
Cross-presentation of caspase-cleaved apoptotic self
antigens in HIV infection
Pisana Moroni Rawson1,5,6, Caroline Molette1,5,6, Melissa Videtta1, Laura Altieri1, Debora Franceschini1,
Tiziana Donato1, Luigi Finocchi1, Antonella Propato1, Marino Paroli1, Francesca Meloni1,
Claudio M Mastroianni2, Gabriella d’Ettorre2, John Sidney3, Alessandro Sette3 & Vincenzo Barnaba1,4

We found that the proteome of apoptotic T cells includes prominent fragments of cellular proteins generated by caspases and

that a high proportion of distinct T cell epitopes in these fragments is recognized by CD8+ T cells during HIV infection. The

frequencies of effector CD8+ T cells that are specific for apoptosis-dependent epitopes correlate with the frequency of circulating

apoptotic CD4+ T cells in HIV-1–infected individuals. We propose that these self-reactive effector CD8+ T cells may contribute

to the systemic immune activation during chronic HIV infection. The caspase-dependent cleavage of proteins associated with

apoptotic cells has a key role in the induction of self-reactive CD8+ T cell responses, as the caspase-cleaved fragments are

efficiently targeted to the processing machinery and are cross-presented by dendritic cells. These findings demonstrate a

previously undescribed role for caspases in immunopathology.

In apoptotic cells, the activation of caspases leads to significant
alterations of the proteome1. Apoptosis represents a key step in the
homeostasis of the immune system because it is involved in the
purging of autoreactive lymphocytes during central and peripheral
tolerance, as well as in the termination of effector immune responses2.
On the other hand, apoptotic cells are considered to be an important
source of self antigens that elicit autoantibodies, which are frequently
associated with systemic autoimmune diseases3,4. Furthermore, the
phagocytosis of apoptotic cells by dendritic cells (DCs) leads to the
processing of apoptotic cell–associated (apoptotic) antigens and the
cross-presentation of the resulting peptides on major histocompat-
ibility complex class I molecules5. This phenomenon seems to be
crucial for inducing either cross-priming or cross-tolerance of CD8+

T cells, depending on the presence or absence of various infectious or
danger signals that influence the switch from tolerogenic immature
DCs (iDCs) to mature DCs (mDCs) with high stimulatory and
migratory capacities6–13.
Infection with HIV type 1 leads to a profound depletion of CD4+

T cells that largely depends on activation-induced cell death rather
than infection14–17. Indeed, the progression of HIV infection correlates
with chronic hyperreactivity of T and B cells, which results in a
continuous turnover of apoptotic cells14–17. This systemic immune
activation seems to facilitate HIV replication, the emergence of new
viral variants and, in the long-term, extensive T cell dysfunction that
ultimately leads to AIDS14,17. Chronic T cell activation is only
minimally attributable to HIV-specific T cells, as only a small

proportion of activated T cells is specific for the virus14,15,17. Its origin
is not clear and has been ascribed to various causes including bystander
activation17, homeostatic proliferation14, T cell responses to a variety of
self antigens or gut microorganisms14,18,19 and progressive loss of
regulatory T cells17,20. If we can define the causes of chronic immune
activation, it might be possible to design innovative strategies for the
manipulation of immune responses in immunopathology.
Here we show that, first, apoptotic T cells generate protein frag-

ments that have antigenic properties with respect to human CD8+

T cells; second, these autoreactive CD8+ T cell responses correlate with
the proportion of apoptotic CD4+ T cells in individuals with HIV
infection in vivo; and third, the caspase-mediated cleavage of cellular
components during apoptosis facilitates antigen processing and cross-
presentation by DCs.

RESULTS

Proteomic analysis of apoptotic or live T cells

Six independent CD95+CD8+ T cell clones underwent apoptosis as a
result of treatment with a monoclonal antibody (mAb) to CD95. The
apoptotic and the corresponding live (control) cells were promptly
lysed and compared using subtractive analysis by two-dimensional
electrophoresis (2DE) to identify modified proteins. 2DE represents
the system of choice for measuring the changes in protein expression
(abundance) or structure (differences in molecular weight or iso-
electric point) that occur during apoptosis1. Approximately 500 spots
were resolved and detected by Coomassie blue staining (Fig. 1a,b).
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Of these spots, 13 were exclusively detected
in protein patterns of apoptotic cells, 23 were
found to be at least half as abundant in
apoptotic cells as in control cell clones, and
6 were at least twice as abundant in apoptotic
cells as in control cells (Fig. 1a,b and
Table 1). Analysis of these 42 spots with
matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-
TOF-MS) showed that 25 were identified as
known proteins by peptide mass fingerprint-
ing (Table 1). Most of the spots found only
in apoptotic cells corresponded to fragments
derived from cytoskeletal proteins (nonmus-
cle myosin, cytoplasmic actin, vimentin and
lamin B1), proteins involved in the regula-
tion of the cytoskeleton (Rho guanine
nucleotide dissociation inhibitor-2 (Rho
GDPI2) and T complex protein 1b subunit),
or nuclear lamina and matrix proteins
(heterogeneous nuclear ribonucleoprotein K
(hnRNPK)) (Table 1). The whole-form ver-
sions of most of the proteins were found to
decrease during apoptosis, indicating that the
related fragments were products of apopto-
sis-associated proteolysis1 (Table 1 and
Fig. 1a,b). In contrast, a number of proteins
were either downregulated without the
appearance of their cleavage products (phos-
phoglycerate mutase-1, ubiquitous tropomo-
dulin, upstream of N-ras interacting protein,
annexin V, coronin-like protein p57 and
T complex protein-1b subunit) or upregu-
lated (60S acidic ribosomal protein P2 and
proteasome subunit-a type 1) in apoptotic
cells with respect to control cells (Table 1 and
Fig. 1a,b). Several of these proteins have been
reported to be targets of autoantibodies, thus
supporting the interaction between apoptosis
and autoimmunity3,4,21.

