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Preface






ace muchos miles de afios vivian seis hombre ciegos que pasaban las

horas compitiendo entre ellos para ver quién era el mas sabio. Un dia

los hombres no llegaban a un acuerdo sobre la forma exacta de un
elefante. Por ello pidieron que les trajeran un hermoso ejemplar ante su
presencia. El primero de los sabios se abalanzé sobre el elefante y chocé con el
costado del animal.

-Yo os digo que este elefante es igual que una pared de barro secada al sol.

Lleg6 el turno del segundo de los ciegos, que avanz6 con mas precaucion, con
las manos extendidas ante él para no asustarlo. En esta posicién en seguida
toco los colmillos.

-iLa forma de este animal es exactamente como la de un par de sables...sin

dudal

El tercer ciego empezd a acercarse al elefante lentamente, para tocarlo con
cuidado. El animal se giré hacfa él y le envolvié la cintura con su trompa.

-Escuchad, este elefante es mas bien como...como una larga serpiente.

El cuarto sabio cogi6 la cola y la examiné de arriba abajo con las manos. No
tuvo dudas y exclamoé:

-1Ya lo tengo! Yo os diré cual es la verdadera forma del elefante. Sin duda es
como una vieja cuerda.

Al alzar su mano para buscarlo, los dedos del quinto sabio toparon con la oreja
del animal y grit6 a los demas:

-Ninguno de vosotros ha acertado. El elefante es mas bien como un gran
abanico plano — y cedi6 su turno al ultimo de los sabios para que lo
comprobara por si mismo. El sexto ciego pasé por debajo de la barriga del
elefante y al buscarlo, agarr6 con fuerza su gruesa pata.

-iLo estoy tocando ahora mismo y os aseguro que el elefante tiene la misma
forma que el tronco de una gran palmeral
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General Introduction.

Are Dendritic Cells Dr. Jekyll
during immune responses
and Mr. Hyde upon

HIV disease progression?






Chapter I

The best defense is a good offence. This principle seems to govern immunity,
the resistance of our organism to infections or pathogen invasions. The
immune system integrates and coordinates all the physiological elements that
control immunity, including the quick and nonspecific reactions linked to
innate immunity and the more sophisticated and specific responses that arise
afterwards through adaptive immunity.

In all battlefields, reacting at the right moment and having accurate
information on the enemy’s strategy provides an advantage that can be crucial
to wining the war. Therefore, what triggers the initiation of immune responses
in our body and how our immune system determines who the actual enemy is
are key aspects in combating infections, including that caused by the human
immunodeficiency virus. Until 1973, the year in which dendritic cells were
discovered — named after the Greek word for tree (dendreon) due to the
branched projections of their membranes (208) — these relevant questions
could not be accurately addressed. Back then, dendritic cells were characterized

as the most potent and specialized antigen-presenting cells, in charge of
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coordinating innate and adaptive immune responses to invading pathogens.
Although at first it seemed hard to believe that such an infrequent and rare
population of cells could have such a relevant role in the initiation of immunity,
three decades later this model remains valid.

Here, we will first review how this preliminary dendritic cell model has
evolved, focusing on the general aspects that originate immune responses.
However, we will soon see that even an exquisite and precise defense system
like the one coordinated by dendritic cells has its weaknesses, allowing the
establishment of persistent infections. In particular, we will try to underscore
why the human immunodeficiency virus, the etiologic agent of the acquired
immunodeficiency syndrome, is still winning the battle against our immune
system. Finally, we will focus on the different strategies that this virus has
developed to evade the dendritic cells’ antiviral activity, facilitating disease
progression.

In this thesis we will revisit the plot of an old story: dendritic cells can
act as Dr. Jekyll and aid in defending our body against multiple pathogens.
However, the human immunodeficiency virus works as the doctor’s evil potion,
turning our dendritic cells into Mr. Hyde. As a consequence of this functional
metamorphosis, dendritic cells contribute to viral dissemination. Changing the
end of Robert Louis Stevenson’s story, where Dr. Jekyll gives up and we never
learn if the cruel and remorseless Mr. Hyde survives, is a key challenge to finally

winning the war against the human immunodeficiency virus.
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L. Dr. Jekyll:

The role of dendritic cells in immunity

1.Innate immunity

At the primary stage of any infection, our immune system initially relies on the
quick but unspecific defenses that constitute innate immunity. Dendritic cells
(DCs) form an integral part of this innate immune system, supported by the
activity of bone marrow derived non-specific immune cells — such as mast cells,
natural killer cells, granulocytes and other phagocytes such as monocytes or
macrophages — and various resident tissue cells, including epithelial cells. These
innate immune cells respond rapidly to invading microorganisms in the mucosa
and other exposed tissues, releasing inflammatory cytokines and initiating
antimicrobial activity.

However, what triggers the activation of innate immune cells? Pathogen
detection takes place through pattern-recognition receptors (PRRs) that
distinguish a set of evolutionary conserved hallmarks (Fig. 1A) known as
pathogen-associated molecular patterns (PAMPs). These surveillance
receptors or PRRs consist of nonphagocytic molecules, such as toll-like
receptors (TLRs) that recognize pathogen hallmarks extracellularly or
intracellularly and lead to elaborate signal transduction cascades — reviewed in
(162, 229) . Interestingly, TLRs bind to a wide variety of microbial compounds
or PAMPs (1, 21, 162, 195), including RNA or DNA from several pathogens
and bacterial cell wall components such as lipopolysaccharides (LPS).
Surveillance receptors also include molecules that induce endocytosis such as
scavenger receptors and C-type lectin receptors (CLRs). This later family

includes DC-SIGN (Dendritic Cell Specific ICAM-3 Grabbing Nonintegtin, or
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formally CD209), a CLR extensively discussed in this thesis and depicted in
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Engagement of surveillance receptors to pathogen domains leads to the
activation of some of the immune cells (such as DCs, macrophages, or natural
killer cells) and some of the resident tissue epithelial cells. This activation
triggers the secretion of cytokines and chemokines, as well as the maturation
and migration of antigen-presenting cells (APCs) such as DCs. Concurrently,
this creates an inflaimmatory environment that allows the establishment of
adaptive immunity. Therefore, innate non-clonal responses lead to a
conditioning of the immune system for subsequent development of specific
adaptive immune responses. The activation of APCs allows a delayed antigen-
specific response that can generate clonal expansion of immune cells, thereby
providing specific long-lasting immunological memory, which contributes to
the fight against microorganisms in later encounters. There is thus a close
interaction between the innate and the adaptive immune systems, and DCs

orchestrate both types of defense responses to invading pathogens (Fig. 2).

Cellular Responses
Natural-killer cells

| Environmental sensor

Complement INNATE —| Cytokines | <
Immune System *
Processing
Dendritic Cells
Presentation
Cytotoxi
st Oo(:;lecs — ADAPTIVE - Antibodies —
p Immune System

Figure 2. Link between innate and adaptive immune systems (blue) through DC

functions (red), leading to distinct immune responses (grey).
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2. Adaptive immunity

2.1 Exogenous antigen presentation

As we have seen, DCs scattered throughout the peripheral tissues of the body
act like real sentinels and are ready to recognize a wide range of
microorganisms. At this stage, DCs display an immature phenotype. When
pathogen invasion takes place, immature DCs can capture microorganisms via

endocytic surveillance receptors, employing two distinct mechanisms (140):

* Phagocytosis, which involves internalization of large size particles, and

* Pinocytosis, which requires the ingestion of fluid or solutes via small
pinocytic vesicles that can be coated with clathrin or dependent on the
formation of specific domains in the plasma membrane, termed lipid

rafts.

Pathogen uptake through any of these mechanisms in immature DCs can result
in the classical intracellular lytic pathway that characterizes APC function. Once
pathogens reach lysosomes, DCs process them into antigens that interact with
class II major histocompatibility complexes (MHC-II). However, these antigens
are not efficiently uploaded into MHC-II molecules yet, and are instead
retained intracellularly for later presentation (Fig. 3A, left panel).

The signaling through PRRs or the detection of proinflammatory
cytokines prompts immature DC activation and migration from the periphery
towards the secondary lymphoid organs. This transition is accompanied by a
dramatic redistribution of antigen—MHC-II complexes that have now been
formed efficiently and redistributed from intracellular compartments to the

plasma membrane (Fig. 3A, right panel and B, middle panel). Interestingly,
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downregulation of endocytosis begins soon after the receipt of a maturation
signal: a feature that has been extensively used as a maturation hallmark, as
reviewed in (140, 207, 231). However, clathrin-coated vesicle formation appears
to continue, so maturing DCs must not be considered as being completely
incapable of endocytosis (140).

On reaching lymph nodes, DCs develop into their mature state, which is
not only characterized by high levels of MHC-II expression on the membrane’s
cell-surface (36) but also by the upregulation of T cell co-stimulatory molecules,
such as CD86 and CDS83 — reviewed in (140, 206, 207, 231). Overall,
maturation regulates antigen processing by lowering the pH of endocytic
vacuoles, activating proteolysis, and transporting antigen—MHC-II complexes
to the cell surface (207, 217).

In the T cell areas of the lymph nodes, mature DCs present pathogen-
derived peptides in association with MHC-II molecules to naive T helper (Th)
lymphocytes or CD4" T cells, which recognize the MHC-1I/peptide complex
via the T cell receptor or TCR (10, 11). After recognition, and with the
appropriate additional interactions mediated by co-stimulatory molecules on
the DCs, naive T lymphocytes become effector CD4" T cells (107). The
crosstalk between DCs and CD4" T cells is provided by different adhesion
molecules that form a dynamic structure, described as “the immunological
synapse” (55, 101).

Following the selection of clones, antigen-selected T cells undergo
extensive clonal expansion and differentiation to bring about an array of

potential helper and cytotoxic activities (207).
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This way, CD4" T cells can acquire the capacity to generate powerful

cytokines and induce several responses:

T helper 1 cells produce interferon-y that activates macrophages to

resist infection by intracellular microbes (148, 174);

* T helper 2 cells secrete interleukin (IL)-4, 5 and 13, stimulating B cells,
inducing B cell antibody class-switching and increasing antibody
production (197);

* T helper 17 cells are polarized by IL-17 secretion, combating
extracellular bacilli (207); and

* T regulatory cells arise on signaling with IL.-10, allowing suppressive

functions and thereby maintaining immune system homeostasis and

tolerance to self-antigens (207).

Finally, DCs induce the T cell clone to acquire memory, allowing it to persist
for prolonged periods and to respond rapidly to repeated exposure to the

antigen (8, 218).

2.2 Endogenous antigen presentation

DCs do not only rely on pathogen capture through PRRs but are also able to
present antigens derived from proteins degraded mainly in the cytosol by the
proteasome, presenting them to CD8" T cells in MHC class T (MHC-I)
molecules, and triggering cytotoxic responses (Fig. 3B, left panel). This pathway
allows DCs to constantly present peptides that are derived from endogenous
proteins, including for instance viral components synthesized in the cytoplasm

after productive infection of the DC.
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2.3 Cross-presentation

Interestingly, exogenous and endogenous antigen presentation pathways are
not mutually exclusive and mature DCs can also present exogenous antigens to
CD8" T cells through the MHC-I endogenous pathway. Following uptake of
microorganisms such as virions that do not fuse with the plasma membrane but
instead are endocytosed, DCs are able to present processed antigens via MHC-I
to elicit CD8" T cell responses (2, 91, 105). During this process, known as
cross-presentation, non-replicating protein antigens are internalized and
somehow gain access to the cytoplasm before being processed by the
proteasome for peptide presentation on MHC-I (Fig. 3B, right panel). Critical
steps in this degradation mechanism seem to occur in compartments less acidic
than lysosomes. Notably, cross-presentation allows DCs to induce CD8" T cell
responses not only to non-replicating forms of microbes — such as viruses that
do not infect DCs — but also to immune complexes and dying cells (207).

By all these means, DCs provide the necessary link between the
pathogen entry locations and the lymph nodes, bringing in and presenting
antigens to T cells in secondary lymphoid tissues that would otherwise not be

able to respond to the distant invasion.
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2.4 Immunity mediated by exosomes

The current view of DC functionality has immature DCs encountering an
antigen in the periphery and carrying it to lymphoid organs, maturing en route
(Fig. 4). This view is probably too simple to describe the complex DC system 77
vivo. DCs migrating from the periphery may not always be the ones that present
the captured antigen in the lymph nodes. Rather, migrating DCs may transfer
their captured antigens to other DCs for presentation. The transfer could occur
either by the phagocytosis of antigen-loaded DC fragments by another DC
(102) or by the release of antigen-bearing vesicles, termed exosomes (214).
During periods of pathogen invasion, these exosomes could act as real couriers,
transferring vital information on the enemy’s plan between the immune cells
and strengthening the magnitude of the body’s defenses.

Exosomes are small secreted cellular organelles that form within late
endocytic compartments called multivesicular bodies (MVB) in macrophages
and DCs. These small vesicles are secreted upon fusion of these compartments
with the plasma membrane (210, 215). Alternatively, in T cells, exosomes can
bud directly at particular cholesterol-enriched microdomains in the plasma
membrane (23, 65, 151). Interestingly, although many different cell types can
produce exosomes, the available proteomic studies define a subset of cellular
proteins that are targeted specifically at most of them (Fig. 5A). Many of the
protein families that have been found in DC-derived exosomes (the ones that
have been most extensively characterized) have also been described in
exosomes produced by other cell types (213). The conserved exosomal proteins
include integrins, cell surface peptidases, heat-shock proteins, cytoskeletal
proteins, and molecules involved in signal transduction, membrane transport
and fusion. They also share glycosphingolipids and tetraspanin proteins that

have been previously used as bona fide lipid raft markers (23, 244).
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Figure 4. Classical model of pathogen capture in the periphery by immature DCs that
migrate to the lymph nodes, where they present antigens upon cell maturation. Adapted

from Roitt’s Essential Immunology, Blackwell Publishing I.td.

Interestingly, aside from proteins potentially involved in exosomal
biogenesis and targeting, exosomes contain proteins associated with the
immunological function, such as MHC-I and MHC-II (212, 214). The existence
of antigen presentation-related molecules in exosomes prompted different
groups to examine the immune-stimulatory capacities of these vesicles. It was
first observed that B cell-derived exosomes carrying peptide-loaded MHC-II
were able to stimulate CD4" T cells 7z vitro in an antigen-specific manner (178).
Studying other APCs, it was later shown that antigen-bearing DC-derived
exosomes could indirectly stimulate antigen-specific naive CD4" T cell
activation zz vivo (213). Interestingly, exosomes could not induce naive T cell
proliferation 7z witro unless mature DCs were also present, indicating that
exosomes do not overcome the need for a competent APC to stimulate naive

CD4" T cells. Therefore, at least two distinct cell populations are required for
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exosomes to stimulate naive T cells zz witro. One population is needed to
produce exosomes bearing an intact antigen or, in the case of DCs, antigen-
MHC-II complexes. The other population has to be competent DCs capable of
capturing these exosomes and presenting them, either by reprocessing the
antigen they contain or by directly presenting the antigen—MHC-II complexes
to T lymphocytes. These alternative pathways were characterized when it was
observed that the antigen-presenting competent DC population could be
devoid of MHC-II molecules and still stimulate CD4" T cells, because MHC-II
molecules were already present on the exosomes (213). Therefore, in addition
to carrying antigens, exosomes promote the exchange of functional peptide—
MHC complexes between DCs. Such a mechanism could increase the number
of DCs bearing a particular peptide, thus amplifying the initiation of primary
adaptive immune responses (215).

Similar observations have been made by studying exosomes from
cultured DCs loaded with tumor-derived peptides on MHC-I that were able to
stimulate cytotoxic T lymphocyte-mediated anti-tumor responses zz vivo (249).
Interestingly, tumor cells have also been demonstrated to secrete exosomes
carrying tumor antigens, which, after transfer to DCs, also mediate CD8" T-
cell-dependent anti-tumor effects (239). Thus, exosomes carrying tumor
peptides provide an antigen source for cross-presentation by DCs.

Collectively, these studies have resulted in the idea that exosomes can
transfer antigens to DCs and contribute to the initiation of adaptive immune
responses (Fig. 5B). Therefore, during pathogen invasion, exosomes can act as
real couriers transferring vital information on the enemy’s plan between

immune cells, strengthening the magnitude of our defenses.
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3. DC subsets and anatomical location

One of the most enigmatic features of DC biology is the complexity of the
distinct subsets found 7z vzvo. Sometimes, DC classifications are so complicated
that one would tend to think that there are as many DC subsets as the cells
have dendrites. Unlike other immune cells, DCs can have either a myeloid or a
lymphoid origin (Fig. 6), although this is still a matter for debate (199, 231).
Many studies, especially of the human system, use the terms lymphoid and
myeloid to refer to the two main DC categories, but these terms are now
considered obsolete (200, 231) and experts prefer to use the plasmacytoid and
conventional DC terminology. However, aside from this general classification,
DCs can be categorized into several subsets on the basis of their anatomical
distribution, immunological function and cell-surface-marker expression.
Plasmacytoid DCs, so named because of the cytologic similarities to
antibody producing plasma cells, mainly circulate through the blood and
lymphoid tissue, but can be recruited to sites of inflammation and acquire
typical DC morphology after activation (72, 124, 131, 183). These cells are
phenotipically characterized by the expression of CD123 and the lack of
expression of CD1l1c. In humans, plasmacytoid DCs selectively express the
activating fragment crystallizable receptor (FcR), as well as TLR-7 and TLR-9
but no other TLRs (42, 77, 106). When immune complexes containing DNA
and RNA are bound and ingested by this cell type, plasmacytoid DCs signal
high levels of type I interferons (14, 18), promoting antiviral responses.
Conventional DCs, formerly termed ‘myeloid’, secrete high levels of
interleukin-12 (IL-12) and express CD11c. In contrast to plasmacytoid DCs,
conventional DCs preferentially express TLR-1, 2, 3 and 8, similarly to
monocytes that express TLR-1, 2, 4, 5 and 8 (1, 42, 100, 124, 125).

Conventional DCs can be further subdivided on the basis of their allocation
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and the expression of certain surface molecules. These DCs include
Langerhans cells, dermal DCs and interstitial DCs that are widely
distributed throughout the mucosal surfaces. Langerhans cells are located in the
epidermis and express langerin (CD207) and DEC-205 (CD205), and induce
strong cytotoxic T cell responses. Some DCs in the dermis express DC-SIGN
(CD209) and the mannose receptor (CD2006), and can activate antibody
forming B cells (207). In the circulatory system, at least two different types of
conventional DCs can be distinguished on the basis of their expression of
blood DC antigens (BDCA), termed BDCA-1 and BDCA-3 Myeloid DCs
(50).

Regarding anatomical location, DCs are abundant at body surfaces such
as the skin, the pharynx, the upper oesophagus, the vagina, the ectocervix and
the anus, and at the so-called internal or mucosal surfaces, such as the
respiratory and gastrointestinal systems, where these cells extend their
processes through the tight junctions of epithelia (207). DCs are also present in
the blood and the lymphoid tissue.

Although DCs are widely distributed, they are also relatively rare and
hard to isolate. For instance, DCs are present at very low frequencies in blood,
together constituting 0.5-2% of the total peripheral-blood mononuclear cells
(124, 182). Owing to the low abundance of DCs 7 vio, monocyte-derived
DCs (MDDCs) are commonly used to model the immunological function of
DCs. CD14" monocytes cultured with IL-4 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) render immature MDDCs with similar
characteristics to conventional DCs. This zz vitro model mimics inflaimmation
and infection, where it is believed that cytokines such as GM-CSF mobilize
increased numbers of monocytes that give rise to MDDCs (118). Indeed,

during infection it has been shown that monocytes can be recruited to the
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dermis and differentiate into dermal DCs that subsequently migrate into the
lymph nodes (118). In addition, upon inflimmation, monocytes can be
recruited directly to the lymph nodes. However, in the noninfectious steady
state, monocytes can only give rise to DCs in some non-lymphoid tissues (230),
whereas lymphoid tissue DCs emanate from other bone marrow progenitors
(123, 200). Overall, the lineage and developmental relationship between the
heterogeneous DC subtypes is still a matter of intense debate (5, 183, 199, 200,

231), reflecting a complexity as intricate as DC morphology.
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II. Dr. Jekyll’s potion:
The human immunodeficiency virus

So far we have seen that DCs orchestrate innate and adaptive immune
responses to invading pathogens and therefore have a pivotal role during viral
infections. However, viruses, including the human immunodeficiency virus
(HIV), have evolved different strategies to evade DC antiviral activity. Indeed,
like the potion prepared by Dr. Jekyll, HIV can awake the darkest side of our
DCs, causing these cells to contribute to viral transmission to new target cells
and accelerating disease progression. Intriguingly enough, some of the
ingredients of this evil potion allow the virus to escape from all the innate and
adaptive responses that DCs coordinate. After more than two decades fighting
HIV — the etiologic agent of the acquired immunodeficiency syndrome
(AIDS) — it is now evident that our immune system has failed to control disease
progression. HIV has spread worldwide and is now a pandemic that seriously
challenges public health. In 2007, 33 million people were living with HIV-1,
and around two million people had died from AIDS (AIDS epidemic update
2007; http:/ /www.unaids.org). The situation is particularly critical in many sub-
Saharan African countries, where it remains the leading cause of death in the
general population. Since our immune defenses are helpless in combating HIV
infection, there is an urgent need to find effective pharmaceutical treatments to
control this pandemic. This challenge to the scientific community has produced
extensive knowledge of several key aspects of the HIV structure and genome

(Figs. 7 and 8), allowing the design of various antiviral drugs.
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Figure 7. Schematic representation of the structure of HIV reconstructed after
analysis of viral cryo-sections. HIV belongs to the Retroviridae family, classified within
Group VI of enveloped RNA viruses. It is included in the Lentivirus genus, because it leads
to the long-term illness with an extended incubation period known as AIDS (120). HIV is a
spherical particle of approximately 90 to 150 nm diameter that integrates two copies of
positive single-stranded RNA surrounded by a conical capsid formed by the viral protein
p24°*. Viral RNA is tightly bound to nucleocapsid proteins, p7 and the enzymes needed for
the development of the virion such as reverse transcriptase, protease, ribonuclease and
integrase. A matrix, composed of the viral protein p17, maintains the integrity of the viral
particle. Surrounding the matrix there is an outer membrane, dragged off when a newly
synthesized viral particle buds from the host cell. Indeed, HIV buds from particular
cholesterol microdomains in the cell plasma membrane (23, 65, 151) unusually enriched in
glycosphingolipids, tetraspanin and other human proteins that have been previously used as
bona fide lipid raft markers (23, 244). Embedded in this membrane are viral envelope
glycoproteins containing two distinct parts: a trimer of gp120 projected towards the exterior
and a stem consisting of three gp41 molecules that anchor the structure into the viral
membrane. This complex enables the virus to attach to and fuse with target cells to initiate
the infectious cycle. The HIV cryo-sections are from (27), Cell Press, and the schematic

cartoon is from NIAID (http://www.niaid.nih.gov/factsheets /howhiv.htm).
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Figure 8. Scheme representing the structure of the HIV genome. The HIV RNA
genome has around 10 Kb and codes for nine genes. The products of gag, pol and env
contain the information needed to make the structural proteins and viral enzymes for new
virus particles. The gene env codes for a gpl60 precursor processed to yield the
glycoproteins gp120 (external) and gp41 (transmembrane). The gene gag encodes the capsid
proteins that are yielded when the precursor p55 is processed by the viral protease to p17
(MAtrix), p24“*¢ (CApsid), p7 (NucleoCapsid) and p6 proteins. The gene pol codes for the
viral enzymes PRotease, Reverse Transcriptase, RNaseH and INtegrase. Tat and rev code
for regulatory proteins that modulate transcriptional and posttranscriptional steps of virus
gene expression that are essential for viral replication. The four remaining genes, nef, vif, vpr
and vpu code for accessory or auxiliary proteins that are not necessary for viral propagation
in vitro, albeit their relevance 7z vivo. The ends of each strand of RNA are flanked by a long
terminal repeat (LTR) that act as a promoter of viral replication and can be triggered by
proteins from either HIV or the host cell. This information is posted in the HIV sequence

database (http://www.hiv.lanl.gov/). Owing to the precise knowledge of the viral genome,

different molecular constructs have been designed fused to fluorescent proteins or lacking
important genes such as the envelope, allowing the construction of traceable virus or single-

cycle replication competent virus.
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Although the first anti-HIV drug entered clinical use in 1987, it was not
until 1996 that the three-drug highly active antiretroviral therapy (HAART) was
implemented (184), leading to a net reduction in mortality and morbility in
developed countries. However, a decade after HAART’s introduction, over
0,800 persons become infected with HIV and over 5,700 persons die from
AIDS every day, mostly because of inadequate access to HIV prevention and
treatment setvices (AIDS epidemic update 2007; http://www.unaids.org).
Therefore, HIV has evolved to escape not only our immune system but also all
the antiretroviral drugs that have been designed so far.

In any event, how is HIV able to evade HAART and the innate and
adaptive responses that DCs coordinate? Many aspects of HIV’s biology aid in

explaining, at least in part, why our immune system is still loosing this fight.

1. HIV collapses our immune system

HIV mainly infects cells from the immune system bearing CD4 molecules and
the appropriate coreceptors on their surface (generally CCR5 and CXCR4,
determining the viral tropism or virus ability to employ these coreceptors).
Although these cell types are mainly CD4" T lymphocytes and macrophages,
infection can also affect B lymphocytes, monocytes, natural killer cells and
DCs, causing a gradual collapse of the host’s defenses leading to opportunistic
infections, various types of cancer, and eventual death: reviewed in (119, 184).
The main immunological feature of advanced HIV-mediated disease is a
fall in the number of circulating CD4" T cells, and this feature rapidly became
the main surrogate marker for HIV-related immunodeficiency. Once the
absolute CD4" T cell count falls below a threshold of 200 T cells per mm’ in
the peripheral blood, an individual becomes vulnerable to characteristic AIDS-

defining opportunistic infections and malignancies, as reviewed in (119, 184).
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Until the immune system collapses, four major stages of HIV
pathogenesis can be outlined (Fig. 9):

1) Acute virus infection lasting up to four weeks after viral
transmission. This clinical phase is characterized by viral dispersion throughout
the lymphoid organs. CCR5" T cells in lymphatic tissue become the principal
site of virus production (69, 160, 161). Interestingly, gut-associated lymphoid
tissue (GALT) is also an important site for early HIV replication and severe
CD4" T cell depletion, as reviewed in (119). During the establishment of
infection, the general features are a dramatic increase of viral RNA in plasma
and a partial lost of CD4" T lymphocytes.

