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Résumé de la these

Malgré I'absence de vaccin contre le VIH, des traitements antirétroviraux (ARV) adaptés
permettent aux personnes séropositives pour le VIH de bloquer la réplication du VIH dans
leur organisme et ainsi de garder un systeme immunitaire opérationnel. Les inhibiteurs de
la protéase (IP) du VIH, constituent une classe thérapeutique d’antirétroviraux, ayant pour
cible la protéase du VIH. La protéase du VIH est une enzyme qui participe a la maturation
des protéines virales. Lorsque la protéase est bloquée, les nouveaux virus produits sont
défectueux, et ne peuvent plus infecter de nouvelles cellules (Figure 1). Il a été mis en
évidence que certains IP du VIH en plus de leur action sur la protéase du VIH ciblent le
proteasome cellulaire, impliqué dans plusieurs mécanismes cellulaires importants y

compris la machinerie de présentation antigénique par les CMH-I.

Viral maturation

1
1
MA CA 1ip2 pf NC g/ pl pb

1
p55

HIV protease *
pa1 p1§
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Y
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ﬂﬂ
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Figure 1: Mode d’action des inhibiteurs de la protease du VIH.
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Les peptides présentés par les molécules CMH-I proviennent de la dégradation
antigénique intracellulaire par le protéasome et par d’autres peptidases intracellulaires.
Les peptides issus de ces dégradations cytoplasmiques sont transportés au réticulum
endoplasmique (RE), raccourcis par les aminopeptidases du RE, chargés sur le CMH-I et
présentés a la surface cellulaire. En plus de cette voie de présentation antigénique directe,
les cellules présentatrices d’antigenes ont la capacité de phagocyter des antigenes
extracellulaires, de les dégrader dans la voie endolysosomale par les cathepsines et de
présenter les peptides antigéniques a la surface cellulaire apres des étapes
supplémentaires de dégradation cellulaire. (Figure 2) Malgré le role des protéasomes dans

la machinerie de présentation antigénique, aucune étude n’a encore évalué l'effet de
I'inhibition du protéasome par les IP du VIH sur I'apprétement antigénique, ni l'effet sur la

quantité et la nature des peptides présentés par les CMH-I a la surface cellulaire.

Présentation antigénique directe Présentation-croisée

AiC-clasy i !

MHC-class
MHC-class 8 —

Cytoplasm A ribosome Antigens

\'\/ '@
Viral DNA

MHC-cIass Proteasome g \/
ERAP ,318 \ (N

|
]
|
peptldases | Cytosolic pathway Vacuolar pathway
|
:
]
]

Cathepsins

-

v

-

Phagosome

Figure 2: Présentation antigénique directe et coisée.
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Mon travail de doctorat avait pour objectif d’étudier l'effet des IP du VIH sur le
protéasome et les autres protéases cellulaires impliqués dans la voie d’apprétement des
antigénes directe ainsi que croisée et la conséquence des perturbations d’activité
enzymatique induites par les IP du VIH sur la présentation des peptides a la surface
cellulaire et la reconnaissance par les lymphocytes T cytotoxiques. L’effet des IP du VIH a

été étudié d’abord sur la présentation antigénique directe puis sur la présentation-croisée.
I. Effet des IP du VIH sur la présentation antigénique directe

Les activités hydrolytiques du protéasome et des aminopeptidases ont été mesurées
dans les cellules mononucléaires humaines du sang périphérique (PBMC) grace a des
substrats fluorescents spécifiques de chaque enzyme en présence ou en absence de sept IP
du VIH différents. Les IP ritonavir, saquinavir, nelfinavir et Kaletra mais pas indinavir,
atazanavir et darunavir inhibent les activités des protéasomes et des aminopeptidases

(Figure 3).

4200 Chymotryptic 250) ¥ Caspase-like
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& | 100 100
[11]

¥

50 50

n=8 healthy donors

XK

*
*

(=]

0

Figure 3: Effect des inhibiteurs de la protease du VIH sur les proteases cellulaire.
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Pour voir si I'effet des IP sur ces activités perturbait I'apprétement des antigenes,
des peptides antigéniques issus de la protéine p24 du VIH contenant des épitopes ont été
dégradés en présence d’extraits de PBMC traités ou pas avec des IP du VIH. Les produits de
dégradation ont ensuite été identifiés et quantifiés par spectrométrie de masse. L’analyse
des résultats montre que les IP du VIH, en perturbant les activités du protéasome et des
aminopeptidases altérent I'apprétement antigénique et la quantité d’épitopes produits. La
production de certains épitopes est augmentée alors que la production d’autres épitopes

est diminuée (Figure 4).
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e Saquinavir Kaletra
S | 100 100,
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©
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401 40
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0- 0-
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Figure 4: Effect des inhibiteurs de la protease du VIH sur 'apprétement des antigénes.

Pour mieux comprendre cet effet variable sur la quantité d’épitopes produits, nous
avons mesuré l'effet des IP sur I'hydrolyse des différents acides aminés. Les IP du VIH
inhibent I'hydrolyse de certains acides aminés et augmenté I'’hydrolyse des autres,
suggérant que 'effet des IP du VIH sur I'apprétement antigénique est guidé par la séquence

peptidique (Figure 5).
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Effect of Pl on different amino acid hydrolysis

g
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Figure 5: Effect des inhibiteurs de la protease du VIH sur I’hydrolyse des différents acides aminés.

Ensuite, pour comprendre si les changements induits par les IP sur les activités des
protéases cellulaires ainsi que sur la quantité d’épitope produit dans les cellules affectaient
la présentation des épitopes du VIH a la surface cellulaire, nous avons utilisé un essai
fluorogénique de cytotoxité qui permet de suivre le nombre de cellules infectées par le VIH
tuées par les lymphocytes T cytotoxiques spécifiques pour différents épitopes du VIH. Les
résultats ont montré que les perturbations des activités des protéasomes et
aminopeptidases causées par les IP du VIH alterent I'apprétement antigénique et la
quantité d’épitope intracellulaire produit. Cette perturbation de la disponibilité
intracellulaire des peptides change la quantité d’épitopes présentés a la surface cellulaire

par les CMH-I (Figure 6).
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Figure 6: Les inhibiteurs de la protease du VIH changent la quantité d’épitopes présentés a la surface

cellulaire par les CMH-I.
I1. Effet des IP du VIH sur la présentation antigénique croisée

Les activités des cathepsines ont été mesurées dans les PBMCs ainsi que dans les
lymphocytes T CD4+, cellules dendritiques et macrophages primaires traités ou pas avec
cing IP du VIH différents. L'IP ritonavir réduit les activités des cathepsines contrairement a
saquinavir et nelfinavir qui eux les augmentent. Nous avons ensuite élucidé le mécanisme
de I'augmentation des activités cathepsines induit par les IP. Etant donné que dans les
phagosomes un des régulateurs des activités cathepsines est le pH, nous avons mesuré ce
dernier en utilisant des billes liées a des fluorochromes dont I'intensité varie en fonction du
pH. Une fois que ces billes sont phagocytées par les cellules traitées ou pas avec des IP, la
mesure de leur fluorescence par cytométrie en flux nous a permis de quantifier le pH
phagosomal. Les résultats ont montré que saquinavir et nelfinavir réduisent le pH

phagosomal des cellules dendritiques et le pH endosomal des lymphocytes CD4+ d'une
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unité pH, mais pas le pH phagosomal des macrophages (Figure 7).
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Figure 7: Les inhibiteurs de la protease du VIH changent le pH phagosomal et endosomal.

Les phagosomes des cellules dendritiques contrairement a ceux des macrophages

ont la capacité de garder leur pH neutre jusqu’a 2 heures apres phagocytose. Ceci est di a

'activité enzymatique NADPH oxydase (NOX2) présent en plus grande quantité dans les

phagosomes des cellules dendritiques. NOX2 produit des dérivés réactifs de l'oxygene

(ROS) en utilisant les protons phagosomaux, limitant ainsi 'acidification. Pour analyser si

'effet des IP sur le pH était dii a la perturbation de I'activité NOX2, nous avons utilisé des

billes liées a des fluorochromes dont l'intensité variait en fonction de la quantité de ROS

produit dans les phagosomes apres phagocytose. Les résultats ont montré que saquinavir

et nelfinavir réduisent la production de ROS phagosomal dans les cellules dendritiques et a

moindre degré dans les macrophages (Figure 8).. On a pu confirmer par Western blot que
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cette réduction est due a I'inhibition de la phosphorylation de la sous-unité p47 de NOX2

par saquinavir et nelfinavir qui est une étape primordiale pour I'activation de NOX2.
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Figure 8: Les inhibiteurs de la protease du VIH changent le niveau de ROS dans les phagosomes

et endosomes.

Nous avons analysé 'effet des IP sur la dégradation des protéines du VIH dans les
compartiments liés a la présentation antigénique croisée. Des extraits cellulaires de PBMC,
lymphocytes T CD4+, cellules dendritiques et macrophages traités ou pas avec des IP ont
été utilisés comme source de cathepsines pour dégrader des peptides antigéniques issus de
la protéine p24 du VIH contenant des épitopes immunogéniques. Les produits de
dégradation ont ensuite été analysés par spectrométrie de masse pour identifier et
quantifier les peptides issus de ces dégradations. Pour chaque type de cellule traitée par

différents IP, nous avons défini un profil de coupure quantitatif des antigenes. La
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comparaison des résultats avant et aprés traitement a montré que les IP altérent la

préférence des sites de coupure des peptides. Ceci change la quantité d’épitopes produits

dans les compartiments liés a la présentation antigénique croisée (Figure 9).
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Figure 9: Effect des inhibiteurs de la protease du VIH sur I'apprétement des antigenes dans les

phagolysosomes.

Ensuite pour voir si les changements induits par les IP sur les activités des

cathepsines ainsi que sur la quantité d’épitopes produits dans les phagosomes affectaient la

présentation des épitopes du VIH a la surface cellulaire, nous avons utilisé un essai de

cytotoxité basé sur la fluorescence qui permet de suivre la mort des cellules dendritiques

présentant des épitopes du VIH grace a la voie croisée par les lymphocytes T cytotoxiques

spécifiques aux épitopes du VIH. Nous avons observé que les perturbations des activités

cathepsines causées par les IP alterent 'apprétement antigénique croisé et la quantité

d’épitopes produits dans les phagosomes. Cette perturbation de la disponibilité des
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peptides change la quantité d’épitopes présentés a la surface cellulaire par la voie croisée

(Figure 10).
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Figure 10: Effect des inhibiteurs de la protease du VIH sur la presentation-croisée.

Nous avons déterminé si les perturbations des activités du protéasome, des
aminopeptidases et des cathepsines causées par les IP changent aussi la nature des
peptides présentés par les cellules non-infectées. Les peptides du soi présentés a la surface
des PBMCs traités ou pas avec saquinavir ont été élués par traitement acidique et identifiés
par spectrométrie de masse. Le traitement avec saquinavir cause un changement
significatif de 30% dans la nature des peptides du soi présentés a la surface cellulaire,
suggérant que les IP non seulement changent la quantité des épitopes présentés a la

surface, mais aussi partiellement la nature de ces peptides (Figure 11).
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Figure 11: Effect des inhibiteurs de la protease du VIH sur la nature des peptides présentés.

19



En conclusion, nous avons montré que les IP du VIH perturbent les activités du
protéasome, des aminopeptidases et des cathepsines en interagissant directement avec les
enzymes et aussi en réduisant 'activation de NOX2 dans les phagosomes. Ces perturbations
d’activité alterent 'apprétement antigénique dans la voie directe ainsi que croisée et
changent ainsi la quantité d’épitopes présentés a la surface cellulaire par les CMH-I. En plus
du changement de la quantité d’épitopes présentés, on a montré que le traitement avec des
IP du VIH changent significativement le peptidome du soi présenté a la surface cellulaire.
Ce travail est important dans plusieurs aspects cliniques et thérapeutiques. Par exemple,
chez les patients séropositifs pour le VIH, le traitement avec certains IP pourrait causer un
changement dans la quantité et/ou la nature des épitopes présentés par des cellules ayant
des réplications résiduelles de VIH pouvant ainsi perturber la réponse immunitaire.
Egalement, chez les patients séropositifs pour le VIH coinfectés avec d’autres pathogénes, le
traitement [P pourrait aussi perturber la présentation d’épitopes issus des autres
pathogeénes et donc modifier la réponse immunitaire contre les co-infections. En outre,
dans le contexte des stratégies thérapeutiques comme la réactivation des réservoirs du VIH
ou la vaccination des patients séropositifs, le traitement avec des IP du VIH pourrait
changer les réponses immunitaires en fonction du type d’IP utilisé et réduire I'efficacité de
la thérapie. Finalement, mieux comprendre 'effet spécifique de chaque IP sur les profils de
dégradation antigénique nous permettra de prédire et potentiellement d’augmenter la

présentation des épitopes immunogéniques d’'intérét.
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Introduction

1. AIDS/HIV Background

Since the identification of the human immunodeficiency virus (HIV) thirty-five years ago, HIV
infection still remains a threatening infectious disease with considerable public health
consequences. Cumulatively, acquired immunodeficiency syndrome (AIDS)-related deaths have
been estimated to 39 million since the beginning of the epidemic (UNAIDS 2014). In 2013, 2.1
million new infections and 35 million people living with HIV were reported, mainly in
developing countries (UNAIDS 2014). Although antiretroviral therapy (ART) has greatly
increased the survival rate and quality of life among infected individuals, only 12.9 million
people globally are treated, leaving 63% of the HIV positive population untreated (UNAIDS
2014). Thanks to global health initiatives more and more HIV infected individuals are getting
access to ART but continuation of long-term therapy are hampered amongst other by access to
care, costs, adherence and ART-related toxicities. Moreover, effective therapeutic or preventive
vaccines are still elusive goals, despite considerable research efforts that have been attempted

over the past three decades.

1.1 HIV origin and structure

AIDS was first recognized in 1980, but the causative pathogen, HIV, was not identified until
1983, when scientists at the Pasteur Institute in Paris isolated a retrovirus from a lymph node of
a patient with AIDS *. Since this discovery, HIV virology has been vigorously studied with the

hope of developing effective vaccines, powerful treatments, and a potential cure.

HIV belongs to the genus Lentivirus of the family Retroviridae based on shared morphology and
similar mode of replication. HIV is further classified into HIV-1 and HIV-2 based on genetic
variability. HIV-1, which originated in eastern and central Africa, and HIV-2 from western Africa,
were both important in the early epidemic, but the current pandemic is due to HIV-1, and in
particular HIV-1 Group M %. While HIV-1 Group M subtype C is the most prevalent in the world
given its dominance in Africa, subtype B, which is most prevalent in North America and Western

Europe, has traditionally been the most frequently studied.
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HIV-1 is an enveloped virus with a matrix protein that surrounds a nucleoid structure in the
center of the viral particle. The nucleoid structure of mature HIV-1 contains the viral dimeric
RNA genome surrounded by a nucleocapsid core, which in turn is housed in the viral capsid.
This nucleoid structure also contains viral enzymes integrase, reverse transcriptase (RT), and
protease (PR). Surrounding the virion is a host-derived envelope, which is embedded with
numerous spike-like glycoproteins that are responsible for host cell attachment and fusion >.
Each glycoprotein is composed of three transmembrane gp41 subunits (trimer) plus a gp120

trimer that binds to the host cell’s CD4 receptor and CCR5 or CXCR4 co-receptor *(Figure 1).

The HIV genome is approximately 9 kb in length and encodes ten genes: regulatory genes tat
and rev; accessory genes vpu, vpr, vif, and nef; and structural genes gag, pro, pol, env. In
addition, the HIV DNA genome includes noncoding regulatory sequences, including two flanking
long terminal repeats (LTR). Among the coding regions, regulatory gene rev encodes a protein
that shuttles incompletely spliced RNA transcripts from cellular nucleus to cytoplasm for
translation and packaging, while tat encodes a transcription factor that upregulates HIV DNA
expression . Accessory genes vpu, vpr, vif, and nef, encode proteins that likely inhibit cellular
retroviral defenses. Gag and env encode proteins that make up the nucleoid structure and
envelope respectively. Finally, pol encodes enzymes necessary for reverse transcription of viral
RNA into DNA (RT and ribonuclease H), maturation (HIV PR) and integration (integrase, IN) of

viral DNA into the host genome (Figure 2).
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Figure 1: HIV-1 genome and transcriptional splicing organization (adapted from NIV.gov)
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Figure 2: Schematic representation of the HIV structure (NIH.gov)

1.2 The replication cycle of HIV
Understanding the major steps of HIV replication cycle has been key to investigate molecules
that could block its replication and permitted the manufacturing of antivirals directed against

important steps of this cycle.

The infection cycle of HIV starts by gp120 attaching to its cellular receptor CD4 °. The CD4
receptor is expressed on the surface of T helper cells (Th), monocytes, macrophages (Md¢) and
dendritic cells (DC). Upon attachment, a conformational change occurs on the gp120, leading to
interactions between the gp120 and co-receptors CCR5 or CXCR4. The attachment with the co-
receptor brings the virus closer to the cell, and exposes the fusion domain of gp41 ’. The fusion
between viral and the host cellular membranes allows the entry of viral capsid into the cell. HIV
can also enter the cell via alternative routes like phagocytosis, antibody-mediated entry or cell-

to-cell transmission however these entries do not always result in productive infections.

23



After HIV has entered the cell, the RT copies the viral RNA into a complementary DNA (cDNA)
molecule. The RT by its DNA polymerase activity generates a complementary second strand of
the viral cDNA. The double-stranded viral DNA is then transported to the cell nucleus, where it
is integrated into host cell DNA by the viral IN ®° . The integrated viral DNA is known as proviral
DNA, and it can be dormant for a long time. Upon activation, the proviral DNA is transcribed to
generate mMRNA by the host cell RNA polymerase Il. The primary mRNA transcripts contain
multiple introns and can be processed to yield more than 30 alternative mRNAs by various
levels of splicing *°. Doubly spliced mRNA can translate to the major regulatory proteins,
particularly Nef, Tat and Rev '*; partially spliced mRNA has the potential to express the Env
precursor (gp160), Vif, Vpu and Vpr; the unspliced mRNA can be expressed as Gag and Gag-Pol
precursor proteins or serve as the genomic RNA. The gp120 and gp41 is in fact generated by an
endoprotease cleavage of gp160 precursor before transportation to the plasma membrane of
the cell *2. The two nascent viral RNA are also transported to the plasma membrane with Gag
and Gag-Pol precursor proteins. Assembly and package of the virion takes place by budding

| ****. During this process, the Gag and Gag-Pol precursor

through plasma membrane of the cel
proteins are cleaved by the HIV PR to form the proper HIV proteins, which result in a mature

virion (figure 3).
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Figure 3: HIV replication cycle. (Figure adapted from www.aidsinfonet.org)

1.3 The natural course of HIV-1 infection
Sexual transmission via mucosal surfaces is the most common route of HIV-1 infection.
Technical advances in molecular cloning of virus isolated within days of infection are providing

> It is now appreciated that in

clues as to the nature of the transmitted/founder virus
approximately 80% of mucosal transmission events, a single HIV-1 virion crosses the mucosal

barrier and establishes productive infection *°.

Within two weeks of exposure to HIV-1, the transmitted virus has crossed the mucosal
epithelial barrier, infected a small population of CD4 T cells, and expanded locally by infecting
additional resting and activated CD4 T cells *’. Having infected a seed population of target cells,
the virus is transported to the local draining lymph nodes which contain a large number of
target cells, gains access to the bloodstream, and fully disseminates throughout secondary

lymphoid organs. By 21-28 days after infection, viral load (VL) reaches a peak, with millions of
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viral copies detectable in patient plasma 2. By this point, the hallmark of HIV-1 infection has
been irreversibly established—Ilarge numbers of CD4 T cell populations in the host have been

depleted (figure 4 — Acute phase).

The earliest detection of HIV-1-specific CD8 T cells coincides with the time at which VL begins to
decrease. The infected host establishes a VL set point, which is predictive of the rate of disease
progression; individuals with a low set point tend to have a better disease prognosis *°. The
clinical latency stage of the disease can last for several years and now for several decades
thanks to the successful use of ART. This stage is accompanied by a steady VL and slow gradual
decrease of CD4 T lymphocytes (figure 4 — Clinical latency). Although this period is clinical
asymptomatic, it is characterized by a persistent state of immune activation, a critical
contributor to disease pathogenesis. Ongoing HIV-1 replication is considered one underlying
cause of this chronic activation. Host immune cells are subject to continuous stimulation,
resulting in increased cell turnover, increased frequency of cells with an activated phenotype,

20,21

and cell exhaustion . More recently, translocation of microbial products was shown to be a

contributing factor to this systemic activation 2.

Damage to gut epithelium facilitates
translocation of microbes and/or microbial products that are normally sequestered in the
gastrointestinal tract. The detection of these products was higher during chronic HIV-1 infection
and correlated with proinflammatory markers. Treatment strategies to reduce the hyperactive
immune state observed during chronic HIV-1 disease could help to mitigate immunological

dysfunction.

The gradual loss of CD4 T lymphocytes leads to the late-stage of disease characterized by CD4 T
lymphocyte count below 200 cells/mm3. This diminished level of CD4 T lymphocytes causes the
infected person to be susceptible to opportunistic infections. Unfortunately, the CD4+ T
lymphocytes count further decreases during this late-stage and HIV-1 VL sharply increases at
least to the level of viral RNA seen during acute stage of disease. In addition to opportunistic
infections and problems directly related to HIV-1, AlIDS-related malignancies, such as Kaposi
sarcoma and Non-Hodgkin’s lymphoma, can contribute to the eventual death of HIV-1 infected

patients (figure 4).
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Figure 4: Typical course of HIV infection that shows the relationship between the levels of HIV (viral
load) and CD4+ T cell counts over the average course of untreated HIV infection.
(Adapted from: Fauci, A.S., et al, Ann. Intern. Med., 124:654, 1996)

1.4 Viral and host factors influencing susceptibility to HIV infection

In the absence of ART, the immune system of the majority of HIV-1 infected individuals
eventually fails, opportunistic infections develop, and the patient succumbs to AIDS. Despite
decades of research no prophylactic or therapeutic HIV vaccine strategies with satisfactory
efficacy are available to date. Only one human vaccine trial (RV144) showed modest efficacy

2325 A number of studies have

(approximately 30%) but protection seemed to wane over time
identified both viral and host factors including HLA, chemokine receptors and host restriction
factors (APOBEC, TRIM5a, Tetherin, SAMHD1) that are associated with a more rapid or delayed

26-35

progression to AIDS . Understanding those factors will help design treatment strategies to

prevent or cure HIV infection.

One noted genetic factor associated with delayed disease progression is the A32CCR5 mutation,
a 32-base pair deletion in the gene encoding the HIV-1 co-receptor CCR5. Individuals
homozygous for this deletion fail to express CCR5 at the cell surface and are thus more resistant

36,37

to infection . Infection with viruses that lack a functional Nef protein was also associated

with a less pathogenic course of disease *%.
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A subset of HIV-1 infected individuals exhibit spontaneous control of HIV-1 replication in the
absence of therapy *. Originally described as individuals who maintained CD4 cell counts above
500/ mm3 without the use of ART, long- term nonprogressors (LTNP) were a distinct subset of
HIV-1 infected patients who remained healthy for long periods of time. It was later observed
that many LTNPs do eventually progress, developing clinical signs of disease after 10-15 years of
infection *°. Over the years, an even smaller subset of patients arose out of the LTNPs, now
commonly referred to as elite controllers (EC) **'. Making up less than 1% of HIV-1 infected
individuals; ECs demonstrate remarkable control of virus replication, able to maintain VL below
the level of detection (<50 copies/mL) for as many as 25 years. The most common characteristic
of HIV-1 controllers is the expression of certain HLA class | alleles. HLA-B*13, B*27, B*51, B*57,
and B*5801 alleles are heavily represented in cohorts of patients with non-progressive HIV-1

26,28,42,43

disease . These individuals provide “proof-of-principle” that natural immunity to HIV-1

exists and protects from disease progression. LTNPs and ECs remain the focus of a number of
studies to better assess the immune response that affords long-lasting protection **.
Understanding the mechanisms of immunologic control of HIV replication in LTNPs and EC may

identify candidate markers of immune control useful for assessing HIV vaccine strategies.

1.5 Immune responses induced during HIV-1 infection

Cell-mediated immune responses are a critical component of host defense against HIV-1
replication. Hence, understanding the impact of natural killer (NK) cell, B cell and T cell effector
functions on the course of HIV-1 disease is critical for defining correlates of long-lasting

protection and the development of novel treatment strategies.

1.5.1 Natural Killer cells

Previous studies have reported the importance of targeting HIV-1 early, as low VL set point
correlates with delayed disease progression **. Furthermore, early control of HIV-1 replication
achieved by ART during primary infection was associated with preserved HIV-specific immune
responses *°. As first responders to invasion by microbial pathogens, innate effector cells react

to contain and clear infection; hence NK cells are likely an important component of immune
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protection during the acute stage of disease. Rapid progression to AIDS has been associated
with reduced NK cell frequency and function *’. It is also known that HIV-1 infection alters NK
cell phenotype, as the subset most responsible for antibody-dependent cell-mediated

cytotoxicity (ADCC) is selectively lost during disease ***°.

NK cell effector function is regulated by activator and inhibitory receptors expressed at the cell

surface *°

. One family of NK cell activating receptors consists of three members—NKp30,
NKp44, and NKp46—and it was observed that compared to uninfected controls, these receptors
were expressed at lower levels in HIV-infected subjects . Epidemiologic studies provide further
evidence implicating NK cells as mediators of protection during HIV-1 disease. Over 1500 HIV-
infected individuals were analyzed for HIV-1 disease outcome, human leukocyte antigen (HLA)
genotype, and expression of killer immunoglobulin-like receptors (KIR) 2. KIRs comprise a class
of NK cell receptors specific for HLA class | molecules. This analysis demonstrated that the co-
expression of activating NK cell receptor KIR3DS1 and HLA-B alleles having the Bw4 motif was
associated with delayed progression to AIDS. There was no added benefit if the molecules were
expressed individually. The impact of NK cell effector function on HIV-1 disease warrants

further investigation as innate immunity may impact long-term prognosis of HIV-1 disease

during primary infection.

1.5.2 B cells and HIV-1 Infection

Humoral responses are an essential component of adaptive immunity. For years, vaccine
development focused on the induction of antigen-specific antibodies, as sterilizing immunity to
a number of pathogens (measles, hepatitis B) was established if a minimum antibody titer was
induced 3. These long-lasting antibody responses are induced by immunization with killed and
live attenuated viruses, or recombinant antigens. Safety issues prevent the use of attenuated
HIV-1 as a vaccine agent, thus alternate vaccine strategies will be needed to induce appropriate

virus-specific humoral responses.

While virus-specific antibodies can be detected within three weeks of infection, HIV-1
neutralizing antibodies (NAbs) are often not detected for months or even years after

transmission %, and these NAbs are the first antibodies from which the virus will escape. Adding
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another level of complexity, NAbs to conserved regions of the HIV envelope proteins, those
likely to provide the most protection, are extremely rare and often not detected for 2-3 years

after infection 8,

Pre-existing circulating antibody has been shown to affect disease outcome in rhesus macaques
>43¢ Animals were passively immunized with NAbs and subsequently challenged with chimeric
simian immunodeficiency virus (SIV)/HIV-1 virus. Compared to controls, macaques receiving
antibody infusion showed reduced pathogenicity or a complete block of infection; this
protection was observed in animals regardless of inoculation site. Recently in a phase 1 human
clinical trial a passive immunization with NAbs showed up 250 times decrease of the VL in the
blood of HIV infected individual >’. These data suggest that NAbs may be important mediators
of protection from HIV-1 acquisition and control. Understanding development of the more rare,

HIV-1-specific NAbs isolated from infected individuals may provide insight on how to generate

such responses with an effective vaccine.

1.5.3 CD8 T cell and HIV-1 Infection
CD8+ T cells are part of the adaptive branch of the immune system and are key players in
mediating immunity to intracellular pathogens and tumors. CD8 T cells that carry the

859 nitial

appropriate T-cell receptor (TCR) recognize peptide in the context of MHC class |
encounter of naive CD8 T cells with antigen induces CD8 T-cell priming and initiates a program
of proliferation and differentiation into effector cytotoxic T lymphocytes (CTLs); this is known as
the primary response. After the primary response peaks and antigen is cleared, most effector
CD8 T cells die, leaving behind a surviving fraction that persists as long-lived memory cells.

Upon second antigen encounter, those memory cells mount a faster and stronger immune

response than the primary response.

CD8+ T cell priming need various stimuli to become fully activated and induce differentiation
and proliferation (figure 5). These stimuli can be roughly divided into two categories: TCR
signals and environmental cues, including but not limited to dendritic cell (DC) activation and
costimulation (CD80/CD86), CD4 ‘help’, and soluble inflammatory and growth factors.

Conditions of T cell priming impact the development of downstream CD8 T cell effector
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function. The extent to which these signals influence CD8 T-cell fate and effector function is still

unclear and need to be addressed.

Antigen

----

Cytokines
- IFN-y
- TNF-a.

Chemokines
-MIP-1a/[3
- RANTES

Lysis of infected
cells

- Perforin

- Granzymes

- Fas/FaslL

Figure 5: T cell activation by DC (MHC-TCR recognition and help of costimulatory molecules)(Front
Immunol. 2011 Aug 1;2:31. doi: 10.3389)

Parameters of CD8 T cell effector function upon antigen stimulation include proliferation,
production of cytokines (interferon(IFN )-y, interleukin(IL)-2, tumor necrosis factor(TNF)-a),
production of chemokines (macrophage inflammatory protein(MIP)-1 alpha, RANTES), and the
release of effector molecules involved in target cell lysis (CD107a, perforin, granzymes) (figure
5). Production of IL-2 and maintenance of proliferative capacity by CD8 T cells have been
associated with viral control ®*®'. More recently, simultaneous production of these soluble
factors by a single CD8 T cell, defined as a polyfunctional response, has been associated with
improved disease outcome ®2. However, the mechanism and precise component(s) of the CD8 T
cell response critical for long-lasting protection are not clear, highlighting the need for

improved methods to analyze CD8 T cell effector functions.

Many studies established the importance of CD8 T cell responses in control of HIV replication.
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The emergence of HIV-1-specific CD8 T cells during primary infection coincides with the initial

63,64

reduction of VL from its peak by two to four logs . This temporal association was an early

demonstration of the importance of CD8 T cell responses in controlling HIV-1 replication *>’.
When SIV-infected macaques were treated with an anti-CD8 antibody, control of virus
replication was lost and VL increased 20- to 2500-fold within six days of antibody treatment
®889 It was only when CD8 T cells were repopulated that control of virus replication was
recovered. One caveat to these studies was the fact that NK cells may have also been depleted
upon antibody treatment, another caveat is overexposure to IL15 and over activation of CD4 T

cells; nonetheless, cytotoxic effector cells were playing a role in limiting virus replication.

CD8 T cells are also responsible at least in part for the control of viral replication in many ECs.
For example, EC are enriched for certain HLA alleles, such as HLA-B13, B15, B51, B27, B57, and
B58 227%7% EC contain a greater fraction of HIV-specific CD8+ T cells that can degranulate,
produce multiple functional cytokines and chemokines and display markedly better
proliferative potential upon HIV peptide stimulation than individuals with progressive disease

80627577 additionally, recent evidence has demonstrated that HIV-specific CD8 T-cells from EC

881 However due to the lack of

have enhanced cytotoxic capabilities compared to progressors
understanding of the exact CD8 T cell priming mechanism it is still unclear how to induce such

polyfunctional CD8 T cell response by vaccination.

Early HIV-specific CD8 T cell responses are usually narrowly focused on a few immunodominant

8 Gag and Nef are highly immunodominant and

epitopes, which facilitates viral escape
command most of the HIV-1-specific CD8 T cell response, however immunodominant do not
necessarily correlate with control . Gag-specific responses in contrast to Nef are associated with

improved control of virus replication %

. Virus mutating to evade immune pressure induced by
HIV-specific CD8 T cells also confirms the importance of CD8 T cells in HIV control. Mutations
within immunodominant epitopes or in its flanking motifs lead to altered antigen processing or
loss of HLA class | binding, thus enabling the virus to evade host immunity. Escape from the
immunodominant B*27-KK10 (Gag p24, KRWIILGLNK) CD8 T cell response is an example of

significant loss of viral control as a result of mutation within a CD8 T cell epitope **. Substitution
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of the arginine (R) residue at position 2 was associated with rapid disease progression.
Interestingly, while the conversion at position 2 of this epitope enables evasion of the host
immune response, it comes at a fitness cost to the virus. Additional studies have demonstrated

88 During the

that the virus induces compensatory mutations in an attempt to restore fitness
chronic phase of the infection the immune response becomes broader but no more effective at
controlling viral replication . Since immunodominance established during HIV infection or
reproduced by some HIV vaccines does not clear or prevent infection, breaking
immunodominance hierarchies to induce the presentation of broader subdominant but

protective epitopes provides an interesting alternative for vaccine design.

Although these findings highlight the critical importance of CD8 T cells in controlling HIV-1
replication, we still need to better understand the factors that influence CD8 T cell priming,
proliferation and memory including MHC-I epitope and co-stimulatory molecules presented by
DCs, CD4 T cell help and inflammatory and growth factor production to ultimately design a

vaccine that will induce broad polyfunctional CD8 T cell responses to control HIV-1 infection.

1.5.3 CD4 T cells and HIV-1

CD4 T cells play key role in orchestrating and mediating the immune responses against viral
pathogens. Naive CD4 T cells that carry the appropriate TCR recognize antigenic peptides in the
context of MHC-II presented on the surface of antigen presenting cells (APCs). Depending on
the stimulatory signals and cytokines in the milieu naive CD4 T cells can differentiate into
memory CD4 T cells or a number of different effector cell subsets. The main subsets are Th1, 2
and 17. Once differentiated into an effector phenotype, T cells will migrate to sites of infection
to mount immune responses. Thl cells are marked by the secretion of IFN-y, IL-2 and
lymphotoxin-a (LTa), whereas Th2 cells are defined by the secretion of IL4, 5, 6, 10 and 13 .
Th1 cells provide help to the cellular arm of the immune system. They stimulate other cells such
as M@ and in instances where pathogen infection does not trigger a strong inflammatory
response, Thl cells are vital in the stimulation of the CD8 T cell response by providing signals
such as IL-2 . Mice studies indicated that CD8+ T cell memory development was impaired with

90,91

the depletion of CD4 T cells . However the exact mechanism and the extent to which CD4 T

33



cell are needed to induce an optimal CD8 T cell response is still not clear. Th2 cells provide help
to the humoral arm of the immune system. They stimulate B cells to upregulate antibody
production and undergo class switching *>. Th17 cells are marked by the secretion of IL17, 21
and 22. They are vital for pathogen clearance and inducing tissue inflammation **. Another
important subset of CD4 T cells are the regulatory T cells (Tregs). These cells act to suppress the
immune system and are important in establishing peripheral tolerance to self-antigens (figure

6).
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Figure 6: Summary of the 4 CD4 T helper cell fates: their functions, their unique products, their
characteristic transcription factors, and cytokines critical for their fate determination. (Blood. 2008 Sep
1;112(5):1557-69. doi: 10.1182)

HIV-1 primarily infects and destroys CD4 T cells. A high rate of replication causes rapid
disseminated infection of CD4 T cells in the first few weeks and a sizeable reduction in CD4 T
cell numbers. Over the long term, CD4 T cell death outnumbers the thymic output of new cells,
resulting in a progressive depletion. CD4 T cell response diminishes and its contribution to the
immune system is severely compromised leading to poor control of HIV-1 infection and

increased susceptibility to opportunistic infections. In addition, a subset of resting memory CD4
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T cells harbor latent HIV-1 DNA that cannot be cleared and are largely unaffected by ART

causing a major barrier to the eradication of HIV-1 within infected individuals.

Other aspects of CD4 T cell function have also provided possible insights into correlates of
disease control. Increasingly reports of CD4 T cells with direct effector function are appearing in

the literature °+°°

. In addition to APCs, different cell types have now been shown to upregulate
the expression of MHC-II molecules under certain conditions, one such example being virus
infection ?’. The expression of MHC-Il molecules on virus infected cells suggests a direct role for
CDA T cells in anti-viral immunity. Indeed CD4 T cells have now been shown to control infection
of many viruses including gamma herpes viruses, murine influenza and west Nile virus amongst

98-100

others . A number of reports have shown isolation of virus-specific CD4 T cells, including

cytotoxic CD4+ T cells specific to viral antigens such as those of Epstein-Barr virus (EBV) and HIV
9495101102 “Moreover, early expansion of CD4 T cells expressing perforin and Granzyme A is
associated with spontaneous control of HIV infection, suggesting direct cytolytic activity of CD4

102

T cells 7. Interestingly, prior exposure to other pathogens may also prime cross-protective CD4

103 and

T cell responses against HIV that are associated with early clearance of the virus
suggests that vaccines targeted to induce CD4 T cell responses may be useful. However
additional studies are needed to understand the exact mechanism leading to the generation of

functional virus-specific cytotoxic CD4 T cells.

