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SUMMARY

Blocking the PD-1/PD-L1 pathway has emerged as a potential therapy to restore
impaired immune responses in human immunodeficiency virus (HIV)-infected
individuals. Most reports have studied the impact of the PD-L1 blockade on effector
cells and neglected possible effects on regulatory T cells (Treg cells), which play an
essential role in balancing immunopathology and antiviral effector responses. In this
thesis | investigated PD-1 and PD-L1 expression on Treg cells and the impact of ex vivo
PD-L1 blockade on Treg cells from HIV-infected individuals. We observed that HIV
infection led to an increase in PD-1+ and PD-L1+ Treg cells. This upregulation
correlated with disease progression and decreased under antiretroviral treatment. In
comparison with Treg cells from individuals under antiretroviral treatment, Treg cells
from viremic individuals had a particularly high PD-1 expression and impaired
proliferative capacity. PD-L1 blockade restored the proliferative capacity of Treg cells
from viremic individuals but did not change their suppressive capacity. Moreover, it
increased viral production in cell cultures from viremic individuals. This increase in viral
production correlated with an augmented percentage of Treg cells and reduced
CD4/Treg and CD8/Treg cell ratios. In contrast, we did not observe a significant effect
on the proliferative capacity of Treg cells from individuals in whom viremia was
controlled (either spontaneously or by antiretroviral treatment). However, PD-L1
blockade did increase the proliferative capacity of HIV-specific-CD8 T cells in all HIV-
study groups. Taken together, our findings suggest that manipulating PD-L1 in vivo can
be expected to influence the net gain of effector function depending on the subject’s
plasma viremia. PD-L1 blockade might skew the effector to regulatory T cell ratio in
favour of effector cells only in patients in whom viremia is controlled. In patients with
uncontrolled viremia, PD-L1 blockade might not favour effector-T cells over regulatory-
T cells, and rather boost virus reactivation. In conclusion, this thesis supports the
rationale to combine a PD-L1 blockade with antiretroviral treatment to restore effector
responses in HIV-infected individuals.

Vii



viii



RESUM

La infeccié amb el virus de la immunodeficiencia humana (VIH) causa el deteriorament
progressiu de la resposta immune efectora. Una estratégia prometedora per a
restaurar i potenciar la resposta immune efectora es basa en bloquejar la via de
senyalitzaci6 PD-1/PD-L1. Malgrat I'extensa recerca duta a terme en aquest camp,
actualment es desconeixen els efectes que aquesta immunoterapia pot tenir en les
cél-lules T reguladores (Treg). Les cel-lules T reguladores tenen un paper fonamental
en el control de les cel-lules efectores per tal d’evitar immunopatologia. Per tant,
possibles canvis en la funcioé de les cel-lules Treg tindrien un efecte directe en la funcid
efectora. En aquesta tesi he investigat I'expressid de les molecules PD-1 i PD-L1 aixi
com l'impacte de bloquejar PD-L1 sobre les cel-lules Treg de pacients infectats amb el
VIH. Hem observat que la infeccié pel VIH indueix I'augment de cél-lules Treg que
expressen PD-1i PD-L1. Aquest augment correlaciona amb la progressié de la malaltia i
disminueix amb el tractament antiretroviral. En comparaciéo amb les cel-lules Treg de
persones sota tractament antiretroviral, les cel-lules Treg d’individus viremics
presenten percentatges d’expressi6 de PD-1 particularment elevats aixi com
deficiencies en la capacitat de proliferar. Bloquejar PD-L1 en cultius de cel-lules
mononuclears de sang periferica d’individus viremics ha restaurat la capacitat de
proliferar de les cel-lules Treg sense alterar la seva capacitat supressora. D'altra banda,
bloquejar PD-L1 ha causat un increment en la reactivacio de virus. Hem observat que
I'increment en la produccié de virus en cultiu correlaciona amb un augment en el
percentatge de cél-lules Treg i una reduccié de les proporcions de cél-lules T CD4/Treg i
cél-lules T CD8/Treg. Al contrari, bloquejar PD-L1 en cultius de cél-lules d’individus
infectats amb el VIH que sén capagos de controlar la viremia (ja sigui de forma
espontania o degut al tractament antiretroviral) no ha augmentat significativament la
proliferacié de les cel-lules Treg. No obstant aix0, bloquejar PD-L1 si que ha augmentat
la capacitat de proliferar de les cél-lules T CD8 especifiques per al VIH en tots els grups
de pacients estudiats. En conjunt, bloquejar PD-L1 augmenta diferencialment la
capacitat de proliferar de les cel-lules T reguladores i T efectores depenent de la
viremia de l'individu infectat amb el VIH, i per tant pot influir en el guany net de la
funcid efectora. Els nostres resultats suggereixen que bloquejar PD-L1 pot afavorir les
cel-lules efectores sobre les reguladores en pacients amb la viremia sota control,
mentre que en pacients viremics, bloquejar PD-L1 podria no potenciar la resposta
efectora i, a més, impulsar la reactivacid de virus. En conclusid, els resultats d’aquesta
tesi donen suport a la logica establerta de combinar la immunoterapia dirigida a PD-L1
amb tractament antiretroviral per tal de restaurar les respostes efectores en els
pacients infectats amb el VIH.






PROLOGUE

Human immunodeficiency virus (HIV) infection causes a progressive impairment of
effector immune responses contributing to virus persistence. The restoration of these
responses is essential to achieve a drug-free control over HIV. One strategy that could
restore effector immune responses is the relief of the inhibitory signal displayed by the
PD-1/PD-L1 pathway on effector cells. Several studies showed that PD-L1 blockade
restores impaired effector CD4- and CD8- T cell responses in HIV-infection. In addition,
it has been described that the PD-1/PD-L1 pathway also plays a role in the biology of
regulatory T cells (Treg cells).

Treg cells are a suppressive T cell subset that maintains self-tolerance and immune
homeostasis. During HIV-infection, Treg cells have both, beneficial and detrimental
roles. Treg cells control excessive immune activation that limits immunopathology and
the availability of HIV target cells. On the contrary, Treg cells contribute to the
destruction of the lymphatic tissue architecture, and inhibit HIV-specific immune
responses promoting virus persistence. Thus, alteration of Treg cells by
immunotherapy may directly influence the balance between immunopathology and
viral control.

As for conventional CD4- and CD8- T cells, PD-1 was found up-regulated on Treg cells
from HIV-infected individuals compared with healthy controls. Nonetheless, as most
reports have focused on effector cells, possible effects from PD-L1 blockade on Treg
cells have been neglected. In this thesis | have investigated PD-1 and PD-L1 expression
and the impact of ex vivo PD-L1 blockade on regulatory T cells from HIV-infected
individuals. The presented results provide new insights into the biology of Treg cells in
HIV infection as well as unexplored PD-L1 blockade effects on the HIV immune
response.
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1. An introduction to HIV infection

The human immunodeficiency virus (HIV) is a lentivirus that was discovered in 1983 as
the cause of the acquired immune deficiency syndrome (AIDS) (Barre-Sinoussi et al.
1983; Gallo et al. 1984; Popovic et al. 1984). After 30 years, HIV still represents a great
medical and social worldwide challenge. The World Health Organization has estimated
that since the beginning of the epidemic, almost 39 million people have died from HIV
infection. In 2014, there were 37 million people living with HIV, with the highest
prevalence in developing countries (UNAIDS/WHO, 2014, www.unaids.org).

In developed countries where there is access to therapy, current antiretroviral
treatment considerably reduced HIV-transmission, AIDS-related morbidity and AIDS-
related mortality (Bertozzi et al. 2005). However, the virus can not be eradicated and
interruption of treatment rapidly leads to re-emergence of virus from latent reservoirs
(Finzi et al. 1999; Mylvaganam et al. 2015). This implies a need of a life long therapy
that is associated with side effects. These limitations, together with other factors such
as need of treatment adherence, viral escape and high cost highlight the need of new
therapeutic approaches to treat HIV infection. The ability to accomplish such a
challenging goal will be facilitated by the study of the immune response that leads to
infection and disease progression (Mylvaganam et al. 2015).

1.1. HIV infection course and immunopathogenesis

HIV is mainly transmitted via unprotected sex (Askew & Berer 2003; Hladik & McElrath
2008). Less frequently HIV is transmitted through contaminated blood and from
mother to child during pregnancy, delivery or breastfeeding (Senturia et al. 1987;
Bertozzi et al. 2005; Lindholm et al. 2011). In a sexually transmitted infection the first
step is the transmission of cell-free or cell-associated virus particles across a mucosal
barrier through microabrasions. Early propagation of the virus occurs in activated CD4
T cells, followed by dissemination to peripheral lymphoid tissue. The transmitted virus
grows exponentially and causes a profound and irreversible depletion of CCR5+ CD4 T
cells especially in the gut associated lymphoid tissue (GALT) (Lim et al. 1993; Pantaleo
et al. 1993; Guadalupe et al. 2003; Brenchley et al. 2004; Mehandru et al. 2004).
Depletion of CCR5+ CD4 T cells in the GALT results in microbial translocation that cause
hyperactivation of the immune system and overall immunological dysfunction
(Brenchley et al. 2006; Moir et al. 2011)



The acute phase of the infection is characterized by high circulating levels of virus
(Figure 11). During the 3" and 4™ week, typically plasma viremia peaks, reaching levels
of 10" VRNA copies/mL. Then, the immune response partially controls the infection
reducing plasma viremia for several months until it reaches a particular set point (Moir
et al. 2011). This set point is highly variable and is a good predictor for disease
progression together with CD4 T cell counts (Mellors et al. 1996; McMichael et al.
2010).
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Figure I1. Graphic representation of HIV infection course. Representation of HIV disease progression on
the basis of CD4 T cell count/mL and viral RNA copies/uL of blood over time. Adapted from Pantaleo et
al. 1993 and Wikipedia (www.wikipedia.org/wiki/HIV).

The acute phase of HIV infection is followed by a chronic phase, which is first a
clinically asymptomatic phase. This phase is characterized by controlled levels of
circulating virus and progressive CD4 T cell decline while immune activation
progressively increases. In the absence of antiretroviral treatment (ART), the
asymptomatic phase typically lasts around 8 years (Pantaleo & Fauci 1996). However,
the rate of disease progression is very variable and depends on virus and host factors.

The asymptomatic phase of HIV infection is followed by a symptomatic phase, named
the acquired immune deficiency syndrome (AIDS). AIDS is characterized by fewer than
200 CD4 T cells/uL of blood and increased viral load (http://www.cdc.gov/hiv
/statistics/surveillance/terms.html). In this phase, the immune system is compromised
and this is manifested by poor immune responses against HIV and other infections.
Opportunistic infections and cancers characterize the AIDS phase. The most common



are (1) bacterial infections e.g with Mycobacterium tuberculosis and Mycobacterium
avium; (2) protozoan infections e.g. with Strongyloides, Cryptosporidium, Toxoplasma,
Candida and Cryptococcus; (3) virus infections e.g. with cytomegalovirus, herpes zoster
virus and herpes simplex virus; and (4) cancers e.g. Kaposi sarcoma and non-Hodgkin
lymphoma (Bertozzi et al. 2005). AIDS eventually causes the death of the HIV-infected
individual.

1.2. Immunological abnormalities and immune activation during HIV
infection

The depletion of CD4 T cells is a hallmark of HIV infection. However, other leukocyte
subsets are also affected, for instance CD8 T cells, B cells, natural killer (NK) cells,
macrophages and dendritic cells (DC). Abnormalities include increased cell turnover,
apoptosis, immune senescence and overall altered functionality. Among CD8 T cells,
for example, there is a preferential loss of naive and central memory cell subsets, with
an increased short-lived effector cell subset. Among B cells, there are abnormal
increased fractions of immature transitional B cells, activated B cells and plasmablasts.
NK cells present defects in cytokine production, cytotoxicity and homing properties.
Macrophages, for instance, show reduced phagocytosis, and among DC there are
abnormal levels of plasmocytoid and myeloid DC, as well as loss of mucosal DC (Klatt et
al. 2013).

Several of these immunological abnormalities including the progressive CD4 T cell
depletion occur due to (1) direct virus infection, (2) chronic immune activation and (3)
altered homeostasis caused by changes in lymphoid tissue architecture (Haase 1999;
Brenchley et al. 2004; Klatt et al. 2013; Phetsouphanh et al. 2015). The direct virus
infection causes death by several mechanisms. These include direct killing of infected
cells via CTL responses, death due to HIV budding or induction of pro-apoptotic
proteins together with repression of anti-apoptotic proteins (Westendorp et al. 1995;
Xu et al. 1997; Appay et al. 2002). In addition, death occurs in uninfected cells as a
consequence of the contact with infected cells (Perfettini et al. 2005) or due to chronic
immune activation (Février et al. 2011). Immune activation is associated with disease
progression, morbidity and mortality (Hunt 2012). It has several causes: (1) viral
stimulation of HIV-specific T cells and innate cells through TLR7/8; (2) reactivation of
other viruses that are usually controlled such as Epstein-Barr virus or cytomegalovirus;
(3) secretion of inflammatory cytokines such as IFNa, TNFa, IL-1, IL-6, and IL-18; and
(4) loss of gut epithelial integrity leading to microbial translocation. The latter is
considered one of the major factors leading to immune activation (Klatt et al. 2013).
Another factor promoting immunological abnormalities is the disruption of the



lymphoid tissue architecture. This alteration is caused by collagen deposition, it
impairs immune responses and leads to a decrease in the supply of thymic emigrants,
limiting the restoration of CD4 T cells (Schacker et al. 2006).

1.3. Effects of viral and host factors in HIV infection

The rate of disease progression is very variable among HIV-infected individuals in the
absence of ART. The majority of HIV-infected individuals develop AIDS after
approximately 8 years (Figure I1). This is associated with viral replication, chronic
immune activation and severe decline of CD4 T cells. However, in around 5-10% of
HIV-infected individuals progression to AIDS occurs rapidly in only 2-3 years after
infection (Pantaleo & Fauci 1996) (Figure 12). Contrarily, it is estimated that another 5-
15% of HIV-infected individuals, named slow progressors or long-term non
progressors, are able to control virus replication and maintain CD4 T cells counts for
more than 10 years. Within this group, elite controllers are able to maintain viral loads
below the limit of detection and remain healthy for periods of over 35 years without
progressing to AIDS (reviewed in Deeks & Walker 2007; Walker & Yu 2013). The study
of those individuals who maintain low viral replication has helped to gain insight into
the effects of host and viral factors involved in HIV disease progression.
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Figure 12. Graphic representation of HIV disease progression. Representation of HIV disease
progression in a rapid progressor (left) and a long-term non progressor (right) on the basis of CD4 T cell
counts and levels of viremia. Modified from Pantaleo et al. 1996.

Several viral and host factors are thought to influence HIV disease progression. Among
the viral factors, there are viral replicative properties and the ability to escape immune
responses through genetic variation. Among the host factors, there are genetic and
immunological factors. Examples of host genetic factors are: (1) polymorphisms in the
HLA class | locus in particular HLA-B and HLA-C; (2) polymorphisms in CCR5 and CCR2;
and (3) polymorphisms in other HLA class I-binding molecules such as killer cell
immunoglobulin-like receptors (KIR) and leukocyte immunoglobulin-like receptors
(LILR). Examples of host immunological factors are: (1) quality of HIV-specific CD4- and
CD8- T cell responses; (2) neutralizing antibodies and antibodies that facilitate cell-



mediated killing (ADCC); and (3) unique properties of the innate immune system such
as antigen presenting properties of myeloid DC or maintained yd T cells that express
Vy2V62 TCR (reviewed in Moir et al. 2011; Walker & Yu 2013).

1.3.1. The quality of the T cell response

Strong and effective HIV-specific CD4 and mainly CD8 T cell responses are considered
one of the main factors contributing to viral control. It has been reported that the
immune response from elite controllers and non-controller individuals differ in the
quality rather than the number of virus-specific immune cells. Several quality
measures have been associated with protection against disease progression. But it
remains unknown whether some of these quality parameters are a cause or a
consequence of HIV control. For CD8 T cells quality parameters are (1) their
proliferative capacity (McKinnon et al. 2011), (2) their degree of cytotoxicity (Migueles
et al. 2008), (3) their avidity i.e. antigen sensitivity (Almeida et al. 2007), (4) their
breath of recognition (Geldmacher et al. 2007), (5) their susceptibility to regulatory T
cell inhibition (Elahi et al. 2011) and (6) their polyfunctionality, i.e. the ability to
simultaneously execute several functions such as production of IFNy, TNFa, IL-2,
CD107a and MIP1b (Kannanganat et al. 2007; Betts et al. 2006). For CD4 T cells quality
parameters are (1) their avidity (Vingert et al. 2010), (2) their ability to support CD8 T
cell activity by secretion of IL-2 and IL-21 (Lichterfeld et al. 2004; Tilton et al. 2007);
and (3) their ability to support B cell production of antibodies (Cubas et al. 2013).

2. Exhaustion

2.1 Introduction to Exhaustion

Exhaustion is a state of dysfunction that occurs due to antigen persistence (reviewed in
Wherry 2011; Pauken & Wherry 2015). It is a common feature of several persistent
infections and cancers; and mainly studied in CD8 T cells in chronic viral infections.
Exhaustion is associated with an altered metabolism and a unique transcriptional
program compared with functional effector T cells and memory T cells. However, no
master transcription factor of the exhausted transcriptional program has been
identified to date (Wherry et al. 2007; Utzschneider et al. 2013; Crawford et al. 2014).

During exhaustion, CD8 T cell dysfunction develops in a progressive manner (Figure I3).
Some functions are lost in an early stage of exhaustion, for instance a high proliferative



capacity and IL-2 production. Other functions are lost in a more advanced stage of
exhaustion, such as cytotoxicity and TNFa and IFNy production (Virgin et al. 2009;
Wherry 2011). During exhaustion, T cells also lose their ability to proliferate in
response to IL-7 and IL-15, thus depending on TCR signals for their maintenance (Shin
et al. 2007). This process ultimately ends with the apoptosis of the exhausted cell
(Wherry 2011; Kahan et al. 2015).
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Figure 13. T cell exhaustion. During infection, naive T cells are primed and differentiate into effector T
cells. Following the clearance of antigen, most effector T cells die but a pool of cells differentiates into
memory T cells (up). When re-stimulated, memory T cells can proliferate, produce several cytokines and
become cytotoxic. In addition, they can be maintained in an antigen-independent way by IL-7 and IL-15.
In contrast, when antigen is not cleared (down), this differentiation process is altered and T cells
become exhausted. The severity of exhaustion is associated with inflammation, antigen exposure and
CDA T cell help. The capacity to exert a particular function is presented on a scale from high (+++) to low
(-). From Wherry et al., 2011

During chronic infections, exhaustion has been described as a causative factor for the
lack of pathogen control. However, exhausted T cells still contribute to the
containment of chronic infections (Kahan et al. 2015). Therefore, exhaustion might be
an adaptation to reduce the sensitivity of virus-specific T cells to antigen and promote
its survival in a persistence environment. By these means, the immune response could
balance effector control of the virus and immunopathology, while at the same time
maintaining the adaptability of T cell responses to subsequent viral bursts (Radziewicz
et al. 2009; Barnaba & Schinzari 2013; Pauken & Wherry 2015).



2.2. Intrinsic and extrinsic regulatory pathways of exhaustion

Exhaustion is associated with prolonged and high expression of inhibitory receptors.
The number and type of inhibitory receptors determine the degree of dysfunction. The
pattern of inhibitory receptors differs between CD4- and CD8- T cells, as well as the
type of infection. Inhibitory receptors involved in exhaustion include PD-1 (which plays
a major role), Lag-3, Tim3, CD244 (2B4), CD160, TIGIT, CTLA4, BTLA, KLRG1 and others.
However, none of these receptors are exclusive markers for exhausted T cells, because
activated T cells can transiently express them (Crawford & Wherry 2009; Blackburn et
al. 2009; Nguyen & Ohashi 2015).

In addition to inhibitory receptors, multiple extrinsic factors influence T cell
exhaustion, such as altered antigen presentation, immunosuppressive cytokines and
several cell subsets (reviewed in Wherry 2011; Jin et al. 2011; Kahan et al. 2015).
Effector responses are influenced by deletion or alteration of dendritic cells, such as
decrease in MHC molecules and co-stimulatory ligands, and increase in co-inhibitory
ligands (Jin et al. 2011). Likewise, effector responses are influenced by suppressive
cytokines such as TGFB and IL-10; and inflammatory cytokines such as type |
interferons (IFNs). For example, in LCMV (lymphochoriomeningitis virus) mouse model
the blockade of TGFB (Tinoco et al. 2009) or IFN a/B during the first days of infection
(Teijaro et al. 2013) prevents from severe exhaustion, and the blockade of IL-10
improves T cell functionality and promotes viral control (Brooks et al. 2006; Richter et
al. 2013). In the case of HIV-infected individuals, as a result of PD-1 triggering,
monocytes produce IL-10, which has been described as a major factor influencing
effector impairment (Said et al. 2010). In addition, depletion of CD4 T cells is another
important factor influencing exhaustion. CD4 T cells provide help to CD8 T cells and are
major producers of IL-21, which influences CD8 T cell and B cell differentiation and
restricts regulatory T cell expansion (Matloubian et al. 1994; Zajac et al. 1998;
Lichterfeld et al. 2004; Elsaesser et al. 2009; Frohlich et al. 2009; Yi et al. 2009;
Konforte et al. 2009; Aubert et al. 2011; Schmitz et al. 2013). On the contrary, NK cells
and immunoregulatory cells such as myeloid-derived suppressor cells and regulatory
T cells have a detrimental impact on virus-specific CD8 T cells further contributing to
exhaustion (Dittmer et al. 2004; Dietze et al. 2011; Waggoner et al. 2012; Schmitz et al.
2013; Norris et al. 2013; Waggoner et al. 2014; Penaloza-MacMaster et al. 2014).

2.3. Reversibility of the exhausted phenotype

The exhausted phenotype of lymphocytes can be partially reversed. This was first
shown in the LCMV model, where the blockade of the PD-1/PD-L1 pathway showed a



restoration of impaired effector T cells and a reduction of viral loads (Barber et al.
2006). This observation was quickly extended (1) to important human diseases such as
HIV- and hepatitis C virus (HCV)- infections in vitro (Day et al. 2006; Trautmann et al.
2006; Urbani et al. 2006); (2) in vivo to distinct infection models such as simian
immunodeficiency virus (SIV) in macaques, HCV in chimpanzees and HIV, hepatitis B
virus (HBV) or Plasmodium yoelii in mice (Velu et al. 2009; Shetty et al. 2012; Palmer et
al. 2013; Seung et al. 2013; Fuller et al. 2013; Maier et al. 2007; Butler et al. 2011); and
(3) to clinical trials in the case of HCV infection and several cancers (Yao et al. 2013;
Nguyen & Ohashi 2015). Collectively, these results indicate that the PD-1/PD-L1
pathway plays a major role in exhaustion and represents a promising therapeutic
target.

Restoration of exhausted T cells by the blockade of PD-1/PD-L1 pathway is
heterogeneous. In the LCMV model, it has been reported that exhausted CD8 T cells
with intermediate levels of PD-1 expression can be reinvigorated, whereas CD8 T cells
with high levels of PD-1 cannot (Blackburn et al. 2008). This heterogeneity can be
partly explained by the expression of multiple co-inhibitory receptors. Several studies
showed that the simultaneous blockade of multiple co-inhibitory receptors increases
considerably the restoration of impaired effector responses. Some of these
combinations are PD-1 and Lag3, PD-1 and CTLA4, PD-1 and Tim 3 or PD-1 and 2B4.
(Blackburn et al. 2009; Nakamoto et al. 2009; Kaufmann et al. 2007; Jin et al. 2010;
Yamamoto et al. 2011).

2.4. Introduction to the PD-1/PD-L1 pathway and T cell dysfunction

2.4.1. PD-1 and PD-Ls expression

Programmed cell death-1 (PD-1, CD279) (Ishida et al. 1992) is an inhibitory receptor of
the B7:28 family that regulates the threshold of immune responses. It has a role in
peripheral tolerance and autoimmunity (Nishimura et al. 1999; Nishimura et al. 2001;
Keir et al. 2006), as well as in cancer and infectious diseases, where it regulates the
balance between effector immune responses and tissue damage (lwai et al. 2002;
Barber et al. 2006; Okazaki et al. 2013; Pauken & Wherry 2015). PD-1 is expressed on
activated T cells, B cells, natural killer cells and natural killer T cells, as well as on
monocytes, macrophages and dendritic cells (Agata et al. 1996; Nishimura et al. 1996;
Yamazaki et al. 2002; Keir et al. 2006; Moll et al. 2009; Keir et al. 2008). PD-1 binds to
two ligands: PD-L1 (B7-H1 or CD274) (Dong et al. 1999; Freeman et al. 2000) and PD-L2
(B7-DC or CD273) (Latchman et al. 2001). Both PD-L1 and PD-L2 interact with
additional receptors: PD-L1 with CD80 (B7-1) (Butte et al. 2007), which in turn interacts
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with CD28 and CTLA4; and PD-L2 with RGMb (repulsive guidance molecule family
member b) (Xiao et al. 2014).

