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SUMMARY

The development of drugs that inhibit the human immunodeficiency virus type
1 (HIV-1) replication cycle, known as combination antiretroviral therapy (ART), was
one of the major clinical successes of the 20" century. However, despite the fact
that this treatment efficiently suppresses viral replication, improves the immune
function and decreases the morbidity and mortality associated with the acquired
immunodeficiency syndrome (AIDS), ART cannot cure this infection and has sev-
eral limitations, as it: (i) cannot completely decrease the chronic inflammation and
immunosenescence, (i) cannot eradicate the latently infected cells, and (iii) re-
quires adherence to daily drug regimens to avoid viral rebound, drug resistance
and disease progression. Therefore, the development of new approaches to cure
HIV-1 infection is a major necessity worldwide.

The strategies that are currently in evaluation are: treatment optimization, im-
munotherapy, latency reactivation, therapeutic vaccination, and cellular and gene
therapy. In this context, the aim of this thesis is to evaluate the curative potential of
four clinical trials based on: (i) immunotherapy with interferon-a (IFNa), (i) latency
reactivation with lithium carbonate, (iii) therapeutic vaccination with HIV-1 con-
served region immunogen (MVA.HIVconsv), and (iv) cellular therapy with an hem-
atopoietic stem cell transplantation (HSCT) using an HIV-resistant cord blood unit.
All these studies were performed in chronically ART-suppressed individuals. For
that purpose, we analyzed virological and immunological markers to quantify the
HIV-1 reservoir and the immune function, using cellular and molecular biology

methods.

Our results showed that immunotherapy with IFNa and administration of lithium
could be used in combination with ART, since both act as viral repressors but can-
not directly cure HIV-1 infection. Moreover, we observed that MVA.HIVconsv vac-
cine efficiently elicits HIV-specific cytotoxic immune responses against conserved
regions of the HIV-1 genome. However, these responses are not sufficient to have
an impact on the HIV-1 reservoir. Therefore, the vaccine should be administered in
combination with a latency-reversing agent (LRA). Finally, there were signs of re-
covery from the HIV-1 infection in the individual treated with the HSCT using an

HIV-resistant cord blood unit. Unfortunately, it was impossible to confirm this ob-
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servation in samples 3 months after the transplant, time at which the patient

passed away due to the quick progression of a lymphoma.

In the future, more clinical trials based on these or other novel strategies
should be performed to find the optimal strategies that target the heterogeneous
population of infected individuals, which ultimately will allow for the eradication of
this pandemic.



RESUMEN

El desarrollo de farmacos que inhiben el ciclo de replicacion del virus de la in-
munodeficiencia humana tipo 1 (VIH-1), conocidos como terapia antirretroviral
combinada (TAR), fue uno de los mayores éxitos clinicos del siglo XX. Sin embar-
go, a pesar de que este tratamiento suprime eficientemente la replicacion viral,
mejora la funcion inmunoldégica y disminuye la morbilidad y mortalidad asociadas
al sindrome de la inmunodeficiencia adquirida (SIDA), la TAR no es capaz de cu-
rar esta infeccion y tiene diversas limitaciones: (i) no puede reducir completamen-
te la inflamacién crénica ni la inmunosenescencia, (ii) no puede erradicar las célu-
las latentemente infectadas, y (iii) requiere adherencia diaria al tratamiento para
evitar el rebote viral, la resistencia a farmacos y la progresion de la enfermedad.
Por tanto, el desarrollo de nuevas estrategias con el objetivo de curar la infecciéon
por VIH-1 es un requisito ineludible a nivel mundial.

Las estrategias que estan siendo actualmente evaluadas son: la optimizacion
del tratamiento antirretroviral, la inmunoterapia, la reactivacion de latencia, la va-
cunacion terapéutica, y la terapia celular y génica. En este contexto, el objetivo de
esta tesis es evaluar el potencial curativo de cuatro estudios clinicos basados en:
(i) inmunoterapia con interferon-a (IFNa), (ii) reactivacion de latencia con carbona-
to de litio, (iii) vacunacion terapéutica con inmundgeno de regiones conservadas
de VIH-1 (MVA.HIVconsv), y (iv) terapia celular con trasplante de células madre
hematopoyéticas usando células de cordon umbilical resistentes a la infeccion por
VIH-1. Todos estos estudios se realizaron en individuos tratados en fase crénica y
con viremia suprimida. Para ello se analizaron marcadores virolégicos e inmuno-
I6gicos para cuantificar el reservorio de VIH-1y la funcién inmunoldgica, utilizando
métodos de biologia celular y molecular.

Los resultados mostraron que tanto la inmunoterapia con IFNa como la admi-
nistracion de litio se podrian usar como implementacion del tratamiento, en com-
binacién con la TAR, ya que ambos actlian como represores virales. Ademas, se
observo que la vacuna de region conservada MVA.HIVconsv genera respuestas
citotoxicas especificas contra regiones conservadas del genoma de VIH-1; sin
embargo, estas respuestas no son suficientes para afectar al reservorio de VIH-1,
de modo que esta vacunacién deberia ser administrada en combinacién con

agentes reactivadores de la latencia. Finalmente, el trasplante alogénico con célu-
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las de corddn umbilical resistente a la infeccion por VIH-1 mostré que el paciente
infectado con VIH-1 tratado podria haberse curado mediante esta estrategia tera-
péutica. Desafortunadamente, el paciente fallecié tres meses después del tras-
plante debido a una rapida progresion del linfoma que padecia, y no fue posible

confirmar esta hipotesis con analisis posteriores.

Por consiguiente, es necesario realizar mas estudios clinicos basados en és-
tas 0 nuevas estrategias terapéuticas para conseguir un tratamiento, de aplicacién
generalizada para todos los individuos infectados por VIH, el cual permita conse-

guir curar definitivamente esta pandemia.



RESUM

El desenvolupament de farmacs que inhibeixen el cicle de replicacid del virus
de la immunodeficiéncia humana tipus 1 (VIH-1), coneguts com terapia antiretrovi-
ral combinada (TAR), va ser un dels majors éxits clinics del segle XX. Tanmateix,
malgrat que el tractament suprimeix eficientment la replicacio viral, millora la fun-
ci6 immunitaria i disminueix la morbiditat y mortalitat associades a la sindrome de
la immunodeficiéncia humana (SIDA), la TAR no és capac¢ de curar aquesta infec-
cio i presenta diverses limitacions: (i) no pot reduir completament la inflamacio
cronica ni la immunosenescencia, (ii) no pot eradicar les cél-lules latentment infec-
tades, i (iii) requereix adheréncia diaria al tractament per evitar el rebot viral, la
resisténcia a farmacs i la progressio de la malaltia. Per tant, el desenvolupament
de noves estratégies amb l'objectiu de curar la infeccié per VIH-1 és un requisit

ineludible a nivell mundial.

Les estratégies que estan sent avaluades actualment son: la optimitzacié del
tractament, la immunoterapia, la reactivacié de la latencia, la vacunacié terapeuti-
ca i la terapia cel-lular i genica. En aguest context, I'objectiu d’aquesta tesi és ava-
luar el potencial curatiu de quatre estudis clinics basats en: (i) immunoterapia amb
interfer6-a (IFNa), (ii) reactivacié de latencia amb carbonat de liti, (iii) vacunacio
terapeutica amb immunogen de regions conservades de VIH-1 (MVA.HIVconsv), i
(iv) terapia cel-lular amb trasplantament de cel-lules mare hematopoétiques utilit-
zant céel-lules de cordd umbilical resistent a la infeccid per VIH-1. Tots aquests
estudis es van realitzar en individus tractats en fase cronica i amb viremia supri-
mida. En els estudis avaluats es van analitzar marcadors virologics i immunologics
per quantificar el reservori de VIH-1 i la funcié immunologica, utilitzant métodes de

biologia cel-lular i molecular.

Els resultats van mostrar que tant la immunoterapia amb IFNa com
'administracié de liti es podrien utilitzar com a implementacié del tractament, en
combinacié amb la TAR, ja que ambdds actuen com a repressors virals. A més,
es va observar que la vacuna de regié conservada MVA.HIVconsv genera respos-
tes citotoxiques especifigues contra regions conservades del genoma de VIH-1;
ara bé, aquestes respostes no son suficients com per afectar al reservori del VIH-
1, de manera que aquesta vacunacio hauria de ser administrada en combinacié

amb agents reactivadors de la laténcia. Finalment, el trasplantament de cel-lules
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de cordd umbilical resistent a la infeccio per VIH-1 va mostrar que el pacient infec-
tat per VIH-1 tractat podria haver-se curat mitjancant aquesta estrategia terapeuti-
ca. Malauradament, el pacient va morir tres mesos després del trasplantament
degut a una rapida progressio del limfoma que patia, i no va ser possible confir-
mar aquesta hipotesi amb analisis posteriors.

Per tant, és necessari realitzar més estudis clinics basats en aquestes o noves
estrategies terapeutiques per aconseguir un tractament, d’'aplicacié generalitzada
per a tots els individus infectats per VIH, el qual permeti aconseguir curar definiti-

vament aquesta pandemia.
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Thesis Presentation

The proposed thesis, including a complete introduction, has been written with
the necessary knowledge to understand the data shown. Four chapters of results
—corresponding to each of the evaluated studies—, a global discussion and future
perspectives, and the conclusions obtained from this work are presented. The
“Results” chapter includes a specific introduction, material and methods, results
and discussion for each study included in this thesis. The reason for not following
the standard format is because we have considered that this work would be easier
to understand and follow, and its presentation would be more appropriate with this

alternative outline.
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CHAPTER 1. Introduction

1.1. Human Immunodeficiency Virus

1.1.1. Origin, classification and current epidemic situation

In 1981, clinicians from Los Angeles and the Centers for Disease Control
(CDC) in the United States of America reported the first cases of Pneumocystis
jiroveci pneumonia and candidiasis among previously healthy young men (1,2).
The patients presented a depletion of CD4" T cells, which compromised their im-
mune system, and unusual infections or/and cancers, such as Kaposi's sarcoma.
Later, this clinical symptomatology became known as the Acquired Immunodefi-
ciency Syndrome (AIDS), and in 1983, the pathological agent known as lympho-
adenopathy-associated virus (LAV) was isolated from a lymph node biopsy of an
AIDS patient and identified as the etiological agent causing this disease (3). In
1984, two research groups confirmed this novel retrovirus as the causative agent
of AIDS (4,5). Later, this virus was denominated as Human Immunodeficiency Vi-
rus (HIV) by the International Committee on the Taxonomy of Viruses (6).

Current studies estimate that HIV first infected humans in the 1920s in Kinsha-
sa (7-9) through multiple zoonotic infections, or cross-species transmissions, from
simian immunodeficiency virus (SIV), which infects non-human primates (10).
Moreover, other studies revealed two distinct lentiviruses with different SIV ances-
tors as the cause of AIDS in humans: human immunodeficiency virus type 1 (HIV-
1) and type 2 (HIV-2) (11). HIV-1 is phylogenetically related to SIVcpz, which was
isolated from the subspecies Pan troglodytes troglodytes (12), whereas HIV-2 is
more closely associated with SIVsm, which was identified in sooty mangabeys

Cercocebus atys (13).

HIV, including the HIV-1 and HIV-2 variants, is a member of the group VI of re-
verse transcribing viruses, Retroviridae family, Orthoretroviridae subfamily, and
Lentivirus genus (14). The HIV species are differentiated by their replicative and
pathogenic capacity, virus evolution and target of infection. HIV-1 is the most
prevalent type of HIV, which is spread over the world, whereas HIV-2 mainly re-
mains geographically restricted to West Africa. Their different distribution could be
explained by the poor capacity for transmission and less pathogenic course of in-
fection of HIV-2 (15). HIV-1 comprises four different groups, M (major or main), N
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(non-M, non-0), O (outlier), and P (putative). HIV-2 comprises the groups A, B, C,
D, E, F, G and the recombinant AB. HIV-1 M and O groups, as well as the HIV-2 A
and B, have been the only ones to expand at a pandemic level and infect millions
of people. Moreover, the M group accounts for the majority of worldwide infections
and can be subdivided into different clades: A, B, C, D, F, G, H, J, K and Circulat-
ing Recombinant Forms (CRF) (16,17).

In 2014, it was estimated that about 37 million people were living with HIV, 2
million were newly infected and more than 1 million died from AIDS-related ill-
nesses. Among the people living with HIV, almost 13.6 and 15.8 million people
were receiving antiretroviral therapy (ART), in June 2014 and 2015 respectively
(18). Therefore, as the prevalence of HIV infection raises yearly, mortality from
AIDS-related ilinesses decreases, due to the continuous increase in the access to
ART. Nevertheless, the infection causing this pandemic remains incurable.

1.1.2. HIV-1 structure and genome

The HIV-1 is a single-stranded RNA (ssRNA) virus whose genome is com-
posed of two positive sSRNA chains of approximately 9.8 kb in length (19). The
viral genome is flanked by long terminal repeats (LTR) and encodes for nine

genes classified according to its protein function (Fig.1).

- Major structural and functional genes:

* GAG codifies for the Gag polyprotein, which is processed during viri-
on maturation, generating the structural proteins p17 or matrix (MA),
p24 or capsid (CA), p7 or nucleocapsid (NC) and p6.

* POL codes for the viral enzymes reverse transcriptase (RT), inte-
grase and protease.

* ENV encodes for the polyprotein gpl60, precursor of gpl120 and
gp41. These proteins are part of the viral envelope and are respon-
sible for the target cell recognition, attachment and fusion.

- Regulatory genes:

* TAT and REV code for the regulatory proteins Tat and Rev that con-

trol transcriptional and posttranscriptional HIV-1 gene expression.
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- Accessory genes:

VIF, VPR, VPU and NEF encode for the accessory proteins Vif, Vpr,
Vpu and Nef, whose functions are not essential for the HIV-1 replica-
tion but increase the efficiency of infection in vivo.

Reading Frame

gag
s vi | =
2 ﬁu -y 3-LTR
3 ; - | gpi20 e |
pol vpr env
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 9719

Base Pairs

Figure 1. Schematic diagram of the HIV-1 genome showing gene names in italics and protein names in
boxes organized according to their order in the open reading frame. Provided by Splettstoesser T. (20).

HIV-1 virions are spherical particles of 120-150 nm in diameter formed by a

nucleocapsid (NC), a capsid (CA) and a matrix (MA), covered by a lipid bilayer
from the host cell membrane (Fig.2).

—Glycosylation

]env-Gchoprotein Complex

Proteins of Host Cell

Lipid Membrane
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Nucleocapsid Protease

Accessory Proteins
Nef, Vif and Vpr

Reverse Integrase
Transcriptase

Figure 2. Schematic representation of HIV-1 structure showing the RNA genome and the viral proteins.
Adapted from Splettstoesser T. (20).

Both RNA chains are strongly joined with p6 and p7 proteins, forming the NC,
which is wrapped by 1,200-2,500 units of p24 viral protein, shaping a conical cap-

sid (21,22). This CA also contains the reverse transcriptase and integrase en-
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zymes, which are required for the early steps of the viral replication cycle, and is

covered by approximately 2,000 copies of p17 (MA), which confers integrity to the

viral particle and the icosahedral shape of the virus. The lipid bilayer is composed

of lipids and proteins — including the Major Histocompatibility Complex (MHC)

molecules - from the host cell membrane. It also contains the envelope viral pro-

teins, which are organized in trimers of the glycoprotein gp120 and trimers of the

glycoprotein gp41 that form the viral spikes (23). Additionally, the viral particle also

contains the regulatory/accessory proteins Nef, Vif and Vpr, but not Rev, Tat and
Vpu (24).

1.1.3. HIV-1 replication cycle

The HIV-1 replication cycle can be divided into five main stages (Fig.3):

1.

42

Virus entry. This stage includes the binding of the virus to the host cell
membrane, the fusion of both membranes, and the uncoating or release of
viral RNA and proteins into the cytoplasm. The binding requires the interac-
tion of the HIV-1 gp120 with the CD4 receptor on the surface of the target
cell (25). After this interaction, the gp120/gp41 spike complex changes its
conformation and allows for gp120 to interact with the CCR5 or CXCR4 co-
receptors. This binding causes a conformational change in gp41l that leads
to the fusion between the virus and the host cell. Subsequently, the viral
capsid is internalized and the viral RNA and proteins are released into the
cytoplasm of the cell (26).

Reverse transcription. Immediately after the uncoating, the viral RNA ge-

nome is retrotranscribed into linear double-stranded DNA (dsDNA) by the
viral Reverse Transcriptase (RT) enzyme (27).
Nuclear import and integration. Following the reverse transcription, the

dsDNA interacts with the viral Integrase and other proteins, forming the pre-
integration complex (PIC), which is responsible for the nuclear import of the
dsDNA. In the nucleus, the dsDNA is mainly integrated in the host cell ge-
nome by the enzymatic activity of the Integrase, constituting a provirus.
From this moment on, the host cell remains permanently and irreversibly in-
fected. This integrated proviral DNA can be replicated, transcribed and

translated as any other cellular gene during the cell division process, and
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thus produce new viruses. Alternatively, it can remain latent, in a reversible
state of non-productive infection (28). However, depending on the Integrase
activity and the activation status of the target cell, the dsDNA may not get
integrated but rather remain as unintegrated DNA in the forms of linear, 1-
long terminal repeat (LTR), or 2-LTR (29).
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Figure 3. Schematic overview of the HIV-1 replication cycle. The figure illustrates the main steps in the
HIV-1 life cycle divided into an early and a late phase. The early phase includes: the attachment of the virus
particle to the CD4 receptor and co-receptors CCR5 or CXCR4; the fusion with the host cell membrane; the
uncoating of the viral capsid; the release of the HIV-1 RNA genome and proteins into the cytoplasm; the re-
verse transcription of the viral RNA genome into a DNA duplex, which has terminal duplications known as long
terminal repeats (LTRS); the translocation into the nucleus and the integration into the cell genome. In the
nucleus, unintegrated viral DNA is found in both linear and circular forms. The unintegrated circular forms of
viral DNA have either one or two LTRs. The linear unintegrated viral DNA is the precursor of integrated pro-
viral DNA, which is a stable structure that remains indefinitely in the host-cell genome. After the integration,
the late phase of the cycle starts, in which: the proviral DNA is transcribed to form new viral RNA, which sub-
sequently is translated to form viral proteins; these proteins translocate to the cell surface to assemble in the
cell membrane and form new viruses. Finally, the new viral particles bud off and are released as mature viri-
ons. Adapted from Splettstoesser T. (20).

4. Transcription and translation. After integration, the provirus is transcribed by

the cellular polymerase Il driven by viral promoters and enhancers in the
LTR upstream of the transcription start site, and aided by the activity of the
viral accessory proteins Tat and Rev, which are produced immediately after
infection from multi-spliced (ms) RNA transcripts. Subsequently, HIV-1 tran-
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scription increases and single-spliced mRNAs are produced, which encode
for Env and the accessory proteins Vif, Vpr and Vpu. Later, full-length
unspliced (us) transcripts, which act both as genomic RNA and as mRNA
for the Gag-Pol polyprotein, are produced. All of these transcripts are ex-
ported to the cytoplasm, processed and translated (30,31).

Viral assembly, budding and maturation. Gag polyprotein and its proteolytic

maturation products coordinate all of these stages. HIV-1 assembly occurs
within specialized membrane microdomains. The virion packages all of the
components required for infectivity: two copies of positive sense genomic
RNA, tRNAs to prime the reverse transcription, Gag polyprotein, viral Pro-
tease, Reverse Transcriptase and Integrase enzymes, and the accessory
proteins Nef, Vif and Vpr. The budding stage is mediated by the activity of
the host endosomal sorting complexes required for transport (ESCRT) ma-
chinery. As the immature virion buds, viral Protease is activated and
cleaves Gag into its constituent MA, CA, NC, and p6 proteins, converting

the immature virion into its mature infectious form (24,32).

1.2. Natural course of HIV-1 infection

HIV-1 infects the cells of the immune system, preferentially the CD4" T lym-

phocytes, but this virus can also affect others cells such as monocytes, macro-

phages and dendritic cells (33,34).

The natural course of HIV —in the absence of antiretroviral therapy— consists of

three different stages: the acute infection, the chronic phase and the Acquired Im-

munodeficiency Syndrome (AIDS). Overall, the HIV-1 cause a gradual decrease of

the CD4" T cells, a chronic immune activation state and a subsequent exhaustion

of the immune system, which leads to the manifestation of AIDS and unfortunately,

in most cases, to the death of the patient (22) (Fig.4).
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Acute infection. Within 1-2 weeks of HIV-1 infection high levels of HIV-1
replication (10°-10” HIV-1 RNA copies/ml plasma) and rapid loss of CD4* T

cells occurs. Commonly, this phase is accompanied by clinical symptoms

similar to mononucleosis, such as fever, lymphadenopathy, myalgia, rash,
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etc. (35) and lasts from 1 to 6 weeks after infection, until anti-HIV-1 antibod-

ies are detectable (36).