Effector CD8+ T cells specific to cell-

associated proteins

To verify the immunogenicity of the proteins
that were identified with 2DE (Table 1), we
prepared a wide array of synthetic HLA-A2–binding peptides derived
from them22 (Supplementary Table 1a–h online). Then, we tested
freshly isolated effector (ef)CD8+ T cells from either HLA-A2+

individuals with chronic HIV infection (Supplementary Table 2
online) or healthy donors for the capacity to form interferon g
(IFN-g) spots within 4–6 h of contact with the single peptides in an
enzyme-linked immunospot (ELISPOT) assay. We found a large
repertoire of IFN-g+efCD8+ T cells specific to multiple self peptides
in most of the 42 infected subjects tested (Fig. 1c). However, despite
the multispecificity of these CD8+ T cells, they appeared at very low
frequencies (Supplementary Fig. 1 online). By contrast, antiviral IFN-
g+efCD8+ T cells appeared at high frequencies against a limited
number of immunodominant viral epitopes (Gag77–85, Env731–739,
Nef158–167) in the same individuals (Supplementary Fig. 2 and
Supplementary Table 3 online). These data are consistent with
evidence that T cells specific for immunodominant self determinants

are usually deleted during thymic selection, whereas those that are
positively selected are generally specific for multiple subdominant or
cryptic self epitopes (that is, peptides that are poorly processed and
presented in the thymus) and can provoke autoimmunity23.
None of the 23 HLA-A2+ healthy donors tested showed significant

effector responses against any of these peptides ex vivo (Fig. 1d),
supporting the possibility that the IFN-g+efCD8+ T cells in HIV-
infected individuals were primed in vivo. However, 8 of 23 healthy
donors showed numerous resting (re)CD8+ T cells that formed IFN-g
spots after two rounds of peptide stimulation in vitro (Supplementary
Fig. 3 online). Thus, these self-reactive CD8+ T cells seem to be silent
or undetectable in the normal repertoire2,12 but differentiate in
effector cells during severe inflammatory processes (for example,
chronic HIV infection), according to the model of ‘danger’ as a
crucial signal in breaking tolerance10–13. The HLA restriction of
CD8+ T cell responses was highlighted by the findings that they
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Figure 1 Proteomic analysis of apoptotic or live T cell clones and effector CD8+ T cell repertoire in

people with HIV. (a,b) these subjects Coomassie brilliant blue–stained 2DE gel of total cell extract

proteins from one representative of six antibody to CD95–treated CD8+ T cell clones (apoptotic cells,
ACs); (a) or from one representative of the corresponding live clones (control cells, CCs); (b). Hexagons

denote spots whose relative abundance is at least twice as much in one sample as in the other. These

spots were excised, in-gel digested with trypsin, and analyzed by MALDI-TOF-MS (numbers correspond

to those in Table 1). MW, molecular weight. (c) Percentage of HLA-A2–binding self peptides (derived

from 2DE-identified proteins) recognized by IFN-g+efCD8+ T cells (detected by ELISPOT assay) from

subjects with HIV. Because of the limited number of PBMCs obtained from these subjects, freshly

isolated CD8+ T cells were tested against 91 peptides, randomly selected from the 251 shown in

Supplementary Table 1a–h (indicated with peptide identity (ID) numbers in Supplementary Figure 1).

The bars represent the percentage of self-peptides recognized by efCD8+ T cells whose spot-forming

cell (SFC) values were twofold higher than the background; the yellow-plus-red fractions of the bars

represent those with SFC values threefold higher; the red fractions alone represent those with SFC

values fourfold higher. The responses to the individual peptides are shown in Supplementary Figure 1.

(d) Percentage of 251 HLA-A2–binding self peptides recognized by IFN-g+efCD8+ T cells from healthy

donors whose SFC values were twofold higher than background.
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were inhibited by an appropriate mAb to MHC class I and that 14
HLA-A2– individuals (six healthy donors and eight HIV-infected
subjects) tested did not respond to HLA-A2-binding peptides (data
not shown). Notably, HIV-infected subjects also responded to peptides
derived from two proteins (60S acidic ribosomal protein P2 and
proteasome subunit-a type 1) that were found to be upregulated, but
not fragmented, in our proteomic analysis of apoptotic T cells
(Fig. 1a, Table 1 and Supplementary Table 1h online). However,

because both of these proteins have been found to be cleaved by
caspases in human apoptotic Jurkat or lymphoma cell lines1,24,25, we
hypothesize that their related fragments were not sufficiently abundant
in apoptotic T cells to be detectable by 2DE analysis.