The PD-1 ligands have distinct patterns of expression. PD-L1 is constitutively expressed
on T cells, B cells, DC and macrophages and it is upregulated upon activation. It is also
expressed on a wide range of non-haematopoietic cells such as endothelial, epithelial
or muscle cells, hepatocytes, and astrocytes in the brain, as well as in immunologically
privileged sites, such as placenta and eyes (reviewed in Sharpe et al. 2007). PD-L1 is
also highly expressed on tumour cells and virus-infected cells. PD-L1 can be
upregulated in response to several stimuli such as IFNy, IL-2, IL-7, IL-15, IL-21, type |
IFNs and hypoxia (Eppihimer et al. 2002; Schreiner et al. 2004; Kinter et al. 2008;
Noman et al. 2014). PD-L2 has a more restricted expression than PD-L1. PD-L2 is
expressed on some B cell subsets and it can be inducibly expressed in DC, monocytes
and macrophages. PD-L2 can be upregulated in response to several stimuli such as
IFNa, IFNB, IFNy, IL-13, IL-4 and granuolcyte macrophage colony-stimulating factor
(GM-CSF) (Liang et al. 2003; Yamazaki et al. 2002; Loke & Allison 2003; Zhong et al.
2007; Keir et al. 2008). Thus the expression of PD-1 ligands is broad and very sensitive
to the context varying in response to inflammation.

2.4.2. PD-1 regulation

Recent reports identified mechanisms controlling PD-1 expression involving NFAT,
FOXO01, T-bet, Blimp-1 and Eomes. Following TCR engagement, NFAT translocates to
the nucleus and induces PD-1 expression (Oestreich et al. 2008). Moreover, TCR
engagement promotes demethylation of the PD-1 promoter Pdcd1, contributing to its
overexpression. When antigen stimulation is prolonged, Pdcd1 promoter fails to be
remethylated even when levels of antigen decrease (Youngblood et al. 2011).
Additionally, TCR engagement dowregulates the expression of T-bet, which is a
negative regulator of PD-1 (Kao et al. 2011). It has also been described that activation
of AKT and mTOR are impaired during exhaustion and this impairment results in
increased activity of FoxOl that promotes PD-1 activation (Staron et al. 2014).
Furthermore, other transcription factors like Blimp-1 and Eomes are also associated
with high PD-1 expression (Shin et al. 2009; Paley et al. 2012). Blimp-1 has been
described to regulate PD-1 through epigenetic mechanisms while the mechanism of
PD-1 regulation by Eomes remains to be determined (Pauken & Wherry 2015).

2.4.3. PD-1 signalling and mechanisms of inhibition

PD-1 is a protein composed of an N-terminal immunoglobulin domain, a
transmembrane domain and a C-terminal intracellular domain containing both an ITIM
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(immunoreceptor tyrosine-based inhibitory motif) and an ITSM (immunoreceptor
tyrosine-based switch motif). PD-1 exists as a monomer on the surface and it functions
by dampening TCR signalling, which can be rescued by CD28 co-stimulation and IL-2
(Freeman et al. 2000; Carter et al. 2002). PD-1 inhibits TCR signalling mainly by
recruiting phosphatases (SHP-2 and to a lesser extent SHP-1). This prevents LCK-
mediated phosphorylation and activation of Zap70 in T cells (Chemnitz et al. 2004;
Yokosuka et al. 2012; Sheppard et al. 2004).

Other mechanisms for PD-1-mediated inhibition have been described. First, PD-1
impacts survival, proliferation and metabolism through the PI3K/AKT/mTOR pathway
and the Ras pathway (Staron et al. 2014; Parry et al. 2005; Patsoukis et al. 2012). PD-1
also represses effector genes by inducing the expression of BATF (Quigley et al. 2010)
and it also mediates motility paralysis in T cell-antigen presenting cell (APC)
interactions (Fife et al. 2009; Zinselmeyer et al. 2013). Finally, the binding of PD-1 to
PD-L1 can induce reverse signalling of inhibitory nature on the PD-L1-expressing cells
(Hirano et al. 2005; Kuipers et al. 2006; Azuma et al. 2008).

2.5. PD-1/PD-L1 pathway in HIV infection
2.5.1. PD-1/PD-L1 in HIV-specific CD4- and CD8- T cells

In HIV infection, PD-1 is upregulated on HIV-specific CD4- and CD8- T cells, as well as
on total CD4- and CD8- T cells. Both the level of PD-1 expression and the percentage of
PD-1-expressing cells correlate with parameters of disease progression: negatively
with CD4 T cell counts and positively with viral load (Day et al. 2006; Trautmann et al.
2006; Souza et al. 2007). Consistently, the percentage of PD-1-expressing cells is lower
in long-term non-progressors than in typical progressors (Zhang et al. 2007) and
control of viremia by ART reduces its expression (Day et al. 2006; Trautmann et al.
2006; Souza et al. 2007). PD-1 expression is also reduced on CTL specific for epitopes
that have undergone mutational escape (Streeck et al. 2008). Altogether this indicates
that antigen-specific TCR stimulation is determinant for PD-1 expression. Nevertheless,
other mechanisms also contribute to up-regulation of PD-1, including HIV proteins
(Muthumani et al. 2008) and inflammatory cytokines (Keir et al. 2008; Kinter et al.
2008).

PD-1 expression is associated with an impaired proliferative capacity and cytokine
production in HIV-specific T cells (Day et al. 2006; Trautmann et al. 2006). In addition,
PD-1 expression is associated with a higher susceptibility to apoptosis (Petrovas et al.
2006) and a low telomerase activity (Lichterfeld et al. 2008). The relief of PD-1
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inhibition by ex vivo blockade of PD-L1 results in increased effector function; including
increased proliferation, IFNy, TNFa, granzyme B and lymphotoxin A production in CD8
T cells (Day et al. 2006; Trautmann et al. 2006; Zhang et al. 2007); as well as increased
proliferation, IFNy, IL-2, IL13 and IL-21 production in CD4 T cells from HIV-infected
individuals (Souza et al. 2007; Porichis et al. 2011). Collectively these data indicate that
the level of PD-1 expression and the percentage of PD-1-expressing cells are related
with the degree of T cell exhaustion in HIV infection.

As PD-1, PD-L1 is also significantly upregulated in several cell subsets in HIV infection.
These include DC, macrophages, B cells, T cells and neutrophils (Trabattoni et al. 2003;
Rosignoli et al. 2007; Sachdeva et al. 2010; Bowers et al. 2014). Some reports show
that PD-L1 expression correlates positively with viral load and negatively with CD4 T
cell counts (Trabattoni et al. 2003). Likewise, a reduction in PD-L1 expression in some
cell subsets from individuals under ART has been reported (Trabattoni et al. 2003;
Bowers et al. 2014). However, whether there are differences in PD-L1 expression on
PBMC among different groups of HIV-infected individuals is controversial. PD-L1 is
upregulated upon in vitro HIV exposure or infection in monocytes, DC, CCR5+ T cells
and neutrophils (Meier et al. 2008; Boasso et al. 2008; Rodriguez-Garcia et al. 2011;
Planés et al. 2014; Bowers et al. 2014). Several of these reports (Boasso et al. 2008;
Rodriguez-Garcia et al. 2011; Bowers et al. 2014) did not find differences in PD-L1
upregulation when using competent or inactivated virus, which suggests that HIV
exposure is sufficient for PD-L1 upregulation. Distinct mechanisms for this
upregulation have been identified, including signalling through TLR7/8 (Meier et al.
2008), IFNy-dependent mechanisms (Boasso et al. 2008) and a direct effect of the HIV-
Tat protein (Planés et al. 2014). In addition, IFNa and LPS, which are associated with
immune activation in HIV infection, can also induce PD-L1 (Boasso et al. 2008; Bowers
et al. 2014). Taken together, these data suggest that during HIV infection both the
virus itself and the pro-inflammatory milieu induce PD-L1 in several cell subsets and
further contribute to the suppression of PD-1-expressing T cells.

2.5.2. PD-1/PD-L1 in HIV infection: Beyond effector T cells

Besides HIV-specific T cells, the PD-1/PD-L1 pathway might also play a role in other cell
subsets during HIV infection. B cells from HIV-infected individuals express a higher
percentage of PD-1 compared with healthy controls, which has been linked to an
exhausted B cell phenotype (Nicholas et al. 2013; Kardava et al. 2011). In SIV-infected
macaques, PD-1 blockade enhances humoral immune responses and promotes B cell
survival by decreasing Fas-mediated apoptosis (Velu et al. 2015). In addition, Cubas
and co-authors showed that PD-1 engagement on T follicular helper cells (Tfh) causes
B cell impairment in HIV infection (Cubas et al. 2013). PD-1 trigger on Tfh cells reduced
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Tfh activation, proliferation and IL21 production (needed for B cell survival,
proliferation and plasma cell differentiation). As a consequence, Tfh cells failed to
produce the adequate help to germinal center B cells. In addition, this study showed
that in vitro PD-L1 blockade enhances HIV-specific immunoglobulin production,
suggesting that PD-L1 blockade may enhance HIV-specific humoral immune responses
(Cubas et al. 2013; Phetsouphanh et al. 2015).

As for conventional CD4 T cells, the percentage of PD-1-expressing regulatory T cells
(Treg cells) is also high in HIV-infected individuals compared with healthy control
individuals (Lim et al. 2009; Rueda et al. 2013; Cho et al. 2014). In individuals under
successful ART, the percentage of PD-1-expressing CD4+CD127loFOXP3+ Treg cells
decreases (Lim et al. 2009; Rueda et al. 2013). However, the percentage of PD-1+ Treg
cells remains high in individuals that do not recover CD4 T cell counts after ART (Rueda
et al. 2013). In mucosal samples, the percentage of PD-1-expressing Treg cells was
even higher compared with peripheral blood, and was not normalized under ART
(Rueda et al. 2013). These data suggest that PD-1/PD-L1 could have a role in Treg cells
from HIV-infected individuals.

2.6. PD-1/PD-L1 pathway in regulatory T cells

Regulatory T cells (Treg cells) express both PD-1 and PD-L1 (Keir et al. 2008). Several
roles of the PD-1/PD-L1 pathway have been described for this cell subset. First, the PD-
1/PD-L1 pathway is essential in the induction of Treg cells in the periphery. The PD-L1
expressed in several cell types (i.e. antigen presenting cells, endothelial cells or tumor
cells) promotes differentiation of PD-1+ CD4 T cells to Treg cells (Aramaki et al. 2004;
Krupnick et al. 2005; Wang et al. 2008; Francisco et al. 2009; Amarnath et al. 2011;
Periasamy et al. 2011; Trinath et al. 2012). Second, the PD-1/PD-L1 pathway plays a
role in Treg cell proliferative capacity. Similarly to its role in conventional CD4 T cells,
PD-1 has been described as a negative regulator of Treg cell proliferation. This
regulation is mediated through the interference with STAT 5 phosphorylation
(Franceschini et al. 2009). Third, it has been described that, as for conventional CD4 T
cells (Fife et al. 2009; Honda et al. 2014; Zinselmeyer et al. 2013), PD-L1 mediates
motility paralysis in Treg cells (Dilek et al. 2013). Finally, the PD-1/PD-L1 pathway
seems to play a role in Treg cell suppressive capacity, although this relationship
remains controversial. Some authors reported that engagement of PD-1 on Treg cells
maintains FOXP3 expression and increases the suppressive capacity of Treg cells
(Francisco et al. 2009; Zhou et al. 2010). In line with these data, PD-1 signalling
maintains functional Treg cells and prolongs their survival (Wong et al. 2013).
However, other authors reported that PD-1 trigger decreases Treg cell suppressive
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capacity (Franceschini et al. 2009). In addition, it has been shown that Treg cells can
inhibit its targets when (1) PD-L1 from the Treg cell binds to PD-1 from the target cell
(Gotot et al. 2012) and when (2) PD-1 from the Treg cell binds to PD-L1 from the target
cell (Park et al. 2015).

When PD-1/PD-L1 pathway is blocked by PD-L1 antibodies, opposite effects on Treg
cells have been observed. Some authors show that PD-L1 blockade reduces the
numbers and the suppressive capacity of Treg cells in different mouse models of
cancer (Wang et al. 2008; Ni et al. 2011; Zhou et al. 2010; Curran et al. 2010).
However, other authors show that in vitro PD-L1 blockade increases the proliferation
and the suppressive capacity of Treg cells from HCV-infected individuals (Franceschini
et al. 2009). Likewise, in vivo PD-L1 blockade increased Treg cell numbers in the friend
virus mouse model (Joedicke et al. 2014). Whether these contradictory data result
from differences in PD-1/PD-L1 role in Treg cells from cancers and infectious diseases it
is not known. Nonetheless, these findings suggest that Treg cells may be influenced in
either way by PD-1/PD-L1 blockade immunotherapy.

3. Regulatory T cells

Regulatory T cells (Treg cells) are a suppressive T cell subset mediating self-tolerance
and immune homeostasis. They play a crucial role in human diseases such as
autoimmunity, allergy, cancer and infection (reviewed in Sakaguchi et al. 2008;
Oleinika et al. 2013; Belkaid & Tarbell 2009). Treg cells can originate from the thymus
(tTreg, former natural Treg) or be induced in the periphery from conventional T cells
under certain conditions (pTreg, former induced Treg) (reviewed in Dhamne et al.
2013). Treg cells were first identified as CD4+ T cells with constitutive high CD25
expression and with the capacity to prevent autoimmunity upon thymectomy of mice
(Sakaguchi 1982; Sakaguchi 1985; Sakaguchi et al. 1995; Powrie 1990; Smith et al.
1991; Morrissey et al. 1993; Suri-Payer et al. 1998). Subsequently, FOXP3 (Forkhead
box P3 or scurfin) was identified as a master regulator for Treg cell development and
function (Fontenot et al. 2003; Hori et al. 2003; Khattri et al. 2003). FOXP3 deficiency
was shown to cause lymphocyte proliferation and multiorgan autoimmunity in mice
and the IPEX syndrome (immunodysregulation polyendocrinopathy and enteropathy X-
linked) in human patients. Altogether, these discoveries confirmed the existence of an
independent lineage of T cells with suppressive capacity (reviewed in Wing &
Sakaguchi 2010; Benoist & Mathis 2012)
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3.1. Treg cell diversity and phenotype

In recent years, it has been widely recognized that Treg cells are very heterogeneous.
In addition to classical CD4+CD25hiFOXP3+ Treg cells, other subsets have been
defined. These include, for instance, FOXP3+CD8 regulatory T cells and even non-
FOXP3 regulatory T cells with suppressive activity (Trl and Th3 cells). Treg cells
comprise a wide range of cells with different antigen-specificities, origins, tissue-
tropisms and specialized functions (reviewed in Gratz & Campbell 2014). In addition to
their diversity, Treg cells show plasticity allowing them to adapt to the local
microenvironment (reviewed in Sakaguchi et al. 2013). These, together with the lack of
consensus markers, highlight the complexity in the characterization and study of Treg
cells (reviewed in Dhamne et al. 2013; Morikawa & Sakaguchi 2014).

3.1.1. Backbone markers of Treg cells

Common markers to identify Treg cells are: CD4, high expression of CD25 (IL-2
receptor), low expression of CD127 (IL-7 receptor) and intracellular FOXP3. FOXP3 can
not be used for sorting Treg cells for functional assays. For this reason, the use of
CD127 has supposed a major advantage as it negatively correlates with FOXP3 (Seddiki
et al. 2006; Liu et al. 2006). However, none of these four markers are exclusively
expressed by Treg cells. Conventional non-Treg CD4 T cells can, upon activation,
upregulate CD25 and FOXP3, and downregulate CD127. As a result of this limitation,
several alternative markers to identify bona fide Treg cells have been investigated. The
use of CD45RA in combination with FOXP3 (or alternatively CD25 for sorting
experiments) has proven helpful. This strategy allows the exclusion of activated
FOXP3+ T cells without suppressive capacity (CD4+CD25+CD45RA-FOXP3lo) that might
be included when using the classical Treg cell gating (CD4+CD25hiCD127l0FOXP3+)
(Simonetta & Bourgeois 2013). Additionally, the use of CD45RA allows, as with
conventional CD4 T cells, to differentiate resting and effector Treg cells (Miyara et al.
2009) (Figure 14):

- Resting Treg cells (rTreg cells) (or naive or central) are identified as CD4+CD45RA+
FOXP3lo. These rTreg cells are considered the major population of circulating Treg cells
and they have mainly thymic origin. rTreg cells express CCR7 and high CD62L, which
direct their recirculation through lymphoid tissues. Even though they express CD45RA,
these rTreg cells cannot be considered strictly naive (Brod et al. 1989; Sakaguchi et al.
2010), as they exert suppressive capacity at baseline and show a history of antigen
exposure. Upon activation, rTreg cells can proliferate and convert to effector Treg
cells.
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- Effector Treg cells (eTreg cells) (or activated) are identified as CD4+CD45RA-FOXP3hi
(together with low CCR7 and CD62L). It is unclear whether effector Treg cells might
comprise a mixture of Treg cells with thymic and peripheral origin, and whether they
are terminally differentiated or they are capable of returning into the resting state
(Sakaguchi et al. 2010; Liston & Gray 2014). Effector Treg cells are highly proliferative
and suppressive, and susceptible to apoptosis (Miyara et al. 2014). As helper CD4 T
cells, effector Treg cells can also differentiate into different subsets that colocalize and
regulate Th1, Th2, Th17, Th22 and Tfh respectively (Duhen et al. 2012; Cretney et al.
2013).
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Figure 14. Treg cell differentation. Treg cells can be differentiated in 2 subpopulation by the expression
of CD45RA and FOXP3: naive or resting Treg cells and effector or activated Treg cells. Dashed line
indicates unknown differentiation pathway. tTreg: thymic Treg cell, pTreg: peripheral Treg cell. hi: high;
int: intermediate; lo: low. Modified from Miyara et al. 2013 and Servier Medical Art.

3.2. Mechanisms of Treg cell-mediated suppression

Treg cells suppress effector cells through different mechanisms. These mechanisms
include: metabolic disruption, modulation of antigen presentation, cytokine
production, cytolysis and apoptosis. Altogether these different mechanisms support
the idea that Treg cells can suppress in an antigen-specific and a bystander manner
(Figure 15). These non-redundant mechanisms of suppression probably occur in
different Treg cell subsets and at different times and locations (reviewed in Vignali et
al. 2008; Wing & Sakaguchi 2012; Schmidt et al. 2012).
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Treg cell-mediated suppression by metabolic disruption includes IL-2 deprivation. This
has been considered one of the core mechanisms in Treg cell-mediated suppression.
Treg cells cannot produce IL-2 and present high expression of IL-2 receptors (CD25).
For this reason, Treg cells act as IL-2 sinks, depriving effector T cells from the IL-2 that
they require for T cell growth and survival (de la Rosa et al. 2004). In addition,
metabolic disruption can be mediated by CD39 and CD73 expressed on the surface of
Treg cells. CD39 together with CD73, generate adenosine by breakdown of ATP
(Deaglio et al. 2007; Borsellino et al. 2007; Kobie et al. 2006). The resulting adenosine
promotes the generation of more Treg cells and inhibits proliferation and IFNy/IL-2
production in effector T cells (Zarek et al. 2008; Ohta & Sitkovsky 2014). These effects
are mediated through adenosine receptor A2AR and increased cAMP. Additionally, this
cAMP can also be directly transferred through gap junctions from Treg cells to effector
T cells (Bopp et al. 2007).
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Figure I5. Treg cell-mediated suppression. Treg cells suppress effector cells through different
mechanisms. These include metabolic disruption, modulation of antigen presentation, cytokine
production, cytolysis and apoptosis. Modified from Vignali et al. 2008 and Servier Medical Art

Treg cell suppression can also be mediated through the modulation of antigen
presentation. One mechanism by which Treg cells can modulate antigen presentation
is through the surface receptor CTLA4. CTLA4 dampens the capacity of DC to activate T
cells because CTLA4 competes with CD28 for CD80/86 in DC and can also engulf
CD80/86 from DC (Wing et al. 2008; Qureshi et al. 2011). Additionally, CTLA4 can

18



induce IDO expression in DC (Indoleamine 2,3-dioxygenase) (Grohmann et al. 2002;
Fallarino et al. 2003). IDO catabolizes tryptophan to kynurenine leading to effector T
cell suppression and Treg cell generation (Opitz et al. 2011; Mezrich et al. 2010). Treg
cells can also modulate antigen presentation by Lag 3, which blocks DC maturation
(Liang et al. 2008), or by neurophilin, which promotes prolonged Treg/DC interactions
(Sarris et al. 2008).

In addition to the metabolic disruption and the modulation of DC, other mechanisms
of Treg cell suppression include (1) secretion of immunosuppressive cytokines such as
IL-10, TGFB and IL-35 that can either inhibit effector T cells or DC (Asseman et al. 1999;
Nakamura et al. 2001; Collison et al. 2007), (2) cytolysis of effector cells through
granzyme A and B (Gondek et al. 2005; Zhao et al. 2006), and (3) apoptosis of effector
cells through the TRAIL-DR5 pathway and galectin-1 (Ren et al. 2007; Garin et al.
2007).

3.3. Treg cells in HIV infection
3.3.1. Treg susceptibility to HIV infection

HIV can infect Treg cells (Oswald-Richter et al. 2004), but ex vivo analysis showed that
circulating Treg cells are not preferentially infected compared with effector T cells
(Moreno-Fernandez et al. 2009). Interestingly, in vitro studies showed that rTreg
express CXCR4 and are more susceptible to X4-HIV strains. On the contrary, eTreg
express more CCR5 and are more susceptible to R5-HIV strains (Antons et al. 2008;
Arruvito et al. 2012). Hence, regulatory T cells contribute to maintain the latent HIV
reservoir and viral replication. However, FOXP3 is associated with downregulation of
HIV transcription and, therefore, HIV replication in this subset of cells might be
attenuated (Grant et al. 2006; Selliah et al. 2008; Chevalier & Weiss 2013).

Whether Treg cells preserve their function during HIV infection is unclear. While
several studies showed that Treg cells retain their suppressive capacity (Angin et al.
2012; Phetsouphanh et al. 2015), others reported that Treg cells are impaired during
HIV infection (Tsunemi et al. 2005; Kared et al. 2008; Seddiki et al. 2009; Mendez-
Lagares et al. 2012). In vitro infection of Treg cells from healthy controls with X4-HIV
strains (but not R5-HIV strains) downregulates FOXP3, which is followed by loss of their
suppressive capacity (Pion et al. 2013). Recently, similar experiments have reported
that also R5-HIV infection impairs the Treg cell suppressive function by dowregulating
genes related with Treg cell function (Angin et al. 2014). Although in vitro infection of
Treg cells impacts its suppressive function, the authors suggested that this impairment
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is unlikely to have an effect at Treg population level, considering the low percentage of
infected Treg cells in HIV-infected individuals (<0.7% of Treg cells in peripheral blood).
Nevertheless, HIV infection might provoke Treg cell impairment in other tissues were
viral burden is enhanced.

3.3.2. Treg cell dynamics in HIV infection

During HIV infection, Treg cell numbers are reduced. However, Treg cells are
preferentially preserved compared with conventional CD4 T cells both in blood and
gut mucosa (reviewed in Moreno-Fernandez et al. 2012; Simonetta & Bourgeois 2013;
Chevalier & Weiss 2013). In the primary phase of HIV infection, a decrease in Treg cell
counts and percentages has been described (Kared et al. 2008; Simonetta et al. 2012).
In the chronic phase, Treg cell counts progressively decrease in parallel to total CD4
counts, whereas Treg cell percentatges increase (Bi et al. 2009; Angin et al. 2012;
Simonetta et al. 2012). In line with these observations Treg cell counts and
percentages recover in patients under ART (Lim et al. 2007; Montes et al. 2011).
Moreover, most studies report that the percentage of Treg cells correlates negatively
with CD4 counts and positively with plasma viral load (reviewed in Chevalier & Weiss
2013; Simonetta & Bourgeois 2013). Likewise, studies of the gut mucosa showed a
decrease in Treg cell counts but preferential preservation of Treg cells in comparision
to Th17 (Favre et al. 2009; Falivene et al. 2015).

In spite of these general dynamics of Treg cells, different dynamics of rTreg and eTreg
cell subsets have been reported. rTreg cell counts are significantly reduced in primary
HIV-infected individuals compared with healthy control individuals. During HIV
progression, the rTreg cell subset is recovered and preserved (no differences have
been observed when comparing chronic viremic and aviremic HIV-infected individuals).
Contrarily, eTreg cell counts decrease during primary infection and do not recover
during HIV progression, not even under ART (Simonetta et al. 2012; Simonetta &
Bourgeois 2013; Zhou et al. 2013). Regarding the percentage of these subsets during
HIV infection, there is an increased proportion of eTreg compared with rTreg cells
(Zhou et al. 2013). In addition, evaluation of CD31 indicates impaired thymic output
and increased generation of eTreg from rTreg cells. Analysis of Ki67 (marker of
proliferation) indicates hyper-proliferation in both subsets in HIV-infected individuals
compared with healthy control individuals (Zhou et al. 2013). In fact, during HIV
infection, Ki67+ total Treg cell percentages correlate negatively with CD4 T cell counts
and positively with viral loads (Bi et al. 2009; Xing et al. 2010).

