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PREFACE

From HIV-specific T cell-mediated immunity
...toavaccine candidate

'The AIDS pandemic is one of the greatest global health crises of our time. Since
HIV was first identified 30 years ago, 23 million people have died and 34 mil-
lion more are living with HIV. Despite advances in education, HIV prevention
and improvements in access to antiretroviral drugs, the pandemic continues to
outpace global efforts targeted at prevention and control. Every year, the same
number of individuals are being infected with HIV than 20 years ago,and in our
setting, 1 out of 4 individuals who is HIV positive does not know it.

We have the conviction that a preventive or prophylactic HIV vaccine is fea-
sible and that a broadly applicable vaccine accessible to all humans is the only
effective approach to halt the HIV pandemic and its devastating effects on glo-
bal health and social structures. As with other pathogens, vaccines have demos-
trated over history to be the most cost-effective tools to contain several infec-
tious diseases and reduce their mortality (smallpox, polio, measles, mumps, etc.)

It is well known however, that developing an HIV vaccine is one of the most
important scientific challenges immunologists have ever faced. It is based on a)
selecting targets of the virus, b) the construction of safe vaccines able to induce
a neutralizing humoral response along with an effective cellular immunity and
c) that are capable of acting on the possible sites of infection -the mucosa- be-
fore the virus can start spreading around the system in scarcely few hours. This is
a really short window of opportunity. But there are mainly other roadblocks on
its path: the high diversity of the virus worldwide. As the result of a very rapid
replication capacity, mutation and recombination, the virus will evolve and di-
versify and thus escape from any immune pressure and suboptimal antiretrovi-
ral therapy.

Despite generalized skepticism about the feasibility of having effective vac-
cines after the announcement of the failure of the STEP trial in 2007, this past
year the media has been fed with good news and hope. Sieve effects were dem-
onstrated in volunteers who had been vaccinated but became infected, meaning
that the vaccines ‘did work’ somehow, through avoiding infection by the few vi-
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ruses that matched the sequences contained in the vaccines. Obviously, that vac-
cine bottleneck was not enough to overcome the huge viral diversity.

On the other hand, the RV-144 study in Thailand was announced as the
first Phase III trial to demonstrate modest efficacy in preventing HIV infec-
tion. With more than 16,000 volunteers recruited, the vaccinated group showed
a 31% reduction in new infections (51 infections) compared with the placebo
group (74),despite not observing a decrease in viral loads in the individuals who
were infected. Not all the results were that positive: the reduction of infection
was more important during the first year of vaccinations and declined over time,
and was more remarkable in people with lower risk of acquiring HIV. In addi-
tion, significant levels of specific antibodies but without the expected neutraliz-
ing activity were observed in vaccinated volunteers and there was no induction
of the desired specific cellular response. Many questions then arose on how the
vaccines tested had really worked and whether their effect was lasting. It cannot
be denied, however, that since it is the first trial to demonstrate a potential pro-
tective effect combined with the ad-hoc sieve analyses from the STEP trial, to-
day the roadmap of where and how we should be moving forward in the vaccine
field is now more clearly marked than ever.

We focus our research on the T cell immunity arm that an effective vaccine
@ should modulate, mainly architectured by the HIV-specific cytotoxic T cell (CTL) im-
mune response. The efficacy of the CTL component of a future vaccine will depend on
the induction of responses with the most potent antiviral activity and broad HLA class
I restriction. However, current HIV vaccine designs are largely based on viral sequence
alignments only, without incorporating experimental data on T cell function and spe-
cificity, or have been overly guided by observations made in individuals with favourable
genetics. In the following pages, we will try to adress how to overcome these past limi-
tations in the work compiled in this thesis:

Firstly, in the introduction, which is divided into 3 sections, we will take a
quick look at today’s AIDS epidemics, the origins and basics of HIV pathogen-
esis and then attempt to give some immunobiological background onT cell me-
diated immunity and finally end by introducing the processes and difficulties in-
volved in vaccine design, in addition to discussing some state-of-the-art candi-
dates in development.

In the first chapter we review the role of viral factors, host genetic markers
and specific immune responses in the control of HIV infection and their possi-
ble underlying mechanisms. In the second chapter, three large cohorts of HIV
infected individuals from 3 different continents were screened for responses to
the entire viral proteome to identify potential viral targets of protective HIV-1
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specific T cell responses. Responses to several sequences were identified as ben-
eficial and were at least as predictive of individual viral loads as their HLA class
I genotypes. In the study compiled in the third chapter, HIV Gag-p24 specit-
ic T cell responses were analyzed cross-sectionally in HIV controllers and non-
controllers without beneficial genetics. Response rates using more sensitive pep-
tide sets were compared and high avidity and broad variant cross-reactivity were
identified as functional additional immune correlates of relative HIV control.

The results of these studies yielded 16 regions in HIV-1 Gag, Pol, Vif and
Nef proteins that were i) preferentially targeted by individuals with low viral
loads, ii) more conserved than the rest of the genome and iii) elicited respons-
es of higher functional avidity and broader cross-reactivity than responses to
other regions. The identified sequence candidates provided the backbone for a
T cell immunogen design that aims to cover a broad HLA repertoire and break
the immunodominance of responses to targets that do not emerge as particu-
larly beneficial in the large cohorts screened. The complete approach of our T
cellimmunogen design is described in the fourth chapter, as well as the prelim-
inary results of the first in-vivo immunogenicity experiments when vaccinat-
ing mice with a plasmid DNA expressing it.

Our findings will then be discussed in the context of other past and present
vaccine approaches, trying to address potential limitations and benefits. The
thesis ends by stating the conclusions and outlining our future research direc-
tions to better understand the mechanisms of HIV immune control, in order to
improve vaccine trials read-outs based on better immune correlates and define
a straightforward road map for ramping up promising vaccine candidates into
clinical testing.

In summary, this work aims to provide a walk through the T cell immunolo-
gy that plays a major role in HIV control. We have reviewed the most significant
immune, virological and host genetic factors involved, identified potential viral
targets, described new characteristics of CTL responses associated with better
disease outcomes and ended by proposing a reductionist T cell vaccine candidate.

Many of the mechanisms of protection are still unclear and much time will pass before
we have a commercially available vaccine effective for the entire population, but there is
no doubt that each new small breakthrough is of great help in designing better vaccines
that induce immune responses of improved quality and increase effectiveness in pro-
tection and disease control. We are all committed and hopeful that this can be achieved.

17
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PROLEG

Un recorregut pels limfocits T citotoxics VIH especifics
...fins al disseny d’un candidat a vacuna

La pandémia del VIH/SIDA és indubtablement una de les majors crisis de salut
global del nostre temps. Den¢a que es va identificar el VIH ara fa 30 anys, 23 mil-
ions de persones han mort i34 milions més viuen amb el virus. Malgrat els aven-
cos en educacio i les millores en I'accés als medicaments antiretrovirals, la pan-
démia continua sobrepassant tots els esforcos mundials de prevencié i control.
Cada any, contrauen el VIH el mateix nombre de persones que 20 anys endarrere
i,encara en el nostre entorn, una de cada 4 persones que esta infectada no ho sap.

Tenim la convicci que és possible desenvolupar una vacuna preventiva o ter-
apéutica contra el VIH i que una vacuna d’abast global és 'inic métode eficag per
aturar la pandémia i els seus efectes devastadors en la salut mundial i les estruc-
tures socials. Igual que amb altres patdgens, ha quedat demostrat al llarg de la
historia que les vacunes s6n les eines més cost-efectives per a la contencié de di-
verses malalties infeccioses (com ara la verola o malalties quasi eradicades com
la poliomielitis i el xarampi6, entre d’altres.)
No obstant aixo, és ben sabut que el desenvolupament d’una vacuna contra el
VIH és un dels reptes cientifics més grans amb el qual els immunolegs s’han
hagut d’enfrontar mai. La dificultat rau en la selecci6 de les dianes virals i la con-
struccié d’una vacuna en un vector segur que indueixi tant una resposta humoral
neutralitzant com una immunitat cel'lular eficag que pugui actuar sobre els pos-
sibles llocs d’infeccié -les mucoses- i fer-ho en els pocs hores que triga el virus a
comengar a difondre’s al llarg de tot el sistema. El principal obstacle és l'elevada
diversitat dels virus en tot el mén i el curt temps d’accié. E1 VIH té una capac-
itat de replicacié, mutacié i recombinacié tan rapida que és capag d’evolucionar
i diversificar-se per tal d'escapar a qualsevol pressié immunologica o terapia an-
tiretroviral suboptima.

Malgrat l'escepticisme sobre la viabilitat d’assolir vacunes eficaces que es va
generalitzar després de 'anunci del fracas de 'assaig STEP I'any 2007, durant tot

el 2011 els mitjans de comunicacié es van fer resso de tot un seguit de noticies
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esperancadores. L'assaig STEP va demostrar que, en els voluntaris que es van
vacunar pero van adquirir la infeccid, la vacuna havia produit un efecte ‘tamis’o
de cribratge de les soques virals. Només es produien infeccions per virus difer-
ents als inclosos en la vacuna. Aixo significava que les vacunes d’alguna manera
si que havien funcionat; tot i que, Obviament, el seu efecte havia estat insuficient
per frenar l'entrada de virus més diversos.

Posteriorment s'anunciaren els resultats d'un estudi realitzat a Tailandia
anomenat RV-144, el primer assaig de fase III en demostrar una eficacia molt
modesta en la prevencié de la infeccié per VIH. Amb més de 16.000 voluntar-
is reclutats, el grup de vacunats va presentar una reduccié del 31% de noves in-
feccions (51 infeccions) en comparacié amb el grup placebo (74), tot i no es va
observar una disminucié en la carrega viral en les persones que van contraure el
VIH. No tot van ser bones noticies: la reduccié de les infeccions només va ser
important durant el primer any després de les vacunacions i especialment en
persones amb un menor risc de contraure el VIH; es van observar nivells elevats
d’anticossos especifics, perd sense 'activitat neutralitzant esperada en els vol-
untaris vacunats, i tampoc no es va objectivar la induccié de la resposta cel'lular
especifica desitjada. Encara hi ha moltes preguntes obertes sobre com van fun-
cionar realment les vacunes testades i fins a quin punt tenien un efecte durador.
Tanmateix, és indubtable que ha representat la primera evidéncia que apunta a
una vacuna amb un possible efecte protector i que, juntament amb els resultats
dels analisis ad-hoc de l'efecte tamis viral dels anteriors candidats, avui tenim un
tull de ruta molt més ben perfilat que anys enrere de cap a onicom hem de dir-
igir-nos en el camp de la vacuna.

La nostra recerca es centra en el brag de laimmunitat de cél-lules T que
una vacuna efectiva hauria de modular, principalment mitjangada pels limfocits
T citotoxics (CTL) VIH especifics. Leficacia del component CTL d’una futura
vacuna dependra de la induccié de respostes amb I'activitat antiviral més potent
en el context d’'una amplia restriccié dels HLA de classe I. No obstant aixd, mol-
ts dels dissenys actuals de vacuna contra el VIH es basen principalment en alin-
eacions de seqliencies virals que no incorporen dades experimentals de la fun-
ci6 o lespecificitat de les cél-lules T, o han estat excessivament guiats per estudis
realitzats en individus amb caracteristiques genétiques favorables. Al llarg dels
treballs compilats en la tesi i dels projectes en curs, tractarem d’abordar algunes
de les limitacions del passat:

Alllarg de laintroduccié, subdividida en 3 seccions, es dénauna ullada a lestat
actual de l'epidémia de la sida, els seus origens i els fonaments de la seva patoge-
nesis, amb l'objectiu de presentar els coneixements immunobiologics més basics

20
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relacionats amb el nostre treball i de repassar els processos i les dificultats del
disseny de vacunes pel VIH. A més, es presenten alguns dels resultats candidats
desenvolupats fins el moment actual

En el primer capitol es revisa el paper dels factors virals, els marcadors genétics
ide resposta immunitaria especifica en el control de la infeccié per VIH i els seus
possibles mecanismes subjacents. En el segon capitol s’analitzen les respostes
immunitaries a tot el proteoma viral de tres grans cohorts de persones infecta-
des pel VIH procedents de 3 continents diferents, per tal d’identificar possibles
dianes virals de les respostes CTL associades amb un millor control de la infec-
cié. Les respostes a diverses seqiéncies han estat identificades com a beneficios-
es i resulten ser tant o més predictives de les carregues virals dels individus que
el seu genotip d’HLA de classe I.

En lestudi compilat en el tercer capitol, les respostes CTL a Gag-p24 del
VIH s’analitzen de forma transversal en individus controladors i no controladors
sense caracteristiques genétiques favorables. Es comparen les taxes de resposta
utilitzant sets de péptids més sensibles dels emprats habitualment i s’identifica
lalta avidesa i 'amplia reactivitat creuada a variants com a caracteristiques fun-
cionals de les respostes CTL correlacionades amb la capacitat relativa de con-
trolar el VIH.

Els resultats d’aquests estudis apunten a 16 regions del VIH a les proteines
de Gag, Pol, Vif i Nef que i) son les dianes a les quals es dirigeixen preferent-
ment les respostes CTL dels individus amb carregues virals baixes , ii) es troben
en regions altament conservades del genoma viral, i iii) indueixen respostes de
major avidesa funcional i amplia reactivitat creuada que les respostes dirigides a
altres regions. Les seqiiencies identificades sén el punt de partida per al disseny
d’un candidat reduccionista a vacuna del VIH per induir una resposta efectiva
de cel'lules T, que té com a objectiu cobrir un ampli repertori d’HLA i trencar
amb lainmunodominancia de respostes induides a altres regions que no apareix-
en com especialment beneficioses en les cohorts que hem testat.

El procés del disseny complert de l'esmentat immunogen es desenvolupa al
quart capitol, aixi com els resultats preliminars dels primers experiments i7-vi-
vo d’'immunogenicitat en ratolins emprant un plasmid de DNA que expressa la
nostra seqii¢ncia immunogenica.

Posteriorment, es discuteixen totes les troballes en el context d’altres enfo-
caments de candidats a vacuna anteriors i actuals, tractant d’abordar-ne les lim-
itacions i potencials beneficis. La tesi conclou esmentant les conclusions i ex-
posant les quiestions futures que cal abordar en els propers projectes de recerca,
per tal de a) comprendre millor els mecanismes de control viral i immunologic
del VIH, b) millorar els tests de mesura de resposta o read-outs emprats als as-

21
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saigs clinics de vacuna per aconseguir que es correlacionin millor amb els mar-
cadors de resposta immunologica i ¢) definir millor el procés d’avengar gradual-
ment els candidats a vacuna més prometedors de les fases pre-cliniques als as-
saigs clinics definitius en humans.

En resum, aquest treball pretén tragar un recorregut per la immunologia dels
limfocits T citotoxics implicada en el control del VIH. Es revisaran els factors
geneétics, virals i immunologics que més contribueixen a una contencié dptima
del virus, s'identificaran possibles dianes virals i es descriuran noves caracteris-
tiques de les respostes CTL associades a una millor evoluci6 de la malaltia. Tot
plegat ens ha dut a proposar un candidat a vacuna del VIH per a cel-lules T min-
imalista, actualment en fase pre-clinica.

Molts dels mecanismes de proteccié segueixen sense estar gaire clars i hau-
ra de passar for¢a temps fins que tinguem una vacuna acceptablement eficag i
disponible al mercat per a tota la poblacié, perd no hi ha dubte que tots els pet-
its nous avencgos contribueixen a millorar el disseny de vacunes per induir una
resposta immune de millor qualitat i millorar eficacia en la proteccié i el con-
trol de la malaltia.

Si més no, aquest és el nostre compromis.

22
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INTRODUCTION-I

Thirty years of HIV/AIDS

L.A., June 1981

A cluster of five cases of Preumocystis carinni pneumonia in previously healthy
gay men from Los Angeles reported in the Centers for Disease Control’s Mor-
tality and Morbidity Weekly Report (MMWR) in June 1981 hailed the official
birth date of the AIDS epidemic. At that time, the standard treatment for Preu-
mocystis pneumonia was pentamidine. The people responsible for the distribu-
tion of pentamidine at the CDC in Atlanta found it quite striking to have re-
ceived several requests for pentamidine within a short period of time from hos-
pitals in California and New York. This was the first step in the process of iden-
tification of that new syndrome.

In 1983, a group of scientists headed by Luc Montagnier and Frangois Bar-
ré-Sinoussi at the Pasteur Institute in Paris first isolated the causative retrovirus
of a mysterious new immune syndrome from a lymph node biopsy without as-
sociating it to AIDS. It was named lymphadenopathy-associated virus,or LAV?.
A year later, a team led by Robert Gallo from the American National Institute
of Health, confirmed the discovery of the virus and that it caused AIDS, and
renamed it human T-lymphotropic virus type III (HTLV-III)? In 1986, both
the French and the US names (LAV and HTLV-III) were dropped in favor of
the new term human immunodeficiency virus (HIV) In 2008, the Nobel Prize
in Medicine was awarded to Montagnier together with his colleague Francoise
Barre-Sinoussi for the discovery of HIV.

Three decades after the first descriptions of HIV outbreaks, 23 million peo-
ple have died and 34 million more are currently living with HIV.

Despite being a worldwide pandemic,a global view of HIV prevalence shows
enormous differences among continents and countries, with the biggest epi-
demics located in sub-Saharan Africa—Ethiopia, Nigeria, South Africa, Zam-
bia, and Zimbabwe, with worrying adult HIV prevalence rates between 15 and
30%, reaching 60% in specific young age groups The estimated 1.3 million peo-
ple who died of HIV-related illnesses in sub-Saharan Africa in 2009 comprised
72% of the global death toll attributable to the epidemic.
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Figure 1. Distribution of people living with HIV. Source: UNAIDS Report on the global AIDS epidemic 2010

Tremendous global efforts in education, HIV prevention and expansion of
access to treatment have been implemented all over the world. Since 1999, the
year in which it is thought that the epidemic peaked, globally, the number of new
infections has fallen by 19% and AIDS-related deaths steadily decrease.’ How-
ever, in seven countries from Eastern Europe and Central Asia, HIV incidence
increased by more than 25% and the number of people living with HIV has al-
most tripled since 2000. A rapid rise in HIV infections among people who in-
ject drugs at the turn of the century caused the epidemic in the Russian Feder-
ation and Ukraine to surge.

On the other hand, although the rates of annual new HIV infections have
been stable for at least the past five years in Western, Central, and Eastern Eu-
rope, Central Asia,and North America, there is strong, evidence of a resurgence
of HIV and outbreaks of STDs in several high income countries among men
who have sex with men. Increases in higher-risk sexual behaviour are associated
with this trend.** The most worrisome fact is that most HIV infections are not
diagnosed. One out of every four individuals who is HIV positive does not know
it, therefore, worsening their health status by not receiving appropiate treatment
and triggering HIV transmission to other people.

The HIV epidemics are also disproportionately concentrated in racial and
ethnic minorities in high-income countries, for instance, in the USA, where Af-
rican-Americans constitute 12% of the population but accounted for 45% of the

people newly infected with HIV in 2006.°
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Classification, HIV structure, and cell cycle.

The human immunodeficiency virus (HIV) is a member of the Lenti-
virus genus in the Retroviridae family. Lentiviral infections have been
described in other species (BovinelV, FelinelV, HumanlV or Simia-
nIV), and commonly target cells of the immune system (macrophages
or lymphocites) inducing different grades of immunodeficiency. Len-
tiviral infections are transmitted as single-stranded, positive-sense, en-
veloped RNA viruses. Upon entry into the target cell, the viral RNA ge-
nome is reverse transcribed into double-stranded DNA by a virally en-
coded reverse transcriptase (RT) that is transported along with the viral
genome in the virus particle. The resulting viral DNA is then imported
into the cell nucleus and integrated into the cellular DNA in infected
cells, achieving latent or persistent cell infection. Alternatively, the vi-
rus may be transcribed, producing new RNA genomes and viral proteins
that are packaged and released from the cell as new virus particles that
begin the replication cycle anew.

Two types of HIV have been characterized: HIV-1 and HIV-2. HIV-
1is the virus that was initially discovered and termed both LAV and HT-
LV-III. It is more virulent, more infective, and is the cause of the ma-
jority of HIV infections globally. HIV-2 is largely confined to West Af-
rica and it is thought to be less pathogenic.” Their genome differs very
little; HIV-2 carries an extra gene not found in HIV-1 which encodes
an extra viral protein X (vpx). Importantly, given the antigenic simi-
larity between HIV-1 and HIV-2 occasionally it can be difficult to es-
tablish the proper diagnosis of HIV-2 infection using only serological
tests, and some techniques do not detect viral infection by HIV-2 either.
The interest in differentiating between both infections lies especially in
the better prognosis of HIV-2 disease and also differences in the use of
antiretrovirals needed.

The HIV-1 genome (about 10 Kb) contains the envelope, three struc-
tural Gag proteins (matrix —p17, capsid —p24 and nucleocapsid —p7),
three enzymes (protease, reverse transcriptase and integrase), and six ac-
cessory genes that help regulate virus replication (tat, vif, vpu, vpr, nef
and rev)
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Figure 2. Illustration of the genes/proteins of HIV-1. Open reading frames are shown as rectangles. Source:
HIV Sequence Compendium 2010. Kuiken C, Foley B, Leitner T, Apetrei C, Hahn B, Mizrachi I, Mullins J,
Rambaut A, Wolinsky S,and Korber B, Eds. Published by Theoretical Biology and Biophysics Group, Los Al-
amos National Laboratory, NM, LA-UR 10-03684.

Figure 3. Schematic representation of the HIV-1 struc-
ture. Wikipedia Commons, Source: US National Institute
of Health (redrawn by Carl Henderson)

available at: http://en.wikipedia.org/wiki/File: HIV_Vi-

rion-en.png

The matrix forms the inner shell below
the viral membrane; the capsid is a coni-
cal-shaped core that encloses two idendi-
cal RNA strands,and the nucleocapsid in-
teracts with the viral RNA inside the capsid. These viral proteins are generated
upon processing of the HIV p55 Gag precursor polyprotein by the viral protease
(PR).The myristoylated p17 matrix is part of the viral structure and its interac-
tions with the Env proteins are crucial for a proper assembly of mature virions.®
'The pol-encoded enzymes, PR, reverse transcriptase (RT), and integrase (IN)
are initially synthesized as part of a large polyprotein precursor, p160GagPol,
whose synthesis results from a rare frameshifting event during p55Gag transla-
tion and then cleaved by the viral PR (reviewed in 7).

'The envelope proteins derive from a gpl60 precursor molecule, which is
cleaved to gp120 and gp41 in the Golgi apparatus (reviewed in %). Gp41 is an-
chored to the viral membrane by its C-terminal transmembrane domain, where-
as the central and N-terminal regions are expressed outside the virion and bind
to the gp120 protein. Three of these units aggregate on the membrane surface to
form the gp120/gp41 heterotrimer spikes in a —surprisingly low ratio of 7 to 14
Env spikes per virion released.!!

Binding sites for CD4 cellular receptors of HIV, the seven transmembrane
domain chemokine receptors that serve as co-receptors for HIV-1 as well as the
majority of the antibody domains are located in gp120. Viral regulatory and ac-
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cessory proteins, which include Tat, Tev, Rev, Nef, Vif, Vpr and Vpu do not need
to undergo processing and they are the first to be translated to modulate the sub-
sequent synthesis of the viral structural proteins. Itis interesting to note that Nef
is one of the first HIV proteins to be produced in infected cells, and it is —along
with Gag- the most immunogenic of the HIV proteins, in terms of HIV specific
T cell responses.' Nef is necessary for the maintenance of high virus loads, and
viruses with defective Nef have been associated with reduced viral replication in
some (elite) controllers.’ It is noteworthy that Nef downregulates the CD4 and
the HLA class I molecules, therefore undermining recognition by HIV-specif-
ic cytotoxic CD8+T cells.™
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As an enveloped retrovirus, HIV-1 viral life cycle begins with the interac-
tion between the viral envelope proteins and target proteins on the cell surface
of susceptible cells. The first step is the binding of gp120 to its prima-
ry receptor on the cell surface, CD4, followed by binding to either the
CCRS5 or CXCR4 coreceptor. A conformational change of the gp41
structure then occurs, involving the ectodomain of gp41 -this region
contains a highly hydrophobic N-terminus (the so-called “fusion pep-
tide”) and two heptad repeat motifs, referred to as the N-helix and the
C-helix HR-1 and HR-2.? Structural analyses of these two helical se-
quences, in the context of a gp41 ectodomain trimer, indicate that they
pack in an antiparallel fashion to generate a six-helix bundle to facili-
tate fusion between the viral and cellular membranes and to allow the
release of the viral core into the cell.”*¥*Coreceptor recognition is de-
fined by several structural elements of gp120 that include the first and
second hypervariable regions (V1-V2) and most importantly, the V3
loop, which is the principal determinant of the CCR5 or CXCR4 vi-
ral tropism.

Specific regions of the membrane, known as lipid rafts, play a criti-
cal role in mediating the biological activity of the membrane. There is
evidence that the ability of the receptors to move laterally within the

& membrane and accumulate in these specific membrane microdomains
rich in cholesterol is relevant to their ability to mediate fusion with
HIV-1 envelope.”

Following the deposition of the viral core in the host cell cytoplasm,
the viral nucleoprotein complex traffics to the nucleus and the viral
RNA genome is reverse transcribed into DNA, which is ultimately in-
tegrated into the host cell chromosome. This establishment of provi-
ral infection leads to the expression of viral accessory and structur-
al proteins, which must assemble within the target cell to form func-
tional progeny virions capable of initiating a new round of infection.?
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Figure 4. Schematic representation of the HIV-1 life cycle. The major steps in the early and late
stages of the replication cycle are indicated. Source: Freed EO. HIV-1 replication. Somat Cell
Mol Genet 2001 Nov; 26(1-6): 13-33.

Viral cell to cell transmission

Advances in fluorescence microcopy have helped tremendously in re-
cent years in estimating that cell-to-cell transmission of HIV-1 virions
is likely many times more efficient than infection by cell-free virus. Cell-
to-cell transmission is facilitated by interactions between infected T cells
and uninfected T cell targets by inducing the accumulation of HIV-1
Env and Gag and target cell CD4 and CXCR4 coreceptors at the point
of the cell-to-cell contact (defined as the virological synapse).*** A sim-
ilar phenomenon has been described between T cells and dendritic cells.
HIV-1 virions enter the endosomal compartment of dendritic cells and
accumulate in the regions of the cell that come in contact with neighbor-
ing T cells, and are then transferable from these compartments to target
T cells.?®* This accumulation of virions at the point of cell-to-cell con-
tact provides a mechanistic understanding of how dendritic cells can en-
hance HIV-1 infection of T cells without becoming infected themselves,
a process known as #rans-infection. Lastly, cell-to-cell transfer of virus
from antigen-presenting cells has also been observed in macrophages.?
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HIV diversity

HIV is highly heterogeneous within infected individuals owing to rap-
id turnover rates, high viral load, and an errorprone reverse transcriptase
enzyme that lacks proofreading activity. High variability is also the con-
sequence of recombination, which can shuttle mutations between viral
genomes and lead to major antigenic shifts or alterations in virulence.
On the basis of phylogenetic analysis HIV has been classified into the
two mentioned types of HIV: HIV-1 and HIV-2.” The genetic sequence
of HIV-2 is only partially homologous to HIV-1 and more closely re-
sembles that of SIVsmm.

HIV-1is divided into four ‘groups’: group M (main), which is respon-
sible for the current pandemic and causes more than 99% of all HIV-1
infections in the world, group O (outlier), group N (non-M non-O) and
group P, which did not spread outside central Africa. HIV-1 group M is
turther divided into nine ‘subtypes’ or clades: A, B, C, D, F, G, H, J and
K, based on the whole genome, which are geographically distinct.? Cir-
culating recombinant forms (CRF) come from the recombination of two
different subtypes, which can then be transmitted forward. Forty-eight
recombinants have been recognised to date.

| Besbtppe b 1 Subipps B Sk ©
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Figure 5. Estimated global distribution and regional spread of HIV-1 genetic subtypes. Source:
Adapted from Wikipedia Commons, Based on Osmanov S, Pattou C, Walker N, Schwardlander B,
Esparza J; WHO-UNAIDS Network for HIV Isolation and Characterization. Available at: http://
en.wikipedia.org/wiki/File:HIV-1_subtype_prevalence_in_2002.png

HIV is among the most variable of human pathogens. In infected indi-
viduals, HIV exists as a swarm of highly related but non-identical viral ge-
nomes termed ‘quasispecies.’ As a reference, the diversity of viral variants
infecting a single individual at any given moment is much higher than the
variability of all influenza viruses generated around the globe every year.”’.
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The genetic diversity of HIV-1 in a given location is influenced not
only by how long it has been there, but also by how efficiently it propa-
gated. Conclusions from diversity studies pointed to the origins of the
epidemics being in Central Africa. It was assumed it had had more time
to diversify genetically and was the habitat of the simian source of the
virus.

Origins: our closest relatives

“There are at least two good reasons for attempting to elucidate the fac-

tors behind the emergence of the HIV pandemic. First, we have a moral ob-
ligation to the millions of human beings who have died, or will die, from
this infection. Secondly, this tragedy was facilitated by human interven-
tions: colonisation, urbanisation and probably well-intentioned public
health campaigns. Hopefully, we can gain collective wisdom and humili-
ty that might help avoid provoking another such disaster in the coming dec-
ades’

‘The Origins of AIDS’. 2011. Jaques Pepin. Cambridge (Editors)

Thirty years after its discovery, HIV origins seem to be clearer than ever.
Investigators have traced back into the early twentieth-century the first
events of transmission from chimpanzees to man through cut hunting and
butchery and how the existing urbanisation, massive use of reusable sy-
ringes and needles in large-scale colonial medical campaigns, plasma cen-
ters and later sexual and iv drug use transmission ended up spreading the
virus from its origins in Léopoldville (Belgian Congo) to the rest of Afri-
ca, then the Caribbean, and ultimately the USA. %8

Today, data from testing stored plasma samples worldwide suggest that
HIV-1 was already present in 1960 and 1970, albeit at a low prevalence, in
several locations in central Africa. The oldest HIV-1 isolates document-
ed stem from a male adult recruited in Léopoldville (Belgian Congo) in
1959 (ZR,,) and an adult woman lymph node biopsy from 1960 (DRC )
Both virus sequences differ by about 12%, and it has been suggested that
they shared a common ancestor dating back to around 1921.

Despite the fact that the exact moment of the cross-species transmis-
sion (within the first three decades of the twentieth century) is less clear,
Pan troglodytes troglodytes (Ptt) chimpanzee is known to be the source of
HIV-1,which lives in its natural state between the Sanaga and the Con-
go rivers. First reports of simian immunodeficiency viruses (SIV) isolat-
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ed from P## chimpanzees born in the wild were similar to HIV-1 strains
from humans and through the use of molecular clocks, it has been sug-
gested that several separate cross-species transmissions of SIV_ have
occurred. The estimated dates of the most recent common ancestors
of HIV-1 groups M, O, and N in central Africa are 1908 (range 1884—
1924), 1920 (1890-1940), and 1963 (1948-77), respectively, and for
HIV-2 groups A and B the dates are 1932 (1906—55) and 1935 (1907-
61), respectively (reviewed in ).

SIVs have co-evolved with primate species since ancient times, be-
coming non-pathogenic in their natural hosts —despite being character-
ized by high viral loads, and a similar phenotype is seen with FIV in fe-
lines among other species. We —humans- were clearly not prepared in ev-
olutionary terms for the irruption of HIV. The evolution of HIV-1 has
been rapid, resulting in a complex classification, worldwide contagion,
and intermixing of strains reaching the mentioned 9 clades and 48 cir-
culating recombinant forms currently identified.
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Pathogenesis

Untreated HIV infection leads generally to a devastating erosion
of the immune system, clinically characterized by a progressive de-
crease in the number of CD4+ T cells and a rise in the HIV viral
load. In the absence of treatment, this decline in CD4+ T cells her-
alds the progression to the acquired immune deficiency syndrome
(AIDS), associated with the development of opportunistic infec-
tions and cancers and ultimately death.

Within 1 to 4 weeks after initial HIV entry into the body, and
usually before seroconversion, newly infected individuals may devel-
op a virus-like illness (acute retroviral syndrome) characterized by
headache, retro-orbital pain, muscle aches, sore throat, fever, swol-
len lymph nodes and a non-pruritic macular erythematous rash that
can last from days to weeks. During acute HIV infection, a large and
preferential depletion of mucosal CD4+ T cells is observed. Mem-
ory CCR5+ T cells are major targets for R5 HIV-1 replication and
their frequency is relatively high in gut-associated lymphoid tis-
sues (GALT), where they fuel HIV-1 replication. During the first
weeks of infection, most individuals show peripheral lymphope-
nia and thrombocytopenia; whereas after the second week, the lev-
els of CD8+ T cells start increasing and therefore progressively in-
vert the CD4+/CD8+ T cell ratio. Also, during that period, plasma
levels of cytokines associated with immune activation (IL-1p, sol-
uble CD8, TNF-a, IFN-y) are found at increased concentrations.
This initial immune response, depending on the cytokine profile,
may influence the extent of CD8+ T cell expansion and the severi-
ty of the retroviral syndrome. In parallel, within weeks after prima-
ry infection, the plasma viremia is reduced, reaching a virologic set
point usually after 3 to 5 months. The magnitude of this virologic
set point is considered to be a strong predictor for the rate of fur-
ther disease progression.
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Figure 6. Schematic representation of evolution of viral load and CD4 cell counts over the average course of
untreated HIV infection. Source: Wikipedia Commons. Original available at: http://en.wikipedia.org/wiki/

File:Hiv-timecourse_copy.svg

Acute HIV infection is followed by a chronic and generally asymptomatic
phase of the infection, which lasts for an average of 7 years and is characterized
by a steady decrease of the CD4+ T cell counts and stable peripheral viral loads.
Viral replication continues in the lymphoid tissues despite the presence of neu-
tralizing antibodies and a strong HIV-specific CTL response during this stage.
As a consecuence of viral evolution -partially driven by immune pressure- viral
subpopulations or guasispecies become increasingly more heterogeneous. Pro-
gressively, CD4+ T cell counts reach levels below 200cells/ul, viral replication ac-
celerates, HIV-specific CTL activity significantly decreases, lymphoid architec-
ture is destroyed and AIDS-defining illnesses such as opportunistic infections
start to appear. At these later stages, viral populations are significantly more ho-
mogeneous and are frequently preceded by a shift in cell tropism towards X4 vi-
ruses (using CXCR4 virus in 50% of patients).”” CCRS5 is expressed on a small
fraction of memory CD4+T cells, while the expression of CXCR4 is high on na-
ive T-cells and decreases with differentiation and activation. Despite the high-
er frequency of CXCR4+ T cells, HIV-1 strains using CCRS receptors remain
dominant when early infection is established and only with X4 strains emerging
usually at later stages of infection. Mechanisms of such a viral tropism switch re-
main elusive. Viral replication kinetics are faster at later phases and able to prop-
agate to more and different cell types; for instance, neurologic tropism is fueled
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and viruses are less sensitive to neutralization or CTL activity.'®
Overall, dynamics of CD4+ T cell depletion are mainly driven by ***! a) a di-
rect cytophatic effect by the aggressive kinetics of viral replication in the cells
—specially in acute infection, b) the recognition and further elimination by the
HIV-specific cytotoxic T cells -suggested by the correlation between CD4+ T
cell depletion and CD8+ antiviral clones expansion, ¢) apoptosis secondary to
Env, Vprand Tatviral proteins and d) a disturbance of T cell homeostasis caused
by the combination of a central inhibition of lymphocyte proliferation, a rela-
tive sequestration of CD4+ T cells in lymph nodes and hyperactivation by con-
tinous antigen exposure partially responsible for progressive immune exhaustion.
AIDS is defined as the situation in which the CD4+ T cell counts have fallen
below a threshold in the mucosa and other peripheral sites, such that a fast and
efficient response to recall antigens can no longer be mounted and consequent-
ly, opportunistic infections, e novo malignancies or by reactivation of latent in-
fections develop (such as EBV, SK, HPV, CMYV, etc). This normally correlates
with a level of peripheral CD4+ T cell counts below 200cells/ul and especially
below 50-100 cells/pl* although some opportunistic diseases have also been de-
scribed in individuals with higher cell counts under successful viral suppression.*
Among the HIV-infected population however, several groups of individuals
have been identified that remain clinically stable and free from any AIDS-defin-
ing conditions for decades after infection in the absence of antiretroviral thera-
py-** These individuals (estimated to be 5-8% of the total HIV-infected popu-
lation) have been referred to as viremic controllers (VC), long term survivors
(LTS) or long-term non-progressors (LI'NP) and are generally able to con-
trol viral replication to low levels — plasma RNA levels < 2,000 copies/ml (or <
5,000-10,000 copies/ml, depending on cut-offs) and to maintain normal CD4+
T cell counts over time with a reduced rate of CD4+ T cell loss (18 cells/pl/year)
compared to that of normal progressors (around 60 cells/pl/year).** Few of such
LTNP are able to maintain undetectable plasma viral loads for extensive periods
of time and they are known as elite controllers (EC); they represent less than
1% of all HIV-infected individuals and are those who have the lowest probabil -
ity of progressing to AIDS. There is considerable clinical and scientific interest
in such individuals, as they may indeed hold the key to spontaneous control of
HIV infection and could provide crucial help in developing an effective vaccine.
The other extreme of the spectrum of disease -rapid progressors or RP- are
defined by a fast progressive immunosuppression soon after seroconversion and,
in many cases, high levels of viremia.*** As with the controllers, published data
suggest that the concurrence of viral,immune and host factors contributes to the
control or the severity of early disease. There are, however, few such RP individu-
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als in clinical cohorts as prospective recruitment is heavily limited by the need to
identify patients with a known date of seroconversion, as well as the short win-
dow of clinical observation before antiretroviral treatment is initiated to have
available biological material for study.

Also in very low percentages, individuals with high levels of HIV-1 replica-
tion during the chronic phase of infection that remain asymptomatic and main-
tain high CD4+ T cell counts for a very long time have been described (named
VNP or viremic non-progressors) and are of great recent scientific interest.*
'This tolerant profile is poorly understood and reminiscent of the widely studied
nonprogressive disease model of SIV infection in sooty mangabeys. Their more
in-debth analysis may also prove to be highly informative for the comprehension
of HIV immunopathogenesis, especially for understanding the role of chronic
immune activation and viral control or diease progression.

Lastly, several studies have identified individuals who have been exposed to
infectious viruses but did not establish a productive infection. These high-risk ex-
posed people, generally referred to as HEPS, or highly-exposed persistently se-
ronegative individuals, include sexual workers, partners of infected individuals,
intravenous drug users, transfusion recipients, hemophiliacs and children born of
infected mothers among others. The possible reasons for this resistance to infec-
tions will be further developed in chapter 1, as they may also provide important

& clues regarding the potential mechanisms of the prevention of HIV infection.’**

Management of HIV/AIDS

There is no question that antiretrovirals and especially the combination of
drugs (HAART, from Highly Active Antiretroviral Treatment) has changed
the course of the AIDS epidemic and enabled HIV-infected people to live
longer and survive to almost a normal life-time. Many drugs have been eval-
uated over the past 25 years, targeting different HIV cell cycle steps, and
over 20 drugs can be used in combination.

Therapies for opportunistic infections among HIV-infected people as
well as the management of diseases occurring in the context of the immune
reconstitution inflamatory syndrome (IRIS) have also greatly improved
since the onset of the epidemic. IRIS is a condition seen in some cases of
AIDS upon treatment initiation. When viral suppresion is achieved and the
immune system begins to recover, a response to a previously acquired oppor-
tunistic infection with an overwhelming inflammatory response that par-
adoxically causes nonspecific symptoms such as fever, and in some cases a
worsening of infection is seen in IRIS.*
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Prevention and control of drug side effects, diagnosis and approach of
drug resistances and an increasing incidence of non-AlIDS related events
dominates the current HIV management. Main drug toxicities (especial-
ly, but not exclusively, of earlier available drugs) include abnormalities in
body fat distribution and in lipid and glucose metabolism, cardiac disease,
and pancreatic, kidney, liver and bone disorders. In the present scenario,
non-AIDS related events are globally more frequent than classic AIDS
events*»* and are the main complications seen in our clinics. Non-AIDS
related events comprised of cardiovascular disease, hepatic and renal im-
pairment, non-AIDS neoplasias, osteoporosis, frailty and neuro-cogni-
tive disorders have increased in frequency and are responsible for a higher
mortality rate in the upper strata of CD4+ T cell counts. A subset of these
events is expected in the elderly and could be due to a general phenome-
non of premature aging of the infected population. A persistent immune
activation - indirectably measurable through various inflammation mark-
ers- is seen to improve substantially upon HAART and successful viral
suppression but always still remains above normal values compared to un-
infected individuals. This ‘hyperactivated status’ could partially be driv-
ing the premature aging phenomena.***

The first insights regarding the importance of continuous viral sup-
pression in containing non-AIDS events came from lessons learned from
SMART and other substudiesassessing the potential benefits of treatment
interruptions. An increase in global mortality and complications (especial-
ly cardiovascular, hepatic, renal and neoplasy) were detected with strate-
gies of structured treatment interruptions (STI) guided by CD4+ T-cell
counts in patients with sustained viral suppression under HAART. The
risk increase was 160% (p<0.001) for the main variable (AIDS events and
death) but also 70% (p<0.009) for the rest of non-AIDS events.***

Reviewing all the current antiretroviral drugs and possible combina-
tions is beyond the scope of this introduction. Guidelines for the use of
antiretroviral agents are available and updated every year. **° They cover
information about new drugs under development, new recommendations
of drug combinations and regimen simplifications adapted to individu-
al’s comorbidities, updated drug labels for existing agents, new drug re-
sistance tests and tropism assays available and specially, the new insights
on the never-ending discussions of when to start treatment on recently
diagnosed patients and establishing CD4+ cell counts thresholds (<250,
<350, <500 cells/ul) .
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Just for classification purposes, antiretroviral drugs are divided into
different classes according to their mode of action in the inhibition of the

HIV cell cycle and include the following:

1) Entry inhibitors (or fusion inhibitors) interfere with binding, fusion
and entry of HIV-1 to the host cell by blocking one of several targets. (en-
fuvirtide, T-20)

2) CCRS5 receptor antagonists bind to the CCRS5 receptor on the
surface of the T-cell and block viral attachment to the cell, avoiding entry
to replicate. (maraviroc)

3) Nucleoside reverse transcriptase inhibitors (NRTI) mimic nucle-
otides and inhibit reverse transcriptase directly by binding to the polymer-
ase site and interfering with its function. (zidovudine, didanosine, zalcitab-
ine, stavudine, lamivudine, emtricitabine, tenofovir, abacavir)

4) Non-Nucleoside reverse transcriptase inhibitors (NNRTTI) in-
hibit reverse transcription by being incorporated into the newly- synthe-
sized viral DNA strand as a faulty nucleotide, causing DNA chain termi-
nation (delavirdine, efavirenz, nevirapine, etravirine and the newly-devel-
oped rilpivirine)

5) Integrase inhibitors inhibit the viral enzyme integrase (INS-

& TT from integrase strand transfer inhibitors), which is responsible for inte-
gration of viral DNA into the genome of the infected cell. (Raltegravir has
been the first approved but several more drugs from this class are currently
undergoing clinical testing)

6) Protease inhibitors (PI) target viral assembly by inhibiting the
activity of protease, an enzyme used by HIV to cleave nascent proteins for
the final assembly of new virions (darunavir, atazanavir, amprenavir, lopi-
navir, fosamprenavir, tipranavir, nelfinavir, saquinavir, ritonavir)

7) Maturation inhibitors inhibit the last step in gag processing in
which the viral capsid polyprotein is cleaved, thereby blocking the conver-
sion of the polyprotein into the mature capsid protein (p24). Because these
viral particles have a defective core, the virions released consist mainly of
non-infectious particles. These drugs are still currently under development
and include Alpha interferon, bevirimat and Vivecon.
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Figure 7. Schematic representation of targets of different antiretroviral drug classes. Source: IrsiCaixa out-

reach available at: http://www.irsicaixa.es/en/outreach

In addition to HAART, certain immune system-based treatments have
received increased attention, but with somewhat disappointing results. They
are sometimes included as components and/or adjuvants of ‘therapeutic
vaccine’approaches. Their main objective is attempting to restore immune
function affected by HIV infection. Although a recovery of the CD4+ T cell
counts is usually obtained with HAART, specific anti-HIV responses do
not seem to improve substantially and eradication of the virus in the reser-
voirs is not achieved. These therapies include the use of cytokines (e.g., IL-
2, GM-CSF, G-SCF, interferon-a, 1L-10,1L-12,1L.-15,1L.-16 and rIL-7)
and compounds helpful in decreasing immune activation. Some of the most
relevant tested strategies that attempted to strengthen immune control of
HIV infection included the use of IL-2 concomitantly with HAART treat-
ment (SILCAAT and ESPRIT trials).’! Despite demonstrating their ca-
pacity to stimulate specific immune responses and temporary increases in
CD4+ T cell counts, they were unable to demonstrate reductions in oppor-
tunistic diseases or death over time.
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Potential immune-based therapies for HIV infection | Refs
IL-2 adminsiration _ FI-54
IL-12 1hmp}' . £5.47
[L-15 therapy ]
fIL-7 administration in the comtext of intensified HAART ' ol
Antibodies to [L-4 and [L-10 7.8
IL-10 therapy _ &
Type 1 interferons 8400
Granulocyte-macrophage colony-stimulating factor | 5168
Anti-TNF-a drugs (Pentoxifviline, thalidomide, and antibodies) .70
Passive antibody administration _ 10
Immune modulators (Cyclosporine, hiydroxy-urea and mychophenolic acid) -
Thymopentin T
Thymus replacement T
CD&+ cell administration ] $2.53

Tuble 2. Potential immune-based therapies for HIV infection. Most of these approaches include the
concomitant use of HAART. Source: adapted from Jay A. Levy. HIV and the Pathogenesis of AIDS. 3¢

ed. ASM Press American Society for Microbiology, 2007.

In developing countries, after the introduction of HAART in 1996, mortal-
ity rates were reduced by nearly 80-90% and were associated with an improve-
ment in immune status, a sustained viral supression and a drastic reduction in
opportunistic events. The effectiveness of HAART has been globally improv-
ing over the years (mostly because it is becoming easier to take and better toler-
ated) and has moved life expectancy at 20 and 35 years from 36 to 49 years and
from 25 to 37 years respectively.®*. However, the gap still exists; life expectancy
in HIV+ individuals is still about two thirds of that expected in the non-infect-
ed general population.
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Figure 8. Estimated survival for HIV infected patients from age 25 years. Hepatitis C coinfected individu-
als excluded. Source: Adapted from Lohse N et al, 16 IAC 2006, Toronto, Canada, Abstract # MOPE 0310
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We all believe that the general population’s life expectancy could be
achieved but this requires virtually normalizing the immune system (for in-
stance, to reach effective viral suppression and CD4+ counts above 500cells/
pl persistently for more than 6 years). But signficant improvements in ear-
ly diagnosis and expansion of treatment initation soon after infection are
vital.®

Virological response to HAART is universal and fast, if an appropriate
combination is selected in the absence of primary resistances and provided
that the patients comply with the treatment regimen. In a few days or weeks
there is a viral load drop of 1-2 log, , followed by a slower second phase of
viral load decay over several months, so that 6-9 months after initiation of
treatment, most of patients have reached undetectable plasma viral loads.
At this time, the decrease is much slower, if it exists at all.’®%7

Occasionally, transient increases in viral loads (called &/ips) are detect-
ed. In addition, current viral load assays show increased sensitivity and of-
ten provide measures of RNA levels <50 copies/mL, with unclear clinical
significance.®® However, measurement of two consecutive viral loads high-
er than 200 copies/mL —which eliminates most cases of viremia caused by
isolated blips or assay variability- separated from one discrete time interval
should be considered as an upcoming virological failure and a new salvage
regimen should be designed and started as soon as possible.*

One of the main causes of the varying outcomes among patients on
antiretroviral therapy is the emergence of resistant viruses. The causes of
the selection of resistances appear to be a combination of increased trans-
mission, evolution of HIV to avoid the effect of the drugs and a lack of ad-
herence of subjects taking HAART.

Notwithstanding complete adherence, even in patients whose plasma vi-
ral RNA levels have been suppressed to below detectable levels, replication-
competent virus can routinely be recovered from peripheral blood mono-
nuclear cells (PBMCs) and biological fluids such as semen.” It is believed
that the reservoir of latently-infected cells established early in infection
may be involved in the maintenance of viral persistence despite HAART?!
and likely represents the major barrier to virus eradication.”? Evidence for a
rapid decay of the HIV-1 reservoir in patients has also been demonstrated
in resting CD4+ T cells in the first 12-24 months after early initiation of
antiretroviral therapy, and then its decay slows down.”* Several attempts to
achieve eradication by disrupting the viral reservoirs are of recent research
interest,among them, treatment with more potent antiretroviral therapy in-

11
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cluding potentially antilatency therapies in individuals with recent HIV ac-
quistion and/or use of immunomodulatory therapies to purge the viral res-
ervoirs in the context of intensified regimens.®>*

Treatment for prevention

Antiretroviral drugs are also successfully used for post-exposure prophy-
laxis if prescribed early after a suspected high-risk contact for HIV ac-
quisition. But more recently, increasing attention has been paid to pre-
exposure prophylaxis (PrEP). PrEP has been tested in HIV-negative peo-
ple who are at high risk of HIV acquisition by taking daily antiretrovi-
ral medication orally or by topical vaginal gels of antiretroviral drugs to
try to lower their chances of becoming infected with HIV if they are ex-
posed to it. The first two major successes of PrEP came with the Centre
for the AIDS Programme of Research in South Africa CAPRISA004 and
the Pre-Exposure Prophylaxis Initiative (iPrEx). The CAPRISA004 was
a double-blind, randomized controlled trial conducted to compare 1% te-
nofovir gel (n = 445 women) with placebo gel (n = 444 women) in sexu-
ally-active, HIV-uninfected 18- to 40-year-old women in urban and ru-
ral KwaZulu-Natal, South Africa. HIV incidence in the tenofovir gel arm
® was 5.6 per 100 women-years compared with 9.1 per 100 women-years
in the placebo gel arm. The use of Tenofovir gel reduced HIV acquisition
by an estimated 39% overall, and by 54% in women with high gel adher-
ence.” Soon afterwards, in November 2010, the National Institutes of
Health (NIH) announced the results of the iPrEx clinical trial, a large,
multi-country research study examining PrEP involving 2499 HIV nega-
tive individuals. The study found that daily oral use of tenofovir plus em-
tricitabine (TDF/FTC) provided an average of 47% additional protection
for men who have sex with men (MSM) who also received a comprehen-
sive package of prevention services that included monthly HIV testing,
condom provision, and management of other sexually-transmitted infec-
tions. Importantly, when adjusted to adherence, protection rates were as
high as 73%.%¢
These successes were buoyed by additional positive results from
the CDC TDF2 and Partners PrEP trials, providing first evidence that a
daily oral dose of antiretroviral drugs used to treat HIV infection could
reduce HIV acquisition through heterosexual sex as well. However, dis-
appointing results were obtained recently in the VOICE trial, evaluating
three antiretroviral-based approaches for preventing the sexual transmis-
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sion of HIV in women (daily use of either TDF, TDF/FTC or a vaginal
TDF gel). The monitoring board review determined that the trial would
not be able to demonstrate that TDF tablets used orally were effective in
preventing HIV acquisition in the women enrolled in the trial. The arms
of the study that are testing oral TDF/FTC and the vaginal gel form of
tenofovir are continuing. Future and ongoing trials aim to elucidate the
potential protective effect of intermittent —instead of continuous- use of
antiretrovirals (HPTN 067), other drug combinations (with maraviroc
for instance) as well as evaluate the acceptability, uptake and adherence to
daily PrEP when translating the strategy into non-research settings (San
Francisco PrEP Demonstration Project).

In the meantime, national institutions are now leading the controver-
sial demand to develop formal Public Health Service guidelines for PrEP
in accordance with new available data, the impact of signature mutations
selected by PrEP and its individual-level and public health consequences
of ARV resistance”” as well as sustainability, cost-effectiveness® and fea-
sibility to scale up in the implementation of such strategies. The first ex-
ample comes from CDC recommendations released in July 2011.
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Figure 9. CDC’s interim guidance for physicians on pre-exposure prophylaxis for HIV prevention for men

who have sex with men who are at high risk for HIV infection. May 11,2011. Available at: http://www.cdc.
gov/nchhstp/newsroom/PrEPMSMGuidanceGraphic.html

Another and probably less controversial use of antiretroviral agents as
prevention strategies has been reinforced following the HPTN Study 052
trial. * It just followed the principle ‘The best way to prevent HIV with treat-
ment is to treat those who have if': 96% reduction in HIV transmission was
achieved when antiretroviral treatment was initiated in HIV infected in-
dividuals to protect uninfected sexual partners. HIV treatment with three
drugs is obviously more expensive than one or two for PrEP, but it is likely
that the net double benefit (i.e., to the individual and the uninfected part-
ner) easily justifies the incremental cost.

44

magqueta def-1.indd 44

12/03/12 17:23



1 NEEE @® | I | [ 7

Introduction
Sty Effect Sipe [95% C1)
ARV treatment fos prevention R DB (73-09)
PrEP fof discordant couples D T T3% (40-B5)
PrEP for helerosexunl men & - B3% (21-84)
wWomen
Medical male chroumcision —— 54% (38-66)
PrEP for MSMs = 44% (15-63)
Sexually transmitted — e A42% [(21-58)
diseases reatrment
Microbicide = F0% [6-60)
HIWV vaccine = 31% (1-51)
FEM-PTEP [ | 0% (-41-41)

1T T T T T T T 1

0 10 20 0 40 50 &0 PO 80 90 100
Efficacy (%)

Figure 10. HIV incidence reduction by different prevention strategies. Source: Adapted from Dieffenbanch C.
Combination HIV Prevention Research. Division of AIDS, NIAID, NIH. October 13,2011.

Lastly, one of the most outstanding beneficial effects of antiretrovi-
ral drugs in prevention strategies: Virtual elimination of mother-to-child
transmission (MTCT). South Africa is an example of the drastic reduction
of transmission to infants after successful strategies, where presently, cover-
age to prevent mother-to-child transmission of HIV has been achieved by
almost 90%. However, an estimated 370,000 children contracted HIV dur-
ing the perinatal and breastfeeding period in 2009, which shows that ac-
cess to services to halt mother-to-child transmission needs to be scaled up.

Despite all the evidence of the beneficial effects of HAART and despite
having already more than 5 million people receiving treatment we cannot
overlook the fact that it still represents only 35% of the people who need
HIV therapy. Ten million people living with HIV who are eligible for treat-
ment (based on WHO guidelines from early 2010) are still in need, so efforts
to expand access to antiretrovirals cannot be restrained, especially in view
of the dramatic effects of previous delays in treatment access programmes
in the developing world.
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Figure 11. Comparison of annual AIDS-related deaths among regions, 1990-2009 reflecting the delayed in-
troduction of HAART in Sub-Saharan Africa. Source: UNAIDS 2010.Report on the Global AIDS Epi-

demic. Available at: http://www.unaids.org
Test-and-treat

Increasing efforts to expand antiretroviral access undoubtedly go hand
in hand with the implementation of generalized testing strategies, which
are also failing in developed-world settings such as ours. One out of ev-
ery four people infected with HIV has not been yet diagnosed and is es-
timated to be the main source of new transmissions. That is not only tre-
mendously important to successfully put into practice test-and-treat strat-
egies to prevent the epidemic from spreading, but also because 30% of di-
agnoses are unfortunately still made at advanced stages of the disease!®
when immune recovery is most difficult to attain (known as discordant pa-
tients)'"1%, More efforts need to be implemented to pursue the diagnos-
tic of acute infections, especially when a symptomatic acute infection oc-
curs, as increasing evidence points towards the benefits of treatment ini-
tiation during these early phases.

Mathematical models report that if all persons were tested for HIV-
1 once a year and all those with positive results immediately started and
maintained the use of effective ART for life, the incidence could be re-
duced to <1 new infection per 1,000 persons within 10 years, and the prev-
alence would decrease to <1% within 50 years.'%+1%
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‘i{h—— -— viraltherapy (ART). Source: Gran-

‘,n' ‘-\ ich, R.M., Gilks, C.F., Dye, C., De

Cock, K.M. & Williams, B.G. Uni-
versal voluntary HIV testing with
immediate antiretroviral therapy as
a strategy for elimination of HIV
transmission: a mathematical mod-
el. Lancet 373,48-57 (2009).

P Such models reflect
the effect of decreasing
the community viral load.
They rely, however, on
many major assumptions

l"-. such as a) heterosexual

— sex transmission, b) ex-

1580

.ll'.\.ﬂl

T T tremely high linkage to
Foas care and adherence rates,

c) 100-fold ART reduc-

tion transmission, d) that

treatment is coupled with 21 prevention intervention which collectively
reduces incidence by 40%, and e) that significant drug resistance does not
emerge, and that treatment failure rates are low (3% per year). Unfortu-
nately, many of these assumptions are currently unattainable in real-world
settings, as reviewed in'%.
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Cascade Effect: Diminishing Returns
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Figure 13. Representation of the cascade effect of progressive reduction of completely suppressed HIV in-
fected patients showing the limited overall net effect of test-link to care-treat strategy. Source: Burns, D.N.,
Dieffenbach, C.W. & Vermund, S.H. Rethinking prevention of HIV type 1 infection. Clin Infect Dis 51,
725-731(2010).

We therefore still need to be realistic: such a combination of HIV-1 prevention strate-
gies will rarely be sufficient and cost-effective to fully implement an ideal strategy aimed
at halting the pandemic. In conclusion, not only there is still considerable room for im-
plementing test and treat strategies, and in particular through combining all the pos-
sible prevention programs, but especially for an available effective preventive vaccine.
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T Cell-Mediated Immunity

'The body is protected from infectious agents by a variety of effector cells, mole-
cules and antibodies that together make up the immune system. The innate im-
mune response is always immediately available to combat a wide range of patho-
gens without any specificity but does not lead to lasting immunity. Innate im-
munity starts when foreign microorganisms breach the anatomical barriers and
is mainly driven by an inflammatory response that implicates cells such as mac-
rophages, phagocytic neutrophils, dendritic cells, and natural killer cells (NKs)
and involves a release of several cytokines and activation of the complement.

However, most pathogens can overcome the innate immune defense mech-
anisms, and adaptive immunity is essential for defense against them. An adap-
tive immune response involves the selection and amplification of clones of lym-
phocytes bearing receptors which specifically recognize foreign antigens that
will be able to eliminate the infectious agent. Many examples of immunode-
ficiency syndromes exist that are associated with failure of specific parts of the
adaptive immune responses and are mostly characterized by recurrent infections
(from general abnormalities such as thymic aplasia in DiGeorge’s syndrome to
more specific ones, such as defects in the WASP gene implicated in T cell acti-
vation responses responsible for the Wiskoot-Aldrich syndrome).'”

Both the T cell-mediated immune response and the humoral antibody re-
sponse produced by B cells have a crucial synergistic involvement in the control
of HIV. More than ever, vaccinologists are again in favor of combinational strat-
egies able to induce both a persistent and rapid T effector cell response to con-
trol the infection along with an effective humoral response to avoid HIV acqui-
sition.'®This introductory section will mainly focus on the T cell-mediated arm
which is our major topic of interest in the work compiled in this thesis. The devel-
opment of naive T cells in the thymus, their priming, their differentiation into ef-
tector T cells as well as their immunological memory, -their most important fea-
ture in vaccine development- will be covered. Lastly, some background on HLA
to show the significant impact of host genetics in HIV specific response rates
and its contribution to immune selection and viral evolution will be provided.
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Figure 14. The response to an initial infecion occurs in three phases. The first two phases rely on the recogni-

tion of pathogens by germline-encoded receptors of the innate immune system, whereas adaptive immunity
uses variable antigen-specfic receptors that are produced as a result of gene segment rearrangements. Adaptive
immunity occurs later, because specific B and T cells must first undergo clonal expansion before they differen-

tiate into effector clear cells. Source: Adapted from Janeway’s Immunobiology, 7 ed. (Garland Science 2008)

T cells develop from progenitors that are derived from the pluripotent he-
matopoietic stem cells in the bone marrow and migrate through the blood to
the thymus, where the generation of two distinct lineages of T cells takes place,
the y:0 and the a:f} lineage, which express different antigen-receptor genes. o::f
T cell receptors (TCR) genes are then rearranged: Immature T cells that recog-
nize self MHC at an intermediate affinity receive signals to survive (positive se-
lection) whereas those that interact strongly with self antigens are removed from
the repertoire (negative selection). During this selection process, about 98% of
the thymocytes die in the thymus, and just a very small part of the thymocytes
leaves it as mature T cells. This apparent ‘waste’ of thymocytes emphasizes the
intensive screening that each thymocyte undergoes for the ability to recognize
self-peptide:self MHC complexes and for containing self tolerance.