1.5.5 Benefit of treatment

Nowadays, we are in the era where most of HIV-infected patients who have access to ART have
achieved controlled plasma VLs. The control of HIV viremia has a substantial role in the
management of HIV infection and its consequences. The control of viremia has been translated
in a series of immunological and clinical benefits. The restoration of CD4 cell count occurs
following the initiation of ART and a rise of 50 to 100 cells/mm3 is usually observed in the first
year of therapy, however CD4 reconstitution is not even for all patients and factors that control
it are not well understood. In a long-term observational study that prospectively followed
patients initiating ART, the majority of increase in CD4 cell counts was in the first two years with

104

little increase afterwards = . Moreover, the increase in CD4 T cells count by ART reconstitutes
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CDA T cell help to maintain functional CTLs crucial for HIV control . In addition, ART treatment

also decreases viral antigen exposure, which reduces the persistent immune activation and

inflammation and leads to immune reconstitution ‘%%

. Controlled VL and restored immunity
upon ARV therapy resulted in significant differences in the incidence of AIDS-defining illnesses
(esophageal candidiasis, Kaposi's sarcoma, pulmonary and extrapulmonary tuberculosis, non-
Hodgkins lymphoma, bacterial pneumonia and recurrent herpes simplex) before and after ART

108,109

as well as over the different periods of ART . Furthermore, dramatic decrease in mortality

110-112

was observed upon successful ART treatment as well as increased survival probabilities

reaching life expectancy values comparable to HIV uninfected individuals ***.

In addition to the immunological and clinical benefits, the control of viremia (<50copies/mL)
has been shown to prevent the selection of resistance mutations. In patients with persistent
low-level viremia under ART, new resistance mutations were detected and the magnitude of

viremia was the primary driver of the evolution rate of the emergent drug resistance mutation

114,115

Beside the individual benefits, ART has led to a decrease of transmission of HIV to non-infected
partners through the control of viral replication. Data from prospective cohort analysis of
serodiscordant couples showed a 92% reduction of HIV transmission between patients on
treatment and those not receiving it. Transmission occurred more among couples where the
non-treated HIV-infected partner had low CD4 cell counts and higher plasma HIV-1
concentrations *®. In the HPTN 052 Study, 1763 serodiscordant couples in which HIV-1—
infected participants had a CD4 count of 350 to 550 cells/mm3 were randomly assigned to
receive ART either immediately or after a decline in the CD4 count or the onset of HIV-1-related
symptoms. Of the 28 linked transmissions, only 1 occurred in the early-therapy group
suggesting a relative reduction of 96% in the number of linked HIV-1 transmissions resulting

from the early initiation of ART, as compared with delayed therapy **’.
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2. Antiretroviral therapy

2.1 Different classes of antiretroviral therapy

The significant advancement in the understanding of HIV replication and its pathogenesis has
helped in the identification of various pharmacological targets. The first anti-HIV agent licensed
for clinical use was Zidovudine (AZT), in 1987. Since then, several anti-HIV compounds have
been approved by the FDA (US Food and Drug Administration) and EMEA (European Medicine
Agency) for treating HIV infections. These compounds fall within different categories depending

on the target within the HIV replicative cycle they interact with (figure 7).

1-Binding and fusion

|1-Entry Inhibitors

2-Infection "
II-Nucleoside reverse
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a IV-Protease Inhibitors (Pls)

o ‘ .,'26
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Figure 7: Antiretroviral classes and their targets in HIV replication cycle. (Figure adapted from
www.aidsinfonet.org)

2.1.1 The reverse transcriptase inhibitors
The RT inhibitors interfere with the generation of a DNA copy from the viral RNA. There are two

classes of RT inhibitors, distinguished by their mode of action.
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First of them is the group of nucleoside reverse transcriptase inhibitors (NRTIs). These are
nucleoside analogues that are incorporated by the viral RT into the newly synthesized DNA
strand. They are inactive in their initial forms and require successive phosphorylation steps by
host cell kinases and phosphotransferases to form deoxynucleoside triphosphate (dNTP)
analogs capable of viral inhibition. In their respective triphosphate (TP) forms, NRTIs compete
with their corresponding endogenous dNTPs for incorporation by HIV RT. Once incorporated,
they serve as chain-terminators of viral RT, thus, acting early in the viral replication cycle by
inhibiting a critical step of proviral DNA synthesis prior to integration into the host cell genome

18 (figure 8). The currently approved HIV NRTIs are listed in the table below (table 1).
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Figure 8: Nucleoside reverse transcriptase inhibitors mode of action (AZT as an example)(adapted from
http://biochemistryformedics.com/)
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Table 1: HIV nucleoside/nucleotide reverse transcriptase inhibitors.

Generic name Abbreviation Brand Name Date of FDA approval

zidovudine AZT (zZDV) Retrovir 1987
stavudine daT Zerit 1994
lamivudine 3TC Epivir 1995
abacavir ABC Ziagen 1998
didanosine ddl Videx EC 2000
tenofovir TDF Viread 2001
emtricitabine FTC Emtriva 2003

The second group of RT inhibitors is the non-nucleoside reverse transcriptase inhibitors

(NNRTIs). They are small molecules that carry out the inhibition of RT by binding to a

hydrophobic pocket in the proximity of the active site of the enzyme. After the inhibitor is

bound, it impairs the flexibility of the RT resulting in its inability to synthesize DNA (figure 9).

Mutations can cause resistance to NNRTIs which results in reduced affinity of the inhibitor to

the protein. Usually, a single mutation selected by one NNRTI is sufficient to confer complete

resistance to all compounds of the drug class

119 120

listed in the table below (table 2).
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Figure 9: Non-nucleoside reverse transcriptase inhibitors mode of action (adapted from massmed.org).
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Table 2: HIV non-nucleoside reverse transcriptase inhibitors.

Generic name Abbreviation | Brand Name Date of FDA approval

nevirapine NVP Viramune 1996
delavirdine DLV Rescriptor 1997
efavirenz EFV Sustiva (US) - Stocrin (Europe) 1998
etravirine ETR Intelence 2008
rilpivirine Edurant 2011

2.1.2 The protease inhibitors

Protease Inhibitors (Pls) interfere with the process of forming new infectious viral particles. The
viral protease is engaged in virion maturation. Protease targets the amino acid sequences in the
gag and gag—pol polyproteins, which must be cleaved before the nascent viral particles (virions)
can mature. Cleavage of the gag polyprotein produces three large proteins (p24, p17, and p7)
that contribute to the structure of the virion and to RNA packaging. The design of the first-
generation HIV Pls is based on the transition-state mimetic of the Phe-Pro bond, the major
substrate of HIV-I protease. PIs by binding to the active site of the protease compete with its
natural substrates. Pls prevent cleavage of gag and gag—pol protein precursors in acutely and
chronically infected cells, arresting maturation and hence blocking the infectivity of nascent

virions *** (figure 10).

The resistance of HIV against Pls can be achieved by two mechanisms. The first one involves
mutations in the protease catalytic site such that the affinity of the inhibitor is decreased while
the natural substrates (gag and gag—pol polyproteins) can still be bound efficiently **°. Those
mutations can sometime reduce the efficiency of the protease by reducing the affinity to its
natural substrate. Thus, the second mechanism introduces compensatory mutations aiming at
re-establishing the efficiency of the enzyme while maintaining resistance against the inhibitor.
These compensatory mutations can occur either in the protease or at the cleavage site of its

natural substrate %%,

The currently approved HIV Pls are listed in the table below (table 3).
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Figure 10: HIV protease inhibitor role in blocking HIV maturation.

Table 3: HIV protease inhibitors.

Generic name Abbreviation Brand Name Date of FDA approval
saquinavir sQv Invirase 1995
ritonavir RTV Norvir 1996
indinavir IDV Crixivan 1996
nelfinavir NFV Viracept 1997
amprenavir APV Agenerase 1999
lopinavir + ritonavir LPV/RTV Kaletra - Aluvia (developing world) 2000
fosamprenavir FOS-APV Lexiva (US) - Telzir (Europe) 2003
atazanavir ATV Reyataz 2003
tipranavir TPV Aptivus 2005
darunavir DRV Prezista 2006

41




2.1.3 The integrase inhibitors

Integrase inhibitors (II) are designed to block the activity of integrase, a viral enzyme that

| 124

inserts the viral genome in the DNA of the host cel (figure 11). Raltegravir (RAL) was the first

integrase inhibitor approved by the FDA. Clinical trials indicate that RAL is safe and highly

effective in the treatment of both antiretroviral-naive and —experienced patients

RAL two other integrase inhibitors had been approved (table 4).
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Figure 11: HIV integrase inhibitor blocks the integration of proviral DNA to the host genome (adapted

Table 4: HIV integrase inhibitor.

from NIH.gov).

Generic name Abbreviation Brand Name Date of FDA approval

raltegravir RAL Isentress 2007
elvitegravir EVG Vitekta 2012
dolutegravir DTG Tivicay 2013

2.1.4 The entry and fusion inhibitors
These inhibitors block viral fusion and entry to the host cell. This group of inhibitors can be
subdivided into classes of agents that act at different stages of entry: CD4 binding, co-receptor

binding, and fusion. Currently, only antagonists that block CCR5 binding (Maraviroc) and fusion
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(Enfuvirtide) have been approved by the FDA for treatment of HIV infected patients, although

126 ‘Maraviroc binds to

strategies to inhibit other aspects of HIV entry are under development
the co-receptor CCR5 and blocks the entry of the virus to the cell (figure 10). Prior to the use of
co-receptor blockers, it is necessary to determine the co-receptor which is being used by the

virus for entering **’

. In addition to maraviroc, more CCR5 and also CXCR4 inhibitors are under
investigation %%, Enfuvirtide prevents HIV from entering a target cell by inhibiting fusion of virus
and host cell membranes. Enfuvirtide binds to a subunit of gp41 and therefore prevents the
required conformational change that facilitates the fusion of host and viral membrane (figure
12). Drug resistance mutations are usually located in the Enfuvirtide binding site on gp41 (direct

resistance) or confer resistance indirectly via mutations in other regions of gp41 and even in

gp120 **° (table 5).
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Figure 12: HIV entry and fusion inhibitor targets (PNAS 2003 Sep 16;100(19):10598-602).
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Table 5: HIV entry and fusion inhibitors.

Generic name Abbreviation Brand Name Date of FDA approval
enfuvirtide T-20 Fuzeon 2003
maraviroc MVC Celsentri (Europe) - Selzentry (US) 2007

2.2 Treatment initiation and HAART

According to the WHO 2013 guidelines, a patient is recommended to start treatment when
their CD4+ count reaches <500 cells/mm3, which is an increase from the 2010 guidelines that
recommended treatment start when the count reached <350 cells/mm3. When a patient
progresses from being HIV-positive to the point of needing drug treatment, sophisticated
genotyping is used (in the US) to determine an optimal set of ARVs that will provide the best
chance at suppressing the replication of the virus with a genetic barrier to resistance. CD4 cell
count is used as a marker of the ability of the patient’s immune system to function; VL is used
as an indication of viral progression. When ART is working well, an infected person’s VL is below
the Limit of Detection (LOD) 50 copies/mL. When ARVs are not working, VL is increased,
resulting in a concomitant drop in CD4 count (figure 13). When a person has reached a CD4
count <200 cells/mm3 they are diagnosed as having AIDS. A healthy person’s CD4 count is

usually between 500 to1000 cell/mm3.
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Figure 13: CD4 count and viremia during a successful and unsuccessful HAART treatment (Figure from
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As discussed above, the HIV develops resistance against individual drugs and inhibitors. This
problem required a new pharmaceutical strategy. An approach of combination therapy was
developed which involved combining several ARV compounds. This approach benefited the
most from the development of drugs in NNRTIs and PI classes. Combination therapy can block
the resistance effect more effectively for two reasons; first, multiple mechanisms are required
for resistance to occur to all drugs in the regimen and second; multiple drugs suppress viral
replication more effectively than single agents. This marked the beginning of the era of highly
active antiretroviral therapy (HAART) in 1995. HAART combines a minimum of three drugs from
at least two different drug classes. The first line of HAART includes two NRTIs and one NNRTI. If
the first line treatment fails which could happen for many reasons including drug resistance,
poor adherence, poor drug absorption or a weak drug combination, a second line treatment
composed of two NRTIs and one Pl is initiated. If the second line of treatment shows signs of
failure then lIs or entry/fusion inhibitors are added to the treatment. Combinations of
antiretrovirals with different targets create multiple barriers to the HIV replication process. This
helps to keep the number of new virus production low and reduce the possibility of a superior

mutation.

In 2005-06, FDA approved fixed-dose combinations of antiretrovirals (for example, Atripla).
These are multiple antiretroviral drugs combined into a single pill, which helps to significantly
simplify a drug treatment regimen by reducing the pill burden, helping to increase adherence
and thus reducing potential development of viral resistance to the drugs. They may combine
different classes of antiretrovirals or contain only a single class. Another milestone in HAART
was the discovery that the protease inhibitor ritonavir interferes with the liver enzyme

cytochrome P450 *°

. This enzyme is involved in the metabolic processing of most protease
inhibitors. Thus, the use of a small dose of ritonavir inhibits the liver enzyme, and helps to
maintain optimal levels of other protease inhibitors in the patient’s blood for a longer period of
time. The boosting of protease inhibitors with ritonavir is standard as of 2001 — following the
introduction of Kaletra (LPV+RTV) — and is usually denoted by PI/r. Table 6 shows different

antiretroviral combinations recommended by different guidelines.
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Table 6: Different guidelines on the first line antiretroviral therapy.

Guideline NRTI NNRTI PI I
TDF/3TC (or FTC) EFV
WHO 2013 ABC/3TC VP No PI No Il
AZT/3TC
TDF/FTC ATV/r RAL
US DHSS 2014 ABC/3TC EFV DRV/r DTG
TDF/FTC EFV ATV/r
FRANCE 2013 ABC/3TC RPV DRV/r No Il
TDF/FTC EFV ATV/r
EACS 2013 ABC/3TC RPV DRV/r RAL

2.3 Side effects of HAART

The use of HAART has been associated with increasing life expectancy in HIV-infected patients.
While the median age of HIV-infected patients is increasing, concerns arise concerning the long
term toxicities and morbidities associated with the use of HAART. Many patients under ART
displayed lipodystrophy, metabolic alterations, increased risk of cardiovascular diseases and
reduced bone mineral density. Now that ART is recommended for lifelong, the challenge is to

maximize antiviral efficacy and to minimize toxicity™".

Lipodystrophy is defined as abnormal fatty tissue distribution. It could present as lipoatrophy
(loss of fat tissue in the face and the extremities), lipohypertrophy (accumulation of fat tissue in

the abdomen and posterior neck) or a mixture of lipoatrophy and lipohypertrophy. Several

132

overlapping risk factors attribute for the development of lipodystrophy “°“. There is an evidence

that HIV-1 infection on its own contributes to the development of the lipodystrophic phenotype

by interfering with some key genes of adipocyte differentiation and mitochondrial function in

133

patients which have not received ART ~°°. Beside the role of HIV, the use of thymidine

analogues NRTIs (zidovudine and stavudine) are mainly responsible for peripheral lipoatrophy.
NRTIs induce mitochondrial dysfunction and modify adipocyte phenotype and adipose tissue

pattern of secretion of cytokines and adipokines through the production of reactive oxygen

134

species ~~". This deleterious effect was one of the causes behind the replacement of thymidine

analogues with other nontoxic NRTIs such as abacavir or tenofovir which led to improvement in

135
. Pl

lipoatrophy. The use of Pls is associated with the development of fat hypertrophy s
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3% In a recent study,

increase cytokine and decrease adiponectin secretion and expression
Guaraldi G et al have shown that CD8 T-cell activation was associated with lipodystrophy and
the relative amount of visceral abdominal adipose tissue in ART controlled, virologically
suppressed, HIV-infected patients suggesting that CD8 activation may be involved in the

accumulation of central fat **’.

Beside the morphological changes (lipodystrophy) associated with Pls use, the APROCO study,
which has investigated the prevalence of lipid and glucose alteration found that 23% of HIV-
infected patients have glucose metabolism alterations, 28% have hypertriglyceridemia and 57%
have hypercholesterolemia. Age was significantly associated with different phenotypes of
lipodystrophy and metabolic alterations while among antiretrovirals, only ritonavir was
associated with hypertriglyceridemia *3. These abnormalities were associated with increased
plasma levels of apolipoproteins **°. Compared to HIV-uninfected population, the incidence of
type-2 diabetes in HIV-infected men with HAART exposure was greater than 4 times in the
multicenter AIDS cohort study **°. Several cohorts reported an increased incidence of diabetes
among patients on HAART and ranged from 4.4 person-years follow-up (PYFU) in the Swiss HIV
cohort study to 14.1 PYFU in the APROCO-COPILOTE Cohort Study **'*3. In addition to
traditional risk factors, the use of NRTIs (stavudine, zidovudine, lamivudine and didanosine) and
the protease inhibitor (indinavir) containing regimens was associated with the risk of

developing diabetes.

The risk of myocardial infarction (MI) among HIV-infected patients is higher than general

144

population . Endothelial dysfunction is possibly the most plausible link between HIV infection

and atherosclerosis **°

. The mechanisms underlying the regulation of endothelial function in
HIV-infected persons appear to be multifactorial, including direct effects of HIV on the
endothelium, indirect effects of HIV on lipids and inflammatory cytokines and ART-related

effects 1*°

. After the reported association between the use of ART and the risk of Ml in the DAD
study ¥/, several studies have reported an association between abacavir use and risk of M.
However, in a case-control study (matched for age, sex, and clinical center) nested within the

French Hospital Database on HIV found that the risk of Ml was increased by cumulative
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exposure to all the studied Pls except saquinavir, whereas the association with abacavir cannot

. 144
be considered causal ="

Reduced bone mineral density (osteoporosis and osteopenia) is another complication of both
HIV and current antiretroviral drugs. In a meta-analysis of 20 studies, the prevalence of
osteoporosis was more than three times greater compared to HIV-uninfected controls. In
addition, ART-exposed and Pl-exposed patients had a higher prevalence of osteoporosis **%. The
change in bone mineral density (BMD) was compared in a randomized trial that assigned the
patients into three treatment arms: an NNRTI and a PI/r, a Pl/r and NRTIs or an NNRTI and
NRTIs using DEXA scan. After 1 year, the decrease in lumbar spine BMD was more in patients
receiving Pl/r-containing regimen compared with NNRTI and NRTIs suggesting that BMD should

199 Another study evaluated osteopenia in HIV-1-infected

be monitored during lifelong ART
men receiving HAART for a median of 7.5 years, showed that tenofovir exposure was

independently associated with a larger decline in BMD at lumbar and hip spine **°.

Beside the evaluation of BMD, some studies evaluated the risk of fractures. In Danish
population-based cohort study evaluating the development of low and high energy fractures in
HIV-infected patients, an increased risk of fracture compared with population controls was
found. Among HIV-monoinfected patients, the increased risk was observed for low-energy but
not for high-energy fractures, and the increased risk of low-energy fracture was only observed

in HAART-exposed patients **

. Further study found that the cumulative exposure to TDF and
lopinavir/ritonavir was independently predictive of increased risk of osteoporotic fracture in

the HAART era ™2,

Despite the evidence showing a clear association between HAART and side effects there is still
no clear understanding of the cellular mechanisms leading to these alterations. Minimizing
toxicity and undesirable effects are of outmost importance now that HAART is recommended
for lifelong use by HIV infected individuals. Therefore additional studies are needed to unveil

the cellular targets and the mechanisms leading to these alterations.
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2.4 Limitations of HAART

The expanded use of HAART has changed the course of HIV infection. Nowadays, about 90% of
patients on ART have plasma HIV-RNA levels below the levels of detection for long periods of
time. Despite this success, failure of HIV eradication due to established reservoirs, residual

viremia and persistent immune activation and inflammation remain a challenge in HIV research

153-155

In the mid-nineties, the persistence of small detectable pool of latently infected, CD4 T-cells
carrying replication-competent virus was documented in several independent studies among

156-158

patients who received clinically effective HAART In addition, several studies

demonstrated rapid viral rebound after discontinuation of therapy in patients in whom

159161 These

sustained suppression of plasma viremia had been achieved for prolonged periods
latently infected, CD4 T-cells serve as HIV reservoir and present an impediment to viral

eradication.

The establishment of HIV reservoir is initiated early in the course of infection at time of virus
penetration. This conclusion is based on the observation that the initiation of HAART in infected
patients as early as 10 days after the onset of symptoms of primary HIV-1 infection did not
prevent generation of latently infected, resting CD4 T cells carrying integrated HIV-1 DNA as
well as infectious HIV-1 despite the successful control of plasma viremia shortly after institution
of HAART 2. In addition, ART initiation as early as 3 days post-infection, did not prevent viral
rebound in monkeys after discontinuation of ART following 24 weeks of fully suppressive

183 Considerable progress has been achieved regarding our knowledge in the

therapy
pathogenesis of HIV reservoirs and the mechanisms of viral latency even though a lot remains
to be understood. Two hypotheses are suggested to explain the persistence of HIV reservoir
despite the effective HAART use for long time. First, the memory phenotype with the long half-
life of the latently infected resting CD4 T cells which allows these cells to harbor the virus
without expressing viral antigens on their surface thus enables them to escape host immune
responses. Second, ongoing low-level of HIV replication with de novo viral infection, due to

partial suppression and/or to inadequate drug penetration *>**,
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The most widely discussed approach to eradicate HIV reservoirs is reactivating HIV genomes in
resting CD4 T cells. To date, histone deacetylase (HDAC) inhibitors have been tested as

potential latency-reversing agents. Of these, valproic acid has been tested in different studies

165-167

with no measurable effect . Other HDAC inhibitors (vorinostat, romidepsin, panobinostat,

givinostat and belinostat) have been tested and showed promising results in the reactivation of

168

virus in latently infected cells =°. Disulfiram, which has been used in the treatment of

alcoholism, is being evaluated ****”*. The use of cytokines has been envisioned as an additional

172
|

therapeutic strategy. Interleukin-2 use was not successful ~". Interleukin-7 is being tested with

173174 These reactivation

more success than IL-2 in reactivating latently HIV-1 infected cells
strategies are being tested on patients treated with HAART. Different ARTs have been
associated with off-target effects resulting in the adverse effects described above. Therefore it
is of interest to study the direct effect of ARTs on reservoir reactivation and elimination of

infected cells.

The use of sensitive single-copy assays for HIV-1 RNA allowed the detection of residual amounts

17> However the source of this residual viremia

of free virus in the plasma of patients on HAART
is still unclear. Several lines of evidence support the hypothesis that the source of such viremia
is the release of HIV-1 from cells infected before the initiation of HAART rather than ongoing
replication. First, clinical experience has shown that adherent patients who maintain plasma
VLs less than 50 copies/ml do not develop resistance to therapy. Secondly, intensification
studies that added potent antiretroviral drug to suppressive HAART did not find any further
decrease in the amount of residual viremia. Third, phylogenetic studies of residual plasma

176-178

viremia show no sequence evolution in patients on effective HAART , although it is still not

clear if viral sequence evolution can be detected in tissues.

In contrast, some experts believe that the decrease in CD8+ T-cell activation and the transient
increase of episomal HIV-1 DNA observed after the intensification of HAART with raltegravir,

179,180

provide evidence that active HIV-1 replication continues despite HAART . Therefore one

therapeutic vaccination strategy is to activate HIV specific CD8+ T cells to eliminate cells with
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active HIV-1 replication. However it is still unclear if those HIV infected cell with low replication

efficiently present HIV-derived MHC-I bond peptides required for CTL recognition killing.

Despite the benefits of HAART on CD4 count and immune reconstitution, individuals on HAART
continue to have elevated activated CD4 and CD8 T-cells compared to healthy HIV-negative
individuals. Moreover, CD8 T cell from individuals on HAART have a lower proliferative and
cytotoxic capacity compared to LTNPs ®***!, In addition individuals on HAART are shown to have

182-184

an imbalanced cytokine and chemokine environment The specific mechanisms

underlying the persistence of chronic immune activation are still unclear. HIV reservoirs and

. . . . . . . . 180,185,186
residual viremia have been shown to correlate with persistent immune activation .
Several studies have also indicated that microbial translocation is a driver of chronic immune

activation among HIV-infected patients 187

. HIV also induces immune activation through indirect
pathway. During HIV-1 infection, the depletion of CD4 T cells may result in suboptimal immune

control of other persistent viruses such as cytomegalovirus (CMV) and EBV*#41%,

Observations of residual immune activation and inflammation have led to interest in early
initiation of HAART. A study of long-term HAART initiated during early HIV-1 infection suggested
that there is potential for better immune system preservation and a functional cure **°. A
functional cure is defined as the ability to control infection without the need for medication.
For example, while not successful in the long-term, very early HAART initiation in an infant
showed the potential for a functional cure (absence of virus for extended period of time after
treatment interruption), however this effect turned out to be only transient and ultimately viral
rebound was observed *°*. Therefore, the timing of HAART initiation could aid in preserving the

immune system, and may also help avoid damage that may persist in individuals who initiate

HAART later.

The following figure (figure 14) summarizes the potential reasons leading to persistent immune
activation and inflammation in patients on HAART. It has been shown that ARV treatment is
associated with many off-target effects including direct effects on the immune system

independent from HIV infection. However it is still unclear if ARV treatment per se contributes
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to the persistent immune activation and inflammation. The next chapter will discuss the known

off-target effects of ARVs and their consequences.
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Figure 14: Potential reasons contributing to the persistent immune activation and inflammation in
patients on HAART.

2.5 Off-target effects of HAART

Unfortunately in some cases suppression of viral replication fail due to viral resistance to ART.
Despite the development of resistant viral mutants, a substantial proportion of treated patients
show a steady increase in CD4 cell counts and do not develop HIV associated disorders *%*%

(figure 15). These observations suggested that HAART might be affecting the immune system

independently of viral suppression.
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Successful treatment CD4 increase independent of viremia
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Figure 15: HAART increasing CD4 count independently of viral suppression (figure from **%).

Several studies in HIV-positive and HIV-negative patients showed increased thymic T cell output

caused directly by HAART treatment that include HIV protease inhibitors ****%

. Importantly,
thymic production of naive T cells with new antigen specificities might replenish the HIV-
depleted T cell repertoire and explain the beneficial effect of HAART in patients with unaffected
VL. Additionally, evidence highlighted the direct immunomodulatory effects of antiretroviral

198,199

drugs . For example significant reduction of cytokine production by peripheral blood

mononuclear cells (PBMCs) from HIV-uninfected subjects was observed after HAART

prophylaxis following exposure to contaminated blood 7%

. This decrease in cytokine
production might be reducing the continuous stimulation and cell exhaustion caused during the
chronic phase of the infection explaining the non-HIV related clinical benefits of HAART.
Moreover, HIV Pls improved the survival of CD4 and CD8 T cells and restored impaired T-cell

199 Although these studies provide evidences for the

proliferative response in vivo and in vitro
beneficial immunosuppressive activity of certain Pls, the molecular events underlying these

phenomena, as well as the cellular targets of Pls still remain not completely defined.

In addition to the effect of HAART on T cells, recent studies showed that some HIV-PI alter DC

function 201293

. DCs play key role in orchestrating the innate and adaptive immune responses.
Among other things they are involved in activating naive T-cells and NK cells regulating the links

between innate and adaptive immune responses. The presence of Pls altered monocyte

53



differentiation toward DC lineage and led to the generation of immature DCs (iDCs) showing an
altered phenotype, including low levels of surface proteins (CD1a, CD86, CD36 and CD209)
essential for DC function. iDCs generated in presence of Pls failed to mature and produce the
appropriate cytokines in respond to bacterial endotoxin. These Pl-induced alterations
weakened the ability of DCs to prime autologous NK cells and made them highly susceptible to
NK cell killing. NK cell capacity to kill iDCs and mature DCs (mDC) that fail to undergo a proper
maturation (also known as NK mediated DC editing) has been proposed to play a major role

shaping the quality and strength of the adaptive immune response 2%

. Therefore, the ability of
certain Pls to sustain the generation of mDC displaying higher susceptibility to autologous NK
cytotoxicity might be beneficial during HIV chronic infection by limiting excessive inflammation.
Additionally, it has been shown that CD209 on DCs also known as DC-SIGN is able to bind HIV-1
and carry the virus to lymphoid tissues contributing to the rapid transmission of HIV-1 to
lymphoid T-cells. HIV PIs by reducing CD209 expression and by editing of DCs by autologous NK
cells would also limit the spreading of virus from migrating DC to naive T-cells trafficking in
lymphoid tissues. In addition, DCs are also involved in T-cell priming and activation. However, it
is still unclear if the Pl-induced alteration of DC phenotype and function affect their capacity to
efficiently prime T-cells. It is important to mention that Pl concentration used to test the effect
on DC maturation and function was very high (comparable to human peak plasma drug level)
201

, it is therefore important to confirm these results using concentrations closer to the

physiological levels.

Early in the HAART era, investigators reported regression of HIV-related Kaposi’s sarcoma in
individuals on HAART 2°>%°®_ Kaposi’s sarcoma is an angioproliferative disease characterized by
angiogenesis, endothelial spindle-cell growth (Kaposi’s sarcoma cells), inflammatory-cell
infiltration, and oedema, which becomes progressively infected by human herpesvirus 8 **. At
first thought to be a consequence of effective anti-HIV treatment and immune reconstitution,
the effects of HAART including HIV Pls on Kaposi’s sarcoma control did not always correlate
with HIV load or CD4 cell counts. Progression of Kaposi’s sarcoma while on HAART was not
necessarily associated with virological failure in a fifth of the patients in one study *%. These

were the earliest clinical indications that HIV Pls had a non-immune-mediated antitumor
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activity. Later, additional studies showed that some HIV Pls have pleiotropic antitumor effects,
including inhibition of inflammatory cytokine production, proteasome activity, cell proliferation

208-213

and survival, and induction of apoptosis . Subsequently, HIV Pls use alone or in

combination to chemotherapy or radiotherapy showed beneficial results in human clinical trials

214216 pifferent cellular targets of HIV Pls have been proposed

against different cancer types
but the exact anti-tumor mechanism is still unclear. One of the cellular targets of some HIV Pls
is the proteasome. Evidence showing that the proteasome can cleave the gag-pol natural
substrate of HIV protease raised questions about a possible interaction between HIV Pl and
proteasome 2. Indeed, it has been confirmed that ritonavir, saquinavir and nelfinavir inhibit

218220 proteasomes are involved in many cellular mechanisms and

proteasome activities in cells
their inhibition is proved to be beneficial in some cancer types. For instance Bortezomib is a
FDA approved proteasome inhibitor for treating multiple myeloma. Therefore, the inhibitory
effect of HIV PIs on the proteasome might explain in part their anti-cancer effect. Proteasome
also play a crucial role in the antigen processing machinery. It is responsible for the generation
of most antigenic peptides, as its inhibition blocks most antigen presentation on MHC-I

2L However it is still unclear how the Pl-induced proteasome activity inhibition

molecules
affects the antigen processing machinery and alters the immunopeptidome presented by MHC-I

for CD8 T cell recognition which will be the focus of the first part of the results (study 1).

3. Antigen processing and epitope presentation

As previously discussed, the ability of a T cell to function relies on its intrinsic capacity to
recognize target cells that are infected by a pathogen or have internalized pathogen-derived
proteins. To facilitate this recognition, cells express MHC molecules that bind peptide
fragments derived from those proteins. These peptide-MHC complexes are then displayed on
the cell surface. In order for this to occur antigen processing is required to degrade proteins

within cells and generate these peptide fragments.

In the classical model of antigen processing, MHC class | molecules bind peptides derived from

endogenously expressed proteins whereas MHC class Il molecules bind peptides derived from
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extracellular proteins that have been phagocytosed by the cell. However this model has proved
to be an oversimplification of reality. It has been shown that MHC-I bound peptides on APCs
could derive from phagocytosed extracellular proteins processed in the pathway called “cross-
presentation”. In the following sections only the MHC-I peptide processing and presentation

pathways will be discussed.

3.1 Direct antigen processing machinery

3.1.1 Antigen processing in the cytosol

Intracellular proteins and peptides are constantly degraded as part of the normal process of
turnover and recycling of proteins and organelles within cell. Degradation is a tightly regulated
process and different proteins have different half-lives that can range from minutes to weeks.
Within the cytosol, degradation is mostly carried out by the 26S proteasome 2. The
proteasome is responsible for the generation of most antigenic peptides, as its inhibition blocks

most antigen presentation on MHC-I molecules 221

. The 26S proteasome is a multicatalytic
enzyme responsible for the degradation of polyubiquitinated as well as other proteins. It
consists of a 20S core, representing the catalytic core, and two 19S regulator complexes that

223

confer the binding and unfolding of ubiquitylated substrates “*°. The two inner rings are

composed of seven B subunits, three of which (81, B2 and B5) contain active sites and are

224 Although they share a common

responsible for this enzyme’s hydrolyzing activity
mechanism, these subunits have distinct substrate specificities; 1, B2 and B5 cleave after
acidic, basic and hydrophobic residues, respectively (termed the caspase-like, tryptic and

chymotryptic activities) 22> 2 %/ (figure 16).
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Figure 16: Schematic representation of the proteasome. The proteasome is composed of a 20S core
attached to two 19S caps to form the 26S proteasome. The 20S core is composed of four stacked
heptameric ring structures. The two inner B rings contain the three subunits responsible for the specific
hydrolyzing activities of this enzyme. The two outer rings are composed of a subunits that bind 195
regulatory caps.

Besides constitutive proteasomes expressed in all cell types, immunoproteasomes are present
in lymphoid tissues and can be induced in other cell types upon infection or cytokine exposure

228 |FN-y induces the expression of catalytic immunosubunits and PA28 lids leading to the

229 |mmunoproteasomes tend to produce

assembly of 20S and 26S immunoproteasomes
longer peptides ending with C-terminal hydrophobic residues, the most frequent C-terminal
anchor for most MHC-I isotypes, and may favor the production of epitopes 2*°. The presence of
both proteasomes and immunoproteasomes in the same cell is associated with a greater
variety of peptides available for presentation %**. Moreover, another type of proteasome called
thymoproteasome is expressed by thymic cortical epithelial cells and are involved in the

generation and the presentation of thymoproteasome-specific peptide-MHC-I complexes

essential for the positive selection of major and diverse repertoire of MHC-I-restricted T cells.

In addition to the proteasomes, other proteases in the cytoplasm have been shown to play a

role in the generation or destruction of antigenic peptides as well, although the sequence of
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degradation events leading to optimal epitope production is poorly defined. Leucine

aminopeptidase (LAP) activity in the cytoplasm can be enhanced by IFN-y and has been shown

232

to have the ability to trim the N-terminus of antigenic peptides “°°. Two other proteases,

bleomycin hydrolase (BH) and puromycin-sensitive aminopeptidase (PSA), were shown to trim

the N-terminus of antigenic peptides, although they both have the ability to destroy epitopes as

233
|

well 7. Thimet oligopeptidase (TOP) was once thought to play a role in generating antigenic

234,235

peptides . Later work revealed that TOP primarily plays a destructive role and limits the

236

supply of peptides for MHC-I presentation “°. The multicatalytic protease tripeptidyl peptidase

[l (TPPII) also has conflicting evidence of being involved in the generation and/or destruction of

antigenic peptides 2”2,

While antigenic peptides and N-terminally-extended precursors are generated in the cytoplasm,
a majority of peptides are actually destroyed before ever entering the ER for final processing
and MHC-I loading. Studies from the Neefjes and other groups have demonstrated that only

239240 1t is this massive

0.1% of antigenic proteins may ever yield an antigenic peptide
destruction of peptides in the cytoplasm that makes the antigen processing pathway inherently

inefficient, and makes the eventual binding of a final antigenic peptides to MHC-I a rare event.