20



3.3.3. Mechanisms for preferential accumulation of Treg cells

Two mechanisms have been proposed to explain the increased Treg cell frequency in
comparison to conventional CD4 T cells: 1) increased production and 2) increased
survival of Treg cells. It has been reported that during HIV there is increased
production of Treg cell in the thymus (Kolte et al. 2009; Kolte 2013) as well as the
periphery. In the periphery Treg cells increase by different mechanisms. First, Treg
cells increase due to immune activation (Chevalier & Weiss 2013). Second, the virus
itself through HIV-gp120 interaction can activate Treg cells and promote their survival
(Becker et al. 2009; Nilsson et al. 2006; Ji & Cloyd 2009). Third, HIV-exposed DC induce
Treg cells through IDO production (Manches et al. 2008; Chen et al. 2008). In addition,
it has been reported that Treg cells are relatively more resistant to cell death induced
by activation, in comparison to conventional CD4 T cells (Fritzsching et al. 2005).

3.3.4. Dual role of Treg cells in HIV infection

During HIV infection, Treg cells act as a double edge sword, having both beneficial and
detrimental roles (Figure 16). Some authors have hypothesized that the role of Treg
cells might be predominantly beneficial during acute HIV infection and predominantly
detrimental during chronic HIV infection (Moreno-Fernandez et al. 2012). However,
increasing evidence points at a high diversity in Treg cell function. This could explain
different roles of Treg cells at different times and locations during HIV infection
(Simonetta & Bourgeois 2013).

Treg cells are associated with the control of excessive immune activation (Eggena et
al. 2005), which limits tissue damage and bystander cell death. Moreover, this control
reduces the availability of HIV targets (as virus predominantly infects activated CD4 T
cells), preventing further virus production (Kared et al. 2008; Petitjean et al. 2012;
Moreno-Fernandez et al. 2012). Treg cells can also reduce HIV dissemination by
limiting the frequency and quality of DC:T cell interactions (Moreno-Fernandez et al.
2014) and by reducing virus replication in macrophages (Liu et al. 2009). Therefore,
Treg cells might have a beneficial role during acute infection by influencing the viral set
point (Kared et al. 2008). In addition, a recent report suggests that Trl (IL-10 producing
Treg cells) might have a beneficial role in early HIV infection. In contrast to
conventional Treg cells, Trl inversely correlated with immune activation but they were
not associated with lower effector responses (Chevalier et al. 2015). However, the role
of Treg cells in control of immune activation remains a matter of debate. Several
studies indicate that an increased proportion of Treg cells in relation to Th17 cells in
the gut is associated with a loss of epithelial integrity leading to microbial translocation
and immune activation (Favre et al. 2009; Klatt et al. 2013; Falivene et al. 2015).
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Figure 16. Beneficial and detrimental roles of Treg cells during HIV infection. On one hand Treg cells
control immune activation and limit viral replication. On the other hand Treg cells reduce HIV-specific T
cell immune responses and destroy lymphatic tissue architecture contributing to T cell dysfunction.
Adapted from Moreno-Fernandez et al. 2012 and Servier Medical Art.

Treg cells are associated with a negative impact on HIV-specific T cells, which is
supported by several in vitro studies (Kinter et al. 2004; Aandahl et al. 2004; Weiss et
al. 2004; Nilsson et al. 2006). Treg cells can reduce CD4- and CD8- HIV-specific immune
responses by direct or indirect mechanisms, such as direct CD39/CD73 inhibition,
alteration of antigen presentation, induction of IL-10 production by monocytes or IDO
induction on DC (Schulze zur Wiesch et al. 2011; Nikolova et al. 2011; Kwon et al. 2012;
Manches et al. 2008). Moreover, a recent study reported that after a DC-based HIV
vaccine, a reduction in HIV-specific-Treg cells in comparison to HIV-specific-effector T
cells correlates with low viral replication following treatment interruption (Brezar et al.
2015). It has also been reported that CD8 T cells restricted by protective alleles
(HLAB27 and HLAB57) evade Treg cell suppression (Elahi et al. 2011). These reports
support that Treg cell play a relevant role in the impairment of protective HIV effector
T cell responses (Moreno-Fernandez et al. 2012). In addition, it has been reported in
SIV-infected macaques (non-human primate model for HIV) that Treg cells secrete
TGFB that destroys the lymphatic tissue architecture and prevents CD4 T cell
reconstitution (Estes et al. 2007). Altogether these indicate that Treg cells promote
immune exhaustion and viral persistence (Penaloza-MacMaster et al. 2014;
Phetsouphanh et al. 2015)
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4. Towards an HIV cure

Current antiretroviral therapy (ART) has shown success in controlling HIV infection,
dramatically reducing both AIDS and non-AlIDS-related deaths, and increasing life
expectancy of HIV-infected individuals (Mylvaganam et al. 2015; Walensky et al. 2006;
Bertozzi et al. 2005). ART profoundly represses virus replication maintaining plasma
viremia below the limit of detection by current clinical assays. But it fails to eradicate
the virus from the reservoir of long-lived infected cells, resulting in re-emergence of
viremia when ART is interrupted. For this reason, current ART must be life-long (Finzi
et al. 1997; Finzi et al. 1999). Moreover, although ART recovers CD4 T cells counts and
reduces T cell activation, it fails to restore immune responses, especially in individuals
that initiate therapy in a late stage of HIV infection (Corbeau & Reynes 2011;
Mylvaganam et al. 2015). For these reasons, there is a need of new therapeutic
approaches that could complement current ART in order to reach an HIV cure.

Two potential strategies to cure HIV have been described: a sterilizing cure and a
functional cure. The sterilizing cure involves the total permanent elimination of the
virus in absence of ART. There is just a single example of a sterilizing cure, referred as
the Berlin patient. He became cured after a bone marrow transplant from a donor who
lacked CCR5 expression (a coreceptor needed for HIV infection). Thus, repopulated
CD4 T cells were resistant to HIV infection. The Berlin patient provided a proof-of-
concept that HIV eradication might be possible. However, the use of this procedure
cannot be generalized because it is excessively complex and it constitutes health risks
for the patient (Hutter et al. 2009; Yukl et al. 2013; Chun et al. 2015). In view of this, a
more feasible approach for HIV cure is the functional cure. The functional cure
involves the control of viral replication in absence of ART. This approach aims to mirror
the viral control achieved in elite controllers, were the hosts’ HIV-specific immune
response is capable of controlling viral replication. In this regard, a functional cure of
HIV requires reducing the size of HIV reservoirs and enhancing HIV-specific immune
responses (Chun et al. 2015).

4.1. Reducing HIV reservoirs

The HIV viral reservoir consists of a pool of infected cells that are not eliminated by
ART or antiviral immune responses. This HIV reservoir includes both latent HIV-
infected cells and other yet to be defined sources of persistent virus (Archin et al.
2014). The main known latent HIV reservoirs are resting CD4 T cells. Other cell
populations might contribute, such as haematopoietic stem cells, macrophages,
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dendritic cells, y6 T cells, astrocytes or microglia (Massanella et al. 2013; Archin et al.
2014). The establishment of a latent reservoir in resting CD4 T cells mainly occurs
when highly susceptible activated CD4 T cells get infected and then reverse to the
resting memory state (Siliciano et al. 2003). However, resting CD4 T cells can also be
directly infected. In these long-lived cell subsets, HIV provirus can remain integrated
within the host-cell DNA, transcriptionally silent and hidden from the immune system.
Under certain circumstances, reactivation occurs and virus is produced (Finzi et al.
1999; Archin et al. 2014; Dahabieh et al. 2015)

HIV reservoirs can be maintained by T cell survival, low-antigen driven proliferation
and homeostatic proliferation (Chomont et al. 2009; Margolis & Bushman 2014). In
addition, residual viral replication might be responsible for the continuous
replenishment of the latent reservoir. This residual replication might occur under ART
because of a suboptimal penetration of antiretroviral drugs to different anatomical
locations, such as the gut mucosa or the central nervous system (Massanella et al.
2013; Chun et al. 2015).

Irrespective of the mechanisms involved in the establishment and maintenance of
these HIV reservoirs, it has been shown that HIV reservoirs are established within days
of infection and are not altered by current antiretroviral therapy (Chun et al. 1997;
Finzi et al. 1997; Chun et al. 1998; Whitney et al. 2014; Archin et al. 2014). They
represent the main obstacle for HIV eradication. To reduce HIV reservoirs, several
approaches have been proposed, such as early initiation of ART, optimization and
intensification of ART, therapeutic vaccines, the use of latency-reversing agents and
immune-based therapies, which include administration of neutralizing HIV antibodies,
cytokines or inhibitors of immune check-points such as PD-1 (Massanella et al. 2013;
Chun et al. 2015).

4.2. Reversing exhaustion

It has been hypothesized that if the latent HIV reservoir is small enough, HIV-specific
immune responses might be able to control viral replication without ART (Archin et al.
2014). However, due to antigen persistence, HIV-specific T cells are depleted or
dysfunctional, they appear exhausted. Thus, an effective HIV cure is likely to require
approaches that restore exhausted HIV-specific immune responses.

The most promising of such approaches is the blockade of PD-1/PD-L1 pathway. The

blockade of the PD-1/PD-L1 pathway reverses the exhausted phenotype of T cells from
HIV-infected individuals in vitro (Day et al. 2006; Trautmann et al. 2006; Souza et al.
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2007; Porichis et al. 2011). In vivo experiments in HIV-infected humanized mice
showed that the blockade of the PD-L1/PD-1 pathway can restore HIV-specific T cell
responses and significantly reduce HIV replication (Palmer et al. 2013; Seung et al.
2013). In addition, experiments with SIV-infected macaques showed, upon PD-1
blockade: enhancement of both cellular and humoral SIV-specific immune responses,
reduced viremia, reduced AIDS-related symptoms and prolonged survival (Velu et al.
2009; Titanji et al. 2010). A follow up report, showed reduced immune activation and
plasma LPS levels, suggesting that upon PD-1 blockade there is an enhancement of gut
immunity leading to a reduction in microbial translocation (Shetty et al. 2012). In
addition, recent studies in the SIV model, showed that PD-1 blockade in combination
with ART delays viral rebound after the cessation of ART (Amancha et al. 2013; Vargas-
Inchaustegui et al. 2013; McGary et al. 2014). These studies suggest that the delayed
viral rebound results from the restoration of exhausted antiviral responses. Although
full suppression of virus production was not reported in any of these studies,
altogether these studies support the blockade of the PD-1/PD-L1 pathway to enhance
antiviral responses in new combination therapies that aim to cure HIV (McGary et al.
2014; Archin et al. 2014)

The blockade of PD-1/PD-L1 pathway not only might help to restore exhausted
antiviral effector responses, but also might reduce the latent HIV reservoir. It has been
shown, that within the resting memory CD4 T cell compartment, cells expressing high
PD-1 are an important pool of latently-infected cells (Chomont et al. 2009). Therefore,
the blockade of PD-1/PD-L1 pathway might help decreasing the threshold of TCR
activation making it easier to reactivate the latent virus in this cell subset. In addition,
it has been reported that the blockade of PD-1 can trigger HIV replication and could
reactivate latent virus (DaFonseca et al. 2010; Massanella et al. 2013). Altogether
these studies show a therapeutic potential for PD-1/PD-L1 blockade in HIV infection
that is not exempt of risks. These will be tested in an ongoing phase | clinical trial that
aims to evaluate the safety of an anti-PD-L1 antibody (BMS-936559) in HIV-infected
individuals under ART with undetectable viremia (Archin et al. 2014;
www.clinicaltrials.gov identifier NCT02028403).

The promising role of PD-1/PD-L1 blockade as a therapy component to cure HIV

motivated the research presented in this thesis, where | studied PD-L1 blockade
consequences for Treg cells.
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Blocking the PD-1/PD-L1 pathway has emerged as a potential therapeutic strategy to
restore impaired immune responses in HIV-infected individuals. So far, most reports
have focused on effector cells, and possible effects from PD-L1 blockade on regulatory
T cells have been neglected. Regulatory T cells are key players balancing
immunopathology and antiviral effector responses. Therefore, any alteration on
regulatory T cells may directly influence the balance between immunopathology and
viral control. In light of the upcoming therapeutic trials blocking PD-L1 in HIV-infected
patients, this thesis has 3 objectives:

* To evaluate PD-1 and PD-L1 expression in regulatory T cells from HIV-infected
individuals.

* To explore the consequences of ex vivo PD-L1 blockade on regulatory T cells
from HIV-infected individuals.

* To generate hypotheses on patient selection criteria for PD-L1 blockade
immunotherapy.
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1. Medias, Buffers and Solutions

Freezing media:
10% dimethyl sulfoxide (DMSO) (Sigma), 90% heat inactivated fetal bovine serum (FBS)
(Sigma).

R10 media:
RPMI-1640 media (Gibco), 10% FBS (Sigma), 1% penicillin/ streptomycin (Gibco)

R10 media for Treg cells suppressive assays:

R10 media supplemented with 50U/mL recombinant human Interleukin-2 (rhlL-2)
(R&D Systems) and 1mM sodium pyruvate (Sigma).

FACS Buffer:
Phosphate-buffered saline (PBS) (Gibco), 5% FBS (Sigma), 0.5% Bovine serum albumin
(BSA) (Sigma), 0.07% sodium azide (Sigma)

FACS Fix Buffer:
Deionized water water, 1% paraformaldehyde (Sigma), 150mM NacCl (Sigma), pH7.4

Microbeads Buffer:
PBS (Gibco), 0,5% BSA (Sigma), 2mM ethylenediaminetetraacetic acid (EDTA) (Sigma),
pH7.2

Fixation/Permeabilization (Fix/Perm) Buffer 1x:

Diluted from Fix/Perm concentrate (4x) (eBioscience) in Fix/Perm diluent (eBioscience)

Permeabilization (Perm) Buffer 1x:

Diluted from Perm concentrate (10x) (eBioscience) in deionized water.

2. Blood samples

2.1. Ethics statement

Ethical committee approval and written informed consent from all subjects, in
accordance with the Declaration of Helsinki, were obtained prior to study initiation.
The study was approved by the institutions’ ethical commitees: CEIC- Parc de Salut
Mar, Barcelona, Spain (Protocol approval number: 2013/5422/1) and Comité étic
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d'investigacid clinica, Hospital Clinic, Barcelona, Spain (Protocol approval number:
2013/8671).

2.2. Human subjects

Blood was obtained from HIV-uninfected volunteers (healthy controls) and HIV-
infected individuals at the Hospital Clinic and the Hospital del Mar, both in Barcelona,
Spain. HIV-infected individuals were categorized into 4 groups: (1) fewer than 500
CD4/uL and more than 2000 RNA copies/mL blood; (2) more than 500 CD4/uL and
more than 2000 RNA copies/mL blood; (3) more than 500 CD4/uL and fewer than 2000
RNA copies/mL; (4) HIV-infected individuals under successful antiretroviral treatment
(cART) for at least 2 years with more than 500 CD4/uL blood and viral loads below the
limit of detection (40 RNA copies/mL). HIV-infected individuals from the cross-
sectional study with the exception of the cART group were naive to antiretroviral
therapy at the time of testing (Table M1 & Table M2).

Table M1. Comparison of demographic characteristics of HIV-infected individuals and healthy controls
used in Figure R1

for PD-1 staining for PD-L1 staining
HIV patients  Healthy Controls p-value HIV patients  Healthy Controls p-value
n=46 n=9 n=23 n=7
age (years) mean + SD 39.43+ 8.65 36.11+12.81 0,339° 37.22+8.92 39.71+ 11.64 0,539°
Sex, male: female 33:13 3:6 0,051 b 21:2 4:3 0,068 b

2 p-values were calculated by Mann-Whitney test

® p-values were calculated by Fisher's exact test

Table M2. Characteristics of HIV-infected individuals

<500CD4/uL  >500CD4/ul  >500 CD4/uL

>2000 VRNA/mL > 2000 vRNA/mL < 2000 vRNA/mL HAART p-value
n=11 n=11 n=10 n=14

age (years) mean + SD 32.55+5.3 42.09 £8.5 39.3+9.6 42.86+7.6 0,037°
Sex, male: female 10:1 7:4 8:2 8:6 0,245°
CD4 count (cells/pL) Median, IQR (25-75%) 267 (150-365) 624 (543-696)" 704 (594-787)" 780 (606-869)" <0.0001*
viral RNA (LOG10 copies/mL) Median, IQR (25-75%) 4.69 (4.32-4.9)* 4.48(3.6-5.1)* 2.3 (1.89-2.48)" 1.57(1.57-1.57)"*  <0.0001°
Hepatitis C, positive: negative 3:8 0:11 0:10 4:10 0,074°
Hepatitis B, positive: negative 01:10 00:11 00:10 01:13 0,584°

? p-values were calculated by Kruskal-Wallis test to compare the 4 HIV study groups

® p-values were calculated by Chi-squared test to compare the 4 HIV study groups

A non significant differences in CD4 count between the indicated groups (Kruskal Wallis test , p-value:0.3371)
+ non significant differences in viral RNA between the indicated groups (Mann Whitney test, p-value: 0.5326)
++ significant differences in viral RNA between the indicated groups (Mann Whitney test, p-value: <0.0001)
IQR: interquartile range

VRNA: viral RNA

34



In addition we studied two subgroups of patients longitudinally. A group of 5
individuals (group A) were followed before starting cART (pre-cART), during cART (on-
cART), upon interruption of cART (off-cART), and after restarting cART (on-cART). A
second group of 7 individuals (group B) were followed before cART (pre-cART) and
after >2 years receiving cART (on-cART) (Table M3).

Table M3. Characteristics of HIV-infected individuals for longitudinal studies

Group A CD4 count viral RNA Group B CD4 count viral RNA
(cells/uL) (copies/mL) (cells/uL) (copies/mL)
Individual 1 pre-cART 1169 1850 Individual 1  pre-cART 550 32061
on-cART 1704 199 on-cART 524 37
off-cART 566 22984 Individual 2 pre-cART 605 4966
on-cART 1119 37 on-cART 1006 37
Individual 2 pre-cART 968 110000 Individual 3 pre-cART 552 33900
on-cART 941 19 on-cART 775 37
off-cART 962 4817 Individual 4  pre-cART 488 265000
on-cART 966 37 on-cART 434 37
Individual 3  pre-cART 809 4347 Individual 5  pre-cART 574 309
on-cART 1100 199 on-cART 1872 199
off-cART 595 89300 Individual 6  pre-cART 968 110000
on-cART 337 37 on-cART 941 19
Individual 4  pre-cART 462 976 Individual 7 pre-cART 1169 1850
on-cART 1331 199 on-cART 1704 199
off-cART 885 100000
on-cART 1744 37
Individual 5 pre-cART 440 7160
on-cART 577 199
off-cART 427 25200
on-cART 956 37

2.3. PBMC isolation

Blood samples were collected on sodium-heparin collection tubes (BD bioscience).
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density
centrifugation within 8 hours of blood collection. Briefly, blood was diluted 1:1 in R10
media and layered over Ficoll solution (Invitrogen) in a 3:1 ratio. Then centrifugation
was performed at 600g for 20 minutes at room temperature without brake. After
centrifugation, PBMC were transferred to a new tube with R10 media and washed
twice. Isolated PBMC were gradually frozen in 10% DMSO 90% FBS using a Mr.Frosty
freezing container (Thermo scientific). For subsequent analysis, PBMC were thawed at
379C and washed twice in warm R10 media. Thawed PBMC rested on an incubator at
37°C 5% CO, for 1-2h hour prior to phenotyping; and 6-7 hours prior to the
performance of functional assays (Figure M1).
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3. Cell staining and Flow cytometry

PBMC were rinsed with PBS and stained with the Live/Dead fixable violet dye
(Vivid)(Invitrogen) for 15 minutes at room temperature to exclude dead cells from the
analysis. Then, PBMC were washed with FACS Buffer and centrifuged. Pelleted cells
were then incubated for 25 minutes, at room temperature, in a total volume of 100 pL
with fluorochrome-labelled monoclonal antibodies against: CD3, CD4, CD8, CD14,
CD19, CD25, CD39, CD45RA, CD56, PD-1, PD-L1 and CTLA4. After surface antibody
staining, cells were washed with FACS Buffer. For intracellular detection of FOXP3,
Helios and Ki67, cells were fixed and permeabilized using the FOXP3 staining kit
(eBioscience) according to manufacturer’s instructions. Briefly, PBMC were incubated
in Fix/Perm Buffer (eBioscience) for 30 minutes. Then, PBMC were washed twice with
Perm Buffer (eBioscience) and centrifuged. Pelleted cells were then incubated 25
minutes, at room temperature, in a total volume of 100uL with fluorochrome-labelled
monoclonal antibodies against: FOXP3, Helios and Ki67. After 25 minutes, cells were
washed twice with Perm Buffer (eBiosciences) and finally resuspended in FACS Fix
buffer.

Stained cells were acquired in a flow cytometer within 2 hours after staining. Prior to
acquisition cells were kept protected from light at 42C. Flow cytometry data were
collected on a LSR Fortessa (BD biosciences) and analysed with Flow Jo software (Tree
Star). At least 200.000
corresponding isotype controls were collected to set PD-1, PD-L1, CTLA4 and Ki-67

lymphocytes were recorded. Panels containing the

gates. Treg cells were identified as a joint population of effector Treg cells
(CD4+CD45RA-FOXP3") (eTreg) and resting Treg cells (CD4+CD45RA+FOXP3") (rTreg)
as previously described (Miyara et al., 2009) (shown in Figure R1A).

Table M4. Flow cytometry panels

PD-1 on Treg cells, CD4- and CD8- T cells:
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Antigen Fluorochrome | Company |Cat.n2 Clone Volume
live/dead Vivid Invitro L34955 dil 1:8000
CD4 PE Cy7 BD 557852 SK4 1.2l
CD8 PE BD 555367 RPA-T8 0.3ulL
CD25 APCH7 BD 560244 M-A251 2.5uL
CD45RA FITC BD 555488 HI1100 5uL
CD279 (PD-1)  |PerCPCy5.5 |BD 561273 EH12.1 4.8ulL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL




PD-1 on Treg cells:

Antigen Fluorochrome | Company |Cat.n2 Clone Volume
live/dead Vivid Invitro L34955 dil 1:8000
CD3 BV605 BD 563217 SK7 2ul
CD4 APC Cy7 BD 561839 SK3 0.3ulL
CD45RA FITC BD 555488 HI100 5uL
CD279 (PD-1)  |PerCPCy5.5 |BD 561273 EH12.1 4.8ulL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL
PD-L1 on Treg cells:
Antigen Fluorochrome | Company |Cat.n2 Clone Volume
live/dead Vivid Invitro L34955 dil 1:8000
CD3 BV605 BD 563217 SK7 2ul
CD4 APC Cy7 BD 561839 SK3 0.3ulL
CD45RA FITC BD 555488 HI1100 S5uL
CD274 (PD-L1) |PE BD 557924 MIH1 5ulL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL
PD-L1 on T cells, B cells, NK cells and monocytes:
Antigen Fluorochrome | Company |Cat.n2 Clone Volume
live/dead Vivid Invitro L34955 dil 1:8000
CD14 FITC BD 555397 M5E3 0.8 uL
CD56 APC eBio 17-0567 CMSSB 0.6ulL
CD19 PECy7 BD 561742 HIB19 2.5uL
CD3 PerCPCy5.5 BD 332771 SK7 15ulL
CD274 (PD-L1) |PE BD 557924 MIH1 5uL
Proliferation (CFSE) of Treg cells, CD4- and CD8- T cells:
Antigen Fluorochrome | Company |Cat.n2 Clone Volume
CFSE Invitro V12883
live/dead Vivid Invitro L34955 dil 1:8000
CD4 PE Cy7 BD 557852 SK4 1.2 L
CD8 PE BD 555367 RPA-T8 0.3ulL
CD25 APCH7 BD 560244 M-A251 2.5uL
CD45RA or PerCPCy5.5 BD 563429 HI1100 1.25uL
CD45RA eF605 eBio 93-0458 HI1100 2.5uL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL
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Proliferation (Ki67) of Treg cells, CD4- and CD8- T cells:

Antigen Fluorochrome | Company |Cat.n2 Clone Volume
live/dead Vivid Invitro L34955 dil 1:8000
CD3 PerCPCy5.5 BD 332771 SK7 15ul
CD4 PE Cy7 BD 557852 SK4 1.2pL
CD8 APC-Cy7 BD 557834 SK1 0.5uL
CD45RA FITC BD 555488 HI1100 S5uL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL
Ki67 PE BD 556027 B56 S5uL
Phenotype of Treg cells:
Antigen Fluorochrome | Company |Cat.n2 Clone Volume
live/dead Vivid Invitro L34955 dil 1:8000
CD4 APC Cy7 BD 561839 SK3 0.3ulL
CD45RA FITC BD 555488 HI1100 S5uL
CD39 PE Cy7 eBios 25039942 | eBiosAl 0.1pL
CTLA4 (CD152) |PE BD 560939 BNI3 8uL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL
Helios PerCPCy55 BiolLeg 137230 22F6 S5uL
CD8 T cell proliferation for Treg cell suppressive assays:
Antigen Fluorochrome | Company |Cat.n2 Clone Volume
CFSE Invitro V12883
CD3 APC BD 345767 SK7 0.25ulL
CD8 PE BD 555367 RPA-T8 0.3ulL
Treg purity of isolated Treg cells:
Antigen Fluorochrome | Company |Cat.n2 Clone Volume
CD4 PE Cy7 BD 557852 SK4 1.2pL
CD25 APCH7 BD 560244 M-A251 2.5uL
CD45RA eF605 eBio 93-0458 HI100 2.5uL
CD127 PE BD 561028 HIL7R-M21 | 1uL
FOXP3 Alexa 647 BD 560045 259D/C7 2.5uL

eBio: eBiosciences; BD: BD Biosciences; Invitro: Invitrogen; dil: dilution




4. Cell culture and Functional assays
4.1. Proliferation assay and Treg cell phenotyping after PD-L1 blockade

Proliferation of T cells was determined by carboxyfluorescein succinimidyl ester (CFSE)
dilution or Ki67 expression. For CFSE assays, PBMC were filtered through a 70um nylon
cell strainer (BD Biosciences) to remove clumps of cells and then stained with CFSE as
described in (Quah et al., Nature Protocols, 2007). In brief, 10’ PBMC/mL were
incubated with CFSE (Invitrogen) at 5uM for 5 minutes at 372C in PBS containing 5%
FBS. Labelling was quenched with 42C PBS containing 5% FBS and stained cells were
washed twice with PBS containing 5% FBS.
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Figure M1. Graphical representation of the methodology

CFSE-labelled cells were seeded at 2-:10° PBMC/well in 24-well plates (Greiner bio-one)
in R10 media and 1ug/mL anti-CD28 and anti-CD49d antibodies (BD Biosciences). Cells
were either left unstimulated or incubated with 1ug/mL Gag pool of overlapping
peptides (Gag peptides; NIH AIDS Research and Reference Reagent Program, catalogue
number 8117 and 8118) plus 5ug/mL anti-PD-L1 blocking or isotype control antibodies
(eBioscience). Stimulation was performed in a total volume of 350uL/well for 14-16
hours and then 1150uL of R10 media were added to each well. After 6 days, cells were
harvested and stained to analyse proliferation of Treg, CD4- and CD8- T cell subsets
(Figure M1). Alternatively, to analyse proliferation in longitudinal samples for which
cell numbers were limited, non-CFSE labelled PBMC were cultured for 6 days as
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previously described, and stained with Ki67 or isotype control antibodies. Fold change
in proliferation (FC proliferation) was calculated as a ratio of proliferation under PD-L1
blockade condition divided by proliferation under control condition.