The thymus is fully developed at birth in humans and the rate of T cell pro-
duction by the thymus is greatest before puberty; thereafter, it begins to shrink
and involute with subsequent progressive decrease of the production of new T
cells over time. It seems, however, that once the T-cell repertoire is established,
immunity can be sustained without the production of significant numbers of
new T cells, as long as the pool of peripheral T cells is maintained by long-lived
T cells and division of mature T cells.

'The development of the thymocytes also includes passing through a series of
phases mainly marked by the expression of the T cell receptor and cell-surface
proteins such as the CD3 complex and the co-receptor proteins CD4 and CDS8.
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Figure 15. Schematic representation of the selection of T cells in the thymus and two distinct lineages of thy-
mocites produced in the thymus: the minority population of y:3 T cells (which lack CD4 or CD8) and the
majority a:f T-cell lineage. Source: Adapted from Janeway’s Immunobiology, 7 ed. (Garland Science 2008)

T cells that survive selection leave the thymus and enter the bloodstream. Cir-
culating in the periphery, they repeatedly leave the blood to migrate through the
peripheral lymphoid organs until they encounter foreign antigens and become
activated. Mature recirculating T cells that have not yet encountered their spe-
cific antigens are known as naive T cells. Activation happens when a naive T cell
meets its specific antigen, presented to it as a peptide:MHC complex on the sur-
face of an antigen-presenting cell (APCs, generally dendritic cells)

All the adaptive primary immune response is initiated in the peripheral lym-
phoid organs, which includes lymph nodes, spleen and GALT (gut associated
lymphoid tissue, such as the Peyer’s patches). The adaptive immune response is
initiated when dendritic cells (DC) capture the antigens at the site of infection
and migrate to local lymphoid organs, where they will mature into cells that can
both present antigens to naive T cells and trigger their activation. Maturation
of DC occurs along with the expression of large amounts of peptide-MHC and
co-stimulatory molecules on their surface to acquire the ability to prime naive T
cells. There is great interest about the DC’s modes of action in the HIV field for
many reasons. Firstly,understanding the ability to induce functional and pheno-
typic maturation of peripheral blood monocyte-derived DCs by pulsing imma-
ture DCs with new antigens leading to the priming and expansion of Ag-spe-
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cific T cells ex vivo has potential applications for cellular vaccination and adop-
tive immunotherapy.'®!!! Second, because DCs can themselves enhance HIV
infection of T cells through #rans-infection processes*2* and could therefore be
also alternative targets to inhibit HIV cell transmission. Lastly, in terms of the
development of vaccine candidates, since the first step at local sites after vaccine
inoculation will also depend on a DC efficient uptake and transportation of the
foreign antigens into lymphoid tissues. In this regard, it has been experimen-
tally shown that antigens placed in a superficial flap are not able to elicita T cell
response by themselves without proper DC-mediated transportation through
their unique membrane transport pathways to lymphoid tissues.'? Therefore,
vaccine candidates need to account for such DC uptake, maturation and trans-
portation phenomena.
Priming of naive CD8 T cells upon their encounter with pathogen-activat-
ed DCs in the T cell zones generates proliferation for several days leading to a
clonal expansion and differentiation into cytotoxic effector T cells (CTL) ca-
pable of directly recognizing and killing pathogen-infected cells. CD4 T cells
recognize pathogen peptides presented by APCs under MHC class II mole-
cules and develop in a more diverse array of effector types-T 1, T ,2and T 17,
depending on the nature of the signals they receive during the priming. Their
functions also include cytotoxic activity but more frequently involve the secre-
& tion of an array of cytokines to direct their different target cells, in order to give
a particular response. The regulatoryT cell subsets (T, ) have an inhibitory ac-
tivity that limits the extent of immune activation. Three APC cell types express
MHC class II molecules, and thus have the potential to activate CD4 T cells:
macrophages, B cells and DCs. Antigen presentation to naive CD4 T cells takes
place within a complex microenvironment in which the movements of antigens,
APCsand T cells are governed by the anatomical constraints of the lymph node
architecture.'
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Once an expanded clone of T cells achieves an effector function, its proge-
ny can act on any target cell that displays an antigen on its surface. While pro-
gressive reduction in antigen stimulation occurs, a subset of effector T cells en-
ter into a ‘resting’state, long-lived cells that will give an accelerated response af-
ter reexposure to the antigen at subsequent challenges, by rapidly producing cy-
tokines upon reestimulation.

Activated effector T cells emigrate from their site of activation and enter the
blood via the thoracic duct at sites of infection. This migration processes are guid-
ed by changes in the endothelium adhesion molecules and by local chemotacti-
cal factors. When binding to their specific antigenic peptide:MHC complexes,
the TCRs and co-receptors cluster at the site of cell-cell contact, forming what
is called the immunological synapse. As in the virological synapses, clustering of
TCREs triggers a reorientation of the cytoskeleton that polarizes the effector cell
to orientate the release of the effector molecules at the site of contact with the
target infected cell, and then cytotoxicity starts.
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Figure 17. Cellular polarization of T cells during specific antigen recognition allows effector molecules to
be focused on the infected target cell. Source: Adapted from Janeway’s Immunobiology, 7 ed. (Garland Sci-
ence 2008)

Once they enter the target cells, viruses such as HIV, although partially sus-
ceptible to antibody neutralization, can only be eliminated by the destruction of
the infected cell. CD8 CTLs respond to the presentation of epitopes by APC in
association with MHC class I. The antigens are recognized by the heterodimer-
ic cell surface molecule of the TCR that interacts with the antigen presented as a
short peptide:MHC molecule complex. Recognition through MHC class I mol-
ecules seems to be more restricted, not only because of limitations in the length
of the peptides (8 to 10 residues) but also because the ends of the peptide (ami-
no-terminal and carboxyl-terminal) must fit into defined pockets at opposite
sides of the grooves in the MHC class I locus. Peptides presented in the MHC
class IT grooves to CD4 T cells can be longer (12 to 24 residues) and thus more

heterogeneous.

Figure 18: Schematic representation of presentation by the MHC class I molecules of the antigenic peptide

After recognition, CTLs kill their targets by cell lysis or inducing them to un-
dergo apoptosis through the release of different specialized cytotoxic molecules
(pore-forming perforin, granzyme, granulysin, Fas ligand) from modified lyso-
somes. Most CD8 CTLs also release cytokines such as IFNy, TNFa, and LT,
also contributing to cytotoxicity. Of special interest, IFNy induces an increased
expression of MHC class I molecules in infected cells,and activates macrophag-
es, recruiting them to the sites of infection and generally enhances recognition
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by other effector cells and contains the spread of cytosolic pathogens. Measure-
ment of IFNYy release has been widely used as an indirect marker of CTL activ-
ity, as will be discussed later on this section.

CTLs kill infected cells with high specificity, which is crucial in minimizing
adjacent tissue damage while allowing the elimination of the infected target cells.
However, the CTL lytic machinery can sometimes be directed against self-tis-
sues in autoimmune disorders, transplanted cells during graft rejection and host
tissues to cause graft-versus-host disease, which is one of the most serious dis-
eases related to CTL function.™*

Immunological Memory

Immunological memory is mainly determined by the small population of memo-
ry cells stablished during the primary adaptive immune response which can per-
sist despite the reduction —and even absence- of the antigen that originally in-
duced them. Many studies have attempted to determine the duration of immu-
nological memory. By evaluating responses in people who for instance received
smallpox vaccines in the past, strong vaccinia-specific CD4 and CD8 T cell
memory responses were detected as far back as 75 years after the original immu-
nization. Mechanisms with such a long maintenance are, however, quite unclear.

Both CD4 and CD8 differentiate into two types of memory cells with dis-
tinct activation patterns which can be distinguished by their surface markers. As
mentioned before, when naive T cells encounter an antigen, they can respond
quickly by activation and become effector cells. With reduced antigen exposure,
asubset of T cells turns into memory cells. Memory cells can be divided into two
groups: one is referred to as T, cells (central memory, or resting), character-
ized by CD45RO*and CCR7* expression and traffic to lymph nodes as do naive
CDS8 cells. This subset also has a high proliferative potential; these cells, howev-
er, take longer to differentiate into effector T cells and do not secrete very large
amounts of cytokines early after restimulation. The effector memory cells (T )
express CD45RO but not CCR7 and mature into terminal effector cells con-
taining perforin with a very rapid cytotoxic response driven by secretion of large
amounts of IFNy, IL-4 and IL-5 early after restimulation, but do not proliferate
well. The factor that influences the formation of T, vesus'T',, cells upon antigen
reduction is still not clearly defined. In general terms, CD8 T, cells predomi-
nate when an antigen is cleared or markedly reduced (e.g. with CMYV infection),
whereas T, cells predominate when high levels of antigen persist (as in HIV).

The precise mechanisms of the maintenaince of immunological memory
seem to be mainly driven by the presence of certain cytokines and homeostatic

12/03/12 17:23 ‘



1 TEEEE @® | I | [ 7

Rational Design and Testing of Novel HIV' T cell Immunogens

interactions with self-MHC:self-peptide complexes. Vaccination-induced im-
munological memory however, is one of the major challenges in Immunology,
as many pathogens—such as HIV- do not induce protective immunity that com-
pletely eliminates the pathogen.

Anti-HIV cytotoxic T cell responses

Among other common viral infections, HIV generates an incredi-
bly strong cytotoxic T cell immune response. Although all HIV pro-
teome is highly immunogenic, the density of the T cell response is
mostly detected in Gag and Nef proteins, where immunology data-
bases have the highest density of epitopes captured from the liter-
ature in these regions.'” The immune response is often dominat-
ed by T cells specific for particular epitopes (named immunodomi-
nant) but subdominant responses can also play an important role.'¢
A deeper dissertation on the role of HIV specific CTL immune re-
sponse in the control of HIV infection will be provided along the
articles compiled in this thesis and the discussion section, with spe-
cial focus on defining the most protective specificities and function-
al characteristics.

& An extensive series of data detected right after the peak of viremia
in acute HIV infection suggests the potential role of the virus-spe-
cific CTL response in determining the viral set point in chronic
stages of infection and HIV disease progression.'’”'*” This is also
supported by studies in the SIV macaque model, where transient
depletion of CD8+ T-cells in controller animals resulted in 100- to
10,000-fold increases in viremia and where the re-establishment of
the CD8+ T-cell populations restored the ability of these animals
to control SIV replication.’® More recently, a vaccine trial in the
macaque model has provided a clear immunological CD8 CTL-me-
diated correlate of protection against disease. An innovative CMV
vectored-based vaccine elicited a persistent and rapid T effector
cell response to SIV antigens and resulted in control of the infec-
tion in 50% of the animals, not only reducing the initial infection
but also controlling new viral rebounds of systemic infection at lat-
er time points. 2!
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Figure 19 Schematic diagram of events occurring after HIV infection. Prior to seroconversion high levels of
virus can be detected in the blood. After the first acute phase, viremia is reduced to low levels and maintained
at the set-point level. Years later, viremia rises again throughout the development of AIDS period. CD4 cells
counts decrease during acute infection with some recovery afterwards and then, a progressive decline occurs
over time. CTL responses against HIV rise during primary infection and they are maintained over time and

begin to decrease before or around the time of disease progression.

The relative importance of the CTL response in at least partially controlling
viral replication is further supported by the identification of specific host genet-
ic polymorphisms in the HLA region associated with relative slow disease pro-
gression (HLA-B27,57,58,1516,1517, emerging C alleles).? These associa-
tion point directly towards a contribution of the HLA class I restricted CD8+
T cell immunity in virus control, also revealed by the demonstration of differ-
ences in HIV specific T cell response patterns among different ethnicities. 12
Elegantly, diversity in HLA class I alleles was shown to have a significant im-
pact on HIV evolution through the discovery of CTLs targeting subdominant
epitopes in association with HLA frequencies''®. More recenlty, Kawashima et
al described HLA footprints driving immune selection pressure in an exhaus-
tive analysis of viral sequences and HLA alleles in >2,800 subjects from 5 dif-
ferent continents.'” This process of viral adaptation to host genetics highlights
the challenge for a vaccine to keep pace with the changing immunological land-
scape presented by HIV.

The investigation of the CTL response to HIV-1 has led to the most exten-
sive characterization of class I restricted CTL epitopes in any viral infection
studied this far. Optimally-defined CTL epitopes are listed and updated every
year at the Los Alamos HIV Immunology database and include more than 200
well-characterized HIV CTL epitopes located across all different HIV proteins.
These epitopes are restricted by a wide array of different HLA class I alleles with
a few highly promiscuous epitopes being targeted in the context of as many as 8

different HLLA class I alleles.!
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Figure 20. The number of unique epitopes included in the database that span each position in the HIV pro-
teome. Source: HIV Molecular Immunology 2011. Karina Yusim, Bette T. M. Korber, Christian Brander, Dan
Barouch, Rob de Boer, Barton F. Haynes, Richard Koup, John P.Moore, Bruce D. Walker, and David I. Wat-
kins, editors. Publisher: Los Alamos National Laboratory, Theoretical Biology and Biophysics, Los Alamos,
New Mexico. LA-UR-12-1007

Optimal epitopes have usually been defined as the shortest peptide trunca-
tion that results in the highest stimulation of epitope-specific T cells at the low-
est peptide concentration. Based on the anchor residues described for various
HLA class I alleles, viral protein sequences can be screened for the presence of
such anchor residues to identify potential CTL epitopes.’?” These peptides can
then be synthesized and tested either in cellular or cell-free assays for their ca-
pacity to bind to the selected class I molecule. With subsequent assays that test
the ability of peptides thus defined to serve as a target for CTL in natural infec-
tion, epitopes can be rapidly identified and characterized.'?® Identification and
optimal definition of HIV-derived cytotoxic T lymphocyte epitopes is crucial to
identify precise targets of the host cellular immune response to HIV and its as-
sociations with better disease outcomes, which is the main goal of the work dis-
cussed in the Chapter 2.It also allows the identification of viral sequence changes
in epitopes that may mediate CTL escape through different mechanisms such as
abrogated HLA binding, missing TCR interaction or impaired antigen process-
ing.In addition, the precise definition of epitopes and their HLA restriction also
enables the identification of epitopes that can be presented by multiple HLA al-
leles and which could thus be employed in the context of different host genet-
ic backgrounds.
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p24 Optimal CTL Epitope Map
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Figure 21. Example of a map of optimal HIV-1 CTL epitopes (shown for HIV Gag p24). The location and

HLA restriction elements of CTL epitopes are indicated on protein sequences of HXB2. Source: HIV Mo-

lecular Immunology 2009. Karina Yusim, Bette T. M. Korber, Christian Brander, Barton F. Haynes, Richard

Koup, John P. Moore, Bruce D. Walker, and David I. Watkins, editors. Publisher: Los Alamos National Lab-

oratory, Theoretical Biology and Biophysics, Los Alamos, New Mexico. LA-UR 09-05941

Aside from CTL epitopes located in proteins encoded by HIV open reading
frames (ORFs), recent data also points out the relevance of responses to alter-
native reading frames (ARF)-encoded HIV epitopes (cryptic epitopes), as de-
scribed during natural infection. It has been suggested that they may also con-
tribute to viral control and drive viral evolution on a population level.'#13

Understanding HLA : ‘Our cellular Id’

'The human leukocyte antigen (HLA) system is the name of the major histocom-
patibility complex (MHC) in humans. The genomic map of the HLA (3.6 Mb,
224 lociin HLA class I, 1T and III) resides on chromosome 6, and encodes cell-
surface antigen-presenting proteins, with 40% of expressed genes with a role in
immunity. HLAs corresponding to MHC class I (A, B,and C) present peptides

from inside the cell (for instance viral peptides produced in the proteasomes,
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generally about 8-10 amino acids in length) CTLs cells require presentation via
MHC molecules to recognize the antigens, what is known in the field as HLA
restriction’. HLAs corresponding to MHC class IT (DP,DM, DOA,DOB,DQ,
and DR) present antigens from outside the cell to T lymphocytes, particular-
ly T helper cells, which in turn stimulate antibody-producing B cells. HLAs
corresponding to MHC class III encode components of the complement sys-
tem. Other than its role in infectious diseases, HLLA is also determinant in or-
gan transplant rejections and may mediate autoimmune diseases (i.e. type I di-
abetes, ankylosing spondylitis, celiac disease, SLE, myasthenia gravis, inclusion
body myositis and Sjoégren’s syndrome among others)

MHC class I proteins form a functional receptor that is comprised of the binding of
B2-microglobulin with major and minor gene subunits to produce a heterodimer struc-
ture such as the following:

HLA bar: g
MHC Complax
HLAA — il &
| = 210
= r+ 21310
9L e
' -microglobulin
| e ﬁ gl Figure 22: Sche-
@ e ‘\"i. . 5™ g matic representa-
HLAR o - tion of cromosome 6
| = and an MHC class I
molecule. Source:
-
HLA-DR = [ p?'n Wikipedia com-
h"l | et mons, available at:
HLA-DQ -~ [ = http://en.wikipedia.
— ’}.-I : org/wiki/Human_

leukocyte_antigen.

HLA alleles nomenclature has varied over time. The IMGT/HLA
Database is part of the international ImMunoGeneTics project and con-
tains at present 7,269 allele sequences (4,946 Class I alleles/1,457 Class
IT alleles up to May 2011) and is freely available at: http://www.ebi.
ac.uk/imgt/hla. They provide the official sequences for the WHO No-
menclature Committee.

The last nomenclature update (Dec 2010) established the following:
Each HLA allele name has a unique number corresponding to up to four
sets of digits separated by colons. The length of the allele designation is
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dependant on the sequence of the allele and that of its nearest relative.
All alleles receive at least a four digit name, which corresponds to the
first two sets of digits and longer names are only assigned when neces-
sary. The digits before the first colon describe the type, which often cor-
responds to the serological antigen carried by an allotype, The next set
of digits are used to list the subtypes, the numbers being assigned in the
order in which the DNA sequences have been determined. Alleles whose
numbers differ in the two sets of digits must differ in one or more nucle-
otide substitutions that change the amino acid sequence of the encoded
protein. Alleles that differ only with respect to synonymous nucleotide
substitutions (also called silent or non-coding substitutions) within the
coding sequence are distinguished by the use of the third set of digits.
Alleles that only differ with respect to sequence polymorphisms in the
introns or in the 5’ or 3’untranslated regions that flank the exons and in-
trons are distinguished by the use of the fourth set of digits.

In addition to the unique allele number, there are additional option-
al suffixes that may be added to an allele to indicate its expression sta-
tus. Alleles that have been shown not to be expressed, ‘Null’ alleles have
been given the suffix ‘N’. Those alleles which have been shown to be al-
ternatively expressed may have the suffix ‘L', ‘S’,‘C’, ‘A’ or ‘Q’.

| e — [ e r— Figure 23. Example of Nomenclature for Factors of the
— — HLA System. Source: IMGT/HLA Database, available

TpE [ P g
at: http://hla.alleles.org/announcement.html

HLA-A*02:101:01:02N

i e | [T nl',':_‘:‘- Through the three papers com-
Hl::__,__ TR piled in this thesis, the old pre-2010
o e e nomenclature has still been used.

sm=w  Different associations of HLA pol-
ymorphisms with disease outcomes will be developed further in Chap-
ter 1.

As mentioned before, the diversity of HLA in the human population
is one aspect of disease defense and, as a result, HLA diversity will have
a crucial impact in influencing response patterns''®'?* and driving viral
evolution.'®
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Figure24. Representation of the variety of HLA class I allele frequencies in global terms. Source: Kawashima,
Y., et al. Adaptation of HIV-1 to human leukocyte antigen class I. Nature 458, 641-645 (2009).

Lastly, to understand the impact of HLA in the adaptation of the virus in
the context of MHC restriction and the promiscuity ** of HIV specific CTL
responses, it is important to bring in the concept of HLA supertypes. Based on
HLA footprints, we can identify novel CTL epitopes **! and even track the por-
tion of sequence evolution thought to be driven by HLA-mediated immune-es-
cape mutations.'®. But,when assessing the extent of promiscuous CTL epitope
presentation, MHC restriction can be understood in several —non-exclusive-
ways:

1) the original HLA allele described for that given epitope, or

2) a “super-type-matched” class I allele, or

3) an “alternative” allele which may share binding motif similarities.

Sidney et al gave a comprehensive review on the classification of this “super-type-
matched” class I allele, named HLA supertypes™* which helps in understanding such
CTL promiscuity. Despite the polymorphisms of MHC receptors, class I molecules
can be clustered into sets of molecules that bind largely overlapping peptide repertoires.
Different groups or supertypes for HLA-A (6) and B (6) class I alleles have been de-
scribed on the basis of their main anchor specificity. The utility of the supertype knowl-
edge is critical for epitope identification studies and especially interesting for us, in pro-
moting the rational design of vaccines based on immunogenicity data that aim to pro-
vide a broad HLA coverage
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Figure 25. Supertype classification of HLA-A alleles. In each supertype, the alleles are grouped on the basis
of the stringency of selection (from left to right):experimentally established motif (i.e., reference panel), exact
match(es) in the B and F pockets, one exact and one key residue pocket match, key residue match(es) at B and
F pockets (grey). Alleles with no match at one or both pockets (unclassified) are not listed. Source: Adapted
from Sidney, ., Peters, B., Frahm, N., Brander, C. & Sette, A. HLA class I supertypes: a revised and updated
classification. BMC Immunol 9,1 (2008).
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Figure 26: Supertype classification of HLA-B alleles. The alleles associated with each HLA-B supertype,
multiple supertypes are shown. In each supertype, the alleles are grouped (from left to right) on the basis of
the stringency of selection as described above. Source: Adapted from Sidney, J., Peters, B., Frahm, N., Brand-
er,C. & Sette, A. HLA class I supertypes: a revised and updated classification. BMC Immunol 9,1 (2008).
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Assessment of HIV-specific T cell responses

The analysis of direct ex vivo T cell activity can be detected and quantified by
many assays. Initially-developed lymphoproliferative assays (using 3H Thymi-
dine or expansion with subsequent Cr51 release assays) have progressively been
substituted by the IFNy based ELISpot assay (from enzyme-linked immu-
nospot). ELISpot has proven to be a sensitive and specific tool to determine the
frequency of antigen-specific T cells. It enables the direct visualization of single
IFNy reactive cells with high sensitivity and despite its mostly monofunctional
design, is still widely used in HIV immunology and in vaccinology for the quan-
tification of HIV-specific T cells. In particular, it is relatively easy to perform, re-
quires no expensive instrumentation and has the potential for high-throughput
screening.'®, reviewed in 1

Figure27 Schematic representation of the ELISpot assay. Cytokine-specific antibodies are
bound to the membrane. T cells are added to the wells. Cytokines secreted by some acti-
vated T cells are captured by the bound antibody and then revealed by a secondary cyto-
kine-specific antibody, which is coupled to an enzyme, giving rise to a spot of insoluble col-

ored precipitate.

Quantification of antigen-specific T cells is given in terms of
breadth and magnitude. Breadth provides the total number of dif-
terent responses, which represents how many regions/proteins an
individual’s T cells recognize (and gives detectable responses based
on pre-specified criteria for positive/negative responses). Informa-
tion on the breadth of the responses allows further assessments
on dominance patterns to inquire which viral targets predominate
within the specificities of the total CTL response. As well, most
novel concept of ‘depth’ of the responses can also be assessed by
ELISPOT through testing different epitope variants (also named
cross-reactivity potential) On the other hand, the magnitude of an
immune response defines how strong the responses are by deter-
mining the exact number of antigen-specific T cells within an aliq-
uot of input cells (for instance, peripheral blood mononuclear cells
#SFC/10° PBMC). Using ELISpot assays, the functional avidity of
responses can also be assessed by performing limiting peptide dilutions and de-
termining the peptide concentration required to induce half-maximal respons-
es. Half-maximal stimulatory antigen doses (SD50%) are calculated as the pep-
tide concentration needed to achieve a half-maximal number of spots in the

ELISpot assay.
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Apart from the quantitative monofunctional ELISpot assay, the measure-
ment of additional in vivo antiviral properties of HIV-specific CTLs provides
an extraordinary complementary information, specially after the insights from
T cell vaccine trials where immunogenicity measured by ELISpot failed to pre-
dict efficacy outcomes.'® Flow ctyometry using TCR labeling (peptide-MHC
tetramers) or intracellular cytokine staining enables for instance the definition of
T cell phenotypes. Of special interest is the fact that the HLA-DR+,CD38- ac-
tivated CD8T cell phenotype represents a’T cell population with a superior abil-
ity to expand upon exposure to antigen and increased capacity to exert effector
tunctions. In addition, increasing attention has been focussed on the polyfunc-
tionality of the CD8* T cell response to HIV measured by complex flow pan-
els to discriminate effective from not-effective CTL responses. The assessment
of proliferative capacity with high perforin expression and the secretion of mul-
tiple cytokines such as IFNy, IL2, TNFa, MIP-1b and/or CD107a surface ex-

pression after antigen contact are among those most commonly performed. 1313
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Figure 29. Example of a flow cytometry panel for HIV-specific CD8T cell polyfunctionality assessment. The
first panel shows a particular combination of functions. Each dot denotes CD107a, IFNy, MIP-1p, IL-2,and/
or TNFa positivity. The panel also contains horizontal bars showing those combinations of 5,4, 3,2, 0r 1 func-
tion for reference. Below, each pie chart represents the mean response across the individuals to the 5 differ-
ent HIVantigen stimulations (Gag, Pol, Env, Nef, TRVVV). For simplicity, responses are grouped by number
of functions. The box plots in the lower panel represent the 10th, 25th, 75th, and 90th percentiles of the pro-
portion of the respective functional response to the total CD8'T cell response against HIV Gag (left) or oth-
er HIV antigens (right panels) in the 2 cohorts assessed (Controller and non-controller individuals) Source:
Adapted from Betts, M.R., et al. HIV nonprogressors preferentially maintain highly functional HIV-specific
CD8+T cells. Blood 107,4781-4789 (2006).

Increased attention has been given to assays for assessing direct ex vivo T cell activi-
ty for the purpose of evaluating the ability of CTL to inhibit HIV replication. Through
these in-vitro viral inhibition assays (adapted from the first developed by Yang et
al.139140) ' co-culture of HIV infected target cells and virus-specific CTL or unstimulat-
ed CD8'T cells as effectors aim to measure direct viral replication inhibition, either by
p24 release reduction measurement by ELISA or flow cytometry.!*"*? Increasing data
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indicate that quantification of direct ex vivo CD8'T cell inhibitory capacity may provide
a more accurate indication of immune control iz vive than ELISpot measurements as it
relies on the recognition of endogenously-generated viral peptides within CD4 T cells
(targets), in contrast to stimulations with synthethic peptides at high/ non-physiologi-
cal/saturating concentrations.

However, differences between HIV test sequences from laboratory isolates,
the need for HLA class I matched target cell lines, inefficient outgrowth and/
or variable infectivity of autologous CD4 T cells plus the difficulty in screening
large number of CTL specificities are some of the limitations that have prevent-
ed these assays from being used in previous vaccination trials.'* Significant im-
provements on the standardization of these assays are being achieved in order
to a) require less input cells, b) shorten incubation periods and c) use flow cy-
tometry to the endpoint p24+ cell reduction measurements, and may in general
foster their use as a benchmark of protective immunogenicity in earlier vaccine
phase I/11I trials in the future, as well as for predicting CD4 T cell loss over time
in early HIV-1 infection.'*

Lastly, significant importance must be given to the use of suitable antigen sets
(proteins, peptides, virus). The sensitivity of some of the mentioned assays re-
lies enourmously on the chosen peptide sets, for instance. Some results showing
these effects will be developed in the work compiled in Chapter 3.

In summary, HIV infection induces a strong, deep and broad T cell response to
the majority of viral proteins with different patterns of dominance. The assays
available today for quantifying CTL responses are very sensitive and can de-
tect epitope-specific cells at a frequency of less than 1/2,000 CD8 cells. On the
other side, these high-throughput assays may be of limited use because of their
single cytokine measurement and complementary, more comprehensive func-
tional read-outs are desirable, especially after the failure of previous assays used
in predicting protection in some T cell vaccine trials. However, more efforts on
the standardization and evaluation of samples, time, expertise and cost require-
ments are needed to establish a consensus on its feasible use in large-scale vac-
cination trials.
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Vaccine development

More than 300,000 scientific articles have been published on HIV/AIDS,
and we still do not have an effective vaccine

Preventive vaccines have historically been shown to be the most cost-effective

tools in controlling the spread of some infectious diseases. including: smallpox,

diphtheria, tetanus, yellow fever, pertussis, Haemophilus influenza type b disease,

poliomyelitis, measles, mumps, rubella, typhoid and rabies. In the case of small-

pox, eradication was achieved in 1979 and cases of poliomyelitis have been re-

duced by 99% thanks to vaccination . In terms of public health, vaccines are

effective strategies for various reasons including a) reducing the morbidity and @
mortality from the disease on a population level, b) granting protection at an in-

dividual level, ¢) limiting transmission to others and ultimately, protecting the

community as a whole.
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Figure 30. Two examples of the impact of vaccination on the incidence of smallpox and measles. Source: WHO

report on measles eradication program 2009
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Despite these enormous successes, the generation of vaccine-mediat-
ed protection remains a complex challege. Importantly, currently available
vaccines have largely been developed empirically, with little or no under-
standing of how they activate the immune system and what components
of the vaccine-induced immunity mediates control from infection. The
HIV vaccine field is no exception: In addition to the already-mentioned
obstacles posed by the extensive global diversity of HIV-1, there is no data
from spontaneuosly cleared infections that could define immune corre-
lates of sterilizing immunity against HIV. In this light, it is not surpris-
ing that other clinical endpoints apart from sterilizing immunity would
be considered a partial breakthrough. In particular, vaccines may not pre-
vent primary infection, but may decrease the possibility of HIV trans-
mission from an infected person who has been vaccinated to another per-
son and slow down the course of infection when it occurs (mimicking the
LTNP or EC outcomes). Thus, even if a vaccinated person became HIV
infected, the vaccine would help that person to remain healthier longer
and without or with only limited drugs toxicity. A lower transmission rate
as well as reductions in treatment and social costs would be still remark-

able and desirable.
Sterilizing immunity — Block fufection

complete protection from HIV infechion
0o detectable HIV at any thme
no transmssion of HIV 1o others
Transien! infection - Clearance
1nfection oecurs, but the immune system 52 able to detect and kill off infected cells
disease does not advance (ihe immmne sysiem is able to control the infection)
no detectable HIV af a later siage (6-12 monihs after infection)
seroconversion (becoming HIV+) may or may ool ocous
transnssion o others might oceur within o brief window of time and mdght be
comgl nrl'. preventied some time later

 comivalled Infection (mimicking EC/LTNPs phensiype)
undetectable or very low viral load throughout hife
no immuanedeficiency disense progression (HI'V dees not advance 1o AIDS)
seroconversion (becomang HIV+) likely
transamission to others prevented or preamly dimmizhed

Tuble 3. List of possible ways a preventive HIV vaccine might work. Adapted from HIV Vaccine Trial
Network (HTVN) Vaccine outcomes. Available at: http://www.hvtn.org/science/outcomes.html
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As mentioned in the first part of
the introduction, HIV vaccine de-
velopment is more than ever part of
a larger prevention portfolio that also
includes behavioral modification, cir-
cumcision, pre-exposure prophylaxis,
test-and-treat strategies and the use of
microbicides. The vaccine field how-
ever, still believes that having a suc-
cessful vaccine candidate is attainable
and would represent the most effec-

tive tool to contain the HIV burden.

Yet vaccine development is difficult, complex, extremely risky, and costly, es-
pecially for HIV. The risk is high since most vaccine candidates fail in preclini-
cal or early clinical development. Such clinical development involves studies to
assess vaccine safety, immunogenicity and efficacy through a staged process of
serial human clinical trials. Briefly, process development involves making prep-
arations of test vaccine that satisfy regulatory requirements for clinical testing
such as clinical lot preparation, preclinical toxicology testing and analytical as-
sessment, and finally, scale-up methods that need to be robust enough to ensure
a consistent manufacturing process. Process development can be as costly as clin-
ical development and as the development proceeds toward licensure, costs esca-
late as clinical studies become larger. Finally, postlicensure studies of safety and
vaccine efficacy will also represent a large additional cost.

All clinical, process development tasks as well as future manufacturing must
be closely integrated, and in most cases, require potent industrial partners en-
gaged in the process and manufacturing steps. The requirements for the manu-
facture of vaccines are among the most rigorously designed and monitored, as
the final products are administered to millions of perfectly healthy individuals.
Every new vaccine will thus be subjected to a well-defined regulatory process for
approval, which consists of four main stages:

1) Preparation of pre-clinical materials for proof of concept testing in
animal models, manufacture of material according to current Good Manufac-
turing Practices (¢cGMP) and toxicology and stability analysis in an appropiate
animal system.

2) Submission of investigational new drug application (IND, or PEI in
Spanish) for submission to the national regulatory drug agency (FDA, EMEA,
AEMPs) for review. In cases where vaccines are generated by genetically-modi-
fied organisms, authorisation for voluntary release to the environment is also re-
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quired by most environmental ministries.

3) Testing for safety,immunogenicity and effectiveness through clinical
studies (Phase I to I1I clinical trials)

4) Submission of all clinical, non-clinical,and manufacturing data to the
drug agency in the form of a Biologics License Application for final review and
licensure.

In summary, HIV vaccine development does not only face an enormous sci-
entific challenge, but has encountered and will continue to encounter consider-
able difficulties in delivering final products that are held to a strict standard of
safety while providing sufficient doses at reasonable costs that can improve suc-
cess rates of combination of behavioral+treatment prevention strategies.

All these steps result in a lengthy process, from the concept to licensure, as il-
lustrated by past timelines for some of the currently licensed vaccines.

Vaccines ~ Years to Approval

Varicella 25-30

HPV - 14-16

Rotavirus 14-16

Pediatric combination vaccines ~ 10-12 Table 4. Vaccine de-
HIV =307 velopment timelines

for some of the currently licensed vaccines. Source: Plotkin, Stanley. Vaccines.5™ Edition. 2011. Elsevier Press.
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Phases of Testing and Clinical
Trials

'The pre-clinical phase of vaccine development includes in vivo animal testing.
These studies are often conducted in mice, rabbits and rhesus macaques for tox-
icity and vaccine stability studies. Particularly,immunogenicity and eflicacy pre-
clinical data generated in non-human primates have served for many years as a
gatekeeper for the progression of candidate vaccines to evaluation in a human
clinical setting. International vaccine initiatives seem to be changing that view,
especially also since the non-human primate model is an expensive approach for
comparative immune analyses and of limited value in assessing the protective ef-
tect of human-designed vaccine candidates.'*
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Clinical phase I studies involve a small number of healthy, uninfected partic-
ipants at low risk of HIV infection, and primarily test the safety of the candidate
vaccine. They usually last 12-18 months and generally include less than 100 sub-
jects. .After an initial safety assessment in phase I trials, phase II trials must be
adequately powered to define immunogenicity of new constructs. Initial phase
IT clinical trials must assess laboratory and clinical efficacy and also attempt to
define correlates of protection with validated assays. Phase II trials often involve
between 300 and 600 persons with varying degrees of risk to acquire HIV in-
tection. Evaluations to define optimal dose and schedules are also conducted at
this stage. Phase II trials can last 2 or more years.

Phase III studies have averaged from 2,500 to 10,000 persons per trial and
generally involve high-risk volunteers to further assess whether the vaccine
works in preventing HIV infection. Phase III trials can last 3-5 or even more
years. Multiple phase III trials are needed to assess the protective efficacy of dif-
ferent vaccine concepts against different HIV-1 clades and in populations that
may differ on the route of HIV-1 transmission or genetic background.

Implications of PrEP in the design of VE trials

In the coming years, PrEP might be also proposed as part of baseline combi-
nation interventions for AIDS vaccine trials, raising some of the following un-
avoidable challenges in the field /¥ (and reviewed in '*):

-higher prevention standard will impact HIV incidence rates, therefore
limiting the window for a vaccine effect (VE) on HIV acquisition. It will in-
crease the number of events required and number of subjects enrolled and ex-
pand the expected trial duration and with this, increase dropout rates. Partially
efficacious vaccine will not have a viable option to be evaluated and the criterion
for moving a candidate into phase III testing will in general be even higher. An
intrinsic value on high incidence cohorts will develop when it comes to locating
the trial sites.

-additional assumptions will have to be made in order to estimate vaccine
efficacy in an unbiased fashion within the context of ARV (control for adher-
ence for instance)

-possibility of complicating endpoint measurements other than VE and
immune readouts (lower VL setpoint after HIV acquisitions, delay in identifi-
cation of acute infections, emergence of fast drug resistances and impact on hav-
ing valid immune correlates)

-increased complexity in trial implementation: number of visits required
to monitor ARVs adherence and HIV testing, safety assessments to control for
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drug adverse events with overall major increases in the cost of the trials.

-interventions such as TDF gels may not be licensed or availa-
ble in the countries selected to develop the clinical trial, thereby posing poten-
tial ethical dilemmas for those who must pay for the intervention.

Considering this scenario within which future HIV vaccine trials will like-
ly be conducted (larger, longer and costlier trials), increased emphasis on adap-
tive designs™ is urgently needed. Adaptive clinical trial designs can accelerate
vaccine development by rapidly screening out poor vaccines while extending the
evaluation of efficacious ones, improving the characterization of promising vac-
cine candidates and the identification of correlates of immune protection. The
main goal is thus to significantly shorten the timeline of HIV vaccine efficacy
trials and accelerate vaccine development.

Figure 31. Adaptive trial designs accel-
erate vaccine development. (A) The tra-
ditional approach to testing vaccine effi-
cacy is iterative testing in phase I, 1I,and
III clinical trials. (B) In contrast, adap-
tive trial designs enable real-time anal-
ysis of immunogenicity and vaccine ef-
ficacy. This information can be used to
make a decision to proceed to phase 11T
efficacy trials much sooner. The ability to
run multiple trials in parallel and focus
on an optimal vaccine candidate could

save considerable time by avoiding mul-

tiple iterations of the phase I, 1I,and III
testing cycle. Source: Corey, L., G.]. Na-
bel, C. Dieffenbach, P. Gilbert, B. F. Haynes, M. Johnston, ]. Kublin, H. C. Lane, G. Pantaleo, L. J. Picker, and
A.S. Fauci. 2011. HIV-1 vaccines and adaptive trial designs. Sci Transl Med 3:79ps13.
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Candidate HIV vaccines

Having an effective HV vaccine still remains one of the most important
scientific challenges immunologists have ever faced. Its major hurdles stem
from the high diversity of the virus, its fast ability to evade immune pres-
sure and its capacity of early integration into the host’s genome, thus estab-
lishing a life-long latent infection.

Based on today’s knowledge, HIV vaccine development can be divided
into a) the selection of appropiate viral targets (immunogens) able to in-
duce a neutralizing humoral response along with an effective cellular im-
munity, b) the insertion of the immunogens in safe vectors as delivery sys-
tems and c) the use of (different) vaccine candidates in the most effective
combinations to induce long-lasting immunity at the possible sites of ini-
tial infection -genital and rectal mucosa surfaces . In the following section
we will discuss the major vaccine candidates that have been developed for

HIV to date:

A) Classical vaccine strategies based on attenuated live virus or whole inac-
tivated virus have severe safety limitations. Firstly, due to the concern that
inactivation of virion preparations may not be able to completely inactivate
all virions, particularly when viral aggregates occur. Secondly, HIV produc-
tion would need to occur in human transformed cell lines not considered ac-
ceptable from a regulatory prespective.’! The first live, attenuated vaccines
were developed in macaques, where SIVmac239A-nef efficiently protected
rhesus macaques against infection with wild-type SIVmac.'*? Despite some
success, some macaques presented CD4 T-cell depletion and progression
to simian AIDS, most likely due to the fact that SIV with a deletion in the
nef gene was able to revert to its initial virulence.

Surprisingly, this last December 2011, a Korean biotech company in
partnership with Canadian researchers, announced FDA approval for the
clinical testing of a genetically-modified killed whole virus, but no oth-
er technical details were released about the inactivation of the biologicals.

B) An alternative to whole inactivated virus is to use pseudovirions (virus-
like particles, VLPs). VLPs are composed of an outer shell that does not
contain a viral genome while closely mimicking a native configuration of
authentic virions. Such VLPs are thus not self-replicating but maintain the
potential to elicit both humoral and cell-mediated immune responses. VLPs
have been employed in the production of several licensed human vaccines,

75

12/03/12 17:24



1 TEEEE @® | I | [ 7

Rational Design and Testing of Novel HIV' T cell Immunogens

such as vaccines for hepatitis B and human papillomavirus. The ones in de-
velopment for HIV usually include Gag and Env structural proteins and
generally expose subunit gp120 molecules on their surface. Some constraints
of VLPs include the limited size of the insert they can hold and their inabil-
ity to mimic complex conformations. A way of overcoming such limitations
is to try to induce antibodies to shorter conserved envelope regions, such as
the MPER gp41 region. Recently, some investigators have designed modi-
tied VLPs exhibiting reactivity to monoclonal antibodies 2F5 and 4E10 and

showed HIV neutralizing activity in the serum of immunized guinea pigs.'*

C) Recombinant proteins were the first HIV vaccine candidates that scaled
up into clinical testing in 1987. Examples of recombinant subunit proteins
are gp120, gp140, or gp160 produced by genetic engineering. Recombinant
soluble HIV envelope glycoproteins have been the target of intense research
aiming to elicit broadly reactive neutralizing antibodies (Nab) by active im-
munization with an alternating interest over the ‘short’ history of HIV vac-
cinology. The failure of the first antibody-based vaccines'*led to an almost
exclusive focus on T cell-based vaccines, and afterwards the STEP T cell-
based vaccine failure swang back again to nAb activities.' In addition, the
modest protection reported in the Thai trial*® apparently correlated with

& the induction of binding antibodies to scaffolded gp70-V1V2 antibodies
turther reinforced this view. In addition, recent discoveries of broadly neu-
tralizing antibodies detected in few infected humans®”!*® have been a great-
ly attractive finding, again promoting scientific interest in humoral immuni-
ty, although how to induce such responses with a vaccine is not yet clear.’
Vaccines that a) present the epitopes described capable of neutralizing a
wide array of virus strains to the immune system in b) a conformationally-
precise manner, may elicit such antibodies and provide a high level of pro-
tection from HIV infection. To produce candidates that mimic the mature
envelope trimer on the virion surface seems to be one of its major hurdles.
Also, eliciting nAb with enough high avidity to the highly conserved re-
gions of the HIV envelope is more complex than simply presenting the de-
sired envelope epitope to the immune system.
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Figure32. Epitopes Targeted by Broadly Neutralizing Human
Monoclonal Antibodies.

The HIV envelope proteins consists of a gp41 transmembrane
portion and a gp120 protein spike. Below the virion is an en-
larged depiction of the viral membrane and the HIV enve-
lope protein. The arrows indicate four epitopes of the envelope
that are the targets of human monoclonal antibodies. Source:
Adapted from a figure provided by William Schief, Universi-
ty of Washington. Johnston, M.I. & Fauci, A.S. HIV vaccine
development--improving on natural immunity. N Engl ] Med
365,873-875 (2011).

Some strategies try to present the selected epitopes more effectively than wild
type virus, by the deletion of variable loops and the elimination of carbohydrate
attachment sites or hyperglycosylation to mask unwarranted epitopes.'¢*1** Oth-
ers try to produce epitope-mimics of the binding sites of broad Nab determined
by structural studies of the antigen-antibody complexes.¢*1¢4

D) One of the most widely-used types of experimental HIV vaccines include
those generally classified as live recombinant vector vaccines (reviewed in %)
These include a broad array of non-HIV live attenuated viruses (or bacteria) en-
gineered to carry genes encoding HIV antigens (full proteins or synthetic poly-
peptide immunogens). One of their major attractive features is the ability to
stimulate both humoral and cell-mediated immunity following the general vac-
cinology principle that ‘infection’ with a vector induces more robust cellular re-
sponses than immunization with proteins or particles.

Live Recomsbinamt Vaccines Examples
Vaccinis vinas _ J-.il'.’-lr:nd:Fled_A:nlg.:ra vines), WY VAC (Copenhagen vaccine sirain)
Canmrvpon ALVAC
Adenoving | AdS, Ad2E, ChAd
Panmmyroviruses Sendal, Measles
Rhabdoviruses YVEY (vemicular sloanaiiies vimas )y, rabhdcs
Hempesvinus _|;'i:l'\'_l_l_':._'lﬂ'llleﬂa_h.'l'-".l!.llI_
Alyenbuatermm bovis | BOG (bagillus Calpsstt e Guera)
Bactena Salmonells
Alphavirus VEE { Veneruelan equine encephalitis virus)
Parvovirs Admn-assoonled virus
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Vaccinia virus vectors expresing a variety of HIV and SIV genes have been
tested in animals and humans. Safety concerns surrounding the use of replication
competent vaccinia drew attention to poxviruses that replicate poorly in mam-
malian cells, such as MVAs -Modified Vaccinia virus Ankara- and the modi-
fied Copenhagen NYVAC strain. Avian poxviruses, which are themselves rep-
lication-incompetent in mammalian cells, are also an alternative, but are there-
fore less immunogenic. In fact, canarypox are the only live-vectored vaccines that
have reached phase II1 clinical testing for HIV. Although in previous preventive
and therapeutical phase II vaccine trials ALVAC-HIV-recombinant canarypox
vaccines did not show any promising results in either preventing infection or
controlling viral loads upon treatment interruptions'®, the ALVAC vCP1521
(Env/Gag/Pro) was used as a prime along with a gp120 AIDSVAX boost in the
phase III RV144 Thai trial. ¢

MVA is a vaccinia virus strain attenuated by serial passage in chick embryo
fibroblasts (CEF). It has lost 15% of its parental genome, including cytokine
receptor genes. It replicates well in CEF and baby hamster cells but poorly in
most mammalian cells.’” It was successfully used as a smallpox vaccine in the
early 1970s towards the end of the eradication campaign in nearly 120,000 peo-
ple without any serious adverse events. MVA has been shown to be effective as
a vaccine vector for HIV antigens by inducing potent CD8+ T cell respons-

& es to passenger proteins, especially when used as a booster element in the vac-
cine regimen. A further derivative, the NYVAC strain, was originally specifical -
ly produced by deleting 16 open reading frames from vaccinia virus to achieve
an extreme attenuation in mammalian cells. Recently, investigators have further
modified it to increase its immunogenicity while maintaining its highly attenu-
ated phenotype by the re-incorporation into the virus genome of two host range
genes, K1L and C7L, in conjunction with the removal of the immunomodula-
tory viral molecule B19,an antagonist with a type I interferon effect. These nov-
el vectors are referred to as NY VAC-C-KC and NYVAC-C-KC-AB19R)168.1¢%

Adenoviruses are medium-sized (90-100 nm), nonenveloped viruses that of-
fer great advantages as vaccine vectors: They can be administered orally releas-
ing the virus in the intestine, or intranasally inducing both systemic and mucos-
al immunity. Attenuated adenoviruses have repeateadly been shown to be high-
ly immunogenic vaccine vectors'”® A drawback with human Ad5 recombinant
vaccines is the prevalence of pre-existing anti-Ad5 neutralizing antibodies in
the general population (with seroprevalences as high as 90% in several regions
of Africa). This may not only dampen the response to the vaccine, as shown in
the STEP trial'™ (see below) but also limit repeated boosting. In that context,
human adenoviruses from other serotypes with less seroprevalence of Ab (such
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as Ad26, Ad35) or chimpanzee adenovirus are currently being explored as im-
proved vectors for human use, as these would be less aftected by pre-existing anti-
bodies (www.clinicaltrials.org NCT01215149 and NCT01151319 respectively)

Replication defective alphavirus ‘replicons’ (i.e. VEEV, from Venezuelan
equine encephalitis virus) 7>!”* are attractive vectors because of the enormous
amplification of the viral message that occurs after infection. Vector virion ‘rep-
licons’are completely defective for replication and are produced by packaging
the vaccine gene inside the vector virion coat. By deleting most of the viral genes
from the packaged DNA the coding capacity of the replicon for vaccine antigens
is significantly increased. Similar to the defective poxviruses, the genes delivered
by these systems are still remarkably immunogenic, despite the lack of a replica-
tion cycle. Importantly, these viruses have the potential to target DCs, resulting
in efficacious antigen presentation. As with whole inactivation virus approaches,
amajor limitation is that they require transformed cells for the packaging system
which complicates their regulatory approval for human use.

Promising data were reported last year by investigators at the Californian In-
stitute of Technology showing the secretion of broadly-neutralizing antibodies
through vector-mediated gene transfer, called ‘vectored immunoprohylaxis’ or
VIP using humanized mice.'’*”> VIP uses the modified adeno-associated vi-
rus (AAV) with alternative capsides (from serotype 8) that express Nab such as
4E19,b12,2G12 or 2F5 driven by cytomegalovirus (CMV') promoters. AAV's
are small (20 nm), replication-defective, nonenveloped viruses that infect hu-
mans and some other primate species without any known pathogenicity, making
them attractive candidates for gene therapy strategies. Vectors using AAV can
infect both dividing and non-dividing cells and persist in an extrachromosom-
al state without integrating into the genome of the host cell. Apparently AAVs
present very low immunogenicity, seemingly restricted to the generation of neu-
tralizing antibodies, while they induce no clearly defined cytotoxic response. At
the present time there are several clinical trials using AAV-based vectors in a di-
verse range of diseases such as Cystic Fibrosis, Alzheimer, Muscular Distrophy,
Parkinson, Hemophilia B, etc.

Lastly, live recombinant bacterial vaccines have been developed as vectors us-
ing baccilus Calmette-Guérin (BCG)'7%'"7 and Salmonella strains that have been
attenuated by mutagenesis of genes involved in virulence and invasiveness.'’®

E) Naked DNA vaccines. Injection of purified plasmid DNA that carry a gene
encoding an antigen under the control of an appropiate mammalian transcrip-
tion promoter into the muscle or the epidermis leads to the expression of the an-
tigen in situ and triggers an immune response, mostly the Th1 type. Such DNA
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vaccination has great potential due to its safety, versatility,and feasible scalabili-
ty. DNA vaccines can be administered repeatedly without generating immunity
against the vector itself. For many years HIV DNA vaccines have been consid-
ered as having relatively low immunogenicity in comparison to viral vectored-
vaccines. Significant advances have been achieved by including expression-op-
timized antigens as well as improving their delivery methods by intramuscular
electroporation.'”” RNA/codon optimization aims to enhance antigen expres-
sion and is based on introducing multiple nucleotide changes to destroy identi-
fied RNA processing, inhibitory and instability sequences in the mRNA with-
out affecting the encoded protein sequence.'® This process can also include the
elimination of predicted splice sites from coding sequences by the appropriate
codon changes, thereby minimizing the possibility of adverse immunogen splic-
ing. DNA delivery by in vivo electroporation significantly increases the uptake
and immunogenicity of DNA vaccines'"'®; it has already been shown in the
macaque model and it is currently being tested in human trials'®.

One of the few ongoing phase IIb clinical trials at present time is the HVTN
505,which tests a regimen including a DNA prime. HT VN 505 was delayed and
redesigned after the announcement of STEP failure from its initial PAVE 100
design for evaluating the protective efficacy of a DNAprime/rAd5 boost vac-
cine expressing Gag, Pol, and three Env antigens. The trial was required to ex-

& clude individuals with Ad5 nAb titer above 1:18 and only circumcised men and
male-to-female transgender persons could be included. A second amendment
was implemented in September 2011. Initially designed to only determine dif-
ferences in viral load setpoints among placebo recipients who become HIV in-
tected versus those who received vaccination, it was planned to recruit 1,350 vol-
unteers. The goal of the second amendment was to add protection against infec-
tion as an additional primary endpoint (VE a Phase IIb). As a consequence, the
trial now requires the recruiting of a total of 2,200 individuals. (www.clinicaltri-
als.org NCT00865566)

Lastly, DNA plasmids are now being also used to express cytokines, as in the
IAVI sponsored Phase I B004 trial, where a multiantigen plasmid DNA is co-
administered with recombinant human IL-12 pDNA followed by recombinant
Ad35 in HIV uninfected, low-risk, healthy volunteers. (www.clinicaltrials.org
NCT01496989)

Vaccine combinations: Non-replicating genetic vaccines such as live recombi-
nant viruses deliver the immunogen to the MHC class I presentation pathway
either directly or by cross-presentation'® without producing infectious proge-
ny.’® Their lower immunogenicity cannot be enhanced by repeated boosts with
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the same vaccine because of a build-up of anti-vector immunity, which dampens
insert-specific T cell induction. For this reason, heterologous prime-boost reg-
imens are commonly used. Several combinations have been used so far and in-

clude, among others prime-boost combinations of pPDNA/MVA:187 b DNA/
Ad (HVTNS505) '8, Ad/MVA™1% Canarypox/recombinant protein’*®, etc.

The Berlin case: a path forward to gene therapy?

A case of a successful hematopoietic stem cell transplantation (SCT) in an HIV-
1-infected patient suffering from acute myeloid leukemia transferring donor-de-
rived cells from an homozygous for the CCR5-delta32 allele donor, without re-
bounding of HIV plasma viral load despite cessation of HAART was announced
in 2009. Named as the ‘Berlin patient’it ressembled the first ‘real’ cure ever report-
ed. After 4 years of the first SCT, the patient is still not receiving therapy and no
viral load or proviral DNA has been detected in peripheral blood cells and differ-
ent tissue samples, including gut, liver,and brain. As expected, controversy remains
open as to whether the patient has achieved complete eradication of HIV or not,
but, potential implications and future directions of stem cell-targeted HIV treat-
ments are started to be discussed among scientists, especially representatives from
bone marrow donor registries with a view to supporting further attempts to use
CCRS5-delta32 deleted stem cells for treating probable HIV-1-positive patients

with malignancies. 11
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1987 : First preventive HIV vaccine trial testing a gp160 subunit

...more than 40 vaccines have been evaluated in Phase | and Phase Il trials
...more than 40,000 HIV negative volunteers have participated in CT

...2 Phase llb trials were terminated prematurely in 2007

...only 3 Phase lll trials have been completed

...only 1 demonstrated a modest efficacy

2012 ??

Itis beyond the scope of this introduction to give a detailed description of all the
past clinical trials that have tested some of the more than 40 vaccine candidates
developed over the last 25 years of HIV vaccine research. Available databases
of AIDS vaccine candidates scaled up into clinical trials include IAVI’s (Inter-
national AIDS Vaccine Initiative, www.iavireport.org), HVTN’s (HIV Vaccine
Trials Network, www.hvtn.org) or the NIH registry of clinical trials (US Na-
tional Institute of Health, www.clinicaltrials.gov) among others. In addition to
preventive vaccine trials, some vaccine candidates have also been tested (alone
or in combination with other immunomodulators) such as therapeutic vaccines
in already HIV-infected individuals aiming to boost or redirect preexisting im-
munity against HIV to limit their need of treatment, increase CD4 cell counts
and retard disease progression. Candidate vaccines have been tested in the con-
text of HAART or in naive individuals, and in chronic disease stages as well as
in early/acute phases, with similar disappointing outcomes. It is worthy of note
that most therapeutic vaccine trials conducted in the past have used structured
treatment interruptions (STT) to assess the efficacy of tested vaccines, using con-
tainment of the viral rebound or CD4 decay upon treatment cessation as the pri-
mary trial endpoints. However, after data from clinical trials using ST revealed
astriking increase in mortality and non-AIDS associated events*, treatment in-
terruptions are either planned using very stringent immune and virological cri-
teria or are not allowed at all until better surrogate markers of HIV control from
vaccine-induced responses are available. Some investigators, in this context, have
moved from so-called therapeutic vaccines to ‘eradication’ strategies, assessing,
in these cases, the reduction of the viral reservoirs as surrogate markers of vac-

cine efficacy (as in the ongoing ERAMUNE 01 and 02 trials)
In the following section some of the most insightful vaccine trials in the field
are listed. The implications of the Manon 02 and STEP failures as well as the

modest efficacy of the Thai Trial are discussed in more detail in relation to our
own vaccine work.
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From the pessimism after STEP
and Manon02 trials failures...

i Overall The STEP trial was a phase IIb
w test-of-concept trial that aimed to
w3 s—#aavaccme  recruit 3,000 volunteers to test the
: /i efficacy of Merck’s Ad5-Gag/Pol/

Nef vaccine in US, Peru, Puerto

Curmrshwe rure e o HY mischoms jreesh)
WO
-

: 33 Placebo

o Rico, Haiti, Dominican Republic,
- Canada, Australia and in a related
e trial in South Africa (Phambili tri-
il al).?*>1% Immunizations were in-
e AL R A RO terrupted in October 2007 after the
B B B R R first interim analysis by the Data
— p,::::'::::,; VE., <0) Safety Monitoring Board (DSMB)
2-taked p-vatue = 0.0T7 (lor VE,, # 0) showed pre-determined noneffi-

cacy boundaries: 2,300 individuals
had been recruited at that moment, and there was no reduction in the num-
ber of HIV acquisitions or decreased early plasma viral load in vaccinees
compared with placebo recipients respectively. In fact, post-hoc analyses
of men enrolled showed a larger number of HIV infections in the sub-
group of vaccinated men who were Ad5-seropositive and uncircumcised
compared with a comparable placebo group.’” Based on that data, both
STEP and Phambili trials were unblinded, and participants were informed
of their treatment allocation. Long-term follow up of infected patients
in both arms did not show any slower disease progression in the vaccinat-
ed group either.”

Merck’s Ad5-Gag/Pol/Nef was however immunogenic, in ELISpot and
ICS assays used in the trial®7. In fact, it showed strong immunogenic-
ity, as it had shown in pre-clinical studies in macaques, thus highlighting
the need for more reliable immunological correlates of virus control and
protection.’® The increased number of HIV infections in vaccinees asso-
ciated with higher baseline Ad5 nAb titers was unexpected and had not
been predicted by prior preclinical studies. Importantly, the potential en-
hancement of HIV-1 acquisition appeared to diminish over time. Frahm et
al have analyzed samples from the STEP and HV'TN 071 trials using the
same Ad5 vaccine candidate, showing in both trials that higher frequen-
cies of pre-immunization adenovirus-specific CD4T cells were associated

with the substantially-decreased magnitude of HIV-specific CD4 T cell
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responses and decreased breadth of HIV-specific CD8 T cell responses
in vaccine recipients, independent of type-specific preexisting Ad5-spe-
cific neutralizing antibody titers. A cause of greater concern was that the
epitopes recognized by adenovirus-specific T cells seemed to be very well
conserved across many other adenovirus serotypes, including those in the
present vaccine pipeline.’”* This may have serious implications in the use
of adenoviruses of different serotypes in inducing robust T cell immunity.