2) Primary or early period during which high virus production takes
place, while HIV antibodies and cytotoxic responses appear. Once the adaptive
immune responses control viral replication, CD4" T cell counts are partially
recovered.

3) Persistent asymptomatic period where the virus is maintained at a
steady state set-point, primarily by the immune system. This viral set-point will
vary among individuals, probably influenced by different host factors (66).

4) Symptomatic period when viral production has reemerged and
presages the development of disease. The loss of CD4" T cells reaches a critical
threshold and the number of viral RNA copies in plasma increases constantly.
During this stage, HIV-1 proviral DNA can be isolated from CXCR4" naive T
cells (157): reviewed in (119). Under these circumstances, opportunistic
infections appear and the symptomatic phase known as AIDS leads to death.

Overall, these major stages of HIV pathogenesis clearly denote that by
targeting our immune system, HIV is able to gradually destroy our specific

antiviral defenses.
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Figure 9. Schematic diagram of the course of an HIV-1 infection. This diagram
illustrates the relationship between HIV-1 virus load (red line) and the CD4" T cell count
(blue line) over time in a typical case of untreated HIV-1 infection. Illustration from (184),

Nature Reviews Immunology.

2. Viral evasion and the Trojan exosome hypothesis

In addition to the global collapse prompted by viral targeting of our immune
cells, it is worth noting that HIV belongs to the Retroviridae family and
replicates through a DNA intermediate employing a reverse transcriptase
enzyme. This feature gives the virus another key advantage: viral DNA
integrates into the host genome and once incorporated, can remain
undetectable to the immune system for prolonged periods. Furthermore, HIV
is hypervariable due to its rapid replication rate, high mutation rate, and
capacity for recombination, leaving immune responses unable to control

evolving viral populations (Fig. 10).
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Figure 10. Causes of HIV variability. Illustration from the “AIDS Vaccine Blueprint
2006” edited by the International AIDS Vaccine Initiative.

Interestingly, aside from these well-known HIV features, a new
hypothesis with important consequences for viral immune evasion has recently
been proposed. This new model states that retroviruses, including HIV, are
indeed Trojan exosomes (79). As we have previously seen, many cells
synthesize and release small extracellular vesicles or exosomes that can induce
immune responses or fuse with the membranes of neighboring cells to
complete an intercellular vesicle trafficking pathway (49, 210, 215). The Trojan
exosome hypothesis postulates that retroviruses use a preexisting exosome
biogenesis pathway for the formation of infectious particles, also exploiting a
preexisting exosome uptake pathway for a receptor-independent, envelope-
independent mode of transmission (79). By subverting this pathway, HIV can

mimic exosomes and escape immune surveillance.
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Furthermore, this model provides a mechanistic explanation for many
important properties of retroviruses, including the array of host cell molecules
that retroviral particles display (7, 61, 87, 93, 135, 156, 158) and the observation
of receptor-independent and envelope-independent retroviral infections (40,
159): reviewed in (119). Let us then examine some of the linked features of
exosomes and retroviruses that support this hijacker hypothesis, focusing

specifically on HIV.

2.1 Similarities in host cell lipids and proteins

The Trojan exosome hypothesis predicts that retroviral particles and exosomes
will contain a similar array of host cell lipids and proteins. Retroviruses and
exosomes have a shared lipid composition that includes significantly higher
levels of cholesterol and glycosphingolipids than the cell plasma membrane (3,
142, 244). Retroviruses and exosomes also share many protein components that
are enriched relative to the cell plasma membrane — such as tetraspanins (60) —
or membrane proteins present at high levels in these particles as well as the cell
surface — such as integrins or MHC proteins (7, 61, 135, 156, 158, 175, 212) —
and numerous cytoplasmic proteins such as actin, cyclophilin, tsg101 and heat
shock proteins (88, 129, 136, 158, 212, 214). Moreover, side-by-side analyses
show identical host cell protein profiles for HIV particles and exosomal
preparations (15). Remarkably, these host cell proteins incorporated in
retroviruses are not just trace components, as some — such as MHC-II — can
exceed the abundance of the envelope glycoproteins (79). Interestingly, the
incorporation of these host components facilitates viral evasion, as camouflage

aids soldiers to pass unnoticed in the battlefield.
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2.2 Similarities in protein targeting and vesicle biogenesis

The Trojan exosome hypothesis also postulates that retrovirus budding can be
a manifestation of a normal, cell-encoded exosome biogenesis pathway. Indeed,
several lines of evidence suggest a link between the biogenesis and the release
of exosomes and retroviruses. In macrophages and DCs, exosome biogenesis
can take place by reverse budding into the multivesicular body, an intracellular
compartment that can fuse with the plasma membrane, releasing its internal
vesicles as exosomes. Analogously, HIV can bud in macrophages into
endosomes, releasing viral particles upon fusion with the plasma membrane
(20, 177); although these findings have been recently challenged (237).
Furthermore, previous studies have demonstrated an association of
endocytosed  HIV-1  particles with  intraluminal  vesicle-containing
compartments within immature DCs that liberate HIV in association with
exosomes (Fig. 11), permitting the infection of CD4" T cells (238).
Nonetheless, as we have previously mentioned, HIV mainly buds from
the plasma membrane of CD4" T cells. The Trojan exosome hypothesis
suggests that retroviruses should also bud from endosomal patches of the cell
surface that are transient entities that form as a consequence of endosome—
plasma membrane fusion. Interestingly, both exosomes and HIV can bud at
particular microdomains of the T cell plasma membrane that are not distributed
evenly across the cell surface but located in focal patches. These structures have
been termed endosome-like domains because they are enriched with a variety

of endosomal and exosomal proteins and are competent for outward vesicle

budding (23, 65).
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Figure 11. Exosomes and HIV in immature DCs. Endocytosed HIV-1 traffic into
intraluminal exosome-containing compartments or multivesicular bodies. Upon recycling of
these compartments with the plasma membrane, immature DCs liberate HIV in association

with exosomes, allowing infection of interacting CD4" T lymphocytes.

Although several lines of evidence indicate that these endosomal-like
domains correspond to the lipid raft structures from which HIV-1, ecotropic
murine leukemia virus (MLV) and other retroviruses have been suggested to
bud (128, 151), exosome release from lipid rafts remains controversial (116).
Either way, like retroviruses, exosomes derived from T and B lymphocytes are
enriched in cholesterol, glycosphingolipids and many tetraspanins that are
located in lipid rafts (23, 244). Furthermore, from a mechanistic point of view,
a recent paper has demonstrated that higher order oligomerization in the
plasma membrane targets proteins both into exosomes and HIV virus-like

particles (65).
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Even though this whole line of thinking is still controversial (45, 210),
the proposed exosomal origin of the retrovirus predicts that HIV poses an
unsolvable paradox for adaptive immune responses. Even more challenging is
that from this perspective, retroviral-based vaccines are unlikely to provide
prophylactic protection.

By underscoring the HIV features that contribute to viral escape, we
now know some of the most important ingredients of Dr. Jekyll’s evil potion.
However, we still do not know how the functional transformation of DCs into

Mr. Hyde takes place.
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ITI. Mr. Hyde:

Interactions of HIV-1 with dendritic cells

Because immature DCs are located in the mucosal epithelia, they are probably
among the earliest targets of HIV infection. Furthermore, upon maturation,
their preferential location in the T cell areas of lymphoid organs, where they
continuously interact with CD4" T cells — the main targets of HIV — renders
these cells one of the principal candidates for contributing to viral spread
vivo. These mechanisms are in fact what we have been referring to as the
functional metamorphosis of DCs into Mr. Hyde, a complex interplay that is
the main topic of this thesis.

In the following sections, we will review the different outcomes of the
interaction between DCs and HIV, including the direct productive infection of
these cells and the viral transmission mediated by DCs to CD4" T cells. This
later mechanism is unique to DCs among all immune cells, and therefore it will
be presented in greater detail. As we will emphasize, many efforts have been
dedicated to understanding the role of DCs in HIV disease progression,

although no evident consensus has been reached yet.

1. To be or not to be infected

Conventional DCs and plasmacytoid DCs are all susceptible to infection with
HIV (109, 201): reviewed in (168, 241). However, over the years DC infection
in vivo has remained controversial, probably because the frequency of HIV-1
infected DCs is often 10 to 100-fold lower than CD4" T cells (139). Indeed,
tinding productive HIV infection in a rare population of cells that migrate
rapidly from epithelial and dermal tissues upon antigen contact is a real

challenge. To gain insight into the infection of DCs and Langerhans cells
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during viral transmission at mucosal surfaces zz vivo, Simian Immunodeficiency
Virus (SIV) infection of rhesus macaques was studied. Employing this animal
model, several investigators were unable to detect SIV" Langerhans cells within
mucosal tissue after a couple of days following intravaginal or intraoral
inoculation of the virus (205, 248). By contrast, when vaginal tissue was
examined only 18 hours after intravaginal exposure, SIV-infected intraepithelial
Langerhans cells could easily be found (99), and virus could also be recovered
from lymph nodes in a DC associated form. In subsequent studies performed
in the gut-associated lymphoid tissue (GALT), where CD4" T cells were
present in large numbers, productive infection of T cells was more readily
detected than infection of DCs (25, 121).

Finally, HIV infection of DCs 7z vitro has also been difficult to detect
because HIV-1 replication in DCs is generally less productive than in CD4" T
cells or macrophages (81, 209). A number of reasons are presumed to explain
this moderate HIV infection of DCs, including the low levels of expression of
CD4 and coreceptors, and the rapid and extensive degradation of internalized
virus in intracellular compartments (144, 153, 226). Furthermore, DC
maturation is associated with a reduced ability to support HIV-1 replication,
being 10 to 100-fold less active in mature DCs than in immature DCs (9, 32,
81). Interestingly, this finding correlates with the observation that the levels of
the antiviral protein APOBEC3G increase during the DC maturation process
(170), allowing the accumulation of a cellular factor that effectively blocks the
HIV lifecycle after entry in primary cells (39). Therefore, the expression of host
factors that block HIV replication could also account for the restricted DC
infection observed.

Although limited, the small proportion of HIV infected DCs could
spread newly synthesized virus to T cells in a highly efficient way (126). Indeed,
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several lines of evidence suggest that the long-term ability of immature DCs to
transfer HIV relies on de novo production of viral particles after DC infection

(30, 153, 226).

1.1 General features of the HIV-1 replication cycle

Regarding the viral replication cycle (Fig. 12A), HIV follows several common
main steps in DCs, CD4" T cells and macrophages. After viral attachment to
the cell surface, the HIV envelope glycoproteins interact with the cellular
receptor CD4 and another cellular coreceptor, mainly CCR5 or CXCR4. This
allows the fusion of the viral membrane with the cellular membrane, the
liberation of the viral capsid and the final release of the RNA into the
cytoplasm. Viral reverse transcriptase catalyzes the RNA transcription into a
complementary DNA strand that is finally copied and translocated into the
nucleus as a double-stranded DNA molecule. This DNA is then integrated into
the host genome thanks to the integrase activity, where it can remain latent and
evade the immune surveillance. Upon cellular activation, HIV regulatory genes
are expressed, modulating the latter expression of structural genes. The
synthesis of viral polyprotein precursors allows the assembly and budding of
immature viral particles that are released into the extracellular milieu.
Maturation of viral particles culminates when viral protease processes the
incorporated protein precursors into the different viral proteins, allowing the

achievement of full viral infectivity, as reviewed in (221).

1.2 Specific features of the HIV-1 replication cycle in DCs

Despite its common features with HIV infection of CD4" T cells and
macrophages, DC infection has certain peculiarities. In the following sections
we will review some of these characteristics and their implications for HIV

pathogenesis.
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a) Viral binding
Regarding attachment (Fig. 12B), CLRs that are not expressed in T
lymphocytes, like DC-SIGN or DCIR, could play a role during viral binding to
the DC surface, facilitating viral interactions with CD4 and allowing fusion
(113, 117). However, these findings are challenged in another report (152),
leaving this subject open to further debate. Another recent work shows that
Syndecan-3, a DC-specific heparan sulfate proteoglycan, captures HIV-1

through its envelope glycoprotein, enhancing direct infection of DCs (48).

b) DC infection as a selection mechanism for CCR5 tropic viruses

DCs are more susceptible to infection by HIV-1 strains that use the CCR5
molecule as a fusion-coreceptor than by those strains that employ the CXCR4
coreceptor (81, 108, 180, 201, 204). This observation is crucial because it could
explain the preferential transmission of HIV-1 strains exploiting the CCR5
receptor during primoinfection and the selective amplification of these viral
strains during acute and chronic stages of disease progression 7 vivo (44, 194):
reviewed in (130). In general, immature DCs tend to express higher surface
levels of CCR5 and little or no CXCR4, whereas mature DCs tend to express
less CCR5 and higher levels of CXCR4 (110, 188, 246). This could provide a
simple explanation for the restriction of CXCR4 tropic HIV replication in
immature DCs or Langerhans cells, the gatekeepers of the mucosa that interact
with the virus during primary infection. However, other studies detected both
CXCR4 and CCR5 expression in immature DCs and Langerhans cells (126,
169). Another possible explanation springs from the fact that the fusion of
HIV-using CXCR4 coreceptors in immature DCs is restricted, irrespective of
the surface levels of CXCR4 (33, 169). Interestingly, similar observations have

been made in mature DCs, where maturation also results in decreased viral
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fusion with the plasma membrane (34) and a later inhibition of HIV
transcription when viral integration takes place (9). However, the mechanism or
mechanisms responsible for CCR5-tropic HIV-1 predominance eatly in
infection remains unknown, and several other plausible hypotheses aside from

DC susceptibility to HIV infection should be taken into account.

c) DC infection allows for antigen presentation to CD8" T cells

Finally, we should not forget that infected DCs contribute to antigen
presentation. Upon infection, viral proteins that gain access to the cellular
cytoplasm or that are being synthesized de novo can be processed by the
proteasome and presented in MHC-I molecules to CD8" T lymphocytes (144),
leading to cytotoxic cellular immune responses (Fig. 12B). This is precisely the
pathway that the HIV therapeutic vaccine is trying to enhance, employing DCs
pulsed with inactivated virus to stimulate a specific CD8" T response that could
aid the immune system of infected patients in controlling viremia, as reviewed

in (4).
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2. DC as Trojan horses: Viral transmission to CD4" T cells

It has been known for years that DCs exposed to HIV-1 transmit a vigorous
cytopathic infection to CD4" T cells (32). Interestingly, DCs do not need to be
productively infected to transmit the virus and spread it in an infectious form,
contrasting in this with other HIV-1 target cells like CD4" T lymphocytes or
macrophages. Indeed, separate pathways mediate the productive infection of
DCs and their ability to capture HIV-1 (19). This particular viral capture
mechanism involves binding and uptake of HIV-1, traffic of internalized virus
and its final release allowing transfer to CD4" T cells (76), a process known as
trans-infection (Fig. 13). The resemblance of this mechanism to the ruse
described in Homer’s Odyssey is obvious: viruses hide within DCs as the
Greek soldiers did within the Trojan horse, gaining access to the city of Troy
and taking the defenders by surprise, thus winning the war.

Knowing the antigen-presenting capabilities of immature DCs, one
would expect that after HIV interaction with surveillance receptors (PRRs),
endocytosed virus would end up in classical lysosomic pathways (Fig. 13),
where viral antigens are degraded and presented in MHC-II molecules to CD4"
T cells (145). Furthermore, part of the internalized virus could also gain access
to the cytoplasm and be processed throughout the proteasome, being finally
crosspresented in MHC-T molecules to CD8" T cells (31, 144).

However, in the specific case of HIV interaction with DCs, it has been
proposed that part of the internalized virus escapes these degradation routes
and its maintained in endosomal acidic compartments, retaining viral infectivity
for the long periods requited to promote efficient HIV-1 transfer to CD4" T
cells (76, 112).

Nevertheless, the mechanisms that mediate the prolonged survival of

virions captured by DCs are currently unclear and controversial. Indeed, it is
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ironic that professional antigen-presenting cells such as DCs, rich in
degradative compartments, are unable to process HIV and instead protect the
virions in an infectious form for periods longer than four days (76). A plausible
explanation could be that the longer retention of intact viral particles within an
intracellular compartment could in fact aid immunological surveillance,
allowing DCs to have a source of antigen to present to T cells in the absence of
surrounding viral particles. Therefore, this mechanism could be beneficial,
although recent works have demonstrated that immature DCs show rapid
degradation of captured viral particles, which do not last more than 24 hours
before being processed (144, 153, 226). As an alternative, these authors suggest
a two-phase mechanism of viral transmission mediated by immature DCs: one
restricted to a short period through the #rans-infection process and a later one
due to a long-term transfer of de novo viral particles produced after immature

DC infection (30, 153, 2206).
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2.1 Viral capture: The role of DC-SIGN

Trans-infection has been related to the ability of DC-SIGN expressed in certain
subtypes of DCs to tightly bind to the HIV-1 surface envelope glycoprotein
gp120 (76). Further studies also suggest that DC-SIGN on B lymphocytes or
macrophages could also be implicated in HIV-1 transmission to T lymphocytes
(179, 192). The initial identification of DC-SIGN as an HIV receptor
permitting #rans-infection of CD4" T cells led to the “T'rojan horse” hypothesis,
which relates the preliminary establishment of HIV-1 infection to the ability of
immature DCs to capture the virus via DC-SIGN in the peripheral tissue and
then migrate to the lymph nodes, where HIV-1 transferred to CD4" T cells
could easily start the spread of infection (Fig. 14). However, as we have
previously mentioned, several different mechanisms could mediate the
establishment of HIV infection 7z vivo (Fig. 15).

DC-SIGN affinity for monomeric gp120 is five times greater than the
one displayed by the receptor CD4 (406). That is why it was first suggested that
DC-SIGN could efficiently capture low numbers of HIV-1 particles in the
periphery, facilitating HIV transport to secondary lymphoid organs that are rich
in CD4" T cells, where infection of target cells would take place (76). Although
this DC-SIGN high affinity interaction could play a prominent role in
situations where the amount of free viral particles is limited, this does not need
to be the only physiological setting. Cell-to-cell viral transmission efficiently
concentrates viral particles at the site of cellular contacts, increasing
considerably the amount of contacting virus (64, 234) and its infectivity (50).

In fact, previous studies have calculated that only ~10% of the infections
in the lymphoid tissue are transmitted by cell-free virions and ~90% are
transmitted by infected cells (51). In our laboratory, it has been previously

shown that cell-free virus preparations containing amounts of p24“* equivalent
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to infected cells failed to transfer HIV antigens to unstimulated primary CD4"
T lymphocytes, while p24°*® antigen uptake occurred during cell-to-cell

contacts (17).

"Immature 1IDC | Nonlymphoid lissue

Lymphoid tissue

T-cell

O o

B7 CD28

Figure 14. The Trojan horse hypothesis. Immature DCs in the peripheral tissues capture
HIV and migrate to secondary lymph nodes, where they end their maturation process and
transmit captured virus to susceptible target T cells, allowing the initial spread of viral
infection in secondary lymph nodes. Here, the HIV-loaded DC or Trojan horse is
represented as a school bus. Modified from Roitt’s Essential Immunology, Blackwell

Publishing Ltd.

In vivo, primary subepithelial DCs in the gut, cervix, vagina, foreskin,
rectum and glans penis express DC-SIGN and are therefore thought to mediate
HIV-1 transmission (89, 103, 137, 203). DC-SIGN has also been detected in a
rare subset of CD14" cells that represent less than 0.01% in blood and setve as

DC precursors (58), and in DCs in lymph nodes and tonsils (59, 127). After
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isolation, DC-SIGN" DCs present throughout the whole rectal epithelia have
been shown to mediate transmission to CD4" T cells through DC-SIGN, but
only when low numbers of infectious viral particles were employed (89).
Interestingly, at higher viral inputs, DC-SIGN dependency was lost. Again,
DC-SIGN reliance in CD14" blood myeloid cells was only shown at low viral
inputs (58). Therefore, as we have previously mentioned, in cell-to-cell viral
transmissions, where large amounts of virus are concentrated, the role of DC-
SIGN might be dispensable. Another report has shown that migratory cells
emigrating from cervical tissue efficiently captured and transmitted HIV-1
infection in #rans (100). Although the DC-SIGN role was highlighted in this
study, antibodies against DC-SIGN could only block 30% of viral transmission
to target cells, further stressing that multiple receptors are involved in HIV-1
uptake by conventional DCs.

Finally, it is worth mentioning that DC-SIGN interactions with the
gpl20 envelope glycoprotein do not distinguish between the tropism of
different viruses, allowing equal #rans-infection of both CCR5 and CXCR4-
tropic viruses (76, 81, 84, 126, 172). Thus, this model fails to explain the initial
establishment of CCR5 tropic viral strains during primoinfection and adds an
additional caveat to the original Trojan horse hypothesis. Furthermore, it has
been recently observed that transmission of HIV-1 by immature and mature
DCs is significantly higher for CXCR4 than CCR5-tropic viral strains and that
DCs preferentially facilitate infection of viral populations with an envelope
phenotype found late in disease (228). Hence, these authors hypothesize that
this discrimination could contribute to the 7z vivo coreceptor switch and could
be responsible for the increase in viral load at later stages of disease

progression.
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2.2 DC-SIGN-Independent viral capture mechanisms
Although DC-SIGN has been proposed as the most important HIV-1

attachment factor that concentrates virus particles on the surface of DCs (76,
112), other studies also suggest that HIV-1 binding, uptake and transfer from
DCs to CD4" T lymphocytes may involve alternative pathways such as C-type
lectin receptors (CLRs) — including mannose receptor, DCIR and trypsin-
sensitive CLRs — CD4-independent receptors and glycosphingolipids, such as
galactosyl ceramide expressed on the DC surface (22, 82, 86, 113, 132, 223,
225, 240). These studies demonstrate that a single receptor is not responsible
for HIV-1 binding to all DC subsets (100, 225) and highlight that additional
HIV-1 binding molecules remain to be identified. Furthermore, the relative
contribution of these receptors to HIV-1 transmission 7z vivo and their role in
different DC subsets is still largely unknown.

Intriguingly, these alternative results have been somehow eclipsed by the
initial DC-SIGN findings, although there are several limitations to the
preliminary proposed model. For instance, the functional relevance of the high-
affinity interaction between HIV-1 and DC-SIGN has been hampered in
several studies by the use of monomeric glycoprotein gp120 instead of HIV-1
virions bearing the functional trimeric gp120 protein (76, 98, 112, 202, 223,
225). Furthermore, even when this limited monomeric gp120 model is
employed, results obtained in freshly isolated or cultured peripheral blood DCs
differed from initial observations in monocyte-derived DCs, as this more
physiological set of cells binds gp120 only through CD4 and not through CLRs
(223-225). Additionally, blood Myeloid DCs and Langerhans cells do not
express DC-SIGN, but can mediate HIV #ans-infection (63, 82).

Finally, the viral capture and cellular contacts that lead to #rans-infection

of CD4" T cells could also have been initially misinterpreted, because the
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presumed “THP-1” monocytic cells used to model DCs in those studies (70,
112, 172, 219) were instead Raji B cells (242). Interestingly, B cell transfectants
that express DC-SIGN mediate HIV #rans-infection as efficiently as DCs,
whereas monocyte transfectants do not (242). However, in permissive cell lines,
DC-SIGN promotes transfer of HIV infection in a manner that is strictly
dependent on DC-SIGN (6, 76, 112, 219) and its level of expression in the cell
surface (12, 172). These unambiguous results contrast with studies in primary
DCs that have shown a variable contribution of DC-SIGN in the transfer of
HIV infection to CD4" T cells (ie. from a minimal to a significant
contribution), perhaps depending on the DCs used, as well as the experimental
conditions employed regarding for instance the viral input added.

Overall, these findings reinforce the idea that the cellular environment is
an important consideration when examining the transmission of HIV captured
by DC-SIGN or other viral attachment factors (241). Collectively, these studies
explain why the preliminary results regarding DC-SIGN function in HIV-1

pathogenesis are controversial and need further investigation.

2.3 Intracellular viral trafficking

Regardless the nature of the initial receptors implicated in the viral binding
process, once the virus is attached to the surface of the DCs, it is internalized
into endosomes or multivesicular bodies — (74, 111) and (Fig. 16A). These
structures are endocytic vesicles with a mildly acidic pH that are enriched in
tetraspanins, such as CD81, CD82 or CD9, and other related molecules (74).
However, in this field it seems as though every discovery is fraught with
controversy. A recent study challenges this internalization view (35), suggesting
that cell-surface-bound HIV is the predominant pathway for viral transmission

mediated by monocyte-derived DCs (Fig. 16B). In contraposition to the results
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obtained by this group, several other publications have reported that HIV
associated with DCs at 37°C is protected from trypsin treatment (19, 76, 238)
and from Pronase treatment (22, 63, 234). Therefore, the most extended view
proposes that the virus is endocytosed and accumulated into a non-
conventional, non-lysosomal, endocytic compartment protected from
proteolytic treatments. Interestingly, the latest report on this topic reconciles
these two models by demonstrating that the intracellular, apparently
endocytosed HIV remains fully accessible to surface-applied viral inhibitors and
other membrane-impermeable probes (245). These results demonstrate that
HIV resides in an invaginated domain within DCs that is both contiguous with

the plasma membrane and distinct from classical endocytic vesicles (Fig. 16C).