Among all of this destruction in the cytoplasm, protective components also exist. It has been
shown that specific motifs within and outside epitopes determine the sensitivity of peptide to
degradation by cytosolic peptidases, the kinetics of epitope production, and contribute to the

2128 The combination of specific

amount of peptides available for presentation to CTL
sequences within proteins and intracellular peptidase hydrolytic activities shapes the kinetics of
production and amount of peptides available for loading onto MHC-I. In addition, cytoplasmic
chaperones play a key role in protecting antigenic fragments from destruction before they
enter the endoplasmic reticulum (ER). The multisubunit chaperonin TriC was found to play a key
role in the protection of antigenic fragments from AAF-CMK-sensitive proteases, which include

several cytoplasmic proteases and TPP Il %%

. The chaperone hsp90 and cochaperone CHIP were
found to protect large antigenic fragments from destruction, possibly before they are delivered

to the proteasome **°.
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3.1.2 Antigen processing in the ER
Cytosolic peptides of mostly 8-16 aa long with adequate anchor residues for the transporter

2%% are translocated into the ER where they can be

associated to antigen processing (TAP)
loaded onto the MHC-I and exported to the cell surface. Prior to MHC-I presentation peptides
may still need final trimming. It has been shown that aminopeptidase activity in the ER is crucial
for the generation of antigenic peptides **’, and that MHC-I molecules are somehow involved in
the trimming process **®. The major ER aminopeptidase responsible for generating these final
N-terminal cuts was later identified as ERAP1 and ERAP2 (ER aminopeptidase associated with

247,249-252

antigen processing) . ERAP was shown to trim antigenic peptides to the appropriate

length for MHC-I binding and presentation, and to synergize with MHC-I molecules in this
process 2>°. In fact, ERAP knockout in mice altered the degradation of proteins, changed the
repertoire of peptides presented on MHC-I molecules and modified CTL responses 2**. After
peptides are trimmed by ERAP and loaded onto MHC-I molecules with the peptide loading

complex composed of tapasin, calnexin, calreticulin and ERp57, they are exported to the cell

surface and presented to CD8+ T cells (figure 17).
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Figure 17: Endogenous antigen processing and epitope presentation pathway.
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3.1.3 Endogenous sources of antigens

There are a variety of endogenous sources of antigen to be found in any given cell, and these
sources may vary depending on the cell type. Properly translated and folded proteins that are
degraded as part of natural protein turnover by the proteasome represent one source of
antigenic material. However the use of stable proteins as an antigenic source has a major
caveat: it cannot be an accurate representation of the protein milieu inside the cell at any given
time. If a cell is virally infected, for example, it would be highly inefficient to wait until viral
proteins had lived out their full lives before being processed and presented as antigens. Studies
have shown that inhibition of protein translation rapidly effects antigen presentation (Reits et
al., 2000; Schubert et al., 2000; Yewdell et al., 2001), indicating that the pool of proteins utilized

as a source of endogenous antigens are newly synthesized proteins.

Since this observation several years ago, efforts have been made to further understand the
mechanism by which the cell preferentially uses newly synthesized proteins as a source of
antigen. Described as “DRiPs" (defective ribosomal products) by Yewdell (Yewdell et al., 1996),
this pool of proteins is thought to be degraded immediately after translation due to defects in
translation or misfolding that occur naturally in the cell. These mistakes occur as a normal part
of cellular metabolism, and are thought to be the source of newly synthesized proteins used for
antigenic material. When a cell is virally infected, mechanisms may be employed to increase the
use of DRiPs for antigen presentation. In fact one study using an LCMV model showed that
although an epitope-containing viral protein was long-lived, only neosynthesized viral protein

was actually used as a source of antigenic peptides (Khan et al., 2001).

With the goal of providing a real-time representation of the proteins inside of a cell, other less-
than-perfect sources of protein may also be preferentially used as antigenic sources. The
products of cryptic translation are one of these sources. Cryptic translation products are
proteins translated outside of the normal open reading frame, and/or initiated with non-AUG
start codons. As shown by members of the Shastri lab, cryptic translation products are an
important source of antigenic material (Malarkannan et al., 1999; Schwab et al., 2003; Schwab

et al., 2000). Susan Schwab also went on to show that cryptic translation products initiated
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using a CUG start codon were actually encoded as a leucine on their first residue, rather than
solely as a methionine residue through a wobble mechanism as previously thought (Schwab et
al.,, 2004). It has also been shown that cryptic HIV-1 epitopes derived from alternate reading
frames of the HIV-1 genome are recognized and targeted by the host immune system 2>>%°.
These cryptically-translated protein products may contribute significantly to a DRiP-like pool of
proteins, and therefore serve as early warning flags in the form of peptides presented to CD8+ T

cells. Because part of the antiviral response involves shutting down regular host translation,

cryptically translated viral proteins may be some of the first detectable antigenic sources.

3.1.4 Factors affecting antigen processing efficiency
Many factors including intracellular epitope stability, kinetics of epitope production and motifs
within epitopes or in the sequences flanking the epitopes have been shown to affect the

efficiency of antigen processing and epitope presentation 243 241 237 2°8,

Surface MHC-| epitope presentation is dependent on the amount of epitope available in the cell
at a given time for loading onto the MHC-I. The amount of epitope availability depends on the
production kinetics and the intracellular stability of the epitope. It has been shown that motifs
surrounding optimal epitopes favorable for degradation leads to the production of peptides
that include epitopes ***. For instances, endogenous processing and presentation of human
immunodominant HIV-1 epitope is more efficient than that of a subdominant epitope. This is
explained by the increased cleavage of the flanking regions of the immunodominant epitopes
that constitute portable motifs, which are absent in the regions surrounding subdominant
epitopes. The presence of these cleavable motifs increases the production of fragments
containing immunodominant epitopes. Moreover, naturally occurring mutations in those
flanking motifs have been shown to impair the processing and presentation of HIV epitopes and

to lead to CTL escape **

. In addition to kinetics of epitope production, the intracellular stability
of the epitopes affects the amount available for MHC-I loading. Epitope stability is defined as
the intracellular half-life of the epitope, which is dependent on the sensitivity of the epitope to
cytosolic degradation. Higher sensitivity to cytosolic degradation reduces the amount of

peptides displayed at the cell surface and hinders recognition by CTLs. Intracellular stability is
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associated with specific motifs located throughout the peptide sequences. Multiple HLA-
associated mutations occurring within HIV epitopes including B57-TW10 (TSTLQEQIGW, aa 108-
117 in Gag p24) GI9D mutation introduces cleavage sites and increases the sensitivity of the

epitope for degradation **>°

. This dramatically decreases the intracellular stability of peptides
and reduces surface MHC-I epitope presentation thus constituting a mechanism of immune
escape **'. Furthermore, kinetics of epitope production and stability are dependent on the
proteases and peptidases involved in the generation and further degradation of those epitopes.
Any alterations in the activities of the peptidases might increase or decrease the amount of
epitope available for MHC-I loading. Therefore understanding of the factors that affect
peptidase activities might allow us to uncover new ways used by the virus to alter epitope

presentation and escape or enable us to increase the presentation of some epitopes by

modifying the activities of the peptidases.

3.2 Cross-presentation

As previously discussed, CD8+ T cells recognize pathogen infected cells through peptide
complexed to MHC-I molecules. However, CTLs cannot gain cytotoxic function without first
being primed by DCs. This priming occurs through peptide-MHC-I recognition in addition to the
co-stimulatory molecules presented by DCs. The peptides presented by MHC-I on DCs or Mds
can be generated by two distinct pathways. The first is the classical endogenous antigen-
processing pathway described above where presented MHC-I bound peptides are derived from
proteins expressed in the cell. The second pathway called cross-presentation occurs when the
presented MHC-I bound peptides derive from phagocytosed or endocytosed exogenous

antigens.

3.2.1 Intracellular trafficking

Cross-presentation requires antigen transit through endosomes or phagosomes and eventually

partial proteolysis by cathepsins 2*°

. Peptides generated after the initial proteolysis can further
undergo mainly two different pathways (“cytosolic” and “vacuolar”). Cross-presentation
through the cytosolic pathway is sensitive to proteasome inhibitors, which suggests that

generated peptides access the cytosol, where they are degraded by the proteasome .

62



Proteasome-generated peptides can then feed into the classical endogenous MHC-I antigen
presentation pathway, which involves the transport of peptides into the ER by TAP for loading

261

on newly formed MHC-I molecules “°°. Alternatively, it has been shown that ER-resident

proteins including TAP and the MHC-I loading machinery can be recruited to phagosomes and

perhaps even to endosomes 2°?

; thus, peptides generated by the proteasome might be
translocated back into the lumen of endocytic compartments for loading on MHC-I molecules,

which could then recycle back to the plasma membrane.

By contrast, cross-presentation through the vacuolar pathway is resistant to proteasome
inhibitors and generally independent of TAP *%, but is sensitive to inhibitors of lysosomal

proteolysis (in particular, cathepsin S inhibitors %*%)

. The MHC-I molecules in this pathway likely
access endocytic compartments by recycling from the plasma membrane, and would bind
peptides independently of proteasomal degradation, TAP transporters or the MHC-I loading

complex 2°°% (figure 18).
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Figure 18: Cytosolic and vacuolar pathways of cross-presentation.
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The experimental evidence supporting the cross-presentation of a particular antigen through
the vacuolar or cytosolic pathways comes from interfering with either endocytic (lysosomal
proteases), cytosolic (proteasomal proteolysis) or ER-related (TAP or loading complex)
functions. All three intracellular compartments being involved in the cross-presentation
pathway makes it extremely challenging to uncover the exact contribution on each
compartment. Proteasome inhibition or TAP knockout reduced the export of new synthesized
MHC-I to the plasma membrane thus inhibiting the amount of MHC-I recycled to the endosomal
compartments. On the other hand inhibiting endocytic function to prevent the generation of
MHC-I binding peptides in endosomes and phagosomes also interferes with the initial partial
degradation steps that are required for the export of some antigens to the cytosol. Therefore,
most of the arguments in favor or against the use of the vacuolar or cytosolic pathways for

presentation of particular antigens are to be taken with caution.

3.2.2 Role of cathepsins, pH and NOX2

In addition to their role in generating MHC-II epitopes, cathepsins play a key role in shaping the
repertoire of antigenic MHC-I peptides generated in the cross-presentation pathway.
Phagocytosed antigens are initially degraded by cathepsins present in the phagolysosomal
compartments. There are two groups of cathepsins: Cysteine cathepsins such as cathepsin S, B,
H and L; and aspartate cathepsins such as cathepsins D and E. They differ mainly by their

substrate specificity and their activity levels at different pH 2¢7-%,

It has been shown that degradation patterns in the different cross-presentation compartments

contribute to HIV immunodominance °®°

. More immunodominant epitopes compared to
subdominant were produced when HIV proteins were degraded by cathepsins in cross-
presentation compartments, which led to higher CTL responses specific for immunodominant
epitopes after cross-presentation. Immunodominant epitopes also had higher intracellular
stability in cross-presentation compartments. In addition, common HLA-associated mutations in

a dominant epitope appearing during acute HIV infection modified the degradation patterns of

long HIV peptides, reduced intracellular stability and epitope production in cross-presentation-
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competent cell compartments, showing that impaired epitope production in the cross-

presentation pathway contributes to immune escape 269,

One of the hallmarks of the endocytic pathway of DCs is its decreased cathepsin activity

268

compared with that of other phagocytes, such as Mds and neutrophils “>°. Using models of

antigen endocytosis, several groups have shown that limited antigen degradation correlates

268270 Noreover, antigens that are artificially delivered to

with efficient cross-presentation
highly degradative, late endocytic compartments by dedicated liposomes are presented on
MHC-Il molecules more efficiently than on MHC- | molecules ?’*. By contrast, antigens are cross-
presented more efficiently when the liposomes are targeted to less degradative, early

endocytic compartments.

The decreased proteolysis that occurs in the endocytic compartments of DCs compared with
other phagocytes is mainly due to the low levels of lysosomal proteases in DC endosomes and
phagosomes, and to decreased activity of the proteases that are present. The decreased
activity of these proteases is caused by a high pH maintained in the phagosomes
(approximately pH 6.5-7), which is itself a result of both low levels of V-ATPase activity (due to
its incomplete assembly) and high levels of NADPH oxidase 2 (NOX2) activity in phagosomal and

268272 NOX2 uses protons from the phagosome to generate reactive

endosomal compartments
oxygen species (ROS) thus limiting the acidification and maintaining low cathepsin activity in DC
phagosomes 2’2’3 It has been shown that NOX2 knock-down DCs and DCs from patients with
chronic granulomatous disease (which is caused by a genetic defect in NOX2) have increased
phagosomal acidification and impaired antigen cross-presentation 2’?”®. This NOX2-mediated
regulation of cathepsin activities allows the low levels of protein degradation in phagosomes to
preserve potential MHC-I-binding epitopes. However, some degree of degradation favors
cross-presentation, probably because smaller peptides are exported to the cytosol with a

2’% (figure 19). Therefore understanding the factors that

higher efficiency than large ones
control the phagocytic environment favorable for cross-presentation will be crucial for the
design of vaccines that will be optimally processed and presented by APCs to induce a strong

and broad CTL response.
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Figure 19: NOX2-mediated control of DC phagosomal pH. NOX2 uses H+ to produce ROS thus limiting
phagosome acidification. Neutral pH keeps cathepsin activity low which is favorable for antigen cross-
presentation.
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Hypothesis and aims

The ability of CTL to clear virus-infected cells depends on the processing of viral antigens by
cellular proteases and peptidases and peptide display by MHC-I. In addition to the presentation
of epitopes derived from endogenous proteins, APCs have the ability to process exogenous
antigens by phagosomal cathepsins and cross-present the epitopes by MHC-I.

It has been shown that perturbations of cellular proteases involved in antigen processing
modify protein degradation patterns, epitope amount and intracellular stability, and
consequently epitope presentation by MHC-I. For instance, the inhibition of the proteasome by
N-acetyl-leucyl-leucyl-norleucinal or ERAAP1 knockout in mice altered the degradation of
proteins, changed the repertoire of peptides presented on MHC-I molecules and modified CTL

responses 22%?**2”> |nhibitors of cathepsins affected antigen processing in the endolysosomal

264,267,268 |1 addition, alterations in DC

compartment and altered epitope cross-presentation
phagosome’s controlled environment including NOX2 inhibition or increased acidification led to
impairment in DC ability to cross-present antigenic peptides 2’2,

Despite the evidence showing that HIV Pls inhibit the proteasome activity, no study has
assessed in human primary cells the effect of Pls on aminopeptidase and cathepsins equally
important in antigen processing, the link between Pl-induced alterations of cellular peptidases,
HIV protein degradation patterns, and HIV epitope presentation to CTLs. Therefore, we
hypothesized that HIV Pls by altering the activities of cellular proteases and peptidases involved
in antigen processing, modify antigen degradation pattern thus enhancing or impairing the
presentation of various MHC-I epitopes.

The first aim was to study in human primary cells the effect of HIV Pls on the proteasome and
aminopeptidase activities, understand the impact of these Pl-induced activity changes on HIV
protein degradation pattern and epitope production kinetics, and analyze the consequence of
these alterations on HIV epitope presentation to CTLs.

The second aim was to assess the effect of HIV Pls on cathepsin activities, phagosomal pH and

NOX2 activity as well as on the overall impact on epitope cross-presentation by DCs and Mds.
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The context of the PhD:
After a successful master thesis in Sylvie Le Gall's lab working on the antigen degradation
pathway, | started my PhD in the form of “co-tutelle” under the co-supervision of Pr. Etienne

Weiss and Pr. Sylvie Le Gall. One of the objectives was to develop intrabodies (Single-chain Fv

276-280

fragment) with Pr. Weiss’ expertise in this field to target and block specific peptidases in

particular cellular compartments with the goal of shaping antigen degradation patterns and
ultimately changing epitope presentation. The entire PhD project was done in Pr. Sylvie Le

Gall’s lab at the Ragon Institute of MGH, MIT and Harvard in the United States of America.
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Results

Study n°1

Sequence-Specific Alterations of Epitope Production by HIV
Protease Inhibitors

HIV protease inhibitors (Pls) are one of the antiretroviral classes used by HIV infected people to
control HIV replication. In addition to their inhibitory effect on HIV protease, Pls have been
associated with other off target effects including proteasome inhibition. Proteasomes are
involved in antigen degradation and presentation of epitopes on MHC-I. This process is critical
for the recognition of pathogen-infected cells by CD8+ T lymphocytes. In this study we
investigated the effect of PIs on aminopeptidase activities equally important for antigen
processing and the impact of Pl-induced peptidase activity alteration on antigen degradation

pattern, epitope production and presentation, and recognition by cytotoxic T lymphocytes.
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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:

000-000.

combination of nucleoside reverse transcriptase inhibitors

(NRTIs), non-NRTIs (nNRT1s), protease inhibitors (PlIs),
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 HIV aspartyl 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

H ighly active antiretroviral therapy (HAART), which is a
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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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2 SEQUENCE-SPECIFIC EFFECT OF HIV PI ON PROTEIN DEGRADATION

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 Pl-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 Pl-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 seven HIV PIs (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 Pl-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 —20°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 wmol/L Suc-LLVY-Amc, 50 pmol/L BocLRR-
Amc, and 75 pmol/L ZLLE-Amc, respectively; Bachem) (26, 29). Dif-
ferent amino acid cleavage activities required 5 wmol/L X-Amc substrate,
where X represents any amino acid (26). Pan-caspase activity was mea-
sured using 50 pmol/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 wmol/L), aminopeptidases (Bestatin; 120 pmol/L), or
pan-caspase (Z-VAD-FMK; 20 pwmol/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

PBMC:s 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 pg 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 pm X 0.5 mm ChromXP c18-CL 5 wm 120 A; Eksigent) was used to
remove salts and contaminants in the sample buffers. Peptides were separated
in a Nano cHiPLC column (75 pwm X 15 cm ChromXP c18-CL 5 pm 300 A;
Eksigent) over a gradient of 2-40% buftfer 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 ng 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 analy7zeéd 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 release — spontaneous release]/
[maximum release — spontaneous release]) X 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 Pls 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 HIV " 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 pM
(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 cleavage was 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 (2.5-20 n.M)
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 wM) 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 (NRTT) 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 PlIs are specific and val-
idate the use of Pl-treated cellular extracts as one approach to assess
the impact of PIs on the processing of epitopes.

These results show that saquinavir, ritonavir, nelfinavir, and Kaletra
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 Pls

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 3ISWO identified by LC-MS/MS after a 60-min degrada-
tion in PBMC extracts in the absence of Pls. They included peptides
encompassing epitope ISW9, termed precursors, optimal epitope
ISWO, 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 wM 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 wM 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 Pls. 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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FIGURE 1. HIV PIs variably alter proteasome and aminopeptidase activities in human PBMCs. (A) Aminopeptidase substrate Leu-amc was added to
PBMC:s pretreated with DMSO (control, squares), 10 M ritonavir (triangles), or 120 wM 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 wM 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 [fop 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.

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 Pls
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 Pls 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-L

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
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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 uM 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.

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-AO2-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 pM HIV PIs: HLA-AO2-restricted SL9, HLA-A11-re-
stricted ATK9 (AIFQSSMTK, aa 158-166 in reverse transcriptase
of HIV-1 polymerase), HLA-B57-restricted KF11 (KAFSPEVIPME,
aa 3040 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, ATKO,
SL9, KF11, and ISWO9, 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 PlIs 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 PlIs could
affect the endogenous processing and presentation of HIV epitopes
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).
75
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FIGURE 3. HIV PIs variably alter intracellular HIV epitope stability. (A) HLA-AO2-restricted SL9 epitope (SLYNTVATL, aa 77-85 in HIV-1 Gag p17)
was degraded in PBMC extracts pretreated with DMSO (control, circles), 5 wM nelfinavir (triangles), or 5 wM 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 O 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 uM PI, or 5 uM 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.

HLA-matched B cell lines were pretreated with DMSO or 5 uM 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
All-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 BS7-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-
ISWO9 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 Pls 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 uM of various PIs. We compared the hydrolysis 07f617 aa in
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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 uM 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 — spontaneous release)/(maximum release — spontaneous release)] X 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 wM PI (saquinavir, ritonavir, nelfinavir, atazanavir, or darunavir) before being infected with VSVg-NLA4.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.

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 HIV epitope 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 wM 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 IKAFSPEVIPMF 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-1. Any perturbation of cellular peptidase
activity could modify protein degradation patterns and consequently
epitope presentation. In this study, we showed that several HIV PlIs,
by changing not only cellular proteasome but also aminopeptidase
activities, altered HIV Ag 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 Pls 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 proteasome PRE?2 subunit
that is homologous to human proteasome (35 subunit (48), elucidating
the inhibition of the chymotryptic activity by ritonavir (39,7 48, 49).
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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 uM 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 Pl-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 (VEEKAFSPEVIPME, upper panel) and 21-3KF11 (VIIKAFSPEVIPME, 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 21-3KF11 epitope precursors (IIKAFSPEVIPMF and IKAFSPE-
VIPMEF), 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.

Likewise, HIV PIs might interact with noncatalytic effector sites in mice (59). Whether the modification of intracellular amino-
in the proteasome and aminopeptidases that were shown in en- peptidase activities would affect glucose or lipid metabolism remains
zymatic studies to regulate the different catalytic activities (50— unknown. Surface aminopeptidases such as membrane-bound
52). This would provide a potential mechanism of either inhibition ectoenzyme aminopeptidase N/CD13 or intracellular amino-
or enhancement of cellular peptidases by HIV PIs, although mo- peptidases trafficking to the surface such as insulin-responsive
lecular modeling and structural studies are required to test this aminopeptidase are involved in peptide cleavage, cholesterol up-
hypothesis. take for aminopeptidase N (60, 61), or glucose transport uptake for
First-generation Pls like ritonavir, saquinavir, and nelfinavir insulin-responsive aminopeptidase (62). Considering the conser-
showed stronger effect on proteasome and aminopeptidase activ- vation between aminopeptidase catalytic sites, it will be important
ities than newer PIs like atazanavir and darunavir. First-generation to examine whether first- and second-generation PIs modify sur-
PIs induced more rapid and profound adverse effects on lipid and face aminopeptidase activities, as well as other peptidases, in each
glucose metabolism than did newer Pls (4, 7, 8, 53-55). Rats subcellular compartment and affect the biological functions of these
treated with ritonavir developed hyperlipidemia and displayed enzymes. Finally, because various cell subsets present different levels
higher RNA expression of proteasome subunits (56, 57). Although of peptidase activities (26), it will be necessary to assess the effect
there is no clear mechanistic link between the two observations, of PIs not only on PBMCs, but also on specific cell subsets.
ritonavir-induced proteasome inhibition may trigger a feedback We showed that alteration of proteasome and aminopeptidase
loop leading to increased proteasome expression as observed with activities by HIV PIs modified both the degradation patterns of long
proteasome inhibitors (58). PI-induced proteasome inhibition may HIV peptides and the sensitivity of epitopes to intracellular deg-
modify the half-life of proteins involved in glucose or lipid me- radation before loading onto MHC-I, and therefore the amount of
tabolism, such as the documented accumulation of sterol regula- peptides available for display to CTL. The effect was both drug

tory binding proteins 1/2 inducing constitutive lipid biosynthesis and sequence dependent. Variations in degradation patterns were
7
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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 Pls
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,
Pl-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 HIV epitope 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 PlIs, 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 Pls as cancer therapy, another potential benefit
could be a Pl-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 Pls, 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.

Acknowledgments
We thank Drs. M. Hirsch, S. Fortune, D. Kavanagh, F. Pereyra, and
B. Zanoni for stimulating discussions and input on the manuscript.

Disclosures
The authors have no financial conflicts of interest.

References

1. Autran, B., G. Carcelain, T. S. Li, C. Blanc, D. Mathez, R. Tubiana, C. Katlama,
P. Debré, and J. Leibowitch. 1997. Positive effects of combined antiretroviral
therapy on CD4+ T cell homeostasis and function in advanced HIV disease.
Science 277: 112—-116.

2. Flexner, C. 1998. HIV-protease inhibitors. N. Engl. J. Med. 338: 1281-1292.

3. Fernandez-Montero, J. V., P. Barreiro, and V. Soriano. 2009. HIV protease
inhibitors: recent clinical trials and recommendations on use. Expert Opin.
Pharmacother. 10: 1615-1629.

4. Carr, A., K. Samaras, S. Burton, M. Law, J. Freund, D. J. Chisholm, and
D. A. Cooper. 1998. A syndrome of peripheral lipodystrophy, hyperlipidaemia
and insulin resistance in patients receiving HIV protease inhibitors. AIDS 12:
F51-F58.

5. Ena, J., C. Benito, P. Lldcer, F. Pasquau, and C. Amador. 2004. [Abnormal body
fat distribution and type of antiretroviral therapy as predictors of cardiovascular
disease risk in HIV-infected patients]. Med. Clin. (Barc.) 122: 721-726.

6. Yarasheski, K. E., P. Tebas, C. Sigmund, S. Dagogo-Jack, A. Bohrer, J. Turk,
P. A. Halban, P. E. Cryer, and W. G. Powderly. 1999. Insulin resistance in HIV
protease inhibitor-associated diabetes. J. Acquir. Immune Defic. Syndr. 21: 209—
216.

7. Brown, T. T,, and R. B. Qaqish. 2006. Antiretroviral therapy and the prevalence
of osteopenia and osteoporosis: a meta-analytic review. AIDS 20: 2165-2174.

8. Boesecke, C., and D. A. Cooper. 2008. Toxicity of HIV protease inhibitors:
clinical considerations. Curr. Opin. HIV AIDS 3: 653-659.

9. Orkin, C., E. DeJesus, H. Khanlou, A. Stoehr, K. Supparatpinyo, E. Lathouwers,
E. Lefebvre, M. Opsomer, T. Van de Casteele, and F. Tomaka. 2013. Final 192-
week efficacy and safety of once-daily darunavir/ritonavir compared with
lopinavir/ritonavir in HIV-1-infected treatment-naive patients in the ARTEMIS
trial. HIV Med. 14: 49-59.

10. Erickson, J., D. J. Neidhart, J. VanDrie, D. J. Kempf, X. C. Wang, D. W. Norbeck,
J. J. Plattner, J. W. Rittenhouse, M. Turon, N. Wideburg, et al. 1990. Design, activity,
and 2.8 A crystal structure of a C2 symmetric inhibitor complexed to HIV-1 pro-
tease. Science 249: 527-533.

11. Diez-Rivero, C. M., E. M. Lafuente, and P. A. Reche. 2010. Computational
analysis and modeling of cleavage by the immunoproteasome and the consti-
tutive proteasome. BMC Bioinformatics 11: 479.

12. Goldberg, A. L. 2003. Protein degradation and protection against misfolded or
damaged proteins. Nature 426: 895-899.

13. York, I. A., A. X. Mo, K. Lemerise, W. Zeng, Y. Shen, C. R. Abraham, T. Saric,
A. L. Goldberg, and K. L. Rock. 2003. The cytosolic endopeplidése, thimet

7

$10T ‘ST YOIBIA UO SQUIDIPIIA] JO AIvIQIT AeMIUN0)) v SIOURL] e /310 [ounwruil mma//:d)Ny Wwoiy papeojumo ]



10

14.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

SEQUENCE-SPECIFIC EFFECT OF HIV PI ON PROTEIN DEGRADATION

oligopeptidase, destroys antigenic peptides and limits the extent of MHC class I
antigen presentation. Immunity 18: 429-440.

Saric, T., C. I. Graef, and A. L. Goldberg. 2004. Pathway for degradation of
peptides generated by proteasomes: a key role for thimet oligopeptidase and
other metallopeptidases. J. Biol. Chem. 279: 46723-46732.

. Kawahara, M., I. A. York, A. Hearn, D. Farfan, and K. L. Rock. 2009. Analysis

of the role of tripeptidyl peptidase II in MHC class I antigen presentation in vivo.
J. Immunol. 183: 6069-6077.

. Serwold, T., F. Gonzalez, J. Kim, R. Jacob, and N. Shastri. 2002. ERAAP

customizes peptides for MHC class I molecules in the endoplasmic reticulum.
Nature 419: 480-483.

. York, I. A., S. C. Chang, T. Saric, J. A. Keys, J. M. Favreau, A. L. Goldberg, and

K. L. Rock. 2002. The ER aminopeptidase ERAP1 enhances or limits antigen
presentation by trimming epitopes to 8-9 residues. Nat. Immunol. 3: 1177-1184.

. Lazaro, E., C. Kadie, P. Stamegna, S. C. Zhang, P. Gourdain, N. Y. Lai,

M. Zhang, S. A. Martinez, D. Heckerman, and S. Le Gall. 2011. Variable HIV
peptide stability in human cytosol is critical to epitope presentation and immune
escape. J. Clin. Invest. 121: 2480-2492.

. Herberts, C. A., J. J. Neijssen, J. de Haan, L. Janssen, J. W. Drijfhout,

E. A. Reits, and J. J. Neefjes. 2006. Cutting edge: HLA-B27 acquires many
N-terminal dibasic peptides: coupling cytosolic peptide stability to antigen
presentation. J. Immunol. 176: 2697-2701.

Reits, E., A. Griekspoor, J. Neijssen, T. Groothuis, K. Jalink, P. van Veelen,
H. Janssen, J. Calafat, J. W. Drijthout, and J. Neefjes. 2003. Peptide diffusion,
protection, and degradation in nuclear and cytoplasmic compartments before
antigen presentation by MHC class 1. Immunity 18: 97-108.

Kisselev, A. F., T. N. Akopian, K. M. Woo, and A. L. Goldberg. 1999. The sizes
of peptides generated from protein by mammalian 26 and 20 S proteasomes.
Implications for understanding the degradative mechanism and antigen presen-
tation. J. Biol. Chem. 274: 3363-3371.

Hearn, A., I. A. York, and K. L. Rock. 2009. The specificity of trimming of MHC
class I-presented peptides in the endoplasmic reticulum. J. Immunol. 183: 5526-5536.
Schatz, M. M., B. Peters, N. Akkad, N. Ullrich, A. N. Martinez, O. Carroll,
S. Bulik, H. G. Rammensee, P. van Endert, H. G. Holzhiitter, et al. 2008.
Characterizing the N-terminal processing motif of MHC class I ligands. J.
Immunol. 180: 3210-3217.

Zhang, S. C., E. Martin, M. Shimada, S. B. Godfrey, J. Fricke, S. Locastro,
N. Y. Lai, P. Liebesny, J. M. Carlson, C. J. Brumme, et al. 2012. Aminopeptidase
substrate preference affects HIV epitope presentation and predicts immune es-
cape patterns in HIV-infected individuals. J. Immunol. 188: 5924-5934.

Le Gall, S., P. Stamegna, and B. D. Walker. 2007. Portable flanking sequences
modulate CTL epitope processing. J. Clin. Invest. 117: 3563-3575.

Lazaro, E., S. B. Godfrey, P. Stamegna, T. Ogbechie, C. Kerrigan, M. Zhang,
B. D. Walker, and S. Le Gall. 2009. Differential HIV epitope processing in
monocytes and CD4 T cells affects cytotoxic T lymphocyte recognition. J. In-
fect. Dis. 200: 236-243.

Rock, K. L., C. Gramm, L. Rothstein, K. Clark, R. Stein, L. Dick, D. Hwang, and
A. L. Goldberg. 1994. Inhibitors of the proteasome block the degradation of most
cell proteins and the generation of peptides presented on MHC class I molecules.
Cell 78: 761-771.

York, I. A., M. A. Brehm, S. Zendzian, C. F. Towne, and K. L. Rock. 2006.
Endoplasmic reticulum aminopeptidase 1 (ERAP1) trims MHC class I-presented
peptides in vivo and plays an important role in immunodominance. Proc. Natl.
Acad. Sci. USA 103: 9202-9207.

Blanchard, N., T. Kanaseki, H. Escobar, F. Delebecque, N. A. Nagarajan,
E. Reyes-Vargas, D. K. Crockett, D. H. Raulet, J. C. Delgado, and N. Shastri.
2010. Endoplasmic reticulum aminopeptidase associated with antigen processing
defines the composition and structure of MHC class I peptide repertoire in
normal and virus-infected cells. J. Immunol. 184: 3033-3042.

André, P, M. Groettrup, P. Klenerman, R. de Giuli, B. L. Booth, Jr,
V. Cerundolo, M. Bonneville, F. Jotereau, R. M. Zinkernagel, and V. Lotteau.
1998. An inhibitor of HIV-1 protease modulates proteasome activity, antigen
presentation, and T cell responses. Proc. Natl. Acad. Sci. USA 95: 13120-13124.
Gaedicke, S., E. Firat-Geier, O. Constantiniu, M. Lucchiari-Hartz,
M. Freudenberg, C. Galanos, and G. Niedermann. 2002. Antitumor effect of
the human immunodeficiency virus protease inhibitor ritonavir: induction of
tumor-cell apoptosis associated with perturbation of proteasomal proteolysis.
Cancer Res. 62: 6901-6908.

32. Kelleher, A. D., B. L. Booth, Jr., A. K. Sewell, A. Oxenius, V. Cerundolo,

33.

34.

35.

A. J. McMichael, R. E. Phillips, and D. A. Price. 2001. Effects of retroviral
protease inhibitors on proteasome function and processing of HIV-derived MHC
class I-restricted cytotoxic T lymphocyte epitopes. AIDS Res. Hum. Retroviruses
17: 1063-1066.

Piccinini, M., M. T. Rinaudo, A. Anselmino, B. Buccinna, C. Ramondetti,
A. Dematteis, E. Ricotti, L. Palmisano, M. Mostert, and P. A. Tovo. 2005. The
HIV protease inhibitors nelfinavir and saquinavir, but not a variety of HIV re-
verse transcriptase inhibitors, adversely affect human proteasome function.
Antivir. Ther. (Lond.) 10: 215-223.

Pajonk, F., J. Himmelsbach, K. Riess, A. Sommer, and W. H. McBride. 2002.
The human immunodeficiency virus (HIV)-1 protease inhibitor saquinavir inhibits
proteasome function and causes apoptosis and radiosensitization in non-HIV-
associated human cancer cells. Cancer Res. 62: 5230-5235.

Hill, A., A. McBride, A. W. Sawyer, N. Clumeck, and R. K. Gupta. 2013. Re-
sistance at virological failure using boosted protease inhibitors versus non-
nucleoside reverse transcriptase inhibitors as first-line antiretroviral therapy—
implications for sustained efficacy of ART in resource-limited settings. J. Infect.
Dis. 207(Suppl. 2): S78-S84.

36.

37.

39.

40.

41.

42.

44,

45.

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

57.

58.

59.

60.

61.

Hosseinipour, M. C., R. K. Gupta, G. Van Zyl, J. J. Eron, and J. B. Nachega. 2013.
Emergence of HIV drug resistance during first- and second-line antiretroviral
therapy in resource-limited settings. J. Infect. Dis. 207(Suppl. 2): S49-S56.
Kisselev, A. F.,, and A. L. Goldberg. 2005. Monitoring activity and inhibition of
26S proteasomes with fluorogenic peptide substrates. Methods Enzymol. 398:
364-378.

. Gourdain, P, J. Boucau, G. Kourjian, N. Y. Lai, E. Duong, and S. Le Gall. 2013.

A real-time killing assay to follow viral epitope presentation to CD8 T cells. J.
Immunol. Methods 398-399: 60-67.

Acosta, E. P, T. N. Kakuda, R. C. Brundage, P. L. Anderson, and C. V. Fletcher.
2000. Pharmacodynamics of human immunodeficiency virus type 1 protease
inhibitors. Clin. Infect. Dis. 30(Suppl. 2): S151-S159.

Cardiello, P. G., T. Monhaphol, A. Mahanontharit, R. P. van Heeswijk, D. Burger,
A. Hill, K. Ruxrungtham, J. M. Lange, D. A. Cooper, and P. Phanuphak. 2003.
Pharmacokinetics of once-daily saquinavir hard-gelatin capsules and saquinavir soft-
gelatin capsules boosted with ritonavir in HIV-1-infected subjects. J. Acquir. Immune
Defic. Syndr. 32: 375-379.

Hennessy, M., S. Clarke, J. P. Spiers, D. Kelleher, F. Mulcahy, P. Hoggard,
D. Back, and M. Barry. 2004. Intracellular accumulation of nelfinavir and its
relationship to P-glycoprotein expression and function in HIV-infected patients.
Antivir. Ther. (Lond.) 9: 115-122.

Jackson, A., V. Watson, D. Back, S. Khoo, N. Liptrott, D. Egan, K. Gedela,
C. Higgs, R. Abbas, B. Gazzard, and M. Boffito. 2011. Plasma and intracellular
pharmacokinetics of darunavir/ritonavir once daily and raltegravir once and twice
daily in HIV-infected individuals. J. Acquir. Immune Defic. Syndr. 58: 450-457.

. van Heeswijk, R. P., A. 1. Veldkamp, J. W. Mulder, P. L. Meenhorst, J. M. Lange,

J. H. Beijnen, and R. M. Hoetelmans. 2000. Once-daily dosing of saquinavir and
low-dose ritonavir in HIV-1-infected individuals: a pharmacokinetic pilot study.
AIDS 14: F103-F110.