- Chronic phase. Following the induction of immune response to HIV-1, the

viral load (VL), or level of HIV-1 in plasma, declines and is maintained sta-
ble in a value, which is known as the viral set point. This level of VL is
strongly predictive of the clinical disease progression and the time when
AIDS will appear (37—41). This stage usually lasts from 5 to 10 years and is
characterized by a continuous decrease in the number of circulating CD4" T
lymphocytes, and an overstimulation of the immune system, due to the per-
sistent exposure to HIV-1 antigens and the altered cytokine environment
(42).

- AIDS. This stage is characterized by levels of CD4" T-cell counts below 200
cells/ul, a dramatic increase of VL, and a complete failure of the immune
system. The lowest CD4" T-cell count is known as CD4" nadir and in some
patients decreases until O cells/pl. Thus, this situation allows for the estab-
lishment of opportunistic infections and HIV-1 associated cancers by which
AIDS is defined, like Kaposi’'s sarcoma, pulmonary tuberculosis, bacterial

pneumonia, esophageal candidiasis, etc. (43).
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Figure 4. Schematic representation of the natural HIV-1 course of infection in absence of antiretroviral
therapy. CD4" T lymphocyte count is shown in blue and HIV RNA copies/ml in red. Adapted from Splettstoes-
ser T. (20).
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1.3. Antiretroviral therapy and persistence of HIV-1 infection

In 1987, the first antiretroviral drug (azidothymidine, AZT) was approved and
given as monotherapy (44). However, it was not until the mid-1990s that the
treatment of HIV-1 infection was revolutionized by the development of new Re-
verse Transcriptase and Protease inhibitors, two of the three essential enzymes of
HIV-1, and the introduction of drug regimens that combined these agents to en-
hance the efficacy of the therapy (45).

To date, more than 30 Food and Drug Administration (FDA)-approved drugs
are available for the treatment of HIV-1 infection (46). These drugs are distributed

into six distinct classes based on their molecular mechanism:

. nucleoside-analog reverse transcriptase inhibitors (NRTIS),
. non—nucleoside reverse transcriptase inhibitors (NNRTIS),
. integrase inhibitors (Inls),

1
2
3
4. protease inhibitors (PIs),
5. fusion inhibitors, and

6

. Co-receptor antagonists.

Combination antiretroviral therapy (ART), administered in the chronic phase,
efficiently suppresses viral replication and reduces the plasma HIV-1 viral load
(VL) below the limits of detection of the most sensitive clinical assays (<50 RNA
copies/ml), reconstituting the immune system (47-49). Importantly, combination
ART using three antiretroviral agents directed against at least two distinct molecu-
lar targets is used to avoid the appearance of drug resistances, clinical drug failure
and VL rebound (45,50). Moreover, combination ART has dramatically reduced
morbidity and mortality associated with HIV-1 (51), and viral transmission (52).
However, after treatment interruption, in most patients, HIV-1 VL rebounds and
CD4 count drops, as in the acute phase. This is because ART inhibits viral replica-
tion but does not mediate the complete clearance of latently infected cells, whose
proviruses are able to produce new mature virions. Therefore, although ART effi-
ciently inhibits HIV-1 replication, it is not able to cure this infection due to the per-
sistence of the viral DNA integrated into the cellular genome of the latently infected
host cells.
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Latent viral infection is a reversible nonproductive state of HIV-1 infection,
characterized by the presence of infected cells that do not actively produce viral
particles, but are able to do so upon stimulation, and constitute the HIV-1 reservoir
(53). Combination ART reduces the HIV-1 reservoir during the first three years of
therapy, but cannot eliminate all the latently infected cells that are the source of
the HIV-1 VL rebound after ART discontinuation (Fig 5).
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Figure 5. Schematic representation of the course of infection of HIV-1 on antiretroviral therapy. CD4" T
lymphocytes count is shown in blue, HIV RNA copies/ml in red and HIV reservoir in green. Dot line represents
the limit of detection (LOD) of the viral load (VL) by clinical assays (50 copies/ml). Adapted from Splettstoes-
ser T. (20)

Several mechanisms contribute to HIV-1 persistence during ART, including an-
tigenic and homeostatic proliferation of long-lived latently infected cells, immune
dysfunction, and persistent residual viral replication in tissues and immune sanc-
tuaries, where intracellular drug concentrations are lower and immune activation

levels are higher (54,55) (explained in Figure 6).
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Figure 6. Mechanisms of HIV-1 persistence during antiretroviral therapy. The left panel illustrates how la-
tent HIV infection can be established in T cell and myeloid cell reservoirs. The primary mechanism is probably
infection of activated memory CD4" T cells. Most of these cells die, but a minority revert to a resting state. The
center panel illustrates the fate of these now resting 'latently infected' memory CD4" T cells. These cells either
die slowly, become a source of new infections, persist as long-lived cells or expand through homeostatic
mechanisms. The right panel depicts some immune mechanisms that contribute to persistence. These include
mechanisms that maintain cells in a resting state (for example, the upregulation of programmed cell death
protein 1 (PD1)). Immune dysfunction during therapy probably reduces the efficient clearance of infected cells.
Reproduced from Deeks S. et al. (56). Reprinted with permission from Nature Publishing Group.

The first HIV-1 reservoir described was located in the resting CD4" T cells
(57,58). It is considered as the largest reservoir and the main barrier to achieving
the cure of HIV-1 infection (58). Moreover, HIV-1 DNA has been detected in sev-
eral peripheral CD4" T cell subsets, such as naive (Ty), central memory (Tcw),
transitional memory (Ttv), effector memory (Tenm), terminally differentiated (T1p)
cells and T stem cell memory (Tscwm), in different proportion (59,60). Specifically,
Chomont et al. (61) identified that, among peripheral CD4" T cells, central memory
(Tem) and transitional memory (Ttv) are the major cellular reservoirs for HIV-1 in
individuals treated with ART (61). In addition to the peripheral CD4" T-cell subsets,
different cell types, such as macrophages, monocytes, microglia, astrocytes, T
migratory memory (Tmm), T tissue resident memory (Trm), and T follicular helper
(Ten), also contribute to the HIV-1 reservoir (62—64). Thus, the latently infected
cells can be found in different lymphoid tissues, such as lymph nodes, gut-
associated lymphoid tissue, central nervous system, etc., increasing the difficulty
to completely eliminate the HIV-1 reservoir (64) (Fig. 7).
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Figure 7. Schematic representation of the tissues and the specific tissue-cells contributing to the persis-
tence of HIV-1 during effective ART. Reproduced from Barton K. et al. (64). Reprinted with permission from
Elsevier.

1.4. Assays to quantify the HIV-1 reservoir

Research focused on the eradication of HIV-1 requires sensitive, precise, and
practical assays to monitor the HIV-1 reservoir. Approximately, 1 in 10° —10% CD4*
T cells harbors a replication-competent virus in most treated patients. The latent
reservoir depends on the moment when ART was started after infection and where
an individual’'s HIV-1 viral load set point was established (65).These low frequen-
cies highlight the technical and practical challenges of measuring the HIV-1 reser-
voir. On the one hand, the technical challenges require the assay to be (i) sensi-
tive enough to detect small numbers in a background of a large number of cells,
(i) specific so that a rare event is a true event, and (iii) capable of distinguishing
between replication-competent and -incompetent proviruses. On the other hand,
the practical challenges are to obtain enough cells to measure the rare events and
to obtain enough rare events to measure a reduction of the HIV-1 reservoir (66).
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Significant progress has been made in developing polymerase chain reaction
(PCR)- and culture-based assays since the initial discovery of the latent reservoir,
in the 1990s (67), to develop the assay which best estimates the HIV-1 reservoir.
Nowadays, the most used assays are based on quantifying the total or integrated
reservoir, the residual viral replication, the residual plasma viremia, the HIV-1 ex-
pression, the replication-competent reservoir and/or the inducible reservoir. The
most sensitive, quickest, and easiest assays to measure the prevalence of HIV-1
infected cells are PCR-based assays, which gquantify total, integrated or episomal
HIV-1 DNA or HIV-1 RNA transcripts (66).

1.4.1. Total or integrated reservoir and residual replication — qPCR or ddPCR
and Alu-PCR

In an HIV-1 infected cell, HIV-1 DNA can be found as integrated or unintegrat-
ed, as linear, 1-long terminal repeat (1-LTR), or 2-long terminal repeat (2-LTR)

forms.

The most usual method to quantify HIV-1 DNA is quantitative real-time PCR
(qPCR) for total HIV-1 DNA, which includes both integrated and unintegrated
forms. Specifically, gPCR is performed on DNA extracts from peripheral blood
mononuclear cells (PBMCs) or CD4" T lymphocytes, using primers/probe sets that
amplify conserved regions of the HIV-1 genome, usually from gag or pol regions
(68,69). However, this quantification assay requires a standard curve, constructed
from known copy numbers of proviral DNA, to estimate the total HIV-1 copies and
then these values are normalized to the total cell number using a cellular gene.
This assay has been improved in different ways over time. On the one hand, a
direct cell lysis protocol is commonly used, instead of column-based DNA extrac-
tion protocols, due to the fact that direct cell lysis improves the efficiency of nucleic
acid recovery. On the other hand, qPCR limits assay accuracy at low copy num-
bers by exponentially amplifying noise and estimates but do not quantifies the HIV-
1 DNA. Therefore, droplet digital PCR (ddPCR) is used as an alternative to qPCR,
with improved accuracy, precision and direct quantification, using Poisson statis-
tics (70). However, the quantification of total HIV-1 DNA overestimates the true
HIV-1 reservoir, since this technique quantifies both replication-competent and

defective proviruses (67,71).
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Regarding integrated HIV-1 DNA, Alu-PCR is the most commonly used meth-
od (72-74). Briefly described, this protocol consists of a PCR with one primer bind-
ing Alu elements in the human genome and the second primer binding the HIV-1
gag or long terminal repeat (LTR) regions. This is then followed by a nested PCR
with primers that amplify the HIV-1 LTR region. This assay also requires a stand-
ard curve to quantify the levels of integrated HIV-1 DNA, which has to include a
mixture of cells with different HIV-1 integration sites at different distances from an
Alu element. Integrated proviruses can also be quantified by physical separation of
chromosomal DNA (75), a linker-primer PCR assay (76), or inverse PCR (77).
HIV-1 integrated DNA strongly correlates with total HIV-1 DNA measured by
ddPCR (68), indicating that most of the HIV-1 DNA in patients treated efficiently
with ART is integrated. Thus, in HIV-1 ART-suppressed subjects, it is better to
quantify total than integrated HIV-1 DNA, since the total proviral reservoir meas-

urement is easier and more accurate.

As a result of failed integration, unintegrated forms of HIV-1 DNA, such as line-
ar, 1-LTR or 2-LTR circles, can be detected in infected cells. These unintegrated
forms are not considered part of the latent reservoir; however, based on their
short-lived nature, 2-LTR circles have been used as a measure of recent infection
or residual viral replication during suppressive ART (78,79). Therefore, several
assays have been developed to quantify these 2-LTR forms by both gPCR and
ddPCR, using primers/probe sets that amplify the 2-LTR junction (68,78-80).
Moreover, this assay has been improved regarding DNA sample extraction. For
example, total nucleic acid extraction by direct cell lysis protocol is usually used,
since it efficiently recovers more nucleic acid and is more sensitive than specific

episomal column-extraction (81).

1.4.2. HIV-1 expression — RT-gPCR or RT-ddPCR

Most of the latently infected cells do not transcribe viral RNA; however, un-
spliced (us) and multi-spliced (ms) RNA transcripts have been detected in ART-
treated individuals (82). usRNA corresponds to the first HIV-1 mRNA transcribed
and msRNA represents the HIV-1 mRNA processed for being translated.
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Cell-associated RNA (CA-RNA) can be measured from RNA extracts of differ-
ent cell types, usually CD4" T lymphocytes. usRNA, the first HIV-1 RNA tran-
scribed, can be measured by a seminested or a nested reverse transcription quan-
titative PCR (RT-gPCR) (83-85) or by RT-ddPCR (86,87), using primers/probe
sets that amplify the viral genome regions of 5LTR, gag or pol. Otherwise, for
MsRNA, primers/probe sets that amplify the region containing the Tat/Rev exon-
exon junction are used, which only appears in the msRNA, either with RT-gPCR or
ddPCR platforms (83,84,88). Moreover, specific primers/probe sets, which amplify
the polyadenylated tail in HIV-1 3'-LTR region are used to measure polyadenylat-
ed HIV-1 transcripts by RT-gPCR or RT-ddPCR (89,90).

HIV-1 expression can be used as a biomarker of viral persistence (91), be-
cause it reflects the ability to produce virus, although it does not directly relate to
the production of replication-competent virions.

1.4.3. Residual plasma viremia — ultrasensitive viral load

Although ART efficiently suppresses plasma viremia below the clinical limit of
detection (50 copies of HIV-1 RNA/ml plasma), HIV-1 RNA can still be detected at
lower levels in the plasma of ART-treated patients, indicating residual viral replica-
tion (92).

In 2003, Palmer et al. (93) developed a highly sensitive assay, known as sin-
gle-copy assay (SCA). This assay consists in the ultracentrifugation of up to 7 mil
of plasma, followed by manually RNA extraction and a RT-qPCR assay with a
standard control, and has been improved over time (94,95).

Alternatively, more automated assays have been developed to overcome the
fact that SCA protocol is time-consuming. These assays consist in the ultracentrif-
ugation of up to 7 ml of plasma, as for the SCA, but followed by an automated
RNA extraction and RT-gPCR using the Abbott Real-Time HIV-1 assay (Abbott
assay) or the Roche COBAS(®) AmpliPrep/COBAS(®) TagMan(®) HIV-1 test, v.
2.0 (TagMan(®) test v2.0) with standard controls (96—100).

Moreover, another approach, known as transcription-mediated amplification
assay (TMA), has been developed. This assay quantifies the HIV-1 RNA copies/mi
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based on the proportion of 0.5 ml aliquots of plasma providing RT-gPCR amplifica-

tion, using Poisson statistics (101).

All of these assays require a large volume of plasma, use primers located in a
conserved region of the viral genome and can detect down to 1 copy of HIV-1
RNA/ml plasma.

Overall, residual viremia quantification is a useful tool for measuring HIV-1 per-
sistence in plasma. However, it does not directly determine the latent reservoir

size or viral infectivity.

1.4.4. Replication-competent reservoir — qVOA and mVOA
The replication-competent reservoir represents the proviruses capable of tran-
scribing, translating and producing new mature virions, and is traditionally quanti-

fied by culture-based assays.

The quantitative Viral Outgrowth Assay (qVOA) is considered the gold-
standard technique for quantifying the frequency of CD4" T lymphocytes harboring
replication-competent proviruses, although it underestimates the true HIV-1 reser-
voir (67,71). This technique underestimates the latently infected cells due to the
fact that not all the replication-competent proviruses are reactivated and detected
as infective viruses. Briefly, this assay consists in a limiting dilution cell culture,
using total or resting CD4" T cells, which are first activated with phytohemaggluti-
nin (PHA) and co-cultured with irradiated allogeneic PBMCs, and then with stimu-
lated CD4" T cells from uninfected donors (102). After 2 weeks in vitro, viral pro-
duction is measured by p24°® ELISA assay. Improvements of this assay include
using alternative cells for the co-culture, such as an established cell line (103) or
CD8-depleted PBMCs from three uninfected donors activated with three different
stimulus (known as 3x3 cells) (104,105), with the aim of achieving the maximum

reactivation of the replication-competent reservoir.

The murine Viral Outgrowth Assay (mVOA) has been recently developed to
detect replication-competent virus (106). Briefly, in this assay, cells or tissues from
ART-suppressed HIV-1 infected subjects are transferred as xenografts into hu-

manized immunocompromised mice, and the viral load in the plasma of these
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mice is monitored by RT-gPCR. Although, mVOA is not quantitative, it is more
sensitive than standard qVOA performed in parallel with samples from the same
individuals. Therefore, this method may be useful when ex vivo assays cannot de-
tect latent infection (66).

1.4.5. Inducible reservoir — TILDA

Several new assays based on quantifying the inducible HIV-1 reservoir have
been developed, such as the Tat/rev-induced limiting dilution assay (TILDA) (107).
In general, total or resting CD4" T lymphocytes are activated, as for qVOA, and
then cell-associated or supernatants HIV-1 RNA is measured by RT-qPCR. Thus,
cell-associated RNA (CA-RNA) measures both transcriptionally-competent pro-
viruses and defective transcripts, while HIV-1 RNA from supernatants reflects the
capacity to reactivate proviruses that can release new virions. However, similar to
HIV-1 total DNA determination, this assay overestimates the true HIV-1 reservoir,
given that it can measure transcripts derived from defective provirus that can re-

lease new virions even if these are not replication-competent.

In summary, although the continuous development of techniques to accurately
guantify the latently infected cells, more assays need to be developed in order to
determine the true size of the reservoir (Fig. 8).

Assays for the latent reservoir

Needed assays Existing assays
. PCR assays for
Total infected cells proviral DNA

gag PCR
alu PCR
Intact proviruseas
Stimulation-based
assays

True size of the

Viral outgrowth assay
reservoir

T cell activation assays

Key: @=1 provirus / 10° resting CD4" T Cells

Figure 8. Venn diagram comparison of proviral populations measured by different methods for assessing
the latent reservoir. Typical or estimated results from various PCR- and culture-based assays are shown rela-
tive to a prediction of the true latent reservoir size. The frequency of infected cells detected by the different
assays is represented by the area of each circle. Reproduced from Bruner K. et al. (67). Reprinted with per-
mission from Elsevier.
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1.5. Therapeutic approaches for HIV-1 cure

Antiretroviral therapy (ART) inhibits HIV-1 replication, reduces rates of trans-
mission and improves life expectancy. However, it does not cure the infection and
it needs to be chronically administered to avoid viral rebound and drug resistance
emergence. Therefore, alternative therapeutic strategies are being developed to
find a cure for HIV-1 infection. These approaches are mainly focused on control-
ling or eliminating viral persistence. Thus, two definitions of HIV-1 cure have been
described: the sterilizing or the functional cure. On the one hand, a sterilizing
cure consists in the complete eradication of infectious forms of the virus from the
body. On the other hand, a functional cure is defined as the control of HIV-1 rep-
lication after discontinuation of ART, known as post-treatment control (108).

Both types of cure are being pursued with multiple strategies, such as treat-
ment optimization, immunotherapy, latency reactivation, therapeutic vaccination,

and cellular or gene therapy.

1.5.1. Treatment optimization (intensification, switching and early-treatment)

One of the strategies to cure HIV-1 is based on ART optimization by adding
more drugs to the current combination of three antiretroviral drugs (intensification).
Substituting a drug of the current ART by another with lower side-effects, less daily
doses or better tissue penetration (switching) or starting the ART as early as pos-
sible (early-treatment) are alternative approaches.

Regarding the intensification of ART, some studies have been performed in
different cohorts of individuals with controversial results. Adding 1 or 2 drugs to the
combination ART in ART-suppressed patients, naive chronic or acute treated pa-
tients does not reduce the reservoir nor the residual plasma viremia (109,110).
However, the addition of 1 or 2 drugs to chronic ART-suppressed or to naive acute
subjects results in a decrease in immune activation (78,79) and a faster HIV-1
RNA reduction in blood and seminal plasma (111), respectively. In addition, inten-
sification with Integrase inhibitors resulted in a specific and transient increase in 2-
LTRs forms, perturbing the residual viral replication despite not reducing HIV-1
reservoir size (78,79). Nevertheless, due to the debated results in ART intensified

clinical trials, this strategy is not further considered as a potential HIV-1 cure.
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With reference to the switching of ART, the same controversy as for intensifi-
cation has been observed. One study demonstrated that switching to integrase
inhibitors-based regimens does not impact the HIV-1 reservoir size (112), whereas
a more recent study showed that those same regimens decrease the total HIV-1
reservoir (113). Therefore, switching drugs in ART-suppressed individuals is not

further considered as a potential HIV-1 cure approach.

Respecting early combination ART initiation, some studies have demon-
strated the importance of beginning therapy early after HIV-1 infection. For in-
stance, the START trial showed less comorbidity and HIV-1 progression to AIDS
(114), and the HPTN 052 trial also demonstrated a reduction in HIV-1 transmission
(115) in subjects treated early. Moreover, other studies have also demonstrated
that starting combination ART early on infection can result in a lower HIV-1 reser-
voir and immune activation levels, both in blood and tissue compartments, and
better immune reconstitution (65,116-119). Additionally, two case reports pub-
lished in 2011 and 2015, and the VISCONTI cohort study suggested that early
treatment may result in more individuals becoming post-treatment controllers,
which is the definition for the functional cure (120-122) (Fig. 9). Moreover, the
case report of an intra-utero infected newborn treated 30 hours after birth, who
was able to control viral replication after discontinuing ART at 18 months of age,
suggested that the sterilizing cure might be achieved by an early initiation of the
treatment (123). However, HIV-1 rebounded in that child after 27 months of ART
interruption, demonstrating that the latent reservoir is established very quickly after
infection (124,125).