To analyse the Treg phenotype, non-CFSE stained PBMC were stimulated with Gag
peptides in the presence of anti-PD-L1 blocking antibody or isotype control antibody as
described above. After 6-day-culture, cells were harvest and stained to analyse the
percentage of CD39-, CTLA4- and Helios- expressing Treg cells (Figure M1). Fold change
in CD39 or CTLA4 or Helios on Treg cells (FC) was calculated as a ratio of the
percentage of CD39/CTLA4/Helios-expressing Treg cells under PD-L1 blockade
condition divided by the percentage of CD39/CTLA4/Helios-expressing Treg cells under
control condition.

4.2. In vitro suppression assay for functional assessment of Treg cells

PBMC were stimulated with Gag peptides in the presence of anti-PD-L1 blocking
antibody or isotype control antibody as described above. After 6-day culture, PBMC
were harvest and filtered through a 40um nylon cell strainer (BD Biosciences) to
remove clumps of cells. Then, Treg cells were isolated by magnetic beads using the
CD4+CD25+CD127dim/- regulatory T cell isolation kit Il (Mitenyi Biotec) (Figure M2).
Briefly, PBMC were incubated with CD4+CD25+CD127dim T cell Biotin antibody
cocktail for 10 minutes at 42C, and then anti-Biotin-microbeads where added and
incubated for extra 15 minutes at 42C. PBMC were washed and placed into a LD
column (Miltenyi Biotec). Total effluent (negative fraction) was collected and
incubated with CD25 microbeads for 15 minutes at 42C. Then cells were washed and
transferred to a MS column (Miltenyi Biotec). Magnetically labelled cells (positive
fraction) were flushed out of the magnet and transferred to a second MS column to
obtain higher purity. Finally, Treg cells were flushed out of the second MS column and
resuspended in R10 media.

To assess purity, the isolated Treg cells were labelled with CD4, CD25, CD127, CD45RA
and FOPX3 as previously described and acquired in a flow cytometer. Treg cells with a
purity of over 80% FOXP3 were used to perform the suppressive assays.

For the suppressive assays, purified Treg cells were co-cultured with 50.000 CFSE-
labelled PBMC at different ratios and stimulated with 0.5ug/mL anti-CD3 and 1ug/mL
anti-CD28 antibodies (Figure M2). Cells were cultured in 96-U bottom well plates
(Greiner bio-one) in R10 media supplemented with 50U/mL rhiL-2 (R&D Systems) and
1mM sodium pyruvate (Sigma). After a 3-day-culture, cells were harvested and stained
to analyse proliferation of CD8 T cells by CFSE dilution. The Treg cell suppressive
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capacity was determined by the percentage of inhibition of CD8 proliferation,
calculated as: [(CD8 proliferation — CD8 proliferation in presence of Treg cells) / CD8
proliferation] x 100.
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Figure M2. Graphical representation of in vitro suppression assay for functional assessment of
regulatory T cells

5. PBMC exposure to HIV

HIV-1Bal was obtained from the Centre for AIDS Reagents NIBSC (repository reference:
ARP118). Virus was propagated in phytohemagglutinin(PHA)-stimulated PBMC in
RPMI-1640 media (Gibco) supplemented with 20% FBS (Sigma), 1% penicillin/
streptomycin (Gibco) and 10U/mL rhiL-2 (R&D Systems) for 7 days. As a mock control,
supernatant from non-infected PBMC was also collected. Virus was titrated in TZM-bl
cells (NIH AIDS Research and Reference Reagent Program, catalogue number: 8129)
and stored at -80°C.
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PBMC from healthy controls were cultured in the presence of HIV-1Bal (or mock) at a
multiplicity of infection (MOI) of 0.3 and 0.03. To discard that PD-L1 upregulation
requires HIV infection, PBMC were cultured in the presence of HIV-1Bal at 0.3 MOlI, in
the presence or absence of 5uM T20 (an HIV-entry inhibitor drug). After 4 hours at
37°C, HIV-exposed cells were washed twice with warm R10 media to remove
unattached virus. 0.5-10° PBMC/well were cultured in 48-well plates in R10 media in
the presence or absence of 5uM T20. After 3 days, cells were harvested and stained to
analyse PD-1 and PD-L1 expression on Treg cells by flow cytometry (Figure M3).

The efficacy of HIV-1Bal inhibition by T20 treatment was controlled by stimulating the
virus-exposed cells from above with 5ug/ml PHA (Sigma) at day 3 and culturing them
for further 7 days (Figure M3). The presence or absence of virus production was
determined by a p24 HIV core antigen ELISA kit (Innogenetics). T20 treatment
completely blocked HIV-1Bal infection under these conditions.
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Figure M3. Graphical representation of PBMC exposure to HIV
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6. p24 HIV core antigen quantification

ELISA

p24 HIV core antigen was quantified by a commercially available ELISA kit
(Innogenetics). Culture supernatants after a 4-day culture in the presence of Gag
peptides and anti-PD-L1 blocking or isotype control antibodies (as described in
previous section, see Figure M1) were collected, centrifuged at 400g 5 minutes and
stored frozen at -802C. ELISA was performed according to manufacturer’s instructions
and colorimetric reaction was measured at 450nm of wavelength.

7. Statistical analysis

Comparisons between two groups were performed using the Mann-Whitney U test,
between more than two groups using Kruskal-Wallis test and within the same patient
using Wilcoxon matched pairs test. Correlation coefficients (r) were calculated using
the Spearman rank correlation test. Categorical variables between study groups were
compared using Chi-squared and Fisher’s exact test.

Statistical analyses were performed using GraphPad Prism 5.0 (San Diego, CA, USA)
and SPSS 15.0 statistical software (Chicago, IL, USA). p-values (P) below 0.05 were
considered significant and were indicated by asterisks: * p<0.05; ** p<0.01; ***
p<0.001. Non-significant differences were indicated as “ns”.
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1. HIV infection induces PD-1 and PD-L1 on Treg cells

Previous studies have shown that (1) PD-1 is overexpressed on CD4- and CD8- T cells in
several persistent infections and cancers, and (2) that this overexpression plays a key
role in the exhausted phenotype of these cells (reviewed in Kim & Ahmed 2010). To
first evaluate the expression of PD-1 and its ligand PD-L1 on Treg cells from HIV-
infected individuals, we used the gating strategy of Miyara and colleagues (Miyara et
al. 2009). It distinguishes between effector Treg cells (eTreg, CD4+CD45RA-FOXP3")
and resting Treg cells (rTreg, CD4+CD45RA+FOXP3") (Figure R1A). The advantage over
the traditional Treg cell characterization by CD4+CD25"CD127°FOXP3+ is that
conventional CD4 T cells with an up-regulated CD25 and FOXP3 expression due to the
generalized immune activation are excluded from the analysis (Simonetta & Bourgeois
2013). PBMC from HIV-infected individuals and healthy controls were isolated (Table
M1), stained with fluorescence-labelled antibodies and characterized by flow
cytometry.
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Figure R1. The percentage of PD-1- and PD-L1- expressing Treg cells is increased in HIV-infected
individuals. (A) A representative flow cytometry plot showing the gating of effector Treg cells (eTreg:
CD4+CD45RA-FOXP3") and resting Treg cells (rTreg: CD4+CD45RA+FOXP3"). (B) Percentages of PD-1+
(left panel) and PD-L1+ (right panel) Treg (including eTreg and rTreg), eTreg and rTreg cell populations in
HIV-infected individuals (black circles) and healthy controls (empty triangles). The mean + SEM
(standard error of the mean) is shown. Significant differences were determined by a Mann-Whitney U
test and indicated by asterisks (*p <0.05; **p <0.01; ***p <0.001; ns: non significant). (C) Correlation
between PD-1 expression and PD-L1 expression on Treg cells from HIV-infected individuals. Each dot
represents the result from one individual. The Spearman’s rank correlation coefficient (r) and the p
value (P) are indicated.
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A significantly higher percentage of PD-1+ Treg cells was observed for HIV-infected
individuals (8.2% + 0.8 SEM) compared with healthy controls (3.0% + 0.4 SEM) (Figure
R1-B left). This difference in PD-1 expression was due to PD-1 on effector Treg cells
(13.6% = 1.2 SEM) since very little PD-1 was expressed on resting Treg cells (1.5% + 0.2
SEM). These observations are concordant with previous data (Lim et al. 2009; Rueda et
al. 2013; Cho et al. 2014) and fit to the current understanding of PD-1 upregulation
induced by T cell stimulation (Agata et al. 1996). We also found a higher percentage of
PD-L1+ Treg cells for HIV-infected individuals (6.59% + 1.1 SEM) compared with
healthy controls (1.75% + 0.33 SEM) (Figure R1-B right). However, in contrast to the
expression pattern of PD-1, an increased percentage of PD-L1-expressing cells was
observed for both, effector and resting Treg cells. In addition, the expression of PD-1
and PD-L1 on Treg cells from HIV-infected individuals correlated positively (Figure R1-
Q).

The differential distribution of PD-1 and PD-L1 on resting and effector Treg cells from
HIV-infected individuals and healthy controls suggested that the virus itself could
induce PD-L1 upregulation on Treg cells. To test this hypothesis, PBMC from healthy
controls were isolated and exposed to HIV-1Bal containing supernatants without
additional stimuli or additional interleukin-2. As controls, we used supernatants from
non-infected PBMC that have been cultured under similar conditions as the infected
cells. While culture supernatants from non-infected PBMC increased the frequency of
PD-L1+ effector and resting Treg cells, virus exposure dramatically augmented this
effect in a dose-dependent manner (Figure R2-B and C). In contrast, virus exposure had
no effect on PD-1 expression (Figure R2-A).

To evaluate whether PD-L1 upregulation occurred without infection, we cultured
PBMC with competent HIV-1Bal in presence and absence of T20 (an HIV-entry inhibitor
drug). As shown in Figure R2-D, comparable percentages of PD-L1+ Treg cells were
induced by the virus in presence and absence of T20. These data are in line with
previous studies that demonstrate a PD-L1 upregulation upon HIV exposure in
different cell populations including monocytes, macrophages, dendritic cells,
neutrophils and CCR5+T cells (Meier et al. 2008; Boasso et al. 2008; Rodriguez-Garcia
et al. 2011; Bowers et al. 2014). When taken together, our results show an
upregulation of PD-1 and PD-L1 on Treg cells of HIV-infected individuals that may be
mediated by different routes and suggest that the Treg cell compartment is likely to be
influenced by immunotherapy targeting the PD-1/PD-L1 pathway.
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Figure R2. HIV exposure induced PD-L1 expression but not PD-1 on Treg cells. Panel A and B,
expression of PD-1 (A) and PD-L1 (B) on Treg cells from healthy control’s PBMC exposed to HIV-1 Bal
(black bars) at 0.3 multiplicity of infection, compared with mock control (white bars). Bars represent the
mean * SEM from 7 different donors. (C) Expression of PD-L1 in Treg cells from 3 healthy control’s PBMC
(indicated as donor 1, donor 2, donor 3) exposed to HIV-1 Bal at 0.03 and 0.03 multiplicity of infection.
(D) Expression of PD-L1 in Treg cells from healthy control’s PBMC exposed to HIV-1 Bal at 0.3 multiplicity
of infection in presence and absence of T20 (an HIV-entry inhibitor drug). Bars represent the mean *
SEM from 7 extra donors. In panels A, B and D significant differences were determined by Wilcoxon
matched pairs test and indicated by asterisk (*p <0.05; **p <0.01). ns, non significant.

2. PD-1 expression on Treg cells is associated with disease progression

PD-1 expression on CD4- and CD8- T cells correlates with HIV disease progression
(Zhang et al. 2007; Porichis et al. 2011; Day et al. 2006). To test whether the same is
true for Treg cells, we analysed PD-1 expression on these cells from HIV-infected
individuals categorized into 4 groups according to CD4 count and viral load (Table M2).
The highest PD-1 expression on Treg cells was found in the HIV study group with the
lowest CD4 T cell counts and the highest viral loads (Figure R3-B). As many as 13.6% =+
2.3 SEM of Treg cells where PD-1+ in this group whereas only 4.7% + 0.4 SEM of Treg
cells where PD-1+ in the group of individuals under combination antiretroviral therapy
(cART). Although PD-1 expression dropped with cART we still found higher PD-1 on
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Treg cells from treated patients compared with healthy controls (3.1% + 0.4 SEM). In
contrast, PD-1 expression on total CD4- and CD8- T cells was normalized in patients
under cART (Figure R4-A). Within viremic individuals, PD-1 expression on total CD8 T
cells was high irrespective of the CD4 count, whereas PD-1 expression on Treg cells and
total CD4 T cells was higher in individuals with low CD4 counts (<500 CD4/uL of blood).
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Figure R3. PD-1 expression on Treg cells correlates with markers of disease progression. (A)
Representative flow cytometry dot plots showing PD-1 gating on Treg cells (including effector and
resting Treg). One HIV-infected individual from each study group is displayed. Numbers indicate the
percentage of PD-1+ Treg cells in PD-1 stained samples (down) compared with isotype control
antibodies (up). (B) PD-1 expression on Treg cells from different HIV-infected study groups (black circles)
and healthy controls (empty triangles) are shown as indicated. Each dot represents the result from one
individual.
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From Figure R3: The mean + SEM is shown. Significant differences were determined by a Mann-Whitney
U test and indicated by asterisks (*p <0.05; **p <0.01; ***p <0.001; ns: non significant). (C) Correlation
of PD-1 expression on Treg cells from HIV-infected individuals with viral loads (up) and CD4 counts
(down), respectively. Spearman’s rank correlation coefficients (r) and p values (P) are indicated.
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Figure R4. PD-1 expression on CD4- and CD8- T cells. (A) Percentages of PD-1-expressing CD4- and CD8-
T cells from HIV-infected individuals (black circles) and healthy controls (empty triangles) are shown. The
mean = SEM is shown. Significant differences were determined by a Mann-Whitney U test and indicated
by asterisks (*p <0.05; **p <0.01; ns: non significant). (B) Correlations of PD-1 expression on CD4- and
CD8- T cells with viral loads and CD4 T cell counts are shown, respectively. Each dot represents the
result from one individual. Spearman’s rank correlation coefficients (r) and p values (P) are given for

each correlation.
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Consistently, PD-1 on Treg cells correlated positively with viral load and negatively with
CDA4 T cell counts (Figure R3-C). This is concordant with previous observations made for
CD4- and CD8- T cells from HIV-infected individuals (Day et al. 2006; Zhang et al. 2007;
Porichis et al. 2011) and reproduced here with individuals of our study groups (Figure
R4-B). To further examine the relation between PD-1 expression on Treg cells and
antigen exposure we followed 5 patients before and after antiretroviral treatment
interruptions. Samples were collected from the same patient at 4 time-points: (1)
before starting treatment, (2) during treatment, (3) upon interruption of treatment,
and (4) after restarting treatment (characteristics of HIV-infected individuals in Table
M3, group A). As can be seen in Figure R5 the percentage of PD-1-expressing Treg cells
followed viremia and cART reduced PD-1 expression on Treg cells.
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Figure R5. PD-1 expression on Treg cells follows HIV viremia. PD-1 expression on Treg cells (black bars)
from 5 HIV-infected individuals followed longitudinally before and after antiretroviral treatment
interruptions (pre-cART, on, off, on, respectively). Each graph represents one individual. The dashed line
represents the plasma viral load.

PD-1 is a negative regulator of the proliferative capacity in effector T cells. To
characterize the relationship between PD-1 expression and the proliferative capacity
of Treg cells, PBMC from individuals of the different HIV study groups were labelled
with CFSE, stimulated with HIV gag peptides and analysed for proliferation by CFSE
dilution via flow cytometry. As shown in Figure R6-A, the proliferative capacity of Treg
cells was strikingly impaired in non-treated individuals. It correlated positively with
CD4 T cell counts and negatively with viral loads (Figure R6-B and C) and PD-1
expression on Treg cells prior to stimulation (Figure R6-D). These observations parallel
those reported for effector T cells (Day et al. 2006) and suggest a negative role of PD-1
for Treg cell proliferation.
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Figure R6. Treg cells from viremic individuals show impaired proliferative capacity that correlates with
PD-1 expression. Each dot represents the result from one HIV-infected individual. The percentage of
proliferating Treg cells after 6-day gag peptide stimulation of PBMC (A) from different HIV-infected
study groups is given as indicated. The mean + SEM is shown. Significant differences were determined
by a Mann-Whitney U test and indicated by asterisks (*p <0.05; **p <0.01; ***p <0.001; ns: non
significant). Panels B to D show correlations between the percentage of proliferating Treg cells and CD4
T cell counts (B), HIV viral load (C), and PD-1 expression on Treg cells before stimulation (D),
respectively. Spearman’s rank correlation coefficients (r) and p values (P) are indicated.

3. PD-L1 blockade increases the proliferative capacity of Treg cells but
not their suppressive capacity per cell

To analyse the impact of a PD-L1 blockade on the proliferative capacity of Treg cells
from HIV-infected individuals, CFSE-labelled PBMC were cultured in the presence of
HIV gag peptides and PD-L1 blocking antibody or an isotype control antibody. Cell
proliferation was quantified by CFSE dilution via flow cytometry. A significant gain on
the proliferative capacity of Treg cells, as well as that of effector CD4- and CD8- T cells,
is shown in Figure R7-B as fold change in proliferation relative to the isotype antibody
control stimulations. PD-L1 blockade led to a roughly 2 fold mean increase in the
percentage of proliferating Treg cells, comparable to that of effector CD4- and CD8- T
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cells. The range of responses was broad. The increase in Treg cell proliferation
correlated positively with the viral load of the analysed individuals (Figure R7-C).
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Figure R7. PD-L1 blockade increases Treg cell proliferation but not its suppressive capacity per cell. In
panels A to D, PBMC from HIV-infected individuals were stimulated with gag peptides for 6 days in the
presence of PD-L1 blocking antibody or isotype control antibody. (A) Flow cytometry histograms from an
HIV-infected individual with <500 CD4/uL and >2000 viral RNA copies/mL blood showing CFSE dilution
on Treg, CD4- and CD8- T cells in presence of PD-L1 blocking antibody (black line) or isotype control
antibody (grey line). In panels B to D, each dot represents the result from one individual. FC (fold
change) is calculated as the ratio between PD-L1 blockade condition and isotype control condition. The
dashed line in panels B and D (FC = 1) indicates no change due to PD-L1 blockade. The mean + SEM is
shown. Significant differences between PD-L1 blockade conditions and isotype controls were
determined by a Wilcoxon matched pairs test and indicated by asterisks (*p <0.05; ***p <0.001; ns: non
significant). (B) Fold change in the proliferation of Treg (black circles), CD4 (empty squares) and CD8
(empty triangles) cell populations were determined by CFSE assay. (C) Correlation between the fold
change in proliferating Treg cells and HIV viral load. (D) Fold change in the frequencies of CD39-, CTLA4-
or Helios- expressing Treg cells.
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From Figure R7: (E) PBMC from HIV-infected individuals were stimulated with gag peptides in the
presence of a PD-L1 blocking antibody or an isotype control antibody, after 6 days Treg cells were
isolated and co-cultured with CFSE-labelled-PBMC at different PBMC-to-Treg cell ratios. The percentage
of inhibition of CD8 proliferation after anti-CD3/anti-CD28 T cell stimulation is shown as a function of
different PBMC-to-Treg cell ratios. Black circles connected with a solid line correspond to suppression
assays performed with Treg cells from PD-L1 blockade conditions whereas empty dots connected with a
dashed line correspond to suppression assays performed with Treg cells from isotype control conditions.
Mean and SEM from 4 independent experiments are indicated.

To further analyse the functional consequences that a PD-L1 blockade may have on
Treg cell function after an antigenic stimulation, we analysed the increase of Treg cells
expressing effector molecules such as CD39 and CTLA4 as well as their suppressive
capacity. First, upon PD-L1 blockade, we observed a slight but significant increase in
the frequency of CD39- and CTLA4- expressing Treg cells relative to the control
condition. These increases were also significant relative to Helios (p=0.027)(Figure R7-
D). The latter is a transcription factor suggested to identify thymic Treg cells, and used
as a control. As expected, the frequency of Helios-expressing Treg cells did not
increase upon PD-L1 blockade. Second, to test the capacity of expanded Treg cells to
suppress CD8 T cell proliferation, Treg cells were isolated from PBMC after a 6-day-
culture in the presence of a PD-L1 blocking antibody or an isotype control antibody.
Then isolated Treg cells were co-cultured with CFSE-labelled PBMC in the presence of
anti-CD3/anti-CD28 and interleukin-2. After 3 days, proliferation of CD8 T cells was
quantified by analysing CFSE profiles by flow cytometry. A dose-dependent inhibition
of CD8 T cell proliferation was observed that was not significantly different from that
of isolated Treg cells expanded under control conditions (Figure R7-E). Thus the
presented data suggest that the relief of the PD-1/PD-L1 interaction during expansion
does not alter the suppressive capacity of Treg cells on a per cell basis.

4. The proliferative capacity of Treg cells and CD8 T cells from HIV-
infected individuals is differentially restored by PD-L1 blockade and
depends on the plasma viremia of the host

To analyse whether the PD-L1 blockade-mediated restoration of the proliferative
capacity of Treg, CD4- and CD8- T cells as shown in Figure R7-B was dependent on the
HIV infection stage of the host, the respective data points were grouped according to
CD4 T cell count, viral load and antiretroviral treatment (patient grouping as of Table
M2). The PD-L1 blockade significantly increased the proliferation of Treg cells from
patients with high viremia irrespective of their CD4 T cell count (Figure R8-A). Treg cells
from patients that controlled viremia (either spontaneously or by cART) showed no
significant increase in proliferation compared with the control. In contrast, PD-L1
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blockade significantly increased CD8 T cell proliferation for all 4 patient groups with
respect to the control (Figure R8-A).
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Figure R8. PD-L1 blockade differentially increases Treg and CD8 T cell proliferative capacity depending
on host viremia. PBMC from HIV-infected individuals were stimulated with gag peptides for 6 days in
the presence of a PD-L1 blocking antibody or an isotype control antibody. Proliferation was determined
by CFSE dilution (A) and alternatively by Ki67 staining (B and C). FC (fold change) in proliferation is
calculated as the ratio between PD-L1 blockade condition and isotype control condition. Each symbol
represents the result from one individual. In panels A and B, the dashed line (FC = 1) indicates no change
due to PD-L1 blockade. The mean + SEM is shown. (A) Given are the FC in proliferation of Treg (black
circles), CD4 (empty squares) and CD8 (empty triangles) T cell populations of different HIV-infected
study groups as indicated. Significant differences between PD-L1 blockade conditions and isotype
controls were determined by a Wilcoxon matched pairs test and indicated by asterisks (*p <0.05; ***p
<0.001; ns: non significant). Significant differences in FC of proliferation of Treg cells among the 4 HIV
study groups were determined using Kruskal-Wallis test. (B) Fold changes in proliferation of Treg, CD4-
and CD8- T cell populations upon PD-L1 blockade, were measured longitudinally in 7 individuals before
and after >2 years of antiretroviral treatment (pre cART and ON cART, respectively). Significant
differences in FC of proliferation between Treg, CD4- and CD8- T cells were determined by a Wilcoxon
matched pairs test (*p <0.05; ns: non significant). (C) Ratio between the FC in proliferation of CD8 T cells
and FC in proliferation of Treg cells upon PD-L1 blockade. The dashed line (FC = 1) indicates the same FC
in proliferation for CD8 T and Treg cells upon PD-L1 blockade. Significant differences between the ratios
before and after antiretroviral treatment were determined by Wilcoxon matched pairs test (*p <0.05).
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To confirm that PD-L1 blockade differentially impacts Treg cells and CD8 T cells
depending on the plasma viremia of the host, fold changes in proliferation upon PD-L1
blockade were measured longitudinally in 7 individuals before and after antiretroviral
treatment (pre cART and ON cART, respectively). In samples before cART, PD-L1
blockade increased Treg cell proliferative capacity by approximately 2 fold, which is
comparable to that of effector CD4- and CD8- T cells. However, in samples from the
same patients after a cART period, PD-L1 blockade had no significant effect on Treg cell
proliferative capacity. In contrast, on effector T cells proliferative capacity was
increased 2 fold upon PD-L1 blockade comparable to that of pre cART samples (Figure
R8-B). As shown in Figure R8-C, PD-L1 blockade preferentially increased the
proliferative capacity of effector T cells over regulatory T cells in samples from
individuals under cART. Altogether the presented data indicate that the net gain of T
cell effector function after PD-L1 blockade may critically depend on plasma viremia.

