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The Journal of Immunology

Sequence-Specific Alterations of Epitope Production by HIV
Protease Inhibitors

Georgio Kourjian, Yang Xu, Ijah Mondesire-Crump, Mariko Shimada, Pauline Gourdain,

and Sylvie Le Gall

Ag processing by intracellular proteases and peptidases and epitope presentation are critical for recognition of pathogen-infected

cells by CD8+ T lymphocytes. First-generation HIV protease inhibitors (PIs) alter proteasome activity, but the effect of first- or

second-generation PIs on other cellular peptidases, the underlying mechanism, and impact on Ag processing and epitope pre-

sentation to CTL are still unknown. In this article, we demonstrate that several HIV PIs altered not only proteasome but also

aminopeptidase activities in PBMCs. Using an in vitro degradation assay involving PBMC cytosolic extracts, we showed that PIs

altered the degradation patterns of oligopeptides and peptide production in a sequence-specific manner, enhancing the cleavage of

certain residues and reducing others. PIs affected the sensitivity of peptides to intracellular degradation, and altered the kinetics

and amount of HIV epitopes produced intracellularly. Accordingly, the endogenous degradation of incoming virions in the

presence of PIs led to variations in CTL-mediated killing of HIV-infected cells. By altering host protease activities and the

degradation patterns of proteins in a sequence-specific manner, HIV PIs may diversify peptides available for MHC class I

presentation to CTL, alter the patterns of CTL responses, and provide a complementary approach to current therapies for the

CTL-mediated clearance of abnormal cells in infection, cancer, or other immune disease. The Journal of Immunology, 2014, 192:

3496–3506.

H
ighly active antiretroviral therapy (HAART), which is a
combination of nucleoside reverse transcriptase inhibitors
(NRTIs), non-NRTIs (nNRT1s), protease inhibitors (PIs),

and integrase inhibitors given to HIV-infected patients, efficiently
suppresses HIV replication, leading to partial immune restoration and
turning AIDS into a chronic disease (1).
HIV PIs block the HIVaspartyl protease, preventing the cleavage

of HIV Gag and Pol polyproteins that include essential structural
and enzymatic components of the virus. This blockage prevents the
conversion of HIV particles into their mature infectious form (2).
Currently, nine different HIV PIs are available on the market and
used in HAART (3). Long-term treatment of responder patients with
PI-containing HAART has been linked with several unpredicted
adverse effects, such as hyperbilirubinemia, hyperlipidemia, or
hypolipidemia (4), body fat redistribution (5), insulin resistance (6),
osteopenia, and osteoporosis (7, 8); these adverse effects occur more
so with first-generation PIs such as saquinavir or ritonavir than with
newer PIs such as darunavir (9). The design of the first-generation

HIV PIs is based on the transition-state mimetic of the Phe-Pro bond,

the major substrate of HIV-I protease (10). Evidence showing the

ability of the 20S proteasome to cleave similar bonds (11) raised

questions about possible interactions between HIV PIs and the

proteasome catalytic sites.
Proteasomes play a key role in the degradation of full-length

proteins and defective ribosomal products into peptides (12) that

can be further shortened or degraded by cytosolic aminopeptidases

and endopeptidases such as thimet oligopeptidase (13, 14) or tri-

peptidyl peptidase II (15). Some of these peptides are translocated

by the TAP complex into the endoplasmic reticulum (ER), where

they can be further trimmed by ER-resident aminopeptidases (ERAP1

or ERAP2) (16, 17) and, provided they contain appropriate anchor

residues, loaded onto MHC class I (MHC-I) and displayed at the cell

surface.
Epitopes can be solely produced by the proteasome or a com-

bination of proteasomes and aminopeptidases and/or endopepti-

dases, although the sequence of degradation events leading to epitope

production is poorly defined. Peptides produced during protein deg-

radation can be subjected to hydrolysis by various peptidases, thus

limiting the amount of peptides available for MHC-I presentation

(18–20). The specificity of each peptidase is determined by length

and motifs in the substrate. Proteasomes have the broadest cleavage

capacity and often define the C terminus of extended epitopes be-

cause of frequent cleavages after hydrophobic residues (21).
Aminopeptidases cleave N-terminal extensions of peptides shorter

than 16 aa and have well-defined hierarchy of cleavable residues and

noncleavable residues (22–24) that influence the kinetics of pro-

duction of adjacent epitopes (24). We showed that specific motifs

within and outside epitopes determine the sensitivity of peptide to

degradation by cytosolic peptidases, the kinetics of epitope pro-

duction, and contribute to the amount of peptides available for pre-

sentation to CTL (18, 24, 25). In addition, differences in peptidase

activities among cell types also influence the kinetics and amount
of epitope produced (26). The combination of specific sequences
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within proteins and intracellular peptidase hydrolytic activities
shapes the kinetics of production and amount of peptides available
for loading onto MHC-I. Therefore, natural or artificial variations
in cellular peptidase activities may change the balance between
production and further cleavage of peptides, enhancing or impairing
the presentation of various MHC-I epitopes. For instance, the inhi-
bition of the proteasome by N-acetyl-leucyl-leucyl-norleucinal or
ERAP-1 knockout in mice altered the degradation of proteins and
changed the repertoire of peptides presented on MHC-I molecules
and CTL responses (27–29). The three HIV PIs ritonavir, saquinavir,
and nelfinavir inhibit the activity of purified mouse or human 20S
proteasomes and the proteasome activity in immortalized cells (30–
32), causing intracellular accumulation of polyubiquitinated proteins
(33, 34). In mice infected with lymphocytic choriomeningitis virus
(LCMV) and treated with ritonavir, the cytotoxic immune response
against two T cell epitopes of LCMV was reduced and prevented the
expansion of LCMV reactive CTL (30). One possible explanation
for these changes in CTL responses might be PI-induced alteration
of proteasome activity leading to modification of epitope production.
No study has assessed in human primary cells the effect of PIs on
postproteasomal peptidases equally important in Ag processing, the
link between PI-induced alterations of cellular peptidases, HIV
protein degradation patterns, and HIV epitope presentation to CTL
(when HIV replication is not fully inhibited by HAART) (35, 36), or
the effect of PIs on the processing of other pathogens that HAART-
treated patients may encounter during coinfection.
In this article, we investigate the effect of sevenHIVPIs (saquinavir,

ritonavir, nelfinavir, indinavir, atazanavir, darunavir, and lopinavir/
ritonavir [Kaletra]) on proteasome and aminopeptidase activities
of PBMCs. Our results showed that HIV PIs variably altered not
only proteasomal but also aminopeptidase activities. Furthermore,
using an in vitro epitope processing assay (25), we showed that
HIV PIs changed HIV peptide degradation patterns, the cytosolic
stability, and amount of epitopes produced. In addition, by mea-
suring the lysis of PI-treated and HIV-infected cells by epitope-
specific CTL, we found that HIV PIs variably altered the pre-
sentation of HIV epitopes and the recognition by CTL. Finally, we
identified motifs whose cleavage is enhanced or reduced by HIV
PIs, leading to increased or decreased production of neighboring
epitopes.
Altogether, these results show that by variably altering cellular

protease activities, HIV PIs modify HIV protein degradation patterns,
epitope production, and presentation, leading to variations in CTL
responses.