Therefore, early combination ART initiation has to be considered as the best
option for the optimization of treatment strategy to achieve a functional cure but
not for a sterilizing cure. Nevertheless, more studies need to be performed to de-
termine how early ART has to be started and for how long it has to be adminis-
tered to get a remission of HIV-1 infection.
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Figure 9. Schematic representation of the HIV-1 course of infection on early antiretroviral therapy. CD4"
T lymphocytes count is shown in blue, HIV RNA copies/ml in red and HIV reservoir in green. Dot line repre-
sents the limit of detection (LOD) of the viral load (VL) and the HIV-1 reservoir. Adapted from Splettstoesser T.
(20).

1.5.2. Immunotherapy

During HIV-1 infection the immune system is compromised because CD4" T
lymphocytes are the main target of the virus, immune activation is not completely
reduced by ART, and the continuous exposure to HIV-1 antigens causes the ex-
haustion of the immune system (126,127). Therefore, in this situation, it is very
difficult to generate specific immune responses against HIV-1 to efficiently elimi-

nate the productively infected cells.

Thus, immunotherapy has been proposed as a strategy to achieve an HIV-1
cure. This approach is based on the administration of cytokines or antibodies to
restore the hyperactivated and exhausted immune system. Hence, this approach
specifically targets the inflammation and cell exhaustion caused by the HIV-1 in-

fection.

On the one hand, some cytokines, such as the interleukins (IL) -2, -7, -15 and
-21, have been proposed as a potential immune-based therapy given that they
seem to be able to increase CD4" and CD8" T-cell counts (128-134), which may

restore the immune responses. However, these cytokine-based agents are of un-
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certain benefit in HIV-infected patients since high levels of certain cytokines may
participate in tissue inflammation and immune cell activation, which in turn could

increase the number of potential HIV-1 target cells susceptible to infection (135).

On the other hand, antibodies targeting exhaustion markers, such as PD-1,
PD-L1, or CTLA-4, have been developed to recover the functional status of the
immune system. A recent study (136) suggests that blocking PD-1 triggers HIV-1
replication and might therefore reactivate latent viruses, allowing the body to elimi-
nate these productively infected cells by cell death and/or clearance by HIV-
specific immune responses (137). Curiously, PD-1 has also recently emerged as a
potential target to facilitate HIV-1 eradication because CD4" T cells expressing
high levels of PD-1 are latently infected in a higher proportion than PD-1 low cells
(61). Moreover, another

Thus, in combination with ART, certain cytokines may be able to restore the
immune system without increasing the HIV-1 reservoir size by homeostatic or an-
tigen-dependent proliferation, and antibodies targeting exhaustion markers could
also be a feasible strategy to increase and improve HIV-1-specific immune re-
sponses and sufficiently reduce the HIV-1 reservoir to achieve a functional or a

sterilizing cure of this infection.

1.5.3. Latency reactivation

The major barrier to cure HIV-1 infection is the ability of HIV-1 to establish la-
tent reservoirs of reactivation-competent proviruses. Thus, a third method pro-
posed for the cure of HIV-1 consists in treating patients with latency-reversing
agents (LRAS) in combination with ART. The aim of this strategy is to reactivate all
the HIV-1 latent proviruses, which constitute the HIV-1 reservoir, to allow the im-
mune system to recognize and completely eliminate the infected cells. This strate-
gy is thus also known as “shock and kill” (53), in which the “shock” corresponds
to the reactivation of the latent proviruses, and the “kill” to the clearance of the re-
activated cells by the host immune system or by viral cytopathic effect. Thus, ad-
ministration of LRAs needs to be done in combination with ART to avoid new cy-
cles of replication by the reactivated proviruses.
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Multiple classes of small-molecule LRAs have been identified to potentially re-
activate the latently infected cells (138). These LRAs are involved in gene tran-
scription regulation. Therefore, reactivating the latent virus without inducing global
T-cell activation requires understanding the mechanisms that perpetuate latency.

During latency, histone deacetylases (HDACSs) are recruited to HIV-1 LTR by
the host transcription factors, and hypoacetylated nucleosome-1 (Nuc-1) prevents
proviral transcription. In addition to acetylation, the histone H3 methylation by his-
tone methyltransferases (HMTs), and methylation of CpGs islands flanking the
HIV-1 transcription start site hypermethylation by DNA methyltransferases
(DNMTSs) are associated with transcriptional silencing of the provirus. Moreover,
cytoplasmic sequestration of host transcriptional factors such as protein kinase
C (PKC), nuclear factor kB (NF-kB) and positive transcription elongation factor b
(P-TEFD), can also participate in the induction of latency (138). Thus, inhibitors of
HDACs, HMTs and DNMTs, and inductors of PKC, NF-kB and P-TEFb pathways
can be used as LRAs to purge the HIV-1 reservoir (Fig. 10).

However, none of the LRA tested to date has produced a substantial decrease
in the size of the latent reservoir. This fact may be explained because this “shock
and kill” strategy needs the induction of HIV-1 specific immune responses to effi-
ciently recognize and eliminate the infected cells (139). Therefore, the shock step
of this approach, performed by the administration of LRAs, ought to be combined
with some sort of therapeutic vaccination, which induces specific HIV-1 responses,
improving the killing step.
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Figure 10. Schematic representation of the maintenance of HIV-1 latency and reactivation of latent HIV-1
provirus. The HIV-1 DNA is depicted as a green ribbon, with the two nucleosomes, Nuc-0 and Nuc-1, depicted
as blue spheres. Parts of the HIV-1 5'LTR that contain binding sites for major transcription factors (boxes in
purple, blue and pink) and the transcriptional start site (TSS, yellow triangle) are highlighted in light yellow. (a)
The maintenance of HIV-1 latency and potential targets for reactivation. In latent infection, HDACs and HMTs
are recruited to HIV-1 LTR, resulting in histone deacetylation and methylation on Nuc-0 and Nuc-1, which
leads to a restrictive environment for transcription initiation. DNA methyltransferases could introduce DNA
methylation on the CpG islands, which could further silence transcription. Most host transcriptional factors are
sequestered in the cytoplasm in resting cells. The inactive NF-kB p50 homodimer binds to the NF-kB site at
HIV-1 LTR, whereas the active form, a p65/p50 heterodimer, is bound by IkB in the cytoplasm. NFAT is in its
phosphorylated inactive form. P-TEFb is restricted in a transcriptionally inactive complex with Hexim-1 and
7SK snRNA. To overcome these obstacles to transcription of the HIV-1 provirus agents targeting these restric-
tive steps have been explored for the reactivation of latent HIV-1 (red arrows). (b) The active transcription of
HIV-1 provirus. Upon cellular activation, IkB is phosphorylated and degraded, releasing p65/p50 which trans-
locates into the nucleus and binds to NF-kB sites on HIV-1 LTR. HATs are recruited to LTR, and acetylation
disrupts histone—-DNA binding, facilitating the recruitment of transcription factors and complexes. Cellular
activation also results in the release of active P-TEFb which phosphorylates the C-terminal domain of RNA
polymerase Il (RNA Pol Il), stimulating transcriptional elongation. After the stem-loop structure of TAR is tran-
scribed, HIV-1 Tat efficiently recruits active P-TEFb to TAR, further stimulating the elongation of HIV-1 tran-
scripts. Reproduced form Xing S. and Siliciano R (138). Reprinted with permission from Elsevier.
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1.5.4. Therapeutic vaccination

Anti-viral T-cell and B-cell responses play a crucial role in suppressing HIV-1
during chronic infection (140). Therefore, active and passive immunizations strate-
gies are currently explored to enable a functional cure by inducing control over

HIV-1 replication.

Therapeutic vaccines for HIV-1 infection aim at eliciting anti-viral responses by
CD8" T cells or cytotoxic T lymphocytes (CTLs), CD4" T cells, and B cells, which
specifically generate neutralizing antibodies, in order for these immune responses
to control viral replication (141-144). Moreover, these vaccination strategies have
to generate broad responses, as HIV-1 mutates very rapidly to escape immune
pressure (145). Indeed, the predominance of CTL-resistant viruses in the reservoir
IS a major barrier to viral eradication. Therefore, most of the immunogens used for
therapeutic HIV-1 vaccines are designed upon conserved epitopes and elements
of the viral genome that have an impact on the viral capacity of replication, with the
purpose of complicating the immune escape of the virus (146).

Active immunization implies that, in addition to the development of an immu-
nogen able to induce broad immune responses, this immunogen is combined with
an adjuvant and a vector that direct and enhance the generated immune respons-
es. The immunogen can be formulated in different presentations including or not a
vector. In ascending order, beginning with the safest and less immunogenic, there
are: naked DNA, peptides, soluble protein, viral-like particles, replication-deficient
viral vectors, replicating viral vectors, killed whole viruses or live attenuated virus-
es (Fig. 11) (147).
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Figure 11. Schematic representation of different HIV-1 vaccine strategies. HIV-1 strategies have been
distributed according to their immunogenicity and safety. The representation on the two axes are based on an
arbitrary comparative scale. Reproduced from Ross AL. et al. (147). Reprinted with permission with Elsevier.

The most broadly used vaccine strategy to elicit CTLs responses is the com-
bination of conserved epitopes and elements with a replication-deficient viral vec-
tor, since these vectors are safe and immunogenic enough. Moreover, some stud-
ies demonstrated that vaccines using these viral vectors increase CTL immune
responses (148-151). Some studies performed in rhesus macaques infected with
simian immunodeficiency virus (SIV), which were treated with an immunogen
based on conserved SIV epitopes combined with the replicating viral vector de-
rived from rhesus cytomegalovirus (RhCMV), showed that the combination of this
viral vector with conserved epitopes mediates a progressive clearance of SIV in-
fection (152,153).

Concerning B-cell responses, initially, HIV-1 vaccines focused on envelope-
based vaccines to elicit the production of broadly neutralizing antibodies (bNAbs).
However, the current use of bNAbs in HIV-1 infection differs from these traditional
vaccination approaches. Specifically, this strategy employs passive immuniza-
tion using the direct injection of a large quantity of selected bNADbs, instead of the
immunogen that can elicit bNAbs secretion (53). A recent phase | clinical trial,
where bNAb 3BNC117 was injected in HIV-1 infected patients not undergoing
ART, showed that this bNAb was well tolerated and that, more importantly, it was
able to reduce patient’s viral load without the use of ART (154). Hence, infusion of
bNAbs may be a safe and efficient method for delaying viral rebound after ART
discontinuation. Moreover, bNAbs can both block new HIV-1 infection and target

productively infected cells for destruction by antibody-dependent cell-mediated

62



CHAPTER 1. Introduction

cytotoxicity, in contrast to antiretroviral drugs that only block new infections (155).
Thus, this passive vaccination strategy might be an effective approach to achiev-

ing a functional or even a sterilizing cure.

1.5.5. Cellular or gene therapy

Cellular or gene therapy strategies aim at curing HIV-1 infection by the trans-
plantation of virus-resistant hematopoietic stem and progenitors cells, and, there-
fore, generating an HIV-resistant immune system. These virus-resistant cells can
be derived from a naturally resistant healthy donor, by hematopoietic stem cell
transplantation (HSCT), or by direct genome editing of the cells of the HIV-1 in-
fected individual treated.

These approaches are mainly focused on the role of CCR5 as a co-receptor for
HIV-1 entry in CCR5" CD4" T-cells, based on the fact that homozygous carriers of
a 32-bp deletion in the CCR5 gene (CCR5-A32/A32) are naturally resistant to the
strain of HIV-1 that uses CCRS5 to bind the host cell (R5 tropic) (156,157).

HSCT has achieved the only confirmed case of HIV-1 infection cure, commonly
known as the “Berlin patient”. This was accomplished by Hitter et al. (158) with
HSCT using peripheral progenitors cells from an HLA-matched adult donor who
was homozygous for the 32-bp deletion in ccr5. The Berlin patient has remained
without any evidence of HIV-1 infection for more than 8 years after discontinuation
of ART, suggesting that he has been cured. This case encouraged enthusiasm for
the development of an approach that achieves the cure of both HIV-1 infection and
leukemia or lymphoma. Nevertheless, the case of the “Boston patients”, who suf-
fered from HIV-1 infection and lymphoma and received a wild-type-CCR5 alloge-
neic HSCT, showed disappointing results. Both patients experimented viral load
rebound after 12 and 32 weeks of ART discontinuation, although the levels of
plasma viral RNA, qVOA and cell-associated proviral DNA in peripheral blood
mononuclear cells and tissues remained undetectable following the transplantation
(159). Thus, the HSCT using CCR5-A32/A32 hematopoietic stem cells is a more
promising approach than a wild-type-CCR5 HSCT to achieve a sterilizing cure of
HIV-1 infection. However, identifying an adult HLA-matched CCR5-A32/A32 donor
is not readily feasible in part because of the low prevalence of the homozygous
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variant allele A32 (about 1% in northern European descents) (160,161), and also
because of the need for a very close HLA match between donor and patient (162).
In contrast, cord blood CCR5-A32/A32 units provide a major advantage for HSCT
because this transplant requires much less stringent HLA matching between donor
and patient (163). Hence, HSCT using cord blood CCR5 homozygous A32 can be
more feasible than CCR5-A32/A32 cells from an HLA-matched adult donor, and
therefore better for achieving an HIV-1 cure.

Considering the genome editing of patients’ cells, different approaches have
been developed. Specific genes can be directly modified using zinc-finger nucle-
ases (ZFN), transcription activator-like effector nucleases (TALENS), or the clus-
tered interspaced short palindromic repeats/CRISPR-associated protein-9 nucle-
ase (CRISPR/Cas9) technology (53). All of these techniques can target a specific
sequence of DNA and produce nucleotide editing (164). Multiple approaches of

gene therapy for HIV-1 cure strategies are currently being evaluated.

The first approach studied has been the modification of the CCR5 gene in
CD4" T lymphocytes followed by the reinfusion of the modified cells, with the aim
of blocking the binding of HIV-1 to the infused host cells. However, the cells rein-
fused represent a minority of the total CD4" T cells of the patient, and after ART
interruption HIV-1 VL rebounds (165). Therefore, a promising approach to this
technique is to modify hematopoietic stem cells instead, which would then replen-
ish the CD4+ T lymphocyte pool with HIV-1 resistant cells.

Another approach consists in directly targeting the HIV-1 provirus. Some recent
studies, performed in the model of the latent HIV-1 cell line J-lat and in animal
models, have demonstrated that CRISPR/Cas9 technology can be used to mutate
part of the provirus or even to cleave it entirely out of the cell genome (166—
168).Thus, this strategy may be used to inactivate latent proviruses in HIV-1 in-
fected patients with the aim of reducing the HIV-1 reservoir size and therefore
achieving a functional or a sterilizing cure. Nonetheless, this treatment requires an
effective delivery of the editing enzymes into every infected cell in vivo, which
would be quite challenging to achieve and would require further development of

this technology.
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An alternative approach aims to enhance the immune response of HIV-infected
cells to potentially control infection without the need for ART (53). This includes
the introduction of HIV-specific T cell receptor (TCR) genes to CD8" T lympho-
cytes to allow for better recognition of infected cells (Chimeric Antigen Receptors),
generating a more effective control of viral replication and likely inducing a func-
tional cure (169).

In summary, genome editing can be considered as a promising research field
to aid in the search of an HIV-1 cure.
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CHAPTER 2. Hypothesis & Aims

Despite the fact that current combination antiretroviral therapy (ART) effectively
suppresses viral replication, HIV-1 remains an incurable viral infection that gener-
ates 2 million new infections per year (18). Moreover, ART discontinuation gener-
ally results in a quick viral rebound due to viral replication from the latent reservoir,
which is established very early in the first stages of the infection (124,125). Thus,
many approaches aimed at curing HIV-1 infection have been investigated and de-
veloped to find one (or a combination of them) that achieves a complete eradica-
tion of HIV-1 reservoirs (sterilizing cure) or a control of the viral replication in the
absence of ART (functional cure). The current strategies investigated are treat-
ment optimization, immunotherapy, latency reactivation, therapeutic vaccination

and cellular or gene therapy.

Hence, the hypothesis of this thesis is that one or a combination of several of
these strategies may impact the HIV-1 reservoir and, thus, achieve a remission of

HIV-1 infection in patients receiving ART.

The global aim is to evaluate, compare and determine which HIV-1 cure ap-
proach (immunotherapy, latency reactivation, therapeutic vaccination or cellular
therapy) has the highest probability to achieve a sterilizing or a functional cure.

The specific aims for each cure strategy analyzed are:

1. Immunotherapy:

Aim 1.1. To determine whether short-term treatment with interferon-a com-
bined with ribavirin could affect HIV-1 transcription, the residual plasma viremia,
the total HIV-1 reservoir, the replication-competent reservoir, and the residual viral

replication, in ART suppressed HIV/HCV—coinfected subjects.

Aim 1.2. To identify a short-term mechanism by which interferon-a could im-
pact the HIV-1 reservoir.
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2. Latency reactivation:

Aim 2.1. To evaluate whether the use of lithium carbonate for the potential
treatment of HIV-1-associated neurocognitive disorders could impact HIV-1 tran-
scription, residual plasma viremia and total HIV-1 reservoir, in ART suppressed
patients.

Aim 2.2. To determine whether treatment with lithium carbonate could act as a
latency reversing agent (LRA) in vivo.

3. Therapeutic vaccination:

Aim 3.1. To evaluate whether therapeutic vaccination with the MVA.HIVconsv
immunogen could re-direct T cell responses towards viral epitopes that are vulner-

able and typically sub-dominant, in ART suppressed HIV-infected patients.

Aim 3.2. To analyze whether the specific elicited HIV-1 immune responses
may have an impact on the total HIV-1 reservoir and the residual plasma viremia.

4. Cellular therapy:

Aim 4.1. To evaluate whether allogeneic hematopoietic stem cell transplanta-
tion (HSCT) using CCR5 A32 homozygous cord blood (CB) cells could be a feasi-
ble therapeutic strategy to cure HIV-1 infection.

Aim 4.2. To determine whether an allogeneic HSCT using a compatible CCR5
A32 homozygous CB could eradicate the HIV-1 in a patient with HIV-1 infection
and a diffuse large B-cell lymphoma (DLBCL).
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CHAPTER 3A. Immunotherapy

3A.0. Presentation

This chapter evaluates the treatment with the cytokine interferon-a (IFNa) as
an immunotherapeutic strategy to cure HIV-1 infection, due to its antiviral action
and its potential impact on the HIV-1 reservoir.
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3A.1l. Introduction

Current combination antiretroviral therapy (ART) quickly and persistently sup-
presses viral replication, thus increasing the life expectancy of HIV-1-infected indi-
viduals to almost that of non-infected individuals (170). However, long-term com-
bination ART-associated issues, including poor adherence, the potential emer-
gence of resistance, and cumulative toxicities, as well as economic and logistical
considerations, have spurred interest in identifying new medical interventions
aimed at achieving viral remission. Complementing ART with immunotherapy and
chemotherapy has been proposed as a means of reactivating latent virus, reduc-
ing the size of the viral reservoir, and, ultimately achieving a functional cure
(56,171,172).

Interferon-a (IFNa) is a type | interferon with potent antiviral activity against a
large variety of infections. Until recently, IFNa combined with ribavirin (RBV) was
the standard treatment against infection by the hepatitis C virus (HCV). IFNa-RBV
still represents the backbone of some regimens in combination with new direct
anti-HCV drugs (173).

Multiple studies of untreated HIV-1-infected patients confirmed that IFNa can
reduce plasma viremia by 0.5-1.0 logip in both HIV-monoinfected patients (174—
177) and HIV/HCV-coinfected patients (178). Such antiviral activity in patients with
actively replicating HIV-1 is likely related to the IFN-mediated up-regulation of a
group of host genes that can restrict viral replication at various stages of the repli-
cation cycle (177,179).

Azzoni et al. (180) recently reported that long-term treatment (at least 7
months) with pegylated IFNa-2a might be able to control HIV-1 replication in a sig-
nificant number of patients following discontinuation of ART. The authors observed
a reduction in proviral integrated HIV-1 genomes in peripheral blood mononuclear
cells (PBMCs) among patients who maintained viral suppression after discontinua-
tion of ART. These findings were supported by the results of 2 studies of long-term
treated HIV/HCV—coinfected patients (181,182). Taken together, the data suggest
that long-term IFNa might reduce the size of the viral reservoir. However, the
short-term mechanism by which IFNa diminishes the viral reservoir and its effects

on activation and persistent HIV-1 expression remain unknown. Such knowledge
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might be clinically relevant, as it could pave the way for short-term and long-term

interventions aimed at reducing viral replication and remission.

In a cohort of HIV/HCV—coinfected patients on suppressive ART, we analyzed
variations in cell-associated HIV-1 RNA, replication-competent virus, and expres-
sion of specific IFN-stimulated genes (ISG) encoding HIV-1 restriction factors and
the protein Siglec-1 in peripheral CD4" T cells. We also assessed changes in re-
sidual plasma viremia, total HIV-1 reservoir, 2-LTR circles, distribution of peripher-
al T-cell subsets, and expression of these subsets in markers of activation and
exhaustion during treatment with IFNa-RBV. Our objective was to identify a short-

term mechanism by which IFNa could impact the HIV-1 reservoir.
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3A.2. Material and Methods

3A.2.1 Patients

We performed an open, prospective, non-randomized cohort study at 2 univer-
sity hospitals in Barcelona, Spain. The study population comprised 21 HIV/HCV-
coinfected patients on suppressive ART for at least 6 months: 10 treated with
pegylated IFNa-2a (180 pg/wk; Pegasys®, Roche) and RBV (800-1200 mg bid)
(IFN group) and 11 patients whose anti-HCV treatment was deferred (control
group). The participants gave their written informed consent, and the institutional
review boards and the Catalonian Health Department (code: FHU-INT-2013-01)

approved the protocol.