Reits, E., J. Neijssen, C. Herberts, W. Benckhuijsen, L. Janssen, J. W. Drijfhout,
and J. Neefjes. 2004. A major role for TPPII in trimming proteasomal degra-
dation products for MHC class I antigen presentation. Immunity 20: 495-506.
Frahm, N., B. Baker, and C. Brander. 2008. Identification and optimal definition
of HIV-derived cytotoxic T lymphocyte (CTL) epitopes for the study of CTL
escape, functional avidity and viral evolution. In HIV Molecular Immunology
2008. B. T. Korber, C. Brander, and B. F. Haynes, et al., eds. Los Alamos Na-
tional Laboratory, Los Alamos, NM, p. 1-24.

Batchelor, R. H., and M. Zhou. 2004. Use of cellular glucose-6-phosphate de-
hydrogenase for cell quantitation: applications in cytotoxicity and apoptosis
assays. Anal. Biochem. 329: 35-42.

Rosenblum, J. S., and J. W. Kozarich. 2003. Prolyl peptidases: a serine protease
subfamily with high potential for drug discovery. Curr. Opin. Chem. Biol. 7:
496-504.

Schmidtke, G., H. G. Holzhiitter, M. Bogyo, N. Kairies, M. Groll, R. de Giuli,
S. Emch, and M. Groettrup. 1999. How an inhibitor of the HIV-I protease
modulates proteasome activity. J. Biol. Chem. 274: 35734-35740.

Sato, A., T. Asano, K. Ito, and T. Asano. 2012. Ritonavir interacts with borte-
zomib to enhance protein ubiquitination and histone acetylation synergistically
in renal cancer cells. Urology 79:966.e13-21.

Ruschak, A. M., and L. E. Kay. 2012. Proteasome allostery as a population shift
between interchanging conformers. Proc. Natl. Acad. Sci. USA 109: E3454-E3462.
Jankowska, E., M. Gaczynska, P. Osmulski, E. Sikorska, R. Rostankowski,
S. Madabhushi, M. Tokmina-Lukaszewska, and F. Kasprzykowski. 2010. Potential
allosteric modulators of the proteasome activity. Biopolymers 93: 481-495.
Kisselev, A. F., T. N. Akopian, V. Castillo, and A. L. Goldberg. 1999. Protea-
some active sites allosterically regulate each other, suggesting a cyclical bite-
chew mechanism for protein breakdown. Mol. Cell 4: 395-402.

. Spector, A. A. 2006. HIV protease inhibitors and hyperlipidemia: a fatty acid

connection. Arterioscler. Thromb. Vasc. Biol. 26: 7-9.

Anuurad, E., A. Bremer, and L. Berglund. 2010. HIV protease inhibitors and
obesity. Curr. Opin. Endocrinol. Diabetes Obes. 17: 478-485.

Noor, M. A., O. P. Flint, J. F. Maa, and R. A. Parker. 2006. Effects of atazanavir/
ritonavir and lopinavir/ritonavir on glucose uptake and insulin sensitivity: de-
monstrable differences in vitro and clinically. AIDS 20: 1813-1821.

Waring, J. F., R. Ciurlionis, K. Marsh, L. L. Klein, D. A. Degoey, J. T. Randolph,
B. Spear, and D. J. Kempf. 2010. Identification of proteasome gene regulation in
a rat model for HIV protease inhibitor-induced hyperlipidemia. Arch. Toxicol.
84: 263-270.

Lum, P. Y., Y. D. He, J. G. Slatter, J. F. Waring, N. Zelinsky, G. Cavet, X. Dai,
O. Fong, R. Gum, L. Jin, et al. 2007. Gene expression profiling of rat liver
reveals a mechanistic basis for ritonavir-induced hyperlipidemia. Genomics 90:
464-473.

Meiners, S., D. Heyken, A. Weller, A. Ludwig, K. Stangl, P. M. Kloetzel, and
E. Kriiger. 2003. Inhibition of proteasome activity induces concerted expression
of proteasome genes and de novo formation of Mammalian proteasomes. J. Biol.
Chem. 278: 21517-21525.

Riddle, T. M., D. G. Kuhel, L. A. Woollett, C. J. Fichtenbaum, and D. Y. Hui.
2001. HIV protease inhibitor induces fatty acid and sterol biosynthesis in liver
and adipose tissues due to the accumulation of activated sterol regulatory
element-binding proteins in the nucleus. J. Biol. Chem. 276: 37514-37519.
Kramer, W., F. Girbig, D. Corsiero, A. Pfenninger, W. Frick, G. Jihne, M. Rhein,
W. Wendler, F. Lottspeich, E. O. Hochleitner, et al. 2005. Aminopeptidase N
(CD13) is a molecular target of the cholesterol absorption inhibitor ezetimibe in
the enterocyte brush border membrane. J. Biol. Chem. 280: 1306-1320.

Levy, E., S. Spahis, D. Sinnett, N. Peretti, F. Maupas-Schwalm, E. Delvin,
M. Lambert, and M. A. Lavoie. 2007. Intestinal cholesterol transport proteins: an
update and beyond. Curr. Opin. Lipidol. 18: 310-318.

80

$10T ‘ST YOIBIA UO SQUIDIPIIA] JO AIvIQIT AeMIUN0)) v SIOURL] e /310 [ounwruil mma//:d)Ny Wwoiy papeojumo ]



The Journal of Immunology

62.

63.

64.

65.

66.

67.

68.

69.

70.

Yeh, T. Y., J. I. Sbodio, Z. Y. Tsun, B. Luo, and N. W. Chi. 2007. Insulin-
stimulated exocytosis of GLUT4 is enhanced by IRAP and its partner tank-
yrase. Biochem. J. 402: 279-290.

Thornberry, N. A., T. A. Rano, E. P. Peterson, D. M. Rasper, T. Timkey,
M. Garcia-Calvo, V. M. Houtzager, P. A. Nordstrom, S. Roy, J. P. Vaillancourt,
et al. 1997. A combinatorial approach defines specificities of members of the
caspase family and granzyme B. Functional relationships established for key
mediators of apoptosis. J. Biol. Chem. 272: 17907-17911.

Feeney, M. E., Y. Tang, K. Pfafferott, K. A. Roosevelt, R. Draenert, A. Trocha,
X. G. Yu, C. Verrill, T. Allen, C. Moore, et al. 2005. HIV-1 viral escape in in-
fancy followed by emergence of a variant-specific CTL response. J. Immunol.
174: 7524-7530.

Allen, T. M., X. G. Yu, E. T. Kalife, L. L. Reyor, M. Lichterfeld, M. John,
M. Cheng, R. L. Allgaier, S. Mui, N. Frahm, et al. 2005. De novo generation of
escape variant-specific CD8+ T-cell responses following cytotoxic T-lymphocyte
escape in chronic human immunodeficiency virus type 1 infection. J. Virol. 79:
12952-12960.

O’Connell, K. A., R. W. Hegarty, R. F. Siliciano, and J. N. Blankson. 2011. Viral
suppression of multiple escape mutants by de novo CD8(+) T cell responses in
a human immunodeficiency virus-1 infected elite suppressor. Retrovirology 8: 63.
Turnbull, E. L., M. Wong, S. Wang, X. Wei, N. A. Jones, K. E. Conrod,
D. Aldam, J. Turner, P. Pellegrino, B. F. Keele, et al. 2009. Kinetics of expansion
of epitope-specific T cell responses during primary HIV-1 infection. J. Immunol.
182: 7131-7145.

Liu, M. K., N. Hawkins, A. J. Ritchie, V. V. Ganusov, V. Whale, S. Brackenridge,
H. Li, J. W. Pavlicek, F. Cai, M. Rose-Abrahams, et al; CHAVI Core B. 2013.
Vertical T cell immunodominance and epitope entropy determine HIV-1 escape.
J. Clin. Invest. 123: 380-393.

Borrow, P., H. Lewicki, X. Wei, M. S. Horwitz, N. Peffer, H. Meyers,
J. A. Nelson, J. E. Gairin, B. H. Hahn, M. B. Oldstone, and G. M. Shaw. 1997.
Antiviral pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs)
during primary infection demonstrated by rapid selection of CTL escape virus.
Nat. Med. 3: 205-211.

Nowak, M. A., R. M. May, R. E. Phillips, S. Rowland-Jones, D. G. Lalloo,
S. McAdam, P. Klenerman, B. Koppe, K. Sigmund, C. R. Bangham, et al. 1995.
Antigenic oscillations and shifting immunodominance in HIV-1 infections.
Nature 375: 606-611.

71.

72.

73.

74.

75.

71.

78.

79.

80.

81.

11

Archin, N. M., A. L. Liberty, A. D. Kashuba, S. K. Choudhary, J. D. Kuruc,
A. M. Crooks, D. C. Parker, E. M. Anderson, M. F. Kearney, M. C. Strain, et al.
2012. Administration of vorinostat disrupts HIV-1 latency in patients on anti-
retroviral therapy. Nature 487: 482-485.

Siliciano, J. D., and R. F. Siliciano. 2013. HIV-1 eradication strategies: design
and assessment. Curr. Opin. HIV AIDS 8: 318-325.

Jalali, Z., and J. K. Rockstroh. 2012. Antiviral drugs and the treatment of hep-
atitis C. Curr. HIV/AIDS Rep. 9: 132-138.

Naidoo, K., C. Baxter, and S. S. Abdool Karim. 2013. When to start anti-
retroviral therapy during tuberculosis treatment? Curr. Opin. Infect. Dis. 26: 35—
42.

Walker, N. F., G. Meintjes, and R. J. Wilkinson. 2013. HIV-1 and the immune
response to TB. Future Virol. 8: 57-80.

. Bono, C., L. Karlin, S. Harel, E. Mouly, S. Labaume, L. Galicier, S. Apcher,

H. Sauvageon, J. P. Fermand, J. C. Bories, and B. Arnulf. 2012. The human
immunodeficiency virus-1 protease inhibitor nelfinavir impairs proteasome ac-
tivity and inhibits the proliferation of multiple myeloma cells in vitro and in vivo.
Haematologica 97: 1101-1109.

Kawabata, S., J. J. Gills, J. R. Mercado-Matos, J. Lopiccolo, W. Wilson, III,
M. C. Hollander, and P. A. Dennis. 2012. Synergistic effects of nelfinavir and
bortezomib on proteotoxic death of NSCLC and multiple myeloma cells. Cell
Death Dis. 3: e353.

Kraus, M., E. Malenke, J. Gogel, H. Miiller, T. Riickrich, H. Overkleeft, H. Ovaa,
E. Koscielniak, J. T. Hartmann, and C. Driessen. 2008. Ritonavir induces en-
doplasmic reticulum stress and sensitizes sarcoma cells toward bortezomib-
induced apoptosis. Mol. Cancer Ther. T: 1940—-1948.

Sgadari, C., P. Monini, G. Barillari, and B. Ensoli. 2003. Use of HIV protease
inhibitors to block Kaposi’s sarcoma and tumour growth. Lancet Oncol. 4: 537—
547.

Zeng, J., A. P. See, K. Aziz, S. Thiyagarajan, T. Salih, R. P. Gajula, M. Armour,
J. Phallen, S. Terezakis, L. Kleinberg, et al. 2011. Nelfinavir induces radiation
sensitization in pituitary adenoma cells. Cancer Biol. Ther. 12: 657-663.
Kimple, R. J., A. V. Vaseva, A. D. Cox, K. M. Baerman, B. F. Calvo,
J. E. Tepper, J. M. Shields, and C. I. Sartor. 2010. Radiosensitization of epi-
dermal growth factor receptor/HER2-positive pancreatic cancer is mediated by
inhibition of Akt independent of ras mutational status. Clin. Cancer Res. 16:
912-923.

81

$10T ‘ST YOIBIA UO SQUIDIPIIA] JO AIvIQIT AeMIUN0)) v SIOURL] e /310 [ounwruil mma//:d)Ny Wwoiy papeojumo ]



Kourjian et al

Supplemental figure 1

A Apoptotic Lids
i : )
Toxici ~ Apoptotic /
0 120 oxiG ty T ) ‘ 4| Necrotic
Z e
210 1
) e oare:
5] g | g
OJ [ '
(o] g :
s % W ! <y
5 7AAD —p
o Live
e B Apoptotic
B Necrotic
S & &8y e
P P 2 R R o Y P
FELEL LTINS
SO T F oS ELS
CF £ & &S &
. i v O @
) .Q‘b
[10 uM] Q,:\\'o
s PanCaspase activity
1000004 10004
80000- £ son
E
-
- 600001 L 6004
& - Control K
400004 - 8 4004
= Staurosporine 1uM :
20000+ = 200
0 : : . o
0 100 200 300 N
Time (min) o&‘ A
<.
&
&
o
®

Supplemental figure 1. Plasma concentrations of HIV Pls are not toxic to PBMCs used in this
study. (A) PBMCs were incubated with DMSO (control), 10uM of PI (Ritonavir, Saquinavir,
Nelfinavir, Indinavir, Atazanavir, Darunavir or Kaletra) or 100uM of Ritonavir overnight. Cells
were stained with Annexin 5/7AAD and analyzed by Flow cytometry (inset). The percentage of
live (green), apoptotic (grey) and necrotic (red) cells upon each drug treatment were compared to
control DMSO. 100uM of Ritonavir was used as a positive control to induce cell apoptosis and
necrosis. All data represent the average of 3 experiments performed in PBMC from 3 different
donors. (B) PanCaspase substrate Ac-DEVD-AMC was added to PBMCs pretreated with DMSO
(blue), 1uM Staurosporine (red) or increasing concentration of HIV PIs and incubated for 5 h at
37°C, during which fluorescence emission was monitored every 5 min. Left panel presents the
fluorescence over time and right panel the maximum slope of fluorescence emission over 1 hour
for each condition.

82



Supplemental figure 2
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Supplemental figure 2. Validation of the mass spectrometry detection, quantification and
analysis of peptide degradation. Increasing amounts of peptides ISW9 (A), 3ISW9 (B) or various
amounts of 3ISW9, 2ISW9 and ISW9 mixed together (C) were diluted in 80% water, 15%
acetonitril, 5% trifluoroethanol and analyzed by mass spectrometry. The peptide sequence and
area under peak were calculated with Proteome Discover. Correlation between peptide amount
and area under peak were calculated by linear regression.
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Supplemental figure 3. HIV PIs variably alter the degradation patterns of different peptides.
The 3ISW9 (HQAISPRTLNAW) peptide was degraded using PBMC extracts and the reaction
was stopped at 0, 10, 30 and 60min. Resulting degradation products were analyzed by LC-MS-
MS. The production of A25-QWI11 (QAISPRTLNAW; upper panels) and B15-HL9
(HQAISPRTL; lower panels) were assessed in the presence of DMSO control or 10uM of
Ritonavir, Saquivanir, Kaletra (left to right).

84



Kourjian et al

Supplemental figure 4

«{  Uninfected 10" ] Infected o' Saquinavir

0.034%| *'{
- L Ui yerer T 10 T Ty T T 10 T T T T

10 101 10 10 104 10 101 10 10 104 10 101 10 10 104
10" 3 Ritonavir 10* 3 Nelfinavir 10" 3 Indinavir
104 10 10

HLA-ABC APC

gy * T T o T T .n‘q AT
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

'y Atazanavir Darunavir

MFI

B O gt Sy
10 — e - r wU"1"2"3'4gég‘}o°o°o\e°o°o°
IO.J TO‘ 102 103 1[)4 10 10 10 10 10 .\Qk \QK 0?\ Q b ‘)

q> & ¢ & 06*

Y

Supplemental figure 4. HIV Pls do not affect HLA-A/B/C surface expression levels or VSV-
pseudotyped HIV infection rates. B cells pretreated with DMSO (control) or SuM PI (Saquinavir,
Ritonavir, Nelfinavir, Indinavir, Atazanavir and Darunavir) were infected with VSVg-
NL4.3DEnv or VSVg-LV expressing GFP. Two days after infection the surface expression of
HLA-A/B/C and the percentage of GFP positive cells were measured by flow cytometry. Mean
fluorescence intensity of HLA-ABC surface expression after HIV-infection is shown as an
average and standard deviation of 3 experiments (lower right panel).
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Study n°2

HIV protease inhibitors modulate NOX2 and cathepsin
activities leading to altered antigen processing and epitope
cross-presentation

Antigen presenting cells have the ability to process exogenous antigens by phagosomal
cathepsins and cross-present the epitopes on MHC-I to CD8+ T lymphocytes. To avoid the
excessive cleavage and the destruction of potential antigenic peptides, cathepsin activities are
limited by the maintenance of a neutral phagosomal pH. This controlled phagosomal pH is
mediated by the NADPH oxidase NOX2 which uses protons from the phagosome to produce
reactive oxygen species thus limiting the acidification. In this study we investigated the effect of
HIV Pls on cathepsin activities as well as the tightly controlled phagosomal environment. We
assessed the impact of Pl-induced alteration on exogenous antigen degradation, epitope

production and presentation, and recognition by cytotoxic T lymphocytes.

Final preparation before submission in May 2015

86



HIV protease inhibitors modulate NOX2 and cathepsin
activities leading to altered antigen processing and epitope
cross-presentation

Georgio Kourjian', Marijana Rucevic', Matthew Berberich’, Jens Dinter" Daniel
Wambua®, Julie Boucau® and Sylvie Le Gall'

! Ragon Institute of Massachusetts General Hospital, Massachusetts Institute of Technology and
Harvard, Cambridge, MA 02139, United States of America

Contact Information: sylvie legall@hms.harvard.edu

Additional Title Page Footnotes:

87



Summary

To initiate adaptive cytotoxic immune responses, phagocytosed antigens are degraded by
cathepsins and the proteolytic peptides are presented by antigen presenting cells to CD8+ T
lymphocytes through a process called antigen cross-presentation. The controlled degradation
of antigens mediated by the limited cathepsin activity is enabled by the NADPH oxidase NOX2
induced alkalinization of the early phagosomes. HIV protease inhibitors (Pls) used by HIV
infected people are shown to alter cellular protease activities. We now describe that HIV Pls by
inhibiting Akt and protein kinase C activity, reduce NOX2 activation thus phagosomal
alkalinization leading to excessive cathepsin activation in the phagosomes and alterations in
antigen processing patterns. Accordingly, here we show that HIV Pls alter HIV protein
degradation in DC phagosomes, HIV epitope cross-presentation by MHC-I and CTL-mediated
killing. Moreover, sequencing by mass spectrometry (MS) of surface MHC-bound self-
peptidome of primary human cells revealed significant modifications of peptide-MHC
presentation caused by Pl treatment. Therefore, by altering NOX2 and cathepsin activities and
the degradation patterns of proteins, HIV Pls may diversify peptides available for cross-
presentation, 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.
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INTRODUCTION

HIV infection has been considered as a chronic illness since the availability of highly
active antiretroviral treatments (HAART), which is a combination of nucleoside reverse
transcriptase inhibitors (NRTIs), non-NRTIs (nNRTIs), protease inhibitors (Pls), and integrase
inhibitors given to HIV-infected patients to suppress HIV replication (Autran et al., 1997). HIV
Pls are designed to block the HIV aspartyl 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 (Flexner,
1998). The design of the first-generation HIV Pls is based on the transition-state mimetic of the
Phe-Pro bond, the major substrate of HIV-I protease (Erickson et al., 1990). Evidence showing
the ability of the 20S proteasome to cleave similar bonds (Diez-Rivero et al., 2010) raised
guestions about possible interactions between HIV Pls and the proteasome catalytic sites.
Proteasomes are the central proteolytic system of the eukaryotic cell (Rock et al., 1994) and
play an important role in the generation of MHC-class | (MHC-1) peptides. Degradation products
that result from proteasomal cleavage of full-length proteins and defective ribosomal products
(Goldberg, 2003), are transported into the endoplasmic reticulum (ER) where they are further
trimmed by ER-resident aminopeptidases (ERAP1 or ERAP2) (Saveanu et al., 2005; York et al.,
2002) and loaded onto MHC-I molecules and exported to the cell surface. It has been shown
that natural or artificial variations in proteasome and aminopeptidase activities change the
balance between production and further cleavage of peptides, enhancing or impairing the
presentation of various MHC-I epitopes. For instance, the inhibition 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
(Blanchard et al., 2010; Rock et al., 1994). The three HIV PlIs ritonavir (RTV), saquinavir (SQV),
and nelfinavir (NFV) inhibit the activity of purified mouse or human 20S proteasomes and the
proteasome activity in immortalized cells (Andre et al., 1998; Gaedicke et al., 2002), causing
intracellular accumulation of polyubiquitinated proteins (Pajonk et al., 2002). In mice infected
with lymphocytic choriomeningitis virus (LCMV) and treated with RTV, the cytotoxic immune

response against two T cell epitopes of LCMV was reduced and prevented the expansion of
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LCMV reactive CTL (Andre et al., 1998). We previously showed that HIV Pls by variably altering
cellular proteasome and aminopeptidase activities in primary cells modify HIV protein
degradation pattern, epitope production, and presentation, leading to variations in CTL

responses (Kourjian et al., 2014).

In addition to the direct antigen presentation pathway, professional antigen presenting
cells (APCs) have the ability to acquire exogenous antigens and present them on MHC-I
molecules, by a mechanism known as cross-presentation (Guermonprez et al., 2002; Heath et
al., 2004). Cross-presentation requires antigen transit through endosomes or phagosomes and
eventually partial proteolysis by cathepsins (Amigorena and Savina, 2010). Peptides generated
after the proteolysis can either escape into the cytosol and be further degraded in the direct
antigen processing pathway (Kovacsovics-Bankowski and Rock, 1995) or they can be
transported into a specialized mix ER-phagosome compartments (Bertholet et al., 2006) where
they can be directly loaded onto the MHC-I and presented to the cell surface. Phagolysosomal
cathepsin activities are tightly controlled, allowing the limited degradation of antigens without
the destructing of potential antigenic peptides (Delamarre et al., 2005). Upon phagocytosis,
phagosomes fuse first with early and late endosomes and then with lysosomes, thus acquiring
progressively both the acidification machinery which is mainly the V-ATPase complex and the
lysosomal proteases from the endocytic pathway (Claus et al., 1998). Acidification results in
strong activation of cathepsins because their optimal proteolytic activities lie between pH 4.5
and pH 6, and vary among cathepsins (Claus et al., 1998; Dinter et al., 2015). In dendritic cell
(DC) phagosomes, the acidification is delayed because protons are being used by NADPH
oxidase NOX2 to generate reactive oxygen species (ROS), thus limiting cathepsin activities
(Savina et al., 2006). The NOX2-mediated regulation of cathepsin activities allows the controlled
degradation of antigens without the destruction of potential antigenic peptides. An alteration
of this controlled environment by variations in NOX2 or cathepsin activities change the balance
between production and further destruction of antigenic peptides, enhancing or impairing the
cross-presentation of various MHC-I epitopes. For instance, DCs lacking NOX2 show enhanced
phagosomal acidification and increased antigen degradation, resulting in impaired cross-

presentation (Savina et al., 2006). Inhibitors of cathepsins affected antigen processing in the
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endolysosomal compartment and altered epitope cross-presentation (Delamarre et al., 2005;
Shen et al., 2004). Despite the role of cathepsins in the degradation of exogenous antigens in
the endolysosomal compartment, no study has yet assessed in human primary cells the effect
of Pls on cathepsin activities, the link between Pl-induced alterations of cathepsins, antigen

degradation in phagolysosomal compartments, and HIV epitope cross-presentation to CTLs.

The aim of this study was to investigate the effect of five HIV PIs (RTV, SQV, NFV,
LPV/RTV [Kaletra] and darunavir (DRV)) on cathepsin activities in monocyte derived DCs,
macrophages (M@) and primary CD4 T cells. Our results showed that RTV reduce cathepsin
activities but surprisingly SQV and NFV enhance the activities. Furthermore, by measuring
phagosomal pH and oxidation, we found that the increase of cathepsin activity is caused by
faster phagosome acidification and lower levels of ROS generation upon SQV and NFV
treatment. This was due to lower phox-p47 phosphorylation and NOX2 assembly caused by SQV
and NFV induced Akt and protein kinase C inhibition. Moreover, we showed that Pl-induced
alterations of cathepsin activity modify antigen degradation patterns and the amount of
epitope precursor produced in compartments involved in cross-presentation. The alterations in
the quantity of epitopes produced caused by HIV PIs, resulted in variable cross-presentation of
HIV epitopes and recognition by CTLs. On top of the changes in the quantity of cross-presented
epitopes, Pl-induced alteration of cathepsin activities as well as activities of proteases involved
in the direct antigen processing machinery (Kourjian et al., 2014) caused 32% change in the

identity of the surface MHC-bound self peptidome upon treating PBMCs with SQV.

Altogether, these results show that by changing phagosomal physiology, HIV Pls modify
cathepsin activities leading to altered antigen degradation, change the amount of epitope

cross-presented to CTLs and modify cell surface immunopeptidome.
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RESULTS

HIV Pls alter endolysosomal cathepsin activities

Exogenous antigens internalized by DCs and M@s are first degraded by proteases called
cathepsins located in the endolysosomal compartments. We aimed to assess the effect of five
HIV PIs (RTV, SQV, NFV, Kaletra and DRV) on cathepsin S and omnicathepsin activities which
measures the combined activities of cathepsin S, cathepsin L, and cathepsin B, using fluorogenic
peptide substrates as described previously (Dinter et al., 2014; Kourjian et al., 2014; Lazaro et
al., 2009). We previously showed that the concentrations of the Pls used in this study
corresponding to the level of PIs found in the plasma of ART-treated persons are not toxic for
the cells (Acosta et al., 2000; Kourjian et al., 2014). 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 (Figure 1A). For
each substrate, 100% represents the maximum slope of fluorescence emission by cells
incubated with substrate and DMSO control. The specificity of substrate cleavage was checked
by preincubation of cells with cognate inhibitors of omnicathepsin (E64) or cathepsin S (Z-FL-
COCHO). In the presence of the specific inhibitor (E64), omnicathepsin activity was reduced by
14-fold compared to the control (maximum slope of 67 for control and 5 for E64). SQV
increased the omnicathepsin activity by 6.7-fold and RTV reduced it by 1.9-fold (maximum
slope of 430 for SQV and 36 for RTV) (Figure 1B). The effects of 5uM of RTV, SQV, NFV, Kaletra
and DRV on omnicathepsin and cathepsin S activities were assessed in freshly isolated PBMCs,
CD4 T cells, monocyte derived DCs and M@s from at least six different HIV- donors (Figure 1 C,
D, E and F respectively). In PBMCs, RTV reduced both the omnicathepsin and cathepsin S
activities by 3.3-fold. In contract, SQV and NFV increased the omnicathepsin activity by 3.6-fold
and 3.2-fold respectively. Cathepsin S activity was increased 2-fold by SQV but not NFV. Kaletra
and DRV did not significantly change these activities in PBMCs (Figure 1C). Similar alterations
were seen in CD4 T cells, DCs and M@s but the activity fold change was different across the
different cell types. SQV, NFV and Kaletra increased omnicathepsin and cathepsin S activities

more than 10-fold in CD4 T cells compared to an average of 1.6-fold increase in DCs and M(@s.
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RTV reduced omnicathepsin and cathepsin S activities on average by 2.5-fold and 2.7-fold
respectively (Figure 1 D, E, F). To further understand if HIV Pls are affecting the enzymes
directly, PBMC whole cell extracts were used as source of enzymes. The pH of cell extracts was
reduced to pH 4 in order to activate the cathepsins (Vaithilingam et al., 2013) and their activity
was measured in presence of different Pls. Similar activity alterations were observed in PBMC
extracts compared to live cells, however the fold change due to Pls was smaller in extracts (data
not shown). The effect of PIs was also tested on recombinant cathepsin S and cathepsin D. RTV,
NFV and Kaletra reduced cathepsin S activities by 1.85-fold, 1.35-fold and 2.6-fold respectively,
in contrast SQV increased the activity by 1.24-fold (Figure 1G). Cathepsin D activity was reduced
only by RTV 1.5-fold, in contrast SQV and NFV increased the activity by 1.7-fold and 1.9-fold
respectively (Figure 1 H). We further wanted to test whether HIV Pls maturation of cathepsins.
Most cathepsins are synthesized in their inactive procathepsin form. The activation process is
triggered by a pH drop in the endolysosomal compartments, which induces the proteolytic
removal of amino terminal pro-domain blocking the catalytic site of the cathepsin. To assess the
impact of Pls on cathepsin activation procathepsin K was treated with 5uM of different Pls at
different pH and then cathepsin K activity was measured. At pH 7 only SQV and NFV from the
Pls tested activated the procathepsin K resulting in 7.5-fold activity increase compared to
control (Figure 11). Similarly at pH 5.5 SQV and NFV were able to activate more procathepsin K
leading to an average of 1.75-fold activity increase. The alterations by HIV Pls seen on
recombinant enzymes confirm that the drugs have a direct effect on cathepsins but the
differences in the effect seen in live cells compared to extracts or recombinant enzymes suggest

that other cellular mechanism might be causing additional alterations in live cells.

HIV Pls increase phagolysosomal acidification

Phagolysosomal cathepsin activities are tightly controlled allowing the limited
degradation of antigens without destroying potential antigenic peptides. One of the most direct
ways of controlling the activity of endolysosomal cathepsins is the pH (Claus et al., 1998; Dinter

et al., 2015). To assess if the effect of HIV Pls on cathepsin activities are in part due to changes
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in phagolysosomal pH we measured phagosomal pH in DCs, M@ and CD4 T cells in presence of
different HIV Pls. In order to measure phagosomal pH in DCs and M@ accurately, we set up
phagosomal pH measurement by flow cytometry (Savina et al., 2010). Latex beads were coated
with pH-sensitive (fluorescein isothiocyanate, or FITC) and pH-insensitive (FluoProbe647)
fluorescent dyes. After different times of phagocytosis of the beads, the fluorescence intensity
was quantified using flow cytometry. The pH-insensitive dye allowed us to gate on cells that
phagocytosed only one bead and the fluorescence intensity of the pH-sensitive dye reflected
the pH in the phagosomal environment (Figure 2A). Similarly, E.coli-pHrodo® was used as
another method to measure phagosomal pH in M@ and Dextran-pHrodo as a method to
measure endosomal pH in CD4 T cells. Standard curves were obtained by permeabilizing cells
and incubating them in predetermined pH media. FITC intensity decreased and pHrodo®
intensity increased upon acidification (Figure 2B). HIV PI treatment did not affect bead uptake
rate (Figure S1A) and confocal microscopy visually confirmed particle uptake (Figure S1B). The
pH values in phagosomes were determined by reporting the mean fluorescence intensity in the

cell population to the pH standard curves.

As previously shown (Savina et al., 2006), the pH in DC phagosomes stayed around 7-6.5
after 20min pulse and 90 min incubation at 37C (chase) (Figure 2C left). In contrast the pH in
M@ phagosomes was below 6 after a 20 min pulse and a 10 min chase and acidified further
over a 90 min chase, reaching values around pH 5 (Figure 2C middle). Similarly, using E.coli-
pHrodo® the pH in M@ phagosomes after 60 min chase was around 5 (Figure S2B). SQV and
NFV but not RTV and Kaletra reduced DC phagosomal pH after 60min chase by approximately 1
pH point and as expected, bafilomycin increased the pH by 1.3 pH points (Figure 2C and D left
panel). HIV PlIs did not significantly affect the phagosomal pH in M@s using the fluorochrome-
coated bead assay (Figure 2C and D middle panel). However in the case of the E.coli-pHrodo®
assay SQV but not the other PlIs reduced the M@ phagosomal pH by 0.5 pH point after 60min
chase (Figure S2C). In CD4 T cells, dextran-pHrodo® was used to measure endosomal pH (Figure
2A). The pH values were determined by reporting the mean fluorescence intensity to the
standard curve (Figure 2B right panel) obtained similarly as before. CD4 T cell endolysosomal

pH was reduced by SQV and NFV treatment by approximately 1 pH points after 60min chase.
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RTV and Kaletra did not significantly change the pH (Figure 2C and D right panel). Bafilomycin
treatment increased the pH on average by 1.3 pH point in all the cells tested. These results
suggest that SQV and NFV but not RTV and Kaletra reduce phagosomal pH, which might explain

the Pl-induced increase of cathepsin activities.

HIV Pls reduce ROS generation in phagolysosomes

It was previously shown that phagosomal pH is in part regulated by the consumption of
protons through the generation of ROS by NOX2 (Savina et al., 2006; Segal, 2005). To check that
in our experimental model we incubated DCs with diphenylene iodonium (DPI), a specific
inhibitor of flavin-containing enzymes such as NOX2. As expected phagosomal pH was reduced
by approximately 1 pH point confirming that ROS in part regulate phagosomal pH (Figure 3A).
Similarly, DPI treatment increased omnicathepsin and cathepsin S activities in DCs by 2.2-fold
and 1.95-fold respectively confirming that phagosomal ROS by regulating the pH affect
cathepsin activities (Figure 3B). We therefore hypothesized that HIV Pls might be modulating
ROS generation by NOX2, subsequently affecting phagosomal pH, which in turn is altering
cathepsin activities in the phagosomes (Figure 3C). To address the possible affect of HIV Pls on
generation of ROS specifically in phagosomes, latex beads were coated with dihydrorhodamine
123 (DHR), a dye that only emits fluorescence under oxidative conditions (Savina et al., 2010),
and an oxidation-insensitive (FluoProbe647) fluorescent dyes. After different times of
phagocytosis, gating on cells that phagocytosed only one bead and quantifying the fluorescent
intensity of DHR allowed us to measure ROS generation in the phagosomes (Figure 3D). As
expected, in DC phagosomes at least two times more ROS was produced compared to M@s
(Savina et al., 2006) (Figure 3E-F). ROS generation was strongly inhibited by DPI treatment. RTV
and Kaletra did not significantly alter ROS production in DCs and M@s. In contrast, SQV and NFV
significantly reduced ROS generation in DCs (-63 and -72 RFUs respectively) and to a lesser
extent in M@s (-33 and -42 RFUs respectively) (Figure 3E-F-G-H). We concluded that SQV and
NFV inhibit ROS generation, leading to phagosome acidification and increase in cathepsin

activity.
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The NOX2 is composed of multiple subunits and its activation is triggered by the
phosphorylation of the phox-p47 subunit at multiple locations and by different kinase including
Akt and PKC (EI-Benna et al., 2009). Therefore, to examine whether SQV and NFV induced NOX2
activity reduction is due to lower phox-p47 phosphorylation level, we analyzed the
phosphorylation of phox-p47 at serine 345 and serine 359 after Pl treatment by western blot
(Figure 4A). SQV and NFV reduced p47-ser359 phosphorylation by average of 1.7-fold but did
not effect p47-ser345 phosphorylation (Figure 4B). To assess if this reduction in
phosphorylation is caused by direct inhibition of kinase activities, we measured the Akt, protein
kinase A, protein kinase C and Phosphoinositide-dependent kinase-1 activities in presence or
absence of different Pls. SQV and NFV moderately reduced all 4 kinase activities tested by an
average of 1.5-fold suggesting that kinase inhibition is causing less phox-p47 phosphorylation,

which is leading to lower NOX2 activity and less ROS production in phagosomes.
HIV Pls alter degradation pattern and cutting site frequencies of antigenic peptides

Exogenous antigens internalized by DCs and M@s are first processed by cathepsins
located in the endo-lysosomal compartments (Colbert et al., 2009). In order to analyze how the
cathepsin activity alteration by HIV Pls is affecting antigen processing in compartments involved
in cross-presentation we used in vitro antigen degradation assay previously developed in the
lab (Kourjian et al., 2014; Vaithilingam et al., 2013). Whole cell extracts from DCs, M@s and CD4
T cells in acidic conditions were used as a source of proteases to degrade a synthetic 35-mer
peptide representing HIV-1 Gag p24 (MVHQAISPRTLNAWVKVVEEKAFSPEVIPMFAALS, aa 10-44
in Gag p24) containing the epitopes ISW9 and KF11. Figure S3 shows degradation products of
the 35-mer p24 peptide identified by LC-MS/MS after a 60-min degradation in DC, M@ and CD4
T cell extracts in the absence of Pls. The intensity of peptides cut at the same amino acid
location from the N-terminus side of the peptide were added and divided by the total
degradation product intensity giving us the percentage of cut at that specific amino acid
location. This cutting site analysis was done at each amino acid location from the N-terminus
side of the peptide as well as the C-terminus side. The analysis shows how much the peptide is

cut at each amino acid location relatively to other positions. We observed differences in the
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frequency of the cutting sites when we compared degradations using DC, M@ and CD4 T cell
extracts confirming the differential antigen-processing activities by different cell types which
was previously reported by our lab (Dinter et al.,, 2014; Lazaro et al., 2009) (Figure 5A left
panel). Similar analysis was performed for degradations done in presence of different HIV Pls. In
DCs, RTV and SQV changes the cleavage pattern of the peptide. SQV introduced new cutting
sites within the ISW9 epitope (N-ter of proline position 8 and C-ter of arginine position 9). RTV
and SQV also changed the frequency of certain cutting sites (for example N-ter of valine
position 17 and C-ter of proline position 29) (Figure 5A right panel). In order to display the
changes in the degradation patterns induced by the Pls, heat maps were generated showing the
difference in the frequency of the cuts at each amino acid location. Figure 5B shows that HIV Pls
change the degradation pattern of epitopes increasing the cuts at some locations and
decreasing it in others. For instance SQV increased the cleavage within the ISW9 epitope in DCs
(Figure 5B top panel), potentially leading to the destruction of the epitope and the reduction of
the amount available for surface presentation. To further understand the effect of the Pls on
epitope production, we analyzed the changes in the amount of epitope-containing fragments
generated. In DCs, SQV reduced the production of B57-ISW9-containing fragments by 1.7-fold
which was expected because of the increased cleavage within the epitope seen in Figure 5 B
top panel. RTV reduced the production of B57-KF11 containing fragments by 1.8-fold and B57-
ISW9 containing fragments by 6-fold. In M@s, RTV and SQV reduced both by 2-fold the amount
of B57-ISW9 containing fragment. The amount of B57-KF11-containing fragments was reduced
2.6-fold by RTV and increased 2-fold by SQV, 2-fold by NFV and 1.4-fold by Kaletra. In CD4 T
cells, B57-ISW9 containing fragment amount was reduced 6-fold by SQV. B57-KF11 containing
fragment amount was increased 2-fold by RTV and 3-fold by SQV, NFV and Kaletra (Figure 5C).
Beside the Pl-induced changes in the amount of ISW9 and KF11-containing fragments, HIV PI
treatments changed the size distribution of the degradation products. The amount of 8-12 aa
long peptides was reduced by all Pls by an average of 2-fold in DCs and M@s. In CD4 T cells the
amount of 13-18 aa long peptides was reduced 2.7-fold by RTV, 1.7-fold by SQV, 1.4-fold by
NFV and 3-fold by Kaletra (Figure 5D). Together these results suggest that Pls by altering

cathepsin activities are changing the frequency of different cutting sites. These changes are
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affecting the amount of different epitope production wich in turn may affect the amount of

epitopes presented to the cell surface by MHC-I.