Materials and Methods
Preparation of antiretroviral drug stocks

The antiretroviral tablets used in this study were obtained from two sources:
1) National Institutes of Health AIDS Research and Reference Reagent
Program (National Institute of Allergy and Infectious Diseases), or 2)
the Massachusetts General Hospital Inpatient pharmacy. The following
reagents were donated by the National Institutes of Health AIDS Reagent
Program: indinavir, lamivudine, and nelfinavir. From the Massachusetts
General Hospital inpatient pharmacy we obtained ritonavir, saquinavir,
atazanavir sulfate, delavirdine, darunavir, and Kaletra. The purified form of
the antiretroviral drugs was obtained from Selleckchem (ritonavir, lopi-
navir, and darunavir), Sigma (saquinavir), and Santa Cruz (nelfinavir). All
drugs were dissolved in 100% DMSO. Kaletra was prepared by combining
lopinavir and ritonavir with 5:1 ratio, respectively; subsequently, Kaletra
concentrations mentioned in this article correspond to lopinavir amount.
Stock solutions of 50 mM were kept at 220˚C, and fresh aliquots were
used for each experiment.

PBMC isolation from donors

The use of buffy coats from anonymous blood donors was approved under
Protocol No. 2005P001218 by the Partners Human Research Committee

(Boston, MA). PBMCs were isolated from buffy coats (Massachusetts
General Hospital, Boston, MA) by Ficoll-Hypaque (Sigma-Aldrich, St.
Louis, MO) density gradient centrifugation. The needed amount of PBMCs
for live cell proteolytic activity measurement was taken for immediate use,
and the remaining PBMCs were used for cytosol extraction (25).

Measuring proteolytic activities in live cells or purified
enzymes

Chymotryptic, tryptic, and caspase-like activities of proteasomes present in
live PBMCs or purified PBMC proteasome obtained using the protocol
described by Kisselev and Goldberg (37) were measured with specific
fluorogenic substrates (50 mmol/L Suc-LLVY-Amc, 50 mmol/L BocLRR-
Amc, and 75 mmol/L ZLLE-Amc, respectively; Bachem) (26, 29). Dif-
ferent amino acid cleavage activities required 5 mmol/L X-Amc substrate,
where X represents any amino acid (26). Pan-caspase activity was mea-
sured using 50 mmol/L Ac-DEVD-AMC fluorogenic substrate. PBMCs,
purified PBMC proteasomes, or purified aminopeptidase ERAP1 (obtained
from R&D Systems) were pretreated with increasing drug concentrations
for 30 min at 37˚C before adding the fluorogenic substrates. The specificity
of the reaction was assessed by preincubating cells with inhibitors of pro-
teasomes (MG-132; 10 mmol/L), aminopeptidases (Bestatin; 120 mmol/L), or
pan-caspase (Z-VAD-FMK; 20 mmol/L). Digitonin was added to the cells at
final amount of 0.0025% to facilitate the entry of the drugs and the substrates
into the cells. The fluorescence was measured at 37˚C every 5 min for 5 h
using a VICTOR X Multilabel Plate Reader (Perkin Elmer, Boston, MA).

Drug toxicity measurement assay

PBMCs at 500,000 cells/ml were incubated overnight with different PIs
in 48-well plates. Cells were stained with annexin and 7-aminoactinomycin D
(Annexin V APC Apoptosis Detection Kit I; BD Pharmingen), and the per-
centage of apoptotic and necrotic cells were determined by flow cytometry.

HIV epitope processing assay

A total of 2 nmol purified peptide (.95% pure; Massachusetts General
Hospital peptide core facility) was degraded in 20 mg PBMC cytosol
pretreated with different PIs for 30 min. The degradation reaction was stopped
at various time points with 1% formic acid, and degradation products were
analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS).
Peptides present in the digestion mix were purified by TCA precipitation at
each time point. Equal amounts of peptide degradation samples at different
time points were injected into a Nano-HPLC (NanoLC Ultra; Eksigent) and
online nanosprayed into an Orbitrap mass spectrometry (LTQ Orbitrap Dis-
covery; Thermo) at a flow rate of 400 nl/min. A Nano cHiPLC trap column
(200 mm 3 0.5 mm ChromXP c18-CL 5 mm 120 Å; Eksigent) was used to
remove salts and contaminants in the sample buffers. Peptides were separated
in a Nano cHiPLC column (75 mm3 15 cm ChromXP c18-CL 5 mm 300 Å;
Eksigent) over a gradient of 2–40% buffer B (buffer A: water w/0.1% formic
acid; buffer B: acetonitrile w/0.1% formic acid) in 20 min. Mass spectra were
recorded in the range of 370–2000 Daltons. In the tandem mass spectrometry
mode, the eight most intense peaks were selected with a window of 1 Dalton
and fragmented. The collision gas is helium and collision voltage is 35 V.
Peaks in the mass spectra were searched against the source peptides databases
with Proteome Discoverer (version 1.3; Thermo) and quantitatively analyzed.
The integrated area of a peak generated by a given peptide is proportional to
the relative abundance of the peptide present. Each degradation time
point was run on the mass spectrometer at least twice.

Cytosolic peptide stability assay

A total of 2 nmol purified peptide (Massachusetts General Hospital peptide
core facility; .95% pure) was degraded at 37˚C in 20 mg PBMC cytosol
pretreated with different PIs for 30 min. The reaction was stopped with 1%
formic acid at various time points. The degradation of the peptide was
analyzed by reverse-phase HPLC (RP-HPLC; Waters) as described pre-
viously (18). The peptide corresponds to one peak whose amount is propor-
tional to the surface under peak. One hundred percent corresponds to the
surface under peak for each peptide at time 0. Peptides incubated at 37˚C
in buffer without extracts are similarly analyzed.