As expected, the release of negative STEP results increased global sci-
entific skepticism about the feasibility of ever having an effective HIV
vaccine. While other phase IIb trials that were about to start were stopped
and/or delayed to be redesigned, adapting them in accordance with the
STEP findings, a shift in funding towards more basic aspects of HIV vac-
cine research was proposed. Some investigators also saw the STEP trial
failure as a concept failure of T cell based vaccines and this led to an in-
crease in support for vaccine studies aimed at inducing humoral immunity

This skepticism was not dimin-

e _ ished one year later when the re-

| - - = sults of the Manon02 phase II
-' JJ—"" o therapeutical trial were pub-
] msd lished.’ An ALVAC-HIV-re-
al TR = combinant canarypox T cell-based
r vaccine (vCP1452) was tested in a

multicentre, randomized, placebo-
controlled trial in 66 HIV-infect-
ed individuals that were under su-
pressive HAART. Four weeks af-
ter the last of 3 or 4 vaccinations
of the cararypox-vectored vaccine,
patients underwent an ST for 24
weeks. HAART was reestarted
earlier in cases where viral loads rebounded to >50,000 copies/mL and/
or or CD4 dropped below 250 or 50% from its starting value. Despite fa-
vourable immunogenicity achieved in the 4-injection vaccinations arm,
higher viral loads were seen in vaccinees compared to placebo recipients
after STT and the percentage of patients reinitiating HAART at the end
of study was 75% and 48% (in the 4 and 3 injections arm) compared to
23% of patients among the placebo recipients. Post-hoc analyses were con-
ducted with the objective of understanding the shorter time for resuming

P (i Do Sl Dbl #iDhig (e 10 festanr oART
[ -
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L] 18 M B @& @ = - 17 ]
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therapy and the higher viral rebounds in vaccinees. Investigators suggest-
ed that the vaccinations might have facilitated HIV replication through
the amplification of virus niches by creating a ‘predator—prey phenome-
non’. By generating activated vaccine-specific CD4 cells directed either
against the HIV vaccine sequences or against the vector, they might have
acted as ideal targets for the virus. In addition, interruptions were made —
maybe too early - (4 weeks) after the last immunizations and might have
coincided with the peak of the vaccine-induced immune activation, where

canarypox vaccine had predominantely stimulated CD4 T cells without/
few HIV-specific CD8 T cell responses.’”
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...to ‘post-Thai’ hope

10 #
08 " This past year some encouraging
z 08 7 news regarding T cell vaccines were
£ 07— B £ released. First, sieve effects were

— - X
ﬁ 08 / ol demonstrated in a post-hoc analy-
; 05 JI Mopr sis in volunteers who had been vacci-
B - . . .
z M — T nated in the STEP trial but acquired
z 03 | ~ infection. Breakthrough infections
E 02y 1 B in vaccinees harboured sequenc-
e 01 7 es significantly different from those
e l l matching the sequences contained
00 o5 10 15 2w 2% 3 28 . .

i in the Ad5-Gag present in the vac-

cine mixture, meaning that the vac-
cines ‘did work’somehow by prevent-
ing infection to few viruses in individuals which the vaccine elicited a cellular re-
sponse.'” Itis still however unclear whether this “sieve-effect”was mainly driven
by blocking the out-growth of HIV variants that were most similar to the vac-
cine and/or whether the vaccine induced an immune response that shaped a spe-
cific viral evolution. Secondly, more recently vaccine strategies to induce effec-
tor memory T cell responses against SIV demonstrated the most promising re-
sults to date achieved by vaccination, with a rhesus cytomegalovirus (thCMV)
vectored vaccine that was able to control infection in 50% of the vaccinated an-
imals, even in subsequent viral rebounds.'*

What has most reinforced the field to resume the pursuit of combinational strat-
egies of both cellular and humoral-based vaccine regimens were the results of the
RV-144 study in Thailand. It is the first Phase III trial to demonstrate a mod-
est efficacy in preventing HIV infection. The vaccine scheduled included 4 in-
jections of an ALVAC vCP1521 prime (canarypox Env/Gag/Pro) plus 2 injec-
tions of an AIDSVAX boost using clade B/E gp120 over a 6-month immuni-
zation period. It recruited >16,000 individuals at low risk of HIV infection, and
tollow-up lasted 3 years until the efficacy of a 31% reduction in new infections
(51 infections) compared to the placebo group (74) was shown in the modified
intention to treat analyses (mI'TT).»*® Less positive results included: a) no de-
crease in viral loads in the individuals who got infected, b) the efficacy waned
over time (the reduction of infections was more important during the first year
of vaccinations) and ¢) it was more remarkable in people with lower risk for ac-
quiring HIV. Post-hoc complex case-control analyses to discover the correlates
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of risk and surrogate markers of protection in the vaccinees started soon after
the results were launched and involved several well-known international labora-
tories. One year later, of the six primary immunological variables selected to be
studied, only the level of IgG antibodies that bind to scaffolded-V1V2 recombi-
nant protein correlated INVERSELY with infection rates (meaning = Higher
V1V2,43% Lower infection rate) and the Env binding plasma IgA levels corre-
lated DIRECTLY with infection rates (= Higher IgA to Env, 54% Higher in-
fection rate) (Barton Haynes, AIDS vaccine 2011, Bangkok). It is worth men-
tioning that neither of these two variables were significant in the multivariate
analyses that included:

1) IgA binding to envelope panel (RR 1.54, p=0.027,Q=0.08)
2) IgG avidity to A244 gp120 (RR0.92,p=0.37, Q=0.56)
3) ADCC AE.HIV-1linfected CD4 cells (RR0.92,p=0.68, Q=0.68)
4) Tier 1 neutralizing antibodies (RR1.37,p=0.22, Q=0.45)
5) IgG Binding to gp70-V1V2 (RR0.57,p=0.015,Q=0.08)
6) CD4T cell Intracellular cytokines (RR 1.09,p=0.61, Q=0.68)

A potential explanation proposed for these obervations was that monomer-

ic IgA could have blocked IgG from binding to HIV-1 Env on infected cells,

& preventing a more effective IgG-mediated effector function. Cellular respons-
es were also detected in the Thai trial, but were mainly directed at Env protein,
which from our analyses would possibly not mediate effective antiviral immu-
nity. In particular, the low immunogenicity seen towards Gag could be based
on having induced cellular immune responses to variable targets (such as Env
in RV144 and Nef in STEP) that could have diverted the response away from
more protective responses.

Despite many questions on correlates of risk and surrogates of protection in
the Thai trial effectiveness remain unanswered, a new private-public consortium
has been created aiming to promote research into and scaling up of pox-vectored
vaccines. Named P5, (Pox Protein Public Private Partnership), it embraces the
participation of NIAID, the Bill&Melinda Gates Foundation, HVTN, MHRP
and Sanofi Pasteur to enhance the vaccine efficacy of pox-candidates. The fol-
lowing milestones are included in the roadmap of this initiative:

1) Re-analyzing of previous trials with the same vaccine candidates as those
used in RV144: Phase III trials VAX003 (MSM in USA) and VAX004 (IDU in

'Thailand) in order to search for the presence of the same correlates of risk found

in RV144. Although both trials showed no protection against HIV infection,
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the populations differed greatly from the RV144 volunteers—in terms of both
the mode of transmission and the level of risk.

2) New non-human primates studies to assess whether the administration of
antibodies of the type that were elicited by the RV144 vaccine regimen are capable of
protecting monkeys against infection.

3) Thai trial RV306, with an estimated 300 participants who will receive sim-
ilar vaccinations as those in RV144, PLUS an additional booster immunization at 12
months to assess whether the waning protective effect can be improved over time.

4) New Phase IIb trial (expected in 2014) testing the same vaccination sched-
ule BUT in high risk MSM population in Thailand and South Africa (estimated n=8,000
participants) to determine whether the protective effect observed in the RV144 is trans-
latable to high risk populations.

Apart from this programme focused on pox-vaccines, many other groups are
working intensively on the development of novel and refined HIV-1 vaccine
candidates, particularly to contend the extensive viral diversity.?** Different ap-
proaches to improving the cross-reactive potential of vaccine-elicited cellular
immune responses include the use of ancestral strains®, creating ‘mosaics’ as
multiple antigen cocktails® of antigens or designing immunogens based on con-
served regions.?>*** Our own work is very much related to this and focussed on
new strategies for handling the issue of viral diversity and how to translate these
findings into a rational HIV vaccine immunogen design. In the following pages,
the three articles compiled in the thesis aim to better characterize the HIV spe-
cific T cell responses, the mechanisms by which they mediate viral control (in-
cluding conservation, functional avidity and cross-reactivity) and how we have
incorporated this information into a reductionistic HIV vaccine design.
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HYPOTHESIS

1) Natural control of HIV infection is mediated by the interaction of host’s ge-
netic, viral factors and the adaptative immunological reponse.

2) Viral targets of HIV-1-specific T-cell responses with potent antiviral activ-
ity can be identified along the proteome.

3) HIV-1 infected individuals with better control of viral replication have a
broader HIV-specific cytotoxic T cell response against conserved regions.

4) Functional properties of HIV-1 specific cytotoxic T cell responses particu-
larly functional avidity and cross-reactivity play a crucial role in the viral con-

trol of HIV.

5) A reductionistic polypeptide T cellimmunogen could potentially break im-
munodominance to non-beneficial targets and focus the immune response on
selected protective specifities.
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in the control of hivinfection
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ABSTRACT

HIV infection, if left untreated, leads in most cases to the development of wide
immune deterioration, opportunistic infections and eventually AIDS and death.
'The identification of individuals who despite persisting infection show no or few
signs of HIV disease progression has spurred great hopes that an effective HIV
vaccine could be attainable. The design of such a vaccine will greatly depend on
the precise definition of disease markers, host genetic and immune character-
istics that mediate relative iz vivo control of this virus. Accordingly, a number
of viral factors and host genetic characteristics have been shown to play a cru-
cial role in the control of HIV disease by delaying progression to AIDS or even
preventing infection. There is also an improved understanding of humoral and
cellular immune responses in terms of specificity, functional repertoire, longevi-
ty and tissue distribution and their ability to contain HIV replication. However,
the definition of good immune correlates unequivocally and causally associated
with protection or disease progression remains elusive. Here we review work on
viral factors, host genetic markers and immunological determinants that have
been identified in individuals with superior control of HIV infection or in sub-
jects who remain uninfected despite clear exposure to the viral pathogen.

Keywords: HIV-1,long-term non-progressors (LTNP), Elite Controllers (EC), Highly exposed
persistently seronegatives (HEPS), CCRS5, CTL, Innate immunity, HIV control, immune corre-
lates, HLA allele frequency
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INTRODUCTION

'The AIDS pandemic is one of the greatest global health crises of our time. Since
HIV was identified 25 years ago, 23 million people have already died and 33 mil-
lion more are living with HIV (1) Despite advances in education, HIV preven-
tion and improvements in access to antiretroviral drugs, the pandemic contin-
ues to outpace global efforts at prevention and control. According to the United
Nations Development Program (UNDP), HIV has inflicted the “single greatest
reversal in human development”in modern history (2).

AIDS vaccine research and development is of highest priority today and,
at the same time, one of the biggest scientific challenges the immunology field
faces. The enormous viral variability together with human host genetic diversi-
ty throughout the world are primary factors hampering the development of ef-
ficient strategies to control and prevent HIV infection and the design of poten-
tially effective immune-based therapeutic interventions and prophylactic vac-
cines. The recent failure in 2007 of a phase III trial of a prophylactic vaccine can-
didate further highlighted how far the field is still away from reliable markers of
HIV control and how to best design an effective vaccine. Thus, an improved un-
derstanding of the immunopathogenesis of HIV infection and the role of host
genetic markers and viral diversity in this control is urgently needed. However,
it will likely not be sufficient to link certain more or less random markers with
clinically well-established parameters of disease progression, such as plasma vi-
ral RNA levels and nadir CD4+ T-cell count or CD4+ T-cell count decline over
time. Rather, specific markers that are directly mediating viral control need to
be identified so that vaccine design is not misled by focusing on epiphenomena
and functionally unlinked markers. This is certainly easier said than done as de-
terminants of an effective viral control will likely need to be identified in mul-
tifactorial models that comprise viral variability, environmental particularities
(such as co-infections) and host genetics.

Here we review the role of viral factors, host genetics markers and HIV spe-
cific immune responses in the control of HIV infection and their possibly un-
derlying mechanisms, which comprise determinants of viral attenuated strains,
specific HLA class I and II alleles, certain polymorphisms in co-receptor genes
and ligands, the specificity and functionality of virus-specific CD4+ and CD8+
T-cell responses, as well as new insights into factors of the innate immune re-
sponse in HIV control.
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Insights from studies in individuals with self-controlled viral replication
and HEPS cohorts

Infection with HIV leads to a devastating erosion of the immune system clin-
ically characterized by a progressive rise in HIV viral load and decrease of the
number of CD4+ T-cells. This decline in CD4+ T-cells heralds the progression
to AIDS with its associated opportunistic infections and cancers and ultimate-
ly ends in death.

Among the HIV-infected population, several groups of individuals have been
identified that remain clinically stable and free of any AIDS defining conditions
for decades after infection in the absence of antiretroviral therapy (3). These in-
dividuals (estimated to be 5-8% out of the total HIV-infected population) have
been referred to as long term survivors (LT'S) or long-term non-progressors
(LTNP) and are generally able to control viral replication to low levels — plas-
ma RNA levels <2,000 copies/ml (or <5,000-10,000 copies/ml, depending on
cut-offs decided upon by the investigators) and to maintain normal CD4+ T-
cell counts over time with a reduced rate of CD4+ T-cell loss (18 cells/pl/year)
compared to that in normal progressors (around 60 cells/pl/year) (4). A subset
of such LT'NP is able to maintain undetectable plasma viral loads for extensive
period of times and is known as elite controllers (EC). The clinical and scientif-

& ic interest in such individuals is great as they may indeed hold the key of spon-
taneous control of HIV infection. Current efforts have allowed for the estab-
lishment of large international cohorts of controllers and elite-controllers and
an intensive search for host genetic, virological as well as immunological mark-
ers of HIV control is ongoing in these subjects.

Some recent work on elite controllers (estimated to represent less than 1%
of the HIV infected population) has shown wide heterogeneity in the immu-
nological and clinical course of HIV infection despite certain similarities in ge-
netic determinants (5), again suggesting that HIV control needs to be seen in a
combined system that integrates host genetics, immune function as well as viro-
logical diversity. Nevertheless, these and earlier analyses have directly allow to
identify a number of properties of the immune response to HIV (specificity, T
cell polyfunctionality),as well as host genetic markers (mainly HLA class I alle-
les) that are strongly associated with disease control and which will prove help-
tul in the quest of developing a broadly applicable HIV vaccine.

Similarly, highly Exposed Persistently Seronegatives (HEPS) individuals,
such as some commercial sex workers or discordant couples who are multiply
exposed to HIV yet remain uninfected, may also provide important clues into
potential mechanisms of HIV control and even prevention of infection (6, 7).
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However, these studies need to always be well documented for real exposure to
HIV, even more so now that studies in discordant couples sometimes include
HAART treated subjects which put the seronegative partner at clearly reduced
risk of HIV acquisition. Some recent studies have identified genetic polymor-
phisms in the SDF1 gene, specific CD8+ T cell responses and IgA production
as factors associated with a reduced risk of HIV acquisition in these groups (8-
12). However, T cell response rates and antibody production have not emerged
consistently in all studies as potentially protective (13, 14) and further studies
are needed to clarify these findings. In addition, immune analyses conducted to
identify potentially protective immune responses need to be based on sensitive
but specific assays and stringent cut-offs (15). Given these considerations, it can
reasonably be expected that future analyses on HEPS may provide further val-
uable information.

Viral determinants in control of HIV-infection

While individuals with apparently effective control of HIV infection (LTNP,
elite controllers) have been studied exhaustively for virus-specific immune re-
sponses, less is known about potential virological determinants that could be
driving the observed control. A number of studies have identified single in-
dividuals or small cohorts (such as the Sydney Blood Bank Cohort -SBBC- a
unique collection of individuals infected with an attenuated HIV-1 virus from
a common donor) that harbor partially defective viruses that seem to have a de-
creased replication competency. Others have also been able to isolate virus with
impaired replicative capacity from PBMC cultures generated from LT NP, sup-
porting the hypothesis that primary infection by ‘attenuated virus strains’ with
slow replication kinetics may facilitate control of viremia (16). This is not only
of relevance to the replication fitness of potentially partly defective viruses as it
could also reduce the kinetics of viral evolution and CD4+ T cell depletion over
prolonged period of time.

A certain ‘acquired’degree of attenuation in terms of impaired replicative ca-
pacity could be partially induced by antiretroviral therapy, as individuals who
were efficiently treated for long periods of time showed a prolonged delay in
restoration of pretreatment viral diversity after therapy interruption (STI). This
suggested that punctuated antiretroviral therapy may cause a considerable evo-
lutionary bottleneck leading to the emergence of viral populations with overall
reduced viral fitness (17). However, it could also reflect improved immune com-
petence and at least partial immune restoration after prolonged treatment peri-
ods, which could on its own impact viral repopulation dynamics.
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Aside from treatment-induced viral variants, several viral genetic defects and
polymorphisms that impair replicative capacity have been implicated in mediat-
ing relative viral control. Viral genomes carrying deletions or inactivating vari-
ants in the nef gene or in the overlap of nef and the U3 region of the long termi-
nal repeat (LTR) were among the very first viral defects associated with control.
These cases were identified in 1995 in a group of 6 individuals from the SBBC
cohort who had become infected after obtaining blood transfusions from the
same HIV-infected blood donor but remained free of HIV-related disease (18).
Although still unclear, one potential underlying mechanism suggested for the
beneficial effects of this nef deletion is that Nef is no longer available to down-
regulate HLA class I molecules and infected cells thus would be more readily
recognized by HIV-specific CD8+ T cells (19). However, longitudinal analysis
of viral evolution of the 7¢f/LTR sequences over time in the SBBC cohort, were
unable to fully explain mechanisms that could have contribute to slow progres-
sion to HIV disease in 2 (out of the 6) individuals of the cohort, suggesting that
nef gene deletions are not necessarily mediating life-long protection from dis-
ease progression. Thus, other viral and/or host factors plus immune pressure was
likely contributing to the long-term control in these individuals (20).

Aside from Nef-mediated effects, other mutations in structural proteins have
been associated with slower disease progression as well. These include unusu-

& al, difficult-to-revert polymorphisms and 1-2 amino acids deletion in gp41 and
Gag or a four amino acids insertion in Vpu among others (21). In addition, rep-
lication defective strains have been identified when constructing viral clones
with mutations at the rev activation domain, which were seen more frequently
in controller individuals than in subjects with regular HIV disease progression
(22). In addition, to these mutations of unknown origin in terms of specific se-
lective force (apart from reduced replication capacity), viral mutations evolving
under strong immune selection pressure have been show to lead to reduced vi-
ral replication (see below).

Despite these reported cases of reduced replicative viruses and slower disease
progression, the frequency and contribution of such defects on the maintenance
of undetectable viremia is not well established. In particular, conflicting data ex-
ists partly due to the fact that the identification of such attenuated virus strains
in vivo are limited to small number of subjects and that sequence analyses have
been often based on analyzing cellular proviral DNA, thus possibly also includ-
ing some level of grave-yard sequences. Today, with more sensitive assays, some
elite controllers have been shown to have persistent viral replication detectable
in plasma at levels below 50 copies/ml (23).In addition, a recent report by Miura
et al for instance did not reveal any gross genetic defects in HIV-1 coding gene
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sequences derived from plasma viral RNA from a large cohort of elite control-
lers (24).This observation suggests that active viral suppression by the immune
system rather than shared viral genetic defects or polymorphisms is driving vi-
ral control in HIV controllers. This conclusion is also in line with work on ac-
cessory genes from HIV controllers, where replication-competent viruses from
CD4+ T-cell co-culture supernatants were analyzed and did not reveal any con-
sistent defects in either vpr or vif genes (25).

Impact of host genetics on in vivo HIV control

An extensive number of host genetic markers have been identified over the last
20 years that are associated with either rapid or slow HIV disease progression or
with protection from infection. Many older studies however were carried out us-
ing single gene approaches with small number of samples and the genetic associ-
ations found were not always confirmed in subsequent functional studies. Thanks
to the advances of the Humane Genome Project, the use of whole-genome as-
sociation scans, and the establishment of international consortia such as CHA-
VI, EuroCHAVI or the HIV International Controllers consortium, it has been
possible to uncover certain genetic factors that might play a relevant role in the
control of HIV. This availability of large samples number and the possibility to
sequence 650,000 single-nucleotide polymorphisms within the human genome
should further enhance studies examining the contribution of multiple genetic
factors (26). However, unlike studies on genetic markers associated with for in-
stance autoimmune diseases, the search for host genetic polymorphisms in HIV
infection also needs to take into consideration the viral diversity in regions of
different host genetics/ethnicities. An earlier report on the effect of a single ge-
netic (HLA) marker and viral evolution has recently been confirmed in a mas-
sive international effort,addressing the inter-relationship between host genetics
and viral evolution (27, 28). These findings highlight that viral diversity is likely
be shaped by differences in the frequency of different host genetic markers and,
based on viral evolution, can lead to opposite effects of a specific genetic mark-
er on HIV disease control (27). Thus, whole human genome approaches are se-
verely complicated by viral diversity in different host ethnicities making com-
parisons across different clades of HIV and various geographically distinct hu-
man populations difficult. This consideration also points to the possibility that
different clades of HIV may possess inherently different replication fitness and
may drive disease development at variable levels, as recently considered as a pos-
sibly contributing factor in a case of severe acute HIV infection (29).
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Association of HLA polymorphisms with HIV disease outcome

Many host genetic polymorphisms associated with levels of disease control in-
volve genes encoding for receptors for viral entry and molecules expressed on
the surface of the cells of the innate or acquired immune system, such as HLA,
CCRS5 and KIR receptors. Moreover, it seems that in some cases their potential
protective influence might have a cumulative effect as seen for the synergic ef-
fect of some KIR receptors and HLA-B complexes (30). Likely the most robust
analyses have focused on the Human leukocyte antigen (HLA) genes and their
polymorphisms. The HLA class genes form highly polymorphic loci in the Ma-
jor Histocompatibility Complex (MHC) located in the short arm of chromo-
some 6 and encode for cellular surface molecules that present foreign antigenic
epitopes to T lymphocytes. There are two groups of HLA molecules including
HLA class I and HLA class IT antigens. The HLA class I molecules are divided
into HLA-A, HLA-B, HLA-C all of which bind peptides derived from intra-
cellularly processed proteins and present them to CD8+ cytotoxic T-cell lym-
phocytes (CTL). Among these, the HLA-B alleles, while most diverse (more
than 1,000 HLA-B alleles have been identified to date) have also been shown
to carry the bulk of the anti-viral T cell immune response in HIV infection (31).
Accordingly, the number of well-defined HLA-B restricted epitopes exceeds the

& number of epitopes identified HLA-A and, particularly, HLA-C alleles. How-
ever, especially the HLA-C alleles are currently under more intensive investi-
gation as larger HIV infected cohorts with more complete and high-resolution
HLA-C typing have become available.

HLA alleles are grouped into 9 supertypes based on their structure, pep-
tide-binding motif, epitope representation and sequence similarity (32,33). Par-
ticularly alleles included in the HLA-B7 (B*5101,B81, B35Px/Py), HLA-B27
(HLA-B27,B*1503) and HLA-B58 supertypes (HLA-B57, B*5801, B*1516,
B*1517) have been associated with improved or impaired levels of HIV con-
trol. Of note, almost all the alleles in the HLA-B58 supertype appear to medi-
ate superior control of HIV infection (34); with the exception being the HLA-
B*5802 allele, which is highly prevalent in South Africa and which is associat-
ed with elevated median viral loads (35). The reasons how subtle changes in the
HLA sequence (HLA-B*5802 only differs in three amino acids from the “good”
HLA-B*5801 allele) can so profoundly affect HIV disease outcome are still un-
clear and are not in all cases simply attributable to different CTL epitope rep-
ertoires presented on these alleles (35,36). The fact that this allele, as well as the
HLA-B*1503 allele are present at high frequency and are both associated with
higher viral loads in HIV infected individuals (HLA-B*1503 is a “good” allele

100

‘ maqueta def-1.indd 100 @ 12/0312 17:24



1 TEEEE ®

maqueta def-1.indd 101

Chapter 1

in the North American population where it is rare; ref (27)) is in line with earli-
er reports that found an advantage of expressing rare HLA supertype alleles in
controlling HIV (37).

In addition to HLA allele frequency, the homocygous expression of individ-
ual HLA alleles has been associated with reduced viral control. This heterozy-
gote advantage has been widely observed in several cohorts, including Cauca-
sian and non-Caucasian populations (38,39) and has been reproduced in Hep-
atitis C infection for which HLA-associated markers of viral clearance and vi-
rus control have been identified as well (40). Furthermore, the effects of partic-
ular HLA supertypes or of individual alleles have also been reported to provide
the basis for immunologically mediated resistance to infection (41,42). It will be
interesting to confirm the potential protective effects of such alleles in addition-
al cohorts with variable allele frequencies and to assess other mechanisms and
markers present in genetic linkage to these alleles that may possibly be involved
to at least some levels in protection from HIV infection (43).

Associations between HIV control and specific polymorphisms in the HLA
class II loci have been less well-defined, maybe reflecting a possibly only in-
direct anti-viral effect of HLA class II restricted CD4+ T cells. Nevertheless,
some cohort-based studies have reported that DRB1*13 allele expression is as-
sociated with partial protection from HIV disease progression, although this
has not consistently been observed (44). The DRB1*13/DRQ1*06 haplotype
has also been found at increased frequency in individuals who were treated ear-
ly in HIV infection and who maintained virus suppression after treatment in-
terruption (45). Furthermore, a protective role of DQB1*06 alleles, irrespective
of their DR haplotype co-expression, has been identified (46). While the HLA
class II associations have not produced as strong markers as HLA class I anal-
yses, the representative studies given above highlight the importance to further
explore the contribution of the specific CD4+ T cell responses and their genet-
ic basis in the control of HIV.

Specific HLA class | B alleles associated with variable levels of HIV control

HLA-B*5701 and, to a lesser extent HLA-B27 are HLA-B alleles overrep-
resented in North American and European cohorts of LINP and EC individu-
als (26,38,39,47,48) and reviewed largely in (49)). Similarly, the HLA-B*5703
allele (which is the prevalent B57 subtype in Africans) is also significantly en-
riched among African subjects that control HIV replication (31,50). These asso-
ciations are further supported by survival analyses of HLA-B57 and HLA-B27
expressing individuals (51). How these alleles mediate their beneficial effect has
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however not been entirely clear, although in the case of HLA-B27 and HLA-
B57 compelling evidence suggests it may be due to their presentation of multi-
ple immunodominant epitopes located in HIV Gag and reverse transcriptase (5,
52,53).The broad epitope repertoire and the wide cross-recognition of epitope
variants presented by HLA-B57 suggest that effective viral escape from HLA-
B57 restricted CTL responses may be difficult to achieve. Of note, HLA-B*5701
is in strong linkage disequilibrium with the polymorphism located in the HLA
complex P5 gene (HCP5), located 100 kb centromeric from the HLA-B lo-
cus and who has been identified as a protective marker of HIV infection, inde-
pendent HLA-B57 expression (26). However, the mechanistic explanation of
this protective effect remains elusive and probably is a result of a combined hap-
lotypic effect with HLA-B*5701. This is also in agreement with recent studies
showing significant fitness cost of HIV escape variants that affect HLA-B57
restricted CTL epitopes (54). Similar results have recently also been reported
for CTL responses targeting HLA-B13 restricted epitopes, which support the
notion that the nature of the presented epitope, more than the restricting HLA
molecule allele may determine the beneficial effects of a specific HLA allele (27,
55). However, evolutionarily closely related alleles with subtle sequence differ-
ences and comparable binding motifs but associated with opposite rates of HIV
disease progression also indicate that the presenting HLA molecule may have a
& modulating effect on the effectiveness of the restricted T cell response.

Analogous to the HLA-B58 and -B13 alleles above, the protective effect of
HLA-B27 allele is also thought to be due to its restriction of an immunodo-
minant CTL response to a conserved HIV epitope located in p24 Gag. This
10mer epitope sequence contains the arginine residue at position 264 of HIV
Gag which, once mutated weakens the epitope binding to HLA-B27 (56). How-
ever, the classical mutation to lysine has detrimental effects on viral replication
capacity and requires a complex series of compensatory mutations in partly dis-
tant sites in Gag to restore viral fitness (57-59). Thus, the mutation is less like-
ly to revert and to restore full replication fitness and individuals with the escape
mutation may still present with lower viral loads than the rest of the population.

Apart from HLA alleles that mediate relative protection from HIV disease
progression,a number of alleles have been identified that are linked to accelerat-
ed disease courses. Among these, the HLA-B35/Cw04 haplotype has been con-
sistently found at increased levels in individuals with rapid progression to AIDS
(38). Subsequent studies revealed different peptide-binding specificities for the
various HLA-B35 subtypes, which prompted their discrimination into Py and
Px alleles, respectively (36). Accelerated HIV disease progression has been as-
sociated with the HLA-B35 Px (HLA- B*3502/3503/3504) alleles but not Py
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alleles (B*3501). This could explain why HLA-B35 associations were not ob-
served in African-Americans as this ethnic group often expresses HLA-B35-Py
alleles.It also confirmed that the HLA-Cw04 association with rapid disease pro-
gression was due to its linkage disequilibrium with HLA-B35-Px alleles rather
than exerting a deleterious effect by itself (36).

Aside from HLA linkage disequilibrium and other polymorphisms in the
MHC region, the potentially synergistic effects of specific HLA type and NK
inhibitory receptor (KIR) have recently obtained much attention. KIR receptors
are polymorphic receptors that interact with HLA class I molecules and regulate
the NK activity, either by mediating activating or inhibitory signals. A number
of studies have associated the expression of specific HLA and KIR combina-
tions with different diseases, such as cervical neoplasia and infectious diseases,
including HIV (30, 60-62). The insight into potential mechanisms of these fa-
vorable combinations is most advanced in the case of HLA-B/KIR allele com-
binations. HLA-B molecules contain one of two mutually exclusive serological
epitopes, Bw4 and Bw6, which differ by five amino acids spanning positions 77-
83 of the HLA-B heavy chain, including the crucial Isoleucine residue at posi-
tion 80 (63). HLA-Bw4- but not HLA-Bw6-molecules have been considered
ligands for KIR3DL1 and possibly KIR3DS1 (62,64,65).Ina proportional haz-
ard model that included all known genetic predictors of HIV progression, co-ex-
pression of KIR3DS1 and HLA-Bw#4 was found to be an independent predictor
of decreased time to AIDS. Interestingly, this beneficial effected was observed
despite the fact that KIR3DS1 alone in the absence of its HLA ligand was as-
sociated with more rapid disease progression. Thus, the findings highlight the
potential for KIR/HLA interactions to be important independent predictors of
HIV progression and may help shed light on the relative contribution of these
interactions compared to HLA-restricted CTL activity (62, 66).

Non-MHC encoded genetic markers of HIV control

Although the CD4 antigen is the main receptor for HIV entry into susceptible
cells, effective viral infection requires the presence of one of two major co-re-
ceptors, referred to as CCR5 and CXCR4, respectively. These two co-receptors
belong to the superfamily of 7-transmembrane G-protein—coupled chemokine
receptors and determine viral tropism, allowing for the differentiation of RS,
X4 or R5/X4 viruses that can use either one or both of these receptors (67, 68).

Chemokines are a superfamily of small molecules (8-15 kDa) that exert many
roles in inflammatory and in homeostatic immune processes (69, 70). They are
divided into four subfamilies based on the structural cysteine motif located in
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the amino-terminus of the mature protein (CXC, CC, CX,C and C chemok-
ines) and their receptor usage shows a considerable level of redundancy (71).
'The chemokine Regulated on Activation Normal T-cell Expressed and Secret-
ed (RANTES or CCLS5), Macrophage Inflammatory Protein-1a (MIP-1a or
CCL3) and 1 (MIP-1p or CCL4), were first identified as natural ligands for
the CCRS receptor and were subsequently shown to be potent inhibitors of R5
viruses in vitro. The natural ligand of CXCR4 is Stromal Cell Derived Factor-1
(SDF-1 or CXCL4),which also possesses potent inhibitor function of X4 virus-
es in vitro (72-74). Other chemokine receptors that can act as HIV co-receptors
have been described, including CCR3, CCR2b and CCR8 (75).

Shortly after their identification as crucial HIV co-receptors, genetic poly-
morphisms in the various chemokine receptors were reported. In particular, a
32 base pair deletion in the CCR5 gene (CCR5-A32) was identified that gen-
erates a non-functional protein that is not expressed on the cell surface. The ho-
mocygous expression of the CCR5-A32 variant provides iz vivo resistance to
infection by R5 HIV isolates. These observations were made in different co-
horts of men who have sex with men and hemophiliacs with documented expo-
sure to HIV. When present in a single copy only, the heterocygous expression
of the wildtype CCR5 receptor was found to be sufficient to enable infection,
although the lower levels of CCR5 on the cell surface were associated with re-

& duced viral replication and a delayed onset of AIDS (76-79). Spurred by the ef-
tects of heterocygous expression of CCR5-A32, mutations in the promoter re-
gion of CCRS5 were identified that are also associated with altered transmission
or delayed disease progression, although to a lesser extent than the CCR5-A32
mutation (80, 81).

In addition to the CCR5-A32 mutation, the V641 substitution in the CCR2A
protein sequence (CCR2-V64I) has also been found to delay HIV disease pro-
gression; however without preventing HIV transmission. Intriguingly, CCR2 is
rarely used as a co-receptor in HIV infection and its impact on global epidem-
icis unclear. Furthermore, it has been demonstrated that the CCR2-V64I allele
is in strong linkage disequilibrium with a point mutation in the CCR5 regula-
tory region (82). Together with CCR5 mutations, approximately 29% of LTNP
phenotypes in large cohorts have been estimated to be due to a mutant geno-
type for CCR2 or CCR5 (83). Interestingly though, relative protection against
AIDS provided by CCR5-A32 heterocygosity appears to be continuous during
HIV disease over time, whereas the protective effects of the CCR2-64I variant
was most pronounced in early infection (84).

The identification of CCR5 and CCR2 as crucial molecules for HIV-

infection has also offered new treatment targets to inhibit viral replica-
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tion and CCR5-based HIV entry-inhibitors have been developed are now
part of effective rescue treatment strategies (85, 86). More recently, a sin-
gle case of stem-cell transplantation from a homocygous CCR5-A32 do-
nor to an HIV-infected individual with acute myeloid leukemia showed
no signs of rebounding viremia in plasma, bone marrow or rectal mu-
cosa 20 months post-transplantation and in the absence of antiretrovi-
ral treatment. This is even more surprising given that minor X4-variants
were identified in the pre-transplantation viral population, given rise to a
number of questions on how viral populations with different cell tropism
are controlled iz vivo (87).

Polymorphisms involving other chemokine receptors and/or other chem-
okine receptor ligands have been identified as well. Especially, plasma levels of
RANTES, which can significantly vary among healthy individuals, were found
to be modulated by two single nucleotide polymorphisms in the RANTES gene
promoter region. These changes have also been associated with delayed progres-
sion of HIV disease and experimental over-expression and increased promotor
activity of RANTES functionally link the polymorphisms with reduced HIV
replication capacity as a consequence of increased RANTES production (88-
90). Similarly,a genetic variant consisting of a transition (G-A) in the 3 ‘untrans-
lated region of the SDF-1 gene (SDF-13"A) has also been associated with a de-
lay in AIDS onset when present as homocygous variant. Its underlying mecha-
nism and effect on X4 viral populations iz vive is however not well understood
(91-94). Noteworthy, no mutations in the CXCR4 receptor gene have been pro-
posed as markers of relative HIV control, probably because CXCR4 and SDF-
1 are essential at embryonic development stages and, consequently, such muta-
tions might be potentially lethal (95).

A genetic determinant that has recently been associated with rate of HIV dis-
ease progression is the copy number of the chemokine gene CCL3L1 (MIP-1a).
Individuals with higher CCL3L1 copy numbers than the population race-ad-
justed average showed lower steady-state viral load; suggesting an increased rate
of HIV disease progression in subjects with lower CCL3L1 copy number (96).

Finally, several polymorphisms in the DC-SIGN (dendritic cell specific in-
tracellular adhesion molecule -3-grabbing nonintegrin, i.e. CD209) promoter
have been found to be linked to an increase or decrease in susceptibility to HIV
infection, particularly also in parenterally acquired HIV infection (97). As DC-
SIGN has also been associated with tuberculosis infection and outcome, com-
bined studies, as a recent one in an Indian population, may help employing DC-
SIGN based strategies for the combined fight of these two major human path-
ogens (98).
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Immune markers in the relative control of HIV infection

An extensive amount of data indicates a potentially crucial role of HIV-specif-
ic cellular and humoral immune responses in the iz vivo control of viral replica-
tion and HIV disease progression. As discussed above, a number of host genetic
markers have been identified, particularly specific HLA class I alleles, suggesting
an important contribution of the HLA class I restricted CD8+ T-cell immunity
in virus control. Despite an increasingly more detailed understanding of the in-
terplay between host immunity, viral evolution and the impact on viral control,
clearly defined immune correlates of controlled HIV infection remain elusive.
As a consequence, effective vaccine design is still hampered by the availability
of well-defined immune parameters that actively mediate in vivo viral control.
While much of the current investigations focus on the detailed characterization
of individuals with exceptional ability to control their virus, it is important to
notice that the immune markers associated with this control can often be biased
towards subjects expressing specific host genetics and are thus not necessarily
translatable to the general population. Nevertheless, a number of specific char-
acteristics of the host immunity against HIV that have been identified clear-
ly extend beyond these limitations and will provide important guidance to vac-
cine development and offer new immune-based therapeutic treatment options.

HIV disease markers associated with virus-specific cellular
and humoral immunity

It is generally believed that the cytotoxic T cell (CTL) immune response con-
tributes strongly to the iz vivo control of viral control. Virus-specific CTL re-
sponses have been temporally associated with the initial decline in plasma vi-
remia after acute HIV infection and are thought to determine viral set point in
chronic stages of infection (99,100). This is supported by studies in the SIV ma-
caque model, where transient depletion of the total CD8+ T-cell population
in controller animals resulted in 100- to 10,000-fold increases in viremia and
where the re-establishment of the CD8* T-cell populations restored the abili-
ty of these animals to control SIV replication (101,102). Further support for an
important role of virus-specific CTL in HIV control stems from older studies
conducted when tetramer technology became first available in the late 1990ties
(103). The use of such tetramer complexes allowed for the direct ex vivo visu-
alization of epitope-specific CTL populations and analysis of specific respons-
es against defined epitopes, without prior in vitro expansion and modulation of

epitope-specific T cells (104). Initial analyses using SL9 (SLYNTVATL, HIV
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Gag p17) specific tetramers, revealed a significant inverse correlation between
SL9-specific CTL frequency and plasma RNA viral loads (105). These analyses
were however only based on a limited number of SL9-responding subjects and
did not take into consideration the possibly impaired functionality of tetramer-
specific'T cells. Not surprisingly, the SL9 association with HIV control were not
confirmed in studies that used in vitro expanded T cells, possibly due to the dif-
ferential ability of such cells to expand in vitro (106). Since these earlier studies,
novel assays, including the IFN-g based ELISpot assay and in vitro inhibition
assays first developed by Yang et al (107, 108) provide additional tools to assess
direct ex vivo T cell activity and functionality (109, 110). These analyses further
support the relevance of HIV specificT cells in HIV control, although in many
studies, the precise phenotypic and functional markers of these virus-specific T-
cell responses attributed to viral control may reflect the effects rather then the
cause of otherwise controlled HIV infection. Dissecting these two possibilities
and assigning unambiguously causality to specific immune markers and T cell
specificities remains one of the currently biggest challenges in defining function-
ally relevant immune correlates of HIV control.

Over the years, an number of studies have correlated strong and broad HIV-
specific T-cell responses with the delayed progression to AIDS and vaccine suc-
cess is oftentimes subjected to a quantification of the total breadth and magni-
tude of induced responses. While a detail characterization of vaccine-induced re-
sponses will always need to be conducted, it is also clear from a growing number
of reports (111) that total virus specific immunity is not necessarily the best
measure of iz vive immune control of HIV and that more detailed analyses of
these response data are needed. Indeed, re-analyses of earlier total-virus specif-
ic CTL data suggest that T-cell responses preferentially targeting Gag or oth-
er highly conserved epitopes are most relevant specificities for the enhanced
antiviral efficacy of T-cells seen in those individuals (109, 112). On the oth-
er hand, CTL responses against Env or accessory and regulatory proteins have
been shown to have the opposite effect, and are directly correlated with elevated
viral load (50). These findings are in line with more recent studies in clade B as
well as clade C infection and analyses that either assessed total viral immunity
in peptide pools rather than individual peptide preparations or that focused on
responses restricted by specific individual HLA alleles only (50,52,113-117).

However and despite strong associations between Gag-specific T cell immu-
nity and relative HIV control, the causative relationship between the observed
response patterns and viral control is still outstanding. Plausible explanations for
how dominant Gag specific cytotoxic T-cells could mediate relative virus con-

trol stem from the ability of certain HLA class I molecules such as HLA-B57
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to present a broad number of HIV Gag peptides and to induce high-magnitude
CD8+ T-cell responses in early infection (52, 113). In addition, rapid re-pres-
entation of epitopes derived from the Gag proteins contained in the incoming,
infecting virus particles (possibly within less than 2hr after infection) may pro-
vide Gag-specific T cells with an decisive advantage to eliminate infected cells
before massive virus production has been initiated (118). However, not all dom-
inant Gag-protein specific responses may be equally effective and comparative
studies in clade C and B infection have identified subdominant Gag responses
as well as responses outside of Gag as crucial components in relative virus con-
trol (27). The important role of subdominant responses has also been confirmed
in studies in the SIV macaque model and is also supported by the detection of
subdominant CTL responses in groups of HEPS (11,101).

Apart from CTL specificity, the iz vivo antiviral efficacy of HIV-specific
CD8+ T-cell immunity has also been tightly linked to the functional compe-
tence of these responses. In particular, proliferative capacity with high perforin
expression and secretion of multiple cytokines such as IFN-y, IL-2, TNF-q,
MIP-1b and/or CD107a surface expression after antigen contact character-
ize the responses seen in LTNP (119,120). In addition to polyfunctionality, the
avidity of virus-specific T-cell responses is also considered a potentially impor-
tant measure of an effective immune response and has been shown in HCV in-

& fection, to be associated with viral clearance and higher levels of cross-variant
recognition (121, 122). Thus, the quality of the CD8+ T-cell response to HIV
serves as a better marker of controlled infection than the quantity (i.e. breadth
and magnitude) of these responses. In addition, a HLA-DR+, CD38- activa-
tion CD8+ T-cell phenotype was more frequently found among virus-specif-
ic T-cells in HIV controllers than in non-controllers and may represent a T cell
population with superior ability to expand upon exposure to antigen and capac-
ity to exert effector functions (110). Whether full-differentiation into CCR7-/
CD45- effector cells and broad functional CTL is only a hallmark of controlled
HIV infection in the peripheral PBMC compartment or also extends to CTL
in gut-associated lymphoid tissue -where massive initial depletion of CD4+T-
cells occurs- remains an open question. Nevertheless, a rapidly growing set of re-
ports dealing with the emergence and accumulation of CTL escape mutations
under appropriate CTL pressure, the transmission of “escaped”variants, impli-
cations of fitness costs incurred by CTL escape mutations and the global adap-
tation of HIV to HLA class I polymorphisms further document the crucial role
that HIV-specific CTL overall play in the control of HIV infection escape (28,
54,58,123-130).
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An additional factor for an effective CD8+ T-cell response includes the pres-
ence and function of CD4+ ‘helper’T-cells. HIV-specific CD4+ T-cell popula-
tion have been shown to be required for long-term maintenance of antigen-spe-
cific CD8+ memory T-cells, both in the human setting as well as in the mon-
key model (101,131-133).The relevance for functional CD4+ T-cell help in the
maintenance of effective CTL populations has recently also been reported for
viral infections other than HIV, including EBV and CMV infections (134, 135).
'The potential importance of virus-specific T helper cell activity is further high-
lighted by studies that have associated the presence of gp41-specific antibodies
with CD4+ T-cell responses to Gag-p24 (136,137). Regardless of the well-doc-
umented anti-viral effects of neutralizing Ab responses (138) general antibody-
responses have not emerged as strong markers of HIV control. Some of the ex-
isting data have been inconsistent as some studies have associated higher titers
of heterologous nAb in LTNP whereas more recent studies indicate the presence
of lower Nab activity among elite controllers (5,16,139).It will be interesting to
investigate whether possible residual viral replication in the former group of pa-
tients may drive additional Ab production or whether additional, unaccounted
factor and assay differences are responsible for the observed differences.

Innate Immunity

During primary HIV infection, there is a massive destruction of the CD4+ T-
cell population in the gut-associated lymphoid tissue (GALT) impairing local
cellular immunity at mucosal sites and causing translocation of microbial prod-
ucts which in turn contributes to a deleterious persistent inflammation (140-
143). The potential damaging effects of chronic inflammation by continuous
bacterial translocation are also highlighted by similar studies in HCV infection,
where it has been implicated in the progression to advanced stages of cirrhosis
(144). Most importantly however, the massive depletion of CD4+ T-cells, gen-
eral inflammation and immune activation occur at times when the adaptive im-
mune system has not mounted an effective immune response. As mentioned
above, some markers associated with the innate immune system, particularly
KIR and Toll-like receptors (TLR) have been associated with variable levels of
HIV controlin these early stages of infection. As such, recent host genetic stud-
iesindicate that individuals co-expressing KIR3DS1 and HLA-Bw4-80I (fami-
ly of HLA alleles that presumably bind to KIR3DS1 and activate NK cells) have
lower viral loads and show a reduced risk of progression to AIDS (62, 145).In ad-
dition, polymorphisms in toll-like receptor 9, which mediates innate immune re-
sponse against DNA motifs common in bacteria and viruses, have recently been
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shown to impact clinical outcomes as well (146). However, significant function-
al data supporting the innate immunity and its linkage to disease pathogene-
sis is still scarce and needs to be further explored. In addition, extensive cohorts
of individuals captured in earliest period of acute HIV infection will need to be
comprehensively studied to assess the impact of these markers on initial peak
viremia and the level of CD4+ T-cell depletion. However, the recent identifica-
tion of immune memory mediated by NK cell populations may ofter novel ap-
proaches for preventative and therapeutic interventions in HIV infection (147).
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CONCLUSIONS AND IMPLICATIONS FOR VACCINE DESIGN

Control of viral replication in HIV infection is a multifactorial process. Poly-
functional CD8+ T-cell immunity against particular viral proteins along with vi-
rus-reactive CD4+ T-cell help have been most consistently implicated in mod-
ulating HIV infection in wivo. Viral factors such as specific mutations often
emerging as a consequence to immune selection pressure and entire gene seg-
ment deletions have also been associated with reduced viral burden and slower
progression of HIV disease. In addition, specific host genetic markers, particu-
larly HLA, has been most compellingly linked to relative control of HIV repli-
cation. While such host genetic markers may provide great help in understand-
ing the (immune)-pathology of HIV, they will likely not be directly informative
tor HIV vaccine development. However, they can guide vaccine immunogen de-
sign, although care needs to be taken that such immunogen design is not over-
ly guided by observations made in individuals with favourable host genetics. To
avoid the resulting vaccine product to be tailored unreasonably strongly towards
individuals with beneficial genetics, subjects who do not express these markers
yet control HIV on their own will be most informative. In addition, while im-
mune parameters that could mediate sterilizing immunity, i.e. resistance to in-
fection, still need to be defined, the development of vaccines that are able to in-
duce partial in vivo control, albeit not prevent infection, would have significant
impact on individual health by slowing HIV disease progression and would help
to contain the HIV pandemic by reducing transmission rates.

In this regard, the early assessments of vaccine success in phase I and phase
IT trials will be based on immune read-outs, rather than prevention of infection
(which would be the central end-point in a phase IIb/III trial). Thus, the defi-
nition of precise immune correlates of controlled HIV infection is crucial since
vaccine induced responses will be compared to these parameters. If their defini-
tion is flawed or represents epiphenomena of otherwise controlled HIV infec-
tion, valuable vaccine candidates may be discarded prematurely. Together with
immune parameters of controlled infection, the identification of host genetic
markers may in the future facilitate the design of gene therapy approaches that
would try to either block expression of unfavourable genes or introduce beneficial
components. Although not based on gene-therapy, the case of the CCR5-A32
stem-cell transplanted individual referred to above, points towards the potential

teasibility of such approaches.
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ABSTRACT

Background: The efficacy of the CTL component of a future HIV-1 vaccine
will depend on the induction of responses with the most potent antiviral activi-
ty and broad HLA class I restriction. However, current HIV vaccine designs are
largely based on viral sequence alignments only, not incorporating experimental
data on T cell function and specificity.
Methods: Here, 950 untreated HIV-1 clade B or -C infected individuals were
tested for responses to sets of 410 overlapping peptides (OLP) spanning the en-
tire HIV-1 proteome. For each OLP, a “protective ratio” (PR) was calculated
as the ratio of median viral loads (VL) between OLP non-responders and re-
sponders.
Results: For both clades, there was a negative relationship between the PR and
the entropy of the OLP sequence. There was also a significant additive effect of
multiple responses to beneficial OLP. Responses to beneficial OLP were of sig-
nificantly higher functional avidity than responses to non-beneficial OLP. They
also had superior in-vitro antiviral activities and, importantly, were at least as pre-
dictive of individuals’viral loads than their HLA class I genotypes.
Conclusions: The data thus identify immunogen sequence candidates for HIV
and provide an approach for T cell immunogen design applicable to other vi-
& ral infections.

Keywords: HIV-1 specific CTL, clade B, clade C, HLA, vaccine immunogen design, functional

avidity, epitope, entropy, correlates of immune protection
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BACKGROUND

HIV-1 infection induces strong and broadly directed HLA class I restricted
T cell responses for which specific epitopes and restricting HLA class I alleles
have been associated with relative in vivo viral control [1]. The bulk of the anti-
viral CTL response appears to be disproportionately HLA-B restricted, but the
relative contribution of targeted viral regions and restricting HLA molecules
on the effectiveness of these responses remains unclear [2,3,4,5]. In addition,
the impact of HIV-1 sequence diversity on the effectiveness of virus-specific T
cell immunity in vivo is unclear, as functional constraints of escape variants, co-
don-usage at individual protein positions, T cell receptor (TCR) plasticity and
functional avidity and cross-reactivity potential may all contribute to the over-
all antiviral activity of a specific T cell response [6,7,8,9,10,11,12,13]. Of note,
T cell responses to Gag have most consistently been associated with reduced vi-
ral loads in both clade B and clade C infected cohorts [14,15,16]; however, the
specific regions in Gag responsible for this effective control remain poorly de-
fined. In addition, it is unclear whether the relative benefit of Gag is due to any
other specific characteristic of this protein, such as rapid antigen-representa-
tion upon infection, protein expression levels, amino acid composition and/or
inherently greater processability and immunogenicity, particularly in the con-
text of selected HLA class I alleles [17,18]. Thus, concerns remain that a pure-
ly Gag-based vaccine might mainly benefit those people with a particular HLA
genotype and will not take advantage of potentially beneficial targets outside
of Gag [4,16,17,19]. In addition, CTL escape and viral fitness studies have fo-
cused largely on Gag-derived epitopes presented in the context of protective
HLA class I alleles such as HLA-B27 and -B57 [7,20,21], yielding results that
may not be generalizable to the genetically diverse majority of the human pop-
ulation. Furthermore, many studies have focused on immunodominant targets
only, despite some studies in HIV-1 and SIV infection demonstrating a crucial
contribution of sub-dominant responses to targets outside of Gag to the effec-
tive in-vivo viral control [4,22]. Thus, the current view on what may constitute a
protective cellular immune response to HIV-1 is likely biased towards a immu-
nodominant responses and those restricted by frequent HLA class I alleles and
HLA alleles associated with superior disease outcome.

To overcome these potential limitations, the design of an effective and broad-
ly applicable HIV-1 vaccine should to be based on information gained through
comprehensive analyses that extend across large portions of the population’s
HLA class I heterogeneity. Here we focus on three cohorts totaling more than
950 untreated, chronically HIV-1 infected individuals with clade B and C in-
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tections, from which responses to certain regions of the viral genome and specif-
ic T cell response patterns emerge as correlates of viral control. Importantly, the
analyses identify functional properties unique to these responses and control for
the impact of HLA class I alleles known to be associated with superior control of
HIV-1 infection, thus providing vaccine immunogen sequence candidates with
potential usefulness in a broadly applicable HIV-1 vaccine.

METHODS

Cohorts: A HIV clade B infected cohort of 223 chronically infected, treatment
naive individuals was recruited and tested at IMPACTA in Lima, Peru. The
majority (78%) of enrollees were male and all recruited individuals considered
themselves to be of a mixed Amerindian ethnicity [14]. The cohort had a median
viral load 37,237 copies/ml (range <50->750,000) and a median CD4 count of
385 cell/ul (range170-1151). A second clade B infected cohort was established
atthe HIV-1 outpatient clinic “Lluita contrala SIDA”at Hospital Germans Tri-
as i Pujol in Badalona (Barcelona, Spain) consisting of 48 treatment-naive sub-
jects with viral loads below 10,000 and CD4 cell counts >350 cells/mm? (“con-
trollers”, n=24) or above 50,000 copies/ml and CD4 cell counts <350 cells/mm?
(“non-controllers”,n=24). The HIV-1 clade C infected cohort has been described
& in the pastand consisted of 631 treatment naive South African with a median vi-
ralload 0f 37,900 copies/ml (range <50 - >750,000) and a median CD4 count of
393 cells/ul (range 1-1378) [16]. An additional 78 from a recently published co-
hort in Boston were included in the analyses of functional avidities [39]. HLA
typing was performed as previously described using SSP-PCR[58]. For Hepit-
ope and FASS analyses, 4digit typing was used for the Lima cohort and 2-dig-
it typing for the Durban cohort. Protocols were approved in Lima by the IM-
PACTA Human Research Committee,in Durban by the Ethical Committee of
the Nelson R.Mandela School of Medicine at the University of KwaZulu-Na-
tal and in Barcelona by the Human Research Committee at Hospital Germnas
Trias i Pujol. All subjects provided written informed consent
Peptide test setand ELISpot assay: Previously described peptide sets match-
ing HLA-clade B and C consensus sequences were used in all experiments for
which the OLP-specific entropies have been calculated in the past, based on
available sequence datasets [23,24,49] and (http://www.hiv.lanl.gov/content/
immunology/hlatem/index.html). The peptides were clade-specific sets of
adapted 18mers, overlapping by 11 residues designed using the PeptGen tool
available at the Los Alamos HIV database (http://www.hiv.lanl.gov/content/
sequence/PEPTGEN/peptgen.html). The individual OLP in the peptide sets
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for clade B and clade C had all the same starting and ending position relative to
the source protein and follow the same numbering across the entire viral pro-
teome for both clades. Peripheral blood mononuclear cells (PBMCs) were sep-
arated from whole blood by density centrifugation and used directly to test for
CD8* T cell responses in vitro. IFN-y ELISpot assays were performed as de-
scribed previously, using Mabtech antibodies (Mabtech, Stockholm, Sweden)
and a matrix format that allowed simultaneous testing of all 410 overlapping
(OLP) peptides in the respective test set [14]. Thresholds for positive respons-
es were defined as: exceeding 5 spots (50 SFC/10°) per well and exceeding the
mean of negative wells plus 3 standard deviation or three times the mean of neg-
ative wells, whichever was higher. Stimulation with PHA was used as a positive

control in all ELISpot assays.

Definition of functional avidity: Responses targeting 18mer OLP in HIV-1
Gag p24 were assessed for their functional avidity using OLP-specific sets of
10mer peptides overlapping by 9 residues that span the 18mer peptide sequence.
Functional avidity was defined as the peptide concentration needed to elicit half
maximal response rates in the Elispot assay and was calculated as a sigmoidal
dose response curve fit using GraphPad Prism software [13].

In vitro viral replication inhibition assay: A double mutant virus containing
a Nef M20A and Integrase G140S/Q148H raltegravir (integrase inhibitor) re-
sistance mutations was tested for replication in CD4 T cells in the presence or
absence of autologous T cell lines targeting protective or non-protective OLP.
Use of the raltegravir-resistant virus allows to prevent potential replication of
autologous virus in the inhibition assays [38], excludes potential negative im-
pacts on antigen processing or CTL functions attributed to protease inhibi-
tors [59] and avoids overlap between the resistance mutations sites (i.e. G140S/
Q148H) and location of beneficial and non-beneficial OLP sequences. In brief,
the p83-10 plasmid containing mutations for a methionine to alanine substitu-
tion at position 20 of the Nef protein and the p83-2 plasmid engineered to con-
tain the G140S and Q148H mutations in the integrase were combined to pro-
duce avirus thatis replication competent, highly resistant to raltegravir and does
not downregulate HLA class I in infected cells [60,61]. Although not entire-
ly physiological, this approach was chosen to potentially increase the signal in
the in vitro inhibition assay, even when responses were restricted by Nef-sensi-
tive HLA class I alleles. Plasmids were co-transfected into M'T4 cells and virus
was harvested after 7 days [60,62,63]. Autologous CD4 cells were enriched by
magnetic beads isolation (Miltenyi) and expanded for 3 days using a bi-specif-
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ic anti-CD3/8 antibody and IL-2 containing medium (50 IU r-1L2) before in-
fecting them at multiplicities of infection (MOI) between 0.01 and 1. Effector
cells were obtained by stimulating PBMC with either beneficial or non-benefi-
cial OLP for 12 days before isolating specific OLP-reactive cells by IFN-y cap-
ture assay according to manufacturers’ instructions (Miltenyi, Bergisch Glad-
bach, Germany). The effector T cells were analyzed by flow cytometry for the
specificity to their respective targets after capture assay and quantified to adjust
effector-to-target ratios. Since the NL4-3 backbone sequence differed in several
positions in beneficial and non-beneficial OLP, the epitope specificity was pre-
dicted based on the HLA class I genotype of the tested individual and responses
confirmed to efficiently recognize variant sequences in the NL4-3 backbone se-
quence. Culture supernatant was harvested and replaced by raltegravir contain-
ing medium 0.05ug/ml after 72 h. Levels of Gagp24 in the culture supernatant
were determined by ELISA as described [25].

Statistical Analyses: Statistical analyses were performed using Prism Version 5
and R Statistical Language [64]. Results are presented as median values unless
otherwise stated. Tests included ANOVA, non-parametric Mann-Whitney test
(two-tailed) and Spearman rank test. The significance of differences in viral load
distribution between OLP-responders and OLP-non-responders was assessed
& by a two-sided Student’s T Test with multiple tests addressed using, instead of a
Bonferroni correction, a q-value approach to compensate for multiple compari-
sons [25]. The multivariate analysis was based on a novel multivariate combined
regression method known as FASS, a forward selection method combined with
all-subsets regression [29,30,31]. Briefly, the FASS approach works by itera-
tively performing the following procedure: Let ‘V’be the set of all variables and
‘M’ be the set of variables included in a model. In the first step, those variables
that are not already in the model are divided into equal-sized blocks of variables
(the last block may have less than ‘g’variables). Then, for each block of variables,
‘m’is a new estimated and evaluated model using the Bayesian Information Cri-
terion (BIC). The best model ‘m’ according to its BIC is retained and the pro-
cedure starts all over again until in one step or more the model is not improved.
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RESULTS

HIV-1-specific T cell responses targeting conserved regions are associated
with lower viral loads: In a first analysis, HIV-1-specific T cell responses were
assessed in a cohort of 223 HIV-1 clade B infected individuals recruited in Lima,
Peru using IFNg ELISpot assays and a previously described set of 410 clade B
overlapping peptides (OLP) [14,23]. For each OLP, a protective ratio (PR) was
calculated as the ratio of the median viral loads between OLP non-responders
and OLP responders, such that OLP with PR>1 were reflective of OLP predom-
inantly targeted by individuals with reduced viral loads. OLP-specific PR were
a) compared between OLP spanning the different viral proteins and b) correlat-
ed with the viral sequence heterogeneity in the region covered by the OLP. The
data showed highest median PR values for OLP spanning the Gag protein se-
quence, whereas Nef, Envand Tat had the lowest median PR values (Figure 1A,
p < 0.0001, ANOVA). A protein-subunit-breakdown of PR values showed the
p15 subunit of Gag and RT in Pol to score less favorable than the remainder of
the respective proteins (Figure 1B, p=0.0032 and p=0.0025, respectively). While
these data confirm the association between HIV-1 Gag-specific responses and
lower viral loads, it is important to note that all proteins contained OLP with
PR>1, suggesting that some beneficial responses can be located outside of Gag;
data that has not emerged from any of the previous studies linking Gag respons-
es to relative viral control. At the same time, all proteins contained OLP with
PR«<1, indicating that proteins considered overall beneficial may contain non-
beneficial regions as well. In addition, when the OLP-specific PR was compared
to the sequence entropy of the region spanned by the individual OLP, a signifi-
cant negative correlation between PR and entropy was observed (p=0.0028, r=-
0.15; Figure 1C). Although rarely targeted OLP may have introduced statisti-
cally less robust data points in this comparison and caused a wide scatter of data
points, the results show a relative absence of OLP with high entropy and high
PR values, suggesting that responses to more variable regions are less effective
in mediating in vivo viral control.
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Figure 1. Localization and conservation of beneficial and non-beneficial OLP in HIV-1 clade Band C co-
horts. Total HIV-1-specific T cell responses were assessed in a cohort of 223 chronically HIV clade B infect-
ed, untreated individuals in Lima, Peru (graphs A-C) and in 631 chronically HIV clade C infected, untreat-
ed individuals in Durban, South Africa (graphs D-F) using peptide test sets of 410 18mer overlapping pep-
tides (OLP) spanning the consensus B and C sequences, respectively [2,23]. For each OLP, the protective ra-
tio (PR, defined as “the ratio of the log median viral load in OLP non-responders divided by log median vi-
ral load in OLP responders”) was determined. Each symbol represents an individual OLP, grouped either by
(A, D) proteins or (B, E) protein-subunits for OLP located in Gag, Pol and Env (p-values in A, D based on
ANOVA, in B, E on Mann-Whitney by pariwise comparing the different protein subunits, red lines indicat-
ing median PR values). In (Cand F), the OLP-specific entropy (a measure of the viral diversity in the region
the OLP spans) is compared to the OLP-specific PR and shows an inverse association between the sequence

conservation and PR (Spearman rank).
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To assess whether the above observations would also hold true out-
side of clade B infection, the same analyses were conducted in a cohort of
631 clade C HIV-1 infected subjects enrolled in Durban, South Africa
and tested for responses against a clade C consensus OLP sequence as de-
scribed previously [24]. As in clade B infection, the OLP specific PR val-
ues were highest for OLP spanning Gag without any significant differ-
ences between the Gag and Pol protein subunits (Figure 1D and 1E). As
in the clade B cohort, the PR values were negatively correlated with the
OLP-specific entropy (p=0.0323, Figure 1F), confirming the findings in
the clade B cohort and further pointing towards the importance of tar-
geting conserved segments of the viral proteome for effective in vivo vi-
ral control.