Figure 16. Models of #rans-infection. (A) MVB/exosomal transfer. HIV is endocytosed
and concentrated in a non-degradative late endosome or multivesicular body (MVB). The
MVB subsequently fuses with the DC plasma membrane and delivers HIV by exocytosis.
(B) Surface transfer. Only surface-bound HIV is able to infect CD4" T cells. Internalized
HIV is degraded following lysosomal maturation. (C) Pocket transfer. HIV is concentrated
and internalized in a non-endosomal compartment that remains contiguous with the plasma
membrane. HIV remains accessible to the extracellular milieu and individual virions are
delivered back to the DC surface prior to transmission. Illustration from (245), Plos

Pathogens.
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Notably, the location of internalized virions is dramatically different in
immature and mature DCs (70). Strikingly, the poorly macropinocytic mature
DCs sequester significantly more whole, structurally intact virions into large
vesicles deep within the cells, whereas the endocytically active immature DCs
not only retain fewer internalized virions, but also locate them closer to the cell
periphery (70). Therefore, most of the characterization of multivesicular bodies
has been done in mature DCs, where the cellular tetraspanins have been shown
to co-localize with endocytosed virus (74). In immature DCs, partial co-
localization with transferrin has been identified during the early time points of
viral entry (112), but later time points show partial co-localization with
tetraspanins as well (238). Overall, the precise intracellular trafficking and

localization of internalized HIV within DCs remains to be elucidated.

2.4 Viral transmission: Infectious synapses and exosomes

How is the endocytosed virus released and transferred to CD4" T cells? This is
a key issue that still lacks a molecular explanation. Initial 7# zitro studies using
monocyte-derived DCs indicated that cell-to-cell contact is required for
efficient CD4" T cell infection (220). More recently, studies have revealed that
HIV-1 transmission can occur across the infectious synapse, a cell-to-cell
contact zone between DCs and CD4" T cells that facilitates transmission of
HIV-1 by locally concentrating virus and viral receptors (6, 74, 138, 167): also
termed “the kiss of death” in our laboratory (Fig. 17). It is worth mentioning
that the infectious synapse is formed between an uninfected DC that directs
transfer of the captured virus to an uninfected target cell. In contrast, the term
“virological synapse” normally refers to the interaction between productively
infected cells and uninfected target cells (167). The difference between these

two mechanisms might be more pronounced than previously expected, given
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that the envelope glycoprotein expression on the surface of infected cells
increases the number of effective contacts between infected DCs or CD4" T
cells and uninfected target T cells (173, 222).

In the absence of the envelope glycoprotein, the structure of the
infectious synapse could have similarities to the immunological synapse, which
is formed between mature antigen-presenting cells and T cell conjugates. In
both types of synapses, adhesion molecules such as ICAM-1 and 3 have been
found to play a relevant role (83, 143).

Infectious Synapse

Mature
Dendritic Cell

Figure 17. Infectious Synapse; “the kiss of death”. Mature monocyte-derived DC
previously pulsed with fluorescently labeled HIV (green) concentrates viral particles at the

site of cellular contact with a CD4" T cell, distinguished by the red staining.
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However, the infectious synapse does not need antigen processing or
recognition and thus requires less time to be formed. Infectious synapse
assembly is probably initiated by a normal cellular process in which DCs form
transient contacts with T cells without the requirement for antigen specificity:
this is proposed to be a kind of “scanning” by a T cell to enable potential
recognition of a cognate peptide presented by the APC (181). T cells approach
DCs randomly and make exploratory contacts that last only minutes, enabling
DCs to contact thousands of T cells per hour (141). DC-T cell conjugates are
formed and virions concentrate at the surface in contact with the T cell, while
the HIV-1 receptor CD4 and coreceptors appear to be partially enriched in the
T cell at the point of contact with the DC (138). Therefore, receptor
recruitment and virus polarization at the synapse site explains, at least in part,
why DC transmission of HIV-1 to T cells is such an efficient process (168).

The formation of infectious synapses could explain why 7 vivo, HIV
infects antigen-specific CD4" T cells more efficiently than other CD4" T cells
(54). HIV-specific naive CD4" T cells become activated on first encounter with
HIV antigens presented by DCs in the lymph node and are in prolonged close
proximity to HIV-containing DCs, becoming highly susceptible to HIV
infection as they undergo several rounds of division during their initial
expansion and differentiation into effector T cells (54). Latter works 2 vitro
have demonstrated that HIV-bearing DCs preferentially infect antigen-specific
CD4" T cells (126, 145), further supporting this model.

Interestingly, the set of cell-surface molecules that contributes to the
infectious synapse and potentially supports the transfer of HIV-1 from DCs to
CD4" T cells has not yet been fully identified, although DC-SIGN involvement
has been indicated (6). A potential explanation for the role of DC-SIGN in

DC-T cell infectious synapse formation has been recently proposed. HIV
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binding to DC-SIGN recruits the Rho guanine nucleotide-exchange factor
LARG, which increases DC-T cell infectious synapse formation (90).
However, the functional relevance of this process remains largely
uncharacterized. Finally, tetraspanins, which also participate in antigen
presentation and immunological synapse formation, are enriched in the DC-T
cell infectious synapse (74).

We should not forget that immature DC-derived exosomes can mediate
HIV-1 #rans-infection (238). This work demonstrates that captured HIV-1 is
rapidly internalized into multivesicular bodies, where exosomes are produced
by reverse budding (Fig. 11). Intriguingly, some of the endocytosed HIV-1
virions are constitutively released into the extracellular milieu associated with
exosomes, allowing delivery of infectious virus to target CD4" T cells.

Overall, ¢is and frans-infection mediated by infected or uninfected DCs
via virological synapses, infectious synapses or the release of exosomes are
likely to contribute to the # vivo transfer of HIV from DCs to CD4" T cells.
However, clear evidence for any of these described modes of viral transmission
from DCs to CD4" T cells iz vivo is still lacking. Recent experiments performed
ex vivo in tissue culture models show that HIV concentrates along the adherent
junction between emigrant Langerhans cells and CD4" T cells conjugates from
the human vaginal epithelium, supporting the formation of an infectious
synapse (94, 95). Remarkably, individual Langerhans cells were heavily loaded
with virions when viewed two hours after challenge by electron microscopy,
but productive HIV-1 infection in these vaginal cells was not detected. Even if
viral production occurred but was not detected, it must have been relatively
inefficient in comparison to the great capacity of Langerhans cells to
endocytose HIV-1 (95). These results favor a model in which viral transmission

can occur efficiently in the absence of viral replication (138, 240, 243).
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2.5 Role of DC maturation in HIV-1 transmission

Mature DCs are potent stimulators of naive T cells concentrated in the
secondary lymph nodes. Therefore, their preferential location at the key sites of
viral replication and their continuous interaction with the HIV-1 main target
cells renders mature DCs as one of the most compelling potential candidates to
promote viral dissemination 7z vivo. However, the relevance of mature DC
mediated #rans-infection during acute and chronic phases of HIV-1 infection
has not yet been evaluated, since most attention has been focused on early
events of HIV infection and the role of immature DCs, as previously
commented. Nevertheless, immune synapses established by mature DCs
presenting HIV antigens to HIV specific CD4" T cells can activate the
proliferation of these cells within the T cell areas of the lymph nodes, thereby
enhancing T cell susceptibility to viral infection. In this scenario, mature DCs
would capture HIV and transmit the virus to HIV specific CD4" T cells that
would in turn become infected in #rans, a process that could explain why HIV
preferentially infects these specific CD4" T cells (54).

Depending on the activating signals that immature DCs receive, they can
develop into different subsets of mature DCs with differing capabilities of
HIV-1 transmission. Immature DCs cultured with the CD40 ligand, interferon-
vy (IFNY), lipopolysaccharide (LPS) or polyinosinic—polycytidylic acid (polyl:C)
have greater #rans-infection capacity than immature DCs or DCs matured in the
presence of prostaglandin E2, or other maturation factors, such as IL-1P and
tumor-necrosis factor (241). Interestingly, it was also shown that circulating
LPS is significantly increased in chronically infected HIV™ individuals (26).
These authors suggest that during acute HIV infection, CD4" T cells of the
mucosal gut are depleted, compromising the integrity of the mucosal barrier

and leading to increased translocation of bacteria from the intestinal lumen.
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Bacteria and bacterial components stimulate innate immune cells like DCs
systemically, creating the proinflaimmatory milieu associated with chronic HIV
infection (25). Indeed, in this study, the median plasma LPS level in patients
with disease progression was 75 pg/ml, five times the amount required to
stimulate the systemic immune activation in non-infected volunteers (211).

This hypothesis could explain why in subjects with HIV-1 viremia, blood
DCs have increased expression levels for costimulatory molecules (the hallmark
of maturation status) that only diminish when HAART suppresses the viral
load (13). Interestingly, a recent report shows that activated CID34-derived
Langerhans cells mediate the #7ans-infection of HIV (63), suggesting a potential
role for these mature cells during the establishment of HIV infection,
particularly enhanced when sexually transmitted diseases cause inflammation of
the genital lining.

Mature DCs could also act as viral reservoirs and maintain HIV-1
infection zz vive. However, the half-life of these cells is thought to be shorter
than other cellular reservoirs, like memory T cells or macrophages. Indeed,
mature DCs are estimated to live two to three days (115, 185). However, a
recent report in mice has shown that in the spleen or the lymph nodes,
migrating DCs persisted over a ten to fourteen-day period, being replenished
from blood-borne precursors at a rate of nearly 4,300 cells per hour (123).
Interestingly, these cells underwent a limited number of divisions and daughter
DCs presented antigens captured by their progenitors, suggesting that DC
division in peripheral lymphoid organs can prolong the duration of antigen
presentation z vivo (123), perhaps through exosome exchange.

In vitro, it is well documented that the efficiency of HIV-1 transmission
through frans-infection can be increased by maturation of DCs (81, 138, 191).

This observation has led to the suggestion that more efficient interactions
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between mature DCs and CD4" T cells could contribute to the enhanced
efficiency of HIV-1 transmission, possibly due to stronger DC-T cell
interactions, owing to an increase expression of ICAM-1 that favors binding to
T cell-expressed LFA-1 (138, 191). However, the mechanism or mechanisms
that underlie this augment in viral transmission have not yet been defined
propetly (241).

Finally, differences in the membrane’s attachment factors binding HIV-
1, viral capture, endocytosis, intracellular trafficking and the recycling of HIV-1
within the diverse subsets of mature DCs could also contribute to the variation
in their ability to transmit the virus. However, none of these mechanisms have
been accurately characterized yet, though they could have major implications

for disease progression.

According to this scenario, we believe that extensive work to reveal the
unknown mechanisms associated with viral transmission mediated by mature
DCs is needed to provide new insights into AIDS pathogenesis. This
knowledge could accelerate the development of new therapeutic targets and

aid in selecting the safer candidates to use in a DC-based therapeutic vaccine.
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Mature DCs have higher ability than immature DCs to transmit the virus to
target T cells. Furthermore, mature DCs continuously interact with CD4" T
cells at the lymph nodes, the key site of viral replication during HIV

pathogenesis.

Given the unique capability of mature DCs to enhance HIV-1 infection,
we hypothesize that these cells could augment viral dissemination in the
lymphoid tissue and contribute to disease progression iz vivo. Therefore,
elucidating the mechanisms underlying mature DC-enhanced HIV-1
transmission could be crucial for the design of effective therapeutic

strategies aimed at blocking viral spread.

The specific objectives pursued in this thesis are outlined on the following

page, and will be extensively presented in the next chapters.



Hypothesis & Objectives

Specific Aims:

¢ 1. To compare the process of binding, endocytosis, intracellular
trafficking and cell membrane recycling of HIV-1 in mature and immature

DCs.

¢ 2. To evaluate the role of DC-SIGN during viral capture, developing an
i vitro assay to specifically assess the contribution of distinct DC-SIGN

polymorphic variants during the #rans-infection process.

¢ 3. To explore the molecular determinant or determinants expressed on

the membrane of mature DCs, responsible for the capture of HIV-1.

¢ 4. To characterize the intracellular trafficking of the virus in mature

DCs.

¢ 5. To visualize and study the mechanisms of infectious synapse

involved in the HIV-1 transmission from mature DCs to CD4" T cells.
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1. Cell culture

1. Primary cells

To obtain monocytes, heparin-treated venous blood from HIV-1-seronegative
donors was diluted 1:2 (volivol) in phosphate buffer saline (PBS) and
centrifuged for 15 minutes at 900 r.p.m., with the brake on during deceleration
to easily discard the top phase containing the plasma and platelets. The blood
was then diluted again in PBS and centrifuged for a second time as described
above. Immediately after discarding the top phase, the blood was incubated for
20 minutes at room temperature with RosseteSep CD3 Depletion kit (Stem-
Cell), adding 300 ul anti-CD3-anti-glycophorin per 25 ml. The blood was then
diluted 1:2 (vol:vol) in PBS and layered in a Ficoll-Hypaque density gradient.
Peripheral blood mononuclear cells (PBMCs) lacking CD3" cells were
recovered after centrifugation for 30 minutes at 1,850 r.p.m. After washing
three times with PBS; cells were counted with Perfectcount beads (Cytognos)
using flow cytometry (Fig. 18). Isolation of highly purified monocyte
populations was done with CD14 positive selection magnetic beads (Miltenyi

Biotec) following the manufacturer’s instructions. Monocytes were counted
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with Petfectcount beads, and purity (>97% CD14") was assessed by flow

cytometry labeling CD14" cells and analyzing forward and side-scatter

parameters.

Beads + CD3 depleted PBMCs
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Figure 18. Cell count and monocyte isolation. Top dot plots are representative samples

with Perfectcount beads and CD3 depleted PBMCs. The number of cells (highlighted in red)

and the number of FL2-H fluorescent beads (highlighted in green) are indicated. The

percentage of A and B Perfectcount beads (differentiated by their distinct fluorescent

intensity) is also indicated because these parameters serve as an internal control to verify that

the final number of beads per pl added to our sample is equal to the concentration specified

in the kit. The formula employed to calculate absolute cell numbers is also shown in the

marked box. The dot plot at the bottom shows a representative example of Perfectcount

beads mixed with isolated monocytes.
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The addition of 1,000 U/ml of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and 1,000 U/ml intetleukin-4 (IL.-4) — both from
R&D — to 8 x 10° cells/ml cultured in RPMI containing 10% fetal bovine
serum (FBS) from Invitrogen, differentiated monocytes into immature
monocyte derived DCs (IDCs) after seven days. Culture medium containing I1.-
4 and GM-CSF was replaced every two to three days. DC maturation was
achieved by culturing iDCs at day 5 for two more days in the presence of 100
ng/ml of lipopolysaccharides (LPS; Sigma). LPS treatment generated clustered
cultures with mature monocyte derived DCs (mDCs) presenting more
abundant and longer dendrites than in iDCs cultures (Fig. 19). Interestingly, the
vertical culture of monocytes in T25 flasks (BD) yielded higher numbers of
DCs in suspension after seven days of culture than the other systems tested.
When we talked pleasantly to the cells (for instance, by wishing them good
luck), DC recovery was routinely higher than 60% of the monocytes seeded.

Myeloid DCs were isolated from the PBMCs fraction of the HIV-1-
seronegative donors by employing the CD1c” (BDCA-1) isolation kit (Miltenyi
Biotec) right after the depletion of CD3" cells with the RosseteSep CD3
depletion kit. Enriched populations of Myeloid DCs were cultured at a final
concentration of 8 x 10 cells/ml for two days in the presence of 20 U/ml of
GM-CSF. After isolation, we obtained an average of 92% CD11c" cells with
traces of CD3" cells (< 1%), where the main contaminants were monocytes
and B lymphocytes (< 7%). However, plastic adherence after two days of
culture in the presence of GM-CSF reduced the presence of CD14" monocytes
in suspension to 3% of the cells. Furthermore, when DCs and blood Myeloid
DCs were obtained from the same donor, CD14" cells were removed before

BDCA-1 purification, resulting in reduced levels of contaminant CD14" cells.
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Mature Myeloid DCs were obtained by adding 100 ng/ml of LPS in parallel

during those two days of culture.

Immature Monocyte Mature Monocyte
derived DCs ~ derived DCs

Immature Monocyte Mature Monocyte
derived DC derived DC

Figure 19. Comparative morphology of monocytes, iDCs and mDCs seen by
epifluorescent microscopy. Rounded monocytes differentiate into iDCs that present
dendrites or prolonged projections of the membrane. Maturation increases the length of

dendrites, as can be seen by confocal microscopy.

Epifluorescence
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Cells were kept at 37°C in 5% CO, incubators. All the cell lines were split three

times a week until passage number 40. Cell lines were routinely tested for

Mycoplasma using the Mycoalert™ detection assay (Lonza). All media

contained 100 U/ml of penicillin, 10 ng/ml of streptomycin and 10% FBS (all

trom Invitrogen).

The cell lines employed during this thesis are characterized in Table 1.

Celltype Description Selection
Raji * Human B cells CD19" RPMI None
Raji DC-SIGN Human B cells Raji cells stably transfected with DC-SIGN RPMI Geneticin, 1 mg/m|
Hut CXCR4? Human T cells CD4" CXCR4" RPMI None
Hut CCR5* Human T cells Hut CXCR4" stably transfected with CCR5 RPMI Geneticin, 300 pg/ml
Puromicin, 1 pg/ml
Jurkat ? Human T cells CD4" CXCR4" RPMI None
MOLT NL43 * Human T cells Chronically infected with HI V43 provirus RPMI None
MT4? Human T cells CD4" CXCR4" RPMI None
GHOST P4R5 2 Human HOS cell line derived Stably transfected with CD4, CXCR4, CCR5. | DMEM Geneticin, 500 pg/iml
from an osteosarcoma Indicator: Contains an HIV-2 LTR linked to a Hygromicin, 100 pg/ml
green fluorescent protein (GFP) gene. Puromicin, 1 gl
HEK -293T? Human embryonic kidney cells CD4 CXCR4 DMEM None
K562 DC-SIGN * Human Monocytic cells Stably transfected with DC-SIGN RPMI Geneticin, 300 pg/ml
TZM-bl 2 JC53-bl Hela cell line Stably transfected with CD4, CXCR4, CCR5. | DMEM None

(clone 13)

Indicator: Luciferase and f-galactosidase
genes linked to the HIV-1 promoter.

Table 1. Cell lines. ' Kindly provided by Dr. Van-Kooyke; * obtained trough NIH AIDS

Research and Reference Reagent Program, °

kindly provided by Dr. KewalRamani,

‘characterized in the Fundaci6 irsiCaixa by Dr. J. Blanco and ° kindly provided by Dr.

Cotbi.
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II. Immunophenotype

Monocytes were immunophenotyped immediately after isolation, while Myeloid
DCs and DCs were stained at day 2 and at day 7 respectively. All cells were
previously blocked with 1 mg/ml of human IgG (Baxter, Hyland Immuno) to
prevent binding to Fc receptors through the Fc portion of the antibody.
Rainbow calibration particles (BD) were used before labeling the cells to ensure
the consistency of fluorescence intensity measurements throughout the
experiments. All cells were stained at 4°C (to avoid antibody internalization) for
20 minutes, washed and resuspended in PBS containing 2% formaldehyde.

Samples were analyzed in a FACSCalibur flow cytometer (BD) using
CellQuest software to evaluate the data collected. Forward-scatter and side-
scatter light gating were used to exclude dead cells and debris from the analysis.
Cells were stained using the previously tittered monoclonal antibodies (mAbs),
listed in Table 2, using their matched isotype controls.

The basic immunophenotype of monocytes was evaluated before further
culture (Fig. 20). Adequate differentiation from monocytes to iDCs was based
on the loss of CD14 and the acquisition of DC-SIGN, while maturation
upregulated the expression of CD83, CD86 and HLA-DR in DCs and Myeloid
DCs (Fig. 20). The Raji B lymphoid cell line transfected with DC-SIGN (used
as a control in several experiments) showed a similar surface marker pattern as

mDCs, but lacked CD4 expression and displayed less CD86 (Fig. 20).
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Fluorophore Antibody Cell type identified
CD14 Monocytes Pharmingen
CD11c Blood Myeloid DCs Serotec
(Fluorescein
isothiocyanate) CD86 Mature DCs Pharmingen
CD19 B Lymphocytes BD
PE
CD83 Mature DCs Pharmingen
(Phycoerythrin)
DC-SIGN DCs R&D
CD3 T Lymphocytes BD
PerCP T Lymphocytes;
CD4 BD
(Peridinin chlorophyll Monocytes; DCs
protein) HLA-DR Mature DCs BD

Table 2. Monoclonal antibodies (mAb) employed to phenotype membrane surface of

monocytes, DCs, blood Myeloid DCs and cell lines.
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1. DC-SIGN quantification

Quantibrite kit (BD) was routinely employed to obtain the mean number of
DC-SIGN antibody binding sites (ABS) per cell.

The kit was used according to the manufacturer’s instructions. However,
to ensure the consistency of fluorescence intensity measurements throughout
the experiments, Rainbow calibration particles (BD) were employed before
each quantitation (Fig. 21).

The mean number of PE-labeled DC-SIGN ABS per cell (antibody-to-
PE ratio of 1:1; R&D) was quantified by regressing the geometrical mean
fluorescence intensity obtained in each sample to a standard linear regression
curve built with four different precalibrated beads conjugated with fixed
numbers of PE molecules per bead.

Geometrical mean fluorescence-obtained labeling with goat anti-mouse
immunoglobulin G2b (IgG2b) PE was used as an isotype control (BD), and the
ABS-per-cell values obtained were subtracted from the values of corresponding
samples. Figure 21 summarizes this process.

All cells were previously blocked with 1 mg/ml of human IgG to
prevent binding to Fc receptors through the Fc portion of the antibody. Cells
were stained at 4°C for 20 minutes, washed and resuspended in PBS containing
2% tormaldehyde. Samples were analyzed in a FACSCalibur flow cytometer
(BD) using CellQuest software and the QuantiQuest function to evaluate the

data collected.
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Figure 21. Diagram of the procedure followed to quantify DC-SIGN ABS. (A) Top dot
plot and histogram show Rainbow beads forward-scatter and side-scatter parameters and the
peaks of fluorescence in FL2. These beads were routinely employed to calibrate the
cytometer laser. (B) The middle dot plot and histogram show Quantibrite beads morphology
and fluorescence in FL2, corresponding to the four different precalibrated beads conjugated
with fixed numbers of PE molecules. (C) These beads were employed to construct the
regression line shown in the graph. (D) The bottom plots show mDCs forward and side-
scatter, the fluorescence of the isotype control and the anti-DC-SIGN mAb labeling.
Geometric mean fluorescence intensities obtained this way were extrapolated to the
regression curve shown in the graph to obtain the mean number of DC-SIGN ABS per cell.
Notably, the settings (detectors and amps) were kept constant throughout all the acquisitions

of Rainbow beads, Quantibrite beads and the cells of interest.
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III. Plasmids

Infectious = single-round  psendotyped HIV-1 stocks (HIVigp nrasi.) Were
generated by cotransfecting the envelope-deficient proviral vector pNLA4-
3.Luc.R-E- containing the firefly luciferase reporter gene (obtained through the
NIH AIDS Research and Reference Reagent Program from Dr. N. Landau)
with the plasmid pJRFL expressing the envelope glycoprotein of the CCR5-
tropic strain HIV-1;p (kindly provided by Dr. V.N. KewalRamani). This
process is depicted in Figure 22, where the single-round infectious assay is

represented. The proviral constructs HIV, . ;45 and HIV (both lacking

Aenv-Bru
the envelope glycoprotein) were generated by transfecting the vector pNL4-
3.Luc.R-E- alone or the proviral construct pBru engineered not to express the
envelope gene (from Dr. S. Gummurulu).

Full-length replication-competent HIV ¢, HIVy,4; and HIV,; were
obtained by transfecting the proviral construct pNFN-SX (154), an HIV-1-
NLA4-3 provirus that expresses the HIV-1-JRFL envelope glycoprotein (kindly
provided by Dr. W. O’Brien), the proviral construct pNL4-3 and the proviral
construct plLai. HIVy;4s..eorp Vitus was generated by cotransfecting the
vector pNL4-3 with a plasmid containing the vpr viral protein fused to eGFP,
as previously described (247).

Viral-like patticles VLPyy g, .orp Were generated by transfecting the
molecular clone pGag-eGFP, obtained through the NIH AIDS Research and
Reference Reagent Program, from Dr. Marilyn D. Resh (92, 122, 165, 196). The
plasmid pHIV-Gag-Cherry was constructed by substituting the eGFP sequence
tor mCherry (derived from pmCherry-N1; Invitrogen) by swapping a BamHI-

Xbal fragment. VLPy;y g,, were produced by transfecting the molecular clone
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pCL-Eco (ImGenex) that expresses all of the ecotropic murine leukemia virus

(MLV) structural genes.

(=]
[-{>CD—|_—_;_;:—(> Lue ‘[U’O‘] pNL4-3.Luc.R-E-Luciferase

Transfection

Viral Stock Single
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Figure 22. Schematic representation of single infection viral assay. An HIV-1 plasmid
lacking the envelope glycoprotein and a construct containing it are cotransfected in HEK-
293T cells. The viral stock produced has a viral genome lacking the envelope gene but
bearing the intact envelope glycoprotein in the viral membrane. Once this stock infects the
target cells, the viral genome integrated expresses the luciferase reporter gene that can be
detected by luminometric techniques. These infected target cells produce viral particles that
lack the envelope glycoprotein in their membrane and are therefore not able to infect new

target cells.
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1V. Transfections and viral stocks

All the previously described plasmids were used to transfect HEK-293T
producer cells and obtain the different viral stocks. Briefly, HEK-293T cells
were transfected with calcium phosphate (CalPhos, BD) in T75 flasks using up
to 20-30 pg plasmid DNA. Viral stocks were also generated after HIV, 5
infection of phytohaemagglutinin (PHA) stimulated PBMCs or HIV,,;
electroporation of MT4. Supernatants containing virus and VLPs were filtered
(Millex HV, 0.45 um, Millipore) and frozen at -80°C until use.

To determine the p24“* content of viral stocks, an enzyme-linked
immunosorbent assay (ELISA) was used (Alliance HIV-1 p24 antigen ELISA
kit, Perkin-Elmer). Generally, viral stocks contained 1 to 2 pug of p24“* per ml.
The p24°* content of VLP1y Gagegrp Stocks was measured with a sandwich
p249% ELISA using the anti-p24°* monoclonal antibody 183-H12-5C (AIDS
Research and Reference Reagent Program) and HIV Ig (AIDS Research and
Reference Reagent Program), as described previously (235).