CTL induced killing assay

HLA-matched B cells were incubated with PI for 30 min before being
infected with vesicular stomatitis virus G glycoprotein (VSVg)–pseudo-
typed Gag-Pol-GFP–expressing or NL4.3 HIV-GFP–expressing in-house–
made virus. Thirty-six hours postinfection, half of the cells was stained
with HLA-A/B/C allophycocyanin (BD Biosciences) and analyzed by flow
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cytometry for the infection percentage and the HLA-A/B/C surface ex-
pression level. The other half of the cells was incubated with epitope-specific
CTL clones at E:T ratio of 4:1. All conditions were done in triplicates.
Noninfected cells were pulsed 30 min with decreasing concentration of
CTL-matched or nonmatched epitopes and subjected to CTL killing to
test the CTL specificity. To measure cell death, we used Vybrant fluorescence-
based cytotoxic assay kit (Invitrogen). Percentage specific lysis was determined
by using the following formula: ([experimental release2 spontaneous release]/
[maximum release 2 spontaneous release]) 3 100%. Maximum release
was determined by lysis of all target cells with detergent (5% Triton X-
100), and spontaneous release was determined by incubating nontarget
cells (not infected) with CTL (38).

Statistical analysis

Data were analyzed using GraphPad Prism 5 software.

Results
HIV PIs alter cellular proteasome and aminopeptidase
activities

We first aimed to assess the effect of seven HIV PIs (saquinavir,
ritonavir, nelfinavir, indinavir, atazanavir, darunavir, and Kaletra),
one NRTI (lamivudine), and one nNRTI (delavirdine) on the main
proteolytic activities—chymotryptic, tryptic, and caspase-like
activities of proteasomes (i.e., cleaving after hydrophobic, basic,
and acidic amino acids, respectively)—and aminopeptidase in freshly
isolated PBMCs from at least six different HIV2 donors.
The concentrations of the PIs used in this study correspond to the

level of PIs found in the plasma of ART-treated persons (39–43).
Using annexin and 7-aminoactinomycin D staining as markers for
apoptosis and necrosis, we detected no toxicity on PBMCs treated
at therapeutic concentrations of PIs ranging from 5 to 20 mM
(Supplemental Fig. 1A). Furthermore, pan-caspase activity measure-
ment showed no caspase induction after PI treatment (Supplemental
Fig. 1B). Each protease activity was measured with a fluorogenic
substrate composed of a peptide specific for each proteolytic ac-
tivity and a fluorogenic coumarin-derivative moiety (24, 37) (Fig.
1A). For each protease activity, fluorescence was measured over
time, and the hydrolysis kinetics was calculated as the maximum
slope of fluorescence emission after subtraction of fluorescence in
the absence of cells. For each substrate, 100% represents the max-
imum slope of fluorescence emission by cells incubated with sub-
strate and DMSO control.
The specificity of substrate cleavagewas checked by preincubation

of cells with cognate inhibitors of proteasome (MG132) or ami-
nopeptidase (Bestatin). In the presence of the specific inhibitor
(Bestatin), aminopeptidase activity was reduced by 20-fold com-
pared with the control (maximum slope of 145.35 for control and
7.25 for Bestatin). Increasing concentrations of ritonavir (2.5–20mM)
reduced aminopeptidase activities by 1.11- to 1.73-fold, respectively
(Fig. 1B).
The effects of each PI at increasing concentrations on all three

proteasome and aminopeptidase activities were assessed (Fig. 1C).
Chymotryptic activity of proteasome (Fig. 1C, upper left panel) was
decreased upon saquinavir, ritonavir, nelfinavir, or Kaletra treatment
by 1.23- to 2-fold. In contrast, indinavir increased the chymotryptic
activity by 1.15-fold, and atazanavir or darunavir did not change it.
Saquinavir and atazanavir increased the proteasomal caspase-like
activity (Fig. 1C, upper right panel) by 1.15- to 1.9-fold, whereas
ritonavir decreased it by 1.54-fold; unlike the latter, the activity
was not affected by nelfinavir, indinavir, darunavir, or Kaletra.
Saquinavir and nelfinavir increased the proteasomal tryptic activity
(Fig. 1C, lower left panel) by 1.38- to 1.7-fold. Ritonavir increased the
activity at low concentration (2.5 mM) by 1.39-fold and decreased
tryptic activity at higher concentrations by 5.5-fold. Kaletra also de-
creased the proteasomal tryptic activity by 1.24-fold. Proteasome tryptic
activity was not affected by indinavir, atazanavir, or darunavir.

Saquinavir, ritonavir, nelfinavir, and Kaletra decreased amino-
peptidase activities (Fig. 1C, lower right panel) by 1.21- to 1.83-
fold, but no change was seen upon indinavir, atazanavir, or dar-
unavir treatment. Delavirdine (nNRTI) and lamivudine (NRTI) did
not have any significant effect on the proteasomal and aminopepti-
dase activities (G. Kourjian, unpublished observations).
The effect of the PIs on chymotryptic, caspase-like, tryptic, and

aminopeptidase activities was similar when using live PBMCs, pu-
rified PBMC proteasome, and aminopeptidase ERAP1 (Fig. 1D) or
PBMC cytosolic extracts (G. Kourjian, unpublished observations).
This shows that the alterations induced by PIs are specific and val-
idate the use of PI-treated cellular extracts as one approach to assess
the impact of PIs on the processing of epitopes.
These results show that saquinavir, ritonavir, nelfinavir, andKaletra

altered proteasomal activities in human primary cells in agreement
with previous studies testing first-generation PIs on purified protea-
somes or immortalized cell lines (31, 33). In addition, we showed that
these four PIs inhibited aminopeptidase activities known to play an
important role in defining the composition of MHC-I peptide
repertoire (17). Indinavir, atazanavir, and darunavir, the newer
PIs, as well as reverse transcriptase inhibitors lamivudine and
delavirdine, did not significantly affect peptidase activities tested
in PBMCs.