Enumeration of CD8+ T cells by HLA-A2 pentamers in vivo

To visualize specific CD8+ T cells in vivo, we enumerated them directly
in the peripheral blood of selected HIV-infected individuals by using

Table 1 Relative abundance of spots identified in apoptotic or control T cell clones by 2DE and MALDI-TOF analyses

Relative abundance
Mr/pI Matching

peptides

Percentage

sequence

coverage

Spot no.a AN ID Description CCs ACs Theoretical Found (AA) Note

23 P08670 VIME Vimentin ++ + 53/5 53/4.8 25 60(35–465) Whole

3 P08670 VIME Vimentin – + 53/5 25/4.5 13 39(196–423) Fragment

4 P08670 VIME Vimentin – + 53/5 40/4.5 9 22(100–389) Fragment

6 P08670 VIME Vimentin – + 53/5 30/5.2 7 20(13–183) Fragment

13 P08670 VIME Vimentin – + 53/5 20/4.5 6 14(100–183) Fragment

1 P35579 MYH9 Nonmuscle myosin + ++ 226/5.5 90/5.2 40 6(126–1930) Fragment

19 P20700 LAM1 Lamin B1 ++ + 67/5.1 70/5 8 15(79–386) Whole

2 P20700 LAM1 Lamin B1 – + 67/5.1 30/4.7 13 21(14–220) Fragment

17 P52566 GDIS Rho GDP dissociation inhibitor-2 ++ + 23/5.1 23/4.8 8 49(22–196) Whole

8 P52566 GDIS Rho GDP dissociation inhibitor-2 – + 23/5.1 21/6.6 12 52(22–164) Fragment

9 P52566 GDIS Rho GDP dissociation inhibitor-2 – + 23/5.1 21/6.9 5 30(34–131) Fragment

5 Q07244 ROK Heterogeneous nuclear ribonucleoprotein K + ++ 51/5.4 45/6.2 15 24(22–326) Fragment

30 Q07244 ROK Heterogeneous nuclear ribonucleoprotein K ++ + 51/5.4 65/5 5 15(70–433) Whole

7 P02570 ACTB Actin cytoplasmatic-1 – + 42/5.3 30/5.1 8 23(12–278) Fragment

10 P02570 ACTB Actin cytoplasmatic-1 – + 42/5.3 12/5.8 5 17(12–106) Fragment

16 P02570 ACTB Actin cytoplasmatic-1 – + 42/5.3 40/5 8 28(19–312) Fragment

27 P02570 ACTB Actin cytoplasmatic-1 + ++ 42/5.3 32/4.7 4 14(29–206) Fragment

18 P18669 PMG1 Phosphoglycerate mutase-1 ++ + 29/6.7 28/7 4 24(90–239) Whole

20 Q9NYL9 TMO3 Ubiquitous tropomodulin ++ + 40/5.1 40/5 6 29(12–328) Whole

21 Q9Y3F4 UNRI UNR–interacting protein ++ + 39/4.9 38/4.7 4 18(45–290) Whole

24 P25786 PSA1 Proteasome subunit-a type 1 + ++ 30/6.5 30/6.2 7 31(1–214) Whole

25 P05387 RLA2 60S acidic ribosomal protein P2 + ++ 12/4.4 12/4.3 6 72(1–94) Whole

28 P08758 ANX5 Annexin V ++ + 36/4.9 36/4.6 7 22(6–259) Whole

33 P31146 CO1A Coronin–like protein p57 ++ + 52/6.2 70/6.7 4 9(11–393) Whole

34 P78371 TCBP T–complex protein-1, b subunit ++ + 58/6 60/6.5 7 24(26–516) Whole

35 n.i. ++ + 36/5.7

36 n.i. ++ + 38/5.6

37 n.i. ++ + 39/5.5

38 n.i. ++ + 37/5.4

39 n.i. ++ + 55/5.6

40 n.i. ++ + 55/5.9

41 n.i. ++ + 65/6

42 n.i. ++ + 43/6.7

43 n.i. ++ + 65/7

44 n.i. ++ + 90/6.9

45 n.i. ++ + 29/6.4

11 n.i. – + 12/5.9

12 n.i. – ++ 20/4.5

14 n.i. + + 10/4.4

15 n.i. – + 15/3.5

31 n.i. ++ + 80/4.5

32 n.i. ++ + 55/5

22 n.i. ++ + 15/4.6

26 n.i. + ++ 36/6.7

29 n.i. ++ + 17/5.4

aSpot number corresponding to those shown in 2DE analysis in Figure 1; n.i., spot not identified; –, spot absent; +, spot present; ++, spot whose relative abundance is at least twice more than in
the corresponding + spot; AN, access number in Swiss–Prot database; ID, identity; CCs, control cells; ACs, apoptotic cells; Mr, relative molecular mass; AA, amino acids; PI, isoelectric point.
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pentamers of HLA-A*0201 molecules complexed to relevant self
peptides. All pentamer+ cells were confined in the CD8+ subset, as
shown by dot-plot analyses (Fig. 2a–c and Supplementary Fig. 4
online). The pentamer values were o0.02% (mean ± s.d. ¼ 0.0153%
± 0.0159% for all pentamers analyzed) in 10 HLA-A2+ healthy
individuals; thus 0.02% was considered as the sensitivity level of the
assay. Virtually all pentamer+ cells showed downregulation of T cell
receptors in response to the relevant peptide, further supporting the
specificity of pentamer detection (Fig. 2d). Notably, the total frequen-
cies of CD8+pentamer+ cells were significantly higher than those of
IFN-g+efCD8+ T cells detected by ELISPOT assay (IFN-g spots;
Fig. 2e). However, the frequencies of CD8+pentamer+ cells producing
IFN-g in response to peptides (Fig. 2a–c and Supplementary Fig. 4)
tended to be related to those of IFN-g spots (Fig. 2e). These data
support the presence of these CD8+ T cells in HIV-infected individuals