5. PD-L1 blockade enhances HIV reactivation, which is related to an
increased percentage of Treg cells

To analyse the consequences of the PD-L1 blockade for ex vivo HIV reactivation,
supernatants of the above-described PBMC cultures were collected and tested for viral
production by HIV p24 antigen determination. HIV production was detectable in most
PBMC cultures from the viremic patient groups (16 from 19 samples) (Figure R9-A).
The blockade of PD-L1 consistently increased viral production relative to the isotype
antibody control stimulations. This increase in HIV production correlated with the
increase in CD4 T cell proliferation and the fraction of Treg cells in the lymphocyte
population (Figure R9-B and R9-C). Furthermore, the increase in HIV production
correlated with the decrease in CD4 T cell to Treg cell ratio as well as CD8 T cell to Treg
cell ratio (Figures R9-D and E). Together this suggests that the inhibitory function of
the Treg cells rather than their capacity of being an HIV target cell may play a role in
virus expansion under these conditions.
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Figure R9. Virus reactivation upon PD-L1 blockade is related to increased percentage of Treg cells. (A)
PBMC were stimulated with gag peptides in the presence of PD-L1 blocking antibody or isotype control
antibody. After 4 days in culture, supernatants were harvest to quantify the p24 HIV core antigen by
ELISA. The dashed line indicates the ELISA cut-off. Significant differences were determined by a
Wilcoxon matched pairs test (*p <0.05; **p <0.01). lld: inferior to the limit of detection. Panels B to E
show correlations between Fold change (FC) in p24 and FC in percentage of proliferating CD4 T cells (B),
percentage of Treg cells (C), FC in the CD4 T cell to Treg (CD4/Treg) percentage ratio (D), and FC in the
CDS8 T cell to Treg (CD8/Treg) percentage ratio (E); respectively. Spearman’s rank correlation coefficients
(r) and p values (P) are indicated.

58



The results from this thesis have been submitted as a journal article that is under
revision:

PD-L1 Blockade Differentially Impacts Regulatory T Cells from HIV-Infected
Individuals Depending on Plasma Viremia

Cristina Peligero®, Jordi Argilaguetl*, Roberto Giierri-Fernandez?, Berta Torres?,
Carmen Ligero3, Pilar Colomer?, Montserrat Plana®, Hernando Knobel?, Felipe Garcia®
and Andreas Meyerhansl’s*

* .
corresponding authors

Affiliations/Institutions:

1 Infection Biology Laboratory, Department of Experimental and Health Sciences, Universitat
Pompeu Fabra, Barcelona, Spain

2 Infectious Diseases Unit, Hospital del Mar, Universitat Autonoma de Barcelona, Barcelona,
Spain

3 Infectious Diseases Unit, Hospital Clinic, Barcelona, Spain

4 Retrovirology and Viral Immunopathology Laboratory, AIDS Research Group, IDIBAPS,
Hospital Clinic, University of Barcelona, Barcelona, Spain

5 Institucié Catalana de Recerca i Estudis Avancats (ICREA), Barcelona, Spain

59



60



DISCUSSION




62



In this thesis | studied PD-1 and PD-L1 expression on regulatory T cells (Treg cells) from
human immunodeficiency virus (HIV)-infected individuals, and explored the
consequences of ex vivo PD-L1 blockade on this cell subset. The presented findings
provide new insights into the biology of Treg cells in HIV infection and elucidate
previously unknown PD-L1 blockade effects on the HIV immune response and virus
reactivation.

1. PD-1 and PD-L1 on Treg cells in HIV infection

Our results expand previous work on PD-1-expressing Treg cells from HIV-infected
individuals. We described an increase in the percentage of PD-1-expressing Treg cells
in HIV-infected individuals compared with healthy controls, in line with previous
reports that used classical Treg cell gating (Rueda et al. 2013; Lim et al. 2009; Cho et al.
2014). We confirmed this observation using a different gating strategy that allowed us
to better identify bona fide Treg cells (Simonetta & Bourgeois 2013). In addition, using
this gating strategy we observed that the difference in PD-1 expression on Treg cells
between HIV-infected patients and healthy controls was due to PD-1 expression on
eTreg cells. We found that very little PD-1 was expressed on rTreg cells, which is
consistent with previous reports that described PD-1 upregulation in activated T cells
(Agata et al. 1996; Raimondi et al. 2006). Next, we analysed PD-1-expressing Treg cells
in patients categorized into 4 groups according to CD4 T cell counts, viral load and
antiretroviral treatment. Relative to healthy controls, the frequency of PD-1-expressing
Treg cells was significantly increased in all 4 groups of HIV-infected individuals. It
correlated with markers of disease progression: positively with virus load and
negatively with CD4 T cell counts. Consistently, PD-1 expression on Treg cells dropped
under antiretroviral treatment. With this, PD-1 on Treg cells followed the same trend
as PD-1 on total CD4- and CD8- T cells as previously described in several reports (Day
et al. 2006; Zhang et al. 2007; Porichis et al. 2011).

The observed PD-1 upregulation on regulatory T cells is intriguing. A coordinated up-
regulation of a co-inhibitory receptor on both effector T cells and regulatory T cells
seems counterintuitive. However, it is consistent with the model of dynamic co-
evolution of memory and regulatory T cells at sites of infection (Akbar et al. 2007;
Vukmanovic-Stejic et al. 2008) and data from a subsequent study on Treg cells in
hepatitis C virus (HCV) infection (Franceschini et al. 2009; Barnaba & Schinzari 2013).
According to this model, virus expansion triggers an effector T cell response, but
effector T cells cause collateral tissue damage. To control this damage, effector T cells
are suppressed by PD-1 and also by expanding Treg cells. To limit exaggerated
suppression and achieve homeostasis, Treg cell expansion is also controlled by PD-1 on
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Treg cells. The data from our cross-sectional study do not enable the analysis of the
temporal appearance of the PD-1-expressing T cell subsets. However, the observed
distinct expression of PD-1 on Treg and CD8 T cells could reflect differences in the
activation and expansion of these subsets during HIV disease progression, being
concordant with this model of an antigen-driven coordinated response.

The observed correlation of PD-1 on Treg cells with patient’s viral load is consistent
with the idea that persistent antigen exposure is a main trigger of PD-1 expression
(Agata et al. 1996; Day et al. 2006; Trautmann et al. 2006; Zhang et al. 2007). However,
exposure of PBMC to HIV under non-stimulating conditions did neither induce PD-1 on
effector nor on resting Treg cells significantly, thus suggesting that additional
activation signals or direct infection are required. Interestingly, however, exposure to
HIV was sufficient to massively up-regulate PD-L1 on both eTreg and rTreg cells. This
might explain why we found an increase in the percentage of PD-L1-expressing resting
and effector Treg cells in HIV-infected individuals compared with healthy controls, and
why we did not observe differences in PD-L1 expression between effector and resting
Treg cells. The observed massive upregulation of PD-L1 upon HIV exposure was in
agreement with previous observations were exposure to either competent or AT-2-
inactivated virus led to upregulation of PD-L1 in several cell subsets such as
monocytes, DC, CCR5+ T cells and neutrophils (Meier et al. 2008; Boasso et al. 2008;
Rodriguez-Garcia et al. 2011; Planés et al. 2014; Bowers et al. 2014).

As PD-L1 can mediate suppression (Baecher-Allan et al. 2003; Francisco et al. 2009;
Gotot et al. 2012), an interesting question that arises from the data presented in this
thesis is whether rTreg cells could exert PD-L1-mediated suppressive capacity without
TCR activation and how relevant this could be in the in vivo context. Although we
found a low percentage of PD-Ll-expressing Treg cells in PBMC from HIV-infected
individuals, one could expect much higher PD-L1 expression in other anatomical sites
such as lymph nodes where viral loads are higher (Pantaleo et al. 1991). A mechanism
of suppression exerted by rTreg cells could be relevant because rTreg cells are
preferentially preserved during HIV, while eTreg cells are depleted very early during
infection (Simonetta et al. 2012). In addition to PD-L1 mediated suppression, PD-L1 on
Treg cells could induce the generation of more Treg cells in the periphery through PD-
1/PD-L1 interaction as previously described (Aramaki et al. 2004; Krupnick et al. 2005;
Wang et al. 2008; Francisco et al. 2009; Periasamy et al. 2011; Amarnath et al. 2011;
Trinath et al. 2012). Therefore, PD-L1 induction mediated by HIV might increase the
overall suppressive capacity of the Treg cell population by increasing Treg cell
generation and their suppressive capacity, further contributing to effector T cell
impairment.
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The presented data collectively suggests that HIV infection leads to expression of PD-1
and PD-L1 on Treg cells. This is consistent with the notion that PD-1 and PD-L1 can be
upregulated by the virus itself and by immune activation, which is a hallmark of HIV-
infection (Agata et al. 1996; Muthumani et al. 2008; Keir et al. 2008; Kinter et al. 2008;
Meier et al. 2008; Boasso et al. 2008; Rodriguez-Garcia et al. 2011; Planés et al. 2014;
Bowers et al. 2014). These data are also in line with the observation of higher PD-1-
expressing T cells, B cells and NK cells (Day et al. 2006; Trautmann et al. 2006; Souza et
al. 2007; Zhang et al. 2007; Nicholas et al. 2013; Norris et al. 2012) as well as higher
PD-L1-expressing dendritic cells, macrophages, B cells, T cells and neutrophils in HIV-
infected individuals compared with healthy controls (Trabattoni et al. 2003; Sachdeva
et al. 2010; Rosignoli et al. 2007; Bowers et al. 2014). In conclusion, the up-regulation
of PD-1 and PD-L1 in Treg cells suggests that this cell subset is also likely to be
influenced by immunotherapy targeting the PD-1/PD-L1 pathway. How this
compartment will be influenced will depend on the yet to be defined role of the PD-
1/PD-L1 pathway in regulatory T cells in HIV-infected individuals, as well as PD-1 and
PD-L1 expression at different anatomical sites during HIV disease progression.

2. Are Treg cells impaired during HIV infection?

PD-1 has been described as an exhaustion marker for effector T cell. In HIV infection
the percentage of PD-1-expressing CD4- and CD8- T cells is higher than in healthy
controls. PD-1 is mainly upregulated on HIV- specific CD4- and CD8- T cells, which fail
to clear the virus. It is associated with an impaired proliferative capacity and reduced
cytokine production (Day et al. 2006; Trautmann et al. 2006; Zhang et al. 2007; Souza
et al. 2007; Porichis et al. 2011). Likewise, PD-1 has been associated with impaired
regulatory T cells in HCV infection (Franceschini et al. 2009). In particular, PD-L1
blockade restored Treg cell proliferative capacity and increased STATS
phosphorylation, demonstrating that PD-1 inhibits Treg cell proliferation by inhibiting
the IL-2 signalling cascade (Franceschini et al. 2009).

In line with this previous study of HCV infection, the data presented in this thesis
suggest that Treg cell proliferative potential might be compromised in HIV infection by
PD-1 expression as well. In this context, PD-1 may stand as a negative regulator of
effector T cells, but also of regulatory T cells in HIV infection. We observed that (1) ex
vivo Treg cell proliferative capacity was strikingly impaired in non-treated patients in
response to gag peptides, (2) Treg cell proliferative capacity inversely correlated with
PD-1 expression on Treg cells (prior to stimulation) and (3) PD-L1 blockade on PBMC
increased Treg cell proliferation. In view of these data and previous literature
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(Franceschini et al. 2009), we attribute the impaired Treg cell proliferative capacity
partly to PD-1 expression on Treg cells. However, further work will be needed to
validate whether PD-1 directly inhibits Treg cells from HIV-infected individuals, as well
as to define whether the impaired ex vivo Treg cell proliferation is physiologically
significant in vivo.

Other studies have instead explored ex vivo Treg cell proliferative capacity in HIV-
infected individuals by directly analysing Ki67 expression without reestimulation (Xing
et al. 2010; Bi et al. 2009). These studies showed that Ki67 expression in Treg cells and
conventional CD4 T cells correlate with immune activation and disease progression
(negatively with CD4 counts and positively with plasma viral load). In particular, Treg
cells and conventional CD4 T cells from individuals with low CD4 counts presented the
highest levels of Ki67, which decreased under antiretroviral treatment. While these
studies analysed ex vivo Ki67 in the whole Treg cell subset, we analysed the
proliferative capacity of Treg cells in response to HIV gag peptide stimulation. In our
experimental approach, Treg cells that proliferated might be a mixture of HIV-specific
Treg cells and also Treg cells that proliferated in a bystander manner as a result of HIV-
specific CD4- and CD8- T cell proliferation. In this context, Treg cells that proliferate in
a bystander manner might be less frequent in viremic individuals, in whom HIV-specific
CD4- and CD8- T cell responses are also diminished.

Besides Treg cell proliferative capacity, there is still no consensus on whether Treg cell
suppressive capacity is preserved during HIV infection. Conflicting data have been
reported probably as a result of different methodological approaches (i.e. kind of
stimulation, groups of patients and Treg cell phenotype used). Some studies showed
evidences supporting that Treg cells maintain their suppressive capacity in chronic HIV
infection (Moreno-Fernandez et al. 2009; Angin et al. 2012; Phetsouphanh et al. 2015).
In particular, Treg cells from healthy controls and HIV-infected individuals (including
elite controllers and chronic progressors) were able to suppress T cell proliferation in a
similar way when stimulated with CD3/CD2/CD28 coated beads (Angin et al. 2012).
However, other studies that used CD3 or HIV-specific stimulation reported that Treg
cell suppressive capacity is compromised during HIV-infection. For instance, it has
been shown that Treg cells from high viremic individuals display a lower suppressive
capacity compared to those from low viremic individuals (Kinter et al. 2004; Tsunemi
et al. 2005), and that Treg cells from treated-individuals that do not recover CD4
counts present reduced suppressive capacity (Mendez-Lagares et al. 2012). In this
context, our data on impaired Treg proliferation also supports that Treg function is
compromised in HIV infection.
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3. How could PD-L1 blockade impact Treg cells from HIV-infected
individuals?

Inhibiting PD-1 signalling has a potential therapeutic value for treating cancers and
persistent viral infections (Okazaki et al. 2013; Harvey 2014; Pauken & Wherry 2015;
Nguyen & Ohashi 2015; Velu et al. 2015; Kamphorst et al. 2015). In cancer, the first PD-
1/PD-L1 inhibitors have been approved to treat melanoma (Sheridan 2014) and the
approval for other types of cancer is expected in the near future. In persistent
infections, the PD-1/PD-L1 pathway blockade showed encouraging therapeutic effects
in animal models (Velu et al. 2009; Shetty et al. 2012; Fuller et al. 2013; Palmer et al.
2013) and in a clinical trial with HCV-infected patients. In this clinical trial, one single
dose of anti-PD-1 antibody led to a reduction in viral loads in 10% of individuals, and
remarkably in one patient, HCV remained undetectable one year later (Gardiner et al.
2013). In the case of HIV infection, several studies showed that in vitro blockade of PD-
L1 restored T cell effector responses and immunoglobulin production (Day et al. 2006;
Trautmann et al. 2006; Souza et al. 2007; Porichis et al. 2011; Cubas et al. 2013). After
this promising results in pre-clinical studies, a phase | clinical trial has started to
evaluate the safety of immunotherapy based on PD-L1 blocking antibodies in HIV-
infected patients under antiretroviral treatment (www. clinicaltrials.gov; identifier:
NCT02028403).

In this thesis, we observed that PD-L1 blockade impacts not only effector T cells but
also Treg cells from HIV-infected individuals. We showed that PD-L1 blockade affects
the proliferative capacity of Treg cells. The observed increase in Treg cell proliferation
upon PD-L1 blockade is consistent with a previous report on Treg cells from HCV-
infected individuals (Franceschini et al. 2009), and also with previous observations in
the friend virus infection model. In this mouse model for chronic infection, in vivo PD-
L1 blockade resulted in an increased number of activated Treg cells in the spleen
(Joedicke et al. 2014). In addition, it has been reported that the blockade of other
coinhibitory receptors such as Tim-3 also increases Treg cell proliferation (Moorman et
al. 2012), further supporting the notion that some inhibitory receptors regulate
effector and regulatory T cells in a similar manner.

We showed that PD-L1 blockade has an effect on Treg cells proliferative capacity, but
this effect differed among groups of patients. Ex vivo PD-L1 blockade significantly
increased the proliferation of Treg cells from viremic patients but had no significant
effect on the proliferation of Treg cells from patients in whom viremia is controlled
(either spontaneously or by combination antiretroviral therapy: cART). In these latter
patients, PD-1 expression was low and the Treg cell proliferative capacity was
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remarkably high without signs of impairment. This observation was corroborated by
experiments on longitudinal samples that allowed us to eliminate the bias caused by
different host and virus genetics. We observed a significant increase in Treg cell
proliferation upon PD-L1 blockade only in pre-cART samples and not in cART samples,
as well as a reduction in PD-1 expression on Treg cells upon antiretroviral treatment.

In our study, a high HIV viremia was associated with PD-1 expression, an impaired Treg
cell proliferative capacity and a greater impact of PD-L1 blockade. However,
differences in the fold change of Treg cell proliferation might be explained by other
factors in addition to PD-1 expression on Treg cells. One good candidate for this is IL-2,
which is produced upon T cell stimulation but may have been limiting. IL-2 is essential
for Treg cells and may have been scarce particularly in viremic individuals due to PD-1-
mediated exhaustion of CD4 T cells, the main IL-2 producers. Consistent with this view
are previous observations showing that exogenous IL-2 can overcome PD-1/PD-L1-
mediated inhibition of proliferation (Carter et al. 2002; Bennett et al. 2003). Besides IL-
2, alternative mechanisms might contribute to the differences in the fold change of
proliferating Treg cells. Among these alternative mechanisms there are CD80 and PD-
L1. CD80 is another known ligand for PD-L1 (Butte et al. 2007), so the effects of the PD-
L1 blockade might have been mediated through CD80. Regarding PD-L1, we found that
the percentage of PD-L1- and PD-1- expressing Treg cell correlated positively. On the
basis of this correlation and previous evidence on PD-L1 inhibitory signalling into the
PD-L1-expressing cell (Hirano et al. 2005; Azuma et al. 2008; Kuipers et al. 2006), one
might also hypothesize that the PD-L1 blockade effects could have been partly
mediated via PD-L1 expressed on Treg cells.

We can discard that differences in the fold change of proliferating Treg cells upon PD-
L1 blockade were caused by different PD-L1 availability among the HIV-study groups.
We did not find significant differences in PD-L1 expression on PBMC between the
studied groups (including monocytes that are the main PD-L1-expressing cells in
PBMC) (Annex 2). These results are in good agreement with previous data (Porichis et
al. 2011), but opposite to other reports. These other studies found a significant
increase in PD-L1 on B cells, monocytes and neutrophils in high viremic individuals
compared with low viremic or treated individuals (Trabattoni et al. 2003; Sachdeva et
al. 2010; Bowers et al. 2014). Although the mechanisms underlying the increased Treg
cell proliferation remain to be defined, our data suggest that upon PD-L1 blockade
impaired Treg cell proliferative capacity from viremic individuals can be improved. This
indicates that on viremic individuals, PD-L1 blockade could increase the suppressive
capacity of Treg cells at a population level.
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It has been previously shown that PD-L1 blockade increases the suppressive capacity of
Treg cells from HCV-infected individuals (Franceschini et al. 2009). The authors of this
study suggest that the increased Treg cell suppressive capacity might have been the
cause of increased Treg cell numbers. In line with this hypothesis, we found that PD-L1
blockade increases the proliferative capacity but not the suppressive capacity of Treg
cells expanded in the presence of PD-L1 blockade. However, the data that result from
in vitro Treg suppressive assays might not reflect the Treg suppressive capacity in vivo.
While we focused on the capacity of Treg cells to suppress CD8 T cell proliferation,
other effector functions might also be affected and play a role in vivo. For instance, it
has been reported that the suppression of certain effector cytokines and cytotoxic
granules can occur without concomitant suppression of proliferation (Mempel et al.
2006; Schmidt et al. 2011; Sojka & Fowell 2011; Schmidt et al. 2012).

As PD-L1 blockade might also impact other aspects of Treg cell biology, the translation
of our in vitro results to in vivo conditions should be done with caution. For example,
Treg cells can use PD-L1 to suppress PD-1-expressing cells (Gotot et al. 2012). Thus,
binding of PD-L1 antibodies to Treg cells might reduce their suppressive capacity. In
addition, it is well known that the PD-1/PD-L1 pathway is important for Treg cell
induction in the periphery (Aramaki et al. 2004; Krupnick et al. 2005; Wang et al. 2008;
Francisco et al. 2009; Periasamy et al. 2011; Amarnath et al. 2011; Trinath et al. 2012),
so the binding of PD-L1 antibodies may also diminish Treg cell induction. In conclusion,
we observed that Treg cell proliferative capacity is modified by in vitro PD-L1 blockade;
nonetheless other aspects of Treg cell biology might also be influenced. Therefore, the
in vivo net effect on the Treg cell subset will depend on the weight of the different PD-
1/PD-L1 roles in Treg cell biology as well as PD-1 expression and PD-L1 availability at
distinct anatomical sites. At this point, only the ongoing clinical trial can potentially
provide a clearer picture on how PD-L1 blockade impacts Treg cells in patients.

4. PD-L1 blockade on Treg cells: Implications for virus control

The success of several immunotherapies in cancer and persistent infections seems to
be related to an increase in effector T cells over Treg cells. In cancer, Treg cells are
present at tumour sites and a high effector to Treg cell ratio has been associated with
a favourable prognosis (Curiel et al. 2004; Sato et al. 2005; Kamphorst et al. 2015). A
recent study described that an increase in the CD8 to Treg cell ratio is related to
tumour regression in mice (Twyman-SaintVictor et al. 2015). This reshaping of the
effector to regulatory T cell balance was achieved by a therapy that included radiation,
CTLA4 blockade and PD-L1 blockade. The efficacy of CTLA4 blockade in melanoma
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resulted from enhancement of effector function and depletion of antibody bounded-
Treg cells by macrophages (Simpson et al. 2013; Peggs et al. 2009; Roychoudhuri et al.
2015). In line with this, the blockade of PD-L1 also resulted in increased effector to
Treg cell ratio as a result of strongly increased effector CD8 T cell responses within the
tumour (Twyman-SaintVictor et al. 2015).

Similarly, Penaloza-MacMaster and co-autors showed in mice infected with LCMV
(lymphochoriomeningitis virus) that PD-L1 blockade together with Treg depletion
results in a significant reduction of the viral load compared with PD-L1 blockade alone.
This suggests that Treg cells contribute to exhaustion and that an increase in CD8 to
Treg cells relates to virus reduction (Penaloza-MacMaster et al. 2014). In this context,
our findings on a differential impact of PD-L1 blockade on effector and regulatory T
cells might have relevant implications for virus control. We found that in vitro PD-L1
blockade increased effector CD8 T cell proliferation in all HIV-study groups, but only
resulted in increased proliferation in Treg cells from viremic patients. This suggests
that the net gain of T cell effector function after PD-L1 blockade may critically depend
on the plasma viremia of the host. We thus hypothesize that in individuals that control
viremia, PD-L1 blockade could restore effector T cells while leaving Treg subset
unchanged resulting in an effector to Treg cell ratio in favour of viral control. On the
contrary, in patients with high viremia, PD-L1 blockade could restore effector T cell
responses but also Treg cells having an overall detrimental impact on viral control.