HEK-293T cell derived VLPy;y g,, containing supernatants were tested
for the presence of reverse transcriptase activity as described in (78). Briefly, 15
ul cell supernatant were incubated with 50 pl reverse transcriptase buffer (50
mM Tris pH 7.8, 75 mM KCL, 2 mM DTT, 5 mM MnCl,, 0.05% NP40, 0.01 M
EGTA, poly A-dT and [0-P]-T'TP) for 90 minutes at 37°C. Ten ul of the
reverse transcriptase reaction were spotted on DE81 cellulose paper, air-dried
and washed five times with 1x SSC buffer and twice with 95% ethanol. The
blots were exposed to autoradiography and the signals were quantified with a
Phosphorimager (Molecular Dynamics).

To obtain the viral titers of HIVrp niasr, used for frans-infection

assays, we employed the Ghost CCR5" indicator cell line containing an HIV-2
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long terminal repeat linked to a GFP gene (146), resulting in a viral stock of 6.1

median 50% tissue culture infective doses/ml (TCID,,/ml).

The Indiana strain of the vesicular stomatitis virus (VSV) was grown on
BHK cells according to established protocols (68). Briefly, cells at 70—80%
confluence were infected with VSV (multiplicity of infection = 0.01). Twenty-
tfour hours post-infection, the media was removed and centrifuged at 2,000 x g
for five minutes to remove cell debris. Virions were then pelleted by high-speed
centrifugation for one hour at 4°C (Sorvall Surespin rotor, 100,000 x g). Virus
pellets were resuspended in 10 mM Tris pH 8.1. Aliquots of virus were checked

tor purity by SDS-PAGE and coomassie staining for viral proteins.

V. Virus binding and capture assays

Virus binding or attachment to the membrane’s cell surface was assessed at 4°C
to avoid endocytosis. Capture or endocytic assays were performed at 37°C. A
total of 3 x 10°> Myeloid DCs, MDDCs, Raji DC-SIGN cells or Raji cells were
incubated at 37°C for two hours with 80 ng of HIVsx p24°* per 3 x 10°
cells at a final concentration of 1 x 10° cells/ml, washed with PBS three times,
and lysed with 0.5% Triton X-100 at a constant concentration of 5 x 10° cells
per ml. Lysates were cleared of cell debris by centrifugation (10,000 x g for five
minutes) to measure p24°* antigen content by ELISA. Viral capture and the
subsequent transfer to target cells were compared by pulsing MDDCs, Raji
DC-SIGN cells and Raji cells at 37°C or 4°C for two hours with 300 ng
HIVgpr/Nras 1 p24°% per 3 x 10° cells at a final concentration of 1 x 10°
cells/ml. Of note, we never observed in our experimental settings the

maturation of DCs exposed to our viral stocks, as assessed by fluorescence-

activated cell sorting (FACS) measuring CD86, CD83 and HLA-DR expression
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levels. To further confirm these results, we used our highest viral input and
increased the viral pulse to 48 hours to maximize the possible stimulation
activity of our viral stocks (Fig. 23). A total of 0.3-0.5 x 10° iDCs and mDCs
were exposed to 300 ng of HIV sk and 20 pg of HIV plasmid DNA to

compare them with non-pulsed cells.
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Figure 23. Lack of maturation of DCs exposed to viral stocks, assessed by FACS
measuring CD86, CD83 and HLLA-DR expression levels. Here, 0.3-0.5 x 10° iDCs and
mDCs were exposed to 300 ng of HIV usx p24°* and 20 ug of HIV plasmid DNA to
compare them with non-pulsed cells. After 24 hours, the virus-exposed iDCs did not display
any phenotypic changes, while the plasmid DNA did trigger their maturation. Identical
results were obtained after 48 hours of viral and plasmid DNA exposition.
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Virus-exposed iDCs did not display any phenotypic changes after 24
hours, while plasmid DNA did trigger their maturation. After 48 hours of viral
pulsing, neither iDCs nor mDCs displayed phenotypic changes, excluding the
presence of a latent maturation stimulus in the viral stocks, such as carryover
plasmid DNA.

To potentially inhibit virus capture, cells were preincubated for 30
minutes at 4°C with mannan (500 pg/ml; Sigma) or the anti-DC-SIGN mAb
MR-1 (kindly provided by Dr. A. Corbi) at saturating concentrations
determined using Raji DC-SIGN. After preincubation, the cells were processed
as described above.

To analyze the envelope glycoprotein requirement during viral capture,
cells were pulsed with equal amounts of p24°* from HIV s and HIV,
N4 as described above.

Kinetic analysis was performed by pulsing 2 x 10° to 4 x 10° DCs with 20
ng of pZ4Gag per 5 x 10° cells at a final concentration of 2 x 10° cells/ml. To
assess the viral capture time course, part of the cells was maintained in the
presence of the virus at 37°C up to ten hours before they were lysed, right after
an extensive wash. The remainder of the cells were used to monitor viral fate
after capture: two hours after the pulse, free virus was washed out and the cells
were kept in culture at 37°C for up to 48 hours before collecting the cell
supernatants and lysing the cells at the indicated time points. HIVy; 45/ 00 ccrp
was used to monitor viral capture with flow cytometry, pulsing 0.5 x 10° DCs
with 150 ng of p24“* up to 12 hours before cell fixing. Analysis was performed
on the living cell gate determined by forward and side-scatter light.

To analyze viral degradation pathways in iDCs and mDCs, cells were
preincubated with 250 nM of bafilomycin Al (an inhibitor of lysosomal

degradation) or 10 uM of the proteasome inhibitor clasto-lactacystin-B3-lactone
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(both from Sigma) for 30 minutes at 37°C and then exposed to HIV y sx as
previously described. After extensive washing, part of the cells were lysed and
analyzed for p24°*. The rest of the cells were left for four more hours at 37°C
in the presence of these blocking agents and in the absence of virus, before
being lysed. Degradation was measured by subtracting cell-associated p24°*
values obtained two hours immediately after the viral pulse from cell-associated
p24°*% values obtained four hours later. The percentage of degradation was
calculated relative to the viral decay of p24°* values of untreated cells over four

hours, normalized to 100%.

VI. Viral transmission assays

To characterize the viral transmission efficiencies of different DCs, immature
and mature cells from the same seronegative donors were pulsed with
HIVigpr nraspe a8 described in (240), with some modifications. Briefly, 3 x 10°
to 5 x 10> DCs, Raji DC-SIGN cells and Raji B cells were counted with
Perfectcount cytometer beads, pulsed with 180 to 300 ng of HIVigp /N5 1ac
p249% for three hours at 37°C or 4°C, washed five times with PBS and counted
again with beads on the flow cytometer to ensure viability. In experiments done
with Myeloid DCs, 2 x 10> cells were pulsed with 120 ng of HIVigpr/Nras 1
p249° for three hours at 37°C.

All pulsed cells were co-cultured in duplicate with the target Hut CCR5"
cell line at a ratio of 1:1 (up to 1 x 10° cells per well in a 96-well plate) in the
presence of 10 pg/ml of polybrene (Sigma). Cells were assayed for luciferase
activity 48 hours later (BrightGLo luciferase system; Promega) in a Fluoroskan
Ascent FL luminometer. Notably, recombinant luciferase protein (Promega)

was used each time to build a standard curve of seven logarithms to guarantee
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the linearity of the relative light units (RLUs) obtained and the luminometer
performance throughout the experiments.

It is worth mentioning that we also tested the monocytic cell line K562
as a control for DC-SIGN viral transmission efficiency while looking for a
suitable DC-SIGN transfected cell line to use in our experiments. Despite the
fact that this cell line had more than double the DC-SIGN ABS per cell of the
Raji DC-SIGN cell line, viral transmission capacity was much lower in this
monocytic cell line (Fig. 24).

To detect possible productive infection of pulsed DCs, the CCR5" target
cells in the co-cultures were substituted with CCR5 target cells in all the

experiments.

To potentially inhibit virus transfer, cells were preincubated for 30
minutes at 4°C with mannan (500 pg/ml; Sigma) or the anti-DC-SIGN mAb

MR-1 and then processed as described above.
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Figure 24. Raji DC-SIGN and K562 DC-SIGN transfer of HIV pp; /nia3 1. to Hut
CCR5" target cells. Cells were preincubated with mannan and an anti-DC-SIGN mAb to
verify DC-SIGN specific viral transfer. Co-cultures were assayed for luciferase activity 48

hours after viral pulse, measuring relative light units (RLUS5).
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VII. Exosome generation

Jurkat T cells were cultured in AIM-V serum-free medium (Invitrogen), free of
contaminating vesicles and protein aggregates. Cells were labeled with

Vybrant™ Dil cell-labeling solution (Molecular Probes) following the

manufacturer’s instructions. Supernatants were collected 24—48 hours after
labeling. Exosome purification was performed as previously described (114) by
three successive centrifugations at 300 x g (5 minutes), 1,200 x g (20 minutes)
and 10,000 x g (30 minutes) to pellet cells and debris, followed by
centrifugation of the resulting supernatants for one hour at 100,000 x g.

Western blot revealed that exosomes were positive for CD81, CD63 and
flotillin (M.C. Puertas, unpublished results), as previously reported by (23).

To quantify exosome stocks for protein content, a Bradford Protein
Assay kit (BioRad) was employed. To measure Exosome Dil fluorescence (545
nm of excitation and 565 nm of emission), a Fluoroskan Ascent FL fluorimeter
was used. Notably, the Dil marker was used each time to build a standard curve
to guarantee the linearity of the relative fluorescent units obtained and the
fluorimeter performance throughout the experiments. Exosome pulse was
performed with equal concentrations of exosomal proteins displaying

equivalent fluorescence intensities.

VIII. VLP and exosome capture assays

A total of 1 x 10> mDCs and iDCs were incubated at 37°C for four hours with
2,500 pg of VLPyy guecrp p24°* in a final volume of 0.1 ml Exosome

capture was petformed the same way, by pulsing 1 x 10> DCs with
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preparations at a final concentration of 150 ug of protein in 0.1 ml of

Exosomesyy,;. Positive DCs were analyzed by flow cytometry.

Competition experiments were performed by pre-incubating 1 x 10°
mDCs at a final concentration of 1 x 10° cells/ml for 30 minutes with

VLPy1y G and VSV patticles

increasing amounts of Exosomesy;, HIV, . 5w
previously treated with 400 pug/ml of the protease cocktail Pronase (Roche) to
avoid viral fusion. The effectiveness of VSV-Pronase treatment was confirmed
by infectious assays as detailed in the ‘Confirmation of Pronase activity’

section, below.

Alternatively, 200 ng of p24°* from HIVy,, , viral stocks produced in
MOLT 4, MT4 and PHA stimulated PBMCs were preincubated with 1 x 10°
mDCs at a final concentration of 1 x 10° cells/ml for 30 minutes. All mDCs
were then pulsed with 2,500 pg of VLPyyy .0 ccre p24°* for one hour, washed
with PBS and fixed to analyze the percentage of eGFP' cells by FACS.
Kinetic analysis of exosome capture was assessed by pulsing 2 x 10> mDCs
with 150 pug or 75 ug of Exosomesy,; in a final volume of 0.1 ml. Cells were
maintained at 37°C and aliquots were periodically harvested over a period of
eight hours before being fixed and exosome capture being analyzed by FACS.
Kinetic analysis of VLPyy g, ecrp Capture was assessed in a similar way, by
pulsing cells with 2,500 pg of VLPyy g0 cre p249% per 1 x 10° cells at a final
volume of 0.1 ml. The fate of captured VLPyy g,y .qre Was determined by
pulsing 0.5 x 10° mDCs with 12,500 pg of p24°* for two hours. Cells were
extensively washed and kept in culture at 37°C for up to 48 hours before

tixing the cells and analyzing the mDCs’ VLP retention capacity by FACS.
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IX. Carboxylated beads assays

The yellow-green Carboxylated-Modified FluoSpheres® (Molecular Probes) of
0.1 wm diameter were sonicated before each use, and the homogenized
suspension was briefly centrifuged at high speed to further remove aggregates.
A total of 5 x 10’ iDCs and mDCs were incubated at 4°C and 37°C for two
hours with approximately 1.8 x 10" beads at a final concentration of 2 x 10°
cells/ml. Pulsed DCs were washed with PBS and fixed with 2% formaldehyde
to analyze them by FACS.

The competition of carboxylated bead and HIV,. .5 binding to
mDCs was measured by preincubating 5 x 10> mDCs for 30 minutes with
increasing numbers of beads, and then pulsing the cells additionally for one
hour at 37°C with 130 ng of HIV ... xi4s P24 in a final volume of 0.5 ml,
Cells were washed extensively with PBS and each sample was divided in half.
One half of the sample was fixed and analyzed by flow cytometry for
carboxylated bead capture. The other half was lysed with 0.5% Triton X-100
(at a final concentration of 5 x 10° cells per ml), cleared of cell debris by
centrifugation (10,000 x g for 5 minutes) and assayed for p24“* antigen

content by an ELISA.

X. Capture and transmission followed by microscopy

1. Electron microscopy

Monocytes were negatively selected from PBMCs (Miltenyi Biotec) to avoid
magnetic bead interference during electron microscopy observation.

Subsequent differentiation to iDCs and mDCs was performed as stated above.



Material & Methods

DCs were pulsed for 30 minutes or 24 hours with 200 ng of HIV gp /nra5 1
p24% per 5 x 10’ cells. Alternatively, mDCs were pulsed for 12 hours with 150
ng of HIVy,; p24°%, 12,500 pg of VLP 1y Gag cGrp p24°% or 3 mg of
Exosomesp,; protein per 5 x 10° cells. To perform co-localization analysis,
mDCs were simultaneously pulsed for 12 hours with 150 ng of HIV, ; p24°*
and 3 mg of Exosomes,; per 5 x 10 cells.

After extensive washes in PBS, all samples were fixed in 2.5%
glutaraldehyde for one hour. The cells were processed as described elsewhere
(24) for analysis of ultrathin sections using a Jeol JEM 1010 electron
microscope. To monitor HIV gey npa 51, viral transmission, extensively washed
DCs pulsed for 24 hours were co-cultured for an extra hour with Hut CCR5"

cells at a 1:1 ratio before being fixed.

2. Confocal microscopy and co-localization analysis

DCs and Myeloid DCs were pulsed with 50 ng of HIV\; 45,0 ccrp p249% for
three hours, washed with PBS, stained with DAPI (4,6-diamidino-2-
phenylindole) from Sigma, fixed with 2% formaldehyde and cytospun onto
glass slides.

Co-localization of particles with cellular markers was done by pulsing
mature Myeloid DCs with equal amounts of HIV sk and HIV, ;45 for
four hours as described above. Cells were then fixed, permeabilized (Caltag),
and stained with p24°®-RD1 mAb (Beckman Coulter), DAPI, and either
CD81, CD63 or LAMP-1 (all conjugated with FITC; BD). Alternatively, mDCs
were pulsed with VLPyy 60 cheny 20d Exosomesyy; in parallel for six hours as

described in the capture assays section. Cells were then fixed, permeabilized

and stained with DAPI, and CD81 or LAMP-1.
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Co-localization among particles was done by pulsing mDCs
simultaneously with VLPyy 6, corp and Exosomespy, or with HIVy; 45,00 ccrp
and Exosomesy; for six hours as described in the capture assays section.

The exosome transmission capacity of mDCs was assessed by confocal
microscopy, analyzing DAPI labeled mDCs previously pulsed with
Exosomesy,; extensively washed and then co-cultured for four hours with
Jurkat T cells labeled with the green-fluorescent cell tracker CMFDA
(Molecular Probes).

All the samples were cytospun onto glass slides, mounted in Dako
fluorescent medium and sealed with nail polish to be analyzed using a confocal
microscope (Laser Optic Leica TCS SP2 AOBS). Alternatively, single sections
were acquired with an Olympus FV1000 confocal microscope. Quantification
of the co-localization was performed using the FVI10-ASW 1.7 software
(Olympus), analyzing 35 vesicles in mDCs from three different donors. The co-
localization signals in percentages of the vesicle’s area, and the Manders and
Pearson coefficients (133) were calculated for each image. To obtain three-
dimensional reconstructions, confocal Z stacks were acquired for some vesicles
and imported into the three-dimensional visualization software Imaris 6.1.0

(Bitplane AG), employing the Imaris isosurface module.

3. Deconvolution microscopy

The VLP transmission capacity of mDCs was assessed by deconvolution
microscopy analyzing DAPI labeled mDCs previously pulsed with VLPyy g,
«crp> extensively washed and then co-cultured for four hours with Jurkat T cells
labeled with the red-fluorescent cell tracker CMTMR (Molecular Probes). Co-
cultures were cytospun and images were acquired on an Olympus IX70

microscope equipped for DeltaVision deconvolution (Applied Precision). Z
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sections were acquired at 2-um steps using a 60x, 1.4 NA Olympus PlanApo
objective. The volume viewer function of the Softworx software (Applied

Precision) was used to generate three-dimensional models from the Z stacks.

4. Epifluorescent microscopy

The viral kinetics of mDCs were analyzed with fluorescence microscopy
(Nikon Eclipse TE200) by comparing HIVy; 45/ ccrp-pulsed cells with the
same cells left in culture in the absence of virus for four more hours.

All images generated were exported to Photoshop and Illustrator

(Adobe).

XI. Capture assays after proteolytic treatments

mDCs were left untreated or incubated with 200 ug/ml of Pronase for 30
minutes at 4°C. Part of the cells were stained with distinct mAb to monitor the
efficiency of the protease treatment, as detailed below. VLPywy 6. ecre
HIVy; .5 and Exosomesp;; were left untreated or pre-treated with 400 ug/ml
of Pronase for one hour at 4°C prior to incubation with Pronase or mock-
treated mDCs. The effectiveness of the Pronase treatment on the VLPs and
wild type virus particles was confirmed by Western blot and infectious assays,

as detailed below.

Pronase or mock-treated mDCs were exposed to Pronase or mock-
treated VLPyy g egres HIVyias 0 Exosomespy; for 15 minutes at 37°C to
avoid complete recycling of the surface-exposed cellular receptors digested by
the proteases. The cells were washed, fixed and analyzed by FACS, or lysed to
measure cell-associated p24°* with an ELISA. Alternatively, the binding of

untreated VLPy1y g, corp Was assessed by pulsing Pronase-treated or mock-
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treated mDCs at 16°C for two hours and acquiring fixed cells with a flow

cytometet.

1. Confocal microscopy of Pronase-treated mDCs

Pronase or mock-treated mDCs were exposed to VLPyy guecre HIVaras o
«crp Of Exosomesy; for four hours at 37°C in the presence of 50 pg/ml of
Pronase to avoid complete recycling of the surface-exposed cellular receptors
previously digested by the proteases. Cells were then washed and fixed or
allowed to recover for two hours before starting a four-hour co-culture with

cell-tracker-labeled Jurkat T cells. All samples were analyzed in a confocal

microscope (Laser Optic Leica TCS SP2 AOBS).

After pulse at 16°C, some mDCs were stained with DAPI and
tetramethyl rhodamine isothiocyanate (TRITC) labeled wheat germ agglutinin
to detect the cell membrane, fixed with 2% paraformaldehyde and cytospun
onto glass slides to be analyzed in an Olympus IX70 microscope equipped for

DeltaVision deconvolution.

2. Confirmation of Pronase activity

To assess protease activity on mDCs, mock-treated or Pronase-treated mDCs
were stained with anti-DC-SIGN, anti-CD4 and anti-CD81 mAbs (BD). Mock-
treated or Pronase-treated mDCs were also challenged with 5 ng of His-tagged
soluble trimeric HIV-1 JRFL gp140 envelope glycoprotein (gracious gift of Dr.
Joseph Sodroski, DFCI) for one hour at 4°C and then washed. Binding of
gp140 to the cells was revealed by staining with serial incubations of biotin-
conjugated anti-His mAb and streptavidin-FITC. The mean fluorescence

intensity values of staining were used to calculate the efficiency of protease



Material & Methods

treatment, which did not affect cell viability, as assessed by the percentage of

positive cells labeled with propidum iodide (Sigma).

To evaluate protease activity on particles, VLPyy g, ccre pe#dotyped with
HIV-1 envelope glycoprotein gpl20 were pelleted through 20% sucrose
cushions (100,000 x g, two hours, 4°C), resuspended in Dulbecco-PBS
containing Ca®" and Mg®", and then left untreated or treated with 400 pg/ml
Pronase for one hour at 4°C. Pseudotyped VLPs were then diluted with DMEM
media, containing protease inhibitors (Roche), layered over a 50% Optiprep
cushion (0.85% NaCl, 60 mM HEPES, pH 7.4) and centrifuged for two hours
at 100,000 x g. The VLPs present at the medium—50% optiprep interface were
harvested, pelleted and analyzed for expression of gp120 with a murine anti-
gp120 monoclonal antibody (Clone 1121; Immunodiagnostics, Woburn, MA)
and for the presence of Gag-eGFP with a mouse anti-HIV p24°* mAb (Clone
AG3.0, NIH AIDS Research and Reference Reagent Program) by Western
blot.

The efficiency of Pronase activity on infectious virus particles (400
ug/ml of Pronase for one hour at 4°C) was confirmed by comparing the
infectivity of untreated and Pronase-treated wild type HIV,,,; particles on
TZM-bl cells (236). There was an 18-fold reduction in infectivity (94%)
following Pronase treatment from a mean TCID,,/ml of 22,357 to 1,167 after
Pronase treatment. Note that in these experiments the TZM-bl cells employed
had the same final concentration of Pronase, regardless of whether viral stocks

had been previously treated with Pronase.

Notably, Pronase-treated VSV particles used in competition binding
assays with VLPyy g,ecre Were also monitored to guarantee protease

performance. VSV were either treated with 400 pg/ml of Pronase for one hour
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at 4°C or mock digested. The number of infectious viruses remaining in each
sample was then determined by dilution and plaque assay on BHK cells as
described elsewhere (43). Infectivity was found to be reduced by >90%

following proteases treatment.

XII. Capture of VLPs, HIV and exosomes produced

from ceramide-deficient cells.

To produce sphingolipid deficient particles, HEK-293T or Jurkat cells were
incubated for two or five days respectively, in the presence of 50 uM
Fumonisin B, (FB1; Cayman Chemical) or 500 uM N-Butyldeoxynojirimycin,
Hydrochloride (NB-DNJ; Calbiochem). HEK-293T cells were then
transfected with pLai, pNL4-3 or pGag-eGFP plasmids using FuGENE® HD
(Roche). Jurkat T cell line was labeled with Dil. HIV| ;, HIVy; 45, VEPyy g,
e and Exosomesy; were collected four or seven days after FB1 or NB-DN]J
treatment (two days following transfection or Dil labeling). mDCs (1 x 10°
cells) were exposed to 2,500 pg of VLPs p24°% 250 ug of Exosomesp,
(displaying equal fluorescent intensity) or 10 ng of HIV p24“* (produced from
either FB1, NB-DN]J or mock-treated HEK-293T cells and Jurkat cells) for
two hours at 37°C, then washed, fixed and analyzed by FACS to measure the

percentage of positive cells, or washed thoroughly to remove unbound

particles, lysed and assayed for cell-associated p24“* content by an ELISA.,

To control for HIV,,; functionality after FB-1 and NB-DN]
treatments, TCID,,/ml values were obtained with a TZM-bl reporter cell line

and compared to mock-treated viral stocks, normalizing values obtained to the
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p24“%¢evels released after transfections. Infectivity was also tested on a Ghost
CXCR4"/CCR5" cell line containing the GFP gene under the control of the
HIV promoter, employing the viral dose used to pulse mDCs (10 ng of p24°
per 1 x 10° cells) and analyzing the percentage of green cells 48 hours post-

infection with FACS.

XIII. Characterization of macropinocytic activity and
treatment of DCs with 3-methyl-cyclodextrin,

amantadine and chlorpromazine

iDCs and mDCs were incubated with Alexa 488-labeled dextran (Molecular
Probes) for two hours at 4°C or 37°C and then fixed for FACS analysis. Mature
DCs were treated with B-methyl-cyclodextrin (Sigma) at the concentrations
indicated for 30 minutes at 37°C before being pulsed with HIV ¢ and
assayed for p24“* as described above. mDC viability in the presence of B-
methyl-cyclodextrin was assessed with a flow cytometer by labeling cells with
propidium iodide and DIOC-6 (Sigma and Molecular Probes respectively) as
previously described (16). Cells were incubated with Alexa 555-conjugated
transferrin (25 ng/ml) from Molecular Probes for one hour at 4°C, washed and
then shifted to 37°C for 30 minutes. Cells were then stained with DAPI, fixed
with 2% formaldehyde and cytospun onto glass slides for analysis by confocal
microscopy.

Cells were also treated with amantadine or chlorpromazine
hydrochloride (both from Sigma) at the concentrations indicated for 30

minutes at 37°C before being pulsed with HIV psx. Pulsed mDCs were
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extensively washed and assayed for p24“* with an ELISA. Cell viability was
assessed with FACS, as done previously. Amantadine-treated mDCs were also
pulsed with VLPyy . ecres Stained with DAPI and TRITC-wheat germ
agelutinin, fixed with 2% formaldehyde and cytospun onto glass slides to be

analyzed by deconvoultion microscopy.

XIV. Statistical analysis

Statistical analysis was performed using GraphPad software Prism v.4 to assess

paired t test and one sample t test.
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Dendritic cells (DCs) are specialized antigen-presenting cells. However, DCs
exposed to human immunodeficiency virus type 1 (HIV-1) are also able to
transmit a vigorous cytopathic infection to CD4" T cells, a process that has
been frequently related to the ability of DC-SIGN to bind HIV-1 envelope
glycoproteins. The maturation of DCs can increase the efficiency of HIV-1
transmission through #ans-infection. In this chapter, we aim to comparatively
study the effect of maturation in monocyte-derived DCs (MDDCs) and blood-
derived Myeloid DCs during the HIV-1 capture process. I vitro capture and
transmission of envelope psexdotyped HIV-1 and its homologous replication-
competent virus to susceptible target cells were assessed by p24°* detection,

luciferase activity, and both confocal and electron microscopy.

Maturation of DCs or Myeloid DCs enhanced the active capture of
HIV-1 in a DC-SIGN and viral envelope glycoprotein-independent manner,
increasing the lifespan of trapped virus. Moreover, higher viral transmission of
mature DCs to CD4" T cells was highly dependent on active viral capture, a
process mediated through cholesterol-enriched domains. Mature DCs

concentrated captured virus in a single large vesicle staining for CD81 and
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CDG63 tetraspanins, while immature DCs lacked these structures, suggesting

different intracellular trafficking processes.