in vivo and indicate that only a minority of them shows effector
function ex vivo in terms of IFN-g production. However, the effector
phenotype was substantiated by both perforin and granzyme expres-
sion in a considerable proportion of fresh pentamer+CD8+ cells from
all infected subjects studied (Fig. 2f), which suggests that these cells
have a potential role in immunopathology. Further studies are in
progress to determine whether some of these cells show alternative

phenotypes (for example, central memory,
IL-10-production, Th17 or exhausted pheno-
types). Of note, prompt IFN-g production ex
vivo by pentamer+CD8+ T cells from subjects
with HIV (but not from healthy donors; data

not shown) was elicited by DCs that had been pulsed with apoptotic
cells derived from CD95+ T cell clones (Fig. 2g). These data indicate
that IFN-g+efCD8+ T cells recognizing naturally processed epitopes
derived from apoptotic proteins are present in the peripheral reper-
toire of HIV-infected individuals in vivo.

Autoreactive CD8+ T cells and apoptosis are correlated in vivo

The percentage of apoptotic annexin-V+ CD4+ cells in subjects with
HIV was directly correlated with the sum of IFN-g spots promptly
formed by efCD8+ T cells in response to each apoptosis-associated
peptide (Fig. 3a). Thus, despite the low frequency of the single
responses, the magnitude of the total responses might be relevant to
sustaining chronic immune activation (Fig. 3). The percentage of
apoptotic CD4+ T cells in the fresh peripheral blood mononuclear
cells (PBMCs) was significantly higher in subjects with HIV than in
20 healthy donors tested (15.0% ± 10.8% versus 3.9% ± 3.9%;
P o 0.0001). Moreover, the strength of the self-reactive responses
was significantly and inversely correlated with the absolute number of
peripheral live CD4+ T cells (Fig. 3c). In contrast, there was no
correlation between either the percentages of apoptotic cells or the
absolute number of live CD4+ T cells and the sum of IFN-g spots
promptly formed by efCD8+ T cells (Fig. 3b,d) in response to
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Figure 2 Detection of apoptotic antigen–specific

CD8+ T cells by pentamers. (a–c) Flow cytometry

analyses of PBMCs from three HIV-infected

subjects (for analyses of five other subjects, see

Supplementary Fig. 4) double-stained with

pentamers expressing the indicated peptides of

nonmuscle myosin (MYH9), vimentin (VIME) or

actin (ACTB) and mAb to CD8. The percentage

of CD8+pentamer+ cells is indicated in each

quadrant. Contour plot analyses are gated on

CD8+pentamer+ cells that were or were not

stimulated with the relevant peptides (pep.),

and show percentage of IFN-g+ cells. (d) Repre-

sentative experiment in which PBMCs from the

subject shown in c were stimulated with the
indicated peptide and then double-stained with

pentamer (Pent.) expressing the MYH9 peptide

and mAb to CD8. Dot plots are gated on CD8+

cells and show percentage of pentamer+ cells.

(e) Percentages of indicated total CD8+

pentamer+ T cells and those producing IFN-g
compared with values of CD8+ T cells producing

IFN-g in response to the same epitopes, as

determined by ELISPOT assay. (f) Representative

experiment in which PBMCs from one subject

were stained with pentamers expressing the

indicated peptides and with mAbs to CD8,

perforin and granzyme B. Dot plots are gated on

CD8+pentamer+ cells and show percentage of

perforin+ granzyme B+ cells. (g) Dot plot analysis

of PBMCs from one subject double-stained with

pentamers and mAb to CD8. Contour plots are

gated on CD8+pentamer+ cells stimulated with
autologous iDCs that have been pulsed or not

with apoptotic cloned T cells (ACs) and show

percentage of IFN-g+ cells.
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HIV-related epitopes (Supplementary Fig. 2 and Supplementary
Table 3). In addition, the response strength significantly decreased
in those individuals that responded to an appropriate antiviral
therapy, but not in those that did not respond to the therapy, in
relation to a decrease in both the percentage of circulating apoptotic
CD4+ T cells and serum HIV RNA copies (Fig. 3e).