We collected total blood samples (80 ml) at study days 0 and 28. Peripheral
blood mononuclear cells (PBMCs) were used for flow cytometry analysis. For the
remaining analyses, CD4" T cells were isolated using negative immunomagnetic

selection (Miltenyi).

3A.2.2. Peripheral Blood Mononuclear Cells (PBMCs) isolation and preservation

Blood samples from HIV-1 infected patients were processed in order to sepa-
rate plasma from cell fraction. Plasma samples were stored at -80°C and PBMCs
were isolated from the cell fraction by a standard Ficoll-Hypaque (Lymphoprep,
ATOM, AXIS-SHIELD PoC AS) density gradient centrifugation (390xg, 30 min.),
aliquoted in cryo-vials (10-15 million PBMCs per vial), placed in a CoolCell® freez-
ing container (BioCision) at -80°C overnight, and stored in a liquid nitrogen until
use (Fig. 12).

3A.2.3. CD4" T-cell purification

CD4" T cells were isolated from fresh or thawed PBMCs by negative immuno-
magnetic selection (CD4" T cell isolation kit; Miltenyi Biotec) using the “depletes”
software program of autoMACS® Pro Separator (Miltenyi Biotec), following the
manufacturer's instructions. After negative immunomagnetic selection, CD4™ T
cells were counted with perfect-count microspheres™ (Cytognos) following the
manufacturer’s instructions, using the cytometer BD FACSCalibur™ (Becton Dick-
inson Biosciences). Purity was higher than 90% in all the samples (Fig. 13).
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Figure 12. Schematic view of PBMCs isolation from (A) HIV-1 infected patients’ blood samples and (B)
buffy coats of HIV-1 negative donors
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Figure 13. Schematic representation of the general procedure to obtain, count and check the purity of
CD4" T cells isolated from the PBMCs of HIV-1 infected patients

3A.2.4. Cell-associated HIV-1 mRNA determination

To quantify cell-associated HIV-1 transcription, CD4" T cells (1x10°) were puri-
fied from frozen PBMCs and preserved in RNAlater solution (Ambion) until RNA
extraction. RNA was extracted using RNeasy mini kit (Qiagen) following the manu-
facturer’s instructions, and RNA concentration and quality were determined by
NanoDrop spectrophotometer (ND-1000; Thermo Fisher Scientific). Purified RNA
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extracts were amplified by one step reverse transcription droplet digital polymer-
ase chain reaction (RT-ddPCR) with the primers/probe sets located in the viral
5LTR (73) and Gag (93) regions (Table 1), depending on the efficiency of detec-
tion in each patient due to mismatches or deletions in the viral sequences. For that
reason, all samples were measured in parallel using both primers/probe sets to
ensure effective and reliable proviral absolute quantification. The expression of the
housekeeping gene TATA-binding protein (TBP) was quantified in parallel to nor-
malize RNA input (183) (Table 1). Briefly, One-Step RT-ddPCR Mastermix (Bio-
Rad) was mixed with manganese acetate solution (1 mM), primers/probe mix (0.9
MM primers and 0.25 uM probe; Integrated DNA Technologies), and RNA sample
(approximately 60 ng/ul for HIV-1 mRNA and 0.60 ng/ul for TBP mRNA) in a total
volume of 20 pl. This mix reaction was loaded into a Bio-Rad droplet generator
cartridge along with 70 pl of droplet generation oil. The cartridge was placed in the
droplet generator QX100™ device (Bio-Rad). Droplets were generated following
the manufacturer’s instructions and transferred to a 96-well PCR plate, which was
subsequently sealed using PX1™ PCR plate sealer (Bio-Rad). RNA was retro-
transcribed and amplified using the C1000 Touch™ Thermal Cycler (Bio-Rad) (ret-
ro-transcription: 60, 30’; enzyme activation: 95°C, 5’; 40 cycles: 94°C, 30" and
60°C, 607; final extension: 98°C, 10’; hold: 4°C), and after cycling droplets were
analyzed immediately using a QX100™ droplet reader (Bio-Rad). Analysis of cop-
ies/pl of target RNA was performed using the QuantaSoft v.1.6 software (Bio-Rad)
and normalized using the copies/pl of TBP mRNA (Fig. 14).

PBMCs from healthy donors were used as negative controls to set the posi-
tive/negative threshold for ddPCR analysis. For each sample and control well, 2
replica wells were used. Moreover, each RNA sample was amplified using ddPCR
Mastermix instead of One-Step RT-ddPCR Mastermix as a control of DNA con-
tamination. None of these wells showed positive droplets, demonstrating no con-
tamination with DNA.
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Figure 14. Schematic representation of droplet digital polymerase chain reaction (ddPCR) in order to
quantify proviral HIV-1 DNA, 2-LTR circles or cell-associated HIV-1 mRNA

3A.2.5. Ultrasensitive plasma viremia quantification

To evaluate viral load (VL) below 50 copies/ml, up to 7.5 ml of plasma were ul-
tracentrifuged at 170,000xg at 4°C for 30 min. before viral RNA extraction using
the m2000sp Abbott device. HIV-1 RNA copies were quantified in the Abbott
m2000rt instrument using the Abbott Real-Time HIV-1 Assay (Abbott Molecular
Inc.) and the laboratory-defined applications software from the instrument. HIV-1
RNA copies in the low range were determined by means of a calibration curve set
between 1,000 and 10 copies/ml (five points at 1/3 dilutions: 1,000, 300, 100, 30,
and 10 in triplicate). The quantification method was validated in triplicate with a
positive control (prequantified standard HIV-1 from the World Health Organization)
in the range of 128-0.5 copies/ml (9 serial 1/2 dilutions). The concentration proto-
col was validated by running direct versus diluted ultracentrifuged pre-quantified
plasma samples, with VL ranging from 400 to 10 HIV-1 RNA copies/ml (Fig. 15).
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Figure 15. Schematic view of the procedure to quantify the ultrasensitive viral load from plasma samples
of HIV-1 infected ART suppressed patients
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3A.2.6. Quantitative viral outgrowth assay (gVOA) determination

To measure the replication-competent reservoir, we performed a limiting dilu-
tion cell culture assay as previously described (102), with minor modifications.
Specifically, fresh CD4™ T cells from HIV-1 infected patients [(1.5-13)x106] were
cultured in serial dilutions (Fig. 16). For each dilution we performed 2 replicas.
Then, CD4" T cells were co-cultured with irradiated PBMCs in the presence of
phytohemagglutinin (PHA, Sigma), interleukin-2 (IL-2, Novartis), and T-cell growth
factors (TCGF). After 24 hours, PHA was removed, and CD8-depleted donor
PBMCs previously activated under 3 different conditions (known as 3x3 cells)
were added to the co-culture (104,105). Cell culture medium (Rowell Park Memo-
rial Institute (RPMI)-1640 (Gibco, Invitrogen) containing 1% Penicillin/Streptomycin
(P/S; Gibco, Invitrogen), 10% FBS, 100 U/ml IL-2 and 2% TCGF) was changed at
days 5 and 8, and freshly prepared 3x3 cells were added to the co-culture at day
8. Supernatants from day 12 were used to measure p24°% with ELISA (Fig. 15).
The frequency of infectious HIV-1 units per million CD4" T cells (IUPM) was de-
termined using IUPMStats v.0.3 (Rosenbloom’s software), based on the maximum
likelihood method (184).

TCGF were produced using PBMCs isolated from buffy coats of HIV-1 sero-
negative donors purchased from the Banc de Sang i Teixits (BST; Barcelona,
Spain). PBMCs were obtained by Ficoll-Hypaque density gradient (Fig. 12), resus-
pended at a concentration of 6x10° cells/ml in RPMI containing 1% P/S and 2.5%
Human AB serum heat inactivated (Invitrogen, Life Technologies), and cultured in
T150 flasks (Corning®). After 24 hours in culture, 2 pg/ml of PHA and 5 ng/ml of
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) were added to each flask.
Then, cells were incubated for 4 hours at 37°C, washed twice with PBS containing
2 mM EDTA and 2% FBS, resuspended in 70 ml of the previous medium and cul-
tured at 37°C. After 40 hours, TCGF dissolved in culture supernatants were har-
vested, centrifuged at 400xg for 10 min., filtered through 0.45 nm filters (Millipore)
and stored at -20°C until use.
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Figure 16. Schematic representation of quantitative viral outgrowth assay (QVOA)

Irradiated PBMCs were prepared using buffy coats from HIV-1 seronegative
donors. Briefly, PBMCs were isolated by Ficoll-Hypaque density gradient centrifu-
gation (Fig. 12), inactivated by y-irradiation (50 Gy in Cs-source irradiator) and
resuspended at a concentration of 2.5x10° cells/ml in RPMI containing 2% P/S,
10% FBS and 0.5 pg/ml PHA. Cells were stored in ice until co-culturing with HIV-1
infected CD4" T cells.

3x3 cells were prepared using buffy coats from 3 different HIV-1 seronegative
donors. Specifically, the blood was depleted of CD8" T cells with RossetteSep
Human CD8 Depletion Cocktail (StemCell) in order to avoid CD8 cross-reactivity
between the different donor-cells. Then, CD8-depleted PBMCs from the 3 donors
were isolated by Ficoll-Hypaque density gradient centrifugation (Fig. 12), collected
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together in a falcon tube, counted with perfect-count microspheres™, resuspend-
ed in RPMI with 2% P/S and 10% FBS, split in 3 flasks, and cultured for 72 hours.
One flask was previously seeded with OKT3 (antibody a-CD3) and the other flasks
contained 5 or 0.5 pg/ml of PHA in the medium, in order to obtain CD8-depleted
PBMCs in different activation conditions. After the 3 days of culture, the cells were
mixed, counted with perfect-count microspheres™, resuspended at a concentra-
tion of 0.67x10° cells/ml in RPMI containing 1% P/S, 10% FBS, 100 U/ml IL-2 and
2% TCGF; and co-cultured with the HIV-1 infected CD4" T cells and the irradiated
PBMCs. On day 8 of the assay 3x3 cells were added at a concentration of 10°

cells/ml.

3A.2.7. Proviral HIV-1 DNA quantification

To evaluate the size of the proviral reservoir, peripheral CD4" T cells (5><1O6)
were resuspended in lysis buffer at a concentration of 50,000 cells/ul. Lysis buffer
consisted of UltraPure® DNAse-RNAse free water (Gibco, Invitrogen) containing
10 mM Tris-HCI (pH=9.0), 0.1% Triton x-100 (Sigma) and 400 ug/ml Proteinase K
(Ambion). Cell extracts were incubated for more than 10 hours at 55°C, and pro-
teinase K was inactivated at 95°C for 5 min. Lysed CD4" T cells extracts were
used to measure cell-associated total HIV-1 DNA by ddPCR with 5’LTR (73) and
Gag (93) primers/probes sets (Table 1). The RPP30 cellular gene was quantified
in parallel to normalize sample input (185) (Table 1). Briefly, ddPCR supermix for
probes (Bio-Rad) was mixed with primers/probe mix (0.9 yM primers and 0.25 yM
probe; Integrated DNA Technologies), and 2 pl of cell lysate (equivalent to
100,000 cells for HIV-1 DNA and to 2,000 cells for RPP30) in a total volume of 20
pl. This mix reaction was loaded into a Bio-Rad droplet generator cartridge and the
droplets were generated as previously described for cell-associated HIV-1 RNA.
DNA was amplified using the C1000 Touch™ Thermal Cycler (Bio-Rad) (initial
denaturation: 95°C, 10’; 40 cycles: 94°C, 30" and 57°C, 60”; final extension: 98°C,
10’; hold: 4°C), and, after cycling, droplets were analyzed immediately using a
QX100™ droplet reader (Bio-Rad). Analysis of copies/pl of target DNA was per-
formed using the QuantaSoft v.1.6 software (Bio-Rad) (Fig. 14).

For each sample, 2 to 3 replica wells were used. PBMCs from healthy donors
were used as negative controls and assayed in each plate to set the posi-

84



CHAPTER 3A. Immunotherapy

tive/negative threshold for ddPCR analysis, as for cell-associated HIV-1 RNA. The
number of those negative control wells was the same as the replicas for each

sample.

3A.2.8. HIV-1 2-LTR circles quantification

To estimate the level of residual new infections, lysed CD4" T cells extracts
were used to quantify the number of 2-long terminal repeat (2-LTR) circles by
ddPCR with 2-LTR primers/probe set (78) (Table 1), following the same protocol
as for proviral HIV-1 DNA (Fig. 14).

Table 1. Primer and probe sequences

Name Sequence (5’-3") Strand Target Ref.
LTR-US integrated GTTCGGGCGCCACTGCTAG Forward Total DNA  (73)

LTR-R integrated TTAAGCCTCAATAAAGCTTGCC Reverse & CA-RNA

New integrated-2 Probe  CCAGAGTCACACAACAGACGGGCA Probe

HIV_F (SCA) CATGTTTTCAGCATTATCAGAAGGA Forward (93)

HIV_R (SCA) TGCTTGATGTCCCCCCACT Reverse

HIV Probe (SCA) CCACCCCACAAGATTTAAACACCATGCTAA Probe

New C1 CTAACTAGGGAACCCACTGCT Forward 2-LTRs (78)

C4R GTAGTTCTGCCAATCAGGGAAG Reverse

2nr4nr Probe AGCCTCAATAAAGCTTGCCTTGAGTGC Probe

RPP30-F GATTTGGACCTGCGAGCG Forward RPP30 (185)
RPP30-R GCGGCTGTCTCCACAAGT Reverse

RPP30 Probe CTGACCTGAAGGCTCT Probe

TBP-S TTCGGAGAGTTCTGGGATTGTA Forward TBP (183)
TBP-AS TGGACTGTTCTTCACTCTTGGC Reverse

TBP-Probe CCGTGGTTCGTGGCTCTCTTATCCTCA Probe

3A.2.9. mRNA expression of APOBEC3G, TRIM5a, BST2, and TRIM22

RNA extracted from CD4" T cells (1x10°) was transcribed into cDNA using
TagMan® Reverse Transcription Reagents (Applied Biosystems). cDNA was am-
plified using TagMan® Gene Expression Assay primer/probe sets (Applied Biosys-
tems) for the panel of genes and for the housekeeping gene GUSB (186). Thermal
cycling was performed using the Comparative Ct (AACy) program of the 7500 RT-
PCR System (Applied Biosystems), and the data were analyzed using 7500 RT-
PCR Software (Applied Biosystems). Raw Ct numbers of amplified gene products
were normalized to the passive reference ROX. ACt data were obtained by nor-
malizing the samples with expression of the housekeeping gene, GUSB. Fold in-
duction (AACt) was determined by normalizing expression at d28 relative to dO.
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3A.2.10. Distribution and activation of T-cell subsets.

T-cell immunophenotyping was performed in cryopreserved PBMCs. The cells
were thawed and washed in PBS containing 10% FBS. PBMCs (2x10°) were
stained with Viability Dye eFluor 506 (eBioscience) for 30 min at 4°C, washed and
stained for 20 min at 4°C with the following antibodies: CD3 (APC-Cy7), CD4
(PerCP), CD8 (AF700), CD45RA (FITC), CD27 (BV605), CCR7 (PE-Cy7), CD38
(PE-CF594), HLA-DR (APC), PD-1 (BVv421) from Becton Dickinson and Siglec-1
(PE) from bioNova. Controls with combinations of CD3, CD4, and CD8 antibodies
were established for all samples, and fluorescence minus one (FMO) controls
were used to set gates for activation markers. Data were acquired in an LSR-
Fortessa flow cytometer (Becton Dickinson) coupled to an HTS loader. At least
200,000 T cells were collected for each sample.

T-cell and monocyte gates were first defined according to morphological pa-
rameters and cell viability. Living CD3" T cells were classified into CD4" and CD8"
T cells. Finally, T-cell subpopulations were classified by the expression of the
markers CD45, CCR7, and CD27, as follows: Ty (naive: CD45'CCR7°'CD27"
cells), Tewm (central memory: CD45 CCR7°CD27" cells), Ty (transitional memory:
CD45"CCR7°CD27" cells), Tewm (effector memory: CD45"CCR7 CD27" cells), and
Tewra (terminally differentiated effector memory: CD45"CCR7CD27" cells). Acti-
vation markers (CD38, HLA-DR) and exhaustion markers (PD-1) were analyzed
within each T-cell subset. The percentage of Siglec-1° monocytes (CD4'CD3~
cells) was also analyzed. Analysis was carried out using FlowJo software 9.2.3v
(Tree Star).

3A.2.11. Statistical analysis

Differences between groups were analyzed using the Mann-Whitney and Krus-
kal-Wallis tests. Changes within a group were evaluated using the Wilcoxon
signed-rank test. For categorical variables, independence between groups was
studied using the Fisher exact test. The Wald test was used to compare slopes
between groups in a mixed regression model. The Spearman test and Winsor cor-
relation test were used to evaluate the association between variables in independ-
ent and paired samples, respectively. Censored matched pairs of ultrasensitive
viral load were analyzed using the paired Prentice-Wilcoxon test. Statistical signifi-
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cance was set at 5% for all the tests. The analyses were performed with R

(v3.0.2), GraphPad Prism (v5.01) and MiniTab® (v16.2.3).
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3A.3. Results

3A.3.1. Patients

To evaluate the short-term effect of IFNa on levels of persistent HIV-1 during
suppressive ART, we prospectively took blood samples from patients initiating
IFNa-RBV as treatment for HCV infection.

The final study population comprised 21 HIV/HCV-coinfected patients recruited
at Hospital Vall d’'Hebron and Hospital Germans Trias i Pujol. A patient of the con-
trol group with detectable viremia at study dO was excluded from the final analysis.

The demographic and clinical characteristics of patients included in the IFN
group and the control group were comparable. Most patients were men, with a
median age of 47 years, HIV-1 infection for more than 20 years, and HIV-1 sup-
pression on ART maintained for a median of 4.5 years (Table 2).

No serious adverse events were reported, and the initial dose was maintained

during the study.

3A.3.2. Cell-associated HIV-1 mRNA and residual viremia

The quantification of cell-associated HIV-1 RNA revealed low-level viral tran-
scription in peripheral CD4" T cells in all patients. The median expression of HIV-
1/TBP in CD4" T cells decreased 9-fold at d28 in IFNa-treated patients (p=0.049),
whereas no significant changes were observed in the control group (Table 3, Fig.
17A).

We measured residual plasma viremia to evaluate whether the decline in cell-
associated viral transcription decreased production of virus. We detected plasma
viremia in 90% of patients. However, we observed no significant changes in any
group during the study (Table 3, Fig. 17B), suggesting that short-term treatment
with IFNa does not reduce residual viremia, despite its effect on viral transcription.
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Table 2. Patient characteristics and clinical results

Control group IFN group p value
(n=10) (n=10) between groups
Age (years), median [IQR]* 47 [45-53] 47 [41-51] 0.430
Women, n (%)" 1 (10) 2 (20) 1.000
2 drug—based regimen, n (%)b 2 (20) 4 (40)
3 drug—based regimen, n (%)b 8 (80) 6 (60) 0:629
Pl-based regimen, n (%)b 8 (80) 7 (70) 1.000
:nirendeiasri”[j’gg]ii‘gnoss (years), 23.5 [20.2-24.0] 24.0 [19.8-25.2] 0.570
?‘\’/rftggaﬁfs)s,“rﬂggei:?%gg]5'V' 4.5[2.5-5.8] 4.5[2.2-7.8] 0.940
HCV VL
IU/l dO, median [IQR]? 4.1x10° [(1.9-4.9)x10°]  2.5x10° [(1.3-4.5)x10%] 0.190
IU/l d28, median [IQR]? NA 3.7x10% [(0.2-77.8)x10%] NA
p value (dO vs. d28)° NA 0.049
CD4" T-cell count
/?Itgg']‘ite (cells/ul) dO, median 447 [295-670] 437 [318-624] 0.820
Aﬁgﬂ‘]’efe (cells/l) d28, median 570 [480-650] 310 [203-370] 0.010
p value (dO vs. d28)° 1.000 0.009
Percentage d0, median [IQR]? 21.5[18.3-30.8] 22.5[21.0-37.5] 0.450
F[’Ie(;‘;e]gtage d28, median 25.0 [22.0-33.0] 28.1 [22.5-36.7] 0.760
p value (dO vs. d28)° 1.000 0.444
CD8" T-cell count
/?Itgg']‘ite (cells/ul) O, median 4 54 11.010-1,200] 650 [585-1,130] 0.370
Absolute (cells/l) d28, medi- 1,190 [660-1,310] 440 [378-523] 0.005
an [IQR]
p value (dO vs. d28)° 0.813 0.031
Percentage d0, median [IQR]? 54.6 [42.2-60.0] 49.0 [38.7-58.9] 0.620
Percentage d28, median 56.0 [37.0-59.0] 43.5 [39.2-57.9] 0.850

[IQR]®
p value (dO vs. d28)°

0.892

0.652

%p value between groups: Kruskal-Wallis test (GraphPad Prism v5.01).
b p value between groups: Fisher exact test (R v3.02).
©p value (dO vs. d28): Wilcoxon signed-rank test (GraphPad Prism v5.01).