Peptide degradation patterns are altered by HIV PIs

To assess the effect of HIV PI on peptide degradation patterns and
epitope production, we used PBMC cytosolic extracts to degrade
3ISW9 (HQAISPRTLNAW) fragment, which is a precursor of an
HLA-B57–restricted ISW9 epitope (ISPRTLNAW, aa 15–23 in
Gag p24) that elicits frequent CTL responses in HLA-B57 HIV-
infected individuals (18). Fig. 2A shows degradation products of
substrate 3ISW9 identified by LC-MS/MS after a 60-min degrada-
tion in PBMC extracts in the absence of PIs. They included peptides
encompassing epitope ISW9, termed precursors, optimal epitope
ISW9, and peptides containing only part of the optimal peptide that
will not bind to HLA-B57, termed antitopes.
To assess and compare the production of all peptides over time in

each condition, we calculated the contribution of each peptide to the
degradation products detected at a given time point. We first checked
that the amount of peptide injected on the mass spectrometer directly
correlated with the surface of the peptide’s corresponding peak
(Supplemental Fig. 2A, 2B). Three peptides were mixed at various
ratios while keeping the total femtomole constant. The total in-
tensity of all peaks was constant (,10% variation among mixes),
and for each peptide the peak surface was proportional to the amount
of the peptides (Supplemental Fig. 2C), thus validating the mea-
surement of the relative contribution of each peptide to the total
intensity of degradation peptides in the presence of various drugs.
In PBMC extracts treated with 10 mM ritonavir or Kaletra, 3ISW9
degradation started slower compared with DMSO control or
saquinavir-treated extracts (71–75 versus 43–55% 3ISW9 remaining
at 10 min). However, the production of ISW9 was increased by 4.6-
or 3.36-fold at 60 min upon ritonavir or Kaletra treatment, respec-
tively (14 and 10% of total peptides upon ritonavir and Kaletra,
respectively, compared with 3% in control; Fig. 2B–D), suggest-
ing that peptide trimming was shifted toward epitope production.
Saquinavir treatment of 10 mM produced 3.3-fold less ISW9 and
1.8-fold more antitopes compared with the control, suggesting that
in the presence of saquinavir, precursors are being cut into pep-
tides destroying epitopes (Fig. 2C). These changes in the ratios of
categories of peptides were confirmed by comparing individual
fragment intensities in the presence of various PIs. For instance,
upon saquinavir treatment, the antitope QAISPRTL was produced
up to 4-7-fold more than in control or Kaletra treatment, whereas
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2-ISW9 (QAISPRTLNAW) precursor was produced at least twice
less (Fig. 2E, 2F), suggesting that in the presence of saquinavir,
precursors are being cut to antitopes from the C-terminal side (or
overtrimmed from the N-terminal side), whereas in the presence
of ritonavir or Kaletra, they are preferentially trimmed to epitopes.
Two other epitopes are present in substrate 3ISW9: HLA-A25–
restricted QW11 (QAISPRTLNAW) and HLA-B15–restricted HL9
(HQAISPRTL). In contrast with their positive effect on B57-ISW9
production, ritonavir and Kaletra reduced the production of A25-
QW11 and B15-HL9 epitopes, suggesting that the effect of HIV PIs
on epitope production is variable and peptide dependent (Supplemental
Fig. 3). We had previously shown that variations in epitope production
(caused by mutations or variations in peptidase activities) measured by
mass spectrometry correlated with changes in CTL-mediated killing of
infected cells endogenously processing and presenting HIV epitopes
(18, 24, 25). Altogether, these results indicate that HIV PIs differently
altered peptide degradation patterns, resulting in increased or de-

creased epitope production and changing the ratio of cytosolic pep-
tides available for loading onto MHC-I.

The intracellular stability of optimal HIV epitopes is altered
upon HIV PI treatment

Peptides produced during protein degradation can be subjected to
hydrolysis by multiple cytosolic proteases, thus altering the amount
of peptides available for MHC-I presentation. The cytosolic sta-
bility of peptides is highly variable, defined by specific motifs, and
contributes to defining the amount of peptides displayed to CTL
(18, 19, 44). We hypothesized that PIs -by variably altering intra-
cellular peptidase activities- might modify the cytosolic stability of
peptides and consequently peptide availability for MHC-I loading.
To test the effect of HIV PI on the intracellular HIV epitope

stability, we incubated highly purified peptides with cytosol from
healthy human PBMCs pretreated with DMSO (control) or HIV
PIs. The amount of peptide remaining over time was measured by

FIGURE 1. HIV PIs variably alter proteasome and aminopeptidase activities in human PBMCs. (A) Aminopeptidase substrate Leu-amc was added to

PBMCs pretreated with DMSO (control, squares), 10 mM ritonavir (triangles), or 120 mM Bestatin (inverse triangles) and incubated for 4 h at 37˚C, during

which fluorescence emission was monitored every 5 min. (B) PBMCs were preincubated with increasing concentrations of ritonavir or 120 mM Bestatin

before addition of Leu-amc. The maximum slope of fluorescence emission over 1 h was calculated for each condition. One hundred percent represents the

maximum slope of fluorescence emission of the control (153.9). Maximum slope of fluorescence upon each treatment was compared with control. (C)

PBMCs or (D) purified proteasomes or ERAP1 were pretreated with DMSO (control) or increasing concentrations of each PI (saquinavir, ritonavir,

nelfinavir, indinavir, atazanavir, darunavir, and Kaletra [left to right bars on each graph]) before adding specific substrate for each activity (chymotryptic

and caspase-like [top panels], tryptic and aminopeptidase [lower panels]). In each panel, 100% represents the maximum slope of DMSO-treated PBMCs

(1161.8 for chymotryptic, 194 for caspase-like, 475 for tryptic, and 1063.6 for aminopeptidase) or purified proteasomes or ERAP1 (186.8 for chymotryptic,

27.1 for caspase-like, 91.8 for tryptic, and 507 for aminopeptidase). The maximum slope of treated PBMCs was compared with that of control. Average of