Apoptosis-related fragmentation and cross-presentation

In functional experiments, CD8+ T cell clones that were specific for
HLA-A2–restricted vimentin324–332, Rho GDPI2100–109, nonmuscle
myosin1045–1053 or hRNPK193–202 (isolated from the peripheral blood
of infected subjects or healthy donors; Fig. 4a) responded to iDCs that
had been pulsed with apoptotic T cells expressing the protein frag-
ments with the appropriate epitopes (Table 1) more than to those
pulsed with control lysed cells expressing only higher amounts of the
corresponding intact forms (Fig. 4b). Similarly, freshly isolated
myeloid (my)DCs (Supplementary Fig. 5 online) more efficiently
stimulated vimentin-specific CD8+ T cells when they cross-presented
apoptotic cells (Supplementary Data 1, Supplementary Fig. 6a
online). These data indicate that protein fragmentation during apop-
tosis improves the processing and cross-presentation of several apop-
totic antigens by DCs. Notably, live DCs (both immature and mature)
alone were unable to stimulate directly the various CD8+ T cell clones
examined (Fig. 4b), even though DCs expressed the related intact
proteins26, as confirmed by 2DE analysis (Supplementary Fig. 7a,b
online). The slight response of CD8+ T cells to myDCs alone was
probably due to the cross-presentation of the discrete proportion of
myDCs undergoing apoptosis following the isolation procedures
(Supplementary Data 1 and Supplementary Figs. 5c,d, 6a and
7c,d). Therefore, we speculate that live DCs, because of their lack of
caspase-dependent protein cleavage, cannot prepare the proteasome
substrates that are essential for endogenously generating sufficient
amounts of those cellular epitopes that emerge during the cross-
presentation of apoptotic cells.

Caspase-dependent fragmentation improves cross-presentation

Next, we showed that caspases have a role in preparing apoptotic cell
substrates for subsequent processing and presentation by DCs. The
treatment of apoptotic cells with selective inhibitors of caspase-3 or
caspase-8 (C3I or C8I, but not negative control treatment) signifi-
cantly blocked the cross-presentation of the relevant apoptotic anti-
gens to the various specific CD8+ T cell clones tested (Fig. 4b).
Treatment of apoptotic cells with caspase inhibitors markedly down-
regulated protein fragmentation as compared with apoptotic cells
treated with a negative control (Supplementary Fig. 7e,f). Similar
results were obtained with freshly isolated myDCs (Supplementary
Fig. 6a). The treatment of DCs with the proteasome inhibitor
lactacystin during pulsing with apoptotic cells strongly blocked
cross-presentation (Fig. 4b). Conversely, apoptotic peptide presenta-
tion by DCs occurred efficiently even when these cells were pulsed
with caspase-inhibitor–treated apoptotic cells in the presence of
lactacystin, thus ruling out the possibility that apoptotic cells, caspase
inhibitors or lactacystin could affect the stimulatory capacities of DCs
(Fig. 4a). In addition, we excluded the possibility that caspase
inhibitors might affect either apoptosis induction (Supplementary
Fig. 8a online) or the ability of DCs to phagocytose apoptotic cells
(Supplementary Fig. 8b,c). Control experiments also ruled out the
possibility that cells treated with caspase inhibitors might affect the
processing machinery in DCs. Indeed, apoptotic or control lysed cells
that had been infected with vaccinia virus expressing the HCV
nonstructural (NS)-3 antigen (NS3+ apoptotic or control cells) were
efficiently cross-presented by DCs to NS31406–1415-specific CD8

+ T cell
clones27, irrespective of treatment with caspase inhibitors (Fig. 4c).
Whether caspase-dependent cleavage is required for processing and
cross-presentation of long-lived proteins (such as most of the frag-
mented proteins from apoptotic T cells (Table 1)) and not of short-
lived proteins (such as cell-associated HCV-NS3)27,28, remains a rele-
vant issue that requires further study. Moreover, the cross-presentation
of NS3+ control cells (Fig. 4c) rules out the possibility that the
inefficient cross-presentation of cell-associated antigens from control
cells (Fig. 4b) was a result of the incapacity of iDCs to phagocytose
them. Additional controls supported the specific role of caspases in the
cross-presentation of cell-associated antigens (Supplementary Data 2,
to Supplementary Fig. 6b).

Cross-presentation of cell-purified cytoskeletal proteins

We transferred 2DE gels containing control or apoptotic cell-derived
spots onto nitrocellulose membranes and cut and eluted spots
corresponding to either the whole (spot 2335–465) or fragmented
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Figure 3 Correlation between the self- or HIV-specific efCD8+ T cell

repertoire and apoptosis in vivo in individuals with HIV. (a,b) Correlation

between percentage of circulating apoptotic annexin+CD4+ T cells and sum

of SFCs formed by efCD8+ T cells in response to apoptotic self epitopes

in 42 HIV-infected individuals (a) or HIV epitopes in 22 individuals (b).

NS, not significant. (c,d) Correlation between number of live CD4+

T cells and sum of SFCs formed by efCD8+ T cells in response to apoptotic

self epitopes in 42 subjects (c) or HIV epitopes in 22 subjects (d).