The PD-L1 blockade of PBMC from viremic HIV-infected individuals under stimulating
conditions led to increased reactivation of HIV ex vivo. Virus reactivation was related
to CD4 T cell proliferation. The increased CD4 T cell proliferation implies increased CD4
T cell activation and increased number of HIV target cells, which might well be the
cause of the enhanced virus production. However, reactivation of HIV was also related
to an increase in the percentage of Treg cells and a decrease in CD4 T cell to Treg cell
ratio as well as CD8 T cell to Treg cell ratio. This suggests that a relative increase in
Treg cells over CD8 T cells is a factor promoting virus expansion during HIV infection. In
line with this interpretation, an increase in the effector to Treg cell ratio has been
related to HIV control. A recent study reported that a therapeutic DC-based HIV
vaccine increases effector T cells relative to regulatory T cells. This increase in effector
to Treg cell ratio correlated negatively with viral rebound following antiretroviral
treatment interruption (Brezar et al. 2015). In view of our data and published reports,
we hypothesize that an increase in Treg cell proliferation upon PD-L1 blockade, and
consequently Treg cell numbers, might be detrimental for HIV control.
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Our observation on increased HIV reactivation upon PD-L1 blockade is in line with
previous work that described PD-1hi CD4 T cells as a major reservoir of latent virus
(DaFonseca et al. 2010). In this study, the blockade of PD-1/PD-L1 pathway enhanced
spontaneous release of HIV virions by CD4 T cells. Although we could not detect virus
production in culture supernatants from patients under cART, it is believed that PD-L1
blockade could reactivate latent virus in this group of patients. Evaluating whether or
not PD-L1 blockade can reduce the latent reservoir in patients under cART is one of the
objectives of the first PD-L1 blockade phase | clinical trial in HIV-infected patients. If
proven, this might be of great importance in the search for an HIV cure (Battistini &
Sgarbanti 2014) (www.clinicaltrials.gov identifier NCT02028403).

In summary, this thesis shows a previously unknown effect of PD-L1 blockade on
regulatory T cells from HIV-infected individuals. This indicates that PD-L1 blockade
therapy will not only impact effector T cells but also regulatory T cells. Indeed, ex vivo
PD-L1 blockade on PBMC from HIV-infected individuals differentially increases the
proliferative capacity of regulatory- and effector- T cells depending on the subject’s
plasma viremia. On the basis of the data reported in this thesis, it can be hypothesized
that PD-L1 blockade will skew the effector to regulatory T cell ratio in favour of
effector cells only in patients in whom viremia is controlled. In patients with
uncontrolled viremia, PD-L1 blockade will not favour effector- T cells over regulatory- T
cells, and might also boost virus reactivation. This has direct consequences for patient
selection to enter clinical trials targeting the PD-1/PD-L1 signalling pathway. Our
findings support the rationale to combine PD-L1 blockade with antiretroviral treatment
to restore effector responses in HIV-infected individuals. Only this approach may
maximize the net gain of effector T cell function and the subsequent better
immunological control over HIV.
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The main conclusions of the present work are the following:

HIV infection leads to an increase in PD-1+ and PD-L1+ regulatory T cells.

* The percentage of PD-1- and PD-L1- expressing Treg cells is increased in HIV-
infected individuals compared to healthy control individuals.

* in vitro HIV exposure induces PD-L1 in both eTreg and rTreg cells, whereas
other activation signals might be required for PD-1 induction in Treg cells.

PD-1 expression in Treg cells seems to follow similar rules than PD-1 expression of
effector T cells.

* As for effector CD4- and CD8- T cells, PD-1 expression on Treg cells correlates
with disease progression (positively with viremia and negatively with CD4 T cell
counts) and it is reduced upon antiretroviral treatment.

* Treg cells from viremic HIV-infected individuals show impaired ex vivo
proliferative capacity in response to HIV gag peptides in comparison to HIV-
infected individuals under treatment. The proliferative capacity negatively
correlates with PD-1 expression on Treg cells.

PD-L1 blockade differentially impacts regulatory T cells from HIV-infected individuals

depending on the plasma viremia of the host.

* ex vivo PD-L1 blockade increases the proliferative capacity of Treg cells from
viremic HIV-infected individuals, but not their suppressive capacity per cell.

* ex vivo PD-L1 blockade has no significant effect on the proliferative capacity of
Treg cells from individuals in whom viremia is controlled (either spontaneously

or by antiretroviral treatment).

* In contrast, ex vivo PD-L1 blockade significantly increases the proliferative
capacity of effector CD8 T cells from all HIV-study groups.
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* ex vivo PD-L1 blockade in PBMC from viremic HIV-infected individuals enhances
HIV reactivation, which is related to an increased percentage of Treg cells.

Based on our ex-vivo results, PD-L1 blockade should only be given to HIV-infected
individuals with controlled viremia because these should experience an optimal gain
of effector T cells over Treg cells.
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ANNEX 1

List of abbreviations

AIDS
APC
ART
Blimp-1
BSA
BTLA
cAMP
CART
CCR5
CFSE
CTL
CTLAA
DC
DMSO
EDTA
ELISA
Eomes
eTreg cells
FACS
FBS

FC
FOXP3
GALT
GM-CSF
KLRG1
HCV
HBV

hi

HIV
IDO
IFN

Ig

IL

Int

acquired immunodeficiency syndrome
antigen presenting cell(s)
antiretroviral therapy

B lymphocyte-induced maturation protein 1
bovine serum albumin

B and T lymphocyte attenuator

cyclic adenosine monophosphate
combination antiretroviral therapy
C-C chemokine receptor type 5
carboxyfluorescein succinimidyl ester
cytotoxic T cell(s)

cytotoxic T lymphocyte antigen 4
dendritic cell(s)

dimethyl sulfoxide
ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
eomesodermin

effector regulatory T cells
fluorescence activated cell sorting
fetal bovine serum

fold change

forkhead box P3

gut associated lymphoid tissue

granuolcyte macrophage colony-stimulating factor
killer cell lectin-like receptor subfamily G member 1

hepatitis C virus

hepatitis B virus

high

human immunodeficiency virus
indoleamine 2,3-dioxygenase
interferon

immunoglobulin

interleukin

intermediate



IPEX
IQR
KLRG1
Lag-3
LCMV
Lo

LPS
MOI
NFAT
NK cells
PBMC
PBS
PD-1
PD-L1
PD-L2
PHA
pTreg
RGMb
rh IL-2
RPMI
rTreg cells
SEM
SIV
STATS
TCR
Tfh
TGFB
Th
TIGIT
Tim3
TNFa
Treg cells
tTreg
VRNA

80

immunodysregulation polyendocrinopathy and enteropathy X-linked
interquartile range

killer-cell lectin like receptor G1
lymphocyte activation gene 3
lymphocytic choriomeningitis virus

low

lipopolysaccharides

multiplicity of infection

nuclear factor of activated T cells

natural killer cells

peripheral blood mononuclear cell(s)
phosphate-buffered saline

programmed cell death 1

programmed death ligand 1
programmed death ligand 2
phytohemagglutinin

peripheral regulatory T cells

repulsive guidance molecule family member b
recombinant human interleukin 2
Roswell Park Memorial Institute Medium
resting regulatory T cells

standard error of the mean

simian immunodeficiency virus

signal transducer and activator of transcription 5
T cell receptor

follicular helper T cell(s)

transforming growth factor 3

helper T cell(s)

T cell immunoglobulin and ITIM domain
T cell immunoglobulin mucin 3

tumour necrosis factor a

regulatory T cells

thymus regulatory T cells

viral ribonucleic acid
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Annex 2 Figure. No differences in PD-L1 expression on PBMC were observed between the HIV-study
groups. PD-L1 expression on T cells, B cells, NK cells and monocytes from different HIV-infected study
groups are shown as indicated. Each dot represents the result from one individual. Significant
differences in PD-L1 expression among the 4 HIV study groups were determined using Kruskal-Wallis

test.
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ANNEX 3

Other contributions during this thesis

Proliferative capacity is an important quality parameter of T cell responses.
Traditionally only static parameters of proliferation have been measured for instance
the average number of divisions that cells have undergone or the percentage of
proliferating cells. However, these static parameters give no information on the
dynamics of proliferation such as rates at which lymphocytes divide and die. During
my PhD | have participated in a project that aims to define dynamic proliferation
parameters of T cells by using CFSE assays combined with mathematical analysis. This
project is in collaboration with Tom Banks (Centre for Research in Scientific
Computation, Raleigh, USA) and Gennady Bocharov (Institute of Numerical
Mathematics, Russian Academy of Science, Moscow, Russia). | provided the
experimental data that have been used to develop various mathematical models to
estimate dynamic proliferation parameters from the flow cytometry output of a CFSE
assay. This contribution is reflected in the following publications in which | have
participated:

Banks H.T., Kapraun D.F., Peligero C., Argilaguet J., Meyerhans A. (2015) Evaluating the
importance of mitotic asymmetry in Cyton-based models for CFSE-flow cytometry
data. International Journal of Pure and Applied Mathematics. 100(1):131-156.
Currently available as a technical report of the Center for Research in Scientific
Computation (CRSC-TR15-02) at http://www.ncsu.edu/crsc/reports/reportsl5.html

Banks H.T., Kapraun D.F., Link K.G., Thompson W.C., Peligero C., Argilaguet J.,,
Meyerhans A. (2014) Analysis of variability in estimates of cell proliferation parameters
for cyton-based models using CFSE-based flow cytometry data. J.Inverse and Ill-posed
Problems. DOI: 10.1515/jiip-2013-0065

Banks H.T., Kapraun D.F., Thompson W.C., Peligero C., Argilaguet J., Meyerhans A.
(2013) A novel statistical analysis and interpretation of flow cytometry data. Journal of
Biological Dynamics. 7(1):96-132.

Banks H.T., Thompson W.C., Peligero C., Giest S., Argilaguet J., Meyerhans A. (2012) A
division-dependent compartmental model for computing cell numbers in CFSE-based
lymphocyte proliferation assays. Mathematical Biosciences and Engineering. 9 (4):699-
736
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Banks H.T., Sutton K.L.,, Thompson W.C.,, Bocharov G., Doumic M., Schenkel T,
Argilaguet J., Giest S., Peligero C., and Meyerhans A. (2011). A new model for the
estimation of cell proliferation dynamics using CFSE data. Journal of immunological
methods. 373, 143-160.
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Banks HT , Kapraun DF, Peligero C, Argilaguet J, Meyerhans A. Evaluating the
Importance of mitotic asymmetry in Cyton-based models for CFSE-flow cytometry
data. Int ] Pure Appl Math.2015; 100(1):131-156. DOI: 10.12732/ijpam.v100i1.12

2

Banks HT, Kapraun DF, Link KG,Thompson WC,Peligero , Argilaguet ], Meyerhans A.
Analysis of variability in estimates of cell proliferation parameters for cyton-based
models using CFSE-based flow cytometry data. J. Inverse Ill-Posed. 2015;23(2):135-171.
DOI: 10.1515/jiip-2013-0065

3

Banks HT, Kapraun DF, Thompson WC, Peligero C, Argilaguet ], Meyerhans A. A
novel statistical analysis and interpretation of flow cytometry data. ] Biol Dyn.
2013;7:96-132. doi: 10.1080/17513758.2013.812753
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5

Banks HT, Sutton KL, Thompson WC, Bocharov G, Doumic M, Schenkel T, Argilaguet
J, Giest S, Peligero C, Meyerhans A. A new model for the estimation of cell proliferation
dynamics using CFSE data. ] Immunol Methods. 2011 Oct 28;373(1-2):143-60. doi:
10.1016/j.jim.2011.08.014



http://www.ijpam.eu/contents/2015-100-1/12/index.html
https://www.degruyter.com/view/j/jiip.2015.23.issue-2/jiip-2013-0065/jiip-2013-0065.xml
http://www.tandfonline.com/doi/abs/10.1080/17513758.2013.812753
http://public-files.prbb.org/publicacions/5a37ac50-4206-0130-26e2-263316c03650.pdf
http://www.sciencedirect.com/science/article/pii/S0022175911002195
u16319
Rectángulo


90



REFERENCES




92



A

Aandahl, E.M. et al.,, 2004. Human CD4+CD25+ Regulatory T Cells Control T-Cell
Responses to Human Immunodeficiency Virus and Cytomegalovirus Antigens.
Journal of Virology, 78(5), pp.2454—2459.

Agata, Y. et al.,, 1996. Expression of the PD-1 antigen on the surface of stimulated
mouse T and B lymphocytes. International Immunology, 8(5), pp.765-772.

Akbar, A.N. et al., 2007. The dynamic co-evolution of memory and regulatory CD4 + T
cells in the periphery. Nature Reviews Immunology, 7(3), pp.231-237.

Almeida, J.R. et al., 2007. Superior control of HIV-1 replication by CD8+ T cells is
reflected by their avidity, polyfunctionality, and clonal turnover. The Journal of
Experimental Medicine, 204(10), pp.2473-2485.

Amancha, P.K. et al., 2013. In vivo blockade of the programmed cell death-1 pathway
using soluble recombinant PD-1-Fc enhances CD4+ and CD8+ T cell responses but
has limited clinical benefit. Journal of Immunology, 191(12), pp.6060-70.

Amarnath, S. et al, 2011. The PDL1-PD1 Axis Converts Human Thl Cells Into
Regulatory T cells. Science Translational Medicine, 3(111), pp.1-26.

Angin, M. et al., 2014. HIV-1 Infection Impairs Regulatory T-Cell Suppressive Capacity
on a Per-Cell Basis. Journal of Infectious Diseases, 210 (6), pp.899—903.

Angin, M. et al.,, 2012. Preserved function of regulatory T cells in chronic HIV-1
infection despite decreased numbers in blood and tissue. Journal of Infectious
Diseases, 205 (10), pp.1495-1500.

Antons, A.K. et al., 2008. Naive precursors of human regulatory T cells require FoxP3
for suppression and are susceptible to HIV infection. Journal of Immunology,
180(2), pp.764-73.

Appay, V. et al.,, 2002. Dynamics of T cell responses in HIV infection. Journal of
Immunology, 168(7), pp.3660-6.

Aramaki, O. et al., 2004. Programmed death-1-programmed death-L1 interaction is
essential for induction of regulatory cells by intratracheal delivery of alloantigen.

Transplantation, 77(1), pp.6—12.

Archin, N.M. et al., 2014. Eradicating HIV-1 infection: seeking to clear a persistent
pathogen. Nature Reviews Microbiology, 12(11), pp.750-764.

93



Arruvito, L. et al., 2012. Analysis of Suppressor and Non-Suppressor FOXP3+ T Cells in
HIV-1-Infected Patients. Plos one, 7(12), pp.1-9.

Askew, |. & Berer, M., 2003. The contribution of sexual and reproductive health
services to the fight against HIV/AIDS: a review. Reproductive health matters,
11(22), pp.51-73.

Asseman, C. et al., 1999. An essential role for interleukin 10 in the function of
regulatory T cells that inhibit intestinal inflammation. The Journal of Experimental
Medicine, 190(7), pp.995-1004.

Aubert, R.D. et al., 2011. Antigen-specific CD4 T-cell help rescues exhausted CD8 T cells
during chronic viral infection. Proceedings of the National Academy of Sciences of
the United States of America, 108(52), pp.21182-7.

Azuma, T. et al., 2008. B7-H1 is a ubiquitous antiapoptotic receptor on cancer cells.
Blood, 111(7), pp.3635-3643.

B

Baecher-Allan, C. et al., 2003. CD4+CD25+ regulatory cells from human peripheral
blood express very high levels of CD25 ex vivo. Novartis Foundation symposium.
252 pp.67-91.

Barber, D.L. et al., 2006. Restoring function in exhausted CD8 T cells during chronic
viral infection. Nature, 439(7077), pp.682—-7.

Barnaba, V. & Schinzari, V., 2013. Induction, control, and plasticity of Treg cells: The
immune regulatory network revised? European Journal of Immunology, 43(2),
pp.318-22.

Barre-Sinoussi, F. et al., 1983. Isolation of a T-lymphotropic retrovirus from a patient at
risk for acquired immune deficiency syndrome (AIDS). Science, 220(4599),
pp.868-871.

Battistini, A. & Sgarbanti, M., 2014. HIV-1 latency: An update of molecular mechanisms
and therapeutic strategies. Viruses, 6 (4), pp.1715-1758.

Becker, C. et al., 2009. Protection from graft-versus-host disease by HIV-1 envelope
protein gpl20-mediated activation of human CD4+ CD25+ regulatory T cells.
Blood, 114(6), pp.1263—-1269.

Belkaid, Y. & Tarbell, K., 2009. Regulatory T cells in the control of host-microorganism
interactions. Annual review of Immunology,27, pp551-89

94



Bennett, F. et al., 2003. Program death-1 engagement upon TCR activation has distinct
effects on costimulation and cytokine-driven proliferation: attenuation of ICOS, IL-
4, and IL-21, but not CD28, IL-7, and IL-15 responses. Journal of Immunology,
170(2), pp.711-8.

Benoist, C. & Mathis, D., 2012. Treg cells, life history, and diversity. Cold Spring Harbor
perspectives in biology, 4(9) a007021

Bertozzi, S. et al., 2005. HIV/AIDS Prevention and Treatment. Disease control priorities
in developing countries, Chapter 18, pp.331-369.

Betts, M.R. et al., 2006. HIV nonprogressors preferentially maintain highly functional
HIV-specific CD8+ T cells. Blood, 107(12), pp.4781-4789.

Bi, X. et al., 2009. High frequency and proliferation of CD4+ FOXP3+ Treg in HIV-1-
infected patients with low CD4 counts. European Journal of Immunology, 39(1),
pp.301-309.

Blackburn, S.D. et al., 2009. Coregulation of CD8+ T cell exhaustion by multiple
inhibitory receptors during chronic viral infection. Nature Immunology, 10(1),
pp.29-37.

Blackburn, S.D. et al., 2008. Selective expansion of a subset of exhausted CD8 T cells by
PD-L1 blockade. Proceedings of the National Academy of Sciences of the United
States of America, 105(39), pp.15016-15021.

Boasso, A. et al., 2008. PD-L1 upregulation on monocytes and T cells by HIV via type |
interferon: restricted expression of type | interferon receptor by CCR5-expressing
leukocytes. Clinical Immunology, 129(1), pp.132-144.

Bopp, T. et al.,, 2007. Cyclic adenosine monophosphate is a key component of
regulatory T cell-mediated suppression. The Journal of Experimental Medicine,
204(6), pp.1303-1310.

Borsellino, G. et al., 2007. Expression of ectonucleotidase CD39 by Foxp3+ Treg cells:
hydrolysis of extracellular ATP and immune suppression. Blood, 110 (4), pp.1225—
1232.

Bowers, N.L. et al., 2014. Immune suppression by neutrophils in HIV-1 infection: Role
of PD-L1/PD-1 pathway. Plos Pathogens, 10(3), p.e1003993.

Brenchley, J.M. et al., 2004. CD4+ T cell depletion during all stages of HIV disease

occurs predominantly in the gastrointestinal tract. The Journal of Experimental
Medicine, 200(6), pp.749-759.

95



Brenchley, J.M. et al.,, 2006. Microbial translocation is a cause of systemic immune
activation in chronic HIV infection. Nature Medicine, 12(12), pp.1365-71.

Brezar, V. et al., 2015. Decreased HIV-Specific T-Regulatory Responses Are Associated
with Effective DC-Vaccine Induced Immunity. Plos Pathogens, 11(3), p.e1004752.

Brod, S.A. et al., 1989. Lymphokine regulation of CD45R expression on human T cell
clones. The Journal of Experimental Medicine, 170(6), pp.2147-52.

Brooks, D.G., McGavern, D.B. & Oldstone, M.B.A., 2006. Reprogramming of antiviral T
cells prevents inactivation and restores T cell activity during persistent viral
infection. The Journal of Clinical Investigation, 116(6), pp.1675—85.

Butler, N.S. et al., 2011. Therapeutic blockade of PD-L1 and LAG-3 rapidly clears
established blood-stage Plasmodium infection. Nature Immunology, 13(2),
pp.188-195.

Butte, M.J. et al., 2007. PD-L1 interacts specifically with B7-1 to inhibit T cell
proliferation. Immunity, 27(1), pp.111-122.

C

Carter, L.L. et al., 2002. PD-1:PD-L inhibitory pathway affects both CD4+ and CD8+ T
cells and is overcome by IL-2. European Journal of Immunology, 32(3), pp.634—
643.

Centers for Disease Control and Prevention (online), www.cdc.gov /hiv /statistics/
surveillance /terms.html (consulted on 20th of June 2015)

Chemnitz, J.M. et al., 2004. SHP-1 and SHP-2 associate with immunoreceptor tyrosine-
based switch motif of programmed death 1 upon primary human T cell
stimulation, but only receptor ligation prevents T cell activation. Journal of
Immunology, 173(2), pp.945-54.

Chen, W. et al.,, 2008. The indoleamine 2,3-dioxygenase pathway is essential for
human plasmacytoid dendritic cell-induced adaptive T regulatory cell generation.
Journal of Immunology, 181(8), pp.5396—404.

Chevalier, M.F. et al., 2015. Phenotype alterations in regulatory T-cell subsets in
primary HIV infection and identification of Trl-like cells as the main interleukin

10-producing CD4+ T cells. The Journal of infectious diseases, 211(5), pp.769-79.

Chevalier, M.F. & Weiss, L., 2013. The split personality of regulatory T cells in HIV
infection. Blood, 121(1), pp.29-37.

96



Cho, H. et al., 2014. Induction of multiple immune regulatory pathways with
differential impact in HCV/HIV coinfection. Frontiers in Immunology, 5:265 pp.1-
12.

Chomont, N. et al., 2009. HIV reservoir size and persistence are driven by T cell survival
and homeostatic proliferation. Nature Medicine, 15(8), pp.893—900.

Chun, T.-W., Moir, S. & Fauci, A.S., 2015. HIV reservoirs as obstacles and opportunities
for an HIV cure. Nature Immunology, 16(6), pp.584-589.

Chun, T.W. et al., 1998. Early establishment of a pool of latently infected, resting CD4+
T cells during primary HIV-1 infection. Proceedings of the National Academy of
Sciences of the United States of America, 95(15), pp.8869-8873.

Chun, T.W. et al., 1997. Presence of an inducible HIV-1 latent reservoir during highly
active antiretroviral therapy. Proceedings of the National Academy of Sciences of
the United States of America, 94(24), pp.13193-7.

Clinical Trials, US National Institutes of Health (online), www.clinicaltrials.gov identifier
NCT02028403 (consulted on 23th of June 2015)

Collison, L.W. et al., 2007. The inhibitory cytokine IL-35 contributes to regulatory T-cell
function. Nature, 450(7169), pp.566-9.

Corbeau, P. & Reynes, J., 2011. Immune reconstitution under antiretroviral therapy :
the new challenge in HIV-1 infection. Blood, 117(21), pp.5582-5590.

Crawford, A. et al., 2014. Molecular and Transcriptional Basis of CD4+ T Cell
Dysfunction during Chronic Infection. Immunity, 40(2), pp.289-302.

Crawford, A. & Wherry, EJ., 2009. The diversity of costimulatory and inhibitory
receptor pathways and the regulation of antiviral T cell responses. Current
Opinion in Immunology, 21(2), pp.179-186.

Cretney, E., Kallies, A. & Nutt, S.L., 2013. Differentiation and function of Foxp3 +
effector regulatory T cells. Trends in Immunology, 34(2), pp.74-80.

Cubas, R.A. et al., 2013. Inadequate T follicular cell help impairs B cell immunity during
HIV infection. Nature Medicine, 19(4), pp.494-9.

Curiel, T.J. et al., 2004. Specific recruitment of regulatory T cells in ovarian carcinoma

fosters immune privilege and predicts reduced survival. Nature Medicine, 10(9),
pp.942-9.

97



Curran, M. a et al., 2010. PD-1 and CTLA-4 combination blockade expands infiltrating T
cells and reduces regulatory T and myeloid cells within B16 melanoma tumors.
Proceedings of the National Academy of Sciences of the United States of America,
107 (9), pp.4275—-4280.

D

DaFonseca, S. et al., 2010. Purging the HIV-1 reservoir through the disruption of the
PD-1 pathway. Journal of the International AIDS Society, 13(Suppl 3), p.015.

Dahabieh, M., Battivelli, E. & Verdin, E., 2015. Understanding HIV latency: The road to
an HIV cure. Annual Review of Medicine, 66, pp.407—-421.

Day, C.L. et al., 2006. PD-1 expression on HIV-specific T cells is associated with T-cell
exhaustion and disease progression. Nature, 443(7109), pp.350-354.

Deaglio, S. et al., 2007. Adenosine generation catalyzed by CD39 and CD73 expressed
on regulatory T cells mediates immune suppression. The Journal of Experimental
Medicine, 204(6), pp.1257-65.

Deeks, S.G. & Walker, B.D., 2007. Human Immunodeficiency Virus Controllers:
Mechanisms of Durable Virus Control in the Absence of Antiretroviral Therapy.
Immunity, 27(3), pp.406-416.

Dhamne, C. et al., 2013. Peripheral and thymic Foxp3 + regulatory T cells in search of
origin, distinction, and function. Frontiers in Immunology, 4: 253, pp.1-11.

Dietze, K.K. et al., 2011. Transient depletion of regulatory T cells in transgenic mice
reactivates virus-specific CD8+ T cells and reduces chronic retroviral set points.
Proceedings of the National Academy of Sciences of the United States of America,
108(6), pp.2420-5.

Dilek, N. et al., 2013. Targeting CD28, CTLA-4 and PD-L1 costimulation Differentially
Controls Immune Synapses and Function of Human Regulatory and Conventional
T- Cells. Plos one, 8(12) e83139.

Dittmer, U. et al., 2004. Functional impairment of CD8(+) T cells by regulatory T cells
during persistent retroviral infection. Immunity, 20(3), pp.293—-303.