six to eight healthy donors. *p , 0.05, **p , 0.01, ***p , 0.001, one-way ANOVA with Dunnett’s posttest.
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RP-HPLC profile analysis, where each peak defined by its elution
time represents one peptide, and the surface area under the peak is
proportional to the amount of peptide (25). The degradation of the
peptide results in reduction of its peak and the appearance of
additional peaks corresponding to truncated peptides. A value of
100% was assigned to the amount of input peptide present at time
0, and the amount of peptides remaining was calculated at each
time point. The time at which 50% of the peptide was degraded
defines its half-life. Fig. 3A illustrate the degradation rates of
HLA-A02–restricted SL9 (SLYNTVATL, aa 77–85 in Gag p17) in
extracts preincubated with control DMSO, saquinavir, or nelfina-
vir. Pretreating PBMC cytosol with saquinavir decreased SL9 degra-
dation rate, thus increasing its half-life to 52 min (compared with 37
min in control), whereas nelfinavir treatment increased SL9 degrada-
tion and reduced its half-life to 24 min (Fig. 3A). We measured the
half-life of five optimally defined HIV epitopes that elicit frequent
CTL responses in HIV-infected persons in the presence or absence
of 2 or 5 mM HIV PIs: HLA-A02–restricted SL9, HLA-A11–re-
stricted ATK9 (AIFQSSMTK, aa 158–166 in reverse transcriptase
of HIV-1 polymerase), HLA-B57–restricted KF11 (KAFSPEVIPMF,
aa 30–40 in Gag p24), HLA-B57–restricted ISW9, and HLA-B57–
restricted TW10 (TSTLQEQIGW, aa 108–117 in Gag p24) (45). The
half-lives of these epitopes in untreated cytosol, which were highly
variable (119.4, 37.2, 33.9, 25.7, and 14.8 min for TW10, ATK9,
SL9, KF11, and ISW9, respectively) as we previously showed (18),
was compared with their half-lives upon different PI treatments.
A02-SL9 epitope half-life was increased by 1.4- (p , 0.001) and
1.2-fold (p , 0.05) by saquinavir and ritonavir, respectively, whereas
nelfinavir and atazanavir reduced it by 1.25- (p , 0.05) and 1.33-fold
(p , 0.01), respectively (Fig. 3B). Darunavir did not change the half-
life of SL9 and four other peptides. B57-KF11 half-life was increased

by 1.44- (p , 0.05) and 1.52-fold (p , 0.05) by saquinavir and
ritonavir, respectively (Fig. 3C). No other tested drug showed any
effect on B57-KF11 half-life. B57-ISW9 half-life was increased
by 1.48-fold (p , 0.05) by saquinavir (Fig. 3D). Other PIs tested
did not significantly change B57-ISW9 half-life. A11-ATK9 and
B57-TW10 half-life was not changed by any of the PIs tested
(Fig. 3E, 3F). These results demonstrate that HIV PIs, by changing
activities of cellular proteases, modified the cytosolic stability of
several HIV epitopes, thus increasing or decreasing their avail-
ability for transfer into the ER, loading onto MHC-I, and display
to CTL.

HIV PIs alter HIV epitope processing and presentation by
HIV-infected cells to CTL

Having demonstrated that HIV PIs modified the degradation pat-
terns of long peptides into epitopes and the intracellular stability of
epitopes (two parameters that we previously identified to be critical
to define the amount of MHC-bound peptides available for CTL
recognition) (18, 24, 25), we next assessed whether HIV PIs could
affect the endogenous processing and presentation of HIVepitopes
and the subsequent CTL-mediated killing of HIV-infected cells. Be-
cause HIV PIs affect the late stages of replication, we performed
single-round infections with nonreplicative virus to monitor epi-
tope presentation. Upon PI treatment, single-round infection with
either VSVg-pseudotyped lentivirus expressing HIV-1 Gag, Pol,
and GPF or VSVg expressing HIV-1 NL4.3 without Env led to
similar infection rates (67.3–68.5%) and did not affect the surface
expression of HLA-A/B/C (mean fluorescence intensity �60;
Supplemental Fig. 4). The PIs blocked the replication and re-
lease of HIV-1 NL4.3 in Jurkat cells, confirming the stability
and the activity of the PIs (data not shown).

FIGURE 2. HIV PIs alter peptide degradation patterns. 3ISW9 (HQAISPRTLNAW) peptide containing HLA-B57–restricted ISW9 epitope (ISPRTL-

NAW) was degraded in PBMC cytosolic extracts preincubated with DMSO (A and B) or 10 mM ritonavir (C), saquinavir (D), or Kaletra (E). Resulting

degradation products at 0, 10, 30, and 60 min were analyzed by LC-MS/MS. Degradation peptides were categorized as substrate 3-ISW9 (gray), epitope

ISW9 (green), precursors—peptides that include the epitope (blue) or antitopes (peptides including only part of the epitope (red) (A–E). Each peptide

identified by a specific mass and charge corresponds to a peak of a specific intensity, and the proportion of each category of peptides to the total peak

intensity (ranging from 7.1E+8 to 8.4E+8 at a given time point) was calculated at each time point in the presence of DMSO (B), ritonavir (C), saquinavir

(D), or Kaletra (E). Percentage of antitope QAISPRTL (F) and precursor 2-ISW9 (QAISPRTLNAW) (G) production over time upon PI treatment. Figure is

representative of one of three independent experiments using PBMC extracts from three different donors and run in duplicates on the mass spectrometer.
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HLA-matched B cell lines were pretreated with DMSO or 5 mM PI
before being infected with either VSVg-pseudotyped lentivirus
expressing HIV-1 Gag, Pol, and GPF or VSVg expressing HIV-1
NL4.3 without Env and used as targets in a fluorescence-based
killing assay with various epitope-specific CTL clones (38). Killing
is monitored with an extracellular fluorogenic substrate that fluo-
resces after cleavage by an intracellular enzyme released by dying
cells (46). Fluorescence is monitored every 5 min after addition of
CTL to target cells, allowing for real-time measurement of CTL-
mediated killing in conditions where the percentage lysis at 4 h
is similar to those obtained in Cr-based killing assay (38). HIV PIs
did not affect CTL-mediated lysis of uninfected cells pulsed with
various amounts of cognate peptides, in accordance with the lack
of effect of PIs on MHC-I expression (Supplemental Fig. 4) and
absence of toxicity on CTL (G. Kourjian, unpublished observa-
tions). Fluorescence emission after synchronized addition of B57-
KF11 or B57-ISW9 CTL to HIV-infected B57 expressing B cells
was similar, indicative of similar kinetics of killing of infected
targets by the two clones recognizing these two p24 epitopes (Fig.
4A). However, preincubation of target cells with ritonavir before
infection had opposite effects on the kinetics of killing by the two
CTL clones. The kinetics of killing by B57-KF11 CTL was slower
and the maximum lysis reduced upon ritonavir treatment, whereas
they were enhanced for B57-ISW9 CTL (Fig. 4A). We compared
the specific lysis of HLA-B57 HIV-infected B cells 4 h after
parallel addition of three B57-restricted, Gag-specific CTL clones
in the presence of various PIs (Fig. 4B–D), and similarly the
killing of A03/11 HIV-infected B cells by A03 Gag-specific or
A11-restricted RT-specific CTL (Fig. 4E–F). Saquinavir, ritonavir,
nelfinavir, and indinavir reduced the killing of HIV-infected cells by the
B57-KF11 CTL by 1.31-fold (p , 0.05), 2.4-fold (p , 0.001), 2.44-
fold (p , 0.001), and 1.9-fold (p , 0.001), respectively (Fig. 4B).
The killing of HIV-infected cells by B57-ISW9 CTL was inhibited
2.44-fold (p , 0.001) and 1.2-fold (p , 0.05) by saquinavir and