Each circle represents one subject. (e) Changes in frequencies of

efCD8+ T cells responding to pools 1 or 2 of self peptides derived from

proteins identified in the proteomic analysis of apoptotic T cells (mean

of responses to the two pools), in the viral load (HIV-RNA copies), and in

the percentage of circulating apoptotic annexin+CD4+ T cells, before

and after antiretroviral therapy. In all conditions, results are expressed

as SFCs in 1 � 106 CD8+ T cells. Each symbol represents one subject:
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vimentin sequences containing (spot 3196–426) or not containing
(spot 13100–183 and spot 613–183) the relevant CD8+ T cell
epitope324–332 (Fig. 1a and Table 1). The specificity of this system
was highlighted by the finding that DCs could cross-present, in a
proteasome-dependent fashion, both the whole and the fragmented
vimentin forms expressing the relevant CD8 T cell epitope (Fig. 5a).
The possibility that the cross-presentation of the 2DE gel–derived
whole vimentin was caused by partial degradation related to the SDS-
PAGE procedures was ruled out by the observation that DCs similarly
cross-presented an intact (see the second and first lanes in Fig. 5b and
c, respectively) form of recombinant (r)-vimentin1–465 (Fig. 5a).
In addition, DCs cross-presented both the entire r-vimentin
and its 20-kD fragment, obtained upon caspase cleavage in vitro
(Fig. 5b) and containing the relevant CD8+ T cell epitope (Fig. 5a).
Collectively, these data indicate that particular cell-associated

antigens (such as long-lived proteins stably anchored to the cytoske-
leton) normally do not access efficiently the cross-presentation
pathway, unless they are tailored by caspases during apoptosis and
then released from the cellular matrix to be delivered to the
processing machinery.

DISCUSSION

Here we have defined a new role of caspases in facilitating the cross-
presentation of apoptotic cell-associated antigens. In individuals with
chronic HIV infection, apoptotic T cells seem to induce a wide
repertoire of efCD8+ T cells that are specific to apoptotic epitopes
in vivo. The magnitude of the efCD8+ T cell response directed against
apoptotic cell–derived peptides correlated with the decline of circulat-
ing CD4+ T cells, suggesting that these self-reactive CD8+ T cells
contribute to the immunopathology of HIV-1 infection. The presence

500 300 160

150 80

00

250

0
0 10–2

Peptide (µg/ml)

0 100 200 300 400 0 25 50 75 100 0 20 40 60 0 50 100 150

iDCs alone

iDCs + CCs

iDCs + ACs

iDCs + (ACs + C3l)

iDCs + (ACs + C8l)

iDCs + (ACs + K)

iDCs + ACs + L

mDCs alone

Peptide (µg/ml) Peptide (µg/ml) Peptide (µg/ml)

S
F

C
/2

 ×
 1

04  c
el

ls

SFC/2 × 104 cells SFC/2 × 104 cells SFC/2 × 104 cells SFC/2 × 104 cells

100 0 10–2 100

300

150

0
0 10–2 1000 10–2 100

iDCs alone

iDCs + WT CCs

iDCs + NS3+ CCs

iDCs + NS3+ ACs

iDCs + NS3+ ACs + L

iDCs + NS3+ CCs + Cls

iDCs + NS3+ ACs + Cls

0 200 400 600

iDCs + NS3+ CCs + L

iDCs + WT ACs

SFC/2 × 104 cells

a

c

b

Figure 4 Caspase-dependent cross-presentation of apoptotic antigens. (a) Responses of HLA-A2–restricted CD8+ T cell clones to vimentin324–332, Rho

GDPI2100–109, hnRNK193–202 and myosin1045–1053 peptides (left to right) to the related peptides presented by HLA-A2+ (diamonds) or HLA-A2– (squares)

DCs. Circles show response to iDCs that had been pulsed in the presence of lactacystin (L) with both peptide- and caspase inhibitor–treated apopotic cells.

(b) Responses of the same clones to HLA-A2+ iDCs alone, mDCs alone or iDCs that had been previously pulsed (at a 1:10 ratio) with CCs, apoptotic cells

ACs, ACs that had been previously treated with caspase-3 inhibitor (ACs + C3I), caspase-8 inhibitor (ACs + C8I) or the negative control (ACs + K), or ACs in

the presence of L. (c) Responses of HLA-A2–restricted, NS31406–1415-specific CD8+ T cell clones to iDCs alone, iDCs pulsed with wild-type (WT), NS3-

expressing (NS3+) control or apoptotic EBV-B cells (CCs or ACs), in the presence or absence of L. In some experiments, HLA-A2+ iDCs were pulsed with

NS3+ CCs or NS3+ ACs that had been previously treated with both C3I and C8I (CIs). (b,c) Results represent the mean ± s.d. of three different experiments

and are expressed as IFN-g SFCs in 2 �104 cloned CD8+ T cells.

0 10 20 30

SFC/2 × 104 cells

iDCs + Fr. r.vim. (20 kDa)

iDCs + Wh. r.vim. (53 kDa)

iDCs + Wh. vim. (1–465, 53 kDa, spot 23)

iDCs + Fr. vim. (196–423, 20 kDa, spot 3)

iDCs + Fr. vim. (100–183, 20 kDa, spot 13)

iDCs + Fr. vim. (13–183, 40 kDa, spot 6)

iDCs + Fr. vim. (196–423, 20 kDa, spot 3) + L

iDC alone

40 50 60

##

#

*
**

75
kDa

La
dd

er

r.v
im

.

r.v
im

. &
 C

3

50
53

ACs &

r.v
im

.