Identification of individual beneficial OLP sequencesin clade B and
C infection: In order to identify individual OLP that were significant-
ly more frequently targeted in individuals with relative viral control and
to compare the beneficial OLP in clade B and C infection, the viral load
distribution in OLP-responders and non-responders was analyzed indi-
vidually for each OLP. For the clade B cohort in Peru, the analyses yield-
ed 43 OLP sequences for which the median viral load differed between
the two groups with an uncorrected p-value of <0.05. Of these 43 OLP,
26 were OLP with a PR >1 (referred to as “beneficial” OLP),and 17 OLP
with a PR <1 (“non-beneficial” OLP, Table 1). The distribution of OLP
with PR>1 among viral proteins was biased towards Gag and Pol, while
Env produced exclusively OLP with PR<1 (Figure 2A).
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The same analyses were repeated for the clade C cohort in Durban, which
due to its larger size allowed to apply more stringent statistical criteria to iden-
tify beneficial and non-beneficial OLP. To compensate for multiple statistical
comparisons, we employed a previously described false-discovery rate approach
[25], resulting in the identification of 33 clade C OLP with g-values of <0.2 (i.e.
OLP with significantly different viral load distributions between OLP-respond-
ers and non-responders with a false positive discovery rate (q-value) of 20%).The
33 OLP identified were comprised of 22 beneficial OLP and 11 non-beneficial
OLP, with the beneficial OLP being again located in Gag, Pol and Vif, similar

to what was seen in the clade B cohort (Figure 2B).
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In both cohorts, the total breadth and magnitude of responses did not corre-
late with viral loads as reported for parts of these cohorts in the past [14,16]. The
OLP with significant differences in median viral loads (43 OLP in clade B and
33 OLP in clade C, Tables 1 and 2, respectively, i.e. “scoring OLP”), were more
often targeted in their respective cohort than OLP that did not score with a sig-
nificant difference in viral loads (p=0.0015 Lima; p<0.0001 Durban). However,
beneficial and non-beneficial OLP were equally frequently targeted in either co-
hort. Also, there was no difference in the median magnitude of the OLP-specif-
ic responses, regardless whether it was a beneficial, non-beneficial or not-scor-
ing OLP (all p>0.7, data not shown). Finally, there was no correlation between
the number of total OLP responses (against all 410 OLP) and the magnitude
of responses to beneficial OLP in either cohort, indicating that the strength of
beneficial OLP responses was not diminished by other responses to the rest of
the viral proteome.

In the clade B cohort, the 26 beneficial and 17 non-beneficial OLP showed a
significant difference in their median entropy (p=0.0327, Figure 2C), in line with
the overall negative association between higher PR and lower sequence entro-
py seen in the comprehensive screening including the entire 410 OLP set (Fig-
ure 1C). While this comparison was not significant in clade C infection, a de-
tailed look at Gag showed that beneficial Gag clade C OLP had alower entropy

& values than the rest of the Gag OLP, suggesting that targeting of the most con-
served regions even in Gag provided particular benefits for viral control (Figure
2D, p=0.0172). These beneficial OLP were also more frequently targeted (me-
dian of 36 responders) compared to the rest of Gag OLP (median 12 respond-
ers,p=0.0099), likely reflecting the high epitope density in these regions [24,26].

Finally, the two cohorts showed a partial overlap in the targeted beneficial
and non-beneficial OLP, despite the vastly different HLA genetics in these
two populations [4,23,27,28]. As Gag was enriched in beneficial OLP scat-
tered throughout the entire protein sequence, we used the available reverse tran-
scriptase (RT) protein structure to assess whether beneficial responses were tar-
geting structurally related regions of the protein, even though the linear position
of beneficial OLP did not precisely match between the two clades. Indeed, su-
perimposing the locations of beneficial OLP in the RT protein indicates that in
both clades, beneficial OLP fell in structurally related domains of the RT pro-
tein (Figure 2E and 2F). This suggests that despite differences in response pat-
terns between ethnicities and clades, viruses from both clades may be vulnera-
ble to responses targeting the same structural regions of at least some of their vi-
ral proteins.
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B) for clade C infection (cut-off q<0.2). The entropy of beneficial and non-beneficial clade B OLP is com-
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Increased breadth of responses against beneficial OLP is associ-
ated with decreasing viral loads, independent of Gag-specificity or
the presence of protective HLA class I alleles: To assess whether in-
dividuals targeting more than one beneficial OLP profit from a greater
breadth of responses to these targets, subjects in both cohorts were strat-
ified by the number of responses to beneficial OLP and their viral loads
compared. In both cohorts, negative correlations between the number
of responses to beneficial OLP and viral loads were observed (p<0.0001,
r=-0.33 for Lima; p<0.0001, r=0.-25 for Durban; data not shown), sug-
gesting that there is a cumulative benefit of responses to these partic-
ularly effective targets. Similarly, when individuals in the clade C co-
hort were grouped based on mounting 1-2, 3-4 or five and more benefi-
cial OLP responses, a gradual reduction in median viral loads was seen.
This reduction was close to 20-fold when 5 or more of the 22 beneficial
OLP were targeted (median viral load 5,210 copies/ml) compared to in-
dividuals without a response (98,800 copies/ml, Figure 3A). Important-
ly, this observation was not driven only by individuals expressing HLA
class I alleles associated with relative control of viral replication (includ-
ing HLA-B27,-B57, -B*5801, -B63 and -B81) as their exclusion still
showed a strong association between increased breadth of responses to

® beneficial OLP and a gradual suppression of viremia (Fig 3B). This was
turther supported when translating the clade B data from Peru to a sec-
ond clade B infected cohort in Barcelona, Spain where HIV-1 control-
lers also mounted a significantly greater proportion of their responses
to the beneficial Peruvian OLP compared to the HIV-1 non-controllers
(61% vs.29%, p=0.0011; Figure 3C); this despite the fact that the Barce-
lona cohort was genetically different and excluded individuals express-
ing HLA-B27,-B57,-B58 and B63.Thus, despite the frequent targeting
of Gag and the inclusion of individuals expressing HLA alleles such as
HLA-B*5701 and -B*5801 in the two larger clade B and C cohorts, the
present data identify regions of the viral genome that serve as the targets
of an effective host T cell response, largely independent of the presence

of HLA alleles known to influence HIV-1 viral replication.
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Figure 3 Increased breadth of responses to beneficial OLP results in gradually reduced viral loads and is
independent of cohort and HLA-B27, -57, -B58, -B81 and -B63. (A) The number of responses to bene-
ficial OLP in the clade C cohort in Durban was determined for each individual and compared to viral loads.
An increased breadth of responses to the 22 beneficial OLP was associated with a reduced viral loads (ANO-
VA, p<0.0001). (B) This association remained equally stable after removing all individuals expressing known
beneficial HLA allele (HLA-B27,-B57,-B5801, -B63, -B81) from the analysis (ANOVA, p<0.0001). (C)
The set of 26 beneficial and 17 non-beneficial OLP identified in the clade B infected cohort in Lima, Peru
was tested in a second clade B infected cohort in Barcelona. HIV controllers showed a significantly higher fo-
cus of responses on the 22 beneficial OLP (61% of all responses to the 43 OLP) while non-controllers reacted
predominantly with the non-beneficial OLP (only 29% of all responses targeting beneficial OLP). The Bar-
celona cohort did not included subject expressing any HLA allele previously associated with relative control
of HIV-1 (p=0.0011, Mann Whitney).
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PR-values are mediated by individuals with broad HLA heteroge-
neity: To further assess the contribution of specific HLA class I alle-
les on the PR of individual OLP, the statistically significant OLP in the
clade C cohort were further analyzed. In a first step, median viral loads
in the OLP-responder and non-responder groups were compared after
excluding individuals with specific HLA class I alleles. If the statistical
significance of the comparison was lost, the excluded HLA class I allele
was assumed to have significantly contributed to the initially observed
elevated or reduced PR value and to restrict a potential CTL epitope in
that OLP. In a second step, a “Hepitope” analyses (http://www.hiv.lanl.
gov/content/immunology/hepitopes) was conducted to identify HLA
class I alleles overrepresented in the OLP responder group; providing
an alternative approach to identify specific epitopes that may contribute
to relative viral control. Together, the two strategies permit to estimate
the HLA diversity in the OLP responders and to identify the most likely
alleles that restrict the epitope-specific responses to the OLP. Both are
important measures when determining the relative usefulness of a select-
ed beneficial OLP in a potential immunogen sequence as it should pro-
vide broad HLA coverage. The data from these analyses are summarized
for beneficial and non-beneficial OLP in Table 3A and 3B, respectively.

& The results demonstrate that with a few exceptions, for each OLP, sev-
eral HLA alleles appeared to be mediating the observed effects as their
removal caused the statistical significance to be lost. However, for the
most frequent HLA class I alleles, the loss of significance may be due to a
reduction in sample size rather than the actual allele, since the exclusion
of many allele carriers could reduce the number of OLP responders (and
non-responders) sufficiently to lose statistical power. The “Hepitope”
analysis controlled for this effect and confirmed the obtained results,
strongly indicating that responses to all beneficial OLP were mediated
by responder populations with heterogeneous HLA allele distributions.
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Effects of T cell specificity onin vivo viral load are at least as strong
as those associated with host HLA genetics: To assess whether specif-
ic response patterns and/or HLA combinations could be identified that
mediated synergistic or superior control of viral infection in clades B and
C, multivariate combined regression analysis was conducted on either
OLP only, HLA only or the combination of OLP and HLA variables
[29,30,31]. The OLP-only analysis for Lima identified 7 OLP of which
4 were associated with lower median viral loads and 3 with increases in
viral loads, respectively (Table 4). Targeting at least one of these bene-
ficial clade B OLP was associated with significantly reduced viral loads
(median 11,079 copies/ml) compared to the subjects who did not tar-
get any of these four OLP (median 52,178 copies/ml; p<0.0001, Fig-
ure 4A). As seen in the univariate analysis (Figure 2C), the four benefi-
cial OLP emerging from the Lima FASS analysis were more conserved
than the rest of the OLP (median entropy 0.0759 vs. 0.1649, p=0.0267)
or the three non-beneficial OLP (0.0759 vs. 0.1228, p=0.0571, data not
shown). In contrast to OLP-only FASS analysis, only one HLA allele
(HLA-C04) emerged from the HLA-only multivariate analysis. The
analysis for the combined variables (OLP and HLA) controlled for the
potential bias in this result due to more OLP variables (n=389) than

® HLA (n=146) being included in the statistical tests; yet still identified
more OLP variables (n=9) than HLA class I alleles (n=3). In addition,
the relative co-efficients of these associations were stronger for the OLP
than the HLA variables, suggesting that T cell specificity influenced vi-
ral loads to at least the same degree as host HLA class I genetics. Of
note, the identified OLP and HLA variables did not reflect responses to
known optimal CTL epitopes, as none of the OLP contained described
epitope(s) restricted by any of the identified HLA alleles [26].

144

‘ maqueta def-1.indd 144 @ 12/0312 17:24



1 NEEE @® | I | [ 7

Chapter 2

Table 4: Multivariate analysis of OLP and HLA variables for clade B and C cohorts

OLP warialles only [Lima, dlade B) OLP variables only {Durban, clade C)
change viral load  p-walue change viral boad - aliae
[co-efficient) [co-eMicient) *
Beneficlal Beneficial
OLP.& (L4581 0. 0008 QLR 7 01, G S 00000
OLP.31 = 14055 0.0002 OLp21 ), 563 00000
L7l =2 5081 0,000 QLp.22 4926 00006
LR, 275 L1270 0,0007 QLR 25 )82 0. 0e0H2
OLP.27 A ATID D053
Hoon-benelisl OLP.33 0. 3196 00024
OLP. 76 0, 2486 0.0067 OLP, 308 18179 D00E?
OLP, 304 31,2068 0.0001 oLPaL? -1.653% 00008
Ol 13329 00020
Hop-beneficial
OLP. 38 0.904% 0022
OLP. B4 01547 0051
OLP 116 06156 0030
OLP. 183 06610 0.0E3
OLP.224 0.2%08 000386
OLP. 265 05782 00000
OLP_ 265 0.4911 G000
OLP. 393 1.2624 000123
HLA variables only (Limea, clade [5) HLA warialiles only [Durban, clade C)
Hon-bernelkial Benficial
HLA-CO401 0, 35652 0.00024 HLA-ATS L3553 00025
HLA-BLY E44T 0004
HLA-BS7 -0, 5195 00007
HLA-BS1 0. 3610 00015
HLA-C12 -, G544 00001
Mon-beneficlal
HLAB 1S 0,2506 00012
MLA B 18 0.5521 0005
HLA, .6 0.3958 00000
HLA and OLP varlables together (Liima) HLA and OLP variables together {Durhan)
Lanplicial Beneficial
P56 5592 R OLP.6 4798 00023
oLe, 31 -1.1607 0.0005 OLR.7 04528 LUE )b
L8 =1 TOdE 0LO000 OLp.27 A A6TE 00040
OLP. 276 {3, D500 0.O011 OLP. 50 14106 0.01ES
OLPa417 <1. T80 00041
Hon-beneficial Bon-benedicial
oLp.2 03545 00180 OLP. 148 25215 0020
oLP.237 07211 L0035 OLP. 183 06108 D023
OLP, 258 15537 0.0016 OLP. 393 1.1442 00023
OLP, 311 o797 0091
oLP.411 1.5306 00024 Benedlcial
HLA-ATA . 3744 00007
Bensficial HLA-BST -D.4887 00007
HLA-B1302 =1.4688 D.OL64 HLA-BS1 0. 3859 00004
HLA-C12 ~0L6003 0.00032
Hen-henefkil Hon-teneficial
HLA-BOG01 0,6600 0.0029 HLA-BLS 0.2797 0.0001
HLA-CO401 0.2694 0.0008 HLA-BLS 05318 0.0003
HLA-B49 09713 00007

'naq-lmm-ﬂ-l'mri valoes mdicate reduction i median viral loads
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Results from the clade C cohort in Durban confirmed the clade B
findings in Lima as the FASS analyses identified 16 OLP but only 8
HLA variables that had an impact on the individual viral loads. As in
Lima, the impact of OLP specificity was at least as strong than HLA
genotype (trend for higher coefficients for OLP than HLA; data not
shown, p>0.05). In addition, targeting at least one of the eight bene-
ficial OLP in Durban was associated with strongly reduced viral loads
(p<0.0001, Figure 4B). This effect was, as in the univariate analysis, ad-
ditive for more than one response (p<0.0001, Figure 4C) and included
OLP that were, aside from Gag, located in Pol and Vif. Also, the com-
bined (OLP and HLA) analysis suggests the effect of OLP specificity on
viral loads to be at least as strong as HLA genetics as 8 OLP and 7 HLA
variables were identified. This especially since among the 7 HLA alle-
les, two (HLA-B57 and HLA-A74) are expressed in linkage disequilib-
rium [32], further reducing the number of HLA variables with a signif-
icant impact on viral loads.
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Figure 4. Responses to OLP identified in multi-variate analysis are associated with reduced viral loads:
Response patterns and HLA class I genetics in the clade B cohortin Lima and clade C cohort in Durban were
subjected to FASS multivariat analysis [29,30,31]. Viral loads in individuals mounting zero vs. at least one re-
sponse to beneficial OLP identified by the FASS multi-variate analysis were compared for (A) the Lima clade
B cohort and the (B) Durban clade C cohort. The larger data set for the clade C cohort allowed for a further
stratification of the responder group by increasing numbers of targeted OLP emerging from the FASS anal-
ysis (C). A gradually declining median viral load in relation to an increasing breadth of these responses was

seen (ANOVA, p < 0.0001).
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Responses to beneficial OLP are of higher functional avidity and
suppress viral replication in vitro more effective than responses to
non-beneficial OLP: Functional avidity and the ability to suppress in
vitro viral replication have emerged as two potentially crucial parameters
of an effective CTL response against HIV-1[33,34,35,36,37,38,39].To
assess this potential functional characteristic of beneficial CTL popula-
tions, we determined the functional avidity of responses to the four ben-
eficial OLP located in Gag p24, a region that has been most consistently
associated with eliciting relatively protective CTL responses. As 18mer
peptides are suboptimal test peptides to determine functional avidity,
10mer overlapping peptide sets were synthesized to cover the four bene-
ficial OLP and all detected responses were titrated. The SD50% was de-
termined for a comparable numbers of responses detected in controllers
(n= 21 responses) and non-controllers (n= 24 responses) and showed a
statistically significant difference between the two groups (median 3,448
ng/mlvs. 25,924 ng/ml, p = 0.0051, Figure 5A). This reduced avidity in
HIV non-controllers to beneficial OLP could possibly explain why HIV-
1 non-controllers did not control their in vivo viral replication despite
targeting these regions in some instances and with responses of compa-
rable magnitude as HIV controllers (278 SFC vs 305 SFC/10° PBMC,

® p=0.55, data not shown).

To more directly assess whether responses to beneficial OLP were of
particularly high functional avidity, regardless of HIV controller status,
we determined SD50% of responses to 17 optimal epitopes from benefi-
cial, neutral and non-beneficial OLP (Figure 5B). Median epitope-spe-
cific SD50% were determined from an average of 7 titrations per epitope
and compared to the OLP specific PR. A strongly significant, negative
association between the PR and the SD50% was noted (p=0.002, r=-
0.69), indicating that beneficial OLP are targeted by high-avidity re-
sponses. To control for inter-individual differences due to disease status
and viral load, we identified 10 individuals who targeted optimal epitopes
in beneficial and non-beneficial OLP and determined their functional
avidity. As in the cross-sectional analysis before, this matched compar-
isons showed in all cases a higher functional avidity for the epitopes lo-
cated in the beneficial OLP compared to the responses targeting non-
beneficial OLP (Figure 5C, p=0.0020). Lastly, to relate the higher func-
tional avidity to potential superior anti-viral effects in vivo, the abili-
ty to inhibit in vitro viral replication was assessed in three individuals
who mounted robust responses against both beneficial and non-benefi-
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cial OLP. The in vitro inhibition assay first developed by Yang et al [40],
was modified so that the NL4-3 based test virus contained a single nu-
cleotide mutation in Nef (M20A) that blocks the Nef-mediated down-
regulation of HLA class I molecules as well as two mutations in the in-
tegrase gene that mediate raltegravir-resistance to permit the suppres-
sion of potentially replicating autologous virus in the assay. Indeed, CTL
specific for the beneficial OLP(s) were up to 2 logs more effective inhib-
iting viral replication than CTL targeting non-beneficial OLP (Figure
5D), in line with recent data demonstrating different suppressive abili-
ty of HIV-1 specific CTL populations targeting Gag and Env-derived
epitopes [34]. Although the in vitro inhibition assays were limited to few
individuals with suitable response patterns, these data together with the
results from the extensive titration assays in Figure 5B and 5C indicate
that responses to beneficial OLP are of particularly high functional avid-
ity and inhibit in vitro viral replication more effectively than responses
to non-beneficial OLP. Of note, higher avidity responses to beneficial
OLP compared to non-beneficial OLP were seen in all 10 tested indi-
viduals, ruling out that inter-individual variability in viral loads, dura-
tion of infection and HIV disease status could have biased the analyses.

149

12/03/12 17:24 ‘



1 NEEE @® | I | [ 7

Rational Design and Testing of Novel HIV' T cell Immunogens

A
B o feigtls = 00051 10000 poe D020 re - Q&G
iﬁ. 1.0=10%"< e = L]
= 1.0=10% = |
ié 1Dt E} bk .t "
: £ 1omed | = H 2 .
= 10w . -
004
5 E 1.0w10°4 %é 1 L T
2 1m0 o -
c® 1.0 T 10 T 1
-1 ] 10 i1
Protective Ratio (PR)
=18} =t}
Cc D
thooon b 0020 1000000 !
= 10000
EE 1o00- LA
25 z
25 1004 E 10000
=
-E'E' E 104 =
Ed 14 / B 1004
[*%
0 —+ e "
OLF  nen oLP 0 B 10 cos

E : T rafio for E : T ey et
MEApOnSes i responses 0 non-
eanafical CLP  benaficial OLP

Figure 5 Responses to beneficial OLP are of higher functional avidity and suppress in vitro viral replica-
tion more effectively. (A) Responses to the four beneficial OLP located in HIV-1 clade B Gag p24 were re-
tested using a peptide set of 10mers overlapping by 9 residues. A total of 21 responses in HIV-1 controllers
and 24 responses in HIV-1 non-controllers were titrated and the SD50% compared between the two groups,
showing a significantly higher functional avidity in the controllers (p=0.0051, Mann Whitney). (B) Respons-
es to 17 different optimally defined CTL epitopes located in beneficial, neutral and non-beneficial OLP were
titrated in samples from 78 HIV infected individuals with variable viral load and disease status. The median
SD50% (ng/ml) was defined for each epitope and compared to the OLP-specific protective ratio (Spearman
Rank test, p=0.0020). (C) Ten individuals who mounted responses to well-defined optimal CTL epitopes lo-
cated in beneficial as well as in non-beneficial clade B OLP were identified and their responses titrated. The
SD50% for responses detected in the same individual were compared (Wilcoxon matched pairs test, p=0.0039).
(D) In-vitro viral replication inhibition assays [40] were performed using a Nef modified and raltegravir resis-
tant test virus and purified CTL effector populations from the same individual targeting beneficial and non-
beneficial OLP. One representative experiment of three assays conducted in different individuals is show. Lev-
els of Gag p24 were determined after 4 days of co-culture of effector cells and auologous CD4 T cells used as
target cells. Target cells were stimulated 3 days prior with dual-specific anti-CD3/8 mAb and infected at a
MOI of 0.1. The negative control contained wells with target cells only (“no CD8”).
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CONCLUSIONS

Defining functional correlates of HIV-1 immune control is critical to the design
of effective immunogens. T cell responses to specific HIV-1 proteins and pro-
tein-subunits have been associated before with relatively superior viral control
in vivo[14,16,41], but evidence from recent clinical trials suggests that includ-
ing maximal immunogen content into various vectors does not necessarily in-
duce more effective CTL responses [42,43]. In fact, it has been argued that the
existence of potential “decoy” epitopes may divert an effective CTL response to-
wards variable and possibly less effective targets in the viral genome [44]. Thus,
the definition of a minimal yet sufficient immunogen sequence that can elic-
it CTL responses in a broad HLA context is urgently needed. Thereby, focus-
ing vaccine responses on conserved regions could help induce responses towards
mutationally constrained targets and provide the basis for protection from het-
erologous viral challenge.

We present here the results of an extensive analysis that included more than
950 HIV-1 infected individuals with diverse HLA genotypes, from three dif-
terent continents and including clade B and C infections. In both, the analysis
in clade B in Lima and clade C in Durban, individual OLP were identified that
are predominantly targeted by individuals with reduced or elevated viral loads,
although the different size of the cohorts required different statistical approach-
es for their identification. In general, most of these OLP were among the more
frequent targets in the HIV proteome, possibly due to both, the need for sizable
responder groups to achieve statistical significance in the viral loads compari-
son as well as the high epitope density in these OLP. The identified OLP were
frequently located in HIV-1 Gag and Pol, but rarely in the more variable pro-
teins such as Envand Nef. With one exception, Nefand Env featured only non-
beneficial OLP, thus arguing against their inclusion, at least as full proteins, in a
CTL immunogen sequence [16]. In addition, in both cohorts, the Vif protein
yielded few, yet exclusively beneficial OLP, which may warrant a renewed look
at the inclusion of regulatory proteins in vaccine design [45,46]. Also common
to both clades, (and despite the wide scatter possibly due to the inclusion of less-
frequently targeted OLP), an negative correlation between sequence entropy
and PR was observed providing strong rationale for vaccine approaches that fo-
cus on conserved viral regions where T cell escape may be complicated by struc-
tural constrains [47]. This was particularly evident in the clade C cohort, where
even within the relatively conserved Gag protein, a lower entropy was seen for
the beneficial OLP compared to the remainder of the OLP spanning the pro-
tein. On the other hand, while beneficial and non-beneficial OLP showed a sig-
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nificant difference in their median entropy in the clade B cohort, this compari-
son was not significant in the clade C cohort. It is possible that the immunogen
sequence,designed in 2001, did not optimally cover the circulating viral popula-
tion in Durban throughout the enrollment period (until 2006),leading to missed
responses particularly in the more variable segments of the virus [48,49]. The
study may have thus failed to identify beneficial as well as non-beneficial OLP
in the more variable genes of HIV. This should have preferentially affected high-
ly variable OLP due to a more frequent mismatch between autologous viral se-
quence and in vitro test set in these regions. However, even if scoring as bene-
ficial OLP, such high-entropy OLP may from an immunogen-design point of
view be of less interest as they would possible contribute only little to protection
from heterologous viral challenge. It needs however also to be considered that
the OLP-specific entropy values are based on variable numbers of sequences in
the Los Alamos HIV database covering the different OLP, introducing poten-
tial further bias into these analyses, particularly for less covered proteins such as
vpu and other viral genes. Such differences between autologous viral sequences
and in vitro test sets may also have impacted the assessment of functional avid-
ities. These determinations included responses in the same individual towards
epitopes located in beneficial and non-beneficial OLP; with the former overall
being more conserved. Thus, the higher functional avidity towards epitopes lo-
& cated in beneficial OLP could be biased by the higher chance that these epitopes
matched the autologous viral sequence compared to epitopes located in non-
beneficial OLP and which may thus have induced a more robust, avid response.
Apart from covering autologous sequences, future studies will ideally also in-
clude comparable analyses in individuals identified and tested in acute infection
that go on to control the infection at undetectable levels of viral replication (i.e.
elite-controllers) so that the selective early emergence of responses to beneficial
OLP could be linked to relative control of viral replication in chronic infection.
As is, the identified beneficial responses may be particularly important to main-
tain low viral replication in chronic stages of infection, which in theory could be
different (for instance due to more accelerated intra-individual viral evolution
in variable genes) from responses determining viral set point during acute in-
tection. However, the existing HLA bias in such cohorts and the small number
of responses identified during earliest stages of infection may make such anal-
yses a formidable undertaking that will require large numbers of individuals to
be tested longitudinally.
A broadly applicable T cell immunogen sequence should include T cell tar-
gets restricted by a wide array of HLA class I alleles. Although broad represen-
tation of HLA-B alleles may be particularly important in this regard, emerging

152

‘ maqueta def-1.indd 152 @ 12/0312 17:24



1 TEEEE ®

maqueta def-1.indd 153

Chapter 2

data on the effects HLA-C alleles in these cohorts may warrant a broad HLA-
C representation as well [2,32,50]. In the present study, the 26 beneficial OLP
from Lima and the 22 beneficial OLP from Durban covered 26 described, opti-
mally defined CTL epitopes restricted by 20 different HLA alleles for the clade
B cohort and 33 epitopes presented by 34 alleles for the clade C cohort, respec-
tively [26]. As this is likely to be an underestimate of the true diversity in HLA
restriction (Table 2 and ref [51]), it is reasonable to predict that the inclusion
of identified beneficial OLP, or even a subset thereof, could evoke potential re-
sponses in a widely diverse HLA context. This could also provide the basis for
the induction of polyspecific T cell responses with increased breath, which the
present data clearly associates with progressively lower viral loads and which
emerge as a potentially important parameter from several recent vaccine studies
showing superior protection from SIV challenge in animals with a broad vac-
cine induced responses to Gag p17 [52,53].

Recent studies have suggested a global adaptation of HIV-1 to its various
host ethnicities [4,28]. The consequence of such adaptation hasled in some cas-
es to the elimination of protective CTL targets, causing a profound absence of
responses to these epitopes and detrimentally changing the association between
HLA allele and HIV-1 disease outcome [4]. It is thus not surprising that the
two main cohorts tested here yielded only partially overlapping sets of benefi-
cial OLP as the impact of host genetics and viral evolution in the studied popu-
lations cannot readily be overcome. In fact, given studies by Frahm et al [4], the
past and current adaptation of HIV-1 to common HLA class I alleles will likely
still call for somewhat population tailored vaccine approaches, especially if the
immunogen sequences should be kept short to avoid regions of potentially re-
duced immunological value [44]. Such approaches will also profit from more
extensive structural analyses that may identify specific domains of viral proteins
that are or are not enriched in valuable T cell targets; of which the latter could
possibly be ignored for the design of T cell immunogen sequences. Addition-
al analyses in other genetically unrelated cohorts of HIV-1 infected individuals
and studies in SIV infection may further help to guide such selective immuno-
gen design and to understand the factors defining the effectiveness of different
epitopes in mediating relative HIV-1 control. Of note, the beneficial OLP iden-
tified here, 24 in clade B and 22 in clade C infection matched other immuno-
gen design based on conserved elements in some parts as well, i.e. of the 14 con-
served elements proposed by Hanke et al, eight (57%) overlapped at least part-
ly with beneficial OLP identified here [54]. Similarly, among the highly con-
served elements proposed by Rolland et al [44],35% (5/14) were covered by our
beneficial OLP in clade B infection. These differences possibly emerge because
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the present analysis is based on functional T cell data rather than viral sequence
alignments, which may not take into consideration epitope density and process-
ing preferences of certain regions. Nevertheless, the partial overlap with these
other immunogen design support the focus on conserved regions and offers the
opportunity for alternative or combined vaccine approach that elicit respons-
es to regions where the virus is and possibly remains vulnerable [4,28,47,55].
Finally, we used the extensive data set available to approach the question of
relative effects of host genetics (i.e. HLA) and CTL specificity on HIV-1 con-
trol. While the two factors cannot be entirely disentangled, our data suggest that
CTL specificity has an at least equal if not stronger effect on viral control than
HLA class I allele expression. These findings are also in line with data by Mothe
et al [56] showing that targeting key regions in p24 surrounding the dominant
epitopes restricted by known protective alleles (KK10 for HLA-B27 and TW10
for HLA-B57/58) in HLA-B27,-57 or B58 negative individuals is associated
with significantly reduced viral loads. In addition, the presence of individuals
not expressing known beneficial alleles in HIV-1 elite controller cohorts [57],
turther indicates that HIV-1 control is not necessarily bound to a few specific
HLA class I alleles. A detailed study of the total HIV-1-specific CTL response
of subjects not expressing these alleles yet effectively controlling HIV-1 can be
expected to provide further and crucially needed insight into the importance
& of targeting specific (conserved) regions of the viral genome for HIV-1 con-
trol. Similarly, the characterization of functional attributes of these responses,
including functional avidity and the ability to suppress iz vitro viral replication
will need to be further assessed in such individuals. Building on experimentally
derived and potentially promising immunogen sequences as defined here may
thus provide a suitable basis for further immunogen design and iterative clini-
cal trials in the human setting.
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ABSTRACT

Cytotoxic T lymphocyte (CTL) responses targeting specific HIV proteins, in
particular Gag, have been associated with relative control of viral replication in
vivo. However, Gag-specific CTL can also be detected in individuals who do not
control their virus and it remains thus unclear how Gag-specific CTL may me-
diate their beneficial effects in some individuals but not in others. Here, we used
a 10mer peptide set spanning HIV Gag-p24 to determine immunogen-specific
T-cell responses and to assess functional properties including functional avid-
ity and cross-reactivity in 25 HIV-1 controllers and 25 non-controllers with-
out protective HLA class I alleles. Our data challenge the common believe that
Gag-specific T cell responses dominate the virus-specific immunity exclusively
in HIV-1 controllers as both groups mounted responses of comparable breadths
and magnitudes against the p24 sequence. However, responses in controllers re-
acted to lower antigen concentrations and recognized more epitope variants than
responses in non-controllers. These cross-sectional data, largely independent of
particular HLA genetics and generated using direct ex-vivo samples thus iden-
tify T cell responses of high functional avidity and with broad variant reactivity
as potential functional immune correlates of relative HIV control.
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INTRODUCTION

Several studies in cohorts of clade B and clade C-infected individuals have shown
that cytotoxic T-cell (CTL) responses against HIV-1 Gag correlate with relative
control of HIV-1[1,2,3,4]. The rapid re-presentation of epitopes derived from
the Gag proteins contained in the infecting viral particles and structural con-
straints of the Gag protein that complicate CTL escape have been suggested as
possible mechanisms that lend Gag-specific CTL responses this superior effec-
tiveness in controlling HIV-1 [5,6]. However, in all studies reporting beneficial
effects of Gag-specific responses, some HIV-1-infected non-controllers mount
detectable responses against Gag as well, raising the question as to why these in-
dividuals are unable to control their viral replication. A possible answer to this
question is that functional characteristics [7,8,9], including functional avidity
and variant cross-reactivity are distorted in the CTL population in HIV non-
controllers. However, some of these characteristics may not be captured reliably
when using some standard in vitro antigen test sets and assay systems [10,11].

In the present study, we analyzed HIV Gag-p24 specific T cell responses in
HIV-1 controllers and non-controllers using 18mer and 10mer peptide sets to
compare relative response rates using either longer or shorter test peptides and
to determine the functional avidity of these responses as well as their ability to
react with naturally occurring sequence variants. Furthermore, the data also al-
lowed to assess whether the most conserved regions within p24 are differential-
ly targeted by HIV-1 controllers and non-controllers in order to provide in vi-
tro relevance for vaccine approaches focusing on such conserved elements (CE)
in the viral genome [12,13].

Although responses to Gag p24 were of comparable breadth and magnitude
in HIV-1 controllers and non-controllers when using the 10mer peptide set,
significantly higher avidity responses were seen in controllers, who also showed
broader epitope variant cross-reactivity than non-controllers. The data suggest
that the maintenance of high avidity responses with broad variant recognition
potential is a potential hallmark of controlled HIV-1 infection; a finding that
may have important implications in the development of preventative as well as
therapeutic vaccine strategies.
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RESULTS

Gag p24 specific T cell responses in controllers and non-controllers are sig-
nificantly increased when using 10mer peptides sets. Chronically HIV-1 in-
fected individuals with controlled HIV infection (n=25; median viral load 810
RNA copies/mland median CD4 cell count 642 cells/mm?) and non-controlled
viral replication (n=25; viral load median viral load 200,000 RNA copies/ml
and median CD4 cell counts 98 cells/mm?®) were recruited from the HIV Unit
in Hospital Germans Trias i Pujol, Badalona, Spain. The study was approved by
the Institutional Review Board of the Hospital Germans Trias i Pujol and all
individuals provided written informed consent. Median age of individuals was
slightly higher for the non-controllers group compared to controllers (44 years-
old (24-55) vs 38 years-old (26-56), p=0.04) but individuals did not significant-
ly differ in time since HIV diagnosis (p=0.07) (Table 1). The participants were
mostly of Caucasian ethnicity (79% Caucasian, 17% Hispanic, 2% African and
2% Asian) and the ethnic origin did not differ between the two groups. HLA di-
versity was heterogeneous in both groups and individuals expressing HLA-B27,
HLA-B57, or HLA-B58 were intentionally excluded from the cohort to avoid
bias due to the presence of dominant Gag p24 CTL epitopes restricted by these
alleles and to overcome the limitations of past studies in which these alleles were
® highly over-represented (Table S1).

In a first step, the distribution of total HIV-1-specific T-cell responses us-
ing a 18mer overlapping peptide (OLP) set covering the full HIV-1 proteome
was assessed in the 50 individuals included. The majority of responses were di-
rected against OLP located in the HIV-1 Gag, Pol and Nef proteins with a rela-
tive dominance of Gag/p24 in HIV-1 controllers (p=0.0336 for Gag, p=0.0486
for Gag p24), These data confirmed the expected distribution of responses from
earlier reports in HIV-1 controllers even though the present cohort was smaller
and did not include individuals expressing known protective HLA class I alle-
les [4,14]. Of note, the peptide concentrations used were relatively high (14ug/
ml), and in our hands saturating [15], to avoid missing responses due to subop-
timal peptide concentrations.

To increase the sensitivity of the assay and to discern potential functional dif-
terences of Gag responses in non-controllers unable to mediate relative viral con-
trol in these subjects, all individuals were tested against a set of 223 10mer pep-
tides (overlapping by 9 residues) spanning the group M Center-of-Tree (COT-
M) Gag p24 sequence (Figure S1). Significantly more responses were identi-
fied by using the 10mers in both groups (Figure 1A,B; p=0.0002 for controllers,
p=0.0006 non-controllers). 20 of the 25 individuals in each group showed an in-
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crease in the detected responses with the 10mer test set; while only 3 had equiv-
alent breadth and 2 individuals in each group had one response less compared to
the 18mer peptides. Controllers and non-controllers showed a 2-3-fold increase
of their responses which abolished the broader response rates seen in controllers
when using the 18mer peptides (p=0.4260). Responses detected with the 10mer
peptide set were of comparable magnitude in the two groups, both in terms of to-
tal magnitude (median 4,250 vs. 2,600 SFC/10° PBMC in controllers and non-
controllers, respectively; p=0.6004, Figure 1C) and the average magnitude of in-
dividual responses (median 614 vs.657 SFC/10°PBMC, p=0.9178, Figure 1D).

maqueta def-1.indd 165

C (n=25) NC {n=25) P value
Age, years | 38 (26.2-557) 445 (243-548) 0.04
Time since HIV-1 diagnosis (years) : 9.3(3.5-26.3) . 15.2(1.5-23.3) . 0.07
Gender (Female/Male} . F 40%./M 80°%% . F 40%/M 80%
HIV risk group
Het&rosexual’. B (24%) : 10 (40%) . 0.36
Men who have sex with men® | 8 (32%) : 4 [ 18%) - 0.32
Injecting drug users « | T (28%) . 9 (35%) “D.?B
Other® : 4 {16%) . 2 (8%) 0.66
Last GD4+ T cell counts (cells/mm*) : 542 (434-1114) l 98 (11-351) . <0.004
% CD4 cells . 32 (16-50) . 9 {1-27) - =100
Last HMN-1 RMA levels (copies/ml) . 810 (UD"-10,000) . 200,000 (52 000-1, 200,000 “<D.D:}1
HLA alleles representation
HLA-4 (n=24 alleles) . 20 alleles . 15 alleles
HLA-B in=34 alleles) i 27 alleles . 17 alleles
HLA-C (n=20gllgles) . 17 alleles . 15 alleles

2 Data are expressed as median (min-max range). n, (%), ¢ UD: undetectable viremia (<49 copies/ml)
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Figure 1.Increased detection of Gag p24 specific responses using a 10mer peptide set. IFN-XELISpot re-
sponses against Gag p24 elicited either by consensus B overlapping 18mer or COT-M 10mer peptide sets in
25 HIV-1 controllers (A) and 25 HIV-1 non-controllers (B) P-values reflect the increase in median breadth
of responses when using 10mer peptide sets instead the 18mer peptides (two-tailed Wilcoxon matched paired
test). Total magnitude of responses (C) and average magnitude of responses (D) to COT-M Gag p24 10mer
peptides are shown for 25 controllers and 25 non-controllers, respectively. Lines represent median values and
indicated p values are based on Mann-Whitney t-tests.

These results demonstrate that Gag p24 specific responses are readily de-
tectable in HIV-1 non-controllers when using a sensitive 10mer peptide set and
that they are unlikely to represent spurious, nonspecific reactivities. The data also
show that using 18mer peptides may potentially miss up to 2/3 of responses, al
least in some of the HIV non-controllers and the antigen (i.e. p24) tested here.

Responses in HIV-1 controllers are of higher functional avidity than in
non-controllers and mediate better variant recognition. Data from animal
studies and our own analyses in HCV infection suggest that T cell responses of
high functional avidity are superior in mediating viral control [3,16,17,18]. We
thus tested whether HIV-1 controllers and non-controllers differed in the over-

166

maqueta def-1.indd 166 @ 1200312 17:24



1 TEEEE ®

maqueta def-1.indd 167

Chapter 3

all functional avidity of their responses. Based on cell availability, the function-
al avidity was determined for a total of 474 individual positive responses (219
in controllers and 255 in non-controllers). Controllers indeed showed respons-
es of higher functional avidity (median 6,110 ng/ml, range 0.05-7.6x107) com-
pared to non-controllers (median of 13,548 ng/ml, range 0.64-4x107% p=0.0101,
Figure 2A). This difference was more pronounced when the analyses was lim-
ited to the 52 10mer-specific responses that were titrated in both groups (6,998
ng/ml vs. 46,637 ng/ml, respectively; p=0.0173, Figure 2B) While it is possi-
ble that even within one 10mer peptide more than one epitope could be located
(i.e. 9mer optimal epitopes) and that 10mer responses could be due to presenta-
tion of different epitopes on different HLA alleles, the HLA representation be-
tween controllers and non-controllers was similar (particularly because HLA-
B57,58, B27 expressing individuals were excluded). Therefore, it is likely that
the same epitope in the same HLA context was being targeted in most of the
cases included in the matched analysis and that differential allele-effects would
not have impacted the comparison between the two groups.

As high avidity responses may be more prone to react with sequence variants
in their cognate epitopes, they may provide a crucial advantage in the control of
highly variable pathogens such as HIV and HCV [7,17]. To address whether
high avidity responses in HIV controllers would indeed react with more epitope
variants, naturally occurring sequence variants were tested for cross-recognition
inall 50 subjects using a set of 88 additional 10mer peptide variants. The median
number of responses to these 88 variants was 2-fold greater in controllers (medi-
an of 4 responses; range 2-9) than in HIV-1 non-controllers (median 2 respons-
es,range 0-16,p=0.0236, Figure 2C).In particular, controllers showed responses
to both the wild-type and variant peptides in half of the cases where a COT-M
and a variant peptide was tested (50%) while only 31% in HIV-1 non-control-
lers reacted to variants (Figure 2D). While this did not reach statistical signifi-
cance, controllers reacted with significantly more variant peptides for which the
COT-M sequence did not elicit a response (median of 2 additional responses by
inclusion of variants, range 0-7) than the non-controllers (median 1, range 0-5;
p=0.0351; Figure 2E). The average magnitude of the variant-specific respons-
es was comparable between controllers (median of 742 SFC/10°PBMC, range
90-3,073) and non-controllers (median 473 SFC/10°PBMC, range 60-2,707;
p=0.5605,data not shown) indicating that cross-reactive responses in HIV non-
controllers were robust, when pres

167

12/03/12 17:24 ‘



1 NEEE @® | I | [ 7

Rational Design and Testing of Novel HIV' T cell Immunogens

a b
pell Bl
o s peiiil
w -
agi .
ward S
[

E
- -
«

=4 lIIIIIIII

L

r

]

55558

Fmmmiwia gwifity SO ageesiy
o @ i peenan LIvEE]
i&3
Functional widity SDMFS. | ngimi]
RN O i P g | T

1]
= I

e ] et Jeletllf
EEEE aaaa

g ¥

= &
R

W REOnEES [ b chasl [BesdThi)
L
L
"
e rmdcierd wariants
L

Y i
& - T
4 i Ll & &
Ty (1] H
i
. Lo L] EEE
L - —r T o
Carmeaiers (il wn) [ R T [ k1§ - T
LR e By
- L]
= 1 = AT
- L] 5 o I I
L L L] 5 E - P
i LR L L] e
i ... L L L aEmEREE i i L
= - = et
Ly L [T
- L L -t
o Frmawml cpuprumas in £ Dasrm) cenpreenes = W5 S iy W Y Lu= vty

Figure 2. High avidity responses are enriched in HIV-1 controllers and mediate superior variant recog-
nition. (A) Comparison of functional avidity of all COT-M Gag p24 responses titrated in controllers (n=219
responses) vs. non-controllers (n=255 responses) (B) Comparison of functional avidities limited to respons-
es targeting the same 10mer OLP in the two groups (n=52 responses, Wilcoxon). In (C) the total breadth
(number) of the response to the tested COT-M Gag p24 variant peptides (n=88) is indicated for controllers
and non-controllers. (D) Shows the percentage of variant peptides that were reactive when the COT-M se-
quence elicited a response (“cross-reactive responses”) and (E) indicates responses to variant peptides for which
the COT-M sequence did not elicit a response (“gained responses”). The association between functional avid-
ity and cross-reactivity is shown in (F) where responses with functional avidities in either the first quartile of
all titrated responses (SD50% < 1,401ng/ml) or the second or third quartile (SD50% 1,401-71,594ng/ml) or
the fourth quartile (SD50% > 71,594ng/ml) were defined as “high”, “intermediate”and low” avidity responses.

'The percentage of variants that elicited a response was compared between the three groups (Fishers Exact Test).
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In order to directly test whether functional avidity was related to the ability
to recognize peptide variants, titrated responses were grouped into high, inter-
mediate and low avidity responses and their variant recognition potentials were
compared. Indeed, responses with functional avidities in the first quartile of all
titrated responses (SD50% <1,401ng/ml) showed cross-reactivity with their var-
iants in 67% of all cases, whereas fewer (48% and 33%) responses of intermedi-
ate or low functional avidity were cross-reactive with their variants, respectively
(Figure 2F). Collectively, the data demonstrate that high avidity responses were
more prevalent in HIV-1 controllers and that these responses mediate superior
variant recognition than responses of low functional avidity.

Conserved regions in Gag p24, containing HLA-B14, -B27 and B57 re-
stricted, protective CTL epitopes are frequently targeted by HIV-1 control-
lers that do not express protective HLA alleles.

The high degree of sequence conservation in HIV Gag p24 makes this pro-
tein an interesting vaccine component and many vaccine immunogen designs in-
deed include Gag p24[12,19,20]. A recently developed immunogen sequence is
based on a strong focus on the most conserved elements (CE) within Gag p24,
excluding variable segments that could contain potential decoy epitopes that
may divert the host T cell response towards less valuable targets [13]. These CE
were defined as sequence stretches of at least 12 amino acids in length that con-
tain only amino acids residues with at least 98% sequence conservation across
all available independent group M sequences [13]. Gag p24 contains 7 of such
CE segments, ranging from 12 to 24 amino acids in length and corresponding
to a total of 124 residues (Figure S1). To validate this immunnogen concept, we
stratified the T cell data from the 50 controllers and non-controllers based on
the location of the targeted 10mer, i.e. whether they were located within or out-
side of these conserved elements. Both groups showed comparable breadth and
magnitudes of total CE-specific responses (Figure 3A). Also, controllers react-
ed with significantly more epitope variants located in CE regions than non-con-
trollers (median of 2 responses in controllers vs. 1 response in non-controllers,
p=0.0145,data not shown). Of note, these differences were not due to a subopti-
mal match between test peptide sequences and autologous viral HIV-1 sequenc-
es in the non-controllers as their dominant autologous p24 sequence was in all
cases clade B and mostly (99%) represented by the test peptides (Figure S2).

Of interest, there were three CE that were recognized by at least 50% more
controllers compared to non-controllers (referred to as CE #4, #5,#6), suggest-
ing that these may be preferential targets in HIV-1 controllers (Figure 3B). In
tact, HIV-1 controllers mounted significantly more responses to at least one of

these three CE than did non-controllers (p=0.0006; Figure 3C) and showed a
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trend towards these being responses of higher functional avidity, even though
only a fraction of the overall data points were included in this comparison (me-
dian 7,189 ng/ml, range 0.99-2.5x107vs. median of 17,058 ng/ml, range 16.28-
2.62x107; p=0.0666,data not shown). In addition, the total magnitude of the re-
sponses to CE #4+5+6 showed a statistically significant correlation with HIV-
1 viralload (r=-0.5, p=0.0002 by Spearman’s rank, Figure 3D) across all 50 sub-
jects, suggesting that stronger responses to these three regions may mediate bet-
ter control of viral replication.

Interestingly, these 3 regions included the well-characterized HLA-B57 re-
stricted TW10 epitope (in CE #4), the HLA-B27 restricted KK10 epitope (in
CE #5), and the HLA-B14 restricted DA9 epitope (in CE #6), all of which
have been previously associated with containment of in vivo HIV-1 replica-
tion [21,22,23,24]. However, as the cohort did not contain any HLA-B57+ and
-B27+ individuals and only 2 subjects expressed HLA-B14, the data indicate
that mounting responses to these regions is effective even if these protective re-
sponses are being restricted by HLA class I molecules different from the origi-
nally described restricting HLA molecules [25,26]. Indeed, the HLA class I al-
lele representation of CE #4, #5 or #6 responders was heterogeneous and not
limited to individuals with a few shared HLA alleles (Table S1) indicating that
the CE regions represent a very rich set of epitopes that are not being blocked

& from presentation in natural chronic infection and that are able to be recognized
in a wide HLA class I context.

DISCUSSION

Together, our data strongly suggest that the presence of responses of high func-
tional avidity and with broad variant recognition ability is a potential hallmark of
controlled HIV-1 infection. To the best of our knowledge, this is the first dem-
onstration of a direct link between high avidity T cell responses, broad variant
recognition and in vivo HIV-1 control using ex-vivo blood samples from a co-
hort with largely unbiased HLA genotypes. Our data also support that standard
approaches using 15-20mer overlapping peptides underestimate the breadth of
responses to HIV Gag p24 significantly. While similar findings have been re-
ported in earlier studies, none has addressed this in a systematic way and includ-
ing a comparably extensive avidity determination as in the present study. More
importantly though, since HIV non-controllers profited the most from using a
more sensitive peptide set, the data have also important implication for our un-
derstanding of HIV immunopathogenesis and vaccine immunogen design: It is
not that HIV-1 non-controllers would not mount Gag-specific T-cell respons-
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es; rather, they may have either induced low-avidity responses during acute in-
tection or induced originally high functional avidity responses that were lost over
the course of HIV-1 infection. This latter interpretation would be in line with re-
sults from longitudinal analyses in individuals followed from acute infection time
points [27,28]. Although these analyses were based on fewer individuals and in-
cluded many donors expressing HLA-B27 and -B57 alleles, clonal exhaustion
of high avidity cells in the course of chronic HIV replication is certainly a pos-
sible explanation why the HIV non-controllers in our study showed responses
of reduced functional avidity. On the other hand, it is interesting to note that in
arecent report by Berger et al, high avidity responses were not only not restored
upon HAART initiation but were actually further diminished [7], suggesting
that possibly other factors than duration and extend of antigenimia impact the
measurable avidity of an epitope-specific T cell populatio

The wide spread and overlap in the avidity measurements between respons-
es among the two groups is probably the biggest challenge for this kind of study
to conclusively demonstrate its potential biological significance. Quite likely,
inter-epitope and inter-individual differences hamper a clearer observation. In
addition, given that different effector functions are subject to variable activa-
tion thresholds [29], the inclusion of additional in vitro read-outs could pos-
sibly provide a larger discrimination in the minimal antigen amounts required
for responses in HIV controllers and non-controllers. Indeed, as limited effec-
tor functions have been previously described for HIV-1 non-controllers, one
would expect additional reactivities to occur preferentially in the controllers
group. Despite the limitation of assessing a single effector function (IFNK re-
lease) though, our findings are supported by a number of previous studies in an-
imal models and in HIV and HCV infection that have assessed the relation-
ship between virus control/clearance, functional avidity and variant recognition
[17,30,31,32,33,34,35,36,37]. Moreover, none of earlier studies in humans has
been based on the extensive number responses analyzed here (close to 500 titrat-
ed responses) and most used either iz vitro expanded short-term T cell lines or T
cell clones [17,32]. While analyzing the functional avidity in clonal T cell popu-
lations allows eliminating some of the inherent heterogeneity faced in cross-sec-
tional, directly ex-vivo studies, the iz vitro selection and expansion of epitope-
specific clones may be biasing results too, as shown for HCV specific respons-
es where short-term culture consistently increased the functional avidity com-
pared to directly ex-vivo isolated cells [17]. On the other hand, our data may be
limited by the use of 10mers instead of optimal epitopes for the determination of
functional avidity. However, many optimally defined epitopes in Gag are 10mers
and, it has frequently been shown that 9 and 10mers can have similar SD50%.
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Figure 3. CE containing HLA-B14,-B27 and B57 restricted, protective CTL epitopes are predominant-
ly targeted by HIV-1 controllers. (A) The total magnitude of responses to CE regions is compared between
HIV controllers and non-controllers. (B) The frequency of recognition of the 7 different CE is shown for 25
HIV-1 controllers (C) and 25 non-controllers (NC), respectively. CE regions targeted by at least 50% more
controllers than non-controllers are boxed and p-values indicated (T test). (C) Breadth of responses to the
combination of CE 4+5+6 regions in controllers vs. non-controllers is shown. Horizontal lines represent me-
dian values and Mann-Whitney t-test p value is shown. (D) Correlation between the cumulative magnitude

of responses to CE 4+5+6 and HIV viral loads in all 50 tested individuals is shown (Spearman’s rank test)

In fact, in many cases, the definition of optimal epitopes is more driven
by the shorter length of 9mers rather than a substantially lower SD50% [26],
suggesting that the 10mer approach used here is an acceptable approxima-
tion to avoid biases or missing responses by alternative optimal epitope or
9-mer approaches.

In order to control for some of the heterogeneity in our data set, we also
compared SD50% between matched responses targeting the same 10mer pep-
tide in the controller and non-controller group. This indeed enhanced the oth-
erwise modest differences in SD50% between the two groups considerably
and was statistically significant despite the much smaller number of respons-
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es analyzed. The limited difference in SD50% for the overall analysis may also
be due to variable activation thresholds for specific CTL effector functions
[29]. As such, the observed difference in the SD50% necessary for IFNy re-
lease may not be directly relevant for the improved viral control in vivo but
may still reflect a more avid and thus more effective interaction between the
CTL and the antigen-presenting cell, regardless of the ensuing cascade of ef-
fector function(s).

As mentioned above, high functional avidity may also render CTL more
prone to immune senescence or clonal exhaustion, particularly in individuals
with suboptimal control of viral replication. The data from cleared and chronic
HCYV infection support this idea as only HCV clearers seem to maintain re-
sponses of high functional avidity in the absence of possible sources of resid-
ual antigen [17]. Thus, while high avidity responses may win out during the
induction phase of the virus-specific T cell response, these cells may be pref-
erentially lost over time if viral antigenemia cannot be controlled sufficient-
ly well [28,38]. Whether such losses of high avidity responses correspond to
changes in the clonal composition of the CD8 T cell response or to a grad-
ual decrease in their functional avidity due to altered cell reactivity/signal-
ing needs to be further addressed in different clinical settings, as the existing
data discussing the ‘cause/effect’ quandary are conflicting and generally lim-
ited to responses restricted by few selected HLA alleles [28,32,39,40,41,42].

Further studies will ideally also include other highly conserved regions
in the viral genome outside Gag p24, which may serve as additional compo-
nents of vaccine immunogens. Such extended analyses would also increase
the number of responses per individual, which in the present study is rela-
tively small given that only a short segment of the entire viral proteome was
analyzed. Despite this focus on p24, our comparisons reached statistical sig-
nificance and compared well to the breadth of responses reported in earli-
er studies looking at responses to the entire HIV proteome or optimally de-
fined HIV CTL epitopes [4,14,15,25]. Together with the results here, these
earlier analyses also provide support that the detected responses are general-
ly CD8 T-cell mediated, particularly when testing short 10mer peptides and
that they are HIV-specific since testing with even optimally defined short
HIV-derived CTL epitopes did not readily elicit responses in HIV negative
individuals [15,25].

Given these considerations, our study suggests that HIV-1 controllers
mount ex-vivo responses of significantly higher functional avidity than HIV-
1 non-controllers. Since the high avidity responses were also more apt to react
with epitope variants, their induction by a future HIV-1 vaccine may be cru-
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cial to prevent rapid viral escape from the vaccine induced immune response.
Finally, as the data presented here confirm findings in HCV infection, they
strongly suggest that the ability to maintain T cell responses of high function-
al avidity is a more general hallmark of effective immune control of infections

with highly variable pathogens.
MATERIALS AND METHODS

Synthetic peptides set: An overlapping peptide set of 223 peptides of
10 amino acids in length (overlapping by 9 residues) spanning the entire
group M Center-of-Tree (COT-M) Gag p24 sequence was synthesized
using 9-Fluorenylmethyloxycarbonyl (Fmoc)- chemistry. Additional 88
10-mer peptides were generated to cover the most frequently occurring
variants in the 7 most conserved (CE) regions. We also included a pre-
viously described overlapping peptide (410 18mers OLP) set spanning
the entire viral proteome [4,14] based on the 2001 consensus-B sequence
(http://hiv-web.lanl.gov/content/hiv-db/CONSENSUS/M_GROUP/
Consensus.html). Peptides were 18mers varying from 15-20 amino acids
in length and overlapping by 10 amino acids, designed using the Pept-
Gen algorithm at the Los Alamos HIV database (http://www.hiv.lanl.
® gov/content/sequence/ PEPTGEN/peptgen.html).

IFN-y ELISpot assay: PBMC were separated from whole blood
within 4h of venopuncture and used directly for the IFN-y ELISpot.
Each COT-M Gag p24 peptide was tested individually and added at a
final concentration of 14pg/ml. For all assays, between 75,000 — 100,000
PBMC per well were added in 140ul of R10 96-well polyvinylidene
plates (Millipore, Bedford, MA). The IFN-y Mabtech kit was used fol-
lowing manufacturer instructions. In parallel, CTL responses to the
clade B full proteome were assessed using the 18mer peptide setin a pre-
viously described optimized peptide matrix, followed by deconvolution
of reactive pools and reconfirmation of each response at a single pep-
tide level on the following day and tested at the same concentration of
14 pg/ml [14]. The number of spots was counted using a “CTL ELIS-
pot Reader Unit” and the magnitude of responses was expressed as spot
forming cells (SFC) per million input cells. The threshold for positive
responses was defined as at least 5 spots per well and responses exceeding
the “mean number of spots in negative control wells plus 3 standard de-
viations of the negative control wells” and “three times the mean of neg-
ative control wells”, whichever was higher. As a conservative approach
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and not to overestimate the breadth of responses, positive responses to
3 consecutive 10mers in the COT-M Gag p24 peptide set were counted
as 1 unique response. Similarly, reactivity to 2 consecutive 18mer OLP
was counted as 1 response. The highest magnitude of the sequential re-
sponses was taken as the magnitude for each identified response.

Determination of functional avidity: The functional avidity of re-
sponses was determined by performing serial 10-fold limiting peptide
dilutions ranging from 100pg/ml to 10pg/ml using the 10 mer peptide
set; in duplicate whenever enough PBMC were available. Half-maxi-
mal stimulatory antigen doses (SD50%) were calculated as the peptide
concentration needed to achieve a half-maximal number of spots in the
ELISpot assay calculated by a sigmoidal dose response curve fit using
GraphPad Prism4.

Gag p24 sequencing: Viral RNA was extracted from 1 millilitre of
plasma spun at 25000 rpm for 1 hour (QIAamp Viral RNA Kit™, QI-
AGEN, Valencia, CA). The whole Gag region was reverse-transcribed
and amplified in a One-Step reaction (SuperScript” III One-Step RT-
PCR System with Platinum® Taq High Fidelity, Invitrogen, Carlsbad,
CA) under the following conditions: 30 min at 52°C for the reverse tran-
scription step; 2 min at 94°C; followed by 35 cycles at 94°C during 30
sec, 58°C during 30 sec and 68°C during 2 min; followed by a final exten-
sion step at 68°C during 5 min. Primers used for the RT-PCR were: Gag
U761 (HXB2:761-778) 5’-TTT GAC TAG CGG AGG CTA G-3’and
Gag D2397 (HXB2: 2397-2376) 5-CCC CTATCATTT TTG GTT
TCC A-3’. One microliter of the RT-PCR product was subsequent-
ly used as a template for a nested PCR (Platinum® Taq DNA Polymera-
se High Fidelity, Invitrogen, Carlsbad, CA), using primers p24 U1070
(HXB2:1070-1088) 5’-TAA AAG ACA CCA AGG AAG CT and p24
D2063 (HXB2:2063-2044) 5’-TCT TTC ATT TGG TGT CCT TC-
3’. PCR cycling conditions were: 2 min at 94°C; followed by 35 cycles at
94°C during 30 sec, 54°C during 30 sec and 68°C during 2 min; followed
by a final extension step at 68°C during 5 min. The final PCR products
were column-purified (QIAquick PCR Purification Kit, QIAGEN, Va-
lencia, CA) and sequenced bidirectionally. Sequences were assembled
using Sequencher” 4.10.1 (Genecodes Corp. MI). Assembled sequenc-
es were codon-aligned using the Hidden Markov Model implemented
in the HIValign tool (www.lanl.hiv.gov). Autologous Gag p24 bulk se-
quences were obtained for 22 of the 25 HIV-1 non-controllers included
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in our study. Sequences were submitted to Genbank; accession numbers

BCN-NC-1.sqn BCN-NC-1 JQ246370-246391.
Statistical analyses

All values are presented as median values unless otherwise stated.
GraphPad Prism version 4.0 for Windows (San Diego, CA) was used to
compare response rates in both groups and subgroup analyses. Mann-
Whitney test and Wilcoxon matched paired test were used for unpaired
and paired comparisons, respectively. Spearman rank correlation was
used to assess association.