Dong, H. et al.,, 1999. B7-H1, a third member of the B7 family, co-stimulates T-cell
proliferation and interleukin-10 secretion. Nature Medicine, 5(12), pp.1365-9.

Duhen, T. et al., 2012. Functionally distinct subsets of human FOXP3+ Treg cells that
phenotypically mirror effector Th cells. Blood, 119(19), pp.4430-40.

98



E

Eggena, M.P. et al., 2005. Depletion of regulatory T cells in HIV infection is associated
with immune activation. Journal of Immunology, 174(7), pp.4407-14.

Elahi, S. et al., 2011. Protective HIV-specific CD8+ T cells evade Treg cell suppression.
Nature Medicine, 17(8), pp.989—-995.

Elsaesser, H., Sauer, K. & Brooks, D.G., 2009. IL-21 is required to control chronic viral
infection. Science, 324(5934), pp.1569-72.

Eppihimer, M.J. et al., 2002. Expression and regulation of the PD-L1 immunoinhibitory
molecule on microvascular endothelial cells. Microcirculation, 9(2), pp.133-45.

Estes, J.D. et al.,, 2007. Simian immunodeficiency virus-induced lymphatic tissue
fibrosis is mediated by transforming growth factor beta 1-positive regulatory T
cells and begins in early infection. The Journal of infectious diseases, 195(4),
pp.551-561.

F

Falivene, J. et al., 2015. Th17 and Th17/Treg ratio at early HIV infection associate with
protective HIV-specific CD8+ T-cell responses and disease progression. Scientific
Reports, 5, p.11511.

Fallarino, F. et al., 2003. Modulation of tryptophan catabolism by regulatory T cells.
Nature Immunology, 4(12), pp.1206-1212.

Favre, D. et al., 2009. Critical loss of the balance between Th17 and T regulatory cell
populations in pathogenic SIV infection. Plos Pathogens, 5(2) e1000295.

Février, M., Dorgham, K. & Rebollo, A., 2011. CD4+ T cell depletion in human
immunodeficiency virus (HIV) infection: role of apoptosis. Viruses, 3(5), pp.586—
612.

Fife, B.T. et al., 2009. Interactions between PD-1 and PD-L1 promote tolerance by
blocking the TCR-induced stop signal. Nature Immunology, 10(11), pp.1185-92.

Finzi, D. et al., 1997. Identification of a reservoir for HIV-1 in patients on highly active
antiretroviral therapy. Science, 278(5341), pp.1295-300.

Finzi, D. et al., 1999. Latent infection of CD4+ T cells provides a mechanism for lifelong

persistence of HIV-1, even in patients on effective combination therapy. Nature
Medicine, 5(5), pp.512-517.

99



Fontenot, J.D., Gavin, M.A. & Rudensky, A.Y., 2003. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nature Immunology, 4(4), pp.330—
6.

Franceschini, D. et al., 2009. PD-L1 negatively regulates CD4+CD25+FOXP3+ Tregs by
limiting STAT-5 phosphorylation in patients chronically infected with HCV. The
Journal of Clinical Investigation, 119(3), pp.551-564.

Francisco, L.M. et al., 2009b. PD-L1 regulates the development, maintenance, and
function of induced regulatory T cells. The Journal of Experimental Medicine,
206(13), pp.3015-29.

Freeman, G.J. et al., 2000. Engagement of the PD-1 immunoinhibitory receptor by a
novel B7 family member leads to negative regulation of lymphocyte activation.
The Journal of Experimental Medicine, 192(7), pp.1027-34.

Fritzsching, B. et al., 2005. In contrast to effector T cells, CD4+CD25+FoxP3+ regulatory
T cells are highly susceptible to CD95 ligand- but not to TCR-mediated cell death.
Journal of Immunology, 175(1), pp.32-6.

Frohlich, A. et al., 2009. IL-21R on T cells is critical for sustained functionality and
control of chronic viral infection. Science, 324(5934), pp.1576—80.

Fuller, M.J. et al., 2013. Immunotherapy of chronic hepatitis C virus infection with
antibodies against programmed cell death-1 (PD-1). Proceedings of the National
Academy of Sciences of the United States of America, 110(37), pp.15001-6.

G

Gallo, R.C. et al.,, 1984. Frequent detection and isolation of cytopathic retroviruses
(HTLV-1I) from patients with AIDS and at risk for AIDS. Science, 224(38), pp.500—
503.

Gardiner, D. et al., 2013. A randomized, double-blind, placebo-controlled assessment
of BMS-936558, a fully human monoclonal antibody to programmed death-1 (PD-
1), in patients with chronic hepatitis C virus infection. Plos one, 8(5), p.e63818.

Garin, M.l. et al.,, 2007. Galectin-1: a key effector of regulation mediated by
CD4+CD25+ T cells. Blood, 109(5), pp.2058—65.

Geldmacher, C. et al., 2007. CD8 T-cell recognition of multiple epitopes within specific
Gag regions is associated with maintenance of a low steady-state viremia in
human immunodeficiency virus type 1-seropositive patients. Journal of Virology,
81(5), pp.2440-2448.

100



Gondek, D.C. et al., 2005. Cutting edge: contact-mediated suppression by CD4+CD25+
regulatory cells involves a granzyme B-dependent, perforin-independent
mechanism. Journal of Immunology, 174(4), pp.1783—6.

Gotot, J. et al., 2012. Regulatory T cells use programmed death 1 ligands to directly
suppress autoreactive B cells in vivo. Proceedings of the National Academy of
Sciences of the United States of America, 109(26), pp.10468-73.

Grant, C. et al., 2006. Foxp3 represses retroviral transcription by targeting both NF-
kappaB and CREB pathways. Plos Pathogens, 2(4), p.e33.

Gratz, I.LK. & Campbell, D.J., 2014. Organ-specific and memory Treg cells: Specificity,
development, function, and maintenance. Frontiers in Immunology, 5:333, pp.1-
17.

Grohmann, U. et al., 2002. CTLA-4-Ig regulates tryptophan catabolism in vivo. Nature
Immunology, 3(11), pp.1097-101.

Guadalupe, M. et al., 2003. Severe CD4+ T-cell depletion in gut lymphoid tissue during
primary human immunodeficiency virus type 1 infection and substantial delay in
restoration following highly active antiretroviral therapy. Journal of Virology,
77(21), pp.11708-17.

H

Haase, A.T., 1999. Population biology of HIV-1 infection: viral and CD4+ T cell
demographics and dynamics in lymphatic tissues. Annual review of Immunology,
17, pp.625-56.

Harvey, R.D., 2014. Immunologic and Clinical Effects of Targeting PD-1 in Lung Cancer.
Clinical pharmacology and therapeutics, 96(2), pp.214-223.

Hirano, F. et al., 2005. Blockade of B7-H1 and PD-1 by monoclonal antibodies
potentiates cancer therapeutic immunity. Cancer Research, 65, pp.1089-1096.

Hladik, F. & McElrath, M.J., 2008. Setting the stage: host invasion by HIV. Nature
Reviews Immunology, 8(6), pp.447-457.

Honda, T. et al., 2014. Tuning of antigen sensitivity by T cell receptor-dependent
negative feedback controls T cell effector function in inflamed tissues. Immunity,

40(2), pp.235—47.

Hori, S., Nomura, T. & Sakaguchi, S., 2003. Control of regulatory T cell development by
the transcription factor Foxp3. Science, 299(5609), pp.1057-61.

101



Hunt, P.W., 2012. HIV and inflammation: Mechanisms and consequences. Current
HIV/AIDS Reports, 9(2), pp.139-147.

Hutter, G. et al., 2009. Long-Term Control of HIV by CCR5 delta32/delta32 stem-cell
transplantation. The New England Journal of Medicine, 360(7), pp.692—-698.

Ishida, Y. et al.,, 1992. Induced expression of PD-1, a novel member of the
immunoglobulin gene superfamily, upon programmed cell death. The EMBO
Journal, 11(11), pp.3887-95.

Iwai, Y. et al., 2002. Involvement of PD-L1 on tumor cells in the escape from host
immune system and tumor immunotherapy by PD-L1 blockade. Proceedings of
the National Academy of Sciences of the United States of America, 99(19),
pp.12293-12297.

Ji, J. & Cloyd, M.W., 2009. HIV-1 binding to CD4 on CD4+CD25+ regulatory T cells
enhances their suppressive function and induces them to home to, and
accumulate in, peripheral and mucosal lymphoid tissues: An additional
mechanism of immunosuppression. International Immunology, 21(3), pp.283—
294,

Jin, H.T. et al., 2010. Cooperation of Tim-3 and PD-1 in CD8 T-cell exhaustion during
chronic viral infection. Proceedings of the National Academy of Sciences of the

United States of America, 107(33)pp.14733-14738.

Jin, H.T. et al,, 2011. Mechanism of T cell exhaustion in a chronic environment. BMB
Reports, 44(4), pp.217-231.

Joedicke, J. et al., 2014. The phenotype and activation status of regulatory T cells
during Friend retrovirus infection. Virologica Sinica, 29(1), pp.48—60.

K

Kahan, S.M., Wherry, E.J. & Zajac, A.J., 2015. T cell exhaustion during persistent viral
infections. Virology, 479 pp.1-14.

Kamphorst, A.O., Araki, K. & Ahmed, R., 2015. Beyond adjuvants: Immunomodulation
strategies to enhance T cell immunity. Vaccine, 33 Suppl 2, pp.B21-B28.

102



Kannanganat, S. et al., 2007. Human immunodeficiency virus type 1 controllers but not
noncontrollers maintain CD4 T cells coexpressing three cytokines. Journal of
Virology, 81(21), pp.12071-12076.

Kao, C. et al., 2011. Transcription factor T-bet represses expression of the inhibitory
receptor PD-1 and sustains virus-specific CD8+ T cell responses during chronic
infection. Nature Immunology, 12(7), pp.663-671.

Kardava, L. et al., 2011. Attenuation of HIV-associated human B cell exhaustion by
siRNA downregulation of inhibitory receptors. The Journal of Clinical
Investigation, 121(7), pp.2614-24.

Kared, H. et al., 2008. HIV-specific regulatory T cells are associated with higher CD4 cell
counts in primary infection. AIDS, 22(18), pp.2451-2460.

Kaufmann, D.E. et al., 2007. Upregulation of CTLA-4 by HIV-specific CD4+ T cells
correlates with disease progression and defines a reversible immune dysfunction.
Nature Immunology, 8(11), pp.1246-54.

Keir, M.E. et al., 2008. PD-1 and its ligands in tolerance and immunity. Annual review of
Immunology, 26, pp.677-704.

Keir, M.E. et al., 2006. Tissue expression of PD-L1 mediates peripheral T cell tolerance.
The Journal of Experimental Medicine, 203(4), pp.883-95.

Khattri, R. et al., 2003. An essential role for Scurfin in CD4+CD25+ T regulatory cells.
Nature Immunology, 4(4), pp.337-42.

Kim, P.S. & Ahmed, R., 2010. Features of responding T cells in cancer and chronic
infection. Current Opinion in Immunology, 22(2), pp.223-230.

Kinter, A.L. et al., 2004. CD25+CD4+ regulatory T cells from the peripheral blood of
asymptomatic HIV-infected individuals regulate CD4+ and CD8+ HIV-specific T cell
immune responses in vitro and are associated with favorable clinical markers of
disease status. The Journal of Experimental Medicine, 200(3), pp.331-343.

Kinter, A.L. et al., 2008. The common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21
induce the expression of programmed death-1 and its ligands. Journal of
Immunology, 181(10), pp.6738-6746.

Klatt, N.R., Funderburg, N.T. & Brenchley, J.M., 2013. Microbial translocation, immune
activation, and HIV disease. Trends in Microbiology, 21(1), pp.6—13.

Kobie, J.J. et al., 2006. T regulatory and primed uncommitted CD4 T cells express CD73,

which suppresses effector CD4 T cells by converting 5’-adenosine monophosphate
to adenosine. Journal of Immunology, 177(10), pp.6780-6.

103



Kolte, L. et al., 2009. Increased levels of regulatory T cells (Tregs) in human
immunodeficiency virus-infected patients after 5 years of highly active anti-
retroviral therapy may be due to increased thymic production of naive Tregs.
Clinical and experimental immunology, 155(1), pp.44-52.

Kolte, L., 2013. Thymic function in HIV-infection. Danish Medical Journal, 60(4),
p.B4622.

Konforte, D., Simard, N. & Paige, C.J., 2009. IL-21: an executor of B cell fate. Journal of
Immunology, 182(4), pp.1781-1787.

Krupnick, A.S. et al., 2005. Murine vascular endothelium activates and induces the
generation of allogeneic CD4+25+Foxp3+ regulatory T cells. Journal of
Immunology, 175(10), pp.6265—-6270.

Kuipers, H. et al., 2006. Contribution of the PD-1 ligands/PD-1 signaling pathway to
dendritic cell-mediated CD4+ cell activation. European Journal of Immunology,
36(9), pp.2472-2482.

Kwon, D.S. et al., 2012. CD4+ CD25+ Regulatory T Cells Impair HIV-1-Specific CD4 T Cell
Responses by Upregulating Interleukin-10 Production in Monocytes. Journal of
Virology, 86(12), pp.6586—6594.

De la Rosa, M. et al., 2004. Interleukin-2 is essential for CD4+CD25+ regulatory T cell
function. European Journal of Immunology, 34(9), pp.2480-8.

L

Latchman, Y. et al., 2001. PD-L2 is a second ligand for PD-1 and inhibits T cell
activation. Nature Immunology, 2(3), pp.261-268.

Liang, B. et al., 2008. Regulatory T cells inhibit dendritic cells by lymphocyte activation
gene-3 engagement of MHC class Il. Journal of Immunology, 180(9), pp.5916—
5926.

Liang, S.C. et al., 2003. Regulation of PD-1, PD-L1, and PD-L2 expression during normal
and autoimmune responses. European Journal of Immunology, 33(10), pp.2706—
2716.

Lichterfeld, M. et al., 2004. Loss of HIV-1-specific CD8+ T cell proliferation after acute

HIV-1 infection and restoration by vaccine-induced HIV-1-specific CD4+ T cells.
The Journal of Experimental Medicine, 200(6), pp.701-12.

104



Lichterfeld, M. et al., 2008. Telomerase activity of HIV-1 specific CD8+ T cells:
Constitutive up-regulation in controllers and selective increase by blockade of PD
ligand 1 in progressors. Blood, 112(9), pp.3679-3687.

Lim, A. et al., 2007. Proportions of circulating T cells with a regulatory cell phenotype
increase with HIV-associated immune activation and remain high on antiretroviral
therapy. AIDS, 21(12), pp.1525-34.

Lim, A., French, M.A. & Price, P., 2009. CD4 + and CD8 + T cells expressing FoxP3 in
HIV-infected patients are phenotypically distinct and influenced by disease
severity and antiretroviral therapy. Journal of Acquired Immune Deficiency
Syndrome, 51(3), pp.248-257.

Lim, S.G. et al., 1993. Loss of mucosal CD4 lymphocytes is an early feature of HIV
infection. Clinical and experimental immunology, 92(3), pp.448-54.

Lindholm, P.F., Annen, K. & Ramsey, G., 2011. Approaches to minimize infection risk in
blood banking and transfusion practice. Infectious disorders drug targets, 11(1),
pp.45-56.

Liston, A. & Gray, D.H.D., 2014. Homeostatic control of regulatory T cell diversity.
Nature Reviews Immunology, 14, pp.154-165.

Liu, J. et al., 2009. Neuromodulatory activities of CD4+CD25+ regulatory T cells in a
murine model of HIV-1-associated neurodegeneration. Journal of Immunology,
182(6), pp.3855—-3865.

Liu, W. et al., 2006. CD127 expression inversely correlates with FoxP3 and suppressive
function of human CD4+ T reg cells. The Journal of Experimental Medicine, 203(7),
pp.1701-11.

Loke, P. & Allison, J.P., 2003. PD-L1 and PD-L2 are differentially regulated by Th1l and
Th2 cells. Proceedings of the National Academy of Sciences of the United States of
America, 100(9), pp.5336-5341.

M

Maier, H. et al., 2007. PD-1:PD-L1 interactions contribute to the functional suppression
of virus-specific CD8+ T lymphocytes in the liver. Journal of Immunology, 178(5),
pp.2714-2720.

Manches, O. et al., 2008. HIV-activated human plasmacytoid DCs induce Tregs through

an indoleamine 2,3-dioxygenase-dependent mechanism. Journal of Clinical
Investigation, 118(10), pp.3431-3439.

105



Margolis, D. & Bushman, F., 2014. Persistence by proliferation? Science, 345(6193),
pp.143-144.

Massanella, M., Martinez-Picado, J. & Blanco, J., 2013. Attacking the HIV reservoir from
the immune and viral perspective. Current HIV/AIDS reports, 10(1), pp.33—41.

Matloubian, M., Concepcion, R.J. & Ahmed, R., 1994. CD4+ T cells are required to
sustain CD8+ cytotoxic T-cell responses during chronic viral infection. Journal of
Virology, 68(12), pp.8056—63.

McGary, C.S., Silvestri, G. & Paiardini, M., 2014. Animal models for viral infection and
cell exhaustion. Current Opinion in HIV and AIDS, 9(5), pp.492-9.

McKinnon, L.R. et al.,, 2011. HIV-specific CD8+ T-cell proliferation is prospectively
associated with delayed disease progression. Immunology and Cell Biology, 90(3),
pp.346-351.

McMichael, AJ. et al., 2010. The immune response during acute HIV-1 infection: clues
for vaccine development. Nature Reviews Immunology, 10(1), pp.11-23.

Medical Art (online), http://www.servier.com/Powerpoint-image-bank (downloaded
on 1st of August 2015)

Mehandru, S. et al., 2004. Primary HIV-1 infection is associated with preferential
depletion of CD4+ T lymphocytes from effector sites in the gastrointestinal tract.
The Journal of Experimental Medicine, 200(6), pp.761-70.

Meier, A. et al., 2008. Up-regulation of PD-L1 on monocytes and dendritic cells by HIV-
1 derived TLR ligands. AIDS, 22(5), pp.655-658.

Mellors, J.W. et al., 1996. Prognosis in HIV-1 infection predicted by the quantity of
virus in plasma. Science, 272(5265), pp.1167-1170.

Mempel, T.R. et al.,, 2006. Regulatory T cells reversibly suppress cytotoxic T cell
function independent of effector differentiation. Immunity, 25(1), pp.129-41.

Mendez-Lagares, G. et al., 2012. Severe Immune Dysregulation Affects CD4+ CD25hi
FoxP3+ Regulatory T Cells in HIV-Infected Patients With Low-level CD4 T-Cell
Repopulation Despite Suppressive Highly Active Antiretroviral Therapy. Journal of
Infectious Diseases, 205(10), pp.1501-1509.

Mezrich, J.D. et al., 2010. An interaction between kynurenine and the aryl hydrocarbon

receptor can generate regulatory T cells. Journal of Immunology, 185(6), pp.3190—
8.

106



Migueles, S. a. et al., 2008. Lytic Granule Loading of CD8+ T Cells Is Required for HIV-
Infected Cell Elimination Associated with Immune Control. Immunity, 29(6),
pp.1009-1021.

Miyara, M. et al., 2009. Functional delineation and differentiation of human CD4+T
cells expressing the FoxP3 transcription factor. Immunity, 30(9), pp.899-911.

Miyara, M., Ito, Y. & Sakaguchi, S., 2014. TREG-cell therapies for autoimmune
rheumatic diseases. Nature Reviews Rheumatology, 4(9), pp.1-9.

Moir, S., Chun, T.-W. & Fauci, A.S., 2011. Pathogenic mechanisms of HIV disease.
Annual review of Pathology, 6, pp.223-248.

Moll, M. et al., 2009. Severe functional impairment and elevated PD-1 expression in
CD1d-restricted NKT cells retained during chronic HIV-1 infection. European
Journal of Immunology, 39(3), pp.902-11.

Montes, M. et al., 2011. Normalization of FoxP3(+) regulatory T cells in response to
effective antiretroviral therapy. The Journal of infectious diseases, 203(4), pp.496—
499.

Moorman, J.P. et al.,, 2012. Tim-3 pathway controls regulatory and effector T cell
balance during hepatitis C virus infection. Journal of Imnmunology, 189(2), pp.755—
766.

Moreno-Fernandez, M.E. et al., 2009. Human regulatory T cells are targets for human
immunodeficiency Virus (HIV) infection, and their susceptibility differs depending
on the HIV type 1 strain. Journal of Virology, 83(24), pp.12925-33.

Moreno-Fernandez, M.E., Joedicke, J.J. & Chougnet, C. a., 2014. Regulatory T cells
diminish HIV infection in dendritic cells - conventional CD4+ T cell clusters.
Frontiers in Immunology, 5:199, pp.1-11.

Moreno-Fernandez, M.E., Presicce, P. & Chougnet, C.A.,, 2012. Homeostasis and
Function of Regulatory Cells in HIV/SIV Infection. Journal of Virology, 86(19),
pp.10262-10269.

Morikawa, H. & Sakaguchi, S., 2014. Genetic and epigenetic basis of Treg cell
development and function: from a FoxP3-centered view to an epigenome-defined
view of natural Treg cells. Immunological reviews, 259(1), pp.192—-205.

Morrissey, P.J. et al., 1993. CD4+ T cells that express high levels of CD45RB induce
wasting disease when transferred into congenic severe combined
immunodeficient mice. Disease development is prevented by cotransfer of
purified CD4+ T cells. The Journal of Experimental Medicine, 178(1), pp.237-44.

107



Muthumani, K. et al., 2008. Human Immunodeficiency Virus Type 1 Nef Induces
Programmed Death 1 Expression through a p38 Mitogen-Activated Protein
Kinase-Dependent Mechanism. Journal of Virology, 82(23), pp.11536-11544.

Mylvaganam, G.H., Silvestri, G. & Amara, R.R., 2015. HIV therapeutic vaccines: moving
towards a functional cure. Current Opinion in Immunology, 35, pp.1-8.

N

Nakamoto, N. et al., 2009. Synergistic reversal of intrahepatic HCV-specific CD8 T cell
exhaustion by combined PD-1/CTLA-4 blockade. Plos Pathogens, 5(2),
p.e1000313.

Nakamura, K., Kitani, A. & Strober, W., 2001. Cell contact-dependent
immunosuppression by CD4(+)CD25(+) regulatory T cells is mediated by cell
surface-bound transforming growth factor beta. The Journal of Experimental
Medicine, 194(5), pp.629-44.

Nguyen, L.T. & Ohashi, P.S., 2015. Clinical blockade of PD1 and LAG3 — potential
mechanisms of action. Nature Reviews Immunology, 15(1), pp.45-56.

Ni, L. et al., 2011. PD-1 modulates regulatory T cells and suppresses T cell responses in
HCV-associated Lymphoma. Immunol Cell Biol, 89(4), pp.535-539.

Nicholas, K.J. et al., 2013. B cell responses to HIV antigen are a potent correlate of
viremia in HIV-1 infection and improve with PD-1 blockade. Plos one, 8(12),
p.e84185.

Nikolova, M. et al., 2011. CD39/Adenosine Pathway Is Involved in AIDS Progression.
Plos Pathogens, 7(7), p.e1002110.

Nilsson, J. et al., 2006. HIV-1 — driven regulatory T-cell accumulation in lymphoid
tissues is associated with disease progression in HIV / AIDS. Aids, 108(12),
pp.3808-3817.

Nishimura, H. et al.,, 2001. Autoimmune dilated cardiomyopathy in PD-1 receptor-
deficient mice. Science, 291(5502), pp.319-22.

Nishimura, H. et al.,, 1999. Development of lupus-like autoimmune diseases by
disruption of the PD-1 gene encoding an ITIM motif-carrying immunoreceptor.
Immunity, 11(2), pp.141-51.

Nishimura, H. et al., 1996. Developmentally regulated expression of the PD-1 protein

on the surface of double-negative (CD4-CD8-) thymocytes. International
immunology, 8(5), pp.773-80.

108



Noman, M.Z. et al.,, 2014. PD-L1 is a novel direct target of HIF-1a, and its blockade
under hypoxia enhanced MDSC-mediated T cell activation. The Journal of
Experimental Medicine, 211(5), pp.781—-90.

Norris, B.A. et al., 2013. Chronic but not acute virus infection induces sustained
expansion of myeloid suppressor cell numbers that inhibit viral-specific T cell
immunity. Immunity, 38(2), pp.309-21.

Norris, S. et al., 2012. PD-1 expression on natural killer cells and CD8(+) T cells during
chronic HIV-1 infection. Viral immunology, 25(4), pp.329-32.

)

Oestreich, K.J. et al., 2008. NFATc1 Regulates PD-1 Expression upon T Cell Activation.
Journal of Immunology, 181(7), pp.4832—-4839.

Ohta, A. & Sitkovsky, M., 2014. Extracellular adenosine-mediated modulation of
regulatory T cells. Frontiers in Inmunology, 5(304), pp.1-9.

Okazaki, T. et al., 2013. A rheostat for immune responses: the unique properties of PD-
1 and their advantages for clinical application. Nature Immunology, 14(12),
pp.1212-8.

Oleinika, K. et al., 2013. Suppression, subversion and escape: The role of regulatory T
cells in cancer progression. Clinical and Experimental Immunology, 171(1), pp.36—
45,

Opitz, C.A. et al., 2011. An endogenous tumour-promoting ligand of the human aryl
hydrocarbon receptor. Nature, 478(7368), pp.197—-203.