CCs
ACs

C3I C8I KkDa

40

20

35

25

10

a

b c

Figure 5 Cross-presentation of soluble vimentin purified from apoptotic

cells. (a) A HLA-A2–restricted vimentin324–332-specific CD8+ T cell clone

was tested for its capacity to form IFN-g spots in response to HLA-A2+ iDCs
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of these CD8+ T cells in HIV-infected subjects with decreased CD4+

T cell help may be due to the capacity of DCs to be independently
stimulated by a variety of signals (for example, toll-like receptor
ligands, or inflammation danger)8,10–12,29, or even by apoptotic
T cells expressing the CD40 ligand (CD40L)13.
Chronic HIV infection is associated with generalized hyperreactivity

of T and B cells that is correlated with progressive immune system
dysfunction and has been attributed to various causes14–20. We now
propose an additional mechanism by which efCD8+ T cells that are
specific to multiple apoptotic self epitopes may contribute to chronic
immune activation in HIV infection. The observation that cross-
presentation of apoptotic cells activates efCD8+ T cells in indi-
viduals with HIV ex vivo indicates that this mechanism might be
operative in generating the variety of apoptotic antigen-specific
CD8+ T cells found in these people, as well as in several experi-
mental models5,10.
Cross-presentation of various apoptotic cell–associated antigens was

strongly inhibited by blocking caspase-dependent cleavage of proteins
in apoptotic cells. This, together with the finding that proteasome
treatment of DCs inhibited cross-presentation of apoptotic antigens,
indicates that a previously undescribed function of caspase-
mediated cleavage during apoptosis is to provide proteasome sub-
strates to DCs28,30,31 and, thus, to facilitate the processing and cross-
presentation of apoptotic antigens. However, our model does not
exclude the possibility that additional processing mechanisms might
participate in the cross-presentation of caspase-cleaved proteins32–34.
Nonetheless, our results indicate that caspase cleavage allows the
release of (possibly long-lived35,36) cell-associated antigens from the
cellular matrix and their subsequent delivery to the cross-presentation
pathway. The generation of a antigenic repertoire in apoptotic
cells by caspase-dependent cleavage might have an important
role in inducing either cross-tolerance (in the steady state) or cross-
priming (in pathological conditions) of self-reactive CD8+

T cells10–13,37. This process might contribute to the improved caspase-
dependent immunogenicity observed in some autoimmune and
tumor models13,38,39.
In conclusion, it is tempting to speculate, on the basis of our data,

that the chronic immune activation that is commonly observed during
chronic viral or autoimmune diseases13,14,17–20,38 results partly from a
cycle whereby the cross-presentation of apoptotic T cells leads to the
activation of a large repertoire of apoptotic antigen-specific T cells,
which in turn undergo apoptosis after they have performed their
effector functions, and so on. Depending on the amplification of this
process, it might ultimately contribute to the irreversible impairment
of the immune system, as in the case of HIV infection. These
findings may have implications for tuning immune homeostasis in
diseases affected by excessive T cell apoptosis. Conversely, the identi-
fication of caspase-cleaved proteins from apoptotic tumor cells might
enable the improvement of anti-tumor immunotherapy in combina-
tion with efficient adjuvants, appropriate chemotherapy39, and even
compounds that enhance cross-presentation by inhibiting phago-
endosomal acidification27.

METHODS
Healthy and HIV-infected subjects.We studied 51 HIV-infected (Supplemen-

tary Table 2) and 23 healthy individuals (age, 25–50 years; 12 males, 11

females) according to the ethical guidelines of the 1975 Declaration of Helsinki

and a priori approval by our Institutional Review Board. Individuals from these

populations were selected for the expression of the HLA-A2 allele, as detected

by flow cytometry using specific mAb (BB7.2, ATCC). None of the subjects

with HIV was being treated with antiviral therapy at the start of the study. The

number of PBMCs was enough to study CD8+ T cell responses against 91

apoptotic self peptides, which were randomly selected from the 251 shown in

the Supplementary Table 1a–h, in 42 of the 51 infected subjects (Supplemen-

tary Fig. 1). The responses against a panel of HIV peptides were also studied in

22 of these 42 subjects (Supplementary Fig. 2). In the remaining nine HLA-

A2+ HIV-infected individuals (indicated with an asterisk in Supplementary

Table 2), the limited amount of PBMCs obtained allowed us to study only

responses to two pools of apoptotic self peptides before and after four months

of anti-retroviral therapy (two nucleoside reverse transcriptase inhibitors

(zidovudine and lamivudine) and one protease inhibitor (lopinavir or ritona-

vir)) (Fig. 3e). The pools consisted of the following self peptides, indicated with

the related protein acronym and peptide identity (ID) number, shown in

Supplementary Table 1a–g: Pool 1: VIME 3002.0200, VIME 3002.0107, VIME

3002.0117, VIME 3002.0104, VIME 3002.0199, VIME 3002.0109, VIME

3002.0119, VIME 3002.0206, GDIS 3002.0135, GDIS 3002.0133; Pool 2: ACTB

3002.0130, ACTB 3002.0126, ACTB 3002.0131, ACTB 3002.0127, LAM

3002.098, LAM 3002.097, LAM 3002.099, LAM 3002.0196, LAM 3002.085,

LAM 3002.0101.

Cell preparations. We obtained PBMCs, highly purified CD8+ T cells, T cell

clones, immature or mature monocyte-derived DCs, and fresh myeloid DCs as

described previously13,40,41, and in Supplementary Methods online.