176

‘ maqueta def-1.indd 176 @ 1200312 17:24



1 TEEEE @® | I | [ 7

Chapter 3
Table S1. HLA genotypes of the 25 controllers and 25 non-controllers tested
Gates ID HLA-A1 HLA-A2 HLA-B1 HLA-B2 HLA-C1 HLA-C2
c 3001 3601 4201 4201 17MN  17MN
c2 0201 0205 0702 1402 0702 0802
c3 0101 3001 1302 3503 0602 1203
Cc-4 0205 3201 5001 5201 0602 1202
c5 1101 2402 4403 5201 1202 1601
C-6 2402 3201 3503 4002 202 1203
c7 3002 6802 1501 5301 0202 0401
c-8 0201 2402 1401 1402 0802 0802
c9 0201 3301 1402 3801 0802 1203
c-10 0101 2402 1517 5101 0102 0701
c-11 0201 0201 1402 3924 0701 0802
c12 1101 2402 3501 5201 0401 1202
c-13 0101 6802 1402 3502 0401 0802
c-14 0101 6901 0801 5501 0102 0701
Cc-15 0202 3002 1516 4403 0401 1402
c-16 3201 3303 1510 4002 0202 0304
C-17 2402 6601 1801 5107 0701 1402
c-18 0201 6801 1501 5101 0304 1502
c-19 1101 3303 3501 5301 0401 0401
c-20 0201 3201 1302 1501 0303 0602
c-21 0211 2601 4402 5202 1502 1502
c-22 0301 1101 0702 5201 0702 1202
c-23 1101 2402 0702 5101 0702 1502
c-24 0301 1101 1301 5501 0102 0403
c-25 0201 2501 3901 4402 0501 1203
NC-1 0201 0301 0702 1801 0702 1205
NC2 0201 0301 1801 3501 0401 0701
NC-3 0201 0201 3502 4101 0401  17MN
NC-4 2402 2402 4501 5101 1402 1601
NC-5 2301 2402 4402 4405 0202 0501
NC-6 2002 6801 1801 4501 0501 0602
NC-7 1101 2601 0801 4403 0202 0701
NC-8 0101 2601 3503 3701 0602 1203
NC9 2601 2902 3801 4403 1203 1601
NC-10 1101 3002 1801 3503 0401 0501
NC-11 0201 0205 1801 4402 0202 0501
NC-12 2601 3201 1401 3503 0401 0802
NC-13 3201  74AB 1401 5001 0602 0802
NC-14 0201 2902 3503 4403 1203 1601
NC-15 0201 0201 1503 4402 0202 0501
NC-16 0301 2501 1801 3801 1203 1203
NC-17 0101 0201 1801 4403 0701 1601
NC-18 0205 3002 1801 3502 0401 0501
NC-19 0201 0301 0702 4402 0501 0702
NC-20 0201 0301 0702 3801 1203 1203
NC-21 0201 0301 0702 1801 0501 0702
NC-22 0201 2402 1801 3701 0501 0602
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Figure §$1. COT-M Gag-p24 sequence and location of CE segments. The Center-of-tree (COT)
M sequence is indicated for entire Gag p24. The location of known optimally-defined CTL epi-
topes listed at the Los Alamos HIV database, are indicated above the protein sequence while the
shaded boxes beneath indicate the 7 CE segments and variant (down) residues included in this
study.
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Figure §2. Autologous Gag-p24 CE sequences in 21 HIV-1 non-controllers. Shaded boxes in-
dicate the 7 CE sequences located within in p24 with variant residues included (separated by “/”.
The amino acid sequences of autologous Gag p24 bulk sequences obtained from 22 HIV non-
controllers are shown.
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ABSTRACT

Clinical trials testing T cell vaccine candidates expressing entire HIV proteins
into various vectors have failed so far to induce protective CTL responses. The
novel HIVACAT T-cell immunogen is a new reductionist T-cell vaccine can-
didate whose design was rationally based in large human immunogenicity data
and aims to break immunodominance of responses directed to potential “decoy”
epitopes that may divert an effective CTL response towards variable and possi-
bly less effective targets in the viral genome. A previous comprehensive screen
for beneficial T cell responses yielded 26 protective overlapping peptides (OLPs)
in HIV-1 Gag, Pol, Vif and Nef proteins with a broad HLA restriction. These
26 OLP were then a) assembled in 16 regions, b) linked to each other using tri-
ple alanines, ¢) translated into an expression-optimized nucleotide sequence
and d) cloned into a CMV basic plasmid. Immunogenicity was first evaluated in
C57BL/6 mice two weeks after two DNA vaccinations through intramuscular
electroporation. Cellular immune responses were characterized and compared
to a control group of mice immunized with a combination of pDNA expressing
complete viral proteins. Our immunogen elicited a more balanced, broad T cell
response to all protein subunit components within Gag, Pol, Vif and Nef com-
pared to a narrower and Gag dominated response seen in mice immunized with

& plasmids encoding for full-length proteins. Less than 25% of the total vaccine
induced CTL targeted the identified beneficial regions included in our immu-
nogen in the control group. At present time, preliminary results are being con-
firmed in the humanized BT mice model to a) map the vaccine induced re-
sponses in the context of different HLA genotypes, b) assess their viral replica-
tive inhibition capacity and cross-reactivity potential as well as c) rule out im-
munogenicity to potential junction epitopes.
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BACKGROUND

HIV infection induces strong and broadly directed, HLA class I and class II re-
stricted T cell responses for which specific epitopes and restricting HLA alleles
have been implicated in the relative iz vivo control.'* While the bulk of the an-
ti-viral CTL response appears to be HLA-B restricted, the relative contribution
of targeted viral regions and restricting HLA molecules on the effectiveness of
these responses remains obscure.** Of note, T cell responses to HIV Gag have
most consistently been associated with reduced viral loads in both, HIV clade
B and clade C infected cohorts.>¢ In addition, in terms of CD4 T cells, HIV-1
Gag-dominance has recently also been associated with HIV control.”

Itis unclear whether the relative benefit of Gag is due to high expression lev-
els, rapid presentation of Gag epitopes®, conservation’, viral fitness cost of im-
mune Gag escape'®’?, more resistance in susceptibility to MHC down-regula-
tion by Nef (CROI Abstract #404; Chen manuscript in preparation) or amino
acid composition and inherently greater immunogenicity. However, many clin-
ical trials testing T cell vaccine candidates expressing entire HIV proteins (es-
pecially entire Gag) into various vectors have failed so far to induce viral con-
trol despite being immunogenic.”'* In this regard, few previous analyses have
assessed the role of responses to shorter regions of the targeted protein(s) that
may induce particularly effective responses. It is thus feasible that protein subu-
nits outside of Gag and within these, specific short epitope-rich regions could be
identified that induce effective responses predominantly in HIV controllers but
not limited to individuals expressing alleles previously associated with effective
viral control. While many earlier studies have indeed identified over-represen-
tation of Gag-derived epitopes presented in beneficial HLA class I alleles, con-
cerns remain that a purely Gag-based HIV vaccine might mainly benefit those
people with an advantageous HLA genotype and will not take advantage of po-
tentially beneficial targets outside of Gag®" or from subdominant responses.'®!’

To avoid the potential misleading focus on immunodominant regions we
have recently identified potential viral targets associated with HIV-1 control
through comprehensively screenings in big cohorts of clade B and clade C HIV
infected individuals largely independent on HLA genotypes.'®'” These screens
yielded 26 overlapping peptides in HIV-1 Gag, Pol, Vif and Nef proteins that
were 1) preferentially targeted by individuals with low viral loads, ii) more con-
served than the rest of the genome and iii) elicited responses of higher function-
al avidity and broader cross-reactivity than responses to other regions. These
identified results were the basis for the design of a polypeptide sequence for a
novel HIV vaccine T cell immunogen aimed to a) provide epitope-rich regions
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in the context of a broad HLA class I coverage, b) break immunodominance of
responses with potential non-beneficial effects in viral control and ¢) focus the
vaccine-induced response at the most protective viral targets, including class I
and IT optimal coverage. Here we will present the details of the construction, in
vitro expression experiments as well as the first in vivo immunogenicity tests in
C57BL/6 mice. Ongoing experiments are now confirming the results in the hu-
manized BLT mice model to deepen in the characterization of the vaccine-in-
duced responses in the context of HLA genotypes.

METHODS
1. HIVACAT'T cell immunaogen design

'The following approach was followed for the design of the T cell immuno-
gen developed in the local HIVACAT vaccine program: Experimental (IFNy
ELISpot) screening of 232 HIV infected untreated individuals using a consen-
sus clade B peptide set revealed regions of the viral proteome that were predom-
inantly targeted by subjects with superior HIV control.’®'The overall test pep-
tide set consisted of 410 18mer overlapping peptides spanning the entire viral
proteome. Of these, 26 OLPs were identified as beneficial when the group of
& individuals who react to these OLP had a significantly (p<0.05 uncorrected for
multiple comparison) reduced viral load compared to the group of OLP non-re-
sponders. These beneficial OLPs had a protective ratio (PR of >1) and were lo-
cated in HIV Gag protein (n= 10),in Pol (n=12), in Vif (n=3) and in Nef (n=1)
proteins of the virus. Of the 26 beneficial OLPs, 15 segments were partially over-

lapping.
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OLP No. = Protein = sub-unit ~ OLP clade B consensus sequence
3 Gag pl7 EKIRLRPGGKKKYKLKHI
6 Gag pl7 ASRELERFAVNPGLL
7 Gag pl7 ERFAVNPGLLETSEGCR
10 Gag pl7 QLQPSLQTGSEELRSLY
12 Gag pl7 SLYNTVATLYCVHQRIEV
23 Gag p24 AFSPEVIPMFSALSEGA
31 Gag p24 IAPGQMREPRGSDIA
34 Gag p24 STLQEQIGWMTNNPPIPV
48 Gag p24 ACQGVGGPGHKARVLAEA
60 Gag pl5 GKIWPSHKGRPGNFLQSR
75 Nef - WLEAQEEEEVGFPVRPQV
159 Pol Prot KMIGGIGGFIKVRQYDQI
160 Pol Prot FIKVRQYDQILIEICGHK
161 Pol Prot QILIEICGHKAIGTVLV
163 Pol Prot LVGPTPVNIIGRNLLTQI
171 Pol RT LVEICTEMEKEGKISKI
195 Pol RT LRWGFTTPDKKHQKEPPF
196 Pol RT DKKHQKEPPFLWMGYELH
210 Pol RT EIQKQGQGQWTYQIY
269 Pol Int TKELQKQITKIQNFRVYY
270 Pol Int TKIQNFRVYYRDSRDPLW
271 Pol Int YYRDSRDPLWKGPAKLLW
276 Pol Int KITRDYGKQMAGDDCVA
405 Vif - VKHHMYISGKAKGWFYRH
406 Vif - GKAKGWFYRHHYESTHPR
424 Vif - TKLTEDRWNKPQKTKGHR

Table 1. List of identified beneficial OLP (PR>1) incorporated in the final T-cell immunogen de-
sign. (i.e. OLP-responses seen more frequently in individuals with reduced viral loads) Source:
Mothe, B., et al. Definition of the viral targets of protective HIV-1-specific T cell responses. ]
Transl Med 9,208 (2011).
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In order to build a continuous immunogen sequence, the 26 beneficial OLPs
were aligned and assembled to a total of 16 segments, ranging from 11-78 ami-
no acids in length. The precise starting and end positions of these segments (i.e.
shortening or extending them), as well as minor single amino acid substitutions,
were modified on analyzing residues in up and downstream of the identified 26
OLPs and was based on a number of considerations:

1) Immunogenicity data from different clade B and C cohorts 161

2) Extension or shortening segments for inclusion/exclusion of good or bad
known CD8'T cell epitopes® as well as flanking crucial regions for escape mu-
tations.*

3) HIV Helper CD4 T cell epitopes coverage.”*

4) HLA genotypes coverage.*

5) Sequence variability (2010 consensus and HBX2 defined epitopes)®

6) Creation of neo epitopes or self epitopes by the junctional linkers.?!

7) Maintenance of natural sequence though notincluded beneficial OLP, if ben-
eficial regions were close to diminish unnecessary junctions.

8) Introduction of single changes to avoid potential deleterious epitope recog-
nition and cover some of the major antiretroviral resistance mutations sites.?

9) Avoid forbidden residues (GPEDQNTSC), PeptGen !

'This approach resulted in the design of 16 segments (between 11 to 78 aa)
which were assembled with single, dual or triple alanine amino acids linkers
to ensure optimal processing and to avoid premature epitope digestion. Final
polypeptide sequence included the following regions:
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T cell immunogen segments | Length | HIV-1 protein | Position (HXB2)
Seg-1 78 pl7 17-94
Seg-2 14 p24 30-43
Seg-3 1 p24 61-71
Seg-4 60 p24 91-150
Seg-5 14 p24 164-177
Seg-6 15 p24 217-231
Seg-7 27 p2p7plp6 63-89
Seg-8 55 protease 45-99
Seg-9 17 RT 34-50
Seg-10 55 RT 210-264
Seg-11 34 RT 309-342
Seg-12 34 Integrase 210-243
Seg-13 17 Integrase 266-282
Seg-14 23 Vif 25-50
Seg-15 19 Vif 166-184
Seg-16 13 Nef 56-68

Table 2. Final segments of the T cell immunogen sequence. Total length: 529 (including A, AA
or AAA linkers)

2. Inclusion of a leader sequence

Signal peptides are generally highly hydrophobic amino acid sequences (15 to
60 amino acids long) of proteins that must cross through membranes to arrive
at their functioning cellular location. By binding to signal recognition parti-
cles, these sequences direct nascent protein-ribosome complexes to a membrane
where the protein is inserted during translation. Signal peptides direct transla-
tional uptake of the protein by various membranes (e.g. endoplasmic reticulum,
mitochondria, chloroplast, peroxisome). Leader signal sequences on non-mem-
brane proteins are ultimately removed by specific peptidases. Some signal pep-
tides used include MCP-3 chemokine, for promoting secretion and attraction of
antigen presenting cells; a catenin (CATE)-derived peptide for increased prote-
asomal degradation; and the lysosomal associated protein, LAMP1 for target-
ing the MHC II compartment.?” In the present design, the signal peptide from
GMCSF (granulocyte macrophage colony-stimulating factor) was introduced
at the amino-terminus of the immunogen to enhance secretion of the immuno-
gen from expressing cells, followed by a valine to increase stability.
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3. Inclusion of atag far in-vitro expression experiments

For the purpose of assessing expression in transfected cells, the immunogen se-
quence firstincluded a FLAG peptide on the C-terminal region, before the stop
codon. The FLAG system utilizes a short, hydrophilic 8-amino acid peptide, which is
fused to the recombinant protein of interest. The FLAG peptide includes the binding site
for several highly specific ANTI-FLAG monoclonal antibodies (M1, M2, M5; Sigma-
Aldrich Corp., Saint Louis, MO, US), which can be used to assess expression of the pro-
tein of interest on material from transfected cells. Because of the small size of the FLAG
peptide tag, it does not shield other epitopes, domains, or alter the function, secretion, or
transport of the fusion protein generally. This sequence was removed afterwards for the
final endofree stock of the plasmid DNA for the mice immunogenicity assays.

4. Nucleotide sequence codon optimization

The T cell immunogen sequence was translated into a RNA/codon-optimized
nucleotide sequence to enhance expression and secretion (Mr. Gene GmbH, Re-
gensburg, DE). Codon optimization was based on introducing multiple nucle-
otide changes to destroy the previously identified RNA processing, inhibitory
and instability sequences in the mRNA without affecting the encoded protein.

® This process can also include the elimination of predicted splice sites (score>0.4)
from coding sequences by appropriate codon changes, to minimize the possi-
bility of splicing. As a result of the nucleotide changes indicated above, the final
GC-content of the T cell immunogen was 63%.

5. Cloning strategy

'The codon-optimized T cell immunogen was cloned into the mammalian ex-
pression plasmid BV5, which consists of a modified CMV basic plasmid back-
bone optimized for growth in bacteria that harbors the human cytomegalovi-
rus (CMYV) promoter, the bovine growth hormone (BGH) polyadenylation site

and the kanamycin resistance gene-—lacking the Xho site.
6. In-vitro expression studies.

Several transient transfections were performed to assess expression, localiza-
tion and stability of the HIVACAT T cell immunogen. Briefly, 1x10¢ human
293 cells in complete DMEM plus 10% fetal bovine serum (FBS) were plated
on to 60mm tissue culture dishes and allowed to adhere overnight. HEK 293
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cells were transfected by CaPhosphate DNA co-precipitation with a total of
7ug of DNA (100ng or 250ng of the plasmid DNA, 50 ng of GFP expressing
plasmid pFRED143 topped up to 7 pg with Bluescript DNA). Six hours af-
ter transfection the medium was replaced with 3 ml of DMEM supplemented
with 2% of FCS. After 24 and 48 hrs the cells and the supernatants were col-
lected in 0.5X RIPA. Protein expression was analyzed by Western immunob-
lots. 1/250 of the total of the cell extracts and supernatants were loaded. The
proteins were resolved by electrophoresis on 10% sodium dodecyl sulfate poly-
acrylamide gels (Nu-Page Bis-Tris, NuPAGE, Invitrogen, Life Technologies
Corp., Carlsbad, CA, US) and transferred onto nitrocellulose membranes. Ex-
pression of the plasmid was detected upon probing the membranes with horse-
radish peroxidase-conjugated anti-FLAG monoclonal antibody (Sigma-Al-
drich Corp., Saint Louis, MO, US) at a 1:3,000 dilution. Bands were visualized
using ECL. Membranes were imaged on a ChemiDoc XRS +. Positive controls
were used and included plasmid DNA encoding for complete clade B p55 Gag,
which also harbored the FLAG tag.

On a second step, cell extracts from transient transfections using the plas-
mid encoding for the HIVACAT T cell immunogen without the FLAG-tag
were probed with human serum from an HIV-1 infected subject at a 1:3,000
dilution followed by a horseradish peroxidase-conjugated human anti-IgG, di-
lution 1:10,000.

7. In-vivo immunogenicity in DNA vaccinated mice.

Immunogenicity of the HIVACAT T cell immunogen (called 298H GM-CSF
HIVACAT) was evaluated in 6-8 weeks old female C57BL/6 mice (Charles
River Labs, Inc., Frederick, MD, US). 20 pg and 5ug of DNA was delivered in-
tramuscularly by electroporation using the Inovio system (Inovio Pharmaceu-
ticals, Inc., Blue Bell, PA, US) in the left and right quadriceps (20 pg/50 pl per
dose, 25 pl per site) at week 0 and 4. Mice were sacrificed 2 weeks after the last
immunization. Mice splenocytes and serum were harvested for immunogenici-
ty studies. Control DNAs used were 1) 114H p55 gag clade B (expressing com-
plete clade B Gag protein) alone or 2) in combination of 132H NTV (express-
ing a chimaeric protein of nef; tat and vif) and 133H Pol (expresses full-lenght
Pol protein); and 3) BV4 CMV-kan-Basic SHAM control (similar DNA plas-
mid backbone without any expressed transgene). To allow for comparisons in
immunogenicity among groups, sequences of the immunogenic segments con-
tained in the T-cell vaccine were confirmed to be >95% matched with the se-

quences from the full-length proteins expressed by control pDNAs.
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A total of 35 mice were used in the first immunogenicity experiment, pool-
ing 5 mice per group. Distribution of the immunization per group was as follows:

Groups Inocula number Delivery Dose N of
animals
ILM.
1 114 p55 Gag Inovio 20ug 5
114 p55 Gag + 132H NTV LM. 20pg
2 . (each 5
+133 Pol Inovio .
plasmid)
3 298H GMCSF-HIVACAT IM 20pg 5
Inovio
I.M.
4 114 p55 gag clade B Inovio Sug 5
5 114 p55 Gag + 132H NTV M. Spg 5
+ 133 Pol Inovio (each plasmid
6 | 298H GMCSF-HIVACAT | M Sug 5
Inovio
7 BV4 CMVKan-Basic IM. 20 5
(SHAM) Inovio Hg
Table 3. Layout of the first in-vivo immunogenicity mice experiment
& Cellular immune responses were characterized on a first step using intrac-

ellular cytokine staining (ICS) in pooled splenocytes (cells from the 5 mice be-
longing to a group) Briefly, pooled isolated mouse splenocytes from each group
of mice were incubated at a density if 2x10° cells/ml, in 1 ml co-culture over-
night, in the presence of peptide pools (15-mers, overlapping by 11aa cover-
ing clade B gag, consensus B pol and NL43 nef, tat and vif sequences, 1 pug/ml
each peptide, total of about 12 hours, 1 hour without Golgi stop to prevent cy-
tokine secretion). Surface immunostaining was performed with CD3- allophy-
cocyanin-Cy7, CD4-PerCP, CD8-Pacific Blue (BD Biosciences, Inc., Frank-
lin Lakes, NJ, US). Intracellular cytokine staining was performed using inter-
feron gamma-FITC antibody (BD Biosciences, Inc., Franklin Lakes, NJ, US)
after permeabilization.

On a second step, at an individual mice level, cellular responses were decon-
voluted using frozen splenocytes stimulated with 8 pools of peptides to cov-
er the protein subunits included in the immunogen in an IFNy mice ELISpot
assay. Distribution of peptides in the different protein subunits was as follows:
each pool (gag-pl7, gag-p24, gag-p2p7plp6, pol-RT, pol-protease, pol-inte-
grase, vif and nef)) contained between 2 and 12 OLP peptides of 18 amino acids
based on the 2001 consensus-B sequence and spanning the 16 segments includ-
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ed in the HIVACAT T cell immunogen. (http://hiv-web.lanl.gov/content/hiv-
db/CONSENSUS/M_GROUP) On the other hand, to assess CTL responses
to entire Gag, Pol,and NTV and the relative dominance to our selected regions,
a second set of peptide pools was used, and consisted of 18-mers peptides with
an overlap of 11 residues spanning the complete 2001 consensus-B sequence of
Gag (6 pools, 11 peptides/each), Pol (8 pools, 16 or 17 peptides/each), Nef (2
pools, 13 and 14 peptides/each), Tat (1 pool, 12 peptides) and Vif (2 pools, 12
peptides/each) proteins.

ELISpot assay was performed by using mouse IFNy ELISpot kit (ALP)
(Mabtech AB, Stockholm, SE) following the manufacturer’s instructions with
minor modifications. For all assays, mice splenocytes were added at an input cell
number of 4x10° cells/well in 140pl of Rosewell Park Memorial Institute me-
dium 1640 with 10% fetal bovine serum in 96-well polyvinylidene plates (Mil-
lipore Corp., Bedford, MA, US) alone or with HIV-1- specific peptide pools
(14pg/ml final concentration for each peptide) for 16hours at 37°C in 5% CO.,.
Concavalin A (Sigma-Aldrich Corp., Saint Louis, MO, US), at 5 mg/ml, was
used as a positive control. The plates were developed with one-step 5-bromo-
4-chloro-3-indolyl phosphate/Nitroblue Tetrazolium (BCIP/NBT, Bio-Rad
Laboratories, Inc., Irvine, CA, US). The spots on the plates were counted us-
ing an automated ELISPOT reader system (CTL Analyzers LLC, Cleveland,
OH, US) using ImmunoSpot software and the magnitude of responses was ex-
pressed as spot forming cells (SFC) per million input splenocytes. The thresh-
old for positive responses was defined as at least 5 spots per well and responses
exceeding the “mean number of spots in negative control wells plus 3 standard
deviations of the negative control wells” and “three times the mean of negative
control wells”, whichever was higher.

Humoral responses were first analyzed in pooled mice sera. Binding anti-
bodies to p24, p37 and p55 were detected by western immunoblot by using cell
extracts from HEK 293cells transfected with the 1mg of gag and gag-pol ex-
pression vectors separated on 12% SDS-Page and probing the membranes with
pooled sera from mice (at a 1:100 dilution). Antibody titers to gag p24 were
measured by ELISA. Serial 4-fold dilutions of the pooled serum samples were
assessed and the optical absorbance at 450nm was determined (Advanced Bi-
oScience Lab, Inc., Kensington, MD, US). The binding titers were reported as
the highest dilution scoring positive having a value higher than the average plus
3 standard deviations obtained with control sera from the mice immunized with

SHAM DNA.
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PRELIMINARY RESULTS
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Figure 1. Schematic representation of the gene included in the expression plasmid. Black dots

identify start and stop codons.

HIVACAT T cell immunogen is a polypeptide sequence enriched in poten-
tial CD8 and CD4T cell epitopes with abroad HLA coverage. After the final
16 segments were assembled and linked, potential CD8T cell epitope and HLA
coverage were assessed”!. Despite a clear Gag-p17 and Gag-p24 predominance,
a high density of both CD4 and CD8 T cell epitopes in all protein subunits in-
cluded in the design (n=52 well-characterized optimal defined CTL epitopes).
With regard to HLA diversity, 40 different HLA genotypes were covered from
an optimal epitope restriction point of view. Of note, if grouped by HLA super-
types, an overrepresentation of B27 or B57 epitopes was not observed.

Protein N. optimal

subunit epitopes Table 4. CTL optimal epitope coverage of the HIVACAT T
@ Gag-pl7 15 cell immunogen, based on the ‘A'list of optimal defined HIV-
Gag-p24 18 1 CTL epitopes. Yusim, K., et al. HIV Molecular Immunolo-

Gag-p2p7plp6 3 gy 2011. Los Alamos National Laboratory, Theoretical Biology
POI};PIK;;?SS 2 and Biophysics, Los Alamos, New Mexico. LA-UR-12-1007
ol-
Integrase 1 (2011).
Vif 2
Total 52

SRR BUPER TV COVERAGE

Figure 2. HLA supertype coverage of
all the optimal defined epitopes includ-
ed in the HIVACAT T cell immunogen.

E b Source: Sidney, J., Peters, B., Frahm, N.,
. I I I l l Brander, C. & Sette, A. HLA class I su-
L . . e e e ez pertypes: a revised and updated classifica-
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tion. BMC Immunol 9,1 (2008).
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The HIVACAT'T cell immunogen is stably expressed in the cell extract com-
partment. Plasmids encoding for the HIVACAT T cell immunogen stably ex-
pressed the polypeptide construct, which was visualized at the cell extract com-
partment at 24h and 48h after Ca-P transfection. There was no evidence of se-
cretion of the protein. When expression levels were compared side by side with
a control pDNA encoding a full-length clade B Gag at 48h after transfecting
100ng and 250ng of pDNA, the estimated quantization of HIVACAT T cell
immunogen produced relative to Gag was shown to be significantly lower, ei-
ther estimated by the flag signal captured on Western immunoblot analysis and/
or GFP production.
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Figure 3a Figure 3b
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Figure 3. a) Human HEK 293cells were transfected with 250ng of the plasmids expressing full-
length Gag (188H, Lane 1 and 3) and the HIVACAT T cell immunogen (297H, lane 2 and 4)
At 24 and 48h later, the cells we harvested and 1/250 of the cell extracts and supernatants (not
shown), were visualized by Western immunoblot analysis using 1/3,000 antiFLAG (Sigma) anti-
body. b) Transfection efficiency and quantization of HIVACAT T cell immunogen relative to gag
was estimated by co-transfection of GFP encoding plasmid pFRED143.The relative GFP values
(x100) are shown for 100ng and 250ng for the pDNA encoding for complete Gag and the HI-
VACAT T cell immunogen.

HIVACAT T-cell immunogen was able to elicit a balanced, broad T cell re-
sponse to all protein components. From the first immunogenicity analyses,
both 20 pgand 5 pg of pPDNA did generate detectable IFNY + responses to com-
plete Gag, Pol and Nef-Tat-Vif peptide pools in pooled C57BL/6 mice sple-
nocytes measured by ICS. Detectable CD4+ and CD8+ responses were seen in
all groups.
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Figure 4. Cellular immune responses analyzed in pooled splenocytes by flow cytometric analysis.
Frequency of total Gag, Pol, and Nef-Tat-Vif specific IFNy responses among groups in (a) and
distribution of CD4 and CD8 responses in (b) are shown.

At an individual mice level, responses were deconvoluted using frozen spleno-

& cytes stimulated with pools of peptides to cover the eight protein subunits in-
cluded in the T-cell immunogen as well as with pools of peptides spanning full-
lenghtGag, Pol, Nef, Tat, and Vifin an IFNy ELISPOT assay.

'The majority of IFNy responses detected in mice immunized with plasmids
encoding for the entire Gag, Pol and Nef-Tat-Vif polyprotein targeted regions
outside the HIVACAT T cell immunogen covered segments (measured by HTI-
p1 to p8 peptide pools). In this regard, the median ratio of responses targeting
regions included in the T cell immunogen out of the total responses measured to
complete Gag+Pol+NTV was 0.26 (range 0.17-0.42) and did not differ among
groups immunized with high dose (20pg) or low dose (5 pg) of pDNA.
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Figure 5. Responses to Gag, Pol, NT'V (in black) and to the HIVACAT T cell immunogen se-
quence (in grey) were measured by IFNy ELISpot assay in murine splenocytes of mice immu-
nized with the plasmids encoding for the complete proteins (Groups 2 and 5) Contribution of the
responses targeting the regions included in the HIVACAT T cell immunogen to the total IFNy
Gag-Pol-NTV IFNYy specific response is shown.

When we focused on the assessment of the IFNy responses targeting the dif-
terent protein subunits included in the polypeptide construct, a more balanced,
broad T cell response to all protein components was seen in the mice immunized
with the HIVACAT T cell immunogen. Median breadth of responses to protein
subunits included in the immunogen sequence was 4 (range 2-5) in mice immu-
nized with 20pg of HIVACAT pDNA vs 2 responses (range 1-3) in mice im-
munized with 20pg of plasmids encoding for entire proteins (ns). Importantly,
magnitude of responses to these regions was not significantly different in both
groups, despite significant less in-vitro expression of the HIVACAT vaccine than
pDNA encoding for Gag. Six out of the eight protein subunits were at least tar-
geted once in the mice immunized with the HIVACAT T cell immunogen, and
some mice elicited responses to protein subunits not induced by plasmids en-

coding for Gag, Pol and Nef-Tat-Vif (i.e. as for Gagp17 or Nef)
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Figure 6. Comparison of the breadth (a) of the.IFNy responses targeting the 8 protein subunits
(Gag p17, Gag p24, Gag p2p7p1p6, Pol-Protease, Pol-RT, Pol-Integrase, Vif and Nef) included
in HIVACAT T cell immunogen and magnitude in (b) of the total of IFNy responses targeting
the same protein subunits in individual immunized mice. Mice were vaccinated with either the

plasmids encoding the full proteins or the minimal T cell sequence.

HIVACAT ‘ Mice making = Mice making
. . Pool peptide Number = a response a response
immunogen  HIV-1 protein .
erments (#peptides/pool) (groups Gag- (groups
g Pol-NTV) = HIVACAT)
Seg-1 gag-pl7 HTI-pooll (10) 0/10 3/10
Seg-2 gag-p24
Seg-3 gag-p24
Seg-4 gag-p24 HTI-pool2 (12) 10/10 10/10
Seg-5 gag-p24
Seg-6 gag-p24
Seg-7 gag-p2p7plp6 HTI-pool3 (3) 0/10 0/10
Seg-8 pol-protease HTI-pool4 (6) 4/10 7/10
Seg-9 pol-RT
Seg-10 pol-RT HTI-pool5 (11) 5/10 9/10
Seg-11 pol-RT
Seg-12 pol-integrase
- HTI-pool6 (4) 0/10 0/10
Seg-13 pol-integrase
Seg-14 vif
HTI-pool7 (4) 3/10 2/10
Seg-15 vif
Seg-16 nef HTI-pool8 (2) 0/10 1/10

Table 5. First deconvolution of the breadth of the IFNy responses detected in mice by protein
subunits.
Relative dominance of IFNy responses in mice immunized with plasmids en-

oding the full-length proteins (Gag, Pol, Nef-Tat-Vif) was 89% driven towards
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Gag. In the group of mice immunized with the HIVACAT T cell immunogen
(at high dose) the pattern of IFNy responses was shifted to a more balanced hi-
erarchy, being detectable responses to all protein components (Gag, Pol, Vifand
Nef) contained in the immunogen.
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Figure 7. Balance of IFNY responses against the regions in Gag, Pol, Vif or Nef included in the
polypeptide T cell construct detected in mice immunized with 20 pg of a mixture of plasmids en-
coding full-length Gag, Pol plus Nef-Tat-Vif or 20 pg HIVACAT T cell immunogen. Domi-
nance of Gag-specific responses in shown in panel (a) for mice immunized with complete pro-
teins whereas a more balanced repertoire in seen in panel (b) for mice immunized with the HI-

VACAT T cell immunogen.

HIVACAT T cell immunogen induced detectable binging antibodies by

Western Immunoblot.

3 @3\ Binding antibody responses to Gag p55,p37 and p24
ﬁ\'}"‘ ,b\:' were detectable by Western blot in pooled sera from
ye the group of mice immunized with 20 pg or pDNA,
¥ o : L N
& but not in the mice immunized with a lower doses.
a @*d* b [
sepl 2 1 21 2 Figure 8. Binding antibodies to p24, p37 and p55 detected
[ .- L]
= [ by Western immunoblot by using cell extracts from HEK
o — i 293 cells transfected with the 1mg of gag and gag-pol ex-
= ."'" pression vectors (showing p55 gag, and processed p24, p37
I | :—: and p55 gag subunits in lanes 1 and 2 respectively in each
37 | i- | | panel)separated on 12% SDS-Page and probing the mem-
£ i branes with a) human sera of and HIV-infected patient, b)
pooled sera from mice immunized with high doses of the
5 .:‘- - immunogen and c) pooled sera from mice immunized with
- | low doses of the immunogen (all at a 1:100 dilution).
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Binding antibodies to p24 were quantified by ELISA. The endpoint titers of
gag-p24 specific binding antibody from the mice that received the plasmids de-
scribed were determined by ELISA from individual serial 4-fold diluted pooled
serum samples. In the high dose group of mice immunized with HIVACAT T
cell immunogen at a titre of 1:4,000 which were lower to the titers detected in
mice immunized with the full gag construct. As seen by western immunoblot,
no binding antibodies to p24 were measurable in the low dose group, which is
in accordance with the lack of secretion seen in the in-vitro expression experi-
ments At an individual mice level,in house developed gag p55 ELISA using the
HIV-1IIIB pr55 gag recombinant protein (Cat. No. 3276, NIH Reagent Pro-
gram, Bethesda, MDD, US) was performed with mice sera at 1:100 dilution. Low
levels of antibody were just detected in 2 out of 3 mice immunized with the high
dose of the immunogen, and also, at very low borderline titers
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Figure 9. a) Endpoint titers of Gag-p24 specific binding antibody from treated mice. The deter-
mination was performed by ELISA from individual serial 4-fold diluted pooled serum samples.
b) In house developed gag p55 ELISA using the HIV-1IIIB pr55 Gag recombinant protein (Cat.
No. 3276, NIH Reagent Program, Bethesda, MD, US). The determination was performed in in-

dividual mice sera at 1:100 dilution.
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DISCUSSION

A novel, reductionist HIV T cell immunogen has been designed incorporating an
important amount of human immune data that aims to break immunodominance
of regions with potential non-beneficial effects in viral control. A polypeptide se-
quence of 529aa (approximately same size as full-length Gag) largely enriched in
potential beneficial CD8 CTL and helper CD4 T cell epitopes was outlined pro-
viding a broad HLA class I coverage without a particular dominance of favorable
HLA genotypes (i.e. B27 or B57)

A plasmid DNA expressing the HIV T cell immunogen was first engineered.
DNA technology allowed us to perform the first proof-of-concept expression and
immunogenicity studies, due to its versatility and feasibility. DNA vaccines have
great immunogenicity potential, especially if incorporated in heterologous prime/
boost regimens, which is our final goal. Its potential relies on their safety, scalability
and possibility of repeated administrations without generating immunity against
the vector itself. The incorporation of expression-optimized antigens has led to
great increases in expression and immunogenicity of the encoded proteins® and
improvements in delivery methods by in vivo electroporation have shown prom-
ising enhancement of DNA uptake.?*

First plasmid DNA constructed expressing the designed HIV T cell immu-
nogen showed to have a stable expression in in-vitro experiments, although its ex-
pression levels were significantly lower than other previously engineered DNA ex-
pression vectors encoding the full-length clade B Gag protein. No free construct
was quantifiable in the supernatants of transfected cells, suggesting a poor secre-
tion of the protein compared to plasmids expressing complete Gag. However, we
hypothesized that secretion would not be necessary for CTL immunogenicity pur-
poses, as long as the polypeptide protein was properly being processed and pre-
sented. We therefore moved forward to a first in-vivo immunogenicity study in
C57BL/6 mice.

Vaccination with pPDNA expressing the polypeptide construct generated both
CD4 and CD8 IFN-y+ responses. Interestingly, the T-cell immunogen elicited a
more balanced, broad T cell response to all protein components (Gag, Pol, Vif and
Nef) contained in the immunogen. Furthermore, a simple deconvolution of re-
sponses showed detection of IFNy responses to six out of the eight protein subunits
included in the immunogen. In contrast, control mice immunized with plasmids
encoding for complete Gag, Pol, Nef, Tat and Vif proteins®' developed a stronger
and narrower Gag dominant response.

Despite the limitations of the C57BL/6 mice model, our preliminary results
suggest that although a lower in vitro expression and no (or very low) secretion
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of the construct, the HIVACAT DNA vaccine was strongly immunogenic and
was able to break the immunodominance of CTL responses to targets that do not
emerge as particularly beneficial in previous large cohort screenings.'® In compar-
ison to vaccinations with plasmids encoding for complete proteins, we conclude
that our approach allowed for a more balanced and broader immunogenicity to
beneficial targets.

We are in the process of confirming the immunogenicity of the same plasmid
in the context of different HLA genotypes in the humanized BLT mice model.*
Humanized BLT mice have a great potential as a platform to assess candidate HIV
vaccines such as the one here presented before scaling them up. Whereas immu-
nogenicity -or even challenge- studies in the macaque model could provide com-
plementary supportive/non-supportive information, the here presented T cell im-
munogen was largely and rationally designed based on human HIV-specific CTL
immune data. Therefore, its immunogenicity potential, in terms of proper antigen
presentation, it will be better understood if assessed in the context of the human
MHC. BLT mice are generated by the cotransplantation of human fetal thymus
and liver tissues and CID34* fetal liver cells into non-obese diabetic/severe com-
bined immunodeficiency mice. BLT mice show long-term reconstitution of a func-
tional human immune system, (i.e. with human T cells, B cells, dendritic cells, and
monocytes/macrophages repopulating mouse tissues) and sustain high-level dis-

& seminated HIV infection resulting in progressive CD4 T-cell depletion and gen-
eralized immune activation. Importanly, following infection, HIV-specific humor-
alaswellas CD4 and CD8T-cell responses are detected after 9 weeks of infection.

Immunogenicity studies in humanized BLT mice can provide a better assess-
ment of the broadness of the effective presentation of several T cell epitopes in-
cluded in the construct by different and common HLA genotypes. We would like
to assess the balance between CD8 and helper CD4 T cell responses induced and
rule out the immunogenicity from potential new junctional epitopes. For that pur-
pose, a set of 15mers peptides overlapping by 11 residues spanning the entire T
cell immunogen sequence and including the alanine linkers has already been de-
signed and synthesized. If a broad and balanced immunogenicity is further con-
firmed in the BLT mice, a deeper characterization of vaccine induced responses,
in terms of viral inhibition capacity and cross-reactivity potential to epitope vari-
ants will be performed.

In conclusion, the preliminary immunogenicity results of the HIVACAT T cell
immunogen showed great potential as a candidate T cell vaccine to avoid po-
tential decoy responses and provide a better targeted immunogenicity than pre-
vious vaccines encoding for entire proteins.
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DISCUSSION

This doctoral thesis aims to better describe the effectiveness of HIV specific T
cell responses, define the viral targets that intervene most consistently in medi-
ating viral control in vivo and discuss how this information can be incorporated
into a rational immunogen design for a future HIV vaccine.

Inafirst part (Chapter 1) the complex interplay between viral factors, host ge-
netic and immune characteristics in HIV control were reviewed. Most host ge-
netic polymorphisms associated with better disease outcomes involve the HLA
genes, pointing towards a crucial role of HLA class I restricted CD8+ T cells in
viral control. However, studies on host genetic polymorphisms and HIV disease
control also need to take into consideration the viral diversity in regions with
gentically different host populations. If we aim to have an effective global HIV
vaccine, we need to better understand how viral evolution is shaped by frequen-
cies of diverse host genetic markers within different regions. For instance, how a
global vaccine will overcome the host genetic effect when it can lead to opposite
outcomes in HIV disease control in different populations, as for some well de-
scribed HLAB*1503 restricted epitopes?® We will provide some novel insights
regarding immune correlates —specially in CTLs- elucidated over the last years
to complete the work compiled in Chapter 1. The importance of better discern-
ing between the cause and effect of immune parameters associated with relatively
controlled HIV infection is stressed, as factors that are a mere reflection of oth-
erwise contained replication can mislead the vaccine design.
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2

In the second chapter, the most potent viral targets of the virus-specific T cell
responses in controling viral replication were identified in large cohorts of HIV
infected individuals. The relative effects of host genetics (i.e. HLA) and CTL
specificity on HIV-1 control were assessed. Importantly, the impact of T cell spe-
cificity on viral loads was shown to be at least as strong as the effects of host HLA
genetics. These preferred targets turned out to be inside the most conserved re-
gions of the viral genome, which is in accordance with studies by other investi-
gators also developing novel vaccine concepts focused on conserved elements
for universal vaccines.>® However, an important contribution of our work in re-
lation to other approaches is the incorporation of a significant amount of im-
munogenicity data, as not all conserved regions of the viral proteome are equal-
ly immunogenic. Also of importance is the fact that many of the identified re-
gions overlapped in clade B and clade C cohorts and could provide the basis of
a broadly applicable HIV T cell vaccine.

3

In the third chapter, functional avidity and the ability to react with viral var-
& iants were shown to be associated with controlled HIV infection. As mentioned
above, a considerable scientific effort is put into defining better immune cor-
relates of HIV control, mainly derived from basic studies dissecting responses
present in LI'NP or EC individuals and also directly from vaccinees in clinical
trials. In the present work, HIV infected individuals were included in groups of
subjects with ‘controller’and ‘progressor’ phenotypes, intentionally excluding all
participants with known beneficial HLA genetics to avoid bias due to the pres-
ence of dominant CTL epitopes restricted by these beneficial alleles. The main
reason behind this approach was to ensure that potential findings from our work
would be as independent as possible of the presence of favourable HLA alleles
and could be more readily translated to the general population. Our work com-
plements recent data aimed at obtaining a larger picture of CTL functionality.
Despite the limitation of assessing a single effector function (IFNy release), we
showed that functional characteristics such as CTL functional avidity is linked
to cross-reactivity with epitope variants, possibly preventing the rapid outgrowth
of CTL escape variants in vivo. It is important to mention that, the identified
beneficial targets in Chapter 2 induced T cell responses of high functional avid-
ity, thus enhancing their inclusion in future HIV vaccines.
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4

The findings from work described in Chapters 2 and 3 were incorporated into
a novel, reductionist HIV immunogen design that provides broad HLA class I
coverage and aims to break immunodominance of regions with potential non-
beneficial effects in viral control and seeks to focus the vaccine-induced response
at the most protective viral targets. A DNA plasmid expressing the HIV T cell
immunogen was engineered, shown to have a stable expression in in-vitro exper-
iments and found to induce a particularly broad T cell responses in the first im-
munogenicity studies in C57BL/6 mice. The main findings as well as potential
limitations of our studies will be elaborated in the following section in a broad-
er context of the HIV vaccine field. The discussion of this thesis is then closed
with an outlook of the work ahead and future lines of research that have been
opened by our studies.

Immune markers and the causality dilemma.

As stated in the Introduction and the first chapter, the interplay between HIV
replication immediately after initial infection and the host immune response,
both innate and adaptive, may crucially determine the course of HIV disease
(Updated reviews in *¢). With respect to the different arms of the host immune
responses to HIV infection, our studies have focused on the HIV-specific cyto-
toxic T lymphocyte response (CTL). As mentioned above, the temporal associa-
tion between the reduction in viral loads after acute infection and the emergence
of the virus specific cellular immune response and prior to the appearance of neu-
tralizing antibodies have been considered as pointin case that CTL control HIV
replication.”® Furthermore, association studies of HIV CTL specificities and vi-
ral control” and former studies in CD8 depleted SIV infected monkeys® support-
ed the notion that CTL are crucial for the control of HIV in vivo and have been
probably responsible for fostering the T cell based vaccines in test-of-concept
trials, such as the STEP phase IIb trial. However, despite inducing HIV specific
T cell responses in 75% of the subjects receiving the vaccine, the trial was termi-
nated prematurely after interim analyses revealed that the vaccine neither pre-
vented HIV-1 infection nor lowered the viral load set points in beak-through
infections.” Vaccine had been immunogenic, but the immunoassays used had
failed to predict vaccine efficacy.® An important roadblock in identifying vac-
cine candidates was still the lack of reliable immune correlates of HIV-1 control.
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Today, there is a better and larger understanding of CD8+ T cell function. New tools
have also been developed for evaluating their antiviral capacity. As discussed in Chap-
ter 1 and on incorporating new data, an updated panel of immunological tests to better
indentify CD8+ T-cell correlates of HIV protection, as well as appraise candidate HIV
vaccines in early phase I/11 studies before they are scaled up to phase IIb/I1I efficacy tri-
als, might include:

a) CTL polyfunctionality'*? especially when including ‘cytolytic markers such as

perforin secretion'!

.It has been suggested that rapid perforin upregulation with con-
comitant degranulation dominates the earliest response in acute stages of infection in
LTNPs (with the most prevalent functional subset being perforin+ CD107a+) where-
as the later appearance of IL-2+ polyfunctional CD8+ T cells is likely the result of ef-

fective control of viremia.’

b) Activated cells with a readily effector phenotype, shown by the expression of
HLA-DR but not CD38.This phenotype predominates in HIV-specific CD8+ T cells
from controllers and has been shown to possess a high potential for expansion upon ex-
posure to the antigen and a capacity to exert multiple effector functions.

c) Although still novel, system biology approaches' have identified a superior abil-
ity to preserve the T, compartment in elite controllers and have identified molecular
@ mechanisms involved in T, survival (FOXO3a, STAT5, and Wnt pathways)'”. The per-

sistence of a functional T cell memory T is thought to constitute a basis for long-lasting
protection from HIV disease progression.

d) Direct antiviral inhibitory capacity of CD8+ T cells, measured by viral inhibition
assays. Potent anti-HIV activity has been observed without prior stimulation of CD8+

T cells in controller individuals by different groups'**®

,and more recently, also in longi-
tudinal studies including recently-infected individuals where the antiviral capacity was
able to predict CD4 decline over time." Although efforts on assay standardization are
still needed, they have a clear potential as a valuable read-out of effective immunity. Such
assays were used in Chapter 2 to picture functional differences in inhibitory capacity of

CTLs targeting some of the identified beneficial versus non-beneficial viral regions.
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T —cell Aspect Markers/Assay
Spemf"lcny (breadth, dominance) IFNy ELISpot
Magnitude . . Lo . .
o (importance of peptide sets: size, #peptides/pools, matrix to

Depth (cross-reactivity) L . .

. L deconvolute responses, assessment of reactivity to viral variants)
Functional avidity
Memory Phenotype CCR7, CD27, CD28, CD45RA/RO, CD57, CD62L
Activation Status HLA-DR, CD38, Ki67, CD69, CD95
Cytokine Production IFNy, TNFa, L2,
Cvitotoxicit Perforin, Granzyme A/B/K, Granulysin. Viral Inhibition Assays

Y Y (using p24+ cells by in flow, or p24 secretion by ELISA)

Miscellaneaous Degranulation (CD107a exposure), MIP-1a/p, Proliferation (CFSE)
Regulatory Function CTLA-4, Foxp3, GITR, CD25, CD39, CD73, TGF-p
Exhaustion PD-1, CD160, Lag-3, TIM3
Tissue Trafficking a4B7, CCR5, CCR9, CCR10, CD161

Tuable 1. Potential comprehensive panel of immune parameters (alone or in combination) to assess CD8+T
cell anti-HIV immunity. Source: Adapted from Makedonas, G. & Betts, M.R. Living in a house of cards: re-
evaluating CD8+ T-cell immune correlates against HIV. Immunol Rev 239,109-124 (2011).

The past failures to predict vaccine efficacy may have been crucially de-
pendent on the assays employed. Apart from the already mentioned failure to
predict efficacy from T cell vaccines in the STEP trial, the same holds true for
B cell components. In the post-hoc RV144 studies, the relative protection in
individuals was correlated with IgG binding antibodies to V1/V2 while they
were not explained by current knowledge on how these parameters could pro-
vide relative protection.

In order to support the validity of aT cell vaccine concept (possibly in com-
bination with bnAb vaccine components), physiologically relevant, specific
and sensitive assay systems need to be established. A multi-faceted evalua-
tion of HIV vaccine-specific CD8 T cells potentially offers the greatest odds
of predicting and monitoring vaccine efficacy. But even if we incorporate all
these new immune parameters, many questions still arise. What threshold of
immunogenicity must be crossed for vaccine efficacy? Thus, new studies are
needed for integrating continued basic research in HIV-infected, HIV-ex-
posed uninfected (HEPS), but also in vaccinated individuals in early-phase
clinical trials to better define such relevant thresholds and correlates of rel-
ative protection. Analyses of controller individuals are always of greatest in-
terest, but a deeper focus on acute infection events, longitudinal follow-ups
rather than strict cross-sectional approaches as well as studies aimed at eluci-
dating the mechanisms determining the loss of control in later stages of the
disease are needed.
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In terms of host genetics and as discussed in the first article, several genome-
wide association studies have suggested that genetic polymorphisms can ex-
plain at least 13% of the observed variability in HIV-1 viremia.?® As regards the
well established HLA*A and *B polymorphisms?, recent data have incorporat-
ed novel insights on HLA C polymorphisms (a variant 35 kb upstream of the
HLA-C gene -35C/T that modulates HLA-C expression levels)**? and a po-
tential involvement of miRNA in the process of HLA-C expression** point-
ing towards a role of interactions with NK cell immunoglobulin-like receptors
(KIR). Other genetic associations that link NK cells to enhanced HIV control
include KIR3DL1/Bw04 and KIR3DS1/Bw04 associations which seem to de-
termine an increased cytotoxic NK phenotype.? (and reviewed in %) In terms
of MHC class II, although very preliminary, recent data suggest some HLA-
DRB1 alleles to be associated with high degree of HLA class II binding pro-
miscuity in HIV controllers.?’

However, the precise mechanisms of how some alleles mediate superior viral
control still remains unclear. In addition to the developed arguments in Chap-
ter 1 for some HLA™B alleles (presentation of multiple immunodominant Gag
and RT epitopes of wide cross-recognition for instance), Kosmrlj ez a/. recently
modeled the beneficial effects of some alleles to stem from events during in vivo
thymic selection.”® In this scenario, beneficial HLA alleles, for which the hu-

& man genome encodes relatively few potential self-epitopes, would promote the
selection of thymocytes with a particularly broad epitope variant cross-reactiv-
ity. This could enable CTL reactivity with more potential CTL escape variants,
limiting the escape pathways of the virus and potentially leading to reductions
in viral replicative fitness. To extend this concept further, we have recently test-
ed HIV-uninfected individuals with respect to their ability to recognize alanin-
substitutions of EBV and CMV-derived CTL epitopes in the context of HLA-
A2 -Al11,-B7,-BS8, -B35,-B53 and B57. We have observed a direct correla-
tion between the number of epitope variants recognized and the reported effect
on HIV disease progression for these alleles (manuscript in preparation, AIDS
Vaccine Meeting, Atlanta, 2010.#P18.10.) providing a potential functional ex-
planation as to how protective HLA class I alleles may mediate their in-vivo ef-
tects in natural HIV infection.

Despite their complexity, some models have previously tried to weight up
the influence of different host genetic factors in the disease outcome.?’ Even if
a mathematical model is not strictly applied, it is important to have an updated
picture of the role of host genetics and account for the most relevant ones when
interpreting the results of immune correlates in basic studies or vaccine trials.*
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Importance of the targets:
Back to Gag; but not all-Gag or only-Gag.

As previously mentioned an interest in effective T cell components in combi-
nation (bnAb + T cells) vaccine regimens is now boosted again® Availability of
better markers of antiviral activity as well as novel studies on a) the understand-
ing of anti-vector immunity in preventing better immunogenicity from past
candidates®?,b) the sieve effects demonstrated in T cell vaccine recipients of the
STEP trial® c) as well as the promising results from a novel thCMV-vectored T
cell vaccine in controlling viral replication in macaques*® have altogether helped
to re-stimulate the T cell field.

Better T cell immunogens and delivered by better vectors than previous can-
didates are, however, clearly needed.

Through the compiled work in Chapter 2 and 3, we have tried to strength-
en and analyse the idea that HIV is a highly immunogenic virus in terms of T
cell immunity, compared to many other viruses, such as EBV, HCV or CMV for
instance. HIV infection induces a strong and broad CTL response; all the viral
proteins are targets for the anti-viral CTL response although in varying degrees,
and even epitopes in alternative reading frames are now known to be immuno-
genic.® In addition, HIV-specific CTL responses leave evolutionary marks on
HIV and are thought to be responsible for driving the global viral diversity.*
However, individuals who do not control their infection can also mount a strong
CTL response, even in chronic stages of infection, if sensitive peptide sets are
used to measure them as shown in Chapter 3. Therefore many questions arise,
which functional characteristics of CTL responses are likely important in dis-
criminating effective from non-effective CTL responses rather than their sheer
beadth anf magnitude? If CTLs can effectively inhibit in-vitro viral replication
but at very variable levels, could it be that their viral replication suppression is

likely, depending on their specificity?

Clinical trials testing T cell vaccine candidates expressing entire HIV pro-
teins off various vectors have failed so far to induce protective CTL respons-
es.”’ 7% There is growing evidence that the existence of potential “decoy”epitopes
may divert an effective CTL response towards variable and possibly less effec-
tive targets in the viral genome®. In Chapter 2 we show interest in identifying
the best viral targets among the 9 encoded HIV proteins. First, as others have
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previously shown, in both cohorts of clade B and clade C HIV infected individ-
uals, the total breadth and magnitude of responses did not correlate with the vi-
ral loads. However 10 of the identified 26 beneficial OLP in the screened clade
B cohort were located in the Gag protein, confirming earlier reports suggest-
ing an important role of Gag-specific CTL (and particularly towards p24) in
viral control.”* In addition the beneficial effect of the responses against these
10 Gag-derived OLP was the most prominent in terms of protective ratio (PR)
scores and cumulative effects. Comparable results were found in both clade B
and clade C cohort.

Numerous studies have tried to elucidate the mechanisms by which Gag-spe-
cific T cells could provide such a superior antiviral activity. One possible expla-
nation is that viral fitness costs are reducing in vivo viral replication dramatically
when the virus attempts to escape from some of the dominant Gag epitopes re-
stricted by favourable HLLA alleles. Other studies in B27+ individuals suggest the
rapid re-presentation of Gag and Pol derived epitopes (within 6h following in-
fection) from infecting viral particles as being decisive for the strong antiviral ef-
fect of these responses.***! Importantly, in the work of Chapter 2, CTL respons-
es towards the identified beneficial OLP were not simply driven by individuals
expressing favorable HLA class I alleles (including HLLA-B27,-B57,-B*5801,
-B63 and -B81) as the exclusion of such subjects from the analyses still showed

& the same significant associations. In addition, all the individuals included from
the Barcelona cohort harboring such beneficial HLA alleles were intentionally
excluded from the study, and not only showed the same Gag dominance CTL
pattern but also preferentially targeted the identified beneficial OLP rather than
non-beneficial ones compared to non-controller subjects.

Of course, it could be argued whether the specific targeting of HIV Gag dem-
onstrates of a superior ability of the T cells of this specificity to mediate viral con-
trol or whether the induction and/or the maintenance of such responses is simply
a reflection of otherwise controlled HIV infection. Two recent studies comple-
ment our findings and strongly suport the former hypothesis as the direct HIV-
suppressive capacity of CD8+ T cells was shown to correlate with the frequency
of Gag-specific CTLs, both in clade B and C infection.*>*

It is worth noting that despite overall Gag dominance in our analyses, all the
HIV proteins harbor beneficial as well as non-beneficial OLP with PR >1 and
<1, respectively These data indicate that proteins considered to be generally ben-
eficial may contain non-beneficial regions too, which could be diverting the vac-
cine induced CTL response in using entire proteins as immunogens. These con-
siderations led to the proposing of a polypeptide-like immunogen design to pre-
vent such non-beneficial viral targets in order to drive immunodominance to-
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wards identified protective regions. The construction details have been further
developed in Chapter 4.

An important additional consideration for a rational T cell (and humoral)
vaccine design that aims to induce a long-lived immunity is to account on CD4
T cell-mediated helper signals. In this regard, breadth of HIV specific CD4 T
cell responses has recently been showed to have a significant inverse correlation
with viral loads, but in particular -as we saw for CD8 T cells-, Gag dominance
pattern (and particularly p24) distinguished HIV controllers from progressors.
{Ranasinghe, 2012 #305} As developed in Chapter 4, these immunogenic re-
gions were included in our polypeptide-like immunogen as they may act as a crit-
ical cornerstone for enhancing protective T cell responses.

Towards conservation

An important finding in our work is that beneficial OLP were more conserved
that the rest of the genome, particularly when compared to the non-beneficial
OLP. These data are in line with results from other studies that propose T cell
immunogen designs focused on conserved regions***. Overall, a significant
negative correlation between PR and entropy was observed for scored-OLP in
both clade B and clade C cohorts and even within the conserved p24, the ben-
eficial OLP identified in the clade C cohort were significantly still more con-
served. Thus, even though entire structural proteins such as Gag are among the
most conserved regions of the viral proteome, targeting their most conserved
fragments provided an advantage to control HIV replication in vivo. These OLP
are likely reflecting regions with high epitope density, as seen in the detailed
characterization of the responses to conserved regions of Gag-p24 in the work
compiled in Chapter 3 and in the description of the final immunogen details in
Chapter 4.

Targeting conserved regions of HIV has been proposed as an approach to
deal with viral diversity and rapid emergence of escape mutants. (““and reviewed
in ). Conserved regions are by definition, common among the different virus
strains and clades to which the vaccinees will be exposed. In addition, potential
CTL escape variants in these segments will in many cases carry significant costs
for the viral replicative fitness, making them valuable targets for a vaccie induced
anti-viral Tcell response.**%. An additional support for more reductionistic im-
munogens arise from post-hoc analysis in the Merck’s Ad5 gag/pol/nef vaccine
immunogenicity studies of the STEP trial. The most highly conserved epitopes
in Gag, Pol, and Nef were detected at very low frequencies in vaccinees, sug-
gesting potential epitope masking of these responses through the entire proteins
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used.” Thus, some of the strategies proposed in the past have been based on the
tusion of the most conserved parts of the viral proteome to form artificial protein
immunogens?®. A limiting factor in such designs may be that some of the most
conserved regions of the virus, particularly in the Pol protein, are immunologi-
cally “silent” with diminished recognition in natural infection, as also shown by
our work. Thus, not all conserved regions are equally immunogenic or contain
beneficial viral targets, an observation that needs to be taken into account when
designing subunit vaccine sequences. Also, it has been suggested to link long-
er conserved regions by specifically designer spacers rather than joining con-
secutive fusion polyepitope sequences®’. While this may indeed direct the anti-
gen processing towards the preferred cut-sites, the inserted linkers may gener-
ate novel epitopes with no relevance and this need to be handled with caution.
As discussed in Chapter 4, our T cell immunogen design reflects all these con-
siderations and potential caveats and, at least in mice, appears to indeed produce
broadly directed responses with even magnitudes between different specificities.

