as naked DNA, which is perceived as a
DNA double-strand break and triggers the initiation of a DNA
damage response to prevent structural DNA damage, such as
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chromosomal recombination or nonhomologous end-to-end
joining of chromosomal DNA ends (12, 40). Such structural chro-
mosomal alternations can result in uncontrolled malignant trans-
formation of cells and represent a serious threat to the host. In this
work, we demonstrate that the reduced expression of the shelterin
proteins TRF2, TIN2, and, to a lesser extent, POT1 in HIV-1-
specific CD8 T cells is indeed associated with signs of a DNA
damage response, as evidenced by increased recruitment of the
DNA damage response factor 53BP1 to telomeric DNA. Such telo-
mere dysfunction-induced foci can be experimentally induced by
ionizing radiation; deletion of protective shelterin proteins, such
as TRF2 (32); or high-level cell turnover and associated replicative
stress (8). Our work shows that such signs of a DNA damage
response at telomeric DNA ends are also detectable in vivo in
HIV-1-specific CD8 T cells under conditions of chronic immune
activation and high-level viral antigenemia.

An important finding of this study is the selective upregulation
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of the cyclin-dependent kinase inhibitor p16™%** in HIV-1-spe-
cific CD8 T cells from progressors. p16™*" is a potent tumor
suppressor that can block CDK4- and CDK6-dependent cell cycle
progression and is selectively upregulated following cellular DNA
damage resulting from various stressors, such as exogenous tox-
ins, ionizing radiation, or activation of oncogenes (33). Although
our data do not prove that increased expression of p16™*** in
HIV-1-specific CD8 T cells represents a direct consequence of the
observed shelterin defects and the associated exposure of naked
telomeric DNA, it is quite likely that elevated p16™*** expression
primarily results from the perceived DNA damage associated with
shelterin dysfunction. Indeed, a series of previous studies have
indicated that as a cell cycle inhibitor, p16™** has a prominent
function to protect the host against proliferative expansion of cells
with DNA damage and in this way limits the detrimental effects of
possible malignant cell transformation. For instance, several stud-
ies have demonstrated that reduced p16™"** expression is detect-
able in T (21) and B cell lymphoma cells (24) and in a variety of
alternative malignant cell entities, which seems to suggest that in
the absence of p16™***-mediated cellular growth inhibition, ex-
pansion of genetically unstable cells and malignant cell growth can
indeed occur. The flip side of this protective function of p16™ 4
seems to be related to a functional inhibition of the proliferative
activities of HIV-1-specific CD8 T cells. Indeed, our work indi-
cates that the proliferative properties of these cells can be ex-
panded upon experimental knockout of p16™%** expression, and
these observations are in line with the increased in vitro prolifer-
ation of polyclonal cytotoxic T cells following the silencing of
p16™5* gene expression described previously (27). Moreover, it
is important to recognize that the expression of p16™** is expo-
nentially elevated in T lymphocytes during the physiological aging
process and closely correlated with aging-promoting behavioral
characteristics, such as smoking or physical inactivity (25). In ad-
dition, increased p16™ *" expression in mice can cause an age-
related functional decline of hematopoietic stem cells (18) and
pancreatic islet cells (20), which can be attenuated following ex-
perimental deletion of the molecule. This indicates that p16™***
upregulation represents an important component of the physio-
logical aging process that can lead to progressive growth inhibi-
tion and functional defects of cells. In essence, this suggests that
increased cellular damage response signals in HIV-1-specific CD8
T cells lead to upregulation of p16™** and activation of a prema-
ture senescence program at the expense of a functional defect in
the proliferative activities of these cells. Such a view is consistent
with the hypothesized role of tumor suppressor genes in prevent-
ing malignant cell transformation by inducing growth inhibition
and promoting cellular aging and senescence (3, 26).

The proliferative properties of HIV-1-specific CD8 T cells are
impaired in chronic progressive infection, but these functional
defects can be corrected in vitro by exogenous interleukin 2 (IL-2)
(34), autologous CD4 T helper cell responses (22), or antibody-
mediated blockade of the PD-1 signaling pathway (10, 37). In
particular, PD-1/PD-L1-blocking antibodies have been shown to
increase telomere length and telomerase activity in HIV-1-specific
CD8 T cells (23) and led to improved clinical outcomes in SIV-1-
infected rhesus macaques (41). This suggests that despite severely
shortened telomeres, HIV-1-specific CD8 T cells from persons
with progressive infection have not reached an irreversible form of
growth arrest and may possibly be susceptible to immunothera-
peutic interventions that can improve their functional and antivi-
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ral properties. An important finding here is that despite the in-
creased proliferative activities of HIV-1-specific CD8 T cells after
exposure to PD-L1 antibodies, there was no detectable change in
the expression of shelterin components or p16™%*?, This suggests
that shelterin defects and associated p16™"** increases do not
directly influence the PD-1/PD-L1-dependent growth activities of
HIV-1-specific CD8 T cells and may represent more definitive and
possibly irreversible cellular features that cannot easily be manip-
ulated for immunotherapeutic purposes. In addition, these data
may raise safety concerns about the in vivo use of PD-1/PD-L1
antibodies for increasing the proliferative properties of HIV-1-
specific CD8 T cells in which shelterin defects and telomeric DNA
damage responses may persist.

In conclusion, this report demonstrates a previously unrecog-
nized disintegration of shelterin proteins with associated signs of a
DNA damage response and p16™5** upregulation in HIV-1-spe-
cific CD8 T cells from individuals with progressive disease. These
findings identify a molecular correlate of the accelerated aging
process during HIV-1 infection and may be relevant for the clin-
ical manipulation of HIV-1-specific CD8 T cells for immunother-
apeutic purposes.
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