IQR. interquartile range; PI. protease inhibitor; VL. viral load; IU. infectious units
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3A.3.3. Replication-competent HIV-1 reservoir, total HIV-1 DNA, and 2-LTR DNA cir-
cles

To evaluate the effect of IFNa on the size of the replication-competent reser-
voir, we measured the infectious units per million cells (IUPM) in a qVOA of CD4"
T cells. We detected replication-competent viruses in 90% of patients. However,
we did not detect a significant decrease at d28 in any group (Table 3, Fig. 17C).

We also detected circulating CD4" T cells harboring proviral DNA in all pa-

tients. The count remained stable in both study groups (Fig. 17D).

We gquantified the number of 2-LTR circles to estimate the level of residual rep-
lication. We detected HIV-1 episomes in 90% of patients. This parameter re-
mained stable in both study groups (Fig. 17E).

Taken together, the data suggest that short-term treatment with IFNa did not
affect the replication-competent HIV-1 reservoir, the total proviral HIV-1 reservoir,

or the number of residual new infections.

3A.3.4. Expression of IFNa-stimulated genes (ISGs)

As most of the genes up-regulated by IFNa are host restriction factors, we ana-
lyzed the effect of IFNa on the restriction factors TRIM22, BST2, TRIM5a, and
APOBECS3G, all of which inhibit HIV-1 replication. The mRNA expression of all
these host restriction factors increased at d28 of treatment with IFNa-RBV (Table
3, Fig. 18B). Conversely, no changes were detected in the control group. Moreo-
ver, we observed significant differences between the groups in the expression of
TRIM22 and TRIM5a at d28 (p<0.001 and p=0.025, respectively; Table 3, Fig.
18B).

Given that Siglec-1 is a type | IFNa—induced protein that plays a key role in
HIV-1 spread through mDC-CD4 synapsis (187), we measured changes in ex-
pression of Siglec-1 in monocytes. We observed a significant increase in Siglec-1
protein expression at d28 (p=0.002), with significant inter-group differences
(p<0.001) (Table 3, Fig. 18A).
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Table 3. Effect of IFNa-RBV on markers of HIV-1 and IFNa-stimulated gene expression

Control group
(n=10)

IFN group
(n=10)

p value
between groups

Cell-associated HIV-1 RNA
Ratio HIV-1 RNA/housekeeping dO,
median [IQR]?
Ratio HIV-1 RNA/housekeeping d28,
median [IQR]?
p value (dO vs. 0I28)b

Ultrasensitive pVL
Copies/ml plasma d0, median [IQR]?
Copies/ml plasma d28, median [IQR]*
p value (dO vs. d28)°

Infectious units per million (IUPM) CD4"
T cells

IUPM dO, median [IQR]?
IUPM d28, median [IQR]*
p value (dO vs. d28)b

Total HIV-1 DNA
Copies/10° CD4" T cells dO, median

[IQR]*
Copies/10° CD4" T cells d28, median

[IQR]*
p value (dO vs. d28)b

2LTR HIV-1 DNA
Copies/10° CD4" T cells dO, median

[IQR]*
Copies/10° CD4" T cells d28, median

[IQR]*
p value (dO vs. d28)b

IFNa-stimulated genes fold change
TRIM22 d28, median [IQR]
p value (dO vs. 0I28)b
BST2 d28, median [IQR]"
p value (dO vs. 0I28)b
TRIM5a d28, median [IQR]
p value (dO vs. 0I28)b
APOBEC3G d28, median [IQR]"

p value (dO vs. 0I28)b

Siglec-1 percentage® d28, median
[IQR’
p value (dOvs. 0I28)b

Siglec-1 GeoMean d28, median [IQR]d

p value (dO vs. 0I28)b

0.13 [0.07-1.45]

0.13 [0.05-0.42]
0.432

0.90 [0.20-6.33]
0.20 [0.20-3.53]
0.147

0.42 [0.23-8.29]
0.42 [0.10-12.59]
0.813

1,302 [606-2,879]

1,274 [594-1,860]
0.065

10.7 [0-15.7]

4.8 [2.3-10.8]
0.426

1.15[0.81-1.38]
0.322

1.04 [0.81-1.20]
0.922

0.96 [0.66-1.19]
0.695

0.89 [0.68-1.17]
0.432

1.01 [0.89-1.34]

0.492
1.09 [0.86-1.33]
0.432

0.92 [0.23-3.29]

0.25 [0.02-0.96]
0.049

2.40 [0.88-4.65]
0.65 [0.20-1.65]
0.108

1.61 [0.23-4.45]
1.11 [0.40-2.02]
0.359

1,425 [561-2,567]

1,669 [589-2,985]
0.131

4.5 [0-15.7]

8.5 [2.7-34.7]
0.138

2.02 [1.58-3.07]
0.002

1.96 [1.17-2.43]
0.037

1.67 [1.27-1.98]
0.002

1.24[1.13-1.52]
0.004

1.54 [1.13-3.63]

0.002
5.85 [3.69-15.02]
0.002

0.143

0.912

0.463
0.967

0.676
0.870

0.853

0.393

0.847

0.383

<0.001

0.0674

0.025

0.0912

0.016

<0.001

%p value between groups: Kruskal-Wallis test (GraphPad Prism v5.01).

b p value (dO vs. d28): Wilcoxon signed-rank test (GraphPad Prism v5.01).
Zp value (dO vs. d28): Paired Prentice-Wilcoxon test (MiniTab® v16.2.3).
e

p value between groups: Wald test (R v3.02).

percentage of cells expressing Siglec-1 protein
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Figure 17. Impact of IFNo/RBV on viral parameters in CD4" T cells. The IFN group is shown in dark cyan
and the control group in light blue. Individual patient dynamics are represented over the boxplot. Solid black
dots represent Tukey outliers. (A) HIV-1 mRNA transcription, (B) residual plasma viremia, (C) [IUPMs, (D) total
HIV-1 DNA, (E) 2-LTR DNA circles. The dotted line represents the limit of detection (LOD=0.2 HIV-1 RNA
copies/mL; LOD= -1.260 logio (IUPM); LOD=3 2-LTR copies/lo6 CD4" T cells). Solid grey dots represent data
below the LOD. Significant and nonsignificant (n.s.) p values for longitudinal comparisons (Wilcoxon signed-
rank test [GraphPad Prism v5.01] and the paired Prentice-Wilcoxon test [Minitab® v16.2.3]) are shown.
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Figure 18. Impact of IFNa-RBV on IFN-stimulated genes. (A) Fold change for induction of Siglec-1 in
monocytes and (B) mRNA fold change for induction of the host restriction factors TRIM22, BST2, TRIM5aq,
and APOBEC3G in CD4" T cells are represented at d28 after administration of IFNa-RBV. The graph shows
mean and SEM values. Asterisks denote significant differences from baseline (Wilcoxon signed-rank test,

GraphPad Prism v5.01) or significant differences between group slopes in a mixed regression model (Wald
test, R v3.02: *p<0.05, **p<0.01, ***p<0.001).

3A.3.5. Analysis of CD4" T-cell subsets, activation and exhaustion markers

Significant changes in absolute CD4" and CD8" T-cell counts were seen in the
IFN group between dO and d28 (p=0.009 and p=0.031, respectively) and between
the groups at d28 (p=0.010 and p=0.005; Table 2). In CD4" T cells, a significant
decrease was observed in all subsets except for Temra cells. The analysis of the
subset frequencies showed a slight increase in the Tcy and Tgy subsets (p=0.048
and p=0.037, respectively) and a reduction in the Tty subpopulation (p=0.037) in
the IFNa group at d28 of treatment. However, none of the differences were statis-
tically significant between the groups.

A general decrease in the expression of activation markers was observed in
CD4" T cells from IFNo-treated patients (Fig. 19A). The frequency of HLA-
DR*CD38" was significantly lower in the IFN group than in the control group for the
whole CD4" T-cell population and for all the subsets except Tewra cells (Fig. 19A).
Conversely, the frequency of HLA-DR'CD38" cells remained unchanged in the
whole CD8" T-cell population (data not shown). We did not observe any significant
difference in PD-1 percentages in the treated group, either for total CD4" T cells or
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for individual subsets (Fig. 19B). The data suggest that short-term treatment with

IFNa reduces peripheral CD4" T-cell activation.

A B
T-cell Activation (CD38*HLA-DR* cells) T-cell Exhaustion (PD-1* cells)
| |FN group
Total CD4 *[ Total CD4 Control group
TN [ TN
Tewm [ Tewm
Tm [ Tm
Tem [ Tem
TemrA Temra
s @ : T e o Z : 5 s
Apgg po (% of cells) Apgs oo (% of cells)

Figure 19. Impact of IFNa-RBV on CD4" T-cell activation and exhaustion markers. Changes in the per-
centage of HLA-DR'CD38" cells (A) and PD-1" cells (B) in the whole CD4" T-cell compartment and within
each defined subset. Asterisks denote significant differences from baseline (Wilcoxon signed-rank test,
GraphPad Prism v5.01) or significant differences between groups (Wald test, R v3.02: *p<0.05, **p<0.01,
***pn<0.001).

94



CHAPTER 3A. Immunotherapy

3A.4. Discussion
Our study is the first to evaluate the short-term effect of IFNa-RBV on multiple
virological and immunological parameters generally evaluated during interventions

to reduce the HIV-1 reservoir.

Quantification of cell-associated HIV-1 RNA at baseline revealed persistent
low-level viral transcription in peripheral CD4" T cells in all patients, despite receiv-
ing suppressive ART for a median of 4.5 years. Moreover, treatment with IFNa-
RBV decreased transcription of HIV-1 RNA in circulating CD4" T cells while simul-
taneously reducing T-cell activation and increasing expression of IFN-stimulated
genes (ISGs). It seems that the decrease in T-cell activation could contribute to a
decrease in viral transcription and mRNA translation (188). However, these
changes could also be associated with IFNa-driven migration of T cells from pe-
ripheral blood to lymphoid tissue (189). Although we observed slight changes in
the relative frequency of CD4" T-cell subsets, it remains to be determined which T-
cell subsets mainly contribute to HIV-1 RNA transcription under ART.

Up-regulation of host restriction factors induced by IFN is expected to reduce
viral replication. In our study, TRIM22, a nuclear restriction factor able to inhibit
HIV-1 transcription (190), was markedly up-regulated in IFNa-treated patients, po-
tentially contributing to the decrease in viral transcription.

Notwithstanding, the lack of changes in ultrasensitive plasma viremia suggests
that the effect of short-term IFNa on peripheral CD4" T cells with decreased viral
transcription may not extend to all tissue cells that contribute to residual plasma

viremia.

In contrast with the results from previous studies where IFNa was administered
for longer than 28 days (180,181), we did not detect any change in the size of the
HIV-1 reservoir. Treatment with IFNa-RBV was previously shown to lead to a
moderate but significant and sustained decline in HIV-1 DNA in CD4" T cells from
HIV/HCV—coinfected patients receiving ART (181). Moreover, Azzoni et al. (180)
found a drop in integrated HIV-1 DNA in IFNa-treated subjects who controlled viral
rebound after interruption of ART. Furthermore, although a significant decrease in

2-LTR circles was reported in patients on suppressive ART treated with IFNa-RBV
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(182), levels of episomes remained unchanged in the present study. Thus, the
short period of treatment in our study (28 days) might explain these differences in
total proviral DNA and 2-LTR levels, suggesting that administration of IFNa-RBV
could have a differential effect over time. Moreover, we observed no correlation
between the virological variables analyzed. We cannot exclude, however, that
some of the negative findings in this study could also be due to issues regarding

sample size and assay precision.

We conclude that 28 days of treatment with IFNa can trigger a reduction in
HIV-1 transcription in HIV/HCV—coinfected patients on suppressive ART through
up-regulation of viral restriction genes, mainly TRIM22, and a decrease in T-cell
activation (Fig. 20). Although neither residual viremia nor replication-competent
virus levels changed at d28 of treatment, the effects of longer treatment periods
remain to be determined. Therefore, after 28 days of treatment, IFNa acts more as
a viral suppressor than as a reactivating agent. Studies on long-term therapy with
IFNa in patients on ART are necessary to elucidate the mechanism by which
IFNa-mediated viral suppression extends from cell-associated RNA to DNA and
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Figure 20. Schematic representation of interferon-a combined with ribavirine (IFNa-RBV) short-term ef-
fect in HIV-1 infected CD4" T cell
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CHAPTER 3B. Latency reactivation

3B.0. Presentation
This chapter evaluates the treatment with lithium carbonate as a latency reacti-

vation approach to cure HIV-1 infection, due to its potential implication on HIV-1

provirus reactivation and, thus, its effect on the HIV-1 reservoir.
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3B.1. Introduction

A reservoir of latently infected cells is involved in persistence of HIV-1 during
suppressive antiretroviral therapy and is responsible for viral rebound after discon-
tinuation of treatment. This viral reservoir is established early in acute infection
and is maintained mostly in long-lived memory CD4" T cells. Many therapeutic
strategies have been proposed to reduce the size of this latent reservoir and thus
achieve a functional cure; some of these strategies are based on disruption of viral
latency, with the goal of inducing cell death or immune-mediated clearance (171).

Lithium is an inhibitor of GSK-3 (glycogen synthase kinase 3), which induces
the intracellular accumulation of B-catenin and the subsequent activation of
TCF/LEF-1 transcription factors (explained in Figure 21). This signaling pathway
had been suggested to have an inhibitory effect on viral transcription in peripheral
blood mononuclear cells (PBMCs) in vitro (191,192). However, recent data have
shown the potential effect of $-catenin signaling on viral reactivation in latently in-
fected cell lines and primary memory CD4" T-cell cultures (193). Thus, the poten-
tial effect of this pathway on breaking HIV-1 latency in vivo is controversial. We
took advantage of an ongoing pilot trial on lithium carbonate for treatment of HIV-
1-associated neurocognitive abnormalities to investigate the effect of this drug on

viral reservoir in ART-suppressed patients.
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Figure 21. Schematic representation of Wnt/B-catenin signaling pathway. (A) In the absence of Wnt sig-
nals, the cellular concentration of free B-catenin is low, because a complex of the adenomatous polyposis coli
(APC), glycogen synthase kinase 3 (GSK-3B) and axin protein is responsible for regulating the level of (-
catenin, via GSK-3-mediated phosphorylation of specific serin and threonine residues in -catenin and pro-
teasome degradation. (B) Upon Wnt signaling, the activity of GSK-38 is inhibited, hence B-catenin is accumu-
lated in the cytoplasm. The accumulated B-catenin can enter the nucleus and activates the target genes such
as TCF/LEF-1. (C) Alternative pathway to Wnt signaling, using lithium carbonate ((Li+)2(COS)2‘).
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3B.2. Material and Methods

3B.2.1. Patients

This prospective proof-of-concept study included 9 HIV-1-infected patients tak-
ing suppressive ART (<50 HIV-1 RNA copies/mL). The patients started a 12-week
course of lithium as part of the TRIANT-TE clinical study (NCT01348282), which
aimed to compare the safety and efficacy of 2 pharmacological strategies in mild
neurocognitive disorders, carried out at Hospital Germans Trias i Pujol (Badalona,
Spain). The Institutional Review Committee approved the protocol and all partici-
pants provided written informed consent. Blood samples were collected at base-

line and at weeks 2, 4, and 12.

3B.2.2. Cell-associated HIV-1 mRNA

To evaluate viral transcription levels, 2.5x10° CD4" T cells were purified from
PBMCs and cell-associated HIV-1 mRNA was quantified, as previously described
in chapter 3A.

3B.2.3. Proviral HIV-1 DNA

To evaluate the size of the proviral reservoir, lysed extracts from 1.5x10° CD4*
T cells were used to measure cell-associated total HIV-1 DNA, as previously de-
scribed in chapter 3A.

3B.2.4. Ultrasensitive plasma viremia

To evaluate viral load <50 copies/ml, up to 7.5 ml of plasma samples were ul-
tracentrifuged at 50,000xg at 4°C for 1 hour before quantification of HIV-1 RNA
using the Cobas Ampliprep/Cobas Tagman HIV-1 test, version 2.0 (Roche). Serial
dilutions of the positive control down to 5 HIV-1 RNA copies/ml were used to set

up a new standard curve to infer quantitative values from raw RT-gPCR Cy data.

3B.2.5. Quantitative viral outgrowth assay (qVOA)
To quantify the size of the replication-competent reservoir, we performed a lim-
iting dilution cell culture assay with CD4" T cells from HIV-1 infected subjects, as

previously described in chapter 1.
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3B.2.6. Statistical analysis
Longitudinal comparisons for cell-associated HIV-1 RNA and DNA were per-

formed using GraphPad Prism (v5.01). Plasma viremia was analyzed using the
paired Prentice-Wilcoxon test (MiniTab® v16.2.3).
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3B.3. Results

3B.3.1. Patients

To evaluate the potential effect of lithium on the modulation of viral latency dur-
ing suppressive ART, we prospectively took blood samples from patients initiating
lithium carbonate as an experimental treatment for HIV-1-associated mild neu-

rocognitive disorders.

Mean time from HIV-1 diagnosis was 10.7+6.5 years, and mean time of sus-
tained virological suppression was 5.3+3.4 years. The initial lithium carbonate
dose of 400 mg/day was subsequently titrated to reach blood levels of 0.4-0.8 mM,
which were monitored throughout the study to assess treatment adherence. No

serious adverse events were reported.

3B.3.2. Cell-associated HIV-1 mRNA and residual viremia

ddPCR revealed low-level viral transcription in circulating CD4" T cells in most
patients (78%), despite years of undetectable viremia before study entry. Contrary
to what was expected, two weeks after initiation of lithium therapy, cell-associated
HIV-1 RNA transcripts decreased in 5 out of 6 patients (Fig 22A). A 40% reduction
in viral transcription levels was observed at week 4. Of note, viral transcription in-
creased later (p-value=0.03), and all patients had recovered their initial transcrip-

tion pattern after 12 weeks of treatment.

We also evaluated whether changes at the intracellular level might have a per-
ceptible impact on virus production. In order to detect slight changes in low-level
plasma viremia, we quantified ultrasensitive viral load (detection limit of 1.3 HIV-1
RNA copies/mL). Most patients showed detectable viremia at study entry with this
method (67%), although this proportion decreased to 44% immediately after initia-
tion of lithium (Fig 22B), before rising again to 87% at week 12. Despite the fact
that these data are not statistically significant, they paralleled the dynamics of HIV-

1 expression in circulating CD4" T cells.

3B.3.3. Total HIV-1 DNA and replication-competent HIV-1 reservoir
To further evaluate the effect of lithium on the size and dynamics of the latent

viral reservoir, we measured the proportion of circulating CD4" T cells harboring
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proviral DNA. Initially, we detected a median of 1,173 HIV-1 copies per million
CD4" T cells (interquartile range: 388-2,343). However, this value decreased to
582 copies (373-1,606) after 4 weeks of treatment (Fig 22C). Longitudinal analysis
revealed a statistically significant drop in the size of the proviral reservoir in CD4"
T cells at this point (19% median decrease; p-value=0.03). Nevertheless, this ef-

fect was not permanent, as longitudinal changes in total HIV-1 DNA were lost at

week 12.
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Figure 22. Effect of lithium on CD4" T-cell viral production and HIV-1 reservoir size. (A) Dynamics of HIV-
1 RNA transcription in circulating CD4" T cells after administration of lithium. Fold changes with respect to
baseline transcription levels are color-coded for each patient. (B) Plasma viremia as detected by ultrasensitive
methodologies. Data from each patient are color-coded; open symbols represent undetectable samples (de-
tection limit=1.3 HIV-1 RNA copies/mL). Median levels and interquartile ranges at each time-point are repre-
sented in black. (C) Total HIV-1 DNA reservoir size changes over time. Fold changes with respect to baseline
are color-coded for each patient; the median fold change at each time-point of the study is represented in
black. (D) Replicative-competent HIV-1 reservoir size, as measured in a viral outgrowth assay using CD4" T
cells, is color-coded for each patient at baseline and at the end of the study. Significant p-values for significant
longitudinal comparisons are shown (Wilcoxon signed-rank test).

Although reversible effects had been observed in molecular measurements of
total proviral reservoir size, potential long-term effects of lithium treatment on the
replication-competent reservoir could not be ruled out. We addressed this question
by measuring the frequency of infectious units per million CD4" T cells (IUPM) in a
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co-culture quantitative viral outgrowth assay (QVOA). Only samples from baseline
and week 12 were analyzed. Although most patients tended to have decreased
IUPM levels at week 12 (4 out of 6; Fig 22D), these changes did not reach statisti-
cal significance, neither at individual levels nor globally.