HIV Pls alter the cross-presentation of HLA-B57-restricted Gag p24 KF11, ISW9 and TW10.

In order to understand if cathepsin activity alteration and epitope degradation pattern
modification by HIV Pls affect epitope presentation to the cell surface by MHC-I we analyzed
the cross-presentation of the three optimally defined HLA-B57 restricted HIV-epitopes
originating from HIV-1 p24 protein by DCs: HLA-B57-restricted ISW9 (ISPRTLNAW, aa 15-23 in
Gag p24), HLA-B57-restricted KF11 (KAFSPEVIPMF, aa 30-40 in Gag p24), and HLA-B57-
restricted TW10 (TSTLQEQIGW, aa 108-117 in Gag p24) (Goulder et al., 1996; Yusim, 2013). DCs
were derived from HLA-B57+ patients’ monocytes, loaded with HIV-1 p24 protein in presence of
different HIV PlIs and challenged with epitope specific cytotoxic T cells (CTLs). The killing was
monitored using a florescent-based assay developed in the lab (Gourdain et al., 2013). We first
assessed the effect of HIV Pls on the level of MHC-I surface expression in DCs. No significant
difference was observed upon HIV Pls treatment as previously seen in B cell lines (Kourjian et
al., 2014) (Figure 6A). DCs pulsed with increasing concentration of peptides showed increased
killing when challenged with the appropriate CTLs validating the sensitivity of our system
(Figure 6B). RTV unlike the other Pls tested reduced by 1.4-fold the B57-KF11 cross-
presentation by DCs compared to control (Figure 6C). B57-ISW9 cross-presentation was
reduced by RTV and SQV (3.2-fold and 1.6-fold respectively). In contract, NFV increased the
killing by 1.35-fold (Figure 6D). RTV reduced B57-TW10 cross-presentation by 2.4-fold while
SQV increased it by 1.4-fold (Figure 6E). The amount of epitope cross-presented to the cell
surface depends to the amount of this epitope produced in compartments involved in cross-
presentation. HIV Pl-induced alterations in the amount of epitope containing fragments
produced led to changes in the amount of epitope cross-presentation. For instance, SQV
enhanced the cutting site frequency within the B57-ISW9 epitope (Figure 5B) leading to
reduced production of B57-ISW9 containing fragments (Figure 5C), which resulted in lower

cross-presentation of B57-ISW9 by DCs (Figure 6D) confirming the link between drug-induced
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alteration of epitope production and subsequent changes in epitope-specific CTL responses to

cross-presented epitopes.

HIV PI alter PBMC self surface MHC peptidome

To further investigate if HIV Pls alter surface MHC peptide presentation, we directly
sequenced by MS the surface self-peptidome of human PBMCs treated or not with SQV.
Peptides eluted directly from the live cells surface) were identified and comparatively mapped

by high resolution MS.

In total we identified, with the high mass accuracy, 686 and 680 host derived MHC
peptides presented by control and SQV treated PBMCs, respectively. However, among them,
only 148 Control-PBMC and 155 SQV-PBMC derived peptides that were identified with the
highest confidence, highly scored and highly reproducible between multiple runs were
considered for further analysis (Table S1). SQV treatment altered the surface self-peptidome of
PBMCs. The comparative mapping revealed that 68% of peptides were commonly presented
between control and SQV treated PBMCs whereas, 32% of MHC peptides were uniquely
presented by either, control or treated cells (Figure 7A). Analysis of the length of the peptides
showed that the peptides uniquely presented upon SQV treatment were longer in size
compared to peptides presented by control-PBMCs. More than 80% of the peptides presented
uniquely on SQV-PBMCs were longer than 13 amino acid compared to only 60% of the peptides
presented uniquely on Control-PBMCs and 40% of peptides commonly present on Control-
PBMCs and SQV-PBMCs (Figure 7B). Assuming that surface peptides longer than 13 amino acid
correspond to MHC-Il bound peptides and knowing that SQV does not increase MHC-II surface
expression level (data not know), these data suggest that SQV might be increasing the diversity

of the peptidome bound to MHC-II.

MHC peptidome of treated and untreated PBMCs were sampled from similar number of
the host proteins. Many of the commonly identified MHC peptides were derived from the same

protein and were sampled as nested peptides with an average of 3 peptides per protein (Figure
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7C). However, uniquely identified peptidome from both, treated and untreated PBMCs were
sampled rather from diverse proteins and more often with one peptide derived from one

protein (Figure 7C).

Further analysis of the proteins of origin revealed that 64% of all proteins identified
were represented by both treated and untreated PBMCs, whereas 18% were uniquely
represented on control-PBMCs and another 18% only on SQV-PBMCs suggesting that SQV is
changing the origin of proteins represented on the surface (Figure 7D). This might be explained
by a possible SQV-induced alteration of protein expressions. The group of proteins represented
by both treated and untreated PBMCs was further divided into subgroups depending on the
diversity of the locations the peptides derived from. Peptides presented commonly or uniquely
were derived from the same location in 64% of the case of proteins represented by both
treated and untreated PBMCs (Figure 7D - similar). In 22% of the proteins from this group SQV
treatment narrowed the location from which the peptides are derived (Figure 7D — narrowing),
whereas in the remaining 14% of the proteins SQV broadened the location of the peptides

(Figure 7D — broadening).

These data suggest that SQV treatment is changing MHC surface peptidome including
broadening the presentation of peptides coming from some proteins and narrowing the

presentation of peptides coming from others.
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DISCUSSION

In addition to the presentation of epitopes derived from endogenous proteins, APCs
have the ability to process exogenous antigen by phagosomal cathepsins and cross-present the
epitopes on MHC-I to CTLs. Any perturbation of protease or peptidase activities could modify
protein degradation patterns and consequently epitope cross-presentation. In this study, we
showed that several HIV Pls, by changing phagosomal acidification and affecting cathepsin
activities, alter HIV Ag degradation patterns leading to variations in HIV epitope cross-
presentation and recognition by CD8 T cells.

We discovered that four of the five Pls tested affect cellular cathepsin activities. NFV for
instance reduced cathepsin S activity and enhanced cathepsin D activity, whereas RTV mostly
reduced all cathepsin activities tested, suggesting different interactions between each drug and
cathepsins. HIV Pls might bind directly to the catalytic site or might interact with noncatalytic
effector sites on cathepsins that were shown in enzymatic studies to regulate the hydrolytic
activities (Novinec et al., 2014). This would provide a potential mechanism of either inhibition
or enhancement of cathepsin activities by HIV Pls, although molecular modeling and structural
studies are required to test this hypothesis. We discovered that SQV and NFV facilitate the
maturation of procathepsin K even at neutral pH. Most cathepsins are synthesized in their
inactive procathepsin form. The activation process is triggered by a pH drop in the
endolysosomal compartments, which induces the proteolytic removal of amino terminal pro-
domain blocking the catalytic site of the cathepsin. This pH dependent activation restricts
cathepsin hydrolytic activity only to lysosomal compartments. It was discovered that
glycoaminoglycans (GAG) can at neutral pH loosen the binding of the propeptide on the
catalytic site and accelerate the autocatalytic removal of the propeptide subsequently
activating cathepsins (Caglic et al., 2007; Vasiljeva et al., 2005). Similarly, SQV and NFV might be
using the same mechanism as GAG to facilitate the maturation of cathepsins at neutral pH,
although structural studies are needed to test this hypothesis. Excessive cathepsin activation
and extracellular presence of active cathepsins are linked to inflammation of the mucosa and
damage to the musocal barrier (Menzel et al., 2006). Therefore HIV Pl-induced cathepsin

activation and increased maturation might be involved in damaging the mucosa, allowing
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microbial translocation and causing chronic immune activation in patients on ART. In addition,
cathepsin dysregulation is also associated with various other pathological conditions, such as
cancer, rheumatoid arthritis, atherogenesis and muscular dystrophy (Turk et al.,, 2012).
Additional research is needed to investigate if Pl-induced cathepsin alteration contributes to
the development of such disease in patients using long term ART.

First-generation Pls like RTV, SQV, and NFV showed stronger effect on cathepsin
activities than newer Pls like DRV. First-generation Pls also induced more rapid and profound
adverse effects on lipid metabolism and reduced bone mineral density than did newer Pls
(Brown and Qagish, 2006; Carr et al., 1998; Duvivier et al., 2009). It has been proposed that
lipid metabolism disorder associated with NFV is caused in part by enhanced lysosome-
mediated perilipin proteolysis which is a protein involved in regulating adipocyte lipolysis. NFV
induced 6-fold reduction of perilipin half-life was reversed by NHA4CI but not by proteasome
inhibition suggesting the involvement of lysosomal proteases in NFV-induced perilipin
proteolysis. However the exact mechanism of this enhanced degradation is not clear (Kovsan et
al.,, 2007). NFV-induced lysosomal cathepsin activity increase showed in this study might
directly explain the enhancement of perilipin proteolysis in the lysosomes that is contributing to
the lipid metabolism disorders in patients on ART.

Osteoporosis and osteopenia are side effect associated with first generation Pl use
(Brown and Qagish, 2006; Duvivier et al., 2009). Cathepsins play a crucial role in bone
remodeling by degrading type | collagens in the bone resorption pits (Saftig et al., 1998). SQV-
and NFV-induced cathepsin activity increase that we showed in this study might explain the
excessive bone collagen degradation and the bone density reduction seen in patients on Pls,
however further studies are needed to confirm this hypothesis.

SQV and NFV have been shown to have pleiotropic anti-cancer activity and are now
repurposed for cancer treatment. Experimental studies connect the anticancer effects of some
Pls to the suppression of the Akt signaling pathway, but the actual molecular targets remain
unknown (Plastaras et al., 2008). Our results show that SQV and NFV are able to directly inhibit
multiple members of the protein kinase-like superfamily, which are involved in the regulation of

cellular processes vital for carcinogenesis and metastasis. This finding provides a molecular
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basis to explain the broad-spectrum anti-cancer effect of SQV and NFV. Since, kinases regulate
many complex processes in cells and the extent to which the Pl-induced kinase activity
alterations affect other cellular processes is unknown and needs to be addressed.

In this study we showed that SQV and NFV -by inhibiting Akt kinase and protein kinase C
(PKC)- reduce the phosphorylation of phox-p47 which is required for the assembly of active
NOX2 (El-Benna et al.,, 2009). The multicomponent NOX2 enzyme produces ROS in the
phagosomes of neutrophils, eosinophils, monocytes and M@s contributing to the destruction of
the engulfed pathogens (Segal, 2005). The phagosomal NOX2 and ROS production play key role
in host defense against microbial pathogens as illustrated by a human genetic disorder called
chronic granulomatous disease (CGC), which is associated with life-threatening bacterial and
fungal infections and is characterized by an absence of ROS production due to a deficiency in
one of the components of NOX2 (Meischl and Roos, 1998). The NOX2 complex is composed of
multiple subunits and its activation is triggered by the phosphorylation of the phox-p47 subunit
at multiple locations and by different kinase including Akt and PKC (El-Benna et al., 2009). SQV
and NFV by inhibiting Akt and PKC activity partially reduce the phosphorylation of phox-p47
thus inhibiting NOX2 activity and reducing ROS production in DC and M@ phagosomes. The
impact of the Pl-induced NOX2 activity inhibition on M@ capacity to kill phagocytosed
pathogens remains unknown and needs to be further investigated. In addition to their role in
microbial killing, NOX2 by consuming protons to produce ROS is involved in maintaining neutral
DC phagosomal pH. This controlled pH confers DCs the ability to cross-present by limiting
degradation of the phagocytosed antigens without the destruction of potential antigenic
peptides. This was confirmed by NOX2 deficient DC’s inability to cross-present (Savina et al.,
2006). In this study we showed that SQV and NFV by inhibiting NOX2 activity increase the DC
phagosome acidification and lead to enhancement in cathepsin activities. The HIV Pl-induced
direct and indirect (via increased phagosome acidification) alteration of cathepsin activity
modified long HIV peptide and full protein degradation patterns in lysosomal compartments.
These changes in antigen processing resulted in alterations in the amount of peptides available
for direct MHC-I loading in the vacuolar pathway or further processing in the cytosolic pathway

and subsequently led to altered HIV epitope cross-presentation to CTL. Cutting site analysis
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showed that HIV Pl effect on phagosomal antigen processing was drug and sequence
dependent as well as variable depending on the cell subset tested which is in line with our
previous data showing that various cell subsets present different levels of peptidase activities
(Dinter et al., 2014; Lazaro et al., 2009). Given that each cathepsin has different sequence
specificities (Turk et al., 2012), a given PI -by variably changing the activities of the different
cathepsins available- may increase the cleavage of certain motifs and decrease the degradation
of others. Further in depth analysis of Pl induced enhancement or reduction of the cutting
intensity at each amino acid location of full HIV proteins (Figure S4) will allow us to predict the
effect of each Pls treatment on the amount of different epitope production.

These findings have implications for the degradation of HIV proteins and beyond. First,
in the context of HIV protein degradation, specifically in ART-treated persons with ongoing
replication of drug-resistant mutated strains, Pls by altering cathepsin activities might be
changing the cross-presentation of HIV derived epitopes by APCs. Although the lack of
appropriate clinical samples precludes us to test this hypothesis, Pl-induced modification of the
self-immunopeptidome landscape on PBMC surface observed in this study suggest that HIV Pls
may contribute to broadening some CTL responses against HIV and narrowing others in ART-
treated patients with ongoing viral replication. In addition, studying the impact of Pls on HIV
epitope cross-presentation is relevant to approaches to purge HIV reservoirs by combining
provirus reactivation in the presence of ART to prevent replication, and therapeutic vaccination
to boost immune responses against HIV (Archin et al., 2012; Siliciano and Siliciano, 2013). If ART
needed to prevent replication after provirus reactivation calls for inclusion of HIV Pls, it will be
important to assess the impact of HIV Pls on the cross-presentation efficiency of the
therapeutic vaccines and the induction of broad CTL responses needed to eliminate the
reactivated HIV-epitope presenting cells (Deng et al., 2015).

Second, HIV Pls by modifying cathepsin activities might also alter the degradation and
the cross-presentation of proteins 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 combinations to curb both infections are needed (Jalali

and Rockstroh, 2012; Naidoo et al., 2013). Assessing whether and how ART, beyond reducing
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HIV viral load and cellular activation, may possibly contribute to diversifying immune responses
against coinfecting pathogens by modifying the degradation patterns of these pathogens
provides a new outlook of the use of HIV Pls. Similarly, in the repositioning of Pls as cancer
therapy, another potential benefit could be a Pl-induced altered processing of cancer Ags,
potentially leading to the cross-presentation of different cancer Ag-derived peptide leading to
the activation of new immune responses.

Third, because endolysosomal pH and cathepsin activity regulate MHC-Il epitope
processing, it is very likely that HIV Pl-induced modifications of phagosomal acidification and
cathepsin activities alter antigen processing and MHC-II epitope presentation. The increase
upon SQV treatment in the number of 13-18 amino acid long self-peptidome presented on the
surface of PBMCs suggest that SQV might be broadening the MHC-Il surface peptidome,
however, more immunological and quantitative studies are needed to confirm this hypothesis.
Our results indicate that HIV Pls, by altering Akt and PKC, NOX2 and cathepsin activities, modify
antigen processing in lysosomal compartments and epitope cross-presentation. Additional
structural studies are needed to understand the mechanism behind the Pl-induced alterations
of various classes of enzymes. However, if HIV Pls allow diversification of epitope presentation,
they may provide complementary approaches to broaden the immune responses against
various immune diseases, considering that temporary Pl treatment would not induce toxicity

and adverse effects observed in long-term HAART.

Experimental Procedures

Antiretroviral drugs

HIV Pls were obtained from Selleckchem (RTV, LPV, and DRV), Sigma (SQV), and Santa Cruz
(NFV). All drugs were dissolved in 100% DMSO. Kaletra was prepared by combining LPV and RTV
with 5:1 ratio, respectively; subsequently, Kaletra concentrations mentioned in this article
correspond to LPV amount. Stock solutions of 10 mM were kept at -20C, and fresh aliquots

were used for each experiment.
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Cell culture

Cells were isolated from HLA-typed blood donors or anonymous buffy coats after written
informed consent and approval by the institutional review board. Human peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Sigma-Aldrich, USA) density
centrifugation. Monocytes and CD4 T cells were isolated using CD14+ and CD4+ magnetic
isolation kits respectively (StemCell, Canada). Monocytes were differentiated into DCs and Mgs

(Dinter et al., 2014).

Measurement of phagosomal pH and ROS production

Phagosomal pH and ROS production was measured as described in (Savina et al., 2010). Briefly,
beads were covalently coupled with FITC and FluoProbes 647 DHR 123 (Life Technologies). Cells
treated for 30min with different HIV PIs (5uM) or inhibitors (10 uM of DPI or 1 uM Bafilomycin)
were pulsed with the beads for 20 min and then extensively washed in cold PBS. The cells were
then incubated at 37C (““chased”) for the indicated times and immediately analyzed by flow
cytometry. Ecoli-pHrodo (Life Technologies) and 10,000MW Dextran-pHrodo (Life Technologies)

were used in the same way as described above.

In vitro peptide degradation assay and MS analysis

Peptide degradation and MS analysis was performed as we previously described in (Dinter et
al., 2015; Kourjian et al., 2014). Briefly, 2nmol of pure peptides were digested with 15ug of
whole cell extracts at 37°C in pH4 degradation buffer (Vaithilingam et al.,, 2013). The
degradation was stopped with 2.5uL of 100% formic acid and peptide fragments were purified
by 5% trichloroacetic acid precipitation. Peptides in the digestion mix were identified by in

house MS as previously described (Dinter et al., 2015; Kourjian et al., 2014).
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Fluorescent measurement of proteolytic activities in live cells and cell extracts

Proteolytic activity measurement was performed as we previously described in (Dinter et al.,
2015; Kourjian et al., 2014; Lazaro et al., 2009). Briefly, 5x104 DCs, Mgs or CDA4T cells were
pretreated with the indicated Pls and the omnicathepsin or cathepsin S activities were
measured using specific fluorogenic substrates. Specific inhibitors were used to confirm the
specificity of the reactions. The rate of fluorescence emission, which is proportional to the
proteolytic activity, was measured every 5 minutes at 37°C in a Victor-3 Plate Reader (Perkin

Elmer).

Phox-p47 expression and phosphorylation level by Western blot, and kinase activity

measurement

Protein extracts (30 ug/lane) from treated or untreated DCs were subjected to SDS-PAGE on
4%-12% gradient gel. After transferring, the membranes were blocked and incubated with
primary antibodies and secondary antibodies IRDye® Li-Cor). Protein bands were visualized by
dual infrared fluorophore Odyssey Infrared Imaging System, and densitometric quantification
was performed (Li-cor Biosciences). To measure kinase activities, the “Kinase Selectivity
Profiling System: AGC-1"” (Promega) was used in addition to “Kinase-Glo® Luminescent kit”

(Promega). The assays were done in accordance with the protocols from Promega.

Cross-presentation assay

Immature DCs were exposed to recombinant HIV-1 p24-protein (Abcam, USA) for 1hr at 37C.
Cells pulsed with the indicated concentrations of the optimal epitopes were used as controls for
antigen presentation and CTL clone specificity. DCs were thoroughly washed and cultured for 4
hours before adding the epitope-specific CTL clones at a 4:1 effector-to-target ratio in 96-well
plates (Millipore). The target lysis was measured using a fluorescent-based cell lysis

measurement method previously developed in the lab (Gourdain et al., 2013).
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Acid elution of MHC peptides and identification by MS

Peptides bound to MHC molecules and presented at the surface of control and drug treated
PBMCs were isolated directly from the live cells and identified by high resolution tandem. In
brief, 5x107 cells were shortly exposed to mild acid treatment (10% acetic acid, 5 min) and
peptide pool obtained was immediately subjected to ultrafiltration (3 kDa cut-off) for MHC
peptides enrichment. The pools of eluted peptides were further subjected to LC-ESI-MS/MS
analysis using an Eksigent HPLC system (Eksigent) directly interfaced with an Orbitrap LTQ XL
MS (Thermo Fisher). Ten most abundant multiply charged ions were selected for high
resolution MS/MS sequencing. Data were analyzed with Proteome Discoverer 1.4 (Thermo
Fisher) software and searched against SwissProt human database using MASCOT search engine.
To ensure high accuracy of identified sequences, the mass tolerance on precursor was set to 5
ppm and 0.02 Da for fragment ions with all assighnments made at 1% FDR. The candidate MHC
peptides identified were selected based on their presence in replicate samples. All identified
MHC peptides were blasted against nonredundant SwissProt database restricted to human

entries to identify their corresponding source proteins.

Dextran-pHrodo and Ecoli-pHrodo uptake visualization using confocal microscopy

CD4 T cell or M@s were plated in poly-L-lysine-coated glass chambers (Nunc™ Lab-Tek™
Chambered Coverglass - Themoscientific) and incubated for 1h at 37C and 5% CO2. Dextran-
pHrodo 10,000MW (Lifesciences) was added to CD4 T cells and Ecoli-pHrodo (Lifesciences) was
added to M@s and incubated for 1 hour. After extensive wash the glass chamber was incubated
in the environmental chamber for live cell imaging and the fluorescence was visualized by Zeiss
confocal microscope (LSM 510) using 63 3 1.4 NA oil immersion objective. Images were

analyzed using Imaris 7.6 software.
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FIGURE 1. HIV PIs variably alter cathepsin activities in human CD4 T cell, DC cells and M@s. (A)
Omnicathepsin substrate was added to PBMCs pretreated with DMSO, 5 uM RTV, 5 uM SQV or 10uM E64 and
fluorescence emission was monitored every 5 min. (B) The maximum slope of fluorescence emission over 1 h
calculated from panel A and represented as hundred percent. Maximum slope of fluorescence upon each
treatment was compared with control. (C) PBMCs, (D) CD4 T cells, (E) DCs or (F) M@s were pretreated for
30min with DMSO (control) or with 5 uM of the indicated Pls before adding specific substrate for each activity
(Omnicathepsin black bars, Cathepsin S white bars). In each panel, 100% represents the maximum slope of
DMSO-treated PBMCs. Data represent average +/- SD of cells from 6 healthy donors. (G) Recombinant
cathepsin S or (H) recombinant cathepsin D were pretreated with DMSO or 5 uM of the indicated Pls or
inhibitor (10uM ZFL-COCHOO for cathepsin S and 100uM Pepstatin A for cathepsin D) before adding specific
substrate for each activity. In each panel, 100% represents the maximum slope of DMSO-treated PBMCs. Data
represent average +/- SD of 3 independent experiments. (I) Pro-cathepsin K was incubated with 5 uM of the
indicated Pls for 30min at different pH before adding the specific substrate. The emission fluorescence was
measured and the maximum slope is represented in the figure. *p, 0.05, **p, 0.01, ***p, 0.001.
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Figure 2
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FIGURE 2. HIV PIs alter phagosomal and endosomal pH. (A) Representation of the experimental method of
phagosomal and endosomal pH measurement. (B) pH titration curves obtained using fluorochrome-coated
beads in DCs (left panel) and M@s (middle panel) or using dextran pHrodo in CD4 T cells (right panel). (C)
Phagosomal pH measurement over time after 30min pretreatment of cells with 5 uM of different Pls or 1 uM
Bafilomycin Al. Fluorescence measured by flow cytometry was reported to the titration curves in B for pH
values. (D) Difference in pH of phagosomes in cells treated with 5 uM of different Pls or 1 uM Bafilomycin Al
compared to DMSO 60min after phagocytosis. Data represent average +/- SD of cells from 5 healthy donors.
***p , 0.001. See also Figure S1 and Figure S2.
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Figure 3
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FIGURE 3. HIV PIs alter ROS production in DC phagosomes. (A) DC phagosome pH measurement over time
after 30min treatment with DMSO (black) or 10 uM DPI (gray). Average +/- SD of 3 independent experiments.
(B) Omnicathepsin and cathepsin S activity measurement in DCs after 30min treatment with 10 uM DPI. 100%
represents the maximum slope of DMSO-treated DCs. Average +/- SD of 3 independent experiments. (C)
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Pls inhibit ROS production, leading to phagosome acidification and
cathepsin activation. (D) Representation of the experimental method of phagosomal ROS measurement. ROS
measurement in DCs (E) and M@ (F) over time after 30min pretreatment of cells with 5 uM of different Pls or
10 uM DPI. Difference in ROS production in DC (G) and M@ (H) phagosomes in cells treated with 5 uM of
different Pls or 10 uM DPI compared to DMSO (control) 60min after phagocytosis. Data represent average of

cells from 5 healthy donors. *p, 0.05, **p, 0.01, ***p, 0.001.
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Figure 4
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FIGURE 4. HIV PIs inhibit kinase activity and reduce p47 phosphorylation. (A) Western-Blot using extracts of
DCs pretreated with DMSO, SQV or NFV and antibodies against tubulin, p47, p47-pSer345 and p47-pSer359.
(B) Quantification of tubulin normalized bands. 100% represents the normalized band value of the control.
Data represent average +/- SD of 4 independent experiments using cells from 4 healthy donors. (C) Different
kinase activity measurement after 30min pretreatment with 5 uM of different Pls. 100% represents the
baseline activity of the control. Data represent average +/- SD of 3 independent experiments.
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Figure 5
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FIGURE 5. HIV PIs change the degradation pattern, epitope production and size distribution of long HIV
peptide in lysosomal compartments. (A) Right panel- Cleavage patterns of p24-35mer incubated with DC
(blue), M@ (orange) or CD4 (green) cell extracts for 60 minutes at pH4.0, Left panel DC cell extracts
preincubated with DMSO (gray), RTV (blue) or SQV (red) for 60 minutes at pH4.0 are shown as the
contribution of each cleavage site, presented as cleavage N-terminal or C-terminal to a specific amino acid, to
the total intensity of all degradation products. (B) Cleavage patterns of p24—-35mer incubated with DC (upper
panel), M@ (middle panel) or CD4 (lower panel) cell extracts preincubated with 5 uM of different Pls for 60
minutes at pH4.0 are shown as heat maps of the contribution of each cleavage site compared to control,
presented as cleavage N-terminal or C-terminal to a specific amino acid, red represents increase cleavage and
blue reduced cleavage compared to control. (C) Degradation products from B identified by MS were grouped
into fragments containing B57-1ISW9 and B57-KF11 epitopes (black), containing only B57-KF11 epitope (blue),
containing only B57-ISW9 epitope (red), or neither epitope (gray), respectively. The contribution of each
category of peptides to the total intensity of all degradation products is shown at each condition. (D) All
peptides from B were grouped according to their lengths of fragments: equal or longer than 26 aa (blue), 19—
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25 aa (orange), 13-18 aa (gray), 8-12 aa (green), and fragments equal or shorter than 7 aa (red). The
contribution of each category of peptides to the total intensity of all degradation products is shown at each
condition. For (A-D) data are representative of three independent experiments with three different donors.
See also Figure S3 and Figure S4.
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Figure 6
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FIGURE 6. HIV Pls variably alter the processing and the cross-presentation of exogenous HIV p24. (A) MFI
representing the MHC-I expression level measured by flow cytometry of DCs pretreated with 5 uM of the
indicated Pls. (B) Percent of lysis by CTLs of DCs pulsed with different concentrations of optimal epitope B57-
TW10, B57-KF11 or B57-ISW9 measured using a fluorescence-based method. Data represents the average +/-
SD of 3 experiments. (C-E)Monocyte derived DCs from HLA-B57+ donors were pretreated with 5 UM of the
indicated Pls and loaded with HIV p24 for 1h. After extensive wash and 4h incubation B57-KF11 (C), B57-ISW9
(D) or B57-TW10 (E) CTLs were added and the cell lysis was measured using a fluorescence-based method.
Data represents the average +/- SD of 5 independent experiments with 5 different donors.
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Figure 7
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FIGURE 7. HIV PIs alter the surface MHC self-immunopeptidome. The surface MHC peptidome of PBMCs
treated with DMSO or SQV for 2 days were eluted and analyzed by MS. (A) Venn diagram representation of
the number and percentage of peptides commonly or uniquely present on PBMCs treated with DMSO or SQV.
(B) Uniquely or commonly presented peptides were grouped according to their lengths: equal or longer than
19 aa (blue), 13—-18 aa (red), 8—12 aa (green), and fragments equal or shorter than 7 aa (gray). (C) Number of
total, common or uniquely presented peptides on PBMCs treated with DMSO or SQV and the number of
protein they originate from. (D) The proteins of origin of the surface peptides were grouped into: proteins
represented in DMSO and SQV treatment, proteins represented uniquely in DMSO treatment and proteins
represented uniquely in SQV treatment. The group of proteins represented in DMSO and SQV treatment was
further divided into 3 subgroups: similar (unique and common peptides coming from similar location on the
protein), narrowing (SQV narrowing the location of the peptides coming from this group of proteins),
broadening (SQV broadening the location of the peptides coming from this group of proteins). See also Table
S1.
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Figure S1
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Figure S1. HIV PIs Do not Change Dendritic Cell and Macrophage Uptake Capacity. (A) Fluorochrome-coated
beads were phagocytosed by dendritic cells (left panel) or macrophages (right panel) pretreated with 5 uM of
the indicated Pls. Using flow cytometry the percentage of the cell population that phagocytosed one or more
beads was quantified. Data represents average of 4 indipendent experiments (B) Untreated CD4 T cell
endocytosis of dextran-pHrodo (left panel) and macrophage phagocytosis of Ecoli-pHrodo (right panel) was
visualized using live cell confocal microscopy. pHrodo fluoresces (red in the figure) only at acidic pH confirming

their presence in endolysosomal compartments.
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Figure S2
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Figure S2. Saquinavir Moderately Alter Macrophage Phagosomal pH. (A) pH titration curve obtained using
Ecoli-pHrodo in macrophages incubated at indicated pH. (B) Phagosomal pH measurement after 60min
phagocytosis of macrophages pretreated with 5 uM of different Pls or 1 uM Bafilomycin Al for 30min. (C)
Difference in pH of phagosomes in macrophages treated with 5 uM of different Pls or 1 uM Bafilomycin Al
compared to DMSO (control) 60min after phagocytosis. Data represent average of cells from 5 healthy donors.
***p, 0.001, one-way ANOVA with Dunnett’s post-test.
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Figure S3
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Figure S3. Variable Degradation Pattern in Dendritic Cells, Macrophages and CD4 T Cells. HIV p24—-35mer
(MVHQAISPRTLNAWVKVVEEKAFSPEVIPMFAALS, aa 10-44 in Gag p24) was incubated with DC, macrophage or
CD4 T cell extracts for 60 minutes at pH4.0. Degradation products were analyzed by mass spectrometry and
aligned to the original p24-35 sequence.
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Figure S4
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Figure S4. HIV Pls Alter Full HIV p24 Protein Degradation Pattern. Full HIV p24 protein was incubated with DC
extracts for 60 minutes at pH4.0. Degradation products were analyzed by MS and the contribution of the
cleavage of each amino acid position (N-ter and C-ter) to the total intensity of all degradation products was
guantified. The upper panel represents the cutting site intensity at each amino acid location of full HIV p24
protein by DC without Pl treatment. The lower panel shows a heat map representing the difference in cutting
intensity at each amino acid location of HIV full p24 protein by DCs treated with 5 uM of different Pls
compared to control.
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Table S1: Peptides eluted from SQV treated and untreated PBMCs and their protein of origin. Top tables represent the peptides commonly present on treated and
untreated PBMCs. Bottom left table represents peptides uniquely present on untreated PBMCs. Bottom middle table represents peptides uniquely present on SQV treated
PBMCs. Blue cells are the proteins represented uniquely in control and pink proteins represented uniquely in SQV treatment. 125



Discussion

The ability of CTL to clear virus-infected cells depends on the recognition of viral derived
epitopes presented by MHC-I. Those epitopes are generated by the intracellular degradation of
proteins by cytosolic or ER resident proteases in the direct antigen processing pathway or by
endolysosomal cathepsins in the cross-presentation pathway. Any perturbation of cellular
peptidase activity could modify protein degradation patterns and consequently epitope
presentation to CTLs.

The focus of my thesis was to investigate the effect of HIV Pls on the different enzymes involved
in the direct antigen processing as well as the cross-presentation pathway and to understand

the impact of these activity alterations on HIV epitope production and presentation to CTLs.

1. Mechanism of protease and peptidase activity alteration

We discovered that four of seven Pls affected at least one cellular peptidase activity. Nelfinavir
for instance could either enhance or reduce proteasome, aminopeptidase and cathepsin
hydrolytic activities, whereas other Pls such as Ritonavir mostly reduced all activities tested,
suggesting different interactions between each drug and each cellular enzyme. HIV Pls might
bind directly to the catalytic site of the enzymes and inhibit their activity. It was previously
shown using molecular docking that ritonavir can in fact bind to the active center of the yeast
proteasome PRE2 subunit that is homologous to human proteasome b5 subunit %, elucidating

218,281,282

the inhibition of the chymotryptic activity by ritonavir . Likewise, HIV Pls might interact

with noncatalytic effector sites in the proteasome, aminopeptidases and cathepsins that were

283-2 .
83286 This would

shown in enzymatic studies to regulate the different catalytic activities
provide a potential mechanism of either inhibition or enhancement of cellular peptidases by
HIV Pls, although molecular modeling and structural studies are required to test this
hypothesis.

In addition, we discovered that Saquinavir and Nelfinavir facilitate the maturation of

procathepsin K even at neutral pH. Most cathepsins are synthesized in their inactive

procathepsin form. The activation process is triggered by a pH drop in the endolysosomal
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compartments, which induces the proteolytic removal of amino terminal pro-domain blocking
the catalytic site of the cathepsin. This pH dependent activation restricts cathepsin hydrolytic
activity only to lysosomal compartments. It was discovered that glycoaminoglycans (GAG) can
at neutral pH loosen the binding of the propeptide on the catalytic site and accelerate the

autocatalytic removal of the propeptide subsequently activating cathepsins 2*"%

. Similarly,
Saquinavir and Nelfinavir might be using the same mechanism as GAG to facilitate the
maturation of cathepsins at neutral pH, although structural studies are needed to test this

hypothesis.