nelfinavir, respectively (Fig. 4C). In contrast, ritonavir increased it
by 1.2-fold (p, 0.05) and nelfinavir had no effect. The lysis of HIV-
infected cells by B57-TW10 CTL was decreased only by nelfinavir
(1.46-fold, p, 0.05; Fig. 4D). None of the drugs tested altered the
recognition and killing of HIV-infected cells by A03-RK9 CTL, an
epitope that is efficiently produced and highly stable in the cytosol
(18, 25) (Fig. 4E). The killing of HIV-infected cells by A11-ATK9
CTL, which was lower due to the lesser amount of RT present in
incoming virions compared with Gag, was reduced by saquinavir,
ritonavir, nelfinavir, and indinavir by 8-fold (p , 0.01), 4-fold
(p , 0.01), 4.8-fold (p , 0.01), and 3-fold (p , 0.01), respectively
(Fig. 4F). These results show that HIV PIs altered the endogenous
processing and the presentation of HIV epitopes to CTL in various
ways and underscore the link between drug-induced alterations of
epitope production and subsequent changes in epitope-specific CTL
responses. Ritonavir enhanced both in vitro production and intracel-
lular stability of ISW9 (Figs. 2C, 3D), and led to enhanced killing
of infected cells that endogenously processed ISW9, whereas the
reduced in vitro production of ISW9 in the presence of saquinavir
correlated with the reduced killing of HIV-infected cells by B57-
ISW9 CTL. Therefore, PI-induced modulations of cellular pepti-
dase activities leading to changes in peptide degradation patterns,
epitope production, or intracellular peptide stability affected epi-
tope presentation and recognition of HIV-infected cells by CTL.

HIV PIs variably modify the cleavage of amino acids, resulting
in sequence-specific alterations of epitope production

Because HIV PIs variably affected the activities of cellular peptidases
and the processing and presentation of epitopes in different ways, we
hypothesized that alterations induced by PIs may be sequence
specific. To individually test the impact of each PI on amino acid
cleavage, we measured the hydrolysis of fluorogenic substrate
X-amc (where X can be any amino acid) in PBMCs pretreated with
10 mM of various PIs. We compared the hydrolysis of 17 aa in

FIGURE 3. HIV PIs variably alter intracellular HIV epitope stability. (A) HLA-A02–restricted SL9 epitope (SLYNTVATL, aa 77–85 in HIV-1 Gag p17)

was degraded in PBMC extracts pretreated with DMSO (control, circles), 5 mM nelfinavir (triangles), or 5 mM saquinavir (squares). Remaining peptide was

quantified by RP-HPLC analysis after 0, 10, 30, and 60 min. One hundred percent represents the amount of peptide at time 0 calculated as the surface under

the peptide peak detected by RP-HPLC (815.986, 821.569, and 813.118 for DMSO, saquinavir, and nelfinavir, respectively). Times at which 50% of the

SL9 peptide remained correspond to peptide half-lives (37, 52, and 24 min for control, saquinavir, and nelfinavir, respectively). (B–F) HLA-A02–SL9 (B),

HLA-B57-KF11 (C), HLA-B57-ISW9 (D), HLA-B57-TW10 (E), and HLA-A11-ATK9 (F) epitopes were degraded in PBMC extracts pretreated with

DMSO, 2 mM PI, or 5 mM PI (saquinavir, ritonavir, nelfinavir, atazanavir, or darunavir). The cytosolic half-lives in control condition were 33.87, 25.66,

14.83, 119.4, and 37.21 min for SL9, KF11, ISW9, TW10, and ATK9, respectively. Fold differences of each epitope half-life upon treatment compared with

control are presented in each panel. All data represent the average of four different experiments using four different PBMC extracts. *p, 0.05, **p, 0.01,

***p , 0.001, one-way ANOVA with Dunnett’s posttest.
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PBMCs pretreated with saquinavir, ritonavir, nelfinavir, Kaletra,

or control DMSO (Fig. 5A). The hydrolysis of 13 aa was inhibited
by 1.2- to 2.5-fold. Twelve of 13 aa corresponded to substrates

cleavable by aminopeptidases (24). The inhibition of their hy-
drolysis by HIV PIs is similar to that observed in Fig. 1C using the

standard leucine-amc substrate. The cleavage of Proamc performed
by prolylpeptidases, but not by aminopeptidases (47), was also

reduced, suggesting that these PIs can also inhibit prolylpeptidase

activities. In contrast, the hydrolysis of glutamic acid, aspartic acid,
glutamine, and asparagine, substrates not cleavable by aminopeptidases,

was increased, on average, by 2.2-, 1.3-, 1.35-, and 1.4-fold, respectively
(Fig. 5A), becoming as cleavable as valine and other residues

slowly cleavable in the cytosol. Thus, by modifying the cleavage
of various amino acids in opposite ways, certain PIs may change

the patterns of peptide degradation in the cytosol. To test the

relevance of these residue-specific changes on epitope processing,
we measured the production of an HIVepitope flanked by residues

whose cleavage was either reduced (isoleucine, I) or enhanced
(glutamic acid, E) by PIs. The processing of this epitope is protea-

some and aminopeptidase dependent, and we previously showed that
the trimming efficiency of extended KF11 (VXX-KF11) into KF11

correlated with that of fluorogenic X-amc (24). We compared the

degradation of peptide 3KF11 (VEEKAFSPEVIPMF), which is
a precursor of HLA-B57–restricted KF11, with that of an artificial

mutant 2I-3KF11 (VIIKAFSPEVIPMF), in the presence or absence
of 10 mM ritonavir. In the absence of PI, the degradation rates of