105




Clinical approaches to cure HIV-1

3B.4. Discussion

Lithium salts have been used extensively as mood stabilizers in the treatment
of bipolar disorder. Lithium has also been used in HIV-1-infected patients to im-
prove the course of secondary neurological disorders associated with neuroin-
flammation and viral persistence in the central nervous system. Nevertheless, little
is known about the direct effect of lithium (including potential B-catenin signaling
activation) on the different stages of viral replication in target CD4" T cells in vivo.
Previous data showed an association between lithium treatment and reduced viral
load in some HIV-1-infected patients (191). However, these retrospective analyses
explored the use of lithium in the context of bipolar disorder, thus making it difficult
to determine whether the reduction in viral load was solely attributed to the direct
effect of lithium on infected cells or a concomitant effect of improved adherence to
antiretroviral treatment following stabilization of the psychiatric disorder.

Lithium has also been recently reported to be useful for the treatment of HIV-1-
associated neurocognitive impairment, which includes learning difficulties and re-
duced attention and memory capabilities (194,195). Thus, we based the present
investigation on the design of an ongoing study evaluating lithium administered to
HIV-1-infected patients who had been on effective ART for at least 1 year and had
no major psychological disorders. The present proof-of-concept study is the first
prospective analysis of the effect of lithium on HIV-1 expression and reservoir size
in the CD4" T cells of virologically suppressed patients.

Lithium affected low-level viral transcription in circulating CD4" T cells but, con-
trary to our hypothesis, a significant decrease in cell-associated viral mMRNA was
observed in most patients at weeks 2 and 4 after initiation. This decrease was ho-
mogeneously observed in 5 out of 6 patients, confirmed by the HIV-1 RNA:DNA
ratio (data not shown), and reflected in residual plasma viremia. This repressor
effect of lithium is likely mediated by the p-catenin signaling pathway, including
transcription factors from the TCF/LEF-1 family, which might bind to the HIV-1-
LTR. Previous studies had identified TCF-4 as the downstream effector of the §3-
catenin signaling pathway involved in the inhibition of in vitro HIV-1 replication in
PBMCs (191). Yet TCF-1 had been suggested to be able to mediate reactivation
of latent HIV-1 transcription in several cell models, including primary memory

106



CHAPTER 3B. Latency reactivation

CD4" T cells (193). Indeed, TCF/LEF-1 transcription factors are differentially ex-
pressed depending on the cell type and maturation/activation status, as previously
described for naive versus memory T cell phenotypes (196). Our results indicate
that, upon p-catenin signaling activation induced by lithium treatment, TCF/LEF-1
transcription factors with repressor activity might mediate the inhibition of residual
viral production in CD4" T cells from virologically suppressed patients. In the case
of memory CD4" T cells, f-catenin pathway has been described to be mechanisti-
cally related to self-renewal and survival, while activation seems to be suppressed
(197). As CD4" T cells with central memory phenotype harbor most of HIV-1 DNA
and mRNA detected in blood of ART-suppressed patients (61,198), further studies
might assess the potential involvement of TCF-4 in the establishment of HIV-1-
latency in these cells.

Unexpectedly, this lithium-mediated suppression of viral expression also led to
a significant and fast decrease in proviral reservoir content in the CD4" T-cell pop-
ulation, suggesting a potential role for low-level viral production in supporting de
novo infections and continuous replenishment of the viral reservoir during ART.
Thus, lithium could alternatively be considered as a potential therapeutic agent
aimed at inhibiting transcription from latently infected CD4" T cells. Actually, resid-
ual HIV-1 expression in persistent cellular reservoirs, regularly found in ART-
suppressed patients, might also have a key role in maintaining the damaging im-
mune activation driven by low-level viremia, thus making it a putative target for

new therapeutic approaches aiming at achieving a functional cure.

The repressor effect of lithium was transient, and viral transcription and proviral
levels were restored after 12 weeks of continuous treatment, possibly as a result
of a cellular adaptive response to the chronic activation of the p-catenin signaling
pathway. As in the case of other agents that also transiently modulate gene ex-
pression, future studies on improved administration strategies (e.g., intermittent
doses or combination therapies) (199,200) are necessary to evaluate whether the
unresponsiveness of target cells can be overcome, thus enhancing the potential of

lithium to reduce the viral reservoir in the long term.
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3C.0. Presentation

This chapter evaluates the administration of the HIVconsv immunogen vec-
tored with the modified vaccinia Ankara virus (MVA) as a therapeutic vaccination
approach to cure HIV-1 infection. This vaccine is based on conserved epitopes of
different HIV-1 clades, which may elicit HIV-1 specific inmune responses and im-

pact the HIV-1 reservoir size in HIV-1 ART-suppressed patients.
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3C.1. Introduction

Therapeutic immunization has attracted renewed interest as a strategy to en-
hance immune-mediated clearance of persistent HIV-infected CD4" T cells during
long-term antiretroviral therapy (ART), with the goal of purging the latent viral res-
ervoir to levels that are low enough to permit safe interruption of ART (201). Re-
cently, vaccine candidates have been tested either as the sole adjunct to ART or
in combination with ART and latency-reversing agents (LRAS) as a means to
‘shock and Kkill' (202). In the first scenario, it is envisaged that vaccination would
induce the expansion of HIV-specific effector T cells with the capacity to kill virus-
producing CD4" T cells, thus reducing the frequency of latently infected cells and
potentially delaying viral rebound during ART interruption (203,204). Immunization
with a human adenovirus vector expressing HIV-1 Gag, a personalized vaccine
based on autologous virus-pulsed dendritic cells or a Gag p24-based peptide vac-
cine, have shown modest yet statistically significant improvements in short-term
virological control without ART (205-207). In the second scenario, it is hypothe-
sized that pharmacological reactivation of CD4" T cells is needed to induce viral
protein production and thus target the cell for immune recognition. This premise is
supported by in vitro models of HIV-1 latency reversal; however, a poxvirus-
vectored HIV-1 vaccine had only a transient effect on viral rebound whether tested
alone or in combination with a candidate LRA, disulfiram, in a phase | clinical trial
(139,208).

These studies have been pivotal in demonstrating the safety and feasibility of
testing new vaccines and LRAs and in assessing short-term effects on viral reser-
voir parameters in ART-treated subjects. However, more potent agents will be
needed in order to achieve therapeutic benefit. Most HIV-1 immunogens tested to
date have been based on full-length HIV-1 proteins, an approach that may lead to
preferential expansion of T cell clones targeting immunodominant and typically
variable viral epitopes that have already escaped, or recapitulation of ineffective
responses induced by natural infection (203,209). In the HIV-CORE 001 trial, we
tested a conserved region immunogen, HIVconsv, vectored by modified vaccinia
virus Ankara (MVA) in chronically infected ART-treated individuals. HIVconsv
comprises 14 highly conserved regions of the viral proteome, assembled end-to-
end as a chimeric protein and balanced for representation of the major clades, A-D
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(Fig. 23)(210). By presenting the immune system with conserved HIV-1 sequences
without the natural context of a full-length protein, we aimed to re-direct T cells
towards viral epitopes that are vulnerable and typically sub-dominant to elicit spe-
cific HIV-1 immune responses that may have an impact on the HIV-1 reservoir.

CDA B C DABCD A B CD

HIVconsv I I ——

GAG POL ENV TAGs
&
Pk g
OASKS < <
@f\}é\p S S 4 &
XIS AT X &
SEESEY G P & ©
T s & S ?’/\ﬁ qi‘ Q-&’“\ ®
- il i 1 [ ]
e e———-—a—a-ae = = | nt
SLTR gag vif I ] nef
tat vpu P ILTR
pol | | n
HIV-1 HXB2 L _A N S

Figure 23. Schematic view of the HIVconsv immunogen, with the 14 conserved regions of HIV-1 that
were combined in the immunogen represented as colored boxes and with the original HIV-1 region stated
(Gag, Pol, Vif, and Env). Letters above the boxes (A, B, C, and D) indicate the clade of origin. The positions of
eluted peptides identified in the HIVconsv immunogen are indicated by red bars. Genomic regions of the
HXB2 strain are shown as grey rectangles. TAGs, epitope tag sequences; LTR, long terminal repeat; nt, nu-
cleotides. Adapted from Ternette N. et al. (211).
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3C.2. Material and Methods

3C.2.1. Patients

We conducted a randomized double-blind placebo-controlled study. This was
approved by the Gene Therapy Advisory Committee (GTAC 165), the Medicines
and Health Products Regulatory Agency (Eudract No. 2009-012662-31) and the
Oxford University Hospitals NHS Trust. Written informed consent was obtained
from all participants. Chronically HIV-infected adults aged 18-60 years who were
virologically suppressed (<50 copies/ml) on combination ART and with CD4" cell
counts >350 cells/ul were randomly assigned in a 4:1 ratio to receive vaccine or
placebo in two groups of ten, the first group receiving an MVA.HIVconsv dose of
5.5x10"plaque-forming units (pfu) (low dose group) and the second, a dose of
2.2x10° pfu (high dose group).

3C.2.2. Randomization and masking

Study participants were randomly assigned to receive vaccine or placebo ac-
cording to the study protocol using a computer-generated block randomization
scheme, which was generated by an independent statistician and held securely
with restricted access.

3C.2.3. Vaccine and vaccination schedule

The MVA.HIVconsv vaccine has been described previously (210). Briefly,
MVA.HIVconsv is composed by the immunogen HIVconsv vectored with the modi-
fied vaccinia Ankara viruse (MVA). HIVconsv comprises 14 highly conserved re-
gions of the viral proteome, assembled end-to-end as a chimeric protein and bal-
anced for representation of the major clades of HIV-1, A-D. It was manufactured
and diluted in formulation buffer to 5x10® pfu/ml by IDT Biologika GmbH, Germa-
ny. Formulation buffer was used as placebo. Vaccine and placebo vials were la-
beled by the manufacturer and stored at -80°C until use. The vaccine was thawed
<30 minutes prior to administration and was given by intramuscular injection with a
needle and syringe into the deltoid region of both arms (half of each dose per arm)
on days 0, 28 and 84. Safety evaluations included reactogenicity symptoms rec-
orded by the participants on diary cards following each vaccination, physical ex-
amination and monitoring of laboratory parameters. Blood samples were taken for
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safety and immunogenicity evaluations according to the study protocol schema

shown in Figure 24.

MVA.HIVconsv

Arm A -28 0 28 84

5x107 pfu | | |

Arm B

2x108 pfu | | | |

Bleed I T T T T 1 T 1 T T
Day -28 0 14 28 42 56 84 112 182 266

Figure 24. Study protocol. Volunteers were screened up to 28 days before vaccination and randomized
on day O to receive either 5.5x10’ pfu MVA.HIVconsv or placebo (Arm A, subjects 1-10, 4:1 ratio) and either
2.2x10° pfu MVA.HIVconsv or placebo (Arm B, subjects 11-20, 4:1 ratio), by intramuscular injection on days 0,
28 and 84. Blood was sampled on the days indicated.

3C.2.4. Peptides

HIVconsv peptides that span the HIVconsv immunogen (199 individual 15-
17mer peptides overlapping by 11 amino acids) were pooled in a matrix format.
The use of a peptide matrix enables deconvolution of the response and identifica-
tion of individual peptide-specific responses using a two-step process (212). First,
fresh PBMCs from each time-point were tested against all matrix peptide pools in
an IFN-y Elispot assay. Individual HIVconsv peptides from pools giving a positive
response were then retested in a second IFN-y Elispot assay using cryopreserved
PBMCs. Responses were either confirmed as true positives or discounted. A 4-
dimensional matrix was designed using ‘Deconvolute This’ (version 1.0 Roederer)
and comprised 80 pools with 10 peptides per pool. 96-well plates containing work-
ing peptide pool stocks (4pg/ml) were prepared in batches and stored at -80°C
until required; final peptide concentration in the Elispot assay was 2ug/ml.

3C.2.5. Ex vivo IFN-y Elispot assay

IFN-y Elispot assays were performed as described previously (213). The total
HIVconsv specific response was defined as the sum of the magnitude of all indi-
vidual HIVconsv peptides retested in the second-round assay that elicited a re-
sponse greater than the mean plus 2 standard deviations (SD) of negative control
well values (100 SFU/million PBMCs).
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3C.2.6. Viral inhibition assay

The viral inhibition assay has been described in detail previously (214). CD8+
T cells were isolated from cryopreserved PBMCs by negative immunomagnetic
selection (CD8" T cell isolation kit; Miltenyi Biotec), following the manufacturer’s
instructions, and used ex vivo without stimulation. The CCR5-tropic clade B labor-
atory-adapted HIV-1 isolate, BaL, was used for CD4" T cell super-infection at a
multiplicity of infection of 0.01. CD8" T cell antiviral activity was reported as % in-
hibition.

3C.2.7. Quantification of HIV-1 proviral DNA in CD4" T cells
Lysed extracts from 10° CD4" T cells were used to measure total cell-
associated HIV-1 DNA by ddPCR, as previously described in chapter 3A.

3C.2.8. Residual plasma viremia
To evaluate HIV-1 RNA below 50 copies/ml, plasma samples were ultracentri-

fuged and quantified using RT-qPCR, as previously described in chapter 3A.

3C.2.9. Statistical analysis

HIVconsv-specific T cell IFN-y responses were analyzed over time and accord-
ing to group allocation using linear mixed effects models (215,216). CD8" T cell
viral inhibitory activity and total HIV-1 DNA were analyzed over time and according
to group by non-parametric tests using GraphPad Prism software (version 5.0).
Censored matched pairs of ultrasensitive viral load were analyzed using the paired
Prentice-Wilcoxon test (MiniTab® v16.2.3).
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3C.3. Results

3C.3.1. Study participants and vaccinations
Nineteen subjects (14 men and 5 women) were enrolled in the study. Enrol-
ment was stopped prior to reaching the planned 20 subjects due to slow recruit-

ment. Vaccine recipients and placebos did not differ significantly in age, CD4" cell
count, CD4" cell nadir or duration of ART at baseline. Volunteer characteristics are
summarized in Table 1. All volunteers received their vaccinations as scheduled,
except for one vaccinee in the low dose group and one in the high dose group,
who both withdrew after their second immunization (Fig 25).

Screened
(n=23)

Withdrew
(n=4)

Randomised 4:1
vaccine or placebo

(n=19)
Vaccinees Placebos
(n=15) (n=4)
I V)
v = v 1stvax (n=4)
Low dose (n=8) | | High dose (n=7) 7
v v 2" vax (n=4)
1stvax (n=38) 1stvax (n=7) T
y ! 3rd yax (n=4)
2" yax (n=8) 2" vax (n=7)
Withdrew Withdrew
(n=1) — I— T
3rd vax (n=7) 3rd vax (n=6)

Figure 25. CONSORT flow diagram for recruitment and follow-up in the HIV-CORE 001 trial.
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3C.3.2. Vaccine safety

Vaccination was safe and well tolerated. The majority (14/15) of vaccine recipi-
ents experienced mild (n = 10) or moderate (n = 4) pain at the injection site and
2/15 developed a mild local reaction. Nine vaccinees experienced mild to moder-
ate malaise; two reported mild headache, and four reported 'chills' after vaccina-
tion. All of these reactions resolved spontaneously within 48 hours (Table 4). Mild
pain, headache and moderate malaise were also reported by each of 3/4 placebo
recipients. No subject experienced a severe local or systemic reaction. A total of
86 adverse events were reported during following (66 in the vaccinees and 20 in
the placebos); of these, 51 were grade 1, 27 were grade 2, five were grade 3; in
three, the grading scale was not applicable (Table 5). The grade 3 events occur-
ring in vaccinees were all deemed to be unrelated to vaccination (n = 3, vomiting
requiring hospitalization followed by development of a pulmonary abscess; pyelo-
nephritis; gout). One placebo recipient developed Hodgkin’s lymphoma. No unex-

pected or vaccine-related serious adverse events occurred during the trial.

All patients remained virologically suppressed (HIV-1 RNA <50 copies/ml)
throughout the follow up, apart from three subjects who were found to have de-
tectable viremia (69-1,404 copies/ml) on a single occasion, which was not con-
firmed on repeat testing. CD4" T-cell counts did not change significantly during
follow up (p = 0.9, one-way ANOVA).

Table 4. Local and systemic reactions to MVA.HIVconsv (Table continued to the next page)

Local adverse event Number of vaccinees

Grade Mild Moderate Severe Very severe
Pain 10/15 4/15 0/15 0/15
Local reaction 2/15 0/15 0/15 0/15
Itch 0/15 0/15 0/15 0/15
Vaccinees without any local 1/15

adverse event

Number of placebos

Pain 2/4 0/4 0/4 0/4
Local reaction 0/4 0/4 0/4 0/4
Itch 0/4 0/4 0/4 0/4
Placebos without any local /4

adverse event
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Table 4 (continued). Local and systemic reactions to MVA.HIVconsv

Systemic adverse event Number of vaccinees

Grade Mild Moderate Severe Very severe
Systemic 0/15 0/15 0/15 0/15
Chills 3/15 1/15 0/15 0/15
Malaise 2/15 7/15 0/15 0/15
Headache 2/15 0/15 0/15 0/15

Vaccinees without any local

5/15
adverse event

Number of placebos

Systemic 0/4 0/4 0/4 0/4
Chills 0/4 0/4 0/4 0/4
Malaise 1/4 1/4 0/4 0/4
Headache 1/4 0/4 0/4 0/4

Placebos without any local

1/4
adverse event

Table 5. Number and grade of adverse events according to relationship with vaccination

Relationship
Grade
Unrelated Unlikely Possible Probable Definite
1 20 16 0 1 0
Vaccinees 2 10 8 2 3 0
3 4 0 0 0 0
4 0 0 0 0 0
1 10 4 0 0 0
Placebos 2 4 0 L 0 0
3 1 0 0 0 0
4 0 0 0 0 0

Grading not applicable to 2 unrelated adverse events (possible syphilis re-infection and pregnancy) therefore
they are not included here.

3C.3.3. T cell responses to MVA.HIVconsv

IFN-y Elispot assays with the 4-dimensional HIVVconsv peptide matrix were per-
formed using fresh PBMCs in all subjects at screening, day 0, day 14, day 56 and
day 266 time-points, as a minimum. All deconvoluted matrix data up to day 56
were collated and individual peptide sets for re-testing were devised for each sub-
ject based on these data. The day 56 visit was chosen because this corresponded
with the peak response attained in the majority of subjects after two MVA vaccina-
tions in other therapeutic vaccine trials (213,217). The patient-specific peptide sets
were then tested using cryopreserved PBMCs from each time-point in a single
IFN-y Elispot assay. Pre-vaccination responses to HIVconsv were detected in
16/19 subjects, with a median frequency of 798 (range 110-6,807) spot forming
units (SFU) per million PBMCs. Following vaccination, the peak response was not
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synchronized among the vaccinees, in contrast to previous studies of therapeutic
vaccines encoding full-length HIV-1 proteins (213,218), and occurred between
days 14 and 56. All 15 vaccinees had HIVconsv-specific responses above 100
SFU/million PBMCs at the peak of response and the median frequency was 1,790
(range 180-10,300) SFU/million PBMCs vs. 285 (range 110-6,807) SFU/million
PBMCs at baseline. However, responses among placebos also showed variation
over time (Fig 26). In view of the inter-subject variation in baseline responses, to-
gether with lack of synchronicity in responses to vaccination, linear mixed models
were used to test for an interaction between HIVconsv responses over time and
vaccination. The magnitude of responses increased significantly over time (p =
0.001) but differences between vaccinees and placebos were not statistically sig-
nificant (p = 0.48). IFN-y responses to an influenza/EBV/CMV peptide pool re-
mained constant during the study period, indicating that the variability in HIVconsv
responses was not due to technical issues such as variation in assay conditions
(Fig 27). Pre- and post-vaccination responses to HIVconsv were distributed evenly
across the immunogen and increased in breadth over time (Table 6), although the
difference between vaccinees and placebos was statistically inseparable. There
was a significant correlation between magnitudes of responses at baseline and at
the peak of response in the vaccinees (r = 0.63, p <0.0001; Fig 28) suggesting that
MVA.HIVconsv vaccinations had boosted pre-existing responses.

CD8" T cell antiviral activity was measured in all trial participants at one pre-
and 2 post-vaccination time-points, except for one of the placebo recipients for
whom sample limitations permitted testing of two time-points only. The pre-
vaccination median inhibitory response was 24% overall (3.5%, 42% and 22% in
placebos, low dose and high dose vaccinees respectively) when measured at a
CD4'/CD8" T cell ratio of 1:1 (p = 0.057, Kruskall Wallis test). At the peak of re-
sponse post-vaccination, median inhibition was 4.6%, 12.5% and 54% in place-
bos, low dose and high dose vaccinees respectively. In the high dose vaccinees
there was a statistically significant increase in inhibition following vaccination with
MVA.HIVconsv (p = 0.004, Friedman test; Fig 29), but no such trend was ob-

served in the placebos or low dose vaccinees (p = 0.19 and 0.29 respectively).
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Figure 28. MVA.HIVconsv vaccination boosted pre-existing responses. Correlation between magnitude of
IFN-y responses to HIVconsv peptides at baseline and at the peak post-vaccination. Data points show individ-
ual HIVconsv peptides retested in second round assays with a response above 100 SFU/million PBMCs.
Strength of the association was assessed using the Pearson correlation test.
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Figure 29. CD8+ T antiviral activity is increased following vaccination with a higher dose of
MVA.HIVconsv. CD8+ T cell-mediated inhibition of HIV-1gy in autologous CD4+ T cells (CD8+/CD4+ cell ratio
= 1:1) was measured in all 19 trial participants at baseline (Screening or day 0), post-vaccination, concurrent
with the peak response in the IFN-y Elispot assay, and at a late post-vaccination time-point (day 182 or day
266) except one placebo recipient (pre-vaccination and peak only). This individual was therefore excluded
from the statistical analysis. Grey line indicates median response. Asterisks indicate statistically significant
differences in multiple comparisons analysis.