2. Link between side effects and peptidase activity alteration

First-generation Pls like ritonavir, saquinavir, and nelfinavir showed stronger effect on
proteasome, aminopeptidase and cathepsin activities than newer Pls like atazanavir and
darunavir. First-generation Pls induced more rapid and profound adverse effects on lipid and
glucose metabolism, increased risk of cardiovascular diseases and reduced bone mineral

148,149,289-292

density than did newer Pls . Rats treated with ritonavir developed hyperlipidemia

and displayed higher RNA expression of proteasome subunits 2°>?%*

. 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

2% pl-induced proteasome inhibition may modify the half-life of proteins

proteasome inhibitors
involved in glucose or lipid metabolism, such as the documented accumulation of sterol
regulatory binding proteins 1/2 inducing constitutive lipid biosynthesis in mice 2°°. Whether the
modification of intracellular aminopeptidase activities would affect glucose or lipid metabolism
remains unknown. Surface aminopeptidases such as membrane-bound ectoenzyme
aminopeptidase N/CD13 or intracellular aminopeptidases trafficking to the surface such as
insulin-responsive aminopeptidase are involved in peptide cleavage, cholesterol uptake for

297,2 . . . . . 2
97.2% or glucose transport uptake for insulin-responsive aminopeptidase 2%°.

aminopeptidase N
Considering the conservation between aminopeptidase catalytic sites, it will be important to

examine whether first- and second-generation Pls modify surface aminopeptidase activities, as
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well as other peptidases, in each subcellular compartment and affect the biological functions of
these enzymes.

Excessive cathepsin activation and extracellular presence of active cathepsins are linked to
inflammation of the mucosa and damage to the musocal barrier *®°. Therefore HIV Pl-induced
cathepsin activation and increased maturation might be involved in damaging the mucosa,
allowing microbial translocation and causing chronic immune activation in patients on ART.
Moreover, it has been proposed that lipid metabolism disorder associated with Nelfinavir is
caused in part by enhanced lysosome-mediated perilipin proteolysis which is a protein involved
in regulating adipocyte lipolysis. Nelfinavir induced 6-fold reduction of perilipin half-life was
reversed by NHA4CI but not by proteasome inhibition suggesting the involvement of lysosomal
proteases in nelfinavir-induced perilipin proteolysis. However the exact mechanism of this

301

enhanced degradation was not clear . Nelfinavir induced lysosomal cathepsin activity

increase showed in this study might directly explain the enhancement of perilipin proteolysis in
the lysosomes that is contributing to the lipid metabolism disorders in patients on ART.

Osteoporosis and osteopenia are side effect associated with first generation Pl use Brown, 2006
#98;Duvivier, 2009 #247}. Cathepsins play a crucial role in bone remodeling by degrading type |

302,303

collagens in the bone resorption pits . Saquinavir- and Nelfinavir-induced cathepsin

activity increase that we showed in this study might explain the excessive bone collagen
degradation and the bone density reduction seen in patients on Pls, however further studies
are needed to confirm this hypothesis.

Cathepsins are also involved in processing pro-granzymes into proteolytically active forms in

304

cytotoxic immune cells . Therefore, additional research is needed to investigate whether HIV

Pl-induced modulation of cathepsin activity alter the cytotoxic capacity of CTLs and NK cells in

patients on Pl-including HAART. Cathepsin dysregulation is also associated with various other

305,306

pathological conditions, such as cancer . rheumatoid arthritis 3%, atherogenesis 3% and

309

muscular dystrophy . Additional research is needed to investigate if Pl-induced cathepsin

alteration contributes to the development of such disease in patients using long term ART.
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3. HIV PIs and cancer

studies showed that some HIV Pls have pleiotropic antitumor effects, including inhibition of
inflammatory cytokine production, proteasome activity, cell proliferation and survival, and

208-213

induction of apoptosis Subsequently, HIV Pls use alone or in combination to

chemotherapy or radiotherapy showed beneficial results in human clinical trials against

214-216

different cancer types . Different cellular targets of HIV Pls have been proposed but the

exact anti-tumor mechanism is still unclear. One of the cellular targets of some HIV PlIs is the

. . 218-220,31
proteasome as seen in our and others studies *'#%2%3%°

. Proteasomes are involved in many
cellular mechanisms and their inhibition is proved to be beneficial in some cancer types. For
instance Bortezomib is a FDA approved proteasome inhibitor for treating multiple myeloma.
Therefore, the inhibitory effect of HIV Pls on the proteasome might explain in part their anti-
cancer effect. In addition, experimental studies connect the anticancer effects of some PIs to
the suppression of the Akt signaling pathway, but the actual molecular targets remain unknown
31 Our results show that Saquinavir and Nelfinavir are able to directly inhibit multiple
members of the protein kinase-like superfamily, which are involved in the regulation of cellular

processes vital for carcinogenesis and metastasis. This finding provides a molecular basis to

explain the broad spectrum anti-cancer effect of Saquinavir and Nelfinavir.

4. HIV PlIs and NOX2

Since, kinases regulate many complex processes in cells and the extent to which the Pl-induced
kinase activity alterations affect other cellular processes is unknown and needs to be
addressed. In this study we showed that Saquinavir and Nelfinavir -by inhibiting Akt kinase and
protein kinase C (PKC)- reduce the phosphorylation of phox-p47 which is required for the

312

assembly of active NOX2 “°“. The multicomponent NOX2 enzyme produces ROS in the

phagosomes of neutrophils, eosinophils, monocytes and macrophages contributing to the

destruction of the engulfed pathogens >*3'°

. The phagosomal NOX2 and ROS production play
key role in host defense against microbial pathogens as illustrated by a human genetic disorder

called chronic granulomatous disease (CGC), which is associated with life-threatening bacterial
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and fungal infections and is characterized by an absence of ROS production due to a deficiency

313,315,317,318

in one of the components of NOX2 . The NOX2 complex is composed of multiple

subunits and its activation is triggered by the phosphorylation of the phox-p47 subunit at

multiple locations and by different kinase including Akt and PKC "2

. Saquinavir and Nelfinavir by
inhibiting Akt and PKC activity partially reduce the phosphorylation of phox-p47 thus inhibiting
NOX2 activity and reducing ROS production in DC and macrophage phagosomes. The impact of
the Pl-induced NOX2 activity inhibition on macrophage capacity to kill phagocytosed pathogens
remains unknown and needs to be further investigated. In addition to their role in microbial
killing, NOX2 by consuming protons to produce ROS is involved in maintaining neutral DC
phagosomal pH. This controlled pH confers DCs the ability to cross-present by limiting
degradation of the phagocytosed antigens without the destruction of potential antigenic
peptides. This was confirmed by NOX2 deficient DC’s inability to cross-present 2’2 In this study
we showed that Saquinavir and Nelfinavir by inhibiting NOX2 activity increase the DC

phagosome acidification and lead to enhancement in cathepsin activities.

5. Alteration of antigen degradation patterns by HIV Pls

5.1 In the direct antigen processing pathway

We showed that alteration of proteasome and aminopeptidase activities by HIV Pls modified
both the degradation patterns of long HIV peptides and the sensitivity of epitopes to
intracellular degradation 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 explained by the intriguing observation that the cleavage of specific
residues was enhanced, whereas others were reduced. Twelve residues 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
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aminopeptidase inhibitor reduced Pl-enhanced cleavage of E by 53— 59%, suggesting that PI
modified aminopeptidase activities to facilitate 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 **°, thus ruling out a
major involvement of proteasomes and caspases in the changes in residue-specific cleavage
patterns. Whether HIV Pls enhance additional cytosolic peptidases cleaving acidic residues or
whether it may modify aminopeptidase hydrolytic capacity to enhance cleavage of acidic

residues and reduce cleavage of other residues remains to be determined.

5.2 In the cross-presentation pathway

The HIV Pl-induced direct and indirect (via NOX2 inhibition and increased phagosome
acidification) alteration of cathepsin activity modified long HIV peptide and full protein
degradation patterns in lysosomal compartments. These changes in antigen processing resulted
in alterations in the amount of peptides available for direct MHC-I loading in the vacuolar
pathway or further processing in the cytosolic pathway and subsequently led to altered HIV
epitope cross-presentation to CTL. Cutting site analysis showed that HIV Pl effect on
phagosomal antigen processing was drug and sequence dependent as well as variable
depending on the cell subset tested which is in line with previous data showing that various cell

320321 Gjven that each cathepsin has

subsets present different levels of peptidase activities
different sequence specificities **, a given Pl -by variably changing the activities of the different
cathepsins available- increase the cleavage of certain motifs and decrease the degradation of
others. Further in depth analysis by our collaborators at Microsoft research of Pl induced
enhancement or reduction of the cleavage intensity at each amino acid location of full HIV
proteins will enable the generation of an algorithm to predict the effect of each Pls treatment
on the amount of different epitope production. The use of such algorithm might allow us in the

future to increase or decrease the presentation of certain epitopes by using a predefined

combination of certain HIV Pls.
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6. Effect of HIV Pls on epitope presentation and CTL recognition

These findings have implications for the degradation of HIV proteins and beyond.

6.1 In the context of HIV

First, in the context of HIV protein degradation, 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®*?. In the presence of HIV Pls such as Ritonavir used as booster in ART
treatments, we may expect that the production of the wild type (WT) peptide would be
decreased, whereas flanking mutations leading to an acidic residue would enhance epitope
production 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®?*>%; thus, the change of ratio of WT and mutated peptides could
contribute to shifts in immunodominance, as seen after immune escape in acute HIV

infection2¢3%°

. Although the lack of appropriate longitudinal clinical samples precludes us to
test this hypothesis, Pl-induced modification of the self-immunopeptidome landscape on PBMC
surface observed in this study using mass spectrometry suggest that HIV Pls may contribute to
broadening of immune responses against HIV in ART-treated patients with ongoing viral
replication. In addition, studying the impact of Pl on HIV epitope presentation is relevant to
approaches to purge HIV reservoirs by combining provirus reactivation in the presence of ART
to prevent replication, and therapeutic vaccination to boost immune responses against
HIV*3%331 |f ART needed to prevent replication after provirus reactivation calls for inclusion of
HIV Pls, it will be important to assess the repertoire of HIV epitopes presented by the
reactivated latently infected cells in presence of Pls. Moreover, it will be crucial to investigate
the impact of HIV PIs on the cross-presentation efficiency of therapeutic vaccines and the
induction of broad CTL responses needed to eliminate the reactivated HIV-epitope presenting

cells®?,
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6.2 In the context of other pathogens and cancer

Because certain PlIs modify antigen processing in a sequence-specific manner and because PI-
treated PBMCs showed 32% alteration of their self surface peptidome it is very likely that
degradation and presentation of proteins derived from other pathogens will be altered by HIV
Pls. In this study cytosolic stability of optimal epitopes derived from CMV, HCV, influenza, or
EBV was variably affected by Pl treatment, with ritonavir/Kaletra increasing the cytosolic
stability of several peptides. Because intracellular peptide stability contributes to the amount of

241 HIV PIs may alter the presentation of epitopes derived from other

peptides displayed to CTL
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

combinations to curb both infections are needed *****°

. 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 patterns of
these pathogens provides a new outlook of the use of HIV Pls. Similarly, saquinavir, ritonavir,
and nelfinavir, because of their inhibitory effect on the proteasome, kinase and other cellular
targets, have been shown in previous studies and clinical trials to have beneficial effects on

several cancers 209219336341

. In the repositioning of Pls as cancer therapy, another potential
benefit could be a Pl-induced altered processing of cancer Ags (the intracellular stability of an
MAGE3 epitope was modified by ritonavir/Kaletra), potentially leading to presentation of a

different cancer Antigen-derived peptide and new immune responses.

6.3 MHC-II epitope presentation

Because endolysosomal pH and cathepsin activity regulate MHC-II epitope processing, it is very
likely that HIV Pl-induced modifications of phagosomal acidification and cathepsin activities
alter antigen processing and MHC-Il epitope presentation. The increase upon Saquinavir
treatment in the number of 13-18 amino acid long self-peptidome presented on the surface of
PBMCs suggest that Saquinavir might be broadening the MHC-II surface peptidome, however,

more immunological and quantitative studies are needed to confirm this hypothesis.
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Conclusion
In conclusion our results indicate that HIV Pls, by altering Akt and PKC, NOX2 and cellular

peptidase activities, modify antigen processing in cytosolic, ER and lysosomal compartments
leading to changes in epitope presentation to CTLs. Additional structural studies are needed to
understand the mechanism behind the Pl-induced alterations of various classes of enzymes. If
HIV Pls allow diversification of epitope presentation, they may provide complementary
approaches to broaden the immune responses against various immune diseases, considering
that temporary Pl treatment would not induce toxicity and adverse effects observed in long-
term HAART.

In addition, even though the intended collaboration to develop intrabodies with Pr. Weiss
unfortunately didn’t work out, targeting specific peptidases or NOX2 and altering their activities
using intrabodies or chemical compounds might be a new therapeutic approach to diversify

epitope presentation and broaden immune responses against various diseases.
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The ability of cytotoxic T lymphocytes (CTL) to clear virus-infected cells requires the pre-
sentation of viral peptides intracellularly processed and displayed by major histocompatibility
complex class I. Assays to measure CTL-mediated killing often use peptides exogenously added
onto target cells — which does not account for epitope processing - or follow killing of infected
cells at a single time point. In this study we established a real-time fluorogenic cytotoxic assay
Keywords: that measures the release of the Glucose-6-phosphate-dehydrogenase by dying target cells
HIV ) every 5 min after addition of CTL. It has comparable sensitivity to >'chromium-based killing
Antigen processing assay with the additional advantage of incorporating the kinetics of epitope presentation. We

gejagl {ircrfélsl(illin assa showed that HIV infection of immortalized or primary CD4 T cells leads to asynchronous killing
Cytotoxicity § assay by two CTL clones specific for epitopes located in different proteins. Real-time monitoring
Kinetics of killing of virus-infected cells will enable identification of immune responses efficiently

preventing virus dissemination.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction parameters including peptide sequence and avidity for MHC

and T cell receptor (TCR), proliferative capacity, production

Cytotoxic T lymphocytes (CTL) are one of the key com-
ponents of host defense against viral infection or tumor cell
elimination. Virus-specific CTL responses are elicited in most
viral infections, including influenza, HIV, EBV, CMV and HCV
(Bangham, 2009). HIV-specific CTL play a critical role in
containing HIV viremia in acute infection or in situation of
spontaneous control (Hersperger et al., 2011). However in
chronic infections such as HIV and HCV the virus is not cleared
despite the presence of CTL responses (Migueles and Connors,
2001; Rowland-Jones et al., 2001). The identification of criteria
defining protective immune responses is paramount to the
design of vaccine immunogens (Burton et al., 2012). Several
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of cytokines and cytolytic granule release contribute to the
antiviral capacity of the CTL responses (Almeida et al., 2007;
Migueles et al., 2008; Hersperger et al., 2010; Ndhlovu et al.,
2013). However one parameter often disregarded in the iden-
tification of efficacious immune responses is the timing of
epitope presentation.

The killing of an infected cell by epitope-specific T cells is
the culminating event of a multistep process. MHC-I epitopes
displayed in the surface of cells come from the degradation of
proteins in a multistep pathway involving peptidases located in
the cytosol, in the endoplasmic reticulum, and for exogenous
antigens peptidases from the endo-lysosomal pathway (Neefjes
etal, 2011). The presentation of MHC-I-epitope is a prerequisite
to the interaction between target and effector cells, activation
of T cells, release of cytolytic granules content by T cells, and
eventually disintegration of the target cell.

Multiple assays have been developed to assess killing of
target cells or activation of effector T cells at a given time
point following infection (Shacklett, 2002; Lemonnier, 2013).
Radioactive isotope >'chromium (°!Cr) or tritium (*H) killing
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assays are the traditional methods to assess virus-specific
T cell-mediated cytotoxicity (Brunner et al., 1968; Usharauli
et al.,, 2006). They are based on generating infected target cell
populations and labeling them with >'Cr or *H. The addition
of virus-specific T cells leads to killing of target cells and
release of radioactivity into the culture supernatant. Quanti-
fication of >'Cr- or 3H-release provides a measure of the
specificity and the cytotoxic capacity of T cells in the effector
cell population at a single time point typically measured
several hours after addition of CTL.

Several non-radioactive techniques have been devel-
oped to assess the killing of target cells (Cholujova et al.,
2008) or apoptosis in various culture conditions (McMillian
et al,, 2002). Dyes to label target cells include carboxyfluo-
rescein succinimidyl ester (CFSE) (Wierda et al, 1989),
MitoTrackerGreen (MTG), calceinacetoxymethylester (CAM),
Vybrant DiO (DiO), 7-amino-actinomycin D (7-AAD) (Lecoeur
et al., 2001; Sheehy et al., 2001) or caspase-3 substrates (Liu et
al., 2002; He et al., 2005). They measure cell apoptosis (7-AAD,;
caspase-3 substrates), disintegration of dying cells after
recognition by T cells (release of CFSE or MTG), the proportion
of live/dead cells with two substrates such as CFSE/PKH26
(Lee-MacAry et al., 2001; Sheehy et al, 2001), or track
surviving cells (CAM; (Roden et al., 1999)). All these dyes are
intracellular markers which may leak out of the cells and can
be toxic to primary cells such as dendritic cells. Extracellular
substrates cleaved by enzymes released by dying cells such
as resazurin cleaved by glucose 6-phosphate dehydrogenase
(G6PDH) have been used to measure apoptosis and drug-
induced cytotoxicity but not to follow T cell-mediated lysis of
target cells (Batchelor and Zhou, 2004).

Indirect assays to assess recognition of target cells by
effector T cells measure CD8 T cell activation by measuring
the production of cytokines such as interferon gamma or
Interleukin 2 (Miyahira et al., 1995; Maino and Picker, 1998;
Mwau et al., 2002; Janetzki et al., 2005; Nomura et al., 2008),
the release of cytolytic granules through exposure of CD107a
(Betts et al.,, 2003) or cytotoxic molecules (perforin and
granzymes) (Snyder et al, 2003; Snyder-Cappione et al.,
2006; Hersperger et al., 2010). However these parameters do
not address whether killing and clearance of infected cells
occurred, a critical issue in chronic infections such as HIV
and HCV where T cells can be partly functionally impaired
(Hersperger et al., 2011).

Despite their advantages, all these approaches provide
limited information about the timing of presentation of an
epitope to its cognate CTL, a factor critical to ensure efficient
clearance of infected cells — that is independent of the
antiviral function of T cells. Here we present a new non-
radioactive cytotoxic assay with a low toxicity and a low cell
number requirement that allows us to sensitively measure
the killing of target cells in real-time after addition of CTL,
and to compare the kinetics of presentation of endogenously
processed HIV epitopes to HIV-specific CTL.

2. Material and methods
2.1. Study participants

HIV-negative and HIV-infected donors were recruited at
Massachusetts General Hospital (MGH) in Boston. Partners

Human Research Committee (Boston, MA) approved the
use of anonymous buffy coats under protocol 2005P001218,
the use of samples from HIV-negative coded donors under
protocol 2010P002121 and the use of coded HIV-infected
samples under protocols 2010P002463 and 2003P001894. All
participants provided written informed consent for partici-
pation in the study.

2.2. Peptides

Highly purified peptides (>98% pure) were purchased
from MGH peptide core facility.

2.3. Cell culture

EBV-immortalized B cells were maintained in RPMI 10%
FCS. KF11-, TW10-, ATK9- and RK9-specific CTL clones were
isolated by limiting dilution and maintained in the presence
of 50 U/ml IL-2 (R10-IL2) using the CD3-specific mAb 12 F6
and irradiated PBMC as stimulus for T cell proliferation
(Le Gall et al., 2007).

2.4. Cell sorting

CD4 T cells were enriched from freshly isolated peripheral
blood mononuclear cells (PBMCs) by magnetic immuno-
depletion of cells expressing CD8, CD14, CD16, CD19, CD20,
CD36, CD56, CD66b, CD123, TCRY/5, glycophorin A and
dextran-coated magnetic particles, according to the
manufacturer's instructions (StemcCell). The percentage of
CD4 T cells assessed by flow cytometry was >90%.
PHA-stimulated CD4 T cells were obtained by incubating
CD4 T cells at 1 x 10%/ml in R10-IL2 with 0.25 pg/ml PHA for
4-6 days.

2.5. HIV infection

VSV-G-pseudotyped viral stocks were prepared by co-
transfection of 293 T cells with NL4-3 proviral DNA (or with a
GFP-encoding provirus) along with a CMV-VSV-G plasmid
and titrated as previously described (Miura et al., 2009).
B cells or PHA-activated CD4 T cells were harvested and
incubated at 2 x 10%/well in R10 in 24-well plates. VSV-G-
pseudotyped virus was added at a concentration of 100 ng
p24 per well for 5 h. Cells were washed twice and plated
again. Every other day until day 10, cells were monitored for
infection rate and used as targets in real-time or >!Cr killing
assays.

2.6. Flow cytometry

Cells were washed and incubated with CD4-PE and HLA-
DR-APC antibody (pre-titrated volume, BD Pharmingen).
Cells were then permeabilized with the Cytofix/Cytoperm
Plus kit (BD Biosciences) for 20 min following manufacturer's
instructions and stained for intracellular p24 with p24-FITC
antibody (pre-titrated volume, Santa Cruz Biotech) for 30 min.
Cells were fixed and acquired on a two-laser Calibur flow
cytometer using CellQuestPro software (BD Biosciences) and
data were analyzed using Flow]o software (TreeStar).
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2.7. Real-time fluorogenic killing assay

Target cells (B cells or PHA-activated CD4 T cells) were
harvested, suspended in fresh medium (Complete RPMI
without serum, R*) and plated at 20 x 10° cells/75 ul per
well in dark 96-well plates. Peptides were added in 75 pl
of RPMI without serum (R") at different concentrations
(0.4 pg/ml; 0.04 pg/ml; and 0.004 pg/ml). Plates were incu-
bated at 37 °C, 5% CO, for 20 min. Plates were washed once
with 150 pl of RPMI 10% serum (R10) per well and spun 30 s,
2500 rpm. 225 pl of media was aspirated at the lowest speed
with an automatic multichannel pipette. Plates were washed
for the second time with 225 pl of R10 per well and spun 30 s
at 2500 rpm. 225 pl of media was aspirated at the lowest
speed with an automatic multichannel pipette. A third wash
was performed before CTL were added at 40 x 10> cells/75 pl
per well in R10 serum. 50 pl of resazurin/reaction mixture
was added to each well (Vibrant Cytotoxicity Assay Kit
Molecular Probes; (Batchelor and Zhou, 2004)). For a positive
control, 5 W of 100X Triton cell lysis buffer was added. Wells
were mixed with the automatic multichannel pipette and fluo-
rescence emission (Ex: 530-560/Em: 580-600) was recorded
every 5 min for 4 h on a Victor3 plate reader (PerkinElmer).
Spontaneous fluorescence is defined as fluorescence emission by
uninfected B cells and CTL without exogenously added peptide.
Maximum fluorescence is defined as fluorescence emission by
B cells mixed with CTL and cell lysis buffer.

Specific fluorescence was calculated as [(fluorescence
in the presence of target cells and CTL — spontaneous
fluorescence) / (maximum fluorescence — spontaneous fluo-
rescence)] x 100. Target cells with or without peptides were
incubated with substrate in order to check the basal level
of G6PDH released by targets (fluorescence levels below to
spontaneous release).

2.8. °1Cr-based killing Assay

SICr-labeled B cells were pulsed with different peptide
doses (0.4 pg/ml, 0.04 pg/ml or 0.004 pg/ml of the optimal
peptide and 0.4 pg/ml of the mutated one) diluted in R* for
30 min at 37 °C. KF11-specific, TW10-specific, RK9-specific,
or ATK9-specific CTL clones were added at a 4:1 ratio and
incubated for 4 h with target cells. Radioactivity was mea-
sured in 30 pl of culture supernatant. Cell lysis was calculated
as [(°'Cr release due to peptide — spontaneous release) /
(total release — spontaneous release)] x 100 as in (Le Gall
et al.,, 2007).

2.9. Statistical analysis

Maximum slope and area under curve (AUC) were calculat-
ed with Microsoft Excel. Data were analyzed using GraphPad
Prism software (version 5).

3. Results

3.1. A fluorogenic assay to measure real-time CTL-mediated
killing of target cells

We aimed to design a killing assay that allows us to follow
the lysis of target cells after addition of CTL in real-time. We

adapted a fluorogenic assay measuring the activity of glucose
6-phosphate dehydrogenase (G6PDH) during apoptosis and
drug-induced cytotoxicity (Batchelor and Zhou, 2004), an
enzyme released by dying cells (Zhang et al.,, 2000). The
membrane-impermeable substrate is added in the culture
medium — which avoids intracellular toxicity and leakage
observed with intracellular substrates. The release of GGPDH
by dying cells leads to the cleavage of a G6PDH-specific
fluorogenic substrate and fluorescence emission (Fig. 1A).
To measure CTL-mediated cell killing HLA-B57" B cells were
pulsed with variable amounts of cognate peptide (HLA-B57-
restricted KF11, KAFSPEVIPMF, aa 30-40 in Gag p24) or with
a mutated KF11 peptide (KF11-K89 KAFSPEVIKKF) of low
functional avidity (i.e. low binding affinity for HLA-B57 and/
or TCR of CD8 T cells) (Lazaro et al, 2011). Spontaneous
release of G6PDH was measured with B cells and CTL without
peptides (or with irrelevant peptide) and maximum release
was measured with B cells and CTL mixed with Triton lysis
buffer. Fluorescence emission was measured every 5 min
from the moment CTL (or detergent) were mixed with target
cells. Fluorescence emission increased over time and with the
amount of KF11 peptide used to pulse target cells (Fig. 1B). At
each reading time point we calculated a specific fluorescence -
equivalent to a specific lysis % - as [(fluorescence in the pres-
ence of peptide-pulsed cells — spontaneous fluorescence) /
(maximum fluorescence — spontaneous fluorescence)] x 100
(Fig. 1C). In the presence of KF11-pulsed B cells lysis was
detectable as early as 1 h after addition of CTL and increased
over time. The lysis % was proportional to the amount of KF11
peptide used to pulse cells. In the presence of a mutated peptide
KF11-K89 lysis remained low (Fig. 1C). To validate the assay
we performed in parallel a fluorogenic and a >'Cr-based killing
assay on HLA-A117" B cells pulsed with increasing amounts of
HLA-A11-restricted B cell line and HLA-A11-restricted ATK9
peptide (AIFQSSMTK, aa 158-166 in reverse transcriptase of
HIV-1 polymerase (Walker et al., 1989)). The specific lysis %
measured at 4 h after addition of the CTL similarly increased
with the amount of peptides in both assays (Fig. 1D). We
expanded the comparison of the two killing assays to two target
cell lines, 2 CTL clones and 6 different peptide concentrations
ranging from 0 to 0.2 pg/ml: HLA-B57* B cells pulsed with KF11
or HLA-A31A117 B cells pulsed with or A11-ATK9 peptide. Lysis
% measured in parallel by real-time fluorogenic or >'Cr-based
assays for each peptide-clone combination were compared 4 h
after addition of CTL clones. We found a significant correlation
between the lysis % obtained with the two different assays
(p <0.0001 r = 0.55 Spearman test; Fig. 1E), indicating that
target cell lysis as measured by real-time killing assay accurately
corresponded to the one measured by classical >'Cr release
assay with the advantage of following target cell lysis in
real-time.

3.2. Real-time detection of epitopes presented by HIV-infected
cells to virus-specific CTL

We aimed to assess whether the assay is sensitive enough
to measure the Kkilling of HIV-infected cells, where viral
antigens are endogenously processed and presented at the
cell surface rather than exogenously pulsed onto cells (Fig. 2).
HLA-B57" B cells were incubated for 5h with VSV-G-
pseudotyped HIV and then extensively washed. Cells were
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Fig. 1. A fluorogenic assay to measure real-time CTL-mediated cell killing. A. Principle of the coupled enzymatic assay for detection of glucose 6-phosphate
dehydrogenase activity. Oxidation of glucose 6-phosphate by glucose 6-phosphate dehydrogenase results in the generation of NADPH, which in turn leads to the
reduction of resazurin by diaphorase to yield fluorescent resorufin (Batchelor and Zhou, 2004). B. HLA-B57 " B cells were incubated with increasing amounts of
B57-restricted KF11 optimal peptide (0.1 pg/ml black squares; 0.04 pg/ml black triangles; 0.01 pg/ml black circles; 0.004 pg/ml black diamonds) or a mutated
version of KF11 KF11-K89 (open circles) poorly recognized by KF11-specific CTL clones. Spontaneous cleavage of substrate (Spont; X) was calculated at each time
point as the fluorescence released by B cell + KF11-specific CTL point without peptide. Maximum (Max; +) is calculated as the fluorescence released by B cell in
the presence of KF11-specific CTL and Triton 0.5%. Fluorescence emission was measured every 5 min for 4 h from the time the CTL were added to target cells.
Autofluorescence of substrate in the presence of PBS is subtracted at each time point. C. Specific fluorescence in the presence of increasing amount of KF11 or
KF11-89 is measured at each point as [(Fluorescence — Spont) / (Max — Spont)] x 100. D. °!Cr-labeled or unlabeled HLA-B57" B cells were incubated with
increasing amounts of KF11 peptide and used as targets in a °'Cr-based or fluorogenic killing assay with KF11-specific CTL (E:T 4:1). Lysis percentage of target
cells by Cr-release assay (black squares) or fluorescence assay (black circles) was measured after a 4-hour incubation. E. The comparison of killing of target cells
pulsed with increasing amounts of peptides was expanded to 4 different CTL clones (A11-ATK9, A03-RK9, B57-KF11, and B57-TW10). Correlation calculated with
Spearman test.

collected at 10 h, 24 h, and 48 h after infection and used as B cells with a p24 antibody and ranged in average between
targets in a real-time killing assay with CTL specific for two 3 and 43% depending on the time point. For both KF11-
HLA-B57-restricted p24 epitopes KF11 and TW10 (epitope and TW10-specific CTL clones (Fig. 2B), we found a strong
TSTLQEQIGW, aa 108-117 in Gag p24) (Llano et al., 2009). As association between lysis % and % of p24-positive cells
shown in Fig. 2A, the percentage of target cell lysis increased (p <0.0001 r = 0.857, p < 0.0001 r = 0.901 Spearman test,
with time starting at 10% after 10 h post infection until 50- respectively Fig. 2B), indicating that target cell lysis as
60% after 48 h. These results indicate that the presence of measured by real-time killing assay reflected the percentage
KF11 and TW10 epitopes displayed with MHC-I at the surface of HIV-infected cells processing and presenting HIV epitopes.
of B cell increased during the first 48 h of infection. As a In addition, HLA-B57" or HLA-A03"11" B cell lines were
positive control, target cells loaded with 0.4 pg/ml of KF11 or infected with a HIV-derived lentiviral vector expressing GFP
TW10 peptide were evenly lysed at 60-70% at each time and pseudotyped with VSV-G. Infection rates were measured
point. By comparing the lysis of HIV-infected B cells with that by GFP expression and ranged between 6 and 62%. HLA-B57
of B cells pulsed with various amounts of optimal epitopes B cells were used as targets with KF11- and TW10-specific
KF11 or TW10 as in (Le Gall et al., 2007), we estimated that CTL, HLA-A03%A117" B cell lines were used as targets with
the antigenic peptide equivalent displayed at the surface of p17 A03-RK9 (RLRPGGKKK, aa 20-28 in p17 Gag (Harrer
B cells between 10 and 48 h after infection increased from et al, 1996; Yu et al, 2002)) and A11-ATK9 specific CTL.
0.16 to 27 nM for KF11, and 3.4 and from 86 nM for TW10. The killing of two different target cell lines by four different
We compared the killing of target B cells at 10 to 48 h clones correlates with the % of GFP-expressing cells (R =
post-infection with the corresponding percentage of infected 0.6716; p = 0.0003), indicating that the real-time CTL killing
B cells determined by intracellular p24 staining. Infection was assay allows the detection of a wide range of infected cells
measured by flow cytometry after intracellular staining of presenting various amounts of HIV epitopes.
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Fig. 2. Detection of HIV-infected cells by real-time killing assay. A. HLA-B57 " B cells were infected with VSV-G-pseudotyped HIV. Lysis of HIV-infected (white
bars) or peptide-pulsed (gray bars) target cells by HLA-B57-restricted Gag KF11-specific (left) or TW10-specific (right) CTL was monitored at 10, 24 or 48 h
post-infection. Lysis % corresponds to a 4-hour time point after addition of CTL. B. Correlation between target cell lysis by KF11- (black circles) or TW10-specific
(black triangles) CTL clones and % infected cells of measured by p24-specific intracellular staining. C. HLA-B57 or HLA-A03/11 B cells were infected with a VSV-G
pseudotyped lentiviral vector expressing GFP. Correlation between HLA-B57 or HLA-A03/11 target cells lysis by HLA-B57-restricted ISW9- (black inverted
triangles), KF11- or TW10-specific CTL clones or by A3-RK9- (black squares) or A11-ATK9-specific (black diamonds) respectively and % of infected cells

monitored by GFP staining. Correlation by Spearman test.

3.3. Monitoring differential epitope presentation by HIV-infected
cells

We then assessed whether the real-time killing assay was
adequate to compare the kinetics of presentation of several
HIV epitopes during HIV infection (Fig. 3). In order to
specifically compare epitope presentation and killing by
different CTL clones without confounding factors we chose
epitopes for which the functional avidity of the epitopes
for MHC-I and the TCR of CTL was equivalent. Building
on previous measurements done by >'Cr-release assay (Le
Gall et al, 2007; Zhang et al., 2012) we compared the
fluorescence-based killing of B cells expressing HLA-B57 and/
or HLA-A11 pulsed with increasing amounts of peptides 4 h
after addition of CTL (Fig. 3A). Similar lysis % of target cells
by the two clones were observed at various peptide con-
centrations, showing similar functional avidity of the two
clones. We then compared the endogenous presentation of
HLA-B57-restricted KF11 epitope located in Gag p24 and a
HLA-A03/11-restricted ATK9 epitope from reverse transcrip-
tase, a protein expressed later in the viral cycle. HLA-
B57TA11" B cells were infected with VSV-G-pseudotyped
HIV-1. Infection rate with this VSV-G non-replicative virus
ranged between 10-75% between days 1 to 4 and diminished
after 4 days as non-infected cells grew faster. Lysis of target
cells 3 days post-infection in one representative experiment
was monitored over 4 h after the addition of KF11- and
ATK9-specific CTL (Fig. 3B). It showed that killing of infected
cells by KF11-specific CTL started earlier after addition of CTL

and reached higher specific lysis compared to ATK9 (32% vs
9%). Considering that the 2 epitopes have similar functional
avidity this difference in lysis is likely due to differences
in the amount of KF11 and ATK9 peptides displayed by
HIV-infected cells. Target cell lysis at 4 h after CTL addition
was monitored at day 2, 3, 4, 5, 7 and 10 post-infection
(Fig. 3C). The killing of HIV-infected B cells by KF11-specific
CTL occurred as early as day 2 whereas killing by ATK9-
specific CTL began at day 3. Alternatively HLA-B57TA11+
primary CD4 T cells stimulated with PHA were infected with
replicative HIV-1 NL4-3. Killing of CD4 T cells by epitope-
specific CTL was monitored during 4 h at day 2, 3, 4, 5, 7 and
10 post-infection. Similarly to the kinetics of killing of
HIV-infected B cells, the killing of HIV-infected CD4 T cells
by ATK9-specific CTL was delayed (day 4) compared to killing
by KF11-specific CTL (day 2). These results suggest that
delayed and lower expression of Pol compared to Gag and/or
less efficient processing of this RT epitope leads to a lesser
epitope presentation and delayed killing of HIV-infected CD4
T cells by the ATK9-specific CTL. In conclusion, the real-time
killing assay allows us to indirectly evaluate the amount of
viral epitope presented by infected cells and to identify viral
epitopes detectable by CTL early in the course of infection.

4. Discussion
CD8 T cells play a major role in the clearance of many viral

infections and constitute a critical arm of immune responses
elicited by vaccines. It is therefore important to develop
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Fig. 3. Real-time epitope presentation by HIV-infected cells to CTL. A. HLA-A117B57% B cells were pulsed with increasing amounts of B57-restricted KF11 or
Al1-restricted ATK9 and used as targets in a fluorescence killing assay with KF11-specific (open circles) or ATK9-specific (black squares) CTL. Average of 3
experiments. B. HLA-A117B57" B cells were infected with VSV-G pseudotyped HIV. At 3 days post-infection cells were used as targets with KF11- (black circles)
or ATK9-specific CTL (black triangles). Specific fluorescence was measured every 5 min for 4 h after addition of epitope-specific CTL. C. Lysis of infected B cells by
KF11-specific (dark gray) or ATK9-specific (light gray) CTL was measured 2 to 10 days post-infection. Average of 4 experiments. D. HLA-A11*B57+
PHA-activated primary CD4 T cells were infected with replicative HIV-1 NL4-3 and lysis of infected cells by KF11-specific (dark gray) or ATK9-specific (light grey)
was measured 2 to 10 days post-infection. Lysis % in panels C and D correspond to the 4-hour time point after addition of CTL.

assays identifying immune responses able to efficiently kill
virus-infected cells. The efficiency of killing of infected cells is
defined not only by the intrinsic capacity of T cells to secrete
cytokines and granzymes, but also by their capacity to rapidly
recognize their targets. CTL-mediated killing of infected cells
requires the degradation of a pathogen protein into epitopes,
loading onto MHC-I and display of the epitope by MHC-I at
the cell surface in sufficient amount to trigger activation of
CTL. This sequence of events is dynamic, yet current killing
assays do not permit multiple measurements after infection
as they typically monitor a single time point.