3KF11 and 2I-3KF11 proceeded with similar kinetics over 60 min,
although, on average, 3.4-fold more epitope (KF11) and less 1KF11

precursors were produced from 2I-3KF11 because of faster N-

terminal trimming of isoleucine compared with glutamic acid as
we previously reported (24) (Fig. 5B). However, upon ritonavir

treatment, 3KF11 degradation produced less precursors (on
average, 1.8-fold less for EEKAFSPEVIPMF and 1.4-fold less

for EKAFSPEVIPMF) and 1.5-fold more epitopes compared with
the control (Fig. 5C, upper panels), suggesting that ritonavir, by

increasing the hydrolysis of glutamic acid, increased the trimming

of precursors toward epitope KF11. In contrast, during 2I-3KF11

degradation, because of the decreased hydrolysis of isoleucine

upon ritonavir treatment, the trimming of 2I-3KF11 toward epit-

opes was inhibited, resulting in increased amounts of precursors

(on average, 1.6-fold more for IIKAFSPEVIPMF and 1.8-fold

more for IKAFSPEVIPMF) and 1.46-fold less epitopes (Fig. 5C,

lower panels). These opposite variations in in vitro production of

KF11 (from 1.8-fold more to 1.5-fold less) fell within the range

that affected endogenous processing and presentation of KF11 to

CTL in our previous study (24). Together, these results indicate

that the effect of PI on peptide degradation is sequence specific,

thus increasing the production of some epitopes and decreasing

the production of others, and modifying the ratios of peptides

available for loading onto MHC-I and presentation to CTL.

Discussion
The ability of CTL to clear virus-infected cells is dependent on the
processing of viral Ags by cellular proteases and peptidases and
peptide display by MHC-I. Any perturbation of cellular peptidase
activity could modify protein degradation patterns and consequently
epitope presentation. In this study, we showed that several HIV PIs,
by changing not only cellular proteasome but also aminopeptidase
activities, altered HIVAg degradation patterns and cytosolic stability
of peptides in a sequence-specific manner, leading to variations in
lysis of HIV-infected cells by CD8+ T cells.
Four of seven PIs affected at least one cellular peptidase activity.

Saquinavir could either enhance or reduce proteasome and amino-
peptidase hydrolytic activities, whereas other PIs such as Kaletra
mostly reduced proteasome and/or aminopeptidase activities, sug-
gesting different interactions between each drug and each cellular
enzyme. It was previously shown using molecular docking that rito-
navir can bind to the active center of the yeast proteasomePRE2 subunit
that is homologous to human proteasome b5 subunit (48), elucidating
the inhibition of the chymotryptic activity by ritonavir (30, 48, 49).

FIGURE 4. HIV PIs variably alter the endogenous processing and presentation of HIV epitopes by infected cells to CTLs. (A) HLA-B57 B cells were

treated with DMSO or 5 mM ritonavir before being infected with VSVg-NL4.three-dimensionalEnv and used as targets in a fluorescence-based killing assay

with KF11- and ISW9-specific CTLs. Fluorescence emission was recorded every 5 min from the moment ISW9-specific (circles) or KF11-specific (squares)

CTLs were added to HIV-infected cells pretreated with DMSO (no line) or with ritonavir (black lines). Specific lysis was calculated as [(CTL-induced

release 2 spontaneous release)/(maximum release 2 spontaneous release)] 3 100%. Maximum release was determined by lysis of all target cells with

detergent (5% Triton), and spontaneous release was determined by incubating noninfected cells with CTLs. (B–F) HLA-matched B cells were treated with

DMSO (control; black bars) or 5 mM PI (saquinavir, ritonavir, nelfinavir, atazanavir, or darunavir) before being infected with VSVg-NL4.three-dimen-

sionalEnv and used as targets in fluorescence-based killing assay with (B) KF11-, (C) ISW9-, (D) TW10-, (E) RK9-, or (F) ATK9-specific CTLs. The lysis

percentage of target cells at 4 h after addition of an epitope-specific CTL was compared among cells pretreated with indicated PIs or DMSO control. All

data represent the average of four experiments. *p , 0.05, **p , 0.01, ***p , 0.001, one-way ANOVA with Dunnett’s posttest.
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Likewise, HIV PIs might interact with noncatalytic effector sites
in the proteasome and aminopeptidases that were shown in en-
zymatic studies to regulate the different catalytic activities (50–
52). This would provide a potential mechanism of either inhibition
or enhancement of cellular peptidases by HIV PIs, although mo-
lecular modeling and structural studies are required to test this
hypothesis.
First-generation PIs like ritonavir, saquinavir, and nelfinavir

showed stronger effect on proteasome and aminopeptidase activ-
ities than newer PIs like atazanavir and darunavir. First-generation
PIs induced more rapid and profound adverse effects on lipid and
glucose metabolism than did newer PIs (4, 7, 8, 53–55). Rats
treated with ritonavir developed hyperlipidemia and displayed
higher RNA expression of proteasome subunits (56, 57). Although
there is no clear mechanistic link between the two observations,
ritonavir-induced proteasome inhibition may trigger a feedback
loop leading to increased proteasome expression as observed with
proteasome inhibitors (58). PI-induced proteasome inhibition may
modify the half-life of proteins involved in glucose or lipid me-
tabolism, such as the documented accumulation of sterol regula-
tory binding proteins 1/2 inducing constitutive lipid biosynthesis

in mice (59). Whether the modification of intracellular amino-
peptidase activities would affect glucose or lipid metabolism remains
unknown. Surface aminopeptidases such as membrane-bound
ectoenzyme aminopeptidase N/CD13 or intracellular amino-
peptidases trafficking to the surface such as insulin-responsive
aminopeptidase are involved in peptide cleavage, cholesterol up-
take for aminopeptidase N (60, 61), or glucose transport uptake for
insulin-responsive aminopeptidase (62). Considering the conser-
vation between aminopeptidase catalytic sites, it will be important
to examine whether first- and second-generation PIs modify sur-
face aminopeptidase activities, as well as other peptidases, in each
subcellular compartment and affect the biological functions of these
enzymes. Finally, because various cell subsets present different levels
of peptidase activities (26), it will be necessary to assess the effect
of PIs not only on PBMCs, but also on specific cell subsets.
We showed that alteration of proteasome and aminopeptidase

activities by HIV PIs modified both the degradation patterns of long
HIV peptides and the sensitivity of epitopes to intracellular deg-
radation before loading onto MHC-I, and therefore the amount of
peptides available for display to CTL. The effect was both drug
and sequence dependent. Variations in degradation patterns were