3C.3.4. Effect of MVA.HIVconsv vaccinations on the HIV-1 reservoir

HIV-1 DNA was detected in all study subjects at all time-points tested (medians
1,065, 1,014 and 1,182 copies/10° CD4" T cells at days 0, 42 and 266 respective-
ly). Copies of HIV-1 DNA/10° CD4" T cells at baseline did not correlate with CD4*
T cell nadir (r = 0.42, p = 0.15), CD4" cell count (r = -0.23, p = 0.33), interval be-
tween diagnosis and initiation of treatment (r = 0.17, p = 0.54) or duration of ART.
There was no change from baseline in the size of the reservoir at day 42 or day
266 post-vaccination in the vaccinees as a whole (medians 1,032, 944 and 960
copies HIV-1 DNA/10° CD4" T cells, p = 0.77; Friedman test) or placebos (medi-
ans 1,652, 2,058 and 1,351 copies HIV-1 DNA/10° CD4" T cells, p = 0.65; Fried-

man test). Stratification of vaccinees into low and high dose groups also did not
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reveal any significant changes post-vaccination (days 0, 42 and 266 medians for
low dose 1,074, 1,260 and 1,272 copies HIV-1 DNA/10° CD4* T cells, p = 0.65;
and high dose 827, 721 and 577 copies HIV-1 DNA/10° CD4" T cells, p = 0.23;
Friedman test) (Figure 30A). When HIV-1 DNA was expressed as a ratio of day 42
or day 266 to baseline values, this confirmed that there was no significant change
during the study (Figure 30B).
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Figure 30. Quantification of the HIV-1 reservoir following vaccination with MVA.HIVconsv. (A) Total HIV-1
DNA (copies/million CD4" T cells) was measured by quantitative ddPCR in trial participants at days 0, 42* and
266. (B) Fold change of total HIV-1 DNA to day 0. (C) Ultrasensitive viral load (HIV-1 RNA/ml plasma) was
measured by Abbott Real-Time HIV-1 assay at days 0, 42 and 266. (D) Fold change of ultrasensitive viral load
to day 0. *In three volunteers total HIV-1 DNA was measured at day 63 or 84 rather than day 42 due to sam-
ple availability, and there was no plasma sample at day 42 for one patient of the placebo group. Dark lines
indicate median values for each group and light lines indicate individual values.

Although we observed no variation in the total HIV-1 reservoir size, we per-
formed an ultrasensitive viral load assay to analyze whether MVA.HIVconsv af-
fected the residual plasma viremia. We detected residual plasma viremia in 47% of
the patients, with a range limit of detection (LOD) of 0.6-0.9 copies HIV-1 RNA/mI
of plasma. We observed no changes from baseline in the ultrasensitive viral load
at days 42 or 266 post-vaccination in any group (low dose, p = 0.68 and 0.12 re-
spectively; high dose, p = 0.32 and 0.32 respectively; placebo, p = 0.32 and 0.53
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respectively; paired Prentice-Wilcoxon test; Figure 30C-D). Thus, MVA.HIVconsv
did not affect the HIV-1 reservoir size nor the residual viremia, either short- or

long-term after vaccination.
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3C.4. Discussion

We investigated the immunogenicity of a conserved region immunogen,
HIVconsy, tested for the first time in HIV-1 infected individuals on ART. A homolo-
gous prime-boost regimen of three MVA.HIVconsv vaccinations was safe and well
tolerated. Interferon-y T-cell responses to conserved epitopes, many of which are
subdominant in natural infection, increased after vaccination. However, the magni-
tude of the change was not significantly greater in vaccinees than placebos, due to
an unanticipated level of variation in responses over time in the latter. By contrast,
responses to non-HIV-1 antigens remained constant during the study period in
vaccinees and placebos. This highlighted the natural intra-individual variation in
HIV-specific T cell responses in long-term ART-treated patients, which has not
been extensively reported before (219). Of note, however, we identified a large
number of responses to HIVconsv peptides that were targeted to new or rare viral
epitopes, since they were either absent from the Los Alamos National Laboratory
HIV Immunology Database or were restricted by HLA alleles not shared with the
patients. While these epitopes have not yet been optimally defined, our data sug-
gest that MVA.HIVconsv had primed T cell responses to epitopes that are infre-
guently recognized in natural infection. These could be attractive targets for more
potent immunotherapeutic approaches to purge reactivated CD4" T cells in which
‘CTL-resistant’ viruses predominate (145). We have observed that heterologous
vaccination regimens comprising a replication-defective chimpanzee adenovirus
vector prime followed by MVA boost elicited high frequencies of HIVconsv-specific
T cells in healthy HIV-uninfected individuals (151). Preliminary data indicate that
this approach is similarly immunogenic in HIV-positive patients initiating ART dur-
ing primary infection (220).

In contrast to IFN-y responses, the antiviral inhibitory capacity of CD8" T cells
was enhanced by vaccination with MVA.HIVconsv in the subjects receiving the
higher dose (2.2x10° pfu). The inhibitory activity was still below levels we have
observed in individuals who spontaneously control HIV-1. Nevertheless, this does
suggest that HIV-specific CD8" T cell function can be enhanced by vaccination,
even in chronic infection (214,221). Possible explanations for the modest respons-
es in the patients studied here are: (i) irreversibly compromised CD4" T cell helper
function at the time of ART initiation (CD4 nadir was <200 cells/ul in the majority);
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(i) limited potency of a homologous MVA vector vaccine regimen and (iii) insuffi-
cient coverage by the HIVconsv immunogen of viral epitopes that are crucial to its
fitness. The first two of these issues are being addressed in an ongoing clinical
trial (220). Regarding the immunogen design, responses to conserved regions of
the HIV-1 proteome have been associated with control of virus replication
(222,223). However, we have shown that potent CD8" T cell inhibitory activity is
better explained by targeting of specific vulnerable regions of the viral proteome
that were not predicted by conservation algorithms alone (221), likely because se-
guence conservation does not correlate strongly with genetic fragility (224,225).
Inclusion of more vulnerable viral epitopes in the immunogen may be necessary to
optimize boosting of CD8" T cell responses that are the most relevant to virus con-
trol (226).

We reasoned that therapeutic vaccination with MVA.HIVconsv could reduce
the size of reservoir through direct and indirect but non-mutually exclusive mecha-
nisms. First, CD4" T cell activation by MVA-derived antigens could theoretically
induce reactivation of latently infected cells (227), via the TLR1/2 signaling path-
way for example (228,229). Secondly, re-stimulation of HIV-1 specific CD8" T cell
populations that may have contracted as a consequence of virological suppression
could accelerate the clearance of CD4" T cells that express cognate epitopes at
sufficient levels for immune recognition, whether reactivated or resting (230). In
this study, HIV-1 reservoir size and residual plasma viremia, as measured by total
HIV-1 DNA copies in CD4" T cells and ultrasensitive viral load respectively, did not
change significantly after vaccination. This indicates that recombinant MVA vac-
cination alone does not reactivate latent HIV-1 nor induce T cell responses of suf-
ficient potency to perturb the reservoir. Consistent with this, in another study inves-
tigating the effects of an MVA-vectored vaccine encoding HIV-1 Gag, vaccination
led to a modest increase in the frequency of Gag-specific T cells and a transient
delay (4 weeks) in viral rebound after interruption of ART but no sustained effect
on the viral reservoir (139). A similar approach involving a DNA / recombinant hu-
man adenovirus type 5 prime-boost HIV-1 vaccination strategy in chronically in-
fected patients receiving intensified ART also failed to increase HIV-1 expression
or reduce the size of the reservoir (231). These findings indicate that both arms of
a ‘shock and kill' strategy need to be optimized, which represents a significant
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challenge. First, latency-reversing agents that induce adequate HIV-1 antigen ex-
pression for triggering of cytolysis while avoiding global T cell activation have yet
to be identified. Second, reactivation must be synergized with killing by vaccine-
induced T cells. Third, T cells must recognize epitopes generated by reactivated
cells, which may be different from the sequences to which they were primed. The
window of opportunity for the latter may be limited to a few hours (232). Further-
more, we have recently shown, using tandem mass spectrometry, that the HLA
class I-associated HIV-1 peptidome on primary CD4" T cells includes a substantial
proportion of epitopes that had not been described previously (233). These obser-
vations highlight the need for improved understanding of the kinetics, breadth and
density of viral epitope expression on reactivated primary CD4" T cells.

This study is, to our knowledge, the first to investigate the relationship between
the HIV-1 reservoir size and CD8" T cell viral inhibitory activity in chronic ART-
treated patients. We did not observe a correlation between these parameters be-
fore or after vaccination. As the patients in our study had been infected for a me-
dian 6 years, this could reflect the stability of the reservoir at this stage of infection
and the limited capacity of the vaccine to enhance CD8" T cell viral inhibitory activ-
ity. We have previously reported that a cut-off of 285% in our viral inhibition assay
distinguished individuals with natural control of HIV-1 viremia (<2000 copies/ml)
from non-controllers (221). Such individuals typically have smaller viral reservoirs
than progressors (234,235). Further analysis of CD8" T cell inhibition in therapeu-
tic HIV-1 vaccine trials may help to identify possible immunological surrogates of

vaccine efficacy in the context of HIV-1 eradication strategies.

In summary, our study highlights the need for further optimization of therapeu-
tic vaccines for inclusion in HIV-1 eradication strategies. In addition, the high de-
gree of variability in HIV-specific IFN-y T cell responses during long-term ART
needs to be considered in clinical trial design. Testing of candidate immunological
endpoints that are predictive of changes in the viral reservoir is a critical compo-
nent of such studies.
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CHAPTER 3D. Cellular therapy

3B.0. Presentation

This chapter evaluates the role of cord blood stem cell transplantation with the
a 32 bp deletion in CCR5 gene of the donor cells, as a cellular gene approach to
cure HIV-1 infection, due to the complete elimination of the latently infected cells
and the reconstitution of an HIV-1 resistant immune system.
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3D.1. Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) from a homozygous
CCRS5 delta32 unrelated adult donor by Hiitter et al. provides the only evidence to
date of long-term control of HIV-1 infection (158,236). Viral rebound following
HSCT with heterozygous or wild-type variants makes a compelling argument in
favor of CCR5 A32/A32 allogeneic reconstitution as the key mechanism driving
resistance to infection in the Berlin patient (159,237-239). Unfortunately, the
search for “patient number two” remained unsuccessful for many years (240), until
a recent such case by Kordelas et al. showed that in the presence of CXCR4-
tropic HIV-1, CCR5-knockout strategies may fail to control HIV-1 infection
(241,242). Broader investigation of the conditions for this proof-of-concept strategy
to benefit other HIV-1 infected individuals requires wider availability of CCR5
A32/A32 hematopoietic stem cells, which the low prevalence of the genotype (less
than 1% in Caucasians and lower in other ethnic groups), and the stringent human
leukocyte antigen (HLA) matching criteria make it unfeasible to obtain from con-
ventional adult HSCT donors (160,161,243).

Hematopoietic stem cells from cord blood (CB) allow more permissive HLA-
compatibility (244), leading recent efforts in this field towards the development of
readily available inventories of CCR5-screened A32/A32 units as a potential plat-
form for allogeneic HSCT in HIV-infected individuals (245,246). Here, we describe
a first reported case of allogeneic HSCT using CCR5 A32 homozygous CB cells in
a patient with HIV-1 infection and a diffuse large B-cell ymphoma (DLBCL).
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3D.2. Material and Methods

3D.2.1. Chimerism analysis

Postransplant chimerism was analyzed on full peripheral blood mononuclear
cells and on immunomagnetically selected CD3" and CD15" cells with microsatel-
lite markers fluorescent PCR (AmpFLSTR® Identifiler® Plus, Applied Biosystems),
and indel markers high-resolution real-time PCR (Mentype® DIPquant, Biotype) for
selected samples (247).

3D.2.2. CCR5 genotyping and viral tropism assay

CCRS5 genotyping was analyzed as previously described (248). HIV-1 full enve-
lope was amplified from the patient and recombinant viruses were made in MT-4
cells (in combination with a NL43-Aenv plasmid). U87-CD4-CCR5 and U87-CD4-
CXCRA4 cells were infected with both, Env-recombinant virus and two different viral
isolates from the patient, and tropism was determined by HIV-1 replication (HIV-1
p249%9 ELISA). Additionally, the patient’s virus envelope was sequenced and tro-
pism was predicted using Geno2Pheno software (249).

3D.2.3. Virus Isolation and Sequence Analysis

Isolation of replication-competent virus and full HIV-1 genome amplification
from bulk CD4" T-cells were performed as previously described (250). Total CD4"
and resting CD4" T-cells were isolated by negative immunomagnetic selection
(CD4" T cell isolation kit; Miltenyi Biotec) and cultured following qVOA protocol
described in chapter 3A. Two different replication-competent isolates were ob-
tained from total CD4" T-cells. Resistance to ART was predicted from full viral ge-
nome sequences from the patient CD4" T cells (251).

3D.2.4. Reservoir parameters

HIV-1 reservoir analyses included cell-associated HIV-1 DNA and RNA, and
replication-competent virus were performed as described in chapter 3A. Residual
plasma viremia was quantified as previously described in chapter 3B.

3D.2.5. Semiquantitative PCR based detection
Semiquantitative PCR-based detection of Gag proviral DNA consisted of a first
PCR using the primers forward 5-GCGAGAGCGTCAGTATTAAGC-3, and re-
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verse 5’-TCTTTATCTAAGGGAACTGAAAAATATGCATC-3'. This was followed by
a nested-PCR using the primers forward 5-GGGAAAAAATTCGGTTAAGGCC-3',
and reverse 5-CGAGGGGTCGTTGCCAAAGA-3'. For both PCRs, high fidelity
PCR buffer (Invitrogen) was mixed with magnesium sulfate solution (2 mM; Invi-
trogen), dNTPs Mix (0.2 mM; Invitrogen), the corresponding primers of each PCR
(0.4 uM/each; Integrated DNA Technologies), Platinum® Taq DNA polymerase
high fidelity (0.04 U/pl; Invitrogen) and 2.5 pl of cell lysate (equivalent to 125,000
cells) in a total volume of 25 pl. HIV-1 DNA was amplified using the Gene Amp®
PCR System 2700 (Applied Biosystems) (initial denaturation: 94°C, 3’; 34 cycles:
94°C, 30”; 50°C, 30", and 68°C, 1’ 45”; final extension: 68°C, 5’; hold: 4°C). The
PCRs of 10-fold dilution of cell-associated HIV-1 DNA were performed in ten repli-
cas. Amplification was analyzed by agarose gel electrophoresis (1%) and ex-
pressed as percentage of positive Gag PCR amplification per total PCR wells.

3D.2.6. Immune activation and Proliferation

PHA-treated PBMCs (5 pg/ml for three days) were tested for T-cell surface ex-
pression of activation markers (CD25, CD69 and HLA-DR) and for proliferation
using an LSRII flow cytometer (Becton Dickinson), and the analysis was carried
out using FlowJo software 9.2.3v (Tree Star). Data are presented as percentage of
marker expression and loss of membrane CFDA expression (Vybrant® Cell Tracer
Kit; Life Technologies) in CD4" T-cells before and after PHA-activation.

3D.2.7. Cell Infectivity Assay

Viral fitness was analyzed as described previously (252). CD4" T-cells from the
patient and from two healthy donors were activated for three days as above and
then infected by spinoculation (centrifugal inoculation at 1200xg for two hours) with
the patient’s primary viral isolates, or with laboratory viral strains HIV-1yen-sx
(CCRS5-tropic) and HIV-1n14.3 (CXCR4-tropic). Supernatants were sampled over
the course of seven days. Viral replication was quantified using HIV-1 p249%9
ELISA.
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3D.3. Results

3D.3.1 Case report

A 36 year-old man with HIV-1 infection known from September 2009 was re-
ferred to our hospital in March 2012 with a recent diagnosis of diffuse large B-cell
lymphoma (DLBCL). At the onset of lymphoma, the patient was on effective an-
tiretroviral treatment (ART) with suppressed plasma viremia (Figure 31), CD4" T-
cell count of 360 per cubic millimeter and no illnesses associated with the acquired
immunodeficiency syndrome. He presented with a large abdominal mass expand-
ing from the left kidney to the iliac lymph nodes and additional paraaortic and ret-
rocrural involvement (stage 11-A). At the onset of DLBCL, the patient's CD4" T-cell
count was 360 per cubic millimeter, and HIV-1 RNA copies <50 per milliliter. Prior
to allogeneic HSCT, the patient received several lines of chemotherapy, including
six courses of CHOP-R, three courses of ESHAP-R, an autologous HSCT, three
courses of GEMOX, and local abdominal radiotherapy. At the time of allogeneic
HSCT the patient presented a refractory lesion in the left psoas, no B symptoms,
and had good clinical performance with adequate cardiac and pulmonary pre-

transplant evaluations.

No HLA-matched sibling donors were available. Following approval by the
Spanish Hematopoietic Donor Registry (REDMO), a directed search identified two
compatible CCR5 A32/A32 cord blood (CB) units (StemCyte; Table 7) (246). A
dual allogeneic HSCT was performed following myeloablative conditioning with
fludarabine 120 mg/kg, busulfan 12 mg/kg, cyclophosphamide 100 mg/kg and
thymoglobuline 4 mg/kg, graft-versus-host disease (GVHD) prophylaxis with cy-
closporine A plus short-course corticosteroids, and combining the single CB unit
with higher cellularity (CBU#1) and purified CD34+ cells from a haploidentical sib-
ling, as previously described (253-255). Blood and/or tissue samples were ob-
tained before and weekly after HSCT to monitor HIV-1 infection. ART continued
during the procedure (Figure 31). The patient provided informed consent and the
institutional review board approved the transplant and investigational protocol
(CEIC Bellvitge: 2013-023449).

Early transplant complications, including cyclosporine-related toxicity, hepatic

venoocclusive disease and cytomegalovirus reactivation, all resolved with appro-
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priate treatment. Neutrophil engraftment, 100% haploidentical donor-derived, oc-
curred on day +11. However, donor switch from haploidentical to CB-origin did not
follow as expected (Figure 32) (253—-255). High-resolution chimerism analysis de-
tected low level CB-derived hematopoiesis below 5% for up to seven weeks after
transplant. Post-thawing analysis of CBU#1 showed a mild reduction in cell con-
tent and very poor clonogenic capacity (Table 8). CBU#2 was subsequently in-
fused on day +52 following 4 mg/kg thymoglobuline. Within three weeks from
CBU#2 infusion, the chimerism from CBU#1 increased very rapidly to 20% on day
+59, 83% on day +66 and 100% by day +73. In this process, the patient’s hema-
topoiesis, including CD4" T-lymphocyte subset analysis, changed from homozy-
gous wild-type CCR5 (recipient) to heterozygous wild-type/A32 (haploidentical sib-
ling), and finally became homozygous for CCR5 A32 (Figure 32). He did not de-
velop any symptoms or signs of GVHD. Regretfully, our patient developed an ag-
gressive progression of DLBCL. Following very rapid clinical deterioration, he

passed away from disease progression three months after transplant.