Here we developed a fluorogenic killing assay to monitor
in real-time the killing of HIV-infected cells by CTL. The assay
makes use of an extracellular G6PDH-specific substrate —
that limits toxicity and leakage and allows us to follow target
cell lysis every 5 min or as frequently as needed after
addition of CTL. It allowed parallel detection of the killing of
immortalized or primary target cells by several epitope-
specific T cell clones. This assay gives similar lysis % to
classical >'Cr-release assay, uses fewer cells, is throughput
and sensitive enough to detect cells pulsed with low con-
centration peptides, as well as HIV-infected cells displaying
peptides endogenously processed during infection. Although
HIV infection was the focus of this study, this assay could
be used with any primary cells infected with any virus or
viral vector and to measure the killing mediated by various
immune cells with cytolytic capacities such as CD8 T cells,
cytolytic CD4 T cells or NK cells.

A major application of this assay is to be able to monitor
epitope presentation after viral infection. We can compare
the presentation of epitopes from viral proteins expressed
at various stages of the viral life cycle or compare the
presentation of epitopes within a given protein. We showed
in this study that the killing of HIV-infected B cell lines as
well as the killing of HIV-infected primary CD4 T cells by CTL
recognizing a Pol epitope ATK9 is delayed compared to that
triggered by a Gag-specific CTL (KF11) despite equivalent
functional avidity of the two clones. This delay in recognition
of infected cells could be due to the 20-fold higher amount of
Gag compared to Pol in HIV virions. Pol is synthesized as part
of a Gag-Pol polyprotein by a ribosome frameshift near the 3’
end of Gag and requires further cleavage of Gag-Pol by HIV
protease. This process results in lower and later production
of Pol compared to Gag (Jacks et al., 1988; Louis et al., 1994)
and may lead to a lower and delayed presentation of the
Pol epitope to epitope-specific CTL. Another difference in Gag
and Pol epitope presentation could stem from differences in
the efficiency and timing of epitope production. We previ-
ously showed that the endogenous expression of Gag p17
protein with a C-terminal tag containing a fragment of
Pol including ATK9 leads to 4-fold less killing (measured by
S1Cr release assay) by Pol ATK9-specific CTL than by the
Gag-specific RK9 CTL, demonstrating that even a synchro-
nized expression of Gag-Pol did not erase the difference in
CTL killing efficiency (Le Gall et al., 2007). In support of this
difference in epitope presentation we demonstrated that the
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cytosolic degradation of Gag p17 RK9-contaning peptides
leads to earlier and higher production of epitope RK9 than
that of Pol ATK9-containing peptide (Le Gall et al., 2007).
We showed that differences in HIV epitope production and
presentation are driven by motifs within (Lazaro et al., 2011)
and outside (Draenert et al., 2004; Zhang et al., 2012) of the
viral epitope and will affect recognition by CTL ((Lazaro et al.,
2011) and additional unpublished data). Altogether these
results suggest that differences in the timing and amount
of epitopes produced inside infected cells and the timing
of their display at the cell surface is defined by the efficiency
of epitope processing as much as by the kinetics and level of
expression of viral proteins during the virus life cycle.

5. Conclusion

We developed a throughput real-time CTL killing assay that
integrates kinetics of viral life cycle, efficiency of degradation of
viral proteins into epitopes and timing of presentation of viral
epitopes to monitor killing of virus-infected cells by various
virus-specific CD8 T cells (and potentially by any other immune
cells with cytolytic function). This assay, adaptable to any virus
infection or target cells, will allow to easily identify immune
responses able to recognize infected cells early and efficiently —
which is integral to preventing viral spread and therefore of
high interest for vaccine design.
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Abstract: The degradation of HIV-derived proteins into epitopes displayed by MHC-I or
MHC-II are the first events leading to the priming of HIV-specific immune responses and to
the recognition of infected cells. Despite a wealth of information about peptidases involved
in protein degradation, our knowledge of epitope presentation during HIV infection remains
limited. Here we review current data on HIV protein degradation linking epitope production
and immunodominance, viral evolution and impaired epitope presentation. We propose that
an in-depth understanding of HIV antigen processing and presentation in relevant primary
cells could be exploited to identify signatures leading to efficient or inefficient epitope
presentation in HIV proteomes, and to improve the design of immunogens eliciting immune

responses efficiently recognizing all infected cells.

Keywords: HIV; antigen processing; protein degradation; proteasome; aminopeptidase;
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167



Viruses 2014, 6 3272

1. Antigen Processing Pathways

Protein degradation by the antigen processing machinery is a continuous process regulating all
cellular functions by defining the lifespan of all proteins, discarding misfolded proteins, recycling amino
acids to make new proteins, and initiating immune monitoring [1].

Proteins and misfolded or incomplete translation products such as defective ribosomal products [2]
are degraded by proteasomes, the most ubiquitous cellular proteases. Proteasomes are made of 4 rings,
2 outer rings of 7 distinct alpha subunits and 2 inner rings of 7 distinct beta subunits, including 3 catalytic
subunits cleaving after hydrophobic, acidic or basic residues respectively, allowing for the cleavage of all
substrates [3,4]. The 20S core proteasomes can be fitted with regulatory lids leading to the assembly of
268S proteasomes. The 19S lid interacts with E3 ubiquitin ligases and polyubiquitinated substrates and
contributes to unfolding substrates before degradation and opening of the proteasome chamber. Whereas
26S proteasomes degrade mostly polyubiquitinated substrates, 20S proteasomes and proteasomes
capped with regulatory PA28/11S lids are able to degrade non-polyubiquitinated substrates. Besides
constitutive proteasomes expressed in all cell types, immunoproteasomes are present in lymphoid tissues
and can be induced in other cell types upon infection or cytokine exposure [5]. Interferon gamma
induces the expression of catalytic immunosubunits and PA28 lids leading to the assembly of 20S and
26S immunoproteasomes [6]. All proteasomes degrade proteins into fragments ranging from a few
residues up to 32 aa long, including epitopes, peptides containing epitopes (epitope precursors) and also
amino acids to be recycled for protein synthesis [7]. Although peptides generated by various types of
proteasomes overlap, they may also create unique peptides [7,8]. Immunoproteasomes tend to produce
longer peptides ending with C-terminal hydrophobic residues, the most frequent C-terminal anchor for
most MHC-I isotypes, and may favor the production of epitopes [9]. The presence of both proteasomes
and immunoproteasomes in the same cell is associated with a greater variety of peptides available for
presentation [10]. Degradation products from the proteasome can be further degraded by proteasomes
as well as other cytosolic peptidases including endopeptidases TPPII [11,12], thimet oligopeptidases
(TOP) [13-15], leucine aminopeptidase (LAP) [11,12], puromycin sensitive aminopeptidase (PSA)
[16], bleomycin sensitive hydrolase (BH) [17], insulin degrading enzyme [18] or nardilysin [19]. Each
peptidase has specificities in terms of substrate length and residues but they are not always well
defined. The contribution of post-proteasomal peptidases is variable according to epitopes [18,19],
sometimes controversial [20-22], and the order in which they cleave substrates is rarely defined
[23,24]. Cytosolic peptidases cannot unfold proteins and therefore degrade post-proteasomal
degradation products. Post-proteasomal peptidases such as TOP can produce epitopes from longer
precursors or destroy peptides, thus contributing to defining sequences and the amount of peptides
available for presentation to T cells [15,25]. Cytosolic peptides of mostly 816 aa long with adequate
anchor residues for the transporter associated to antigen processing (TAP) [26] are translocated into
the endoplasmic reticulum (ER) where peptides can be trimmed by ER-resident aminopeptidases
ERAPI1 [21,27-29] and ERAP2 [30] before loading onto MHC-I. Exogenous antigens such as proteins,
dead cells, antibodies-coated viruses can be endocytosed or phagocytosed and degraded by various
cathepsins [31,32], proteases and IRAP [33] in endosomes and lysosomes. Some degradation peptides
can be transferred back in the cytosol or ER for further trimming and cross-presentation by MHC-I.
In cells expressing MHC-II a specific lysosomal compartment called MIIC enables loading of peptides

168



Viruses 2014, 6 3273

onto MHC-II molecules after removal of the invariant chain [34]. Although MHC-II epitope processing
is mostly accomplished by endolysosomal proteases, proteasomes may be involved in the production of
MHC-II epitopes of endogenous origin. The distinction between endogenous and exogenous processing
pathways is becoming more tenuous as many combinations of peptidases and compartments may be
involved in the presentation or cross-presentation of peptides [35]. Additionally, the variable
intracellular stability of peptides prior to loading onto MHC-I alters the amount of peptides available
for MHC-I presentation [36,37]. Altogether the location, trafficking path and the presence or absence of
cleavable motifs by various peptidases will shape the degradation patterns of proteins [38].

2. Degradation of HIV Proteins into Epitopes

Despite rather extensive knowledge of protein degradation pathways and high-throughput methods
to sequence HIV in large cohorts of patients, our capacity to rapidly identify or predict T cell epitopes
in pathogen-derived proteins after infection or vaccination is still cumbersome, mostly relying on
screening of T cell responses by Elispot using PBMCs from infected persons. The identification of
potential anchor residues for various MHC-I isotypes in HIV sequences shows that there are more
putative epitopes than actual immune responses, suggesting limitations in either production of
peptides, their presentation by MHC or available TCR repertoire. We still do not know which HIV
peptides are actually processed and presented by HIV-infected cells. These studies are still technically
difficult due to the high number of infected cells required for peptide extraction. The first evidence of
presentation of HIV peptides by HIV-infected cell lines came through acid elution and HPLC
purification of peptide fractions reactive against HIV-specific CD8 T cells [39]. A second study using
HIV-infected cells secreting soluble HLA (to enhance the amount of HLA collected and sensitivity of
the assay) identified by mass spectrometry numerous self-derived peptides eluted off soluble HLA
molecules, and showed changes in the amount or identity of self-derived peptides. It did not lead to the
identification of HIV peptides, possibly due to HIV peptide presentation being below the threshold of
detection by mass spectrometers [40]. Another study identified HIV-derived MHC-II peptides
presented by DC endocytosing p24 coupled to anti-DEC205 antibody [41]. Increased sensitivity of
new mass spectrometers and various improvements in assays and mass spectrometry data analysis
software will probably lead to the identification of a landscape of HIV and self-derived epitopes
presented by HIV-infected cells in a near future. However, MHC-bound peptides from HIV-infected
cells will always be limited by the combination of HLA of the donor and the technological limit of
detection of peptides. It is necessary to better understand how HIV proteins are degraded into peptides
in cells to evaluate the capacity of proteins (or immunogens) to generate peptides compatible with
loading onto MHC-I or MHC-II, and the impact of cell type or infection on HIV epitope presentation.
In addition to epitopes encoded by the conventional reading frames of HIV genes several groups
identified cryptic epitopes derived from the degradation of HIV translation products derived from
alternate reading frames of HIV shifted by 1, 2 or 3 bases during translation [42]. Cryptic epitopes
elicited CTL responses and immune pressure leading to HLA-restricted intraepitopic mutations
[43,44], including some impairing processing [45]. Whether these immune responses contribute to
reducing viral load in natural infection or should be included in vaccine immunogens is still unknown.
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This new category of HIV-derived epitopes highlights our limited knowledge of the source of HIV
epitopes and peptides presented by HIV-infected cells.

To study epitope production and presentation several experimental systems have been developed.
The use of HIV-infected cells as targets for assays measuring HIV-specific T cell functions (killing,
proliferation, cytokine production) measures both endogenous processing and presentation of epitopes
and variability of MHC-peptide-TCR, and is limited by the availability of HIV-specific T cell clones.
In vitro degradation of HIV proteins by purified proteasomes [46—48], ERAP1 [49,50] or by specific
purified cathepsins [51] enables detailed studies of degradation patterns and cleavage preferences by
specific peptidases. In vitro proteasomal degradation of Nef showed production of numerous peptides
in epitope-rich areas of Nef enriched in hydrophobic residues [46]. Degradation of HIV p24 or p17 by
proteasomes and ERAP1 also led to the efficient production of peptides containing immunodominant
epitopes [49,50]. Degradation of HIV Env by purified cathepsins showed efficient production of
epitopes (compared to proteasomal degradation) that may contribute to elicitation of CD4 T cell
responses [51]. Single peptidase degradation facilitates the assessment of mutations on the production
of epitope precursors or epitopes at a specific step of antigen processing [50,52]. However since
protein degradation is a continuum involving multiple proteases (or several variants of proteasome
species such as 20S/26S in the same cell), this approach may not permit the investigation of the
complete processing of an epitope. Additionally, peptidases are often purified from cell lines that may
not always be the most relevant to HIV infection. The use of intracellular compartments for protein
degradation (cytosol, endosomes, lysosomes) allows us to account for all peptidases present in a given
compartment and a given cell type or infection (although we cannot completely rule out that the
preparation of subcellular fractions by damaging the normal structure of compartments may have some
impact on protein degradation kinetics or patterns). The degradation of HIV proteins or long peptides
in cytosolic extracts of primary cells showed that the kinetics of epitopes is variable even among
overlapping epitopes [53,54], and that the efficiency of production of epitopes (timing and amount) is
defined by motifs located within and outside epitopes [47,49,53,55,56], and the intracellular stability
of peptides before loading onto MHC [36].

HIV virions enter cells by fusion at the plasma membrane and by endocytosis or antibody-mediated
phagocytosis for immune complexes. Vaccines such as viral vectors or nanoparticles decorated with
peptides or proteins enter dendritic cells by endocytosis. Degradation of HIV Envelope after
deglycolysation showed poor proteasomal degradation and efficient degradation by cathepsins, in
accordance with intrinsic differences in antigen degradation according to peptidases’ substrate
preferences [51]. Side-by-side degradations of HIV proteins in cytosolic and endolysosomal extracts
from primary cells showed that some MHC-I epitopes are similarly processed in the two pathways
while others are better processed in one of them [57]. These results suggest that the mode of entry of
HIV virions or immunogens, in addition to the subset of target cells, will affect production and
presentation of HIV epitopes as shown in non-HIV models [58,59].

A corollary to studies on efficiency of epitope production is to better understand mechanisms leading
to impaired epitope presentation in the context of viral evolution. HLA-restricted mutations occur
frequently in HIV-infected individuals during acute and chronic infection [60—65]. Some of these
mutations are induced by immune pressure to avoid epitope presentation or correspond to mutations
restoring viral fitness [66—73]. Many HLA-restricted mutations within epitopes impair binding to MHC-I
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or to the TCR of CD8 T cells [67,74,75]. Mutations outside epitopes may affect the trimming of
extended peptides into epitopes or change the degradation of long peptides by proteasomes [45,76-80].
Two recent studies identified motifs corresponding to antigen processing mutations at the population
level by defining residues that can or cannot be cleaved by families of peptidases or group of peptidases
in a subcellular compartment. One study identified residues that can be variably cleaved or not cleaved
by aminopeptidases (some of which had been previously identified [81,82]), and demonstrated that the
presence of poorly or non cleavable motifs introduced near an HIV epitope reduced or abolished
epitope production in vitro and presentation to T cells [55]. In a population of over 1000 HIV-infected
persons, N-flanking mutations evolved mostly toward poorly cleavable residues, showing that antigen
processing mutations are frequent and can be predicted [55]. In another study that defined motifs linked
to intracellular peptide stability or instability, a number of intraepitopic HLA-restricted mutations
identified in a large population of HIV-infected persons (21 out of 25 mutants tested so far) led to
decreased cytosolic stability and decreased the amount of peptide presented to CTL [36]. Thus, HIV has
developed many ways to block epitope presentation through peptide destruction or through impaired
trimming of long peptides into peptides better suited for MHC-I binding [83], leading to suboptimal
presentation of peptides to CD8 T cells and impaired clearance of infected cells.

The accumulation of data on protein degradation by purified proteasomes led to the development of
prediction tools such as NetChOP or PaProC to define potential cleavage sites in proteins of
interest [84—87]. Although they do not account for the impact of infection or specifics of proteasomes
in relevant primary cells they are valuable tools to identify potential proteasomal cleavage sites in an
antigen. Improvements to these predictors for epitope processing came by incorporating binding of
proteasomal degradation peptides to TAP for translocation into the ER, and more recently by combining
proteasomal degradation, TAP binding and ERAP1 trimming to identify putative epitopes or the
potential impact of HLA-restricted mutations on epitope processing [50,52,88]. A prediction tool for
cytosolic peptide stability [36], which incorporates degradation by various PBMC cytosolic peptidases,
could be included as an additional factor influencing the amount of peptides available for presentation.
Our even more limited knowledge of MHC-II HIV epitope production and the loose and promiscuous
binding of peptides to MHC-II renders the prediction of MHC-II epitopes more difficult. Considering
the importance of CD4 T helper responses to elicit sustainable CD8 T cell responses, and the intriguing
elicitation of MHC-II-restricted CD8 T cells responses after vaccination with an attenuated CMV
vector expressing SIV proteins [89], predictors for MHC-II epitope processing will be necessary; so far
only a few predictors of peptide binding to a few MHC-II alleles are available [90-92]. The current
datasets available on protein degradation are still insufficient to build a complete predictor recapitulating
protein degradation and epitope presentation by MHC-I or MHC-II alleles.

3. Antigen Processing in the Context of HIV Infection

HIV infection induces massive changes of cellular metabolism [93] and creates unique conditions
for antigen processing and presentation in term of targeted cell subsets and conditions for protein
degradation. Whether HIV epitope production in HIV infection or during preventive vaccination of
healthy donors, or therapeutic vaccination of HIV-infected persons leads to the production of similar
epitopes and priming of protective immune responses is not known.
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HIV infects CD4 T cells, monocytes, macrophages and dendritic cells but we do not know if they
similarly process and present HIV epitopes during infection. Whereas all cells contain proteasomes and
post-proteasomal peptidases, their levels of expression and hydrolytic activities in primary cell subsets
from a given individual are poorly defined. We showed that primary CD4 T cells present lower
proteasomal and aminopeptidase activities than monocytes isolated from the same donor [54]. These
differences affected the rate of degradation of long HIV peptides into epitopes, the kinetics of epitope
production and the amount of epitopes and extended epitopes produced. /n vitro degradation of HIV p24
by purified proteasomes from mature DC or activated CD4 T cells showed differences in the degradation
patterns of p24 and production of HIV epitopes, supporting intrinsic differences in the hydrolytic
activities of peptidases from different cell subsets [48]. HIV can enter cells by fusion at the plasma
membrane or by endocytosis. The proportion of the two entry modes in various cell types is not well
defined, not exclusive and may affect the degradation of incoming virions in infected cells. However, we
are still lacking direct identification and comparison of HIV peptides presented by all HIV-infectable cell
subsets and how potential differences may affect the timing and recognition of infected target cells by
HIV-specific T cells.

HIV infection profoundly affects the transcriptional programs of cells [93] and triggers a cytokine
storm including production of interferon alpha, gamma and interleukins. Interferon gamma induces the
expression of catalytic immunosubunits of proteasomes toward immunoproteasomes and increases the
expression of several aminopeptidases (LAP, ERAP1), TAP and MHC molecules [94,95]. TNF or LPS
can also induce the formation of immunoproteasomes, but the impact of other cytokines or
combination of cytokines and chemokines on the antigen processing machinery is not well defined [96].
Cytokines, virus or TLR ligands such as LPS or HIV RNA binding TLR7/8 trigger maturation of
dendritic cells and macrophages. Maturation of dendritic cells reduces their antigen processing activities
and modifies epitope presentation as shown previously indirectly through epitope-specific T cell
activation assays in various infection models [97-101].

HIV Protease inhibitors (PI) are designed to block HIV protease catalytic sites to prevent HIV
maturation into fully infectious particles. First generation Pls such as Saquinavir and Ritonavir present
some cross-reactivity with proteasome catalytic sites and alter proteasome activity iz vivo in mice as
well as in human cells in vitro and LCMV-specific T cell responses in treated mice [102—-106]. A recent
study showed that HIV PIs affected not only proteasome but also aminopeptidase activities in various
ways according to drug and concentration in human PBMC. HIV PIs modified HIV peptide degradation
and epitope production, both in in vitro degradation assays in extracts treated with Pls, and in
HIV-infected cells endogenously processing and presenting HIV peptides to HIV-specific T cells [107].

Besides these external stimuli, HIV infection itself affects antigen processing. In cells isolated from
HIV-infected donors CD4 T cells present lower activities than monocytes as seen in cells isolated from
healthy donors. Peptidase activities in cells from HIV-infected donors were heterogeneous with a trend
toward decrease in CD4 T cells and increase in monocytes compared to healthy donors [54]. The very
low number of circulating HIV-infected cells and variable cellular activation levels in patients may
contribute to the heterogeneity of antigen processing activities measured in patients’ PBMC. In vitro
HIV infection alters antigen processing activities in monocyte-derived macrophages [108,109].
Interestingly, the entry mode of HIV (infection or receptor-mediated endocytosis of naked virus or AT-2
inactivated virus, complement-mediated opsonization particles) variably affects peptidase activities
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and subsequently epitope presentation to T cells, at least in in vitro studies [109—111]. In vitro studies
revealed that uptake of HIV Tat altered epitope processing activities and viral epitope presentation but
the impact on the processing of HIV is not known [112]. However, uptake of HIV proteins,
antiretrovirals or cytokine-induced modifications may alter antigen processing in neighboring
uninfected cells in HIV-infected persons.

4. Exploiting Assays and Knowledge of HIV Antigen Processing and Processing for Improved
Vaccine Design

A commonly accepted approach to HIV vaccine design (including prophylactic vaccines protecting
from infection or therapeutic vaccines clearing or controlling established infection) would combine a
potent antibody response to prevent establishment of infection and sustainable T cell responses to control
viral replication [113]. Challenges faced by vaccinologists include the genetic diversity of HIV, our
lack of understanding of protective immunity (since there is no case of natural clearance of HIV
infection), the establishment of viral reservoirs that cannot be eliminated with antiretroviral therapy, and
our inability to induce B cells making specific neutralizing antibodies [114]. Current areas of focus in
vaccine development examined in in vitro studies, preclinical animal studies and clinical trials include
designing and testing various types of immunogens (proteins, peptides, nucleic acids) [115], viral
vectors (non-replicative or attenuated persistent) [116,117], vectorless system (nanoparticles carrying
immunogen) [118], and adjuvants [119]. Since current clinical trials and vaccines eliciting antibodies
are addressed elsewhere in this journal issue this review will focus on important notions to consider in
the design of vaccines eliciting T cell immunity.

HIV infection leads to a predictable hierarchy of T cell responses with narrow immunodominance of
one or several T cell responses for each HLA type [64,120]. Immunodominance of T cell responses is
defined as the most frequent T cell immune responses (or T cell responses eliciting the highest
production of interferon gamma) in a population sharing a given HLA [121,122]. Since HIV is not
cleared by immune responses elicited during infection, a vaccine leading to the same immunodominance
patterns as natural HIV infection will probably not be successful at preventing or clearing HIV infection.
Two indirect lines of evidence support the need of breaking natural immunodominance during
vaccination. First the Merck STEP clinical trial based on an adenovirus 5 vector expressing full HIV
proteins elicited T cell immune responses in vaccinees similar to those elicited during natural HIV
infection. However these responses failed to protect vaccinees from HIV infection or to reduce viral load
in those who became infected [123]. Secondly an attenuated Rhesus CMV vector expressing complete
SIV proteins (i.e., live persistent virus with attenuated capacity to replicate) led to clearance of high or
low dose SIV infection in 50% of Rhesus macaques up to 3 years after infection. The attenuated vector
led to broad CD4 and CD8 T cell responses with an effector phenotype that were detected both in
blood and lymph nodes of vaccinated monkeys [124—126]. Intriguingly, most SIV-specific CD8 T cell
responses elicited by the vaccine recognized MHC-II-restricted epitopes [89]. The mechanisms leading
to elicitation of unconventional immune responses in all vaccinated Monkeys, their potential role in the
clearance of infection in 50% of monkeys are still unknown. Finally the presence of dominant immune
responses with limited antiviral capacity and the association between subdominant immune responses
and lower viral load in HIV-infected persons [127] support the hypothesis that breaking natural
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immunodominance may enhance the efficacy of HIV vaccines [128]. As both attenuated CMV vectors
and adenoviral vectors expressed complete SIV or HIV proteins, breaking immunodominance could be
accomplished through the use of specific viral vectors. However a better understanding of the effect of
vectors on epitope presentation and priming is required. Factors shaping immunodominance in various
viral infections include—alone or in combination—kinetics of processing and presentation of epitopes,
affinity for HLA or the TCR and the TCR repertoire [49,53,129—-132]. The identification and fine
mapping of HIV-specific naive and memory CD4 T cell helper responses in unexposed donors showed
that 83% of epitopes share homologies with microbial organisms (which may have primed these
preexisting HIV-specific responses). These intriguing results suggest that the immune repertoire prior to
HIV infection may contribute to shaping immunodominance of HIV immune responses during
infection [133].

Breaking immunodominance could be accomplished through different approaches. Eliminating
known immunodominant epitopes through deletions or mutations preventing presentation [134], or
limiting the immunogen to portions of HIV proteins assembled in a chimeric protein [135] broke
natural immunodominance and led to different hierarchies of immune responses after vaccination.
These immunogens did not prevent establishment of infection but offered partial protection after
challenge with a Vaccinia virus-derived vector expressing HIV in a mouse model [134]. Another
approach to modify immunogens, successfully used to shift immunodominance in other viral infections
in mice is to introduce mutations in region flanking epitopes so as to increase the production of some
epitopes and decrease the production of others [136-141]. The introduction of cleavable or poorly
cleavable motifs around HIV epitopes increased or decreased epitope processing by 10- to 100-fold and
could be used to optimize epitope presentation [47,53]. In the absence of better understanding of
protective immune responses the benefit of these approaches is still limited but they provide ways to test
and modify epitope production and presentation and to refine the design of vaccine immunogen before in
vivo validation.

The high variability of HIV in the infected population and across clades may require either the design
of vaccines specific for clades or to focus the immune responses on the most conserved areas of the
virus [115]. The emergence of escape mutations in acute HIV infection is largely predictable for many
HLA which can be exploited in vaccine strategies. If vaccines elicit immune responses not only against
consensus HIV sequences but also against frequent HLA-restricted mutants this will create additional
pressure on the virus that will be forced to evolve toward variants with low replicative capacity. Mosaic
immunogens made of a combination of distinct immunogens containing either HIV consensus sequences
of Gag, Pol, Env (mosaic 1) or sequences carrying increasing number of frequent mutations (mosaic 2
or 3) have been computationally engineered and inserted into adenoviral vectors [142]. These mosaic
vectors used in prime boost combinations elicited SIV-specific CD4 and CD8 T cell and antibody
responses, and significantly reduced the per-exposure risk of acquisition of SIV [143]. Whether
mutations introduced in mosaic 2 may alter immunogen degradation and lead to the presentation of new
epitopes is not known but may broaden immune responses after vaccination. The opposite and
complementary approach to the mosaic is the design of immunogens limited to the most conserved areas
of several HIV proteins and when needed the most frequent variant of the sequence so as to cover >98%
of HIV sequences [135,144,145]. Conserved sequences constitute vulnerable areas of the virus that can
be identified in a linear fashion by sequence comparison in cohorts of HIV-infected persons [146], or as
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sectors of HIV proteins that coevolve at multiple sites under a given HLA pressure [73,147]. Peptides
corresponding to conserved areas can be assembled in a chimeric protein by addition of linkers that do
not create new epitopes based on the presence of potential anchors but introduce efficient cleavage sites
for liberation of HIV fragments. These immunogens used in DNA prime/boost vaccination elicited
CD4, CDS8 T cell and antibodies responses in mice and Macaques and will eventually be tested in
clinical trials [148,149]. Alternatively, peptides from conserved areas of HIV proteins may be used in
peptide-based vaccines where peptides and adjuvants are electroporated [150] or carried to lymph nodes
by nanoparticles [151]. In addition to conserved and variable areas of HIV proteins, cryptic epitopes
generated from alternate reading frames could potentially be included in HIV immunogens, provided that
immune responses against these epitopes are shown to contribute to reducing viral load.

The choice of vectors and adjuvants and the specific subset of dendritic cells endocytosing the
vaccine and could also alter conditions in which the peptides are processed [119,152—-154]. Adjuvants
such as CpG, TLR ligands will trigger changes in hydrolytic activities of endolysosomal peptidases,
epitope production and presentation, and possibly affect priming of immune responses [155-157].
Virus-derived vectors such as adenovirus or CMV could elicit or recall T cell immunity against these
viruses and may alter the overall hierarchy of immune responses against the immunogen after
vaccination. Replication-competent viruses used as persistent vectors might interact with the antigen
processing machinery and possibly affect production of epitopes. The elicitation of MHC-II-restricted
CDS8 T cell responses by attenuated CMV vectors expressing SIV antigens in vaccinated monkeys sheds
light on our limited understanding of conditions established by vectors for priming of immune responses
but open new avenues to manipulate immunodominance and immunity during vaccination [158].

Therapeutic vaccines aiming at clearing or substantially reducing HIV infection is urgently needed
to replace lifelong treatment of the HIV-infected population. One approach consists in combining
reactivation of HIV provirus with drugs such as HDAC inhibitors with vaccines boosting HIV immune
responses in HIV-infected persons receiving ART [159,160]. Latent infection of CD4 T cells, provirus
reactivation and ART might create unique conditions for the processing and presentation of HIV
epitopes. Defining epitopes presented in the context of latency (if any) and of reactivation will be
necessary to better define epitopes and corresponding immune responses that should be boosted by
therapeutic vaccines.

Further studies are needed to identify protective immune responses for prophylactic and therapeutic
vaccines, specifically with regards to epitope specificity covering various HLA, ratio or phenotypes of
CD4 and CD8 T cell responses, and how to specifically induce them during vaccination. Guiding
principles such as encompassing viral diversity or focusing on conserved areas, adequate matching
epitope presentation between infected cells and DC receiving vaccines are defined, and multiple tools
to study epitope production and immune responses are available. Regardless of the vector or adjuvants
used for vaccination, the HIV immunogen will have to be processed in professional antigen presenting
cells for the priming of immune responses. It is necessary to ensure that—in the context established by
the specific vaccination strategies discussed above—this HIV immunogen will be properly degraded
into MHC-I and MHC-II epitopes corresponding to sustainable protective immune responses able to
recognize infected cells. Assays to follow protein degradation into epitopes and motifs to optimize
epitope provide a way to test epitope production from vaccine immunogens before larger studies in
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animal models and clinical trials, and guidelines to the design of immunogens leading to optimized
epitope presentation.
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Abstract

Dendritic cells (DCs) and macrophages (Mgs) internalize and process exogenous HIV-de-
rived antigens for cross-presentation by MHC-I to cytotoxic CD8" T cells (CTL). However,
how degradation patterns of HIV antigens in the cross-presentation pathways affect immu-
nodominance and immune escape is poorly defined. Here, we studied the processing and
cross-presentation of dominant and subdominant HIV-1 Gag-derived epitopes and HLA-
restricted mutants by monocyte-derived DCs and Mgs. The cross-presentation of HIV pro-
teins by both DCs and Mgs led to higher CTL responses specific forimmunodominant epi-
topes. The low CTL responses to subdominant epitopes were increased by pretreatment of
target cells with peptidase inhibitors, suggestive of higher intracellular degradation of the
corresponding peptides. Using DC and Mg cell extracts as a source of cytosolic, endosomal
or lysosomal proteases to degrade long HIV peptides, we identified by mass spectrometry
cell-specific and compartment-specific degradation patterns, which favored the production
of peptides containing immunodominant epitopes in all compartments. The intracellular sta-
bility of optimal HIV-1 epitopes prior to loading onto MHC was highly variable and
sequence-dependent in all compartments, and followed CTL hierarchy with immunodomi-
nant epitopes presenting higher stability rates. Common HLA-associated mutations in a
dominant epitope appearing during acute HIV infection modified the degradation patterns of
long HIV peptides, reduced intracellular stability and epitope production in cross-presenta-
tion-competent cell compartments, showing that impaired epitope production in the cross-
presentation pathway contributes to immune escape. These findings highlight the contribu-
tion of degradation patterns in the cross-presentation pathway to HIV immunodominance
and provide the first demonstration of immune escape affecting epitope cross-presentation.
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Author Summary

Pathogens such as HIV can enter cells by fusion at the plasma membrane for delivery in
the cytosol, or by internalization in endolysosomal vesicles. Pathogens can be degraded in
these various compartments into peptides (epitopes) displayed at the cell surface by
MHC-I. The presentation of pathogen-derived peptides triggers the activation of T cell im-
mune responses and the clearance of infected cells. How the diversity of compartments in
which HIV traffics combined with the diversity of HIV sequences affects the degradation
of HIV and the recognition of infected cells by immune cells is not understood. We com-
pared the degradation of HIV proteins in subcellular compartments of dendritic cells and
macrophages, two cell types targeted by HIV and the subsequent presentation of epitopes
to T cells. We show variable degradation patterns of HIV according to compartments, and
the preferential production and superior intracellular stability of immunodominant epi-
topes corresponding to stronger T cell responses. Frequent mutations in immunodomi-
nant epitopes during acute infection resulted in decreased production and intracellular
stability of these epitopes. Together these results demonstrate the importance of protein
degradation patterns in shaping immunodominant epitopes and the contribution of im-
paired epitope production in all cellular compartments to immune escape during

HIV infection.

Introduction

Cytotoxic CD8" T cell (CTL) responses play an important role in the outcome of viral infec-
tions. CTL responses elicited during HIV or HCV infection follow a predictable immunodo-
minance hierarchy, whereby immunodominant T cell responses are defined by a higher
frequency in a population sharing a HLA, or by a higher magnitude of interferon-gamma pro-
duction in an individual [1]. The acute phase of HIV infection is characterized by narrow
immunodominance patterns [2,3], and immune pressure leading to frequent escape muta-
tions in immunodominant epitopes changes the T cell response hierarchy during disease pro-
gression [4-9]. Since immunodominance established during HIV infection or reproduced by
some HIV vaccines does not clear or prevent infection, breaking immunodominance hierar-
chies to induce the presentation of broader subdominant but protective epitopes provides an
interesting alternative for vaccine design.

Immunodominance is shaped by multiple factors [10], including binding affinity to MHC
or the TCR [11,12], frequency of CD8" T cell precursors and the TCR repertoire [13], kinetics
of expression and amount of viral proteins [14], and efficiency of antigen processing [15-17].
How degradation patterns during cross-presentation of antigens, specifically in the case of
highly variable pathogens like HIV, may shape immunodominance and viral evolution is not
well understood. Antigen presenting cells (APC) such as DCs and Ms cross-present antigens
from various sources, such as cell-associated antigens [18-21], viral particles [22-24], or viral
proteins [25,26] for priming or activation of T cell responses. Internalized antigens first under-
go proteolytic processing by cathepsins in endocytic compartments [27] where they can be
loaded onto MHC I or MHC II molecules for presentation to CD8" or CD4" T cells [28], or
eventually escape into the cytosol [29] for additional degradation [30,31], translocation in the
ER and cross-presentation by MHC L.

The cell type and the trafficking of antigens have a crucial impact on their processing, as dif-
ferent proteases in each compartment can produce or destroy epitopes, thus shaping the surface
peptidome [25,32,33]. Different cell types express individual patterns of proteases, which affect

PLOS Pathogens | DOI:10.1371/journal.ppat.1004725 March 17,2015 2/22

190



@.PLOS ‘ PATHOGENS

Degradation and Cross-presentation of HIV

epitope processing as we previously showed for the degradation of several HIV epitopes by cyto-
solic peptidases [34,35]. In a given cell type, the degradation of proteins in the cytosol and in the
ER [34-36] contribute to defining the timing and amount of peptides available for presentation,
and have been shown to preferentially produce multiple epitopes corresponding to immunodo-
minant responses in HIV [16,17] and HCV infection [15]. Moreover, differences in degradation
patterns of HIV peptides in cytosolic, endosomal or lysosomal cell extracts isolated from human
PBMC:s [37,38] further highlight the critical role of antigen trafficking on epitope processing.
Mutations within and outside epitopes alter degradation patterns by proteasomes and amino-
peptidases in the cytosol or in the ER, reduce epitope presentation and lead to immune escape
[39-42]. Nothing is known about the impact of these mutations on the degradation patterns
during cross-presentation despite its potential impact for T cell priming and activation.