An additional strategy to contend with viral diversity, aside the ‘conserved el-
ements-like’candidates, is to induce responses of greatest possible ability to react
with epitope variants by including the ‘variants’ themselves in the immunogen.
Mosaic antigens are polyvalent cocktails of synthetic but intact proteins that aim
to fight antigenic diversity and limit the rapid emergence of viral escape mutants
through the induction of an increased depth of CTL responses (more respons-
es to variants of a given epitope).’>*? Mosaic vaccines are designed using com-
putational strategies that optimize coverage of more potential T cell epitopes.
Pre-clinical data in macaques vaccinated have shown promising results, increas-
ing the breadth and cross-reactivity of the vaccine induced responses compared
to consensus antigens.*® As it will be outlined in the Future Research Questions
section, we have followed a similar strategy and have now designed a novel Gag
sequence that covers the most common CTL escape pathways. We propose to
use an entire designer Gag vaccine candidate to be administered as a boost com-
ponent, especially if co-administered with an envelope immunogen. Having in-
duced responses against the most common forms of the selected epitopes (con-
served) and their preferred escape variants should further limit viral escape in
vaccinees in the absence of sterilizing immunity. Importantly, as observed in
macaques by collaborator investigators, such a prime/boost strategy (priming
with a reductionist immunogen plus boosting with a complete protein) helped
to boost the first induced responses while maintaining the altered immunodom-

inant hierarchy. (CROI 2012 #427, Kulkarni, manuscript in preparation)
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Cross-reactivity and functional avidity

'Three major factors contribute to the enormous viral diversity in infected indi-
viduals as well as on a global scale®*** and include a) the viral replication speed
rate, generating an estimated 10 virions per day in infected individuals®®, b) the
error-prone reverse transcriptase which introduces on average one substitution
per genome per replication round and ¢) recombination phenomena which are
estimated to occur at a frequency of 7 to 30 recombination events per replication
round.*” In this challenging ‘variable’context, high cross-reactivity/depth of vac-
cine-induced responses is therefore crucial to cope with viral diversity, limit viral
escape or at least cripple the viruses by deleterious immune escape pathways. The
study presented in Chapter 3 identifies the functional avidity of CD8+ CTL re-
sponses to be associated with variant recognition and superior in vivo control in
HIV infected individuals from a cohort with largely unbiased HLA genotypes.
Complementary, when limiting the analyses from Chapter 2 to the four benefi-
cial OLP identified in Gag-p24, higher functional avidity was also seen in con-
trollers compared to non-controller individuals. In addition, when the function-
al avidity was determined for 17 optimal epitopes from beneficial, neutral and
non-beneficial OLP, the data showed again a strong link between avidity, con-
servation and protective ratio. Complementary to our results, the collaborative
study with Berger e a/ also showed higher functional avidities of Gag-specific
and HLA-B-restricted responses in HIV controllers compared to those in non-
controllers. Interestentingly, high functional avidity was not restored in individ-
uals with effective viral suppression upon HAART, suggesting that high func-
tional avidity may be a direct immune correlate of viral control rather than a con-
sequence of otherwise controlled HIV infection.*®

In addition to the previously mentional functional characteristics of CTLs,
growing data has also highlighted the beneficial contribution of CTL with ele-
vated functional avidity (or antigen sensitivity) to the control of HIV infection.
Potential mechanisims of how CTL responses of high functional avidity could
mediate their superior in vivo effects have been suggested:

1) High avidity CD8+ T cells may possess an enhanced ability to inhibit in
vitro viral replication at lower antigen levels®®°, as shown in studies using CTL
clones of different specificity,and they may initiate lysis of target cells more rap-
idly at any given antigen density®'. In other studies and in addition to CD8+ T
cells, the high avidity of some Gag-specific CD4+ T cell responses was explained
by a high avidity interaction between the TCR and the peptide-MHC complex,
as demonstrated by MHC class II tetramer bindings in controller individuals,
which would explain a stable antiviral response in the face of very low viremia.®
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2) Our studies are in agreement with data that have established CTL antigen
sensitivity as a marker of polyfunctionality' and effective sustained suppressive
activity.”>® Importantly, our data also indicate that high avidity CTL responses
may provide greater variant recognition compared to low avidity responses.*®%*
As for the differences in the amount of peptide required to elicit effector func-
tion, high avidity responses may be more prone to react with sequence variants
in their cognate epitopes, and they may provide a crucial advantage in the con-
trol of highly variable pathogens, as it has been also shown for HCV in the past
65 and for HIV in the manuscripts included in this thesis.

3) In a recent report, effects of HLA allele-dependent intrathymic positive
selection have been proposed to give raise to high-avidity T cells of superior an-
tiviral activity and also could at least partly explain the advantage of MHC het-
erozygosity in HIV control.® This would suggest that beneficial alleles restrict
CTL responses of inherently greater functional avidity, an hypothesis that our
data in Berger et al*® further support as well.

4) A detailed study on the protective HLA-B27 restricted KK10 epitope in
HIV Gag p24 also highlights the importance of T-cell receptor (TCR) affinity
as a determinant of antigen sensitivity.®” In their work, Iglesias ez a/. show that

& the selection of ‘public’ clonotypes in the epitope-specific T cell repertoire can
result in functional advantages that contribute to effective suppression of HIV
replication. In this case, HIV controllers mounted responses with relatively nar-
row TCR repertoires, which were dominated by public TCR sequences in HIV
controllers. Similar findings emerged from our studies, where public TCR clono-
types were found at higher frequencies in HIV controllers compared to non-
controllers mounting the same epitope specific responses.’® These findings are
of relevance for vaccine design as controlling this selection process would possi-
bly endow the vaccine induced T cell response with a more effective TCR reper-
toire. How to induce such public-T'CR based responses in vivo is still however
an open question at this time and will possibly depend on antigen dose and du-
ration of antigen persistence in the vaccinees.

Lastly, with respect to the previously discussed immune correlates, these data
also raise the question as to whether the maintenance of high avidity responses by
HIV-specific CTL is the consequence rather than the cause of low viral loads in
chronically infected subjects. Data by Streeck et al on individuals followed from
early time points in acute infection suggests that continuous antigen stimulation
may reduce CTL functionality over time®. As discussed in Chapter 3, whether
such losses of high avidity responses correspond to changes in the clonal com-

216

‘ maqueta def-1.indd 216 @ 12/0312 17:24



1 TEEEE ®

maqueta def-1.indd 217

Discussion

position of the CD8 T cell response or to a gradual decrease in their functional
avidity due to altered cell reactivity/signaling is still unclear. Although not con-
clusive, our avidity data in individuals initiating HAART show that antigen re-
moval does not increase functional avidity in chronic stages of infection, there-
fore fostering the evidence on high functional avidity as a cause rather than an
effect of in vivo HIV control.*®
Technical aspects of the assays,
unclear thresholds and peptides sensitivity.

As pointed out by Bennet e7 a/. it is crucial to define avidity thresholds for dif-
ferent T cell effector functions in order to better interpret the significance of
functional avidity measurements and to predict CTL efficacy against virus-in-
tected cells.® In this regard, in Chapter 3, despite individuals with suboptimal
control of viral replication showed CTL responses of significantly lower avidity
compared to those detected in controller individuals, a largely overlapping range
of functional avidity measurements between responses in both groups was ob-
served and may pose a challenge to conclusively demonstrate its potential bio-
logical relevance. However, the sheer extend of tested responses (>450) allowed
to observe statistically significant differences between the two groups, although
the difference in the median avidity values was quite limited. Evidently, respons-
es to many different epitopes restricted by diverse HLA alleles were being com-
pared and thus introducing a wide range of potential avidities for these respons-
es. Of note, differences in avidity were more pronounced when the comparison
was limited to matched responses detected in both groups, by probably reduc-
ing the range of potential avidities of the responses tested. In any case, having
a defined threshold under which a CTL response in vivo is unlikely to mediate
effective immune surveillance woud greatly inform vaccine development. This
is also reflected in a study by Keane ez a/, where T-cell responses to early escape
mutant epitopes (named neo-epitopes) were shown to have significantly great-
er functional avidity and higher IFNy production than T cells for non-adapted
epitopes, but were no more cytotoxic.®

One major issue that emerged from our analyses was that peptide length in
the different in vitro test sets can massively impact the emerging results. Most
of currently used peptide sets include 15-18mer peptides overlapping general-
ly by 11 residues.” Such well established approaches do not require prior HLA
typing, do not depend on the previous knowledge of defined optimal epitopes
and allow high throughput screenings. In our work in Chapters 2 and 3, overlap-
ping peptide sets of 18-22 amino acids in length with an overlap of 9-12 residues
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were used spanning the entire HIV-1 proteome. This was complemented by a
peptide set spannig Gag p24 that consisted of shorter 10mer peptides overlap-
ping by 9 amino acids. Our data showed that significantly more responses were
identified using the 10mers than with the 18mers, with an overproportional loss
of responses when using the 18mer peptides in the HIV non-controllers. Im-
portantly, the responses identified by the 10mer peptide sets did not represent
spurious or nonspecific reactivities as they did not differ in terms of magnitude
to the responses detected using the 18mers. The fact that up to three times the
number of responses were detected using the shorter peptides raises serious con-
cerns as to the validity of earlier datasets, which may have missed a considera-
ble portion of responses. In addition, from earleir studies using combinations of
Consensus, ancestral and Center-of-tree (COT) sequences based peptides sets
and from the use of Toggle peptides, it is clear that long 18mer peptides, based
on a monomorphic test sequence may likely miss half of the existing CTL re-
sponses.”"? In addition, this is in line with data from testing peptide sets match-
ing the autologous viral sequence, which increased response rates by 30% com-
pared ot consensus-based peptide sets. Importantly, our in our study, differenc-
es rates of responses in non-controllers were not due to a suboptimal match be-
tween test peptide sequences and autologous viral HIV-1 sequences in the non-
controllers as their dominant autologous p24 sequence was in all cases clade B
® and mostly (99%) represented by the test peptides.

On the other hand, the lack of detecting responses that was seen with 18mer
but not 10mer peptides may not be too dramatic, as the shorter peptides likely
revealed more low-avidity responses, although as mentioned above, not reliable
thresholds are yet stablished to rule out their potential physiological relevance.
Still, basing vaccine development on only a fraction of our possible knowledge
of HIV specific CTL responses can possibly severly impact the immunogen de-
sign. In addition, for immune monitoring assays, the most sensitive test peptides
possible should be used to reliably assess the vaccine’s in vivo immunogenicity.

Designing a T cell immunogen and putting it to the test.

'The last and most translational work of this thesis is based on the preliminary re-
sults of the first in vivo immunogenicity tests of a novel T cell immunogen that
hasbeen designed incorporating all the information compiled from the previous
studies. As described in Chapter 4, the identified beneficial OLP as well as the
information from conserved regions in Gag-p24 thatinduced responses with the
highest avidity and cross-reactivity potential were assembled into a total of 16
sequence segments which were linked to each other using triple alanine linkers.
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A final T cell immunogen sequence was translated into an expression-optimized
nucleotide sequence and cloned into a CMV based plasmid harbouring a GM-
CSF signal peptide for efficient secretion of the encoded protein sequence. The
first immunogenicity studies were evaluated in 6-8-week old female C57BL/6
mice two weeks after two DNA vaccinations (weeks 0 and 4). Although still
preliminary, the results show that the T-cell immunogen was able to elicit a bal-
anced, broad T cell response to all protein components (Gag, Pol, Vif and Nef)
contained in the immunogen. In contrast, mice immunized with plasmids en-
coding for the full-length Gag, Pol, Nef, Tat and Vif protein sequences showed
astrong Gag dominance of the relatively narrow responses. For instance, in mice
immunized with plasmids encoding for the entire proteins, only 26% of the total
vaccine-induced response targeted the beneficial regions included in our immu-
nogen sequence. Thus, the T-cell immunogen developed in the local HIVACAT
program, is postulated as a novel, reductionist T-cell vaccine candidate whose
design has been rationally based on the extensive ex-vivo immunogenicity data
from HIV infected individuals and provides a broad HLA class I allele cover-
age. To better deconvolute the full immunogenicity potential in the context of
different HLA genotypes, to rule out immunogenicity to juntional epitopes and
to characterize the antiviral effect of the vaccine-induced responses the initial
mice data are now being confirmed in humanized BLT' mice.

DNA plasmid technology has been used as a first choice to assess immuno-
genicity of the T-cell immunogen as a proof-of-concept strategy, due to its versa-
tility, and feasible scalability, as discussed in the Introduction section of this the-
sis. If a broad, functional and balanced vaccine-induced response is seen in the
humanized BLT mice model for different HLA genotypes, the candidate could
be considered to be moved into human clinical testing and used to express the
immunogen in other live recombinant vectors, such as MVA or ChAd to allow
for subsequent prime/boost heterologous regimens. Undoubtedly, any potential
preventive vaccine regimen will have to incorporate a vaccine candidate that in-
duces complementary humoral response as well as CD4 T cell help. We postu-
late that boosting with a VLP constructed using the above mentioned designer
tull length Gag sequence and expressing novel full length and/or MPER enve-
lopes sequences could enhance cross-reactivity to our beneficial viral T cell tar-
gets in Gag without disrupting the dominance of the initial induced response
and providing the helper cell responses needed for the induction and mainte-
nance of a robust complementary B cell immune response.
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In conclusion, this compiled work was aimed at providing an overview of the
T cells that play a major role in HIV control as well as the most important dif-
ficulties in the HIV vaccine development field. It included a review of the most
significant immune, virological and host genetic factors involved in HIV con-
trol. We then identified potential viral targets, described new characteristics
of CTL responses associated with better disease outcomes and ended by pro-
posing a reductionist T cell vaccine candidate, that aims to overcome some of
the major hurdles in vaccine development. Although a better understanding of
the mechanisms of protection is still required and recent discoveries on broad-
ly neutralizing antibodies have now started to be incorporated in new humor-
al vaccine candidates, novel rationalized T cell immunogens such as ours still
have room to be screened for the induction of immune responses of improved
quality that could potentially increase effectiveness in protection and disease
control with respect to past vaccines.
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CONCLUSIONS

1) The most benefical CTL targets are predominantly located in HIV Gag,
Pol and Vif, but rarely in more variable proteins, providing a strong rationale
for vaccine approaches that focus on conserved viral regions to deal with vi-

ral diversity.

2) The presence of responses of high functional avidity with broad variant rec-
ognition ability is a hallmark of controlled HIV-1 infection and the induc-
tion of such responses by future HIV-1 vaccines may be crucial to constrict
rapid viral escape.

3) Standard approaches using 15-20 mer overlapping peptides in ELISpot
IFNy assays significantly underestimate the breadth of CTL responses, espe-
cially in individuals who do not control HIV infection. This observation has
importantimplications in the design of improved vaccine immune readouts.

4) Theidentification of beneficial viral T cell targets and new functional prop-
erties of CTL associated with relative viral control allowed us to design a re-
ductionistic T cellimmunogen thatincludesT cell targets restricted byawide

array of HLA class I alleles.

5) A DNA plasmid expressing our polypeptide immunogen induced a broad
repertoire of CTL and was able to break immunodominance to potentially

non-beneficial targets in C57BL/6 mice.
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FUTURERESEARCHQUESTIONS

Based on the findings of this thesis and the currently ongoing work, the fol-
lowing research questions emerge:

1) In-vivo testing of the immunogenicity of the DNA plasmid expressing the T
cell immunogen in the humanized BLT mice model. Address the breadth and
immunodominance of vaccine-induced responses in the context of different
HLA genotypes, and using a regular intramuscular and electroporation deliv-
ery system.

2) Address functional avidity, cross-reactivity potential and viral replicative in-
hibition on selected mapped responses from vaccinated animals.

3) Use anovel Gagsequence to cover common CTL escape variantsin theiden-
tified beneficial targets to increase the depth of CTL responsesina prime/boost
strategy introducing a humoral vaccine component.

4) In vivo assessment of immunogenicity in heterologous combined vaccines
(DNA-MVA, or DNA-VLP) expressing the T-cell immunogen in B57BL/6

mice
5) Further our understanding of viral and immune factors mediating HIV con-
trol by studying the mechanisms involved in the loss of viral controlin a group

of HIV controller individuals subjected to longitudinal follow-up.

6) Implement new available and comprehensive immune readouts in the up-
coming phase I proof-of-concept therapeutical vaccine trials.
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1, Introduction

The AIDS pamdemic is one of the gresiesa global
health erises off our tsme. Since HIY was adeatified 25
years agn, I3 millhon poople kave died and 33 millios
maoee are liveng with HIV [1]. Despite advances in edu-
cation, HIY prevention and impeovements in access o
antiretroviral drugs, the pandemic continuees (5 oubpace
global efforts al preventaon and controd,  According
v iz Uniedd Nations Development Program (LD,
HIV haes inflicted the “single preatest reversal in buman
developmem” in modemn hisiory 2]
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ventions and prophylaciic vaccines. The recent failere
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candidate further highlighted bow far the field i sill
away From refishle markers. of HIV control and kow io
et design an effoctive vaccine. This, an impeoved
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diversity in this controd is urpenily needed. However,
it will likely not be sufficient o link cortam more or
less mndoen markers with clinically well-cstablished
parameters of disease progression, such as plasma viml
RMA levels and nadir CDM4 T-cell counts of CO4+
T-cebl gomms decline over fime., Rather, specific mark-
iors that are directly medisting viral control need ta be
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ing o epaphonomena and {unctionally unlinked mark.
ors. This Is cenainky casher said than donse as defermi-
nants of an effectne viml contmd will Hkely need o
b bdentifbed in mishifaceorial models that incorporate
virl varishility, esvironmenial panicularities isuch as.
corinfectnons ) and Bosl penelics.
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Here we review the role of viml facioes, host genet-
ics. mariers and HIV specific immuane responses i the
conteod of HIY infection and their possibly underdying
mechanizms, The delermisasts ol viral alemistion,
speciic HLA clasa | and 11 alleles, certan polymor-
phismes in co-recepior genes and ligands, the specificity
aml functionality of virus-specific CD44 and CDE+
T-cell responses, as well & new insighis inio facsors of
ihe innate immune response in HIV control are being
diswmssid.

1. Insighis From studies in individoals with
sell-comtrolled viral replication and HEPS
coborts

Infection with HIV beads 10 a devasiaiing emsion of
ihe immime sysiem climically characierized by o pro-
pressive ise mn HIW viral load o decrease of the num-
ber ol CIM+ T-cells. This decline in CO4+ T-eells
herabds the progression to AL with ils asscisled op-
Pl.l'i.mi:lii: imfections and camcers and ultimately ends
i death,

Among the HIV-infected population, several groups
of individuals have been idemified that renaain climi-
cally stable and free of any AIDS defining conditions
for decades after infection in the absence of antinsto-
viral therapy [3], These inclividuals {estinated to be 5-
B out oof thee toital HIV-infected populatsonj kave heen
refermed i as loag term survivors (LTS} or bong-temm
nos-progressors (LTNP ) and are generally able o con-
teod wirad neplication to low levels — plasema RNA levels
< 2000 copses'mil (or < 5000- 10 D00 copies/ml. de-
pending on arbarary cul-olfs decaded upon by dilfer-
el isvestigalors b and 1o maintasn pocmal COd+ T-cell
counts over time with a reduced rale of CDM+ Tocell
loves (| B cells/jl'year) compareid 1o that i normaed pro-
pressors (arvend 60 celbsulivear) [4], A sebset of such
LTNP is able i maintsin endeiecishle plasma viral
loads for extensive period of times and is known as elise
controdlers (EC). The climical and scientific imerest in
such individuals is greal as they may ndeed hold the
key of spontanecus contral of HIV infection. Carrent
efforts have allowed for the establishmen of large inter-
naticmal coborts of controllers and elite-controllers and
& intensive seanch for bost genelsc, virological as well
s immmunclgical markers of HIV control is cagoing
in these subjects.

Some recent work o elite controllers (sstimamed
represent bess ihan 1% of the HIV infected population)
has shiswn widde hetcrogeneity in the immenological
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anidl elinkzal course of HIY nfection despite oertain
semidarsties in genetse determinants [5], again sugges-
ineg that HIV cantrol needs 1o be soem in a conten) that
imtcprales host penctics, immune funcison as well a
vimbogical diversity. Nevertheless, these and earlier
analyses have diecily allowed w identify a number of
propertses of the immuene response o HIV (specifici-
tv. T cell podyfanctiosalitvh, as well as bosi penetic
naarkers (mainly HLA clsss | alleles) ihat are strongly
associaed with discase control and which will peove
helpdid in the quest of developang a broadly applicable
HIY vaccine.

Similarty, highly Exposed Persistemly Seronegatives
|HEFPS) mndividunls, soch # some commenceal sex
workers or discordant couples who are multiply ex-
posed bo HIY yei remaim uninfecied, nuy also provsde
imporiant ¢lues inso potential mechanisms of HIY con-
trod and even prevention of infection [6.7]. However,
these stndies mecd 10 always be well documenied for
real exposure b HIY, even more so now that siadies in
dimcondas couples sometimes include HAART reated
subjects which put the seronegalive partner ol ©leardy
reduced risk of HIV acquisition, Some pecent sbod-
ies have ilenitfied genetic podymorphisms in ihe SOF)
pene, speific CDR+ T cell responses and IpA produ-
{mm 2 faclors assoczated wath o redsced nsk of HIY
aogquisalion in these groups |8=12]. However, T cell re-
sponse rates and antbody prodisceion have nol emenped
consistently im ol studies as potentially protective | 13,
14] and funther studies aze needed to clarifly these find-
inegs. In mddition, immune analyses coaducied o klen-
iify potenitally protective immane respoases meed jobe
based on sensitive bl specific assays and strimgent cul-
offs | 13], Givienthese considerathons, it can reasonably
bee enpected (Bt fufiune analyses on HEPS may provide
further valushle information.

L. ¥iral determinants in control of HIV-infection

While ndividuals with apparemily effective con-
tred ol HIY infiection (LTNP. elie controllers) have
boen sl ied exbasstively for vines-specilic imsmune re-
spoanses, less is known abou polential vimlogical de-
lerminants that could be drmving the ohserved controd,
A pumber of studies have identified single individmb
oo samall cohoris {such as the Sydney Blood Bask Co-
hogt ~SBBC- 3 unigque ool kection of individuals infecied
with sn antenumted HIV-1 vires from a common donorh
thaat harbos parially defective vinses thal seem 1o kave
a decreased replication compelency. (ihers have also
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heen abde wr isolate vimis with Empaired replicative ca-
paciy from PEMC cultupes generated from LTNP, sup-
porting the by pothesis that primary infection by allen-
uated virus straims” with show replication kinetis may
facilitmle comtral of viremia [16]. This is not only of
relevance to the replication fitness of potentially past-
Iy defective vimees as i could alvo redoce ihe Kieet-
ics af virl evolution and CD4-+ T cell depletion over
proloaged period of time,

A certalm “acquired” degroe of anenuation in terms
al bmpaired replicative capscity couhl be partially in-
duoed by amtiretroy iral therapy,as individuals who were
efficiently tnealed for bong periods of 1mme showed a
prolonged delay in ressoration of pretreatment virad di-
werdly afier therapy imtemaption (5T1), This suppested
that punciuaed antiretroviral thermpy may cause & con-
sidershle evolutionary botileneck bkeading o the emer-
gence al viel populations with overall redaced viral fil-
ness [ | 7). However, it coubd also reflect improved im-
muse competende and 31 least pamial Emmune restora-
tiom after prolonged treatment periods, which could on
its own impact viral nepopulation dynamics.

Assde from restment-mduced viral yanants, sever-
al viral geneiic defects and podymorphisms that impair
replicative capacity have been implicaled im mediating
relative wiral control . Viral genomes carrying delelsons
or imacinaling vanants i the nefl gene or @ the over-
Lup of pef and the U3 region of the lng lerminal ne.
peal | LTR ) were amaong the very first viml defects as-
socimed with costrol. These cases were identified in
15995 im a group of & individuals from the SBEBC cobort
wihiv hud become mfected after obiaimng blood trans-
fimsioas froam (he same HIV-infected bood donor bul
remained free of HiV-relased disease [18]. Alibough
still mnclear, one potential wnderlying mechanium sug-
pested for the beneficial effects of this nel” deletion is
that Mef is no losnger available 1o down-regulate HLA
chaws | malecules and imfectad cebls this would be mon:
readily recognized by HIV-specific CRE+ T oells [19].
However, bongiuding!l analysis of virl evolution of
the mefLTR sequences over time in the SBBC cohor,
were wnable 10 fully esplais mechanisms that could
hanve contribaed s show prognession of HIY disease in
2 jonnt of the B individuals of the cobon, suggesting
that nefl gene deletices ane nof necessarily medaating
life-Jang prodection from disense progression.  Thus,
other viml and'or host facions plus immune pressun:
was |ikely comtributing fothe kong-termconirod in these
individuals [0,

Assde from Nef-meduased effects, otber mutatons
in stroctural proteins have been sssoctabed with shower

disease progression as well. These include anusmal,
difficuli-io-rever podymorphisemns and 1-2 ambno acds
deletion im gpeb] and Gig ora four amino scids msertion
in Ypm among olhers [21]. 1o addition, replication de-
fective sirains have boen identificd when constructing
viral clones with mutations ot the rev activation domain,
which wene seen mone freguenily m comiroller individ-
uals than in subjects with regular HIY disease progres-
siom [22]. In ndddion, to thess mutations of wnknown
origin in tenms of specific sebective force (spant from
redwoed replication capacity), viral mutstions evolv-
ing wnder sirong immune selection pressure have been
show 10 lead 1o reduced viral replicatson {see bhebow).

Dlespite these reported cases of reduced replicative
viruses i slower disease progression, the frequency’
ane] comiribution of such defects on the maimienance of
undeiecinble viremis is nod well established, ln pastic-
ular,conflicting dain exisis panty due vo the Esct that the
identification of such attenaatad viris stradnis  vive s
lienited b0 snaakl numibers of subjecis and that sequence
amalyses have often been based on snalyring celluler
proviral DA, thas possably also mcluding somae leve
el ol prave-vand sequences.  Today, with more sensi-
five nssays, some elie controllers have been shomm (o
b persissent viml replication detectable in plasma at
levels below S0 copesiml [23]. In sddition, o recent
repont by Maura et al for mstance did nol reveal ony
groms penetic defects im HIV: | codang pene sequences
derived from plasma virsl RMA fiom a large cohon of
elite controllers [24], This ohservation suggests that
aciive virnl suppression by the immune sysiem rather
than shaned viml genetic defects or polymanphisms is
driving viral conted im HIY costrollers. This concha-
siom fs also i lime with work on acoessory genes from
HIW controllers, where replication-conipetent vinses
from CIM+ Tocell co-culture supematants were ana-
lyred and did not revenl amy consistend defects in either
vpror vif genes [25].

4. Impact of host genetles on (a wive HIY control

An eslensave number of host gesetic maskers have
been identified over the last 30 years ihar sre associat-
ed with either mpid or shew HIV disease prognession
ar with prodection from infection. Many older stadies
hivvever were camied ced using single gene approaches
with smnall nunsher of samples and the genetic associ-
ations found were not always confimmed in swbsequent
fanctional stadies. Thanks to the advances of the Hi-
mane Genome Project. the use of whole-genome as-
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sowiation scans, anil the establishmeni of inlemational
consortia such as CHAVIL EarcCHAV] of the HIY In-
ternaticnal Congrollers consortium, il has been possi-
e b0 uncover cenain genctsc factors that maght play a
redevant mle in the controd of HIY, Thas avaalability of
large samples number mnd the possibility 1o sequence
30 (Y sangle-nusclectide polymorphisms within the
humnan genome should furiber enhance siudies exam-
imang the coniribetion of malisple pencis: Taciors | 246).
Hiwever, unlike studies on genetic markers associal-
od wilh for instance asotmmane drcases, the ssanch
for host genetic polymorphisms i HIY infection al-
s needs 10 lake ingo consideration the viml diversi-
ty ini regions of different hosa genetics/ethnacities, An
cartier peport on the effect of o single genetic (HLA)
marker and viral evolutson has recenily been comfimed
in a massive intematsonal effort, demoesirmting the
inger-relationship between bosi genetics and viral evo-
lumjos [27 28], These findsngs highlighi that viral di-
versily 15 likely be shaped by dafferences i the fre-
yuency of different hest genetic markers and. based on
viml evalution, can lead o opposite eflects of o specil-
ic peretic marker oo HIV disease control [27]. Thus,
whode hunun gemome approaches are severely com-
picaied by viral diversify in differesi bost eihmiciies
making comparisoas scross differem clades of HIV and
varnis geographscally distinet husan populations dif-
fiewli. This consideration also points s the possibili-
ty thal different clades of HIV may possess inberently
different replicalion Biness and may drive desease de-
velopment al variable kevels, s recently considened 2
a possibly coninbarting facior n & case of severe aome
HIV infection | 9],

5. Associatbon of HLA polymorphisms whih HIY
distase oulenme

Mamy host pemetic polymorphisms associnled with
levelsof disease controd invalve gemes encoding for re-
cepiinrs for viral emiry and mobecules expressed on the
surfpce of cells of the mnate or acquired immune ss-
iem, such as HLA, CCRS and KIR recepiors.  Mare-
wwer, It soems that in some cases iheir potesiial prosec-
tive influence might have 3 camulaive elfect as soen for
the synengic effect of some KIE rocepeors and HLA-B
wonmgileves | 30]. Likely the mcel robwst analyses have
focused on the HLA penes and their polymorphasmes,
The HILA class genes Form highly polymorphic boci in
the: Major Hstocompatibility Comples { MHC) located
in the shan arm of chromosome & and encode for cel-
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halar sarince molecules ihai present foreign aniigenic
epitopes 10 T lymphocyies. There afe 1wo groaps of
HILA mobeculies including HLA class | and HLA clas
0l astigens. The HLA class | molecules are divided
it HLA-A, HLA-B, HLA-C all of which hind pep-
iides demved from intmcellulasly processed proteim
and present them w CTE4 cyiotoxic T-cell Tympho-
eyies (CTL). Among these. ihe HLA-B alleles, while
muast dliverse {more than 1000 HLA-B allehes bave
boen idemtified 10 dae) have also been shown 1o carry
the balk of the ami-varal T cell immmne response m
HIV miectson [31]. Accordingly, the namber of well-
defined HLA-H restricied epilopes exceeds the sumber
of defined epitopes restricted by HLA-A and, particu-
larly, HLA-C alleles. However, especinlly the HLAC
alleles are currenily mnder more imiensive imvestigation
as larper HIY infected coborts witlh more compleie and
high-resalution HLA-C iyping have become available,

HLA allebes are grouped isto 9 supenypes based
ot thels structane, peptbde-banding matif, epitaps rep-
resentalion and sequence amalanty [32,33]. Paticu-
larly alkebes included in the HLA-BT (B*S101, BS1).
HLA-BIT (HLA-B27, B% ] 5000 and HLA-B5E seper-
types (HLA-BST, B*380I, B*|516, B*1SIT) have
been associated with improved or impasred kevels of
HIV comtrol. OF mode. almost all the alleles in the
HILA-B3H supertype appear o mediste superior con-
teed ol HI'Y infiection [ 34 with the exception being the
HLA-R* 5802 allele, which i highly prevalent in South
Africa and which is associsled with elevated median
viral boads [15]. The reasons how sublbe changes in
the HIA sequence { HLA-B* 5802 only differs in (hree
amind acids from the “good” HLA-B*5801 allele) can
so profoundly affect HIY disease outcome are still un-
cless and are nod in all cases singply aitrbutable o dif-
ferent CTL episope repemoines presented on these alle-
les [ 35 36]. The fact that this allele. as well as the HLA-
B 1503 allele are presesd ol high froquency and are
both aswscisted with higher viral boads in HIV infect-
ed individuals (HLA-B* 1503 is a “good™ allele in the
Morih American popalation where it is rre: rel [27])
is in line with earlier reporis that foeml an sdvaniage
of expressing rare HLA superiype alleles in controlling
HIV [37].

Tnmddivion o HLA allele froquency, the homocy goas
expression of individual HLA allcles has been associal-
o with neduced viral contral. This heteroeygole advan-
lage has heen widely observed i several coborts, in-
cluding Caveasian and non-Cascasian rll;.u'llliu:ﬂﬂ,
39) and hes heen reproduced i Hepatites C infection
for which HLA-sssociated markers of viral clearance
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andl virus conteod have been idemtified ax well |40]. Fus-
thermare, the effects ol pamicular HLA superypes o
of individual allebes have also been reported 1o provide
1 basss for imsmunalogically mediated resistance to
infection [4142]. It will be interesting b confirm the
podemtial progective effects af such alleles im additsonal
cohoris with vanable allele frequencies and o assews
other mechanisms and markers present in penetic link-
ape o these alleles that may possibly be involved o ai
least soene bevels im peotectaon from HIY infection [43].

Associalions between HIY comirol and specilic paly-
micarprhisams in the HLA elass 1 boci have been less well-
delimed, maybe reflecting a passibly oaly indirect anti-
viml effect of HLA class Il restricied CIM-+ T cellls.
Meeveriheless, some cobon-hased studies have reporied
ihat DRE]* |3 allede expression is associated with par-
tiald protecticn from HIW disesse progression, alihcagh
ibds has mot consisiently been observed [44]. The
DRBI® ARG *06 baplype has also been foand
& increased frequency (8 mndisiduals who were teat-
od earty im HIV infection and who maistained sans
suppression afler teaimen mlemaplion [45)]. Fusther-
mure:, & profectise robe of DUHL D06 slleles, Brespective
of their DR haplotype co-expression, has heen identi-
fied [46], While the HLA class 1] pssociagions have
niok prodisced as stromg markers 55 HLA class | analy-
sit6, (e representative studies given above highlightihe
importance 1o funber explore the comribution of the
specific CTM+ T eell responses and theif genetic hasis
im the controd of HIV.

6. Specific HLA clivs | B alleles ssociated with
variahle levels of HIY comtrod

HLA-B*5T01 and, 0 & besser extent HLA-B2T are
HLA-B alleles averrepeesentod in MNorh Amerscan and
European coborts of LTNEP and EC individusls [ 26,38,
3047 4%] and reviewed in [490). Similardy, the HLA-
B*5703 allele fwhich is the prevalent BST subfype in
Africams) is abso sipnificamly enmiched among African
subjects that comtrol HIW replication |31 50, These as-
soiations ane furiber supponed by survival analyses of
HLA-B5T and HLA-B2T expressing indivaduals [51].
How these alleles mediate their beneficial effect has
hswever nog been entirely clear, althomigh in the case
of HLA-B 27 and HLA-BST compelling evidence sug-
pests it may be due 1o their preseniation of multpe
immumdominant episopes located i HIY Cag and ne-
werse tmnscnipiase [5.52.53], The broad epitope reper-
tovire and the wide eross-recognition of epiope vari-

anis presemied by HLA-BAT sugpest that effective viml
cicape from HLA-BST restncied CTL responses may
be difficult o achieve, Of note, HLA-B*5T01 is in
strong linkage disequilibeum with the polymorphasm
bocated in the HLA complex IS gene {HCTS). kocated
100 kb centromenic from the HLA-B lecus snd who
Puas been identified x5 a protective marker of HIY infec-
tion, independent HLA-B37 expression [26]. Howey-
er, the mechanistic explanation of this protective effect
et elusive and probably ks a resalt of & combimed
Baphiypic effect with HLA-B*ST01. This is also in
agreement with recest studies showing significant fig-
mess cost of HIY excape vananis thal affect HLA-BST
resiracted CTL epitopes [54]. Smilar results have re-
cenily also been reporied for CTL mrgeting
HLA-BI3 resiricied epiiopes, which support the negion
that the nature of the presensed epitope, more than the
restricting HLA molecule allele may determine the ben-
eficial effects af a spocille HLA allele |27 53], Howev-
ef, evolulsanarily elesely related allelhes with subtle se-
guenke defferences and companble binding motils bl
assaciaied with opposite mies of HIY disease progres-
sion abso indicate that the presenting HLA malecule
may have & midalating effect on the effectiveness of
the restricied T cell response.

Analogous to the HLA-B58 and -B 13 alkebes abave,
the prodective effect of HLA-B2T allele is also thought
o e dduie Bov it restrietion of an mmminodominest CTL
response 1o a conserved HIV epilope located in p2d4
Cag. This 10mer epilope sequence contains the angi-
mine resicdue al puo:il'nm 26l of HIV l:,;.l: whnch, once
mutated weakens the epitope hinding to HLA-B2T | 54],
Himaegwer, ihe classical manation o lysine has detrimen-
il effects oa viral replication capacily and requires
a comples series of COMPeRsatony Mealions in pa-
Iy distast sites im Gag 1o restope viral finess [$7-54].
This, the mnutatson is bess ibely 10 revert and o restore
Tl replication litness and individuzls with the escape
mutation may =1l présent with lower viral loads than
the resd of the populataon.

Apart froem HLA alleles that mediste relative protec-
tien from HIY disease progressice, n numher of alle-
kes have becn ideafificd thal ane limked o scoelerated
disease courses.  Among ihbese, the HLA-BISCaild
Baplotype has boon consisesily fousd al mereased bev-
els in imdiveduals with rapid progression o ALDS [3%].
Subsequen shudies fevealed dilferest peptide-binding
wpecilicities for the various HLA-B35 subtypes, whach
prompled their discrimination inlo ]'-':,. and Px alleles,
respectively | 3], Accebermted HIV disease progres-
sinn bas been associsted with the HLA-B335 Px (HLA-
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B AN 3R 350 b alleles but not Py alleles (B* 3500 ),
This could explain why HLA-B3S associstioes were
fiod obseerved in African. Americans as thas ethnic group
ofien expresses HLA-B35-Py alleles. It has alss been
sugpesied that the HLA-CwiM: assocastion wath rapid
iwzase progressaon was due o o= [inkage disequilib-
rium wilh HLA-E35-Px alleles rather than exerting a
deleterioms offect by itself [36].

Aside from HLA linkage disequilibrism and other
oy morphisams in £he MHC regson. the potentaally syn-
ergistic effects of specific HLA rype and MK mnhibiioey
receplor | IR have necently obtamned misch afientbon.
KIR. receptons are polymonphic receptons thal inferact
with HLA class | molecudes and regulate the NK ac-
tivity. either by mediating B:I'i'I.IIinFﬂ' imhibitory wig-
nals, A numher of stadies have psancisted the expres-
sion of specific HLA asd KIR combirations with daf-
ferent diseses. such as cervical neoplasia snd infec-
thouts dlfscases. including HIV [20,60-62]. The ksighi
inen pescntial mechanisms ol these (xvorablie commbi-
fialbons i sl mdvanced in the case of HLA-B'KIR
allele combimabions, HLA-B milecules contain one of
ety mustually exclusive serodogical epitopes, Bud and
B, which differ by five sming acids spanning posi-
tioms 77-83 of the HLA-B hesvy chaim, including the
orocual loleucine residiss al pesition 80 [63], HLA-
Bwds but nit HLA-Bab-molecules have been comsiide
ered ligands for KIRIDL] and possibly KIRIDS] [62,
f45] Ima proportional hazan! mode] that included
all kesrwm gemetic prediciors of HIW progression, oo-
expression of KIR3DSD and HLA-Bwd was found 1
bee an indiependent predicion of decreased time to AIDS,
Imepestimgly. this bereficial eifecied was observed de-
sprie b fact that KIR3DS] alone in ihe absence of
its HLA lipand was ssociated with nsore rapid disease
progressson.  Thus, the findings highlight the polen-
tiad for KER/HL A inseracticns to be inportant indepen-
dent predactors of HIY progression and may help shed
light on the relative contrietion of ihese interactions
compared io HLA-restricied CTIL activity [62.66],

7. Maon-MHC encoded geneiic markers of HIV
cuniral

Alihough the CIM antigen is the main recepior for
HIV entry mio smceptible cells, effecine viml infec-
tim reguuines the presence of oee of iwo magor co-
recepiors, relerred o as OCRS and CXCR4, respec-
tivedy. These o co-recepeors belomg wo the superiam-
ily all Taransmembrane G-peolcin-couplad chemokine
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recopiors anil determing viral tropism, allswing for the
diffierenization of B3, X4 or R3/X4 vinsses thal can use
enther one or both of these receptors |67 65].

Chemokines ane a superfanily of small molecales
{8=15 klla) that exert many roles in inflammatory and
in homeowintic immune processes |69,70]. They are di-
vided ingo four subdamilies based on the structural cys-
feine motif bocated in the amino-termuinis of the mature
proiein {CXC. OC, CXa0 and C chemmokinesh and their
recepior wape shows a comiderable level of redun-
dancy [T1]. The chemokine Regulated on Activation
Normal T-cell Expressed asd Secreted (RANTES or
CCLS), Macropbuge Infammatory Protem- 1o (MIP-
o o CTL3) and 1A (MIP=1d or OCLA), were fira
identified ns nabural ligands for the CORS receptor and
were subsequenily shown to he potent inhibicors of RS
viruses im vigr, The patural ligand of CXCRA is Sim-
mal Cell Derived Pactor-| (SDF-1 o CXCLA). which
abso possesses potent shibitor fusction of X4 vinses
in vitee [T2-T4). Other chemoline roceptors thal can
act as HIY co-pecepbors have boen described, imcluding
CCR3, CCRZb and CCRE [75),

Shonly afler their idemtification as crucial HIV
eo-receptons, penetic podymorphisms in the sanios
chemokime recepiors were reported, In particular, a 32
harer paar deletion m the CORS peme (CCRS-A32) win
identrfied that pemernies a non-functional prolein that
is mid expressed on the cell surface. The homocygous
expression of the CCHS- 432 vanami provides dn vive
resasiance to mfecison by RS HIV isolates. These ob-
servations were made in different cohorts of men who
havie sex with men and bemophiliacs with documestod
exposure i HIV. Whes present in & single copy oaly,
the helerocy pous expression of the wikdiype CCRS re-
cephor was found 8o be suflicient 1o cnable infection,
althoagh the lower kevels of CCRS on the cell surface
were pssocuted with reduced viml replication and 2
delayed onset of AIDS [76-79]. Spured by the ¢ffects
ol heterncypoas expression of CCRS- 432, mutations
in the promeser region of CCRS were ideniified tha
are also associnied with altered transmission or delayed
disease progression, althiugh 1o a lesser extent than the
CURS ALY mataticn [90,81].

In audition b ke CORS-A32 mutation, e Vbl
substilution in the CCR2A protein sequence (CUH2.
Wildl) has plao been found 1o *ll}' HIV disense pir
gression; hiwever withoui preventing HIY trassms-
sion, Intniguingly. CCR2 ks rarely used as a co-receping
in HIV indection and its impact an global epidemic is
unclesr, Funhermore, it has been demossimtod that
the OCR2-Visdl allele & instrong linkage drsequilibei-
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itk with & pount mitateon in the CCRS regulmory re-
gioa [|52]. Topether with CCRS manations. approxi-
malely 29% of LTNP phenotypes in large cobonts have
been extimatid bo be due 102 matan genotype for CCR2
or QCRS [83]. Interestmngly though, relative profection
agaimst AIDS provided by OCRS-232 heteracyposity
appears in be comtineous during HIY disease overtime,
whereas the protective effects of the OCR2 441 vanism
was mosi prosounced in early infection |£4],

The identification of CCR3 and CCR2 & erucial
midecules for HIV-infection has also offered new treat-
mentlarpets o mhibit vical replacatson and OCR S -hased
HIY entry-anhibitors have been developed are now part
of eflecivg rescue treatment stralegies |X5.86]. More
recenily, a single came of siem-cell mnsplaniation from
an hoenocy goss CCRS-A52 donor 1o an HIV-infecied
individual with pcute nyveloid kukemia showed mo
siges of pebounding viremia in plasma, bone marow or
recinl muscoss X0 moshs post-trassplantstion s in the
absence of antireiroviral incatment. This is even miore
surprising given that minor Xd-vanants were identified
in the pre-tmnsplantatxon viral populabon, giving mse
s pumber af guestions on how viral populations with
different cell tropism are comirolled in vive [RT].

Polymerphisms imolving other chemokine recep-
s andior other chemokine recepior ligands have
been wentified as well. Especially, plasma lovels of
RANTES. which cam significantly vary among healthy
individuals, were foimnd iy be modulased by wo single
nuclentide palymorphisms in (he RANTES peme pro-
miker regaon. These champes hiave aleo been associated
wilh delayed progression of HIV disease and experi-
menial over-expression and increased promctor activity
ol RAMTES fusctionally link the podymorphisms with
redisced HIV replicaticn capacity as a consequence of
increased RANTES production |35, Similarly. a
genclic variant cotststing of a transitien (G-A) i the
3 umiransdated region of the SIH-1 gene (SDE-1 3°A)
ha i been piaccrated with a delay m AIDS onset
when resen s homocy pous vanant, s nmi,-.r'l:,-h]
mechamism and effect on X4 viral populations iv vive
i hivwever pot well endersiood [9]-5%4], Noteworthy,
mr musstices in the CXNCRA recepior gene have been
proposed as markers of relaive HIY conbrol, probably
becanse CXCRS and 5DF-1 are essential at embryonse
developrsent stages and, comsoquently, suich mutatioes
migght be potentzally lethal [95].

A penetsc determinant that has recently beon associ-
ated with rate of HIV dewease progoression is the copy
numsher of the chemokine gene CCLILIMIP-1a). In-
dividuals wmiih higher COL3LI copy numbers ihan the

population race-ai jusied sverage shomed lower sseady -
smie viral loaud; sappesting am increxsed mie of HIV dis-
ense progression in shjects with kwer CCLILT cogry
number [946].

Finally, severdl polymorphisms in e DOSIGN
{demdritic cell specific miracellular sdhesion malecule
- -grabbang moninsegnin. . CDOEY promoser have
been found to be linked 8o an increase or decreass in
susceplibilety o HIY infection, particularly alse in par-
enterally acquared HIY imfection [97], As DC-SIGN
Bt also been associated with mbercilosis mfecton
and discase oulcome, sindies such as & mecent oee
an Indian populaiion, may help employing DC-S1GN
based sirmiegies for the combined fight againsi these
two magor buman pathogens [#£]

&, Immune markers in the relathve control of HIY
imfection

An extensive amount of data indicates 3 potentially
cruzial role of HIV-specific celluler and hemor| im-
mune responses i the i vive comirol of viml replica-
tion and HIY disease progression. As discussed shove,
a number af kost genetic markers kave boen wdenlified,
parscularly specific HLA class | alleles. sagpesimg an
imporani congributon of ihe HLA class | restricsad
CDE-+ T-cell immunity in virus conind.  Despite an
increasingly more detailed wrderstanding of the inter-
play between host immmuinity, viml evolation and the
impact on vieal contral. elearly defined immuse come-
Rates of controlled HIY infoction remain clisive. Asa
consequence effective vaccine design is sill hampersd
bry the availability of well-defined immame pammeters
that actively medsabe in vive virl conimal, While much
al e current investigations fooas on the detaibad char-
acierization of mdividuals wath exceptional abilany o
conino| thekr virs, it is ingponant o notsce ikat ihe im-
mune murkers associsted with this control can often
b baamed fowands subjects expressing specific host ge-
metics andl are thas nod mevessarily tramslaable © the
general popalation. Neverilbeless, s mumber of specifie
characterisibes of the host imsmunity againss HIY thas
Bave been idemtified clearly extend beyond these limi-
tations and will prowide impontant gaidance s vaccine
development and affer new’ immune-based therapeutic
tnzalmenl opioos.

9, HIV discase markers sssociated with
virms-speeific oollular snd umors immanity

I is generally believed that the cyoiooic TeelliCTLp
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immune respoese coniribates strongly 1o the dn v
costrol of viral control. Yinms-specific CTL responses
have been lemporally associated with the imitial decline
in plaema viremia after acute HIV infection snd ane
thougil o delermime virad 28 poind in chronic stages
of infectiom [¥9,106F]. This is supposied by siudies in
the SIV macaqe: model, where mnsient deplefion of
the 1otal CDE4 T-cell population i controller ankmals
resulied in 00 ao 1ELO00-fobd increases in vieemsds and
where the re-caablishment of ibe COE Y Tcell popu-
latioes restored the abilsly of these animals 1o conted
SIV replacation 101, 102). Funber siuppodt for an k-
pontant mle of vins-specific CT1L. in HIV control sems
from older studies conducted when tetramer technolo.
gy became first mailshle in the late 19908es [ I03], The
wsg of such betramer compheaes allpwed for the direci
e vive visualization of epiiope-specific CTL popala-
tioes amd analysis of specific responses agairst defined
epatipes, withoul prios i e expansion and mdu-
Ition of epitope-specilic T cells [104], Initsad analy-
ses msing SLO (SLYNTVATL, HIV Gag plIT) specific
fetramers, revealed o sagnificant imverse cormelalon he-
tween SL%specific CTLL frequency and plasma BRNA
viral bosds | 105]. These analyses were however only
based on & limited nismber of SL%-responding suhjects
and did not ke imo comsideration the possibly im-
pasred functionaliy of iciramer-specifie T cefls. Mot
surprisingly.the 519 assocuation with HIY costrol were
ool condirmaed in studses that used i vt expanded T
cells, possibly due [o the differential abnliny of sach cells
o expamd i it | 106]. Sance these carlier studies,
meoved] assays, inchading the 1FN- bhased E11Spod assay
and ¢ witro inhihitson assays find developed by Yang
et al, |07 108] provide additional doods 1o assess di-
et ex vive T eell sctivity asd fenctiomaliny [ 109, 110].
These amalyses furiher sugpon the relevance of HIY
specafic T oclls in HIV contrd, abhoagh in many shad-
ies, the precise phenotypic and functional markers of
these vinss-specific Tocell responses atmbened ta viral
condrol may reflect the elfects miher them the cause of
otherwise contredled HIY infection. Dissecting these
mwa poesibilties and assigning umambiguously causal-
ity 10 specific immune markers and T cell specifici-
ties. remains one of the camenily biggesi challenges
i definimg funcisonally rebevant immune comelates of
HIY contral.

COrver the years, an nusnber of studses have correlat-
ed strong ardd beoad HIVespecific T-cell responses with
the delayed progression to AIDS and vaccine sacoess
s aftenfimes subjected (o o quantification of the total
breadil and magnistude of indoced responses, While
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adeiall characierization of vaceine-induced responses
will always need B0 be comductod. i i also cless from
a growing number of reports | 11 1] that jotal virus spe-
cilic immanity is nol necessarily the besi meassre of
o vive imamung congnol of HI1Y and that more detabed
wmalyses of these respooses are needed.  Indecd, re-
analyses of eardier olal-vinus specific CTL data sug-
pesi ihat Tcell responses peeferentially mrgeting Gag
or oiber highly coeserved epitopes are mest relevant
specilicaines for the enhanced antiviral efficacy of T-
cefls seen in ihose individmalbs | 108012, On ibe other
hand CTL res posses against Eny oF scoessory and reg-
ulalory proteins have been shown o have the opposite
effiect, and are directly comelated with elevaled viral
load [50], These findings are in line with more recent
shadies in clade B as well as clade C infection and anal-
yses that either sssessed botal viel immusity in peptide
posds raiher than ndividual peptide preparations of that
focused on responses restncled by specilic individual
HLA alleles only |30 52,113-117],

However and despite strong awsocialions between
Gagespecific T cell immunty and relative HIY con-
ool the causative relatsnsbip between the obuerved
response patierss and virad conirod is siill outstandisg,
Plasible explanations for bow dominant Gag specific
cyioionic T-cells could mediase relative vinas contml
stem Troen the ability of cenaln HLA class | molocales
such as HLA-BST mo presest a beoad number of HIV
Gixg peptides and 10 indeee bigh-magnimde CDE+ T+
cell responses i early infection [52,113], In addition,
rapid re-presentation of epitopes derived from the Gag
proieins coetained in the incoming, imfecting virus par-
ficles {podxibly withinm less than 2he after infection) may
provide Gag-specific T cells with a decisive mlvaniage
wneliminaie infecsed cells befoee massive vims produc-
tioen bas been initiated |118]. However, not all dom-
naril (iag-profein specific respanses may be equally ef-
fective and comparative stnfics in clade O and B mfec-
ticn have sdentifiod subdormimant Gag responses as well
& responees oulskde of Gag as cnscial components
relative views control [27]. The important ple of sub-
dominant respoerses has also been confirmed in studies
in the 51V macaque madel and is also suppomed by the
detoction of subdominani CTL responses in groups of
HEFS [ 11,100 ].

Apart from CTL specificity, the @ sivr antiviral ef-
fieacy of HIV-specific CO8+ T-cell immumiry has al-
wi been Rightly limked 1o the Funciional competence of
thise respomses. [0 particular, proliferative capacity
with high perfonin expression and secretson of muliiple
cytokines such as IFN-, IL-2, TMF-n, MIP- b and'or
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CIHOTa surface exprossion after antigen contsct char-
acterize the responses seen in LTNP [119.030]. [n ad-
ditson o polyfusctionality, the avidity of virus-specific
Tecell resposees i also considersd a potentmally im-
podant measure of an effective immune response and
has been shown in HOW infection, 1o be associnled
with viral clezmnce and higher levels of cross-vamam
recogniticon [121,122]. Thus, the quality of the CDE-+
T-cell response o HIV serves as 0 befier marker of
comrinled infection ihan the quantiiy {i.e. beeadih and
magnsude] of these resposses. In addition, a HLA-
DR+, CO38- actvation CDE+ T-cell phenotype was
more frequently found among virus-specific T-cells in
HIY controllers than i mon-controllers and nay rep-
resent o T cell population with superior shility 10 ex-
pand upon exposure o antigen and capacily B exent
effector functions [110], Whether full-<differengintion
ini CCRT-CD4S- effecion cells and brosd functional
CTL is only & hallmark of contnalled HIY mfeciion o
the peripheral PBMC comgasment or also cxnends b
CTL in gut-associsted Dymphod tssise -where massive
initial depletion of CD4+ T-cells oocurs- remains an
open guestion, Nevertbeless, o mpslly growing set off
repouts dealing with the emergence 2l accunmulation
of CTL. escape mustaticns under appropriate CTLL pres-
sure, the transmession of “escaped™ vamants, implia-
tices of fitness costs incurmed by CTL escape muta-
ticers and the ghobal sdaptation of HIV 10 HLA class |
polymorphismrs further document the cnocial rde that
HIV-speific CTL overall play in the control of HIV
infection [28.54 58,1 231 30].

An additeonal factor for s effective COR4+ T-cell
response includes the peesence and funciion of CIM-+
‘Bedper’ T-cells. HIV-specific D9+ T-cell popilaton
havie been shiswn b be requared for leng-term niainte-
nance of antigen-specific (134 memory T-cells, both
in the human seling 2 well as in the monkey mod-
el 101, 031=133], The relevance for Functional CD4-+
T-zell help in the mainienance of efective CTLL pop-
ulnibons bas recenily also been repored for viml in-
Tections cther than HIV, including EBY and CMY in-
fections | 1 4,135]. The potential imposance of vins-
specific T helper cell activity s funber highlighied
by studies that have associsied the presence of gpdl -
specific amtibodies with CI -+ Taoed responses toCag.
p24 [136,037). Regardless of the well-documenied
anti-vimal effects of peutmlizing Ab responses | 138]
generl sniibody-responses have nof emenged &s sirong
markers of HIV comirol. Some of the existing dain
have boem inconsistent as some siudies have associal-
ed higher tiers of Beterobopous nAb in LTNI wherems

mane pecend siudics indicate the presesce of lower Nab
activity among elite comtrolbers [5.06,139]. 1 will be
mleresting 10 investignle whether possable residual vi-
ral replication in the former growp of pathents may dine
adifiticnal Ab production oe whether additional, unac-
coumded Esctor and assay differences are responaable for
the observed differences.

1. lmnaie immmnity

During '|'|r|r|u.|':,. HIV infecticn, there is & massive
destruiction of the CD4+ T-cell popalation in the put-
associmed lymphoid tissue (GALT ) inspairing local cel-
fular immunity at mucosal sites and cousing iranslo-
callon of microbial prodicts which in tum contrbutes
1o ade beterions persistent inflammacion [ 140,141.143],
The potential damaging effects.of chronic inflammatian
by combinucsis bactenial translocatsm are also highlighi-
ed by simdlar stadies v HCV infection, whene it has
been implicated m ibe progression o sdvanced siages
of cirrhosks | 144], Most importantly however, e mas-
sive depletson of CDd+ T-cells. general inflamenation
and immune sctivation ocour 81 times when the sdaptive
mmune systen has not mounted an effective immane
respomse Yol As menboned above, soeme markers as-
socisied with the innate immuane sysiem. pamiculasdy
KIR amd Todl-like receptors {TLR) have been assoc-
ated witls vanahle levels of HIV control in ihese carly
stapes of infection. As such, recent hosl gemetic studses
mdicaie thal imdividuals co-eapressing RIR3DST and
HLA-Fiwed-801 { fanzily of HLA alleles that presamably
bind 1 KIRIDS! and activate MK cefls) have lower
viral fosds and shiw a peduced risk af progression 1o
AIDS [62,145]. Tn mehlition, polymarphisms intodl-like
recepior %, which medistes mnale mmmune responnse
againsl DAA motils commson in hacteria and viruses,
have recently been shown o impact clinical caicomss
ns well [146]. However, significant funciional dats
supporting the innate immuniiy and i linkage 1o dis-
exse pahogenesis is still scarce and neads 1o be funher
::Fi'u':f,!. In nddigion, extensive cohoets of imdividunls
caplised in carliest period of scete HIV mnfecton will
e 8o be comprehensavely studbed i assess the impaci
of these markers oa imitiad peak viremia and the level
of CDM+ Tocell depletion. However, the pecent identi-
fication of immune memory modiated by NK cell pop-
latioes may offer novel approaches Tor preveniative
and therapeutic interventsons i HIV infection | 147].

11, Conclusions and implications for vaccine
theslgn

Comitrol of viral peplecason n HIV infectmon & & mul-
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tifactorial process. Palylunctional C D8+ T-cell mmm-
nity against particular virsl proicins alomg with vins-
reactive U1k Tevel| help have heenm most consistenily
implicated in modulating HIY infection in vive. Vil
Tacioes such 25 specific muiations ofien emerging as a
comsoquence of immene selectson pressure and entine
pent scgment deletions have also boen associated with
reduced virad burden and slower progressson of HIY
disease. In addition, specific bost genetic markers, par-
ticularly HLA, has boen most compellimgly linked 1o
refative controd of HIV replication, While siuch bost
penetic markers may provide great belp in unilersiind-
ing the {imenune j-pathology of HIY, they will [ikely mot
he derecily mlormatnve for HIY saccine development.
Hamwever, they can pusde vaccing immunogen desien,
alihomph care needs fo be inken that such imnmunogen
design s mol overly puided by obsarvaiions made in
inifavidizaks wiih favourable host genetics. To avoid the
resaliing vaccine product 1o be inilored anreasonshly
stroigly icmands idisaduals wmh beneficial genetics,
subjects wha do mi express these markers yet conirol
HI oo theeior aowen wi [ b mant informative, Inaddition,
while imimane parameters thal could mediale sieriliz-
ing immanity, i.e. resistance to infectioa, sl need 1o
e defined. the developmeni of vaccines that are shle 1o
inifimce partisl fm vive congrol, alheit not prevent infec-
tion, wemild have significant impact on indinvidual health
hy showing HIV discase progression and would help
tocontain the HIY pandemic by reduscing transmission
rales.

In this regand, the early assessments of vaccine suc-
cess m phase | and phase I tmals wall be hased on
imamume fead-puts. rather than prevention of infection
{which would be the central end- point in a phase 111
triail ). Thiss, the definigios of precise immine comelates
of cosirelled HIY infection is crucial sinee vaceine in-
duced respomies wall be compared 1o these parame-
ters, I ibear definition is lawed of represents epephe-
nomens of otherwise contmodled HIV infection, wale-
ahle vaccine candsdates may be discarded premature-
ly. Together with immune parameters of controdled in-
fection, the identification of host penetic markers may
in thee fubure Facilitate the design of gene theragy ap-
prosches that would oy 1o gillser block expeessson of un-
favourmble genes or inboduce beneficial compomenis.
Alibough sl based on gene-therapy, the case ol the
CCRS-A%2 siem-cell tramsplansed individual refermed
fovabave, poants Iowanls the polential feasibility of such
approsches,

maqueta def-1.indd 240

Acknvwledgmenis

Financial suppori: Supponcd in part by ihe Bed
e Tevestigacion de Sida (R15) {RD0GT). Dnsgitoo de
Salud Carbos. 111, Madrid, Spain and HIVACAT.