Table 7. Characteristics of the patient and donors

Recipient CcBu1 CBU2 TPHD

Age (years) or year of collection 37 2008 2008 41
Sex Male Male Male Male
Blood group O positive O positive A positive A negative
CCR5 genotype WT,WT A32,A32 A32,A32 WT,A32
HLA typing*

HLA A 01:01, 68:01 01:01, 03:01 01:01, 02:XX 11, 68

HLA B 08:01, 07:02 08:01, 07:02  08:01, 07:02 35, 07

HLA DR 03:01, 13:01 03:01, 14:01  03:01, 14:01 01, 13

CBU: cord blood unit; TPHD: third-party haploidentical donor; WT: wild type; HLA: human leucocyte antigens
* Recipient had negative anti-HLA antibodies

Table 8. Cell products content

CBU1 controls CBU1 after CBU2 controls CBU?2 after

before HSCT thawing® before HSCT thawing® TPHD
CD34 (x10°/kg) 0.7 0.52 0.73 0.22 40°
TNC (x107/kg) 2.53 2.05 1.98 1.64 -
CFU-GM (x10%/kg) 1.02° 0.11 0.12° NG -
Total CFU (x10%kg) 2.13° 0.21 0.42° NG -

CBU: cord blood unit; HSCT: hematopoietic stem cell transplantation; CFU: colony forming units; GM: granu-
locyte-macrophages; NG: no growth; TNC: total nucleated cells; TPHD: third-party haploidentical donor

& Subsequent quality control results in the final cell product after thawing the CBU for infusion

® purified by cell positive selection to include fewer than 10,000 CD3" T cells per kg patient’s bodyweight

¢ Quality controls were done at the transplant center’s processing laboratory before transplantation in aliquot
samples from segments attached to the CBU2 when data were not available in the original report from the
cord blood bank
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3D.3.2. Viral Characteristics and Tropism

Patient CD4" T-cells full viral genome amplification showed no major deletions
or mutations in the viral sequence, suggesting infection with a full pathogenic vi-
rus. Genotypic analysis showed HIV-1 to be B-subtype, no resistance mutations at
the time of HSCT, and to be CCR5-tropic by Geno2Pheno bioinformatics (false
positive rate 37.7%) (249-251). Additionally, we constructed a recombinant virus
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carrying the patient’'s primary viral envelope gene sequences, obtained from bulk
PCR, thus representing the viral quasiespecies present in the patient's T-cells.
This recombinant virus and two other independent viral culture isolates were used
for phenotypic tropism determination. All three viruses were able to replicate in
U87-CCRS5 cells but not in U87-CXCR4 cells (Figure 33), confirming that residual
CXCR4-tropic virus was very unlikely, and that the patient’'s HIV-1 was CCR5-
tropic by genotypic and phenotypic analyses.

HIV tropism
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Figure 33. Determination of the viral tropisms from patients’ HIV-1 isolates. Green bars show X4 tropism
and purple bars show R5 tropism. White bars show the background of the detection technique.

3D.3.3. Latent reservoir

Sensitive assays were used to determine the latent reservoir of the patient pre
and post-transplant (Table 9). Prior to transplantation, HIV-1 DNA could be detect-
ed in total and resting CD4" T-cells in peripheral blood as well as in gut-associated
lymphoid tissue (GALT) biopsies. Additionally, we estimated that the replication
competent viral size present in CD4" T-cells was 1.2 copies per ten million cells.
We also detected cell-associated HIV-1 RNA in CD4" T-cells and HIV-1 RNA in
plasma and cerebrospinal fluid. On day +76 after transplantation, with 100%
CCRS5 A32/A32 CB chimerism, HIV-1 DNA was not detectable in isolated CD4" T-
cells from peripheral blood using ddPCR quantification or semiquantitative test of
amplification (Table 9). Unfortunately, DLBCL progression limited our capacity to
extend our measurements of the viral reservoir to other tissues and long-term after
HSCT.
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Table 9. Latent HIV-1 reservoir measurements

Day -15 Day +76

Total DNA (copies per million cells)

Peripheral CD4" T cells 372.9 Undetectable

Peripheral resting CD4" T cells 651.8 ND

GALT CD4" T cells 803.2 ND
Semiquantitative total DNA (amplification %)

: + 0% (1:1, 1:10, 1:100,
Peripheral CD4" T cells ND 1:1000)°
100% (1:1, 1:10, 1:100)

GALT 20% (1:1000)* ND
Residual plasma viremia (copies per ml)

Plasma 303 3.0

Cerebrospinal fluid 149 ND
Quantitative viral outgrowth (IUPM)

Peripheral CD4" T cells 0.21° ND

Peripheral resting CD4" T cells <0.28° ND
Cell-associated RNA (relative copies)

Peripheral CD4" T cells 2.5 ND

GALT Undetectable ND

GALT: gut-associated lymphoid tissue

IUPM: infectious units per million cells

ND: non-determined for limited sample

& Proportion of positive PCRs of a total of 5 (1:10) or 10 (rest) replicas
® Cultured cells: 12 million

€ Cultured cells: 2 million

3D.3.4. Cell recovery and Infectivity

Cord blood-derived patient’'s cells were evaluated after HSCT for activa-
tion/proliferation as well as infectivity (252). Thirty percent of the cells were able to
proliferate and almost 50% expressed HLA-DR activation marker after PHA-
stimulation (Figure 34A). However, activated CD4" T-cells were not infected by
either the patient’s autologous virus, or laboratory-adapted CCR5- or CXCR4-
tropic viral strains (Figure 34B).
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IV-1 Infection. (A) Activation and proliferation of CD4"
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3D.4. Discussion

A case of unrelated donor CCR5 A32 homozygous allogeneic hematopoietic
stem cell transplantation (HSCT) in 2009 raised new hopes for HIV-1 eradication
(158,236). Five years later, a second case in 2014showed that control of HIV-1 by
CCR5 A32/A32 hematopoietic reconstitution may be compromised by viral co-
receptor tropism and escape mechanisms (241,242). Adult HLA-compatible CCR5
A32 homozygous donor availability will not suffice to investigate the conditions that
drive functional cure of HIV-1 infection and to develop this therapeutic strategy
further (160,161,243). Here, we describe a first reported case of allogeneic HSCT
in an HIV-1-infected patient using CCR5 A32/A32 hematopoietic stem cells from
cord blood (CB), a stem cell source with more permissive HLA-matching require-
ments (244), which may provide a broader allogeneic HSCT platform for patients
with HIV-1 infection. Up until now, two other attempted cases of CCR5 A32 homo-
zygous CB HSCT in HIV-infected patients, reported preliminary online and in ab-
stract format (256,257), failed to show any impact on HIV-infection.

Allogeneic HSCT reduced our patient’s latent viral reservoir, which became
undetectable in circulating CD4" T cells both by semiquantitative amplification and
ddPCR quantification tests (Table 9). Although myeloablative conditioning chemo-
therapy reduced viral levels prior to CB engraftment, evidence of HIV-1 recurrence
upon discontinuation of ART in cases of allogeneic HSCT from CCR5 heterozy-
gous or wild-type donors questions the potential contribution from conditioning
chemoradiotherapy, as well as from HSCT alloreactive events, to long-term control
of HIV-1 infection (95,159,237,238). Despite the effect of HSCT on plasma viremia
reduction, low HIV-1 RNA copy numbers were still detectable in the patient. Per-
sistence of low-numbers of CCR5 wild-type cells below the detection level of
chimerism analyses in tissues harboring infectious virus, long-lasting release of
virus trapped in follicular dendritic cells in the lymph nodes, and the absence of
longer-term follow-up are among the potential explanations for this finding.

In addition to undetectable HIV-1 DNA, upon achievement of full CB CCR5 A32
homozygous chimerism, the patient’s circulating CD4" T cells could be successful-
ly stimulated to proliferate and express activation markers (Figure 34A), but were
refractory to infection by HIV-1 (Figure 34B). The patient's CD4" T cells were re-
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sistant to infection by the patient's HIV-1 isolates, by virus with the patient’s re-
combinant Env, and by HIV-1yen.sx laboratory strain (all CCR5-tropic). They were
also refractory to infection by the CXCRA4-tropic laboratory strain HIV-1yi4-3.
Agrawal et al. (258) showed that CD4" T cells from CCR5 A32 homozygous peo-
ple consistently express low levels of CXCR4 and are less susceptible to infection
by CXCR4-tropic HIV-1 than those individuals without the mutation (258). Petz et
al. (246) also found that PBMCs from an HIV-1-negative patient with leukemia who
had received a CCR5 A32/A32 CB transplant were resistant ex vivo to HIV-1 infec-
tion with both CCR5-tropic and CXCR4-tropic HIV-1 strains (246). Beyond poten-
tial mechanisms of inhibition that could include scavenging of CXCR4 by endoge-
nous expression of CCR5 A32 (258), the lack of infection by CXCRA4 tropic viruses
of otherwise functional reconstituted CD4+ T cells obtained shortly after achieving
full chimerism is certainly intriguing and might be associated with maturation and
functional stages of lymphocytes derived from hematopoietic stem cells from CB.
These points towards potential unknown additional mechanisms require further

investigation.

Undoubtedly, standards of care for allogeneic HSCT in the primary indication
for allogeneic HSCT must be the priority, even when considering patients with
HIV-1 infection. However, although HIV-infected patients remain at an increased
risk of hematologic malignancies for which HSCT is considered standard therapy,
the outcome of allogeneic HSCT in patients with HIV-1 infection is largely un-
known. The European Society for Bone Marrow Transplantation (EBMT) has very
recently communicated a large pair-matched cohort study with 111 allogeneic
HSCT recipients with HIV-1 infection each matched with three controls, which
showed poor overall outcomes for patients with HIV-1 infection (259). These re-
sults seem to be driven by higher non-relapse mortality and higher rates of severe
GVHD than in uninfected transplant recipients. Nevertheless, with a 47% overall
survival at 2 years, allogeneic HSCT is feasible in HIV-infected individuals, and the
outcome is comparable between related and unrelated donor sources. Cord blood
transplantation has become a standard source of alternative grafts for allogeneic
HSCT in patients without matched sibling donors (260). In combination with hap-
loidentical hematopoietic cells, CB reliably leads to faster neutrophil engraftment
than does alternative single or double-CB transplant protocols, and has similar
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overall outcomes while allowing the use of CB units with somewhat lower cellular
content (244,253-255). This approach provides a major advantage in the setting
of HIV-1 infection, in which projections suggest that an inventory of 300 CCR5 A32
homozygous cord blood units would allow, with this protocol, an adequate HLA-
matched unit for over 80% of HIV-1-infected adult and pediatric transplant candi-
dates (246). The case we report shows that a directed CB search and CCR5 A32
homozygous CB transplantation is viable in patients with HIV-1 infection, can
make viral DNA undetectable and can render the patient's CB-derived CD4" T
lymphocytes refractory to infection by HIV-1. Despite lymphoma progression mak-
ing long-term assessment of HIV-1 infection unfeasible, in combination with the
evidence available, our findings support the feasibility of CB transplantation as a
therapeutic strategy to cure HIV-1 infection, and as a platform to investigate key
patient-derived, HIV-dependent, and treatment-associated factors that might drive
a broader application of CCR5-knockout strategies to patients with HIV-1.
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Combination antiretroviral therapy (ART) was one of the major medical suc-
cesses of the 20th century, as it efficiently suppresses HIV-1 replication, restores
the immune system, and reduces drug resistance, clinical failure, viral rebound,
mortality and morbidity, and viral transmission (45,47-52). However, despite a life-
long treatment regimen, ART cannot eradicate the HIV-1 reservoir and, thus, in
most individuals, viral load rapidly rebounds after treatment interruption. Therefore,
the development of novel approaches that are able to cure this infection is the ma-
jor objective of the HIV-1 research field.

Only one approach has achieved the sterilizing cure of an HIV-1 infected pa-
tient, the “Berlin patient”. Nonetheless, the performance of a hematopoietic stem
cell transplantation (HSCT) and the compromised medical situation of patients,
who suffer HIV-1 infection and leukemia or lymphoma, make it quite difficult to rep-
licate this case. Moreover, this cure strategy was a probe of concept as HSCT is
not feasible and accessible for all HIV-1 infected patients. Hence, new strategies,
focused on the seeking of a functional or a sterilizing cure, are being developed.
These approaches include treatment optimization - by intensification, switching or
early initiation of ART -, immunotherapy, latency reactivation, therapeutic vaccina-

tion, and/or cellular or gene therapy.

This thesis proposed to evaluate four treatment strategies based on immuno-
therapy, latency reactivation, therapeutic vaccination or cellular therapy, which
may have an impact on the HIV-1 reservoir, and, thus, may be used as a promis-
ing HIV-1 cure strategy.

As immunotherapy, we analyzed the effect of short-term treatment with the cy-
tokine interferon-a (IFN-a) in co-infected HIV/HCV chronically ART-suppressed
subjects, and the mechanism by which long-term treatment with IFN-a decreases
the total HIV-1 reservoir size (180,181). Our results showed that short-term admin-
istration of IFN-a decreases HIV-1 transcription and T-cell activation, although it
does not relevantly impact the HIV-1 reservoir. Thus, IFN-a may act using different
mechanisms over time, with short-term therapy acting more as a viral repressor
than as a reactivating agent. Hence, IFN-a treatment may be used as immuno-

therapy combined with ART to increase viral repression and aid to improve the
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immune system'’s state, and it may even potentially achieve a functional cure after

long-term treatment.

Regarding latency reactivation, we analyzed the impact of lithium treatment on
the HIV-1 reservoir in chronically ART suppressed patients. Previous studies have
related lithium with inhibiting viral replication and reactivating viral latency in vitro
(191-193). Thus, we aimed to evaluate whether lithium carbonate may act as a
latency-reversing agent (LRA) when administered in vivo. Our results showed that
in vivo lithium can transiently reduce HIV-1 transcription and total HIV-1 reservoir,
but has no long-term effect on the HIV-1 reservoir size. Therefore, in vivo lithium
treatment does not reactivate the HIV-1 latent proviruses, but it acts as a transcrip-
tional repressor of active proviruses, which constitute residual viral replication.
Hence, lithium might be proposed as an intensification of ART in intermittent doses
given that it affects residual HIV-1 replication likely due to its better tissue penetra-

tion among other mechanisms.

Considering therapeutic vaccination, we evaluated the effects of immunization
with the conserved immunogen HIVconsv vectored by the modified vaccinia virus
Ankara vector (MVA.HIVconsv) in chronically ART suppressed patients. This was
the first study that analyzed the immunization with the HIVconsv immunogen in
HIV-1 infected patients, and showed that MVA.HIVconsv can elicit specific HIV-1
immune responses against conserved non-common epitopes. However, these
immune responses were not able to affect the total HIV-1 reservoir or the residual
plasma viremia, due to its inefficacy against the latently infected cells. Therefore,
this therapeutic vaccine would have to be combined with LRAs administration to
be able to mediate the immune clearance of those latently infected cells, thus
achieving a remission of HIV-1 infection.

Regarding cellular therapy, we evaluated the case report of an ART sup-
pressed patient suffering from a diffuse large B-cell lymphoma (DLBCL), who re-
ceived an HSCT with CCR5 homozygous A32 cord blood. Our results showed that
after transplantation total HIV-1 reservoir was undetectable, and the patient’s cir-
culating CD4" T cells were refractory to infection by HIV-1 ex vivo, suggesting that
the patient may have been cured of the HIV-1 infection. However, we were not
able to perform further analysis given that the patient passed away due to pro-
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gression of his hematological disease three months after transplant. Therefore, the
use of HIV-1 resistant cord blood units for HSCT may achieve a functional or steri-
lizing cure, as was the case with the “Berlin patient”, despite all the difficulties in-
volved in finding HLA-matched HIV-1 resistant cord blood units, and the compro-

mised immune situation of the subjects.

Overall, after the evaluation of these four clinical trials, we can summarize that
immunotherapy with IFN-a and treatment with lithium may be used in combination
with ART as treatment intensification, but they are not able to achieve a functional
cure on their own. Moreover, therapeutic vaccination with MVA.HIVconsv immun-
ization can elicit new immune responses that might mediate an immune clearance
of the latently infected cells, but it should be administered in combination with a
LRA to achieve an efficient “shock and kill” of the reservoir and thus a functional or
sterilizing cure. Finally, HSCT with CCR5 homozygous A32 cord blood may be the
approach with the highest probability of achieving a sterilizing HIV-1 cure, given
that after HSCT engraftment we could not detect cell-associated HIV-1 DNA in the
patient's CD4" T cells.

In this context, some future perspectives among HIV-1 cure strategies remain
open. Firstly and foremost, it is necessary to develop LRAs that effectively reacti-
vate all the replication-competent proviruses and that have an effect both in the
blood and in the lymphoid tissues, where most of the latently infected cells reside
(261). Secondly, a therapeutically active vaccine, able to elicit potent and broad T
and B cell immune responses, needs to be developed (140). And, thirdly, a combi-
nation of broadly neutralizing antibodies has to be designed to be administered as
therapeutic passive immunization in combination with therapeutic active vaccine
and LRAs (262). Moreover, all these improved strategies should be combined with
immunotherapy, such as anti-PD-1 or anti-PD-L1 antibodies, to improve and re-
store the immune status of chronically ART-treated patients (137). Alternatively,
the should be combined with early treatment initiation, to keep the HIV-1 reservoir
as smallest as possible (118). The smaller the reservoir is, the easier it will be to
eliminate all the replication-competent proviruses and, thus, to achieve a functional

or a sterilizing cure.
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Furthermore, it is necessary to test the cord blood units (CBU) stored at Bi-
oBank facilities to register which ones have the 32 bp deletion in CCR5, and thus
facilitate the finding of an HIV-1 resistant CBU HLA-matched with a subject suffer-
ing HIV-1 infection and lymphoma or leukemia (162). However, this approach can
only be performed in HIV-1 infected individuals who have been diagnosed with a
hematologic malignancy and have already received at least one autologous
HSCT. Therefore, HIV-1 researchers also need to develop the best possible gene
therapy strategy to modify autologous hematopoietic cells of HIV-1 infected indi-
viduals, to restore their immune system with HIV-1 resistant cells or to purge the
HIV-1 provirus from the latently infected cells (263). This last strategy may be ap-
plicable to all the HIV-1 infected individuals, regardless of them suffering from a
hematopoietic disease or not.

In summary, the optimal scenario for achieving a functional or a sterilizing cure
would be to begin treatment with ART as promptly as possible, thereby quickly
suppressing HIV-1 viral load and limiting the establishment of the viral reservoir
and the levels of immune activation in the early stages of the infection (118), allow-
ing for a good restoration of the immune system (high CD4" T-cell counts and a
ratio CD4/CD8 between 1 and 2). However, the functional or the sterilizing cure
would be also possible in chronically ART-treated patients, with or without a low
viral reservoir, by combining different strategies to restore the immune system,
decreasing the persistent immune activation associated with the chronic phases of
HIV-1 infection, eliciting broad HIV-1 specific immune responses, and reactivating
the latently-infected cells. Thus, the HIV-1 cure is not centered on a unique thera-
peutic approach, but on a combination of multiple clinical strategies that can im-
pact the HIV-1 reservoir and enhance specific immune responses against this in-
fection.
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With the aim to evaluate and determining which HIV-1 cure strategy may
achieve a sterilizing or a functional cure, we compared four clinical trials based on

immunotherapy, latency reactivation, therapeutic vaccination and cellular therapy.
The conclusions for each cure strategy analyzed are:

1. Immunotherapy:

Conclusion of aim 1.1. Short-term treatment with interferon-a combined with
ribavirin can trigger a reduction in HIV-1 transcription in HIV/HCV—coinfected pa-
tients on suppressive combination ART through up-regulation of viral restriction

genes, mainly TRIM22, and a decrease in T-cell activation.

Conclusion of aim 1.2. After 28 days of treatment, interferon-a acts more as a
viral suppressor than as a reactivating agent.

2. Latency reactivation:

Conclusion of aim 2.1. Potential treatment of HIV-1-associated neurocogni-
tive abnormalities with lithium carbonate transiently represses HIV-1 transcription
and decreases the total HIV-1 reservoir, in ART-suppressed patients, possibly as
a result of a cellular adaptive response to the chronic activation of the B-catenin

signaling pathway.

Conclusion of aim 2.2. Unexpectedly, lithium carbonate treatment in vivo
transiently acts as an HIV-1 transcription repressor rather than as a latency-
reversing agent (LRA).

3. Therapeutic vaccination:

Conclusion of aim 3.1. Therapeutic vaccination with MVA.HIVconsv could re-
direct T-cell responses towards viral epitopes that are sub-dominant in natural in-
fection, given that interferon-y T cell responses to conserved epitopes were in-
creased after vaccination, in ART suppressed HIV-infected patients.

Conclusion of aim 3.2. However, the sub-dominant specific HIV-1 immune re-
sponses elicited have no impact on the total HIV-1 reservoir or the residual plasma

viremia.
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4. Cellular therapy:

Conclusion of aim 4.1. Allogeneic hematopoietic stem cell transplantation
(HSCT) using CCR5 A32 homozygous cord blood (CB) cells can be a feasible
therapeutic strategy to cure HIV-1 infection, and a platform to investigate the key
patient-derived factors that may drive a broader application of CCR5 knockdown

gene therapy strategies to patients with HIV-1 infection.

Conclusion of aim 4.2. Allogeneic HSCT using a compatible CCR5 A32 ho-
mozygous CB reduced the patient’s latent total viral reservoir in peripheral CD4" T
cells to undetectable levels. However, the inability to test later samples, due to the
fatal outcome of the patient from aggressive progression of the diffuse large B-cell
lymphoma, prevented us from concluding that allogeneic HSCT using a compati-
ble CCR5 A32 homozygous CB could effectively eradicate the HIV-1 infection.

Globally, our results showed that the strategy with the highest probability of
achieving a sterilizing or a functional cure would appear to be the allogeneic
hematopoietic stem cell transplantation using CCR5 A32 homozygous bone mar-
row or cord blood cells. Until to date, immunotherapy, latency reactivation and
therapeutic vaccination strategies evaluated, on their own, have not shown suffi-
cient potency to reduce the size of the reservoir. Thus, none of these approaches
have achieved a functional or a sterilizing cure yet. Hence, the combination of the-
se strategies may be the next step to finally achieve a remission of the HIV-1 in-
fection.
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