The aim of this study was to systematically examine the processing and cross-presentation
of dominant and subdominant HIV Gag-derived epitopes and of natural mutants of an immu-
nodominant epitope by monocyte-derived DCs and Mas. We showed a preferential production
and a superior intracellular stability of peptides containing immunodominant epitopes in cyto-
sol and endolysosomes. Moreover, we showed that frequent HLA-restricted mutations in an
immunodominant peptide associated with shifts in immunodominance patterns, modified the
degradation patterns of HIV fragments in endolysosomes and reduced epitope stability and
production in the cross-presentation pathway. These results highlight the contribution of deg-
radation patterns in the cross-presentation pathways of APC to immunodominance and im-
mune escape in HIV infection.

Materials and Methods
Ethics statement

Cells were isolated from HLA-typed blood donors or anonymous buffy coats after written in-
formed consent and approval by the Partners Human Research Committee under protocol
2005P001218 (Boston, USA).

Cell culture

Human peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque (Sigma-
Aldrich) density centrifugation. Monocytes were enriched using CD14+ magnetic isolation kits
(StemCell) and differentiated into DCs and Mgs during a 6-day culture. DCs were cultured in
AIM-V media with 1% human serum AB (Gemini Bio-Products) supplemented with 20ng/mL
IL-4 and 10ng/mL GM-CSF (CellGenix). On days 2 and 4, fresh IL-4 and GM-CSF were
added. Mos were cultured in ultra low attachment plates (Corning) in AIM-V media with 10%
human serum AB. Where indicated, maturation of DCs and Mes was induced by TLR ligand
stimulation with 2ug/mL LPS, 1ug/mL CL097, or 1ug/mL R848 (Invivogen) for 2 days [35].
Epitope-specific CTL clones were maintained in the presence of 50U/mL IL-2, using 0.1ug/mL
CD3-specific mADb 12F6, and irradiated feeder cells as stimulus for T cell proliferation.

ELISPOT cross-presentation assay

Immature DCs and Mgs were exposed to recombinant HIV-1 p24-protein, HIV-1 p55-protein
or control protein (Protein Sciences Corporation, USA) for 1hr at 37°C. Where indicated, cells
were pre-incubated for 45 minutes with inhibitors for proteasome (10uM MG132 (Enzo Life
Sciences)) or cysteine proteases (5uM E64 (Sigma-Aldrich)). Cells pulsed with equivalent
molar concentrations of the optimal epitopes were used as controls for antigen presentation
and CTL clone specificity. DCs and Mes were thoroughly washed and cultured overnight with
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epitope-specific CTL clones at a 2:1 effector-to-target ratio in 96-well plates (Millipore) coated
with anti-IFN-y mAb 1-D1K (Mabtech). ELISPOT plates were washed and developed as de-
scribed previously [43].

P24 uptake assay

DCs or Mos (1x10° cells/mL) were exposed to the following protease inhibitors for 45 minutes:
10uM MG132, 5uM E64, 10uM cathepsin S inhibitor Z-FL-COCHO, 10uM leupeptin (Enzo
Life Sciences), 120uM bestatin (Sigma-Aldrich), before incubation with different concentra-
tions of recombinant HIV-1 p24-protein for 1hr at 37°C or 4°C. Samples were thoroughly
washed in ice-cold PBS and immediately treated with 3mg/mL pronase E (Sigma-Aldrich) in
AIM-V media without serum for 10 minutes on ice. Cells were washed, lysed in 0.5% Triton
X-100 containing lysis buffer and the amount of p24 protein in cell lysates was measured using
a standard HIV-1 p24 antigen ELISA (Perkin Elmer).

Fluorescent measurement of proteolytic activities in live cells and cell
extracts

Whole cell extracts from DCs and Mgs were prepared by 0.125% digitonin permeabilization in
ice-cold lysis buffer (50mM HEPES, 50mM potassium acetate, 5mM MgCl,, ImM DTT, ImM
ATP, 0.5mM EDTA, 10% Glycerol, pH 7.4), followed by 17,762 rcf centrifugation at 4°C for
15 minutes to remove cell debris as previously done [17,35,44]. The proteolytic activities of
cathepsin S (cell, 50uM; extracts, 10uM Z-VVR-AMC), omni cathepsins (cell, 50uM; extracts,
50uM Z-FR-AMC), cathepsin D&E (extracts, 10uM Mca-GKPILFFRLK-Dnp, Enzo Life Sci-
ences), and cathepsin B (extracts, 50uM Z-RR-AMC, Bachem) were measured by cleavage of
peptide-specific fluorogenic substrates. Incubation with the relevant inhibitor of cathepsin

S (10pM ZFL-COCHOO, Calbiochem), cathepsin B (10uM Z-RLVazaglyIV-OMe, Bachem),
omnicathepsins (50uM E64), and cathepsin D&E (100uM Pepstatin A, Enzo Life Sciences)
confirmed the specificity of reactions. For cells, 2x10* DCs or Mos in PBS/0.0025% digitonin
were used to measure the proteolytic activities. For cell extracts, equivalent amounts as deter-
mined by total protein concentration were used in reaction buffer (50mM sodium chloride,
50mM potassium phosphate, 2mM DTT, 2mM EDTA; pH 7.4, pH5.5 or pH4.0, respectively).
The rate of fluorescence emission, which is proportional to the proteolytic activity, was mea-
sured every 5 minutes at 37°C in a Victor-3 Plate Reader (Perkin Elmer) [34,35].

In vitro peptide degradation assay

2nmol of >98% pure peptides (Bio-Synthesis, USA) were digested with 15ug of whole cell ex-
tracts, normalized to actin levels, at 37°C in 50pL of degradation buffer (50mM Tris-HCI,
137mM potassium acetate, ImM MgCl,, and ImM ATP, pH7.4, pH5.5, or pH4.0) [37,45]. At
various time points the reaction was stopped with 2.5uL of 100% formic acid (FA) and peptide
fragments were purified by 5% trichloroacetic acid precipitation.

Mass spectrometry analysis

Peptides in the digestion mix were identified by in house mass spectrometry. Equal amounts of
peptide degradation samples were injected into a Nano-HPLC (Eksigent) and online nanos-
prayed into an Orbitrap mass spectrometer (LTQ Orbitrap Discovery, Thermo) with a flow
rate of 400nL/min. A Nano cHiPLC trap column (200um x 0.5mm ChromXP c18-CL 5pum
120A; Eksigent) was used to remove salts in the sample buffer. Peptides were separated in a
Nano cHiPLC column (75um x 15cm ChromXP ¢18-CL 5um 300A; Eksigent) over a gradient
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of 2% to 40% buffer B (buffer A: 0.1% FA in water; buffer B: 0.1% FA in acetonitrile) and mass
spectra were recorded in the range of 370 to 2000Daltons. In tandem MS/MS mode, the eight
most intense peaks were selected with a window of 1Da and fragmented. The collision gas was
helium, and the collision voltage was 35V. Masses in the mass spectra were searched against
source peptide databases with Proteome Discoverer (Thermo Scientific). The integrated area
under a peptide peak is proportional to its abundance. Each sample was run on the mass spec-
trometer at least twice.

Intracellular stability of optimal epitopes

One nmol of highly purified peptide was degraded in 15ug of whole cell extracts at 37°C in deg-
radation buffer at pH7.4 or pH4.0 [37]. Aliquots were taken at 0, 10, 30, and 60 minutes, and
the reaction was stopped with 2.5uL of 100% TFA. The remaining peptide at each time point
was quantified by reversed-phase HPLC (RP-HPLC; Waters). 100% represents the amount of
peptide detected at time point 0 calculated as the area under the peptide peak. A stability rate
of each peptide was calculated by a nonlinear regression (one-phase exponential decay) of the
degradation profile obtained over a 60-minute incubation [35,44]. Peptides incubated in buffer
without cell extracts were used as controls.

Statistical analysis

Spearman’s rank correlation coefficient was used to examine bivariate associations. The Krus-
kal-Wallis test was used to compare measurements between groups. In figures, p-value criteria
are assigned as * p<0.05, ** p<0.01 and *** p<0.001. Statistical analyses were conducted using
GraphPad Prism (GraphPad Prism Software, USA).

Results

Cross-presentation of the immunodominant HLA-B57-restricted Gag
p24 TW10 and KF11 epitopes is more efficient than that of subdominant
ISW9 epitope

We analyzed the cross-presentation of the three optimally defined HLA-B57 restricted HIV
epitopes originating from HIV-1 p24 protein by immature monocyte-derived DCs and Mos:
subdominant B57-ISW9 (ISPRTLNAW, aa 15-23 in Gag p24), dominant B57-KF11 (KAFSPE-
VIPMF, aa 30-40 in Gag p24), and dominant B57-TW10 (TSTLQEQIGW, aa 108-117 in Gag
p24) [46,47]. B57-ISW9-specific CTL responses to cross-presenting DCs were 28-fold and 94-
fold lower compared with B57-KF11 and B57-TW10-specific responses, respectively (Fig. 1A,
left panel). Similar results were observed with cross-presenting Mgs, with 47-fold lower B57-
ISW9-specific CTL responses compared with B57-KF11 and B57-TW10-specific CTL re-
sponses (Fig. 1A, right panel). DCs and Mes pulsed with increasing amounts of synthetic ISW9
or TW10 peptides similarly activated epitope-specific CTLs (Fig. 1B). Since a previous study
showed comparable affinities of ISW9, KF11 and TW10 peptides for HLA-B57 [48], our results
suggest that differences in CTL responses to cross-presenting DCs and Mgs are not due to dif-
ferences in peptide avidity among the clones, but likely to differential epitope production. To
ensure that epitopes cross-presented by DCs and Mgs were endogenously processed, we mea-
sured the intracellular concentrations of HIV-1 p24 protein after uptake at 37°C or 4°C. In
both cell subsets the intracellular concentration of HIV p24 increased with the amount of p24
used for uptake at 37°C whereas the uptake at 4°C was minimal (Fig. 1C). Immature Mos
showed at least 5-fold lower intracellular p24 concentrations than DCs, which may indicate a
faster degradation of internalized protein by Mes [49]. Moreover, B57-KF11-specific CTL
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Fig 1. The immunodominant HLA-B57-restricted TW10 and KF11 epitopes are more efficiently cross-
presented than subdominant ISW9 epitope. A. Immature DCs (open symbols) and Mgs (solid symbols)
were incubated with recombinant HIV-1 p24 protein and used as antigen presenting cells in an overnight IFN-
gamma ELISPOT assay with HLA-B57 ISW9-specific (O), KF11-specific (o), and TW10-specific (A) CTL
clones as effector cells. CTL responses in form of spot forming cells are shown for n>10 donors. B. CTL
responses to immature DCs (open symbols) and Mas (solid symbols) pulsed with different concentrations of
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optimal epitope B57-ISW9 (O) or B57-TW10 (A) were measured in an overnight IFN-gamma ELISPOT
assay. Data are representative of two independent experiments with different donors. Due to the limited
number of DCs and Mgs generated from HLA-B57* donors, the titration of epitopes was only done for B57-
ISW9 and B57-TW10. C. Immature DCs (open bars) and immature Mgs (solid bars) were pre-treated with a
cocktail of protease inhibitors to reduce intracellular degradation before addition of different concentrations of
recombinant HIV-1 p24 protein at 37°C or 4°C. Internalized p24 protein was determined by a standard p24
ELISA assay using whole cell extracts from lysed DCs and Mgs. Results are from three independent
experiments with different donors and show mean + SD. D. Immature DCs (open bars) orimmature Mas
(solid bars) were incubated with different concentrations of recombinant HIV-1 p24 protein and used as
antigen presenting cells to B57-KF11-specific CTLs. Responses in form of spot forming cells are shown. Data
are representative of two independent experiments with different donors.

doi:10.1371/journal.ppat.1004725.g001

responses increased with the amount of exogenous p24 protein added to cells, in accordance
with higher amount of intracellular p24 leading to higher amount of peptide presentation

(Fig. 1D). Together, these data show that the higher CTL responses against dominant TW10
and KF11 epitopes after uptake of p24 by DCs and Mgs are due to cross-presentation of higher
amounts of both peptides compared with subdominant ISW9.

Protease activities in cross-presentation competent cell compartments
differently affect processing of HIV-1 epitopes in DCs and Mas

We aimed to identify factors contributing to the production or destruction of the three epitopes
in each cell type. Incubation of immature DCs with proteasome inhibitor MG132 resulted in a
43-fold and 4-fold increased presentation of B57-ISW9 and B57-KF11 epitopes, respectively,
suggesting that proteasomal degradation of epitope-containing peptides limited the amount of
ISW9 and KF11 available for presentation (Fig. 2A). In contrast, inhibition of cysteine prote-
ases by E64 had no effect on the cross-presentation of both epitopes, indicating that fragments
escape early into the cytosol before trafficking to compartments with high cysteine protease ac-
tivity. B57-TW10-specific CTL responses to cross-presenting immature DCs decreased ap-
proximately 3-fold upon inhibition of proteasomes, suggesting that proteasomal processing is
required for efficient presentation of TW10. In contrast to DCs, the cross-presentation of B57-
ISW9 by immature Mos was not affected upon inhibition of proteasomes, suggesting that the
cross-presentation of ISW9 in Mgs is proteasome-independent (Fig. 2B). B57-KF11 and B57-
TW10 CTL responses decreased 2- and 3-fold respectively upon proteasome inhibition with
MGI132 or epoxomicin in Mgs, suggesting that the processing of both epitopes requires protea-
some processing in Mas. Inhibition of cysteine proteases in Mgs did not affect the cross-pre-
sentation of ISW9, KF11 and TW10. Together, these results indicate that cross-presentation of
HIV-1 p24 involves distinct proteases in DCs and Mgs, which can be essential or detrimental
for the processing of epitopes.

The immunodominant epitopes B57-KF11 and B57-TW10 are more
efficiently produced in cytosolic and endolysosomal extracts than
subdominant epitope B57-ISW9

Exogenous antigens internalized by DCs and Mgs first encounter several proteases in endo-
and lysosomes [27], before presentation or additional degradation in the cytosol. In line with
previous studies we observed lower omnicathepsin and cathepsin S activities in DCs compared
with Mes [49], which further decreased upon maturation of DCs as shown by an inverse corre-
lation between both activities and the % of mature DCs (S1A Fig). To assess how degradation
of HIV peptides along the cross-presentation pathway of immature and TLR ligand-stimulated
DCs and Mgs may contribute to shaping immunodominance patterns, we used a previously
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doi:10.1371/journal.ppat.1004725.9002

developed degradation assay recapitulating degradation in the cross-presentation compart-
ments [37]. This assay allows the simultaneous analysis of degradation products by cytosolic,
endosomal and lysosomal peptidases from the same cells using mass spectrometry. Omni-
cathepsin and cathepsin S activities measured in live intact cells correlated to their matching
cell extracts, as previously demonstrated for cytosolic proteases [35] (S1B Fig) and could be ac-
tivated at different pH values, in accordance with differential cathepsin activation in endo-
somes and lysosomes (S1C Fig) [37].
Degradation of a synthetic 35-mer peptide containing the epitopes B57-ISW9 and B57-KF11
(MVHQAISPRTLNAWVKVVEEKAFSPEVIPMFAALS, aa 10-44 in Gag p24) [34,35,37]
showed the production of peptides of variable lengths at different pH values over time (S2 Fig).
To assess and compare the production of peptides in each cell subset and cell compartment, we
used the area under each peptide peak identified by mass spectrometry, which we previously
showed to be proportional to the amount of the corresponding peptide [35,50]. Peptides were
grouped according to their lengths or epitope content, and the contribution of each category of
peptides to the total degradation products was calculated for each time point. Degradation at
pH4.0 in cell extracts from immature DCs yielded shorter fragments compared with degrada-
tion at pH7.4, with majority of fragments being 8-12 and 13-18 aa long and contributing to

PLOS Pathogens | DOI:10.1371/journal.ppat.1004725 March 17,2015
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45% and 51% of total peptide intensity at 120 minutes, respectively (Fig. 3A, upper left panel).
The degradation of fragments containing both epitopes (ISW9*/KF11%) resulted in the prefer-
ential production of B57-KF11 epitope-containing fragments (ISW9/KF11"), and only small
amounts of B57-ISW9 epitope-containing fragments (ISW9"/KF11) in extracts of immature
DCs at all pH values tested (Fig. 3B, upper left panel). KF11- and ISW9-containing fragments
were produced more efficiently at pH7.4 than at pH5.5 and pH4.0, indicating a higher presenta-
tion in the direct presentation pathway, or if epitope precursors escape from endolysosomes.
Similar results were observed for immature Mos (Fig. 3A/B, lower left panel), in line with com-
parable cytosolic and endocytic hydrolytic activities in immature DCs and Mgs [35]. Degrada-
tion of the 35-mer in extracts from DCs and Mes matured with LPS yielded similar degradation
patterns with fragments of comparable lengths and higher amounts of fragments containing
immunodominant epitope B57-KF11 (Fig. 3A/B, right panel).

We further analyzed the cleavage patterns by measuring the relative amount of fragments
with a specific N terminus or C terminus (Fig. 3C, upper or lower graph of each panel). After
30 minutes of degradation at pH7.4 several minor cleavage sites produced ISW9- and KF11-
containing fragments, whereas at pH5.5 and pH4.0 the generation of fragments with a Trypto-
phan at the N terminus destroyed ISW9 and fragments with a Methionine and Proline at the
C terminus destroyed KF11. Further trimming resulted in the appearance of new N- and
C-terminal cleavage sites, which still preserved KF11-containing peptides at pH7.4, whereas at
pH5.5 and pH4.0 both epitopes were further destroyed. These data indicate that this p24 35-
mer is sensitive to degradation in all three cell compartments in DCs and Mes, and favors the
production of dominant epitope KF11 over that of subdominant ISW9, in line with the more
efficient cross-presentation of KF11 and the rescue of ISW9 in the presence of
protease inhibitors.

Moreover, we analyzed the production of 16 well described HIV CD8" and CD4" T cell epi-
topes [46] and epitope precursors, defined as N-terminal extended epitopes, located in this 35-
mer (S3A-S3B Fig). Peptides were produced in extracts of both cell subsets at all pH values
tested (B57-KF11, B15-HL9, A25-QW11, B57-FF9, B57-KP9), preferentially produced at
pH7.4 (B57-ISW9, A02-TV9), or at pH5.5 and pH4.0 (B45-VI11, B15-VF9, B44-EV9) or not
produced at any time (B07-SV9). These results highlight a variable production or degradation
of epitopes in different cell compartments, which may affect their capacity to activate CD8" or
CD4" T cells during infection or cross-presentation.

We next extended the analysis to another HIV-1 Gag p24-derived peptide containing the
epitope B57-TW10 (GSDIAGTTSTLQEQIGWMTNNPPIPVGGEIY, aa 101-131 in Gag p24),
dominant in HIV acute infection (Fig. 4). In contrast to p24 35-mer, the majority of degrada-
tion products identified after 10 to 120 minutes in extracts from immature DCs and Mos at
pH7.4, pH5.5 and pH4.0 represented the original fragment or long fragments of mostly >26aa
(Fig. 4A), containing the TW10 epitope with N- and C-terminal extensions (Fig. 4B). Similarly,
degradation in extracts from mature DCs and Mes showed comparable kinetics of degradation
and resulted in the production of fragments with similar lengths. Accordingly the few cleavage
sites identified after 30 or 120 minutes were mostly located outside B57-TW10 at all three pH
values, protecting the antigenic peptide from degradation, in line with the highly efficient
cross-presentation of B57-TW10 (54 Fig).

The relative resistance of the B57-TW10-containing fragment to intracellular degradation
contrasted with the rapid degradation of the p24 fragment containing B57-ISW9 and B57-
KF11 which may contribute to a higher amount of TW10-containing peptide available for pre-
sentation by direct or cross-presentation, thus contributing to the dominance of TW10-specific
CTL responses during acute HIV infection.
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Fig 3. The immunodominant epitope B57-KF11 is more efficiently produced in cross-presentation-competent compartments than subdominant
epitope B57-ISW9. A. Two nmol of p24-35mer (MVHQAISPRTLNAWVKVVEEKAFSPEVIPMFAALS, aa 10—44 in Gag p24) were degraded in 15ug of
whole cell extracts from immature and mature DCs and Mgs for 10, 30, 60, and 120 minutes in degradation buffer at pH7.4, pH5.5 or pH4.0. Degradation
products identified by mass spectrometry were grouped according to their lengths of fragments: equal or longer than 26 aa (blue), 19-25 aa (orange), 13—18
aa (gray), 8—12 aa (red), and fragments equal or shorter than 7 aa (light gray). The peak area of each identified peptide was calculated with Proteome
Discoverer and the contribution of each category of peptides to the total intensity of all degradation products is shown at each time point. B. All degradation
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products of p24—-35mer were identified as described in (A). Peptides were grouped into fragments containing B57-ISW9 and B57-KF11 epitopes (black),
containing only B57-KF11 epitope (red), containing only B57-ISW9 epitope (blue), or neither epitope (gray), respectively. C. Cleavage patterns of p24—-35mer
incubated with whole cell extracts from immature DCs for 30 minutes (upper panel) or 120 minutes (lower panel) at pH7.4, pH5.5, and pH4.0 are shown as
the contribution of each cleavage site, presented as cleavage N-terminal or C-terminal to a specific amino acid, to the total intensity of all degradation
products. For (A-C) data are representative of three independent experiments with three different donors.

doi:10.1371/journal.ppat.1004725.9003

Limited degradation of RK9-containing fragments results in efficient
cross-presentation of the immunodominant HLA-AO03 RK9 epitope by
DCs and Mgs

We next analyzed the cross-presentation of another immunodominant epitope located in a dif-
ferent HIV-1 protein and restricted by a different HLA allele. The A03-RK9 epitope
(RLRPGGKKK, aa 20-28 in Gag p17) is efficiently produced in the endogenous processing
pathway for presentation to A03-RK9-specific CTLs [17,44]. Immature DCs and Mgs, incubat-
ed with recombinant HIV-1 p55 protein elicited A03-RK9-specific CTL responses as strong as
cells exogenously pulsed with 1.2 ug/ml RK9 (Fig. 5A-B). RK9 cross-presentation was not af-
fected by inhibition of proteasome or cysteine proteases, in line with the limited sensitivity of
proteasome and cathepsin-mediated degradation resulting in high amounts of peptide for max-
imum T cell stimulation (Fig. 5A). The incubation of DCs or Mes with different concentrations

A B
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Fig 4. Slow degradation of TW10-containing peptides results in high amounts of B57-TW10 available for cross-presentation. A. Two nmol of p24—
31mer (GSDIAGTTSTLQEQIGWMTNNPPIPVGGEIY, aa 101-131 in Gag p24) were degraded in 15ug of whole cell extracts from immature and mature DCs
and Mgs for 10, 30, 60, and 120 minutes in degradation buffer at pH7.4, pH5.5 or pH4.0. Degradation products identified by mass spectrometry were grouped
according to their lengths of fragments as described in Fig. 3. The contribution of each category of peptides to the total intensity of all degradation products is
shown at each time point. B. All degradation products of p24—-31mer were grouped into fragments containing B57-TW10 (black), B57-TW10 epitope with N-
terminal extensions (white), B57-TW10 epitope with C-terminal extensions (red), B57-TW10 epitope with N- and C-terminal extensions (green), antitopes
defined as fragments lacking B57-TW10 (blue), or the original peptide (gray), respectively. The contribution of each category of peptides to the total intensity
of all degradation products is shown at each time point.

doi:10.1371/journal.ppat.1004725.9004
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HLA-A03 RK9-specific CTLs as effector cells. CTL responses in form of spot forming cells are shown for n>5 donors. B. CTL responses to immature DCs (<)
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gamma ELISPOT assay with HLA-A03 RK9-specific CTLs as effector cells. CTL responses in form of spot forming cells are shown. D. Cleavage patterns of

p17—-17mer incubated with whole cell extracts from immature DCs for 120 minutes at pH7.4, pH5.5, and pH4.0 are shown as the contribution of each

cleavage site, presented as cleavage N-terminal or C-terminal to a specific amino acid, to the total intensity of all degradation products. For (B-D) data are
representative of two independent experiments with different donors.

doi:10.1371/journal.ppat.1004725.9005

of p55 protein resulted in concentration-dependent A03-RK9-specific CTL responses
(Fig. 5C). In vitro degradation of HIV-1 p17-derived peptide containing the A03-RK9 epitope
(RWEKIRLRPGGKKKYKL, aa 15-31 in p17) showed minimal degradation of A03-RK9 at all
pH values tested (Fig. 5D). These data indicate that the limited degradation of this peptide may

PLOS Pathogens | DOI:10.1371/journal.ppat.1004725 March 17,2015
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result in more fragments available for cross-presentation compared with B57-ISW9 and B57-
KF11 epitopes, thus contributing to immunodominance of RK9-specific CTL responses.

Intracellular epitope stability of HIV-1 epitopes in cytosolic and
lysosomal cell extracts follows CTL responses hierarchy

The variable stability of epitopes in cytosolic extracts of PBMCs contributes to the amount of
peptide available for presentation to T cells [44,50,51]. We hypothesize that peptide stability in
cytosol and endolysosomes of DCs and Mgs may contribute to the relative efficiency of cross-
presentation of immunodominant epitopes. We first measured the stability of A03-RK9, a
dominant epitope in the acute phase, and B57-KF11, a dominant epitope in the chronic phase,
in whole cell extracts of immature DCs and Mes at pH7.4 and pH4.0. In cell extracts of imma-
ture DCs, the B57-KF11 epitope was 10-fold faster degraded at pH4.0 than at pH7.4 (half-lives
of 1.9 minutes versus 20 minutes) whereas the A03-RK9 epitope was 20-fold faster degraded at
pH7.4 than at pH4.0 (half-lives of 61 minutes versus 1223 minutes) (Fig. 6A, left panel). Similar
results were observed in cell extracts from immature Mes (Fig. 6A, right panel). We next com-
pared the intracellular stability of seven well-defined dominant and subdominant MHC I epi-
topes located in HIV Gag p24, Gag p17 and RT, and examined whether their stability
corresponded to immunodominance patterns observed in HIV infection. To rank epitopes we
calculated a stability rate as done before [44,50]. In cell extracts of immature DCs at pH7.4 the
dominant epitopes A03-RK9 and B57-TW10 showed approximately 5-fold and 4-fold higher
stability rates compared with the subdominant epitopes B57-ISW9 and A11-ATK9
(AIFQSSMTK, aa 158-166 in RT), respectively (Fig. 6B, upper left panel). At pH4.0 we de-
tected dramatically reduced stability rates for B57-ISW9, B57-KF11, B57-FF9, and A11-ATKO9,
indicating a more rapid proteolysis by proteases located in endo- and lysosomes. However, the
observed stability rates of all epitopes formed the same hierarchy as seen at pH?7.4. Similar re-
sults were observed in cell extracts of immature Mas (Fig. 6B, lower left panel). Moreover, the
subdominant A03-KK9 epitope overlapping with the dominant A03-RK9 epitope had a 3-fold
lower stability rate in both cell subsets at pH4.0, whereas the dominant and overlapping epi-
topes B57-KF11 (KAFSPEVIPMF, aa 30-40 in Gag p24) and B57-FF9 (FSPEVIPMF, aa 32-40
in Gag p24) [52] had comparable stability rates. In line with our previous study [35], the cyto-
solic stability rate of all epitopes was not affected upon maturation of DCs and Mgs with LPS
(Fig. 6B, upper and lower right panel). Together, these results show that the intracellular stabil-
ity of optimal HIV epitopes is highly variable in DCs and Mgs and in different cell compart-
ments, but follows similar hierarchies and may contribute to differences seen in cross-
presentation and immunodominance patterns observed in HIV infection.

Frequent escape mutations in an immunodominant epitope reduce
epitope production and peptide stability in the cross-presentation
pathway

Immune pressure exerted by T cell immune responses leads to predictable mutations within
and outside epitopes altering viral fitness, epitope processing and presentation [44]. In HLA-
B57" patients the TW10 epitope rapidly mutates at residues 3 and 9 during acute infection
[53,54], and the dominant TW10 CTL response wanes while KF11-specific CTL responses be-
come dominant [2,55]. To assess the impact of escape mutations on degradation patterns in
the cross-presentation pathway, peptides containing the TW10 epitope or its naturally occur-
ring variants TW10 T3N or TW10 T3N/G9A were degraded in whole cell extracts from imma-
ture DCs and Mgs at pH7.4 and pH4.0 for 10, 30 and 60 minutes. Degradation of the two
variants at pH7.4 showed comparable kinetics of disappearance of the original peptides
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Fig 6. The intracellular stability of HIV-1 epitopes in the cytosol and lysosomes follows CTL responses hierarchy. A. One nmol of highly purified HLA-
B57-restricted KF11 (o) and HLA-AO3-restricted RK9 (<) were degraded in 15ug of immature DC or Mg extracts (open or solid symbols, respectively) in
degradation buffer at pH7.4 (solid line) or pH4.0 (dashed line). Degradation products were analyzed by RP-HPLC after 10, 30, and 60 minutes. 100%
represents the amount of peptide detected at time 0, calculated as the surface area under the peptide peak. B. The stability rate of optimal epitopes B57-
ISW9, B57-KF11, B57-FF9, B57-TW10, A11-ATK9, A03-RK9, and A03-KK9 at pH7.4 and pH4.0 was calculated by a nonlinear regression (one-phase
exponential decay) of the degradation profile obtained over a 60-minute incubation in extracts of immature and mature DCs (upper panel) and Mgs (lower
panel). Bars represent the mean + SD of three independent experiments for each epitope with extracts from different healthy donors.

doi:10.1371/journal.ppat.1004725.9006

(64-67% of original peptides left), whereas the WT showed faster degradation with 23% of the
original peptide left after 60 minutes (Fig. 7A). However, both mutants generated less N- and
C-extended TW10-containing peptides than the WT at pH7.4 (23% TW10 T3N variant, 19%
TW10 T3N/G9A variant vs. 45% TW10 WT at 60 minutes). Degradation at pH4.0
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PLOS Pathogens | DOI:10.1371/journal.ppat.1004725 March 17,2015

15/22
203



gy
@ ’ PLOS ’ PATHOGENS Degradation and Cross-presentation of HIV

restricted TW10, TW10-T3N or TW10-T3N/G9A mutants were degraded in 15ug of immature DCs or Mgs extracts (right and left panel) in degradation buffer
at pH7.4 or pH4.0. A stability rate was calculated as described before. Bars represent the mean + SD of three independent experiments for each epitope with
extracts from different healthy donors.

doi:10.1371/journal.ppat.1004725.9007

demonstrated a very fast kinetic of degradation of the T3N/G9A peptide, and generation of a
majority of fragments lacking part of the epitope (antitopes) (39% TW10 WT, 65% T3N vari-
ant, and 99% T3N/GIA variant of antitopes produced after 10 minutes). The analysis of the N-
and C-terminal cleavage sites showed that TW10 WT and TW10 T3N sequences were spared
from degradation at pH7.4, whereas a cleavage site between Tryptophane and Alanine partly
destroyed the TW10 T3N/G9A variant within 10 minutes of degradation (Fig. 7B, upper
panel). At pH4.0, in line with the faster degradation of the long peptides into antitopes, two
major cleavage sites produced short antitopes with an Isoleucine at the N-terminus or a Gluta-
mine at the C-terminus that partly destroyed TW10 WT, and more extensively TW10 T3N/
GIA. These cleavage sites were 2.8-fold and 2.6-fold more pronounced in the TW10 T3N/G9A
variant compared with the TW10 WT and the TW10 T3N variant (Fig. 7B, lower panel). We
compared the cytosolic and lysosomal stability of TW10 epitope and its variants in DCs and
Maos (Fig. 7C). Similar intracellular stabilities were observed for B57-TW10 and TW10 T3N in
each compartment whereas the stability of TW10 T3N/G9A was reduced by 7- to 8-fold in
both compartments. These results demonstrate that the low intracellular stability of TW10
T3N/G9A variant contribute to reducing the epitope presentation in both direct and cross-pre-
sentation pathways, in line with our previous findings in cells infected with virus containing
TW10 WT or variants [44]. This represents the first demonstration of an escape mutation af-
fecting the cross-presentation of an HIV epitope.

Discussion

This study shows how degradation patterns in the cross-presentation pathway of APCs favor
the production of immunodominant HIV epitopes and provides the first demonstration of an-
tigen processing mutations affecting the cross-presentation of HIV epitopes by APCs to CTLs.

The production and presentation of HIV epitopes are affected by both the cell subsets and
the cellular compartments in which antigen traffics [34-36,38]. Differences in the processing
of epitopes between monocyte-derived DCs and Mgs include the involvement of distinct sets
of peptidases in the production or destruction of epitopes, and in the trafficking of degradation
products. While proteasomes were involved in the degradation of B57-ISW9-containing frag-
ments in DCs, its processing in Mas was proteasome-independent, suggesting possible differ-
ences in the trafficking of epitope-containing fragments and the involvement of proteases
located in different subcellular compartments [33,56-58]. The degradation of peptides by spe-
cific proteases and the translocation across different cell compartments has been demonstrated
to depend on the size of fragments [59,60], which may contribute to the observed differences in
cross-presentation of B57-ISW9 and B57-KF11 by DCs and Mes upon proteasome inhibition.
The formation of specific peptide pools [61] or DC-specific antigen storage compartments [62]
may permit the fast cross-presentation of HIV peptides by DCs and Mgs but this remains to be
demonstrated. In addition, cell-specific peptidases such as a serine protease uniquely expressed
in monocytes [63], may lead to cell-specific processing of epitopes and may contribute to the
differential priming of immune responses by different tissue DC subsets observed in vivo [64-
66]. However, further transcriptomics, proteomics [67] and functional analyses are needed to
identify additional cell subset-specific peptidases that may shape epitope presentation by vari-
ous APC subsets.
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A major difference between DCs and Mes contributing to the ability of DCs for cross-
priming is their capacity to tightly control endolysosomal pH at higher values than in Mes
[68,69], which leads to lower cathepsin activities and slower degradation rates of proteins
[49]. However lower peptidase activities are not always corresponding to better epitope pro-
duction, as we identified epitopes processed in higher amount in Mgs or in monocytes than in
DCs [35]. Although technically still challenging it will be essential to determine the relative
amount of peptides required for priming or activation of T cell responses by DCs or other
infectable cell subsets, and how this will affect the capacity of T cells to recognize infected tar-
gets and clear infection.

The level of peptidase activities in a given cell type and compartment, and the sensitivity of
a given antigenic sequence to degradation in this compartment shapes the amount of epitope
available for presentation [70]. In the cytosol the degradation profiles of proteins into epitopes
[17,42] and the intrinsic stability of HIV peptides before loading onto MHC [35,44,51] deter-
mine the timing and amount of peptide available for presentation and are defined by specific
motifs. It is likely that these steps in the endolysosomal pathway will be driven by motifs that
still remain to be identified.

A direct consequence of this sequence- and compartment-dependent degradation of proteins
is the impact of HLA-restricted mutations on HIV epitope processing and cross-presentation.
Immune pressure selects variants impairing viral fitness and/or epitope presentation, reducing
binding to MHC or to the TCR [71]. Flanking mutations have been shown to prevent the pro-
cessing of epitopes [16,40,42,72] and intraepitopic mutations can destroy epitopes [44,73,74],
which demonstrates the adaptation of HIV to antigen processing in the cytosol. This study pro-
vides the first demonstration that a frequently detected HLA-restricted mutation during acute in-
fection affects the cross- and direct presentation of an epitope in DCs and Mgs. While the WT
epitope B57-TW10, dominant in the acute phase, is efficiently processed and highly stable in
endo-lysosomes and the cytosol of DCs and Mes its mutant is degraded faster than WT. The
lower amount of epitope available for presentation may lead to less epitope presented to T cells
and therefore results most likely in subdominant responses, which coincides with a shift in
immunodominance toward B57-KF11 in HLA-B57 persons during chronic HIV infection [2,55].

A vaccine eliciting the same immunodominance patterns as natural infection cannot be suc-
cessful at preventing or clearing HIV infection. Breaking natural immunodominance and tar-
geting immune responses towards protective epitopes [55] is required in the design of a T cell
arm of vaccine strategies [75,76]. The combination of sequence alterations to modulate epitope
production and intracellular peptide stability and to break natural immunodominance, the use
of adjuvants modulating epitope processing as well as the targeting of immunogens to specific
cell compartments offers ways to modulate epitope presentation to induce protective immunity
in HIV infection and beyond.
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