These observations help explain the greater capacity of mature DCs to
transfer HIV-1 to T lymphocytes, a process that could potentially contribute to
the viral dissemination at lymph nodes 7z vivo, where viral replication takes place
and there is a continuous interaction between susceptible T cells and mature

DCs.

1. Results

1. mDCs capture larger amounts of HIV sk than iDCs

To compare the viral capture abilities of mDCs and iDCs of the same
seronegative donors, we pulsed both cell types with equal amounts of HIV
sx at 37°C for two hours. Raji B cells stably transfected with DC-SIGN were
routinely employed to measure DC-SIGN viral capture efficiency, and the
parental Raji cell line was used to determine the background viral capture.
Interestingly, viral capture determined by p24°* ELISA was much more
efficient in mDCs than in the rest of the cells tested, suggesting a differential
active capture process of HIV sy in this cell type (P<0.0001, paired t test,
Fig. 25A).

This enhanced mDC viral capture correlated with an increased viral
transmission efficiency, as observed in 48-hour co-cultures of DCs pulsed with
psendotyped HIV ey nias1. and target Hut CCR5" T cells (P=0.048, paired t
test, Fig. 25B). Raji DC-SIGN cells were employed to confirm viral transfer
efficiency and parental Raji cells were used as negative controls, showing the

same relative light unit (RLU) values as those of non-pulsed cells (Fig. 25B,
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dotted line). Notably, co-cultures with CCR5-negative target cells did not show
any infection 48 hours post-pulse, indicating that neither Raji DC-SIGN cells
nor DCs were productively infected during this experimental period (Fig. 25B,
clear bars).

Results were analogous to using HIV ;¢ to pulse the cells and then
measuring the viral transmission by intracellular staining of co-cultures with an
anti-p24°® mAb (Fig. 25C). In this case, viral transfer, expressed as a
percentage of p24°*™ cells, was also more efficient when co-cultures were done
with mDCs than when they were done with iDCs (P<0.0001, paired t test). Of
note, DCs were not infected in our co-culture system, as seen from the low
percentage of DC-SIGN"/p24“¢* double positive cells (<0.8%).

We then investigated whether Myeloid DCs expressing the CDlc
(BDCA-1) antigen would behave similarly to MDDCs in terms of viral capture
and frans-infection ability. We isolated the Myeloid dendritic CD1c subset from
the PBMCs of seronegative donors. A fraction of these Myeloid DCs were
subsequently LPS matured. We performed the same viral capture assay
employed for MDDCs and, as reported above for mDCs, viral capture was
more efficient in mature Myeloid DCs (P=0.039, paired t test, Fig. 25D).

Regarding viral transmission, we tested the transfer capacity of
HIVigpr nrasiacpulsed mature and immature Myeloid DCs from the same
seronegative donors co-cultured with Hut CCR5" cells. As observed for
MDDC s, the mean viral transmission ability of mature Myeloid DCs was fifty
times more efficient than that of immature Myeloid DCs (P=0.013, paired t
test, Fig. 25F).

Opverall, these data show that mDCs and mature CD1c Myeloid DCs
capture and transmit HIV-1 to a greater extent than iDCs and immature

Myeloid DCs do.
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Figure 25. (From previous page). Maturation of DCs and Myeloid DCs enhances
HIVyensx capture and HIVigg nigsi.. transmission. (A) Comparative capture of
HIV o sx by distinct cell types. A total of 3 x 10° DCs, Raji DC-SIGN cells and Raji cells
were pulsed for two hours at 37°C with 80 ng p24°* in 0.3 ml, washed with PBS and lysed
with 0.5% Triton, at a final concentration of 5 x 10° cells per ml, to measure p24°* by
ELISA. Results are expressed in pg of p24°® bound per ml of cell lysate. Data show the
mean values and standard errors of the means (SEM) from six independent experiments.
mDCs capture significantly larger amounts of virus than iDCs (P<0.0001, paired t test,
n=11). (B) HIV|gp 14510 transmission from DCs, Raji DC-SIGN cells and Raji cells to
Hut CCR5" cells (dark bars). Co-cultures were assayed for luciferase activity 48 hours post-
pulse. No productive infection of DCs or Raji DC-SIGN cells was detected, as shown when
using Hut CCR5-negative target cells (clear bars). The dotted line shows background levels
of RLUs observed when non-pulsed cells were lysed. mDCs transmit larger amounts of
HIV e a3 10 than iDCs derived from the same donors (P=0.048, paired t test, n=0). (C)
HIVy sy transmission from iDCs, mDCs, Raji-DC-SIGN and Raji to Hut CCR5" target
cells. Co-cultures were assayed for p24°* intracellular staining 36 hours post-pulse. Co-
cultures containing non-pulsed cells were used as a background control for p24“*® FITC
labeling. (D) Comparison of HIV sy capture by Myeloid DCs as described above in (A).
Mature Myeloid DCs (m Myeloid) capture significantly larger amounts of virus than
immature Myeloid DCs (i Myeloid); (P=0.039, paired t test, n=4). (E) HIVize niasru
transmission from Myeloid DCs, Raji DC-SIGN cells and Raji cells to Hut CCR5" cells and
Hut CCR5’ cells as described above in (B). Mature Myeloid DCs transmit larger amounts of
HIV ger nia 310 than immature Myeloid DCs derived from the same seronegative donors

(P=0.013, paired t test, n=06).
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2. Enhanced viral transmission of mDCs depends on the

amount of virus actively captured

To test whether the higher viral capture of mDCs accounted for the increased
HIV transmission observed, we pulsed both immature and mature DCs with
high concentrations of HIVjyg niasr. at 4°C and 37°C (Fig. 26). After
extensive washing, we lysed part of the cells and determined the cell-associated
virus fraction by p24“* ELISA. The rest of the washed cells were co-cultured

at 37°C with Hut CCR5" target cells and assayed for luciferase activity.

Of note, the viral binding at 4°C in mDCs was similar to the viral capture at
37°C observed in iDCs (Fig. 26A). Interestingly, the subsequent viral
transmission of these two cell subsets was analogous (Fig. 26B) regardless of
the maturation status of the DCs. It is noteworthy that Raji DC-SIGN viral
capture and transmission were also temperature sensitive, showing the same
behavior at 4°C as for the Raji parental cell line. Again, the HIV gy niasiu
capture and transmission observed in mDCs pulsed at 37°C was the highest of

all cell types tested.

In order to exclude the possibility that mDCs could better stimulate target
cells in the co-cultures and thereby lead to a higher readout in RLUs, we also
estimated the proliferation capacity of target cells in cultures with mDCs or
iDCs. We found, however, no differences in Hut CCR5" cell proliferation
when cultured with any type of MDDCs (Fig. 26C). These results suggest that
the higher viral transmission of mDCs is highly dependent on active viral

capture.
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Figure 26. Enhanced viral transmission of mDCs depends on the amount of
HIVger/nias e actively captured. (A) Comparative capture at 37°C and binding at 4°C of
HIV e nia310 DY distinet cell types. A total of 3 x 10° DCs, Raji DC-SIGN cells and Raji
cells were incubated at 37°C (dark bars) or 4°C (clear bars) with 300 ng of HIV zer /i1
p24°* in a final volume of 0.3 ml, washed five times with PBS and lysed with 0.5% Triton, at
a final concentration of 5 x 10° cells per ml, to measure p24°** by ELISA. (B) HIV e nias
L transmission to Hut CCR5" target cells of pseudotyped virus captured at 37°C (dark bars) or
bound at 4°C (clear bars). Different cell types pulsed, as described above in (A), were co-
cultured with target cells at 37°C and assayed for luciferase activity 48 hours post-pulse. (A)
and (B) show a representative experiment including mean values and SEM for three different
donors. (C) Proliferation capacity of CSFE labeled Hut CCR5" cultured alone or with iDCs
or mDCs and followed for three days. Hut CCR5" cells were counted with FACS-counting
beads and no significant differences were found in cell numbers, excluding the possibility

that mDCs could better stimulate target cells leading to a higher readout in the RLUS.
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3. mDC viral capture increases over time, and captured virus

has a longer lifespan than 1n iDCs

To further characterize the viral capture process, we monitored mDCs and
iDCs exposed to HIVyy 45 pecrp fluotescent virus or HIVypy sy for ten to
twelve hours at 37°C (Fig. 27A to D). After extensive washing, the percentage
of GFP" cells was analyzed by flow cytometry and the cell-associated virus
fraction was determined by p24“* ELISA at each of the time points indicated.
Interestingly, viral capture in mDCs increased over time (Fig. 27A and C) while
remaining constant in iDCs (Fig. 27B and D). These data show that mDCs
actively capture HIV-1 and that viral capture differences with respect to iDCs

increase over time.

Next, we asked whether captured virus would follow different
intracellular pathways in distinct MDDCs. Kinetic analyses of both the cell-
associated and the cell-free virus fractions were longitudinally determined by
p24°*% in cultures of immature and mature DCs exposed to HIVy s and
extensively washed to remove unbound virus (Fig. 27E and F). Immediately
tollowing viral exposition and washing, cell-associated virus was approximately
twenty-five times more abundant in mDCs than in iDCs. HIV gy p24°°
antigen associated with iDCs quickly became undetectable in the first four
hours (Fig. 27F). Although these results suggest that iDCs may lead the virus to
an intracellular lytic pathway, showing 50% £10% viral degradation, the steady
increase in soluble p24°* also indicated some degree of virus release to the
culture supernatant (22% 3% of captured virus). Conversely, mDCs degraded
30% £10% of captured virus during the first four hours (Fig. 27E) without a

substantial release of trapped virions (7% 13%). p24“* associated with mDCs
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decreased 50% *12% in the first day of culture without a further increase in

soluble antigen, indicating the persistence of detectable cell-associated p24™,

Finally, to exclude that the greater viral degradation of iDCs as
compared to mDCs (P=0.024, paired t test) could account for the viral capture
differences observed, we treated cells with bafilomycin Al (an inhibitor of
lysosomic degradation) and clasto-lactacystin-B-lactone (an inhibitor of
proteasome activity). We found no significant increase in viral capture of drug
treated cells compared to mock treated cells over two hours, as previously
reported (144). After four hours in the absence of virus but in the presence of
these drugs, mDCs degraded a mean of 51% £19% of the total lost virus
(which was 30% *10% of the captured virus) throughout the lysosomes and
55% £15% through the proteasome machinery. Retained viral particles in iDCs
were similarly processed. These data suggest that greater viral degradation in
iDCs does not account for the viral capture differences observed between both

cell types.

Overall, these observations support a more efficient capture process and

a longer lifespan for captured HIV-1 in mDCs than in iDCs.
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4. Higher viral capture in mDCs than in 1DCs can occur
independently of DC-SIGN and does not require viral
envelope glycoprotein

Since the ability of DCs to bind and transmit HIV-1 has been previously related
to DC-SIGN expression levels in the HEK-293T transfected cell line (172), we
used a fluorescence quantitation method to obtain absolute numbers of DC-
SIGN antibody binding sites (ABS) in DCs and Raji DC-SIGN cells (Fig. 28A).
We focused on MDDCs because the immunophenotype of Myeloid DCs
showed almost no expression of DC-SIGN (Fig. 28B). Monocytes from thirty
HIV-1 seronegative donors were consecutively differentiated into immature
and mature MDDCs and assayed in parallel for DC-SIGN expression. The
mean number of DC-SIGN ABS per DC-SIGN" cell in mDCs (4 x 10% was
half that of iDCs (8 x 10%); (P<0.0001, paired t test; Fig. 28A). Raji DC-SIGN
cells displayed a mean number of DC-SIGN ABS comparable to that of mDCs.
Therefore, we found no correlation between DC-SIGN expression levels and

the viral capture efficiency of mDCs and iDCs.

We decided to further address the impact of DC-SIGN on the viral capture
process mediated by MDDCs and blood Myeloid DCs by testing mAb MR-1
against DC-SIGN or mannan (a C-type lectin competitive inhibitor) to see if
they could impair HIV,;:\ sx capture at 37°C. Figure 28C shows the percentage
of HIV pysx captured in the presence of different inhibitors relative to
untreated cells normalized to 100% of viral capture. Pretreatment with these
compounds efficiently inhibited Raji DC-SIGN viral capture to levels similar to
those displayed by Raji cells (greater than 85% for any of the inhibitors;
P<0.0001, paired t test).
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We also observed an inhibitory effect in iDCs, the DC subset displaying
larger amounts of DC-SIGN, but this only reached 50% (P=0.049, paired t test,
Fig. 28C). However, neither compound had any significant effect on viral
capture mediated by mDCs (expressing DC-SIGN) or immature and mature
Myeloid DCs (lacking DC-SIGN expression). Since DC-SIGN inhibitors had
no blocking effect on mature DC viral capture and this C-type lectin is known
to bind with high affinity to the gp120 viral envelope glycoprotein (46), we then

analyzed the envelope requirement during the viral capture process.

We pulsed MDDCs and Myeloid DCs with equal amounts of a viral
construct lacking the envelope glycoprotein (HIV, . 45 and its counterpart
expressing the envelope protein (HIVpy sy)- Figure 28D shows the percentage
of HIV,...ni45 captured by each cell type relative to the cells pulsed with
HIV sy normalized to 100% of viral capture. As expected, Raji DC-SIGN
cell viral capture was totally dependent on the envelope glycoprotein, as
apparent from the percentage of envelope-deficient virus captured compared to
that of the wild type virus (P= 0.0008, paired t test, Fig. 28D). However, the
envelope requirement for viral capture decreased in iDCs and was totally absent
in Myeloid DCs and mDCs. These data are in agreement with the fact that
preincubating  HIVip; 431, With the envelope glycoprotein-neutralizing
antibody IgGbl2 does not abrogate mDC viral capture (Fig. 29A), while
efficiently blocking viral transfer to the U87 CCR5" cell line (Fig. 29B). Overall,
these results suggest that Myeloid DC and mDC viral capture is independent of
viral envelope glycoprotein, data which correlates with the lack of a blocking

effect displayed by DC-SIGN inhibitors in these cell types.
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Figure 29. mDCs viral capture and transmission of psexdotyped HIViger niastuc
preincubated with IgGbl2 envelope-glycoprotein neutralizing-antibody or human
IgGs as an isotype control. (A) mDC viral capture after treatment of pseudotyped
HIV gerniasiee stock with 20 pg/ml of IgGb12 or human IgGs over fifteen minutes.
Capture is not affected by the blockade of viral envelope glycoprotein with IgGb12. (B)
Transmission of mDC-captured virus to U87 CCR5" cells. Luciferase activity was assayed 48
hours post-pulse. Preincubation of HIV g /451, With IgGb12 inhibits viral transmission to

U87 CCR5" cells. The data in all panels show the means and SEM of two experiments.

5. Viral stocks produced in different cell lines are also

captured with greater ability by mDCs than by iDCs

Since the viral envelope glycoprotein is not necessary for Myeloid DC and
mDC viral uptake, host adhesion receptors dragged from the membrane of
infected cells during viral budding have to be implicated in this viral capture
process mediated by mature DCs. We decided to further address whether these
host factors are ubiquitous, especially by focusing on T cell lines and stimulated

PBMCs, given that these cells are natural producers of HIV-1. We
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produced HIV-1,, 5 in HEK-293T cells, MOLT 4 cells and stimulated PBMCs
to pulse iDCs and mDCs with the same amount of each of the viral stocks.
Figure 30 shows the percentage of HIV-1,,,, captured by each cell type
relative to mDCs normalized to 100% of viral capture for each of the viral
stocks produced. Notably, we observed an increased viral uptake pattern in
mDCs compared to iDCs exposed to each of these viral stocks (Fig. 30, P
values in the graph). Thus, viral stocks produced in T cell lines and primary

lymphocytes are also captured with greater ease by mDCs than by iDCs.

These results highlight the need to analyze the role of host adhesion
receptors dragged from the membrane of infected cells during viral budding,
because this could aid in identifying the ubiquitous molecular determinants that

lead to viral capture in mature DCs.

P=0.0047 P<0.0001 P=0.0063
1004 | . r
I MDCs

80 CiDCs
T I Raji DC-SIGN
= 1 Raji
c% 60
g
= 40
=
S

204

0_
Stim PBMCs HEK-293T MOLT

Figure 30. Relative capture of HIVy,,; produced in different cell types. Cells were
pulsed with equal amounts of HIV,,; generated by stimulated PBMCs, HEK-293T or
MOLT 4 T cells and then assayed for p24°** ELISA. Results are expressed as the percentage
of HIV,; captured by distinct cell types cells relative to mDCs, normalized to 100% of
viral capture. Regardless of the virus-producing cell employed, there is an increased viral

uptake pattern in mDCs compared to iDCs.
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6. Greater viral transmission in mature DCs than in immature

DCs can occur independently of DC-SIGN

Since no correlation was found between DC-SIGN expression levels and the
viral capture capacity of iDCs and mDCs, we decided to further address the
impact of DC-SIGN on the #rans-infection process. We tested whether the
mAb MR-1 against DC-SIGN or mannan could impait HIVigp N5
transmission mediated by DCs or Raji DC-SIGN cells. Figure 31A shows the
percentage of HIV gy 1451, transmitted to Hut CCR5" by cells pulsed in the
presence of different inhibitors, relative to untreated cells normalized to 100%.
When Raji DC-SIGN were preincubated with MR-1 or mannan before pulsing,
transfer was blocked up to a median of 95% (P<0.001, paired t test, Fig. 31A).
In contrast, iDCs pretreatment with any of the compounds could not prevent
viral transmission beyond 50%. The same inhibitors only reduced HIV gpy w45
e transmission up to 40% in mDCs, suggesting even greater independence of

DC-SIGN or other C-type lectin receptors than in iDCs.

Similar results were found in replication-competent HIV .y sx, when we
analyzed the percentage of p24“*" cells obtained by intracellular staining after
36 hours of co-culture with Hut CCR5" target cells (Fig. 31B). We also tried to
block viral transmission by pretreating mature and immature Myeloid DCs with
MR-1 or mannan. As previously observed for DCs, despite complete inhibition
of HIVjrerniasrw transfer mediated by Raji DC-SIGN (>94%; P<0.005,
paired t test), both mannan and MR-1 could only partially inhibit HIV transfer
to CD4" T cells by mature and immature Myeloid DCs (Fig. 31C).

Overall, these data suggest that mDCs and mature Myeloid DCs transmit
HIV-1 independently of DC-SIGN.
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Figure 31. mDCs and mature Myeloid DCs viral transmission of psexdotyped
HIV ger/nias10c 20d replication-competent HIVy sy is independent of DC-SIGN.
(A) Percentage of HIV e /nias1. transfer to Hut CCR5" cells in the presence of different
inhibitors relative to untreated cells normalized to 100% of viral transmission. Luciferase
activity was assayed 48 hours post-pulse. Raji DC-SIGN (n=17), iDCs (n=33) and mDCs
(n=10) were treated with mannan or MR-1. Inhibition in the Raji DC-SIGN cell line was
statistically significant in all cases (P=0.001, paired t test). (B) Percentage of HIV psx
transferred to Hut CCR5" in the presence of different inhibitors relative to untreated cells.
Intracellular p24“* was determined by FACS 36 hours post-pulse. Non-pulsed cells co-
cultured with target cells were used as a control for background p24“* FITC labeling. Raji
DC-SIGN (n=2), iDCs (n=4) and mDCs (n=4) were treated with mannan or MR-1. The
data in all the panels show means and SEM. (C) Net transmission from mature Myeloid
DCs, immature Myeloid DCs and Raji DC-SIGN cells to Hut CCR5" in the absence of DC-
SIGN blocking agents, preincubated with mannan or MR-1. Inhibition in Raji DC SIGN

was statistically significant (P<0.005, paired t test).
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7. Confirmation of viral capture, turnover and transmission
results by microscopy

To further address viral capture, HIVy; 45/, cgrp-pulsed DCs and Myeloid DCs
were monitored by confocal microscopy. In agreement with our capture
observations, considerably larger amounts of viruses were found in mature DCs
than in immature DCs after four hours of viral exposure (Fig. 32A and B).
Many mDCs and mature Myeloid DCs showed a large single GFP" vesicle-like
structure, observed by reconstructing a series of x—y sections collected through
the nucleus of the cells to project the z—x and z—y planes (Fig. 32C and D). Of
note, iDCs and immature Myeloid DCs did not present any of these large
vesicles (Fig. 32E and F), suggesting differential intracellular viral trafficking in

mature DCs.

To better understand viral kinetics, HIVy;, 5/, cgre-pulsed mDCs were
analyzed by fluorescence microscopy. After four hours of viral capture, 97%
3% of the pulsed mDCs were GFP", presenting captured virus in a single
vesicle (55% 8%, polarized in the surface of the cell membrane (25% £7%),
and randomly distributed throughout the cell surface (14% *9%); (Fig. 33).
The same pulsed mDCs, washed and analyzed four hours later, presented a
similar viral distribution pattern, although the mean percentage of captured
virus in a single vesicle increased to 75% 4% and the randomly distributed
virus decreased to 4% *6% (Fig. 33). These data indicate that viral vesicles
represent a more stable compartment, as they contain most of the captured
virus at the time when viral degradation reaches a plateau (Fig. 27E). However,
the differences observed were not statistically significant, suggesting that viral

turnover was comparable in each of the cell populations found.
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Figure 32. Confocal and epifluorescent microscopy of HIV-1 capture and transfer
mediated by DCs. (A) Confocal images of a section of mDCs exposed to HIV ;4 5/,prere
for four hours and stained with DAPI to reveal the nucleus. Merged images of the section
showing the cells and the green and blue fluorescence are shown. (B) Composite of a series
of x—y sections collected through the entire thickness of the cell nucleus of a mature Myeloid
DC exposed to HIVy 45 pccore and projected onto a two-dimensional plane. A three-
dimensional reconstruction of a series of x—y sections collected through part of the cell
nucleus can be found as Video 1 in the supplementary CD. (C) Composition of a series of
x—y sections of mDCs collected through part of the cell nucleus and projected onto a two-
dimensional plane to show the x—z plane (bottom) and the y—z plane (right) at the points
marked with the dotted white axes. (D) Confocal image composition of mature Myeloid
DCs constructed as described above in (C). (E and F) Epifluorescent images of an iDC (E)
or immature Myeloid DC (F) exposed to HIV 45/ pccrp for four hours and stained with

DAPI. Merged images show the cells and the green and blue fluorescence.
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Figure 33. Percentage of mDCs analyzed by fluorescent microscopy after four hours
in the presence of HIVy;, ;... e Cells were washed and immediately analyzed (dark
bars) or evaluated four hours later (light bars). Graph shows the means and SEM of cells
from three different donors.

To gain further insight into the mechanism of viral capture and
transmission, HIVjre niasr.cpulsed DCs  were monitored by  electron
microscopy. Viral particles in mDCs attached to the extracellular cell
membrane proximal to the soma between dendrites (Fig. 34A and B). Initial
endocytic events were also observed (Fig. 34C), and vacuoles containing
numerous viral particles consistent with our previous confocal microscopy
observation were found proximal to the plasma membrane or deep inside the
cytoplasm (Fig. 34D and E). Quantitative differences between iDCs and mDCs
confirmed our previous results: of 113 mDCs analyzed, 33% showed at least
one virus in the cell surface and 28% had endocytosed virus. Conversely, of 90
iDCs analyzed, only 9% showed at least one virus in the cell surface and 6%
had endocytosed virus. Virions were associated with dendrites in only two cases
(one for mDCs and one for iDCs). Viral transmission was also monitored by
using DCs co-cultured with Hut CCR5" cells. mDCs filled with HIViger /N5 tu
established associations with Hut CCR5™ cells, and virus could be found to be
restricted to the site of the cell contact area (Fig. 34F and G). Polarization of

viral particles at the cell-to-cell interface, where intimate contact between
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mDCs and Hut CCR5" cells takes place, suggested the formation of an

infectious synapse.

O
—
—

Figure 34. Caption overleaf.
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Figure 34. (From previous page). Electron micrographs of pulsed mDCs. Cells
presented large numbers of viral particles associated with the cell membrane outside
dendrites (A and B) or initiating endocytosis (C). (D and E) Large vesicles containing
numerous viral particles could be found proximal to the plasma membrane surface or deep
inside the cellular cytoplasm. (F) Infectious synapse could also be observed in mDC and
Hut CCR5" cell co-cultures. The marked box on the picture shows the attachment of a
mDC (with light cytoplasm at the bottom) to a Hut CCR5" cell (with granulated cytoplasm
and a large nucleus at the top). (G) Magnification of the marked box in F, where viral

particles are polarized at the cell-to-cell contact area to form an infectious synapse.

8. Mature Myeloid DCs retain HIV . sx and HIV 4o nias 10

a compartment similar to that of mDCs

Previous work has demonstrated that in mDCs, HIV-1 accumulates in
intracellular vacuoles containing CD81 and CIDG63 tetraspanins (74). We
extended these observations to mature Myeloid DCs and found that HIV s
co-localizes with CD81 and CD63 (Fig. 35, top) but not with the LAMP-1
lysosomic marker. Furthermore, by employing HIV, . \1.+3 We observed

accumulation in the same intracellular compartments (Fig. 35, bottom).

Therefore, in mature Myeloid DCs, the process of viral accumulation in
vesicles is not directed by the envelope glycoprotein, in agreement with our
previous data (Fig. 28D). Furthermore, both types of captured viruses are

retained in a single CD81 and CD63-positive compartment.
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Figure 35. Mature Myeloid DCs retain HIVyox and HIV . 11,5 in a CD81" and
CD63" compartment. Images show, from left to right, individual green and red
fluorescence and the combination of both, either alone, merged with DAPI or with bright-
field cellular shape. (Top) Confocal images of a section of mature Myeloid DCs exposed to
HIVymsx for four hours, fixed and permeabilized to stain them with DAPI and p24°*
(RD1). Cells were labeled in parallel for CD81, CD63 or LAMP-1 (all conjugated with

FITC). (Bottom) Confocal images of a section of mature Myeloid DCs exposed to HIV .

w4 for four hours, fixed and permeabilized to stain them with DAPI and p24°** (RD1).
Cells were labeled in parallel for CD81, CD63 or LAMP-1 (all conjugated with FITC).
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9. mDC viral capture 1s not mediated through pinocytosis and
requires cholesterol

We then asked whether pinocytosis events could determine the enhanced viral
capture efficiency of mature DCs. We confirmed a greater macropinocytic
capacity of iDCs compared to mDCs by analyzing the capture of dextran
particles labeled with Alexa 488 (Fig. 36A). FACS analysis revealed that both
cell types showed similar capacities to bind to dextran at 4°C. However, active
dextran pinocytosis was higher at 37°C in iDCs. These preliminary data
suggested that pinocytosis does not account for the enhanced viral capture
observed in mature DCs. Previous work has shown that B-methyl-cyclodextrin
(BMCD), a cholesterol-sequestering reagent, efficiently blocks iDC viral binding
and capture (86). Therefore, we addressed whether cholesterol could also play a
role during mDC viral capture.