Potential confict of imterest: None,

Relereners

0] UNAIDS, 3008, Bopo oty phobul HIVIAIDS apidemi:
In

11 Watkini, K. 20085, Hernm Devebopemes Repont (USNDP Is
Uit Mathons Dievelogsment Progiem.

1M 5P Buchivader. MH. Koz, MA. Hewel, PAL O 0alley
ansd % [0 Hiobmiterg, Lisag-vevm 1815 | indisonon withosi im-
manciogic progresion, ANZS B Ores, 1131128

H1 MR Betts, DR, Amboogak, [0, Douch, 5 Honbocfler,
15 Hicachley, | Casacea, RA Ko and L), Pek-
er, Amalyire of 1ol hemen sisucdcicency v (HIVE
specilic CTe ) il CT 4 ) Tcell eespones redanoasiip
10 virsd hoad im oemed 1IN isfecrion. J Vind T8 (20011
| I | 18]

13 F. Poreyma, MM, Adden, DE. Kasfmam, Y. Lin, T. M,
A Rabad, B, Haker, &, Texcha, B, Roseoberg, B Mackey,
P Usds, # 1o, I Cioben, T. Wiin, O Petrogoaes, E5
Rossmberg aiad 10, Waller, Geretid s imrasologhs et
emgEnaly mmong peres w0 cootrd HITY infsowon in ihe
swence of theragy, F Pgfecr De DT (2008), 365-571

Bl 5 Rowlesd knes, ) Somoe_ K Armpashi, T. Dong. F Gouc,
5. Mctdam, 0. Whithy, 5. Sabally. A Callimoee, T. Gor
rah et @l NIV spenific cyiotoa: Tocells i 10V -evposed ban
umiefoctod Gambian woenes, Na Mt |1 1995), ¥e-6d

T 2234 MebeMachud] sl M. Prosnade), 2008, Lo phis i the ke
o Nl princtac gd Toowll Raclors na desilafge B HITY [rans-
rmias Tros staders of b phily HY-capoend This, femu’
W 39 1598} 16 =174,

I8 ¥ Wang, X. Wasg. | Pesg. L Chen. ). Cheag. & Nie. T
Fong, O, Fhan, ). oo mad X, Shi, Short commemicsiim
SOFL-N'A prmg talod with | -
tibaliy s HEY 1y pe | iafection by aruaal irsmirmseon is
Chinese, A5 Rra Mo Revovirnirs 34 200, | 34]-] 245,

¥ T Hetod, K. Broliden and B Kl Gesital | mmsnoghohalin
A w1V ] prosecies: vires. ewinkizaton versis spec
Bicity, AADY 33 (2008), 2401 - 2403,

(] T, Wishesd, B. Kaul, T. Beichard, |, Kimasi, E. Npugi. 1.J
Bwayo, N, Napelirrks, K. Hnaclne, B, 15, 5, Moo, K5
Sl Dokl K B, HIV swutraboring smmmogioh
ulrt & wid HIW apacric peodilerstion e idependont]y s
cisted with redeoed HILY soquesivon in Kemyan wy workers.
AADIN 33§ Jo0e), T17-TH

Jil] B Kad, T, Doag, FA. Muneer. ). Kisss, T, Bostron,
F Kiarma, E Npg, E g, B, Fask, ), Thugi, B
Chakrahorty, K35 Maclnakd, J 1. Heawn, &, Mchichar]
st 51 Rowlesd keees, J0. CD6 4 lymghocyies s
spond] o vzt HIV epnopes in e wnd infened
sehjects. ) Clm Tevemt DT G000, 1300031

1121 K. Brolcen, ), Hinketa, C. Dyviio, P Kisma, ). Kimasi, D
Trabsbutoni, 1.1, Bwwyo, 5. Clerici, F, Pusermer ond B, Ko,
00| . Foatwsnel HIV-1 specific IgA snsbexlies in HIV-1
eapownd, perustently g0 serosepative fomale s worlen,
[ S P T

12/03112 17:24



magqueta def-1.indd 241

Addendum I
. Movhe v aal. ¢ ivelophond, e aral ar geaescs marilens i e ool of IV inferies ([L]
113 5L, Rowlasd-keas, 5, Fink E. Kaal, P! I i Gienctic ch satiim iof herma | Ot Y v

1y

L]

1164

(17

[EL1)

sy

[E:1]

121

Fal]

12

124§

Giilleapse, T. Doy, FA. Memaner, L. Bwaye, 5, Fdier, |
Wicher, %, MieMickel and W, Agpay, How insportasl s the
wpaality” of the cytonmie T lympbouyae (0T} reapusss in
protecten apsail HIY sfection femaned oo T9 2001 ),
1521
RE Honon, TH Hall, U Weehschi, W. Jaio, W, Ruther-
Toed 1. Mckinnon, B Kal, & Rebbapragala. J. Kimasi
and F A Phammes, Cervical HMIV-specific IgA ina popsilanos
of commercial s, workers oonelaes with sepoaied euposine
el i pesistange 0 IV, ADS Rey M Rrivovirees 18
(0, -5
A, Swy. P Cantm, M, Nomdedew, F, Garcia, A. Loper, E
Fremmres, T Giallart, 1., Lospubon, O Coll, LML Gatelll and M.
Plana, Immemlopical profile of hosprmenual Righly HIV-
evpmnd enmlecied ndividualy  predomizant role of 014
and U1 Tecell actnaton, J dyfect T 196 (20070, 119~
170
¥, Cony, | Q. | Thang. 1, Sefm sl DD, Ho, Winskops:
] mmaschific chamowrieation of loag A servion ol
haiEhini seacy viem e | alection, N Eagd J
It X2 {19598, 200] < L
. Joos, B Fischer, H. Kisier, S K. Pills, 1K Wong, |
Domi. B Mirsched, B. Weber. &, Triols and HF, Geanthasd,
HIY rebwumsds from laiendy infeoed cells, miber tan from
commming kow-devel replicanon., Proc N Aoad S U5 A
A0S {008}, 16715- 16750,
N Descon. A Tyylin A Sobomon, K Smeth, M. [udfosd
Menting. [1J. Thocker, DA, McPhor, AL Greeweay. &
Ellent, C. Chasfirkd, YA, Lawus. $. Crowe. A, Maery, 5.
Sonra, || J 5 Sellnan, A Cemivgham, [ Dwyer,
D, Dowwiom andd J. Wil Geeont: structare of an aflcisabod
sl s ol MY from o locd aramibusos donor s
revipienis. Sohmor T 1955), RS-0
0, Schwariz, ¥, Marechal, 5. Le Gall, F. Lemonser and
B3 Mewrd, Endocyionin of majr Wsoonmpatibility. com-
phe ckass | mokeowles. is indiced by the HIV: 1 Nl prosea,
Mot Ml 30150580, N1E- )63
ML Charchil, [H, Kbaodes, ), Lesrmont, 15, Sullvan,
S L. Weugdagh, LR, Ciche, NJ. Deacom aad 'R, Goery,
lLimpihahizal anad yusid ¢ L defrarscy vifu by
1 scflmp | peyeeat ey cohort of k- term
sarvireons infecind (rom o aegle sy, J Wirel B (20861,
1471052,
I &l fer, . Wrnikopd, T, G ik, ML, s,
ME. Awerbeck, ¥M.H. Malis, 51, O'Bnen, B, Waller,
JL Sullivan asd RO Dewrosen, Vaimil folymsoephans
in humen immascdefiosscy vin type | meocizied with
ive infeotion, J Wivel T4 (2001, d5]-L570,
ALK Iversen, EG. Shpaer, A G Rodngo, M5, Hirsch, B0
Walter. M9 Sheppasd. TC. Mengas and 1. Mullirs. Pes.
wntence of siemaiod ey penes 10 a iman immesodeicien
oy vires iy | anlcted avympssmatic indvidosl, F Vi 0
(1965), §Ta)-5T5)
H. Hatano, E1. Delwant, P1, Nosie, TH, Lo, 1, Ds
Willeams, F'W, Hust, B, Hob, 51 Semasr, JAlL Laen,
BN McCane, N, Martin, MUF Busch aml 500 Derks,
Findere v st how-love] wirerma in indnidut whos
oomisol hemmn imruscdeficescy vinn 0 fhe sbeence of
antiretroviral theragry, J Vired 3 (2006, 125-138,
T, Miirs, NLA, Hroch 1B F1.8 I
Catioa. F. Peseyrm, & Trocha, MM, Adds, BL Hiogh,
A Rochohild, B M. Baber, T Fiyan, A. Schaeidewind, I
Li. YE Waag. 1. Heckerman, Th. Allen msd B0 Walker,

1=

i

1)

13

LH]

L]

1]

type 1 i elne contrellery lack of gross. practic defects of
corminon e il chapi, J Vino! 2 (008), B812-B4H1
A Lamine, A Cosmost-Sercos, ML, Chas, &, Sees-ifos,
. Rourssiay, )F. Deifenriay, G, Pasciss snd 0. LamBone,
Y s wlecr HIV controllan
despiie usdeveriable vioemia (ANRES EP3 andy ) AN 11
IO, (DA S
1. Fiellay, K.V Shiarma. 1. Ge, 5. Colombo, B, Ledergerber,
M. Weale, K. Shang. C Gumis, A Casisgsa. A Cossaniea,
A, Cogri- L. . D Lusca, . Easerbeock, I Francioli, %
Malal, I Martinew Pk, LM Mim, X Dbl )P Smith, .
Wyniper, P [ bhes S E A Lis, ML Legvin A,
Mchlicharl. B Hayzes, A Triesti sl [RB Goldvioin, &
whaky - proomes vt dly of mapr Atrmisants for
st ovmtrod oof M- 1, Sdemen J1T (200007}, G8-04T
N, Feabim, P Kaepicla, 5, Adarsa, CH, Lisde, HS, Hewin,
K. Saapo, ME. Feeary, BIML Adde, 5 Licierfchd, MLF
Lahee, E Pue, Ads, Warcel, T. Eeach, MA. 5 Jobn, M,
Alsicid, FAL Mastngnls, ©, Moore, 5. Mallal, M. Castirg-
o, [F, Heckerman, TM. Allen, 11 Malliss, B T. Kober,
P Crebider, BLD Walker ol . Hressdey. Comind of hamas
deficiency virus replacason By cywonc T fympso
Cyles trpena g us o nanl epeaopes. Aar Inssmeal T X000),
17h=178,
¥, Karwanhima, K. M ). Frater, P Mantews. B, Payner.
M. Adda, . Cataraga, M. Pujiwaea, A Hachiya, W. Koim.
mi N Kuse, S Ol A D, A Prenchergani. W, Crawiford,
A, Lislie, 2. Hremme, C. Bremme., T. Allen, C. Brasder, B,
Kaskrw. |, Tang. E. Hanier. S, Allon. ] Malenga, 5. Branch,
T. Roach, M, Joba, 5. ballal, &, Opwn, B, Shapeo, 10,
Pamlds, 5. Fidlet, ). Weber, 00, Pytan, P, Klenerman, T.
Mdung'a. B Philkps, D Heckerman, PR Hamigan, B
Walker, M. Takiguchi and P Goulder, Adaptation of HIV-1
e buman brukocyte aiipen class 1. Saner { J009),
). Drslrwaaa, NC, Poserta., M. Snara, A Mlarine. N. Prabm,
1. Mothe, N Inguarsdo-Llwoca. NJ Buson, B Pasedes.
L. Matas, TAL Alien, T, Brander, T Rodrige, B Cksal
and J ML Prcado, Contribtion of dogical anl
indogaal Batirs ae Iy severr pirary HIV b |
iefoction, {Tim fafiet D &0 (2009, 129-218,
M. Single, MP Mastin, X, Giaa, [0, Meyer, M. Yeaper,
AR Kadd, KK Kidd and ¥, Camngton, Cilobaal drenasy
il evidenie For corveliion of KR sad HILA, Nt Gt 39
20T, U= 1%
It Krgiels, AL Leslie, I Honeybuone, D, Ramduth, O
Thobakpale, §. Chetry. P. Rurhrorvali, C. Mooee, K.J. Pild.
ferom, L Hihoa, P Zimbwa, 5. Moore, T. Alke. C. Brander,
MM A, B Al 1. e, S, Mallal, M. Busce, LI
Hearber. J. Sainger, . Duy. P Klenerman, |, Mulfime. B K.
ber: BEM. Clnoaadien, 1100, Walber andl P, Golder, Diorminami
inflwmor of LA in mediating The poiemsal arovolstion
ol BIFY and LA, Naatwre 08 (200, TeiTTS,
A, Sarvte g . Sidrary, Ming mage FLA class | sspertypes
gl ok The vl prepundenuincs of HLA-A wd B pdy-
mowphinm, Tmmsnepennticn 50 990, X213
1. Sidacy, B Peters. N Frahe, C. Hrander and &_Seie, HLA
las | sepestypen 3 oyl and apdated cleistoaina, BN
Tl B [ A0 o
M, Frabm, 5. Adei, P, Exgecla, CH. Lisde, HS, Hewin,
W Licheeriebd, K. Sango, %V, Brown, E Pae, & 0. Wiacel,
N Ade MLE Feesey, TME Alles, T, Roach, MoA. S Jobis,
ES. D E Roseaberg. B. Korber. F. dunncols, B0, Walk:
er, P, Gowlder md C. Bramder, HLA- B0 presenss HLA-

241

12/03112 17:24



®

Rational Design and Testing of Novel HIV T cell Immunogens

LhL]

L]

[EH]

(LL]

1481

. Moo o al o Vimndsgroa!. s assl how poacncn mariers ia i commsl of IV ifermion

BS RIS iy T lymphocyle epitopes asd
ssenciaen] with how Bomas imeseeodeficeescy vins foad, J
Vsl T 20, 10218~ 10024
KT Ngwmbela, CIL. Day, Z Macshe, K. Nair. [1. Ham
dwib, C, Thobukgale, E. Moodlry, 5, Reddy, C. de Pirewrs,
M. Mibrwamati, K. Biskop, M. s der 5ol N, il |
Himrytwene, H. Czmfond, 0, Kavaragh, © Bouvean, 11
Miekle. ). Wb, D, Halerman, B Korse, HL Cosvadla,
P Kiepecla, P, Goulder sl B.13 Waller, Torgetmg of o
L8 T cedl v epoiope presented by HLA-B* 3000 is asmo-
cinbesd with markers of HIY Sisise progression and lack of
sebpctiom prowssre, AN Bey Nasy Revovinaey 14 200K,
I8
X W, G, Melwn, P Karschd, MU Mlartin, |, Paain, R
Eashow, L1 Cesndeon, 5, Huchbieder, K. Hoots, [ Wlaber,
5 1L 0¥ Blrien naad M. Carsingtos, Eflact of madnghe smine o
chape in MHC dais | molecubs o the rle of pogsesiion
10 ATDRS, N Engd 1 Meod Job 2000, 11075,
E Trachtenberg, 5. Korber, C. Sollars, TH. Kepler. FT
Hraber, E. Mayes, B. Fankbosser, M. Fugate, 1. Thader,
V.5, Hiu, K. Kemdman, 5, Wa, | Phar, H, Erlich and 5.
Wendimby, Advarsape of ey HILA wpestype in BTV dspasr
progEesiion, Nar Bed'% (000 ), SIE-955,
ML Camingion, G0, Nelson, MLP. hlamia, T. Kisser, DU
Viabow, 1. Goeden. K. Kushow, 5. Bachbimder. K_ Foots md
S0 [Briem, 1959, LA w101 Beterory poie shasiage
and 87 S Ow 0k disschantage, Soience B8 120035, 1748~
1782
1, Tang, C, Comiclla, LF;, Kol T Bovers, 5. Leblan, E
Karits, 5, Allm and R A H-.W#ﬂﬂlhlﬁﬁ pusily
i e | m i hethun

AN i i B

vieas e 1 i 1 -.rlHI'-‘WI.
NT-IM

P Heder, T Kaiken sl K. 'I'mh Evalerue fof huasmin
leuhoyte aligen b feapainl bepadih U
w s TN, Hr.puhlw-ﬂlil:l]"'h.l'l‘lhlﬂl

K5, MacDonald, K R. Fowke. ). Kimani, VA Dosand, N 1
Pageibrke, TH Ball, | Crugi, E Mg, LK. Gaar, RC
Bronbarm, J. Wade, MA. Lncher, P Kraua, 5 Rowlasd-
Jonen, E. Npugi, ], Bwayo asd FA Plommer, hflence of
HLA sigertypes on sscrptibilily s reii s hore
imrndehorsry vem Ope | mlection, J fafecr i 18D
e LT ELE

oA Kowing. C& Jamen, J. Debiler, RA. Kusbow. N Dl
e [} van Baarke, M Prons ams] M. Schanemaker. Correlaies
of prustarce i 10V | infeotion i bomosrvind me widh
bigh-rnk, seamal bebovioer, ARNKE 1800, 11071126

5. Boulit, M, Kleymas, LY. Ken, P Kamya, 5. Shoref,
N Simic, ), Brancmi, | P Boory, O M. Taoskas sral NF
Berranl, A combviad gesorype of BIRSDLE hogh eypresing
llebes and HLAB4T |s asaocuted with & redeced risk of
HIY infection, RS T8 (3008, 1087 10%]

T. Neump'n. 5. Gasestiwr, B, Sepuko, F. DosalleBefll, T,
Prter, 5. Kim, |, Thior, ¥4 Newitaky asd M, By, Mogor
hdt:—r-hhldrwlh'ln clasa 11 {HLA-DER and DO}
alion with hustias 8-
Cléri D Lialy i

et : iln.u.q.#l Ii
e’ 12 (04, H20-H1ZE
U, Maihotra. 5. Hoke, 5. Duma, M. Berey. E Delpa,
£, Kinethe, A Semte. L Coney and 3.1, McElrth, Role for
HLA ctass [0 les in HIV-| v arel cullidar

y Eolloming | I i dowvest
197 {2001 b, S05-51T.
AN yulirmen, [ Sidebomom, 5. Mirsd, 14 Lndertall, P1

magqueta def-1.indd 242

147

L1}

152

153§

[s4y

kL)

hr)]

Essaerbwock, A O, Diadgheveh sl M. Peskssan . Pocsesoos of
human beecocyse amigen DO alleles and the mae of CD4
Tooedl dectine i beaman i wency viras: | infecton,
femmnaiogy VI3 CHOB), | =142,
H. Hemdgl, 5. Caillad Fascman, W, Lobuanos, 3, Caningion,
5,00 Ferwm, ) M. Assirar, F Schaciiier, I Zagery. ). Rappa-
e, . Wiskler, GW, Nelws and JF. Zagary, New clans |
il [0 HLA alleles msongly swociated with opgosie pamerss
ol png e AIDS, T Iy TR R
0, Lambotie, - Bosfasa, ¥, Mader. & Mguyen, U G
legnl:hmm}l. Vemart. el 1 F [lrll'rluq HIV
oo MV | -indfected patiamts
wrih m'nirﬂ-#d'mﬂnﬂm Clim It [l
Al OO, 1053-1036
§J. CrHren, X. G ased M, Casringeion, HLA asd AT 5
cuntiomary tabe, Thevli Mol Mled 7 (20003, 37%-381.
P Kiepiels. K_ Sgumbels, C. Thobakgale, D R, |
Heomeybome, B Moodles, 5. Reddy, C. de Flemes, £ bln
wube, M. hihwamazi. K. Distop, M. v dor Sk K. Ser.
N, Khan, W Crawfond, B, Payne, A Leslie. | Prado, &
Prendorpand, ), Frater, W, MoCanthy, C, Bander, G H. Leam,
I, Mighle, . Bowiscan, H, Cocvati, 11, Madlim, D Heck-
wrirumn, BN Willler sl P Cienlckes, CTH 4+ T-cell reguaes
o differem HIV poteiis hne deoordail sisocialion. =il
wiral bl S M 1N (0T A 83,
M. Carringeon ansd 5.J. 0V Bnen. The infuesce of LA penos
g o ANDS, A Ko Mool 50 (300005 S15-550
PJ. Gansléier, M. Bonce, I K, K. Melniym. S Crowley.
B Morgaa, A Fdwanh, P, Guagrasde, BE. Phillps and
AJ. Nlchbchad, 199, Movel, erma-moitncied, cosserved,
anl immenodemsi e cytdous? T lymiphoeyie epiopes in
sow peosgresions in HIV oype 1 infection, AN Res (o
Rrtrirmien 1R 300030, 1601- 1608,
50 Mipackcs, M5 Sabbaghion, W1 Shupen. M P Be-
nioi,. M. Merscods L Maniss, CW, Hallshss, 55
Sebeg. 1. Schwarnr, ). Sallivas srcd M. Connars, HLA B*3TH
is haghly amwwumed with resinciion of vins rephcatm in
a wabsgroup of 10Y. indeceed bonp term nonprogrenson, Proc
ol Ayl S U1 5 4 9T (20000, JT0R-3T 14,
T. Miwra, NLA, Brxhash, A, Schaederwaad, M. Lobvits, F
Peseira, A Rabod BE Bk L Bewriie, ), Hrisiise,
B Haker, AC. Bothebibdl, B Lk, &, Trocks, E. Cuaredl, N
Frabim, C. Brssdier. 1. Tosh, EJ. Ans, TAL Allen snd BE.
Waller, 2008 blla- BITE 3501 Bliv-) Elie Comtroliers Se-
bt for Rare Gag Varissts Avsociaded with Redeond Vinl
Replication Capecity and Stmag O Recognition, J V!
(R
A0 Prade, 1. Hossyhose, 1, Brasiey, I'll.' Pusirii, I
M- Preads sl '), Goalds,
of hismas | ereinodefiosscy ||n.u.rq:ll'hnnll1.l|-
151 Boresarioned T8+ Tocell epiiope in pi Giag peotein, J
Wiewd BN | 2005, O K- WIS
PI. Grombdler, RE. Milips, BA. Colbest, 5. McAdam, G
Ogg. MA, Mook, P, Gonprnde, G, Lezi, 11 Morgas,
A& Edwards, AL Mehbichord msd 5. Rowhed-loncs, Lt
e [rom an immenodkmiand oo T-hmphocyie
Tespoite; gasocianal with propiesion i ATDS, Ner Afed 3
L1997}, 202217
A Kefleher, C Long. EC. Holmes, RL Allen, §. Wik,
C. Condon, C Workman, 5. Shsusak, KO, I Goulder.
C. Drander. G. Ogg. 1.5, Sallivan, W, Dyer, | Jones, AJ,
MeMicharl, 5, Rowland- konps sl ILE. Phillips, Clestoend
mutathons m HIV-1 jag e coninsestly Py fod excape
frises HLA HIT Ly Tyl be e

12/03112 17:24



magqueta def-1.indd 243

Addendum I

1535

]

[y

L]

[LH]

L]

(L]

(]

1871

. Mvwt v al. | Wivelospionl, et sl boar genrsies marders in o ool of WV by s

o Fp Mo 193 (7001 }, IT5- K3

A, Schaeabowisd, MUA, Beack ). Siddacy, V.E Wang, H.
Chen, T, Sucnich, B, Li, RE fden, R1 Alpsce, BR.
Mathe, T, Koo, U COatstgac- Ndra, A, Teochs, X G Ya,
. Hramder, A, Sene, BID. Wallier asd TM. Alen, Strs-
turall mad HurcTeotal cobstaine limil optiom R cyoles-
b T-hympliocyss escepe i (he [memsnodominse HLABIT
resinciad epiiope in bimas mmaoscdelcency ving ype |
gl J Vived B2 (2000, 345003,

Y Wanp. B LL J M. Carleon, 1. Soeeck, A D Gladden,
R Groodmem. A, Schocidewind, KA. Power, |, Toth, ¥,
Frabm, G. Akier, C. Brander. M. Camingion. [, ‘Walker,
M. Akl [, Meckorman and TA. Alio, Frotective BILA
iwhass B allilin. bt prairss acvie-phase COE+ Tl rewposses
aiy ssisind with virl rape metations kesind in Sighly
pomerved repion of haron (mmencdciciency vins ype 1,
f Wireed 3 (200, DE4S- DRSS,

G, Alter, SLP hlastis, N, Tenpen, WH. Carr, T), Swconinh,
A Schnenlewind, H Sneocl M. Wissag, A s, C Hraa-
der, 100 Lileen, TXA. Sllen, M. Cormmgton and b Alield,
[hifereribl mabifal ikt oll-mahal koo of HIV:D
replcatiion bned o Satisct KIRHLA sebtypes, J Eip Aed
Ik 2007}, MITT =M1

M. Caninpien, 8. Wang, AP Manin, X. Gao, M. Schiff-
man, | Cheag, B. Hermem, A . Rodriguer, B Kammaa, 1
Worel, Pt Schwarnr, A, Cilass and A Hikiesheim. Hierarchy
of resissance W convical revplasa mediaied by combinaaoes.
of kilker immanoghistadin die recepor and heman leabooyse
antigen beci. ) Evgp Mo 200 (2008 ), 1080|075

MLP. M, X, Gan, 1L Loe. GW. Nefwm, B Deach, 1),
et 5. Aachbimalier. K. Hoats, [ Wiadon. ). Trowsclale,
M. Wilson, 5 1. (FBrien and M. Camington, Epistse imter
oteon berween RERMDS | and HLA-H delays the progresion
0 LD, oy Girmer 3 (2000, 29454

C.A Muller. G Engler Blam. V. Geteber, 1. Samien, 1. Weis
an] W, Schichi, Cenene and serodogical hetevopeoeriv of
the srperrpic HLA-H foow specificities. Bwd mnd B, fve

mwrrgyrathey M 190, 300- 30T

P, Floses-Yillassna, £J. Yenie JC. Delpsts. E. V-
tinghof, 5. Huchbinder, 1Y, Louag, &M, Lighalors, O F
Clvgs, E5. Rosembery, 54, Kalams, 100 Bram, 50

Besvwrcdl, B . Waller andl & E. Graldicld, Comtroll of HIV-1
wirrrria sl et Fror ATDS e siocisnd witl HI&-
Brwd bomosy posisy, Proe Nl Arsd 5ed U 5 A 98 (2000),
140-545.

LE Gurspere, V. Liwin, ) H. Philkps, L1 Lanecr asd P
Prartism, Thie s pabie epatope of HLA-B solecules s
fers reauvity with sanral killer oefl clones tha expeess
NKBI, o pumtive HLA recepesr, J Eip Med FEL (19953,
LIRS IET

MLE Mo, Y. 08, X Ga, 1L Vemada, )N, Marin,
Pereyra, 5, Colombo, EE. feown, W Sheperi. ) Mair,J ).
Goeddent, 5. Auchbinder. G0, Kirk. A. Telesti. M. Consors.
5J. (FBriem, B, Walker, P, Parham. 5.0, Decks, DW,

Whiviear and M, Campgion, Imaly ey of HLAR
anc] KRN L sty pes againg HIV-|, Sat Genet 3902007),
TH-T40

B, Dotans, J, Ruckes, Y. Wi, B, Santh, M, Sasws, 50,
Peaper, M. Parmestier, R 0. Collmen amd BW, Do, A
ual ropic prisveary B | skt that e B ared the brta-
ehemoking feeplors CKR-5, CRR-1, aid CKR-Ih i fesaodi
ol Cell W5 | 19, 11451138,

Y. Feap. C.C, Beoder, PE. Kessedy asd EA. Berger. HIY

1 entry cofsctor  fusctional cNA closing of o seven

]

i

78

™

78

Ll

e

Li]

tnmnembranr, G meca-ompol morpe, Samer 172
o1, AT2-ETT

5k Luther asad § 0. Cyater, Dhomokines o segulaton of T
el daflerestimtan, Nat frumd 3 {200] j, BI1-107.

B, Wener aml P. Lostscher, Lymghocye maife contd by
chemskines, Nl Iasanel 202005, 113-128

M. Bagghohen, [ Dewald and B e, H cheitrk

an s, Asaw Bev' famuned 18 (F9T), 6750,

EA. Berper. BW, Doms, EM. Fenpo, BT, Korber, DR,
Lirtman, ] . Moo, 0., Sanesian, M. Schuiiemsber, | 50
sk and BA. Weina, & new classsfication for HIV. 1. bae
ey IR | KO, 2a0

T, Pihewl, M. Farzan, M. O, T, Pasolim, 1. Clark - Lirsis,

Soxtocski and T4 Sprimper, The mphocyie chemnatiracias
SDF-1 is a lipaned for LESTR Tinin s blocks HIV-1 eniry,
Neatwory B2 | F0RY), EDOERT,

F. Coccli, A L DeVion, A, Garsine Demo, 5 K. Arga, RC

Gialks aid P Lssio, Mentification of RANTES, MIP-1 ol
phia, i MIP-1 bets s ke ssaper HIV- fxtim
o by U8 -+ T gelbi, Seiemer TP 1955, 181 |- 1815,
K. Henil, Chesiclge fodtpion mid HIV-D: the fuss of
T e’ Fesearcl Deculs, Pesmined’ Dok 200 | 199950, SO0,
O ke, M, Viwcarerra, GK. Lam, BF Baisd, K. Wila,
1M, Mlurphry, A Zimmerman, TH, Noman, CH. Foa, 8.
Hamer, | Adelsherger, M. Baseler, J. Amber. 1T, Dav
oy e KL Dewar, ). Meicalf, D). Schwarzenamber, ) 5

Owensiein, 5. Bachbander, AJ, Sash, B Deiels, J. Maair,

Rinakdo, 18, Marpolict, G. Pantaleo sl A5, Fasci. Mt
emrypoity o a defective geae fon CC chemioline srorplne
5 in mo S wile ok oo iy ko amd wine
loggse phapmaty e of BV iefiocend long: seom penprogessors.,
T forveae 100 ) 19T, D5A) =156

M. Dean, b Camingion, C Winkler. G4 Husley, M.W.

Smith. B. Albkmets, 1), Gosden, S0 Biachibinder. E Vi

tinghof, £ Gompens. 8. Donfield, D Yiabov, B. Kaslow,
A. Saah, C. Rimaldo, K. Diiely and 5., O Brien, Genetic

restriction of Y| infecton and progression o AT by

u debeiion allele of the CERY ensciural pever. Hemsophilia
Cinrath anal Diplop Seacdy, Ml AN Codeors
5wy, Meltiornirr Hemophilia Cobort Shady, San Fraooen
Tty Coheort, ALIVE Sidy, Srirmew T30 19560, 18561853,
R Liu, WA, Paasos, 5. Choe, O, Cotasdbm, & K, ban, R

Hewak MLE. Wl Domabd, H. Stublrmons B A Koupand N R

Landun, Homorypoes defocy i HIV:D oofeocpion soceesis
Test pent it of e rrmaliiply e posd individaals o HIY- |

it el B 1, ST ETT

J. Rappapont, YX. Oho. 0L Hemdel, EJ. Schware, F

Schuchnes ind |F. Sagury, 32 bp CCR-3 pene debetion and re

Eetnne o st progresason in 1Y 1 infecal letemypoies,
et B9 (00T, S 3-000,

DV S Dermon, PA. fimmenmon, F. Gugrand. C A Kiee-

berper, 5 F. Leviman aad P51, barphy, CCRS promoter poiy

masphism arsd HIV-1 Sspase progeession. Multiormaon AIDS
ik Sy (MACS |, Lot JED. 4 1998), Bbf-K70

N1, Michael, LG Lowie, A L Robthaugh, KA, Schelts,

E. Darybudl, CJE. Wiag asd HW. Sheppanl, The nle ol
CCRS el CCR jposymoepd HIN-1 jm
Eeaie progicekos, Na Alad 3 (99T, | 60— 62,

LG, Kk, ¥ Hussg, JF bloore, 50, Wolmaly, |-

Thaip, Y. Geeo, | Deatach, 1 P, AN Perumans and

PRI, Ha, A chemodie fevepiol DURD allche delays HIV.|

s progiesod il i maociated with & OCRS prosobe
mutaton, Nl Mol & (10, 350-050,

MW Smith, M. Desan, M. Camapion, C. Winkder. GUA. Han:

12/03112 17:24



®

Rational Design and Testing of Novel HIV T cell Immunogens

L4

1921

. Moo o ol Virndeyvoa!, e assl how poacncn mesriers ia iy ool of IV igfernion

bew, Dk Lossby, 11 Cioedert, TR, (7 Hewn, P hacosbeaon, B
Kashow_ 5 Huchibinder, E. ¥inisghoff, D Yishoy, K. Hoos,
MW gty sl & 100" Brem. Commsting geretic influ.
ence of OCRY and OCRS sariants on HIV: | infection snd
derpe progreaion. [brmaophili Grosdd and Developmont
Stady (HGIG), Mehicester A0S Cobor Stedy (MACS),
Mutticrnter Hermophalia Crbeort Soudy (MHTS), San Fraseis-
o0 City Cisbion (SPOUL ALIVE Study_ Sevence 77 {1997,
-GS,
S Mulberin, TR0 Hrken, P loamnidi, 1) Goeden, 5 F.
Bachbinder, B.A Costisho, 8D, Jamieson. L. Meyer. ML
Mefichanrd.. 0. Pantaden, .1, Kircedi . 4. Schastomalor, 1,
Shepgurd, |0 Theodorou, 1, Wishoy arsl 5. Rimeniorg,
Fm-fmu—n;m-lm%--mvl
dosras im anes wil i of
P Liii!nll.!'f"l‘ .
EAL Gulkck, | Laderan, ). Goodrich, N, Clumech. E. De-
Jeurs, A Hortun, | Nadler. B, Cloet. A Karlssom, M
Wiohifriler, 110 Monsana, M. Alchlale. ). Sallnan. C. Ralp
way, 5. Frlueal, MW, Duyrer. E. van dor Byst as B bay
o, Margvirog fonr prcvsously bralind paticnds wiih B5 HIV-0
infpcmiue, N Engl J Al 359 (2008}, [425-1H1
RJ. Landeris, DB, Angel. . Hoffsmen, H. Horua, M
Opearwil, 1 Lomg. W, Gresves sad G Falkenbewsr, Plise
11 sty of vicrivime versn efavirenz (both with zidows:
dhne lamindene b i peamen nane o wdh V-1 -
foctiom, J Jafiort Dls A9 LK), | D1B-1102
. Nhstir, [F Mormcak, Wl Womaaer, 5. (onepola, A. Masig.
K. Allers, T, Schander, |, H C. Kucheryr, O Blag,
I, Rlau, WK, Holmons sndl E. Thiel, Lonj-term gonssal
of HEY by CTRS Dol Thclea’? wtem-cell tramipiamasos.
W Eagi J Ml Mol {20007, 440060
CA Denleyn, O Comtella, | M, Kallry, G, Slahiwen, M5
Saap. B. Kmlow anl B P Becy, Correlation bepween casculal -
iing wiroril cell-derreed Ranod | bnvels sl CTRE & ool oount
i haaman i 1ype | indeonsd individu.
als, AP Ry Masw Reoosireies 18§ 19590, 10001071,
HL Liw, D Chese, EUE. Maboryuma. Bl Taguchi, b Goao, X
Xin, BE. Takaratia, Bl Saito, V. libikawa, T, Alasa, T
Juji, Y. Takehy, T (Minks, K. Febostale, ¥, Manmam, &
Yonbiki, 5. Somuly, T. Nakasora, Y, Mags, A, | wamobo and
T. Sheaxda, Pl plidum m RANTES oberrski
affecrs HIV- | s progression Prov Al Arssd S 475 4
LTI L TR L
. McDermoti, M., Beeorodt, T, Kleeberger, P81 Al-
Shand, W E. (ilier, P4, Zimmerman, A Bosin, 5 F, Len:
mun, B Dk, 5 . Hajoer snd FAL Marphy, Dhermollise
RANTES prosmter podyimorpbisst affecti riak of both IV
infptass afel deicass progresio i e Muioesier AIDS
Cidaont Somdy. ATDS 14 (M0, 267 ] =26TE.
A Bramisila, C. Villa, G. Rireard, F Veglia, 5 Gheeni,
A, Laresris. M. Cisin. 5. Mumson,, E. Sesaponine. A.
Cringeri. LG, Lowie, H.W. Sheppand, G. Poli. N.L. Micksel.
0. Pantale andl [ Vierssi. Shovter wervival of SDF|-
]'h.'.!]. h—r;rhh.ldh‘u[‘ﬂdJ- T el decreass =
e wifui Iy | il P
et L I-EI'![IIII,III-J!S.
O ChasdBary, K Rajeckar, | Abmed, B Verma, b Bala,
R Wbeasim and 6 L, Poly varisnes im DC-SIGN,
DC-SHGNK aned SDF-| i bigh risk sonegatie and IV |
patirnty i Moriem & e, J Clim Vird &3 (20000,
1962001
H. Liw. Y. Hwanghe, 5. lie, J. Loe, . Wang, N. Kaugp.
H. Phii, O, Celin, L Ciowey, L, McElrsth ssd T. The

244

magqueta def-1.indd 244

(el |

]

(]

[[1i]]

[ LK ]

Acnalysis o praets polymorphasmm ia CURS, CCRL, anmal
well<derved oo 1. RANTES. mnd dendritig cell wpecific
iseroel b adbesson moktouke. L grabbieg nommegTIn iN
sevoneguing indrosdusly. repeaiedly exposed io V15 e
Jrrd D 190 (200, | 551058,
. Wiakler, W, Mali, MW, Snuth, (W Nelsom, X, W, M.
Caenagion, M. [ean, T. Hongs, K. Taskiro, 1. Yok, 5. Buch-
ladei, E. Vimaghalt, 1), Goalen. TH. Orfaen, LI Js-
oobucm, B, Deiets, X Dosfiekd, A Willomghiey, £ Gompess,
D Wishow, 1. Plaiv and 5., O linien, (ool resiniction of
AIDS pashogenesis by @ M0F. | chemokine pre vanam
ALIVE Staly. Hemophilia Grirath and Dvvelopment Study
(HODIS}, Mliomtor AR Cobor) Sealy (MACS) Mal-
ticratrr Hemophilia Cobont Saady (MBUS), S Francan
Ciry Ciohont {SFOC, Seirmcr 79| 199003, 189- 350
T. Nagasrws. Role of chemoline SDF .1/ PESF il i sroep.
tor CXCRY in blod vesael Amm 8 el Sl
ST (2000 b R2=115; dsowssion | 3= 06,
E. Goagaler, 1, Kuflama, B Bolivar, A, Masgano. B
Sancher, 0. Catany, BJ. Nibbs, B Frocdnas. MP
Qrinoai, MJ, Bamibad, KK, Muthy, [BH, Rovie,
Bexlley, RA. Chael. S.A, Asderum, ), OPCosncl B BX
Apen, 55 Ak, B Belopaa, . Sen, MJ Diolas and 5 5
A, The infloeace of CCLILT pere comlui ning iepmen
1l duphcation on M 1'ATDS uncepabsley. Sciemce 37
(2005 ), 14 - |4,
MLP Martin. 5 M. Lasberrran, M. Hutcheson, 1)L Casdent.
0W. Nelon, ¥, van Kooy, B, Deicls, 5, Huchbinder, K
Hexts, [, Viahow, 5.1 ﬂ’ﬂm'-—#!-l f'-nr"l-'- .hw
e off DC-SHAN f
il dow I I:- m | | dh
imsmusexlcicicacy vinn type | Infectios, J Vieod T8 (2004,
| S0 4056
P Selvary, K. Alags 5K than, M. Harishaniar
afal G, Narerlran, D008 gese polyimofphins in Sosth
It MY ard FIVETH uitionis, ey Gt Evd 8 (20081,
26

A Koup sad DD, Ho, Shumag down HIV, Nasre X8
ST

G, P, JUF: D T. Schchad, M. %

Ok, Cioken, M, Doncer, O Gerneieni, 5.5 Schrnmm, TC
i, (M. Shorw, 1. Perem, (. Tassbuead, A, Lazesrin, RF
Selaly. M. Sondeyni. L Corey and A 5. Fain, The gualin
e martre o Lhe prmary | s respoase o HIY alection
18 3 prognostiain of & s progsesun independer of the
imitial bevel o plaremas vingmia, Freesc Nl Al Sed 1S AN
1, 254150,

T, Friedéich, |E. Valenting, L, Y, E.G. Rk, S0
Parikomaks, | B, Forhum, K1 Wenigen, H. Berwite, GE
May, EJ Leon, T. Soma, €, Napoe, 8. Copuano, I,
NoA Wilson srd D, Wisthiss, Setsdomeasnt CD8+ Tocell
Tespoes wpe | mvobved o dersbbe conmol of ARDS v rephi:
ation, J Vired B (20075, oS-

VE Sstmitz, MU Kursh, § Satra, VG Saveville, M4
Samem, MA Lihon, P R, K. Teneer-Hace, M. Dulewn-
i, B Seallon, ), Gbrsyeb, MUA Foemas, DT Monie.
Tt EP Righer, ML Lervia sl KA Ressmasa, Contaod
of yesrm o uman imesenededoency vin infecoos by
0 = |ymphocytes, Sonemee TR3 4 1999), BAT-800,

I Ahman, A SMosi P, Goubder. DU Bamssch, 810,
M Fheyeer Williarme, 0, B, A0 McMichael sl MM,
Dravis, Prmatypic snadysis of tipen-spectfc T homplo-
wytes, Sedrow X740 1790, 408

PI Giomlider. ¥, Taap, . Brasdes, MR Berms, M. Aleickd B

12/03112 17:24



magqueta def-1.indd 245

Addendum I

o)

(Ll

o7y

ins]

iy

(LIl

g

i

(LI

[LIE]]

I Mkl i Vilvspiral, s and aar pesemics muandavs in e coamd of S e 15]

Anmamalad, & Trocke 5 He E5. Roesberg G Ogp. C A
O Callaghan, 5.4 Kalsms, B E McKianey. I, K. Mayer,
A Koup, 51, Pefiom, 5K Huschett, K. Mclniosh asd B,
Waller, Fumctiomlly inest HIV-wpecifsc cytotonic T hymphe:
wyies o ol play o majer roly s cheonically mfeciod sdulis
] chiikbren, J Exp Meed 192 3000, 13191312,

G5 0. X Ja, 5. Bonboofler, PR Denbar, 3LA_ Mawak,
5. Slowsnl P Sepul ¥ O, 5 L Rowlesd Juses, ¥ Cerum
doda, A My, M. Markowitz. DN, Ho, DF. Niws asd
A McMicharl, Craantitation of HIV-1-specific cytotonic
T lymphocytes and plasss load of vird BNA, Srdence I8
{15, 20032 i,

C. Hrasder, KE Hatsas, AK Thks NO, beas BFP
Bodarinn_ B Korber, P Wenmwionh, 5 P Bachbisde. % Wilis

sky, BID. Walker mndd 5 A, Kalams, Lack of siroag immune
welotion: prossare by the immusodominas, HLA-&*020]

nistriceed Mlnw Tlr-pllnnlr ey = chnmis Be-
i ¥ virm-| mfection, J Cley fevrar 18]
¥ |, 2O 200,

000, Yasig, 54 Kaluvs, 8, Roscneweip, & Trocke N

Jones. B Kaoiel. B D 'll'.il.ﬂ.-i P Johasw. Liiciem
Iwis o bsman i v bype 1 infeokal oelh
by cytobonic T lymphocytes, J Vil 70 | P, 57965506

D), Yang, 5.4, Kalanw, A, Trocka, H Cao, A Luser, RF,
Sobmiam arsl BT Waller, Siggrrvst i huma e

ehasay vin ype | peplicaton by T8 adfle evidence
T HLA class eurstad wigpenag of oviolyie sl sy
oyt mechanisms, f e 71 19975, J10-0128

N, Frahm, BT, Korber, C ML Adams, 1), Srimger. H. Draea:

wrt. ML Addo, MLE Feemey. K. Visin. K. Sango, WV

Bvn. D Senliopta, A, Fochovla- Trocks, T Senonin, FM

Matmoods, A G, Warsel, DR, Saone, (1, Rasiell, P Ao,
O Cohes. T. Roach, A Sukoka, A. Khar, K. Devis. 1.

Mullim, 1), Goskew, B Willier and . Brasder, Conmix
irnt cyioini: Tlvmphocyte wrpeing of immensiomism
s = e enmencdcicieney vinn sonss. msliple
wibnaatics, J Vins TH o ik, llﬂ-!‘iﬂi

A Raer-Ciros, T, Lacah batie, P! VA

1168

]

1im

111E]

11191

e

Vi Tk (2003, %104

L Homeybome, A Prencderpam, F. Pereyre A Leslie, B
Crowfond. B. Payne. 5. Reddy, K. Bisbop. E. Moodey. K.
Mair, M van dor Stok, N MoCarthy, UM, Rowosan, b
Adido, L] Mulline, . Rrander, P Kicpacks, B [ Walker sl
P Gossliler, Comstred o ) defuarma vinn ty
| b mwsiciated with HLAB*1 snd msrpetiag of multiple
pag-specilic C 4 Tooell epaiopes. J View B1 120071 M7=
L

A Mawmola, T Machinbi, 0, Khowry, P Mobsbe, P Sok-
patba, E. Vanke, M. Colvia, 1. fijenal, 11, Katresston,
E. Masda, 5 Allen, W, Komends, T, Taba, G Giray, 1,
Mckmyre. SA, Karem, HW, Sheppasd msd M. Geay, 15-
erseckical targesing of wsbeype C bumas

i type | by (T + Tl commeliation with yiel
loand, J Vi T8 (200K 3, B2N-0T40,

ML Nbmpals, ¥ Ferriz, 5 Bodn, M, Dosukel, B
Voo Dhab, MR Boubavee], D Rimgleam. €. Terrablay, R
Lebiane, 1, Routy, RP Selaly s N F Bermard, HIV Gag
P24 apecific resposes secTeting [N pamms ssd'or L2 in
trearren e indivaluads i wOse e eaty dieine
TATED e mssocisted with bow viral boml, Ciie brvsssnol
(Pl

LR Sacta, U (haeg, EG Ralawr, S F Spemee, A K. Rorm,
AT Hedn, W, Leg, B, Baraniz, 1), Sephany, LT, Lol
Feabs, DLE. Allisoh, 5 Aidaas, A Hop, NA. Wikios, TC.
Friedach. 1.0, Lifson, 000 Yang snd 01 Warkins, Gag-
specific CI8-+ T lymphocyies recogmiae isfecied cells be
fewre: AR varus. inéegration and vied proders. eupresson, J
fevanad | TR { 1007, FT44-J754

MR, Betty, MC. Naswa, SAL Weal, SO D Besa, 5.4,
Mlipasiss, J. Ak MM Led BN Beaie, PA.
Goeplen. W1, Cosnors, bl Roaderer and BA Koap, HIV
moeprogresuy prefesentially maisiain highty lusciionsd
HIV-speciic CDE+ T oells, Flood 107 (2006), 47E| 4750,
S0 Mliparlen, AT Laboricn, WL Shiapert, M 5 Sablughi-
an, K, Ratie, W, Hallsban, [ Van Haarle, 5. Kessomar, Fo

A Ui, F. Hosls F Iﬂhh L. Dt

M. Sinen, 5 Pamcino and & 'I'eﬂl’.l'll'i'mﬂtﬂﬂlﬂl
poient CD¥ T cell capacity 0 sappeess. HIY inflecsos ex siv
and peculiar cytsions T bymphocyte activation pheactype.
Prowe Mast! At Sei 115 4 Db 30T, WTTH-67R

C, Brander, N, Fraben asl BLF, Waller, 2006 The chalimpes
o B srad wiral divemity in HIV ssocine design, Cars Opin
lrmmatad 1N (M0T, 430437

K. Zmiga. A Lucchem, It Galvan, % Sancher. C. Sancher.
A, Hemander. ¥ Sancher. 8. Frabm, T #. Linde. 1.5, He-
witl, W, Hildcbranad, M. Ahfeld. TM, Allen, B D Waller,
BT, Eorber, T Leitnet, |, Sanches asd . Hrander, Relstie
dummirrce of Giag plaporific cytobons: T lyigpheayios i
st wih bisres iemsodefoieney vims coatnd,
o 80 (2000, 31 220124,

M. Aldebd, . Kalide. . 8. B Streech., M. Lichierfeld,
MK kshotm, N Hargett, ME. Swarte, &, Yaup. G, Alher,
X G Yu, A, Mee, 1K, Rachatrob, TM, Allen, H. Joaen,
ES5, Rimenberg, M. Carringion snd B0, Walker, HLA Alle-
bes Aotttk Dedsyend Priogs AL Cnmeit
Swongly woe Iaital CD8(+ ) T Cel) Response agams M1V
| Pa® ekt 3 20N0S ), 00N

B B Echwands, A Hassal, &, Sabibaj, ). Bakari, M., Mulligan
and PA. Goepliest, Mlapeitde of fusctional CDEL T-cell
rnp.imlu:h-p;pﬁhidl-t—

Wi ye | dormelates, imversely with vied homd b ploss. S

THI

b2t

LES)]

Micderra, A, Sl suphib, | Ebler, ], hetcal, 5. Linsd bl
Cosemsors. HIV specitic €T+ T oell prodiferstion is coupled
o e s |8 ki A e | OO ETE S,
IWegr Topmusmd 3 2ONE 1, 1100 =1 0,

I Yty [0, Heclonrman, T, Allm, T, Seovich, N, bajic,
C. Kadie, W1, Fichier, &, Corny and C. Beasdier, Drndpe.
h.p'mi...l-l Mn” ol epriorriind hepuii O v

F s i EE1 (M08, 654 <5500

D Yerdy, D.Ihl.ﬂ“ TM, ABsn, 1V Ol Yl
K. Fairchoh, C Bl Linde, 8. Frahm, | Timm, W1, Pichler,
A Corny mad € [feanden, Imka*]-nMﬂr

sy varianl ¢ T | avidity am
uised with hepattia ( vares ol o Wired B2 D00,
JHT-X|58,

T Allesi, M. Altlehd, 547 deers, BT Kalele, C, Mooz,
bl ¥ Sulivan K. | Deowa, ME Feeney. KL Eldridge,
E L Maier, D E. Kaulmam, M Labale. |.. Reyor, G, Tansi,
NN, Joheton, . Brander, B Drseraert, | K. Rechatmh,
H. Jewurm, ES, Rosmabery, 5.4, Mlallal asd B, Waller,
Selociree cacape frost CD8 4 Tl mospusucs seproscits a
o chiv g Foofoe of Bmas | rmanode fiency e Ivpe |
THIY: 1) sesquaenoe S veruty and revesh conurmts oa 1511
evolation, J Vil 79 2005), 1 3209- 15240

T, Allen, M. Alfeld. XG. Yo, KM, OF Sallnan. M.
Lichardebdl & Lo Gl M, kb, B R. Mithe, PK. Lac. BT,
Ealife, [LE. Cobes, KA, Froadberg, DUA Seci. MUN. folis-
won, A Sene, ES. Rosmaberg, 30 Mallal, ). Gealder, (7.

245

12/03112 17:24



®

Rational Design and Testing of Novel HIV T cell Immunogens

1o

(L]

125

I

[[FL]

11

L]

[IEL]

nin

i

i3

. Movhe ol Vimdogvoad. s assl e poacncn marders i i cosmsd of I ifermaon

Brainkes and B 0. Wil St (Pisifiiss, i ol

o of W0 T gen prooessing cynmoak T hymphocyne ewape
et by mmsmodebcieney vina type | infleciion.
F ed TH (2004 ), T TR

B Deaerert. 5. Le Giall, KJ. Plallercl, A1 Lodis, ' Chety,
C. Brander, EC. Holmes, 5.0 Chang, ME. Feney, MM

Aldde |_Ride, D Rusnbah P lorta, M AT, 5. Theomsi,
¥, Tamg. UL Vemill, ©. [hvon, D65, Prado, 1% Kiepela.
1. hlmime- Proadio, 11 0. Walkeer and PJ. Geoulder, Imamane
wrbpnass o altered andipim procrsdng bads o ook T
Iymphocyie mcape in chnonic HIY- | indoton, § Exp Ml
1999 00, IS-01%

AL Lealie, K ), Plafferom, I, Cheary, R. Deserern, MM, A
o, M. Feeney. Y. Tang. EC. Holmes, T Allen, 1.6, Prado,
M ARtk C Bemsdew, C_ Duoa. D el P dosas, S A

Thomaa. A. 51 Joba, T4 Boach, B Kupler. G, Lazi. &
Eatwans, {3, Taylor, bl Lyall, 0. Tudor Williama, ¥ Mo,
3, Mhaines. Picado, I Kiepicla, B0 Wkt and 1), Gowd-
dex, HIY eved CTL ewcape an] it
irasarreisasn, Mot Med 1 8], 2E2- 109,

1, Manines Posdo, 16, Prado, EE Fry. K. Pafleson. A
Lislie, . Chenty, €. Thobalgade_ 1. Homeybome. . Cras

ford, P, Maithrws, T, Bilay. C. Kowsen, 11 blullns, C

Berascler, i [ Woalker, D], Staant, P Kicpicla aad P Goudder,
Fitarws condl of ewape mutations m p24 (hag in assciation
w1k Comtrd 1o btssan nscdedviensy e g |4 bimd
10 3000, A T T

FW, Peyer], 118, Mazick. M. Newberg. DL Baruch, 1.
Sodeski and M L. Letvim, Finess cosss lma vinl escape
Trom cytetnic T hymphocytes 21 3 stnscturally comd ringd
epitope. J Vind TR (10041, | 100-1 3980

EL Brumme. CJ. Bromme. [, Hecberman, 8.7 Korber,
M. Diniehs, |, Carlwon, C, Koy, T. Rhasschanya, ©, Chi,
1, Ssimper, T ko, RS, Hogg, 15, Mostaner, N Frabm,

Bramlber, B I Wallrs asd PR Harri pan, Evadence of differ-
eitial HIA clas | Lo il v o Pl
socesuny regulainry pemes of HIV: 1L PLaX Pt 342007},
e

EL Hrumme, | Tao, 5. Socin, O, Bramme, ) 50 Cartum,
D Chan, C, Kafie. N, Frabm, C. Beascer, B, Waller, D
Hogherman snd PR. Harvipan, Husan bruosyie atipen-
wpecihe polyrarphivm @ HIVD Gag amd (heif assocs-
thosi with wirsl ol [n ohrosic usiressd lacnoa, AN 23
(DO, [T 7| 30,

S Kelans, & P Bachbender. L8, Rosenberg, | A Bilkngs
ley, DA Colbert. NG, Jones, A K, Shea, A K. Trocha amd
B Walker, Asuviatim hotwern vem-wpecilic r}'hlm-n!
THyregeunyte i helper foag in husn

chency winis 1ype | ialecton, J Vi T3 (1999, &7 134720
SA. Kalams, 1Y) Gouldes, A K. Shea, NG foses, AK
Trocha, G5, Opp md 1.0, Waliver, Levels of human immas-
mbeficamey v fype 1-specific cyioiouic T-lymphocye of -
Tt asd momeory srigonses docline after asgpreceon of
wirpaia winlh hiphly sctie srfecteorieal heeagsy, J Vind 73
| 1Ky, BT -T2,

ML Lichisrfeld, DE Kanfmaan, X6, Yo, 5. M, MAL
Adda. MN. kobmsson. D Colen, G K. Robshim. I P, G

Alter, A, Woroel, D Siome. E5. Rosenberp. 1.0, Waller snd
M. AlTrkl, Lows of NIV, 1-apecific CEE-+ T ool profifor
tiem after scute HIV-L infctiog snd rodoratas by vaccee-
ircbued HY | -spacite T Tolle, i Send 20042004,
TH-T2

0. Chasssrw, F K. B ML Wolbers. . Loggi 1. Seeffen. W

246

magqueta def-1.indd 246

[LEL)

TR

nyj

(]

(1L ]

[+

[LLE]]

lidd)

nay

L

(LD

H.M’Ifmuﬂlmfm“!l
tegay and C. Mess, 2007, HIV
mummlﬂ\'appnﬁrm41muf-o“
immsprctive off sheolute CO44+ T ool cosmstn, Plad sl 4
I,

Ok, Giasie, BF., 5. Sanghani, T Rinakla, [}, Rose, T, Hewi,
¥ Suabdern, M. Rislasd, P Seexck sl . Braruder, Treatrest-
fependeni Joas of poly al T8+ Tecell respoases in
HI\'nfmﬂlmmmmnuuu-d-n
harpesving practration, Amvicaa Sl of Trosdans-
tiom | NUF¥), i prows

W, Martines, [, Cistagliols, 0, Bonduclie, N, N, A
Selemariper, |, Theockonon, | P, Clavel, [b. Sassd, B Aqpa
P Db, , Rosrooun, aid H. Auras, Cosbanseos of HlY-
l-apeciie CIM Thil cell sesponies mll | p0i2 anti bodies i the
barsd predicns for pordstenoe of hap bern sonprogresseos.
el (s PRI L0050, 0512061

N, Npo-femp-Hoong, I Casdods, A, Goubar, B, Agirn,
M. Maynat, [, Sicand, )P Clariel, H. Agut, b Contaglhi-
ola o . Romerowns, 50011, HEV iy |-spoctfic Il ant-
bostes markers of hedper T ol 1ype | respodne and [wog
woatic marker of loag evm aosmogrestion, ANKS e ies
Rerrowirunes BT (00050, D55 |-,

A Trkola, H. Kaster, P Buert, B. Joos, M, Fiicher, T, Leg-
mana, A. Masrajor, ¥ Haber, M. Rebe, 4. Ohumies, R
Weelker, L. Shegler, B Yooks, H Katinger, | Aocio sad
HF. Geanthasdl, Delay of HIV.1 reboased after cessation of
antiretniral theragy thomgh pasad ve transler of lnimsn reu
iraliring amiiboders, Nar Myd U1 G200, 605422,

DiC. Montefioni, G, Pastaloo, LML Fak, )T, Fbou, LY
Pl M Rildea, G 1, Migalles ass] A 5, Fas, Meutrafining
anad inbecron enbencing amiibody aeponses i e im
mumodeficieny views fype | in long-lom sonprgresson, J
Pefirct D TN § P60, 6T,

0 14, L. Draan, LT3, Eites, £5. S, T. Rowrlr, ¥, Wabg,
. Railly, 1. O, O3 Shller and & T Hasie. Pesll 51V
rephbcalion (8 esiag memory CIMG T cells deplaes gl
laming propria CEM+ T oelh, Nanee 434 (300, [ ]148-
sz

11, Msnagadlil, D C, Do, B, Hill, Y. Niskirmera, b, Mar-
v o] M. Besdeser, Mansivr infirction sl lons of mermory
85 T ool i mealigele tssacs duitig scate STV iafection,
Witi A | PV BORR DORFT

8. Mehandes, MUA. Pobes, K. Teaner-Hace, A Horowdie, A
Herdey. €. Hogen, [ Boden, 1", Raca and 8. Markowits,
Prirsary HIN-1 ind is assciated with poef | de-
pletion of CTH-- T hympbocyies o oflector it in The
petronkeitinad ract, J Exp Mnd 300 {20081, T61-TT0

I%L Brenchley, DA Proce e D0C Diossl, HEV dicane:
Tnlkous from o mscosal caaurophe? Nur Tevmarel 7| 20065,
RLL SN

C. Gesamr aned §5. Sowriamo, Bacserial iranslocation snd its
ormpETTs (6 padicnis with curhoss, Ear J Garmsmirm
Wil NT (DOOSE, 3T-31,

M. Cartingion, M. Manin sl | van Herpea, KER-HLA
imtercoarse in Y diveme. Frends B vedved 1 (2008, hX0-
(28

PY, Bochud, M, Boobad, A Tl ssd T, Calasdra, bunate
immemopenciics o ool o gvploring mew Frodanns of boad
ey, Loseet figfect D T 1 2007), 535-542.

I, Sum, LN, Beilke snd LL Lasicr, Adspive isiimume
Testiees of satursl kilier colla, Meruer 457 (N0, 557-%01.