Apoptotic and control cell preparations. We plated cloned CD8+CD95+

T cells (10–100 � 106) in a 24-well plate and incubated them for 1 h at

37 1C in the presence or absence of 14 mg/ml C3I (Z-DEVD-FMK), C8I (Z-

IETD-FMK) or a negative caspase control (K, Z-FA-FMK) (all BD Biosciences

Pharmingen) and then induced them to undergo Fas-mediated apoptosis as

described13 (Supplementary Methods). Control cells were represented by live

cloned T cells, which were promptly lysed by repeated freezing and thawing. We

measured spontaneous apoptosis of CD4+ T cells in the peripheral

blood of both HIV-infected and healthy individuals by annexin-V, PI (Sigma

Aldrich) and phycoerythrin (PE)-Cy7–conjugated mAb to CD4 (Caltag)

staining of fresh PBMCs before and after 18-h incubation in complete medium

at 37 1C.

DC phagocytosis. We evaluated the phagocytosis capacity of DCs as

described42 and as reported in Supplementary Methods in detail.

Two-dimensional electrophoresis. See Supplementary Methods.

MALDI-TOF-MS analysis and database searching. We excised each 2DE spot

of interest and in-gel digested each one with trypsin as described43,44 and then

analyzed them as described in Supplementary Methods.

Protein purification from two-dimensional electrophoresis gels. We per-

formed protein purification from 2DE gels as described45 and as reported in

Supplementary Methods in detail.

Immunoblot of cellular vimentin. We prepared different types of cell

preparation, centrifuged them, prepared the pellets, quantified protein contents

and separated them by SDS-PAGE as described46,47 (Supplementary Methods).

We then transferred each gel to a nitrocellulose membrane (Schleicher &

Schuell) and immunoblotted the proteins for vimentin as described in

Supplementary Methods.

Caspase 3 digestion and SDS-PAGE of recombinant vimentin. Human r-

vimentin (Research Diagnostic) was digested by caspase-3 (C1224, Sigma-

Aldrich), and separated on the basis of molecular weight under SDS-PAGE

conditions (Fig. 5b), as described47, and as reported in Supplementary

Methods in detail.

ELISPOT assay. We determined the effector function of CD8+ T cells ex vivo

and responses of resting CD8+ T cell responses in vitro, as described48 and as

reported in Supplementary Methods in detail.

Pentamer and intracellular cytokine staining. We stained PBMCs with

allophycocyanin (APC)-labeled–HLA-A*0201 pentamers (complexed to

vimentin78�87 (LLQDSVDFSL), nonmuscle myosin478�486 (QLFNHTMFI),

nonmuscle myosin741�749 (VLMIKALEL) or actin266�274 (FLGMESCGI)
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peptide; all Proimmune Limited), APC-Cy7-labeled mAb to CD8 (BD

Pharmingen), FITC-labeled perforin mAb (BD Pharmingen) and PE-labeled

granzyme B mAb (PeliCluster) as described49. We obtained negative controls by

staining cells with an irrelevant isotype-matched mAb. Then, we analyzed

them with a FACSCanto flow cytometer and FACSDiva analysis

software (Becton Dickinson). Intracellular cytokine staining (ICSS) was

performed as described49, and as reported in Supplementary Methods

in detail.

Cross-presentation assay. We pulsed immature monocyte-derived DCs or

myeloid DCs (3 � 104), as APCs, with increasing concentrations of caspase

inhibitor–treated, caspase-treated, untreated or r-vimentin–loaded apoptotic

cells, control lysed cells, soluble antigens or peptides in the presence or absence

of 80 mM lactacystin (Sigma-Aldrich) in U-bottom 96-well plates for 18 h.

Then we washed and cultured APCs with antigen-specific CD8+ T cells (2–3 �
104), and IFN-g spot formation was promptly revealed after 6–8 h at 37 1C by

an ELISPOT assay, as described above48. In some experiments, we pulsed iDCs

with apoptotic or control cells (derived from HLA-A2– Epstein-Barr virus

(EBV)-transformed B cells) that had been infected by either wild-type vaccinia

virus or NS3Ag-expressing vaccinia virus (5 plaque-forming units per cell) and

then cocultured them with NS31406–1415–specific CD8+ T cell clones. After

6–8 h at 37 1C, IFN-g spot formation by CD8+ T cells was revealed by ELISPOT

assay as described.

Cross-presentation experiments ex vivo. In selective experiments, PBMCs

from HIV-infected individuals or healthy donors were double-stained with

pentamers and mAb to CD8 and cultured (in the presence of soluble

recombinant CD40L molecules) with autologous iDCs that had been pulsed

or not with apoptotic cloned T cells. After 6–8 h, we tested them for their

capacity to produce IFN-g by ICSS assay49. Cells were washed, acquired with

a FACSCanto flow cytometer and analyzed with FACSDiva analysis software

(Becton Dickinson).

Peptide synthesis and class I binding. See Supplementary Methods.

Statistical analyses. All statistical analyses were performed with both SPSS 11.0

(SPSS Inc.) and Prism 4 (GraphPad) software using Pearson’s correlation test

(Fig. 3) and nonparametric Mann-Whitney U-test (Fig. 5). The differences

were considered significant at P o 0.05.

Note: Supplementary information is available on the Nature Medicine website.
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