We first checked mDC viability in the presence of BMCD with a flow
cytometer, labeling cells with propidium iodide and DIOC-6 to analyze the
drug induction of necrosis and apoptosis (Fig. 36B). We confirmed that mDCs
were not affected by BMCD until we reached a concentration of 10 mM. We
then measured the effect of BMCD on mDC viral capture at 37°C by
employing nontoxic increasing concentrations of the drug. We found a dose-
dependent inhibition of mDC active viral capture, reaching levels similar to
those of viral binding observed at 4°C (Fig. 36C). Thus, mDC viral capture is a

temperature-sensitive process that can be blocked by BMCD.

To assess the specificity of BMCD and exclude the possibility that it
could be affecting other endocytic cellular pathways aside from lipid rafts, we
analyzed the effect that this drug had on mDC pinocytosis by using dextran
labeled with Alexa 488 (Fig. 36D). We found no significant effect of BMCD on
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mDC macropinocytosis when we compared fluorescence intensities of
pinocytosed dextran in mDCs exposed to increasing concentrations of the drug
to those of mock-treated cells. This finding further supported our preliminary

data indicating that mDC viral capture does not take place through pinocytosis.

Finally, to analyze BMCD activity for clathrin-mediated endocytosis, we
employed transferrin labeled with Alexa 555, a control that is known to enter
the cell through a clathrin mediated pathway. We pulsed mDCs previously
exposed to BMCD or mock treated with transferrin at 4°C to allow binding to
the cellular surface. We then washed away unbound transferrin, leaving part of
the cells at 37°C to incorporate labeled ligands for thirty minutes and keeping
the rest of the cells at 4°C to obtain binding controls. Cells were then fixed and
analyzed by confocal microscopy (Fig. 36E). mDCs exposed to BMCD at 2.5
mM had almost no inhibition of transferrin uptake, which was absent for some
of the donors tested and never exceeded 20% inhibition (Fig. 36E). However,
cells exposed to BMCD at 5 mM showed inhibition of transferrin uptake,
indicating that this drug has collateral effects on mDC clathrin-mediated
endocytosis. Thus, we can conclude that BMCD at 2.5 mM blocks mDC viral
capture by affecting cholesterol pathways to a higher extent than clathrin-

mediated endocytosis.
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Figure 36. (From previous page). mDC viral capture is not mediated through
pinocytosis and depends on cholesterol-enriched domains. (A) Increased
macropinocytosis of dextran labeled with Alexa 488 in iDCs versus mDCs. Thin histograms
represent dextran binding at 4°C and thick histograms represent dextran capture at 37°C.
Numbers above the peaks of the histograms indicate geometric mean (Geo mean)
fluorescence intensities. The negative control was done in the absence of dextran (dotted
histograms). (B and C) mDCs were preincubated with increasing concentrations of [3-
methylcyclodextrin (BMCD) below observed toxic concentrations (B). (C) Viral capture was
inhibited in a dose-dependent manner, reaching statistical significance at 2.5 mM (P=0.001,
paired t test). (D) mDCs were preincubated with increasing concentrations of BMCD for
thirty minutes at 37°C and dextran was then added to measure macropinocytosis at 37°C. Geo
mean fluorescence intensity for each condition is graphed, subtracting negative controls done
in the absence of dextran but with the BMCD concentrations indicated. (E) Confocal images
of a single plane of mDCs exposed to transferrin Alexa 555 at 4°C for one hour and then
shifted to 37°C (where transferrin bound to its receptor is able to enter through clathrin-
mediated endocytosis) or left at 4°C (as a control for transferrin external binding). Previous
treatment of mDCs with 2.5 mM BMCD did not substantially affect transferrin clathrin-

mediated endocytosis.
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Chapter V

Exosomes are secreted cellular organelles that can be internalized by dendritic
cells contributing to antigen-specific naive CD4" T cell activation. In this
chapter, we demonstrate that HIV-1 can exploit this exosome antigen-
dissemination pathway intrinsic to mature DCs to mediate #rans-infection of T
lymphocytes. Capture of HIV-1, HIV-1 Gag-eGFP viral-like particles (VLPs)
and exosomes by DCs was upregulated upon maturation, resulting in
localization within a CD81" compartment. Uptake of VLPs or exosomes could
be inhibited by a challenge with either particle, suggesting that the expression
of common determinants in the VLP or exosome surface is necessary for
internalization by mDCs. Capture by mDCs was insensitive to proteolysis but
blocked when virus, VLPs or exosomes were produced from cells treated with
sphingolipid biosynthesis inhibitors that modulate the lipid composition of the
budding particles. Finally, VLPs and exosomes captured by mDCs were
transmitted to T lymphocytes in a manner independent of the envelope
glycoprotein, underscoring a new potential viral dissemination pathway in

which HIV-1 and exosomes converge.
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The present study suggests that HIV and other retroviruses might be exploiting
a preexisting exosome dissemination pathway intrinsic to mature DCs,

permitting viral transmission to CD4" T cells.

[. Results

1. Maturation of DCs enhances VLP and exosome capture

In the previous chapter, we identified an HIV envelope glycoprotein-
independent mechanism for viral binding and capture that does not rely on
CD4 and C-type lectin receptors expressed on the DC surface. To characterize
the molecular determinants required for this highly efficient viral capture
mechanism that is upregulated upon DC maturation, we employed eGFP-
expressing fluorescent virus-like particles (VLPyy g, core)- Expression of the
HIV Gag protein alone is sufficient for virus-like particle assembly and budding
(71, 75, 155, 232), and GFP-tagged forms of HIV Gag have been previously

used to follow virus particle biogenesis (189, 190).

We pulsed immature and mature monocyte-derived DCs (iDCs and
mDCs respectively) with VLPyy g, egrp for four hours at 37°C, fixed the cells
and determined the percentage of eGFP’ cells by FACS. Similar to our
previously reported findings with infectious HIV-1 particles (Fig. 25A), VLP
capture was enhanced in mDCs compared to iDCs derived from the same
donors, suggesting a differential active virus capture process in mDCs
(P<0.0001, paired t test; Fig. 37A and B). We also confirmed equivalent
upregulation of VLP capture with LPS-matured CD1c” (BDCA-1) blood
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Myeloid DCs (Fig. 37C). Furthermore, DCs matured in the presence of poly
I:C (a TLR3 ligand) were comparable to LPS-matured DCs in their ability to
capture  VLPyy guecrp,  SUggesting  a  maturation  signal-independent
upregulation of HIV-1 internalization in mDCs (Fig. 37D). To further
determine whether mDC-mediated capture was not merely a size-regulated
process, DCs were incubated with virus-size carboxylated fluorescent beads of
100 nm diameter. We employed a concentration of beads displaying similar
binding profiles at 4°C in iDCs and mDCs (Fig. 38A). However, fluorescent
bead capture was downregulated upon maturation, as the percentage of mDCs
able to capture these beads at 37°C was lower than of iDCs (P=0.0042, paired t
test; Fig. 38A and B).

In light of this result, we decided to determine whether exosomes that
are also derived from cholesterol-enriched membrane microdomains (23, 65)
can incorporate mDC-recognition determinants and be captured by mDCs
through a mechanism similar to that exhibited by VLPyy g, crp- Immature
and mature DCs were pulsed with Dil-labeled exosomes released from Jurkat T
cells (Exosomesp;) for four hours at 37°C, then fixed and analyzed by FACS to
determine the percentage of Dil" cells. Similar to VLP 1y agegre CAPLUrE,
mDCs were much more efficient than iDCs at capturing exosomes (P<0.0001,
paired t test; Fig. 39). Overall, these results demonstrate that the capture of
VLP 1y Gageorp a0d Exosomesyy; is upregulated upon DC maturation, and that
this uptake mechanism is not merely a size-regulated process, but rather

requites the specific surface constituents of VLPyyy 6, oore and Exosomesyy;.
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Figure 37. Maturation of DCs enhances VLPyy g, .cre capture. (A) Comparative
capture of VLPyyy g, e by DCs. A total of 1 x 10° DCs were pulsed for four hours at 37°C
with 2,500 pg p24°* in 0.1 ml, washed with PBS and fixed, to analyze the percentage of
eGFP" cells by FACS. Data show the mean values and SEM from five independent
experiments. Mature MDDCs (mDCs) capture significantly larger amounts of VLPs
compared to immature MDDCs (iDCs), (P<0.0001, paired t test, n=06). (B) Capture profile
of increasing numbers of VLPs g ecre Dy IDCs and mDCs over two hours at 37°C.
Maturation of DCs resulted in increased VLP capture at 37°C compared to iDCs, and this
capture was dose-dependent. Histograms show a representative capture profile of iDCs (top)
and mDCs (bottom) at 37°C. (C) Comparative capture of VLPy g, ccre by MDDCs and
blood Myeloid DCs. Cells were pulsed as in (A). Data show the mean values and SEM from
six independent experiments. Mature DCs capture significantly larger quantities of VLPs
compared to immature DCs (P values on the graph, paired t test, n=6). (D) Capture profile
of VLP1y Gaeecre by mDCs matured in the presence of LPS and Poly I:C is similar at 37°C.
Histograms show a representative capture profile of mDCs from the same seronegative

donor matured in parallel.
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Figure 38. Maturation of DCs diminishes carboxylated bead capture. (A) Binding
profile of carboxylated yellow fluorescent beads (comparable in size to HIV-1 particles —
approximately 100 nm diameter) by iDCs and mDCs is similar at 4°C. However, maturation
of DCs resulted in diminished bead capture at 37°C. Histograms show a representative
binding and capture profile for iDCs and mDCs at 4°C and 37°C, respectively. (B)
Comparative capture of carboxylated yellow fluorescent beads by DCs. A total of 5 x 10°
iDCs and mDCs were incubated at 4°C and 37°C for two hours with approximately 1.8 x
10" beads. Cells were washed, fixed and analyzed by FACS. The graph displays the
percentage of DCs capturing beads at 37°C, after subtracting binding percentages at 4°C.
Data show the mean values and SEM from four independent experiments including cells

from seven donors. iDCs capture significantly larger quantities of beads than mDCs
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Figure 39. Maturation of DCs enhances Exosomeyp,; capture. Comparative capture of
Jurkat derived Exosomesyy; by DCs. A total of 1 x 10’ DCs were pulsed for eight hours at
37°C with 150 ug exosomes, washed with PBS and fixed to analyze the percentage of Dil"
cells by FACS. Data show the mean values and SEM from four independent experiments

including cells from eleven donors. mDCs capture significantly larger amounts of exosomes
than iDCs (P<0.0001, paired t test).
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2. Competition experiments suggest that different particles
derived from cholesterol-enriched domains use the same
entry pathway into mDCs

To determine whether VLPyy 6, ccrp and Exosomespy; share a common entry
mechanism, we performed different competition experiments. Mature DCs
were preincubated with increasing quantities of Exosomesy; and subsequently
pulsed with a constant amount of VLPyy g, .grp for one hour at 37°C. Cells
were then washed and we determined the percentage of eGFP and Dil-positive
cells by FACS. Pre-incubation of mDCs with increasing amounts of
Exosomespy,; resulted in a dose-dependent decrease in the percentage of
VLP 1y Gagecrp Positive cells (Fig. 40A, P=0.0078, paired t test). In contrast,
pre-incubating cells with increasing numbers of virus-size fluorescent
carboxylated beads resulted in no reduction in the ability of mDCs to capture
envelope-glycoprotein-deficient HIV,. 43 (Fig. 40B). Hence, the
competition observed between Exosomesp; and VLPyy g, ccrp SUggests that
both particles use a common saturable entry mechanism to gain access to
mDCs.

Since most retroviruses, including ecotropic murine leukemia virus
(MLV) also bud from lipid raft-like plasma membrane domains (37), binding of
VLP 1y Gagegrp t0 mDCs was competed by incubation either with non-
fluorescent HIV-1 particles lacking the envelope glycoprotein (HIV .., 5.) Or
with ecotropic envelope glycoprotein expressing MLV Gag VLPs (VLP,;y 6,,)-
Pre-incubation of mDCs with unlabeled HIV

Aenv-Bru

ot VLPyy g,, significantly
reduced the percentage of mDCs able to capture VLPyy g, cgre in 2 dose-
dependent manner (Fig. 40C and D, P values on the graphs, paired t test).
Notably, unlabeled HIVy; ,, particles derived from different T cell lines and
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stimulated PBMCs were also able to reduce the percentage of mDCs capturing
VLP 1y Gagegre (Fig. 40E). In contrast, pre-incubating mDCs with increasing
concentrations of Pronase-treated G protein-deficient VSV particles — known
to bud from non-raft membrane microdomains (37) — showed no reduction in
the ability of mDCs to capture VLPyy g, ccrp (Fig. 40F). These results suggest
that virus particles or exosomes derived from lipid raft-like plasma membrane

domains have a common entry mechanism into mDCs.
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Figure 40. (From previous page). Competition experiments suggest that different particles
derived from cholesterol-enriched domains use the same entry pathway into mDCs. (A)
Capture of VLPHIV-Gag-cGrp by mDCs previously exposed to increasing quantities of Jurkat derived
Exosomespir. Cells were preincubated for thirty minutes with increasing amounts of Exosomespir and
then pulsed with 625 pg of VLPhv-Gag-cGrp p24628 for one hour at 37°C, washed with PBS, fixed and
analyzed by FACS to determine the percentage of eGFP and Dil positive cells. mDCs capture fewer
VLPHh1v-GagGFp in the presence of increasing quantities of Exosomespir (P=0.0078, paired t test). (B)
Capture of HIV yenv-nra3 by mDCs previously exposed to increasing numbers of yellow carboxylated
100 nm beads. A total of 5 x 10> mDCs were preincubated thirty minutes with the beads, pulsed for
one hour at 37°C with 130 ng of HIVacnv-NL4-3 p24628 in 0.5 ml and then extensively washed with PBS.
Each sample was then divided and either fixed for analysis by FACS for bead capture or lysed with
0.5% Triton (at a final concentration of 5 x 10> cells per ml) to measure p24G2 content in the cell
lysate by ELISA. Results represent the percentage of yellow positive mDCs (circles) and the quantity
of pg of p24G2 bound per ml of cell lysate (diamonds). (C=D) Capture of VLPHv-Gag-cGrr by mDCs
previously exposed to increasing amounts of HIVaevpn (C) and VLPuivey (D). Cells were
preincubated for thirty minutes with increasing amounts of HIVacov-Bru 0f VLPuiv.Gee and then
pulsed with 625 pg of VLPuIv-GageGrp p24G2¢ for one hour at 37°C, washed with PBS and fixed to
analyze the percentage of eGFP positive cells by FACS. mDCs capture less VLPHiv-Gag-cGrp in the
presence of increasing concentrations of particles derived from cholesterol-enriched membrane
microdomains (P values on the graphs, paired t test). (E) The data represent the relative VLPH1v-Gag-
«crp capture by mDCs that had been preincubated with 200 ng of HIVNi43 p2462 obtained from
either MT4, MOLT 4 or PHA-stimulated PBMCs, and normalized to the level of VLPuv.Gag-eGrp
capture by mock-treated mDCs (set at 100%). mDCs capture less VLPHiv-Gag-cGFP in the presence of
these different viral stocks. (F) Capture of VLPHIv_GageGrp by mDCs that had been preincubated with
increasing amounts of Pronase-treated VSV particles. Cells were preincubated for thirty minutes in
the presence of Pronase-treated VSV particles and then pulsed with the 625 pg of VLPu1v-Gag-cGFp
p24Gas for one hour at 37°C, washed with PBS, and fixed to analyze the percentage of eGFP* cells by
FACS. mDCs capture similar amounts of VLPhiv-GageGrp in the presence of Pronase-treated VSV
particles. Panels A through F show mean values and SEM from three independent experiments

including cells from at least four different donors.
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3. Mature DCs retain HIV-1, VLPs and exosomes within the
same CD81" intracellular compartment

To gain further insight into this capture mechanism, we monitored mDCs
pulsed in parallel with HIVy;,;, VLPyy g eore and Exosomesy; by electron
microscopy (Fig. 41A—D). Most of the mDC-associated particles were found in
similar intracellular compartments. Furthermore, when mDCs pulsed
simultaneously with HIV,,; and Exosomesp;, were analyzed, particles
displaying viral and exosomal morphology could be found within the same
compartment (Fig. 42A—C).

Confocal microscopy of mDCs pulsed simultaneously with Exosomesy,
and the vpr-eGFP containing fluorescent wild type virus HIV-1y;45,,.cgrp OF
VLPyy Gagegrp also revealed that both virus and VLPs co-localized with
exosomes in the same intracellular compartment (Figs. 41E and F, 42D-G and
Videos 2 and 3, which can be found in the supplementary CD). Similar to HIV-
1 trafficking in DCs — (74) and Fig. 35 — VLP 1y g,y cheny 20d Exosomesp,; also
accumulated in intracellular vesicular compartments co-localizing with the
CD81 tetraspanin but not with the LAMP-1 lysosomic marker (Fig. 41G and

Previously, other researchers and we have characterized that B-methyl-
cyclodextrin, a cholesterol-sequestering reagent, can block DC viral capture by
affecting cellular lipid raft endocytic pathways — (86) and (Fig. 36). Interestingly,
pretreatment of mDCs with amantadine and chlorpromazine, classical clathrin-
mediated endocytosis inhibitors, also blocked VLP 1y g, .gre uptake (Fig. 43
and Video 4 in the supplementary CD). Therefore, HIV and exosome
trafficking within mDCs relies on active endocytosis that leads captured

particles to the same CD81" compartments.
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Figure 41. (From previous page) mDCs retain HIV-1, VLPs and exosomes in the
same CD81" intracellular compartment (A-C) Electron micrographs of mDC sections
exposed in parallel to HIVy,; VLPyygy,eere and Exosomesy;, showing similar large
vesicles containing these particles. Arrows indicate captured particles magnified in (D),
where comparative micrographs show, from left to right: HIVy;,;, VLPyy gaypecre and a
Jurkat derived exosome. (E) Confocal images of a section of a mDC exposed to HIV ;4 5/,
«crp and Exosomesyy; for four hours and stained with DAPI. The top images show the mDC
red and green fluorescence merged with DAPI, either with or without the bright field cellular
shape. The bottom images show magnification of vesicles containing these particles and
depict individual green and red fluorescence and the combination of the two. (F) Confocal
images of a section of a mDC exposed to VLPyy g, ccre and Exosomesy,; as described in
(B). (G) Confocal images of a section of 2 mDC exposed to red fluorescent VLP 1y G cherry
(top) or Exosomesy,; (bottom) in parallel for four hours, fixed and then permeabilized to
stain with DAPI and FITC-CD81. Images shown, from left to right, depict individual green
and red fluorescence channels and the combination of both merged with DAPI. (H)
Confocal images obtained as in (G), except that cells were stained with DAPI and FITC-
LAMP-1. mDCs retain VLPyyy g, oorr 20d Exosomesyy; in a CD81" LAMP1" compartment.
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Figure 42. (From previous page). (A—C) mDCs accumulate HIV, VLPs and
exosomes within the same intracellular compartment. Electron microscopy images of
mDCs simultaneously pulsed with HIV;,; and Exosomesy;. Particles displaying viral
morphology (with an electro-dense core: red arrows) or exosome morphology (with lighter
core: yellow arrows) accumulated in the same area of the membrane (A) or within the same
vesicles (B and C). (D-G) Confocal microscopy analysis of mDCs pulsed simultaneously
with VLPyyy g, eore and Exosomesyy;, then stained with DAPL. (D) Composition of a series
of x—y sections of a mDC collected through part of the cell nucleus and projected onto a
two-dimensional plane to show the x—z plane (bottom) and the y—z plane (right). VLPy,.
Gigegre and Bxosomespy; accumulated within the same compartment. (E) Isosurface
representation of the cell shown in (D), computing the nucleus and vesicle surfaces within a
three-dimensional volumetric x—y—z data field. (F) Quantification of the percentage of
VLPyypy Gy erp cO-localizing with Exosomesy,; and vice versa, obtained by analyzing 35 mDC
vesicles from three different donors. The mean and SD of the Manders and Pearson
correlation coefficients (obtained considering all the images) were 0.84 +0.08 and 0.75 =0.1
respectively, indicating co-localization. (G) Confocal images depicting vesicles analyzed in
(F), where the green, red and blue fluorescences are merged (top), or with the vesicles
marked in regions of interest (squares) showing the white mask of overlapping fluorescence

signals (bottom).
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Figure 43. (From previous page) Effect of amantadine and chlorpromazine
treatment in viral capture mediated by mDCs. (A) Fluorescent microscopy images of
control mDCs compared to mDCs treated with 2.5 mM amantadine. The left panels show a
projection of stacked images obtained by merging the red, blue and green fluorescence of
mDCs exposed to VLPs 1y g, cgrp fOr two hours at 37°C and then labeled with DAPI and
TRITC-wheat germ agglutinin (to stain the cell membrane). Video 4 in the supplementary
CD compares control cells to amantadine treated mDCs. The right panels show a
projection of stacked images obtained by merging only the blue and green fluorescence. (B)
mDC viability in the presence of increasing concentrations of amantadine was not
compromised until cells were incubated with 5 mM amantadine (P=0.0175, one sample t
test). Cells were labeled with propidium iodide and DIOC-6 to analyze the drug induction
of necrosis and apoptosis with FACS. (C) Viability in the presence of increasing
concentrations of chlorpromazine assessed as in panel (B). (D) Percentage of HIV ysx
captured by amantadine and chlorpromazine treated mDCs relative to untreated cells
normalized to 100% of viral capture at 37°C. mDCs were pre-incubated with increasing
concentrations of amantadine and chlorpromazine, exposed to the virus and lysed in 0.5%
Triton to measure the cell-associated p24“* by ELISA. Viral capture was inhibited in a
dose-dependent manner, reaching statistical significance at 2.5 mM of amantadine and 25
uM of chlorpromazine (P values on the graph, paired t test). Data show the mean values

and SEM from six donors and two independent experiments for each compound.
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4. Mechanism of VLP and exosome uptake in mDCs is dose-

dependent and increases over time, allowing efficient transfer
to target CD4" T cells

To further characterize the kinetics of this specific exosome, HIV and VLP
uptake process that is enhanced upon DC maturation, we monitored mDCs
exposed to varying amounts of Exosomesp; and VLPyy g, gre for four to
eight hours at 37°C (Fig. 44A and B). Similar to HIVy;, ;. .orp capture by
mDCs (Fig. 27A), the capture of Exosomesy; (Fig. 44A) and VLPyy g eore
(Fig. 44B) by mDCs took place in a dose-dependent manner and increased over
time. Although the percentage of eGFP" mDCs exposed to VLP 1y Gag eGrp
reached a plateau during the first four hours of culture (Fig. 44B), we have
previously seen that the mDC-associated virus fraction increases over time
when viral capture of HIV s Was assayed by a p24“* ELISA (Fig. 27C).
Therefore, while particle binding to the mDC-surface is a saturable process that
can be outcompeted, active endocytosis continues over time.

A number of studies have argued for long-term retention of HIV-1
infectivity within DCs that can be transmitted to CD4" T cells upon contact
(144, 226). Accordingly, we decided to address the ability of mDCs to retain
captured particles by taking advantage of the fluorescence intensity of the
VLP 1y Gagerp- Mature DCs were pulsed with VLPyyy 6, cgre» Washed and then
cultured for two days. Cells were periodically harvested and assayed for
retention of VLPyy g, rp, a8 measured by the percentage of eGFP" cells left
in the culture (Fig. 44C; P values on the graph, one sample t test). Though there
is a steady decline in the percentage of eGFP” cells over time, the results in Fig.
44C suggest that a significant percentage of mDCs retain VLPyy g0 cgre fOr at

least two days.
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Since mDCs are extremely efficient at transmitting captured HIV-1
particles to CD4" T cells (81, 138, 191), we wanted to determine if internalized
envelope-glycoprotein-deficient VLPyy g0 e O Exosomesy; could also be
transferred to CD4" T cells. We assessed transmission of VLP 1y Gagegrp and
Exosomesp; by mDCs to CD4" T cells by fluorescent microscopy. Mature
DCs were pulsed with VLPyy 6, ocre and then co-cultured with Jurkat T cells
labeled with a red cell tracker dye. Fluorescent microscopy analysis of
projections of stacked images of unconjugated red Jurkat T cells revealed a few
VLP 1y Gagegrp Per T cell (Fig. 44D). Analysis of conjugated Jurkat T cells with
mDCs also revealed VLPyy g, ecre polatization at the site of cell-to-cell
contact, showing the dramatic rearrangement of VLPs contained in the mDC
vesicular compartments to the site of viral synapse upon contact with Jurkat T
cells (Fig. 44E and Video 5, which can be found in the supplementary CD).

Similar results were found when analyzing mDCs pulsed with
Exosomesyy,; co-cultured with Jurkat T cells, pre-stained with a green cell
tracker dye. We observed unconjugated green Jurkat T cells bearing
Exosomesyy,; (Fig. 44F) and Exosome,; polarization to the site of the DC-T
cell contact zone (Fig. 44G). Most of the VLPs or exosomes captured by
mDCs were recruited to the DC-T cell contact zone (Fig. 44H) as previously
reported for HIV-1 (74, 138).