FIGURE 5. HIV PIs modify HIV peptide degradation in a sequence-specific manner. (A) The hydrolysis of various amino acids was measured with

fluorogenic substrate in PBMCs pretreated with 10 mM saquinavir (blue), ritonavir (green), nelfinavir (yellow), or Kaletra (red). Fluorescence emission was

measured over 1 h, and the maximum slope of fluorescence was measured in each condition. The fold difference of the maximum slope of PI-treated

PBMCs over DMSO control was calculated for each condition. Data represent average results of four different experiments using four different PBMC

donors. (B) The 3KF11 (VEEKAFSPEVIPMF, upper panel) and 2I-3KF11 (VIIKAFSPEVIPMF, lower panel) peptides were degraded using PBMC

extracts. The resulting degradation products were analyzed by LC-MS/MS at 0, 10, 30, and 60 min. The distribution of substrate (3KF11 or 2I-3KF11, in

gray), epitope (KF11, in green), precursors (blue), or antitopes (red) is shown at each time point. (C) The relative amount of epitope precursors

(EEKAFSPEVIPMF and EKAFSPEVIPMF) and epitope KF11 (upper panels), and 2I-3KF11 epitope precursors (IIKAFSPEVIPMF and IKAFSPE-

VIPMF), and epitope (lower panels) were calculated at each time point of degradation with extracts pretreated with DMSO (control, blue) or with ritonavir

(red). (B and C) One experiment representative of two independent experiments using PBMC extracts from two different donors and run in duplicate on the

mass spectrometer.
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explained by the intriguing observation that the cleavage of specific
residues was enhanced, whereas others were reduced. Twelve resi-
dues whose cleavage was reduced by four drugs corresponded to
residues cleavable by aminopeptidases, thus suggesting that HIV PIs
may reduce the efficiency of aminopeptidase-dependent trimming of
many N-extended peptides into epitopes. Surprisingly, these four
drugs enhanced the cleavage of acidic residues, mostly E and, to some
extent, D, H, Q, which are poorly cleavable by aminopeptidases.
Sequential incubation of cells with ritonavir or Kaletra followed by
aminopeptidase inhibitor reduced PI-enhanced cleavage of E by 53–
59%, suggesting that PI modified aminopeptidase activities to fa-
cilitate the cleavage of acidic residues but also enhanced another
unidentified peptidase activity. Ritonavir or Kaletra did not enhance
caspase-like activity of the proteasome or the activity of caspases
(which can cleave motifs containing acidic residues), at least when
measured with a pan-caspase substrate (63) (Supplemental Fig. 1),
thus ruling out a major involvement of proteasomes and caspases in
the changes in residue-specific cleavage patterns. Whether HIV PIs
enhance additional cytosolic peptidases cleaving acidic residues or
whether it may modify aminopeptidase hydrolytic capacity to en-
hance cleavage of acidic residues and reduce cleavage of other
residues remains to be determined.
These findings have implications for the degradation of HIV

proteins and beyond. First, in the context of HIV protein degra-
dation, specifically relevant for HIV-infected, ART-treated persons
with ongoing replication of drug-resistant mutated strains, we have
shown that HLA-restricted mutations flanking residues tend to
evolve from aminopeptidase-cleavable to poorly cleavable residues
(24). In the presence of HIV PIs such as Kaletra used as booster in
ART treatments, we may expect that the production of the wild
type (WT) peptide would be decreased, whereas flanking muta-
tions leading to an acidic residue would enhance epitope pro-
duction as shown in this study with an isoleucine-to-glutamic acid
mutation. Alternatively, a mutation toward an acidic residue within
an epitope could enhance the intracellular degradation of the mutated
epitope and the production of the WT version. Overall, these
changes could affect the ratio of HIV peptides presented by
infected cells. Mutated epitopes can elicit CTL responses (64–66);
thus, the change of ratio of WT and mutated peptides could con-
tribute to shifts in immunodominance, as seen after immune escape
in acute HIV infection (67–70). Although the lack of appropriate
longitudinal clinical samples precludes us to test this hypothesis,
PI-induced modification of epitope landscape may contribute to
broadening of immune responses against HIV in ART-treated
patients with ongoing viral replication. In addition, studying the
impact of PI on HIVepitope presentation is relevant to approaches
to purge HIV reservoirs by combining provirus reactivation in the
presence of ART to prevent replication, and therapeutic vaccina-
tion to boost immune responses against HIV (71, 72). If ART
needed to prevent replication after provirus reactivation calls for
inclusion of HIV PIs, it will be important to assess the repertoire of
HIV epitopes presented in the context of these therapeutic strategies
to define the complementary vaccination strategy better suited to
clear reservoirs.
Second, because certain PIs modify Ag processing in a sequence-

specific manner, the effect will likely be observed for the degra-
dation of host proteins or proteins derived from other pathogens.
The cytosolic stability of optimal epitopes derived from CMV, HCV,
influenza, or EBV was variably affected by PI treatment, with
ritonavir/Kaletra increasing the cytosolic stability of several pep-
tides (G. Kourjian, unpublished observations). Because intracellular
peptide stability contributes to the amount of peptides displayed to
CTL (18), HIV PIs may alter the presentation of epitopes derived
from other pathogens infecting ART-treated persons. More than half

of HIV+ individuals worldwide become coinfected with other
pathogens such as tuberculosis or HCV, and effective drug combi-
nations to curb both infections are needed (73–75). Assessing
whether and how ART, beyond reducing HIV viral load and cellular
activation, may possibly contribute to diversifying immune responses
against coinfecting pathogens by modifying the degradation pat-
terns of these pathogens provides a new outlook of the use of HIV
PIs. Similarly, saquinavir, ritonavir, and nelfinavir, because of
their inhibitory effect on the proteasome and other cellular targets,
have been shown in previous studies and clinical trials to have
beneficial effects on several cancers (31, 34, 76–81). In the
repositioning of PIs as cancer therapy, another potential benefit
could be a PI-induced altered processing of cancer Ags (the in-
tracellular stability of an MAGE3 epitope was modified by
ritonavir/Kaletra; G. Kourjian, unpublished observations), poten-
tially leading to presentation of a different cancer Ag-derived
peptide and new immune responses.
Our results indicate that HIV PIs, by altering several cellular

peptidase activities, modify Ag processing and epitope presenta-
tion. Additional structural studies are needed to understand how
HIV PIs modify peptide hydrolytic activity and specificity. However,
if HIV PIs allow diversification of epitope presentation, they may
provide complementary approaches to treat various immune diseases,
considering that temporary PI treatment would not induce toxicity and
adverse effects observed in long-term HAART.
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