Oswald-Richter, K. et al., 2004. HIV infection of naturally occurring and genetically
reprogrammed human regulatory T-cells. Plos Biology, 2(7), pp.955-966.

P

Paley, M.A. et al., 2012. Progenitor and terminal subsets of CD8+ T cells cooperate to
contain chronic viral infection. Science, 338(6111), pp.1220-5.

Palmer, B.E. et al., 2013. In vivo blockade of the PD-1 receptor suppresses HIV-1 viral
loads and improves CD4+ T cell levels in humanized mice. Journal of Immunology,
190(1), pp.211-219.

Pantaleo, G. et al., 1991. Lymphoid organs function as major reservoirs for human

immunodeficiency virus. Proceedings of the National Academy of Sciences of the
United States of America, 88(21), pp.9838-42.

109



Pantaleo, G. & Fauci, A.., 1996. Immunopathogenesis of HIV disease. Annual Review of
Microbiology, 50, pp.825-54.

Pantaleo, G., Graziosi, C. & Fauci, A.S., 1993. The immunopathogenesis of human
immunodeficiency virus infection. The New England Journal of Medicine, 4(2),
pp.328-335.

Park, H.J. et al., 2015. PD-1 upregulated on regulatory T cells during chronic virus
infection enhances the suppression of CD8+ T cell immune response via the
interaction with PD-L1 expressed on CD8+ T Cells. Journal of Immunology,
194(12), pp.5801-11.

Parry, R. V et al., 2005. CTLA-4 and PD-1 Receptors Inhibit T-Cell Activation by Distinct
Mechanisms. Molecular and cellular biology, 25(21), pp.9543-9553.

Patsoukis, N. et al., 2012. Selective effects of PD-1 on Akt and Ras pathways regulate
molecular components of the cell cycle and inhibit T cell proliferation. Science
signaling, 5(230), p.ra46.

Pauken, K.E. & Wherry, E.J., 2015. Overcoming T cell exhaustion in infection and
cancer. Trends in Immunology, 36(4), pp.265-276.

Peggs, K.S. et al., 2009. Blockade of CTLA-4 on both effector and regulatory T cell
compartments contributes to the antitumor activity of anti-CTLA-4 antibodies.
The Journal of Experimental Medicine, 206(8), pp.1717-1725.

Penaloza-MacMaster, P. et al., 2014. Interplay between regulatory T cells and PD-1 in
modulating T cell exhaustion and viral control during chronic LCMV infection.
Journal of Experimental Medicine, 211(9), pp.1905-1918.

Perfettini, J.-L. et al., 2005. Mechanisms of apoptosis induction by the HIV-1 envelope.
Cell death and differentiation, 12 Suppl 1, pp.916-23.

Periasamy, S. et al., 2011. Programmed Death 1 and Cytokine Inducible SH2-Containing
Protein Dependent Expansion of Regulatory T Cells Upon Stimulation With
Mycobacterium tuberculosis. Journal of Infectious Diseases, 203(9), pp.1256—
1263.

Petitjean, G. et al., 2012. Level of double negative T cells, which produce TGF-B and IL-
10, predicts CD8 T-cell activation in primary HIV-1 infection. AIDS, 26(2), pp.139—
148.

Petrovas, C. et al., 2006. PD-1 is a regulator of virus-specific CD8+ T cell survival in HIV
infection. The Journal of Experimental Medicine, 203(10), pp.2281-2292.

110



Phetsouphanh, C., Xu, Y. & Zaunders, J., 2015. CD4 T Cells Mediate Both Positive and
Negative Regulation of the Immune Response to HIV Infection: Complex Role of T
Follicular Helper Cells and Regulatory T Cells in Pathogenesis. Frontiers in
Immunology, 5(681), pp.1-14.

Pion, M. et al., 2013. HIV infection of human regulatory T cells downregulates Foxp3
expression by increasing DNMT3b levels and DNA methylation in the FOXP3 gene.
AIDS, 27(13), pp.2019-29.

Planés, R. et al., 2014. HIV-1 Tat Protein Induces PD-L1 (B7-H1) Expression on Dendritic
Cells through Tumor Necrosis Factor Alpha- and Toll-Like Receptor 4-Mediated
Mechanisms. Journal of Virology, 88(12), pp.6672-6689.

Popovic, M. et al., 1984. Detection, isolation, and continuous production of cytopathic
retroviruses (HTLV-III) from patients with AIDS and pre-AIDS. Science, 224(4648),
pp.497-500.

Porichis, F. et al., 2011. Responsiveness of HIV-specific CD4 T cells to PD-1 blockade.
Blood, 118(4), pp.965-974.

Powrie, F., 1990. OX-22high CD4+ T cells induce wasting disease with multiple organ
pathology: prevention by the OX-22low subset [published erratum appears in J
Exp Med 1991 Apr 1;173(4):1037]. Journal of Experimental Medicine, 172(6),
pp.1701-1708.

Q

Quigley, M. et al., 2010. Transcriptional analysis of HIV-specific CD8+ T cells shows that
PD-1 inhibits T cell function by upregulating BATF. Nature Medicine, 16(10),
pp.1147-51.

Qureshi, O.S. et al., 2011. Trans-endocytosis of CD80 and CD86: a molecular basis for
the cell-extrinsic function of CTLA-4. Science, 332(6029), pp.600-3.

R

Radziewicz, H., Dunham, R.M. & Grakoui, A., 2009. PD-1 tempers Tregs in chronic HCV
infection. The Journal of Clinical Investigation, 119(3), pp.3-6.

Raimondi, G. et al., 2006. Regulated compartmentalization of programmed cell death-1

discriminates CD4+CD25+ resting regulatory T cells from activated T cells. Journal
of Immunology, 176(5), pp.2808—-2816.

111



Ren, X. et al., 2007. Involvement of cellular death in TRAIL/DR5-dependent suppression
induced by CD4(+)CD25(+) regulatory T cells. Cell death and differentiation,
14(12), pp.2076-84.

Richter, K., Perriard, G. & Oxenius, A., 2013. Reversal of chronic to resolved infection
by IL-10 blockade is LCMV strain dependent. European Journal of Immunology,
43(3), pp.649-54.

Rodriguez-Garcia, M. et al., 2011. Expression of PD-L1 and PD-L2 on human
macrophages is up-regulated by HIV-1 and differentially modulated by IL-10.
Journal of Leukocyte Biology, 89(4), pp.507-515.

Rosignoli, G. et al., 2007. Expression of PD-L1, a marker of disease status, is not
reduced by HAART in aviraemic patients. AIDS, 21(10), pp.1379-81.

Roychoudhuri, R., Eil, R.L. & Restifo, N.P., 2015. The interplay of effector and
regulatory T cells in cancer. Current Opinion in Immunology, 33, pp.101-111.

Rueda, C.M. et al., 2013. Incomplete normalization of regulatory T-cell frequency in
the gut mucosa of Colombian HIV-infected patients receiving long-term
antiretroviral treatment. Plos one, 8(8), p.e71062.

S

Sachdeva, M. et al., 2010. Immune exhaustion occurs concomitantly with immune
activation and decrease in regulatory T cells in viremic chronically HIV-1-infected
patients. Journal of acquired immune deficiency syndromes, 54(5), pp.447—-454.

Said, E.A. et al.,, 2010. Programmed death-1-induced interleukin-10 production by
monocytes impairs CD4+ T cell activation during HIV infection. Nature Medicine,
16(4), pp.452-9.

Sakaguchi, S. et al., 2010. FOXP3 + regulatory T cells in the human immune system.
Nature Reviews Immunology, 10(7), pp.490-500.

Sakaguchi, S. et al., 1995. Immunologic self-tolerance maintained by activated T cells
expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism
of self-tolerance causes various autoimmune diseases. Journal of Immunology,
155(3), pp.1151-64.

Sakaguchi, S., 1985. Organ-specific autoimmune diseases induced in mice by
elimination of T cell subset. I. Evidence for the active participation of T cells in
natural self-tolerance; deficit of a T cell subset as a possible cause of autoimmune
disease. Journal of Experimental Medicine, 161(1), pp.72-87.

112



Sakaguchi, S. et al., 2008. Regulatory T Cells and Immune Tolerance. Cell, 133(5),
pp.775-787.

Sakaguchi, S., 1982. Study on cellular events in post-thymectomy autoimmune
oophoritis in mice. Il. Requirement of Lyt-1 cells in normal female mice for the
prevention of oophoritis. Journal of Experimental Medicine, 156(6), pp.1577—-
1586.

Sakaguchi, S. et al.,, 2013. The plasticity and stability of regulatory T cells. Nature
Reviews Immunology, 13(6), pp.461-467.

Sarris, M. et al., 2008. Neuropilin-1 Expression on Regulatory T Cells Enhances Their
Interactions with Dendritic Cells during Antigen Recognition. Immunity, 28(3),
pp.402—-413.

Sato, E. et al., 2005. Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high
CD8+/regulatory T cell ratio are associated with favorable prognosis in ovarian
cancer. Proceedings of the National Academy of Sciences of the United States of
America, 102(51), pp.18538-43.

Schacker, T.W. et al.,, 2006. Lymphatic Tissue Fibrosis Is Associated with Reduced
Numbers of Naive CD4 + T Cells in Human Immunodeficiency Virus Type 1
Infection. Clinical and Vaccine Immunology, 13(5), pp.556-560.

Schmidt, A. et al.,, 2011. Human regulatory T cells rapidly suppress T cell receptor-
induced Ca(2+), NF-kB, and NFAT signaling in conventional T cells. Science
signaling, 4(204), p.ra90.

Schmidt, A., Oberle, N. & Krammer, P.H., 2012. Molecular mechanisms of Treg-
mediated T cell suppression. Frontiers in Immunology, 3(51), pp.1-20.

Schmitz, I. et al., 2013. IL-21 restricts virus-driven Treg cell expansion in chronic LCMV
infection. Plos Pathogens, 9(5), p. €1003362.

Schreiner, B. et al.,, 2004. Interferon-beta enhances monocyte and dendritic cell
expression of B7-H1 (PD-L1), a strong inhibitor of autologous T-cell activation:
relevance for the immune modulatory effect in multiple sclerosis. Journal of
neuroimmunology, 155(1-2), pp.172-82.

Schulze zur Wiesch, J. et al.,, 2011. Comprehensive Analysis of Frequency and
Phenotype of T Regulatory Cells in HIV Infection: CD39 Expression of FoxP3+ T
Regulatory Cells Correlates with Progressive Disease. Journal of Virology, 85(3),
pp.1287-1297.

113



Seddiki, N. et al., 2006. Expression of interleukin (IL)-2 and IL-7 receptors discriminates
between human regulatory and activated T cells. The Journal of Experimental
Medicine, 203(7), pp.1693-700.

Seddiki, N. et al., 2009. Proliferation of weakly suppressive regulatory CD4+ T cells is
associated with over-active CD4+ T-cell responses in HIV-positive patients with
mycobacterial immune restoration disease. European Journal of Immunology,
39(2), pp.391-403.

Selliah, N. et al., 2008. FOXP3 inhibits HIV-1 infection of CD4 T-cells via inhibition of LTR
transcriptional activity. Virology, 381(2), pp.161-7.

Senturia, Y.D. et al., 1987. Breast-feeding and HIV infection. The Lancet, 330(8555),
pp.400-401.

Seung, E. et al., 2013. PD-1 blockade in chronically HIV-1-infected humanized mice
suppresses viral loads. Plos one, 8(10), p.e77780.

Sharpe, A.H. et al., 2007. The function of programmed cell death 1 and its ligands in
regulating autoimmunity and infection. Nature Immunology, 8(3), pp.239-245.

Sheppard, K.-A. et al., 2004. PD-1 inhibits T-cell receptor induced phosphorylation of
the ZAP70/CD3zeta signalosome and downstream signaling to PKC theta. FEBS
letters, 574(1-3), pp.37-41.

Sheridan, C., 2014. First PD-1 inhibitor breezes across finish line. Nature Biotechnology,
32(9), pp.847-8.

Shetty, R.D. et al.,, 2012. PD-1 blockade during chronic SIV infection reduces
hyperimmune activation and microbial translocation in rhesus macaques. The
Journal of Clinical Investigation, 122(5), pp.1712-16.

Shin, H. et al., 2009. A role for the transcriptional repressor Blimp-1 in CD8(+) T cell
exhaustion during chronic viral infection. Immunity, 31(2), pp.309-20.

Shin, H. et al., 2007. Viral antigen and extensive division maintain virus-specific CD8 T
cells during chronic infection. The Journal of Experimental Medicine, 204(4),
pp.941-9.

Siliciano, J.D. et al., 2003. Long-term follow-up studies confirm the stability of the
latent reservoir for HIV-1 in resting CD4+ T cells. Nature Medicine, 9(6), pp.727-8.

Simonetta, F. et al.,, 2012. Early and Long-Lasting Alteration of Effector CD45RA-

FOXP3hi regulatory T-cell Homeostasis During HIV Infection. Journal of
Immunological Methods, 205(10), pp.1510-1519.

114



Simonetta, F. & Bourgeois, C., 2013. CD4+FOXP3+ regulatory T-cell subsets in human
immunodeficiency virus infection. Frontiers in Immunology, 4:205, pp.1-12.

Simpson, T.R. et al., 2013. Fc-dependent depletion of tumor-infiltrating regulatory T
cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma. The Journal
of Experimental Medicine, 210(9), pp.1695-710.

Smith, H. et al., 1991. Effector and regulatory cells in autoimmune oophoritis elicited
by neonatal thymectomy. Journal of Immunology, 147(9), pp.2928-33.

Sojka, D.K. & Fowell, D.J., 2011. Regulatory T cells inhibit acute IFN-y synthesis without
blocking T-helper cell type 1 (Thl) differentiation via a compartmentalized
requirement for IL-10. Proceedings of the National Academy of Sciences of the
United States of America, 108(45), pp.18336—41.

Souza, M.D. et al., 2007. Programmed death 1 expression on HIV-specific CD4+T cells is
driven by viral replication and associated with T cell dysfunction. Journal of
Immunology, 179, pp.1979-1987.

Staron, M.M. et al., 2014. The transcription factor FoxO1 sustains expression of the
inhibitory receptor PD-1 and survival of antiviral CD8(+) T cells during chronic
infection. Immunity, 41(5), pp.802-14.

Streeck, H. et al., 2008. Antigen load and viral sequence diversification determine the
functional profile of HIV-1-specific CD8+ T cells. Plos Medicine, 5(5), p.e100.

Suri-Payer, E. et al., 1998. CD4+CD25+ T cells inhibit both the induction and effector
function of autoreactive T cells and represent a unique lineage of
immunoregulatory cells. Journal of Inmunology, 160(3), pp.1212-8.

T

Teijaro, J.R. et al., 2013. Persistent LCMV infection is controlled by blockade of type |
interferon signaling. Science, 340(6129), pp.207-11.

Tilton, J.C. et al.,, 2007. Changes in paracrine interleukin-2 requirement, CCR7
expression, frequency, and cytokine secretion of human immunodeficiency virus-
specific CD4+ T cells are a consequence of antigen load. Journal of Virology, 81(6),
pp.2713-25.

Tinoco, R. et al.,, 2009. Cell-intrinsic transforming growth factor-beta signaling

mediates virus-specific CD8+ T cell deletion and viral persistence in vivo.
Immunity, 31(1), pp.145-57.

115



Titanji, K. et al., 2010. Acute depletion of activated memory B cells involves the PD-1
pathway in rapidly progressing SIV-infected macaques. Journal of Clinical
Investigation, 120(11), pp.3878-90.

Trabattoni, D. et al.,, 2003. B7-H1 is up-regulated in HIV infection and is a novel
surrogate marker of disease progression. Blood, 101(7), pp.2514-2520.

Trautmann, L. et al., 2006. Upregulation of PD-1 expression on HIV-specific CD8+ T cells
leads to reversible immune dysfunction. Nature Medicine, 12(10), pp.1198-1202.

Trinath, J. et al.,, 2012. Mycobacterium tuberculosis promotes regulatory T-cell
expansion via induction of programmed death-1 ligand 1 (PD-L1, CD274) on
dendritic cells. The Journal of Infectious Diseases, 205(4), pp.694—6.

Tsunemi, S. et al.,, 2005. Relationship of CD4+CD25+ regulatory T cells to immune
status in HIV-infected patients. AIDS, 19(9), pp.879-886.

Twyman-SaintVictor, C. et al., 2015. Radiation and dual checkpoint blockade activate
non-redundant immune mechanisms in cancer. Nature, 520 (7547), pp.373-7

U

UNAIDS/WHO 2014, (online), www.unaids.org (consulted on 25th of August 2015)

Urbani, S. et al., 2006. PD-1 expression in acute hepatitis C virus (HCV) infection is
associated with HCV-specific CD8 exhaustion. Journal of Virology, 80(22),
pp.11398-11403.

Utzschneider, D.T. et al., 2013. T cells maintain an exhausted phenotype after antigen
withdrawal and population reexpansion. Nature Immunology, 14(6), pp.603-610.

\"

Vargas-Inchaustegui, D.A. et al., 2013. Immune targeting of PD-1hi expressing cells
during and after antiretroviral therapy in SIV-infected rhesus macaques. Virology,
447, pp.274-284.

Velu, V. et al., 2009. Enhancing SIV-specific immunity in vivo by PD-1 blockade. Nature,
458(7235), pp.206—-210.

Velu, V. et al., 2015. Role of PD-1 co-inhibitory pathway in HIV infection and potential
therapeutic options. Retrovirology, 12(1), pp.1-17.

Vignali, D.A., Collison, LW. & Workman, C.J., 2008. How regulatory T cells work.
Nature Reviews Immunology, 8(7), pp.523-532.

116



Vingert, B. et al., 2010. HIV controller CD4+ T cells respond to minimal amounts of Gag
antigen due to high TCR avidity. Plos Pathogens, 6(2), p.e1000780.

Virgin, H.W., Wherry, E.J. & Ahmed, R., 2009. Redefining Chronic Viral Infection. Cell,
138(1), pp.30-50.

Vukmanovic-Stejic, M. et al., 2008. The kinetics of CD4+ Foxp3+ T cell accumulation
during a human cutaneous antigen-specific memory response in vivo. The Journal
of Clinical Investigation, 118(11), pp.3639-3650.

W

Waggoner, S.N. et al., 2012. Natural killer cells act as rheostats modulating antiviral T
cells. Nature, 481(7381), pp.394—-398.

Waggoner, S.N., Daniels, K.A. & Welsh, R.M., 2014. Therapeutic depletion of natural
killer cells controls persistent infection. Journal of Virology, 88(4), pp.1953-60.

Walensky, R.P. et al.,, 2006. The survival benefits of AIDS treatment in the United
States. Journal of Infectious Diseases, 194(1), pp.11-19.

Walker, B.D. & Yu, X.G., 2013. Unravelling the mechanisms of durable control of HIV-1.
Nature Reviews Immunology, 13(7), pp.487-98.

Wang, L. et al., 2008. Programmed death 1 ligand signaling regulates the generation of
adaptive Foxp3+CD4+ regulatory T cells. Proceedings of the National Academy of
Sciences of the United States of America, 105(27), pp.9331-9336.

Weiss, L. et al.,, 2004. Human immunodeficiency virus — driven expansion of
CD4+CD25+ regulatory T cells , which suppress HIV-specific CD4 T-cell responses
in HIV-infected patients. Blood, 104(10), pp.3249-3256.

Westendorp, M.O. et al., 1995. Sensitization of T cells to CD95-mediated apoptosis by
HIV-1 Tat and gp120. Nature, 375(6531), pp.497-500.

Wherry, E.J. et al., 2007. Molecular signature of CD8+ T cell exhaustion during chronic
viral infection. Immunity, 27(4), pp.670-84.

Wherry, E.J., 2011. T cell exhaustion. Nature Immunology, 12(6), pp.492—-499.

Whitney, J.B. et al., 2014. Rapid seeding of the viral reservoir prior to SIV viraemia in
rhesus monkeys. Nature, 512 (7512),pp.74-7.

Wikipedia (online), www.wikipedia.org/wiki/HIV (consulted on 1st of August 2015)

117



Wing, J.B. & Sakaguchi, S., 2012. Multiple Treg suppressive modules and their
adaptability. Frontiers in Inmunology, 3:178, pp.1-6.

Wing, K. et al., 2008. CTLA-4 Control over Foxp3 + Regulatory T Cell Function. Science,
322(5899), pp.271-275.

Wing, K. & Sakaguchi, S., 2010. Regulatory T cells exert checks and balances on self
tolerance and autoimmunity. Nature Immunology, 11(1), pp.7-13.

Wong, M., La Cava, A. & Hahn, B.H., 2013. Blockade of programmed death-1 in young
(New Zealand Black x New Zealand White)F1 mice promotes the suppressive
capacity of CD4+ regulatory T cells protecting from Lupus-like disease. Journal of
Immunology, 190(10), pp.5402—-5410.

X

Xiao, Y. et al., 2014. RGMb is a novel binding partner for PD-L2 and its engagement
with PD-L2 promotes respiratory tolerance. The Journal of Experimental Medicine,
211(5), pp.943-59.

Xing, S. et al., 2010. Increased Turnover of FoxP3 high Regulatory T Cells Is Associated
With Hyperactivation and Disease Progression of Chronic HIV-1 Infection. Basic
and translational science, 54(5), pp.455—462.

Xu, X.N. et al., 1997. Evasion of cytotoxic T lymphocyte (CTL) responses by nef-
dependent induction of Fas ligand (CD95L) expression on simian
immunodeficiency virus-infected cells. The Journal of Experimental Medicine,
186(1), pp.7-16.

Y

Yamamoto, T. et al., 2011. Surface expression patterns of negative regulatory
molecules identify determinants of virus-specific CD8+ T-cell exhaustion in HIV
infection. Blood, 117(18), pp.4805-4815.

Yamazaki, T. et al., 2002. Expression of programmed death 1 ligands by murine T cells
and APC. Journal of Immunology, 169(10), pp.5538-45.

Yao, S., Zhu, Y. & Chen, L., 2013. Advances in targeting cell surface signalling molecules
for immune modulation. Nature Reviews Drug discovery, 12(2), pp.130-46.

Yi, J.S., Du, M. & Zajac, A.J., 2009. A vital role for interleukin-21 in the control of a
chronic viral infection. Science, 324(5934), pp.1572—-6.

118



Yokosuka, T. et al.,, 2012. Programmed cell death 1 forms negative costimulatory
microclusters that directly inhibit T cell receptor signaling by recruiting
phosphatase SHP2. The Journal of Experimental Medicine, 209(6), pp.1201-17.

Youngblood, B. et al., 2011. Chronic virus infection enforces demethylation of the locus
that encodes PD-1 in antigen-specific CD8(+) T cells. Immunity, 35(3), pp.400-12.

Yukl, S.A. et al., 2013. Challenges in detecting HIV persistence during potentially
curative interventions: a study of the Berlin patient. Plos Pathogens, 9(5),
p.e1003347.

V4

Zajac, A.J. et al., 1998. Viral immune evasion due to persistence of activated T cells
without effector function. The Journal of Experimental Medicine, 188(12),
pp.2205-13.

Zarek, P.E. et al.,, 2008. A2A receptor signaling promotes peripheral tolerance by
inducing T-cell anergy and the generation of adaptive regulatory T cells. Blood,
111(1), pp.251-9.

Zhang, J.Y. et al., 2007. PD-1 up-regulation is correlated with HIV-specific memory
CD8+ T-cell exhaustion in typical progressors but not in long-term
nonprogressors. Blood, 109(11), pp.4671-4678.

Zhao, D.M. et al., 2006. Activated CD4+CD25+ T cells selectively kill B lymphocytes.
Blood, 107(10), pp.3925-32.

Zhong, X. et al., 2007. PD-L2 expression extends beyond dendritic cells/macrophages
to B1 cells enriched for V(H)11/V(H)12 and phosphatidylcholine binding. European
Journal of Immunology, 37(9), pp.2405-10.

Zhou, H. et al., 2013. Excessive conversion and impaired thymic output contribute to
disturbed regulatory T-cell homeostasis in AIDS patients with low CD4 cell counts.
AIDS, 27(7), pp.1059-69.

Zhou, Q. et al., 2010. Program death-1 (PD-1) signaling and regulatory T cells (Tregs)
collaborate to resist the function of adoptively transferred cytotoxic T
lymphocytes (CTLs) in advanced acute myeloid leukemia (AML). Blood, 116(14),
pp.2484-93.

Zinselmeyer, B.H. et al., 2013. PD-1 promotes immune exhaustion by inducing antiviral

T cell motility paralysis. The Journal of Experimental Medicine, 210(4), pp.757—
774.

119



120



Un altre cop vols agitar les aiglies

del llac.

Esta bé, pero pensa

que no serveix de res tirar una sola pedra,
que has d'estar aqui des de la matinada
fins a la posta, des que neix la nit

fins al llevant

-tindras la companyia

de les estrelles, podras veure |'ocellassa
de la nit negra covant I'ou de la llum
del dia nou-,

assajant sempre cercles,

per si al cap de molts anys, tota una vida, et sembla

-i mai potser no n'estaras segur—
gue has assolit el cercle convincent.

Joan Vinyoli, Cercles
Antologia poética
Edicions 62, 1999

121



122



	Página en blanco