Overall, these results suggest that VLPs and Exosomes,; captured by
mDCs can be transferred to CD4" T cells, mimicking HIV-1 transmission to

CD4" T cells during frans-infection.
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Figure 44. (From previous page) VLP and exosome uptake in mDCs is a dose-dependent
mechanism that increases over time, allowing efficient transfer to target CD4+ T cells. (A)
Time course of mDCs (n=4) exposed to two different concentrations of Exosomespir and fixed at
each of the indicated time points and analyzed by FACS. Exosome capture by mDCs increases over
time in a dose-dependent manner. (B) Time course of mDCs (n=4) exposed to two different
concentrations of VLPHv.Gag-cGrp and fixed at each of the indicated time points and analyzed by
FACS. VLPuIv-Gag-cGrP capture by mDCs increases over time in a dose-dependent manner. (C) Fate
of VLPuiv-GagGrp captured by mDCs and followed by flow cytometry for two days. Graph shows
the percentage of Gag-eGFP* cells measured by FACS at the indicated time points. P values on the
graph reveal that 48 hours after pulse with VLP1v.Gag-cGFP, 2 significant percentage of mDCs still
retained VLPs (one sample t test). Data (mean and SEM from three independent experiments)
include cells from four different donors. (D) Red cell tracker dye-labeled Jurkat T cells wete
analyzed by deconvolution microscopy after four hours of co-culture with mDCs previously pulsed
with VLPhiv-Gag-cGrp and extensively washed before co-culture. The cells shown in the panels are
projections of stacked images obtained by merging the red and green fluorescence. Arrows indicate
Gag-eGFP dots associated with Jurkat T cells, magnified in the nearby marked boxes (E). Viral
synapses could also be observed in these co-cultures, where mDCs pulsed with VLPHIv-Gag-cGFp Were
stained with DAPIL Images shown, from left to right, depict the red and green fluorescence
channels merged with DAPI, the bright field cellular shape and the combination of both. (F) Jurkat
T cells labeled with a green cell tracker dye were analyzed by confocal microscopy after four hours
of co-culture with mDCs previously pulsed with Exosomespii and extensively washed. Images were
obtained by merging the red and green fluorescence. Arrows indicate Dil dots associated with
Jurkat T cells, magnified in the nearby marked boxes. Bright field cellular shape merged with the red
and green fluorescence is also shown. (G) Exosome polarization to the site of DC-T cell contact,
where mDCs pulsed with Exosomespii were stained with DAPL Images shown, from left to right,
depict the red and green fluorescence channels merged with DAPI, the bright field cellular shape
and the combination of both. (H) Quantification of mDCs forming synapses like those shown in
(E) and (G). Polarization of particles towards the synapse was considered when VLPuiv-GageGrp
(green) or Exosomespi (red) were found within one-third of the cell proximal to the contact zone
(as represented in the illustration by the blue colored area). Mean values and SEM of fifty synapses

from two donors counted by three distinct observers.
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5. VLPs, HIV-1 and exosomes enter mDCs through a
mechanism resistant to proteolysis

Our data suggest that common molecular determinants expressed on the
surfaces of HIV, VLPs and exosomes govern entry into mDCs, allowing
particle storage and transmission to CD4" T cells. To further gain insight into
the nature of these components, we analyzed the role of host proteins
incorporated during viral and exosomal budding and the putative role of
cellular protein-receptors expressed on the mDC surface.

We employed Pronase, a cocktail of proteases that displays high
proteolytic activity (149), to treat VLPs, infectious virus particles, exosomes and
cells prior to particle challenge of mDCs. The efficiency of Pronase treatment
was confirmed by the lack of expression of gp120 in Pronase-treated VLP,,.
Gagegrp CO-transfected with a viral envelope glycoprotein plasmid (Fig. 45A). We
also observed an eighteen-fold reduction on the infectivity of a wild type
HIV, .5, following equal Pronase treatment (Fig. 45B).

Similarly, Pronase treatment of mDCs resulted in an 80%, 100%, 84%
and 85% reduction in the cell-surface expression of DC-SIGN, CD4, CD81
and binding of trimeric HIV envelope glycoprotein, respectively (Fig. 45C).

After pulsing Pronase-treated or mock-treated mDCs at 37°C (for fifteen
minutes, to avoid complete recycling of the cellular receptors cut by the
proteases) with either Pronase-treated or mock-treated VLPyy guecre WE
measured the percentage of eGFP" mDCs by FACS (Fig. 46A). Surprisingly,
neither the protease pretreatment of the mDCs nor the VLPs diminished the
percentage of eGFP" cells. Similar results were obtained when HIVy,,; or
Exosomes,;, were treated with Pronase (Fig. 46B and C). Furthermore, no

differences in intracellular localization of VLPyy g ecres Exosomesp; and
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HIV\145/precre Were found when we compared mock-treated or Pronase-
treated mDCs (Fig. 45D).

Additional experiments performed with Pronase-treated mDCs pulsed
with VLPs at 16°C to arrest endocytosis, also confirmed the lack of effect of
Pronase treatment on VLP binding to mDCs (Fig. 45E and F). Consistently,
VLPs, exosomes and HIV particles captured by Pronase-treated mDCs (which
were allowed to recover before starting a co-culture with Jurkat T cells) were
also recruited to the site of DC-T cell contact (Fig. 45G). Thus, broad
proteolytic pretreatment of cells or VLPs, HIV-1 or exosomes was not

sufficient to prevent particle capture by mDCs.
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Figure 45. (From previous page). Effect of Pronase treatment on mDCs. (A) Western
blot of VLPyy g ecre cO-transfected with an HIV-1 envelope glycoprotein plasmid to
express gp120. Particles were treated with 400 ug/ml of Pronase or left untreated for one
hour at 4°C. Pronase treatment efficiently diminished gp120 detection levels when
compared to the mock-treated VLPs. mAb against p24“* was used for detection of Gag-
eGFP expression in both VLPs. (B) TCID,,/ml of untreated and Pronase-treated wild type
HIV, 45 particles on TZM-bl cells containing the luciferase reporter gene. Upon Pronase
treatment, there was an eighteen-fold reduction in infectivity (from a mean of 22,357 to
1,167). (C) Representative histograms of untreated mDCs and those treated with 200
ug/ml of Pronase for thirty minutes at 4°C and stained with an ant-DC-SIGN, CD4,
CD81 and trimeric HIV-1 envelope glycoprotein gp140 detecting mAbs. Pronase treatment
(light grey histogram) efficiently diminished DC-SIGN, CD4 and CD81 expression levels,
or binding of gp140, as compared to mock-treated cells (dark grey histogram), seen by the
reduction in geometric mean fluorescence intensity (MFI); (P values on the graphs, paired t
test, n=0). Unlabeled cells are shown in blank dotted histograms. (D) When untreated (top
panels) or Pronase-treated mDCs (bottom panels) were pulsed at 37°C for four hours (in
the absence or in the presence of Pronase, respectively) with VP 6,4 cgrp, EXOSOMESy; OF
HIV\145/0precres O differences in trafficking of the particles were observed by confocal
microscopy, confirming our previous FACS results. (E) Binding of VLPyyy g, e at 16°C
for two hours was assessed by FACS employing mDCs previously exposed to 200 pg/ml of
Pronase or mock-treated. Notably, by adding Pronase we were not able to block viral
binding when pulsing treated mDCs with VLPyy 6, oo (F) After pulse at 16°C, some
cells were stained with DAPI and TRITC-labeled wheat germ agglutinin (to label the cell
membrane), fixed with 2% paraformaldehyde and cytospun onto glass slides to be analyzed
by deconvolution microscopy. Analysis of the projection of stacked images revealed that at
16°C, most of the bound VLPs were not endocytosed but remained on the cell surface in
both untreated (top panel) and Pronase-treated mDCs (bottom panel). (G) After pulse at
37°C, as in panel (D), Pronase-treated mDCs were extensively washed, allowed to recover
and then co-cultured with cell tracker-labeled Jurkat T cells. Confocal sections show
VLPiy Gagegrps ExOsomesyy; and HIVy 45/ cre pOlarization at the site of DC-T cell

contact. Images depict the red and green fluorescence channels merged with DAPI and the

bright field cellular shape.
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Figure 46. VLPs, HIV-1 and exosomes enter mDCs through a mechanism resistant
to proteolysis. mDC capture of (A) VLPyy gy (B) HIVyy; or (C) Exosomesy;.
Pronase treated or untreated mDCs were pulsed for fifteen minutes at 37°C with Pronase or
mock-treated VLPyyy o eores HIVyias and Exosomesy;. Neither the protease pre-treatment
of the cells nor the particles was sufficient to prevent the capture of VLPyy g ccrr
Exosomesp,; or HIV,,; by mDCs. Panels (A) to (C) show the mean values and SEM from

six independent experiments including cells from at least four different donors.

6. VLP, HIV-1 and exosome capture can be inhibited when
particles are produced from ceramide-deficient cells

Virus particle budding or exosome biogenesis not only results in selective
incorporation of host proteins in the particle membrane, but also selects for
expression of unusual sphingolipids in the virus particle or exosome
membranes (28, 37, 151, 216). Furthermore, it has been previously shown that
the lipids of enveloped viruses play a critical role in viral infectivity (28, 186).
However, the impact of viral lipid composition on the mDC viral capture
process has never been evaluated. We decided to address this issue by pre-

treating HEK-293T producer cells with FB1, an agent that blocks both the de
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novo synthesis of sphingolipids (by inhibiting the synthesis of dihydroceramide,
which serves as precursor to all sphingolipid species including
glycosphingolipids and sphingomyelin) and the salvage pathway (233). To
inhibit a different step of the metabolism of dihydroceramide species, we also
employed NB-DNJ, a reagent that only blocks the synthesis of
glycosphingolipids (171).

Treatment of HEK-293T cells with FB1 or NB-DN]J had no significant
effect on cell viability or VLP release after HIV Gag-eGFP transfection, as
measured by p24°*® ELISA or western blot analysis (Fig. 47A and B).
Interestingly, challenging mDCs with VLPyy ¢, «orp released from FB1-treated
HEK-293T cells resulted in negligible VLP capture (1.2 £0.6% Gag-eGFP"
cells, Fig. 48A), compared to mDCs challenged with VLPs generated from
mock-treated cells (79.4 £14.4% Gag-eGFP" cells; P=0.0003; paired t test;
Fig. 48A). Equivalent results were obtained when VLPs were produced from
NB-DNJ-treated HEK-293T cells (P=0.0062; paired t test, Fig. 48A).

Similarly, wild type HIV-1 particles derived from FB1 or NB-DNJ-
treated HEK-293T cells were deficient in binding to mDCs compared to the
mDC-capture observed with HIV particles produced from untreated HEK-
293T cells (Fig. 48B). Although HIV-1 particles derived from HEK-293T cells
treated with FB1 had reduced infectivity relative to untreated controls (Fig.
47C), as previously reported (28), we found that NB-DN]J treatment of virus
producer cells had no significant impact on viral infectivity when compared to
untreated stocks (Fig. 47C). Furthermore, at the viral dose employed to pulse
mDCs, the infectivity of FB1 treated virus was only 20% *£10% lower than the
wild type virus (Fig. 47D). Analogously, FB1 or NB-DN]J-treated Jurkat T cells
released similar amounts of Exosomesp; to mock-treated Jurkat T cells,

measured both by fluorimetry assays and protein determination (Bradford)
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assays (Fig. 47E and F). Again, after two hours at 37°C, mDCs were able to
capture greater quantities of exosomes released from the mock-treated Jurkat T
cells than the exosomes derived from FB1 or NB-DN]J-treated Jurkat T cells
(Fig. 48C; P=0.0042 and P=0.0062; paired t test). Overall, these results suggest
that sphingolipids facing the outer layer of VLP, HIV-1 and exosome

membranes could be implicated in the initial particle attachment at the surface

of mDC:s.
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Figure 47. (From previous page). Effect of sphingolipid inhibitors in VLP, HIV and
exosome release. (A-B) HEK-293T cell treatment with inhibitors of sphingolipid
biosynthesis (50 uM of FB1 or 500 uM of NB-DNJ) for four days does not impact on VLP
release after HIV Gag-eGFP transfection, measured both by (A) p24°* ELISA or (B) p24“*
western blot. (C) HEK-293T cell treatment with 500 uM of NB-DNJ for four days does not
impact on HIV,, ; infectivity, while affecting virus produced from FB1-treated HEK-293T
cells (P<0.0017, unpaired t test). TCID;, values were obtained with a TZM-bl reporter cell
line and are normalized to the p24°* levels released after transfection. Data show the mean
and SEM of viral stocks obtained in five different transfections. (D) At the viral dose
employed to pulse mDCs (10 ng of p24“* per 1 x 10° cells), HIV,, ; derived from FB1-
treated HEK-293T cells only reduces its infectivity 20% £10% compared to untreated
HIVy;, 5 Ghost CXCR4"/CCR5" cells containing the GFP gene under the control of the
HIV promoter were acquired with FACS 48 hours post-infection. Data show the mean and
SEM of viral stocks obtained in three different transfections. (E-F) Jurkat treatment with
FB1 (50 uM) or NB-DNJ (500 uM) for seven days does not affect exosome release after Dil
labeling, measured both by (E) fluorescence assay or (F) protein quantification by Bradford
assay. Dotted line in (E) indicates background levels of media assayed for relative

fluorescence units (RFUs).
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Figure 48. VLP, HIV-1 and exosome capture can be inhibited when particles are
produced from ceramide deficient cells. (A) A total of 1 x 10° mDCs were exposed to
2,500 pg of VLPyy gugecrr p24°¢ produced from either FB1, NB-DN]J or mock-treated
HEK-293T cells, fixed and analyzed by FACS to measure the percentage of eGFP" cells.
mDCs capture significantly larger amounts of VLPyyy g, ecre produced from mock-treated
HEK-293T cell (P=0.0003, paired t test). Mean values and SEM from three independent
experiments including cells from five donors are plotted. (B) mDCs were exposed to 10 ng
of HIV-1,,; or HIV-1y,; p24°*® produced from either FB1, NB-DN]J or mock-treated
HEK-293T cells, washed thoroughly to remove unbound particles, lysed, then assayed to
measure the cell-associated p24°* content by an ELISA. mDCs capture larger amounts of
HIV-1 produced from mock-treated HEK-293T cells. Mean values and SEM from two
independent experiments and cells from three donors are plotted. (C) 1 x 10° mDCs were
exposed to 250 pg of Exosomesy; produced either from FB1, NB-DN]J or mock-treated
Jurkat cells, fixed and analyzed by FACS to measure the percentage of Dil" cells. mDCs
capture significantly larger amounts of Exosomesp,;; produced from mock-treated Jurkat cells
(P=0.0042, paired t test). The mean values and SEM from three independent experiments

and cells from six donors are plotted.
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Chapter VI

I. mDCs versus iDCs: Two evil sides for Mr. Hyde

Soon after HIV-1 exposure, both mature and immature DCs are able to
transfer the virus preferentially to antigen-specific CD4" T cells in the absence
of productive infection (126, 145). This viral transmission process, known as
trans-infection, is enhanced when DCs are matured in the presence of
lipopolysaccharide (LPS), gamma interferon, poly (I:C) and CD40 ligand (191,
241). The first part of this thesis compares the effect of LPS maturation on
monocyte-derived DCs and blood Myeloid DCs during viral capture,
underscoring new insights into a mechanism that might have relevant
implications for HIV-1 pathogenesis, given the interaction of mature DCs with

CD4" T cells at the lymph nodes.

Previous research has shown that iDCs capture virus to a greater or
similar extent compared to mDCs (70, 191). When we performed binding
experiments at 4°C, no major differences between these cell types were
observed (Fig. 20). Strikingly, when cells were exposed to virus at 37°C, larger
amounts of virus were found in mDCs, and this difference increased over time

(Figs. 25 to 27). We extended our observations to blood-derived DCs of
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Myeloid lineage and found that mature Myeloid DCs also capture larger
amounts of virus than immature Myeloid DCs (Fig. 25). Therefore, contrary to
previous studies (70, 191), our cell culture system and the viral isolates that we
employed underscore a viral capture mechanism that is dramatically enhanced
upon DC maturation. Interestingly enough, another different group has now

independently reproduced these results (234).

Early research also proposed that iDC viral capture protects virions
against degradation (76, 112), but others and we have demonstrated that iDCs
show rapid degradation of captured viral particles — (144, 226) and (Fig. 27F). It
is notable that we found still greater amounts of virus 48 hours post-pulse in
mDCs than in iDCs immediately after pulsing (Fig. 27). Therefore, the possible
explanations for enhanced viral transmission in mDCs as compared to iDCs
include an increased ability to capture the virus and a longer lifespan for the
trapped virions. If this is indeed the physiological case, strategies directed to
augment viral degradation through the proteasome and lysosome machinery
could diminish #rans-infection while favoring HIV-specific antigen presentation.
However, further research is needed to provide the therapeutic tools required
to redirect captured virus into the cellular lytic pathways.

The initial Trojan horse hypothesis relied on the iIDCs’ frans-infection
ability — reviewed in (227). However, several results (138, 234) — reviewed in
(241) — including our own (Fig. 25B, C and E), indicate that iDCs have reduced
trans-infection ability. Furthermore, a number of reports highlight that long-
term transfer of HIV to susceptible T cells relies on the iDCs’ productive
infection rather than on #ans-infection (30, 220).

Conversely, mDCs are much less vulnerable to viral fusion events and
productive HIV infection than iDCs (34, 81), while displaying a greater ability

to capture incoming virions and transmit them to target T cells through #rans-
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infection (Fig. 25). Even though endocytosis-mediated HIV-1 entry can
generate productive infection in certain cell types, including human monocyte-
derived macrophages (47, 62, 134), endocytosed HIV-1 cannot initiate
productive infection in DCs, as has been recently established (104). Therefore,
productive HIV-1 infection in DCs is dependent on fusion-mediated viral entry
events (30, 34, 152, 153, 169).

Our results using confocal and electron microscopy corroborate this
hypothesis, revealing a totally distinct uptake pattern in iDCs compared to
mDCs (Figs. 32 and 34). The lack of viral accumulation within iDCs favors a
model in which viral interactions lead to fusion events and productive
infection. In marked contrast, maturation increases the DCs’ ability to
endocytose virus in large intracellular vesicles that co-localize with CD81 and
CD63 tetraspanins in blood Myeloid DCs (Fig. 35), as previously reported for
mDCs (74).

Collectively, these results favor a model in which both direct infection
and #rans-infection abilities coexist to a different extent in immature and mature
DC subsets. Maturation of DCs enhances viral capture activity and #ans-
infection capacity, while diminishing the viral fusion events and the productive
infection that characterizes iDCs. Under these circumstances, iDCs would
preferentially transmit de novo synthesized virus upon productive infection (2206),
and the mDCs’ enhanced #rans-infection ability would play a key role in the
mucosa and lymph nodes, mediating viral transmission to new target naive
CD4" T cells (Fig. 49). Our results reveal that HIV works as a different kind of
evil potion depending on the DCs’ maturation status, promoting two distinct

viral dispersion mechanisms that define two evil sides for Mr. Hyde.
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Figure 49. Proposed major roles of iDCs and mDCs during HIV disease progression.
Productive infection of iDCs allows viral transmission in the peripheral tissues, while mDC

viral capture leads to #rans-infection in the lymphoid tissues.

II. mDC #rans-infection
Which of these two viral dispersion mechanisms has the most profound effect
in HIV pathogenesis? Given the unique capability of mDCs to enhance HIV-1
infection, we hypothesize that iz vivo, mDC trans-infection could augment viral
dissemination in the lymphoid tissue and significantly contribute to HIV
disease progression. That is why in this thesis we have tried to underscore the
processes behind mDC functional metamorphosis into Mr. Hyde, focusing on
HIV binding and capture, intracellular trafficking and the final transmission of

captured virus to CD4" T cells.
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1. In vivo evidence of Mr. Hyde’s criminal activity

mDCs continuously interact with CD4" T cells at the lymph nodes, the key site
of viral replication. Therefore, mDCs find themselves in the right place and at
the right time to play a prominent role in HIV pathogenesis. We should not
forget that mDCs have a greater ability to stimulate CD4" T cell proliferation
than iDCs. Accordingly, upon infection, mDCs presenting viral antigens could
activate HIV-specific naive CD4" T cells in the course of their first encounters
in the lymph node. As a result, HIV-specific naive CD4" T cells would undergo
several rounds of division during their initial expansion and differentiation into

effector CD4" T cells, turning highly susceptible to actual HIV infection (54).

Once infected, these activated CD4" T cells are known to have short
half-lives 7z vivo, lasting less than two days (164). Therefore, under rapid T cell
turnover, DCs could be indispensable to permitting continuous infection of
new CD4" T cells (85). Recently, it has also been suggested that simultaneous
priming and infection of T cells by DCs is the main driving force behind the
early infection dynamics, when activated CD4" T cell numbers are low (97).
However, the viral dissemination process mediated by mDCs in the mucosa
could take place at all the stages of HIV infection, influencing the viral load
fluctuations throughout the whole course of disease. Consequently, mDCs
located in the lymphoid tissue could also facilitate viral persistence and
continuous replenishment of cellular viral reservoirs. Unfortunately, even when
HAART is successfully introduced and the viral load is controlled, HIV
replication might not be totally suppressed, and low levels of viral replication
could take place ‘cryptically’ below the limits of clinical detection (52, 53).
Recent works have demonstrated that HIV persists in the GALT of infected

individuals who received effective antiviral therapy for prolonged periods (41),
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underscoring a potential situation where mDC #rans-infection could mediate the
replenishment of cellular reservoirs. Nevertheless, the mDC contribution to

HIV pathogenesis in these physiological settings needs further investigation.

Notably, the viral dissemination that mDCs can potentially mediate 7
vivo is enormous: T cells approach mDCs randomly and make exploratory
contacts that last only minutes, enabling DCs to contact thousands of T cells
per hour (141). Thus, since viral transmission through #rans-infection does not
rely on antigen presentation, many CD4" T cells could capture mDC-
transmitted virus; however, only after antigen presentation through
immunological synapses would naive CD4" T cells be activated and their

subsequent proliferation render these cells more susceptible to HIV infection.

Accordingly, we propose that this mDC #rans-infection model could be
intimately related to the course of infection, helping explaining why viral
replication occurs mainly in the paracortical regions of the peripheral lymphoid

organs (57, 161, 164) where DCs and CD4" T cells mostly concentrate (90).

Interestingly, it has been previously shown that circulating LPS, the
stimulus used to mature DCs in this thesis, is significantly augmented in
chronically infected HIV individuals, due to the increased translocation of
bacteria from the intestinal lumen upon infection (26). This means that the
bacterial components released could stimulate DCs systemically, contributing
to their maturation and therefore enhancing viral spread in the mucosa, while
creating the pro-inflammatory milieu associated with chronic HIV infection.
This hypothesis is further supported by another report showing that in subjects
with HIV-1 viremia, DCs from blood have increased expression levels for
costimulatory molecules (the hallmark of maturation status) that only diminish

when HAART suppresses the viral load (13). The median LPS plasma levels
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found in patients with disease progression was 75 pg/ml (20), five times the
amount required to stimulate the systemic immune activation in non-infected
volunteers (211). Although this LPS concentration is much lower than the one
we have used to mature DCs 7z vitro, it is conceivable that iz vivo, higher
amounts of LPS could accumulate in the most compartmentalized areas of the
mucosa or in the adjacent tissues. Therefore, future experiments should
measure LPS tissue levels 7z vivo and address whether the physiological amounts
of LPS found can trigger the same DC maturation status and viral transmission
efficacy described in this thesis.

In contraposition to the mDC #uans-infection model we propose, initial
studies emphasized iDCs’ role in the establishment of HIV infection (76, 112).
However, the strongest correlate associated with the sexual transmission of
HIV is prior infection with other sexually transmitted pathogens (198). This
implies that the probability of a person acquiring HIV infection is increased
when there is a preexisting infection or inflammation of the genital epithelium.
Under these circumstances, it is quite likely that mucosal inflammation arising
from other sexually transmitted pathogens could directly activate and mature
DCs in vive, promoting HIV settlement and favoring the subsequent spread of
the viral infection. Therefore, mDCs’ enhanced #rans-infection capacity could
also play a role during primoinfection. Notably, recent experiments performed
in tissue culture models ex vwo showed that individual Langerhans cells from
the human vaginal epithelium were heavily loaded with virions a few hours
after HIV challenge (95). Although in this study the productive infection of
Langerhans cells was not detected, HIV was easily found along the contact
zone of emigrant Langerhans cells and T cells conjugates, forming infectious

synapses (94, 95).
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Unfortunately, recent failures in HIV prophylactic vaccine trials stand as
an additional corroboration of the prominent role mDCs could be playing
during HIV primoinfection zz vivo. The STEP HIV vaccine trial evaluated a
replication-defective adenovirus type 5 (Ad5) vector, which is a weakened form
of a common cold virus, modified to carry HIV genes into the body to induce
HIV-specific immune responses. One reasonable worry about the Ad5 vector
was that the widespread immunity to adenoviruses could cause vaccine
recipients with circulating antibodies against Ad5 to contract HIV more readily
than vaccinated individuals without prior antibodies or the non-vaccinated
controls. Indeed, this Merck clinical trial was recently stopped due to the
vaccine’s lack of efficacy and the twofold increase in the incidence of HIV
acquisition among vaccinated recipients with increased Ad5-neutralizing
antibody titers compared with placebo recipients (HIV vaccine trials network,

http://www.hvtn.org/science/step_buch.html). Of note, a recent report

demonstrates that the Ad5 vector, with its neutralizing antiserum (present in
people with prior immunity), induced a more marked DC maturation than the
vector alone, as indicated by increased CD86 expression levels, decreased
endocytosis and production of tumor necrosis factor and type I interferons
(166). Furthermore, when the Ad5 vector and the neutralizing antiserum were
added to DCs, significantly enhanced HIV infection was observed in DC-T
cell co-cultures. That is why these authors argue that mDCs from people with
prior immunity to Ad5 virus could have activated CD4" T cells 7 wvivo,
augmenting their susceptibility to HIV infection (166). Furthermore, Ad5
infected mDCs could have been killed by Ad5-specific CD8" T cells, thereby
reducing the pool of DCs presenting HIV antigens. Indeed, weaker HIV-
specific CD8 responses were seen in Ad5-seropositive individuals in response

to vaccination. Overall, these results highlight the functional relevance that DC



Chapter VI

maturation could possess under physiological settings, providing the basis for a

chronic permissive environment for HIV-1 infection.