12/03112 17:24



magqueta def-1.indd 247

Addendum I

ko ot ol Jocermal ol Trsmiatoea! Medicine 301 1, 308
g P ranasatienal enedicine Do ponienl S L

RESEARCH Open Access

.y

| MEDICINE

Definition of the viral targets of protective
HIV-1-specific T cell responses

Beatrir Mathe'==, Anuska Lano', leder Ibamonda’, Marcus Dsniels”, Cristing Mirande”, Jennifer Zamarrefo’,
Vanessa Bach', Rosario Zuniga’, Susana Pénez-Abaner™®, Chiistoph T Berger’, Maria € Puertas’,

Lyvier Martinez-Picada™", Morgane Rolfand®, Masitu Farfan’, James J Szinger”, Willlam H Hidebrand™,

Ceto O ¥ang''. Victor Sanchez-Mering ', Charson J Brumms ™, Zabina L Brumme'™", David Heckaman

Todd M Allen”, James | Mullins”

Guadaiupe Gimez'®, Philip J Goulder'™"™, Bruce D Walker

L% Jose M Gapat’

Horrventura Cloet ™, Bete T Korber™™, Jorge Sancher” and Chiistan Brander'™

Abstract

BSOS

furcton and specificity

Results: Fov both clades
Thene was abo 3 sgné

it addithee effect of mi

anithvirsl BCTiaitied and, impomanihy, wene 3t lordl i piec
DDy

immuragen detign applicable 10 other vital infection

ETimre Codrelale

Bpcloground: The etficacy o the CTL component of & fubund H-1 vaccine wAll depend on the induchion of
with the modl pobent anfraial athily and broad HLA dass
desigrs are largely based on viral sequence alsgnments only, Rol INODIROANG Expeimen

Methody: Here 050 pnmasted HI-1 clade B oF -C rdected ndnicdual veiie it dor islipore 19 w4y ol 410
Creeilappng peprides (OLY) spannineg the éntre HY-1 pioteome. For each LLP, & "prossctie mba” (FH] was
cabiuianed as the ratio of median vical loads [vL) bepween CLP non-responders and responders

here was a negative relstionship between the PR and the entrapy of the OLP sequence
ple responses fo benefical OLP. Responses (o benefical OLP
warir Ol sigrificantly higher funchonad addity than newpordes to non-beneficid OUP, They ah ha

Conchuslons: The data thun idiertity immunogen sequence candidates for HIV and prowide an approach for T ool

Keywonds: HIV spedific CTL clade B, clade C HLA, vacome immurogen desgn, functional svidity, epope. entropy,

MSENCEON, Fdweiser, Curment HiY vadtins
13l data on T el

O in-iatng
e of individualy” viral ioads than 1her MLA cling |

Background

HIV-1 infection induces strong and Broadly directed
HLA class | restricted T cell respomses for which speci-
fic epitopes and restricting HLA class | alleles have been
associated with relative in vive viral centeal [1]. The
bulk of ihe anti-viral CTL response appears oo be dis-
proportionately HLA-B restricied, but the relative con-
tribution of targeted viral regions and restricting HLA
maolecules on the effectivensss of these responses
reenaing wnelear [2-5]. In additicn, the impact of HIV-1

Pl AT Iisona,

ghce inigrmanon i avelshr @ the and of the Fmcie

(,)w&ntral »

sequence diversity an the effectiveness of virus-spediflc
T oell immunity in vive is unclear, as functicnal coa-
straimts of cscape variants, codon-esage at individual
protein positions, T cell receptor (TCR) plasticity and
functional avidity and eross-reactivity potential may all
comixibute to ibe overall antiviead activicy of a specillc T
cell response [6-13]. OF pote, T coll resporses. to Gag
have most consistently been associaled with redeced
viral loads in both dade B and clade C infected coborts
|14-16%: herwever, the specific regions in Gag responsible
for this effective control remaln poorly defined. |n addi-
ticm, it & unclear whether the relative bemefit of Gag is
due to any ather specific characteristic of this prolein,
such as rapid antigen-represendation upoen infeclion,
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protein expression levels, amsine acid compesiton and)
of inherently grester processabaity amad Insmuanogenieity,
partcularly in the context of selected HLA class | alleles
|17.18]. Thus, concems remsain that a purely Gag-based
vaccing might mainly benefit those people with a parti-
cular HLA genolype and will not take advantage of
potentially beneficial tangets outside of Gag [4,16,17,19],
In additbon, CTL escape and viral finess studies have
focused largely an Gag-derived epilopes presented in
the context of proteciive HLA class [ albeles such as
HLA-BX? and -B57 [7.30.21] vielding results that may
not be generalizable to the geneiically diverse majority
of the human population. Furthermore, many studies
have focused on immunodominant tangets only, despite
soene siudies in HIV-1 and S1V infecison demonstraling
& crucial comizibution of sab-deminant resposses o far-
pets patside of Gag to the effective in-vivo virsl control
[4.¥|. Thas, the current view an what may constitute a
protective cellalar immune response to HIV-1 is likely
biased towards a immunodominant responses and those
restrbcted by frequent HLA class | alleles and HLA
alleles assectiied with sapenior discase outoome.

To overenene these pobeniial lmitstions, ihe design af
an effective and broadly applicable HIV-1 vaccine
should to be based on information gained throoegh com-
prehensive analyses that extend across large portions of
the populstion’s HLA class | heterageneity, Here we
focus on three cohorts totaling more than %50
untreated, chronically HIV-1 infected individuals with
dade B and C infections, from which rexponses 1o cer-
tain reglons of the viral genome and specific T cell
respanse patberms emerge a5 correlates of vival conbrol.
Impostantly, the analyses kentify fumcibonal properties
unique to these respoeses and contral for the impact af
HLA class | alleles known 1o be associabed with superior
contral of HIV:1 infection, thos providing vaccine
immunogen sequence candidates with pobential useful-

miess in a broadly applicable HIV-1 vaccine.

Methods

Cohorts

A HIV clade B infected cohort of 223 chronically
infected. treatment naive individoals was recrited amd
tested al IMPACTA in Lima Peru. The majocity (75%)
of enrolless. were male and all recruited individuals con-
stidered themselves fo be of a mived Amerindian ethni-
clty [14]. The cohort had a median viral load 37,237
copdes/ml (rapge < 50- = 750,000) and 3 medizn CD4
count of 385 celliul (rangel70-1150). A second clade B
infected cohoet was established at the HIV-1 outpatient
dlinic "Lluita contra la SIDA™ ol Hospital Germans Trias
i Pujol in Badalona (Barcelona, Spain} consisting of 48
treatment-maive sabjects with viral loads below 10,000
sl CT cell counts = 350 cellu/mm’ (eostrallen”, & =
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24) o abave 50,000 copses/ml and CD4 cell counts <
350 cellsimm” ("mon-controllens™, n = 24), The HIV-]
clade C infected cobort has been described in the past
and comsisted of G50 treatment naive South African with
o median viral load of 37,900 copies/'ml (ramge < 50>
750,000} and & median T4 cound of 393 cellsial {range
1-1378) [16]. An additional 78 from a recently publiched
cohort in Boston were induded bn ikhe analyses of hane-
tknnal avidithes [23-29], HLA iyping was performed &
previously described using S5P-PCR [30]. For Hepitope
and FASS analyses, 4digit typing was wsed for the Lima
cohort and 2-digit typing for the Durban cobort. Proto-
wals were approved in Lima by the IMPACTA Huantan
Pesearch Conmitter, i Durban by the Ethical Comamit-
tee af ibe Melson B Mardels Scheal af Medscine st the
University of Kwafulu-Natal and [ Barcelona by the
Huemnan Research Commitiee sl Hospital Germars Tris
i Pujed. All subjects provided wngten infoemed corsent.

Peptide test set and EL1Spot assay: Previously
described peptide sets matching HLA-clade B and C
consenius sequences were used in all experiments far
which the OLP-specific eniropees have been caloulabed
in the past, based on available sequence datasets [31-33]
and heop:! s hive Lanl gov/content/immuncdogybls-
temfindex himl. The peptides were chade-specific sets of
adapted 18mers, overlapping by 11 residues designed
using the Mepilen tool mallable at the Los Alames HIY
database hitpe!/www.hiv.lanl govicontent/ sequence
PEPTGENpeptgen.html. The individual OLP in the
peplide sets for clade B and clade C had all the same
starting and ending position relative 1o the source pro-
tein and fallow the same numbering scross (e enbice
viral prabeams for both clades. Peripheral blood momo-
nuclear cells (PEMOs) were separated fram wheds blood
by density -Dltﬂl;l'i.fuil.l.mn and used directly to test for
CDE" T cell respanses im vitro. IFN-y ELISpal assays
were performed as described previously, using Mabtech
antibodies (Mabtech, Stockhobm, Sweden) and a malrix
format ihat allowed simalianeous westieg of all 410 over-
lapping (OLF) pepiddes in the respective test set [14)].
Theeshobds for positive responses were defined as:
ﬂqwdm‘ 5 spots (50 SI-'C.'I{I‘] per well amd r.:cﬂdl.nn
the mean of negatne wells ples 3 standard deviation ar
three times the mean of negative wells, whichever was
higher. Stimulation with PHA was used as a positive
woniral in all ELISpot asays.

Definithon of functional addy

Respanses ur‘ﬂjni 1& meer OLP im HIV-] G\.‘l‘ PE]
weere assevsed for their functional avidity asing OLP-spe-
wific sets of 10 mer peptides vverlapping by 9 residues
ibat span the 18 nver peptide sequence. Functional avid-
ity was defined o ibe peptide concentration needed 1o
elicit hall macimal resposse rales in the ELISpol assay
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andl was caleulated a5 & signsoidal dose response curve
fit usang GeraphPsd Prisen software [13].

o witre viral replication inhibiticn assay
A double mutant virus containing a Nef M20A and
Integrase GLAI5A}148H Raliegravis (integrase inhibior)
reslstance mutatbons was tested for peplication in CIM T
cells in the presence or absence of autologous T cell

Fage 3 of 1

o enedian valises uslss otherwise stated. Tests inchisded
AMOVA, non-parametric Mann-Whitney test (two-
taibed} and E‘x'.irrnm rank fest. The siﬂ,rul'll;am:q af did-
ferences in viral load distribigion between OLP-respon-
ders and OLP-noa-responders was assessed by a two-
sided Student’s T Test with multiple tests addressed
using. Imstead of o Bonfersonl correction, & q-value

pprcach to compensabe for mualtiple compasisons |3%].

lines targeting prolective or nuﬂ-pcﬂrdhnr OLP. Use ol
the Raltegravir-resistant virus allows o prevent potential
replication af autobogous vines in the nbibstion astays
[28], excludes potential negative impacts an aniigen peo-
cessiag or CTL fumctions aiteibuted to protease inkibi-
fors |34] and avoids overlap between the resistance
mutations sibes [le. GIOSQ148H) and location of ben-
eficial and mon-beneficial OLF sequences. In brief, the
pH3-10 plasnisd containing mutations for a methionine
to alamine subsiitwibon @ positbon 30 of the Nel prodein
and the pid-2 plasmid engineered to contuin ibe G1HIS
and CHl4EH mutations in the inbegrase were combined
to prodisce a vines that (s replication competent, highly
resistant to Raltegrandr and dos oot downregulate HLA
class I in infected cells [35.56]. Although not entirely
physbological, this apperosch was chosen to potentially
increase the signal in the i vitro inhibition assay, even
when respomses were restricied by MNel-sensitive HLA
class | alleles. Plasmids were co-tramsfected into MT4
cells and virus was harvested after 7 days [35,37,38].
Autolagois CD4 cells were enriched by magnetic beads
isalation (Milienyi) and exparded for 3 days using a bi-
specific amti-CDAVE antibody and [L-2 containing med-
frmy (50 U r=IL2) before infecting them ab muliiplicities
ol infection (MO1) between 0.00 and 1. Effector cells
were obilained by stimulating PEMC with either benefi-
clal or noa-beneficial OLP for 12 days before salating
specific OLP-reactive cells by IFM-y caplure assay
Il,'l,'ﬂ'd'l" to marufactarers’ imstructions (Miltenyi, Ber-
gisch Gladbach, Germany). The elfector T cells were
amalyzed by flow cytometry for the specificity 1o their
respective largets afler caplicre assay and quantified to
mdjust effecior-to-target ratbos. Since ihe MLA-3 back-
Bane sequence differed in several positions in beneficial
and non-beneficial OLP, the epiiope specificity was pre-
dicted based on the HLA dlass | genotype of the tested
individual and responses confirmed to elficiently recog-
mize varant sequences in the NL4-3 hackbone sequence.
Culture supermatant was harvessed asd replaced by Ral-
tegravir contsiming mediam 0.05 pgiml after 72 h
Livels of Gigﬂl in the culture supematant were deter-
mined by ELISA as described [39).

Seaistical Anahyied
Saniiviical amalyses were performed using Prism Version
5 and R Sasibstical Language [40]. Resulis are presenied

The multivariate analysis was based om a novel multi-
variate combined regression method known as FASS. a
[orward selection method combined with all-subsers
regresssnn [41-43). Brielly, the FASS approach works by
Iberatively performing the following procedare: Let 7V
e the srt of all variabdes and ‘M be the set of variahles
imcluded in a model. In the first step, those variables
that are not already in the model are divided into equal-
sized Blocks of variables (the last block may have bess
ihan g vartables). Then, for each Block of vartables, 'm’
is 2 mew estimated and evaluated model wing the Baye-
slan Information Crterion (BIC). The best model “m’
acvording o s BEC is retained and the procedure starts
all over again until in ooe step or more the model is not

improved.

Results

HIV-1-specific T cell responses targeting conserved
regions are associated with bower wiral loads

In a first analysis, HIV- L-specific T cell responses were
sesesied In a cohoet of 223 HIV-1 dlade B infected indi-
viduals recruited in Lima, Peru using |FNg ELISpot
assays and a previously described set of 410 clade B
overlapping peptides (OLP) [14,31]. For each OLP, a
protective ratio (PR) was calculated as the ratio of the
median viral loads between OLP non-responders and
OLP respamders, such thas OLT with FR = 1 were
reflective af CLP predominantly targeted by (ndividuals
with reduced viml leads. OLP-specific PR were a) com-
pared Betwesn OLP spanning the different viral proteins
and b} correlated with the viral sequence helerogensity
in the region covered by the OLP. The data showed
highest median PR values for LT spanning ihe Gag
pratein sequence, whereas Mel, Env and Tat had ihe
lowest median PR values (Figure LA, p < 0.0000,
ANOVAL A protein-subunit-breakdown af 'R values
shawed the pl5 subanit of Gag and BT in Pol to score
less fvorahle than the remainder of the respective pro-
ielns (Figure 1B, p = 0.0032 and p = U025, respec-
tively), While these dota confirm the associstion
between HIV.1 Gag-specific responses and lower viral
Inads, it & impartant to note that all prateins contained
OLP with PR » 1, suggesting that sonse beneficial
respanses can be located vatside of Gag data that has
nat emerged from any of the previous studies lnking
Gag responses to relative wiral contrel. At the same
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tirtie, all proteins contained CHLP with 'R < 1, indicating
that proteins conssdered overall beneficial may confain
man-beneficial regions a5 well. In addition, when the
CHLP-specific PR was compared 1o the sequence entropy
of the region spanred by the individual OLP, a signifi.
cant negative correlation between PR and entropy was
observed (p = OUDI2R, ¢ = -0.05; Figare 1CL Alithough
rarely targeted OLP may have introduced statistically
less robaist data potais in this comparisen and caused a
wide scatier of data paints, the resulis show a relative
atnence of QLF with hl':h enkropy and I'u*:h PR valoes,
sizggesting that responses 1o mare variable regions are
less effective in mediating in vivo viral comtrol

To assess whether the above observations would alss
hisld trse outside of clade B infection. the same analyses
were conducted (n & cobort of 631 clade C HIV-1
Infected subjects enrolled in Durban, Soath Adrica and
tested for responses against a clade C consensus OLP
sequence as described previously [33], As in clade B
infection, the OLP specific PR valoes were highest for
(KL spamning Gag without any significant differences
between the Gag and Mol protein subunits {Figure 1D
and 1E}. As in the clade B cohart, the PR vilues were
negatively correlated with the OLP-specific endropy ip =
00323, Figure 1F), confirming the findirgs in the dade
B cohort and Further pointing towands the impartance
of largeting conserved segments of the virl proteame
for effective in vivo vil control.

Identification of individual benefical OLP sequences in
cladie B and C infection
i order o identaly individual OLP that were signifi-
canily mare frequently targeted in irdividaals with rels-
tive viral contred amd to compare the benefioal OLP in
clade B and C infection, the viral Joad distribution in
CH.Poresponders and non-responders was amabyred inds.
vidually for each OLPE. For the clade B cobort in Pernw,
the analyses yielded 43 OLP sequences for which the
median viral bosd differed between ihe two grougs with
an uncorrecied pevalur of < W05 O these 43 OLP, 246
were OLP with & PR = | {relerred to as “benelicial”
OLP), and 17 OLP with & PR < 1 ("nos-beneficial” OLP,
Table 1} The destribution of OLP with PR » | amaong
viral proteins was biased towards Gag and Pol, while
Env prodinced exclusively OLF with PR < 1 (Figure 24).
The same analyses were repeated for the clade C cobort
im Durban, which dise to bis larger size allowed io apply
meore stringent statistical criteria to identify beneficial
wnd nom-heneficial OLP. To compensate for rnu]l:iph! LT e
tistical comparisons, we emploved a previously described
false-discovery rale approach |39, resulting in the identi-
ficatinn of 33 clade © OLF with g-values af < 0.2 {ie
CHLP with skgnificanaly differemi viral load distributions
between OLP-responders and non-responders with a

Page 5 of 10

false positive discovery rate lg-value) of 20%). The 33
OLP identified were comprised af 23 benefclal OLT and
11 mon-beneficial OLPF, with the beneficial CLP belag
llj|l1 located in Gag. Pod and Vil similar to what was
ween in the dlade B oohart | ).

In both coborts, the total breadth and magnitade of

responses did nob correlate with viral loads aa reported
for parts of ibese coborts in the pasa [14,16]. The OLF
with skgnificant diffesences in median vieal loads (43
OLP in clade B and 33 OLP is clade C, Tables 1 and 2,
respectively. Le. “scaring OLP7), were more often tar.
gebed in their respective cohort than OLP that did not
stare with a significant difference in viral loads (p =
(L0015 Lima: p < 0K Derban). However, beneficial
and mon-beneficial OLF were equally requently tangeted
In elther cobort. Alio, there was no diffecence in the
median magnitude of the OLPspecific respomues,
regardless whether it was a beneficial, non-beneficial ar
mot-scozing OLP fall p » 0.7, data mot shown). Finally,
there was mo correlation between the nuniber of total
OILP responses {against all 410 OLF) and 1he magnitade
of responses bo benefbctal OLP im either cohon, Indicat-
ing that the sieengih af beneficial CLP responses was
rot diminkshed by other responses to the rest of the
viral proleome.
In the clade B cohort, the 26 beneficial and 17 non-
bemeficial QL showed 3 significant difference in their
median entropy (p = 00327, Figure 2C), in line with the
overall negative association between higher PR and
lawer sequence entropy seen in the comprehensive
screenimg including the entire 410 OLP set (Figure 1C).
While this comparison was mot significant in clade C
infeciion. a detailed look at Gag showed that beneficial
Gag clade C OLP had a lower entropy values than the
rest af the Gag OLP, saggesting that targeting of the
maost comserved regions even in Gag provided particalar
benefils for viral control (Figure 20, p = 001720, These
beneficial OLF were also maore frequently targeted
{median of 35 responders) compared 1o the rest of Gag
CLP {median 12 responders, p = 000, ey refbec-
ing the high epilope density in these regions [33,44].

Fimally, the two cohorts showed a partial overfap in
the targeted beneficial and non-beneficial OLF, despite
the vastly different HLA genetics in these two popala-
tions [4,31.45.46). As Gag was enriched in beneficial
CILP scatbened throaghout ibe eniire protein sequence,
we werd ibe available reverse transcripiase (RT) protein
siructure 1o assess whether beneficial TESPONSES WETE
targeting, stracturally related regions of the protein, even
though the linear position of beneficial (LT did not
precisely match between the two clades. Indeed, sisper-
impesing the lacations of beneficial OLP in the BT pro-
tein imdicates that in both clades, beneficial OLP fell in
structurally related damains of the BT protein (Figure
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2E and 2F), This suggests that desplie diffesences in
responss paiterns betwoen ethndcities and clades, vinases
from both clades may be valnerable o responses target-
ing the same structaral regions of at beast some of their
viral proteins

Increased breadth of resposses againgd beneficial OUF is
associated with decreasing viral loads, independen of
Gag-specificity or the presence of peotective HLA dlass |
alieles

To assess whether individuals targeting maore than one
beneficial OLP profit from a greater breadth of
responses b these largeis, subdecis in both cohorts were
stratified by the number of respanses to beneficial OLP
anil thest viral loads compared. In both coborts, pegative
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carrelations between the number af responses. 1o benedi-
clal OLP and viral loads were chserved (p < 00001, ¢ =
QK% for Lingg p oo 0001, ¢ = 0-25 for Durban; dats
mtlhunh:uuﬂiqﬂntﬂm:hlmndﬂﬂwbﬂmﬁl
of responses o these particularly effective tangets. Simi-
larly, when individuals in the clade C cobort were
grouped based on mounting 1-2, 3-4 ar e and more
beneficial OLP responses, a gradual reduction in median
wiral boads was sevr This reduction was chose to 20-fold
when 5 or moee of the 22 beneficial OLP were Bargeted
{msedian viral load 5,200 copies/ml) compared to indivi-
duals without a response (98800 copies/ml, Figure 3A).
Impartantly, this observation was nod driven only by
individuals expressing HLA class 1 alleles associated
with relative control of viral replication (including HLA-

12/03112 17:24
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B27, -B57, -B5H00, -B63 and -BEL] as thels exclusbon
s1ill showed a sirong associstion between increased
beeadih of responses 1o beneficial OLP and a gradual
suppression of viremia (Figure 3B), This was further
suppaoried when mruJILinB_ the chade B dais from Peru
to a second clade B infected cohort in Barcebona, Spain
where HIV-1 contrallers also mounted a significanily
grealer proponbon ol their responses bo the benefictal
Peruvian OLP compared 1o the HIV-1 noa-conirallers
[61% vs. 25%, p = Q001 1: Figare 3Ck ihis despite the
fact that the Barceloma cohort was genetically different
and excluded individuals expressing HLA-B27, -B57.
-B58 and B&3. Thus, despile the frequent targeting of
Gag and the inclusion of individuals expressing HLA
alllebes sach as HLA-B'ST00 anal -B*5801 in the two lar-
ger clade B and C coborts, the present data [dentify
regions of the viral genome that serve as the targets of
am effective host T cell response, largely independent of
the presence of HLA alleles. keown to influence HIV-1
viral replication.

Pi-values sre mediated by individuals with brosd HLA
haterngenety

To further assess the contribaiton of specific HLA class
I alleles on the PR of individual OLP, the statistically
significant OLP in the dlade C cobort were further ana-
Iyzed. In a fiest step. median vieal lasds in the OLP-
responder and non-respasider groups weee compared
after excluding individuals with specific HLA class |
alleles. IF the statistical significance of the comparison
was lost, the excluded HLA class 1 allele was assumed
ter have significantly comtribubed to the imizally observed
clevabed of reduced PR value und bo resizicy a pobeniial
CTL epltape ia that OLP, In a second step, 3 “Hepliope™
wnalyses Bitpe 'wwe bivlankgovicontent/immunology,
hepitopes was conducted (o ientify HLA class 1 alledles
overrepresented in the OLP responder groups prondding
am abernative approach 1o identily specific epitopes that
may contribute 1o relative viral control. Together, the
two sirsbeghes pernsdl o esiimate the HLA diversity In
the OLT respenders and to identify the most likely
alledes that resirict the epitope-specific respanses to the
CHLF. Both are important measures when determining
the relative uselulness of a selected beneficial OLP in a
potential immunogen sequence a3 it should provide
heoad HLA coversge. The data from these analyses are
sammearized for beneflclal and non-beneficial OLP in
Table 3 and 3, respectively. The resulis demanstrate
that with a few exceptions, for each OLP, several HLA
alleles appeared to be mediating the observed effects aa
their removal caused the statistical significance to be
lima. However, fior the maost frequent HLA class | alleles,
the boss of significance may be due to a reduction in
sample size rather than the sctual allele, sinoe the
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exchislon of many allele carriers could redisce the sum-
ber of OLF pesposders. {and mon-respomders) wafficienaly
t Lo statistical poseee. The “Hepitope” analysis con-
trolled for this effect and confirmed the obtained resules,
strongly imdicating that responses to beneficial OLP
wene mediated by responder populations with heteroge-
vy, HLA, allele distrsbubions.

Effects of T cell specificty & in vive viral lasd are at
least as strong as thowe associsted with host HLA
gt
To assess whether specific response patierns and/or
HLA combinations could be identified that mediated
synergistic or superior control of viral infection in dades
B and C mudibartate combined regression analysis was
copducted on either OLP oaly, HLA cnly or the combi-
nation of OLP and HLA variahles [41-43]. The OLP-
only analysis for Lima idenisfied 7 QLF of which 4 were
awsocialed with lower median viral koads and 3 with
imcreases in viral loads, respeciively (Table 4. Targeting
al least one of these benelicial clade B OLP was asso-
ciated with significantly reduced viral loads {median 11,
079 capdes/ml] compared 10 the sabjects wha did pot
target any af these four OLP (median 52, 178 copses/mb;
p = 00001, Figure 4A) As seen in the anivariate analy-
st {Figure 2C}, the four beneficial OLPF emenging from
the Lima FASS analysis were more conserved than the
rest of the OLP (median entropy 0759 ve. 0L1649, p =
00267) or the three non-beneficial OLP (00759 ws,
(L1228, p = 00571, data not shown). In conirast 1o
OLP-only FASS analysis, only one HLA allele {HLA-
CiM ) emierged from the HLA-only multivariate snalysis.
The analysts foe the combimed variables (OLP amd HLA)
controlled for the patential blas I this resuli due (o
more OLF variables (n = 38%) than HLA {n = 144)
being included in the statistical pests; yet still identified
more CNLP variables (n = 9) than HLA class | alledes {n
= 3} kn addition, the relative co-elficients of these asso-
clations were stronger for the OLP than the HLA vari-
ables, suggesting that T cell speeificity influsnced viral
logds io at beasi the same degree as host HLA class |
genetis. OF note, the identified OLP and HLA varishles
did mot reflect responses to known optimal CTL epi-
topes, as none of the OLP contained described epitope
{a) restracted by amy of the identified HLA alleles [44].
Feesults from the elade © cohon im Darban confirmed
the clade B findings in Lima as the FASS analyses iden-
tified 16 OLP but only & HLA varisbles that hed on
impact on the individual viral loads. As in Lima. the
impact of OLP specilicity was al least as strong than
HLA genotype (trend for higher coelficients for OLP
than HLA: data not shown, p > 005) In additian, tar-
peiing ai least one of ibe exghi beneflicial OLP in Dharban
was associated with srongly reduced viral loads (p <
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Table 3 Impact of HLA allsles on the statistical dignificance of obaerned PR value (clade © OLP) (Contnuad)
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L, Flp.lr: 4B). This efleci was, as in ihe anhanate
analysis, additive for mare than one response (p <
0001, Figure 4C) and included OLF that were, aside
from Gag, located in Pol and Vif. Also, the combined
(OLP amd HILA) amalysis nuggests ibe effect of OLP spe-
cificity on viral loads to be a1 beast as strong as HLA
genetics as B OLP and 7 HLA variables were identified.
This especially since among the 7 HLA alleles, pwo
[HLA-B57 and HLA-ATH) are expressed in linkage dise.
quilibrium [47], further reducing the number of HLA
varables with a sigrificant impact on viral loads.

Respanies 1o bendficial OLP ane of higher functional
wviddity and suppeess visal replication in vitro moss
effective than responses to mon-beneficial OLP
Fanctional avidity and the ability to suppress in vitro
viral replication have emenged as two potentially crucial
paranseters of an effective CTL response againsg HIV-1
[23-29]. To assess this potemiial fancisonal characteristic
of bemeficial CTL populations, we determsined the func-
tional avidity of responses 1o the four beneficial OLP
located im Gag p24; a region that haes been most consis.
temily associated with eliciting relatively probective CTL
responses. As 18 mer peptides are suboptinal test pep-
tides to determine fancibonal avidicy, 10 mer overlapping
peplide sets were syathesized b oover the four beneli-
cial OLF and all detecied responses were tiirated. The
SD¥50% was determined for a comparable numbers of
responses detected im comtrollers (n = 21 responses) and
non-condrodiers {m = 24 responses) and showed a statis.
tically significant difference between the two groups
(median 3, M2 aglenl v 25, 94 agiml, p = L0051, Fig-
ure 54} This reduced avidity in HIV mon-cosrnollers io
heneficial OLP could possshly explain wiy HIV-1 pop-
conerollers did nod control their in vive vil replication
despite I:argrl:ing these rrﬂjﬂn.': im seme imstances and
with responses of comparable magnitude as HIV con-
trollers (278 SFC vs 305 SEC/I0° PRMC, p = 055, data
it shorwi].

To more directly assess whetber pesponses (o benefi-
clal OLP were of particalarly high functhonal svidity,
regardless of HIV controller status, we determined
SD50% of responses o 17 optimal epstopes from benefi.
cial, neutral and non-beneficial QLI (Figure 5B Med-
ian epitope-specific S150% were determined from an
average of T ttralbons per epitope and compared to the
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OLP specific PR. A strongly :&snlli'ln].. negaine asacia-
tion between the PR and the D506 was nated (p =
R, = 06, indicating that benelicial OLP are tar-
geted by high-avidity responses. To coatrol lor inter-
individual differences diee o disease status and viral
laad, we idepiified 10 ndividuals whao targeted optimal
epitopes in beneflicial and non-beneficial OLP and deter-
mimed their furctional avidity, As in the cross-sectional
analysis belore, this matched comparisons thowed in all
cawes a highet funictional avidiey for the epitopes. located
in the benelicial OLI compared to the responses tanget-
ing non-beneficial CLP (Figure 5C, p = (00020), Lastly,
to relate the higher functional svidity 1o potentisl saper-
icr anti-viral effiects in vivo, the abilsty 1o inhibé in vitro
viral replication was sasessed in three individuals who

d rob gainst both beneficial and
mot-beneficial OLP. The in vitro inhibition assay first
developed by Vang et al [48], was mosdified so that the
W43 based test vines contalned o sisgle nedleotide
mutation in Mel [M20A] that blocks the Mef-mediated
down-regalation of HLA class | molecubes a5 well 2a
fwo mutations in I]'lr'mhrpl.lrprhrl.hﬂ mediste Ralie-
gravir-resistance o permit the suppression of potentially
replicating autologous virus in the assay. Indeed, CTL
specilic for the bemeficial OLPE) were up to 2 logs
enofe eflective inkibiting viral replication than CTL tar-
geting non-beneliclal OLF {Figure 513, in line with
recent daks d-rrn.ﬂn.ﬂ.r.uhg_ different suppressive ability
of HIV-1 specific CTL populations targeting Gag and
Env-derived epitopes [24). Although the in vitro inhibi-
tios assays were linsited to few individuals with suitable
resporse patierns, these data together with the resulis
from the extensive idration assays in Figuse 58 and 5C
Indicate that responses to beneficial OLP are af partica-
larly high fanctional avidity and inhibie in vitro viral
replication more effectively than responses to non-bene-
ficial OLP. O note, higher avidity responses 1o benefi-
clal OLP compared 1o noa-benelicial OLP were seen in
all 10 pesred individaals, rling out that imer-individual
variability in viral loads, duration of infection and HIV
disease status could have blased the analyses.

Coneclusions

Defining functional cormelates of HIV-1 immune control
is critical 1o the dedign of effective immanogens. T cedl
responses to specific HIV-1 proteins and protein-

12/03112 17:24
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subunits have been associated before with relatively
superior viral controd in viva [14,1649], bal evidence
from recent clinical iriaks suggests that incloding maxi
mal immusogen content info various vectars does ned
mrcessarily nduce mare elfective CTL responses [50,51]
In fact, it has been argued thai the existence of poteniial
“decoy” epitopes may divert an effective CTIL respanse
towards variable and possibly less ellective targets in the
viral gemome [52]. Thus, the definition of a mininal ye1
sufficient immunogen sequence that can elicit CTL

maqueta def-1.indd 261

Emraficaal OLF  beneficial OLP

Fignaiw & Reiponiss b5 benefitial OUP are of highet functional avidity and auppievi is wites viral replication meee affectively. (A

[} k

respanses in 8 brosd HLA contest is argently meeded.
Thereby, focusing vaccine responses on conscrved
regions coald help induce responses towards malaion-
ally constrabned targets and provide the hasss for probec-
than (reen hederologous virsl challenge

We present here the results of an extensive analysss
that incladed mone than 530 HIV-] infected individusls
with diverse HLA genotypes. from three different cont-
netits and including clade B and C infections. [n bath,
the amalysis in clade B in Linsa and clade C in Durban,
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imdividual OLT were sdentified that are predamdnanily
targebed by individuals with reduced or elevabed viral
loads, aliheugh the different size ol the coborts required
different statistical approaches for thedr ientification. In
general, mosd of these OLP were among the more fre-
quent targels in the HIV proteome, possibly due 1o
both, the need for sizable responder groups to achieve
statistical significance in the viral leads comparison as
well s the high epitope density In these OLF. The iden-
tified OLF were frequently located in HIV-1 Gag and
Pal, bat rarety in the moee varishle proteing sach os Env
and Nel. With one exception. Mel and Env featured cnly
nian-beneficial OLF, thas arguing against their incusion,
it least as full progeins, in a CTL immunogen sequence
[18]. In addiicn, in both coborts, the Vil protein vidded
few, yet exclustvely benelicial OLP. which may warmaei &
reniwed look at the inchasion of regulatory prodeins in
varcine design [53,54]. Also common to both dlades,
[and despite the wide scafter possibly due to the inclu
sion of lews-frequently targeted (0LF), an negative corre-
lation between sequence entropy and PR was observed
providing strong satlenale for vaccine appaoaches that
focus on comserved viral reglons where T cell escape
may be complicated by structural constrains |35]. This
was particularly evident in the clade C cobon, where
even within the relatively conserved Gag protein, a
hwer entropy wis seen foe the beneficial OLP compared
to the remainder of ibe QLT spanning the protein. On
the other hand, while beneficial and non-beneficial OLP
showed a significant difference in their median entropy
in the clade B cohort, this comparison was not signifi-
caril i the clade © oohort. 1t is posashle that the immue-
magen sequence, designed in 2001, did not optimally
cover the circulating viral papulstion in Darban
throughout the enrollment pericd (umiil 20K, leading
to missed responses particularly in the maore variable
segmenits of the vims [3256). The study may have thus
failed o identify beneficial as well as non-beneficial
OLP in the more variable genes of HIV. This should
have peeferentially sffecied hsghly variable GLP due o s
more frequent mismatch between autologous viral
sequence and Bn vigro test sef in these TEgRINs. Hivarver,
even il scoring as beneficial OLY, such high-entropy
CHLF may from an immunogen-design point of view be
of less interest as they would possible contribute only
ligide b proteciion from heterologoas viral chalbenge. 1
nevds however alsa o be comsldered thai the CHLP-spe-
cific entropy values ase based on variable numbers of
sequences in ibe Los Alamos HIV database covering the
different OLP, introducing potential further bias into
these analyses, particularly for bess covered proteins
such as Vpu and other viral pratein products. Sadh dif-
ferences belween autologous viral sequences and in
vilrn Rest seis may also have impacted the sssessment of
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funetional avidities. These determinations included
responses 0 the same individual towards epliopes
located in bemeficial amd mon-heneficial OLP; with the
former overall 'hclng mare conserved, Thus, the Iu#lrr
functional avidity towards epitopes located in beneficial
OL could be biased by the higher chance that these
epibopes matched the autologoas viral sequence com-
pared to epliopes locaied in non-beneficlal OLP and
which may thas have induced 3 moee robust, avid
response. Apart from covering autologous sequences,
future studics will ideally also include mmpur:hlt ana-
Iyses in individuals identified and tested in acute infec-
tioa thal go on o control the infection a1 undetectable
levels af viral replication (le. elite-controllers) so that
the selective carly emergence of respanses in benellcial
OLP could ke linked to relative control of vieal replica-
tion in cheanic infection. As is, the identified beneficial
responses may be particulardy important g0 maintain low
wiral replication in chronic stages of infection, which in
theory could be different (for instance due lo more
aceelerated imtra-individisal viral evolution in variable
genes) fram responses determining viral set point dusing
soute infertion. Hawever, the existing HLA blas in soch
cohoris and the small number of responses kdentified
during earliest stages of infection may make suwch ana-
Iyses @ formidahle undertaking that will require large
rumbers of individaals to be teaed longitudinally.

A broadiy applicable T cell immunogen sequence
should include T cell targets restricted by a wide armay
of HLA class | aflebes. Alihough broad represendation of
HLA-B alleles may be particularly imporiant in this
regard, emerging data on the effects HLA-C alleles in
these coharts may warrant a bread HLA-C representa-
tiom as well [247.57]. In the present study, the 26 bene-
ficial L from Linsa and the 22 beneficial OLP from
Darban covered 26 described, optimally defined CTL
epibopes restricted by 20 different HLA, alleles for the
clade B cahart and 33 epitopes presesived by 34 alleles
for the clade C cohan, respectively [44], As this is likely
to be an underestimabe of the true diversity in HLA
restriction (Table 2 and ref [58]), it is reasonable to pre-
dict that the incliesion of identified beneficial OLP. or
even a subset thereal, could evoke potential responses
in a widely diverse HLA context. This could also pro-
vide the basis for the induction of poly-specific T cell
respanses with increased breaih, which the peesent data
cleardy assoistes with progressively lower viral Inads
and which emerge as a potentially important parameter
from several recent vaccine studies lhu-wi.ng superiar
protection from SIV challenge in animals with a broad
vaccing induced responses 1o Gag pl7 |55%60]

Receni studses have suggested & global adapnation of
HIW-1 bo lis various host ethriciises [4.46], The conse-
guence of such adaptation has led in some cases o the
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elimination of protective CTL targets, caing a pro-
feund absence of responses. bo ihese epitopes and deiri-
mentally changing the associstion behween HLA allebe
and HIV-1 désease cubcome (4], I s ths not surprising
that the two main cohonts tested bere vielded only par-
tially overlapping sets of beneficial GLP as the impact of
haerst genetics asd viral evolution in the studied populs-
tiond cannot readily be cvercome. In fact, given sadies
by Feabin et al [4], the past and current adaptatbon of
HIV-1 o commson HLA class | alleles will likely still call
far semewhat popalation tailered vaccine approaches,
especially i the immunogen sequences should be kept
shor o avoid regions of potentially reduced immunalo-
gical value [52). Such approaches will also prafil from
e extensive structural analyses thal may identify spe-
cific domains of viral proteins thai are or are mod
entiched in valuable T oell fargetss of which the latier
would possibly be ignored for the design of T cell imemu-
nogen sequences. Additional amalyses in oher geneti-
cally unrelated cohoris of HIV-1 infected individisals
and studies in 51 infection may furhber help 1o gaide
such selective immunecgen design and 1o understand the
facioes definkng the elfecinenees of dilferent epliapes in
nesediating relative HIV-1 comirol. OF note. the bereficial
CHLP identified here, 24 in clade B and 22 in chde C
imfection matched other immunogen design based on
conserved elements in some paris as well, e, of the 14
conserved elemenis proposed by Hanke et al, eight
[57%) overlapped at least partly with beneficial QLP
identified here [61]. Similarly, among the highly con-
served elements proposed by Bolland et al [52]. 35% {5/
14} were covered by our beneficial OLF in dade B infec-
teon. These differences possibly emerge becasse the pre-
sent amalysis i based on functional T oell data rather
than viral sequence alignmenis, which may ot fake into
of certain regioes, Nevertheless, the partial overlap with
these ather immunogen design sapport the focus on
conserved reghons anid offers the opportunity for alterma-
iive o combised vaccine approach that dlicit respanses
to reglons where the virus i and posstbly remalss vol-
nerable (4465562

Fimally, we used the extensive data set available to
appeoach ke question of relative eflects of bost genetics
{Le. HLA] and CTL specificity on HIV-1 control. While
the twa Bctors cannot be emtinely disenilanghed, our data
suggest that CTL specificioy has an at leasi equal i ned
stronger effect an viral controd than HLA clss | allele
expression. These findings are 2lso in line with data by
Mothe ¢t al [63] showing that tasgeting key regians in
p24 surrounding the dominant epitopes restricted by
knewm protective alleles (KK10 for HLA-BIT amd TWI1D
for HLA-B57/58) in HLA-BIT, -57 or B58 negative indi-
viduals is asseciated with significanily reduced viral

Pags 17 of 20

loads, In additien, the presence of Individuals pot
cxpressing keown beneficial alleles in HIV-1 elite con-
troller cobaris (6], further indicates that HIV-1 control
is nof necessanily bound to a few specific HLA class |
alledes. A detailed simdy of the total HIV. Lspecific CTL
response of subjects nol expressing these alleles yet
efiectivedy controlling HIV-1 can be expected 1o provide
further and crucially meeded inssght o the inportance
of targeting specific [conserved) seglons af the virld gen-
aieee fior HIY-1 comtred. Similarly, the characterization of
fanctional sttribates of these responses, including func-
tinnal avidity ard the ability to suppress ir vitro viral
replication will meed 1o be farther assessed in such indi-
viduals, Building on experimentally derived and poten-
tially prosising immunogen sequendes as defined Bere
may thes provide & suifable basis for fizrther immuso-
gen design and iterative clinical trials in the human
seiting.
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g lrolern, §
i B0 3T il g 00 11 L0

e tends detmontiare that Gag p -|m|]i. ey APT
iradhdy dirtretalile m HIVS] msnitomisnollees whri ankog 2 sanktror
NI¥ ey purpptinke wri sl Bl ey are unbicly b popereesd gareais,
nenpecific wactivitien, The data sl show thas sing 18 mey
prpickes may potenitially mis w0 208 o respoies. o bedan in
weite oo the 1Y usbieritilleis aind ibe abtgrs o E2 el
b

Responses in HIV-T comirollers are of higher functional
anidity than in non-conirollers and mediade betber
vdiant recognition

Dats Bvem anime] disdey sl oo et ssabwes m HCY
vt ngprd thai T orll arsproners o igh Rnetional avebiy aer
aiperior in mediaring viral conmed [516,07,18) We tas tested
whetlwd VST ool and neseosiitedien. dillema & ihe
awrrall funciina moudsy o e g Haseed on ol
avaiahility, the hrwsonal wality we detrrmned e s il of
174 madnideal ponitrer rosposses (200 in conirollens and 735 m
wenrcuirolen). Controllers indeed shewed prspouses of higher
lmcthenal madkry medkim 6 )10 mgdml, Fange 00T R’
wornpuaind] v poo-cominoflen Snfoae ol 3500 ngfml, rage

'@:- FLob DML | weweplowone o

(LA ] I.I.IIIH. =k, :HF' TAL This dlfferorer was nar
I,ulnl-n-l-l whew the anahoes was bmied os dhe 52 10 mer-
i A resjuiiney il were tiwased b ek grosge 5,559 agdml
wi AT g, pespecineelys pr= 003173, Figoere 2B While o s
pemsilile i even within ooe |0 mey pepiide mote than oee
rptiige axule] e bewwam] e W mey ogiriiad rpstige) sl hai
140 sy v wossb] b ||1r|||:rrrm|p1|-i'||rﬁ’|rl|lqm1n
i dilferemt MLA alides, e HLA el beoween
cusrtiodions aml oon-comtmlion wos semelar parscularky becaise
HLA-RS?, 5t B expresing indviduals weer  exchaded

Ierrbor, i b lilely et the sine epioge i e ame H1A
coivent win being darpricd moimosd of the cases mckaded in e
it el gamalynii el tliar dlifferesns allele-effeon waiik] pan have
ntijucied e comtjarnisd bifweri e Bvo grougs.

As high avidicy respomses may be more prone i pesc with
wriparEse Vanisie @ Ueed Cogeaie ojeiopes, thoy fay jresade @
eruial ashvamtagy in the ool of highly vaniable pathogrne mch
w MY and FRCY |7|:| T mddiva wlbethed logh svelay
revguines i HIV ooidoliers woudd diond icanl wiih guse
Pl varkah, wanrally sruTig e varanms werr iesed
fan vvesss proeggratann ty all W sl yerrts i o nef ol BS scldia]
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Addendum I

T Aty sl Crons-Smactivity b MY Congrol

US40 nigimil or the seond o thisd quartie (SDA0% 1,831- 71598 rg/mil or the Sourss quarsle (IS0 11,554 ng'mil were defined
“intermediaty” and kow” irvicity responues. The piscentager of varasty that eiicited 3 neipome win compuned Extwiem the: B grougs

“high',
Fatar Euiet Tl
i L 1 11 mrrul s OOIT 1 7 010

10 mer peptidle safant. The melian smber of repess o0
e BR vartanis wn 2dob] greatrr i omstrollers bk o b
respensns; range 2-) than im HIV-1 non-contmollens (imedian 2
responiees, pamge O 06, po 00025, Flguee 30 In pamsular,
wmmtrnlbery shusenl prapeenes i Both e wildnpe aml vanams
ke in Bl o ther cames wihere @ COFT-M arsl @ varams prptice
was trwied] (%) whille oy 1% i HITY-1 mseconiredlers resmed
o vasiay (Figure 20 While this il ol preach stastwal
siguificanor, oonirolbm wracked with significandly e v
pepcihes for wliich the COT-M sequence il non el @ responss
i of 7 ahidwaial Frauaiian |n_| i hnmh o haiuas, painge
0T than ihe teo-coariipllens dian 1, qange -7 P=|II'|15|;
Figare IE. The average mognosk of e varss-pecife
TERfRs W -|ln:|'l|.r.nlﬁ' Extwrrs aietrllers mnlan of 742
SFCICPHARN, rangr W-107E aml merotoliens [meduan
475 SPCH IO PRAIC, woemge k- 2,707 p o U605, dats no shosm)
imbcating that rrmeresshe roguines 0 M1V ponscommllens
were mdant, when preseni,

I isver wn dbwrrtly e whiether anetomald svafing was selited in
tler alubty ns ey prpile varuairs, Dirind e, wen
promipe] i bigh, inirrmedise sl bw avilin prprases and
their vanam recogaition potentioh were ompared  [ndeed,
mopenary with functenal it i the o gquantie of all
trtrmied pespeomses (S150%C ] W0 mgfml) duried cos-reaciity
with iheir varimm o 67% of all cass, wheven Ewer (1% and
1% ropeanees ol mibrianndabe o bew leocineal svadiy weir
immereactne with thewr varosis, opecioely Figere IF)
Collectively, the dam demonumuie thas bigh avidy respones
neit et liﬂiﬁ'nl b M- ||lﬂnﬂ'n..rlll]ullhnrw‘llrri
ke ajwran variam mergmstem dhan argumisen i b
fimarwinal asvuliny.

Conserved regaons in Gag pa4, containing HLA-814, -B27
and BET restricted, protective CTL epitopes arg
frequently targeted by HIV-1 contnaliers that do not

express protective HLA. allales
The high degrer ol sepurece cocsorcaiin g HIV Gag gl
wakes this piein an mvreang acone compono Al may
vy immigen desigrm bodend chide Gag p2i [LLIBH] A
dhy bl o i wpner 6 lased on a0 slivng
forus on the st comserved  dlemenis (CF] within Gag 4,
eachufing variabde spmenn g oodd conin possisial deooy
wpfers Thal many dnaed] B host T ool feajeones fowands s
vahuahle argets [11]. These UE werr defned as sogeenoe siveiches
ol an beast 17 aani acils i kevenh thae coaaan only aniies acik
foudrs wiily @ bt W% sogueiie deoscivaisin o all
avaiable ndepondont g M erquenors |11, Gag pid oontas
T of wwch CF wgmenm, ranging from 12 10 2 amins acidi in
h‘lh anl orrrsjemdeg W a sl of 13 revihars m 51
T valakste tiis immrennogrn oonarpl, we stratified the Tocll data
froum ihe B0 Dy asud i dhers liasedl o e Socarnm
off e tarpeeed 10 sy, or, whciles I}n wrie brainl wihm or
wminide of thre o] e, ot proeps danand
comparible beeadih and magmmsdes of mial CE-sperific respomes
Figure JAL Alui, controllers raoinl with signifeardy mae
e varinds hwaind o= CF ogees than non-corsnlian
metfan of I reguunes i commllens s | espase Bowee
lll-.nhp:'ﬂulll. slatia ret alwrein 4 0 e, Kl alifsriaoes

ﬁ PLoS OF | wewpitrione o

witr ol die woa siletimal mash Leneeen ien peplide
wipurnors and msokggas vircal HIVSD seprmen w0 e e

dlery as thewr o L P remer v i all
vanes clade B and meesuly [95% u'prﬂ.'uml: Iny il fest pepeses
Figure 82

{H myirres, there wewe three CE that 'IHEMWTLE"H- al beam
% e dlers o I s 1 |refieared s
CF #4, #5, &, lu.wﬂqu Ih.l.llhru--nlrprﬁ-rrrd.u.ll.uﬂl
m HIV-| conimellen Figuere 38 In Get, HIV-D controllon
e nwed] siguificarmdy mone responses i o1 beas one of these thee
GE dhan il twaniacorruliers (i = 0L0006; Flgune 35 sl danend
a trrr] Beswgmls thesy Drng sesguanees af hagher el sy,
oven thagh amly & mem ol the el data oty were
h:lu'h-d in s imeidian 7,009 g fmal, rangy 004
25w’ v mdian of 17058 ngfiml, g 1GIR 2RI w 10
nEdLeGA, data it shosan). b slliion, the mal maminede of
the respomies o CE @b+ alosl 2 stastically signifoam
orrelatien with VD vieal bl [r=-0%, p=O00017 by
Sprarmsan's sk, Flpore 3] acros o 50 wbiris, mygersing
that srenger wn thew dhiee regions may mediaie ener
womtrod of virad oeplicaris.

Iniverstingly, thew 3 pogioan inchoded de well-rharacicrine]
HLAEST resiricsed W10 rgiicgee fin CE @4, ihe HLA-ET
teatrcend KK 10 rpsitoper (b CE @3, and the HLARE mrariosed
AN et (e OF, @6, all of whsh e bors prrvisdy
amwiated] with contamment & in e HIV-D replicanon
[213225 8], However, o the cobin del ool oosmmis sy
LA B Te el <279 imbvihualy anad onky 3 ety ruporssnd
HLA-BH, the dna infease e mimnning responses 0 thew
1o b effentive even il thewe prolective respoiies. e beng
restre teed |.n. FELY clas [ esdeendes diflerrss from the orgmally
drseranl preericting HLA smoleades [D06]. Indord, tbe HILA
clam | alleke pepresemanon of CE @4, @3 or @6 responden was
hetenegrrous and mel lanited w0 mulhidush with @ few shared
FILA, allch Table i!.l:r-h':di:‘ﬂu.l ilir LE prpasrs avprrend o
vwry ich sl of cpiopes dhai are ool being blocked  from
[eesentathon (0 naneral cheosie bfeouon and thar see able m e
rrcegmsied m A widke B claw | otibeas.

Dizcussion

Togrileey, oid clila wmrongly angeet hat e pivscior of
mapeners of hagh lustnnal avickty sl wath benael  varam
recogmition abiliy s 3 potrnnal kalmark of conirolled HIY-1
. To the bew of our bnwledge, die b de fim
1huqﬂn]mr‘:ﬁ'rﬂﬂ|rhrrn]‘|:mﬂj'1'-rrﬂ
nosponrs, broad] varant reoogrsten and movive HIY-1 comml
uineg, -y Blood) samiples o & oobon with largely unbsiased
FILA rﬂ.:«Fl..’h hafsn sl mugmalt thal slasiclaiel ajsaroacfes
R ks wmabermatimair the brradkh
ol respornes 10 HIY Gag p1 significamly. While similar infings
lurvr bers prpuinl i carber wadies, poee b sldresed s o
waltrinatie way aml pwhulog 3 rempaaldy coomnre sveky
drierminatioon & in the presom sl Mo mportanily deough,
sinee MY pooarollers. profited the mst from wing & more
wrpaimr japEnke wri, Ui dati Boor alsn enperiest sjdcation o
amr unebendanbong o HIV rmsmgailogreesn and  vaooee
e dessgrc bon met that BITY-1 pesermniredbers woukd s
ETi {il.[-‘:nﬁ Terel irspeeny; faller, By tun e fitler
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Addendum I

rebatiomhip hetwern vine coneml/clearance, fuscional avidiey
and variam wecognivien [§T.903) 32 95.94.35 536 37). Soreover,

et ol earles by i e has bees bosed o e ediense
memler pripamers anadviord here chosr 8 90 Btraind sespesnes)
] et s ke o1 i expanded short-teem T oell Bnes or T
q-rlnh.-:“:l.:l!i Whilke mmalying v Fursotional avisdiny in chosal
T orll pog albmey ol g wome of e inheirng
brtrogronty faeod m cmos-socipnnal, ety evsown i,
it i it aebection and egpusion of epittpe-specific clones may
e Doy resiiln vonin, i il o HICW apecilic respdiies ubere
ahuteterin culierr oomstibciily dcecmel the Briictioss] soddy
wmmmparnd i dwth ex- obaed oells [17), O the other
hand. rer data may le lmised s the sne all 10 men inoesd of
optimal rpiiges fir the detserminatns of funoonal oy
Hamarirn, many gl b rpstigers n Clag are |0 smery
anal. it has frogqurmily hom shorsm that 0 s 10 mers e hawe
simiar S b G in many cases, the delinmon of eptimal
s b e diiven Dy the alieier iengeh o mees rither duan
a silwianiolly keorr SIS |, swggrimg that the LU ey
apprmach weedd brrr i an acorpiabde apgeoimarion i avos| beses
o mising ropomes by ahemasive opimal eprope or Semer
afrenad e

I vsrcker s ol finw s of the heterogonsiny s o data s,

-:mrwﬂ!ﬂ?’mlmmb&dmw
the st 10 ey jepinde in the .
Ereap Thnﬂtﬂrn}umtﬂllﬂ'mmnwhfﬂmm
KV berwren the o groups consderably and was stansswcally
shgilam dopie de med sl mumber o peponme
analvard, The Broned difleeme m SEREM for e ovrrall analis
may g be dhor 10 vanalde acinasm ilaestedkd. for gpecific CT1L
eflecir Banctions [29], As such, the clnerved diffvence o de
S0 pevemary for IFNY release pay sl be diieodly erlevas
for the anprowed vead conined in vivo bl may all ollect o gume
avinl anal dlwes maore eifeoiney ndersotion boeen e O and de
antigmepresenting orll, wganlles of e cawsing caode of
wllew i Bafi fsinnl

Ao mentioned aleve, Bigh fmotonal svdiy may abo remder
CTL mwiie pironie & miffime wscsrioe of chonal cohsisn,
jaitmularky w oumbnabual waik wulspipnal ool off il
wrphicatiom. The data from: clewrred andl chrosie HEY mfectim
g this ibea s oty HOY dlearers sem o maimain sepotises
off b fenctiomal avlity in the alwenor of peasilidle wnroes of
Tn.Hut‘rn“n.'n-n_I“h'lhmﬁywm-quh
i dhuring gl indaroon phase of the vine-specic T oell reyponess,
these cells sy be poeferemially ke over time  virad atgeremis
it e contmolied wisienthy well 2855 Whether sich ks
all high avidiey rogpnses comregorm] i changes m e choal
womponition of the CIHLT cell response oo 10 & grasfual deoreae in
their Rinotional sty idoe 10 ahered cell resoriviey s sigralng
iy B | Burihed b @ il cleocal witig, = e
ruiseng cdata disrusang dhe “cavse (rllent apearekery am conlleong
anil gemevally limined oo pesponies resmcned by fow sefeened HILA
allehes [ 78,5230, 40,41,42].

Fumbar sty will idraly alsay mchsde sokay highly aomserond
yeggni i e viral genome e Gag p2i, which may wne as
sthlgisnal congeaneres of vaccine grie. Such kel
anahen windl s nereas the mumher of o e
wafnidual, whach m the present siudy & relaively small gren
that only & st sgeest of de etite vieal proreme was
.l.h.l]'\'\n.':l. |]rﬂ.r'|h. bwiie i ﬂtunmnhﬂ
satidial signdwane aed ommpenl wel o e Terakh o
resprames. peponed i ealier stodies looking @ respomes 1o de
eitite HIV geosccine or opeimally defiie] WV CTLL episeqes
(8,08, 05.25], Togeiler with the prusis beve, thee rarfer ssabye

ﬁiﬁ.ﬂiﬁllmmm

T vty aned Crons-Smactivity b MY Congral

alury prevde asppant shat che deteennd respessns are grnerally G186
Teirell mdiared, partculady when seaing shon 10 mer pepodes
sl i whry amr Hl\'-qrrfr snr drimg with moen opimally
definetl short HIV-dertoed CT1L epitopes. did net eadily elion
teapestses b MY negathr wlhiduals [13.25),

(e thewr comaleranons, o wwhe sepesis dai HIV-)
ommtrrllers mmunl evanu oo ol ageilicamly  higher
fimitamal aviley than HIV-l mo-omtndln, Sinee the high
awiliny respones werr ao more ape 8o reait with epitope vrissn,
et b tmm I & huser MV vacisr may b el
mevemn rapil viral rsrape frum dhe vaocine indsoed. Emmune
resprtnee. Fimally, o ile it gevensed here confirm fmdigs in
HACY afircrmmn, thiry stronghy wggrst thas the dsiliry e maintin T
wrll prapaomees of ighs funotional avielin is & maere preeval hallmark
af dintne mmne contred of milectiens wih h'.:hl] saralile

Materials and Methods

peptides set

An werlapping peptide st of E3 pepiides of 1 ammn acids in
hql]l trrrlajreng sy B ey qpanimg Be celer oy al
Conirr-of-Toee [COT-M) Gag p sopeosee was wynalesinnd
unirg S Flicreny ety boncarboml (Fioec s chemiary, SikSios-
Almllhmwihurrrmhlhumlhnﬂh s
aewrning variant i the T most conserved (CE) regeas, We aba
twchidked o ety descilind ovocilagiing paejsde (1100 |8 men
QP wri spaneng ibwe estaee vised pmotoome [4,148] Tased on e
00 womsenmisel sespuenor Durpe ! Mhiveweds Lanl goss/comsem i
A CONSENSU S _GROUTY v bl Priptides werr
W mers varying foem |32 smine scxb i demph and
wheilapiiing In 10 ainiso sewb, deagned anksg the Prpileen
algorthin 2 the Los Alsmsos HIY thstaboe (hitffwnn i lan]
i onmten woiende PEFTGEN fpepigen. i)

IFN-7 ELISpot asly

FEMC wrer smparwied from whele Wood wikin § b oof
veniguititiie md il drectly for de PNy ELISpear Each
LLTE-A0 Cag b peptisde wan brster] inclivichally snd addod a1 5
imeal cxmmacrmara of |4 pg'ml. For sl assvs, henseen 75000
101N PHME o wrll wrre sbebed 460 D00 ol ool BRI Wil
pohwingdidone plaes Wilbposrr,  Bedfoml, MA)L The TFN-y
Saleewh &R was el followsig sesilnie @wmeckeie Dh
Mﬂlfﬂ,ﬂ_hrﬁ:uﬂﬂpmwm
wiing the |8 mwr pepride w7 in @ previessdy desoribed opimined
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Table 51. HLA genotypes of the 25 controllers and 25 non-comrollers tested

Gates ID HLA-&T HLA-AZ HLA-B1 HLA-B2 HLA-CY HLA-CZ
C-1 3001 601 4201 4201 17N 1PN
-3 G201 0205 oro? 1402 ara2 oBo2
c-3 @i o og 1302 3503 o802 1203
C-4 0205 201 S001 a201 o803 1203
C-5 11 402 4403 5201 1202 1801
C-6 2402 X201 3503 4002 202 1203
=T 002 Aan2 1501 %301 a2a2 ca01
(==} G20 2402 1401 1402 OBa2 oa02
L= G20 Jao 1402 801 o0z 1203
10 o1 a0 1517 S50 10 arot
c-11 020 o201 14032 anz4 arot 0|0z
c-12 1109 402 3501 5201 0401 1202
13 oo a02 1402 A502 040t oaog
C-14 oo RO oao1 5501 Q102 arot
18 o202 2002 1516 4403 o401 1403
C-16 320 3303 1510 4002 o202 0304
cA7 2402 G501 1801 &107 arot 1402
cm 2o saG 1801 S0 0304 1802
C18 11m 03 3501 a0 o401 ca01
c-20 020 X201 1302 1501 Q303 o802
c-21 G2 801 44037 5203 1503 1502
C-22 o0 11om oFog 5201 oz 1202
c-23 1104 2402 070z 5101 07z 15032
C-24 o0 1101 1301 B80T ouaz 0403
=28 G2 2501 Io01 4402 0801 1203
HE-1 a0 Aot aro2 1801 ara2 1208
NEC-2 G20 a0 16801 J501 o401 orot
NC-3 oo o201 35032 4101 0401 17N
NC-4 2402 2402 4501 5101 1403 1801
HWC-5 aom 2402 4402 4405 o202 o8
L[5 2902 Sa01 1801 4501 0801 o802
HE-T 110 2801 Qa0 4403 0202 aron
MNC-R o1 2601 3503 o o802 1203
NC-R 2601 e02 B0 4403 1203 1801

L= 1] 11 20032 1801 3503 0401 Q501
NC-11 D20 D205 1801 4402 o202 o501
NC-12 2601 3201 1401 3503 o401t ooz
HE-13 azm Tang 1401 s0a1 ooz opG2
MC14 oo 802 3500 4403 1203 1601
HNE-18 G20 2o 1503 4402 a0 o501
HC-16 0301 501 1801 801 1203 1203
NCAT o104 oot 1801 4403 argt 1801
HC-18 020s 3002 1801 as0z2 0401 Qs
MC-18 oo 3ot oroz 4402 o8a1 aroz2
MC-20 oo oaot oroz2 o1 1203 1203
MC-21 oo a0t oro2 1801 o501 aro2
NC-22 2o 2402 1601 Irot as01 Danz
NC-23 2301 24032 1503 3543 0102 o210
HC-24 oo a0g oFog 4403 a2 1801
MNC-25 T40F 001 3503 A503 0401 o401
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