2. Viral binding and capture: No sign of DC-SIGN

Owing to its implications for HIV pathogenesis iz wivo, we believe that
elucidating the mechanisms underlying the enhanced HIV-1 transmission by
mDCs is crucial to designing effective therapeutic strategies to block viral
spread. In order to address this issue, we first focused on DC-SIGN’s role in
the viral capture process, as it is proposed to be the most important HIV-1
attachment factor concentrating virus particles on the surface of DCs (12, 58,
76, 89, 112, 172, 203, 219, 227). However, as we performed our experiments,
an increasing number of studies started to suggest that HIV-1 binding, uptake
and transfer from DCs to CD4" T lymphocytes may involve alternative
pathways such as C-type lectin receptors (CLRs) — including the mannose
binding receptor, DCIR and trypsin-sensitive CLRs — CD4-independent
receptors, and glycosphingolipids such as galactosyl-ceramide expressed on the
DC surface (22, 82, 86, 113, 132, 223, 225, 240). These studies and the results
presented in this thesis demonstrate that a single receptor is not responsible for
HIV-1 binding to all DC subsets (100, 225), highlighting that additional HIV-1

receptors and their respective endocytic routes remain to be identified.

Here, we show that despite the fact that DC-SIGN expression is almost
absent from Myeloid DCs and that mDCs display half the number of DC-
SIGN antibody binding sites compared to iDCs (Fig. 28), HIV-1 capture and
transfer to target T cells are augmented upon maturation in both DC types
(Figs. 25 and 26). These results are in agreement with other reports showing
HIV trans-infection mediated by cells that do not express DC-SIGN, such as
blood Myeloid DCs and Langerhans cells (63, 82). Therefore, even though the
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efficiency of DC-SIGN-transfected cell lines in transmitting HIV-1 has been
previously related to DC-SIGN expression levels (12, 172), we confirm that the
cellular context in which DC-SIGN is expressed determines viral capture and
transmission ability (219, 241-243). It would be of great interest to further
confirm DC-SIGN’s contribution to HIV-1 transmission in other primary cells,

such as B lymphocytes or macrophages (179, 192).

We also found that DC-SIGN blocking agents such as mannan or anti-
DC-SIGN antibodies had minimal effects on mDC viral capture and transfer,
while completely abrogating Raji DC-SIGN cell viral capture and transfer (Figs.
28 and 31). Therefore, conclusions drawn from employing transfected cell lines
should be extrapolated to primary cells with care, because effective blocking
concentrations of DC-SIGN-inhibitory compounds in these model cell lines do

not prevent viral capture or transmission by mDCs and Myeloid DCs.

Our results also show that only iDCs, the DC subset displaying larger
amounts of DC-SIGN, partially rely on DC-SIGN activity to promote viral
capture, confirming the extensive literature that has showed a wvariable
contribution by DC-SIGN in HIV capture and its subsequent transfer to CD4"
T cells, as reviewed in (168). These data nicely correlate with a previous report
showing that in iDCs, the HIV envelope and DC-SIGN-dependent pathways
account for about 50% of antigen presentation through MHC-II (145), and
with a recent work showing that HIV targeting of the CD81 compartment is
dependent on the viral envelope glycoprotein in iDCs (73). Therefore, it would
be interesting to address whether the remaining 50% of viral capture in iDCs
that does not rely on the viral envelope glycoprotein is taking place through the
same mechanism as in mDC:s.

DC-SIGN affinity for the gpl120 envelope glycoprotein is five times
greater than that displayed by the receptor CD4 (46). That is why it was first
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suggested that DC-SIGN could efficiently capture low numbers of HIV-1
particles in the periphery, facilitating HIV transport to secondary lymphoid
organs rich in CD4" T cells, where infection of target cells would take place
(76). This DC-SIGN high affinity interaction could play a prominent role in
situations where the number of free viral particles is limited. However, as other
groups (138) and we (Figs. 17 and 44E, Video 5) have shown, the infectious
synapse polarizes large amounts of virus, efficiently concentrating viral particles
at the site of CD4" T cell contact. Therefore, in cell-to-cell viral transmission,
where large amounts of virus are concentrated, DC-SIGN’s role could be
dispensable. Previous studies have calculated that only ~10% of the infections
in lymphoid tissue are transmitted by cell-free virions and that ~90% are
transmitted by infected cells (51). This could be due to the short half-life of the
cell-free virus, less than two hours in plasma (164, 176), further limiting the
opportunity for viral particles to directly infect CD4" T cells. In fact, cell-
associated transfer of HIV-1 is estimated to be 92 to 18,600-fold more efficient
than that of cell-free virus (38), due to the increased numbers of contacting
virus (64, 234) and their higher infectivity through cell-to-cell synapse

formation (50).

Since DC-SIGN binds specifically to gp120, we decided to further
address DC-SIGN’s role in DC viral capture by employing viral particles
lacking the envelope glycoprotein. Notably, Raji DC-SIGN cell viral capture
was totally dependent on this glycoprotein (Fig. 28D), further confirming the
specificity of this C-type lectin receptor for gp120 (46). However, the envelope
requirement in iDCs decreased by a similar extent to that observed in the
presence of DC-SIGN inhibitory agents (Fig. 28C), verifying that other

molecules are implicated in the viral capture process as well in this cell type (22,
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82, 86, 113, 132, 223, 225, 240), despite the high expression of this C-type
lectin receptor (Fig. 28A).

Strikingly, we found that the envelope glycoprotein is not necessary for
Myeloid DC and mDC viral uptake (Fig. 28D). Therefore, in these primary
cells, viral capture has to take place independently of fusion events.
Interestingly, these results are in agreement with a previous report showing a
decreased viral fusion with the plasma membrane of mDCs when compared to
iDCs (34). Hence, although the cell-associated p24“* values provided in
Figures 25 to 27 do not distinguish between the net viral capture and the fusion
events, the uptake of virus lacking the envelope glycoprotein (Figs. 28D and 35,
bottom) helps to discriminate this non-fusogenic viral entry pathway. This
mechanism could explain why mDCs, having limited antigen capture activity,
sequester significantly larger numbers of intact whole viral particles than iDCs
(Fig. 34), as previously reported (70). Furthermore, these results clearly
highlight the need to find viral envelope-independent binding receptors in
mDCs. Accordingly, analyzing the role of adhesion molecules dragged from the
membrane of infected cells during viral budding could aid in identifying the
molecular determinants that lead to viral capture in mDCs. These factors could
be ubiquitous because we observed an increased viral uptake pattern in mDCs
when compared to iDCs exposed to viral stocks produced in HEK-293T cells,
MOLT 4 cells, and stimulated PBMCs (Fig. 30).
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3.Hiding Dr. Jeckyll’s evil potion: Intracellular viral trafficking

Regardless the nature of the initial receptors implicated in the viral binding
process, once the virus is attached to the surface of the DCs, it is internalized in
endosomes or multivesicular bodies (74, 111). Our results confirm that in
mDCs, virus accumulates in vesicles enriched in proteins distinctive of
multivesicular bodies (Fig. 35), such as CD81 and CDG63 tetraspanins. A recent
study challenges this internalization view and suggests that cell-surface-bound
HIV is the predominant pathway for viral transmission mediated by MDDCs
(35). Remarkably, these authors performed experiments pulsing DCs at 4°C,
and then allowed the endocytosis of bound virions at 37°C. Under these
experimental conditions it is possible that the initial viral binding process is
restrained; at lower temperatures, the average speed of particles in suspension
decreases and the probability of interactions is thus reduced, introducing a bias
that could obscure the more relevant interactions taking place at physiological
temperatures.

In contrast to the results obtained by this group (Fig. 16A), several other
publications have reported that HIV associated with DCs at 37°C is protected
from trypsin treatment (19, 76, 238) and from Pronase treatment (22, 63, 234).
Therefore, the most extended view proposes that virus is endocytosed and
accumulated into a non-conventional, non-lysosomal, endocytic compartment
resistant to protease treatment (Fig. 16B). Despite this, the latest report on the
topic tries to reconcile these two models by demonstrating that the intracellular,
apparently endocytosed HIV remains fully accessible to surface-applied viral
inhibitors and other membrane-impermeable probes (245). Therefore, this
group argues that HIV resides in an invaginated domain within DCs that is

both contiguous with the plasma membrane and distinct from classical
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endocytic vesicles (Fig. 16C). These results are not discarded by our confocal
and electron microscopy observations. It is therefore conceivable that the
multivesicular bodies we refer to could be connected to the plasma membrane
throughout the whole process, while virus is being endocytosed and even
before it is released to mediate #runs-infection of CD4" T cells. Further research
is needed to clarify this issue, but if viral inhibitors can gain access to the
compartment where virus accumulates, already available therapeutic options

could efficiently block this mechanism of viral spread.

Apart from the physical connection of the multivesicular body with the
plasma membrane, our results clearly highlight that HIV trafficking within
mDCs relies on active endocytic mechanisms. The first evidence we obtained
came from the viral capture experiments performed at different temperatures,
where we found that mDC viral uptake increased over time at 37°C, the
optimal temperature for endocytosis to occur (Fig. 26). However, it is well
established that DC maturation induces a rapid decrease in macropinocytic
activity of fluid-phase markers such as dextran particles (166, 187, 207).
Therefore, mDC-enhanced viral capture through a pinocytic pathway is highly
unlikely, since this transportation system is less active in mDCs than in iDCs
(Fig. 36A). Recent studies have shown brief co-localization of HIV with
transferrin (112), the archetypical cargo of clathrin-mediated endocytosis.
Interestingly, pretreatment of mDCs with amantadine and chlorpromazine, the
classical clathrin-mediated endocytosis inhibitors, also blocked HIV uptake
(Fig. 43). Further work should address whether the inhibitory doses of
amantadine and chlorpromazine employed in our assays do not affect other
endocytic mechanisms, such as those mediated by cholesterol-enriched lipid

raft domains.
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Notably, virus-containing compartments in mDCs colabel with lipid raft-
associated tetraspanins CD81, CD82 and CD9 (74). In addition, it has been
previously shown that depleting cholesterol from membranes with agents such
as 3-methyl-cyclodextrin inhibits iDC viral capture (86). That is why we also
focused on cholesterol-mediated internalization pathways, further confirming
their role during viral capture (Fig. 306). Although we found [-methyl-
cyclodextrin concentrations that blocked mDC viral capture without affecting
transferrin clathrin-mediated endocytosis, higher concentrations did affect this
process. We have seen, however, that 3-methyl-cyclodextrin does not affect
dextran pinocytosis. It is thus likely that both clathrin-mediated endocytosis
and cholesterol-enriched lipid rafts mechanisms coexist or cooperate during
mDC viral capture, although the specific contribution of each of these
pathways remains to be clarified. These data correlate with previous results
showing that other retroviruses such as the avian sarcoma and leukosis virus
(ASLV) use both clathrin and cholesterol-dependent internalization routes to
gain access to intracellular endosomes (150). Interestingly, the binding of ASLV
to a transmembrane form of its receptor results in a rapid internalization via
clathrin-coated pits, while binding to a GPl-anchored form of the same
receptor leads to a slow lipid raft mediated internalization (163). Overall, these

results highlight the complexity that governs HIV-1 endocytosis in mDCs.

4. Mr. Hyde’s murder weapon: The infectious synapse

How is the endocytosed virus released and transferred to CD4" T cells? This is
a key issue that still lacks a molecular explanation. mDC and T cell conjugates
form quite efficiently and virions concentrate at the conjugate contact zone,
while CD4 receptors and coreceptors appear to be partially enriched in the T

cell at the point of contact with the DC (138). Therefore, receptor recruitment
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and virus polarization at the synapse site explains, at least in part, why mDC
transmission of HIV-1 to CD4" T cells is such an efficient process (168).

Interestingly, it has been previously suggested that the structure of the
infectious synapse is maintained by adhesion molecules such as ICAM-1 and 3,
upregulated upon DC maturation (83, 143, 191). However, our results correlate
net viral capture with final viral transmission, regardless the DC maturation
status (Fig. 26). Therefore, in our experimental settings, mDC differences in
ICAM-1 expression or viral distribution during the infectious synapse, as
previously suggested by other works (138, 191), cannot exclusively account for
the enhanced HIV-1 transmission to a T cell line displayed by this cell type. I
vivo, however, viral capture would need to be considered along with the DCs’
ability to contact primary CD4" T cells, including any subsequent stimulation

arriving from this interaction.

Intriguingly, the infectious synapse appears to share structural similarities
with the immunological synapse that allows the initiation of immune responses
(Fig. 50). However, the infectious synapse does not require antigen
presentation and thus needs less time to be formed. We have seen how
structures similar to infectious synapses can be formed independently of the
envelope glycoprotein (Fig. 44 and Video 5) as previously demonstrated in
macrophages (80), contrasting in this way with the virological synapses
established between productively infected cells and uninfected target cells that
rely on gp120 (173, 222).

Notably, the set of cell-surface molecules that contributes to the
formation of infectious synapses, potentially supporting the transfer of HIV-1
from DCs to CD4" T cells, has not been fully identified, although DC-SIGN
involvement has been highlighted (6). Hence, defining the mechanisms of

infectious synapse formation and underscoring the role of immune adhesion
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molecules implicated in mDC #rans-infection is a key issue in finding new
potential therapeutic targets. By blocking the formation of infectious synapses
we could prevent DC mediated HIV-1 transmission to CD4" T cells. However,

if we want to maintain the integrity of the anti-HIV immune responses, this

strategy should not impair immunological synapse formation.

HIV 6

Immunological

Synapse

MHC-Il TCR
Infectious
Synapse

mDC CD4" T cell
HIV
envelope
& glycoprotein o4
Virological i { @B

Synapse

Infected .
CD4" T cell CD4" T cell

Figure 50. Comparison between the formation of immunological, infectious and
virological synapses. Several molecules are implicated in the formation of these synapses,

although each of them involves specific pathways represented in this illustration.
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In addition, the topological disposition of the infectious synapse could
facilitate infection of CD4" T cells by viral populations with low affinity for the
CD4 receptor or the CCR5/CXCR4 coreceptor. This implies that the
differences observed between viral particles with high and low affinities for
CD4, CCR5 or CXCR4 could disappear with this mechanism of viral
transmission, modulating the establishment of certain viral populations zz vive
and directly influencing pathogenesis. mDCs could play a prominent role in this

scenario, selecting viral populations during disease progression.

III. Convergence with the exosome dissemination
pathway

Taken as a whole, the first part of this thesis reveals that there is an HIV
gpl120-independent mechanism of viral binding and endocytosis that is
upregulated upon DC maturation, suggesting that HIV-1 could be exploiting a

preexisting cellular pathway of antigen uptake and transmission.

Why would DCs accumulate viral particles instead of degrade them?
What could be the physiological relevance of the mechanism we describe? In
mDCs, increased viral uptake and longer retention of intact viral particles
within an intracellular compartment could permit the retention of a source of
antigen to present to T cells in the absence of surrounding viral particles, aiding
immunological surveillance through MHC-II antigen presentation and MHC-I
cross-presentation pathways. Intriguingly enough, DCs have an inherent
mechanism to control endosomal acidification to preserve antigen cross-

presentation over long periods (193).
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Interestingly, several lines of evidence suggest that viral envelope-
independent capture by DCs can allow antigen presentation to CD4" and CD8"
T cells. In iDCs, HIV envelope and DC-SIGN-dispensable pathways account
tor about 50% of the antigen presentation through MHC-II molecules (145).
DCs are also able to capture envelope-psendotyped VLPyy ,, through a DC-
SIGN-independent pathway, activating autologous naive CD4" T cells that are
then able to induce primary and secondary responses in an ex »7vo immunization
assay (29). In addition, it has been previously shown that DCs can endocytose
VLPs and induce immune responses through an endosome-to-cytosol cross-
presentation pathway (147). These VLPs do not have the envelope
glycoprotein, meaning that the uptake mechanism could be the same as the one
we have shown for virus lacking the envelope glycoprotein (Figs. 28D and 35).
Overall, these findings reinforce the idea that envelope-independent capture
pathways allow viral antigen presentation, favoring immune responses.

Likewise, exosomes can induce humoral and cytotoxic immune
responses. These small-secreted cellular vesicles are also internalized and stored
in endocytic compartments by DCs, as with viral particles, stimulating antigen
specific naive CD4" T cell responses iz vivo (213, 215). Notably, exosomes do
not induce naive T cell proliferation 7 vitro unless mDCs are also present,
indicating that exosomes do not overcome the need for a competent APC to
stimulate naive CD4" T cells. In addition, exosomes from cultured DCs loaded
with tumor-derived peptides on MHC-I are also able to stimulate cytotoxic T
lymphocyte-mediated anti-tumor responses 7 vivo (249). Moreover, it has been
demonstrated that tumor cells secrete exosomes carrying tumor antigens,
which, after transfer to DCs, also mediate CD8" T cell-dependent anti-tumor
effects (239). Therefore, exosomes carrying tumor peptides provide a source of

antigen for cross-presentation by DCs.

171



172

Discussion & Future Directions

In summary, distinct works have shown that both exosomes and virus
can be internalized in DCs, allowing final antigen presentation. Interestingly, it
has been suggested that in addition to carrying antigens, exosomes can promote
the exchange of functional peptide-MHC complexes between DCs (213, 215).
Such a mechanism could increase the number of DCs bearing a particular
peptide, thus amplifying the initiation of primary adaptive immune responses
(215). It is then reasonably conceivable that, as suggested for exosomes (215),
virus could also be exchanged between DCs, increasing the number of DCs
bearing viral antigens and amplifying the antiviral immune responses or
contributing to viral dissemination. However, further studies are needed to

confirm these ideas.

In the second part of this thesis, we suggest that HIV and other
retroviruses could be exploiting an exosome antigen dissemination pathway
intrinsic to mDCs, allowing the final #ans-infection of T cells (Fig. 51). In
particular, HIV hijacks a pathway that exosomes produced by DCs can follow,
mediating the indirect activation of CD4" T cells by presenting functional
peptide—MHC complexes through a frans-dissemination mechanism (213, 215).
Our data supports the Trojan exosome hypothesis that proposes that
retroviruses take advantage of a cell-encoded intercellular vesicle traffic and
exosome exchange pathway, moving between cells in the absence of fusion

events (79).
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Figure 51. HIV can exploit a pre-existing exosome frans-dissemination pathway
intrinsic to mature DCs, allowing the final frans-infection of CD4" T cells. (A)
Exosomes can transfer antigens from infected, tumoral or antigen-presenting cells to mDCs,
increasing the number of DCs bearing a particular antigen and amplifying the initiation of
primary adaptive immune responses through the MHC II pathway, cross-presentation, or the
release of intact exosomes, a mechanism described here as #rans-dissemination. (B) HIV
gains access into mDCs by hijacking this exosome #uns-dissemination pathway, thus

allowing the final #rans-infection of CD4" T cells.
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Here we show how, upon maturation, DCs captured larger amounts of
VLP 1y Gagerp and Jurkat-derived Exosomesy;, accumulating both particles in
the same large CD81" intracellular compartment (Figs. 37 to 39 and 41 to 42).
These data nicely correlate with our previous findings regarding internalization
of virus lacking envelope glycoprotein in mDCs and mature Myeloid DCs
(Figs. 28D and 35). Therefore, if exosomes use the same trafficking pathway in
mDCs as HIV, the receptors dragged from the membrane of infected cells
during viral budding (that ultimately lead to viral capture) should also be
present in the membrane of exosomes. Interestingly, both exosomes and HIV
can bud from particular cholesterol-enriched microdomains in the T cell
plasma membrane (23, 65, 151), sharing glycosphingolipids and tetraspanin
proteins previously used as bona fide lipid raft markers (23, 244). These
similarities in composition and size are a strong argument for the Trojan
exosomes hypothesis, which suggests that retroviruses are, at their most

fundamental level, exosomes (79).

We have further confirmed the specificity of the mDC entry mechanism
by observing direct competition between different particles (exosomes, VLP ;.
Ggegrps HIV-1 and VLPy;yc,,) detived from similar cholesterol-entiched
membrane microdomains (Fig. 40), which could not be inhibited by 100 nm
carboxylated beads or Pronase-treated VSV particles budding from non-raft
membrane locations (37). Therefore, budding from lipid raft domains is
essential to include specific mature DC-recognition determinants that allow

viral and exosome capture.

Interestingly, a previous study revealed an association between
endocytosed HIV-1 particles and intraluminal vesicle-containing compartments
within iDCs (238). However, the mechanism described here differs from this

previous paper in two fundamental aspects. First, the earlier work focuses on
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iDCs and second, in their case, virus was endocytosed into the compartment
where iDCs typically produce exosomes by reverse budding (Fig. 11), thus
contrasting with the gather mechanism of exosome and HIV uptake that we
describe here for mDCs. However, our findings concur because HIV-1
particles captured by iDCs were exocytosed in association with exosomes and
could mediate #rans-infection of CD4" T cells (238). Analogously, we found that
mDC capture of HIV-1, VLPs and exosomes allowed efficient transmission of
captured particles to target T cells (Figs. 25, 27 and 44). Furthermore, we
describe that entry of HIV-1, VLPs and exosomes into mDCs is a dose-

dependent mechanism that increases over time (Figs. 27, 38 and 44).

Our data also revealed that internalization of HIV-1, VLPs or exosomes
could not be abrogated with an effective protease pretreatment of either of
these particles or mDCs (Figs. 45 and 46). Nevertheless, this observation does
not exclude the potential role of proteins during viral or exosome capture, and
might just reflect that the molecular determinants involved in capture were not
tully processed by the proteases employed. However, treatment of virus, VLP
or exosome producing cells with inhibitors of sphingolipid biosynthesis
extensively reduced particle entry into mDCs (Fig. 48) without interfering with
the net release from producer cells (Fig. 47). Although it has previously been
shown that FB1 treatment of virus-producer cells diminishes the infectivity of
released HIV-1 particles (28) and blocks HCV replication iz wvitro (186),
differences in infectivity were moderate at the viral input used in this study.
Moreover, treatment with NB-DN]J did not affect viral infectivity at all (Fig.
47). Therefore, our findings establish a critical role for sphingolipids during
mDC binding and endocytosis of particles derived from cholesterol-enriched
domains such as HIV and exosomes. These data could imply a direct

interaction of the sphingolipids with the plasma membrane of mDCs.
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Alternatively, the sphingolipids could maintain the structural entities required
for viral and exosome binding to mDCs, allowing the interaction of Pronase-
resistant proteins with the mDC membrane surface. Further studies will help
clarify which of the two models our data support actually accounts for particle
endocytosis.

In conclusion, we have shown that the capture of retroviruses and
exosomes is upregulated upon DC maturation, leading internalized particles
into the same CDS81" intracellular compartment and allowing efficient
transmission to T cells. This novel capture pathway, where retroviruses and
exosomes converge, has clear implications for the design of effective HIV
therapeutic vaccines. Although mDCs pulsed with inactivated virus could
stimulate specific CD8" T cell immune responses in infected patients, as
reviewed in (4), these injected mDCs could also mediate #rans-infection of new
CD4" T target cells, amplifying viral dissemination. Therefore, the safety of
these strategies should be carefully evaluated, preferentially in patients with
undetectable viral load. Regarding prophylactic HIV vaccines, the proposed
exosomal origin of retrovirus predicts that HIV poses an unsolvable paradox
for adaptive immune responses (79). Even more challenging from this
perspective, retroviral-based vaccines are unlikely to provide any protection.
Further work should address the specific differences between retroviral
particles and exosomes to overcome these difficulties.

Taken as a whole, our results suggest that mDCs, which have a greater
ability than iDCs to transmit the virus to target cells, and interact continuously
with CD4" T cells at the lymph nodes — the key site of viral replication — could
play a prominent role in augmenting viral dissemination. Underscoring the
molecular determinants of this highly efficient viral capture process, where

retroviruses mimic exosomes to evade the host immune system, could lead to
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new therapeutic strategies for infectious diseases caused by retroviruses, such as
HIV-1 an other T-lymphotropic agents such as HTLV-1. Furthermore, this
knowledge can help in the design of safer candidates for use in a DC-based
vaccine.

Our ultimate goal is to find a new therapeutic potion to turn Mr. Hyde
back into Dr. Jekyll once and for all, hoping that by limiting DC functionality
to immune responses during HIV disease progression, we can rewrite the end
of Robert Louis Stevenson’s book and get closer to finally winning the war

against the HIV pandemic.
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The most remarkable conclusions obtained in the studies performed during this

thesis can be summarized as follows:

a 1.1 Mature Myeloid DCs and mDCs are able to capture HIV-1 with
greater ability than immature Myeloid DCs and iDCs, contributing to their
higher viral transmission to CD4" T cells.

1.2 Maturation of DCs also enhances VLP and exosome capture.

1.3 Confocal and electron microscopy reveal the lack of viral
accumulation within iDCs. In marked contrast, maturation increases DCs’
ability to endocytose HIV-1, VLPs and exosomes in large intracellular vesicles.

1.4 In mDCs, HIV-1, VLP and exosome capture increases over time

and the lifespan of trapped particles is longer than in iDCs.

a 2.1 Mature Myeloid DC and mDC increased viral uptake does not
correlate with DC-SIGN expression levels, cannot be blocked by DC-SIGN-
specific inhibitors and is not mediated by the envelope glycoprotein, indicating
that alternative mechanisms are implicated in HIV capture other than C-type

lectin receptors.
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2. 2 Studying polymorphic variants of the DC-SIGN gene might not

improve our understanding of the #rans-infection process.

a 3.1 Competition experiments suggest that different particles derived
from cholesterol-enriched domains use the same entry pathway into mDCs.
Therefore, budding from lipid raft domains is essential to include specific

mature DC-recognition determinants that allow viral and exosome capture.

3.2 HIV-1, VLPs and exosomes enter mDCs through a mechanism
resistant to proteolysis. However, HIV-1, VLP and exosome capture can be

inhibited when particles are produced from ceramide-deficient cells.

a 4.1 Viral capture by mDCs is an active process most likely dependent
on cholesterol-enriched lipid rafts and clathrin-mediated endocytic
mechanisms.

4. 2 Mature Myeloid DCs retain viral particles in a CD81" and CD63"
compartment. Analogously, mDCs retain HIV-1, VLPs and exosomes in the

same CD81" intracellular compartment.

a 5. Most of the virus captured by mDCs is recruited to the DC-T cell
contact zone, allowing viral #rams-infection. Likewise, VLPs and exosomes
captured by mDCs can be transferred to CD4" T cells, mimicking HIV-1
transmission. Therefore, infectious synapses and similar structures can be

tormed independently of the viral envelope glycoprotein.
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